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ABSTRACT 

 

For decades, the National Weather Service (NWS) issued tornado warnings on a county-level. 

As a result, an entire county would be warned, even if only a small portion of the population was 

in danger. Over-warning for tornado threats can lead to a very dangerous sense of complacency 

amongst the public. On October 1, 2007, the agency converted to issuing storm-based warnings, 

through which meteorologists would design a unique warning area (shaped as a polygon) that 

projects the general path they expect a tornado or potentially tornadic storm cell to take. In 

theory, this approach limits the warning audience to the part of a county that could be directly 

impacted by a tornado. Narrowing the warning should reduce the impact of false alarms, as well 

as enable individuals to better assess the risk of harm and the value of taking shelter, thereby 

reducing the number of expected tornado casualties. Using regression analysis, this thesis tests to 

see if the way in which the NWS uses geography to communicate proximity to tornado risk has 

an effect on expected casualties. The effect of reducing the warning area size is controlled for by 

incorporating into the model the average county area reduction score for each county tornado 

event. This variable failed to achieve significance. Consequently, the thesis cannot conclude that 

the switch to storm-based warnings has had a statistically significant effect on reducing or 

increasing expected casualties. The lack of significance could be attributed to insufficient data, 

although the dataset contains nearly all county tornado events since the policy took effect. An 
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alternative explanation is that most of the current warning dissemination systems are incapable 

of only alerting individuals located within the unique boundaries of the polygon.  
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INTRODUCTION 

 

Consider the following scenario. It is five o’clock in the afternoon. You just arrived home 

from work. The kids are still at baseball practice, and you have about an hour to prepare dinner. 

Suddenly, as you are juggling three different tasks at once, the local news interrupts the rerun of 

“Who Wants to be a Millionaire.” Doppler radar at the National Weather Service (NWS) 

indicates that a tornado is approaching your general area and the agency advises you to seek 

shelter immediately for at least the next 30 minutes. For people who do not regularly encounter 

tornado threats, the obvious action at this point might be to find shelter. In the scenario above, 

however, you live in the Midwest and this is the third warning issued this month. You look 

outside and see no immediate sign of severe weather. You have a long to-do list for the evening 

ahead and simply do not have 30 minutes to waste on yet another possible false alarm.  

According to the NWS Severe Weather Verification Database, the agency issued an average 

of 3,842 tornado warnings per year between 2001 and 2011 (NWS, 2012a.). Tens of thousands 

of Americans conduct the same personal risk assessment described above every time one of these 

warnings is issued. Only a handful of the decision factors and key pieces of information involved 

in whether or not a warned individual takes appropriate shelter could be examined by any one 

study. Instead of attempting to touch on many factors without much depth, this thesis focuses on 

one particular factor that appears consistently in the research: proximity to the threat. 

The question of proximity to a tornado and its expected damage path is important, especially 

when other signals, mainly visual confirmation are unavailable (either because of obstructive 

landscape or lack of sunlight). One quantitative study on the warning responses of mobile home 

residents (who comprise 50% of all tornado deaths) found that belief that they were in the path of 
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the tornado was one of eight statistically significant variables correlated with the decision to take 

shelter (Schmidlin et al., 2009). For decades, the NWS communicated proximity of tornadoes in 

terms of counties. If a tornado threatened any part of a county, then all of the residents in the 

county would be warned. However, counties, especially those in the tornado-prone Midwestern 

states, can encompass incredibly large areas of land. As a result, residents of large counties who 

live far from the actual area threatened by a tornado may view tornado warnings as irritating 

false alarms. A separate quantitative analysis found that the large size of counties relative to 

tornado damage paths is one many factors that drive down the value of tornado warnings 

(Simmons and Sutter, 2011).  

 In the early part of the 2000s, the NWS began to consider alternatives to the county-based 

warning system. As a result, the agency adopted a new storm-based system in 2007 that limited 

the warning area to a customized polygon that visually projects the expected path of a tornado or 

a severe thunderstorm that shows signs of tornadic activity.  This thesis tests to see if the recent 

changes in the way in which the NWS uses geography to communicate proximity to tornado risk 

has an effect on expected casualties. 

 

POLICY RELEVANCE 

Tornadoes pose an obvious threat to public safety. They are extremely violent weather events, 

are difficult to predict precisely, can occur at any time during the year, and have touched-down 

in every state in the union (though in some states more frequently than others). To date, 

tornadoes have claimed the lives of at least 5,668 people and injured more than 99,000 
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individuals in the United States since 1950, when the federal government began documenting 

and collecting comprehensive tornado reports (Brooks, 2009; NWS, 2012b). 

The NWS, a line office of the National Oceanic and Atmospheric Administration (NOAA), is 

responsible for issuing severe and hazardous weather forecasts and advisories. The United States 

and its territories are divided up into 120 county warning forecast areas. Each area has its own 

NWS weather forecast office (WFO) staffed 24 hours a day, seven days a week by U.S. 

government meteorologists, who are responsible for monitoring and forecasting the weather 

therein. Most severe weather warnings, including those for tornadoes, are issued by WFOs. 

Tornado warnings are one of the most visible NWS products, and as a result, they have been 

at the forefront of the agency’s development over the past 70 years. Tornado warnings are 

arguably the most challenging forecasts for NWS meteorologists. Compared to other natural 

hazards, tornado risk is incredibly difficult to pinpoint exactly and quickly communicate. The 

damage path of even the strongest of tornadoes is infinitesimally smaller than that of hurricanes, 

blizzards and large-scale floods. Meteorologists also have the excruciating challenge of 

modifying, in real-time, the predicted direction and duration of a tornado’s path and 

communicating these new predictions to residents. Moreover, there are no practical scientific 

instruments that can precisely measure a tornado’s wind speed in real-time. Lacking this type of 

data, meteorologists are confined to assessing a tornado’s ferocity based on visual confirmations 

and a handful of radar indicators. Be that as it may, even the weakest of tornadoes has the ability 

to inflict bodily harm. Consequently, most tornado warnings are treated with the same degree of 

urgency and caution, although the NWS is experimenting with impact-based warnings. As an 

example, some WFOs issue special warnings called tornado emergencies when a confirmed 
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tornado with significant damage history is threatening to strike a highly populated area (NWS, 

2011b). In a separate pilot project, a handful of WFOs will reword tornado warnings to 

emphasize the severity of particularly dangerous tornadoes, using words and phrases such as 

“catastrophic,” “mass devastation is highly likely,” or “tornado may be un-survivable if shelter is 

not sought below ground level” (NWS, 2012c; Associated Press, 2012). 

Of all the relevant decision-making factors, the perceived geographic proximity to the actual 

tornado path is one of the main determinants for many individuals when they consider whether to 

seek shelter, especially for a long period of time. The psychology and economics behind an 

individual’s decision to seek shelter suggests that the clearer the risk of impending harm, the 

more likely an individual will take the time to find appropriate shelter (Schmidlin et al., 2009; 

Simmons and Sutter, 2011). Under the county-based warning system, the value of sheltering 

decreases as the county land area increases, since the probability of being struck given that a 

tornado hits a given county is dependent on said county’s size. Since warnings were issued along 

county boundaries, county size directly affects an individual’s risk analysis. In fact, considering 

average tornado damage area relative to the average struck county, there is a one in 3,000 

probability that any location is damaged by a tornado given that a tornado is on the ground in a 

warned county (Simmons and Sutter, 2011). 

 On October 1, 2007, the NWS replaced its long-time policy of issuing tornado warnings by 

county with the policy of issuing storm-based tornado warnings that come in the form of a 

polygon. NWS meteorologists determine the size and exact shape of the polygon based on the 

general path they expect the tornado or threatening storm cell to take (hence the storm-based 

distinction). Most stakeholders, including the emergency management community and the 
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media, have generally welcomed the new policy. However, many, if not most, warning 

dissemination systems are only capable of communicating threats to warning areas that neatly 

align to established and familiar boundary lines, such as counties. In contrast, the shape of a 

given polygon warning is unique and does not adhere to civic boundaries (see Figure 1). Since 

county borders have no influence on the direction a tornado takes, a polygon warning can also 

include communities from multiple counties. Therefore, while only parts of counties are in 

danger, the warnings are still disseminated to individuals living outside of the actual threat areas 

in those counties (as was the case before the storm-based warning system was instituted). The 

inability to only warn those individuals within the uniquely-shaped polygons poses a serious 

obstacle for the NWS in its effort to clarify one’s proximity to a tornado threat, thus limiting the 

new policy’s effectiveness. 

 

Figure 1: A graphic example of the difference between county-based warnings and storm-based 

warnings. Figure courtesy of the National Weather Service. 
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LITERATURE REVIEW 

Over the past decade, there has been an increase in research attempting to analyze tornado 

casualties from a social science perspective. Economists Simmons and Sutter have led this 

approach through numerous journal articles on various factors determining tornado warning 

efficiency and tornado vulnerability. In 2011, they published The Economic and Societal Impacts 

of Tornadoes, a culmination of their findings up to that point. In their work, Simmons and Sutter 

present a comprehensive quantitative analysis of the nature of tornado casualties that attempts to 

evaluate the effectiveness of various tornado mitigation and emergency management efforts. 

Simmons and Sutter conducted regression analyses (specifically employing Poisson and negative 

binomial models) on the expected tornado casualties, using a variety of datasets. For the 

regressions reported, Simmons and Sutter controlled for a long list of county-level 

socioeconomic and demographic variables (e.g. population density, median household income, 

proportion of housing units that were mobile homes) that could better explain the occurrence of 

casualties.   

Key to the author’s thesis are Simmons and Sutter’s (2011) findings on the effect of a warning 

area’s size on individuals’ decisions to take shelter. As described earlier, Simmons and Sutter 

compared the mean damage area of tornadoes that touched down between 1990 and 2002 (0.305 

mi
2
) with the mean size of counties struck during that period (1,150 mi

2
). They found a 

probability of 0.000364 (or one-in-3,000) that any location is damaged by a tornado given that it 

touches down in a warned county. Simmons and Sutter contend that such a deflated threat level 

drives down the value of sheltering, especially for those who face greater costs of sheltering (e.g. 

mobile home residents).  
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Some of the Simmons and Sutter’s findings are provocative and controversial. For instance, 

while their regression analysis found that warnings with shorter lead times can reduce expected 

fatalities relative to unwarned tornadoes, warnings with lead times greater than 16 minutes 

actually increase expected fatalities. In contrast, they found that the effect of longer lead times on 

reducing injuries was far more consistent and linear. Simmons and Sutter also were unable to 

detect a significant difference in lethality between warned and unwarned tornadoes. However, 

when it came to injuries, they did achieve significance on this question, once again 

demonstrating an unexpected inconsistency between expected fatalities and expected injuries.  

Since Simmons and Sutter only analyzed tornadoes that occurred before the storm-based 

warning policy was adopted, their regressions only reflect the nature of casualties under the 

county-based system. This thesis replicates their model (with some modifications) for all tornado 

events that have occurred since October 1, 2007, to see if the switch to the storm-based warning 

system made a difference in reducing expected casualties. The reduction in the size of warning 

area also may help resolve some of the statistical inconsistencies described above.  

Sutter teamed with Erickson at the Oklahoma Climatological Survey to publish an article in 

2010 that analyzes the potential cost-savings afforded by the polygon system. They conducted a 

cost-benefit analysis to examine the cost-effectiveness of polygon-based warnings, using 

individual response rates, amount and value of time sheltering, and the reduction in warning 

areas as their metrics. They concluded that the storm-based warnings will reduce the time spent 

under warnings by 160 person-hours per year. By affixing the average hourly wage, the time 

saved translates to a social savings of $1.9 billion annually (in 2007 dollars). This assessment, 

however, assumes that the NWS, emergency managers, and the media will disseminate the 
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message to only those individuals located within the polygon and not continue to warn broad 

swaths of territory. As Sutter and Erickson admitted, the current state of warning dissemination 

systems cannot support this assumption. They put forth this estimate in support of the argument 

in favor of upgrading dissemination systems to make this compatible with the polygons.  

Simmons and Sutter’s approach is unique in that it attempts to analyze individual decision-

making by making inferences based on community-level. The most popular social approach to 

analyzing warning response behavior is through surveys of individuals living in tornado-prone 

areas. Most of these surveys come in the form of an aftermath study, in which researchers 

conduct door-to-door or focus group interviews in communities recently struck by a tornado. For 

the most part, due to selection bias, response bias and/or small sample sizes, these studies usually 

provide helpful localized quantitative analysis but lack any broad, reliable quantitative 

application (Simmons and Sutter, 2008a). One of the largest selection biases present in these 

studies is the fact that one cannot interview individuals who died and discover their reasons for 

responding or not responding to warnings. That is why some researchers consider a top-down 

approach of analysis more appropriate than a bottom-up approach.  

One study that deserves credit for a relatively strong quantitative analysis was conducted by 

Schmidlin, Hammer, Ono and King. Published in 2009, their article explicitly focused on the 

response characteristics of mobile home residents, who comprise one-half of all tornado 

fatalities. Schmidlin et al. surveyed 401 randomly-sampled mobile homes in Georgia, 

Mississippi, Illinois and Oklahoma soon after their areas were issued a tornado warning. The 

actual occurrence of a tornado was not a prerequisite for a respondent’s inclusion in the sample. 

While having many aspects of a qualitative study, this article contained relatively concrete 
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statistical analysis, including the Pearson correlations for 26 specific factors behind shelter-

seeking decisions. Their analysis found that the belief of the mobile home resident that he or she 

was in the path of the tornado to be a statistically significant determinant in seeking shelter. 

Other significant variables included, but were not limited to, the belief of the mobile home 

resident that he or she was in danger and the availability of a sturdy building for shelter. 

Meanwhile, neither the ownership of a NOAA weather radio nor hearing warning sirens 

achieved a significant correlation with shelter-seeking behavior. The Policy Implications section 

will elaborate on the importance of these last two findings.  

The NWS after-action reports (or service assessments) on particularly noteworthy weather 

disasters are another source of analysis. These assessments provide additional insight regarding 

the reasoning employed by meteorologists, emergency managers (EMs), broadcasters and 

individual citizens. The reports are mostly qualitative in nature, with the information collected 

through debriefings and interviews with various stakeholders. The NWS does not try to infer any 

statistical relationships from these inquiries, and instead reports findings in vague terms (i.e. 

using modifiers like “some” and “maybe” when describing opinions expressed or certain types of 

response behavior) and sometimes in the form of anecdotal vignettes. While service assessments 

do not directly contribute meaningful data to the qualitative analysis, they supply researchers and 

policymakers with an important perspective on human responses to tornadoes.  

 One such important perspective is that of local EMs, who are responsible for acting upon and 

communicating tornado warnings issued by the NWS. In 2010, a team of researchers, led by 

League, published the results of a survey they conducted of emergency managers in Oklahoma. 

The survey results were collected both through a questionnaire (answered by 62 EMs) and focus 
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groups (involving 50 EMs). The team sought to learn more about how emergency managers 

acquire, interpret, verify and communicate tornado warnings. Their findings were very telling; 

only 60% of the EMs surveyed always warn their constituencies once the NWS has issued a 

warning.  A total of 67% of EMs indicated that they would preemptively warn the public before 

receiving an official NWS warning. The survey also confirmed that outdoor tornado sirens are 

still the preferred method of public warning, but that the EMs acknowledged the limitations of 

such a system (as discussed in the Policy Implications section). As League et al. noted, while the 

results were a helpful insight into the emergency management decision-making process, 

Oklahoma EMs are well-trained in tornado response methods and the article’s findings do not 

necessarily reflect the attitudes of EMs in other states.  Nevertheless, the author expects that the 

thinking and behavior of EMs in other tornado-prone states is similar enough as to permit the 

broad application of the survey’s results. 

 

CONCEPTUAL MODEL 

The analysis herein derives from two sets of regression models – a comprehensive (full) 

model that utilizes 48 control variables, and a simpler (condensed) model that only controls for 

21 variables. These models are largely based on, but are not identical to, models Simmons and 

Sutter constructed for their various publications (see Appendix E for a full list of how the 

Simmons and Sutter models differ from the models herein). Each set of models contains two 

regressions – one that tests for expected fatalities as a dependent variable, and one that tests for 

expected injuries.  
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When creating a model that analyzes the nature of tornado casualties, there are three sets of 

variables that should be controlled. The first set of variables includes natural factors driven by 

the tornado itself, the values for which were extracted from the NWS Severe Weather 

Verification Database. A tornado’s strength is represented by the Fujita scale rating (EF0-EF5), 

which are structured as dummy variables. Normally, the reference group would be EF0, since 

EF0 tornadoes are the most common. However, the dataset contained too few fatalities caused by 

EF0 tornadoes to enable convergence. As a result, the models herein will use EF5 as a reference 

group. A similar, unexplainable convergence issue was encountered when calculating expected 

injuries in the condensed model using the EF scale dummies. Therefore, the condensed model 

uses an alternative dummy variable labeled strong, with tornadoes that were rated EF2 or higher 

coded as 1. Simmons and Sutter used the same strong versus weak classification for some of 

their analysis, but they were able to conduct their condensed regression using EF rating without 

issue. 

The models also include the length (in terms of miles) and average width (in terms of yards) 

of a tornado’s track, as well as a variable testing the interaction between track length and the 

population density of the county struck. The models also include dummy variables for the time 

of day the tornado strikes (all values in local time): overnight (12 a.m. – 5:59 a.m.); morning (6 

a.m. – 11:59 a.m.); afternoon (12 p.m. – 3:59 p.m.); evening rush hour (4 p.m. – 7:59 p.m.); and 

late evening (8 p.m. – 11:59 p.m.). Evening rush hour serves as a reference group, since it was 

the most active period of the day for tornadoes. Since tornadoes are harder to visually spot on the 

horizon at night, and since most people are sleeping, this thesis expects the late evening and 

overnight periods to be more harmful than the rest of day. Moreover, while at work or school, 
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individuals are more likely to be in reinforced structures that are far more resistant to tornado-

strength winds than mobile homes or single-family homes (Ashley et al., 2008; Simmons and 

Sutter, 2011). For this reason, the models also include a dummy variable for whether the strike 

occurs during the weekend. This variable helps control for the differences between workweek 

and weekend locations during daytime hours.  In the full model, there are also dummy variables 

for the month in which tornado occurred, with the most active month (April) serving as the 

reference group. For the condensed model, the month variables were replaced with a dummy 

variable labeled off-season. Although tornadoes can occur at any point during the year, there is a 

commonly-accepted tornado season (March through June) during which the most violent 

tornadoes typically occur. Tornadoes that occur outside this season are coded as 1. The main 

limitation of the off-season variable is that violent tornadoes are common year-round in the 

Southeast (Simmons and Sutter, 2011). However, it is possible that individuals (even in the 

Southeast) still assess risk differently based on the time of year. To help control for any general 

changes in casualties from year to year, both models include a linear time trend variable. 

Tornadoes that occurred in 2007 were coded as zero, whereas tornados that struck in 2011 were 

coded as four. 

The second set of variables contains the human-driven factors that determine a storm’s 

lethality, which are as relevant as storm-driven variables in analyzing casualties. Most of the data 

for these variables were extracted from Census Bureau databases (see Appendix D for details on 

the specific sources for these values). The models control for an affected county’s population 

density (in terms of 1,000 people per square mile), the proportion of residents living in an area 

classified as rural, and the proportion of employed residents who have a daily commute longer 
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than 30 minutes. When a tornado strikes a more densely populated and developed area, casualties 

should be greater. There are also variables controlling for strength of housing within the county 

hit, such as the proportion of housing units that are mobile homes and the median age of homes. 

The vulnerability of mobile homes to tornado-strength winds is well documented. As Simmons 

and Sutter noted, over 43% of tornado fatalities between 1986 and 2007 were in mobile homes. 

Moreover, the earlier a home was built, the less likely it was to be constructed under updated 

building standards (Simmons and Sutter, 2008b, 2010, 2011). Accordingly, the author predicts 

that the more mobile homes and the older homes in a county, the higher the expected casualties.  

In a similar pursuit, the models also control for the county’s median family income (in terms 

of thousands of dollars), poverty rate, the proportion of residents older than 25 with a four-year 

college degree, and the proportion of residents older than 25 without a high school degree or 

equivalent. Since vulnerability and mobile homes are correlated and mobile home residence and 

poverty are correlated, measures of income and education may further explain the nature of 

expected casualties. It is also helpful to account for particularly vulnerable populations. The 

models include variables controlling for an affected county’s proportion of residents younger 

than 18 and proportion of residents older than 65. Other social variables are controlled for, such 

as a county’s proportion of residents classified as non-white and proportion of residents who are 

female.  

The regressions additionally contain two human-driven dummy variables that test different 

aspects of regional disparity. First, there is a dummy variable indicating whether or not the 

tornado occurred in a Southeastern state. Simmons and Sutter (2011) frequently noted that the 

nature of certain trends in tornado casualties had, as they described it on page 81, a particular 
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“Southeastern flavor.” In other words, individuals in the Southeast tend to be more prone to harm 

compared to people who live in other tornado-prone regions, even when controlling for other 

factors. There are a number of possible explanations for this disparity. Some research suggests 

that building codes in Southeastern states are less stringent than in the rest of the country 

(Simmons and Sutter, 2008b, 2010) and that there is a disproportionately higher concentration of 

mobile homes in the region (Brooks and Doswell, 2002; Simmons and Sutter, 2010). Other 

researchers suggest that, in addition to these factors, the Southeast is particularly prone to 

nocturnal tornadoes since storms continue to target the region through the fall and winter, when 

daylight hours are limited (Ashley et al., 2008; Ashley, 2007). 

The second regional variable tests to see if residence in a state that is relatively less prone to 

tornadoes has any sort of significant effect on expected casualties (labeled the Not Prone State). 

This variable attempts to control for a number of possible regional differences. Are individuals in 

areas that are frequented less by tornadoes more or less sensitive to tornado warnings? 

Alternatively, are they less sure about how to properly respond? Since relative exposure to 

certain risks drives emergency management priorities, are EMs in not prone states sufficiently 

prepared to coordinate a tornado response? States classified as not prone were coded as 1. There 

are number of ways in which tornado vulnerability can be measured. The author believes the 

number of tornadoes is the best determinant of a state’s perceived vulnerability. The public will 

receive the warning and/or hear the news about a tornado after the fact via the media. The media 

tends to report on any tornado, regardless of strength (which is determined after the fact anyhow, 

sometimes weeks beyond the point where the news is still fresh in the public’s mind). The public 

may not have the institutional memory to know complicated tornado frequency or casualty 
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metrics for their respective states, such as the rate of EF2+ tornadoes per 10,000 mi
2
 or rate of 

tornado fatalities per one million residents. Simmons and Sutter (2011) appear to make this 

assumption in their definition of low-risk states.  

Weather service operations drive the third set of variables. Most are standard performance 

metrics the NWS uses in evaluating the warning system and were extracted from the NWS 

Severe Weather Verification Database. The condensed model contains an integer-ratio variable 

for the initial warning lead time for the residents in the county struck by the tornado. There is 

also a dummy variable for whether or not a warning was issued before the tornado touched 

down, with unwarned tornadoes coded as 1. One of the most public goals of the NWS over the 

past forty years has been to increase warning lead time for tornadoes. This objective has been the 

driving force behind the investment of billions of taxpayer dollars in NWS infrastructure. Per 

conventional wisdom, the greater the lead time, the fewer expected casualties. However, as 

Simmons and Sutter noted, this assumption is potentially flawed, since it seems unlikely that 

individuals will choose to spend an unreasonably long time sheltering given the high probability 

that the warning is a false alarm (see the Policy Implications section for more discussion on this 

topic). Therefore, measuring the effectiveness of lead times is a complex task and requires a 

more comprehensive approach than just analyzing the effect of each additional minute. For the 

full model, the effect of warning lead time is analyzed by means of dummy variables that group 

lead times in spans of minutes:  1-5 minutes; 6-10 minutes, 11-15 minutes; 16-20 minutes; 21-30 

minutes; and 31+ minutes. The unwarned tornado dummy variable created for the condensed 

model serves as the reference group for these groupings in the full model. 
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The models include an additional NWS-driven variable that accounts for changes in 

effectiveness that could have occurred since the switch to polygon warnings. As describe earlier, 

this thesis’ goal is to parse out the effect of reducing the warning area on expected tornado 

casualties. To do so, a proportional reduction in the square mileage of the polygon warning and 

the combined square mileage of all of the counties affected by the polygon warning, which 

represents the counter-factual (i.e. the size of the warning that would have been issued had the 

NWS continued to use county-based warnings), was calculated. This thesis labels this difference 

as the county area reduction (CAR) score, and it is one of the most instrumental variables in the 

model. 

A major complication arises when trying to calculate a CAR score for individual tornado 

entries in the dataset, because the NWS sometimes issues multiple warnings for a single storm 

cell or storm system, each with its own polygon. Oftentimes the areas of the polygons overlap; 

therefore, calculating an aggregate CAR score by summing the areas of the warnings associated 

with a given tornado is practically impossible without constructing a complicated geographic 

information system model. With the help of data managers in the NWS Office of Climate, Water 

and Weather Services (OCWWS) – which is charged with managing the NWS Severe Weather 

Verification Database – the author constructed an entirely new measure that is the mean of all of 

the polygon CAR scores issued for the tornado (hereafter the average CAR score). There is one 

particular limitation of the average CAR score variable. When a tornado went completely 

unwarned, it receives a CAR score of zero, since there are no actual warning areas and 

hypothetical warning areas to compare. The impact of the average CAR score could be dragged 

down by the 25% of tornado events in the dataset for which no warning was issued. This is 
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evident in the summary statistics for the variable. The mean average CAR score is 0.63, whereas 

the median score is 0.81. As will be discussed in the Findings section, this problem does not 

necessarily unhinge the regression results. The average CAR score is not a perfect solution, but it 

is one of the best metrics available given time and resource constraints. 

Lastly, in further pursuit of analyzing the complications of communicating the proximity to 

tornado risk, both models control for the affected county’s land area (in terms of 100s of square 

miles). As noted earlier, Simmons and Sutters’ (2011) analysis suggests that larger counties 

result in more expected casualties, since the perceived value of sheltering is deflated by a less 

certain communication of proximity to danger. Even though the dataset only contains tornadoes 

warned under the polygon system, it is possible that the media and emergency managers are still 

operating in the county-based era mindset. The county size variable attempts to parse out this 

effect. 

As demonstrated in the Findings section, the full model produced coefficients that defied 

conventional wisdom about tornado vulnerabilities. Simmons and Sutter also experimented with 

both full and condensed models, and this author thought it logical to attempt the same. In 

addition to the altered variables described earlier in this section, the condensed model excludes 

most of the socioeconomic variables, only retaining those that are more generally accepted as 

relevant factors in tornado casualties (e.g. quality of housing, availability of resources, 

population density, etc.). The condensed model also excludes the interaction term between length 

and density, since it did not achieve significance in the full model, and if it had, its effect would 

have been miniscule. Below are the formal bifurcated equations (each model will run a 

regression on fatalities and injuries separately) that this thesis tests:  
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Full Model:  

Expected Tornado Fatalities/Injuries = β0 + βxAVGCAR + βxCOUNTYSIZE + βxEF0 + βxEF1 

+ βxEF2 + βxEF3 + βxEF4 + βxDENSITY + βxINCOME + βxMOBILE + βxRURAL + 

βxNONWHITE + βxFEMALE + βxUNDER18 + βxOVER65 + βxNOHS + βxCOLLEGE + 

βxCOMMUTE + βxHOMEAGE + βxPOVERTY + βxTIMETREND + βxOVERNIGHT + 

βxMORNING + βxAFTERNOON + βxEVENING + βxWEEKEND + βxJAN + βxFEB + 

βxMARCH + βxMAY + βxJUNE + βxJULY + βxAUG + βxSEPT + βxOCT + βxNOV + 

βxDEC + βxLENGTH + βxWIDTH + βxLGTHXDENS + βxLT1_5 + βxLT6_10 + βxLT11_15 

+ βxLT16_20 + βxLT21_30 + βxLTOVER30 + βxNOTPRONESTATE + βxSOUTHEAST + u 

 

Condensed Model:  

Expected Tornado Fatalities/Injuries = β0 + βxAVGCAR + βxCOUNTYSIZE + βxSTRONG + 

βxDENSITY + βxINCOME + βxMOBILE + βxRURAL + βxHOMEAGE + βxTIMETREND + 

βxOVERNIGHT + βxMORNING + βxAFTERNOON + βxEVENING + βxWEEKEND + 

βxOFFSEASON + βxLENGTH + βxWIDTH + βxNOWARNING + βxLEADTIME + 

βxNOTPRONESTATE + βxSOUTHEAST + u 

 

DATA ANALYSIS 

In addition to the construction of the models, this thesis follows Simmons and Sutter in 

implementing and interpreting the models. Just as with some of the variables, however, the data 

analysis in this thesis differs. 

It is important to note at the outset that this thesis uses a different unit of analysis than 

Simmons and Sutter employed. They confronted a serious limitation when trying to construct a 

unit of analysis using their datasets, which only contained tornado events that occurred under the 

county-based warning system. For the tornado events in that policy era, the NWS database 

constructed its output so that each tornado had one entry as long as it did not cross state lines. If 

the tornado merely crossed county lines and stayed within the same state, it would not be entered 

into the database as a separate entry. Therefore, the unit of analysis Simmons and Sutter used 

was every state tornado event. All of the values for the natural and warning variables (including 

casualty figures) were presented without indicating in which county they occurred. As a result of 
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this state-segmented approach, the warning effects for subsequent counties struck (or 

downstream counties) were ambiguous, since Simmons and Sutter could not determine the exact 

lead times for them, and they openly admit that their analysis is mostly limited to the nature of 

casualties occurring in short-track tornadoes. Furthermore, since casualty rates are significantly 

impacted by human-driven demographic and socioeconomic factors reported on the county level, 

not partitioning the casualty figures by county for each state tornado event obscures the analysis 

of casualty determinants. The only way Simmons and Sutter could control for the human-driven 

variables was to find the mean value amongst all of the counties listed in the state segment.  

Instead of state tornado events, the unit of analysis for this thesis is every county tornado 

event. The unit of analysis is not each tornado. The switch to the polygon system necessitated a 

separate database for event entries, the output from which is structured in county segments. In 

other words, if a tornado crossed county lines, it received a new entry with revised lead time and 

casualty values. It also receives a revised EF Scale ratings, which accounts for differences in 

strength along a tornado’s path, providing a stronger control variable for EF rating. The county 

segments arguably make the models herein stronger than the Simmons and Sutter models, since 

the county segments can better control for county-level variables. It is important to emphasize to 

readers that throughout the discussions on this thesis’ findings, the terms tornado and county 

tornado event will be used interchangeably.  

The dataset used for this thesis was carefully constructed with the assistance of OCWSS data 

managers. It contains nearly every county tornado event in the United States between October 1, 

2007, and July 31, 2011, which amounts to 6,631 entries. Only seven entries during that time 

period were intentionally excluded from the dataset. One entry was excluded because it occurred 
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in Puerto Rico, while the remaining six entries were excluded due to errors on the part of the 

WFO field assessment teams when they submitted their official figures to OCWSS (see 

Appendix F for additional details on the excluded entries). Field assessment teams have 180 days 

to revise their initial entries in case new information is obtained about a tornado. Therefore, to 

avoid measurement errors, the author did not include any county tornado events that occurred 

after July 31, 2011.  

As Simmons and Sutter carefully explained, running regressions on expected tornado 

casualties cannot be achieved with a simple ordinary least squares (OLS) model. The vast 

majority of tornadoes do not cause casualties. Only 168 of the 6,631 county tornado events in the 

dataset caused at least one direct fatality, and only 548 caused at least one direct injury.  These 

proportions of harmful tornadoes closely mirror the proportions seen in the Simmons and Sutter 

datasets. When dependent variables contain a large proportion of zeroes in their observations 

(otherwise known as count data), researchers often prefer to utilize the Poisson model instead of 

OLS. However, one of the conditions that must be met when using the Poisson model is the 

absence of overdispersion in the dependent variable (i.e. the condition mean is equal to 

variance). Simmons and Sutter found no overdispersion when they tested the Poisson regression 

on fatalities, but did find overdispersion when regressing on injuries. When overdispersion is 

detected, researchers instead can use a negative bionomial model, which is a variation of the 

Poisson model (Simmons and Sutter, 2008a, 2011). 

This thesis utilizes the Poisson model when regressing on fatalities. The appropriateness of 

this model was tested using the Chi-squared goodness of fit test. Just as Simmons and Sutter 

found, a Chi-squared test on the injuries regression detected overdispersion. Therefore, this 
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thesis presents its findings on fatalities using coefficients derived from a Poisson model, whereas 

the findings on injuries use coefficients obtained through a negative binomial regression. 

 Throughout, this thesis employed robust standard errors, to help control for biases caused by 

outliers. Outliers can hamper tornado analysis, especially since there are very few harmful 

tornadoes. If a particularly violent tornado hits a more densely populated area, the impact of 

other values associated with that storm can skew the results. For instance, the EF5 tornado that 

struck the town of Joplin, Missouri, on May 22, 2011, accounts for 158 (21%) and 1,150 (14%) 

of the 743 deaths and 8,283 injuries, respectively, in this thesis’ dataset. The Joplin tornado was 

the deadliest single tornado since 1950, when NWS began keeping official records of tornado 

damage and casualties (NWS, 2012c). Of the 168 lethal tornado events in the dataset, a mere 

twelve events account for exactly 50% of all of the deaths.  The price of using robust standard 

errors is fewer variables that achieve statistical significance in the regression. Simmons and 

Sutter did not use robust standard errors, although their sample sizes were more than three times 

larger. They also had fewer outliers. For example, in their 1986-2004 dataset, the single most 

harmful event was the EF5 tornado that devastated the Oklahoma towns of Bridge and Moore on 

May 3, 1999. That storm accounted for only 36 (4%) and 583 (3%) of the 915 deaths and 18,961 

injuries, respectively, in that specific dataset. For additional summary statistics, please see the 

tables in Appendix B. 

 

FINDINGS 

The regressions using the models herein provide unanticipated results. Coefficients obtained 

from a Poisson or negative binomial regression (displayed in Table A1 in Appendix A) cannot 
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be interpreted without first finding the antilog (consult Technical Notes in Appendix F for details 

on how the antilogs were calculated). Tables A2 and A3 in Appendix A contain the antilog forms 

of the coefficients for the full and condensed models, respectively, as well as the one standard 

deviation increases for the variables for which it can be applied.  

  In the full model, only 21 of the 48 variables achieved significance in the fatalities 

regression, while only 18 variables achieved significance in the injuries regression. A greater 

share of the variables achieve significance in the condensed model, with 12 variables and 9 

variables of the 21 variables found to be significant in the fatalities and injuries regressions, 

respectively. There is not enough space in this thesis to discuss all of the results and their 

implications. Therefore, the author will focus mostly on the variables that are directly relevant to 

the discussion on proximity and/or that can be practically addressed through policy.  

On the primary question of whether the switch from the county-based warnings to the storm-

based warnings has had an effect on expected casualties, the author can infer little, if anything, 

conclusive from the regression results. The average CAR score for a county tornado event has 

not had a significant effect on expected casualties. That is not to say that the introduction of the 

polygon warning system has had a negative impact. In fact, if the variables had attained 

significance in the full model, a standard deviation increase in the average CAR score (0.37) 

would result in 5% and 2% fewer expected fatalities and injuries, respectively. In the condensed 

model, however, such an increase would have increased expected casualties by 2% (although 

injuries would have dropped by 6%). The Policy Implications section will discuss at length 

possible policy explanations for this variable’s insignificance. 
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As mentioned in the description of the conceptual model, it is possible that the 25% of the 

county tornado events for which no warning was issued before touch-down (all of which have an 

average CAR score of zero) is affecting the significance of the variable. The author reran the 

regressions using a dataset that excluded these entries to check if doing so would provide 

additional clarity in the results. By eliminating a quarter of the entries, a very small number of 

variables achieved significance, thus providing no meaningful statistical analysis. It was decided 

that the statistical costs of excluding these entries outweighed the costs of keeping them. 

The time trend variable, which achieved significance in every regression, also does not help 

determine the effectiveness of the storm-based warnings. In the full model, with everything else 

held equal, between 2007 and 2011, expected fatalities increased by 135%, but expected injuries 

decreased by 36%. In the condensed model, expected fatalities increased by 1,255% over the 

same time period, whereas expected injuries decreased by 49%. The inconsistency and dynamic 

nature of expected fatalities may be due to the fact that for two of the years (2007 and 2011) only 

part of the year’s total tornado count is included in the dataset. The results could also be skewed 

by the unprecedented severity of the 2011 tornado season. Tornadoes killed a total of 550 people 

in 2011, which was the deadliest year for tornadoes since the NWS began its official 

recordkeeping in 1950. It barely loses to 1936 (552) and 1917 (551) in the unofficial historical 

records dating back to 1875 (Brooks, 2009; Brooks and Doswell, 2002). 

In an odd way, the results for county size potentially shed some light on the effectiveness of 

polygon warnings. As reported earlier, in their analysis of the threat probabilities under the 

county-based system, Simmons and Sutter (2011) propose that large county sizes deflated the 

value of sheltering and thus the effectiveness of warnings issued. This regression, however, 
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found otherwise. The county size variable only achieved significance in this thesis’ condensed 

model. Everything else held equal, a 100 mi
2
 increase in the size of a county decreases expected 

fatalities and injuries by 11% and 2.3%, respectively. While statistically insignificant, the 

interpreted coefficients on county size in the full model also show a downward (albeit smaller) 

effect on expected casualties. In most of the regressions, the county size and average CAR scores 

are at least consistent in their impact.  

At face value, the downward effect of county size appears to contradict the conventional 

wisdom backed by Simmons and Sutter’s (2011) analysis. However, one could interpret the 

downward impact as a sign that something, perhaps the polygon system, is countering the 

devaluation of warnings caused by larger county sizes experienced during the previous warning 

framework. Alternatively, since some media outlets and emergency management officials choose 

to communicate warnings in terms of counties, one could argue that the direction and relative 

significance of the county size coefficient suggests that some of the concerns about the county-

based system were unfounded. The problem with both inferences is that there is no previous 

regression output on the impact of county size on expected tornado casualties that occurred 

before the polygons for comparison (Simmons and Sutter did not include it as a variable in their 

models). Overall, like the average CAR score, county size is inconclusive on the question of 

proximity. 

In addition to the issue of proximity, policymakers are concerned about the effect of earlier 

lead times on tornado warnings. Unfortunately, like the results for the proximity-related 

variables, the regression results on the lead time variables are mixed and vague. Between the two 

regressions executed under the full model, only one lead time dummy variable achieved 
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significance (only at the 0.10 level). Compared to similar tornadoes that received no warning 

before touchdown, tornadoes with a lead time of 21 to 30 minutes resulted in 36% fewer injuries. 

All of the lead time dummies in the fatalities regression are inconsistent in their direction. Since 

all are insignificant, this thesis cannot contribute anything new to the debate on Simmons and 

Sutter’s controversial findings using the lead time dummies, which suggested an upward effect 

of lead times greater than 16 minutes on expected fatalities. By contrast, all of the lead time 

dummies consistently had a negative impact on injuries, just as Simmons and Sutter found. 

 The condensed model, which did not employ time dummies, provides very little clarity on the 

effect of lead time. The initial lead time variable achieves significance (at the .10 level) in 

predicting fatalities, but was found insignificant in the injuries regression. Holding other factors 

constant, for each additional minute of warning lead time, tornado fatalities are expected to 

decrease by 5%. This finding contradicts the results of Simmons and Sutter’s (2008a) regression 

using the integer-ratio variable. They detected a statistically significant upward effect on 

fatalities for each additional minute of lead-time. However, they found an opposite effect on 

expected injuries. The next factor to consider is the unwarned dummy variable, which failed the 

significance test. Consequently, this thesis cannot conclusively state that the act of warning for a 

tornado prior to touchdown has any effect on reducing fatalities or injuries. In fact, the 

insignificant coefficient in the fatalities regression claims that unwarned tornadoes result in 41% 

fewer deaths than tornadoes for which a warning was issued. Such a statistic would be absurd. It 

is also inconsistent with the insignificant effect reported in the injuries regression, which 

indicates a 25% increase in expected injuries when no warning is issued beforehand. Lacking 

statistical significance on their warned dummy variable, Simmons and Sutter (2011) also could 
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not conclude with confidence that issuing a warning had an effect on reducing expected fatalities 

(although the effect in reducing expected injuries achieved significance). 

The variables that are consistently significant (with one exception) in the full model are the 

EF rating dummies. Holding other factors constant, EF0 tornadoes, on average, result in 99.9% 

fewer fatalities and injuries than EF5 tornadoes. Such a disparity may be due to the fact that only 

one death in the polygon-era was attributed to an EF0 tornado, whereas a single EF5 tornado 

accounts for 21% of the deaths in the dataset. Compared to EF5 tornadoes, on average, EF4 

tornadoes result in 87% fewer fatalities in the full model. In the condensed model, strong 

tornadoes (those rated EF2 or greater), on average, cause 4,245% more fatalities and 1,535% 

more injuries than EF0s and EF1s. Since the EF scale mostly represents a wind speed estimate, it 

is clear that storm intensity is a strong determinant of tornado casualties. 

One would expect, just as the author had, that given the clarity and strength of storm intensity 

as a determinant of casualties, the regression results for various housing variables would follow 

suit. However, the results on these factors are counterintuitive.  Most striking were the 

coefficients on the concentration of mobile homes, which were only found to be significant for 

fatalities in the condensed model. A one standard deviation increase in the proportion of a 

county’s housing units that were classified as mobile homes (0.087) decreases expected fatalities 

by 43%. Even though the other mobile home coefficients did not achieve significance, they all 

present a downward impact on expected casualties. These findings contradict one of the most 

widely-supported positions in the meteorology and emergency management communities, which 

is that mobile home residents are especially vulnerable to tornadoes (for a multitude of reasons, 

not least of which is the relatively low structural integrity of a mobile home). With almost the 
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same standard deviation (0.08), Simmons and Sutter (2011) reported a statistically significant 

increase in expected fatalities and injuries of 32% and 22%, respectively.   

The effects for the median home age are also contradictive. With the exception of the fatalities 

regression in the full model, this variable was found to have a significant downward impact on 

expected casualties. In the condensed model, a one standard deviation increase in the median age 

of homes in a county (11 years) would decrease expected fatalities and injuries by 59% and 24%, 

respectively. In the full model, expected injuries would decrease by 28%. Again, Simmons and 

Sutter (2011) found the opposite effect (with the same standard deviation), which supports the 

theory that the lower the median home age in a county, the more homes will have been built in 

time with more stringent building codes.  

While the coefficients for mobile homes and median home age are perplexing, the coefficient 

for median family income may provide some insight. In both the full and condensed models, an 

increase in a county’s median family income of $1,000 decreases expected fatalities by a 

statistically significant 6% and 9%, respectively (although the latter achieved significance only at 

the 0.10 level). Neither of the regressions on expected injuries achieved statistically significant 

results, although they do seem to indicate a similar downward effect. These results contradict the 

mixed findings of Simmons and Sutter (2011), who could not conclude that tornado safety was a 

luxury good. Pearson’s R correlation tests on the median home age and mobile home variables in 

this thesis demonstrate that both share a statistically significant negative correlation (r= -0.5021 

and r= -0.1716, respectively) with median family income. Such a negative correlation could 

indicate that, notwithstanding the regression results herein, increase in a county’s median age of 

homes and concentration of mobile homes actually do increase expected casualties. However, as 
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Simmons and Sutter (2011) noted, there are a reasons beyond sturdier housing why a higher 

median family income would reduce expected casualties. For example, wealthier communities 

could have the funding necessary to install and maintain advanced siren warning systems. 

Furthermore, while the regression results on median family income are significant for expected 

fatalities, the county poverty rate did not achieve significance. A Pearson’s R correlation test 

between poverty rate and mobile homes shows that their positive correlation (r= 0.5198) is just 

as strong (albeit in the opposite direction) and statistically significant as the correlation between 

median family income and mobile homes. Thus, it is unclear how much clarity our economic and 

wealth variables actually provide to the regression analysis.   

The results on the effect of time of day, particularly late evening and overnight, also defy 

conventional thinking. Holding other factors constant, tornadoes that strike overnight result in 

46% and 78% fewer fatalities than tornadoes that occur during the evening rush hour period (4 

p.m. – 7:59 p.m.) in the full and condensed models, respectively. No significant effect of 

overnight tornadoes on injuries was found in either model. The effect of late evening tornadoes 

failed to achieve significance across the board. The diminished or nonexistent effect of nocturnal 

storms is particularly perplexing, since darkness and unconsciousness are generally considered to 

be particularly hindering to the ability of individuals to respond to a tornado threat. Simmons and 

Sutter (2011) and Ashley et al. (2008) confirmed the greater lethality of nighttime tornadoes. The 

author suspects that the extreme casualty counts produced by the Joplin Tornado, which took 

place during the evening rush hour, may have skewed the regression output. Other coefficients 

also identified critical concerns as to the strength of the dataset, especially the coefficient on 

female population (which is significant at the 0.05 level). Holding other factors constant, with a 
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one standard deviation increase in the proportion of a county’s residents who are female (0.019), 

expected fatalities and injuries increase by 49% and 20%, respectively. 

 Given the unconventional implications in the results, it appears that the sample size is too 

small to make any confident policy inferences. As Sutter and Erickson (2010) suggested in their 

analysis of storm-based warnings, it is perhaps too early to run regressions that test the 

effectiveness of the polygon approach. While 6,631 is a healthy sample size, it apparently does 

not contain enough harmful tornadoes to generate reliable readouts on certain casualty factors. 

Simmons and Sutter, whose results more closely reflect traditional thinking on tornado 

casualties, collected sample sizes that range approximately from 18,000 to 21,000 state tornado 

events. If their entries were structured using the county tornado event format, they would have 

far more entries than that. As explained in the Data Analysis section, this dataset contains all of 

the county tornado events that occurred after the full implementation of the storm-based warning 

system, and is as complete as it can be given the 180-day window in which observations in the 

NWS Severe Weather Verification Database can be altered by WFO field assessment teams. 

Therefore, the dataset and its construction are not at fault. The accumulation of more entries 

could also help temper any distortion caused by the severity of single entries, such as the Joplin 

tornado. Furthermore, one should not dismiss the strength of the models based solely on the 

paradoxical nature of the regression results. To reiterate the previous point, as the sample size 

increases, the author expects the models to demonstrate effects that are more in line with 

conventional wisdom. 
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POLICY IMPLICATIONS 

It may come as a surprise to some readers, but a great deal of policy formulation is involved in 

the process of preparing for, detecting and responding to tornadoes. For the sake of space, this 

thesis will forgo the discussions on policies related to residential building codes and storm 

shelters subsidies. The author acknowledges their relevance to the discussion below, and strongly 

encourages anyone who finds this subject interesting to read articles by Simmons and Sutter 

(2011, 2010, 2008b), Sutter and Poitras (2010), Schmidlin et al. (2009), Brooks and Doswell 

(2002) and other pieces on housing safety. This thesis also will not address the policy options 

facing NWS regarding investment in and installation of innovative forms of radar and other 

detection instruments. 

Instead, this section shall relay back to the original question posed: have changes in the way 

NWS communicates proximity to tornado risk affected expected casualties? As reported in the 

Findings section, the regression results offer few, if any, statistically significant answers to this 

question. The average CAR score variable did not achieve statistical significance. Nonetheless, 

in all but one case, the average CAR score coefficient indicated a potential downward effect on 

expected casualties. The author noted at the end of the Findings section that the results simply 

could be the consequence of too small of a sample size. However, there could be a number of 

policy discrepancies that have unintentionally restricted the usefulness of the polygon warning 

system. 

Before evaluating the effectiveness of tornado warnings, one should consider two important 

concepts: the personal economics behind the decision to take cover and the harmful effects of 

false alarms. It would be dubious to assume that every person reacts to tornado warnings in a risk 
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averse fashion. If that were the case, the method of warning would not matter. Meteorologists 

would not have to worry about the false alarm rate; the NWS could just warn for every 

threatening storm system without consequence. The NWS would not have had to reform its 

warning system; the simple solution to preventing casualties would be to just increase the lead 

time. In reality, time presents a cost to individuals, and responding to warnings consumes one’s 

time. Therefore, there is a cost of seeking and taking shelter. For someone to take shelter, the 

benefits of doing so must outweigh the costs (Simmons and Sutter, 2011). For considerably risk 

averse individuals, the benefits will always outweigh the costs, and one does not need to tell 

them twice to seek shelter. However, many people, especially those who live in areas that 

frequently receive warnings, recognize that there is a considerably high chance that the warning 

is a false alarm and taking shelter may be a complete waste of time. 

The degree of uncertainty caused by the false alarm rate increases the cost of sheltering. Every 

additional activation of any sort of warning system that results in a false alarm fuels a deadly 

sense of complacency (or warning fatigue) amongst the public. Simmons and Sutter (2011) 

found that a one standard deviation increase in the false alarm rate increases expected fatalities 

by 10% to 31% and expected injuries by 9% to 24%. Therefore, over-warning presents a social 

cost. This concern dictates many of the decisions made by both the local WFOs and the EMs, 

and clearly illustrates the dilemma EMs often face when responding to various types of disasters.   

The cost of responding to warnings, even when inflated by the false alarm rate, can be 

alleviated by making sheltering more convenient. One can purchase a home with a basement, 

construct an internal safe room, or install a storm shelter in the yard. Individuals who can afford 

these investments face a diminished cost of taking cover, although they still must judge whether 
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sitting in basement for 20 or more minutes is worth the time, given everything else they have to 

do. The value of responding to warnings is far more complicated for demographics that typically 

have limited access to shelters. For mobile home residents in particular, the benefits of sheltering 

are very high, since they are at far greater risk of injury or death given the inability of their 

residences to withstand even moderately strong tornadic winds. However, the inconvenience of 

taking shelter is also very high, especially if they cannot afford a shelter and their trailer parks 

lack community shelters. They must bother a separate household that has sheltering space. If that 

space belongs to someone who lives more than quick jog away, then mobile home residents will 

need a car and extra time to seek safety. Facing such a higher cost of sheltering, many mobile 

home residents simply get tired of going through the hassle of responding to each warning, many 

of which are false alarms (Schimdlin et al., 2009). 

The cost of taking shelter can also be alleviated with precise information, such as actual 

proximity to the threat; hence the shift to storm-based warnings. The fact remains, however, that 

the polygon-shaped warning areas have been difficult to communicate to the public. As the NWS 

(2011a, p. 12) concluded in its Joplin tornado service assessment, “many current warning 

dissemination systems are not fully compatible with specific warning information provided by 

storm-based, warning polygons.” The media and EMs, either because of limited technological 

capabilities or their personal discretion, continue to communicate the warnings in terms other 

than the defined polygon boundaries. It is important to remind readers that the NWS does not 

implement emergency management decisions. After the local WFO issues an advisory, it 

becomes the responsibility of local authorities, as well as the media, to decide the proper 

response, including how to communicate the threat to various constituencies.  
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From the available research, it appears that a large portion, if not a majority, of EMs will 

always alert their constituents if the NWS issues a warning. However, an even greater share of 

EMs will preemptively warn their jurisdictions before the NWS issues a warning (League et al., 

2010). Granted, these estimates are based on survey results from EMs who had received basic 

radar interpretation training and therefore may base their decision on a more educated 

assessment than what EMs in other states would have. Regardless, preemptive warnings 

potentially undermine the polygon warnings in that the EMs could be warning an area that is 

outside the threat area. As in the Joplin case, the preemptive alerts can confuse the public as well, 

especially during an outbreak in which the NWS is already busy tracking and warning for a 

multitude of dangerous cells. In interviews conducted for the NWS service assessment on the 

Joplin tornado, some EMs and members of the media indicated that they did not see harm in 

over-warning (NWS, 2011a). While this is a troublesome finding, NWS meteorologists need to 

keep in mind that EMs are first and foremost accountable to their constituents. If an EM detects a 

tornado threat that has yet to be warned for by the local WFO, but does not act upon it, then the 

public will hold the EM responsible for any ensuing tragedy that could have been avoided 

(League et al., 2010). 

Warning processes and protocols differ by county and even between towns within the same 

county. Tornado sirens are still the most popular public alert method employed by EMs (League 

et al., 2010; Paul et al., 2003). In densely-populated areas, sirens can be an effective warning 

system, since it only requires constituents to hear the wail. One does not need television, internet, 

radio or cellular access in order to obtain the simple message to take cover.  
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That all said, the simplicity of sirens is offset by their limitations. Sirens do not necessarily 

answer the most important questions constituents want answered when deciding to take cover. 

For instance, many EMs lack the technology to warn specific sub-regions within their 

jurisdiction. Their only option may be to activate all of the tornado sirens in the county or 

general region, alerting many individuals outside of the warning area.  Therefore, by themselves, 

sirens are not universally capable of communicating proximity. Such over-warning may explain, 

in part, the inconclusive regression results on average CAR score’s effect.   

It is possible for counties to section-off their siren systems so that only specific sub-regions 

receive the warning. DeKalb County, Alabama, which was hit by an EF5 tornado in the April 27, 

2011 outbreak, has compartmentalized its sirens. In interviews conducted throughout 12 counties 

in northern Alabama impacted by the outbreak, DeKalb County residents were the only ones 

who had anything positive to say about the effectiveness of warning sirens (Mullins et al., 2012). 

Conversely, some EMs who have adopted a sub-region siren protocol have received ridicule 

from their constituents. On March 31, 2012, EMs in Franklin County, Alabama, only activated 

the 20% of sirens that were within the parameters of a tornado polygon warning. According to a 

local media report afterwards, multiple county residents (it is unclear approximately how many) 

located outside of the warning area were upset that the rest of the sirens had remained silent 

(Lough, 2012). The different experiences of DeKalb and Franklin Counties demonstrate two 

obstacles for reform. First, a half-century of reliance on the county-wide activation of sirens for 

tornado warnings has resulted in a path dependence on this technology in many communities 

(League et al., 2010; Paul et al., 2003). Some people have grown to expect their EMs to liberally 

warn for tornadoes, and EMs must grapple with such expectations appropriately or risk losing 
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their jobs. Second, even if EMs in every county agree that sub-regions are the best option, the 

opinions of their constituents ultimately matter more. Not every county constituency will sign on 

to the idea of sub-regions, and EMs will need to conduct a great deal of public outreach and 

education to ensure that their constituents approve of the change. 

Sirens also cannot indicate approximately how long residents have before the storm hits; the 

message is simply to take cover now. The limited ability of sirens to communicate both temporal 

and spatial proximity to the tornado threat most likely explains the findings of Schmidlin et al. 

(2009), which indicate that the sounding of the tornado siren is not a statistically significant 

factor in mobile home residents’ decision to take shelter. 

There are other important details that sirens cannot communicate, thus potentially causing 

confusion. From the resident’s perspective, it is difficult to ascertain the meaning of a second 

sounding of the sirens. EMs may be trying to reiterate the urgency of the situation. Alternatively, 

the second siren may indicate that the NWS has revised a polygon or issued a completely new 

warning for a separate tornado that threatens the same area (a case of overlapping polygons). In 

some communities, the second sounding of a siren is used as an “all-clear” message, indicating 

to residents that they can stop sheltering (City of Joplin, 2012). Authorities in Joplin, MO, first 

sounded the sirens in response to on-the-ground reports of funnel cloud reports west of the city, 

just across the state line in Kansas. The local WFO had not yet warned for that specific storm 

cell. Instead, at the same time the sirens sounded, the WFO issued a tornado warning for a 

separate storm threatening the area just north of Joplin (which did include the northeastern 

portion of the city). Therefore, when individuals in the rest of the city consulted the local news or 

the Internet to get additional information, many assumed the sirens were responding to the 
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polygon issued for the northern areas, and not the very dangerous storm approaching from the 

southwest. As a result, some people did not take shelter. The NWS issued a second polygon for 

the storm to the southwest a few minutes later, but EMs refrained from reactivating the sirens so 

soon after the first blare. They waited approximately 20 minutes to sound the second siren when 

an actual tornado was spotted coming from the southwest. By that point, however, the tornado 

had reached EF4 strength and already started to ravage western Joplin. A number of individuals 

reported this confusion in aftermath interviews (NWS, 2011a).  

A number of other factors limit the effectiveness of sirens. For rural and sparsely populated 

areas, the utility of sirens decreases significantly, as there are fewer people close enough to hear 

the alarm (Paul et al., 2003). Sirens are also an outdated technology based on the air raid warning 

infrastructure of World War II and the early Cold War. Back then, homes were built with less 

insulation and a siren’s blare could easily pierce through the walls. With the relatively more 

fortified walls of today’s homes, it is possible for someone to be within hearing distance of the 

sirens if outdoors, but be oblivious to it while inside (Lewis, 2012; Tornado Recovery Action 

Council of Alabama [TRAC], 2012).  

One of the largest problems with sirens is the lack of standardization across communities in 

the use of siren systems. In many parts of the country, a person can work and live under two 

different sets of siren warning policies. Some municipalities utilize their sirens frequently as a 

way to signal to volunteer first responders about routine calls, using different tones and blare 

lengths to indicate different types of emergencies (house fire versus ambulance call, etc.). When 

a tornado strikes, these communities sound the siren continuously for multiple minutes to 

indicate a different type of situation (Siebert, 2012). Some communities will also warn for other, 
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more frequent hazards, such as straight-line winds, hail, and hazardous material emergencies. 

While these events are dangerous, the appropriate responses may differ from those for tornadoes. 

Public confusion could ensue, especially since most of those hazardous conditions are often 

associated with tornadic storm systems. Some jurisdictions use the sirens for certain 

emergencies, but not tornadoes (NWS, 2011b; League et al., 2010; White, 2012). It is clear from 

several aftermath interviews that many residents are confused by the various siren methods 

employed in their respective areas (NWS, 2011b; NWS, 2009a; NWS, 2009b). 

Like many emergency management protocols, siren systems are exclusively under the 

purview of local and state authorities. As such, standardization will have to be a bottom-up 

reform, with local communities or states taking the initiative. Individual WFOs can help 

facilitate efforts to develop uniform siren protocols in their respective county warning forecast 

areas. For instance, the WFO in Fort Worth, Texas, recently assisted the North Central Texas 

Council of Governments in standardizing the siren protocols for the Dallas-Fort Worth 

metropolitan area (NWS, 2011b; North Central Texas Regional Emergency Managers Group, 

2009). A growing number of communities have decided to dismantle their siren systems 

altogether, citing many of the aforementioned concerns, as well as the cost of maintaining them. 

Like most infrastructure, sirens and the equipment required to operate them need to be 

maintained and regularly tested for functionality. Perhaps in light of decreased local revenues 

resulting from the recent economic recession, some municipalities simply have neglected their 

siren systems instead of officially replacing them and informing the public of a new protocol. On 

March 21, 2012, an EF1 and an EF2 ripped through Warren County, Mississippi, but no sirens 

were activated. Thankfully, neither tornado killed or injured a single person. When residents and 
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the local media later raised this concern with authorities, the county board of supervisors 

informed them that most of the 15 sirens had been broken for two years. Given the high cost of 

repair and upkeep, the county had no intention of maintaining the system (Thompson, 2012).  

To be fair, EM-operated warning systems are not the only inflexible systems currently in-use. 

In fact, at present, the NOAA Weather Radio All-Hazards (NWR) transmitters (managed by the 

NWS) only have the capacity to alert individual receivers (in the form of personal weather 

radios) by county. EMs and meteorologists alike highly tout weather radios as a warning venue. 

After obtaining one, an individual can program the radio to receive special alerts designated 

specifically for his or her county. Provided that it is connected to a power source, the radio will 

sit silent until a warning is issued by the NWS via one of its more than 1,000 transmitters. When 

activated, the radio will emit very loud beeps, then communicate a text-to-speech (verbal) alert 

that contains the details of the threat. Weather radio transmissions are more effective than sirens 

because, with the exception of a few remote locations in the U.S., they can effectively reach any 

household. Also, the alerts have a better chance of waking individuals as they sleep. 

Additionally, many weather radios are battery powered and can still be used in a power outage (a 

benefit that television cannot offer). More importantly, the transmissions contain many of the 

relevant details that cannot otherwise be communicated through sirens. 

 While a life-saving technology, it is unclear exactly how many household across the United 

States own and actively use weather radios. The results of multiple surveys consistently indicate 

that NWR is a highly underutilized source of weather information and warnings (Lazo et al., 

2010; Schmidlin et al., 2009; Paul et al., 2003). There are a number of possible reasons for this 

lack of popularity, some of which could link directly to the general limitations of the NWR 
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warning system. For one thing, individuals who want a radio that stays silent unless there is an 

emergency must purchase a weather radio that is capable of receiving specific area message 

encoding (SAME). A simple online search shows that the cheapest SAME-capable radios retail 

at is approximately $30 (including shipping). Recall that the regression results on fatalities 

suggest that tornado safety is a luxury good. A number of low-income households have reported 

that despite wanting one, they cannot afford to purchase one (NWS, 2011b). Schmidlin et al. 

(2009) found no statistically significant correlation between ownership of a weather radio and 

the decision by mobile home residents to seek shelter. Recipients must also take the time to 

program the radio to the correct SAME code for his/her county. Depending on how user-friendly 

the radio is, the programming process may not be intuitive. Adding to the limitations of NWR, 

the exact area of a polygon, which is a unique shape that is not aligned to any civic boundaries, is 

not easily communicated verbally (NWS, 2011b). Therefore, as the message is currently 

transmitted, individuals who rely solely on NWR for warnings have experienced little 

improvement in the communication of proximity as a result of the switch to storm-based 

warnings.  

One way in which the NWS could resolve the NWR over-warning problem would be to 

establish sub-regions in larger counties, each with its own unique code. Currently, each county 

has a universal geographic code (UGC), which enables the direct transmissions of advisories to 

any weather radio (within range of the tower) that is programmed using the SAME code 

affiliated with that county. By modifying a county’s UGC, the NWS can distinguish up to nine 

sub-regions in a county. The WFO could then transmit the warning to only those radios 

programmed to the sub-regions touched by the polygon. Sub-UGCs would be a particularly 
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helpful option for the WFOs that issue warnings for the larger counties in the Midwest and West. 

Currently, six WFOs across the country are experimenting with various sub-UGC approaches 

(Wu, 2012; M. Szkil, personal communication, March 28, 2012). 

Several limitations of the sub-UGC strategy come to mind. First, it will be difficult to ensure 

that users program their radios to the correct sub-UGC. How will someone easily discern which 

sub-region he/she lives in? Incorrectly programming the sub-UGC could have tragic results. The 

main limitation of the sub-UGC approach is the same problem hampering other dissemination 

approaches under the storm-based warning system: polygons are unique and do not follow any 

sort of pre-existing civic boundaries. If the polygon barely creeps in the corner of a sub-region, 

then the NWS will once again over-warn that entire sub-region. Alternatively, if the polygon 

mostly covers a sub-region’s area, but the tornado abruptly veers-off into another sub-region, 

those now in the storm’s path will have little warning to take cover (whereas they would have 

received the alert earlier if the NWS had warned the approximate area lining the expected 

trajectory).  

Another objection to sub-UGCs is that they are an answer to a problem plaguing old 

technology, which distracts the agency from pressing forward with technological innovations. 

Many meteorologists and EMs believe that the future of tornado warnings will depend on global 

positioning system (GPS) technology. Since the NWS uses GPS coordinates to specify polygon 

warning areas, it makes sense for the agency’s foremost warning dissemination system also to be 

based in GPS. Theoretically, manufacturers would insert a GPS chip in weather radios. In turn, 

the NWS would program the polygon coordinates into its warning message. Using the encoded 

message, the NWR transmitters would broadcast the warning to the area matching the 
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coordinates and only those weather radios within that area would receive the alert (TRAC, 2012). 

The conversion of NWR into a GPS-based system would take a great deal of coordination 

between the agency, manufacturers and consumers (M. Szkil, personal communication, March 

28, 2012). Dedicating the agency’s limited resources to coding sub-UGCs for larger counties and 

coordinating residents in those counties to properly reprogram their radios would only divert 

resources that the NWS could otherwise spend on getting closer to what is already seen as a 

practical solution. For instance, the private sector has already started experimenting with GPS-

based warning systems, such as smartphone apps that utilize location services to warn their users 

if they are located within a polygon warning zone (Lewis, 2012). 

While GPS provides flexibility and precision, EMs and the NWS need to keep in mind that 

GPS is still a vulnerable technology. It is highly susceptible to interruptions from solar activity. 

Also, increased cell phone use, which is common immediately before and for some time after a 

disaster occurs, can prevent GPS transmissions. When all else fails, the only effective way to 

communicate warnings and other emergency information may be through the current NWR 

framework. Therefore, it is possible that NWR transmitters and weather radios will still need to 

send and receive SAME code transmissions, in addition to GPS-coded messages. It is unclear 

how this would affect the cost of weather radios, which could have social implications.  There is 

also the issue of convincing individuals to purchase a brand-new weather radio, especially when 

a number of people still use weather radios that predate the current SAME code-program models 

(M. Szkil, personal communication, March 28, 2012).  

Text- and speech-based tornado warnings are also transmitted through the Emergency Alert 

System (EAS), which is jointly managed by the NWS, the Federal Emergency Management 
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Agency, and the Federal Communications Commission. Transmitted over radio or television, 

EAS messages interrupt broadcasts (with the familiar screeching tones) to warn listeners or 

viewers. When heard over the radio, the EAS transmission is the same as the NWR transmission. 

On television, the EAS typically scrolls the text of the NWR message at the bottom of the screen. 

Some television broadcasters will dedicate the entire screen to the warning, while others will 

continue to stream their programming behind the scroll. Television stations also have the option 

to include the audio of the NWR transmission. Since the EAS is merely another venue for NWR 

transmissions, the two systems mostly share the same set of limitations. The over-warning 

problem, however, is exacerbated under EAS. For instance, when television broadcasters 

transmit an EAS message, any viewer connected to its transmitter will receive the warning. 

Television station viewing areas can span many counties, and it is possible for someone to be 

warned for a tornado that is threatening an area that is multiple counties away (C. Hodan, 

personal communication, April 5, 2012). 

Polygon warning areas are difficult to convey over mediums relying on text, speech or sound, 

since they are graphical in nature and are best communicated through avenues that can visually 

map-out the polygon shape. Accordingly, live television coverage and the Internet have helped 

the implementation of the storm-based system. Internet users can access both the polygon maps 

and warning text by visiting the NWS website or the sites operated by private weather firms or 

media outlets. Nevertheless, outside of the EM community, the Internet appears to be a relatively 

underutilized source of severe weather information for most consumers, per survey results (Lazo 

et al., 2009; League, et al., 2010). With the exception of voluntary e-mail alert services available 

to individuals, the Internet is a passive dissemination avenue. In other words, consumers 
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typically consult the Internet after first learning about the warning via other methods. The author 

expects that this trend will likely reverse as smartphone usage grows.  

Multiple studies have reported that television is the most preferred source of information for 

both routine and severe weather forecasts (Paul et al., 2003; Lazo et al., 2009; Schmidlin et al. 

2009; NWS, 2011b). Television stations are able to project the warning area on weather maps for 

viewers. Many stations also have adopted the practice of live, non-interrupted storm coverage 

during particularly active tornado outbreaks. Some meteorologists believe that this type of 

coverage helps enhance preparedness, because the stations take advantage of the opportunity to 

educate viewers on general tornado safety (J. Stefkovich, personal communication, March 16, 

2012). On-air meteorologists can also help emphasize the seriousness of the situation and help 

encourage individuals to take cover. The media’s incessant coverage and tone of urgency was an 

oft-cited reason individuals sought shelter during the Joplin tornado (NWS, 2011a).  

Like every dissemination system, television has its limits. Strong winds can hinder satellite 

dish reception or cause power outages, thus preventing individuals from accessing the visual 

feed. Power outages were a particular problem during the April 27, 2011 outbreak. The morning 

and afternoon waves of storms caused widespread power outages, leaving many individuals 

without a direct source of warnings as the later (and incredibly violent) rounds of tornadoes 

struck the region (Mullins et al., 2012). For individuals without electricity and/or a television, 

many radio stations have started transmitting the audio from the live local television coverage in 

the event of an outbreak. However, the audio feed can prove to be unhelpful, since on-air 

meteorologists are relying on their audience to have the visual aid of on-screen imagery (there is 

a reason why the play-by-play commentary is different between radio and television 
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commentators). Additionally, there are still stations that will not entirely postpone their normal 

programming in the event of an outbreak, but instead will frequently cut to live updates from the 

stations when new information is obtained. However, for those viewers who turn to those 

stations in between live updates, they must rely on the EAS scroll or a small warning map at the 

bottom of the screen. Many stations still use the old graphic method that merely highlights the 

counties in one of the warning zones (thus defying the polygon system).   

A number of television stations have noted confusion whenever there are multiple polygons 

(projecting the path of separate storm cells) that overlap. On-air meteorologists claim that it is 

difficult to communicate the warning information in these cases (NWS, 2011a). Wall-to-wall 

coverage also does not ensure that a viewer will get a full assessment of the situation in a timely 

manner. Based on personal observations while monitoring at least eight separate local television 

feeds over the course of the March 2, 2012 outbreak, this author noticed that most of on-air 

meteorologists tended to focus on one storm cell or polygon warning at a time, providing 

extensive details and analysis. One could attribute this approach to, in part, the need to avoid 

dead air and provide a steady stream of content to keep viewers’ attention. To be clear, the 

author thinks the storm-by-storm analysis is very helpful and likely has saved countless lives. 

However, in the event of a widespread outbreak, it has the potential of alienating viewers who 

are in the paths of storms but have to wait several minutes before the on-air meteorologists get to 

their particular warning.  

Similar concerns were voiced in the aftermath of the April 27, 2011 outbreak. Some residents 

of rural parts of media markets felt that the stations spent too much air-time focusing on storms 

that threatened the more densely populated sectors of the viewing area at the expense of the 
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safety of rural viewers (NWS, 2011b). While multiple tornadoes that day struck heavily 

populated areas, a large share of the tornadoes ripped through rural areas.  Many of those 

tornadoes were as strong, if not stronger, than the storms that ravaged urban and suburban 

communities.  

Widespread outbreaks present an ethical dilemma to televisions stations. Should a station take 

a utilitarian approach and devote more time on storms threatening high-density areas, or should it 

try to balance attention between all of the polygon warnings regardless of the number of people 

at risk in each situation? Emergency management sometimes requires trade-offs, and tornadoes 

that threaten densely-populated areas have a greater potential to cause more casualties. As the 

regression results in the full model demonstrate, all else equal, a one standard deviation increase 

(.298) in the proportion of county residents that live in a rural area, expected fatalities and 

injuries would decrease by 38% and 45%, respectively.  In the condensed model, injuries would 

decrease by 43%, and fatalities would decrease by a (statistically insignificant) 27%. 

Furthermore, the condensed model also indicated that for every additional 1,000 persons per 

square mile in a county’s population density, expected injuries increase by 36%. That all said, 

there is a possible solution for television stations to consider that helps both demographics. As 

Mullins et al. (2012) recommend, stations should keep a Doppler radar map of the viewing area 

with the polygons on-screen at all times. With the use of screen-in-screen technology, the 

stations could still keep the map visible while dedicating most of the screen to the particular 

threat the on-air meteorologist wishes to focus on. A number of stations have already employed 

this method during their outbreak coverage. 
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Interestingly enough, polygons were not the first attempt by the NWS to resolve the proximity 

issue. In 1991, the NWS began incorporating a pathcast in its text and speech warnings, through 

which WFOs attempt to communicate the projected path of a tornado or severe thunderstorm by 

using local towns and approximate times of impact. Pathcasts are often included in both NWR 

and EAS transmissions, as well as live television coverage. While an improvement over the 

methods employed before the 1990s, pathcasts are prone to serious error and potentially cause 

more harm than good. First, pathcasts assume that tornadic storm cells move in a predictably 

linear fashion at a predictable speed, when in fact they often do not. A false sense of security 

could ensue, which has been documented in some tornado aftermath studies. Second, merely 

stating town names may be difficult in communicating precise proximity. For instance, a city 

may cover several square miles and residents in one part of the city may be out of harm’s way 

(Speheger and Smith, 2006). Rural areas also pose a challenge for meteorologists in that there 

are very few communities that can be used as points along the path. Meteorologists have tried 

incorporating roadway mile markers to help fill in gaps of information (NWS, 2011b). Third, 

tornadoes often occur in outbreaks, with more than one tornado touching down in the same 

county or area as a result of the same storm system. A pathcast message for a single tornado is 

already a lengthy communiqué, especially when it is scrolling at the bottom of the television 

screen or being broadcast by radio. Imagine having to spend several minutes listening and 

reading multiple pathcasts one-by-one to determine one’s proximity to danger. This simply can 

be a waste of valuable time, especially if the projected paths are incorrect. Similarly, the 

occurrence of outbreaks emphasizes the effectiveness of polygons over pathcasts. It is arguably 
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safer to alert those in a relatively general area of risk than to predict a precise storm path that is 

open to error. 

Approaches such as pathcasts and sub-UGCs invite the question of a possible equilibrium in 

communicating proximity to a tornado threat. Just as over-warning can increase casualties, is 

over-precision also dangerous? The concept of equilibriums in tornado warning methods is 

controversial. For instance, Simmons and Sutter (2008a, 2011) suggest that, statistically, lead 

times greater than 15 minutes do not help reduce expected fatalities and have the potential to 

increase the expected death toll. On the other hand, as observed in this thesis’ regression on 

fatalities and Simmons and Sutter’s (2008a) regression on injuries, each additional minute of 

lead time decreases expected casualties. This contrast illustrates the fact that, after a certain 

point, if a tornado does not transpire in the immediate vicinity, the opportunity costs associated 

with the time spent sheltering surpass the benefits for some individuals. The notion that long lead 

times do more harm than good does not sit well with some individuals at NWS who have spent 

decades increasing the average lead time from 8 minutes to 13 minutes and strive to keep 

pushing forward.  

Given the unpredictability of tornadoes and their ability to occur in groups, the author thinks 

that very precise warnings can instill a potentially lethal false sense of security. At the same time, 

the topic of this thesis is the danger of warning too broad of an area. Therefore, an equilibrium 

exists, and the author contends that the NWS has already achieved it through the development 

and adoption of polygon warnings. Polygons are not overly-precise. Unlike pathcasts, they 

acknowledge that a swath of territory surrounding the expected path of a storm system is in 

danger, thereby controlling for the possibility that a tornado steers off-course or additional 
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tornadoes touch-down in the same area. At the same time, polygons are not too general. The 

mean size of the first polygon warning issued for a given tornado event in the dataset was 418 

mi
2
, whereas the mean size of the hypothetical county-based warning that would have been 

issued for a given entry was 2,882 mi
2
. That reduction in area warned can spare several thousand 

people from unnecessary warning, thus alleviating the harmful effects of human complacency 

that results from a high false alarm rate. 

 While the regression results are inconclusive on the exact impact of the shift to polygon 

warnings, at the end of the day, the storm-based system is certainly an improvement over the 

county-based system. With that in mind, one can interpret the results as an indication that current 

warning dissemination methods are, in fact, limiting the effectiveness of the polygon system. 

Full compatibility between elements of the warning process mostly requires additional, 

widespread reform at the local, state and federal levels. 

 

CONCLUSION AND FURTHER RESEARCH 

Tornadoes pose several difficult challenges to meteorologists and emergency managers. These 

individuals often only have minutes to make decisions that affect the lives of thousands of 

people. If it were as simple as issuing a warning every time a tornado seemed likely, then there 

would be few issues concerning the way warnings were communicated. However, time spent 

sheltering represents a cost, and time spent sheltering when a tornado does not impact one’s 

neighborhood or town is a sunk cost. Overexposure to false alarms can lead to a very dangerous 

sense of complacency within the public. One answer to this problem is to better communicate 
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one’s proximity to the risk so as to enable an individual to make a more informed decision about 

taking shelter.  

With that goal in mind, the NWS replaced its county-based warning system with a storm-

based warning system. The new polygon warnings represent an equilibrium between the over-

warning that occurred under the county-based system and the overly-precise pathcasts that were 

included in many warning messages. While polygons are an improvement over county-based 

warnings, the effectiveness of the new system has been undermined by the existing 

dissemination methods. Like the expected storm paths for which they are projecting, polygon 

parameters do not align neatly within established civic borders. Absent a GPS-based 

dissemination system, it is nearly impossible to warn only those individuals located within a 

uniquely-shaped polygon. Therefore, one could argue that the policy has been only half-

implemented. 

Unfortunately, the regressions on expected casualties provided few statistically significant 

answers on the effectiveness of the storm-based system. The incompatibility between the 

polygons and the dissemination methods could help explain the inconclusive and unconventional 

nature of the regression results. Outliers, such as the entries for the Joplin and Tuscaloosa 

tornado events, could also be skewing the results. More than likely, the problem lies in the 

relatively small sample size. As more entries accumulate under the storm-based system, 

regressions conducted with this thesis’ models should offer more conclusive answers. 

The utilization of geographic information system software could strengthen the dataset. For 

instance, without this software, it is extremely difficult, if not impossible, to calculate the exact 

CAR score for a given entry, since there were several county tornado events for which multiple, 
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overlapping polygons were issued. With GPS, one could simply enter each polygon’s 

coordinates (which are available in the Severe Weather Verification Database) to find the 

aggregate square mileage covered by at least one of the polygons. On the issue of geography, 

researchers may consider constructing a dataset that analyzes tornadoes by television markets, 

since television is a highly popular medium for tornado warning information. For instance, 

Simmons and Sutter (2011) incorporated markets (as defined by the Nielsen Company) when 

conducting one- and two-year lag analyses on the effect of the false alarm rate.  

Local emergency management policies present a rich, untapped vein for researchers. There is 

little to no comprehensive, jurisdiction-by-jurisdiction research on tornado warning protocols 

and capabilities. Most studies have focused on a single state or a specific group of counties. To 

help provide further analysis on the nature of tornado casualties, the tornado research community 

needs a comprehensive inventory of warning systems for each municipality and county (at least 

in the Southeast and/or Midwest). 
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APPENDIX A. REGRESSION RESULTS 

Table 1A. Raw Regression Coefficients from the Full and Condensed Models 

 Fatalities  

(Poisson) 

Injuries 

(Neg. Binomial) 

Fatalities  

(Poisson) 

Injuries 

(Neg. Binomial) 

Avg. CAR Score -.127 -.0531 .0645 -.164 

 (.493) (.306) (.592) (.378) 

County Size -.0212 -.00484 -.113** -.0237** 

 (.0240) (.00551) (.0416) (.00564) 

EF0 -9.718** -6.989** - - 

 (1.107) (.743)   

EF1 -6.808** -5.052** - - 

 (.428) (.712)   

EF2 -4.770** -3.126** - - 

 (.351) (.704)   

EF3 -2.829** -1.551** - - 

 (.286) (.693)   

EF4 -2.035** -.915 - - 

 (.340) (.72)   

Strong - - 3.772** 2.794** 

   (.360) (.187) 

Density .0868 .218 .0817 .304* 

 (.0552) (.137) (.0943) (.172) 

Income -.0640** -.00130 -.0946* -.0143 

 (.0327) (.0188) (.0492) (.0112) 

Mobile -1.081 -.636 -6.503* .909 

 (2.192) (1.317) (3.731) (1.320) 

Rural -1.575** -2.028** -1.059 -1.874** 

 (.740) (.405) (.832) (.342) 

Nonwhite -3.376** -.403 - - 

 (1.317) (.509)   

Female 20.86** 9.461** - - 

 (7.321) (4.388)   

Under 18 -12.88* -8.026** - - 

 (7.810) (3.861)   

Over 65 -15.39** -4.648 - - 

 (5.899) (3.4)   

No High School .191 -.171 - - 

 (2.987) (1.956)   

College -1.077 -6.299** - - 

 (3.190) (2.105)   

Commute .922 1.233 - - 

 (1.812) (.835)   

Home Age -.0203 -.0302** -.0806** -.0243** 

 (.0166) (.0118) (.0370) (.0113) 

Poverty .384 .545 - - 

 (3.285) (2.252)   

Time Trend .213** -.110* .652* -.168** 

 (.0943) (.0604) (.379) (.083) 

Overnight -.616* .120 -1.518** .237 

 (.322) (.226) (.498) (.229) 
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 Fatalities  

(Poisson) 

Injuries 

(Neg. Binomial) 

Fatalities  

(Poisson) 

Injuries 

(Neg. Binomial) 

Morning -.743** .313 -1.994** .261 

 (.365) (.219) (.867) (.262) 

Afternoon -.398* .186 .0492 .148 

 (.227) (.169) (.297) (.198) 

Evening -.372 .118 -.594 .345 

 (.269) (.189) (.391) (.218) 

Weekend 1.210** .645** .789 .651** 

 (.216) (.165) (.626) (.174) 

Off-season - - .571* -.0368 

   (.306) (.208) 

January -.344 -1.166** - - 

 (.568) (.402)   

February 1.226** .0690 - - 

 (.341) (.281)   

March -.903* .712** - - 

 (.501) (.318)   

May .159 -.101 - - 

 (.263) (.212)   

June .163 -.176 - - 

 (.492) (.253)   

July .0333 -.956* - - 

 (.852) (.494)   

August -1.322 .192 - - 

 (1.142) (.448)   

September .780 .193 - - 

 (.694) (.523)   

October .815 .123 - - 

 (.612) (.281)   

November .161 .682 - - 

 (.680) (.476)   

December 1.406** -.607* - - 

 (.462) (.336)   

Track Length .0399** .0421** .0623** .102** 

 (.0125) (.0129) (.0191) (.0134) 

Track Width .0005** .0009** .00116** .002** 

 (.000161) (.000203) (.000311) (.000278) 

LengthxDensity .00002 .00008 - - 

 (.00002) (.00006)   

Lead Time 1-5 .476 -.0823 - - 

 (.336) (.300)   

Lead Time 6-10 .0732 -.174 - - 

 (.323) (.272)   

Lead Time 11-15 -.202 -.202 - - 

 (.311) (.294)   

Lead Time 16-20 .262 -.268 - - 

 (.324) (.281)   

Lead Time 21-30 -.0712 -.447* - - 

 (.300) (.252)   
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 Fatalities  

(Poisson) 

Injuries 

(Neg. Binomial) 

Fatalities  

(Poisson) 

Injuries 

(Neg. Binomial) 

Lead Time 31+ .297 -.104 - - 

 (.283) (.279)   

No Warning - - -.719 .111 

   (.498) (.307) 

Initial Lead Time - - -.014* -.00526 

   (.00726) (.00588) 

Not Prone State -.0911 -.0664 -.5199 .2192 

 (.344) (.260) (.498) (.265) 

Southeast .187 -.155 -.660 .101 

 (.284) (.206) (.702) (.216) 

Intercept 0.448 3.811 1.521 -.735 

 (3.599) (2.483) (3.303) (.943) 

Robust standard errors in parenthesis. * and ** indicate significance at the 0.10 and 0.05 levels, 

respectively. 
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Table A2. Antilogs of Regression Coefficients from the Full Model 

 Fatalities (Poisson) Injuries (Neg. Binomial) 

 Antilog Std. Dev. 

Increase 

Antilog Std. Dev. 

Increase 

Avg. CAR score -.119481288 -.04573014 -.051745355 -.01935574 

County Size -.020979307 - -.004828605 - 

EF0 -.999939813** - -.99907831** - 

EF1 -.998895458** - -.993604381** - 

EF2 -.991517198** - -.956086** - 

EF3 -.940919278** - -.787942879** - 

EF4 -.869326247** - -.599515374 - 

Density .090660308 - .243196021 - 

Income -.062033083** - -.001299355 - 

Mobile -.660819274 -.08963508 -.470470922 -.05372276 

Rural -.793033493** -.37488136** -.868354266** -.45379347** 

Nonwhite -.965811225** -.47432862** -.331563249 -.07386323 

Female 1.145e+09** .48913273** 12849.92536** .19795465** 

Under 18 -.999997457* -.30227344* -.999673081** -.20087796** 

Over 65 -.999999792** -.45480213** -.990418165 -.16741785 

No High School .210659315 .01353219 -.156883134 -.01192729 

College -.659523203 -.07650446 -.998161865** -.37206232** 

Commute 1.514398224 .11385349 2.431280105 .15509576 

Home Age -.020053499 -.20028414 -.029773083** -.28357072** 

Poverty .468867359 .02589469 .724351952 .03689176 

Time Trend .237834399** - -.104301484* - 

Overnight -.460132694* - .127607239 - 

Morning -.524485166** - .36806304 - 

Early Afternoon -.328234864* - .20458258 - 

Evening -.310702282 - .124769359 - 

Weekend 2.354499235** - .906736039** - 

January -.291342823 - -.688249129** - 

February 2.409070931** - .071452388 - 

March -.594813814* - 1.037427535** - 

May .172193758 - -.096029453 - 

June .177156165 - -.161441473 - 

July .033856412 - -.61563321* - 

August -.733328763 - .211320879 - 

September 1.182518532 - .212280504 - 

October 1.259074012 - .131326909 - 

November .174879748 - .978817611 - 

December 3.080923048** - -.455117443* - 

Tornado Length .040676726** .20209831** .043024744** .2146707** 

Tornado Width .00049002** .16268654** .000907812** .32205913** 

LengthxDensity .0000238 - .0000841 - 
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 Fatalities (Poisson) Injuries (Neg. Binomial) 

 Antilog Std. Dev. 

Increase 

Antilog Std. Dev. 

Increase 

Lead Time 1-5 .610195339 - -.079030077 - 

Lead Time 6-10 .075948502 - -.159647809 - 

Lead Time 11-15 -.182905971 - -.18273469 - 

Lead Time 16-20 .300164117 - -.234990097 - 

Lead Time 21-30 -.068690483 - -.360155116* - 

Lead Time 31+ .34604155 - -.098660871 - 

Not Prone State -.087048024 - -.064251373 - 

Southeast .205722895 - -.14357977 - 

Intercept .56489026 - 44.20169111 - 

* and ** indicate significance at the 0.10 and 0.05 levels, respectively. 
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Table A3. Antilogs of Regression Coefficients from the Condensed Model 

 Fatalities (Poisson) Injuries (Neg. Binomial) 
 Antilog Std. Dev. 

Increase 

Antilog Std. Dev. Increase 

Avg. CAR score .066662057 .02402395 -.15116139 -.05850676 

County Size -.106436162** - -.02343181** - 

Strong (EF2+) 42.45018459** - 15.3460177** - 

Density .085097017 - .35555586* - 

Income -.090288534* - -.01421037 - 

Mobile -.998501325* -.43154577* 1.48268193 .0821836 

Rural -.65304542 -.27073874 -.84645276** -.42813833** 

Home Age -.07743173** -.58901251** -.02401601** -.23524694** 

Time Trend .918421092* - -.15469215** - 

Overnight -.780851282** - .26771352 - 

Morning -.863833204** - .29880369 - 

Early Afternoon .050444282 - .16007168 - 

Evening -.447800784 - .41177588 - 

Weekend 1.201375077 - .91653717** - 

Off-Season .769168036* - -.03616513 - 

Tornado Length .064229646** .3329409** .10707799** .59938239** 

Tornado Width .001159772** .4285129** .00177858** .72763005** 

No Warning -.405428618 - .24507118 - 

Initial Lead 

Time 

-.512895597* - .11696669 - 

Not Prone State -.013947421 - -.0052444 - 

Southeast -.482923993 - .10586717 - 

Intercept 3.576867444 - -.52054752 - 

* and ** indicate significance at the 0.10 and 0.05 levels, respectively. 

 

  



 

57 

 

APPENDIX B. SUMMARY STATISTICS 

 
Table B1. Frequency of County Tornado Events by EF Scale (October 1, 2007 – July 31, 2011) 

 

EF Scale Frequency Percent Cumulative 

EF0 3,422 51.61 51.61 

EF1 2,174 32.79 84.39 

EF2 726 10.95 95.34 

EF3 236 3.56 98.90 

EF4 61 0.92 99.82 

EF5 12 0.18 100.00 

Total 6,631 100.00  

 

 

Table B2. Frequency of County Tornado Events by Year (October 1, 2007 – July 31, 2011) 

 

Year Frequency Percent Cumulative 

2007 (Oct.- Dec.) 121 1.82 1.82 

2008 1,954 29.47 31.29 

2009 1,273 19.20 50.49 

2010 1,443 21.76 72.25 

2011 (Jan.-July) 1,840 27.75 100.00 

Total 6,631 100.00  

 

 

Table B3. Frequency of County Tornado Events by Month (October 1, 2007 – July 31, 2011) 

 

Month Frequency Percent 

January 161 2.43 

February 315 4.75 

March 386 5.82 

April 1,666 25.12 

May 1,499 22.61 

June 1,128 17.01 

July 495 7.46 

August 233 3.51 

September 188 2.84 

October 311 4.69 

November 87 1.31 

December 162 2.44 

Total 6,631 100.00 
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Table B4. Frequency of County Tornado Events Weekends vs. Week Days (October 1, 2007 – July 31, 

2011) 

 

Time of Week Frequency Percent 

Week Day 5,115 77.14 

Weekend 1,516 22.86 

Total 6,631 100.00 

 

 

Table B5. Frequency of County Tornado Events by Time of Day (October 1, 2007 – July 31, 2011) 

 

Year Frequency Percent 

Overnight (12 a.m. – 5:59 a.m.) 588 8.87 

Morning (6 a.m. – 11:59 a.m.) 669 10.09 

Early Afternoon (12 p.m. – 3:59 p.m.) 1,566 23.62 

PM Rush Hour (4 p.m. – 7:59 p.m.) 2,797 42.18 

Evening (8 p.m. – 11:59 p.m.) 1,011 15.25 

Total 6,631 100.00 

 

 

Table B6. Frequency of County Tornado Events by Lead Time Intervals (October 1, 2007 – July 31, 

2011) 

 

Year Frequency Percent Cumulative 

No Warning 2,218 33.45 33.45 

Lead Time of 1-5 mins. 619 9.33 42.78 

Lead Time of 6-10 mins. 687 10.36 53.14 

Lead Time of 11-15 mins. 669 10.09 63.23 

Lead Time of 16-20 mins. 604 9.11 72.34 

Lead Time of 21-30 mins. 947 14.28 86.62 

Lead Time over 30 mins. 887 13.38 100.00 

Total 6,631 100.00  

 

 

Table B7. Frequency of County Tornado Events in Not Prone States (October 1, 2007 – July 31, 2011) 

 

Time of Week Frequency Percent 

Prone States 5,921 89.29 

Not Prone States 710 10.71 

Total 6,631 100.00 
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Table B8. Frequency of County Tornado Events in the Southeast (October 1, 2007 – July 31, 2011) 

 

Time of Week Frequency Percent 

Not Southeast 4,285 64.62 

Southeast 2,346 35.38 

Total 6,631 100.00 

 

 

Table B9. Frequency of County Tornado Events by Death Count (October 1, 2007 – July 31, 2011) 

 

Time of Week Frequency Percent 

Deaths > 0 168 2.53 

Deaths = 0 6,463 97.47 

Total 6,631 100.00 

 

 

Table B10. Frequency of County Tornado Events by Injury Count (October 1, 2007 – July 31, 2011) 

 

Time of Week Frequency Percent 

Injuries > 0 548 8.26 

Injuires = 0 6,083 91.74 

Total 6,631 100.00 
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Table B11. Summary Statistics for Integer-Ratio Variables 

 

Variable Mean Median Std. Deviation Min Max 

Direct Deaths .1120495 0 2.177693 0 158 

Direct Injuries 1.249133 0 20.5166 0 1150 

Avg. CAR Score .6280876 .8143739 .3678657 0 0.9966651 

County Size (in 

square miles) 

904.6215 704.79 1111.734 7.48 20056.94 

Density (persons 

per square mile) 

162.3563 46.5 756.7445 .30 35369.1 

Median Family 

Income (in dollars) 

41,828.3 40,452 10,071.35 21,617 114,200 

Mobile .1364782 .123 .0868552 0 .594 

Rural .602788 .6075442 .298257 0 1 

Nonwhite .2292084 .172 .1904935 .008 .96 

Female .503133 .506 .0190902 .279 .555 

Under 18 .2382902 .237 .0279401 .091 .401 

Over 65 .1578555 .154 .0394208 .037 .434 

No High School .1786679 .168 .0703136 .022 .535 

College .1819985 .166 .0738711 .047 .584 

Commute .2969558 .2892851 .1169433 .051684 .7236247 

Median Home Age 36.74303 34 11.033 10 71 

Poverty .1670374 .157 .0664907 .033 .62 

Track Length  

(in miles) 

3.300471 1.6 4.616581 .01 41.79 

Avg. Track Width  

(in yards) 

189.0689 75 307.6818 1 3520 

Initial Warning 

Lead Time (in 

minutes) 

13.03423 9 14.14651 0 70 
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APPENDIX C. CORRELATION TEST RESULTS 
Table C1. Correlation Results from Pearson R tests between direct fatalities and injuries 

and each control variable. 

Independent Variables Direct Fatalities Direct Injuries 

Average CAR Score 0.0236* 0.0269** 

County Size -0.0092 -0.0067 

EF0 -0.0530** -0.0621** 

EF1 -0.0333** -0.0365** 

EF2 -0.0052 0.0021 

EF3 0.0552** 0.0811** 

EF4 0.1525** 0.2293** 

EF5 0.4459** 0.2491** 

Strong/Violent (EF2+) 0.1160** 0.1327** 

Population Density 0.0020 -0.0097 

Median Family Income -0.0152 -0.0028 

%Mobile Homes 0.0059 -0.0099 

%Rural -0.0101 -0.0342** 

%Nonwhite -0.0033 0.0124 

%Female 0.0167 0.0244** 

%Under 18 0.0039 0.0041 

%Over 65 -0.0172 -0.0290** 

%No High School 0.0222* 0.0031 

%College -0.0069 0.0149 

%Commute 30+ mins -0.0038 -0.0044 

Median Home Age -0.0169 -0.0201 

%Poverty 0.0153 0.0116 

Time Trend 0.0378** 0.0366** 

Overnight -0.0090 -0.0098 

Morning -0.3999 -0.0084 

Afternoon 0.0084 0.0104 

PM Rush Hour 0.0082 0.0067 

Evening -0.0054 -0.0066 

Weekend 0.0132 0.0150 

January -0.0050 -0.0064 

February 0.0113 0.0060 

March -0.0110 -0.0098 

April 0.0304** 0.0360** 

May 0.0109 0.0112 

June -0.0191 -0.0185 

July -0.0138 -0.0165 

August -0.0094 -0.0098 

September -0.0071 -0.0089 

October -0.0094 -0.0105 

November -0.0047 -0.0032 
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Independent Variables Direct Fatalities Direct Injuries 

December -0.0037 -0.0073 

Off-season -0.0278** -0.0285** 

Track Length 0.1577** 0.2053** 

Average Track Width 0.1847** 0.2096** 

Length x Density 0.0649** 0.1327** 

No Warning -0.0255** -0.0282** 

Lead Time 1-5 mins 0.0075 0.0284** 

Lead Time 6-10 mins 0.0000 -0.0007 

Lead Time 11-15 mins 0.0021 0.0025 

Lead Time 16-20 mins 0.0027 0.0006 

Lead Time 21-30 mins 0.0271** 0.0197 

Lead Time 30+ mins -0.0031 -0.0075 

Initial Lead Time 0.0142 0.0060 

Not a Prone State -0.0124 -0.0050 

Southeast 0.0284** 0.0274** 

* and ** indicate significance at the 0.10 and 0.05 levels, respectively. 
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APPENDIX D. CODEBOOK 

Variable Type of 

Variable 

Values Definition of Values Source and Notes 

Expected 

Fatalities/ 

Injuries 

I/R Infinite (people) The number of 

expected fatalities 

and injuries directly 

caused by the 

tornado.  

NWS Severe Weather 

Verification Database 

 

Separate regressions were run on 

direct deaths and injuries. 

 

Average 

County Area 

Reduction 

Score 

I/R Proportion The average county 

reduction score for 

the polygon warnings 

associated with the 

tornado event. A 

county reduction 

score is the percent 

by which the polygon 

reduced the warning 

area size compared to 

the county-based 

system. 

 

NWS Severe Weather 

Verification Database 

 

 

County Size I/R Infinite (100s of 

square miles) 

 

The land area size of 

the county struck. 

2010 Census 

Mastdata Code: LND110210D 

 

Original observations in terms of 

square miles. Divided by 100 to 

convert into terms of 100s of 

square miles, which provided 

better analysis of the coefficient.  

 

EF-Scale Dummy EF0 

EF1 

EF2 

EF3 

EF4 

EF5 (Ref) 

 

The EF-scale rating 

of the tornado? 

NWS Severe Weather 

Verification Database 

Strong 

 

Dummy Yes = 1 

No = 0 

 

Was the tornado rated 

EF2 or stronger? 

NWS Severe Weather 

Verification Database 

Density 

 

I/R Infinite (1000s of 

persons per square 

mile) 

 

The population 

density of the county. 

2010 Census 

Mastdata Code: POP060210D 

 

Original observations in terms of 

persons per square mile. Divided 

by 1000 to convert into terms of 

1000s of persons per square 

mile, which provided better 

analysis of the coefficient.  
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Income 

 

I/R Infinite (1000s of 

dollars) 

The median 

household income in 

the county. 

 

2009 SAIPE 

Mastdata code: IPE010209D 

 

Original observations in terms of 

dollars. Divided by 1000 to 

convert into terms of 1000s of 

dollars, which provided better 

analysis of the coefficient.  

 

Mobile I/R Proportion The proportion of 

housing units in the 

county that are 

classified as mobile 

homes. 

 

2010 ACS (3 yr. estimates) 

ID: GCT2501 (county, by state) 

Rural I/R Proportion The proportion of 

county residents in 

the county who are 

living in an area 

classified as rural. 

 

2000 Census 

Mastdata Codes: POP010200D, 

POP120200D 

 

Calculated by dividing the rural 

population by the resident 

population. 

 

Nonwhite I/R Proportion The proportion of 

county residents who 

are not Caucasian. 

 

2010 Census 

Mastdata Code: RHI805210D 

 

Calculated by subtracting the 

percentage of resident 

population that was classified as 

“Not Hispanic, White Alone” 

from 100. 

 

Original observations in 

percentage form. Divided by 100 

to convert into proportions. 

Female I/R Proportion The proportion of 

county residents who 

are female. 

 

2010 Census 

Mastdata Code: POP165210D 

 

Original observations in 

percentage form. Divided by 100 

to convert into proportions. 

 

 

 

 

Under 18 I/R Proportion The proportion of 

county residents who 

are under the age of 

18. 

 

2010 Census 

Mastdata Code: AGE275210D 

 

Original observations in 

percentage form. Divided by 100 

to convert into proportions. 
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Over 65 I/R Proportion The proportion of 

county residents who 

are over the age of 

65. 

 

2010 Census 

Mastdata Code: AGE765210D 

 

Original observations in 

percentage form. Divided by 100 

to convert into proportions. 

 

No High 

School 

I/R Proportion The proportion of 

county residents who 

are 25 or older and do 

not have a high 

school degree or 

equivalent. 

 

2009 ACS (5-yr. estimate) 

Mastdata Code: EDU635209D 

 

Calculated by subtracting from 

one the proportion of individuals 

25 or older who had earned a 

high school diploma. 

 

Original observations in 

percentage form. Divided by 100 

to convert into proportions. 

 

College I/R Proportion The proportion of 

county residents who 

are 25 or older and 

hold a bachelor’s 

degree or higher. 

 

2009 ACS (5-yr. estimate) 

Mastdata Code: EDU685209D 

 

Original observations in 

percentage form. Divided by 100 

to convert into proportions. 

 

Commute I/R Proportion The proportion of 

county residents who 

have a daily commute 

longer than 30 

minutes. 

 

2010 ACS (5-yr. estimate) 

ID: B08303 

 

Calculated by dividing the total 

number of individuals with 

commutes longer than 30 

minutes by the total number of 

commuters in the county. 

 

Home Age I/R Infinite (years) The median age of 

homes in the county.  

 

2010 ACS (5-yr. estimate) 

ID: B25035 

 

 

Calculated by subtracting the 

median year built for structures 

in a county from the year in 

which the tornado occurred. See 

the Technical Notes for 

additional details about certain 

observations. 
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Poverty I/R Proportion The proportion of 

county residents who 

are in poverty. 

 

2009 SAIPE 

Mastdata Code: IPE120209D 

 

Original observations in 

percentage form. Divided by 100 

to convert into proportions. 

 

Time Trend Ordinal 0 = 2007 

1 = 2008 

2 = 2009 

3 = 2010 

4 = 2011 

 

The year in which the 

tornado struck. 

NWS Severe Weather 

Verification Database 

 

Time of Day Dummy Overnight 

(12am-5:59 am) 

Morning 

(6am-11:59am) 

Afternoon 

(12pm-3:59pm) 

PM Rush Hour(Ref) 

(4pm-7:59pm) 

Late Evening 

(8pm-11:59pm) 

 

At what time of the 

day did the tornado 

strike? 

NWS Severe Weather 

Verification Database 

 

All values are in local time. 

Weekend Dummy Yes=1 

No=0 

Did the tornado occur 

during the weekend? 

 

NWS Severe Weather 

Verification Database 

 

Month Dummy Jan. 

Feb. 

March 

April (Ref) 

May 

June 

July 

Aug. 

Sept. 

Oct. 

Nov. 

Dec. 

 

In which month did 

the tornado strike? 

NWS Severe Weather 

Verification Database 

Off-Season Dummy Yes=1 

No=0 

Did the tornado occur 

outside the traditional 

tornado season? 

NWS Severe Weather 

Verification Database 

 

The tornado season is defined as 

March 1 through June 30. 

Entries during that time would 

be coded as zero. 

 

Length I/R Infinite (miles) What was the length 

of the tornado track? 

 

NWS Severe Weather 

Verification Database 
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Width I/R Infinite (yards) What was the average 

width of the tornado 

track? 

 

NWS Severe Weather 

Verification Database 

 

 

No Warning Dummy Yes=1 

No=0 

Was the county 

tornado event warned 

for prior to touch-

down? 

NWS Severe Weather 

Verification Database 

 

Entries were sorted by lead time. 

If the lead time was zero, the 

entry was coded as 1 (for  having 

no warning) 

 

Lead Time 

Intervals 

Dummy No warning (Ref) 

1-5 mins 

6-10 mins 

11-15 mins 

16-20 mins 

21-30 mins 

31+ mins 

 

What was the initial 

warning lead time 

before touch-down 

(in categories)? 

NWS Severe Weather 

Verification Database 

Initial Lead 

Time 

I/R Infinite (mins) What was the initial 

warning lead time 

prior to touch-down? 

NWS Severe Weather 

Verification Database 

 

Not Prone 

State 

Dummy Yes=1 

No=0 

Did the tornado strike 

a state that is not 

particularly prone to 

tornadoes? 

NWS Severe Weather 

Verification Database 

 

States deemed not prone were 

those that experienced fewer 

than 750 tornadoes between 

1950-2007. They include AK, 

AZ, CA, CT, DE, HI, ID, KY, 

ME, MD, MA, MT, NV, NH, 

NJ, NM, NY, OR, PA, RI, UT, 

VT, VA, WA, WV, WY. 

 

Southeast Dummy Yes=1 

No=0 

Did the tornado strike 

a state in the 

Southeast? 

 

NWS Severe Weather 

Verification Database 

 

Southeastern states include AL, 

AR, FL, GA, LA, MS, NC, SC, 

TN. 

 

 

Key: 

ACS – American Community Survey (published by the U.S. Census Bureau) 

I/R – Integer-Ratio 

SAIPE – Small Area Income & Poverty Estimates (published by the U.S. Census Bureau) 
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APPENDIX E. SIMMONS AND SUTTER MODELS VS. THESIS MODELS 

 

Note: Simmons and Sutter models are referred to as the full S&S model or the condensed S&S 

model. The models used by this thesis are referred to as the full thesis model or the condensed 

thesis model.  

 

Unit of Analysis 

This thesis uses a different unit of analysis than Simmons and Sutter employed. They confronted 

a serious limitation when trying to construct a unit of analysis using their datasets, which only 

contained tornado events that occurred under the county-based warning system. For the tornado 

events in that policy era, the NWS database constructed its output so that each tornado had one 

entry as long as it did not cross state lines. If the tornado merely crossed county lines and stayed 

within the same state, it would not be entered into the database as a separate entry. Therefore, the 

unit of analysis Simmons and Sutter used was every state tornado event. All of the values for the 

natural and warning variables (including casualty figures) were presented without indicating in 

which county they occurred. As a result of this state-segmented approach, the warning effects for 

subsequent counties struck (or downstream counties) were ambiguous, since Simmons and Sutter 

could not determine the exact lead times for them. Furthermore, since casualty rates are 

significantly impacted by human-driven demographic and socioeconomic factors reported on the 

county level, not partitioning the casualty figures by county for each state tornado event obscures 

the analysis of casualty determinants. The only way Simmons and Sutter could control for the 

human-driven variables was to find the mean value amongst all of the counties listed in the state 

segment. 

  

Instead of state tornado events, the unit of analysis for this thesis is every county tornado event. 

The unit of analysis is not each tornado. The switch to the polygon system necessitated a 

separate database for event entries, the output from which is structured in county segments. In 

other words, if a tornado crossed county lines, it received a new entry with revised lead time and 

casualty values. It also receives a revised EF Scale ratings, which accounts for differences in 

strength along a tornadoes path, providing a stronger control variable for EF rating.  

 

EF Rating and Strong Dummy Variables 

Simmons and Sutter used EF0 as a reference group in both their full and condensed models, 

since they are most common. However, the thesis dataset contained only one death that was 

caused by EF0 tornadoes, which is too few to enable a convergence in Stata. As a result, the full 

thesis model uses EF5 as a reference group. 

 

A similar, unexplainable convergence issued happened in Stata when using EF5 as a reference 

group to calculate expected injuries using the condensed thesis model (specifically when the 

negative binomial model was being tested). Therefore, the condensed thesis model uses an 

alternative dummy variable labeled strong, with tornadoes that were rated EF2 or higher coded 

as 1. Simmons and Sutter used the same strong versus weak classification for some of their 

analysis, but they were able to run their condensed regression using EF rating without issue. This 
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most likely has to do with the fact that they had a total of six deaths in their dataset that were 

caused by the EF0 tornadoes, which apparently is enough to converge the data. 

 

Width Variable 

The S&S models do not include a variable controlling for the width of a tornado’s track. 

 

Time and Month Dummy Variables 

Simmons and Sutter and this thesis use the same time and month dummy variables. However, the 

reference groups are different. The S&S models use afternoon and July as their reference groups, 

since those were the most active time of day and month for tornado activity in their dataset. The 

most active time and month were different in the thesis dataset. The thesis models use evening 

rush hour and April as reference groups. 

 

Income Variable 

Simons and Sutter defined their variable for median family income in terms of 10,000s of 

dollars. The thesis models define the variable in terms of 1000s of dollars 

 

Gender Variable 

The longer Simmons and Sutter model control for the proportion of residents that are male. This 

thesis looks at the proportion of county residents that were female, mainly because the Census 

website only released those proportions. 

 

Southeastern Variable 

The S&S regression models did not control for the region in which the tornado struck. The thesis 

models control for whether or not the tornado struck a Southeastern state. The author classifies 

the following states as Southeastern: Alabama; Arkansas; Florida; Georgia; Louisiana; 

Mississippi; North Carolina; South Carolina; and Tennessee. 

 

Not Prone State Variable 

The thesis models contain a variable that tests to see if living in a state that is relatively less 

prone to tornadoes has any sort of significant correlation with expected casualties (labeled the 

Not Prone State). The S&S models did not control for this variable.  States classified as “not 

prone” were coded as 1. Simmons and Sutter did categorize states into regions for some of the 

analysis, and included a similar category for states that experienced fewer tornado casualties 

(label Other States). The author disagrees with their criteria for this category.  

 

As explained in the Conceptual Model section, the author believes that the simple number of 

tornadoes is the best determinant of a state’s perceived vulnerability. The public will see the 

warning and/or hear the news about it after the fact (via the media). The media tends to report 

any tornado, regardless of strength (which is determined after the fact anyhow). The public may 

not have the institutional memory to know that full tornado casualty history for their respective 

states. Each tornado has the potential to kill and rational people respond to one without 

considering its strength. 
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In constructing the variable, the author consulted Table 2.7 in Simmons and Sutter (2011) which 

lists the number of tornadoes by state since 1950. The author arbitrarily decided on 750 

tornadoes as the threshold of a state’s inclusion in the variable. The author classifies the 

following states as not prone: Alaska; Arizona; California; Connecticut; Delaware; Hawaii; 

Idaho; Kentucky; Maine; Maryland; Massachusetts; Montana; Nevada; New Hampshire; New 

Jersey; New Mexico; New York; Oregon; Pennsylvania; Rhode Island; Utah; Vermont; Virginia; 

Washington; West Virginia; and Wyoming. 

 

Lead Time Variables 

As explained above, the state-segmented output of the county-based warning verification 

database, the warning effects for subsequent counties struck were ambiguous, since Simmons 

and Sutter could not determine the exact lead times for them. Therefore, they use the lead time of 

the first county struck for their analysis. The storm-based warning verification database is 

constructed that each county gets its own entry. Therefore, this thesis is able to find the 

individual lead times for each county along a tornado’s path. 

 

Also, in the S&S condensed models, they tested three sets of warning variables in separate 

regressions. The first approach was a dummy variable for whether a tornado was warned for 

prior to touchdown. The second approach was an integer-ratio variable on initial lead time. The 

third approach was the set of dummy variables that group the lead times in separate spans of 

minutes. The thesis condensed model excludes the third set of variables, but includes both 

warning dummy variable and the lead time integer-ratio variable. 

 

Simmons and Sutter also constructed their warned tornado dummy differently than the thesis 

model. First, warned for tornadoes were coded as 1. The thesis codes unwarned tornadoes as 1. 

Second, the thesis model decided the coding based on each entries initial lead time vale. If the 

county tornado event had an initial lead time of zero, then it was coded as unwarned. When 

perusing the S&S tornado warning dataset, the author noticed that some entries with an initial 

lead time of zero were still coded as being warned for. The author does not suspect that this is an 

error, and that they had separate criteria. Coding for this effect is more complicated than one may 

suspect and there are different approaches.   

 

CAR Score Variable 

The S&S models do not include any county area reduction variables because their datasets 

predate the full implementation of the polygon warning system. Furthermore, the database that 

stores the values captured under the county-based system is structured much differently than the 

polygon-era database. The output from one database cannot be merged with output from the 

other. 

 

County Size Variable 

The S&S models do not control for county land areas. 

  



 

71 

 

APPENDIX F. TECHNICAL NOTES 

 

Calculating Antilogs of Poisson/Negative Binomial Regression Coefficients 

The formula for calculating the antilog is [exp(βk)-1], where β is the raw coefficient for the 

variable in question. It is very important to use the full coefficient (that extends 5-6 decimal 

places) reported in the regression output produced by statistical software. To conserve space, the 

coefficients reported in Table A1 are the rounded values. The antilogs  reported in Tables A2 and 

A3 are calculated using the full coefficients produced by Stata. 

 

Some of the regression results are easier to understand by observing a standard deviation 

increase. The formula for calculating a one standard deviation increase is [exp(βk*σk)-1], where 

σ is the standard deviation for the variable in question.  

 

Interpreting the Time Trend Variable 

To interpret the time trend variable, one simply needs to substitute the σ in the standard 

deviation increase formula described above with the number indicating the last year documented 

in the variable. In this case, β would be multiplied by four, to find the difference in casualties 

between 2007 and 2011. 

 

Tornadoes on the night of September 30, 2007 

There are two county tornado events in the dataset that occurred late in the evening of September 

30, 2007 (events 60195 and 60196). Even though the official conversion to the storm-based 

warning system occurred on October 1, 2007, the author decided to include them since the St. 

Louis WFO had issued polygons for these tornadoes and they occurred less than four hours 

before the policy was to take effect. 

 

Excluded Tornadoes 

The author intentionally excluded from the dataset seven county tornado events that occurred 

between October 1, 2007, and July 31, 2011. One of these entries was for the tornado that struck 

Puerto Rico on August 25, 2009. The remaining six entries were excluded due to reporting errors 

on the part of the WFO field assessment teams when they submitted their official figures to 

OCWSS. Here are the details on each entry: 

 
Event ID Date County/State EF Casualties Reason 

265012 May 11, 2010 Ford Co., KS EF0 None Incorrect start/end date 

224402 June 6, 2010 Calhoun Co. , MI EF1 None Incorrect start/end date 

299806 May 26, 2011 Glenn Co., CA EF1 None Incorrect start time 

299818 May 26, 2011 Glenn Co., CA EF1 None Incorrect start time 

291040 April 24, 2011 Humbold Co., NV EF0 None Incorrect start time 

294665 May 26, 2011 Orange Co., IN EF2 None Incorrect start time 
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Median Age of Home 

As described in the Appendix D, the median age of home in the county struck for each county 

tornado event was calculated by subtracting the median year built for structures in the county 

from the year of the tornado. However, the American Community Survey (ACS) 5-year estimate 

for median year built was not available for every county. Below is a detailed description of how 

the author resolved this issue for missing values in the dataset. 

 

For Blaine Co, NE, the author was able to find a 3-year estimate of the median year from the 

2009 ACS. For Kings Co., NY, the author was able to find the 1-year estimate from the 2005 

ACS. 

 

For the counties below, the author was unable to ascertain any sort of estimate for median year 

built. The author consulted the Simmons and Sutter (S&S) dataset they used for their tornado 

warning regression to see they had been able to calculate a median home age for the counties in 

question. For the most part, the author was able to obtain the most recently reported median 

home age S&S calculated for that county in their dataset. To get a more accurate estimate, the 

author added the number of years separating the year of the S&S value and the year for the entry 

in the thesis dataset. Here are the counties in question and the values found in the S&S dataset: 

 

Keokuk Co., IA (last event was 2002, and the median home age S&S reported was 60) 

Taylor Co., IA (last event was 2002, and the median home age S&S reported was 62) 

Jewell Co., KS (last event was 2001, and the median home age S&S reported was 61) 

Lincoln Co., KS (last event was 2002, and the median home age S&S reported was 62) 

Stafford Co., KS (last event was 2002, and the median home age S&S reported was 57) 

Washington Co., KS (last event was 2002, and the median home age S&S reported was 62) 

Franklin Co., NE (last event was 2002, and the median home age S&S reported was 62) 

Hayes Co., NE (last event was 2000, and the median home age S&S reported was 57) 

Nuckolls Co., NE (last event was 2001, and the median home age S&S reported was 59) 

Slope Co., ND (last event was 2001, and the median home age S&S reported was 61) 

Miner Co., SD (last event was 2001, and the median home age S&S reported was 61) 

Sanborn Co., SD (last event was 1999, and the median home age S&S reported was 59) 

 

The author could not find a median year built for the City of St. Louis, MO (which is its own 

county) in any of the ACS database. No tornado struck the city in the S&S dataset, so no 

previously calculated median home ago could also be substituted. For this entry (event 272957), 

the author obtained the 2010 ACS 5-year estimate for median year built for St. Louis County 

(1967), which neighbors the city. 

 

Monetary Base-year for Sutter and Erickson (2010) Estimates 

It is unclear in Sutter and Erickson (2010) article what base-year they are using for the dollar 

figures in their valuations of the storm-based warning system, referenced in the Literature 

Review Section. In personal e-mail correspondence, Sutter informed this thesis’s author that he 

believes the base-year is 2007.  
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