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 Severe thunderstorm warnings issued by the National Weather Service and severe 

thunderstorm weather reports dating from January 1, 1986 to December 31, 2005 were 

analyzed to find a potential county bias in the issuance of severe thunderstorm warnings.  

Choropleth maps and statistical analysis of the data reveal a population density bias for 

both severe weather reports and severe thunderstorm warnings issued as well as a likely 

distance bias.  Additional non-meteorological county warning and severe weather report 

biases were found for several counties in the study area that may relate to socioeconomic 

factors, physiographic influences and county size and directional orientation.  Proximity 

to interstate highways also appears to have an effect on the reporting of severe weather 

events and the issuance of severe thunderstorm warnings. 
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CHAPTER ONE 
 

Introduction 
 
 

The television audio beeps and a sentence crawls across the bottom of the screen 

that states something to the effect of, “A SEVERE THUNDERSTORM WARNING has 

been issued for McLennan County until 5:15pm…”  If the warning is issued for an area 

that has high population, the local television meteorologist might cut into regularly 

scheduled programming to show a radar image and make viewers aware of the dangers of 

the developing weather situation.  If the thunderstorm warning is issued for the county 

where the broadcast station, cable television system or direct broadcast satellite user is 

located, the Emergency Alert System or EAS will be activated (Moore and Reese, 2005). 

Despite the fact that the broadcast media may often take the credit, or blame, for 

the severe weather warning, it is a government agency that issues the official warnings 

(Henson, 1990).  The National Weather Service is in charge of initiating and providing 

the severe weather warning information to the general public.  They work with broadcast 

media to timely and effectively warn citizens of the upcoming dangers, and like the 

broadcasters, they face the pressure to “get it right”. 

It seems logical to assume that meteorologists, in general, are concerned about the 

greater good of the population, and that more of a “heads up” would be given to larger 

cities than rural areas.  It also seems logical that the same would apply to severe weather 

reports by the general public. 

Acting on a purely scientific basis, the weather person issuing the severe weather 

warning would issue based on the strength of the storm, without regard for the population 
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density of a certain area.  This should generally produce a uniform number of warnings 

across the entire area. 

The purpose of this thesis is to determine if a population and distance bias exists 

in the issuance of severe thunderstorm warnings by the National Weather Service for the 

central part of Texas and if this same bias exists in the reporting of severe weather events 

by the general public.  This research is based entirely on the warnings issued by the 

National Weather Service and severe thunderstorm event reports on file at the National 

Climate Data Center, and is not based on mathematical meteorological computer model 

data. 

Previous research by Greene and Sharkey (2005), showed a possible distance and 

direction bias in the issuance of severe thunderstorm and tornado warnings by the Fort 

Worth National Weather Service Office.  These warnings are issued by county, and a 

series of choropleth maps representing severe weather warnings for the counties in 

question were produced.  These maps revealed a non-random spatial distribution of 

severe weather warnings as well as an apparent directional bias that favors counties to the 

west of the Dallas/Fort Worth Metroplex (Figure 1). 

Several studies have been conducted that show a bias between population density 

and the issuance of severe thunderstorm warnings.  Dobur found that the population 

density of the Atlanta, Georgia National Weather Service forecast office county warning 

area has some effect on the number of severe thunderstorm warnings issued (Dobur, 

2006).   A tornado climatology study for southwestern Ontario Canada showed a possible 

relationship between population density and severe nontornadic weather reports (King, 

1997).  A study of severe weather reports in the western part of the United States showed 
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that there is a strong relationship between nontornadic severe storm reports and 

population across several western states (Frisbie, 2006). 

 

 
 
Figure 1.  Map showing the total number of severe thunderstorm warnings issued from 
January 1986 to December 2005 for much of the state of Texas, including the area used 
for this study.  This data has not been normalized for county size or population and 
reveals a potential bias in the distribution of thunderstorm warnings issued by the 
National Weather Service. 
 
 

When severe thunderstorm reports are compared to tornado events and reports, it 

becomes evident that little is known about the spatial distribution of these storms (Kelly 

and others, 1985).  For the most part, a severe thunderstorm must be observed to be 

reported, although wind damage assessment is sometimes used to estimate wind speed 

after the fact, however, this is highly subjective.  Kelly and others (1985) postulate that 
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there are several demographic factors, in addition to population, that are very complex 

and nonlinear.  Donner (2003) found that socioeconomic and societal organizational 

factors contribute to the effectiveness of tornado warnings and the overall awareness of 

severe weather events. 

To understand the method by which severe weather warnings are issued, we must 

look at the historical development of severe weather forecasting within the National 

Weather Service.  The development of a centralized weather forecast program by the U. 

S. Army Signal Corps in 1870 was the start for improved documentation and increased 

understanding of destructive local storms (Galway, 1989).   Orders issued to the Signal 

Corps in 1883 stated that when conditions warranted, a special warning should be issued.  

This warning would state that “violent storms were being observed in the area of 

concern” (where the storm was occurring).  With the development of aviation and 

telecommunications through the early part of the 20th Century, warnings become more 

accurate and frequent.  During World War II, technology began to develop that would 

enable meteorologists to more accurately forecast severe weather and issue warnings to 

the public. 

As a result of the Waco tornado of May 11, 1953, a national radar network was 

established to help with the forecasting of severe weather events and tornadoes (Kahan, 

1953).  The 1950’s was the first decade that severe storms forecasters had access to 

weather radar.  The first radar deployed by the National Weather Service was the WSR-

57 (Whiton and others, 1998).  The WSR-57 was used through the 1960’s and remained 

in service at many weather service offices through the 1980’s.  A newer model radar, the 

WSR-74, was put into service in the 1970’s.  WSR-57 radar sites represented a majority 

of the National Weather Service radar network in the late 70s, but WSR-74 radars were 
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designed to fill in gaps in the coverage of this network, and were referred to as Local 

Warning Radar sites. 

In this same timeframe, an organized amateur severe weather spotter program was 

formed.  After the “Palm Sunday” tornado outbreak of 1965, it became clear that the 

dissemination of warnings to the general public needed to be improved.  In 1966, the 

National Weather Service (then the United States Weather Bureau) initiated the Natural 

Disaster Warning System (NADWARN) to coordinate with government agencies that 

have natural disaster emergency functions (Doswell and others, 1999).  As part of 

NADWARN, SKYWARN was formed, which gave storm spotters a structure to operate 

in collaboration with the National Weather Service. 

In the mid to late 1980s, planning began for the NWS's National Modernization 

and Associated Restructuring program, part of which the new WSR-88D, or NEXRAD, 

radar network would be deployed across the country and forecasting computer systems 

would be upgraded (Whiton 1998).  As a component of the upgrade process, staffing 

would be increased at existing Weather Service Forecast Offices (WSFO) and some 

Weather Service Offices (WSO). The offices were renamed Warning Forecast Offices 

(WFO) and are responsible for both issuing severe warnings and daily non-severe 

weather forecasting.  There are now more than 120 WFOs in place.  Many of the existing 

Weather Service Offices were closed, including the office in Waco, Texas as 

responsibilities were transferred to the WSFO, now the WFO in Fort Worth Texas 

(FWD).  The NEXRAD network and the WFOs were in place by 1996, a fact that has an 

effect on this study. 

The National Weather Service modernization also began the Warning 

Coordination Meteorologist program increasing partnerships with television and radio 
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stations as well as emergency management officials.  This program also initiated the 

training of storm spotters across the County Warning Area (CWA) of each Weather 

Forecast Office (Friday, 1994). 

After the installation of the WSR-88D radar, lead times and the probability of 

detection for tornado events and severe thunderstorms were improved and the number of 

false alarms decreased (Polger and others, 1994).  However, initial verification research 

also showed that the individual judgment, training and experience of the NWS forecaster 

continued to affect the warning process (Bieringer and Ray, 1996). 

The current criteria by the National Weather Service is that a thunderstorm is 

severe if it produces hail that is 3/4inches (1.9 cm) in diameter or greater, or winds that 

are 58mph (93km/hr or 50 knots) or stronger (NOAA).  If the storm is producing a 

tornado, then the storm is also considered severe, although a Tornado Warning should be 

issued at that point.  The size of the warning area is generally the size of one or two 

counties and usually lasts less than an hour.  Severe Thunderstorm Warnings are issued 

based on radar returns, surface weather instrument reports or visual observation by storm 

spotters or pilots.  Severe thunderstorm warnings are not based on forecast, but actual 

observation.  Heavy rain, frequent small hail or frequent lightning are not enough to 

classify a storm as severe (Kelly and others, 1985). 

There is some thought within the scientific community that severe thunderstorm 

warnings that prove to be false, or not verified by an actual severe weather event, may 

lead to the “cry wolf” hypothesis (Atwood and Major, 1998).  This basically states that 

the public may be more likely to ignore a severe weather warning, if previous warnings 

issued for their area have proven to be false.  This is one of the major reasons that 
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verification procedures and skills evaluations are in place by the National Weather 

Service to help improve severe weather forecast (Murphy and Winkler, 1987). 

There has been much research focusing on the skills and reliability scores for the 

severe weather forecaster.  One verification tool that was adopted by the National 

Weather Service, the critical success index (CSI), has been used in various forms since 

the late 1800’s, but was found to have biases in relation to severe weather forecast 

(Schaefer, 1990).  Doswell, Davies-Jones and Keller (1990) tested a variety of statistics 

to measure the verification scores and skills in rare event, or severe weather, forecasting.  

Marzban (1998) studied measures of accuracy, association, discrimination, bias and skill 

in severe weather situations and found them to be inequitable in that they induce under or 

over forecasting.  Although much of this research is rather abstract in nature, operational 

forecast verification methods are commonly used by meteorologists in the verification 

process (Jolliffe and Stephenson, 2003). 

Since 1990, the insurance industry has been increasingly concerned with losses 

associated with severe weather, including hail damage to crops and property (Changnon, 

1999).  Because of this concern, it must be noted that hail damage reports are more 

specific, however the actual hail event report is often not relayed to the National Weather 

Service until after the severe thunderstorm has dissipated. 
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CHAPTER TWO 
 

The Study Area 
 
 

Overview 
 

The study area for this thesis is generally along the Interstate 35 corridor through 

the state of Texas (Figure 2).  The area extends approximately 240 miles (386 km) to the 

west of I-35 and 220 (354 km) miles east.  The entire study area totals 122,094 square 

miles (316,222 square kilometers).  A total of 132 counties are represented in the study 

area. 

Several major urban areas lie within the study area.  San Antonio, with an 

estimated 2006 population of 1,273,374, is the largest city in the study area followed by 

Dallas at 1,232,940, Austin at 717,100, Fort Worth at 637,178, and Arlington at 357,370 

(Evans, 2001).  The Dallas/Fort Worth Metroplex is the fifth largest television media 

market in the United States (Nielsen, 2007). 

More counties are represented to the west of the major metropolitan areas than to 

the east.  This is due to the fact that severe warning data was not available from the 

National Weather Service Warning Forecast Office in Houston.  The Houston office 

covers the region across the southeast of Texas. 

Numerous major highways are represented in the study area including Interstate 

35, Interstate 45, Interstate 10 and Interstate 20. 

Interstate 35 is considered a dividing line between the physiographic regions of 

the Gulf Coastal Plains and the Low Western Plains (Bomar, 1995).  Most of the area is 
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classified as prairie or grassland, with the far eastern part of the region defined by piney 

woods of east Texas. 

 
 
Figure 2.  The study area encompasses a region from the Red River to the Rio Grande 
and includes much of the Interstate 35 corridor through Texas. 
 
 

Every National Weather Service Office has a county warning area.  Several of 

these county warning areas, also known as CWA, are included in the general study area 

(Figure 3).  These include offices located in Fort Worth, New Braunfels (Austin/San 

Antonio) and San Angelo, as well as the out of state offices in Shreveport, Louisiana and 

Norman, Oklahoma.  The entire county warning areas are studied for the Texas offices, 

with only partial counties used for the out of state offices. 

 



10 

 
 
Figure 3.  The county warning areas, or CWA, for the National Weather Service Warning 
Forecast Offices, or WFO, within the study area. 
 
 

In addition to the individual county warning areas, a central study area was 

defined for 30 counties in the Fort Worth CWA (Figure 4).  These counties were 

generally centered on Tarrant County, where the Fort Worth office (FWD) is located.  

The central study area was used for testing the theory that there is a possible distance bias 

in severe thunderstorm warnings and severe weather reports.  This region is also used to 

test the population bias theory due to the fact that the Dallas/Fort Worth Metroplex is 

located in the general center of the area, with far less populated counties around the 

periphery. 
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Figure 4.  The central study area that comprises 30 counties generally centered on Fort 
Worth. 
 
 

Climatology and Physiography 
 
 The majority of the study area is characterized in the Köppen-Geiger climate 

classification system as Cfa, a moist subtropical mid-latitude climate, which generally 

has warm and humid summers with mild winters (Beck and others, 2006).  Severe 

weather for this region is often due to mid-latitude cyclones during the winter and spring 

months, with convective thunderstorms more prevalent during the summer months.   

The extreme northwest part of the study area is a Bsk climate class, and is defined 

as dry semiarid mid-latitude climate that receives much of its severe weather from mid-

latitude cyclones (Figure 5).  The west-southwest part of the study area is characterized 
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as a Bsh, a dry semiarid climate that is somewhat more tropical in nature than the Bsk.  

These two areas are considered grassland type climates, and not true desert environments. 

 

 
 
Figure 5.  The Köppen-Geiger climate classification system for the study area.  The 
majority of the area is considered a warm temperate, fully humid environment with hot 
summers (Kottek and others, 2006). 
 
 

The general climate for the state of Texas can be more specifically defined by 

using the Natural Regions of Texas classification as currently defined by the Texas Parks 

and Wildlife Department (Figure 6).  This system breaks the regions down based on 

climate, physiographic characteristics and vegetation, all of which can have a potential 

impact on severe weather for the study area (Segal and others, 1995). 
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Figure 6.  The twelve Natural Regions of Texas showing the eight regions that 
characterize the study area for this thesis (Arnold 1978). 
 
 

The far eastern part of the area is dominated by the Piney Woods, with 

topography that is gently rolling to hilly and generally densely forested land.  Elevation 

varies from 200 to 500 feet above sea level (Ricketts, 1999).  Humidity and temperatures 

are typically high and the area is comparatively free from persistent winds. 

The Oak Woods and Prairies start just to the west of the Piney Woods and are a 

part of many of the counties along the Interstate 45 corridor and areas along the Red 

River in the extreme northern part of the study area, and again to the west of the Dallas-

Fort Worth Metroplex.  This region is characterized by level to rolling topography, with 

mainly grassland and oak trees (Owen, 1989). 
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The Blackland Prairie is the major natural region along the Interstate 35 corridor 

and is the climate zone representing the major population centers in the study area, 

including Dallas, Fort Worth and Waco as well as parts of the Austin and San Antonio 

metropolitan areas.  Topography of the Blackland Prairies region is gently rolling to 

nearly level and generally allows for rapid surface drainage (Sharpless and Yelderman, 

1993).  Elevation varies from 300 to 800 feet above sea level.  May is the month that 

receives the most rainfall for the northern end of the region.  The south-central part has a 

somewhat even rainfall distribution throughout the year. 

The area to the west of Austin and San Antonio that is commonly referred to as 

the “Hill Country” is called the Edwards Plateau.  Compared to other regions in the study 

area, this is the region with the most topography, with elevations ranging from slightly 

less than 100 feet to over 3,000 feet (Bean and others, 1984).  It is bounded on the east 

and south by the Balcones Fault, or Balcones Escarpment, and consists of cliffs and cliff-

like structures.  The landscape can be rather rough looking in areas due to the numerous 

rivers and streams which have eroded the region.  Rainfall is highest in the spring months 

of May and early June and also in the autumn, generally in September and October.  

Deadly flash floods are a common severe weather factor in the Edwards Plateau. 

The Llano Uplift can be thought of as lying within the Edwards Plateau; however 

the landscape is somewhat different due to the geologic nature of the area.  Precambrian 

rock dominates the Llano Uplift in a general pattern that makes the entire area look 

somewhat circular on the map (Wilson, 1994).  Climatologically, there are no major 

differences in the rainfall pattern or temperature than is present in the Edwards Plateau. 

The northwestern part of the study area is represented by he Rolling Plains region, 

which is the southern end of the Great Plains of the central United States.  The land is 
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gently rolling to moderately rough and dissected by narrow valleys with intermittent 

streams flowing east to southeast with elevation ranging from generally 800 to 3,000 feet 

(Trimble, 1980).  The highest rainfall usually occurs in May and September.  The 

summers in this region can be somewhat extreme, with very hot and dry conditions.  The 

severe weather for this area can also be extreme with large hail and tornadoes rather 

common during severe weather events. 

The southern end of the study area is characterized as the South Texas Brush 

Country.  This region has generally level topography with elevations ranging from just 

above sea level to about 1000 feet in some spots (Jordan, 1978).  Average monthly 

rainfall is lowest in January and February and highest during May, June and September.  

As is true for the southern part of the state, tropical weather systems can produce very 

heavy rainfall. 

The heaviest annual rainfall occurs in the extreme southeastern part of the study 

area, with the driest areas to the west.  Rainfall averages approximately 20 inches across 

the western counties, to 37.5 inches for counties to the east (Figure 7).  Along the 

Interstate 35 corridor, in the populated areas of the Dallas/Fort Worth Metroplex, Waco, 

Austin and San Antonio, the general average rainfall is slightly greater than 32 inches per 

year. 

 
Severe Weather Systems in Texas 

 
There are many meteorological factors which determine the extent and severity of 

thunderstorms, including upper level wind flow and modification of the low level jet 

stream, which are beyond the scope of this thesis (Kessler, 1982).  In the general science 

of synoptic, or large scale meteorology, most of the study area is characterized as a 
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tropical or marine climate, due to the proximity of Texas to the Gulf of Mexico (Larkin 

and Bomar, 1983).  Throughout most of the year, this marine climate is modified by 

intrusions of dry continental air (Easterling and Robinson, 1985).  These intrusions, in the 

form of cold fronts, often lead to the development of storms.  Typical movement of cold 

front thunderstorms will be from northwest to southeast (Court and Griffiths, 1982).  

These storms are capable of producing damaging winds and hail. 

 

 

Figure 7.  Average annual rainfall from 1961 to 1990 for the study region (Daly and 
Taylor, 2000). 
 

Very dry and warm air over the western part of the state will often move to the 

east during the spring and summer months.  This often causes a “clash” of air masses 
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across west Texas termed a dry line or Marfa front (Bomar, 1995).  This dry line will 

frequently lead to thunderstorms that will move to the east across the study area in what 

is termed a squall line (Hane and others, 1997).  Squall line thunderstorms will often 

move rather fast and produce significant straight line winds.  This is typically seen as a 

“bow echo” pattern on a radar return (Johns, 1993).  Individual storms will often move to 

the north along the squall line (Johns and Doswell, 1992). 

During the summer months, the sea breeze along the Texas Gulf Coast is rather 

strong (McPherson, 1970).  This sea breeze will often lead to the development of 

thunderstorms.  As the very humid air from the Gulf surges into Texas during the late 

afternoon, it is heated by the much warmer land surface and will cause convective 

thunderstorms capable of producing very heavy rain, small hail and frequent lightning, 

with the main severe threat being thunderstorm wind gust (Kelly and others, 1985).  

General motion of these storms will be to the north, however, some storms show very 

little motion.  If sea breeze storms develop during the springtime months, they can 

potentially produce large hail. 

The majority of severe thunderstorms generally occur from April to July with the 

number of thunderstorm events reported during the mid to late afternoon, although severe 

weather may occur at anytime of the year or day (Johns and Doswell, 1992). 

Tropical storms often contribute to destructive severe thunderstorm development 

and very heavy rainfall during the late summer months (Muller and Stone, 2001).  An 

early September hurricane in 1921 lead to storms which dumped more than 38 inches of 

rain in a 24 hour period in Thrall, Texas, which is located just to the northeast of Austin 

in Williamson county (Smith and others, 2000).  This rainfall total is the United States 

record for rainfall at a single location in a 24 hour period (Slade and Patton, 2003). 
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It is worthy to note that a complete storm cycle is difficult to visually observe.  

With few exceptions, thunderstorms are not stationary, so persons observing the storm 

would be required to be mobile (Miller and others, 1983).  Haze, low clouds and rainfall 

associated with thunderstorm development can also limit visual observation, especially 

during the nighttime hours.  However, these “ground truth” reports are highly relied upon 

by the National Weather Service and used by the warning forecast meteorologist in the 

warning decision making process (McCarthy, 2002). 
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CHAPTER THREE 
 

Methods 
 
 

Data 
 

For the purpose of this study, only severe thunderstorm warnings are analyzed.  

This is due to the fact that severe thunderstorms tend to occur far more frequently, affect 

a far greater number of people and cause much more in the way of monetary damage than 

tornadoes (Lott and Ross, 2006).  In addition, with few exceptions, tornadoes are 

associated with severe thunderstorms (Doswell and Burgess, 1988).  Lightning was not 

taken into consideration for this study due to the fact that it is not one of the determining 

factors in the issuance of severe thunderstorm warnings. 

Severe thunderstorm warning data from January 1, 1986 to December 31, 2005 

was obtained from the National Weather Service for the county warning areas used in this 

study.  More than 23,000 warnings were issued for the area during the temporal period.  

These data included the date the warning was issued, the time issued, the expiration time 

and the county the warning was issued for.  Severe thunderstorm event data was obtained 

from the National Climate Data Center.  These data included severe thunderstorm/wind 

reports and hail reports for the same time period as the warning data for each county in 

the study area.  Only wind reports above 50 knots and hail reports greater than ¾ inches 

were used, because this is the cutoff for severe thunderstorm warning criteria. 

County population and area data was obtained from the United States Census 

Bureau.  Population density (persons per 100 square miles) was calculated from 1990 and 
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2000 census data, and then averaged to get the population density used for part of this 

study. 

For the central study area, actual severe thunderstorm events were determined by 

analyzing the time and date of reports.  The actual events differ from the number of 

reports due to the fact that there are sometimes multiple reports for the same 

thunderstorm (Table A.2., Appendix A).  For example, one severe thunderstorm on April 

25, 1994 produced 35 hail reports.  This is mostly seen in hail reports, although it does 

show up in lesser extent for thunderstorm wind reports. 

The time and dates for the issuance of the severe thunderstorm warnings were 

then compared to the time and dates for the severe thunderstorm events.  These data were 

then analyzed to determine the number of warnings that were verified, (when a warning 

was issued for an actual event) unverified (where a warning was issued, but no event was 

reported) and unwarned (where a warning was not issued for an event).  This analysis 

was done for each individual county in the central study are for the entire time period for 

the study. 

 
Choropleth Maps 

 
A choropleth map is a type of thematic map in which areas are shaded in 

proportion to the statistical value being displayed on the map.  The shading groups used 

in this study were determined using the natural breaks, or Jenks method, which uses an 

algorithm that calculates groupings of data values based on data distribution.  This 

optimization method seeks to reduce variance within groups and maximize variance 

between groups (Jenks, 1967). 
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A series of choropleth maps were produced using ESRI ArcView 9.2 Geographic 

Information System.  The warning data were broken down into three groups, total severe 

thunderstorm warnings issued for the twenty year period of January 1, 1986 to December 

31, 2005, the ten year period of January 1, 1986 to December 31, 1996 (referred to as 

Decade 1 or pre NEXRAD), and the ten year period of January 1, 1996 to December 31, 

2005 (referred to as Decade 2 or post NEXRAD).  Dividing the data into decades is 

important in this study due to the fact that the restructuring of the National Weather 

Service was completed in 1996. 

Maps were also produced representing severe thunderstorm wind reports, hail 

reports and total severe reports for the twenty year study period.  All of the data was 

normalized based on county area in square miles.  This normalization was done in order 

to minimize differences in values based on the size of the counties, and was critical in 

this study due to the extreme variation in county size.  The data for the shading on the 

choropleth maps were divided into 7 categories using the natural, or Jenks, breaks in the 

dataset. 

This set of maps was produced for the study area as well as the individual county 

warning areas.  It is important to look at the individual CWAs separately due to the fact 

that warnings are issued from a central location for the areas in question, and this may 

have some bearing on the results that might not show up when comparing the data across 

the entire study area. 

The choropleth maps were then analyzed for general patterns in the data.  Several 

features were added to the maps to give spatial reference points. 
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Statistical Analysis 

Statistical analysis was conducted to determine the extent of a possible population 

bias.  Correlation coefficients (also known as Pearson product-moment correlation 

coefficient) and the coefficient of determination (also known as R²) were used 

extensively in this study.  The correlation coefficient is used to measure the strength of 

the linear relationship (variables that change proportionally and can be represented on a 

graph as a straight line) between two data sets, where a correlation of exactly +1 indicates 

a perfect uphill, or positive linear relationship, a correlation of 0 indicates that no linear 

relationship exist and a correlation of -1 indicates a perfect negative or downhill linear 

relationship (Wilks, 1995).  The result of this equation is a unit-less measure (Figure 8).  

The coefficient of determination is the square of the sample correlation coefficient, and is 

also used to measure the strength of the linear relationship (Larsen and Marx, 1990). 

 

 
 
Figure 8.  The equation used to determine the Pearson product moment correlation 
coefficient (r). 
 
 

Using a method devised by the National Weather Service Forecast Office in 

Peachtree City, Georgia, correlation coefficients and R² values were calculated for the 

county population density and the number of severe thunderstorm warnings issued for 

each county, the county population density and the number of severe thunderstorm 

reports for each county as well as number of severe thunderstorm warnings issued and 

number of severe thunderstorm reports for each county (Dobur, 2006).  For the central 

study area, correlation coefficients and R² were calculated for the county population 
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density and the number of severe thunderstorm warnings issued for each county, the 

county population density and the number of severe thunderstorm events for each county 

as well as number of severe thunderstorm warnings issued and number of severe 

thunderstorm events for each county. 

The number of severe thunderstorm warnings issued and the number of storm 

reports was broken down by year for each county in the study area.  The yearly total for 

the severe weather data for each county was then added to find the sum for the 20 year 

period.  These numbers were then averaged and normalized for the mean area for each 

population group, as defined below. 

The study area was divided into five groups based on the population density 

(Table 1).  The mean population density was 10,364 persons per 100 square miles.  One 

standard deviation was calculated from the mean resulting in 29,599 persons per 100 

square miles (Figure 9).  Dallas, Tarrant, Bexar, Travis, Ellis, Collin, Denton, Gregg and 

Rockwall counties had a population density above the standard deviation.  These very 

populated counties became the outlier group and were named “Urban 1”.  The other four 

groups were calculated by quartile.  The most densely populated regions were in the 

Dallas/Fort Worth Metroplex and the Austin and San Antonio areas (Figure 10).  Most of 

the “Urban 2” areas lie along interstate highways.  The least populated regions are across 

the western part of the study area.  Of note is the low population density, or “Rural 1”, 

north of Interstate 20 in the region near Wichita Falls.  This is the general area covered in 

the Norman, Oklahoma county warning area.  The bulk of the densely populated counties 

lie within the Fort Worth and Austin/San Antonio county warning areas. 
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Figure 9.  The formula used to determine the standard deviation for the population 
density groups. 
 
 

Table 1.  Population density groups for the entire study area. 
 

Group Population per 100SM 
Urban 1 95722 
Urban 2 11000 
Rural 1 3510 
Rural 2 1723 
Rural 3 503 

 
 
 

 

 
Figure 10.  Population density groups for the entire study area. 
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The same statistical method was used for the individual county warning areas.  

Because the county warning areas vary greatly in size and population, there is a large 

variation in the sample size.  This is evident when the data was analyzed for the county 

warning area, where only eight counties are represented, with very little variation in 

population (Figure 11).  Compare this to the 46 counties represented in the Fort Worth 

warning forecast office county warning area where there is a large variation in county 

population density (Figure B.1., Appendix B). 

 

 
 
Figure 11.  Population density groups for the Norman, Oklahoma forecast office county 
warning area.  Wichita Falls lies within the “Urban 1” county. 
 
 

These differences become apparent when comparing the “Urban 1” groups for 

Norman and Forth Worth.  Dallas County, in which the city of Dallas lies, has a 
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population density of 2,523 persons per square mile reported on the 2000 census.  Tarrant 

County, the Fort Worth area, has a population density of 1675 persons per square mile.  

Compare this to Wichita County, the location of Wichita Falls, which only has a 

population density of 210 persons per square mile.  However, the least densely populated 

counties for the areas have comparable population densities.  Foard County in the 

Norman warning area has a population density of 2 persons per square mile, while Lamar 

County in the Fort Worth warning area has a population density of 4 persons per square 

mile. 

 
Central Study Area Distance and Rate Study 

 
To test the possibility of a distance bias, a somewhat uniform area of counties was 

developed (Table A.1., Appendix A).  This central study area was devised from the Fort 

Worth county warning area, and was defined so that the farthest counties are more or less 

equidistant from the Forth Worth warning office.  It comprises 30 counties, with Tarrant 

County at the general center.  The Fort Worth office is located seven and a half miles to 

the north and east of downtown Fort Worth.  To determine distance to the individual 

warning areas, county seats were used for the county warning area counties.  The distance 

was calculated from the central location of the Fort Worth office to each individual 

county seat (Figure B.2., Appendix B). 

This Central Study Area was first analyzed for a population bias using the same 

statistical methods outlined earlier in the chapter.  Since there is more data relating to 

warning events for this area (Appendix A), a more detailed statistical analysis was 

undertaken.  Part of this is to calculate a false positive rate.  This is done by dividing 

unverified warnings by warnings, giving the rate at which a warning is issued, but no 
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storm is occurring.  The false positive rates for this part of the study are based on the 

population groups. 

To determine if distance has an effect on the issuance of severe thunderstorm 

warnings and the reporting of severe thunderstorm events, the same basic procedures 

were used from the population study.  The methods used for the population analysis of 

the central study area, were used again for the distance study.  The counties were once 

again divided into five groups.  This time, the groups were based on county seat distance 

from the Fort Worth office.  The standard deviation for distance for the county seats was 

24, and only one county seat (Fort Worth) was below this distance from the office, 

therefore Tarrant County was defined as the “Central” county.  The rest of the county 

groups were defined based on quartile (Table 2), and were named Distance 1, Distance 2, 

Distance 3 and Distance 4 in order of increasing distance from FWD. 

 
Table 2.  Distance groups for the central study area. 

 
Group Average Distance 
Central 8 
Distance 1 35 
Distance 2 55 
Distance 3 69 
Distance 4 91 

 
 

Additional statistical analysis of the Central Study Area was undertaken to 

determine various statistical rates in relation to warnings and warning confirmation.  This 

statistical analysis was conducted independent of the distance groups identified in Table 

2.  Pearson correlations were determined for the entire sample of 30 counties and 

determined for warnings that are verified and unverified, and for severe thunderstorm 
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events that were warned for and not warned for.  These were broken down into three 

groups, or classifications, and rates were determined for each classification (Figure 12). 

 
 Thunderstorm Warning 

Issued 
Thunderstorm Warning 

Not Issued 

Severe Event 
Confirmed 

Verified Warnings 

(True Positive) 

Unwarned Event 

(Missed Warning) 

Severe Event 
Not Confirmed 

Unverified 
Warnings 

(False Positive) 
Null 

 
Figure 12.  The three classifications based on severe thunderstorm warnings and severe 
thunderstorm event reports. 
 
 

Unwarned events, or missed warnings, are severe thunderstorm events that occur 

within a county where no severe thunderstorm warning is issued.  The rate of missed 

warnings was calculated by dividing the number of unwarned storm events by the 

number of warned events for the given county.  The result can be thought of as the 

probability of not receiving a warning given there is an event if you reside in the listed 

county. 
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Verified warnings, or true positives, are severe thunderstorm warnings that are 

issued and are confirmed by severe thunderstorm events that were documented to occur 

during the time the warning was in effect.  The true positive rate was calculated by 

dividing the number of verified warnings by the total number of warnings.  The result can 

be thought of as the probability of a verified event given there was a warning and can 

also be thought of as the "sensitivity" of the NWS Warning Forecast Office. 

Unverified warnings, or false positives, are severe thunderstorm warnings that are 

issued where no documented severe thunderstorm event occurred during the time the 

warning was in effect.  The false positive rate was calculated by dividing the number of 

unverified warnings by the total number of warnings and can be thought of as the 

probability of an unverified event given there was a warning for the listed county.  The 

false positive rate is sometimes referred to as the “False Alarm Rate” (Jolliffe and 

Stephenson, 2003). 

These three classifications rates were then choropleth mapped to determine if a 

spatial pattern is visibly discernable.  Charts were also plotted for each classification with 

distance as the horizontal, or X axis, to visually represent the relation of county distance 

from the Forth Worth National Weather Service Office to the various rates.  Pearson 

correlations and 1 tailed correlations were also calculated for each classification to 

determine statistical significance of the distance hypothesis. 

The results for the Central Study Area are presented in Chapter 5. 



30 

CHAPTER FOUR 
 

Overall Study Area and County Warning Area Results 
 
 

Choropleth Maps 
 

The following is an analysis and description of the results of the choropleth 

mapping.  It is presented by first looking at the overall study area, then individually 

analyzing the maps for each National Weather Service county warning area. 

There are seven categories shown on these maps, with the lightest shading 

representing the least number of reports and warnings and the darker shading 

representing the highest values.  The values associated with these shadings are the results 

of the normalization of the data and the Jenks calculation. 

 
Overall Study Area 
 

When analyzing the maps, several things become apparent.  The number of severe 

thunderstorm warnings is higher for the more populated regions, including the urban 

areas.  There also seems to be a greater number of warnings across the northernmost 

counties of the study area compared to southernmost areas.  Counties with interstate 

highways seem to show a pattern of more warnings per square mile. 

Despite normalizing the data for county size, more warnings are issued for the 

very small counties on the maps.  This may be due to the fact that the smaller counties are 

often included in warnings issued for neighboring counties (Bunting and others, 2005).  

This is apparent when looking at Somervell and Rockwall counties.  There is a difference 

in population between these two counties with Rockwall County having a population 
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density of 335 persons per square mile (which is comparable to Tarrant and Dallas 

counties), while Somervell County only has a population density of 36 persons per square 

mile. 

McLennan County, where Waco is located, seems to have a high number of 

warnings issued and severe storms reported.  This is true across the entire set of 

choropleth maps for both the entire study area and the Fort Worth county warning area.  

It is interesting to note that Bell County, just to the south of McLennan County, has a 

higher population density of 225 persons per square mile, compared to McLennan 

County which has a population density of 205 persons per square miles. 

The map representing severe thunderstorm warnings issued for the twenty year 

period generally reveals more warnings issued for the urban areas, especially along the 

Interstate 35 corridor (Figure C.1., Appendix C).  There appears to be a high density of 

warnings in the area along the Red River near Wichita Falls.  A high number of warnings 

are also apparent in northeast Texas along the Interstate 30 corridor. 

Decade 1 (January 1986 to December 1995) warnings  seem to show the same 

general patterns, however, there seems to be more of a trend for increased warnings along 

the interstate highways, with the exception of Interstate 45 (Figure C.2., Appendix C).  

Also of note is the high number of warnings once again for the McLennan County. One 

hundred and seventeen warnings were issued for McLennan County during this period 

compared to 75 warnings for Bell. 

Decade 2 (January 1996 to December 2005) shows a strong concentration of 

warnings near Wichita Falls, in the counties served by Norman warning forecast office 

(Figure C.3., Appendix C).  The area around Abilene also appears to have a higher 

number of warnings.  The Dallas/Fort Worth Metroplex once again shows a high density, 
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as does the Waco area.  The trend for warnings along the interstate highways is not as 

apparent in this map.  Once again there are far fewer warnings issued for the southern 

part of the study area that includes the Austin and San Antonio urban regions. 

When looking at severe thunderstorm reports, what immediately becomes 

apparent is the number of reports across the northeastern part of the state (Figure C.4., 

Appendix C).  This same trend was also noted in previous studies for the frequency of 

thunderstorm wind (Kelly and others, 1985). There is also a high density of reports in the 

Dallas/Fort Worth region and McLennan County.  The density of reports seems to be less 

concentrated than the severe thunderstorm warnings.  The number of reports is also less 

concentrated across the western part of the study area. 

When analyzing hail reports, the Dallas/Forth Worth Metroplex has a high 

number of reports, as does McLennan County (Figure C.5., Appendix C).  Unlike the 

thunderstorm reports however, the general trend is for a higher density to the west and 

northwest of the DFW area.  This trend was observed by Kelly, Schaefer and Doswell 

(1985).  It is interesting to note that most severe hail reports in the United States are 

reported in the Central Plains Region with the frequency of severe thunderstorm wind 

reaching much farther east into the Midwest States. 

The severe weather report map is produced by adding the severe hail and severe 

thunderstorm wind reports and normalizing to county area (Figure C.6., Appendix C).  

Both of these report types are used to determine if a thunderstorm is considered severe by 

the National Weather Service.  The severe thunderstorm report map shows a higher 

number of reports in the DFW region, and the northern part of the state, with a high 

density of reports in McLennan County.  There also appears to be a trend for more 

reports along the Interstate 35 corridor. 
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Fort Worth 
 

The map for the Fort Worth warning area shows the same overall pattern as the 

study area map; however some details become somewhat more subtle (Figure C.7., 

Appendix C).  Rockwall County, just to the east of Dallas, shows a very high 

concentration of warnings.  Dallas, Tarrant and McLennan Counties show a high density 

of warnings.  Even on this scale, the general number of warnings is higher for the 

northern part of the county warning area than the south.  The exception on this map is 

McLennan County.  Note once again the difference between the warnings issued for 

McLennan County and for Bell County to the south. 

When comparing Decade 1 warnings with Decade 2 warnings for the Fort Worth 

county warning area, it is obvious that more warnings were issued for the area 

surrounding the Dallas/Fort Worth Metroplex, to the west along Interstate 20, and to the 

south along Interstate 35 into McLennan county during the first decade (Figure C.8, 

Appendix C).  Also of note is the fact that McLennan County has more warnings than 

Dallas County for both time periods and more warnings than Tarrant County in the first 

decade (Figure C.9, Appendix C). 

Thunderstorm reports are higher in the northeastern part of the Fort Worth county 

warning area with the highest numbers in McLennan, Rockwall and Tarrant counties 

(Figure C.10., Appendix C).  The general trend for hail reports shows more of a 

frequency across the western part of the CWA (Figure C.11, Appendix C).  The severe 

weather reports map shows the highest density of reports in Dallas, McLennan, Tarrant 

and Rockwall counties (Figure C.12., Appendix C). 
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San Angelo 
 

The map for severe thunderstorm warnings issued for both decades for the San 

Angelo warning area show a high density of warnings in the Abilene area across 

Interstate 20, and for McCulloch County in the eastern part of the area (Figure C.13, 

Appendix C).  Of note is the lesser extent of warnings for Tom Greene County, where the 

National Weather Service office is located.  There are very few warnings along the 

Interstate 10 corridor in the southern part of the warning area. 

Decade 1 warnings for San Angelo show more of a concentration in counties 

around Abilene than the Decade 2 warning map (Figure C.14. and Figure C.15., 

Appendix C).  The second decade warnings seem to be somewhat more spread out with 

the exception of McCulloch County, which has the highest concentration of warnings on 

the map.  McCulloch County has a population density of 8 persons per square mile 

compared to Taylor County, where Abilene is located, which has a population density of 

138 persons per square mile. 

Taylor County has the highest number of severe thunderstorm wind reports with 

Brown, Tom Green and McCulloch counties showing a strong representation (Figure 

C.16., Appendix C).  There is no significant change in this pattern for the hail report map 

(Figure C.17, Appendix C).  The overall severe reports map shows that Taylor and 

McCulloch counties have the highest concentration of severe reports (Figure C.18., 

Appendix C).  Like the warning maps for the San Angelo CWA, the report maps show a 

low concentration of totals along the Interstate 10 corridor along the southern part of the 

region. 
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Austin/San Antonio 
 

The total warning choropleth map for the Austin/San Antonio warning area 

shows, a high number of warnings issued along the Interstate 35 corridor from Austin to 

San Antonio (Figure C.19., Appendix C).  There are far fewer warnings issued to the 

west of the interstate.  The highest total numbers of warnings are in Comal County, just 

north of Bexar County (the location of San Antonio).  The Austin/San Antonio National 

Weather Service Office is located in New Braunfels in Comal County.  Also of note is 

the rather high number of warnings for Bandera County, just northwest of San Antonio. 

The Decade 1 warning map (Figure C.20., Appendix C) shows a high number of 

warnings along Interstate 35 north of Bexar County.  More warnings were issued in 

Decade 2, and the warning distribution seems somewhat more uniform, with less of a 

noticeable concentration along the interstate (Figure C.21, Appendix C).  Overall 

thunderstorm wind reports seem to be concentrated along and to the east of Interstate 35 

(Figure C.22., Appendix C), while hail reports are highest along and to the west of the 

interstate (Figure C.23, Appendix C).  Overall reports are highest along the I-35 corridor 

from San Antonio in Bexar County to Williamson County (Figure C.24., Appendix C). 

 
Shreveport 
 

The warnings from the Shreveport Warning Forecast Office tend to indicate an 

overall pattern of higher warnings in the northern part of the county warning area (Figure 

C.25., Appendix C).  Of particular interest is the number of warnings issued for the group 

of four counties, Fannin, Camp Morris and Titus, along the Interstate 30 corridor on the 

western edge of the area.  Gregg County, just east of Tyler, also shows a high number of 

warnings.  Despite the fact that the data for these counties has been normalized, it appears 
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that the smaller counties seen to show a higher frequency of overall warnings.  Also of 

note is the lack of warnings across the southern part of the area. 

During Decade 1, there is a higher frequency of warnings along the interstate 

corridors in the county warning area (Figure C.26., Appendix C).  The southern counties 

are underrepresented.  This is likely due to the fact that some warnings during Decade 1 

were issued from the National Weather Service Office in Houston Texas.  Decade 2 

warnings are somewhat more uniform, with the smaller counties showing a tendency for 

a higher number of warnings for county size (Figure C.27., Appendix C).  When 

comparing severe thunderstorm wind reports (Figure C.28., Appendix C) to hail reports 

(Figure C.29., Appendix C), the highest number of reports are across the northern half of 

the county warning area.  Unlike the other county warning areas in this study, there 

appears to be very little difference in the pattern of the hail and wind reports.  The overall 

severe reports map shows the pattern of smaller area counties having the highest number 

of reports per area (Figure C.30., Appendix C).  Overall there are more reports in the 

northern half of the warning area. 

 
Norman 
 

The Norman Warning Forecast Office issues warnings for eight counties in Texas.  

This warning forecast area has the lowest number samples (counties) of all of the offices 

studied in this thesis.  The county with the highest population is Wichita County, where 

Wichita Falls is located.  The other counties within this warning area have a relatively 

low population and large area size.  Not surprisingly, the highest percentage of warnings 

are issued for Wichita County, however there is an unusually high density of warnings 

for the lesser populated counties in the western part of the warning area (Figure C.31., 
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Appendix C).  Also of note for this warning area is the lack of major interstate highways, 

with only Interstate 44 running through the eastern part of the area. 

Decade 1 warnings show a high density of warnings for Wichita County as well 

as the western counties (Figure C.32., Appendix C).  Decade 2 warnings shift from the 

west to Archer County, just south of Wichita County (Figure C.33, Appendix C).  It can 

be seen that the highest number of severe thunderstorm wind reports are across the 

northern part of the county warning area along the Red River (Figure C.34, Appendix C).  

The hail reports are more numerous in Wichita and Archer counties (Figure C.35., 

Appendix C).  The total number of reports shows a higher density of reports in the 

Wichita and Archer county area as well as Hardeman County in the northwestern part of 

the county warning area (Figure C.36., Appendix C). 

 
Statistical Analysis 

 
The following is a statistical analysis that will show that population density has an 

affect on the issuance of severe thunderstorm warnings and the reporting of severe 

weather events.  The discussion will include an analysis of the overall study area, which 

includes all 132 counties, and the individual National Weather Service forecast office 

county warning areas. 

It must be noted that the two “out of state” National Weather Service Offices, 

Shreveport, Louisiana and Norman, Oklahoma, have limitations with the data sets.  For 

example, there are only eight counties in the warning area for Norman, compared to 46 

for Fort Worth.  Both the Norman and Shreveport regions lack significant urban areas. 
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Overall Study Area 
 

Overall county population compared to warnings issued for the study area showed 

a positive Pearson correlation coefficient of .36 with a R² of .13.  Overall, the first decade 

shows a more positive correlation, .43 with a R² of .18, compared to “Decade 2” with a 

correlation coefficient of .24 and a R² of .06.  These numbers show very little correlation 

between population and warnings compared to severe weather reports which show a 

higher overall correlation.  When comparing population of the counties with the number 

of severe weather reports, a Pearson correlation coefficient of .58 is calculated, with an 

R² of .33.  Population and severe thunderstorm wind reports show a correlation of .61 

with and R² of .37.  Hail reports calculate out to .51 and an R² of .26.  The highest 

correlation is that of warnings compared to severe weather reports for the time period.  

The correlation coefficient turns out to be .85 with an R² of .72. 

When the study area is separated into the five population density groups, it is 

obvious that there are a higher number of warnings for the more populated “Urban 1” and 

“Urban 2” areas, with the severe weather reports showing a greater overall increase in 

numbers based on population than the warnings (Table 3).  There is very little difference 

in the numbers for “Rural 2” and “Rural 3”; however, there is a drastic increase in 

warnings between “Urban 2” and “Urban 1” (Figure 13).  This same trend is also 

apparent for Decade 1 and Decade 2 warnings (Figure 14).  Of note is the overall increase 

in the number of warning for the least populated groups during Decade 2, which is the 

time period that the NEXRAD radar was operational.  This implies that technological 

improvements helped to correct some of the population bias that occurred before the 

National Weather Service restructuring. 
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Table 3.  Population Density Group figures. 
 

Group Warnings 
(Both 

Decades) 

Decade 1 
Warnings 

Decade 2 
Warnings 

Severe 
Weather 
Reports 

Population 
per 100SM 

Urban 1 39 20 19 53 95722 
Urban 2 25 12 13 30 11000 
Rural 1 23 11 11 21 3510 
Rural 2 17 7 10 14 1723 
Rural 3 19 7 12 13 503 
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Figure 13.  Chart showing the population density group warnings compared to severe 
reports.  This data is from all 132 counties in the study area. 
 
 
Fort Worth 
 

When the Fort Worth county warning area is statistically analyzed, it becomes 

apparent that there is a positive relationship between population density and severe 

thunderstorm warnings issued (Table 4).  The Pearson correlation coefficient is consistent 

between the two study decades and the overall time period, showing a somewhat strong 
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correlation.  R² values are also fairly strong for the warnings.  Once again, all of the 

severe reports show a high positive correlation, with the comparison between warnings 

and severe reports being the highest. 
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Figure 14.  Chart showing the population density group warnings for each decade in the 
study time frame for all 132 counties.  There is an overall trend for more warnings for the 
most populated areas.  “Decade 2” also shows a more uniform pattern of warnings issued 
for population groups, with less of an apparent population bias. 
 
 

When analyzing the population density groups for the Fort Worth office, more 

warnings are issued for the urban counties (Table 5).  There is very little difference in the 

“Rural 3” and “Rural 2” groups, but there is a big jump in values between “Rural 2” and 

Rural 1” (Figure 15).  The severe reports show the same trend for the “Rural 3” and 

“Rural 2” groups with a stronger trend for more reports for the urban population density 

groups.  When looking at the warning by decade, Decade 1 shows more of a population 

based distribution of warnings compared to Decade 2 (Figure 16). 
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Table 4.  Correlation coefficients and R² values for the Fort Worth warning area. 
 

Comparison Correlation Coefficient R² 
Population & Warnings 1st Decade 0.64 0.40
Population &Warnings 2nd Decade 0.63 0.40
Population & Warnings Both Decades 0.65 0.43
Population & T-Storm Wind Reports 0.77 0.59
Population & Hail Reports 0.71 0.50
Population & Severe Weather Reports 0.76 0.58
Warnings & Severe Weather Reports 0.92 0.84

 
 

Table 5.  Population density group figures for the Fort Worth warning area. 
 

Group Warnings 
(Both 

Decades) 

Decade 1 
Warnings 

Decade 2 
Warnings 

Severe 
Reports 

Population 
per 100SM 

Urban 1 34 17 17 58 118720 
Urban 2 32 16 16 37 15180 
Rural 1 27 13 14 29 4710 
Rural 2 18 8 10 18 2500 
Rural 3 19 8 11 19 1325 

  
 
San Angelo 
 

A rather strong positive correlation is present for the San Angelo Warning 

Forecast Office when comparing the number of warnings for each county with the 

population density (Table 6).  The Pearson correlation coefficient and the R² numbers are 

very close for the warnings for both decades and warnings for each study decade, and 

show an overall strong statistically significant positive correlation, with the Pearson 

numbers close to .60.  The population and severe report correlations are the strongest of 

the 5 offices.  There is a stronger correlation between all report types and population, 

with Pearson values in the lower .80’s.  Once again, the highest correlation is between 

warnings and severe weather reports, with the correlation near .90 and R²values near .80. 
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Figure 15.  Chart of population density groups comparing severe thunderstorm warnings 
to severe reports for the Fort Worth warning area. 
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Figure 16.  Population density chart comparing the warnings for each decade in the study 
time period.  The population density groups are from the Fort Worth warning area. 
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Table 6.  Table showing correlation coefficients and R² values for San Angelo. 
 

Comparison Correlation Coefficient R² 
Population & Warnings 1st Decade 0.59 0.35 
Population &Warnings 2nd Decade 0.60 0.36 
Population & Warnings Both Decades 0.61 0.38 
Population & T-Storm Wind Reports 0.82 0.67 
Population & Hail Reports 0.81 0.65 
Population & Severe Weather Reports 0.82 0.67 
Warnings & Severe Weather Reports 0.89 0.79 

 
 

The population groups for the San Angelo area show an increase in the numbers 

of warnings and reports from the least populated “Rural 3” to the most populated “Urban 

1” (Table 7).  The number of severe reports does significantly increase from the “Urban 

2” group to the “Urban 1” group (Figure 17).  There are far fewer warnings on average in 

“Decade 1” than in “Decade 2” (Figure 18).  This is especially true for the “Rural 3” 

population density group where the average number of warnings have multiplied 

threefold.  This could represent the NEXRAD radar system’s impact on the number of 

warnings issued for the area. 

 
Table 7.  Population group density figures for the San Angelo warning area.  Note the 

higher number of warnings in Decade 2. 
 

Group Warnings 
(Both 

Decades) 

Decade 1 
Warnings 

Decade 2 
Warnings 

Severe 
Reports 

Population 
per 100SM 

Urban 1 27 11 16 32 8200 
Urban 2 24 9 15 19 1440 
Rural 1 20 7 13 15 600 
Rural 2 17 5 11 9 400 
Rural 3 12 3 9 7 214 
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Figure 17.  Chart of population density groups comparing severe thunderstorm warnings 
to severe reports for the San Angelo warning area. 
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Figure 18.  Population density chart comparing the warnings for each decade in the study 
time period for the San Angelo warning area.  Note the higher average of “Decade 2” 
warnings. 
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Austin/San Antonio 
 

The positive correlation is not as strong for population and warnings in the 

Austin/San Antonio county warning area (Table 8).  The correlation is especially low for 

the second decade.  The positive correlation is very strong for population and severe 

weather reports.  It is interesting to note that the warnings and severe weather report 

correlation numbers are not as high as the Forth Worth and San Angelo county warning 

areas, with a .80 correlation for Austin/San Antonio compared to .89 for San Angelo and 

.92 for Fort Worth..  This could reflect the meteorological truth that fewer severe 

thunderstorms occur within the county warning area compared to the other county 

warnings areas studied for this thesis. 

 
Table 8.  The Pearson correlation coefficients and R² values for the Austin/San Antonio 

warning area. 
 

Comparison Correlation Coefficient R² 
Population & Warnings 1st Decade 0.58 0.33 
Population &Warnings 2nd Decade 0.36 0.13 
Population & Warnings Both Decades 0.48 0.23 
Population & T-Storm Wind Reports 0.73 0.54 
Population & Hail Reports 0.76 0.58 
Population & Severe Weather Reports 0.79 0.62 
Warnings & Severe Weather Reports 0.80 0.64 

 
 

Population density group warnings show a jump between “Rural 1” and “Urban 

2” (Table 9).  The warnings are more or less uniform across all of the rural population 

groups.  There is a large increase in severe reports between the “Urban 2” and “Urban 1” 

groups (Figure 19).  More of an increase of warnings with increased population is seen in 

the first decade compared to the second decade, where the warnings are more 

uniform.(Figure 20).
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Table 9.  Population group density figures for the Austin/San Antonio warning area. 
 

Group Warnings 
(Both 

Decades) 

Decade 1 
Warnings 

Decade 2 
Warnings 

Severe 
Reports 

Population 
per 100SM 

Urban 1 17 9 8 21 96900 
Urban 2 16 7 8 11 10425 
Rural 1 11 5 6 7 3086 
Rural 2 11 5 6 7 1963 
Rural 3 10 4 6 4 800 
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Figure 19.  Chart of population density groups comparing severe thunderstorm warnings 
to severe reports for the Austin/San Antonio warning area. 
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Figure 20.  Population density chart comparing the warnings for each decade in the study 
time period.  The population density groups are from the Austin/San Antonio warning 
area. 
 
 
Shreveport 
 

The Shreveport warning area shows only a slight positive correlation for warnings 

issued compared to population density.  Pearson correlation coefficient numbers are .08 

for warnings for both decades with R² values of .01.  These numbers are lower for the 

first decade of the study.  The population and warning correlations are also low, with a 

coefficient of .28 and an R² of .08.  The only comparison that shows a strong correlation 

is that of warnings and severe reports, with a correlation coefficient of .89 and an R² of 

.80. 

The population groups show no increase in warnings with population increase 

(Table 10).  The warnings are actually higher for the “Rural 1” group than for the other 

population groups, and this is true for both decades (Figure 21).  The severe reports show 
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an increase across the rural groups, with a sharp drop off for the “Urban 2” group, 

although the “Urban 1” group has the highest number of severe reports (Figure 22). 

 
Table 10.  Population group density figures for the Shreveport warning area. 

 
Group Warnings 

(Both 
Decades) 

Decade 1 
Warnings 

Decade 2 
Warnings 

Severe 
Reports 

Population 
per 100SM 

Urban 1 30 14 16 42 19875
Urban 2 25 12 13 28 6500
Rural 1 36 18 18 34 5425
Rural 2 28 15 13 28 3525
Rural 3 24 12 12 21 2180
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Figure 21.  Chart of population density groups comparing severe thunderstorm warnings 
to severe reports for the Shreveport warning area. 
 
 
Norman 
 
 The warnings compared to population density for the eight counties in the 

Norman county warning area show a very high positive correlation (Table 11).  The 
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correlation coefficient is as high as .94 for warnings for Decade 2.  Severe thunderstorm 

wind reports also have a very high correlation to population density.  Hail reports show a 

positive relationship, but not as high as wind or total severe reports.  The warnings 

compared to severe reports are much lower for this county warning area, with a 

correlation coefficient of .75. 
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Figure 22.  Population density chart comparing the warnings for each study decade for 
the Shreveport warning area. 
 
 

It must be remembered that because there are only eight counties in the county 

warning area, the sample size for correlations is very small compared to the other county 

warning areas in this study.  These results must be taken “with a grain of salt”. 

The population density groups show a drastic increase in the number of warnings 

issued for the “Urban 1” area compared to the other population groups (Table 12).  The 

“Urban 1” group also has a much higher number of severe reports (Figure 23).  More 

warnings were issued during the second decade (Figure 24).
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Table 11.  Correlation coefficient and R² values for the Norman warning area. 
 

Comparison Correlation Coefficient R² 
Population & Warnings 1st Decade 0.77 0.60 
Population &Warnings 2nd Decade 0.94 0.89 
Population & Warnings Both Decades 0.90 0.81 
Population & T-Storm Wind Reports 0.89 0.80 
Population & Hail Reports 0.63 0.39 
Population & Severe Reports 0.76 0.57 
Warnings & Severe Reports 0.75 0.56 
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Figure 23.  Chart of population density groups comparing severe thunderstorm warnings 
to severe reports for the Norman warning area. 
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Table 12.  Population group density figures for the Norman warning area. 
 

Group Warnings 
(Both 

Decades) 

Decade 1 
Warnings 

Decade 2 
Warnings 

Severe 
Reports 

Population 
per 100SM 

Urban 1 52 21 31 88 21000 
Urban 2 34 13 21 31 1500 
Rural 1 36 14 22 40 1000 
Rural 2 39 17 22 33 700 
Rural 3 35 15 20 22 400 
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Figure 24.  Chart of population density groups comparing severe thunderstorm warning 
averages for each decade for the Norman warning area. 
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CHAPTER FIVE 
 

Central Study Area Results 
 
 

Population Study 
 

In the same manner as the 132 county study area and the National Weather 

Service county warning areas, the “Central Study Area” was statistically analyzed for 

population bias.  This region was divided into five groups based on the population 

density (Table 13).  The mean population density was 21,553 persons per 100 square 

miles.  One standard deviation was calculated from the mean (48,846 persons per 100 

square miles).  Of course, Dallas and Tarrant counties had a population density above the 

standard deviation.  These two very populated counties became the outlier group and 

were named “Urban 1”.  The other four groups were calculated by quartile.  The most 

densely populated region was in the center of the study area with the least populated area 

along the western edge. 

 
Table13.  The population density groups for the Central Study Area. 

 
Group Average Population for 100SM
Urban 1 191500
Urban 2 26300
Rural 1 6571
Rural 2 3200
Rural 3 1586

 
 

Unlike the overall study area, data for actual thunderstorm events were calculated 

for the Central Study Area, using the warning times and the times of actual thunderstorm 
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wind and hail reports.  The number of severe thunderstorms issued was broken down by 

year for each county.  The severe thunderstorm warning data was compared to the storm 

reports to obtain the severe thunderstorm events, severe thunderstorm warnings verified, 

severe thunderstorm warnings unverified and severe thunderstorm events unwarned.  The 

yearly total for the severe weather data for each county was then added to find the sum 

for the 20 year period.  These numbers were then averaged and normalized for the mean 

area for each population group (Table 14).  These figures represent the total number of 

severe thunderstorms and events for each county for the 20 year period, normalized for 

county size.  This was calculated by taking the number of warnings or events for each 

county and dividing by county size in square miles then multiplied by 100.  This number 

for each county was then averaged for the number of counties in each group. 

 
Table 14.  Population group density figures for the Central Study Area.  Unlike the 

county warning areas, this dataset contains actual number of individual thunderstorm 
events that can be compared to the warnings to show if the severe thunderstorm warning 

was verified, unverified or unwarned. 
 

Group Warnings Events Verified Unverified Unwarned
Urban 1 44 25 32 12 4 
Urban 2 30 16 20 11 2 
Rural 1 24 12 12 12 1 
Rural 2 25 13 15 10 2 
Rural 3 23 11 12 11 2 

 
 

This normalized average number of severe thunderstorm warnings and severe 

thunderstorm events was compared to population density for the five groups.  This 

comparison shows an increase in both factors with an increase in population density 

(Figure 25).  The greatest increase is from the Urban 2 group to the Urban 1 group, with 

the greatest increase showing in the warnings that are issued for the two urban groups, 
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Urban 1 group showing a much higher incidence of warnings being issued.  There is little 

variation between the three rural groups, with warnings and events actually slightly 

higher in Rural 2 than Rural 1. 
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Figure 25.  Population density group chart for the Central Study Area.  This chart 
compares severe thunderstorm warnings with actual individual storm events.  The 
normalized average is the number of thunderstorms for 20 years per 100 square miles. 
 
 

The Pearson correlation results show a relatively strong positive relationship 

between the population density and the number of warnings and events (Table 15).  There 

is a very strong relationship between the warnings issued and the events. 
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Table 15.  The correlation coefficients and R² values for the Central Study Area.  
Population and actual individual severe weather events as well as actual individual severe 

weather events and warnings are compared for the Central Study Area. 
 

Comparison Correlation Coefficient R² 
Population & Warnings 0.72 0.52 
Population & Event 0.73 0.54 
Events & Warnings 0.94 0.88 

 
 

Because there is more detailed data about actual individual storms for the Central 

Study Area, the false positive rate was calculated.  This is the rate at which a warning is 

issued for a given county, but a severe storm does not occur (Table 16).  This calculation 

is somewhat critical in the verification procedures used by the National Weather Service 

(Lorens, 2006).  The false positive rate was calculated by dividing unverified warnings 

by warnings.  The results show that there is a greater false positive rate for the rural 

counties than densely populated urban areas (Figure 26).  It can been seen how the false 

positive rate jumps drastically between the “Urban 2” group and the “Rural 1” group, 

with no significant increase across the rural groups. 

 
Table 16.  The false positive rates for the Central Study Area population density groups. 

 
Group False Positive Rate 
Urban 1 0.27 
Urban 2 0.37 
Rural 1 0.50 
Rural 2 0.40 
Rural 3 0.48 
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Figure 26.  Chart showing the severe thunderstorm warning false positive rates for the 
Central Study Area. 
 
 

Distance Study 
 

When comparing the normalized average number of severe thunderstorm 

warnings to the distance to the Fort Worth office for the five groups, there was an overall 

decrease in the number of severe thunderstorm events and warnings with increasing 

distance from FWD (Table 17).  It can be seen that the biggest increase is between the 

“Distance 1” and the “Central” groups (Figure 27).  The outermost counties received half 

as many warnings as Dallas and Tarrant counties.  The event numbers suggest that the 

Central group had more than twice the number of storms in comparison to the peripheral 

counties. 
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Table 17.  The distance groups values for the Central Study Area. 
 

Group Warnings Events Verified Unverified Unwarned 
Central (8 Miles) 45 26 31 13 3 
Distance 1 (35 Miles) 32 17 21 10 2 
Distance 2 (55 Miles) 28 13 14 14 1 
Distance 3 (69 Miles) 22 11 13 10 2 
Distance 4 (91 Miles) 23 11 12 11 2 
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Figure 27.  Distance group chart for the Central Study Area.  This chart shows a drastic 
increase in the average number of warnings for the “Central” group. 
 
 

A false positive is when a warning is issued, but no severe storm occurred.  The 

false positive was calculated using the same method as the population study (Table 18).  

This shows a greater likelihood of false warnings at greater distances from FWD as the 

overall trend (Figure 28).  However, there is a greater likelihood of false warnings at 
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Distance 2 than at Distance 3 or Distance 4, though there is no drastic change in values 

between the three. 

 
Table 18.  The false positive rate for the distance groups in the Central Study Area. 

 
Group False Positve Rate 
Central (8 Miles) 0.29 
Distance 1 (35 Miles) 0.31 
Distance 2 (55 Miles) 0.50 
Distance 3 (69 Miles) 0.45 
Distance 4 (91 Miles) 0.48 

 
 

0.00

0.10

0.20

0.30

0.40

0.50

0.60

8 Miles (Central) 35 Miles (D1) 55 Miles (D2) 69 Miles (D3) 91 Miles (D4)

Distance From Fort Worth Office

U
nv

er
ifi

ed
 W

ar
ni

ng
s /

 W
ar

ni
ng

s 

False Positive Rate 

 
 
Figure 28.  Chart showing the severe thunderstorm warning false positive rate for the 
distance groups in the Central Study Area.  It can bee seen that there is a much greater 
likelihood for false alarms in counties more than 55 miles from Fort Worth. 
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The correlation coefficients for the 30 counties, independent of the distance 

grouping, show a rather weak linear relationship overall.  Pearson correlation coefficients 

and R² values were calculated for the distance and the number of severe thunderstorm 

warnings issued, and also for the distance and number of severe thunderstorm events.  

The correlations show a slight negative relationship exist between the distance and both 

warnings and events.  The correlation coefficient for distance from the Fort Worth 

Warning Forecast Office and severe thunderstorm warnings is -.53 with a R² of .28.  The 

correlation coefficient for the distance from the office and actual individual severe 

thunderstorm events is -.56 with a R² of .31. 

Correlations were also run based on the three event and warning type 

classification groups defined in Chapter 3.  There is a distinct difference in the results for 

warnings compared to events.  The correlations for the unwarned events show no 

significant linear relationship.  However, when correlations were calculated for verified 

warnings and unverified warnings, a statistically significant relationship was found 

(Table 19). 

 
Table 19.  Distance correlations for the classification group’s unwarned events (UE), 

verified warnings (VW) and unverified warnings (UW).  Sig. (1-tailed) is the value where 
less than .05 is considered statistically significant, possibly as large as 0.1 could be 

considered significant as well. 
 

Distance Correlations Rate UE Rate VW Rate UW
Pearson Correlation 0.120 0.459 0.470
Sig. (1-tailed) 0.264 0.005 0.004
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Figure 29.  Scatter chart showing the rate of unwarned events, or missed warnings, for the 
Central Study Area.  This data has not been normalized for county size and shows an 
overall random pattern.  Of note is the unusually high outlying rate at about 85 miles 
representing Fannin county.  The pattern seems to become somewhat more random with 
distance. 
 
 

It can be seen with the unwarned event that the scatter chart shows a random 

distribution across distance, with one unusual outlier at a distance of about 80 miles from 

Fort Worth (Figure 29).  When the data for missed warning rates is normalized for county 

size and plotted on a choropleth map, Fannin and Rains Counties have fairly high missed 

warning rates (Figure C.37., Appendix C).  Rockwall and Somervell counties show up 

with the highest missed warning rates, despite the data being normalized for the county 

area.  Again, the result can be thought of as the probability of not receiving a warning 

given there is an event in the listed county.  Of interest is the fact that, with the exception 



61 

of Fannin County, the outlying counties in the Central Study area have missed warning 

rates, comparable to, and sometimes lower, than the Dallas/Fort Worth Metroplex. 

The verified warning, or true positive rate, shows a statistically positive Pearson 

correlation rate of 0.459 that is reinforced by the Sig. (1-tailed) value of 0.005.  When the 

rate data is plotted on a scatter chart, it can be seen that, in general, the counties farthest 

from the National Weather Service Office have a lower true positive rate, when compared 

to counties closer to the warning office (Figure 30).  The choropleth map, normalized for 

county size for this value, shows Hood county with an unusually high rate (Figure C.38., 

Appendix C).  The smaller counties also show rather high rates for this value; however 

the general patter is for the relatively high true positive rates to be near and to the north 

east of the Dallas/Fort Worth Metroplex. 

The unverified warnings, or false positive rate, display a statistically significant 

positive Pearson correlation value of 0.470 supported by the Sig. (1-tailed) value of. 

0.004.  The scatter plot data shows, in general, a higher false positive rate for the more 

distant counties (Figure 31).  When the normalized data is plotted on a choropleth map, 

the smaller counties once again have the higher rates (Figure C.39., Appendix C).  

However, in general, the highest rates are to the south of the Metroplex, in Hood and 

Johnson counties, as well as Stephens County to the west and Kaufman and Van Zandt 

counties to the east. 

Of note, when the correlations are run for distance and population, a strong 

correlation exists.  The Pearson correlation is -.535, where a negative correlation is 

expected for this calculation.  This indicates that any correlation based on distance rates 

might also be thought of as correlation based on population. 
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Figure 30.  The verified warning, or true positive rate, scatter chart.  This chart generally 
shows lower rates at greater distances from the National Weather Service Office in Fort 
Worth.  These rate values can be thought of as the probability of a verified event given 
there was a warning, the "sensitivity" of the NWS office. 
 
 



63 

 
 

Figure 31.  The unverified warning, or false positive rate, scatter plot.  This can be 
thought of as the probability of an unverified event given there was a warning.  The 
general pattern is for a higher number of false positives at a greater distance from the 
National Weather Service Office. 
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CHAPTER SIX 
 

Conclusions 
 
 

Overview 
 

There is an apparent population bias in the issuance of severe thunderstorm 

warnings by the National Weather Service.  This is shown in the spatial analysis of the 

choropleth maps and by statistical analysis.  Although the entire study area does not show 

a strong statistical population bias, the National Weather Service offices in Fort Worth, 

San Angelo and Norman, Oklahoma show a fairly strong population bias for severe 

thunderstorm warnings.  The severe thunderstorm reports show an even greater 

population bias, which is to be expected.  More warnings were issued for the January 

1996 to December 2005, or “Decade 2”, time period of the study than for the January 

1986 to December 1995, or “Decade 1” time period. 

There is an apparent distance bias for the National Weather Service Warning 

Forecast Office in Fort Worth.  There is a correlation between the distance from the 

Warning Forecast Office and the number of warnings issued such that more distant 

counties are issued fewer warnings.  Severe thunderstorm warning false positive rates are 

higher for the more distant counties in the central study area. 

There is an apparent non-population, non-distance bias favoring specific counties.  

McLennan County in the Fort Worth county warning area consistently has more warnings 

on average than other counties.  McCulloch County, in the San Angelo county warning 

area, also has an unusually high number of warnings for county area size.  Neither of 

these counties are the most populated in the county warning area in question.   
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There are a very high average number of warnings issued for the smaller counties 

in the study area despite county area being taken into account, or normalized, for this 

study.  This is most likely due to the fact that smaller counties are often included in 

warnings issued for larger counties (Bunting and others, 2005). 

This study also found that the modernization of the weather service and the 

associated NEXRAD radar system seems to have had a positive effect on decreasing the 

population bias.  Data from the time period of January 1996 to December 2005 shows a 

more uniform distribution of warnings across counties of differing population. 

 
Population Bias 

 
Population density for the study area has an effect on both the number of severe 

thunderstorm warnings as well as severe weather reports.  There are almost twice as 

many warnings issued for the urban counties compared to the least populated counties, 

and more than four times the number of reports. 

The population density bias appears to be strongest for the Norman, Oklahoma 

warning area, where a Pearson correlation of .90 for population and warnings was 

calculated with .94 showing for the years 1996 through 2005.  This strong correlation 

may be somewhat erroneous due to the fact that only eight counties are in the area, with 

only Wichita Falls as a distinct population center.  These same eight counties exhibit a 

higher number of warnings, per county area size, than most of the rest of the entire study 

area.  As far as severe reports, there are four times the number of severe thunderstorm 

reports for the Wichita Falls area than for the rural zones.  This is to be expected from an 

area where is only one densely populated county. 
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The Fort Worth county warning area is not as simple to analyze as the Norman 

county warning area.  This is due to the fact that there are several moderately populated 

counties distributed across the area.  The Fort Worth Warning Forecast Office shows a 

correlation coefficient of .64 for population and warnings, and this suggests that the 

population density has some effect on the number of severe thunderstorm warnings 

issued.  There is very little difference when the urban density groups are compared; 

however, there are almost twice the number of warnings issued on average for Tarrant 

and Dallas counties than the least populated areas. 

The San Angelo Warning Forecast Office also shows some correlation between 

population density and the number of severe thunderstorm warnings issued.  The addition 

of NEXRAD radar technology and the reorganization of the National Weather Service 

seems to have had an effect on the number of warnings issued from the San Angelo office 

from 1996 to 2005.  Despite the increase in warnings, rural counties in the area remain 

under represented.  There are more than four and a half times the number of severe 

weather reports for the urban areas than the least populated rural counties. 

The choropleth maps show an apparent bias caused by population density when 

looking at the data for the Austin/San Antonio Warning Forecast Office.  However, there 

is only a moderate positive correlation for population density and warnings issued.  It is 

interesting to note that the average number of warnings is far less for this county warning 

area compared to counties in the northern part of the study area due to the meteorological 

fact that there are fewer storms in this region.  The rural population density groups carry 

almost the same average number of warnings with the urban groups carrying a somewhat 

higher average number of warnings.  There is more of a linear relationship for severe 

reports for the population density groups.  This implies that there is a population bias for 
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the more populated areas, in this case the area along Interstate 35 extending from San 

Antonio to Georgetown. 

Little to no apparent population bias shows up for the Shreveport county warning 

area.  The average numbers of warnings are more or less uniform for the five population 

groups, with no correlation in the statistics.  These results could be due to several factors, 

including the lack of a defined urban center and the number of counties that are small in 

overall area.  However, there are twice as many severe reports for the urban areas than 

the rural counties. 

As can be seen across the five county warning areas and the general study area of 

132 counties, there is a definite increase in the average number of severe thunderstorm 

reports with increased population density.  This is expected, because in more densely 

populated areas there are more “eyes” looking to the sky during severe weather events, 

and thus more of a likelihood that these events will be observed and reported.  If an event 

is reported in a timely fashion, then this information may be relayed to the Warning 

Forecast Office for the area, and a severe thunderstorm warning may be issued based 

entirely or partially, along with radar data, on this observation.  This in turn would 

logically lead to the conclusion that there would be a higher number of severe 

thunderstorm warnings issued for the more populated counties. 

However, counties with a high population density may be more likely to have 

residents that report weather events that are only marginally severe.  This flood of storm 

reports may have an effect on the National Weather Service meteorologist who is issuing 

the warning, which may lead to a warning being issued for a storm that does not 

necessarily warrant it. 
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When population density was analyzed for the Central Study Area, it was found 

that the false positive rate, or the number of warnings issued that were not verified, was 

higher for the rural population groups.  The false positive rate seems to be a function of 

population density, in that the fewer number of persons in an area, the less likely that a 

severe thunderstorm event will be observed and reported. 

 
Distance Bias 

 
There is a moderate correlation in the number of severe thunderstorm warnings 

and reports for the distance study.  There are almost twice the number of warnings issued 

for the “central” county than for the most distant counties, and more than twice the 

number of severe thunderstorm events.  The false positive rate is also much higher for the 

more distant counties. 

These results seem to indicate that distance from the National Weather Service 

Office does have an effect on the average number of warnings issued.  As we have shown 

in the population bias study, the high population density of Tarrant and Dallas counties 

may have an effect on the results.  Basically, the more distance counties have a lower 

population density than the central counties.  This is supported by the fact that Pearson 

correlations for distance and population show a rather strong linear relationship.  This 

indicates that any strong correlation based on distance can also be thought of as 

correlation based on population.  This spacing of counties with a central populated area 

where the National Weather Service Office is located is unique for the Fort Worth 

Warning Forecast Office, but not entirely unusual. 
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Apparent Biases 
 

McLennan County shows up in the results as having an unusually high number of 

warnings issued for a county of its area and population density.  This county has 

warnings, on average, that compare to those of Tarrant and Dallas counties, across the 

entire time period of the study.  McLennan County has a much higher average number of 

warnings than Bell County, which has a higher population density.  The average number 

of severe weather reports is also much higher for McLennan County.  This is most likely 

a factor in the high average of severe thunderstorms issued for the county.   

But why does McLennan County have a higher number of severe weather reports?  

It could be due to the fact that there are two broadcast television stations with weather 

departments in Waco in the county, and one just to the south of the county line.  These 

stations often work in conjunction with numerous broadcast radio stations in the area.  

Severe weather observations are often reported to these television stations, observations 

that might otherwise go unreported.  The weather personnel at these TV stations will then 

normally relay the observations to the National Weather Service Warning Forecast Office 

in Forth Worth.   

It must be stated that, from the authors personal experience, many of these 

observations by the general public are of marginally severe events, and some of the 

reports are suspicious in nature, yet the television weather personnel will often relay these 

reports to the NWS office.  If warnings are based entirely on these reports, then this could 

explain the unusually high average number of severe thunderstorm warnings. 

The emotional stress in the years following the Waco Tornado of 1953 might 

explain an unusually high number of severe reports during the 1950’s (Moore and 

Friedsam, 1959).  One assumption might be that the historical significance of this event 
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still has an affect on the number of severe weather reports for McLennan County.  Each 

year, there is some form of remembrance for the anniversary.  The 50th anniversary 

included the dedication of a drop of blood shaped monument in downtown Waco; a 

monument which is inscribed with names of those who died in the tornado (White, 2003).  

A number of documentaries have been produced including a three part series by the City 

of Waco, and a book was written about the event that is simply titled “The Tornado” 

(Weems, 1991).  This awareness of this historically significant catastrophic event may 

have the opposite affect of the “Cry Wolf” theory, were more warnings are needed to 

appease the general population.  If this is the case, then this social reaction to disaster 

mitigation may be a disservice to the McLennan county population and the north Texas 

population in general (Mileti and Gailus, 2005). 

Socioeconomic factors in severe thunderstorm reports must be taken into 

consideration.  Previous research has found a link between socioeconomic status and 

interest in severe weather phenomenon (Aguirre, 2000).  For example, persons living in 

housing that is easily affected by severe thunderstorm winds and hail, will have tend to 

have a more vested interest, or more at stake in a severe weather event compared to 

persons who live or work in more solid structures.  Research conducted in the London 

area of the United Kingdom found that weak tornado events were reported more often in 

the less populated outlying areas of the city compared to the inner parts of London proper 

(Elsom and Meaden, 1982).  This indicates that, in addition to a potential urban 

meteorological cause for a decrease in weak tornados, that there is a bias based on the 

attention of the metropolitan observers as they go about there busy “urban lives.”  

Education may also play a role in the reporting of severe weather phenomenon (Waugh, 
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1999).  Further study of these socioeconomic factors and their effect on severe weather 

reports for McLennan County is needed. 

There is also a “storm spotting network” (SKYWARN observers) in McLennan 

County.  Storm spotters are often amateur radio operators that will go out during severe 

weather events, make observation and then relay the observations by radio to the National 

Weather Service Office.  This also seems like it could be a likely reason for the high 

number of severe thunderstorm reports.  However, there is no reason to believe that the 

storm spotting network in Bell is not as capable as the group from McLennan County. 

During most of the first decade of the study period, the National Weather Service 

operated an office at the Waco Regional Airport.  Although, this office was not a 

Warning Forecast Office, warnings were issued from Fort Worth at the time; it did 

maintain a weather radar and a spotting network.  This might help to explain the 

unusually high average number of warnings for the first decade; however, the average 

remained high for the second decade, after the Waco National Weather Service Office 

was closed. 

McCulloch County, in the San Angelo Warning Forecast Office county warning 

area, also has an unusually high average number of severe thunderstorm warnings issued 

for its area size and population.  There is very little to explain this apparent bias.  It could 

be due to the fact that the county maintains an Amateur Radio Emergency Service, or 

ARES, central site that is used to report information during emergency events.  However, 

this is true for many Texas counties and areas within the United States in general, with 

more than 80,000 amateur radio operators participating (Coile, 1997). 

There may be a physiographic reason for the higher number of warnings and 

reports for McCulloch County.  This county is located in the area where the Rolling 
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Plains natural region meets the Llano Uplift.  Previous meteorological research has 

shown that certain small terrain and ground cover factors, as well as the influence of 

surface conditions on evapotranspiration, have an affect on deep convection and thus 

severe thunderstorm potential (Segal and others, 1995).  It is possible that the different 

terrain and ground cover types located within McCulloch County, may contribute to more 

thunderstorm occurrences.  It can not be ruled out that this physiographic affect may have 

an influence on the number of severe thunderstorm warnings and reports across the entire 

study area, including the high number of incidence for McLennan County. 

Despite normalizing the data for county area size, it is apparent that there is some 

effect of county size on the average number of warnings issued.  Rockwall County, which 

has a very small area (129 square miles compared to Dallas County with an area of 880 

square miles) and a relatively high population density, has an unusually high average 

number of warnings.  This can also be seen in the grouping of small counties along the 

Interstate 30 corridor in the Shreveport county warning area.  This unusually high number 

of warnings could be due to the fact that multiple county warnings are often issued on the 

same storm system, and smaller counties are more likely to be picked up in these multiple 

warnings. 

From analyzing the choropleth maps, it is apparent that there are an increased 

number of average warnings along the interstate highway corridors through the state.  

This could be due to the fact that there are an increased number of persons traveling 

through an area, many of which have cell phones or radios.  These travelers would be 

outside, and in an ideal location to view severe weather events.  With the ability to relay 

this information, through cell phones or citizens band radios, the Warning Forecast Office 

would be able to base warnings on these highway reports.  Previous research has shown 
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that major highways are preferred locations for severe weather reports and that, even in 

sparsely populated areas; highways can act as local population maxima locations 

(Doswell, 1980). 

 
Suggestions for Further Study 

 
This study was limited to the central part of Texas.  Expanding the study area to 

include all of the south central part of the United States may reinforce the findings of this 

study.  Research into the physiographic effects on thunderstorm development and severe 

weather warnings would be of interest.  Social influences on severe thunderstorm reports, 

including the effects of television severe weather coverage needs to be studied in detail.  

Finally, the question must be asked; are there possible “emotional” warnings (similar to 

what may be happening in McLennan County), in areas where there have been major 

tornado outbreaks? 
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APPENDIX A 
 

Central Study Area Data 
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Table A.1.  County census and geographic data for the Central Study Area. 
 

County 
Name 

Area  
in Square Miles 

Distance from  
Fort Worth 

Population  
per Square Mile 

Dallas 880 29 2315 
Tarrant 863 8 1515 
Collin 848 47 446 
Denton 889 28 398 
Ellis 940 41 381 
Rockwall 129 49 267 
Johnson 729 34 154 
Grayson 934 68 110 
Parker 904 29 85 
Hunt 841 72 84 
Hood 422 40 83 
Kaufman 786 60 79 
Henderson 874 95 76 
Van Zandt 849 86 51 
Wise 905 32 46 
Navarro 1008 70 41 
Cooke 874 55 39 
Rains 232 89 34 
Somervell 187 49 33 
Fannin 891 83 32 
Hill 962 58 31 
Erath 1086 68 28 
Palo Pinto 953 58 27 
Montague 931 62 20 
Young 914 77 20 
Eastland 926 93 20 
Bosque 989 66 16 
Comanche 938 100 15 
Stephens 895 93 11 
Jack 917 57 9 
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Table A.2.  County severe weather data for the Central Study Area. 
 

County 
Name 

Severe 
Thunderstorms 

Confirmed 
Events 

Unconfirmed 
Events 

Dallas 384 289 95 
Tarrant 387 276 111 
Collin 266 167 89 
Denton 268 201 67 
Ellis 245 179 66 
Rockwall 113 37 77 
Johnson 220 121 99 
Grayson 227 156 71 
Parker 285 128 106 
Hunt 219 114 105 
Hood 148 89 59 
Kaufman 220 103 117 
Henderson 185 90 95 
Van Zandt 192 89 103 
Wise 241 142 99 
Navarro 181 80 100 
Cooke 210 131 79 
Rains 113 49 64 
Somervell 105 50 55 
Fannin 186 137 49 
Hill 232 113 119 
Erath 206 140 63 
Palo Pinto 258 147 111 
Montague 201 109 92 
Young 247 128 119 
Eastland 200 102 98 
Bosque 219 111 93 
Comanche 185 104 81 
Stephens 224 94 130 
Jack 215 101 114 
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APPENDIX B 
 

Methods Maps 
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Figure B.1.  Population density groups for the Fort Worth (FWD) forecast office county 
warning area.  Note the “Urban 1” group is located in the Dallas/Fort Worth Metroplex. 
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Figure B.2.  The distance to the county seats was measured using the Fort Worth 
Warning Forecast Office (FWD) as the central feature. 
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APPENDIX C 
 

Choropleth Maps 
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Figure C.1.  Map showing severe thunderstorm warnings issued from January 1986 to 
December 2005.  The data has been normalized for county size. 
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Figure C.2.  Warnings issued from January 1986 to December 1995.  This map represents 
the “pre-NEXRAD” era for the dataset. 



84 

 

 
Figure C.3.  Warnings issued from January 1996 to December 2005.  This represents the 
“post-NEXRAD” data set time period. 
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Figure C.4.  Severe thunderstorm wind reports normalized for county area for the time 
period of January 1986 to December 2005.  Of note are the high concentration of reports 
in the northeastern part of Texas. 
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Figure C.5.  Severe hail reports normalized for county area for the time period of January 
1986 to December 2005.  There is more of a concentration of hail reports across the 
northwestern part of the study area. 
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Figure C.6.  The severe weather report map for the study area.  This represents the 
number of hail and severe wind reports from January 1986 to December 2005 normalized 
for county area. 
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Figure C.7.  Map of the Fort Worth warning area representing the number of severe 
thunderstorm warnings issued normalized for county area. 
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Figure C.8.  Map of the Fort Worth warning area showing severe thunderstorm warnings 
normalized for county size for the first decade of the study.  The time period represented 
is January 1986 through December 1995. 
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Figure C.9.  Severe thunderstorm warnings normalized for county size for the second 
decade of the study for the Fort Worth warning area.  The time period represented is 
January 1996 through December 2005. 
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Figure C.10.  Severe thunderstorm wind reports for the Fort Worth warning area. 
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Figure C.11.  Severe hail reports for the Fort Worth warning area. 
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Figure C.12.  Severe weather reports for the Fort Worth warning area.  This map 
represents the number of hail and severe wind reports from January 1986 to December 
2005, normalized for county area. 
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Figure C.13.  Severe thunderstorm warnings for the San Angelo warning area.  This 
represents the number of severe thunderstorms issued normalized for county size.  This 
time period represented is January 1986 through December 2005. 
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Figure C.14.  Severe thunderstorm warnings for the San Angelo warning area, issued 
during the first decade of the study.  The time period represented is January 1986 through 
December 1995. 
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Figure C.15.  Severe thunderstorm warnings for the San Angelo warning area issued 
during the second decade of the study.  The time period represented is January 1996 
through December 2005. 
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Figure C.16.  Severe thunderstorm wind reports for the San Angelo warning area. 
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Figure C.17.  Severe hail reports for the San Angelo warning area. 
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Figure C.18.  Severe weather reports for the San Angelo warning area.  This map 
represents the number of hail and severe wind reports from January 1986 to December 
2005, normalized for county area. 
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Figure C.19.  The severe thunderstorm warning map for the Austin/San Antonio warning 
area.  This represents the number of severe thunderstorms issued normalized for county 
size.  This time period represented is January 1986 through December 2005. 
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Figure C.20.  Severe thunderstorm warnings for the Austin/San Antonio warning area 
issued during the first decade of this study.  The time period represented is January 1986 
through December 1995. 
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Figure C.21.  Severe thunderstorm warnings for the Austin/San Antonio warning area 
issued during the second decade of this study.  The time period represented is January 
1996 through December 2005. 
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Figure C.22.  Severe thunderstorm wind reports for the Austin/San Antonio warning area. 
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Figure C.23.  Severe hail reports for the Austin/San Antonio warning area. 
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Figure C.24.  Severe weather reports for the Austin/San Antonio warning area.  This map 
represents the number of hail and severe wind reports from January 1986 to December 
2005, normalized for county area. 
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Figure C.25.  Severe thunderstorm warnings for the Shreveport warning area.  This 
represents the number of severe thunderstorms issued normalized for county size.  This 
time period represented is January 1986 through December 2005. 
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Figure C.26.  Severe thunderstorm warning for the Shreveport warning area, issued 
during the first decade of this study.  The time period represented is January 1986 
through December 1995. 
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Figure C.27.  Severe thunderstorm warning for the Shreveport warning area, issued 
during the second decade of this study.  The time period represented is January 1996 
through December 2005. 
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Figure C.28.  Severe thunderstorm wind reports for the Shreveport warning area. 
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Figure C.29.  Severe hail reports for the Shreveport warning area. 
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Figure C.30.  Severe weather reports for the Shreveport warning area.  This map 
represents the number of hail and severe wind reports from January 1986 to December 
2005, normalized for county area. 
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Figure C.31.  Severe thunderstorm warnings for the Norman warning area.  This 
represents the number of severe thunderstorms issued normalized for county size.  This 
time period represented is January 1986 through December 2005. 
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Figure C.32.  Severe thunderstorm warnings for the Norman warning area, issued for the 
first decade of this study.  The time period represented is January 1986 through 
December 1995. 
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Figure C.33.  Severe thunderstorm warnings for the Norman warning area, issued for the 
second decade of this study.  The time period represented is January 1996 through 
December 2005. 
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Figure C.34.  Severe thunderstorm wind reports for the Norman warning area. 
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Figure C.35.  Severe hail reports for the Norman warning area. 
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Figure C.36.  Severe weather reports for the Norman warning area.  This map represents 
the number of hail and severe wind reports from January 1986 to December 2005, 
normalized for county area. 
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Figure C.37.  Missed warning rates for the Central Study Area.  This rate can be thought 
of as the probability of not receiving a warning given there is an event if you reside in the 
listed county. 
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Figure C.38.  The true positive rate for the Central Study Area.  This rate can be thought 
of as the probability of a verified event given there was a warning and can also be 
thought of as the "sensitivity" of the Fort Worth Warning Forecast Office. 
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Figure C.39.  The false positive rate for the Central Study Area.  This rate can be thought 
of as the probability of an unverified event given there was a warning for the listed 
county. 
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