
 

A SPATIOTEMPORAL-BASED TORNADO CLIMATOLOGY FOR KANSAS 

AND 

A LOCAL TIME-BASED ANALYSIS OF STORM PREDICTION CENTER CATEGORICAL 

CONVECTIVE OUTLOOKS FOR KANSAS 

 

 

 

A THESIS 

SUBMITTED TO THE GRADUATE SCHOOL 

IN PARTIAL FULFILLMENT OF THE REQUIREMENTS 

FOR THE DEGREE 

MASTER OF SCIENCE 

BY 

CALEB S. WILSON 

DR. DAVID A. CALL – ADVISOR 

 

 

 

 

BALL STATE UNIVERSITY 

MUNCIE, INDIANA 

MAY 2018 



A SPATIOTEMPORAL-BASED TORNADO CLIMATOLOGY FOR KANSAS 

AND 

A LOCAL TIME-BASED ANALYSIS OF STORM PREDICTION CENTER CATEGORICAL 

CONVECTIVE OUTLOOKS FOR KANSAS 

 

A THESIS 

SUBMITTED TO THE GRADUATE SCHOOL 

IN PARTIAL FULFILLMENT OF THE REQUIREMENTS 

FOR THE DEGREE 

MASTER OF SCIENCE 

BY CALEB S. WILSON 

Committee Approval: 

 

 

Committee Chairperson       Date 

 

 

Committee Member        Date 

 

 

Committee Member        Date 

 

 

Departmental Approval: 

 

 

Department Chairperson       Date 

 

 

Dean of Graduate School       Date 

 

 

BALL STATE UNIVERSITY 

MUNCIE, INDIANA 

MAY 2018 



iii 

 

Table of Contents 

List of Figures ............................................................................................................................................. iv 

List of Tables ............................................................................................................................................... v 

Acknowledgements .................................................................................................................................... vi 

Chapter 1: Introduction ............................................................................................................................. 1 

1.1. Study Area:  Kansas ........................................................................................................................... 2 

1.2. Research Questions and Associated Research Objectives ................................................................. 4 

1.3. Study Overview.................................................................................................................................. 5 

Chapter 2: Literature Review .................................................................................................................... 7 

2.1. Tornado Climatology ......................................................................................................................... 7 

2.2. Storm Prediction Center Convective Outlooks ................................................................................ 13 

2.3. Summary .......................................................................................................................................... 16 

Chapter 3: Part I—A Spatiotemporal-based Tornado Climatology for Kansas ................................ 19 

3.1. Data Processing and Analysis .......................................................................................................... 20 

3.2. Mapping Methods ............................................................................................................................ 27 

3.3. Mapping Results and Discussion ..................................................................................................... 38 

3.4. Summary .......................................................................................................................................... 48 

Chapter 4: Part II—A Local Time-based Analysis of Storm Prediction Center Categorical 

Convective Outlooks for Kansas .............................................................................................................. 49 

4.1. Data Acquisition and Processing ..................................................................................................... 50 

4.2. Methods for Recording Risk Day and Risk Type Based on SPC Day 1 

  Categorical Convective Outlooks .................................................................................................... 54 

4.3. Initial Results for the Local Time-based Analysis of SPC Day 1 

  Categorical Convective Outlook for Kansas ................................................................................... 60 

4.4. Processing Initial Results in Preparation for Statistical Testing ...................................................... 68 

4.5. Statistics Methods ............................................................................................................................ 73 

4.6. Results from Statistical Analysis ..................................................................................................... 80 

4.7. Summary .......................................................................................................................................... 86 

Chapter 5: Conclusions, Study Limitations, and Recommendations for Further Research.............. 88 

5.1. Conclusions ...................................................................................................................................... 88 

5.2. Study Limitations ............................................................................................................................. 93 

5.3. Recommendations for Further Research .......................................................................................... 95 

Maps Appendix ......................................................................................................................................... 98 

References ................................................................................................................................................ 105 

 



iv 

 

List of Figures 

Figure                Page 

1.1 Population density, counties, and select cities of Kansas ....................................................................... 3 

1.2 Physiographic regions of Kansas ............................................................................................................ 4 

2.1 Average annual tornado frequency within 25 miles of a point, 1950 to 2007 ...................................... 12 

2.2 Average number of reported tornadoes per 100 km2 grid and adjusted probable number of 

 tornadoes per 100 km2 grid (Central U.S.) ........................................................................................... 13 

2.3 Timeline of outlooks issued by the SPC leading up to the target forecast period ................................. 14 

3.1 Chapter 3 overview ............................................................................................................................... 19 

3.2 All tornado paths within Kansas and a 25-mile buffer surrounding Kansas, 1986 to 2015 .................. 21 

3.3 All tornado start points within Kansas and a 25-mile buffer surrounding Kansas, 1986 to 2015 ........ 22 

3.4 Frequency of tornadoes within Kansas and a 25-mile buffer surrounding Kansas, 1986 to 2015, 

 by start time .......................................................................................................................................... 25 

3.5 Mapping methods overview .................................................................................................................. 27 

3.6 Tornado start points within Kansas and a 25-mile buffer surrounding Kansas, 15:00 to 17:59 CST 

 interval, 1986 to 2015 ........................................................................................................................... 28 

3.7 Single tornado point density analysis example ..................................................................................... 29 

3.8 Three tornadoes point density analysis example ................................................................................... 31 

3.9 15:00 to 17:59 CST interval tornado start points, 1986 to 2015, and associated point density 

 analysis ................................................................................................................................................. 32 

3.10 15:00 to 17:59 CST interval point density analysis and fishnet label sampling grid .......................... 33 

3.11 Classification and symbology for all time intervals ............................................................................ 35 

3.12 Kansas Tornado start point frequency for the 15:00 to 17:59 CST interval ....................................... 38 

3.13 Kansas Tornado start point frequency for the 00:00 to 11:59 CST interval ....................................... 41 

3.14 Kansas Tornado start point frequency for the 12:00 to 14:59 CST interval ....................................... 42 

3.15 Kansas Tornado start point frequency for the 15:00 to 17:59 CST interval ....................................... 44 

3.16 Kansas Tornado start point frequency for the 18:00 to 20:59 CST interval ....................................... 46 

3.17 Kansas Tornado start point frequency for the 21:00 to 23:59 CST interval ....................................... 47 

4.1 Chapter 4 overview  .............................................................................................................................. 49 

4.2 Methods overview – Initial phase of SPC outlooks analysis  ............................................................... 54 

4.3 1630Z SPC day 1 categorical convective outlook for 04 May 2007 and risk day recording 

 example ................................................................................................................................................ 57 

4.4 1630Z SPC day 1 categorical convective outlook for 14 April 2012 and risk day and risk type 

 recording example ................................................................................................................................ 59 

4.5 Percentage of tornadoes rated F0 or EF0, 1986 to 2015 ....................................................................... 64 

4.6 Distributions of adjusted tornado start time in Kansas, based on risk super-category, for risk day ..... 77 

4.7 Distributions of adjusted tornado start time in Kansas, based on risk super-category, for risk type .... 78 

4.8 Distributions of adjusted tornado start time in Kansas, based on risk super-category, for risk day 

 during relatively active tornado years  ................................................................................................. 79 

4.9 Distributions of adjusted tornado start time in Kansas, based on risk super-category, for risk day 

 during relatively quiet tornado years .................................................................................................... 80 



v 

 

List of Tables 

Table                Page 

2.1 Probability to risk category conversion ................................................................................................ 15 

3.1 Number of tornadoes within Kansas and a 25-mile buffer surrounding Kansas, 1986 to 2015, by 

time interval ................................................................................................................................................ 26 

4.1 Guide table for recording risk day and risk type of Kansas tornadoes ................................................. 56 

4.2 Results from recording risk day for tornadoes, based on 1200Z outlooks (2003 to 2015) ................... 61 

4.3 Results from recording risk day for tornadoes, based on 1630Z outlooks (2003 to 2015) ................... 62 

4.4 Results from recording risk type for tornadoes, based on 1200Z outlooks (2009 to 2015) .................. 65 

4.5 Results from recording risk type for tornadoes, based on 1630Z outlooks (2009 to 2015) .................. 66 

4.6 Results from recording risk day for tornadoes (2003 to 2015), based on risk super-category ............. 69 

4.7 Results from recording risk type for tornadoes (2009 to 2015), based on risk super-category ............ 70 

4.8 Classification of years in terms of relative tornado activity ................................................................. 72 

4.9 Summary of the initial permutation tests performed for risk day and risk type .................................... 76 

4.10 Summary of the secondary permutation tests performed for risk day in relatively active and 

   relatively quiet years .......................................................................................................................... 76 

4.11 Results for the initial permutation tests for risk day (2003 to 2015)................................................... 81 

4.12 Results for the initial permutation tests for risk type (2009 to 2015) ................................................. 83 

4.13 Results for the secondary permutation tests for risk day during years with relatively high tornado    

   activity ................................................................................................................................................ 84 

4.14 Results for the secondary permutation tests for risk day during years with relatively low tornado   

   activity ................................................................................................................................................ 85 

  



vi 

 

Acknowledgements 

 

 I would like to thank my advisor, Dr. David Call for his continuous guidance throughout this 

long, sometimes frustrating, but ultimately highly rewarding process.  Without his guidance 

through advising, reading, reviewing and editing, this thesis would not have been possible.  I 

would also like to thank my thesis committee members, Dr. Nathan Hitchens and Dr. Jörn 

Seemann, for their time in reading, reviewing, and critiquing this thesis and the thesis proposal 

that preceded it.   

 

 I would like to thank Ball State University for funding my graduate studies, and I especially 

want to thank the Department of Geography for taking a chance on me, a student who came into 

their program without a meteorology undergraduate degree and with only one introductory 

meteorology course to his credit.  I have had a long, winding path toward getting a degree with a 

focus in atmospheric science, and without the Ball State Department of Geography, it may never 

have happened. 

 

 I would like to express my sincerest gratitude toward my mother, Debra Wilson, for taking 

the time to read, review, and edit this thesis from its earliest days as a jumbled set of sections and 

sub-sections, right up to the production of the final product.  Also, I want to thank both of my 

parents for allowing me to live with them while I finished this project, for their continuous 

support and encouragement, and for their amazing patience, which I know I must have tested 

numerous times.  I would also like to thank my two sisters, as well as my extended family and 

friends, for their continuous support and encouragement throughout this process. 

 

 I would like to thank NOAA, the National Weather Service, and the Storm Prediction Center 

for making so much of their data easily accessible to the public, free of charge.  It is easy to take 

this for granted, but without convenient access to NWS and SPC data, theses such as this one 

might be substantially more difficult to complete, if not impossible. 

 

 Finally, I would like to thank Dr. Michael Wood from the University of Portsmouth in 

England for taking the time to create and post his “Resample” Excel workbook online for anyone 

to use.  Most popular subscription-based statistics programs are not capable of performing 

permutation (resampling) tests.  Through the use and slight modification of Dr. Wood’s 

“Resample” workbook, all of the permutation tests, which make up the core of Part II of this 

thesis, were able to be performed. 



1 

 

Chapter 1:  Introduction 

 Kansas, like much of the rest of the Midwest, is well-known for its day-to-day, and at 

times hour-to-hour, ever-changing weather.  However, when it comes to Kansas’s weather, few 

things are more reliable than the severe weather Kansas experiences each year.  While the severe 

weather hazards that affect Kansas are serious, none have the power and potential to affect life 

and property quite like tornadoes do.  For a variety of groups, such as weather forecasters, 

emergency managers, and school administrators—all of which are responsible for the well-being 

of large groups of people—as well as for the general public, understanding how and when severe 

weather hazards, such as tornadoes, pose a threat to life and property is extremely important in 

the process of decision-making.    

 The following is a two-part study which explores the use of the start time of tornadoes as 

a means for examining tornado activity in Kansas.  The first part (Part I) is a spatiotemporal-

based tornado climatology study for Kansas, while the second part (Part II) is an analysis of the 

variation of tornado start time, based on the Storm Prediction Center’s (SPC) day 1 categorical 

convective outlooks.  Few previous tornado climatology studies have studied how tornado 

activity varies spatially throughout the 24-hour day, nor have studies examined how the starting 

time of tornadoes varies based on the risk level category issued by the SPC in the SPC’s 

categorical convective outlooks.  The National Severe Storms Laboratory (NSSL) lists the 

typical range of 4:00 to 9:00 PM (16:00 to 21:00) local time as the most likely for tornado 

occurrence, but stresses that tornadoes can occur at any time (NSSL 2015).  However, events 

such as tornado outbreaks are not typical.  Often, tornado outbreaks begin earlier, end later, or 

both begin earlier and end later, than typical severe weather events.  As tornado outbreak events 

are often forecast by the presence of high-end risk level SPC categories within the categorical 
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convective outlooks (Davis et al. 2010), understanding any variation in the starting time of 

tornadoes based on the categories of the SPC’s day 1 categorical convective outlooks is very 

important to individuals who may be in charge of the welfare of large groups of people.  It is also 

important for these individuals to understand the relative tornado risk at different times of the 

day for the regions in which they reside.  Finally, from an academic point of view, it is important 

to fill in this gap in tornado climatology research and to complete another step in the evolution of 

tornado climatology studies. 

 

1.1. Study Area:  Kansas 

 The U.S. State of Kansas will serve as the area of study.  Kansas’s high level of tornado 

activity makes it an ideal location to perform a regional tornado study.  With nearly 83 tornadoes 

per year between 1986 and 2015, Kansas trailed only Texas in annual number of tornadoes 

reported (SPC 2017).  Figure 1.1 is a map of the Kansas, showing the 105 counties that make up 

the state as well as the population density based on data gathered from the 2010 United States 

Census1.  Like Nebraska, South Dakota, and North Dakota, which all make up the western fringe 

of the Midwestern United States, most of Kansas’s urban population centers are located in the 

eastern part of the state, while the western part is relatively sparsely populated. 

 

                                                           
1 A larger version of the map in Figure 1.1 is included in the Maps Appendix. 
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Figure 1.1. Population density, counties, and select cities of Kansas (Kansas Data Access & Support 

Center 20172). 

 

 Geographically, Kansas may be divided into regions based on cardinal direction, i.e. 

north central, northeast, southeast, etc., or be divided into physiographic regions.  J. Aber and S. 

Aber (2007) divide Kansas into the 12 physiographic regions shown in Figure 1.2.  Contrary to 

popular stereotype, most of Kansas is not very flat, instead consisting mainly of gently rolling 

dissected plains.  Particularly hilly regions include the Smoky Hills region of north central 

Kansas, which J. Aber and S. Aber break into three regions—the Smoky Hills, Blue Hills, and 

Chalk Buttes; the Flint Hills region of eastern Kansas; and the Red Hills (also known as the 

Gypsum Hills) of south central and southwest Kansas.  In contrast, the High Plains of western 

                                                           
2 Kansas Data Access & Support Center data catalog:  https://www.kansasgis.org/catalog/index.cfm 
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Kansas are relatively flat and treeless, with the exception of the numerous west-to-east oriented 

river valleys which dissect the region.   

 

Figure 1.2. From J. Aber and S. Aber (2007), the 12 physiographic regions of Kansas. 

 

 

 

1.2. Research Questions and Associated Research Objectives 

 This study seeks to answer two primary research questions, each of which serves as a 

foundation for one part of the study.  A set of associated research objectives is used to properly 

answer both research questions. 

Research question #1:  How does tornado activity vary spatially and geographically across 

Kansas during different times of the day?   

Associated research objectives:  

1) Create a spatiotemporal-based tornado climatology for Kansas. 

2) Use the spatiotemporal-based tornado climatology to examine spatial and geographical 

variation in tornado activity across Kansas during different times of the day.   
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Research question #2:  Can the SPC day 1 categorical convective outlook be used as a potential 

indicator to the relative time a tornado event may occur? 

Associated research objectives: 

1) Determine whether or not the starting time (in CST) of tornadoes in Kansas varies based 

on risk-level categories used in the SPC’s day 1 categorical convective outlooks. 

2) Describe how tornado start time varies based on the risk-level used by the SPC (if 

tornado start time actually does vary based on the risk-level used by the SPC). 

 

1.3. Study Overview 

 Chapter 2 of this study offers an overview of the evolution of tornado climatology 

studies—from the earliest days of attempting to delineate “Tornado Alley” in the United States, 

to the development of statistics-based models which take into account possible biases in within 

the SPC’s tornado database.  Then, an overview of the implementation and evaluation of SPC 

convective outlooks is presented. 

 Chapter 3 serves as Part I of this study.  Here, a spatiotemporal-based tornado 

climatology is developed.  First, the Kansas tornado data, spanning form 1986 to 2015, is 

analyzed and classified based on the time (in CST) that each tornado occurred.  Then, for each 

time interval, point density analysis is used to determine the number of tornado start points 

within 25 miles of each point in Kansas.  Finally, a fishnet grid is used to sample values from the 

point density analysis, and ordinary kriging is used to interpolate the sampled values across 

Kansas.  The result is a more readable, smoothed surface which is easier to interpret than the raw 

point density analysis output. 
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 Chapter 4 serves as Part II of this study.  Here, an analysis of tornado start time based on 

the SPC’s day 1 categorical convective outlooks is carried out.  For each tornado start point, the 

analysis assigns two different attributes.  The first, called risk type, is based on the individual 

risk area that each tornado start point falls in.  The second, called risk day, is based on the 

highest-threat level issued by the SPC for Kansas for that particular day.  The outlook analysis 

attempts to determine whether the tornado start time (again, in CST) varies significantly based 

on risk type and risk day.  Due to differences in the way SPC day 1 categorical convective 

outlooks are made available to the public, risk type could only assessed for years ranging from 

2009 to 2015, while risk day was assessed for year ranging from 2003 to 2015.  Unlike Part I, 

which follows a basic data analysis, methods, results process, data from Part II must go through 

this process twice.  First Kansas tornado data are broken into two year ranges—2003 to 2008 and 

2009 to 2015—based on which attributes can be assessed.  For 2003 to 2008, only risk day is 

assessed, while from 2009 to 2015, both risk day and risk type assessed.  Then, the data created 

as a result of the assessment of risk day and risk type are further analyzed and simplified.  

Finally, using a permutations test, the question of whether or not the tornado start time varies 

based on risk type and risk day can be addressed.   

 Chapter 5 examines how the results from Part I and Part II of the study can be used to 

answer the research questions outlined earlier and to draw conclusions based on those answers.  

This chapter also reviews how the research objectives associated with each research questions 

were completed.  Then, implications of discoveries made within each part of the study are 

discussed.  Finally, research limitations are discussed and recommendations for further research 

to advance the findings in this study are suggested. 
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Chapter 2:  Literature Review 

 The following chapter will examine literature covering two primary subject areas.  First, 

an overview of the evolution of tornado climatology studies is presented.  Next, several tornado 

climatology studies which served as direct inspirations to this study, due to the use of similar 

methods as this study, are discussed.  Then, an overview of the implementation and evaluation of 

SPC categorical convective outlooks is given.  Finally, relevant literature is summarized, and 

ways in which prior studies, combined with this study, can help answer the two relevant primary 

research questions, are examined. 

 

2.1. Tornado Climatology 

Tornado climatology studies covering the U.S. have varied widely in their methods and 

their specific aims. For the majority of studies, the basic aim has been to map tornado frequency 

in the U.S.  However, as the most tornado-prone locations across the United States have become 

better known, new, in-depth ways of looking at tornado climatology have been considered. 

Among the earliest tornado climatology studies, Kelly et al. (1978) showed that the area 

of greatest tornado frequency in the United States is the Great Plains.  It was also one of the first 

climatology studies (and remains one of the few) to focus on the diurnal cycle of tornado 

activity.  Using a normalized form of solar time, Kelly et al. noted that, based on tornadoes 

occurring from 1950 to 1978, violent tornadoes (those rated F4 or F5 on the original Fujita 

Scale) had been observed at all times of the day and did not have a diurnal bias.  Meanwhile 

while strong (F2 to F3) and weak (F0 to F1) tornadoes were most likely to occur late in the 

afternoon and early evening.  Like many tornado climatology studies, Kelly et al. is based on the 

SPC tornado database (which at the time of the Kelly et al. study was housed by the National 
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Severe Storms Forecast Center (NSSFC), a predecessor to the SPC).  Deficiencies within this 

tornado database have been noted from the earliest of nation-wide tornado studies, including in 

Kelly et al.  In fact, the Kelly et al. study was among the first to attempt to correct potential 

errors in the database by manually eliminating “fallacious” tornado reports.  Doswell and 

Burgess (1988) addressed the numerous issues within the databases such as the NSSFC/SPC’s 

(which was official back to 1950) as well as other tornado databases (some of which extended 

back into the early 1900s).  Issues were primarily associated with the unreliability of Fujita Scale 

ratings and the practice of retroactively assigning Fujita Scale ratings to tornadoes occurring 

before 1973 (the year the Fujita Scale was introduced).  Finally, the prevalence of extremely 

long-track tornadoes, which appeared much more frequently in the databases in the early 1900s 

than in modern times (1950s to1980s in this case), lead Doswell and Burgess to conclude that 

many of these extremely long-track tornadoes may have actually been more than one tornado.  

In addition to the aforementioned tornado database deficiencies, there is the major 

problem of tornado underreporting, especially in the early years of the database. McCarthy and 

Schaefer (2004) noted an approximately 30 percent increase in total annual reported tornadoes in 

the U.S. from the early 1970s through the 1990s.  However, the frequency of tornadoes of F2 

strength or greater remained steady from 1950 to 2003.  According to McCarthy and Schaefer, 

several events and technological advances likely led to periods where annual tornado frequency 

increased rapidly.  First, there was an increase in television news coverage of tornadoes 

beginning in the 1950s, following several particularly deadly tornadoes.  Tornado frequency 

increased throughout the 1960s and the 1970s, which were particularly active. Then, after a very 

quiet period of tornado activity in the early and mid-1980s, tornado frequency began to rapidly 

increase again.  McCarthy and Schaefer note that this increase in tornado frequency corresponds 
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with the beginning of National Weather Service severe weather warning verification.  Another 

period of rapid tornado frequency increase occurred in the 1990s.  They also note that this 

increase in tornado frequency corresponds with the implementation of the advanced Doppler 

radars.  Finally, McCarthy and Schaefer note that non-meteorological factors also likely led to an 

improvement in tornado reporting and a resulting increase in observed tornado frequency.  These 

factors include the advent of the cellular telephone, the increase in storm chasing as a hobby, and 

the creation of storm spotter networks by local emergency management officials, television 

stations, and the NWS (McCarthy and Schaefer 2004).  

 Problems within the tornado database led more recent studies to approach the task of 

developing a tornado climatology and/or assessing tornado risk in new ways.  For example, 

Concannon et al. (2000) made used an extended database from Grazulis (1993), combined with 

the SPC database to delineate areas of the United States which were most prone to significant 

tornadoes (F2 to F5) from 1921 to 1995.  Concannon et al. found that the region most prone to 

significant tornadoes from 1921 to 1995 was an L-shaped region from Nebraska and Iowa, 

southward to Oklahoma, then eastward to Alabama.  They also noted that the while the raw 

number of tornadoes in each year of the database steadily increased with each subsequent year, 

the number of significant tornadoes remained consistent throughout the extended database (This 

finding was later reaffirmed by McCarthy and Schaefer (2004)).  Similarly, Schaefer et al. 

(2002) and Meyer et al. (2002) used only significant tornadoes from 1950 to 2000 to delineate 

the region of the United States with the greatest hazard from significant tornadoes.  Both are 

noteworthy for taking into account tornado track length and width.  Schaefer et al. determined 

the region most prone to significant tornadoes was located from the Great Plains through much 

of the Midwest and Southern U.S., with the exception of the Ozark Plateau.  Meyer et al. (2002) 
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used a complex statistics model, known as a Monte Carlo model to examine tornado climatology.  

However, despite using a completely different method than Concannon et al. (2000), Meyer et al. 

(2002) delineated roughly the same region as most prone to being impacted by significant 

tornadoes.    

 Brooks et al. (2003), considered only tornado days (calendar days of the year on which at 

least one tornado occurred) from 1980 to 1999 over an 80 km × 80 km gridded surface.  Brooks 

et al. (2003) also only considered areas where tornado occurrence was regularly seasonal and 

concluded that the most tornado-prone region in the United States was located in the Great 

Plains, similar to Kelly et al. (1978) but slightly further to the northwest.  Dixon et al. (2011) 

similarly found that there were no tornado hazard areas (regions of concentrated, heightened 

tornado activity) in the United States which were statistically distinct from the traditional 

“Tornado Alley” in the Great Plains.  Dixon et al. determined that tornado-prone region known 

as “Dixie Alley” is merely an extension of traditional “Tornado Alley” in the Great Plains.  

Together these two tornado alleys form a region that is the most tornado-prone in the United 

States and which is similar to the region outlined by Concannon et al (2000) and Meyer et al. 

(2002).  By contrast, Coleman and Dixon (2014), again using only significant tornadoes, but 

excluding tornado reports from before 1973 (when the Fujita scale was implemented), concluded 

that the region of greatest tornado risk in the United States was located in the southeastern 

portion of the country. 

 Some recent studies have produced updated tornado climatologies for specialized 

purposes beyond those outlined earlier.  For example, Ramsdel et al. (2007) made use of an 

“applied” tornado climatology in order to estimate regions most prone to destructive violent 

tornadoes which would pose the greatest threat to nuclear facilities. Grams et al. (2012) provided 
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another example of a specialized tornado hazard assessment.  In this case, tornado climatology 

was used a means of determining which storm mode (discrete cell, quasi-linear convective 

system (QLCS), or cluster) and which specific severe weather parameters are associated with the 

greatest number of significant tornado events.   

 There are three studies which most influence the tornado climatology portion of this 

study (Part I).  The first is Jagger et al. (2015), which used a complex statistical model that 

accounted for population density and surface roughness biases that are likely present in the SPC 

tornado database to create a more accurate portrayal of tornado activity in Kansas.  Jagger et al. 

stands out compared to most other studies because, like this study, it is a regional tornado 

climatology study, rather than one which covers most of the U.S.  Also, coincidentally, the study 

area for the Jagger et al. study was Kansas.   

 Arguably the most influential study is Dixon et al. (2011).  As previously noted, this 

study determined that the traditional “Tornado Alley” in the Great Plains and the “Dixie Alley” 

in the southern U.S. are actually part of the same region.  This was determined through the use of 

kernel density estimation, which calculated the density of tornado paths across the U.S., which in 

turn was converted to the number of tornadoes occurring within 25 miles of a point (Fig. 2.1).  

Part I of this study makes use of a similar type of density analysis, known as point density.  The 

primary difference is that the kernel density estimation used in Dixon et al. (2011) is based on 

the entire tornado path, whereas the point density analysis performed in Part I of this study is 

based only on tornado start points, since it is the tornado start point that has the associated start 

time.  Another difference is that kernel density estimation has a form of interpolation (which 

creates a smoothed, readable map surface) built into its mathematical process, whereas point 

density analysis does not.  This means that one more step needs to be taken to interpolate the raw 
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results from the point density analysis.  Ray et al. (2003) is especially noteworthy in that it also 

performed a tornado density analysis to express tornado frequency.  Then, noticing a bias of 

higher density of reported tornadoes near NWS Doppler radar sites, which themselves tend to be 

located in or near areas of relatively higher population density, Ray et al. used a form of 

interpolation known as kriging to better estimate the tornado density in areas far from NWS 

radar sites (Fig. 2.2).  While kriging is used in a different way and for a different purpose in this 

study, the Ray et al. study is nevertheless highly influential for this study. 

 

Figure 2.1. From Dixon et al. (2011), using kernel density estimation to show the average annual tornado 

frequency within 25 miles of a point from 1950 to 2007. 
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Figure 2.2. From Ray et al. (2003), the average number of reported tornadoes per 100 km2 grid per year 

from 1978 to 1992 (left) and adjusted probable number of tornadoes per 100 km2 per year from 1978 to 

1992 (right).  The white circles represent NWS radar locations. 

 

2.2. Storm Prediction Center Convective Outlooks 

 Since 1955, the SPC and its preceding agencies have issued convective outlooks aimed at 

expressing the risk of severe weather across the contiguous U.S. (Corfidi 1999).  Since 1973, the 

SPC has continuously issued a day 1 categorical convective outlook.  In these categorical 

convective outlooks, the severe weather risk level is expressed as slight, moderate, or high. 

Originally, usually only one day 1 categorical convective outlook was issued per day, at 1200Z 

(UTC) (Hitchens and Brooks 2012).  However, in its current form, a day 1 categorical convective 

outlook is issued at 0600Z and is valid for the 24-hour period beginning at 1200Z one day and 

ending at 1200Z the next.  Then, each day 1 categorical convective outlook is updated four times 

during its periods of validity—at 1300Z, 1630Z, 2000Z, and 0100Z (Hitchens and Brooks 2014) 

(Fig 2.3). 
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Figure 2.3. From Hitchens and Brooks (2014), the timeline of convective outlooks issued by the SPC 

leading up to (orange) and during (green) the target period.  This study focuses on the categorical 

convective outlooks issued at 0600Z (the 1200Z outlook) and at 1630Z. All times in the diagram are 

expressed in UTC. 

 

 In 1999 the SPC began experimentally issuing daily probability-based severe weather 

hazard convective outlooks.  For each day a probabilistic outlook is issued for severe hail, severe 

wind gusts, and tornadoes.  Originally, the probabilistic convective outlooks were intended to 

replace the categorical convective outlooks (Kay and Brooks 2000).  Instead, the probabilities 

outlined in the probabilistic outlooks are now what define the categorical convective outlooks 

(Table 2.1). 
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Table 2.1. Current SPC convective outlook day 1 probability to risk category conversion (Grams et al. 

(2014)). 

Probability to risk category conversion 

Day 1 outlook 

probability Tornado Wind Hail 

2% Marginal Not used Not used 

5% Slight Marginal Marginal 

10% Slight Not used Not used 

15% Moderate* Slight Slight 

30% High* Enhanced Enhanced 

45% High Moderate* Moderate* 

60% High High* Moderate 

*Default to next lower category if significant severe area not co-

located 

 

 Over time, the need for studies to test the accuracy and skill of the SPC’s convective 

outlooks became apparent.  Kay and Brooks (2000) offered an early look into the verification of 

the SPC convective outlooks.  At the time of the Kay and Brooks study, the day 1 probabilistic 

severe weather outlooks were in their experimental phase.  However, in 2001, they became fully 

operational and were shared with the public (Hitchens and Brooks 2012).   As it has been more 

than 15 years since the SPC probabilistic outlooks were first experimentally issued, an 

increasingly large dataset of outlooks has yielded an opportunity for a more robust look at 

accuracy of the outlooks and the skill of the forecasters issuing them.  Davis et al. (2010) showed 

that between 2003 and 2009, nearly two-thirds of high risk areas issued by the SPC for tornado 

potential in their day 1 categorical convective outlooks verified as they were forecast to, due to 

high frequency and density of reported tornadoes in the high risk areas.  Meanwhile, Hitchens 

and Brooks (2012) evaluated the accuracy of SPC day 1 (the day during which the forecast 

severe weather is expected to occur) categorical convective outlooks from 1973 to 2010, finding 

the most accurate forecasts were those toward the end of the period of record.  Hitchens et al. 
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(2013) evaluated the skill of SPC day 1 categorical convective outlooks from 1973 to 2011 and 

found that almost no skill existed in the forecasts prior to 1987, but that since then, the skill level 

had increased steadily.  Finally, Hitchens and Brooks (2014) provided an evaluation of both skill 

and accuracy for SPC categorical outlooks for Days 3 through 1.  The Hitchens and Brooks 

(2014) study used a more limited database (1999 to 2011), since day 3 outlooks were not issued 

prior to 1999.  However, limiting the range of years to post-1999 allowed the Hitchens and 

Brooks to assess accuracy and skill measurements for the four periodic updates to the convective 

outlooks which occur throughout day 1.  Hitchens and Brooks were also able to assess accuracy 

and skill of the probabilistic outlooks for the three individual primary hazards—tornadoes, high 

wind, and large hail—on which the categorical convective outlook is based.  They found that 

overall forecaster skill had increased throughout the period of study.  Additionally, Hitchens and 

Brooks found that forecaster skill tended to increase with subsequent outlooks issued for the 

same target period—that is, as the lead time before the event got smaller, the forecast was more 

skillful. 

 

2.3. Summary 

 The literature reviewed shows that there is a great deal of precedent for performing 

tornado climatology studies.  While most tornado climatology studies are created for the 

contiguous U.S., there is also precedent, with Jagger et al. (2015), for doing regional scale-based 

tornado climatology studies.  However, there is a clear need for a regional-scale spatiotemporal-

based tornado climatology. 

 The use of the literature covered above, combined with analysis to be carried out in this 

study, will allow the two primary research questions to be answered by helping to achieve the 
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research objective associated with each question.  In Part I, a spatiotemporal-based tornado 

climatology is developed and used to examine the spatial and geographical variation of tornado 

activity throughout different times of the day.  Doing so will help answer the first research 

question for this study:  How does tornado activity vary spatially and geographically across 

Kansas during different times of the day?  While all of the tornado climatology studies which 

have been reviewed provide some inspiration to Part I of this study, it is the Dixon et al. (2011) 

and Ray et al. (2003) studies which provide the most direct inspiration, due to the similarities in 

aims and methods those two studies have with this one.  Specifically, the use of density analysis 

in Dixon et al. (2011) is similar to the density analysis used in this study, while the kriging used 

in Ray et al. (2003) is again used here. 

 In Part II, an analysis of tornado start time based on the SPC’s day 1 categorical 

convective outlooks is performed to answer the second research question for this study.  More 

specifically, it is determined whether or not the starting time (in CST) of tornadoes in Kansas 

varies based on risk-level categories used in the SPC’s day 1 categorical convective outlooks.  

Doing so helps to answer the second research question:  Can the SPC day 1 categorical 

convective outlook be used as a potential indicator to the relative time a tornado event may 

occur?  While the Hitchens and Brooks (2012), Hitchens et al. (2013), and Hitchens and Brooks 

(2014) studies, which cover varies methods of evaluating accuracy and skill in SPC convective 

outlooks, provide recent precedent for evaluating SPC convective outlooks, no single study, or 

group of studies, provides direct inspiration for Part II.  This is primarily due to differences in 

aims and methods used by prior SPC outlook analysis studies, compared to this study.  It is 

actually an early tornado climatology study, Kelly et al. (1978)—with its use of time of tornado 
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occurrence as a variable by which to study and describe tornado activity—which provides the 

most direct inspiration for Part II of this study. 
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Chapter 3: Part I – A Spatiotemporal-based Tornado Climatology for Kansas 

 The following chapter covers the creation of a spatiotemporal-based tornado climatology 

for Kansas.  The climatology is based on 30 years of Kansas tornado data spanning the period 

from 1986 to 2015.  First, the development of a base tornado dataset for the climatology (as well 

as for the second part of the study) is discussed.  Next, the tornado data for the climatology is 

analyzed and each tornado is classified into an interval based on its start time.  Then, a mapping 

methods section discusses the development of tornado activity maps for each time interval.  

Finally, the resulting maps are analyzed and discussed. 

CHAPTER 3 OVERVIEW 

 

Figure 3.1. Chapter 3 overview showing the process of creating a spatiotemporal-based tornado 

climatology for Kansas. 

 

 The primary purpose of creating a spatiotemporal-based tornado climatology for Kansas 

is to see if geographic differences in tornado start time exist across the state.  Two general 

approaches to creating a tornado climatology based on time of tornado occurrence exist.  One 

approach is to consider all tornadoes together, and to treat the start time as a variable—then 

examine how the tornado start time varies throughout the state through the use of interpolation.  

Another approach is to classify the tornadoes into separate time intervals and then examine how 

the frequency of tornado occurrence varies across the state as a whole and in specific regions 

during each time interval.  The second approach offers a more robust spatiotemporal-based 

tornado climatology, and is therefore the approach taken in this study. 

(3.1)

Base tornado dataset 
created and time 

intervals determined

(3.2)

Mapping methods 
discussed

(3.3)

Mapping results in 
the form of a 

spatiotemporal-based 
tornado climatology 

for Kansas shared
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3.1. Data Processing and Analysis 

3.1.1. Data processing:  creating the base tornado dataset 

 As each part of the study required data about tornadoes in Kansas, the first step in the 

study was to collect data in order to develop a base tornado dataset that could be used for both 

parts of the study.  Tornado data from 1950 to 2015 for the U.S. was available through the SPC 

website in the form of an ESRI ArcMap-compatible shapefile located in the Severe Weather GIS 

(SVRGIS) page.  In addition to the tornado data, a U.S. counties shapefile could also be found 

within the SVRGIS page3. 

 Brooks, et al. (2003) and Dixon, et al. (2011) note many issues that plague the SPC 

tornado database, especially in its early years.  Some issues pertinent to this study include 

underreporting of tornadoes and a tendency to classify some tornado families as single, long 

track tornadoes.  Thus, in order to largely avoid those issues, and to remain consistent with 

NOAA’s use of the 30-year time period in climatological studies, only tornado data for the most 

recent 30 years (1986 to 2015) were used. After downloading the tornado and U.S. counties 

shapefiles, each zipped file was unzipped and its internal files extracted.  Then, in ESRI ArcMap 

10.5, the U.S. counties shapefile was added, and then trimmed to show only Kansas Counties, 

using the “select by attributes” feature.  Next, the tornadoes layer was added.  The tornado layer 

contained 59,959 recorded tornado paths (represented as lines) in the U.S. from 1950 to 2015.  

The “select by attributes” feature was again used to select only tornadoes which occurred from 

1986 to 2015.  Using the “select by location” feature, only tornadoes with a path inside of 

Kansas, or within a 25-mile buffer of Kansas were selected and retained (Fig. 3.2).  The reason 

for the 25-mile buffer was to ensure that when point density analysis was performed, regions of 

                                                           
3 SPC Severe Weather GIS (SVRGIS) page:  http://www.spc.noaa.gov/gis/svrgis/ 
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Kansas near the borders would have all tornadoes occurring within 25 miles of them counted 

during the analysis.  

 

Figure 3.2. All tornado paths within Kansas and a 25-mile buffer surrounding Kansas, 1986 to 2015 (SPC 

2017). 

 

 Since only the tornado start time is consistently reported in the database, this study only 

used the starting location (start point) of each tornado.  Therefore, it was necessary to convert the 

line features (representing tornado paths) to point features (representing tornado start points).  

This was accomplished through the use of the “feature vertices to points” tool.  Specifically, the 

start point (rather than mid-point, end point, or all points) was chosen as it represents the location 

where each tornado path began (where each tornado “touched down”).  Again, the “select by 

location” feature was used to select only tornado starting points located in Kansas or within a 25-

mile buffer surrounding Kansas were selected.  This was done to discard the few tornadoes 

which started outside of Kansas and the 25-mile buffer, but had paths that entered Kansas or the 

25-mile buffer.  The resulting layer was exported and saved as a shapefile, named the “Kansas 

and buffer tornado start points, 1986-2015” (Fig. 3.3).  This layer served as the base tornado 

dataset for both parts of this study.  Overall, the dataset contains data for 3,243 tornadoes with 

start points in Kansas, or within a 25-mile buffer surrounding Kansas, from 1986 to 2015.  
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Figure 3.3. All tornado start points within Kansas and a 25-mile buffer surrounding Kansas, 1986 to 2015 

(SPC 2017). 

 

 

 

3.1.2. Using Central Standard Time (CST) in the base tornado dataset 

 The central theme of this study is the use of time as a variable to measure tornado activity 

in Kansas.  Typically, when describing the most likely time of day for tornado occurrence, time 

is described vaguely as late afternoon into early evening or is given as a general range, such as 

the range of 4:00 to 9:00 PM local time given by the NSSL (NSSL 2015).  There are good 

reasons for this.  Even with the use of standardized time throughout the U.S., the way time is 

expressed varies throughout the country.  In the U.S., time zone boundaries rarely follow the 

lines of longitude on which they are based.  Often, such as in Kansas, the time zone boundaries 

don’t even follow state boundaries, meaning locations directly north and south of one another 

may end up observing different standard time, when they otherwise would not (for example, 

Cheyenne and Sherman Counties in northwest Kansas and Hamilton and Stanton Counties in 

southwest Kansas).  Finally, some locations which declare themselves to be in a given time zone 

are actually located so far from the central meridian of their time zone as to be located well 

within the latitudinal confines of a neighboring time zone (for example, much of Indiana). 
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 Although specific expressions of time may not be ideal for describing tornado activity 

nationwide, it can be a very useful way to describe tornado activity both locally and regionally, 

so long as the type of time being used is well defined and remains consistent.  As Central 

Standard Time (CST) is the local standard time for 101 of the 105 counties in Kansas and is the 

time in which all tornadoes are recorded in the tornado dataset to begin with, it is used for all 

expressions and in all calculations of time throughout this study. 

 Another useful way to have expressed time locally could have been to have used solar 

time.  Regardless of which type of time is chosen, the use of either local standard time or solar 

time comes with built-in advantages and disadvantages.  The primary advantage of solar time is 

that for a specific location it is the most accurate expression of time as it relates to when solar 

noon occurs at a given latitude and longitude.  The primary disadvantages of using solar time in a 

study such as this is that this study covers the entire state of Kansas. Theoretically, two tornadoes 

which begin simultaneously would most likely be assigned different times when using solar time 

(unless they occurred directly north and south of one another).  Thus locations with many 

tornadoes occurring in clusters at around the same time could possibly weight the calculated 

averages and give misleading results for locations that are not nearby the cluster of reported 

tornadoes.  Another disadvantage of using solar time involves communicating results.  The 

majority of people would need to convert the results to local standard time, based on their 

location, to make use of them. 

 Thus, one of the primary advantages of using local standard time is the familiarity that 

virtually everyone has with it.  Another advantage is that, regardless of which local standard time 

is used, the difference in start time between two tornadoes calculated by subtracting one tornado 

start time, expressed in local standard time, from another tornado start time, expressed in the 
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same local standard time as the first, will be the actual difference in start time.  For example, a 

tornado occurring at 8:08 PM CST in eastern Kansas along the Missouri border will have 

occurred eight minutes after a tornado occurring at 8:00 PM CST in western Kansas along the 

Colorado border.  This seems rather obvious, but this is not true when solar time is used.  A 

tornado occurring at 8:08 PM solar time in eastern Kansas along the Missouri border would have 

actually occurred before a tornado occurring at 8:00 PM solar time in western Kansas along the 

Colorado border (NOAA Earth System Research Laboratory 2017). This is due to differences in 

the references from which the two types of time are based.  Solar time is based on the time that 

each location reaches solar noon, while local standard time is based on when the central meridian 

of a location’s designated time zone reaches solar noon.  Since the actual start time difference is 

preserved when local standard time is used, it is more appropriate for a study such as this one.  

However, one possibly significant disadvantage of using local standard time is that two locations 

on either side of a given time zone will most likely have experienced different amounts of solar 

insolation or have experienced darkness for different lengths of time.  Given the likelihood that 

solar insolation plays at least some role in if and when tornadoes develop, this could be 

considered a limitation on the results of this study. 

 Finally, another disadvantage of using local standard time as a variable to measure 

tornado activity by is that it makes the results of studies, such as this one, specific to the areas of 

study.  This is not to say that studies such as this one cannot be repeated in other states, so much 

as it to say that one must be very careful directly comparing results from one state to results from 

another state, particularly if the states are located east or west of one another, rather than directly 

north or south of one another.  This means that result from Kansas can probably be more safely 

compared to results from Nebraska and Oklahoma than they can to results from Illinois, even 
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though all four states are primarily or entirely within the Central Time Zone.  Despite a few 

disadvantages of using local standard time, it is overwhelmingly advantageous to do so.  

Therefore, Central Standard Time is used throughout this study. 

 

3.1.3. Data analysis 

 As previously noted, in order to create a spatiotemporal-based tornado climatology for 

Kansas, the 24-hour day needed to be divided into time intervals so that the tornado frequency 

for each interval could be mapped.  Therefore, before the climatology could be created, some 

data analysis needed to be performed in order to properly classify the tornadoes into appropriate 

time intervals.  Figure 3.4 is a histogram of the tornado frequency in Kansas and the 25-mile 

buffer surrounding Kansas.  The data are separated into eight three-hour bins spanning the 24-

hour day.  Not surprisingly, tornado activity during the study period substantially increased after 

12:00 CST and peaked sometime shortly before 18:00 CST.  What is surprising is just how quiet 

the time period between 00:00 and 12:00 CST was.  Altogether, the number of tornadoes 

occurring in between 00:00 and 12:00 do not to add up to be equal to the number of tornadoes 

occurring in any one of the four three-hour bins between 12:00 and 0:00 CST.   

 

Figure 3.4. Frequency of tornadoes within Kansas and a 25-mile buffer surrounding Kansas, 1986 to 

2015, binned by start time. 
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 When using multiple maps to communicate a change in a variable over time, such as 

tornado frequency, it is vital to use the same classification scheme (for the frequency) and 

symbology for each map, so that they may be easily compared.  This can be difficult to 

accomplish effectively when the frequency of tornadoes varies as substantially as was observed 

in Kansas and the buffer area during the study period.  Therefore, in order to reduce the disparity 

between time intervals, the entire time period between 0:00 and 12:00 CST was aggregated into a 

single time interval.  The time period after 12:00 was separated into four three-hour intervals, 

thus making a total of five time intervals for tornado frequency to be mapped and examined.  The 

choice of three-hour time intervals allowed for the most active time period for tornadoes in 

Kansas (16:00 to 20:00) to be split into two separate intervals.  This way, when results were 

mapped, no single time interval would have so much activity that subtle differences in the 

relatively quiet time intervals would be hidden.  Table 3.1 is a summary of the tornado activity 

during each of the five intervals. 

Table 3.1. Number of tornadoes within Kansas and a 25-mile buffer surrounding Kansas, 1986 to 2015, 

by time interval. 

Number of tornadoes by time interval (1986-2015) 

Time interval (CST) Kansas and buffer1 Kansas only 

00:00 to 11:59 122 72 

12:00 to 14:59 309 241 

15:00 to 17:59 1290 1023 

18:00 to 20:59 1216 936 

21:00 to 23:59 306 217 

Total 3243 2489 

1a 25-mile buffer surrounding the borders of Kansas 
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3.2. Mapping Methods 

 Once the tornado data for Kansas and the 25-mile buffer surrounding Kansas had been 

divided into the five time intervals shown in Table 3.1, the spatiotemporal-based tornado 

climatology—consisting of a tornado start point frequency analysis for each time interval—could 

be created using ArcMap 10.5.  A methods overview (Fig. 3.5) shows the evolution from a plot 

of tornado points in Kansas to a tornado start point frequency map for Kansas.  Each step in the 

process is described in greater detail below, with the 15:00 to 17:59 CST interval used as an 

example since it was the time interval with the greatest tornado activity.  

 

Figure 3.5. Mapping Methods overview—the four steps of creating the spatiotemporal-based tornado 

climatology for Kansas (using the 15:00-17:59 time interval as an example).   

 

 

 

3.2.1. Point density analysis 

 The first step taken to create tornado frequency maps for each time interval was to divide 

the tornado base dataset into the five time intervals and then to plot the tornado start points for 

each time interval individually.  A plot of each of the 1,290 tornado start points occurring in the 

15:00 to 17:59 CST interval is shown in Figure 3.6.  For each time interval tornado start point 

plot, the “point density” tool in ArcMap was used to perform a point density analysis.  The point 

density tool creates a region, known as a neighborhood, around each output raster cell, and then 
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calculates the density of a given feature per square unit of area (ESRI 2016).  For this study, the 

point features are tornado start points, and the units are square kilometers (due to the map units 

being meters). 

 

Figure 3.6. Tornado start points within Kansas and a 25-mile buffer surrounding Kansas with start times 

occurring in the 15:00 to 17:59 CST interval, 1986 to 2015 (SPC 2017). 

 

 The point density tool is a versatile tool, allowing a GIS user many options in the process 

of carrying out the point density analysis.  For example, a user can control the shape and size of 

the neighborhood that surrounds a cell.  For this study, a circular neighborhood with a radius of 

40,233.6 m (40.2336 km or 25 miles) was used, as it was in Dixon, et al. (2011), a study with 

similarities to this one.  The 25-mile radius was used to remain consistent with the SPC’s use of 

daily severe weather and tornado probabilities within 25 miles of a given point in their daily 

convective outlooks (Kay and Brooks 2000, Dixon, et al. 2011).  Again, the 25-mile buffer 

surrounding Kansas, which has been referenced several times up to this point, was included in 

order to account for the circular neighborhood with a radius of 25 miles.  Having the 25-mile 

buffer ensures that all tornado start points which may influence the tornado start point density for 

any point in Kansas are accounted for.   
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 Figure 3.7 shows a simplified example of how the point density is calculated.  Tornado 

start point density can be calculated for each output raster cell using the formula:  𝑇𝐷 =
𝑁

𝜋𝑟2 ; 

where TD is the tornado start point density, N is the number of tornadoes within a given raster 

cell’s neighborhood, and r the neighborhood’s radius in kilometers (40.2336 km).  In the 

example in Figure 3.7, there is one tornado start point within 25 miles of the point (cell), marked 

+.  Therefore, the point density for the given cell is equal to 0.00197 tornado start points per 

square kilometer, since 
1 𝑡𝑜𝑟𝑛𝑎𝑑𝑜 𝑠𝑡𝑎𝑟𝑡 𝑝𝑜𝑖𝑛𝑡

𝜋(40.2336𝑘𝑚2)
=  0.000197 𝑡𝑜𝑟𝑛𝑎𝑑𝑜 𝑠𝑡𝑎𝑟𝑡 𝑝𝑜𝑖𝑛𝑡𝑠 𝑘𝑚2⁄ . 

 
Figure 3.7. Point density analysis example for a given output raster cell (point), labeled +, near a tornado 

start point, labeled X.  The dashed circle represents the conceptual neighborhood surrounding point, +.  

The example output raster cell (point) has a tornado start point density of 0.000197 tornadoes per square 

kilometer and has one tornado start point within a 25-mile radius.  All other raster output cells (points) 

within the lightly shaded area will also have one tornado start point within a 25 miles of them. 

 

 Because of the manner in which the tornado start point density is calculated, the output 

raster created by point density analysis consists of discrete, rather than continuous, density 

values.  Therefore, for each output raster cell, the calculated tornado start point density value 

displayed has an associated count of tornado start points within 25 miles.  Since the point density 

output raster is only capable of displaying point density values, and not count values, the tornado 

counts must be calculated manually, using the formula:  𝑁 = 𝑇𝐷 × 𝜋𝑟2, where N is the number 
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of tornadoes within 25 miles of a given cell (within the cell’s neighborhood), TD is the tornado 

start point density, and r is neighborhood’s radius in kilometers (40.2336 km).  

 As Dixon, et al. (2011) explains, the density values, which also represent probability 

values, will always be very small (whether point density analysis or kernel density estimation is 

used).  Therefore, it can be difficult to appreciate that a density value of 0.004129 tornado start 

points per square kilometer is three times as large as a value of 0.001376 tornado start points per 

square kilometer.  However, it is much easier to appreciate the magnitude of the difference once 

it is realized that any point (output raster cell) with a tornado start point density of 0.004129 

tornado start points per square kilometer has an associated count of 21 tornadoes within 25 miles 

of it, while any point with a tornado start point density of 0.001376 tornado start points per 

square kilometer has an associated count of seven tornado start points within 25 miles of it.  This 

is not a complex concept, but it is extremely important when it comes to displaying the data and 

making the maps easier to understand.  Figure 3.8 shows a more complex example of how 

tornado start point density is calculated.  
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Figure 3.8. Point density analysis example for a given output raster cell (point), labeled +, near three 

tornado start points, labeled X, Y and Z.  The dashed circle represents the conceptual neighborhood 

surrounding point, +.  The example output raster cell (point) has a tornado start point density of 0.000590 

tornadoes per square kilometer and has three tornado start points within a 25-mile radius.  Other output 

raster cells (points) in the darkly shaded area will also have three tornado start points within 25 miles of 

them, while those in the medium shaded areas will have two tornado start points within 25 miles of them 

and those in the lightly shaded areas will have one tornado start point within 25 miles of them. 

  

 For each of the five time intervals, it was important that the extent of the point density 

analysis be set to match the maximum extent of the entire 1986-2015 tornado start points layer 

before point density analysis was carried out.  Otherwise, the point density analysis is only 

carried out to the maximum extent of the tornado points layer being analyzed.  In some cases, 

particularly when calculating tornado start point density for time intervals with minimal tornado 

activity, the geographic extent of the tornado points is less than the geographic extent of the 

Kansas and the 25-mile buffer, causing much of the state to be given a value of “no value.”  “No 

values” within the point density analysis do not allow samples to be accurately taken and 

interpolation to be accurately performed.  Figure 3.9 shows a completed point density analysis 

for the 15:00 to 17:59 CST interval along with the tornado start points from the same time.  From 

the point density analysis alone, it is apparent that there are maxima of tornado start point 

frequency in central and southwest Kansas during this interval.  Also noticeable is the influence 

of the circular neighborhoods, which effectively form a circle around each tornado start point.  
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As each interval was analyzed, the maximum and minimum density values were recorded, 

converted to a count of tornadoes within 25 miles of a point, and stored for future reference when 

the symbology was developed. 

 

 

Figure 3.9. 15:00 to 17:59 CST interval tornado start points and associated point density analysis.  Data 

may be interpreted as either tornado start point density or as the frequency of tornado start points within 

25 miles of a given point from 1986 to 2015. 

 

 

 

3.2.2. Creating and using a fishnet label grid for sampling 

 Following point density analysis, the next step in creating a spatiotemporal-based tornado 

climatology for Kansas was to create a fishnet and use its associated label grid for sampling.  The 

“create fishnet” tool in ArcMap creates a series of cells, either as line features or polygon 

features.  Once again, it was important to set the processing extent to match the same area 

covered by all tornado start points from 1986 to 2015.  Whether the fishnet consists of polygons 

or line features, the tool also generates a series of points, known as “label points” in the middle 

of each cell.  When considered all together, the label points create a grid.  Options within the 

“create fishnet” tool allow the GIS user to either choose distances for the height and width of the 
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cells or set the total extent of the fishnet.  In this case, each cell was set to a height and width of 

16,093.4 m (10 miles), resulting in a fishnet made up of 28 rows and 47 columns.  The 10-mile 

grid was chosen because it yields enough grid points to accurately sample the point density 

analyses, but not so many points that when the interpolation is performed, “islands of outliers” 

are created around individual points.  When the grid size is larger, fewer points sample the 

outliers and are therefore smoothed during the interpolation process. 

 Once the fishnet was created, its label points could be used to sample values from the 

underlying point density analysis for each of the five time intervals through the use of the 

“extract values to points” tool (Fig. 3.10).  This tool creates a new shapefile containing the same 

points as the original fishnet labels, but with values from the point density layer attached.  The 

Extract Values to Points tool was used once for each of the five point density analysis outputs 

associated with each time interval, generating five new grids, each of which would serve as the 

base for the kriging interpolation to be carried out.  

 

 

Figure 3.10. 15:00 to 17:59 CST interval point density analysis and fishnet label grid for value sampling.  
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3.2.3. Classification and symbology 

 The process of classifying output data and developing a symbology to be used across all 

time intervals may be performed at various points in the process of creating the spatiotemporal-

based tornado climatology.  Normally, when using interpolation, the output values from the 

interpolation are what is classified.  However, as the interpolation in this study was to be based 

on data samples from a more accurate output of density values generated by the point density 

analysis, it was determined that the classification and symbology of the interpolation output 

would actually be based on the maximum and minimum values generated by the point density 

analysis.   

 Regardless of when the classification and symbology are developed, it is of utmost 

importance that the symbology remain consistent from one time interval to the other, so that 

differences in tornado frequency are highlighted.  This makes the process of classification and 

symbology process far more difficult than it otherwise may seem.  Overall, the maximum 

tornado point density value generated by the five point density analyses was 0.013568 tornado 

start points per square kilometer, which has an associated count of 69 tornado start points within 

25 miles of any point with that density value.  This value was observed in the 15:00 to 17:59 

CST interval.  The minimum observed tornado start point density and tornado start point count 

within 25 miles of a point was zero.  This value was observed in the 00:00 to 11:59 CST, 12:00 

to 02:59 CST, and 21:00 to 23:59 CST intervals.   

 As previously noted, the density values are much easier to understand when displayed as 

tornado start point counts within 25 miles of any point.  Therefore, the data should be displayed 

in this manner.  While the total tornado start point frequency within 25 miles of a point from 

1986 to 2015 is a very useful way to display the data, it is equally useful to consider the annual 
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tornado start points within 25 miles of a point, as Dixon, et al. (2011) did.  By dividing either the 

tornado start point density values or the total count of tornado start points within 25 miles of a 

point by the number of years in the study, 30, the annual tornado start point frequency was 

calculated.   

 The total tornado start point frequency values ranged from zero to 69.  Therefore, an 

eight class defined interval classification was used, with the interval being 10 tornado start 

points.  The first break was placed at zero tornado start points within 25 miles in order to 

differentiate areas of no tornado activity from those with very little, but some, tornado activity 

during the most inactive time intervals.  Other breaks were placed at 10, 20, 30, 40, 50, and 60 

tornado start points within 25 miles of a point.  For the contours representing annual tornado start 

point frequency within 25 miles of a point, a similar classification method was used, but with 

different break values.  For the most part, the classification scheme used was a defined interval, 

with that interval being 0.5 tornado start points per year within 25 miles of a point.  Break values 

were therefore placed at 0.5, 1, 1.5, and 2.  However in order to better display tornado activity 

during the most inactive time intervals, a half interval (represented as a dashed line) was 

included at 0.25 tornadoes per year within 25 miles of  a point.  This contouring method is 

mostly used in elevation contouring to do display subtle changes in relatively flat areas, but the 

same basic concept applies here, except that what is being measured is annual tornado frequency.  

Below is an example of the classification and symbology that was to be applied to maps at each 

time interval once interpolation had been completed (Fig. 3.11). 

 

Figure 3.11. Classification and symbology to be used on all tornado frequency maps for all time 

intervals. 
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3.2.4. Surface smoothing with kriging 
 

 The purpose of using the fishnet label grid to sample values from the point density 

analysis was to be able to use the sampled values and the spatial interpolation method of ordinary 

kriging to create a smoothed surface that closely resembles original point density analysis.  The 

disadvantage of using interpolation to create a smoothed surface is that pinpoint accuracy in the 

data is sacrificed.  However, this disadvantage is made up for by the superior readability of a 

smoothed interpolated surface compared to the original point density analysis. 

 The specific method used for interpolation was ordinary kriging.  Kriging is a 

geostatistical form of interpolation, which can be performed through the use of “geostatistical 

wizard” within the geostatistical analyst toolset in ArcMap.  Kriging is a highly versatile set of 

interpolation methods that can be carried out in several different ways, including ordinary, 

simple, and universal kriging.  The nature of this study offered a unique opportunity to directly 

compare the results of different methods of interpolation (including multiple forms of kriging, 

inverse-distance weighting, kernel smoothing, and kernel density estimation) with the actual 

output of the point density analyses.  By applying the symbology described in the previous sub-

section to both the interpolated surfaces and the point density analyses for each time interval, the 

results could easily be visually compared.  Additionally, maximum and minimum tornado start 

point density values of output rasters from the interpolation could be compared to observed 

maximum and minimum values in the tornado start point density analyses.  It is through this 

comparison process that ordinary kriging was determined to offer the best representation of the 

point density surfaces. 

 Ordinary kriging does not yield values outside of the range of values of the points being 

interpolated.  Therefore, the accuracy of the kriged surface relative to the associated point 

density analyses were entirely dependent on what values were sampled by the fishnet label grid.  
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Thus, since it was rare for the absolute maximum density value to be sampled from the point 

density analysis, ordinary kriging tended to slightly underestimate the total tornado start point 

frequency within 25 miles of a point.  Ordinary kriging also had a tendency, like most 

interpolation methods do, to smooth over small areas of extreme values.  However, these 

differences were minor compared to other methods of interpolation.  Figure 3.12 shows a 

resulting interpolated surface, using ordinary kriging, for the 15:00 to 17:59 CST interval as an 

example.  Ordinary kriging, like all other interpolation methods, is less accurate at the borders of 

the processing extent, which are well outside of the borders of Kansas.  Thus, when only the 

kriged surface within the state of Kansas is displayed, it shows an accurately interpolated 

surface.  Among the many choices the GIS user has when performing ordinary kriging, the most 

impactful on the output is defining the neighborhood, which determines how many nearby point 

features are factored in when the kriging takes place.  For this study, a maximum of eight 

neighbors are accounted for (the number of adjacent grid points to each point in the interior of 

the grid), while a minimum of three neighbors are accounted for (the number of adjacent grid 

points for the four corner grid points). 
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Figure 3.12. Kansas Tornado start point frequency for the 15:00 to 17:59 CST interval, created using 

ordinary kriging. 

 

 

 

3.3. Mapping Results and Discussion 

 In general, most regions of Kansas saw tornado activity during the 1986 to 2015 time 

period follow the same basic pattern.  Tornado activity was lowest during the 00:00 to 11:59 

time interval, it peaked sometime during the 15:00 to 17:59 CST or 18:00 to 20:59 CST interval, 

and it then quickly decreased afterwards.  However, the degree of variation in tornado activity 

from one time interval to another varied markedly across the state.  Some regions, such as east 

central Kansas, remained relatively quiet throughout all time intervals.  Others, such as north 

central, central, and south central Kansas, had minimal tornado activity during the first and last 
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time intervals, but had relatively high tornado activity during the 15:00 to 17:59 CST and/or 

18:00 to 20:59 CST intervals.  

 The following is a spatiotemporal-based tornado climatology for Kansas, which examines 

tornado activity by time interval4.  Tornado activity is measured by the total number of tornado 

start points observed within 25 miles of a point during the 1986 to 2015 time period (total 

tornado start point frequency) and by the annual tornado start point frequency within 25 miles of 

a point (total tornado start point frequency values divided by 30 years). 

 Interestingly, there appears to be some variation in tornado activity based on the physical 

geography of Kansas.  In particular, the Flint Hills region of eastern Kansas and the Red/Gypsum 

Hills region of south central Kansas noticeably have relatively low tornado activity, even during 

the most active time intervals for adjacent regions.  That said, it is difficult to determine whether 

these minima in tornado activity are actually caused by the relatively rough terrain, or if they are 

a product of underreporting.  Underreporting may occur due to reduced visibility caused by the 

relatively rough terrain combined with the fact that many tornadoes in these regions occur in late 

evening or during the night.  Underreporting may also be due to the relatively low population 

density in the hilly regions.  Other low-density regions across the High Plains of western Kansas 

have relatively higher observed tornado activity.  However, the lack of trees and relatively flatter 

terrain may make for more optimal tornado observing, even from great distances.  

 The relationship between the highest tornado activity and terrain and population density 

is much less clear.  Neither of Kansas’s two largest areas of high population density are co-

located with areas of high tornado activity.  Therefore, it appears that other factors, such as dry 

line climatology (as suggested by Jagger et al. 2015), are more likely the reason for northeast-to-

                                                           
4 Larger versions of the maps that make up the spatiotemporal-based tornado climatology are located in the Maps 

Appendix 
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southwest region of high tornado activity observed during the 15:00 to 17:59 CST and 18:00 to 

20:59 CST intervals. 

 

3.3.1. 00:00 to 11:59 CST interval 

 Overall, the 00:00 to 11:59 CST interval had the least tornado activity, despite being four 

times longer than any of the other four time intervals (Table 3.1).  However, despite the overall 

lack of tornado activity, the 00:00 to 11:59 CST interval did not have the lowest observed 

maximum values of tornado start point frequency within 25 miles of a point, thanks to a small 

area of relatively high tornado start point frequency values in Cherokee County in far southeast 

Kansas.  Figure 3.13 shows the Kansas Tornado start point frequency within 25 miles of a point 

for the 00:00 to 11:59 CST interval.  The statewide maximum values of over 15 tornado start 

points within 25 miles of a point can be seen in Cherokee County in southeast Kansas 

(represented by the 0.5 tornado start points within 25 miles, per year, contour).  Other relative 

maxima were observed in Wyandotte and Johnson Counties in northeast Kansas and Sedgwick 

and Butler Counties in south central Kansas.  The hatched areas in east central, central, south 

central, and southwest Kansas represent locations where no tornado start points were observed 

within 25 miles of any points within the hatched areas throughout the 30-year study period (1986 

to 2015).  As such, these locations experienced the statewide minimum in tornado activity during 

the 00:00 to 11:59 CST interval. 
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Figure 3.13. Kansas Tornado start point frequency for the 00:00 to 11:59 CST interval.  The statewide 

maximum tornado start point frequency of greater than 15 tornadoes within 25 miles of a point was 

observed in Cherokee County in southeast Kansas.  The statewide minimum tornado frequency of zero 

tornadoes within 25 miles of a point is represented the hatched areas in east central, central, south central, 

and southwest Kansas. 

 

 

3.3.2. 12:00 to 14:59 CST interval 

 Across the majority of the state, tornado activity increased during the 12:00 to 14:59 CST 

interval, compared to the 00:00 to 11:59 CST interval.  In general, the highest observed tornado 

start point frequencies were observed in northern and western Kansas, while southeastern and 

south central Kansas were the only regions not to have any areas with ten or more tornado start 

points within 25 miles of a point during the study period (Fig 3.14).  The statewide maximum 

total tornado frequency of over 20 tornado start points within 25 miles of a point is located in 

Logan, Scott, and Wichita Counties in northwest/west central Kansas. Other relative maxima are 
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located in Wallace and Sherman Counties and in Norton County in Northwest Kansas; parts of 

southwest Kansas; Russell County and McPherson and Marion Counties in central Kansas; and 

in parts of northeast Kansas.  While less common than in the previous time interval, statewide 

minimum values of zero tornado start points within 25 miles of a point were observed in 

southwest, central, and southeast Kansas. 

 

 

Figure 3.14. Kansas Tornado start point frequency for the 12:00 to 14:59 CST interval.  The statewide 

maximum tornado start point frequency of greater than ten tornado start points within 25 miles of a point 

is located in Logan, Scott, and Wichita Counties in west central Kansas.  The statewide minimum tornado 

frequency of zero tornadoes within 25 miles of a point is represented the hatched areas in southwest, 

central, and southeast Kansas. 

 

 

 

3.3.3. 15:00 to 17:59 CST interval 

 Unsurprisingly, tornado activity increased markedly in the 15:00 to 17:59 CST interval. 

In terms of total tornado activity, the 15:00 to 17:59 CST interval was the most active, as it had 

slightly more tornadoes than the 18:00 to 20:59 CST interval (Table 3.1).  However, in terms of 
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tornado start point frequency within 25 miles of a point, the 15:00 to 17:59 CST interval was by 

far the most active time interval, with a large area of greater than 50 tornado start points 

observed within 25 miles of a point located in central Kansas (Fig. 3.15).  Within this area of 

relatively high tornado activity, a small region of greater than 60 tornado start points within 25 

miles of a point (greater than 2 tornado start points within 25 miles of a point, per year) was 

observed in Barton County.  It is within this area of maximum frequency values that the point 

density analysis reported the overall maximum (across all time intervals) of 69 tornado start 

points within 25 miles of a point observed from 1986 to 2015.  Other relative local maxima in 

tornado start point frequency are apparent in much of central Kansas and Finney County in 

southwest Kansas. 

 The statewide minimum tornado start point frequency was observed across parts of east 

central Kansas, where fewer than eight tornado start points (represented by the 0.25 tornado start 

points per year contour) were observed within 25 miles of points in those areas over the 30-year 

study period.  Relative local minima in tornado start point frequency are apparent in 

central/southwest Kansas (between the two large areas of maximum tornado frequency values); 

in far south central and far southwest Kansas; in Logan County in northwest Kansas; and in 

Washington County in north central Kansas. 

 It is within the 15:00 to 17:59 CST interval that the possible influences of terrain and 

population size on tornado observing and reporting are most noticeable—particularly within the 

regions of minimal tornado activity which are surrounded by regions of high tornado activity.  

These regions of minimal activity include, low population centers, such as Logan, Ness, and 

Hodgeman Counties, and hilly regions, such as the Red/Gypsum Hills in south central Kansas.  

Because these areas are surrounded by areas of relatively higher tornado activity, there may be 
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an underreporting bias present.  While some of the areas of maximum or relatively high tornado 

activity are near relatively large population centers—such as Garden City, Goodland, and Great 

Bend, the lack of high tornado activity around numerous nearby population centers—such as 

Dodge City, Colby, Liberal, Salina, Hutchinson, and Wichita, suggests that areas of maximum 

reported tornado activity are truly more active that adjacent areas. 

 

 

Figure 3.15 (same as Fig. 3.12). Kansas Tornado start point frequency for the 15:00 to 17:59 CST 

interval.  The statewide maximum of greater than 60 tornado start points within 25 miles of a point 

(greater than two tornado start points observed per year) is located in Barton County in central Kansas.  

The statewide minimum of fewer than eight tornado start points within 25 miles of a point was observed 

across parts of east central Kansas.  The Red/Gypsum Hills region of south central and southwest Kansas 

is notably relatively quiet compared to areas immediately to the north.  

 

 

 

3.3.4. 18:00 to 20:59 CST interval 

 The 18:00 to 20:59 CST interval was the second most active time interval in terms of 

both the maximum observed tornado start points within 25 miles of a point and the overall 



45 

 

number of tornadoes observed. Unlike the previous time intervals, there was no single area of 

obvious maximum tornado frequencies (Fig. 3.16).  Instead, there were four areas where between 

45 tornado start points (represented by the 1.5 tornado start points per year contour) and 50 

tornado start points were observed within 25 miles of a point.  The largest region of maximum 

tornado start point frequency was observed in parts of Sumner, Harper, and Kingman Counties in 

south central Kansas.  Other regions of maximum tornado start point frequency were observed in 

Comanche County in south central Kansas; Republic County in north central Kansas; and 

Barton, Russell, and Rush Counties in central Kansas.  One other local maximum was observed 

in Cheyenne, Rawlins, Sherman, and Thomas Counties in northwest Kansas. 

 The statewide minimum of fewer than eight tornado start points within 25 miles of a 

point (inside of the 0.25 tornado start points within 25 miles of a point, per year) was once again 

located in east central Kansas in Linn, Bourbon, and Crawford Counties.  Other local minima 

were observed in northeast, north central, northwest/west central, southwest, southeast, and far 

south central Kansas. 

 Like the 15:00 to 17:59 CST interval activity map, the 18:00 to 20:59 CST interval 

activity map again shows possible influences of population and terrain on reporting.  Once again, 

the rural areas of the Red/Gypsum Hills region of far south central Kansas mostly shows a local 

minimum of tornado activity, with the notable exception of northern Comanche County.  The 

Flint Hills region in eastern Kansas may also be a reason for underreporting of tornado activity, 

especially near the area of minimum tornado activity in Riley and Pottawatomie Counties.  

However, it is difficult to determine the actual influence of the Flint Hills, as areas nearby and to 

the east of the central Flint Hills have even lower reported tornado activity, despite being more 

densely populated. 
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Figure 3.16. Kansas Tornado start point frequency for the 18:00 to 20:59 CST interval.  The statewide 

maxima of between 45 and 50 tornado start points within 25 miles of a point were observed in north 

central and central Kansas and in two different areas in south central Kansas.  The statewide minima of 

fewer than eight tornado start points within 25 miles of a point was observed across parts of east Central 

Kansas. 

 

 

 

3.3.5. 21:00 to 23:59 CST interval 

 The 21:00 to 23:59 CST interval was the second least active time interval, trailing only 

the 00:00 to 11:59 CST in total number of tornado start points (Table 3.1).  However, in terms of 

the maximum observed tornado frequency within 25 miles of a point, the 21:00 to 23:59 CST 

was the quietest (Fig. 3.17).  Like the 18:00 to 20:59 CST interval, there was no single statewide 

maximum value of tornado frequency within 25 miles of a point.  Instead, multiple maxima of 

between 10 and 15 tornado start points within 25 miles of a point (noted by the absence of the 

0.5 tornado start points within 25 miles, per year, contour) were observed across the state.  The 
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largest area of maximum values was located in southwest/south central Kansas, with another 

relatively large area in northwest Kansas.  Other much smaller areas of maximum values were 

observed in central, northeast, and southeast Kansas.  Meanwhile, the majority of the state 

reported fewer than eight tornado start points with 25 miles of a point (represented by regions 

outside of the 0.25 tornado start points within 25 miles of a point, per year, contour).  However, 

the statewide minimum of zero tornado start points within 25 miles of a point was observed in 

far southwest Kansas in Morton and Stevens Counties.  

 

 

Figure 3.17. Kansas Tornado start point frequency for the 21:00 to 23:59 CST interval.  Areas with 

maximum values of between 10 and 15 tornado start points within 25 miles of a point, were observed 

southwest/south central, northwest, central, northeast, and southeast Kansas.  The statewide minimum of 

zero tornado start points within 25 miles of a point was observed in Morton and Stevens Counties in 

southwest Kansas. 
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3.4. Summary 

 In Part I of this study, a spatiotemporal-based tornado climatology was developed for 

Kansas, based on tornado data from 1986 to 2015.  By examining the results of the tornado 

climatology, it was determined that the most active time period for tornadoes in Kansas extends 

from approximately 15:00 to 21:00 CST, while the area of Kansas with the highest tornado 

activity is a region extending from north central through central and south central Kansas.  In 

contrast, the time period from 00:00 to 12:00 CST is by far the least active, while east central 

Kansas is the region with the least tornado activity.  Additionally, some questions regarding the 

reliability of the tornado data base were raised due to several areas of relatively low tornado 

frequency being co-located with regions of very low population density and/or regions of 

relatively rough terrain, such as the Red/Gypsum Hills and the Flint Hills.  In Part II, another 

way in which tornado start time can be used as a means of measuring tornado activity is 

explored.  Here, differences in tornado start time, based on the risk categories used by the SPC in 

their day 1 categorical convective outlooks, are examined.  
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Chapter 4:  Part II – A Local Time-based Analysis of Storm Prediction Center 

Categorical Convective Outlooks for Kansas 

 

 The following chapter covers the local time-based analysis of SPC’s categorical 

convective outlooks for Kansas (Fig. 4.1).  The analysis examined how tornado start time varies 

based on the severe weather risk category indicated by the SPC in their day 1 categorical 

convective outlooks.  This was accomplished in two phases.  During the initial phase, two 

attributes—risk type and risk day— were recorded for each tornado start point, based on each 

convective outlook analyzed.  The risk type was simply determined by the category of the risk 

area in which a tornado start point is located, while the risk day was determined by the highest 

risk level category issued by the SPC for Kansas and a 100-mile buffer surrounding Kansas. 

CHAPTER 4 OVERVIEW 

 

Figure 4.1. Chapter 4 overview showing the process of performing the local time-based analysis of SPC 

day 1 categorical convective outlooks. 

 

 For two reasons, the initial results generated by the convective outlooks analysis needed 

to be refined.  First, the number and name of risk categories used by the SPC in their outlooks is 

not consistent throughout the study period.  Second, in order to perform statistical analysis on the 

analysis results, it was best to simplify and aggregate the individual risk categories into two risk 

super-categories, known as the High-end risk super-category and the Low-end risk super-

category.  This represented the transition to the secondary phase of the local time-based 

convective outlook analysis.  Once the results refining process was completed, advanced 
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statistical analysis was able to be performed through the use of a series of permutation tests.  The 

tests were needed to determine whether the observed differences in time between risk super-

categories for risk day and risk time were statistically significant or just a result of random 

chance.  In order to accomplish a more robust analysis, both the 1200Z and 1630Z day 1 

categorical convective outlooks were analyzed for each day a tornado occurred in Kansas 

(known as a tornado day).  The 1200Z was selected for analysis as it is the outlook traditionally 

used in skill and accuracy evaluations of SPC convective outlooks, as it has been issued 

continuously since 1973.  Meanwhile, the 1630Z outlook was chosen for analysis as it is often 

the final outlook issued prior to the start of a severe weather event.  Also, the 1630Z outlook is 

issued ten and a half hours after the 1200Z outlook, as the 1200Z outlook is issued at 0600Z.  

Thus, there is often some variation from the 1200Z outlook to the 1630Z outlook. 

 Minimal research has been done regarding tornado start time and the SPC categorical 

convective outlooks.  There are several likely reasons for the lack of time-based SPC convective 

outlook studies, but the most obvious is that the purpose of the SPC categorical convective 

outlooks is to indicate a relative risk level of severe weather for the contiguous U.S., not to 

indicate anything about the possible start time of a tornado.  However, this study shows that just 

because it is not the purpose of the outlook categories to indicate a relative start time for 

tornadoes, does not mean that trends in start time based on the outlook categories issued do not 

exist.  

 

4.1. Data Acquisition and Processing 

 The local time-based analysis of SPC day 1 categorical convective outlooks was 

performed by assigning a risk type and risk day category to each tornado start point in Kansas.  
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In order to accomplish this task, the locations of tornado start points in Kansas needed to be 

referenced against the locations of SPC severe weather risk areas for the same day.  Therefore, 

both tornado start point data and SPC day 1 categorical convective outlook data needed to be 

acquired.    

 

4.1.1. Acquiring and processing tornado start point data 

 In Part I, the creation of a base tornado dataset, derived from the SPC’s tornado database, 

was discussed.  The base tornado dataset contains start points and start times for all tornadoes 

occurring in Kansas and within a 25-mile buffer surrounding Kansas, from 1986 to 2014.  All 

tornado data needed for the local time-based analysis of SPC day 1 categorical convective 

outlooks in Part II of this study is contained within the base tornado dataset.  Therefore, the only 

task for acquiring tornado data for this part of the study was to trim the database to include only 

tornadoes in Kansas occurring from 2003 to 2014.  This was accomplished with the use of the 

“select by attributes” feature in ArcMap. 

 In order for the risk type of each tornado start point to be determined, the day 1 

categorical convective outlook for each day on which a tornado occurred in Kansas (known as a 

tornado day) needed to be uploaded into ArcMap as a shapefile.  Unfortunately, shapefiles for 

outlooks are only available from the SPC’s outlook archive from 2009 to present.  Therefore, 

risk type could only be assigned to tornadoes occurring from 2009 to 2014.  Thus, the tornado 

start point dataset for Part II was sub-divided into two data subsets—the first from 2003 to 2008 

(for which only risk day could be assigned), and the second from 2009 to 2015 (for which both 

risk day and risk type could be assigned).  Data from each subset was exported from ArcMap 

into Microsoft Excel spreadsheets so that they could be processed.    
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 In order for risk type and risk day data to be recorded, the two data subsets needed to be 

processed.  First, a large amount of data contained within each data subset was eliminated and 

only data important to this study was retained.  This left only the FID (for tornado identification 

purposes), date, and the time (in hour:minute format (hh:mm)).  Next, for both subsets, two 

columns were added for time in decimal format—one for unadjusted time and the other for 

adjusted time.  Then, after converting the time from hh:mm format to decimal format (the 

unadjusted decimal time), a third column was added for the adjusted date. Finally, in only the 

2003 to 2008 dataset, two more columns were added—one for risk day and another for the 

outlook time valid (in UTC). 

 The next step in processing of both tornado data subsets was to adjust decimal time to 

match the “meteorological day”—which begins and ends at 1200Z (6:00 AM CST), the same 

timeframe during which each SPC day 1 categorical convective outlook is valid.  Adjusting the 

time in this manner also addresses issues that arise when compiling time statistics for events that 

occur on the same meteorological day but on two different calendar dates.  For example, when 

using the unadjusted decimal time, two tornadoes occurring during the same meteorological day 

at 20.00 and 2.00 would have a mean time of 11.00.  However, when the adjusted decimal time 

is used, the tornado occurring at 2.00 has its time converted to 26.00.  Therefore, the mean time 

of tornado occurrence for the scenario described above is 23.00, which is a far more accurate 

description of mean time.  To convert the unadjusted decimal time to adjusted decimal time, 24 

hours were added to the time of any tornado which occurred before 6.00 (6:00 AM CST).  

Finally, the dates of any tornadoes occurring before 6.00 had one day subtracted from them to 

coincide with the meteorological day on which the tornado occurred.  This date is known as the 

adjusted date.  As the tornado data subsets were each contained in Excel spreadsheets, it was 
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important at this point to copy each spreadsheet, so that an analysis for both 1200Z and 1630Z 

outlooks could be performed. 

 The final step of tornado data processing was the creation of a list of tornado days for the 

two tornado data subsets—2003 to 2008 and 2009 to 2014.  This was primarily done in order to 

streamline the process of retrieving outlooks from the SPC website, but it also served as a way to 

check to be sure that no tornado days were excluded when final statistics for risk day were 

calculated.  Overall there were 273 tornado days in Kansas from 2003 to 2015—131 from 2003 

to 2008 and 142 from 2009 to 2015. 

 

4.1.2. Acquiring SPC day 1 categorical convective outlook data 

 Once the list of tornado days from 2003 to 2015 was compiled, day 1 categorical 

convective outlooks were able to be acquired from the SPC’s online convective outlook archive5.  

Archived outlooks are available through the SPC outlook archive from 2003 to present.  The file 

format of outlook files made available by the SPC varies through time.  As mentioned earlier, 

risk type could only be determined if the outlook being analyzed was available in shapefile 

format—which is only available for outlooks from 2009 to present.  The shapefile format allows 

for detailed analysis to take place in ArcMap, where the exact locations of tornado start points 

can be compared to the exact locations of SPC categorical risk areas.  Therefore, for years from 

2003 to 2008, only risk day was able to be evaluated.  For years from 2003 to 2008, GIF images 

of the 1200Z and 1630Z day 1 categorical convective outlooks were acquired from the SPC 

outlook archive.  For tornado days from 2009 to 2015, the process of acquiring outlooks was 

slightly more complicated.   When downloaded from the SPC archive, the shapefiles come as a 

                                                           
5 SPC convective outlook archive:  http://www.spc.noaa.gov/products/outlook/ 
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zipped file which not only includes the day 1 categorical convective outlook, but also the 

probabilistic outlooks for tornadoes, large hail, and damaging wind, as well as the 10 percent 

significant severe weather risk area (if one was issued).  However, only the categorical outlook 

was retained.  Thus, regardless of whether the categorical risk level was determined by the 

tornado threat, large hail threat, or the high wind threat, the categorical convective outlook was 

analyzed in the same manner. 

 

 

4.2. Methods for Recording Risk Day and Risk Type Based on SPC Day 1 Categorical 

Convective Outlooks 

 

 Once all necessary tornado and outlook data had been acquired and properly processed, 

the local time-based analysis of SPC day 1 categorical convective outlooks for Kansas could 

begin.  The following section explains the methods used in the initial phase of performing the 

local time-based SPC day 1 categorical convective outlook analysis for Kansas.  A methods 

overview (Fig. 4.2) shows process for recording risk day for outlooks from 2003 to 2008 and for 

recording risk day and risk type from 2009 to 2013.  

METHODS OVERVIEW—INITIAL PHASE OF SPC OUTLOOKS ANALYSIS 

 

Figure 4.2. Methods overview showing the three major steps in the initial phase of the process of creating 

a local time-based analysis of SPC day 1 categorical convective outlooks for Kansas. 

 

 

 

 

Risk day recorded for 
all tornadoes based 
on day 1 outlooks 
from 2003 to 2008

Risk day and risk type 
recorded for all 

tornadoes based on 
day 1 outlooks from 

2009 to 2015

Initial results 
compiled

(Section 4.3)
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4.2.1. Recording risk day, 2003 to 2008 

 For tornadoes occurring from 2003 to 2008, only risk day could be recorded, as 

shapefiles for SPC outlooks during these years are not available through the SPC convective 

outlook archive.  Generally, the risk day for each tornado start point could be determined simply 

by looking at the GIF image of the 1200Z and 1630Z day 1 categorical convective outlooks and 

noting the highest risk level issued for the state of Kansas in each outlook.  However, if only the 

borders of Kansas were used as a reference, it was possible for tornadoes occurring somewhat 

near Kansas’s borders to be assessed a relatively lower-level risk day, even if a relatively higher 

risk area were located nearby in a bordering state.  As the purpose of evaluating risk day was to 

gain a sense of the overall environment on a given tornado day, it was sometimes necessary to 

look outside of the borders of Kansas to determine the risk day.  On these days, the GIF image of 

the outlook in question was imported into ArcMap and referenced against a 100-mile buffer 

around Kansas to determine what the highest risk level was within the buffer around Kansas. 

 On days when a high risk was issued for any part of Kansas or for areas near Kansas, the 

risk day was recorded as “HIGH” for all tornadoes with an adjusted date matching the outlook 

date.  The same process was repeated for moderate risk and slight risk days.  When no high, 

moderate, or slight risk was issued, the risk day was recorded as “MRGL/SEE TEXT/NO 

RISK.”  This applied to tornado days when “SEE TEXT” appeared in the outlook, to tornado 

days when only general thunderstorms were forecast, and to tornado days when no 

thunderstorms were forecast.  “SEE TEXT” was used in SPC outlooks until 01 April 2014 to 

note that the severe thunderstorm risk was forecast to be low enough not to warrant the 

delineation of a slight risk area, but was high enough to warrant further explanation within the 

text of the outlook.  “SEE TEXT” was replaced with the marginal risk category (Grams et al. 
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2014).  Since the “SEE TEXT” threat area was not actually delineated as a separate category 

within the categorical convective outlook, it was not possible to determine exactly where the 

“SEE TEXT” threat area was located based on the categorical convective outlook alone.  Thus, 

“SEE TEXT” tornado days were treated like other tornado days where the risk was less than 

slight.   

 Table 4.1 is a guide table for recording risk day for each tornado throughout the study 

period.  Figure 4.3 shows an example of how risk day was assigned to 24 tornadoes which 

impacted Kansas during the target period for the 1630Z day 1 categorical convective outlook 

issued for 04 May 2007.  As the highest risk level delineated in the outlook was moderate, all 24 

tornadoes were assigned a risk day of “MDT.” 

Table 4.1. Guide table for recording risk day for all tornadoes during the study period (2003 to 2014) and 

risk type for tornadoes occurring from 2009 to 2015. 

Recording risk day and risk type for tornadoes in Kansas 

Highest risk-level issued for Kansas and 

buffer1 OR risk area where tornado start 

point located (abbreviation) Risk day OR risk type recorded as 

High (HIGH) HIGH 

Moderate (MDT) MDT 

Enhanced2 (ENH) SLGT 

Slight (SLGT) SLGT 

Marginal (MRGL)3 MRGL/SEE TEXT/NO RISK 

“See Text”4 MRGL/SEE TEXT/NO RISK 

No Risk MRGL/SEE TEXT/NO RISK 

1A 100-mile buffer surrounding Kansas 
2New category introduced 01 April 2014 
3New category introduced 01 April 2014; Replaced “SEE TEXT.” 
4Usage discontinued 01 April 2014.  Replaced by Marginal category 
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Figure 4.3.  Top: 1630Z day 1 categorical convective outlook for 04 May 2007, showing a moderate 

(MDT) risk area across much of western Kansas (SPC 2007).  Bottom: An example of how risk day was 

recorded for a tornado with an adjusted date of 04 May 2007, based on 1630Z outlook shown above. 

 

 

 

4.2.2. Recording risk type and risk day, 2009 to 2015 

 For tornado days from 2009 to 2015, both the risk day and risk type were able to be 

accurately recorded for each tornado.  The process for recording risk day and risk type from 

2009 to 2015 differed somewhat from the process for recording risk day from 2003 to 2008.  The 

primary difference was that outlooks were available in shapefile format from the SPC outlook 

archive and were able to be imported into ArcMap and analyzed there.  Prior to recording risk 

type and risk day, the framework for a new tornado data subset was created in a new Excel 

spreadsheet.  This new tornado data subset would be built by copying the records of tornado start 

points from ArcMap and pasting them to Excel throughout the risk day recording process. 

 To record risk type for a given tornado day, the 1200Z and 1630Z day 1 categorical 

convective outlooks for the tornado day in question were uploaded into ArcMap and displayed as 

map layers.  Typically the 1200Z outlook was analyzed first.  Tornado start points from the base 

tornado dataset were selected for the tornado day in question and displayed as a new map layer.  

For each risk category in the 1200Z outlook, the tornado start points located in a given category 

were selected and their records copied and pasted into Excel spreadsheet containing the new 
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2009 to 2015 tornado data subset.  Then, risk type and risk day were recorded for each tornado.  

The previously created 2009 to 2015 tornado data subset was used as a reference table to ensure 

that no tornadoes were missed.  Table 4.1 shows how risk type was recorded for each tornado 

from 2009 to 2015.  The process for recording risk type was relatively straightforward prior to 

the addition of two new categories on 01 April 2014.  The enhanced risk category was created 

from the higher probabilities that formerly fell within the slight risk category’s probabilistic 

range.  The marginal risk category merely replaced the “SEE TEXT” label.  However, unlike the 

“SEE TEXT” label, the marginal risk area is delineated by the SPC in its categorical convective 

outlooks for days 1 through 3 (Grams et al. 2014). 

 Prior to the category changes, tornadoes with start points in high risk areas had the risk 

type recorded as “HIGH.” Those with start point located in moderate risk areas were given a risk 

type of “MDT.”  Tornadoes with start points located in slight risk areas were given a risk type of 

“SLGT.”  Finally, tornadoes with start points not located in any risk area were recorded as 

“MRGL/SEE TEXT/NO RISK.”  In order to maintain consistency, tornadoes occurring after 01 

April 2014 with start points located in enhanced risk areas were recorded as having a risk type of 

“SLGT.”  Those with start points located in marginal risk areas were given a risk type of 

“MRGL/SEE TEXT/NO RISK.”  Otherwise, risk type for tornadoes with start points within 

high, moderate, and slight risk areas was recorded the same way as prior to 01 April 2014. 

 The process for recording risk day for the 2009 to 2015 time period was similar to the 

process for recording risk day for the 2003 to 2008 time period.  Risk day was recorded for all 

tornadoes on a given tornado day after risk type had been recorded.  Again, for consistency, 

slight adjustments to the risk day recording process were made to account for the category 

changes introduced by the SPC on 01 April 2014.  Tornadoes occurring on marginal risk days 
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were treated in the same way as tornadoes which occurred on “SEE TEXT” days or on days with 

no severe risk noted.  Risk day for these tornadoes was recorded as MRGL/SEE TEXT/NO 

RISK.  Tornadoes occurring on enhanced risk days were treated the same as those occurring on 

slight risk days.  For these tornadoes, risk day was recorded as “SLGT” (Table 4.1).  Figure 4.4 

shows an example of how risk type and risk day were recorded for the 42 tornadoes which 

impacted Kansas during the target period of the 1630Z day 1 categorical convective outlook 

issued for 14 April 2012.  The four tornadoes located in the moderate risk areas were given a risk 

type of “MDT,” while the 38 tornadoes located within the high risk area were given a risk type 

of “HIGH.”  As a high risk was the highest risk level issued by the SPC, the risk day for all 42 

tornadoes was recorded as “HIGH.” 

  

 

Figure 4.4. Top: 1630Z day 1 categorical convective outlook for 14 April 2012, showing a high (HIGH) 

risk area across much of central Kansas, surrounded by moderate (MDT) and slight (SLGT) risk areas 

(SPC 2012).  Bottom: An example of how risk type and risk day were recorded for a selected tornado (red 

circle) with an adjusted date of 14 April 2012, based on the 1630Z day 1 outlook shown above. 
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4.3. Initial Results for the Local Time-based Analysis of SPC day 1 Categorical Convective 

Outlooks for Kansas 

 

 During the local time-based analysis of SPC day 1 categorical convective outlooks for 

Kansas, risk day was recorded for all tornadoes from 2003 to 2015, while risk type was recorded 

for tornadoes from 2009 to 2015.  Recording of risk day and risk type was based on an analysis 

of both 1200Z and 1630Z day 1 categorical convective outlooks.  In addition to compiling results 

which indicate the mean adjusted tornado start time for each risk level category, it was important 

to note the number of tornadoes occurring for each risk day and risk type category, as well as the 

number of tornado days for each risk day category.  This was done so that tornado activity, by 

category of risk day and risk type, could be compared between the 1200Z and 1630Z outlooks.  

The 1200Z outlook is issued at 0600Z, while the 1630Z outlook is issued ten and a half hours 

later.  As previously noted, Hitchens and Brooks (2014) found that for SPC day 1 outlooks, 

forecaster skill increases with subsequent outlooks.  This indicates that while forecasters 

typically may not make drastic changes from one day 1 outlook to the next, the changes made are 

significant. 

 

4.3.1. Risk day (2003 to 2015) 

 For both the 1200Z and 1630Z day 1 categorical convective outlooks, there was little to 

no apparent correlation between the time of tornado occurrence and the risk day on which the 

tornadoes occurred.  For 1200Z outlooks, marginal/see text/no risk days had by far the earliest 

mean adjusted start time of 16.57 (16:34 CST), while moderate risk days had the latest mean 

adjusted start time of 17.96 (17:57 CST), over one and one-half hours later than the mean 

adjusted time for marginal/see text/no risk days.  The second latest mean adjusted tornado start 
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time was observed on slight risk days, while high risk days had the third latest mean adjusted 

tornado start time (Table 4.2). 

Table 4.2. Results from recording risk day for tornadoes, based on 1200Z outlooks (2003 to 2015). 

Mean adjusted tornado start time, based on recorded risk day category during analysis of 

1200Z outlooks (2003-2015) 

Risk Day Category 

Number of        

Tornado Days 

Number of 

Tornadoes 

Mean Adjusted 

Start Time (CST) 

High 7 116 17.35 (17:20) 

Moderate 59 503 17.96 (17:57) 

Slight1 185 686 17.88 (17:52) 

Marginal/See Text/No Risk 18 32 16.57 (16:34) 

TOTAL 269 1337 17.83 (17:49) 

1Inlcudes Enhanced Risk days after 01 April 2014 

  

 While the actual mean adjusted start times themselves were slightly different for each 

risk category in the 1630Z outlooks, the pattern of mean adjusted start times based on risk day 

category was identical to that observed in the 1200Z outlooks analysis.  Once again, marginal/see 

text/no risk days had by far the earliest mean adjusted start time of 16.04 (16:02 CST), while 

moderate risk days had the latest mean adjusted tornado start time of 18.07 (18:04 CST).  The 

gap in mean adjusted start time of two hours and two minutes was slightly larger than that 

observed in the 1200Z outlooks analysis.  Again, slight risk days had the second latest mean 

adjusted tornado start time, while high risk days had the third latest mean adjusted tornado start 

time (Table 4.3).  Overall, the mean adjusted start times for tornadoes in each risk day category 

observed in the 1630Z outlooks analysis were fairly close to those observed in the 1200Z 

outlooks analysis.  The exception was for tornadoes occurring on marginal/see text/no risk days, 

where the mean adjusted start time observed in 1630Z outlooks analysis was 32 minutes earlier 

than the mean adjusted start time observed in 1200Z outlooks analysis. 
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Table 4.3. Results from recording risk day for tornadoes, based on 1630Z outlooks (2003 to 2015). 

Mean adjusted tornado start time, based on recorded risk day category during analysis of 

1630Z outlooks (2003-2015) 

Risk Day Category 

Number of        

Tornado Days 

Number of 

Tornadoes 

Mean Adjusted 

Start Time (CST) 

High 17 231 17.34 (17:20) 

Moderate 65 472 18.07 (18:04) 

Slight1 175 616 17.89 (17:53) 

Marginal/See Text/No Risk 12 18 16.04 (16:02) 

TOTAL 269 1337 17.83 (17:49) 

1Inlcudes Enhanced Risk days after 01 April 2014 

  

 In addition to analyzing tornado start time based on risk day category, it was important to 

keep track of how the number of risk days per risk day category and the number of tornadoes per 

risk day category varied between the 1200Z outlooks and the 1630Z outlooks.  Differences in the 

number of risk days and the number of tornadoes observed by risk day category help to further 

justify the need to analyze both the 1200Z and 1630Z outlooks.  Based on the 1200Z day 1 

categorical convective outlooks for each of the 269 tornado days between 2003 and 2015, only 

seven tornado days were high risk days, while 59 were moderate risk days (Table 4.2).  By 

comparison, for 1630Z outlooks, the number of high risk tornado days was slightly higher at 17, 

while the number of moderate risk tornado days was also slightly higher at 65 (Table 4.3).  When 

considered together, the two highest-risk risk day categories saw a net increase of 16 tornado 

days from the 1200Z to the 1630Z day 1 categorical convective outlooks.  For the two lower 

level risk day categories—slight and marginal/see text/no risk—the opposite trend was observed.  

For the 1200Z outlooks, there were 185 slight risk tornado days and 18 marginal/see text/no risk 

tornado days.  Meanwhile, for the 1630Z outlooks, there were 175 slight risk tornado days and 

just 12 marginal/see text/no risk tornado days. 
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 The observed “upward shift” from 1200Z to 1630Z outlooks is not surprising given that 

forecaster confidence tends to increase as higher-end severe weather events near (thus prompting 

the introduction of higher-end risk categories), and given that approximately ten-and-a-half hours 

pass between the issuance of the 1200Z outlook (issued at 0600Z) and the 1630Z outlook.  

During the time between 0600Z and 1630Z, increasing amounts of model data vital to severe 

weather forecasting become available to SPC forecasters, allowing them not only to issue 

forecasts with more confidence (typically) and possibly introduce higher-end risk categories, but 

also allowing forecasters to fine-tune the locations existing risk categories, making for a more 

accurate and skilled forecast at 1630Z than at 0600Z (as shown by Hitchens and Brooks 2014). 

 A similar trend to the number of risk days per category from 1200Z to 1630Z outlooks is 

evident in the actual number of tornadoes occurring on each category of risk day.  Overall, there 

were 1,337 confirmed tornadoes in Kansas from 2003 to 2015.  Based on the analysis of 1200Z 

day 1 categorical convective outlooks, the majority of tornadoes, 686 (3.7 tornadoes per tornado 

day) occurred during slight risk tornado days (Table 4.2).  Interestingly, despite there being just 

under a third as many moderate risk tornado days (59) as slight risk tornado days (185), there 

were still 503 tornadoes (8.5 tornadoes per tornado day) that occurred on moderate risk days.  

Meanwhile, during just seven high risk tornado days, there were 116 tornadoes observed (16.6 

tornadoes per tornado day), while there were only 32 tornadoes (1.8 tornadoes per tornado day) 

observed on 18 marginal/see text/no risk tornado days. 

 The number of tornadoes per risk day category were similar for 1630Z outlooks (Table 

4.3).  Once again, the greatest number of tornadoes occurred during slight risk days, with 616 

tornadoes (3.5 tornadoes per tornado day) occurring during 175 slight risk tornado days.  This 

means a slightly lower number of tornadoes per tornado day were observed on slight risk days 
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based on 1630Z outlooks analysis, compared to 1200Z outlook analysis.  Interestingly, despite an 

increase in the number of moderate risk tornado days in the 1630Z outlooks analysis compared 

to 1200Z outlooks analysis (65 for 1630Z outlooks and 59 for 1630Z outlooks), there were 

actually fewer tornadoes occurring on moderate risk days based on the 1630Z outlooks analysis 

compared to 1200Z outlooks analysis.  Based on 1630Z outlook analysis, there were 472 

tornadoes (7.3 tornadoes per tornado day) observed on moderate risk days, down from 503 (8.5 

tornadoes per tornado day) at 1200Z.  Not surprisingly, the number of tornadoes on high risk 

days increased considerably, based on 1630Z outlooks analysis—from 116 (16.6 tornadoes per 

tornado day) during seven high risk days at 1200Z to 231 (13.6 tornadoes per tornado day) 

during 17 high risk days at 1630Z.  Despite the increase in overall tornadoes on high risk days 

from 1200Z to 1630Z outlooks, the number of tornadoes per high risk tornado day was actually 

lower in 1630Z outlooks than in 1200Z outlooks.  Finally, the number of tornadoes during 

marginal/see text/no risk days was lower at 1630Z than at 1200Z.  Based on 1630Z outlooks 

analysis, just 18 tornadoes (1.5 tornadoes per tornado day) were observed during 12 marginal/see 

text/no risk tornado days. 

 

4.3.2. Risk type (2009 to 2015) 

 Similar to risk day, when risk type was recorded for all tornadoes based on the analysis of 

1200Z and 1630Z day 1 categorical convective outlooks, there was little to no apparent 

correlation between the time of tornado occurrence and the category of the risk area in which a 

given tornado start point was located (the tornado’s risk type).  For 1200Z outlooks, tornadoes 

starting in high risk areas had the latest mean adjusted start time at 20.13 (20:07 CST), over two 

hours later than the next latest mean adjusted start time—17.84 (17:50 CST) for tornadoes 
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starting in slight risk or enhanced risk areas (Table 4.4).  Interestingly, the earliest mean adjusted 

start time was 16.84 (16:50 CST) for tornadoes occurring in moderate risk areas, which is more 

than three hours earlier than tornadoes occurring in the next highest category.  Tornadoes 

occurring in marginal risk, see text area, or in areas without any defined risk (marginal/see 

text/no risk type) had the next earliest mean adjusted tornado start time at 17.31 (17:18 CST). 

Table 4.4. Results from recording risk type for tornadoes, based on 1200Z outlooks (2009 to 2015). 

Mean adjusted tornado start time, based on recorded risk type category during 

analysis of 1200Z outlooks (2009-2015) 

Risk Type Category 

Number of        

Tornadoes 

Mean Adjusted 

Start Time (CST) 

High 12 20.13 (20:07) 

Moderate 62 16.84 (16:50) 

Slight1 396 17.84 (17:50) 

Marginal/See Text/No Risk 102 17.31 (17:18) 

TOTAL 572 17.69 (17:41) 

1Inlcudes Enhanced Risk areas after 01 April 2014 

 

 Once again, for 1630Z outlooks, there was no obvious correlation between tornado start 

time and the risk type (Table 4.5).  However, the order of mean adjusted tornado start time based 

on risk type was significantly different from the 1200Z outlooks analysis.  Based on the 1630Z 

outlooks analysis, tornadoes with a risk type of marginal/see text/no risk had the latest mean 

adjusted start time at 18.52 (18:31 CST).  This is in stark contrast to the 1200Z outlooks analysis, 

in which tornadoes with a marginal/see text/no risk type had a mean adjusted start time over one 

hour earlier, which was the second earliest observed mean adjusted start time for 1200Z 

outlooks.  Tornadoes with a slight risk type (those occurring in slight or enhanced risk areas) had 

the next latest mean adjusted start time of 17.76 (17:45 CST), which was slightly later than the 

mean adjusted start time of 17.64 (17:38 CST) for tornadoes starting in high risk areas.  The 

mean adjusted start time for tornadoes with a high risk type, based on 1630Z outlooks analysis, 
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was again in stark contrast to the 1200Z outlooks analysis, where the mean adjusted start time for 

tornadoes with a high risk type was nearly two and-a-half hours earlier.  Finally, tornadoes 

starting in moderate risk areas once again had the earliest mean adjusted time16.78 (16:46), 

which was very close to the mean adjusted time observed in the analysis of 1200Z outlooks. 

Table 4.5. Results from recording risk type for tornadoes, based on 1630Z outlooks (2009 to 2015). 

Mean adjusted tornado start time, based on recorded risk type category during 

analysis of 1630Z outlooks (2009-2015) 

Risk Type Category 

Number of        

Tornadoes 

Mean Adjusted  

Start Time (CST) 

High 41 17.64 (17:38) 

Moderate 83 16.78 (16:46) 

Slight1 388 17.76 (17:45) 

Marginal/See Text/No Risk 60 18.52 (18:31) 

TOTAL 572 17.69 (17:41) 

1Inlcudes Enhanced Risk areas after 01 April 2014 

  

 Once again, in order to further justify the need to analyze both 1200Z and 1630Z 

outlooks, the number of tornadoes with each risk type based on 1200Z outlooks and compared to 

the number of tornadoes with each risk type based on 1630Z outlooks.  Differences in the 

number of tornadoes with each risk type may help to explain why the differences in mean 

adjusted time varied so greatly between the two outlook times.   

 Overall, from 2009 to 2015, there were 572 tornadoes with start points located in Kansas.  

Based on 1200Z outlooks analysis (Table 4.4), the majority of tornadoes (396, or 69.2 percent of 

the total) had a slight risk type.  Interestingly, the second most common risk type was 

marginal/see text/no risk, with 102 tornadoes (17.8 percent), indicating that when the 1200Z day 

1 outlook is issued at 0600Z, placement of slight (including enhanced), moderate, and high risk 

areas may be slightly “off-target” so far before the forecast severe weather event.  Moderate risk 

type and high risk type were relatively rare with 62 tornadoes (10.8 percent) and 12 tornadoes 
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(2.1 percent), respectively.  In fact, all 12 tornadoes with a high risk type occurred on a single 

tornado day—14 April 2012. 

 Based on 1630Z outlooks analysis, slight risk type was again the most common risk type 

with 388 tornadoes (67.8 percent) (Table 4.5).  Moderate risk type was the second most common 

with 83 tornadoes (14.5 percent), while marginal/see text/no risk and high risk were the two least 

common with 60 tornadoes (10.5 percent) and 41 tornadoes (7.3), respectively.  As with risk day, 

there is a net upward category shift present in 1630Z outlooks analysis compared to 1200Z 

outlooks analysis, where more tornadoes had start points located in higher risk categories in 

1630Z outlooks than they did in 1200Z outlooks. 

 It is difficult to know exactly how 1200Z and 1630Z outlooks analysis would have 

differed had risk type been able to be recorded for all tornadoes from 2003 to 2015, from risk 

type. In the time period from 2009 to 2015 in which risk type was recorded, there was just one 

high risk tornado day based on 1200Z outlooks analysis, and two high risk tornado days based on 

1630Z outlooks analysis.  By contrast, there were six high risk tornado days from 2003 to 2008, 

based on 1200Z outlooks analysis and 15 high risk tornado days, based on 1630Z outlooks 

analysis.  Additionally, the 572 tornadoes occurring from 2009 to 2015 represented only 42.8 

percent of the 1337 total tornadoes occurring from 2003 to 2015, despite that time period 

containing seven of the 13 years within the study period.  On average, years in the 2009 to 2015 

timeframe averaged just 81.7 tornadoes per year, compared to the 127.5 tornadoes per year 

average experienced from 2003 to 2008.   Therefore, it is safe to say that the period from 2009 to 

2015 represented a relatively quiet period of tornado activity in Kansas, especially compared to 

the extremely active period from 2003 to 2008.   
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4.4. Processing Initial Results in Preparation for Statistical Testing 

 Once risk day had been recorded for all tornadoes from 2003 to 2008 and risk type had 

been recorded for tornadoes from 2009 to 2015, statistical analysis could have taken place.  

However, due to some small, sometimes statistically insignificant sample size in the highest and 

lowest categories of risk day and risk type, the initial results needed to be processed before they 

could be statistically tested.    

 

4.4.1. Creating high-end and low-end risk super-categories 

 To address concerns about small sample sizes, and to make for a more straight-forward 

and meaningful comparison of mean tornado start time between risk day and risk type categories, 

some post-outlook analysis processing was necessary.  For both risk day and risk type, the four 

categories—high, moderate, slight, and marginal/see text/no risk, were consolidated into two 

new risk super-categories.  The two highest-risk categories—high and moderate—were merged 

to form a single super-category called the “high-end” super-category.  Meanwhile, the two 

lowest-risk categories—slight and marginal/see text/no risk were merged to form a single super-

category called the “low-end” super-category.  The category mergers were carried out across all 

Excel spreadsheets containing the tornado data subsets, which were used for recording risk day 

and risk type during the analysis of 1200Z and 1630Z day 1 categorical convective outlooks. 

 The results of merging the original four categories of risk type and two super-categories 

can be seen in Table 4.6.  One immediately noticeable effect of merging the categories into 

super-categories is the “smoothing” of the mean adjusted tornado start times.  That is, whereas 

there was significant variation in mean adjusted tornado start time from one risk day category to 

the next when four categories were measured, when only the two risk day super-categories were 
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considered, the mean adjusted tornado start times of each risk super-category were nearly the 

same.  The “smoothing” phenomenon is noticeable in both the 1200Z and 1630Z outlooks 

analysis.  When the original four categories were considered, the extremes at both ends (high risk 

and marginal/see text/no risk) had by far the fewest tornado days and the fewest observed 

tornadoes, as well as mean adjusted tornado start times that were relative outliers.  By contrast, 

the middle two categories—moderate and slight—had very similar observed mean adjusted start 

times to each other.  Thus it is not surprising to see the mean adjusted tornado start times of the 

middle two categories outweigh the extreme categories and be very similar to one another. 

However, it is a little surprising to see how incredibly small the mean difference is between the 

two super-categories in both sets of outlooks examined—just under two minutes based on 1200Z 

outlooks analysis and less than one minute based on 1630Z outlooks analysis.  Interestingly, 

based on 1200Z outlooks analysis, tornadoes occurring on high-end risk days occurred slightly 

later than those on low-end risk days, while the trend was reversed, based on 1630Z outlooks 

analysis.  Once again, the upward category shift from 1200Z outlooks to 1630Z outlooks is 

obvious, as the number of high-end risk tornado days and the number of tornadoes occurring on 

high-end risk days is greater in the 1630Z outlooks analysis than in the 1200Z outlooks analysis. 

Table 4.6. Results from recording risk day for tornadoes (2003 to 2015). 

Mean adjusted tornado start time, based on recorded risk day during analysis of 1200Z 

and 1630Z outlooks (2003-2015) 

Outlook Time 

Valid (UTC) 

Risk Day 

Super-category 

Number of        

Tornado Days 

Number of 

Tornadoes 

Mean Adjusted 

Start Time (CST) 

1200Z 
High-end1 66 619 17.85 (17:51) 

Low-end2 203 718 17.82 (17:49) 

1630Z 
High-end1 82 703 17.83 (17:49) 

Low-end2 187 634 17.84 (17:50) 
1Merger of High and Moderate Risk day categories 
2Merger of Slight and Marginal/See Text/No Risk day categories 
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 When the original four risk type categories were merged to form two risk type super-

categories, the “smoothing” phenomenon is once again observed (Table 4.7).  However, it was 

less pronounced than when the risk day categories were merged into super-categories.  For both 

1200Z and 1630Z outlooks analysis, the low-end risk type super-category had the later mean 

adjusted tornado start time—17.73 (17:44 CST) for 1200Z outlooks, and 17.86 (17:51 CST) for 

1630Z outlooks.  Meanwhile, tornadoes occurring within risk areas falling in the high-end risk 

type super-category had a mean adjusted start time of 17.37 (17:22 CST) based on 1200Z 

outlooks analysis and 17.07 (17:04 CST) based on 1630Z outlooks analysis.  Thus, the primary 

difference between the two sets of outlooks is that the difference in mean adjusted time between 

tornadoes within the two risk super-categories was greater in the 1630Z outlooks analysis than in 

the 1200Z outlooks.  The mean time difference, based on 1200Z outlooks was about 22 minutes, 

while the mean time difference, based on 1630Z outlooks, was about 47 minutes.  Finally, it 

should be noted that the upward category shift is still evident when super-categories are 

considered, as is the disparity in the number of tornadoes occurring in high-end risk areas 

compared to low-end risk areas. 

Table 4.7. Results from recording risk type for tornadoes (2009 to 2015). 

Mean adjusted tornado start time, based on recorded risk type during analysis of 

1200Z and 1630Z outlooks (2009-2015) 

Outlook Time 

Valid (UTC) 

Risk Type    

Super-category 

Number of 

Tornadoes 

Mean Adjusted           

Start Time (CST) 

1200Z 
High-end1 74 17.37 (17:22) 

Low-end2 498 17.73 (17:44) 

1630Z 
High-end1 124 17.07 (17:04) 

Low-end2 448 17.86 (17:51) 
1Merger of High and Moderate Risk type categories 
2Merger of Slight and Marginal/See Text/No Risk type categories 
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4.4.2. Dividing the data into relatively active and relatively quiet years of tornadic activity 

 Earlier it was noted that there were considerably more tornadoes in the time period during 

which only risk day was recorded for tornadoes (2003 to 2008) than in the time period where 

both risk day and risk type were recorded (2009 to 2015).  Due to this difference in tornado 

activity, it was decided not only to perform statistical analysis for all years in the study period 

(2003 to 2015), but also to consider how the tornado start time varied between years of relatively 

high tornado activity (active years) versus years of relatively low tornado activity (quiet years).  

As risk day was the only attribute to be recorded for all tornadoes during the study, period, the 

relative tornado activity could only be considered in terms of risk day. 

 If the 1986 to 2015 30-year average of 78.7 tornadoes per year were to be used to define 

relative tornado activity, then all but three years of the study period (2011, 2013, and 2014) 

would be considered active tornado years.  However, during this 30-year timeframe, the 

percentage of weak, (E)F0 tornadoes steadily increased during the early part of the period, 

possibly as a result of more accurate reporting of tornadoes that produced little or no damage 

(Fig. 4.5).  A closer look shows that this trend in increasing (E)F0 tornadoes was most highly 

pronounced from 1986 to about 2000, before slightly decreasing until 2002.  However, in the 

years in which risk day was assessed—from 2003 to 2015—there appears to be very little or no 

increasing or decreasing trend in the yearly percentage of confirmed Kansas tornadoes rated 

(E)F0.  Thus, it appears that much of the under-reporting bias that exists in the earlier years of 

the SPC tornado database used throughout this study has been removed in the most recent years, 

and that it is acceptable to compare tornado activity in any two or more years from at least 2003 

to 2015 (and beyond).  Therefore, rather than using the 30-year average of 78.7 tornadoes in 

Kansas per year to determine relative tornadic activity within the study period, a combination of 
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the 13-year mean (2003 to 2015) of 103.8 tornadoes per year and the 13-year median of 93 

tornadoes (in 2012) was used instead.  As there were 13 years in the study period, one relative 

tornado activity group would contain six years and the other seven.  Since the median of 93 

tornadoes in 2012 was below the mean of 103.8 tornadoes per year, 2012 was classified as a 

relatively quiet year.  Table 4.8 shows the classification of each year. 

 

Figure 4.5. Percentage of tornadoes rated F0 or EF0, 1986 to 2015 (SPC 2017). 

 

Table 4.8. Classification of years within the study by relative tornado activity. 

Tornado activity in Kansas, 2003 to 2015 

Relatively Active Years Relatively Quiet Years 

Year Number of Tornadoes Year Number of Tornadoes 

2004 122 2003 90 

2005 136 2006 91 

2007 140 2010 89 

2008 186 2011 67 

2009 103 2012 93 

2015 125 2013 55 

  2014 40 
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4.5. Statistics Methods 

 Statistical testing was needed to determine if the observed differences in the mean 

adjusted time of tornado occurrence between high-end and low-end risk super-categories were 

statistically significant or a result of random chance.  Normally, when comparing sample means 

for two independent samples (as is the case for this part of this study), one would either use an 

independent samples t-test or a Mann-Whitney U test.  However, while both of those tests are 

useful in inferential statistics, which make conclusions about an entire population based on 

samples, the 2003 to 2015 Kansas tornado data are not actually part of a sample.  Since the data 

represent all tornadoes reported in Kansas from 2003 to 2015, they are actually the population 

(or at least as close to the actual population as is possible, since there is almost no chance that 

every single tornado which occurred in Kansas during the 2003 to 2015 time period was actually 

reported and confirmed).  The observed mean differences are exactly that—so there really is not 

much need for inferential statistics to determine whether or not sample means differ significantly 

enough to conclude that the population means differ.  It may seem then, that there is no use for 

any statistical analysis, but this is not true.  Just because the observed mean adjusted times 

between high-end and low-end risk super-categories differ, does not mean that the difference 

between them is statistically significant, which would imply a systematic difference between the 

high-end and low-end categories.  The differences in mean adjusted time may simply be due to 

random chance. 

 

4.5.1. The permutation test 

 Like an independent samples t-test, a permutation test, also known as a randomization 

test or a reshuffle test, is used to compare means between two different sub-populations of data.  
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Unlike the independent samples t-test, the permutation test is not an inferential statistics test, but 

is instead a type of resampling test.  Thus, most of the underlying assumption for using an 

independent samples t-test—such as randomness and normality of the distribution—are not 

necessary for using a permutation test.  Also, a permutation test does not require the sub-

population groups being tested to be samples or sub-samples; they only need to be independent 

from one another. 

 The purpose of a permutation test is to determine whether or not the observed mean 

difference (or some other difference in central tendency) between two sub-populations is 

significant (indicative of a systematic difference between the two sub-populations), or a result of 

random chance (indicative of no systematic difference between the two sub-populations).  A 

permutation test may also be used for even more specific purposes, but the purpose of this study, 

whether the observed mean differences are significant or a result of random chance was exactly 

the question that needed to be answered.   

 Whether one prefers the term permutation test, randomization test, or reshuffle test, all 

three names for the test are great descriptors of how it works.  Compared to the processes for 

other statistical tests, the process for the permutation test is relatively simple.  A permutation test 

for risk day for 1200Z outlooks will be used as an example for explaining how a permutation test 

works.  Each tornado from 2003 to 2008 has an adjusted time value associated with it and a risk 

day super-category assigned to it based on the analysis of the 1200Z outlooks.  Of the 1337 

tornadoes from 2003, 619 were classified as high-end risk day, while 718 were classified as low-

end risk day.  On average, the time of tornado occurrence on high-end risk days was 0.032 hours 

later than on low-end risk days.  The permutation test works by simply randomizing, or 

randomly shuffling, the assigned values of risk day among all the reported tornadoes, while 
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maintaining the 619:718 high-end to low-end risk day classification ratio.  Once the reshuffling 

is done, the mean difference is recorded.  Altogether, this is considered one permutation.  For 

improved accuracy, this process was repeated 20,000 times (permutations) for each permutation 

test used in this study.  After the 20,000 permutations are completed, the mean differences from 

the test are compared to the observed mean difference.  The p-value is simply the percentage of 

permutations that yield a mean difference as extreme or more extreme than the observed mean 

difference.  If the p-value is large, it indicates that the observed mean difference is most likely a 

result of random chance.  If the p-value is small, it indicates that the observed mean difference is 

significant and there is a systematic difference between the two sub-populations being compared.  

For this study, significance of the p-values computed in the permutation tests was based on the 

95 percent and 99 percent confidence levels. 

 

4.5.2. Final preparations prior to testing 

 It was decided that a total of eight permutation tests were needed.  The four initial tests 

were for risk day from 2003 to 2015 for both 1200Z and 1630Z outlooks and for risk type from 

2009 to 2015 for both 1200Z and 1630Z outlooks (Table 4.9).  The other four tests were needed 

for risk day in relatively active years for both 1200Z and 1630Z outlooks and for risk day in 

relatively quiet years for both 1200Z and 1630Z outlooks (Table 4.10).  Since only two years—

2009 and 2015—in the recording period for risk type were considered relatively active, versus 

five years of relatively quiet tornadic activity, it was determined that no tests would be 

performed for risk type based on relative tornadic activity.  In order to perform the permutation 

tests, a specialized Excel workbook6 created by Dr. Michael Wood of the University of 

                                                           
6 Dr. Michael Wood’s “resampling” Excel workbook: woodm.myweb.port.ac.uk/SL/resample.xlsx 
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Portsmouth in England was adapted to this study (Wood 2017).  The results of the eight 

permutation tests are contained in the following section (Section 4.5) 

Table 4.9. Summary of the initial permutation tests performed for risk day and risk type. 

Summary of primary permutation tests 

Attribute 

Tested 

Outlook Time 

Valid (UTC) Testing 

Risk Day 1200Z 
Tornado start time on High-end risk days versus 

Low-end risk days 

Risk Day 1630Z 
Tornado start time on High-end risk days versus 

Low-end risk days 

Risk Type 1200Z 
Tornado start time in High-end risk areas versus 

Low-end risk areas 

Risk Type 1630Z 
Tornado start time in High-end risk areas versus 

Low-end risk areas 

 

 

Table 4.10. Summary of the secondary permutation tests performed for risk day in relatively active and 

relatively quiet years. 

Summary of secondary permutation tests 

Relatively 

Active/Quiet Year Attribute 

Outlook Time 

Valid (UTC) Testing 

Active Risk Day 1200Z 
Tornado start time on High-end risk days 

versus Low-end risk days 

Active Risk Day 1630Z 
Tornado start time on High-end risk days 

versus Low-end risk days 

Quiet Risk Day 1200Z 
Tornado start time on High-end risk days 

versus Low-end risk days 

Quiet Risk Day 1630Z 
Tornado start time on High-end risk days 

versus Low-end risk days 

 

 The final step of preparation taken before setting up the permutation tests was to examine 

histograms showing the distributions of mean adjusted tornado start times for the high-end and 

low-end risk super-categories for each case being studied.  While a permutation test can be 

carried out even when distributions are not normal, it was still important to see the distributions 

of tornado start time to be sure nothing wildly unusual was occurring in the data.  Figures 4.6 and 
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4.7 show that for risk day for both 1200Z and 1630Z outlooks and risk type for 1200Z and 

1630Z, each distribution for the two risk super-categories was monomodal, containing only one 

“peak” within the distributions.  Meanwhile, Figures 4.8 and 4.9 show that the distributions for 

the cases based on relative tornadic activity were slightly more complicated, often containing 

multiple “peaks” and “valleys.”  However, no distribution was obviously bimodal, nor did any 

distribution suggest that using the mean as the representative central tendency would be 

inappropriate. 

RISK DAY  

 
1200Z outlooks 

 

 
1630Z outlooks 

 

Figure 4.6. Distributions of adjusted tornado start time in Kansas, based on risk super-category, for risk 

day. 
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RISK TYPE 

 
1200Z outlooks 

 

 
1630Z outlooks 

Figure 4.7. Distributions of adjusted tornado start time in Kansas, based on risk super-category, for risk 

type. 
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RISK DAY 

 
1200Z outlooks in relatively ACTIVE years 

 

 
1630Z outlooks in relatively ACTIVE years 

Figure 4.8. Distributions of adjusted tornado start time in Kansas, based on risk super-category, for risk 

day during relatively active tornado years. 
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RISK DAY 

 
1200Z outlooks in relatively QUIET years 

 

 
1630Z outlooks in relatively QUIET years 

Figure 4.9. Distributions of adjusted tornado start time in Kansas, based on risk super-category, for risk 

day during relatively quiet tornado years. 

 

 

4.6. Results from Statistical Analysis 

 In total, there were eight permutation tests performed—two tests (one for 1200Z outlooks 

and one for 1630Z outlooks) for risk day in all years of the study period (2003 to 2015), two for 

risk type from 2009 to 2015, two for risk day in relatively active tornado activity years, and two 

for risk day in relatively quiet tornado activity years.  Each permutation test consisted of 20,000 
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permutations which helped to determine the likelihood that observed mean differences in the 

adjusted tornado start time were statistically significant or a result of random chance. 

 

4.6.1. Initial permutation tests  

 The initial group of permutation tests consisted of the two tests for risk day from 2003 to 

2015 and the two tests for risk type from 2009 to 2015.  When tested against 95 percent and 99 

percent confidence levels, the results of the initial permutation tests were not significant for risk 

day from 2003 to 2015 for either the 1200Z or 1630Z SPC day 1 categorical convective outlooks 

(Table 4.11).  This is likely because the observed mean difference in adjusted time between high-

end and low-end risk days is extremely small, based on both 1200Z and 1630Z outlooks analysis.  

For example, for the 1200Z outlooks, on average, tornadoes on high-end risk days occurred just 

0.006 hours (approximately 0 minutes, 22 seconds) earlier than tornadoes on low-end risk days.  

Thus, even considering the very large sample size, it was not surprising to see that the difference 

is statistically insignificant.   

Table 4.11. Results for the initial permutation tests for risk day (2003 to 2015). 

Risk day permutation tests (2003-2015) 

Outlook Time 

Valid (UTC) 

OMATST1 

(High-end) 

OMATST1 

(Low-end) 

Observed Mean 

Difference 

Permutation 

Test Mean 

Difference p-value2 

1200Z  
17.850 

(n = 619) 

17.818 

(n = 718) 
0.032 -0.000 0.816 

1630Z 
17.830 

(n = 703) 

17.836 

(n = 634) 
-0.006 -0.000 0.965 

n represents the number of High-end or Low-end risk days for each outlook time. 

1OMATST is the observed mean adjusted tornado start time. 

2p-value is the percentage of the 20,000 permutations which yielded a mean difference as extreme or more 

extreme than the observed mean difference. 

*Value is significant to the 95% confidence level 

**Value is significant to the 99% confidence level 



82 

 

 Similarly, for risk type from 2009 to 2015 for 1200Z outlooks, the results were not 

statistically significant (Table 4.12).  However, for the 1630Z outlooks, the observed mean 

difference in adjusted tornado start time of -0.791 hours (approximately 48 minutes) was 

statistically significant to the 99% confidence level.  The observed mean difference of -0.791 

hours means tornadoes occurring in high-end risk area (high and moderate risk areas) had start 

times that were, on average, 48 minutes earlier than tornadoes occurring in low-end risk areas 

(enhanced, slight, and marginal/see text/no risk areas).  While the result of the permutation test 

itself is not all that surprising, given the relatively large difference in observed mean adjusted 

tornado start time and the very large sample size, the observed mean difference of -0.791 hours, 

itself, was very surprising—especially considering how small the observed mean difference was 

based on the 1200Z outlooks.  While it was expected to see some differences appear between 

1200Z and 1630Z outlooks analyses, given that the 1630Z outlook is issued ten and a half hours 

after the 1200Z outlook (which is issued at 0600Z), to see such a big difference was not 

anticipated.  To fully understand the root cause of the significant difference between the mean 

adjusted tornado start times in high-end risk areas and low-end risk areas would require further 

research beyond the scope of this study. 

 

 

 

 

 

 

 



83 

 

Table 4.12. Results for the initial permutation tests for risk type (2009 to 2015). 

Risk type permutation tests (2009-2015) 

Outlook Time 

Valid (UTC) 

OMATST1 

(High-end) 

OMATST1 

(Low-end) 

Observed Mean 

Difference 

Permutation 

Test Mean 

Difference p-value2 

1200Z  
17.371 

(n = 74) 

17.338 

(n = 498) 
-0.363 -0.006 0.269 

1630Z 
17.068 

(n = 124) 

17.858 

(n=448) 
-0.791 0.004 0.004** 

n represents the number of tornadoes occurring in either High-end or Low-end risk areas for each outlook time. 

1OMATST is the observed mean adjusted tornado start time. 

2p-value is the percentage of the 20,000 permutations which yielded a mean difference as extreme or more 

extreme than the observed mean difference. 

*Value is significant to the 95% confidence level 

**Value is significant to the 99% confidence level 

 

 

 

4.6.2. Further permutation tests for risk day in relatively active and quiet tornado years 

 

 During the analysis of the SPC convective outlooks, it became evident from early on that 

the two periods analyzed—2003 to 2008 and 2009 to 2015—were much different in terms of 

tornado activity, with the former being a much more active period than the latter.  Therefore, 

when considering the relatively active years (2004, 2005, 2007, 2008, 2009, and 2015) and the 

relatively quiet years (2003, 2006, 2010, 2011, 2012, 2013, and 2014), it was realized that the 

tiny mean differences in tornado start time on high-end risk days versus low-end risk days 

observed when considering all years together was not consistent throughout the period of study. 

Instead, for both 1200Z and 1630Z outlooks analysis, the very small observed mean differences 

in adjusted tornado start time were the result of large positive mean differences during relatively 

active years (where mean tornado start time was later on high-end risk days than on low-end risk 

days) being effectively canceled out by large negative mean differences during relatively quiet 

years (where mean tornado start time was earlier on high-end risk days than on low-end risk 
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days) (Tables 4.13 and 4.14).  In all four permutation tests performed the p-value was significant 

beyond the 99 percent confidence level.  Relative to the miniscule mean differences observed 

when considering risk day for all years from 2003 to 2015 together, the mean differences 

observed in both relatively active and relatively quiet years are remarkably large for both the 

1200Z and 1630Z outlooks—just over one-half hour mean time difference for relatively active 

years and nearly an entire hour for relatively quiet years.   

Table 4.13. Results for the secondary permutation tests for risk day during years with relatively high 

tornado activity (active years). 

Permutation tests for risk day in relatively active years 

Outlook Time 

Valid (UTC) 

OMATST1 

(High-end) 

OMATST1 

(Low-end) 

Observed Mean 

Difference 

Permutation 

Test Mean 

Difference p-value2 

1200Z  
18.363 

(n = 383) 

17.752 

(n = 429) 
0.611 -0.339 <0.001** 

1630Z 
18.261 

(n = 455) 

17.760 

(n = 357) 
0.501 0.001 0.002** 

n represents the number of High-end or Low-end risk days for each outlook time. 

1OMATST is the observed mean adjusted tornado start time. 

2p-value is the percentage of the 20,000 permutations which yielded a mean difference as extreme or more 

extreme than the observed mean difference. 

*Value is significant to the 95% confidence level 

**Value is significant to the 99% confidence level 
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Table 4.14. Results for the secondary permutation tests for risk day in years with relatively low tornado 

activity (quiet years). 

Permutation tests for risk day in relatively quiet years 

Outlook Time 

Valid (UTC) 

OMATST1 

(High-end) 

OMATST1 

(Low-end) 

Observed Mean 

Difference 

Permutation 

Test Mean 

Difference p-value2 

1200Z  
17.017 

(n = 236) 

17.916 

(n = 289) 
-0.899 -0.005 <0.001** 

1630Z 
17.040 

(n = 248) 

17.935 

(n = 277) 
-0.895 -0.000 <0.001** 

n represents the number of High-end or Low-end risk days for each outlook time. 

1OMATST is the observed mean adjusted tornado start time. 

2p-value is the percentage of the 20,000 permutations which yielded a mean difference as extreme or more 

extreme than the observed mean difference. 

*Value is significant to the 95% confidence level 

**Value is significant to the 99% confidence level 

 

 While the relative tornado activity wasn’t considered when evaluating risk type (since 

only two years – 2009 and 2015—were relatively active during the period in with risk type could 

be recorded), the risk day for 1630Z outlooks during relatively quiet years can be used as 

somewhat of a proxy for understanding why the risk type mean time difference for 1630Z 

outlooks was the only statistically significant value produced by the four initial permutation tests.    

Firstly, four of the six years for which risk type were evaluated are covered when evaluating risk 

day for relatively quiet years.  Of the 525 tornadoes that were part of the sample when evaluating 

risk day for relatively quiet years, 334 tornadoes (63.62 percent) were also part of the sample 

when evaluating risk type.  Secondly, the 1630Z outlooks are issued several hours later than the 

1200Z outlooks and thus tend to be issued much more closely in time to the severe weather event 

which they precede.  Between the time the 1200Z and 1630Z outlooks are issued, the threat for 

severe weather may increase or decrease, or the forecaster confidence may change, prompting 

higher risk categories to be introduced to the 1630Z outlook or prompting higher risk categories 
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to be removed as the 1630Z outlook is issued.  Therefore on high-end risk days, more often than 

not, relatively more tornadoes should theoretically occur in the high-end risk areas (high and 

moderate) than in the low-end risk categories (enhanced, slight, marginal/see text/no risk) of 

1630Z outlooks compared to 1200Z outlooks.  As it turns out, of the 334 tornadoes that were part 

of the evaluation for both the risk type and for the risk day during relatively quiet years, 87 

tornadoes (26.05 percent) occurred within high-end risk areas in the 1630Z outlooks, compared 

to just 64 tornadoes (19.16 percent) in the 1200Z outlooks.  This potential change in multiple 

variables may partially explain how no significant mean adjusted time difference in tornado 

occurrence between high-end and low-end could exist in 1200Z outlooks, but a statistically 

significant mean adjusted time difference may still be observed in 1630Z outlooks. 

 

4.7. Summary 

 In Part II of this study, a local time-based analysis of 1200Z and 1630Z SPC day 1 

categorical convective outlooks was performed.  The purpose of the analysis was to determine 

whether tornado start time varied based on risk day and risk type.  In order to better assess 

possible variation in start time, the four risk day and risk type categories were merged into two 

risk super-categories.  When all years assessed are considered (2003 to 2015 for risk day and 

2009 to 2015 for risk type), there is generally minimal variation in tornado start time based on 

either risk day or risk type super-category.  However, when years are categorized by their 

relative tornado activity, statistically significant variations in tornado start time, based on risk 

day super-category, exist.  During years of relatively high tornado activity, tornadoes occurring 

on high-end risk days had, on average, significantly later start times than tornadoes occurring on 

low-end risk days.  In contrast, during years of relatively low tornado activity, tornadoes 
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occurring on high-end risk days had, on average, significantly earlier start times than tornadoes 

occurring on low-end risk days.  
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Chapter 5:  Conclusions, Study Limitations, and Recommendations for Further Research 

 The following chapter will use the results calculated from the spatiotemporal-based 

tornado climatology and the local time-based SPC day 1 categorical convective outlook analysis 

to answer the research questions outlined in the introduction.  Additionally, a review of how the 

research objectives associated with each research question were addressed is included.  Finally, 

study limitations are addressed and recommendations for further research are given. 

 

5.1. Conclusions 

5.1.1. Spatiotemporal-based tornado climatology 

 The first research question for this study was: How does tornado activity vary spatially 

and geographically across Kansas during different times of the day?  Additionally, the 

associated research objectives for this question were: 1) to create a spatiotemporal-based tornado 

climatology for Kansas and 2) to use the spatiotemporal-based tornado climatology to examine 

variation in tornado activity across Kansas during different times of the day.   

 The first and second research objectives were accomplished through the creation and 

analysis of the spatiotemporal-based tornado climatology for Kansas.  The resulting tornado 

climatology, which divided the 24-hour day into five time intervals, revealed that overall tornado 

activity in Kansas peaked during the 15:00 to 17:59 CST interval.  This wasn’t a surprising 

discovery—however, it was surprising how much tornado activity increased between the 12:00 

to 14:59 CST and 15:00 to 17:59 CST intervals.  Also surprising was how large the observed 

values of tornado start points within 25 miles of a point were during 15:00 to 17:59 CST interval.  

In this three-hour time interval, alone, some locations in central Kansas observed more than 60 

tornado start points within 25 miles of a point during the 30-year study period—or more than two 
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tornado start points observed per year).  It is important to keep in mind that the tornado 

climatology developed in this study only accounts for tornado start points, and does not account 

for entire tornado paths.  Therefore, the count of tornado start points within 25 miles of a given 

point represents the absolute minimum number of actual tornadoes affecting locations within 25 

miles of a given point.  The second most active time interval was the 18:00 to 20:59 CST 

interval, and once again, one the areas with the greatest tornado activity was central Kansas.  

Through analysis of tornado activity across all time intervals in Kansas, it is evident that the 

central third of the state (north central, central, and south central Kansas) is the most tornado 

prone part of Kansas, both in terms of overall tornado activity and in terms of tornado activity 

during the most active time intervals. 

 The reasons for the pattern of tornado activity seen in the tornado climatology may be 

explained by findings from Jagger et al. (2015), which noted the same corridor of maximum 

tornado activity in central Kansas and attributed the heightened activity to dryline climatology, 

and Hoch and Markowski (2005) which noted that while the dryline frequently is observed in 

central Kansas in the spring, it is most frequently observed around -101 degrees longitude, which 

is located in western Kansas.  It seems quite possible that the reason for the high tornado 

frequency across central Kansas is that during many tornado events, and especially during 

tornado outbreaks, the dryline frequently sets up within or just to the west of the central third of 

Kansas (Hoch and Markowski 2005).  From near the dryline, supercells form and frequently 

produce tornadoes.  Regions further to the west, where the dryline is more frequently observed, 

are often starved of moisture from the Gulf of Mexico.  Further to the east, storms often arrive in 

the eastern third of Kansas somewhere in the transition from supercells to a QLCS, especially 

when the dryline is overtaken by an eastward surging cold front.  By the time storms reach far 
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eastern Kansas, the transition to a QLCS is often complete, which may help to explain the 

relative lack of tornado activity in that part of the state.  In essence, it is possible that the central 

third of Kansas represents somewhat of a “hot spot” for tornado activity—it is far enough west 

that the dryline can sharpen and survive several hours before being overrun by an eastward 

surging cold front, yet the region is far enough to the east to offer increased access to moisture 

from the Gulf of Mexico, thereby heightening the threat for supercells and attendant tornadoes. 

 Based on the reasons described above, it was not completely surprising to see relatively 

lower tornado activity across far eastern Kansas.  However, the magnitude of the overall lack of 

tornado activity in any time interval in east central Kansas was surprising.  Some locations, 

specifically Linn County, observed ten or fewer tornado start points within 25 miles of a point 

during the entire 30-year study period in all five time intervals— including the 15:00 to 17:59 

CST and 18:00 to 20:59 CST intervals, which were the most active time intervals across most 

other regions of the state.  While east central Kansas wasn’t the only region with relatively quiet 

tornado activity during peak tornado activity time intervals, there was no other region in Kansas 

that so consistently experienced such minimal tornado activity. 

 Finally, it is worth noting the possible influences of population density and physical 

topography addressed earlier in the study.  Based on the results of the spatiotemporal-based 

tornado climatology, it seems that population density itself does not seem to have a major impact 

on tornado reporting.  However, when low population density is combined with hill topography, 

an underreporting bias may be introduced.  This is especially evident in the Red/Gypsum Hills of 

south central Kansas during the 15:00 to 17:59 CST and 18:00 to 20:59 CST intervals, where 

areas immediately to the north of the Red/Gypsum Hills are very active, while the much of the 

Red/Gypsum Hills region is quiet.  It is more difficult to determine whether or not the same 
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underreporting phenomenon may occur in the Flint Hills region, as the Flint Hills seem to be 

near the eastern extent of the areas of greatest activity during the two highly active time 

intervals, yet the Flint Hills region still has higher reported activity than areas of east central 

Kansas, which are both relatively less hilly and have a higher population density than the Flint 

Hills region.   

 

5.1.2. Analysis of tornado start time based on SPC day 1 categorical convective outlooks  

 The second research question for this study was:  Can the SPC day 1 categorical 

convective outlook be used as a potential indicator to the relative time a tornado event may 

occur?  Furthermore, the associated research objectives for this question were:  1) to determine 

whether or not the starting time (in CST) of tornadoes in Kansas varies based on risk-level 

categories used in the SPC’s day 1 categorical convective outlooks and 2) to describe how 

tornado start time varies based on the risk-level used by the SPC (if tornado start time actually 

does vary based on the risk-level used by the SPC). 

 It is certainly interesting that when all years are considered for risk day, there is 

essentially no difference in tornado start time based on risk super-category for either the 1200Z 

or 1630Z SPC outlooks, but simply grouping years based on the level of tornado activity yields 

statistically significant results.  It is even more interesting that the two groups of years—

relatively active and relatively quiet have nearly the opposite mean adjusted time differences.  

However, while one can look at these results and say, with statistical confidence, that on high-

end risk days during active tornado years, tornadoes tend to occur later in the day than on low-

end risk days, the usefulness of such a statement is debatable.  The primary limitation of such a 

statement, and of the methods used to ascertain the statistics that support it, is that relative 



92 

 

tornado activity for each year can only be assessed after the year is complete and all tornado data 

from across the state has been gathered. 

 Therefore, the answer to the primary research question for Part II is a mixture of no and 

yes.  When considering all years together (2003 to 2015 for risk day and 2009 to 2015 for risk 

type), neither the 1200Z nor the 1630Z outlook evaluations show any meaningful difference in 

the tornado start times when risk day is evaluated, nor do the 1200Z outlooks show statistically 

significant differences when risk type is considered.  The 1630Z outlook evaluation, however, 

does show a statistically significant difference in mean tornado start time when risk type is 

evaluated.  Specifically, tornadoes tended to occur slightly earlier in high-end risk areas 

compared to low end risk areas.  However, as previously mentioned, when the years are grouped 

by their tornado activity into relatively active and relatively quiet years, an analysis of risk day 

shows significant differences in time of tornado occurrence are present.  In relatively active 

years, tornado start time tended to be earlier on low-end risk days compared to high-end risk 

days.  Meanwhile, the trend was reversed in relatively quiet years, where tornado start time 

tended to be earlier on high-end risk days compared to low-end risk days. 

 As far as research objectives go, the first objective has clearly been met by the study, as a 

detailed analysis on tornado start times in Kansas, based on SPC convective outlook risk-level 

category has been carried out in this study.  The second research objective has also been 

completed.  When evaluating risk day, the division of the data into relatively active and 

relatively quiet years shows that there is much more going on with the data than first appears 

when all years are considered together (and virtually no mean differences exist).  While this 

finding is helpful from a scientific standpoint, it must be concluded that the SPC convective 

outlooks are not very useful—practically speaking—as an indicator of relative start time of a 
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tornado event on a given day.  Therefore, SPC outlooks should not be used by any entity, such as 

emergency management, school administration, or anyone else with responsibility over the 

safety and well-being of large groups of people, as an indicator of the relative start time of a 

tornado. 

 Finally, it is worth noting the discovery of the possible relative stabilization of tornado 

reporting accuracy in Kansas discussed in the “Results from SPC outlook analysis and post-

outlook analysis data processing” sub-section in Chapter 4.  Understanding that the 

underreporting bias that often makes accurately comparing two or more years of tornado activity 

very difficult, especially in earlier years, is likely largely removed by approximately 2003 

(perhaps slightly before) is extremely useful—not only for this study, but for any future study in 

which comparing tornado activity in Kansas or other states is necessary.  Therefore, this finding 

is also highly significant. 

 

5.2. Study Limitations 

 There are three limitations to the study—one associated with Part I and two associated 

with Part II.  The first limitation exists in the SPC tornado database—specifically how reliable it 

is in its early years.  The decision was made to include only the final 30 years of Kansas tornado 

data within the SPC tornado database.  This was done both to match the 30-year climatological 

studies performed by NOAA as well as to eliminate the oldest, and by extension, least reliable 

years within the SPC tornado database.  However, in Part II it was revealed that the trend in 

(E)F0 tornadoes as a percentage of all reported tornadoes increased from about 1986 to 2003, 

before leveling off.  This analysis assumed that (E)F0 tornadoes as a percentage of total reported 

tornadoes can be used as a proxy indicator of probability of detection of a tornado in a given 
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year.  In other words, it is known that many tornadoes produced little or no damage, yet most 

years early in the tornado database have a relatively very small percentage of tornadoes rated F-0 

(to go along with small numbers of reported tornadoes), indicative of underreporting of 

tornadoes.  As tornadoes began be to more reliably reported with advancements in technology, 

the percentage of tornadoes rated (E)F0 increased dramatically.  The exact percentages varied 

from year-to-year, but there was a clear positive trend.  This trend continued until sometime 

around 2003.  After 2003, virtually no trend exists.  Therefore, it can be confidently stated that 

the final 13 to 15 years of the database are reliable.  This was important for Part II, as all years 

covered in SPC outlook analysis fall within the period of reliable tornado records.  However, the 

first 18 to 15 years are likely less reliable, especially the years closest to 1986.  Given that the 

spatiotemporal-based tornado climatology covers years from 1986 to 2015, the unreliability of 

tornado records the early years in the study period must be considered a study limitation. 

 The second and third study limitations are both associated only with the local time-based 

SPC outlook analysis in Part II.  First, the SPC outlooks are only publicly available dating back 

to 2003.  While the time period from 2003 to 2015 included both active and quiet years of 

tornado activity in Kansas and provided a large dataset (1,337 tornadoes), it did slightly limit the 

overall depth of analysis that was able to be performed.  A more significant limitation was that 

outlooks were only available as shapefiles dating back to 2009.  This meant that only for the last 

seven years could analysis on risk type be carried out, since that analysis required the cross-

referencing tornado start point location with the exact location of the boundaries of each risk area 

for each categorical convective outlook. 
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Several study limitations exist in this study—most of which have been alluded to throughout the 

study.  Most limitations are the result of a tradeoff for convenience and/or are the result of 

actions taken to ensure better communication of results.  The first set of limitations are related to 

the creation of the spatiotemporal-based tornado climatology for Kansas.  One limitation was the 

use of tornado start points as the base of the tornado climatology, rather than tornado paths.  

Tornado start points were chosen because the time given to each tornado feature is associated 

with when the tornado started.  Although most tornadoes would begin and end within the same 

time interval, there would be several that would begin in one time interval and end in the next.  

However, the main reason for choosing tornado start points over tornado paths had to do with 

how the density of point features is calculated in ArcMap versus how the density of line features 

is calculated.  In short, the point density analysis offered a far more accurate depiction of tornado 

activity than the use of line density analysis would have.  Therefore, even though the counts of 

tornado start points within 25 miles of a point that are derived from the point density analysis are 

representative of an absolute minimum of actual tornado frequency within 25 miles of a point, 

the counts of tornado start points themselves are at least accurate. 

 

5.3. Recommendations for Further Research 

 Throughout the process of compiling results for each part of this study and drawing 

conclusions based on those results, questions began to arise that could only really be answered 

through further research outside the scope of this study.  For example, while causes in the spatial 

patterns of tornado frequency during different times of the day discussed in Part I can be 

speculated, further research is needed to fully understand why the observed spatial patterns exist.  

In an attempt to create a statistical model for regional tornado climate studies, Jagger, et al. 
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(2015) discovered that factors such as terrain roughness and population density explained some 

of the variation of observed tornado frequency in Kansas—with areas of smoother terrain and 

higher population, respectively, having a tendency to have more observed tornadoes.  Similarly, 

this study showed an obvious of area of relatively quiet tornado activity over the Red/Gypsum 

Hills and Flint Hills region of eastern Kansas during the two most active time intervals.  Is most 

of the reduction in tornado frequency in areas of rougher terrain due to small-scale tornado 

processes as suggested in Jagger et al. (2015), or might some observed lower frequencies be the 

result of an under-observation bias due to more limited sightlines of observers in areas of 

rougher terrain?  Regardless of the reason for lower frequencies, further research is needed to see 

whether or not the influence of terrain and population is the same across all parts of the day.  Is 

the influence of terrain roughness the same during daylight hours and night time hours?  If so, 

then the cause of lower tornado frequencies in areas of rough terrain would seem to be related to 

small-scale tornado processes.  If not, then the lower observed frequencies may be partially a 

result of underreporting—especially considering that compared to the hills and mountains of the 

Ozark Plateau (another area of quiet tornado activity surrounded by areas of more tornado 

activity), the Red/Gypsum Hills and Flint Hills are relatively less prominent.  Also, the Smoky 

Hills in north central Kansas, which are geologically similar to the Flint Hills, have substantially 

higher observed tornado frequencies in both Jagger et al. (2015) and in the most active time 

intervals (15:00 to 17:59 and 18:00 to 20:59 CST) in this study.  Finally, more research is needed 

to study the strength of the correlation between high tornado activity in central Kansas and the 

position of the dryline.   

 Further research is also needed to answer some questions that arose while completing the 

second part of this study.  Here, it was observed that when all years from 2003 to 2015 were 
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considered, tornado start time on high-end risk days did not significantly differ from tornado 

start time on low-end risk days.  However, when the years were classified by their tornado 

activity as relatively active and relatively quiet, it was observed that tornado start time on low-

end risk days tended to be substantially earlier (over one-half hour earlier) compared to high-end 

risk days, during years of relatively high tornado activity.  Meanwhile, during years of relatively 

minimal tornado activity, tornado start time on high-end risk days tended to be earlier than on 

low-end risk days (by nearly nine-tenths of an hour).  There are likely several reasons that may 

explain this difference, but they can only discovered through further research. 

 Finally, it is recommended that either part of this study, or both parts, be repeated for 

other states around the United States.  Doing so would allow for regional and national patterns of 

tornado frequency based on time of occurrence to be discovered. 
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Population Density of Kansas by Census Tract, 2010 
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Kansas Tornado Activity—00:00 to 11:59 CST, 1986 to 2015 
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Kansas Tornado Activity—12:00 to 14:59 CST, 1986 to 2015 

 

 



102 

 

 
Kansas Tornado Activity—15:00 to 17:59 CST, 1986 to 2015 
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Kansas Tornado Activity—18:00 to 20:59 CST, 1986 to 2015 
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Kansas Tornado Activity—21:00 to 23:59 CST, 1986 to 2015 

 

 



105 

 

References 

 

Aber. J. S. and S. W. Aber, 2007: Kansas physiographic regions: A reappraisal, Abstract/poster, 

139th Annual Meeting of the Kansas Academy of Science, Salina, KS, Kansas Academy of 

Science. [Available online at https://www.jstor.org/stable/20476332?seq=1#page 

 _scan_tab_contents.] 

 

Brooks, H. E., C. A. Doswell, III, M. P. Kay, 2003: Climatological estimates of local daily 

tornado probability for the United States. Wea. Forecasting, 18, 626-640, doi: 

10.1175/1520-0434(2003)018<0626:CEOLDT>2.0.CO;2. 

 

Coleman, T. A. and P. G. Dixon, 2014: An objective analysis of tornado risk in the United 

States. Wea. Forecasting, 29, 366-376, doi: 10.1175/waf-d-13-00057.1. 

 

Concannon, P. R., H. E. Brooks, C. A. Doswell, III, 2000: Climatological risk of strong and 

violent tornadoes in the United States. Preprints, Second Symp. on Envir. App. Long 

Beach, CA, Amer. Meteor. Soc., 9.4. [Available online at 

 http://www.researchgate.net/profile/Charles_Doswell_III/publication/241201873 

_CLIMATOLOGICAL_RISK_OF_STRONG_AND_VIOLENT_TORNADOES_IN_TH

E_UNITED_STATES/links/02e7e52851f6c28fb9000000.pdf.] 

 

Corfidi, S. F., 1999: The birth and early years of the Storm Prediction Center. Wea. Forecasting, 

14, 507–525, doi:https://doi.org/10.1175/1520-0434(1999)014<0507: 

 TBAEYO>2.0.CO;2. 

 

Davis, J. M., A. R. Dean J. L. Guyer, 2010: A detailed analysis of SPC high risk outlooks, 2003-

2009. Preprints, 25th Conf. on Severe Local Storms, Denver, CO, Amer. Meteor. Soc., 

8B.6. [Available online at https://ams.confex.com/ams/25SLS/techprogram/paper_ 

 176214.htm.] 

 

Dixon, P. G., A. E. Mercer, J. Choi, J. S. Allen, 2011: Tornado risk analysis: Is Dixie Alley an 

extension of Tornado Alley?" Bull. Amer. Meteor. Soc., 92, 433-441, doi: 

10.1175/2010bams3102.1. 

 

Doswell III, C. A. and D. W. Burgess, 1988: On some issues of United States tornado 

climatology. Mon. Wea. Rev., 116, 495-501, doi: 10.1175/1520-

0493(1988)116<0495:OSIOUS>2.0.CO;2.  

 

ESRI, 2016: How point density works, Accessed 30 October 2017. [Available online at 

http://desktop.arcgis.com/en/arcmap/10.3/tools/spatial-analyst-toolbox/how-point-

density-works.htm.] 

 

Grams, J. S., B. Bunting, and S. Weiss, 2014: SPC convective outlooks. Storm Prediction Center, 

Accessed 22 October 2017. [Available online at http://www.spc.noaa.gov/misc/ 

 SPC_probotlk_info.html.] 

 



106 

 

———, R. L. Thompson, D. V. Snively, J. A. Prentice, G. M. Hodges, and L. J. Reames, 2012: 

A climatology and comparison of parameters for significant tornado events in the United 

States. Wea. Forecasting, 27, 106-123, doi: 10.1175/waf-d-11-00008.1. 

 

Grazulis, T. P., 1993: Significant Tornadoes 1680–1991. Environmental Films, 1326 pp. 

 

Hitchens, N. M., and H. E. Brooks, 2012: Evaluation of the Storm Prediction Center’s day 1 

convective outlooks. Wea. Forecasting, 27, 1580-1585, doi: 10.1175/waf-d-12-00061.1. 

 

——— and ———, 2014: Evaluation of the Storm Prediction Center’s convective outlooks 

from day 3 through day 1. Wea. Forecasting, 29, 1134-1142, doi: 10.1175/waf-d-13-

00132.1. 

 

———, ———, and M. P. Kay, 2013: Objective limits on forecasting skill of rare events. Wea. 

Forecasting, 28, 525-534, doi: 10.1175/waf-d-12-00113.1. 

 

Hoch, J., and P. Markowski, 2005: A climatology of springtime dryline position in the U.S. 

Great Plains region. J. Climate, 18, 2132–2137, doi: https://doi.org/10.1175/JCLI3392.1. 

 

Jagger, T. H., J. B. Elsner, and H. M. Widen, 2015: A statistical model for regional tornado 

climate studies. PloS one, 10, e0131876, doi: 10.1371/journal.pone.0131876. 

 

Kansas Data Access & Support Center, 2017: Data catalog: Census tracts.  Accessed 23 January 

2018. [Available online at https://www.kansasgis.org/catalog/index.cfm.] 

 

Kay, M. P. and H.E. Brooks, 2000: Verification of probabilistic severe storm forecasts at the 

SPC. Preprints, 20th Conf. Severe Local Storms, Orlando FL, Amer. Meteor. Soc. 

[Available online at http://www.spc.noaa.gov/publications/mkay/probver/index.html.] 

 

Kelly, D. L., J. T. Schaefer, R. P. McNulty, C. A. Doswell III, and R. F. Abbey Jr., 1978: An 

Augmented Tornado Climatology. Mon. Wea. Rev., 106, 1172–1183, doi: 

http://dx.doi.org/10.1175/1520-0493(1978)106<1172:AATC>2.0.CO;2. 

 

McCarthy, D., and J. Schaefer, 2004: Tornado trends over the past thirty years. Preprints, 14th 

Conf. on App. Meteor., Seattle, WA. Amer. Meteor. Soc., 3.4. [Available online at 

http://ams.confex.com/ams/pdfpapers/72089.pdf.] 

 

Meyer, C. L., H. E. Brooks, and M. P. Kay, 2002: A hazard model for tornado occurrence in the 

United States. Preprints, 16th Conf. on Probability and Statistics in the Atmos. Sci., 

Orlando, FL, Amer. Meteor. Soc., J3.6, J88-J95. [Available online at 

https://ams.confex.com/ams/annual2002/techprogram/paper_27595.htm.] 

 

NOAA Earth System Research Labarotory, 2017: NOAA solar calculator, Global Monitoring 

Division, Accessed 22 September 2017. [Available online at https://www.esrl.noaa.gov/ 

 gmd/grad/solcalc/.] 

 



107 

 

National Severe Storms Laboratory, 2015: Severe weather 101: tornado basics. Accessed 02 

November 2015. [Available online at http://www.nssl.noaa.gov/education/ 

 svrwx101/tornadoes/?.] 

 

Ramsdell, J. V., J. P. Rishel, and A. J. Buslik, 2007: Tornado climatology of the contiguous 

United States. Nuclear Regulatory Commission Rep. NUREG/CR- 4461, Rev. 2, 246 pp. 

[Available online at www.nrc.gov/reading-rm/doc-collections/nuregs/ 

 contract/cr4461/cr4461-r2.pdf.] 

 

Ray, P. S., P. Bieringer, X. Niu, and B. Whissel, 2003: An improved estimate of tornado 

occurrence in the Central Plains of the United States. Mon. Wea. Rev., 131, 1026-1031, 

doi: 10.1175/1520-0493(2003)131<1026:AIEOTO>2.0.CO;2. 

 

Schaefer, J. T., R. S. Schneider, and M. P. Kay, 2002: The robustness of tornado hazard 

estimates. Preprints, Third Symp. on Envir. App., Orlando, FL, Amer. Meteor. Soc., 4.2, 

35-41. [Available online at http://citeseerx.ist.psu.edu/viewdoc/download? 

doi=10.1.1.489.7122&rep=rep1&type=pdf.] 

 

Storm Prediction Center, 2007: Convective outlook archive: 1630Z day 1 categorial convective 

outlook for 04 May 2007, Accessed 03 June 2016. [Available online at http:// 

 www.spc.noaa.gov/products/outlook/archive/2007/day1otlk_20070504_1630.html.] 

 

———, 2012: Convective outlook archive: 1630Z day 1 categorical convective outlook for 04 

May 2007, Accessed 03 June 2016. [Available online at http://www.spc.noaa.gov/ 

 products/outlook/archive/2012/day1otlk_20120414_1630.html.] 

 

———, 2017: SVRGIS: Tornadoes (1956-2017), Accessed 17 November 2017. [Available 

online at http://www.spc.noaa.gov/gis/svrgis/.] 

 

Wood, M., 2017: Resample, Portsmouth University Business School.  Accessed 03 October 

2017. [Available online at woodm.myweb.port.ac.uk/SL/resample.xlsx.] 

 


