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Abstract 
 

 

This dissertation investigates the frequency and intensity of severe convective 

storms, and their associated hazards, in the Twin Cities Metropolitan Area (TCMA), 

Minnesota.  Using public severe weather reports databases and high spatial density rain 

gauge data, annual frequencies and return-periods are calculated for tornadoes, damaging 

winds, large hail, and flood-inducing rainfall.  The hypothesis that severe thunderstorms 

and tornadoes are less likely in the central TCMA than in surrounding areas also is 

examined, and techniques for estimating 100-year rainfall amounts are developed and 

discussed.  

This research finds that: i) storms capable of significant damage somewhere 

within the TCMA recur annually (sometimes multiple times per year), while storms 

virtually certain to cause such damage recur every 2-3 years; ii) though severe weather 

reports data are not amenable to classical comparative statistical testing, careful treatment 

of them suggests all types and intensity categories of severe convective weather have 

been and should continue to be approximately as common in the central TCMA as in 

surrounding areas; and iii) applications of Generalized Extreme Value (GEV) statistics 

and areal analyses of rainfall data lead to significantly larger (25-50%) estimates of 100-

year rainfall amounts in the TCMA and parts of Minnesota than those currently published 

and used for precipitation design.  The growth of the TCMA, the popular sentiment that 

downtown areas somehow deter severe storms and tornadoes, and the prior 

underestimation of extreme rainfall thresholds for precipitation design, all act to enhance 

local susceptibility to hazards from severe convective storms. 
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Chapter 1 

INTRODUCTION 
 

 
In this dissertation, I analyze three variations on the theme of severe convective 

storm hazards in the Twin Cities Metropolitan Area (TCMA), Minnesota.  In the crudest 

sense, severe convective storms are short-duration (typically less than 12h lifespan, and 

lasting less than 1h at a given location) thunderstorms capable of producing property 

and/or infrastructural damage (sometimes extensively), and even human casualties.  To 

the weather forecasting community, they are the storms that produce tornadoes, hail, and 

damaging winds (Moller 2001).  Research meteorologists and climatologists often 

include extreme-intensity rainfall among the severe storm criteria, because it arises in 

similar environmental conditions and also can cause widespread damage (Smith et al. 

2001; Davis 2001; Changnon and Kunkel 2006).  Thus, in this dissertation, I focus on 

tornadoes, hail, damaging winds, and extreme rainfall in the TCMA. 

I have organized the substantive research in this dissertation into three separate 

chapters that represent distinct research projects with different origins.  The results of 

these chapters do not build towards a single, cohesive conclusion, but instead broadly 

describe the state of risk from intense storms in the TCMA.  Each chapter requires a 

somewhat different approach, different data, different techniques, and a different scale of 

analysis.  Thus, I present the research as three distinct projects rather than as one.   

I investigate the following questions in this dissertation: 
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1. What are the frequencies of storms in the TCMA that produce damage sufficient 

to compromise or overwhelm the emergency response infrastructure? 

2.  Are severe thunderstorms and tornadoes less likely and/or less intense in the 

urban core of the TCMA, compared to other parts of the TCMA and Minnesota?    

3. What can high-density rain gauge data, Generalized Extreme Value statistics, and 

an explicitly area-based approach to frequency estimation tell us about extreme 

rainfall return-period estimates in the TCMA and Minnesota?     

 

The three research chapters are being or will be published elsewhere, and this 

dissertation, therefore, conforms to the guidelines in the section, “Published Work 

Included or In Lieu of the Dissertation,” in the University of Minnesota Graduate School 

publication, Formatting Guidelines for the Doctoral Dissertation.  In consultation with 

my Committee, the dissertation includes a comprehensive introduction and literature 

review chapter, as well as a summary chapter that synthesizes the conclusions and 

discusses their implications in greater detail than allowed in the individual published 

chapters.  Additionally, I have changed the numbering of tables and figures so it is 

relative to the dissertation, rather than the individual chapters.  Also, I have moved the 

individual bibliographies to the end of the dissertation, consolidated them, and formatted 

them for compliance with American Meteorological Society standards.  The heading 

formats, however, remain in their submitted condition.   
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Layout of the Dissertation 

The remainder of Chapter 1 provides an introduction to the background and 

literature relevant to severe convective storms, extreme rainfall, and their interactions 

with urban areas.  Chapter 2 examines recurrence intervals and frequencies of each of the 

four convective weather hazards in the TCMA, and grew out of collaborations with the 

Minneapolis Office of Emergency Preparedness and the Metropolitan Emergency 

Managers’ Association.  It serves two purposes: the first is to detail the expected return 

rates of infrastructure-compromising weather events—the kind that can stress or 

overwhelm emergency response resources—and the second purpose is to unite, 

descriptively, the themes of the following two chapters.  I am submitting this chapter to 

the American Meteorological Society journal, Weather, Climate and Society. 

Chapter 3 tests the popular hypothesis that severe convective storms weaken 

around or otherwise avoid the inner TCMA—particularly Minneapolis and immediate 

suburbs.  This chapter demonstrates techniques for teasing out meaning from the 

inhomogeneous data types upon which severe weather researchers rely.  Chapter 4 

describes alternative techniques for estimating the return periods of extreme rainfall 

events by using dense rain gauge networks and Generalized Extreme Value statistics.  It 

makes comparisons between the estimated values derived from these techniques, and 

those used for designing much of the local transportation infrastructure.  Chapters 3 and 4 

are being published—in slightly different form—in the Indiana University Press book, 

Climate Variability, Predictability and Change in the Midwestern USA.  The dissertation 

concludes with Chapter 5, which summarizes the findings of the three research chapters, 
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discusses their implications and limitations, and proposes directions for future research.  

A portion of Chapter 5 will be appended to the Weather, Climate and Society manuscript.   

 
 
 
Background 

Meteorologists and climatologists have studied severe convective storms 

intensively since the middle of the 20th century.  Three separate volumes, each an updated 

compendium of the state of the science, have been published during that time, and have 

taken us from the early-radar era, with its comparatively crude, single-model conception 

of thunderstorms, to the end of the 20th century, by which time the complexities of 

several distinct modes of thunderstorms had been identified, numerically simulated, and 

were predictable with relative ease by trained forecasters.   

In The Thunderstorm, Byers and Braham (1949) first described the cycle of 

convection known to drive “pulse” or single-cell storms, and the research and forecasting 

communities had not yet exploited radar technology fully.  Scientists of the time did not 

have a theoretical or conceptual framework for explaining “organized” severe 

thunderstorms—the kind that exhibit spatial and/or temporal cohesion and produce 

sustained risk to those in their paths.  The successful tornado forecast of 1948 by 

Fawbush and Miller (Miller and Crisp 1999), and the subsequent intensification of severe 

weather research, laid the foundation for modern severe weather meteorology (Doswell 

2007).   

By the 1963 the American Meteorological Society (AMS) monograph, Severe 

Local Storms, meteorologists already understood that severe storms were related to 
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synoptic and mesoscale processes, and also the combination of buoyant energy release 

and vertical wind profiles (e.g. Ludlam 1963; House 1963; Fujita 1963).     

A follow-up AMS monograph in 2001, Severe Convective Storms, summarized 

severe weather research progress since the 1963 volume: forecasters could now predict 

the vast majority of high-impact convective weather events (Moller 2001); tornado 

formation was resolvable to all but a few mechanisms and could be predicted with 

reasonable skill (Davies-Jones et al. 2001); different organizational modes of convective 

weather systems—each with unique suites of storm-related hazards—had been identified, 

studied and were largely predictable (Fritsch and Forbes 2001); and the individual non-

tornadic hazards associated with organized storms—damaging winds, large hail, flash 

floods, and lightning—had each become stand-alone research sub-fields (Wakimoto 

2001; Knight and Knight 2001; Davis 2001; Williams 2001).  Recent severe weather 

research has applied Weather Research and Forecasting (WRF) model simulations, which 

use “explicit representation” rather than parameterizations of convection, (Done et al. 

2004), and has been able to predict, within tens of kilometers, the locations of tornado-

producing storms (Kain et al. 2005). 

The substantial progress in severe storms meteorology since publication of The 

Thunderstorm, has been predicated on the need for improved public safety.  Most 

research, therefore, has been focused heavily on resolving forecasting questions, such as 

“how can we diagnose situations that may lead to tornadoes or destructive 

thunderstorms?”  This focus has, perhaps inadvertently, neglected some topics of 

potential importance to modern society that relate directly to public safety.  As a simple 

example, the US population has undergone dramatic changes since 1950, leading to the 
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current situation in which metropolitan areas are more populated, more expansive, and 

more demographically diverse than ever before (Hobbs and Stoops 2002; e.g.  p. 31-35).  

Assuming, momentarily, that metropolitan areas do not alter the mechanisms that 

produce severe weather, then the trend of suburban and exurban expansion will be 

exposing more people and more property to severe weather risk.  As metropolitan regions 

continue to expand, relatively high population densities will occupy more surface area, 

and will thus be increasingly susceptible to damage from severe convective storms.  Yet 

no investigations have detailed the severe weather frequencies for metropolitan areas.         

Changnon (2001) did note that population growth and expansion had exposed more 

property to thunderstorms, resulting in increased damages over time, but that study was 

conducted at the national level.        

Considering that urban areas have been shown to alter local temperature, cloud, 

wind and precipitation patterns, as well as energy fluxes (e.g., Changnon et al. 1981; Oke 

1987), one might hypothesize that they should also influence or perturb the behavior of 

severe convective storms.  Yet this hypothesis remains largely untested.  Furthermore, as 

alluded to by Grazulis (1993, 1997), the public generally believes that urban areas, 

especially downtowns, deter, and are therefore safe from, tornadoes and other intense 

storms.  This hypothesis also has not been tested.  Studies of non-severe thunderstorms 

have indicated that their behavior is governed to some extent by regional wind speeds, 

which deform or disperse the urban heat island (Bornstein and Leroy 1990, Bornstein and 

Lin 2000), but it is unclear if the same holds true for the most intense and damaging 

storms, which are long-lived, “steady-state”, and generally believed to dissipate only 

when they outrun their favorable environments (Browning 1964; Lemon and Doswell 
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1979; Johns and Hirt 1987).  For any fixed location within the path of such a storm, the 

most likely scenario should be the storm roughly maintaining (or even increasing) its 

intensity as it passes.  If steady-state storms weaken over the same general area regularly, 

then one might assume that area has a destructive effect on such storms.  All relevant 

research, however, suggests that the popular hypothesis examined in this dissertation—

that severe storms and tornadoes avoid the heart of the TCMA—is incorrect.  Thus, that 

research-based expectation could be rephrased as a null hypothesis in which the 

probabilities and intensities of urban storms are approximately equal to those of storms 

not in the urban area.   

This dissertation also examines the frequencies of extreme rainfall events.  

Despite being driven by rich moisture, deep instability, and strong lift—the three 

“ingredients” to which Doswell (2001) attributes severe convective storms—

climatological extreme rainfall research is typically separate from the larger body of 

severe weather research.  Extreme rainfall is not a criterion for a thunderstorm to be 

classified as “severe” (Moller et al. 1994; Moller 2001), and most severe weather 

investigations do not discuss it in great depth.  Consequently, we do not have a strong 

understanding of the proportion of extreme rainfall events that accompany severe 

weather, and vice-versa.  By granting a separate chapter to flash floods (which result 

from extreme rainfall), the 2001 AMS monograph did attempt to broaden the scope of 

what constitutes severe weather, but with the exception of limited work done by 

Changnon and Kunkel (2006), the literature on severe storms has continued to avoid 

more than passing reference to extreme rainfall.  For example, Doswell et al. (2005) 

mapped the probabilities of non-tornadic severe weather events across the U.S., but 
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ignored extreme rainfall probabilities.  Similarly, Doswell et al. (2006) did not include 

any extreme rainfall variables for their rankings of severe weather outbreaks.  

  Owing to the lack of severe weather research in urban areas, the relevant 

literature in that area draws, somewhat inferentially, from both severe weather research, 

and from urban climatology research.  The remainder of this literature review treats 

severe weather, severe weather in urban environments, and extreme rainfall as somewhat 

distinct topics, even though they are united in this dissertation. 

 

Severe Storms 

a. Definitions 

Severe weather has received concentrated research attention because of its 

obvious hazards to society.  The former U.S. Weather Bureau and now the National 

Weather Service (NWS) have defined severe weather as any tornado, damaging wind 

gust or hailstone associated with convective cloud development (Ludlam 1963, Moller et 

al. 1994, Moller 2001).  Operational meteorologists (forecasters) working at either the 

Storm Prediction Center (SPC) or at local NWS forecast offices, use the quantitative 

thresholds of 1.9 cm (0.75 in.), and 26 m s-1 (50 kts) as minimum criteria for hail 

diameter and convective wind gusts, respectively (Moller et al. 1994, Moller 2001)1.  

Recently, some authors have argued that the arbitrary thresholds for hail and wind are not 

necessarily “severe,” because they do not produce damage consistently.  Conversely, hail 

diameters > 5.1 cm (2 in.), and wind speeds > 33.5 m s-1 (65 kts or hurricane-force) 

                                                 
1 Although lightning and extreme rainfall are both more costly and more injurious to humans than 
tornadoes, winds and hail (Westcott 1995; Changnon 2001; Stallins et al. 2006), they are excluded from the 
“severe” criteria because they accompany most thunderstorms, rather than few. 
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represent the thresholds at which damage almost always occurs, prompting some to 

conclude that those represent better baseline values for the “severe” classification (e.g., 

Doswell 2001; Doswell et al. 2005). 

 

b. Thunderstorm classes 

Very broadly, the thunderstorms that cause severe weather can be broken into two 

distinct classes based on spatial and temporal characteristics: unorganized and organized 

convective systems (Ludlam 1963; Fujita 1963; Moller  2001).  Unorganized systems 

often occur with marginal instability (Convective Available Potential Energy—CAPE— 

< 500 J kg -1), in the absence of well-defined synoptic features, such as fronts, and 

without the aid of dynamical convective enhancements, such as wind shear or upper-level 

divergence (Brooks et al. 1994; Doswell 2001).  Thunderstorms that develop in these 

conditions are often small (diameter < 10 km), consist of one updraft and one downdraft 

(i.e., a single “cell”), are isolated or scattered (as opposed to widespread), and are of short 

duration (< 1 h for complete life cycle).  These small cells can nevertheless produce brief 

bursts of severe hail or winds, and even occasional small tornadoes.  The mechanisms 

responsible for this sort of storm behavior are rather simple: brief intense downbursts, 

known as microbursts, can form in the evaporation-cooled tops of collapsing 

cumulonimbi if the cold pool aloft develops rapidly enough to gain sufficient negative 

buoyancy (Fujita 1963; Johns and Hirt 1987; Wakimoto 2001); marginally severe hail 

can form when brief intense updrafts rise through extremely cold air, or when strong 

wind shear (i.e., a change in wind speed and direction with height) accompanies weak 

instability (Knight and Knight 2001; Moller 2001); and small tornadoes can form in the 
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“shear zone” between the cold outflow that rushes out ahead of even modest-sized 

thunderstorms and the relatively buoyant air it displaces (Davies-Jones et al. 2001). 

 

 c. Modes of organized convection 

Organized convection, especially the sort that is related to severe weather, differs 

from its unorganized counterpart in that it is predictable and persistent (Storm Prediction 

Center 2003), and can usually be attributed some synoptic or dynamical feature (e.g., a 

front, a trough, 300 mb divergence).  Although definitions and terminology vary from 

one source to the next, and despite the evolution in how the terms have been applied to 

operational meteorology, severe storm analysts usually recognize three basic modes of 

organized convection: multi-cell clusters (“clusters”), multi-cell lines (hereafter “lines”) 

and supercells (Johns and Doswell 1992; Moller et al. 1994; Doswell et al. 1999).  Lines 

alone have many different, occasionally overlapping sub-classifications, such as “squall 

lines,” “bow echoes,” and “line echo wave patterns,” although no proper taxonomy has 

been established.  Furthermore, Fritsch and Forbes (2001) indicate that Mesoscale 

Convective Systems (MCSs) can comprise combinations of lines, clusters and supercells, 

as can the more stringently-defined Mesoscale Convective Complexes (MCCs—Maddox  

1980). 

 Of each convective mode, the supercell is proportionally the most prolific severe 

weather producer.  Although estimates vary, between 70% and 90% of all supercells 

produce some sort of severe weather, 30% produce tornadoes, and as a class, these storms 

account for over two-thirds of all tornadoes and virtually every violent (F4-F5) tornado 

(see, e.g., Moller et al. 1994; Rasmussen and Straka 1998; Doswell 2001).  Supercells can 
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begin as clusters or short lines (Lemon and Doswell 1979), and multicell lines are most 

commonly know as squall lines, which are linearly oriented (usually along a baroclinic 

zone) convective complexes that can produce any form of severe weather, but are best 

known for damaging straight-line winds (Johns 1982, 1984; Johns and Hirt 1987; Moeller 

et al. 1994; Wakimoto 2001; Klimowski et al. 2003).   

 

i. Supercells 

Supercells were first identified by Browning (1964), who noted that single, large 

convective cells often maintained a “steady state” appearance on radar despite traveling 

sometimes hundreds of kilometers and lasting several hours, as had been observed by 

Browning and Ludlam (1962) in the now-infamous Workingham, England hailstorm.  

Browning (1964) hypothesized that supercells derive their severity and their longevity 

from their propensity to be steered to the right of the mean environmental winds (e.g., 

moving to the east in southwesterly flow).  He further hypothesized, as had been 

observed by Newton (1963), and Fujita (1963), that these sorts of storms often arise when 

wind speeds increased with altitude, and when the wind direction veered with height in a 

clockwise fashion (e.g., south winds at surface and west winds at 500 mb). 

Although Browning’s (1964) supercell model has remained basically intact, some 

internal flow characteristics have been modified.  For example, Browning’s original 

model had exactly one updraft and one downdraft; the updraft derived from the forward 

right side of the storm, where warm, moist air could feed it, and the downdraft was 

assumed to originate in the mid-levels of the storm, on the right-rear side.  Lemon and 

Doswell (1979), however, argued that the supercell must contain a mesocyclonic 
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structure, and that structure alone has the primary updraft and a rear-flank downdraft 

(RFD) that they hypothesized was essential for the formation of tornadoes.  They found a 

second downdraft beneath the storm anvil itself, which serves as the primary heavy rain 

shaft.   

The understanding of supercellular structure beyond the Lemon-Doswell model, 

especially with regard to its role in tornadogenesis, has evolved in many ways that are 

beyond the scope of this review.  Davies-Jones et al (2001) and Trapp et al. (1999) both 

provide detailed discussions of conditions that lead to supercell and subsequent tornado 

formation.  In short, tornadoes usually form in the same place with respect to the 

supercell (when they form), but in some cases the rotation begins aloft and works its way 

to the ground (through the updraft), initiating the tornado (descending cases); in other 

cases the rotation begins at the surface and either works upwards through the updraft 

column, or the rotation commences simultaneously throughout the column.  These latter 

two cases (known as nondescending cases), had not been considered as plausible 

mechanisms until Trapp et al. (1999) discussed the genesis of tornadoes in Minnesota on 

1 Jul 1997.   

Perhaps more important to the climatology of severe weather types are the three 

recognized classes of supercell storm structure, summarized by Moller et al. (1994), 

Rasmussen and Straka (1998), and Moller (2001): 

1. The classic supercell.  This is the idealized supercell model proposed by 

Lemon and Doswell (1979).  The rain produced in the main updraft is sent 

slightly downstream or “downshear,” allowing the updraft column to be 

unimpeded by its own precipitation fallout.  Given the buoyant, moist air 
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rising into the updraft, and the descending dry air behind the updraft (the 

rear-flank downdraft), plus the ambient rotation present, this storm is the 

most likely of the supercell class to produce tornadoes. 

2. The low-precipitation (LP) supercell. This type of storm forms in 

conditions with similar wind fields, but less surface moisture than classic 

supercells.  The updrafts generally produce light rain or even no rain, 

although they still do produce hail.  Tornadoes associated with LP storms 

are rare.  LP storms are most common on the High Plains, where cloud 

bases tend to be relatively high.  They are rare in the Upper Midwest, for 

example. 

3. The High-precipitation (HP) supercell.  This is the most common of all 

supercell types, and the most capable of producing every mode of severe 

weather (including flash floods), even simultaneously.  Though tornadoes 

with this class of supercell are generally not as violent as those associated 

with classic storms, they tend to be wrapped in intense rain, which makes 

observing them very difficult.  As one example, the deadly 21 Sep 2005 

severe weather system in north Minneapolis was caused by an HP 

supercell. 

 

The differences between supercellular classes are only important insofar as they 

arise in somewhat different conditions from one-another and therefore have different 

frequency distributions at any given location, although these frequencies have not yet 

been mapped.  The evolution of the “average” daily tornado probabilities has, however, 
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been mapped by Brooks et al. (2003).  It is possible that supercell probabilities would 

roughly follow the contours of the tornado probabilities.  In other words, the climatology 

of tornadoes, especially “significant” tornadoes (Grazulis 1993, Brooks et al. 2003), is 

largely embedded within the climatology of supercell thunderstorms. 

 

ii. Non-supercellular modes of severe convection 

 After supercells, the most widely studied severe convective modes are linear 

convective systems—especially derechos and bow echoes.  Johns and Hirt (1987) 

produced a short-term (1980-83) US climatology of derechos, which they essentially 

defined as a spatially continuous swath of convective wind damage covering at least 400 

linear km (in other words, the system travels at least 400 km) emanating from the same 

family of cells.  They found a high-frequency maximum across much of the Midwest, 

further east and north than the typical “Tornado Alley,” which the authors attributed to 

the tendency for derechos to form in “northwest flow” conditions (Johns 1982, 1984).  

Bentley and Mote (1998) conducted a similar study using a later time-frame, and found 

that the “derecho belt” was actually very near the familiar tornado alley of the southern 

plains.  They noted that Johns and Hirt (1987) investigated a period (1980-83) that 

featured anomalously persistent northwest-flow conditions.  Coniglio and Stensrud 

(2004) essentially compared the methodologies of Johns and Hirt, with those of Bently 

and Mote, and concluded the true climatology of derechos should essentially look like a 

blend of the two, with slightly more weight to the Johns/Hirt patterns.  Ashley and Mote 

(2005) found similar results, and also found that derechos were responsible for more 

deaths and damage annually, than F0 and F1 tornadoes combined.   
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Urban Areas and Severe Convective Storms 

Although atmospheric scientists have conducted numerous investigations into 

both severe thunderstorms and weather modification by urban areas, comparatively few 

studies have addressed both topics simultaneously.  Thus, the question, do urban areas 

modify severe weather systems, has been largely ignored in atmospheric research.  The 

Metropolitan Meteorological Experiment (METROMEX—Changnon et al. 1981) did 

evaluate the spatial variability of summertime severe weather frequencies across St. 

Louis, MO, but, a) used arbitrarily-defined thresholds for “severe” that are not recognized 

by the severe weather research and forecasting communities, b) focused primarily on 

storm enhancement and generation downwind from the urban area, without explicit 

consideration of moving thunderstorm systems approaching the area,  and c) did not 

analyze individual storms systems, but rather looked at the statistical properties of several 

years of data (Changnon 1978). Very recently, atmospheric scientists have begun to look 

at thunderstorm intensity explicitly in the context of its sensitivity to land cover change 

and urbanization (e.g., Niyogi et al. 2006; Gero and Pitman 2006; Gero et al. 2006), 

although it could be argued that understanding how storm severity responds to urban-

environment “forcing” is a subtopic that is only now entering its infancy.     

Despite the dearth of urban severe weather research, the discovery of inadvertent 

precipitation enhancement by urban areas has been a rather successful area of study 

among climatologists and atmospheric scientists over the past several decades.  

Changnon (1968) postulated that the large industrial corridor on the south side of 

Chicago contributed sufficient condensation nuclei to the downwind environment to 

explain the large positive rainfall and hail frequency anomalies centered on the LaPorte, 
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IN area.  Changnon, with numerous coauthors, began working systematically towards the 

hypothesis—which is now nearly a climatological law—that most large cities have some 

variant of this downwind precipitation enhancement.  The hypothesis was confirmed in 

numerous other large midwestern cities (Huff and Changnon 1972a, b), but most notably 

in St. Louis, MO, during METROMEX (Changnon et al. 1981).  Even as our knowledge 

of cloud microphysics has improved and has challenged some of the assumptions and 

conclusions of the earlier work, the empirical hypothesis that cities enhance precipitation 

downwind has been confirmed consistently (e.g., Shepherd et al. 2002). 

Apart from downwind precipitation enhancement, large cities have also been 

recognized as important modifiers of “ordinary” convective storms, precipitation 

patterns, and weather system morphology in other ways, and across a variety of scales.  

For instance, many authors have looked at how urban-induced mesoscale climate 

features, like the Urban Heat Island (UHI)2, influence general precipitation patterns (e.g 

Bornstein and Lin 2000; Dixon and Mote 2003), as well as the movement of synoptic 

weather features, like cold fronts (Loose and Bornstein 1977).  Recent investigations 

have identified instances in which the UHI initiated or intensified convective 

precipitation or enhanced lightning frequencies (e.g., Bornstein and Lin 2000; Dixon and 

Mote 2003; Stallins et al 2006).  Westcott (1995) observed marked increases in cloud-to-

ground lightning strike frequencies over and downwind of major Midwest cities.  Like 

                                                 
2 Indeed, the UHI is but one of many urban phenomena considered to influence the formation and evolution 
of precipitation systems non-trivially.  As I will argue later, however, the UHI is often used as a catchall 
phrase that encompasses much more than locally-abrupt thermal variations.  “Urban influence” is another 
term (used especially emphatically by Changnon, Huff and colleagues) that implies unique mesoscale 
phenomena related in some way to the position of urban areas, though the precise reason for the influence 
is often a matter of speculation. 
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METROMEX, however, these studies have examined summertime conditions, and in 

some cases have specifically excluded synoptically-induced convective events.   

The exclusion of synoptic-type severe convection from urban-influence/UHI 

studies means that these investigations have examined storms that are fundamentally 

different from those of greatest interest to the severe weather research community.  The 

annual peak of severe weather frequencies generally coincides with the transition from 

the active tropospheric flow of the cold season to the less active flow of the warm season, 

and many severe weather outbreaks occur with extratropical cyclones along the warm 

side of the polar jet, as it retreats northward between late April and July (Bierly and 

Harrington 1995; Doswell 2001; Doswell and Bosart 2001; Brooks et al. 2003; Doswell 

et al. 2005).  Thus, the majority of significant severe weather outbreaks have a strong 

synoptic component; severe weather certainly continues in many areas after the transition 

to weaker flow, but individual events tend to be less organized by that time over much of 

the country, although organized systems still dominate the Northern Plains and Upper 

Midwest (Doswell and Bosart 2001; Doswell et al. 2005). The UHI-related 

investigations, therefore, have generally dealt with the least threatening class of 

convection: unorganized, single-cell (and occasionally multi-cell), “pulse” storms that 

lack a well-defined dynamical or synoptic component.  Meanwhile, it is the dynamical, 

synoptically-driven and organized systems that cause most severe weather-related 

damages and casualties (Ludlam 1963; Doswell 2001; Doswell and Bosart 2001).  

Thunderstorms of these types are considered to be unique among convective events, 

because they tend to have stronger updrafts and/or greater vertical and directional shear 
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than ordinary storms, including weakly organized severe ones (Ludlam 1963; Moller et 

al. 1994; Doswell 2001; Doswell and Bosart 2001).  

  Understanding the role of the urban processes and its landscape in the 

development (or inhibition), evolution and lifecycle of organized severe weather systems 

requires a dedicated investigation.  Unfortunately, no such investigation has been 

undertaken, though Niyogi et al. (2005) have conducted a pilot study of severe weather 

spatial patterns around Indianapolis.  Meteorological field campaigns in major urban 

areas like Chicago, St. Louis, and Atlanta, have generally focused on convective 

precipitation in general, as opposed to severe convection.  Although we could make some 

extrapolation from these studies, we have no a priori basis for estimating the behavior of 

rare, “high-end” severe weather systems, such as derechos (Johns and Hirt 1987), and 

supercells (Browning 1964) in urban settings.  Thus, at present, how a supercell, derecho 

or other organized severe convective storm complex behaves in urban areas is a matter of 

speculation. 

 

Extreme Rainfall  

 Extreme rainfall events lead to flash flooding, infrastructural damage, property 

damage, and even loss of life (Davis 2001).  The definition of “extreme” varies by 

application, but typically refers to rainfall events that meet or exceed a given threshold 

that would be expected to recur with a particular frequency, e.g. “25-year” rainfall events.  

Investigations of rainfall “thresholds” and return periods for climatological purposes 

generally differ from those conducted for precipitation design purposes.  The former are 

often most interested in understanding trends (e.g. Karl and Knight 1998), or gauging the 
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significance of an individual event (e.g. Keim 1998), while the latter are interested in 

understanding the long-term probabilities for rainfall of a given magnitude, so that 

engineers can design structures with proper storage and runoff capacities (Hershfield 

1961; Oberts 1984).  In the last two decades, climatologists have become even more 

concerned with extreme rainfall, partly because it should become both more frequent and 

more severe in response to anthropogenic warming (Hennessy et al. 1997; Karl and 

Knight 1998; Huntington, 2006), and also because society is now more vulnerable to 

flooding and damage (Changnon et al. 2000). 

 

a. Extreme rainfall in Minnesota 

     In Minnesota and much of the midwestern U.S., the majority of annual 

precipitation falls during the warm season (April-September), and most of that 

precipitation is related to thunderstorm activity (Kuehnast et al. 1975; Changnon 2001b; 

Changnon and Kunkel 2006).  An even greater proportion of extreme rainfall events—

virtually all of them—are associated with thunderstorms, or at least the “blow-off” region 

of forward-propagating thunderstorm complexes (Davis 2001), because the conditions 

with sufficient moisture to generate extreme rainfall often coincide with conditions 

favorable for convective processes (Winkler 1988).  In fact, as Doswell et al. (1996) have 

argued, convective processes generally maximize the conversion of atmospheric 

precipitable water to intense precipitation; precipitable water alone can not generate 

intense precipitation, nor can convective processes operating in the absence of deep 

moisture. 
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 Extreme rainfall events in Minnesota typically evolve when deep surface moisture 

flows over a stalled or slow-moving synoptic boundary during regimes of slow mid-

tropospheric flow (Kuehnast et al. 1988; Winkler 1988).  These conditions lend 

themselves to the “training,” or persistent regeneration of thunderstorms over 

approximately the same areas, which is the leading mode of storm behavior associated 

with 24h rainfall records in much of the middle of the country (Doswell et al. 1996; 

Brooks and Stensrud 2000; Davis 2001).  Shorter-duration extreme rain events, on the 

order of 1-3 hours, often fall within the intense precipitation cores of severe 

thunderstorms forming in more dynamically-driven conditions.  For instance, on 1 July 

1997, much of the TCMA received 75-125 mm in less than two hours, from a large, fast-

moving line of damage-producing storms.  Before entering the western TCMA, the 

storms were tornadic supercells, fueled partially by intense circulation in the lower-mid 

troposphere, and also by a 40-50 m s-1 jet streak (Trapp et al. 1999).  Additionally, Smith 

et al. (2001) have demonstrated that in much of the Plains and Midwest, many of the 

short-duration extreme rainfall events result from high-precipitation supercells (Moller et 

al 1994).  Indeed the largest rainfall event in the recorded history of the TCMA, on 23-24 

July 1987, resulted from supercell thunderstorms training near a stalled outflow boundary 

from earlier convection (Schwartz et al. 1990).  Supercell thunderstorms can form in the 

absence of strong winds if the winds veer with height (Lemon and Doswell 1979; 

Doswell 2001); the 1987 event appeared to be such a case.  Most extreme rain events in 

Minnesota, however, result from slow-moving, multicellular thunderstorms or from 

stalled isolated single-cell storms (Winkler 1988).   
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b. Frequency estimation for precipitation design 

  Flowing water exerts a tremendous force on standing objects, and that force 

increases exponentially with both the velocity and the volume of the water (Waters 

[online document]: http://tadd.weather.gov/images/WaterPhysics.pdf).  Precipitation 

design values are meant to protect objects that are expensive to build or maintain, that 

perform a critical role in society, and whose destruction would be harmful or even 

catastrophic (Hershfield 1961).  Thus, design values have been applied to most of our 

transportation and hydrologic infrastructure, and are based on probability thresholds for 

rainfall amounts falling over given durations.  Put another way, they describe the rainfall 

amount expected to be met or exceeded once per estimated return period (Huff and Angel 

1992). 

 Return period estimates are based on assumptions about the underlying statistical 

distribution of extreme rainfall.  The annual maximum precipitation amounts from a 

given station will typically exhibit high frequencies of relatively “low” amounts, with 

nonlinear or even exponential decrease in frequency towards the higher amounts.  Thus, 

extreme rainfall can be expressed by gamma or Poisson distribution functions (Faragó 

and Katz 1990).  Considering, however, that climatologists and engineers are most 

interested in the largest few events—the extremes of the extreme—they need to model 

the behavior of the tails of rainfall distributions.   

Early work by Hershfield (1961), which, incidentally, led to most of the current 

design values, relied on graphing extreme rainfall distributions on “extreme value” or 

“Gumbel” paper, which had return periods in years on the x-axis and rainfall amounts on 

the y-axis, and was based on Gumbel’s (1958) treatment of extreme values as the a 
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function of the first two moments of the distribution (i.e. the central tendency and 

dispersion).  For a given station, Hershfield estimated design values by setting the 

distribution mean to the 2-year return event (a 0.5 annual probability), plotting it on 

Gumbel paper, extrapolating the dispersion function to the 0.01 probability threshold, 

assigning it to the 100-year value, plotting it on the same Gumbel paper, and connecting 

the two points with a straight line, from which he then inferred rainfall magnitudes for all 

return periods between 2 and 100 years.  For the TCMA, for example, Hershfield (1961) 

estimated that the 100-year return for a 24h event was approximately 150 mm (6 in.).  

Presumably, much of our infrastructure has been designed to withstand rainfalls up to that 

magnitude. 

Locally, watershed managers in particular questioned the usefulness of 

Hershfield’s estimates, which had been exceeded numerous times in the 1970s and 80s in 

the TCMA.  Oberts (1984) and Oberts and Hartsoe (1989) created similar Gumbel plots 

of rainfall values, but used more data points and more up-to-date records than Hershfield 

(1961).  Their results demonstrated high variability of extreme rainfall magnitudes 

around the TCMA; their estimates for 100-yr, 24h rainfall varied from 60% to 170% of 

Hershfield’s.  At approximately the same time, Huff and Angel (1992) made a new 

rainfall frequency atlas for the Midwest, citing too many threshold “exceedences” in 

Illinois and Michigan.  Their primary technique was also graphical: they ranked the 

largest events on record and assigned empirical probabilities to each.  They then plotted 

the values on logarithmically-transformed graph paper (they deemed this the “log-log,” or 

“Huff-Angel” method), and extended a best-fit, freehand curve out to return periods 

beyond the extent of the data.  Although their technique did lead to higher values in 
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Illinois and Michigan, their estimates in the TCMA were nearly identical to Hershfield’s 

(1961): ~150 mm. 

Among climatologists, Faragó and Katz (1990) were the first to point out that 

statistical modeling of extreme values had moved forward considerably since Hershfield 

(1961).  In particular, they demonstrated that the Generalized Extreme Value (GEV) 

distribution could be used to make robust projections of extreme values with fairly 

limited data (e.g. 30 years was sufficient).  The GEV has three parameters: location 

(which is based on the mean), scale (which is based on the variance), and the shape 

(which is based on the tail).  By being sensitive to long or heavy tails, the shape 

parameter is what sets GEV methods apart from the 2-parameter methods on which 

Hershfield (1961) was based; the latter assume a uniform tail function for all distributions 

while the former allows the shape of the tail to influence very low probability estimates.  

For extreme rainfall and design values, this means that the largest few events would 

influence the long return period estimates, which was not the case in Hershfield (1961).  

Koutsoyiannis (2004) demonstrated, for example, that most stations around the world had 

long tails in their extreme precipitation distributions, and he argued that no evidence 

existed for the “upper limit” of extreme rainfall suggested by 2-parameter techniques. 

One could infer, therefore, that the Hershfield (1961) estimates are not only too low, but 

that the under-estimation error will grow (non-linearly) with the length of the return 

periods.   

Extreme rainfall research, at least for design purposes, has generally overlooked 

two factors: the potential underestimation of design estimates from treating extreme 

rainfall as a discrete, point-based phenomenon, and also the impact changing 



 

 24

precipitation regimes will have on our built environment.  Skaggs (1998), and Skaggs and 

Blumenfeld (2006) analyzed data from Minnesota’s high spatial density rain gauge 

network and have raised questions about the spatial resolution of extreme rainfall 

climatologies and the stability of design values through time.  They conclude that the 

values presented in both Hershfield (1961) and Huff and Angel (1992) underestimate the 

true potential for extreme rainfall in Minnesota and the TCMA.  They have initiated a 

dialogue about exactly what question climatologists mean to ask/answer when estimating 

design values (e.g. Blumenfeld et al. 2004; Blumenfeld 2005).  For instance, they have 

argued that heavy rain falls over and collects in areas, yet it is measured at points, and 

that by analyzing all points discretely, we have portrayed extreme rainfall as a point 

phenomenon.  By using a very dense network of rain gauges and by analyzing the series 

of annual maximum rainfall within 10 km by 10 km areas, they have begun to treat 

extreme rainfall as an explicitly areal phenomenon.  Bonnin (2002) indicated that 

federally-sponsored extreme rainfall design will be implementing new statistical 

techniques, though these will continue to be variations of point-based approaches.    
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Chapter 2  

High-impact convective weather events in the Twin Cities Metropolitan Area, MN 
 

Kenneth Blumenfeld 
 
1. Introduction 

Significant severe convective weather episodes within major metropolitan regions 

can threaten the safety and property of hundreds of thousands, or even millions, of 

people.  While the probability of any given high-end severe weather event striking a 

heavily-populated area is limited by the relatively small area occupied by both the event, 

and the city, virtually every major urban area from Texas and the Deep South through the 

upper Great Lakes has experienced some form of convective weather disaster in its post-

settlement history (e.g., see Grazulis 1993 for lists and discussions of urban tornadoes).  

Yet, there has been a growing concern among many regional planners, emergency 

managers, severe weather forecasters, and scientists, that the worst may be yet to come 

(e.g. Wurman et al. 2007, 2008; Brooks et al. 2008).   Aside from high levels of 

casualties, a major urban tornado event would likely result in extreme property damage, 

which increases as a function of with property density and wealth (Changnon 2001). 

Following the deadly, well-documented Oklahoma City (OKC) tornado outbreak 

in 1999, the North Central Texas Council of Governments raised the concern that the 

Dallas-Fort Worth Metroplex (DFW)—which has a population approximately five times 

greater than that of OKC (US Census Bureau, 2001)—has not experienced a violent 

tornado outbreak during its era of maximum population growth and property 

development, despite being in an area that is historically tornado-prone.  Rae and 

Stefkovich (2000) reported on findings from simulations of intense tornadoes in modern 
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DFW: they estimated the tornado(es) would affect tens of thousands of residents and tens 

of thousands of employees, along with thousands of structures valued in the billions of 

dollars.  Wurman et al. (2007) simulated violent tornadoes in Chicago, IL and other 

major US cities and arrived at mortality estimates as high as 63,000.  While those 

estimates have been questioned by Brooks et al. (2008) and Blumenfeld (2008), there is 

broad agreement that a violent urban tornado outbreak would cause staggering loss of 

life, among other calamities. 

At the same time, there is ample evidence that tornadoes need not be violent (EF-

4/5; McDonald et al. 2004) to wreak havoc upon urban areas.  Tornadoes hitting the 

skylines of Nashville, TN in 1998, Fort Worth, TX in 2000, and Atlanta, GA in 2008 

were all in the middle of the Fujita or Enhanced Fujita damage scales (e.g. F or EF-2/3), 

yet each caused some casualties, as well as extensive damage.  Additionally, an event 

need not be tornadic, nor must it strike a city’s central business district, to produce 

significant destruction.  A straight-line wind event in the southern portions of the 

Minneapolis-St. Paul, MN area on 30 May 1998 caused numerous injuries, knocked out 

power to nearly a half-million customers, and produced widespread structural damage, on 

its way to becoming one of the longest and most destructive derechos in recorded US 

history (Togstad 1998; NOAA 1999b; Ashley and Mote 2005).  A long-track supercell on 

10 April 2001 originated near Kansas City, MO and passed through St. Louis, MO, where 

it produced most of its > $1.5 B hail-related losses (Changnon and Burroughs 2003).  

Flooding in Dallas, TX on 5 May 1995, killed 16 people, after dropping softball-sized 

hail on Fort Worth (Smith et al. 2001).   
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This paper examines recurrence intervals (“return periods”) of high-impact 

convective weather events in the Twin Cities Metropolitan Area, MN (TCMA), defined 

here as a 9600 km2 rectangular area centered just west of Minneapolis, MN, and 

extending into extreme western WI (Fig. 1).  The TCMA has an active group of 

emergency managers (MEMA—the Metropolitan Emergency Managers’ Association), 

who are in the process of developing a five-year preparedness strategy, which requires a 

complete accounting of all known hazards.  Indeed, this article is the result of research 

aimed at informing those emergency managers about the frequencies of events that could 

cause one or more municipalities to draw upon the response resources of neighboring 

communities. 

To be included in this investigation, an event must meet or exceed at least one of 

the following criteria: F-2 or killer tornado, non-tornadic convective wind gust > 33.5 m 

s-1 (65 kts), hail > 5.1 cm (2 in.), or rainfall > 102 mm day-1 (4 in.).  The severe weather 

(tornado, hail, wind) thresholds used here have been applied in previous research to 

distinguish “significant severe” events from the less-damaging but widely reported class 

of “marginally severe” ones (Grazulis 1993; Doswell et al. 2005).  Thus, these thresholds 

are higher than those used operationally to define severe weather (Moller 2001).  The hail 

and wind thresholds are currently used by the SPC for the same purposes in its online log 

of daily severe weather reports (http://www.spc.noaa.gov/reports).     

The rainfall threshold approximates the 10-year return value for 24-h rainfall at a 

given point in the area (Huff and Angel 1992).  Given the convective nature of typical 

intense rainfall events in the region (Winkler 1988; Changnon 2001), the actual durations 

are often shorter than 24 h, as was the case on 23-24 July 1987, when much of the 
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southern and central TCMA received > 250 mm in fewer than 6h (Kuehnast et al. 1988; 

Schwartz et al. 1990).   The majority of other regional flash-flood events described by 

Kuehnast et al. (1988), and updated through 2006 by the Minnesota State Climatology 

Office (MNSCO), have similarly short durations (MNSCO 2006).  The 102 mm 

threshold, therefore, may be viewed as having a return-period of anywhere from 10 to 

over 100 years, depending on the duration of the storm (Table 1).  Since much of the 

urban infrastructure is designed for 25 to 100-year storms (Oberts 1984; Huff and Angel 

1992,), a 102 mm event would quite likely overwhelm drainage capacity, leading to 

flash-flooding.   

This investigation also analyzes the frequencies of “extreme” events (Table 2), in 

which one of the following criteria are met: F-4/5 tornado, nontornadic convective wind 

gust > 41 m s-1 (80 kts), hail > 7.6 cm (3 in.), or > 203 mm (8 in.) rainfall day-1.  These 

thresholds are somewhat arbitrary but represent logical breakpoints.  F-4 and F-5 

tornadoes are often classed together as “violent,” and account for the vast majority of 

tornado-related casualties (Grazulis 1993).   The wind and hail thresholds represent 

“clean” breakpoints in the severe weather databases, but also were selected for their 

similar statistical rarity to the violent tornadoes: in a pilot investigation for the region, 

just 1.5% of all tornadoes, 1.4% of all hail reports, and 1.3% of all convective wind 

reports satisfied these even more stringent requirements.  The rainfall threshold exceeds 

the regional 100-year return estimate for a storm of 24-h duration by approximately 33% 

(the 100-year storm is 152 mm; Hershfield 1961, Huff and Angel 1992), but moreover, 

appears to be the lowest value at which significant damage always occurs.  Thus, whereas 

events satisfying the baseline criteria have the potential to cause significant damage, 
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storms satisfying these higher criteria are virtually certain to do so.  All of the events in 

this investigation are considered “high-impact,” but they will all fall into one of two 

strata, and will be referred to as significant (those events having the potential to cause 

significant damage or disruption), or extreme (those events virtually certain to cause such 

damage). 

Though not in the traditional “Tornado Alley,3” the TCMA has a history of major 

tornado events (Grazulis 1993; Seeley 2006), is within a high-frequency derecho corridor 

(Johns and Hirt 1987; Coniglio and Stensrud 2004), and is on the northern end of a high-

frequency axis of  high-end (> 33.5 m s-1) convective wind events (Doswell et al. 2005).  

The area is somewhat displaced from the spatial maxima of  “significant” (5.1 cm) hail 

probabilities reported by Doswell et al. (2005), but it nevertheless has occasional bouts of 

widespread, damaging hail, the most recent being on 24 August 2006 (NOAA 2006).  

Recent decades have seen a tripling of the TCMA population as the size of the area it 

covers has increased by a factor of four (Adams 2006), and there is some concern that 

this expanded population is not prepared for major severe weather outbreaks or floods, 

both of which may seem rare yet are part of the region’s climatology; for instance, the 

area has been without a violent (e.g. F-4/5), multi-tornado event since 1965.   

  

2. Approach 

This investigation uses severe weather event and high-density rain gauge data to 

estimate recurrence intervals for significant and extreme convective weather events of 

                                                 
3 Brooks et al. (2003) appears to be the first source to include parts of Minnesota in Tornado Alley (see 
their Fig. 11 and related discussion).  Whether their expanded Tornado Alley catches on colloquially 
remains to be seen.  
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each type—tornado, hail, wind, rainfall, or “combined”.  These analyses require use of 

many data sources, with differences in the number of available years of data (Table 3).  

Locations of qualifying tornadoes (i.e. F-2+) within the study area, 1950-2006, were 

identified using SVRGIS (Smith 2006), which was developed and modified slightly from 

the archived Storm Prediction Center (SPC) data available in svrplot2 (Hart 1993).  The 

events from 1950-1995 were cross-verified with the listings given in Significant 

Tornadoes 1680-1991and Significant Tornadoes: Update 1992-1995 (Grazulis 1993, 

1997).  In the case of any discrepancies in F-ratings, the latter sources were considered 

the final authority, if only because the author took great pains to reason his decisions.   

There were, however, only two changes made to the data set: the removal of one non-

killer tornado that Grazulis demoted to F-1, and the re-insertion of a brief F-4 that was 

counted in the original SPC data, was available in svrplot2, was discussed by Grazulis, 

but was omitted from SVRGIS.  Historical significant tornadoes, 1880-1949 from 

Grazulis (1993), were also included, if their descriptions indicated they affected the study 

area. Qualifying wind and hail events (i.e. > 33 m s-1, > 5.1 cm), 1955-2006 were 

obtained from the updated files in svrplot2 (http://www.spc.noaa.gov/software/svrplot2).  

Wind events on 3 July 1983 and 21 September 2005 did not originally make it into this 

study, but after consulting Storm Data for the respective months, they have both been 

added as extreme events (NOAA 1983, 2005).     

Annual maximum daily rainfall totals, 1958-2002, were previously edited for the 

TCMA portion of the MN high-density rainfall observer network (Blumenfeld et al. 

2004).  All rainfall observers within the study area were placed in a grid of 10 km by 10 

km cells, and annual daily precipitation maxima were tabulated for each cell.  This 
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editing has produced a time series annual maximum precipitation values (AMP) for each 

cell.  The earlier research also demonstrated that the order-of magnitude increase in 

precipitation observers in 1970 (when area-wide observer population increased from the 

30s to the 300s) led to a stepwise increase in area-wide and cell-based annual maximum 

precipitation, with the number of observers explaining 94% of the variance in the annual 

maxima (Blumenfeld 2005).  Before 1970, the observer densities are insufficient to locate 

precipitation maxima, so only the period from 1970-2002 is analyzed here, though the 

early part of the record is used to make inferences about one event.  The data were 

updated through 2006 by querying the online data retrieval tool at the Minnesota State 

Climatology Office (SCO) (http://www.climate.umn.edu/doc/historical.htm).  Additional 

events were identified through the SCO’s study of flash floods (Kuehnast et al. 1988), 

and its updated online flash-flood event inventory. 

While all the severe weather events in the study have potential significance, 

especially if played out over the modern TCMA, the extremely severe events are virtually 

certain to cause substantial damage, assuming the input data are correct.  Similarly, 

rainfall at the extreme threshold far exceeds the value for a 24-h storm with a100-year 

return period (Huff and Angel 1992), and is therefore certain to overwhelm design 

capacity, leading to infrastructural and property damage.  The 23-24 July 1987 storm 

damaged several thousand homes and led to an inflation-adjusted damage toll of over $50 

million (Kuehnast et al. 1988).  Thus, the extreme events are used to make inferences 

about the frequencies with which part of the TCMA experience serious damage and/or 

disruption.   
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This investigation uses an “event-day” methodology, similar to that described by 

Brooks et al. (2003) and Doswell et al (2005).  This approach assesses the binary 

condition of whether a particular event type occurred on a given day.  Thus, the total 

count and areal extent of severe weather reports on a given day will be ignored.  While 

such metrics may seem useful, irregularities in the input data would make it likely that 

false patterns would emerge.  Changes in severe storm reporting procedures, combined 

with the tendency for storm report densities to maximize near populated areas, would 

make more recent events, as well as those occurring closest to the inner cities, appear 

more widespread than events earlier in the study period and/or near the edges of the 

domain.  As an example, consider two major wind events in July 1983.  The first, on 3 

July, produced nearly continuous damage from the western suburbs of the Twin Cities 

into north-central Wisconsin and was featured as an “Outstanding Storm of the Month” in 

Storm Data (NOAA 1983).  The second, on 19 July, had recorded wind gusts exceeding 

50 m s-1 (100 kts), set local and statewide records for power outages, and is featured as 

derecho case-study at the SPC’s website 

(http://www.spc.noaa.gov/misc/AbtDerechos/derechofacts.htm).  Without consulting 

Storm Data, only this second system would have made it into this study because it 

produced a qualifying report in the SPC database.  The approximately 350-km-long F1 

and F2-equivalent damage swath (which is now assumed to be caused by winds in the 

range of 39-61 m s-1 or 75-117 kts; McDonald et al. 2004) from the 3 July event was only 

described in the text of Storm Data; neither the line entries in Storm Data nor the SPC 

database listed it as qualifying for this study.  By contrast, a wind event on 19 May 1996 

had lower peak winds than both 1983 storms, a smaller areal extent, and less overall 
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impact, yet it triggered eight reports that qualify it for this study and would appear to be 

the most significant of the three outbreaks in a raw frequency tally.  All three events were 

indeed significant, yet their relative significance cannot be evaluated easily using 

standard data sources.  

Recurrence intervals over the TCMA are estimated empirically from the number 

of qualifying days over the length of the study period, which varies by data type.  Since 

some years have no qualifying events and other years have multiple events, each time 

series may be thought of as a modified “partial duration” series (Hershfield 1961).  

Partial durations are used in extreme rainfall frequency estimation and are obtained by 

ranking all events and setting the number of events under consideration, N, equal to the 

available amount of time in years, Ty.  Thus a fifty-year record would examine the top 

fifty events.  The imposition of thresholds for qualifying events here means that N and Ty 

need not be equal; N is set equal to the number of qualifying events, and the recurrence 

interval, I, is simply Ty / N.  For temporally and/or spatially continuous data, recurrence 

intervals for extreme events are often estimated with variants of the Generalized Extreme 

Value (GEV) distribution (Faragó and Katz 1990), frequently used for point-based 

derivation of precipitation design values (Koutsoyiannis 2004).  As discussed in detail by 

Doswell et al. (2005), however, severe weather data are anything but continuously 

distributed through space and time.  Numerous inhomogeneities related to spatial and 

temporal variations in severe weather reporting procedures and the spatial clustering of 

spotters around urban areas would lead to significant differences over space in the 

calculations of recurrence intervals using GEV methods.   
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The recurrence intervals presented for severe weather are based on raw 

frequencies that are likely to be somewhat underestimated.  Clearly, the record features a 

frequency bias towards the latter portion of the period, yet the entire record appears to 

exhibit nearly oscillatory behavior (Figure 2).  No attempt was made to correct for 

detection and reporting discrepancies between early and late portions of the severe 

weather records, owing to the relatively small study area, and the risk of accidentally 

removing real variability in severe weather frequencies.  Doswell et al. (2006) used a 

regression-based technique to remove secular trends in apparent severe weather 

frequencies at the national level, but no such “detrending” procedure was used here 

because of the small study domain and the risk of imparting unsupportable assumptions 

about high-impact severe weather occurrences: we may believe, for example, that the 

active period ending in the mid-1980s probably had as many severe weather events as the 

more recent period, yet there is no way to know this with any certainty.  Moreover, some 

of the under-detection early in the record may be balanced by potential overestimation of 

events later in the record, since part of the late-period bias comes from increases in storm 

spotters, many of whom estimate wind speeds without anemometers (Doswell et al. 

2005).  Trapp et al. (2006) demonstrated that many recent wind events appear significant 

in the database—based on the number of high-magnitude reports—when often they are 

not.  Frequencies and recurrences intervals are presented as-is, with the caveat that they 

likely represent the minimum-possible frequencies (maximum-possible recurrence 

intervals); that is, assuming a stable climate, qualifying events will be, on average, at 

least as common as indicated in this study. 

      



 

 35

3. Results 

 

 The TCMA experiences some form of high-impact convective weather event 

approximately every year, with multiple events in many years (Table 4).  Rainfall capable 

of flooding appears to be the most common type of event, accounting for 64 event-days 

over a 37-yr period, with recurrence intervals approximately equal to those of the entire 

class of severe weather events (tornadoes, hail, winds).  Of the severe weather event 

types, wind events have the highest frequencies.  At the extreme levels, severe weather 

events generally become more common that rainfall events; this could very well reflect 

the somewhat arbitrary threshold selection.  Each type of event has unique frequency 

characteristics, warranting further examination.  

 

a. Tornadoes   

Tornadoes producing either F2 damage or at least one fatality recur within the 

area on average every 2-3 years.  Extreme or “violent” (F4/5) tornadoes account for over 

20% of all high-impact tornadoes and recur slightly less than once per decade, on 

average.  More than any other event type, qualifying tornadoes generally do not to strike 

the area multiple times per year; of the 47 years with qualifying tornado events, only two 

years featured more than one such tornado day.  Tornadoes also exhibit periodic 

behavior, with multidecadal, interchanging regimes of high and low activity. (Fig. 3)   

 While the separation of extreme events from the other qualifying events does help 

focus the research, some within-class nuances suggest that careful interpretation is 

required.  For example, the most recent F4 tornado occurred on 3 July 1983, embedded 
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within the significant wind event discussed earlier.  The tornado’s path length was under 

2 km and its width was less than 75m—both of which are extremely low for F4 tornadoes 

(Brooks 2004).  Although it did obliterate the small section of town it struck, the 

tornado’s overall impact was limited by its fleeting existence (NOAA 1983, Grazulis 

1993).  By contrast, a long-track tornado family on 23 Jun 1952 traveled nearly 250 km, 

passing from largely rural areas of southern Minnesota into the southern and central 

TCMA, producing several segments of sustained F2 damage.  While the on-the-ground 

length is unknown, we do know the last third or so of the storm’s life was over an area 

that is now thoroughly developed and heavily populated, though it was not at the time.  

Even if the tornado was only capable of F2 damage, which we cannot know but may have 

reason to doubt (see Brooks 2004), it still would produce considerable damage over the 

TCMA portion of its path.  Whether it did constitute or would constitute a higher-impact 

event than a very brief F4 is a matter of speculation. 

 Most of the tornado categorizations, however, seem well-behaved: the tornadoes 

linked to the greatest death tolls and overall damage are generally in the “extreme” 

category.  Within that grouping, three substantial tornado events stand out as probable 

worst-case scenarios, which, if played out over the modern-day TCMA would likely 

prove catastrophic.  Obviously, no event is going to replay itself exactly; perhaps the 

most prudent approach to risk estimation would be to assume equal probabilities of such 

events across the TCMA.  In theory then, any of the events discussed could occur 

anywhere within the TCMA (the same is probably true for events outside but near the 

TCMA that were not included in this study). 
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1) 12 JUNE 1899: MASS-CASUALTY F5 

 

This storm is one of the top-10 killer tornadoes in U.S., with an official death toll 

of 117 (Grazulis 1993), almost entirely in New Richmond, WI, on the far eastern portion 

of the study domain.  The tornado struck on a day when a traveling circus was 

performing and when hundreds of out-of-town visitors had arrived; the official death toll 

includes only those who could be identified (Boehm 1900).  Unlike many historical 

tornado disasters, this one had what amounts to a 10-minute warning lead-time: the 

tornado was highly visible as it approached town, and numerous people had run through 

town alerting others of its approach.  Many of the victims sought refuge in the safest 

structures in the area, most of which were leveled to the ground and swept away.  This 

case is the only estimated F5 in the study area (Grazulis 1993), and should serve as a 

reminder that such events, while quite rare, are indeed part of the regional climatology.       

 

2) 5 APRIL 1929: TWO LONG-TRACK VIOLENT TORNADOES WITHIN A REGIONAL 

OUTBREAK 

 

Locally, the 29 March 1998 outbreak to the southwest and south of the TCMA, is 

one of the best-known tornado outbreaks.  This tornado family (the “Comfrey/St.-Peter” 

tornadoes) is known for its long track, its intensity (F3-F4; NOAA 1998a), and its early-

season occurrence.  Lesser known, however, and of potentially more meteorological and 

societal significance, is a tornado outbreak on 5 April 1929.  The two events are similar 

in that they both were quite early in the season for this part of the country (Brooks et al. 
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2003), and they both featured long-track tornadoes.  However, whereas the Comfrey/St. 

Peter event is attributable to a single supercell, the earlier event appears to have featured 

several geographically distinct, long-track, tornado-producing supercells, including two 

tornadoes affecting the central, northern, and eastern portions of the TCMA rated at F4 

(Grazulis 1993).  The areas most affected were decidedly rural at the time but are now 

thoroughly developed (Fig. 4).   Anecdotally, this outbreak appears to have vanished 

from public memory, and the St. Peter/Comfrey event is often thought of as “as bad as it 

could get so early in the season.”  Although it may be impossible to compare the relative 

significance of outbreaks separated by nearly seventy years and tremendous regional 

change, the earlier outbreak looks “worse,” if only because it had more tornadoes 

covering more ground.  Again, early-season major tornado outbreaks may be rare, but 

they should be expected from time to time in the Upper Midwest, including the TCMA. 

  

3) 6 MAY 1965: MAJOR OUTBREAK CONTAINED WITHIN THE TCMA  

 

During a three-hour period on 6 May 1965, six strong or violent tornadoes (four 

F4s, plus one F2 and one F3) struck the TCMA (Fig.5), resulting in thirteen deaths and 

widespread destruction.  Five of the tornadoes (all but the northeastern-most tornado in 

Fig. 4) touched down during the same hour, and at one point, three were on the ground 

simultaneously (Kuehnast et al. 1975).  In many ways, this outbreak could help 

“calibrate” a modern event.  For example, as reported by Seeley (2006), the tornadoes all 

had positive warning lead-times.  That, combined with “wall-to-wall” media coverage 

and the TCMA’s first use of civil defense sirens for tornadoes (NWS 2005), drastically 
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reduced the element of surprise common with outbreaks of the time.  Additionally, two of 

the tornadoes struck heavily populated areas near Minneapolis.  Thus, although many 

scenarios could worsen the outcome—for instance, a similar outbreak crossing the area 

during rush-hour—a well-warned violent tornado outbreak in the modern TCMA would 

be similar to this one in many regards.  One important difference is  that the population of 

the TCMA has increased and spread out, so a future six-tornado outbreak would be likely 

to affect more people and structures, leading to more damage—at a minimum—than the 6 

May 1965 event. 

Although not a single event, the years 1951 and 1952 stand out as the only years 

in this study to have two qualifying tornado days, one of which featured a long-track, 

killer F4 tornado through the western and northern portion of the study area.  The other 

three tornadoes were also significant: one struck Minneapolis and its southwestern 

suburbs, one was the long-track tornado (family) on 23 June 1952, and one was a near-

repeat the following night, in which another long-track tornado or tornado family passed 

just north and west of the previous night’s tornado. In total these four days accounted for 

six deaths and 100 injuries.  Four similar tornadoes would certainly damage more 

property, and each successive tornado would stress recovery resources dedicated to 

previous events.   

 

b. Non-tornadic wind events 

 Convective wind events capable of significant damage are the most prevalent of 

all severe weather types in this study, recurring on average about every 1-3 years.  Again, 

however, owing to detection problems early in the record, they may be even more 



 

 40

frequent.  Over the 52-year study period 42 days had qualifying wind events, but these 

were distributed over just 22 years.  Thus, whereas most qualifying tornado years see just 

one event-day, wind events tend to be clustered in time.  For instance, 1980 saw five 

wind event days, and 1998 saw six.   

 Extreme wind events recur within the area approximately every 4-5 years, and 

usually come just once per qualifying year.  Unlike tornadoes, the TCMA has 

experienced major wind events recently, and it is therefore likely that the risk from such 

storms is well-understood by the public.  The 30 May 1998 derecho attracted a lot of 

local media attention, as parts of St. Paul were without power for a week (NOAA 1998b).  

A large supercell on 21 September 2005 caused extensive downburst winds that resulted 

in thousands of downed trees and one fatality in Minneapolis, rather overshadowing the 

F2 tornado that touched down briefly to the north of the wind swath (NOAA 2005).  

 

c. Hail 

 

   The hail frequency characteristics fall between those of winds and tornadoes: 

wind recurs more frequently, tornadoes less frequently.  Moreover, hail does exhibit 

some temporal clustering, but not as much as wind events, and more than tornado events.  

For instance, the wind event days-to-event years ratio was 2:1; hail was 1.4:1, and 

tornadoes were approximately 1:1. The TCMA experiences significant hail events 

approximately every 1-2 years, and extreme events recur approximately every seven 

years.  Distinguishing between significant and extreme events may not be as useful for 

hail as for tornado and wind events.  The most damaging hail event in the TCMA to date 
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was 15 May 1998.  Here, the hail was barely large enough to qualify for this study, but 

was driven by 25-35 m s-1 (50-65 kt) winds and resulted in nearly $1 billion across the 

TCMA (NOAA 1998b).  Thus, hail size alone may not be a good gauge of “significance,” 

since the conditions in which it falls can determine its damage potential. 

 

d. Heavy rainfall 

   Heavy rainfall is most common of the high-impact convective weather types, and 

is the only one to have more events than available years.  Rainfall events tend to be 

clustered in time, even more-so than wind events.  Thus, the 64 qualifying event days 

occurred during 29 of the 37 available years.  In this case, detection early in the period is 

not a problem, as the high-density network observer numbers have been very fairly 

steady since 1970.   

Extreme rainfall is somewhat rare, and recurs less frequently than both extreme 

wind and extreme hail events.  Of course, the selection of the 203 mm threshold could 

influence the perceived rareness of these events.  If instead the regional 100-yr 24 h value 

of 152 mm had been designated as the threshold, 18 events would have been counted as 

extreme.  The higher threshold was selected because every instance of it being met or 

exceeded resulted in severe damages, including infrastructural collapse.   

 

e. Combined events  

 Combined-hazard events appear to be somewhat rare, and judging the 

significance of their combined effects is difficult.  In general, it appears the combination 

of types is typically not as important as many single-type-events, and often combined 
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events are still dominated by one particular event type.  Only two events—1 July 1997 

and 21 September 2005—had qualifying reports from each of the three severe weather 

categories.  With the first event, the hail was relatively minor compared to the F2-3 

tornadoes, which were less significant (in terms of impact) than the widespread extreme 

wind event across the northern TCMA.  The 2005 event also seemed to be largely wind-

focused, though 15% of the approximately $200 million in damage was attributable to 

hail (NOAA 2005).  In both cases, the highest-magnitude reports from all of the severe 

weather types were within the same storm-sized area, generally comprising less than 

2000 km2.  In addition, only one event, on 3 July 1983 had more than one extreme report 

type.  One might think of that day’s brief F4 tornado as merely punctuating an extremely 

energetic and damaging straight-line event. Considering that the regional pilot study 

indicated the probabilities of a randomly selected tornado, wind, or hail report qualifying 

as extreme by this study’s definition, were 0.015, 0.013, or 0.014, respectively, it should 

not be surprising that such events do not occur together with much regularity.  

Qualifying heavy rainfall events that combined with one or more severe weather 

types were also somewhat rare, with only thirteen such dates (out of 37 years), and only 

two qualifying severe weather events were associated with extreme-level rainfall.  In 

those cases, the intense flooding had a far greater impact than the severe weather event.  

Thus, it appears that most high-end severe weather events ( 85%) do not pose serious 

flooding threats, and most high-end convective rainfall events (80%) do not pose serious 

severe weather threats.  These statements bear careful interpretation, however, because 

short-term flooding events associated with severe convection could prove catastrophic, 

even if the 24-h rainfall totals do not satisfy either of the rainfall criteria used here.  The 
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daily data used for rainfall in this study do not permit calculation of short-duration 

rainfall rates, though it is quite likely that many of the storms analyzed here exceeded 

short-term design capacity.  Smith et al. (2001) demonstrated the flood danger posed by 

supercell thunderstorms, and again, the threat would come from excessive rainfall rates, 

rather than storm accumulation.  

One historical event bears special consideration.  The hard-to-define storm on 20 

August 1904 was reported initially as a tornado, owing almost certainly to the severe and 

extensive damage it wrought.   The storm claimed sixteen lives and damaged the 

downtowns of both Minneapolis and St. Paul, as well as many neighboring areas.  The 

large areal coverage may, in fact, be what led Grazulis (1993) to question whether the 

entire event was tornadic.  Other evidence suggests the storm was primarily non-tornadic.  

For instance, the New York Times (1904a,b) reported that the tornado winds lasted 

fifteen minutes (at any one place), and also that it took an improbable track, 

northeastward to downtown St. Paul, before “[sweeping] onward to Minneapolis,” which 

lies well west of downtown St. Paul.  If the storm was not tornadic, then it would appear 

to stand out from the other wind events in the extreme class: it had a one-minute-average 

of 49 m s-1 (96 kts), and maximum gust of  81 m s-1 (157 kts), before ripping the 

recording equipment from its mountings atop a newspaper building in downtown St. Paul 

(Seeley 2006).  Knowing the true nature of this storm is impossible, but it was either yet 

another violent tornado, or a singularity among non-tornadic wind events. 
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4. Discussion and Concluding Remarks   

This investigation has examined the recurrence intervals of convective weather 

events most likely to cause damage, casualties and disruption to the Twin Cities 

Metropolitan Area.  On average, the area experiences 1-3 of these events per year.  About 

half of the threat comes from rainfall capable of flash-flooding, with non-tornadic 

convective wind events being the most common of the severe weather event types.  Each 

mode of high-impact convective weather (tornadoes, winds, hail, heavy rainfall) has at 

some point in the TCMA’s history caused extensive damage, and even death.  Indeed, 

weather systems virtually guaranteed to cause significant damage and disruption recur 

somewhere within the TCMA approximately every 2-3 years, with wind being the most 

common of these extreme events. 

The severe weather results here do not square particularly well with those of 

Brooks et al. (2003), Doswell et al. (2005), and the supplemental maps at 

http://www.nssl.noaa.gov/hazard (hereinafter “NSSL”)4.  The NSSL “Total Threat” maps 

of F2+ tornadoes, F4+ tornadoes, 65-kt winds, and 2-in. hail represent the same baseline 

thresholds used here for significant severe weather and also extreme tornadoes.  

Appropriate event frequencies from the NSSL maps can be estimated over the TCMA, 

converted to annual frequencies, and multiplied by 1.5 to account for the 50% size 

increase in the TCMA over the NSSL analysis units.  The annual frequencies of 

qualifying tornado and extreme tornado events are generally much higher in this 

investigation (by factors of 2 – 4), while the NSSL hail and wind frequencies are up to 

                                                 
4 The NSSL wind and hail maps are visually identical to those in Doswell et al. (2005).  The legends, 
however, are different, with the NSSL stating the maps show days per year, and Doswell et al. (2005) 
stating they show percent annual probability.  The former are assumed here to be correct (they imply yearly 
occurrence) and the latter in error (they imply centennial occurrence).  
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80% higher; these results are obtained even when identical reference periods are used 

(Table 5).   

Some of the difference between the frequencies here and in the NSSL maps may 

be attributable to different handling procedures.  Frequencies here are presented as-is, and 

are based entirely upon the number of event days within the TCMA over the study 

period.  Near-misses are not considered.  Brooks et al. (2003) and Doswell et al. (2005), 

however, employed Gaussian kernel density estimation, which allowed grid-cell event 

frequencies to be influenced by neighboring cells, so that resulting maps reflected the 

smoothness of the assumed underlying distributions.  In that way, near-misses—when an 

event does not strike the target grid cell but does strike a neighboring one—would be 

important and would influence the frequencies and probabilities within the TCMA.  In 

the severe wind and hail cases, the presence of higher frequency values to the south and 

southwest might enhance local probabilities.  Discrepancies in tornado and extreme 

tornado frequencies between this study and the NSSL maps, however, are not readily 

understood and may require further examination.  

As explained in sections 1 and 2, one goal of this research was to give local 

emergency managers a frequency analysis of high-impact convective weather based on 

actual events within the area now known as the TCMA.  The severe weather frequencies 

(and recurrence intervals) presented--especially for hail and wind—are likely artificially 

too low (and too long), owing to detection problems early in the study period.  The time 

at which virtually all high-impact events are observed and reported may be fast-

approaching.  Thus, in coming years we will gain a better sense of the true large hail and 

damaging wind frequencies.   
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Tornado frequencies present a challenge in the TCMA, because it has been 25 

years (as of this writing) since the last violent single tornado in the area, and over forty 

years since the last true outbreak.  Hazard mitigation research has shown that awareness, 

concern and action related to natural hazards all decay as the time since the last event 

increases (Prater and Lindell 2000).  Considering the large population growth since the 

1965 outbreak, and that most residents have not witnessed a serious tornado outbreak in 

the region, communicating the risk to the public might require an extensive outreach 

campaign.  

For emergency preparedness officials, and certainly for members of the media and 

the public, understanding the qualitative points may be more important than trying to 

quantify them: thunderstorms capable of serious damage and disruption strike the TCMA 

regularly.  Storms virtually certain to do significant damage strike occasionally.  

Tornadoes, including long-lasting and violent ones, are part of are area’s history, and we 

should expect them to be part of our future.     

As many hazards scholars have argued, identifying dangerous natural phenomena 

and understanding their statistical properties does not make us safe from them (Tobin and 

Montz 1997).  Furthermore, risk is not just geophysical in origin, but is also social, 

cultural and political (e.g. Pelling 1999).  Thus, this work is really just one piece in a 

larger puzzle.  If the goal is to protect the people of the TCMA from convective weather 

hazards, then understanding the convective weather is one issue; understanding the 

people we wish to protect is another.  The next major tornado outbreak in the TCMA is 

going to affect a much larger and more diverse population than that of 1965.  Do all 

groups have equal access to warning information?  Can the disabled and elderly be 
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notified and moved to safety quickly?  Are people responding to warnings based on their 

beliefs about the unlikelihood of tornadoes hitting urban areas?  Do people know what to 

do when stuck in traffic and severe weather is approaching?  Ultimately, it is the answers 

to these questions—and not what we know about our climatology—that will determine 

how the TCMA fares during its next high-impact convective weather outbreak. 

 

         

 

 
FIGURE 1.  The TCMA study area, with minor civil division population from the 2000 census. 
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FIGURE 2.  Number of days per year in which any qualifying severe weather (tornado hail, wind) was 
reported.  The raw event-day counts are shown as filled circles.  The trace shows the five-year rolling sum, 
fit with a five-year moving average for smoothing purposes. 
 

 
 
FIGURE 3.  Same as in Fig. 2, except for tornadoes, and with 10-year rolling sums (instead of 5-yr). 
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FIGURE 4.  Damage to Columbia Heights, MN on 5 April 1929 (on left; courtesy of Minnesota Historical 
Society), with satellite view of same area today (on right; courtesy of Google Maps ™)  

 

 
 

FIGURE 5.  Tracks of 6 May 1965 tornado outbreak.  First touchdowns were the middle two tornadoes.  
Tracks digitized from hand-drawn maps in Kuehnast et al. (1975)  

 
 
 



 

 50

TABLE 1.  Estimated return periods for a 102 mm rainfall occurring over a given duration within the study 
area, adapted from Huff and Angel (1992).  The return period values are approximate and were obtained by 
examining the 4-inch isohyet from the maps given on their pages 54-89 in Huff and Angel (1992). 
*Denotes value estimated by applying the “Huff-Angel” log-log fitting procedure to plot of storm duration 
versus return period for 102 mm rainfall.   
    

Storm 
Duration (h) 

Approx. 
Recurrence interval (yr) 

1 350* 
2 200* 
3 100 
6 50 
12 25 
24 10 

 
 
TABLE 2. Types of high-impact convective events, with thresholds required for inclusion in study 
 
Event Type “Significant” threshold “Extreme” threshold 
Tornado F2 damage or > 1 fatality  F4 damage rating 
Wind 33.5 m s-1 (65 kts) 41 m s-1 (80 kts) 
Hail 5.1 cm (2 in.) 7.6 cm (3 in) 
Rainfall 102 mm (4 in) 203 mm (8 in) 
Combined Severe > 2 baseline types > 2 event types of which 

>1 must be extreme 
Combined Severe and 
Rainfall 

> 1 baseline severe type and 
baseline rainfall 

> 2 event types of which 
1 must be rainfall and of 
which >1 must be 
extreme 
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TABLE 3.  Data sources used to identify qualifying high-impact convective weather events 
 

Event 
Type 

Data Source Available 
Record 

Remarks 

Tornado SVRGIS (Smith 2006) 1950-2006 Tracks of qualifying 
tornadoes 

Tornado SVRPLOT (Hart 1993) 1950-2006 To validate SVRGIS 
Tornado Significant Tornadoes (Grazulis 

1993, 1997) 
1880-1995 For historical 

tornadoes, and to 
validate tornadoes 
1950-1995 

Wind/Hail SVRPLOT 1955-2006 Approx point 
locations of 
wind/hail reports 

Rainfall TCMA high-density AMP grids 
(Blumenfeld et al. 2004) 

1970-2002  1958-69 retained but 
not analyzed 

Rainfall MN SCO Flash-Flood Publication 
(Kuehnast et al. 1988, updated 
electronically) 

1970-2006 Describes location, 
coverage of 152 mm 
(6 in.) rainfall events 

Rainfall MN high-density network daily 
precipitation values (MN SCO 
online retrieval; 
http://climate.umn.edu)  

1970-2006 Search triggered by 
mention of events in 
“Climate Journal” 
publication   
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TABLE 4. Frequency of high-impact event types within the TCMA.  Note that the recurrence intervals are 
expressed as ranges: the low end of the range indicates the mean recurrence interval based on the number 
of event-days, whereas high end of the range indicates recurrence interval based on the number of event-
years.  Note that for “Any high-impact,” “Any severe,” and the two “Combined” categories, calculations 

are based on the shortest of the available records.  
 

Event 
Type 

Years 
Avail.    

Sig. 
Days 

Sig. 
Years 

Mean 
Recur. 
Int. (yr) 

Extm. 
Days 

Extm. 
Years 

Mean 
Recur. 

Int. 
Any high-
impact 

37 
(1970-
2006) 

124 36 0.3 - 1.0   18 14 2.1 – 2.6  

Any severe 52 
(1955-
2006) 

84 39 0.6 - 1.3  19 15 2.7 - 3.5  

Tornado  127 
(1880-
2006) 

49 47 2.6 – 2.7  10 10 12.7  

Wind  52 
(1955-
2006) 

44 22 1.2 – 2.4  13 11 4.0 – 4.7  

Hail 52 
(1955-
2006) 

35 25 1.5  – 2.1   8 7 6.5 – 7.4  

Combined 
Severe 

52 
(1955-
2006) 

10 9 5.2 – 5.8  4 4 13  

Rainfall 37 
(1970-
2006) 

64 29 0.6 – 1.3    5 4 7.4 – 12.3 

Combined 
severe and 
rainfall 

37 
(1970-
2006) 

13 11 2.8 – 3.4  4 4 9.3  
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TABLE 5.  Comparisons of frequencies of high-impact severe weather events for TCMA between maps at 
NSSL, study results for same NSSL base period, and study results for entire available period.  Expected 
annual frequencies were estimated from NSSL maps, and then multiplied by 1.5 to account for the 50% 
size increase of the TCMA over the NSSL grid cells.  See Brooks et al. (2003) and Doswell et al. (2005) for  
discussion of mapping techniques. 
 
Qualifying Event 
Type 

Expected Annual 
Freq. 
(NSSL base period) 

Actual Freq. 
Using  
NSSL base 
period 

Total Freq. (study 
pd.) 

Tornado 0.15 – 0.23 (1921-
95) 

0.45 0.39 (1890 – 2006) 

Extreme Tornado .02 – 0.03 (1921-95) 0.09 0.08 (1890 -2006) 
Wind 1.1 – 1.5 (1980-94) 1.0 0.85 (1955-2006) 
Hail 1.2 (1980-94) 0.73 0.67 (1955-2006) 
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Chapter 3  

Are severe thunderstorms and tornadoes less common, less likely and less intense in 
the Twin Cities than in surrounding areas? 

 

K.A. Blumenfeld 

 

3.1 Introduction 

Severe convective storms are capable of tornadoes, large hail, damaging winds, and 

excessive rainfall, and they pose obvious threats to life and property.  The greatest risks 

from these phenomena arise when they encounter large and/or dense populations, such as 

in major metropolitan areas.   Forecasting severe storms in urban areas has been 

identified as a research need and priority (Dabberdt et al., 2000), and Edwards and 

Lemon (2002) have described the potentially catastrophic compound threats from 

significant severe weather events in urban areas, yet severe storms research has generally 

proceeded without much consideration of how urban areas influence the climatology of 

these hazardous weather systems.   

One might hypothesize, too, that large urban areas alter normal severe convective 

storm behavior, given that major cities have been shown to alter the spatial patterns of 

rainfall (Changnon, 1968; Huff and Changnon, 1973; Shepherd et al., 2002), cloud-to-

ground lightning (Westcott, 1995; Stallins et al., 2006), storm initiation (Dixon and Mote, 

2003), and mesoscale surface features (Loose and Bornstein, 1977; Bornstein and Leroy, 

1990).  Unfortunately, few authors have examined how severe convective storms interact 

with large cities.  Limited findings from the METROMEX investigation (Changnon, 

1981), particularly as reported by Changnon (1978), indicated that the frequencies of hail, 
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strong winds, heavy rains were substantially higher over and downwind from St. Louis, 

MO than on the upwind (west) side of the city.  While that investigation provided the first 

in-depth analysis of the complex relationships between a major city and convective 

storms, it also raised numerous questions that have yet to be addressed thoroughly by the 

research community.  For instance, will all cities intensify storms all the time, or are there 

certain conditions that favor urban storm intensification and others that do not?  

Additionally, METROMEX focused on summer conditions, somewhat after the peak 

severe weather season in St. Louis.  Would organized, early-season, synoptically-forced 

storms behave as Changnon (1978) observed for the summertime storms?  Unfortunately, 

there has been no additional research into understanding the effects a major metropolitan 

area has on the climatology of severe convective storms, and thus, no competing 

hypotheses.  Bornstein and Leroy (1990) found that moving thunderstorms broke apart 

over New York, NY in the presence of “strong” regional winds, but they, too, sampled 

storms from summer only and did not stratify cases by intensity.  We do not know, 

therefore, if the “bifurcation” of storms they reported would have been replicated in high-

instability or high-shear conditions.         

This chapter uses severe weather reports, Doppler radar, and tropospheric 

sounding data to examine two hypotheses regarding the intensity and morphological 

characteristics of severe convective storms that interact with the urban core of the 

Minneapolis-St. Paul,  MN metropolitan area (hereinafter Twin Cities Metropolitan Area 

or TCMA).  A null hypothesis, H0, and an alternative, H1, will be examined.  The null 

hypothesis postulates that the character (e.g. frequency, intensity) of severe 

thunderstorms over the urban core (the central TCMA) is identical to those from 
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suburban and rural control regions, while the alternative postulates that severe 

thunderstorms, and especially tornadoes, have significantly lower probabilities in the 

central TCMA than in other areas.  This latter hypothesis is in abundance colloquially, 

and has even been proffered by local news media outlets.  It will thus be referred to 

throughout this chapter as the “popular hypothesis.”  This research has direct implications 

for emergency preparedness and educational outreach priorities: if, contrary to popular 

beliefs, Minneapolis and St. Paul are not “immune” to high-end severe weather events, 

then the habits and responses of local residents during severe weather episodes will need 

to be reexamined, as will education and outreach efforts from the scientific community.   

3.1.1 Definitions  

Standard National Weather Service (NWS) guidelines defining severe weather are 

followed here.  As described by Moller (2001), “severe weather” is any tornado, hailstone 

with diameter > 2 cm (.75 in.), or wind gust > 26 m s -1 (50 kts) associated with deep 

moist convection.  Following from Grazulis (1993) and Doswell et al. (2005), 

“significant severe” will denote tornadoes > F2, hail > 5.1 cm (2 in.), and wind gusts > 

33.5 m s-1 (65 kts).  A third threshold, “extreme,” denotes F4 - F5 tornadoes, hail > 7.6 

cm (3 in.), and winds >  41 m s-1 (80 kts). 

In most instances, the “central TCMA” or alternatively, the “urban core” will 

imply an area within a ~16 km (or 10 mi.) radius of the Minneapolis, St. Paul border 

(Figure 3-1).  The “greater” or “outer” TCMA denotes the area extending to ~48 km from 

the central TCMA boundary.  Ten randomly generated control regions equal in size to the 

central TCMA are used to compare severe weather frequencies and magnitudes, and for 
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comparing differences in convective variables between storms in and out of the central 

TCMA (Figure 3-1).  The center of each circle is required to be within 100 km of the 

Chanhassen, MN NWS (MPX) office for the random point generation procedure, and for 

proximity analysis (described in section 3.4).  

The TCMA lies on the northern periphery of the temporally variable “tornado 

alley,” (Brooks et al., 2003), within a region of local wind damage maxima (Doswell et 

al., 2005), as well as within a high-frequency corridor of long-lived, extreme convective 

windstorms, known as derechos (Johns and Hirt, 1987; Bentley and Mote, 1998; Johns 

and Evans, 2000; Coniglio and Stensrud, 2004).   

 

 

 

Figure 3-1:The central TCMA (inner blue circle), the greater TCMA (medium black circle), and ten 
randomly generated control areas for comparing against central TCMA events.  La Crosse (ARX) 
plotted for reference because its radar is used, as described in 3.2.  Control areas selected to fall 
within 100 mi of MPX for use of MPX proximity soundings, described in section 3.4.   
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3.2 Approach  

Several measures are used to test both the null hypothesis (storms over the central 

TCMA are approximately identical to control area storms), and the popular hypothesis 

(severe storms are less frequent and less intense in the central TCMA than in control 

regions).  These include: 

i. Raw severe weather frequencies in the central TCMA relative to frequencies in 

control areas of equal size. 

ii.  Severe weather day frequencies across a 140 km (north-south) by 160 km (east-

west) area, centered on the TCMA. 

iii.  Convective available potential energy (CAPE) and lifted index (LI) from MPX 

soundings for any storms occurring over TCMA or control areas within 2 hours 

of sounding times.  

iv. Mode of severe convection (e.g. supercellular, linear, cluster, “pulse”). 

v. Behavior of storms over central TCMA (e.g. initiating, intensifying, 

diminishing, splitting).  

 

The data include severe weather events from the Storm Prediction Center (SPC), 

tornado tracks from the SVRGIS project (Smith, 2006), archived WSR-88D “NEXRAD” 

data from MPX and La Crosse (ARX), and archived radiosonde observations (RAOBs) 

(Table 3-1).  The hypotheses under consideration cannot be evaluated in the standard 

statistical sense, owing to sampling issues or data irregularities.  Data evaluation 

techniques, the often subjective bases for hypotheses validation decisions, and other data-

related issues are discussed next.  
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Table 3-1:Data types and uses in the present investigation. 

Data Type Source Description Purpose 
Storm 
events 

Storm Prediction 
Center (SPC), through 
svrplot2 (Hart, 1993) 

Point-based report data, with 
lat-lon, date, time, type (e.g., 
tornado, hail, wind), 
magnitude; 1950-2005 

Locate individual reports, 
and map extent/severity of 
outbreaks 

Tornado 
Tracks 

SVRGIS (Smith, 2006) Tornado touchdown/lift-off 
points (line geometry in GIS), 
1950-2006 

Map, analyze tornadoes as 
tracks rather than points 

RAOBs Univ. of Wyoming; 
SPC index of storm 
events5 6 

Chanhassen (MPX) 
soundings, 1995-present 
(Univ. of WY); 2000-present 
(SPC) 

Investigate CAPE (e.g. 
Blanchard, 1998) and 
Lifted Index for 
“proximity events” 

Radar Data NCDC HAS7 Archived level-II and III data 
from MPX, ARX, 1995-
present 

Track changes in storm 
intensity and organization 

 

3.3 Severe weather frequencies 

Severe weather frequencies can be expressed as the total number of severe weather 

events within a given area over a given period.  As a first approximation, raw counts of 

severe weather reports (1950-2005) from a Storm Prediction Center (SPC) database are 

accessed through the software svrplot2 (Hart, 1993), and tornado tracks (1950-2006) are 

retrieved using SVRGIS (Smith, 2006).  The SPC data include any severe weather event 

reported to a local National Weather Service Forecast Office (WFO) through a spotter 

network, or through a damage survey in the aftermath of an event.  Each entry includes 

approximate latitude/longitude information, plus the date, time, and type of each event 

(e.g. tornado, hail or damaging winds).  Tornado track data include the damage-based 

intensity estimates from the Fujita scale (F-scale), as well as the path length, maximum 

width and number of deaths and injuries.  Wind and hail reports include measurements, 

or more frequently, estimates, of the speed (given in knots) and the diameter (given in 

                                                 
5 Available from http://www.weather.uwyo.edu/upperair/ 
6 Available from http://www.spc.noaa.gov/exper/archive/events/ 
7 Available from http://hurricane.ncdc.noaa.gov/pls/plhas/has.dsselect 
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inches), respectively.  The data are nearly identical to those published in the National 

Climate Data Center monthly publication, Storm Data, except that Storm Data includes 

written accounts of many of the more significant events. 

For the period 1950-2006, the central TCMA had greater raw severe weather 

frequencies than each of the ten control areas, and higher frequencies per unit area the 

larger annulus representing the greater TCMA (Table 3-2).  This relationship was 

consistent for the total number of reports, for each type of event, and for all “significant” 

severe events.  The “extreme” events were too few for statistical comparison, though the 

central TCMA did experience more high-end tornado and hail reports than any control 

area, and more high-end wind events than all but one control area.  At face-value, these 

results would point to rejecting both the null and the popular hypotheses because the 

central TCMA storms appear more frequent and somewhat more intense than control area 

storms.  

These results, however, require careful interpretation because the severe weather 

reports data have many documented irregularities (Doswell et al., 2005; Trapp et al., 

2006).  First, the data misrepresent the areal nature of wind and hail events by treating 

those phenomena as points.  Additionally, the locations in the database are rarely true to 

the actual location of the report, and induce random spatial error, often on the order of 10 

km.  Also, population changes and erratic reporting procedures over time and space have 

led to serious inhomogeneities within the database.  For instance, from the 1950s through 

the 1990s, the number of severe weather reports increased exponentially, in response to 

population growth, better spotter training, verification procedural changes within the 

NWS, and modernization of the NWS (Johns and Evans, 2000; Doswell et al., 2005) 
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(Figure 3-2).   As another example, the density of severe weather reports crudely mimics 

population density across space, which leads to false maxima over cities.  Furthermore, 

many of the data values (e.g. hail size, wind speed) are estimated rather than measured, 

which would challenge any attempts to map, for instance, all extreme wind reports during 

a given period.  These caveats do not, however, overturn the result that the central TCMA 

has experienced all manner of severe convective weather.   

 

 
 
 

Table 3-2: Comparison of severe weather event frequencies, partitioned by type and magnitude, 
between central TCMA and 10 control areas.  Density of reports also compared between central and 

greater TCMA.  
  

  
ALL  

Tornado Wind Hail 
Tot. F2+ F4/5 Tot. >33.5 

m s-1 
> 41 
m s-1 

Tot. > 5.1 
cm 

> 7.6 
cm 

Cent. TCMA  
270 

 
9 

 
7 

 
2 

 
144 

 
14 

 
2 

 
117 

 
7 

 
2 

Control avg 91.9 6.7 2.9 0.6 50 4.6 1 34.4 2.1 0.2 
Control min 51 3 0 0 27 0 0 18 0 0 
Control max 173 10 4 1 91 11 3 74 5 1 
Cent. TCMA 

density 
(rpts/km 2) 

.34 .011 .009 .003 .182 .018 .003 .148 .009 .003 

Outer 
TCMA 
density .113 .005 .002 .0003 .060 .007 .001 .048 .004 .002 
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Figure 3-2: Reports of severe hail, wind and tornadoes over study areas, 1950-2005, fit with 7-yr 

moving averages.  Note that tornadoes scaled to secondary vertical axis. 

3.3.1 Severe weather days 

An alternative method for investigating frequencies is to use an “event-day” 

methodology. This approach reduces the influence of numerous reports clustered around 

a population center by turning individual analysis cells “on” or “off” depending on 

whether they contained a severe weather report on a given day.  Brooks et al. (2003), and 

Doswell et al. (2005) used the event-day approach to map daily tornado and nontornadic 

severe weather probabilities over the US.  They used a grid of 80 km by 80 km cells and 

Gaussian kernel density smoothers in time and space.  Modified versions of their kernel 

density smoothers are applied to cells 20 km on a side, over a domain of 140 km by 

160km.  The modified smoothers and smaller cells reflect the relatively localized nature 

of this investigation.  Any report in the 1200 UTC to 1159 UTC time frame is assigned to 
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one severe weather day, consistent with SPC operations.  For each cell, the value of m on 

any day is 0 or 1, depending on the presence of severe weather within that cell.  Thus, 

over the study period, for any given day, the average value of m will range from 0 to 1.  

The following smoother is then used:   
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where fn is the estimated frequency on the nth day of the year, σt is the temporal 

smoothing parameter, set to t =10 days, and k is an indexed value for the day of the year.  

This smoother, in essence, reduces the influence that the temporal abruptness of a 

particular event has on probabilistic estimates.  For instance, in the study area, severe 

weather on 23 June is exactly twice as common as severe weather on 24 June.  

Obviously, this relationship cannot be explained by real differences in the expected 

atmospheric conditions between those two dates.  Thus, the smoothing technique 

recognizes the arbitrariness of day-to-day severe weather frequency variations and 

converts an otherwise temporally discrete and abrupt phenomenon into a smooth and 

continuous one (Figure 3-3).  After smoothing, the probability of severe weather on 24 

June is approximately identical to that of 23 June.  
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Figure 3-3: Annual cycle of severe weather days over 140 by 160 km area, fit with Gaussian kernel 

density smoothers with t = 5 (blue), 10 (red) and 15 (green) days. 
 

After smoothing each grid cell series in time, a similar smoothing function is 

applied spatially, given by, 
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where px, y, n is the probability of severe weather at grid box (x,y) on day n, di,j is the 

distance between the location of a grid box (i, j) and the analysis location (x, y), σx is the 

temporal smoothing parameter, set to x = 1.5 grid boxes (30 km), and I and J represent 

the number of boxes in the east-west and north south directions, respectively.  This 

smoothing function reduces the influence of spatial abruptness on local probabilistic 

estimates, and spreads the higher probabilities of the central TCMA to adjacent cells, and 

the lower probabilities of outer cells inward.  This smoother does the same thing in space 

that the first one does in time, so an event in a given cell will influence probabilities of 

surrounding cells.     
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The results, however, still suggest that the number of severe weather days in the 

central TCMA vastly exceeds surrounding areas, and also that the effect is so large that 

no smoothing function can remedy it (Figure 3-4).  This result is consistent for all 

magnitudes of wind and hail days, but not for tornadoes (supplemental figures not 

shown).  Following from the discussions of Doswell et al. (2005), population and 

reporting biases most likely explain this spatial pattern: historically, the central TCMA 

has had the highest population density in the area, leaving more people to observe and 

report severe weather, and leading to the illusion of more severe weather days compared 

with surrounding areas.  In this sense, the central TCMA may represent a “false spatial 

maximum” in severe weather day frequencies.  Put another way, surrounding areas have 

likely underreported severe weather, leading to fewer severe weather days than the 

central TCMA.  The true spatial maximum in the area is unknown because of spatial 

population and, thus, reporting disparities.  The results nevertheless indicate that 

tornadoes and nontornadic severe storms of all intensities do cross the central TCMA; 

regardless of whether the spatial pattern merely reflects population-based reporting 

biases, there seems to be little evidence in support of the popular hypothesis that the 

stronger storms avoid the urban core.  
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Figure 3-4: Spatial smooth of mean annual severe weather days over 140 by 160 km area.  Even after 

smoothing, central TCMA has expected frequencies several times higher than surrounding areas. 
 

3.4 Convective variables from proximity soundings 

The popular hypothesis does not suggest that the central TCMA never experiences 

severe weather; rather, it suggests that severe storms tend to cross the TCMA with a 

lower frequency and a lesser intensity than other areas.  While the raw frequency and 

event-day analyses would argue against this notion, irregularities in the data make any 

true determination almost impossible.  Assuming the popular hypothesis is accurate for 

the moment, the appropriate question to ask might be “why do some severe weather 

complexes survive the trip across the central TCMA, while others do not?”  Analyzing 

the convective variables that have predictive skill in severe storms forecasting might be a 

good starting point. 

Proximity soundings from MPX are used to evaluate the convective potential for 

each severe weather day in the central TCMA and the ten control regions used for the raw 

frequency analyses.  As described by Brooks et al. (1994) and Evans and Doswell (2001), 



 

 67

proximity soundings are meant to represent the convective environment of a given severe 

weather event at a given location.  Thus, the event in question should occur within a 

certain distance and a certain amount of time of a 0 UTC or 12 UTC sounding.  For 

instance, to discriminate tornadic from nontornadic mesocyclones, Brooks et al. (1994) 

required that storms be within 160 km and 1 h of balloon launch, whereas Evans and 

Doswell (2001) used 167 km and 2 h in their analyses of derecho environments.  Two 

hours and ~100 km are used in this investigation.  Each control circle is therefore 

centered within 100km of MPX.  For qualifying events, it is assumed the severe weather 

arose in the environment sampled by the MPX sounding.  

Convective-available potential energy (CAPE) for a surface-based parcel and the 

lifted index (LI) are analyzed for any event, 1995-2005, that crossed the central TCMA or 

any of the control areas within 2 h either side of balloon launch.  CAPE is defined as the 

accumulated buoyant energy of a lifted parcel between the level of free convection (LFC) 

and the parcel equilibrium level (EL), expressed as: 

 

  
EL

LFC

p e

e

z

z

v v

v

T T
CAPE g dz

T

−−−−    
====         

    
∫∫∫∫                                  (3-3) 

 

where 
pvT  and 

evT  represent, respectively, the parcel and environmental temperature 

using the virtual temperature correction (Doswell and Rasmussen, 1994), z denotes 

height, and g is gravity (Blanchard, 1998).  Estimates and conditions vary, but many 

forecasters recognize 1000 J kg-1 of CAPE as a critical threshold for sustained deep moist 
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convection.   The LI is simply 
evT −

pvT (ºC) at 500 mb, and is therefore typically negative 

when CAPE is positive; larger negative values indicate more instability, with values 

typically between 0 and -10 (ºC).  Of the 73 candidate events, 56 (77%) had qualifying 

sounding data; the remaining soundings exhibited some sort of “contamination” or were 

simply not available.   Fourteen of the qualifying soundings had unusually low CAPE 

values (< 200 J kg-1), but were maintained for supplemental analyses because of the 

possibility they formed in weakly-unstable conditions. 

 In general, the central TCMA events arose in environments with greater 

instability than events that specifically did not affect the central TCMA (Table 3-3).  

Inclusion of the low-CAPE soundings only strengthens this relationship, suggesting that 

perhaps the central TCMA environment is hostile to severe thunderstorms in low-

instability conditions.  Put another way, storms over the central TCMA may require more 

ambient instability to become severe than storms in nearby areas.  For example, the lower 

moisture content of the urban near-surface air may exert a negative buoyant force upon 

transient air masses, or perhaps the surface roughness of the urban landscape (Oke 1987) 

impedes moisture convergence necessary to maintain deep convection.  Clearly, this 

finding needs to be reconciled with the earlier results of greater urban severe weather 

frequencies, which would suggest a nearly opposite effect regarding instability 

thresholds.  On the other hand, perhaps the urban core does modulate the convective 

environment, but does so only up to a point, beyond which synoptic and mesoscale 

forcing for severe convection override local effects.  Expanding the study period forward 

in time will certainly help clarify this issue, especially as the number of qualifying central 

TCMA events increases.  
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Table 3-3: Convective variables from proximity soundings, 1995-2005, from central TCMA and 

control regions. 
 

Proximity Events 
including: 

Accepted Proximity Events All Proximity Events 
n CAPE  

(J kg-1) 
LI (C) N CAPE  

(J kg-1) 
LI (C) 

ALL 42 1791 -6.0 56 1366 -4.5 
Central TCMA 8 1954 -6.7 9 1750 -5.85 
Not Cent TCMA 34 1753 -5.9 47 1293 -4.3 

 

3.5 Storm intensity, mode, and evolution 

The popular hypothesis of severe storm behavior in urban areas implies not only 

that the storms in urban areas are weaker than in surrounding areas, but also that the 

urban heat island and urban surface roughness combine to exert a destructive force upon 

storm systems entering the area.  As suggested in previous sections, validating this 

hypothesis is quite difficult.  Ascertaining the relative intensities of storms from point-

based, population-dependent estimates poses one problem, while understanding the 

varying environments leading to particular convective scenarios poses yet another.  This 

section uses storm reports and radar data to infer the “convective modes”—the 

organizational patterns of parent convective systems— and the “behavior” of individual 

events in the TCMA. 

3.5.1 Event ranking 

In the period 1995-2005, the TCMA experienced 141 severe weather days, 51 

(36%) of which also affected the central TCMA.  The extent and intensity of severe 

weather during these events ranged from a single, low-end wind gust report, to 

widespread, regional outbreaks of significant tornadoes and extreme winds and hail 

(figure 3-5).  Of greatest interest are the more intense events, which need to be 
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objectively identified.  Doswell et al. (2006) reported procedures for ranking tornado and 

nontornadic severe weather outbreaks.  Their investigation, which was national in scope, 

required that the tornadic events and nontornadic events remain separate. A different 

approach, inspired by Doswell et al., is used here on the local scale.  The full spatial 

extent of each contiguous severe weather episode is retrieved, and the distributions of the 

number of total reports (nt), maximum magnitude (M), number of significant reports(ns) 

and number of extreme reports (ne) are then calculated and standardized for each type of 

severe weather (T, W, H).  After experimentation and some subjective judgment, the 

following weighted linear index is used for ranking TCMA severe weather events: 

 

2.5( ) (1.5 3 3.5 3.5 ) ( 2 3 4 )t s e T t s e W t s e HI n M n n n M n n n M n n= + + + + + + + + + + += + + + + + + + + + + += + + + + + + + + + + += + + + + + + + + + + +  (3-4)         

 

This index seeks to minimize the influence of relatively minor events while 

highlighting more important ones.  For instance, tornadoes will tend to have better 

chances of achieving a higher rating on the F-scale when there are more property 

“targets.”  Furthermore, a many-tornado event may not yield any significant F-ratings if 

the event is primarily rural.  The number of reported tornadoes is, therefore, assumed to 

contain approximately as much information about the potential severity of a given 

outbreak as the reported number of significant or extreme tornadoes, so nt is weighted 

equal to all other terms.    The magnitude and number of significant and extreme 

tornadoes in a given even is considered to be as important as the number of tornadoes for 

the same general reason: the F-ratings could have been influenced by the population 

(density) of the areas affected, and not the intensity of the tornadoes themselves.  The 
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coefficient 2.5 indicates that the presence of any tornadoes will tend to increase the 

importance of a given event. 

For convective winds and hail, the number of reports is considered to be the least 

important term, simply because “marginal” reports of these types reports are quite 

common, and do not necessarily connote significance.  For winds, the numbers of 

significant and extreme reports have large weights because these speak to the potential of 

the parent event to produce sustained damage; the number reports above a given 

threshold crudely represents the area or time over which the storm was at a heightened 

level of intensity.   The peak magnitude term (M) is given slightly less weight because it 

could have been estimated or measured, fortuitously, by a random anemometer.   For hail, 

the number of extreme reports is given the largest weight because hail exceeding the 

extreme threshold almost always produces major damage to cars and homes.  Given the 

typically isolated and small region of very large hail within supercell thunderstorms 

(Lemon and Doswell 1979; see NOAA PA92055: Advanced Spotters’ Field Guide), 

multiple extreme reports indicate a widespread, destructive event.  Different weighting 

schemes were examined, and while these did rearrange some of the rank orders, the top 

30 or so events were generally quite stable.  
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Figure 3-5: Example of spatial pattern of severe weather reports associated with high-end outbreak 
(event shown is 11 Jun 2001).  Hail (circles) and wind (50-kt flags) have been scaled by magnitude 

(severe, significant, extreme), while tornado symbols (triangles) are scaled by F-rating (largest shown 
is F2). 

 

 For all 141 TCMA events, the average value of I was -10.6 with a standard 

deviation of 50.  The negative mean I indicates that the distribution is dominated by 

relatively small events and is positive-skewed by a small number of large events.  For 

reference, the event mapped in Figure 3-5 is the 4th ranking outbreak, with I= 113.6 and a 

z-score of 2.48.  The central TCMA events had an average I of 11.7, suggesting that 

events in the urban core tend to be larger than the background average.  Perhaps this 

result is an artifact of the greater number of reports in the central TCMA, but it does 

support the results from the proximity events, which also suggested that the central 

TCMA somehow selects for higher-end events. 

3.5.2 Event morphology and behavior over the TCMA 

Storm morphology and evolution of the 30 largest TCMA events are analyzed 

next.  The spatial tracks of the convective systems associated with major axes of storm 

reports are identified and assigned to one of three classes of severe convection: (i) 
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weakly-organized “pulse” storms, (ii) multicell linear or clustered storms, or (iii) 

supercell storms.  These classes reflect a crude thunderstorm organization-intensity 

spectrum, similar to the one employed in SKYWARN spotter training programs (see 

NOAA PA92055: Advanced Spotters’ Field Guide).  In essence, the storm organization 

or convective mode is a “proxy” for storm intensity: supercell thunderstorms are 

considered to be most severe, followed by multicell, and lastly pulse storms.  Supercell 

thunderstorms have three known varieties—high-precipitation (HP), low-precipitation 

(LP), and classic—each with its own preferred severe weather hazards (Moller et al., 

1994).  Even multicellular storms have many known varieties, including, among others, 

bow echoes, line-echo-wave-patterns, and mesoscale convective complexes (Fritch and 

Forbes, 2001), so the classes used here are by no means definitive.  In this section, the 

focus on the 30 largest storms systematically excludes pulse severe storms from the 

analyses.       

Initially, the basic mode of convection is determined from the number, visual 

geographic dispersion, and type of reports within an event.  Multicell and supercell 

storms exhibit systematic spatial organization, from which the appropriate designation is 

determined, depending on the nature of the reports.  For example, the tornadoes present 

in Figure (3-5) suggest that the event contained at least some supercells, while the 

progressive wind damage east of the TCMA indicates evolution towards linear, “bowing” 

structures (Wakimoto, 2001).     

To supplement the structural “clues” about the storm mode within the storm 

reports, archived data from the Weather Surveillance Radar 1988 Doppler (WSR-88D) 

“NEXRAD” radar network are also used, particularly from Chanhassen, MN (MPX), but 
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occasionally from La Crosse, WI (ARX).  Unfortunately, Chanhassen is quite near to the 

central TCMA, and storms over Minneapolis are often only just exiting the radar’s blind 

region, or “cone of silence” (Howard et al., 1997).  Indeed, tracking a typical storm from 

west-to-east over the area will generally bring it right through the MPX cone of silence.  

The opposite problem arises with the ARX radar, as storms over the Twin Cities are often 

on the edge of its beam domain.  The ARX radar nevertheless can “see” some storms that 

challenge the MPX radar, and together, the two radar sites provide a rather complete 

picture of convective morphology (Figure 3-6).  The MPX/ARX radar data and the report 

magnitudes are then used to determine whether storms weakened, intensified, or 

maintained their strength over the central TCMA.   

 

 

 

Figure 3-6: Base reflectivity perspective of same storm system entering central TCMA, from MPX 
radar (left) and ARX radar (right).  Note smaller pixel size near the MPX beam versus coarser 
resolution from ARX.  While both reflectivity scans are at 0.5º, ARX is actually sampling much 

higher elevations within the storm than MPX. 
 

Twenty of the 30 top events originated as supercells, and nine events were 

supercellular upon entering the central TCMA (Table 3-4).  Twenty-nine of the events 

were producing severe weather as they entered the central TCMA, and of those, 12 

weakened appreciably upon crossing the urban core.  Eleven of the weakening storms 
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were multicellular, but only one supercellular event exhibited weakening characteristics 

over the central TCMA; the remaining supercells either maintained intensity, or 

strengthened.  On 5 June 1999, numerous supercell thunderstorms developed over 

downtown Minneapolis in a two hour period, as part of an explosive supercell outbreak 

that produced a tornado just southwest of Minneapolis and nearly another just north of St. 

Paul (Figure 3-7).  These results lend further support to the earlier speculation that the 

most intense thunderstorms maintain severity over the central TCMA.  Indeed, it appears 

that supercell thunderstorms are relatively unfazed by interaction with the urban core.  

Results from this section suggest that both the null and the popular hypotheses are 

invalid.  

 

Table 3-4: Primary storm mode for top 30 TCMA events at initiation and over central TCMA, and 
event behavior over central TCMA. 

Primary 
Storm mode 

Number events exhibiting 
storm mode 

Observed behavior of events 

At event 
initiation 

In central 
TCMA 

Weakening 
over central 

TCMA 

Intensifying 
over central 

TCMA 

Maintaining 
intensity over 
central TCMA 

Multicellular 
(all linear) 

10 21 11 (52.4%) 4 (19.0%) 6 (28.6%) 

Supercellular 20 8 1 (12.5%) 3 (37.5%) 4 (50%) 
Total 30 29 12 (41.4%) 7 (24.1%) 10 (34.5%) 
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Figure 3-7: (top) Rapid supercell development over central TCMA, 5 Jun 1999, leading to rapidly 

rotating wall cloud north of St. Paul (bottom); photo by author. 

3.6 Conclusions 

Conservative treatment of the data supports the following conclusions: (i) all 

manner of severe weather at all intensity levels have affected the central TCMA; (ii) 

severe weather events in the central TCMA are associated with stronger instability than 

control area events; (iii) “survival rates” of storms entering the central TCMA improve as 

storm severity—approximated by organizational mode (e.g. multicell, supercell)—

increases; and (iv) supercell thunderstorms are unlikely to weaken over the central 

TCMA.   

The irregularity of the data makes traditional statistical inference and hypothesis 

testing nearly impossible.  This research was initially posed as a test of two hypotheses: 

the null hypothesis stated that severe storms in and out of the central TCMA are 

approximately identical in frequency and intensity, while the alternative hypothesis 
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paraphrased popular sentiment by stating that storms in the central TCMA were less 

intense and less frequent than storms elsewhere.  Note that the alternative hypothesis 

indicates the assumed direction of the inequality between the sample (severe storms in 

the central TCMA) and the population (severe storms in the rest of the area), and thus 

would have required 1-tail tests (McGrew and Monroe 2000).  The results from severe 

weather reports and severe weather days, however, suggest rejecting the null hypothesis 

in favor of one stating that severe weather is more common and more intense in the 

central TCMA than nearly anywhere else in the region; in other words, this hypothesis 

would require testing on the opposite tail from that required for the original alternative 

(or popular) hypothesis.  Owing to the tendency for severe weather reports to cluster near 

population centers (Doswell et al. 2005), however, it is unlikely that these results are 

“real,” which raises questions of what decision to make regarding the two original 

hypotheses. 

Careful examination of the results, combined with knowledge gained from severe 

weather literature—particularly as it pertains to severe weather reports databases (e.g. 

Doswell et al. 2005)—suggests the null hypothesis cannot be rejected with confidence.  

On a test-by-test basis, it would appear that the null hypothesis could be rejected in some 

instances, though typically not in favor of the alternative posed in this research (table 3-

5).  While it is not clear how to handle the null hypothesis, the convergence of evidence 

points to categorical rejection of the popular hypothesis: indeed, all available data suggest 

that the central TCMA is and has been at least as severe weather-prone as the greater 

TCMA and the surrounding area.  
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Table 3-5: Hypothesis validation decisions based on data and analyses in this investigation.  Note that 
one-tail format of alternative hypothesis (H1) means that the two hypotheses are not mutually 

exclusive, and thus, both can be rejected in some instances. 
 

Data/analysis 
parameter 

Hypotheses and decisions  
H0: central TCMA storms 
equivalent to control storms 
 

H1: severe storms less common, 
weaker than control storms; storms 
break apart or weaken over central 
TCMA 

Severe wx 
reports  

Reject: central TCMA has 
major frequency maxima, but 
also serious data problems 

Reject categorically: evidence of at 
least some significant and extreme 
events 

Severe wx 
days 

Same as above Same as above 

Proximity 
events 

Reject: central TCMA storms 
higher instability than control 
storms 

Reject: urban core may deter some 
storms, but not strongest ones  

Storm mode 
Do not reject; all storm modes 
observed throughout TCMA 
and control areas 

Reject: supercells, intense squall 
lines common in central TCMA 

Storm 
evolution 

Reject for weaker storms; do 
not reject for well-organized 
storms 

Reject: supercellular events 
maintain or increase intensity over 
TCMA 

 

 

A brief review of local history further supports the notion that tornadic and 

extreme nontornadic storms constitute real and serious hazards within the local urban 

core.  Minneapolis and St. Paul proper have been hit by tornadoes more than a dozen 

times since the late 19th century (Grazulis, 1993).  One tornado family in 1952 had a 

cumulative path length in excess of 70 miles, and crossed the heart of the TCMA.  In 

1965, a violent tornado outbreak, consisting of multiple F-4, killer tornadoes, struck the 

western and northern suburbs of Minneapolis during a three-hour period8.  F-3 tornadoes 

then struck very near downtown Minneapolis in 1981, and again in 1984.  In addition, 

non-tornadic convective winds damaged trees and structures inside Minneapolis on five 

                                                 
8 Please see: http://www.crh.noaa.gov/mpx/HistoricalEvents/1965May06/index.php 
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separate occasions in 2007 alone, and have caused extensive structural damage 

throughout the central TCMA over a dozen times since 1983.  Many of these systems 

have been classified as derechos, which are on the “extreme” end of the non-tornadic 

storm organization/intensity spectrum (Johns and Hirt, 1987; Bentley and Mote, 1998; 

Coniglio and Stensrud, 2004).  Thus, the intense, well-organized storms that are most 

likely to cause damage, also appear least likely to be perturbed by crossing the TCMA.   

Two points pertaining to the climatology and history of severe weather in the 

TCMA warrant discussion.  First, while this investigation focused on that which has 

already happened, all indications are that the central TCMA will continue to experience a 

wide variety of severe convective weather, as long as the conditions favorable for such 

systems are present.  Future investigations could use regional climate model output to 

investigate potential changes in the annual cycle of favorable severe convective storm 

parameters identified by Brooks et al. (2007).   

Second, the entire TCMA has become more heavily and densely populated since 

the early part of this study period (Figure 3-8).  The inner suburbs grew through the 

middle of the period, and in the 1990s, the outer TCMA began “filling in.”  The area-

wide population is now approximately 3 million.  The at-risk population has thus 

increased, and a future tornado outbreak comparable to that of 1952 or 1965, would affect 

substantially more people, perhaps by an order of magnitude.  Emergency preparedness 

and management officials need to be aware of the inevitability of a major severe weather 

outbreak within the urban core and/or the developing outer TCMA, as such an event 

would likely exhaust local resources, and cause levels of damage never before 

experienced in the area.  Public education and outreach strategies could benefit from 
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additional, humanistic research aimed at understanding how perceptions of the TCMA 

severe weather threat vary across demographic groups within the local population.  This 

sort of research, combined with research into the effects of urban surface roughness and 

the urban energy balance on ambient convective processes, would certainly add to the 

little we currently know about severe storm interactions with urban areas.     

 

 
Figure 3-8: Census-tract population density in 1960 (a), and 2000 (b), for the central TCMA (shown 
as circle) and surrounding areas.  The most significant growth, sometimes by a factor of 50, occurred 
outside the urban core, though the central TCMA did grow by approximately 25%.  Images modified 
from: Schroeder, J., 2005: ‘Unpublished maps’, University of Minnesota, Minneapolis, MN (contact 

author for further information). 
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Chapter 4  

Spatial and temporal dimensions of extreme rainfall in Minnesota and the Twin 
Cities Metropolitan Area 
 

K.A. Blumenfeld 
 

4.1 Introduction 
Extreme rainfall events have well-known consequences: flash floods, 

infrastructural damage, property damage, and even loss of life (Davis, 2001).  The 

phenomenon has recently received intense research attention, partly because these events 

have become and should become both more frequent and more severe in response to 

anthropogenic warming (Hennessy et al., 1997; Karl and Knight,1998; Huntington, 

2006), and partly because populations have generally become more vulnerable to them 

(Changnon et al., 2000).   

In extreme rainfall research, one consideration often overlooked is the impact 

changing precipitation regimes will have on our built environment, e.g. the transportation 

infrastructure.  Much of our infrastructure has been designed to withstand extraordinarily 

intense rainfall, often “100-year” events.  Specifically, the federally sponsored design 

values can be found in the (former) U.S. Weather Bureau’s Technical Publication 40 

(Hershfield, 1961—hereinafter TP40).  Huff and Angel (1992—hereinafter HA92) 

compiled design values for the Midwest U.S., and critiqued the techniques, record 

lengths, and spatial density of data used in TP40.  Skaggs (1998), and Skaggs and 

Blumenfeld (2006) analyzed data from Minnesota’s high spatial density rain gauge 

network and have raised questions about (i) the spatial resolution of extreme rainfall 

climatologies, (ii) the stability of design values through time, and (iii) statistical 
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techniques used to estimate the low-frequency character of extreme rainfall.  Their 

conclusions have been that the values in both TP40 and HA92 underestimate the true 

potential for extreme rainfall in Minnesota and the Twin Cities Metropolitan Area 

(TCMA), and they have initiated a dialogue about exactly what question climatologists 

mean to ask/answer when estimating design values (e.g. Blumenfeld et al., 2004; 

Blumenfeld and Skaggs, 2005).   

In this chapter, I expand on the recent research into extreme rainfall in Minnesota 

by Skaggs and Blumenfeld.  In particular, this chapter has two objectives: to estimate the 

frequencies of extreme rainfall over a variety of spatial scales, and to demonstrate the 

potential utility of estimating rainfall frequencies for long records with an application of 

Generalized Extreme Value (GEV) statistical techniques, as discussed by Faragó and 

Katz (1990).  One goal of this chapter is to understand whether the disastrous, record-

shattering rainfalls in southeastern Minnesota during August 2007 could have been 

anticipated from the data and from GEV approaches.      

4.2 Data and methods 

4.2.1 Extreme rainfall estimates in the TCMA 

This portion of the study uses Minnesota’s high spatial density rain gauge 

network, which comprises NWS COOP data, as well as several other locally and 

regionally-implemented networks (table 4-1).   This network is unique for both its high 

spatial density, and for its longevity; the network has had over 1000 observers since the 

early 1970s.  The densest part of the network is centered on the TCMA, and has averaged 

just over 300 observers annually since 1970.  The present study area consists of nested 
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boxes within a 9600 km2 area, centered on a portion of Minneapolis and adjacent 

suburbs, with the smallest and largest boxes 10 km and 70 km on a side, respectively (fig. 

4-1).  As reported by Blumenfeld et al. (2004), every daily rainfall report for the period 

1970-2002 has been assigned to a corresponding 10 km x 10 km cell within the 9600 km2 

area (96 cells total).  An intensive data comparison and editing scheme allowed all 

observers within the same cell to “compete” with one another for each annual maximum 

daily precipitation (AMP) value (fig. 4-2).  The editing resulted in an AMP time series of 

varying length for each cell.  Fifty cells had all 33 years of data, another twenty-five cells 

had at least 22 years, and only five cells (all on the far eastern domain, in Wisconsin) had 

no data, leaving a total of 2535 values area-wide. 

In this study, I analyze the AMP values within areas of 100, 900, 2500, and 4900 

km2 (i.e. each of the nested boxes) in order to understand how the basic statistics and 

estimated return period values vary with the size of the area in question.  The 33-year 

record for each area will lead to more uncertainty in the estimates of long return periods 

(e.g. 100 years) than if longer records had been used, though it is sufficient for GEV 

estimates (Faragó and Katz, 1990).  The spatial density of the observers may compensate 

for the shortness of the record length.  For instance, the text of TP40 described a sub-

study in which increasing the spatial density of observers had far more influence over 

resulting estimates than merely increasing the record lengths. Ideally, we would have 

both a long record (e.g. > 33 yr) and continuous high spatial observer density.  
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Table 4-1: The composition of the MN high spatial density rain gauge network 
 

Network # Stations Quality Coverage 

NWS COOP About 150 Good 12 mo/yr  
MN DNR  About 80 Good 12 mo/yr 
Met. Mosquito Dist. About 60 Good early, declining  9 mo/yr 

“Backyard” 
Volunteers 

About 300 Good Split: 12 mo/yr; 9 
mo/yr  

Future Farmers of 
America 

Declining:1000 in 1970s, 
~10 at present 

Poor Variable 

KSTP  About 30 Good Discont.;  12 and 9 
mo/yr obs., 1980 -
1990s 

Soil/Water Cons 
Dists. 

700 to 1000 Good Variable, most in 
summer 

Misc. e.g. WCCO  Variable Variable Variable 

 
 

Collecting the annual precipitation maxima from areas rather than fixed points 

asks, in essence, a different question than that typically sought for extreme rainfall 

frequencies.  In particular, I ask “for a given return period, what is the rainfall threshold 

expected to be met or exceeded somewhere within the specified area?”  Note that this is a 

different question than, “for a given return period, what is the rainfall threshold expected 

to be met or exceeded at a fixed point?”  Traditional methods involve analyzing an annual 

maxima time series from a single point (and then interpolating values to areas between 

points), whereas this method involves collecting the largest annual value from within an 

area and creating the annual series from those values.  Thus, the present method 

approximates a “moving rain gauge” that samples only the largest daily rainfall amount 

for each year within the specified area.   

I use two GEV-based methods to estimate return period thresholds for extreme 

precipitation.  Here I focus on the 100-yr return period for a storm of 24-hr duration.  The 
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GEV distribution consists of a location parameter u, a scale parameter b, and a shape 

parameter k (Faragó and Katz, 1990).   Parameters u and b can be derived from the series 

mean and standard deviation, respectively.  The shape parameter describes the behavior 

of the most extreme values on the tails of the parent distributions.  In this chapter, as in 

Faragó and Katz (1990), for k>0, k<0 and k=0, the distribution approximates the Weibull, 

Frechét and Gumbel forms of the GEV, respectively. 

 
 

Figure 4-1: The complete MN high spatial density network shown in June 2002 (left), with the 9600 
km2 TCMA study area and specific nested boxes (right).  For comparison, the data density from Huff 

and Angel’s (1992) rainfall frequency atlas is also shown (top). 
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Figure 4-2: Flow diagram of steps within editing environment.   
 
 

The first GEV method I employ is the three-parameter maximum-likelihood 

method (hereinafter MLE).  The MLE and other GEV methods are quite sensitive to 

“extremes of the extreme,” with estimates often shaped only by the one or two largest 

events within a time series.  In such instances, k<0, and hence, the distribution 

approximates the Frechét form of the GEV.  If these sorts of events do not exist within 

the record, then k will be near, or possibly greater than zero, and hence, the distribution 

will approximate the Gumbel or Weibull forms of the GEV, respectively.  In terms of 

return-period estimates, Frechét distributions will yield the highest values, followed by 

Gumbel and then Weibull.  One potential consequence for the methodology herein is that 

in moving from the smallest nested box to progressively larger ones, the lowest series 

values will be replaced faster than the highest, and thus, the distributions will propagate 

away from Frechét-like qualities.  Even though basic intuition would suggest that a 

relatively small area’s 100-year event cannot exceed the 100-year threshold for a larger 
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area that contains the smaller area, increases in the value of k without sufficiently large 

increases in u or b, could lead to such internal inconsistencies. 

To account for potential problems with the MLE method, I also use a hybrid GEV 

method, initializing u and b from the Empirical Moments (EM) method (Gumbel, 1958), 

given by:  

 ( ),   6 / ,u b bµ σ π= − Γ =           (4-1)  

where µ and σ are the series mean and standard deviation, respectively, and Γ=Euler’s 

constant, 0.57722.  A 100-yr event, in theory, has probability p of 0.01 in any given year, 

with a “reduced design value” or “reduced variate” of {1 [ log(1 )] } /ky p k= − − −  (Faragó 

and Katz, 1990).  The magnitude of the 100-yr, 24-hr event is then estimated as by + u.  

For each box, k remains fixed at -0.25, which is the median of the MLE estimates for k.  I 

chose to use the median because k decreased in magnitude from -0.40 to -0.13 as nested 

box size increased, and again, the value of k influences the size of the estimated design 

values; using a fixed value guarantees that design estimates for a given box will be at 

least as large as those for the next smallest nested box.  For comparison I also use a 

simple 2-parameter “Gumbel” technique, which has no shape parameter, k, so the 

reduced variate is defined as log( log[1 ])y p= − − − .  This technique is the numerical 

equivalent to the graphical technique used in TP40. 

 One problem that arose in earlier research (e.g. Blumenfeld et al., 2004) is the 

effect observer density has on series mean AMP values.  For a 100 km2 area, nine 

observers is the approximate “saturation” threshold.  For example, when N (observers) < 

9, then N explains nearly all of the variance in the mean AMP (r2 = 0.94), with a trendline 

coefficient of 3.685mm for each missing observer, significant at the 99% level.  
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Conversely, for N>9, the number of additional observers has a nonlinear, statistically 

insignificant effect on mean AMP values. As in the previous research, I correct the AMP 

value by adding the trendline coefficient (3.685 mm) to each “missing” observer for any 

area with fewer than nine observers per 100 km2   In the earlier research, this had the 

effect of completely rearranging the spatial pattern of mean AMP values over the TCMA 

(figure 4-3). 

       

        
 

Figure 4-3: Mean AMP (mm) before (left) and after (right) correcting for observer disparities.  The 
correction scheme suggests that areas in the outer TCMA are generally missing the true maxima in 

most events, whereas central TCMA areas are not.  Note the scale differences between the two maps, 
despite employing the same color scheme.   

 

4.2.2 Long-record extreme rainfall estimates 

  Here I estimate 100-yr, 24-hr rainfalls by applying the hybrid EM method and 

equation (1) to both the 121-year NWS COOP record at Grand Meadow, and a 116-year 

composite AMP series for Minnesota.  I also I estimate the 100-yr 24-hr values from 

consecutive, overlapping periods of 30 and 40 years within each of these data sets.  Using 

the short periods illustrates regimes and trends within each record.  Grand Meadow is the 

nearest USHCN station to the catastrophic, record-breaking floods in southeastern 

Minnesota during August 2007, where 24-hour amounts in excess of 300 mm covered a 

large area, including a report of 437 mm at La Crescent (fig 4-4).  Thus, its complete 

record can be used to determine the probability and the return period of such a storm in 



 

 89

that area. The composite record for Minnesota is used to estimate the magnitudes and 

recurrence intervals for rainfall expected somewhere within the state.  It is not practical to 

expect design values to be calculated at this level; instead, this method provides a way of 

understanding what the 100-year rainfall would be over a given region.  The 2007 

flooding event was much more severe than anything on record, yet one question is, why 

did we not see it coming?  

 

 
 

Figure 4-4: Isohyet pattern associated with record-breaking 18-19 Aug. 2007 extreme rainfall in 
southeastern MN, produced by Minnesota State Climatology Office (http://climate.umn.edu).  

Rainfall scale is in inches; 10 in =254 mm   
 

4.3 Results     

4.3.1 Areal extreme rainfall return period estimates in the TCMA 

As expected, increasing the box size leads to increases in mean AMP values, 

though the return period estimates for a 100-year storm do not behave predictably (table 

4-2).  The Gumbel technique yields the smallest estimates (176.7-238.7 mm), and the 

hybrid GEV method the largest (373.3-448.8 mm).  For comparison, the corresponding 

point-estimated values from HA92 and TP40 are 143 and 152 mm, respectively (about 
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5.65 and 6.0 in.).  The largest actual value in the 33-year record in the study area is 324 

mm, which is closest to the 100-year estimates from the MLE method.  The MLE, 

however, exhibits some curious behavior as area increases.  Notably, the 100 km2 area 

has larger values than the larger areas within which it is nested, which is physically 

impossible: a 100-year storm at some point in an area cannot be larger than 100-year 

storm at some point in a larger area in which the original area is embedded!  This 

inconsistency results from the low values in a series being the “easiest” to replace; 

therefore, the lower values in the AMP distribution increases faster than the higher ones, 

as box sizes increase.  Although the values of the location parameter u increase, 

compressing the distribution’s range leads to reductions in the scale and shape 

parameters, which ultimately determine the trajectory of the GEV estimates through the 

return periods beyond the bounds of the data (i.e. beyond 33 years).  Compared to the 

other approaches, the hybrid EM method is outstandingly large with its estimates, though 

its values are within the range of those measured during the 18-19 Aug 2007 major 

flooding event outside of the TCMA in southeastern Minnesota.   

 
Table 4-2: Basic statistical and GEV properties of extreme rainfall in each study box.  The three 
right-hand columns indicate the estimates for “100-year storms” from a two-parameter Gumbel 

method similar to that in TP40, and from the two GEV methods.  The empirical method of HA92 was 
not feasible, given the short record lengths. 

   
Area 
(km2) 

Mean 
AMP 
(mm) 

Mean N 
obs/100 

km2 

Adjustment  
(9-Mean 
N*3.685)  

(mm) 

Corr AMP 
(mm) 

Gumbel 
est. (mm) 

100y, 24h 
est. from 

GEV  
(MLE)  

100y, 24h 
est. from 

GEV 
(hybrid 

EM) 
100 87.59 12.15 0.00 87.59 176.7 309.5 373.3 

900 107.83 8.67 1.20 109.03 197.7 262.4 374.4 

2500 119.25 5.66 12.31 131.56 218.3 296.7 432.7 

4900 128.05 4.24 17.56 145.60 238.7 304.7 448.8 
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4.3.2   Long-record analyses: Grand Meadow 

Applying the GEV EM method to the full Grand Meadow record produces a 100-

year storm estimate of 237 mm (9.3 in.), which is 91 mm greater than the estimate for 

climate division nine given by HA92 (figure 4-5).  One explanation for this tremendous 

difference is the present study uses data from the period of relatively large annual 

maxima during the 1990s and 2000s, after HA92 was published.  Note that the 30-and-40 

year running hybrid series resolve the temporal variability within the long record.  

Similar to observations of Kunkel et al. (1999, 2003), the record features a long period of 

relatively low extreme rainfall values from the 1930s to the early 1990s.  The recent high 

annual maxima late in the period are certainly influencing EM-based estimates for the 

whole record.  Additionally, the EM method is a comparatively “aggressive” one and 

would tend towards estimates beyond the range of the observed data; recall that it 

produced the extraordinarily large values over the TCMA nested boxes. 
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Figure 4-5: Annual maximum precipitation and various estimates for the magnitude of the 100-year 
storm at Grand Meadow, MN, 1886-2007.  7-yr moving averages of 30 and 40-year running EM 

estimates are shown as blue and red traces.  Fixed estimates from EM GEV method and from HA92 
shown for comparison. 

 
 

Even the very aggressive hybrid EM method, however, does not pick up on the 

potential for the intensity of rainfall experienced on 18-19 Aug, 2007 in La Crescent, 

where 437 mm fell in 24 hours.  Indeed that storm computes to a nearly 1000-year event 

when applying the EM method to the Grand Meadow record.  It might very well be that 

at Grand Meadow proper—or more appropriately, at the point occupied by the Grand 

Meadow NWS COOP rain gauge—such a storm does have an approximate 0.001 

probability in any given year.  In fact, given the aggressiveness of the EM method, one 

could possibly argue that Grand Meadow has at most a 0.001 annual probability of 

experiencing this sort of storm.  Considering, however, (i) the evidence from the TCMA 



 

 93

study, and (ii) the reality of the August 2007 floods, it is quite likely that the probability 

of such a storm is much higher than 0.001 at some point within the Grand Meadow area. 

In the TCMA study area, the La Crescent storm had an approximate 0.01 annual 

probability of occurring at some point within an area of 2500 km2 (see table 4-2), which 

is roughly the average county size in Minnesota.  Assuming the TCMA and southeastern 

MN have similar extreme rainfall climates, the La Crescent storm could be thought of as 

a 100-year storm at the county-level, though perhaps only a 1000-year storm at any given 

point.  In other words, moving the analysis focus from a fixed point to a moving point 

within a county increases the probability of a La Crescent-type storm by a factor of ten.  

This is a distinction that, understandably, has escaped precipitation design research 

attention, and while it may not be feasible to design for such a storm, we can still be 

cognizant of what moving from a point to some point within an area does to extreme 

rainfall probabilities. 

4.3.3   Long-record analyses: Minnesota 

The composite AMP record for Minnesota is an extreme example of the moving 

rain gauge approach used over the TCMA nested boxes: in this case, the gauge roams 

over the entire state, in search of each AMP value (figure 4-6).  The resulting series mean 

AMP is165 mm.  This value is not as much larger than the TCMA mean values as one 

might expect, most likely because of gauge density.  The 33 years of TCMA data were 

completely during the high observer density era, whereas the first 79 years of the 

Minnesota record were not.  From 1970-2006, the mean AMP for Minnesota was 203 

mm, compared with 147mm for the earlier period.  Two-sample t-tests indicate these 
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periods were significantly different at all thresholds (pooled variance t = -7.23, p< .001).  

Thus, it is likely that the stepwise increase in gauge densities explain much of the 

stepwise increase in AMP values. 

 

 
Figure 4-6: Locations of annual maximum precipitation values in Minnesota, 1891-2006.  Note that 

some locations received the annual maximum more than once. 
 

 

The EM-based estimate for a 100-year storm somewhere in Minnesota, based on 

1891-2006 data, is 456 mm (18 in), and the La Crescent storm computes to a 84-year 

event (fig 4-7).  Using the two-parameter Gumbel approach, the 100-year storm is 310 

mm (12.2 in), and the La Crescent storm’s periodicity exceeds 1000 years.  These results, 

especially for the EM-based approach, however, are highly nuanced.  On one hand, the 

annual maxima responded positively and significantly to the tenfold increase in gauge 

densities in the early 1970s.  For instance, before 1970, 30 and 40-yr EM-based estimates 

statewide averaged 350-360 mm (figure 4-8).  Increases in gauge density, however, do 

not explain all of the increases in extreme rainfall values and return period estimates.  



 

 95

Even during the high observer density period, two distinct extreme rainfall regimes 

emerge.  From 1970 to 1986, only 5 years (30%) had AMP values in excess of 203 mm 

(8 in.), while from 1987-2006, 13 years (65%) exceeded that threshold.  This positive 

trend in extreme rainfall was apparent in the Grand Meadow record, and has been 

observed in other investigations (e.g. Kunkel et al., 1999; 2003).  Though basic statistics 

suggest that the La Crescent event was an outlier with respect to the climatic record of 

Minnesota (the previous high value was 324mm or 12.75 in.), in the context of the 

distribution of recent extreme rainfall values, it was not.  Many of the EM-based 100-yr 

rainfall estimates from 30 and 40 years of data late in the study period far exceeded the 

La Crescent threshold (see figure 4-8). 

 

 
 

Figure 4-7: Return period estimates for extreme rainfall somewhere in MN, from EM GEV  and 2-
parameter methods. 
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Figure 4-8: As in fig 4-5, but for Minnesota based on 1891-2006 data, and with La Crescent rainfall 
from 18-19 Aug 2007 and full-record GEV 100-yr estimate shown for comparison.   

 

4.4 Discussion and conclusions 

This chapter has evaluated return periods for extreme rainfall occurring at some 

point within an area, rather than at a fixed point.  This approach leads to larger values 

than fixed-point approaches, and the values also increase as the size of the area under 

consideration increases.  In the TCMA, a two-parameter Gumbel method yielded 100-

year return values substantially smaller than the largest values observed during the 33-yr 

record in each nested box.  The MLE method produced values slightly lower than the 

empirical maximum for the 100 km2 boxes, but failed to produce equal or larger 

estimates as box size increased—a result that is physically implausible considering that 

the boxes were nested.  A hybrid GEV method (EM) that held the shape parameter fixed 

through all box sizes, yielded estimates that were much larger than the empirical 
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maximum but were consistent with values reported during the extreme rainfall event of 

18-19 August 2007 elsewhere in the state.  Considering that the TCMA data set was only 

33 years long, the hybrid GEV results may be reasonable, especially in light of the 

August 2007 events.  On the other hand, with just a 33-year base period, these estimates 

will have greater uncertainty than those drawn from a longer record.   

Even with the seemingly high-biased hybrid (EM) approach, point-based estimates 

for Grand Meadow did not hint at the potential for the rainfalls of the magnitude 

observed at La Crescent.  In fact, the La Crescent storm was estimated to have a 1000-

year return period.  Even so, the estimate was substantially larger (by 91 mm) than the 

HA92 estimates.  By applying the hybrid GEV method to the annual maximum 

precipitation series for Minnesota, however, the La Crescent storm became an 84-year 

event—that is, an 84-year storm somewhere within the state.  Moreover, the latter two 

decades of the Minnesota record are largely responsible for the high 100-year return 

estimates and portray the La Crescent storm as a 70-yr event.  If this intensification of the 

extreme precipitation regime continues, it would only complicate existing problems with 

design values and their inability to account for spatial variation of extreme rainfall.  

There is no guarantee, however, that this regime will continue; Kunkel et al. (1999; 2003) 

have demonstrated considerable temporal variability in extreme precipitation regimes. 

The distinction between evaluating return periods at a fixed point or some point is 

an important one, and gets at the question of what it is we are estimating with respect to 

extreme rainfall return periods.  The traditional fixed-point approach involves calculating 

individual return period estimates from single station records and then interpolating 

values to the areas between the stations.  This method does not account for larger rainfall 
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amounts that fall between rain gauges, but is nevertheless accurate for almost any 

randomly selected point.  In other words, a random point in the TCMA is likely to see the 

HA92 100-yr rainfall just once per hundred years.  The some-point approach involves 

calculating a return period estimate from many stations within an area.  Given sufficient 

gauge density (> 9 observers per 100 km2), this method will capture most of the 

meaningful spatial variability of extreme rainfall, but the resulting return period estimates 

will be valid for an area, not any random point within that area.  As an example, the 100-

yr rainfall estimate for the 2500 km2 box in the TCMA is valid for some (unknown) point 

in that box, but not for a randomly selected point in that box; in the latter case, the HA92 

estimate, or perhaps a more up-to-date point-based one, would hold.    

For precipitation design purposes, assuming the data are reasonably up-to-date, 

fixed-point approaches will yield correct or “protective” values in most places most of 

the time.  Failures, however, will be common at discrete locations fairly regularly and 

occasionally will be catastrophic.  The damage totals for the August 2007 floods are not 

yet available, but damage to property, crops, state park land, and infrastructure in 

Minnesota and Wisconsin are expected to exceed $1 billion.  Regulators will need to 

decide whether we wish to tolerate occasional losses of this magnitude.  Also, recall that 

the mean AMP in Minnesota is 165 mm, so during an average year, the TP40 and HA92 

thresholds are exceeded somewhere in the state at least once.  By contrast, the some-point 

approach to precipitation design will be overprotective in most places most of the time, 

but would lead to few failures.  Monetarily, the difference amounts to high repair and 

maintenance costs versus high initial investments, and the debate about which is more 

appropriate is a matter of public policy.  If the recent enhancement of our extreme 
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precipitation regime continues, current point-based estimates may be too low, and much 

of Minnesota may be more susceptible to flooding and damage than its designers had 

intended.   
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Chapter 5  

SYNTHESIS AND CONCLUSIONS 
 
 This dissertation has demonstrated that the Twin Cities Metropolitan Area 

(TCMA) is highly susceptible to significant tornadoes, hurricane-force thunderstorm 

winds, large hail, and intense rainfall—all of which have the potential to damage 

property, disrupt public services, and lead to human casualties.  As illustrated in Chapter 

2, these hazards affect some part of the TCMA approximately 1-3 times per year.  The 

most “extreme” of these potentially high-impact events strike some portion of the TCMA 

every 2-3 years.  Of all convective weather hazards, intense rainfall is the most common, 

while damaging wind is the most common of the “severe” weather types.   

Multiple lines of evidence (Chapter 3) reject the notion that the inner TCMA 

experiences fewer and less intense severe weather events than suburban and rural control 

regions.  Any negative effect the urban core has on storm intensity appears to be limited 

to weakly-severe storms only.  Supercells—the most intense class of convective storms—

survived crossing the heart of the TCMA with greater success than any other storm 

organization type.  Thus, any truth to the popular notion that large urban core areas are 

“protected” does not apply to the “worst” storms.  The dense urban area may actually 

compound severe weather hazards, by concentrating population and property in a 

relatively small area. 

Extreme rainfall can be treated as an explicitly areal phenomenon (Chapter 4), 

and by doing so, and using three-parameter generalized extreme value (GEV) statistics, 

rather than traditional 2-paramter or empirical methods (Hershfield 1961; Huff and Angel 

1992), we can anticipate the crippling rainstorms that have point-based return periods of 
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several hundred years or more.  Considering that our infrastructure has been designed 

based on point probabilities, and that estimated design values increase dramatically as 

one goes from points to areas, it appears likely that our infrastructure will continue to be 

overwhelmed, periodically, by events that drastically exceed design thresholds. 

 

Limitations 

The three research chapters in this dissertation represent individual projects united 

by their broad association with intense convective storms.  Beyond that association, the 

chapters do not represent “seamless” research, nor are they exhaustive with respect to the 

questions asked.  In particular, chapters 3 and 4 had very different origins and 

motivations; the former was motivated by personal interest, while the latter was an 

outgrowth of earlier research.  The research in chapter 2 provides the necessary 

background climatology for Chapters 3 and 4, and was further motivated by the 

suggestion that local emergency managers could benefit from a thorough accounting of 

severe weather and extreme rainfall frequencies.     

The high-impact convective weather frequencies and return periods presented in 

chapter 2 represent a first step towards understanding the climatology of intense 

thunderstorms in the TCMA.  The chapter did not investigate the origins—real or 

artificial—of some of the temporal patterns that emerged.  For instance, why are wind 

and rainfall events clustered in time, and why do severe weather and tornado frequencies 

exhibit oscillatory behavior?  These temporal behaviors may indicate an association with 

low-frequency atmospheric flow configurations, or “teleconnections” (e.g. Barnston and 

Livezey 1987).  Many such patterns, however, maximize during the Northern 
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Hemisphere winter (Wallace and Gutzler 1981), when latitudinal thermal gradients are 

large and when mean flow patterns tend towards meridianal orientation (Harman 1991).  

Schaefer and Tatom (1998) explored associations between tornado frequency and El 

Niño or La Niña seasons, but found weak relationships in the majority of the U.S., citing, 

among other reasons, the irregularities in the tornado reports dataset. 

Although lightning is not a severe weather criterion, it is a reliable proxy for 

thunderstorm updraft intensity (Williams 2001; Zipser et al. 2006).  While lightning data 

would not help resolve the mode of high-impact convective hazards (e.g. tornado, wind, 

hail, intense rainfall), the evolution of flash rates could have refined the section of chapter 

3 that dealt with storm behavior over the central TCMA.  Westcott (1995) used lightning 

flash frequencies and densities to demonstrate thunderstorm intensification over and 

downwind of major Midwestern cities.  Archived lightning data are held privately, 

however, and are priced outside of the budget for this research.  Funded, follow-up 

research should make use of lightning data, as they can reveal persistent flash patterns 

that vary over small distances, including over major urban areas (Stallins et al. 2006).  

Chapter 3 used “proximity soundings” (e.g. Brooks et al. 1994) to compare 

stability parameters for severe weather events in the central TCMA versus those in 

control areas.  Of course, stability alone cannot describe in full the storm-generating 

environment.  Supercells and tornadoes often arise in strongly-sheared environments, 

where wind speeds increase rapidly through the boundary layer, and/or when wind 

directions “veer” with height (Rotunno and Klemp 1982).  Moreover, forecasters often 

look at indices that combine wind shear with instability, like the bulk Richardson number 

(Weisman and Klemp 1982), or, more recently, the energy-helicity index (EHI), which 
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combines storm-relative helicity with convective-available potential energy and has been 

shown to discriminate tornadic from non-tornadic supercell environments (Rasmussen 

and Blanchard 1998).  Use of these or similar indices would have been computationally 

more intensive, and more time-consuming, but would have better described any real 

differences in the storm-generating environments between central TCMA and control 

area events. 

Basing parameter comparisons on the Chanhassen sounding data introduces 

additional issues.  Brooks et al. (1994) discussed some of the difficult-to-detect signs of 

sounding “contamination” from earlier or upwind convection.  In proximity analyses, the 

sounding is assumed to represent the regional environment, but storms near the balloon 

launch time and/or site can over-stabilize the sounding, as moist boundary-layer air is 

replaced by cool downdrafts, and as the cool anvil-height air is warmed by the release of 

latent heat through condensation.  This study attempted to screen for contamination, 

though it cannot guarantee sounding purity.  Additionally, the choice of the proximity 

region and the time window is a somewhat subjective judgment: Darkow (1969), Brooks 

et al. (1994), Evans and Doswell (2001), and chapter 3 in this dissertation, represent four 

different proximity studies, and four different combinations of qualifying time and space 

requirements.  Moreover, the schedule of balloon launches at 0000 and 1200 UTC means 

that proximity studies, by necessity, will represent only storms occurring within one or 

two hours of the sounding.  In chapter 3, for example, this meant reducing the sample 

size to approximately 25% of the total for the period.  Brooks et al. (2007) have used 

NCEP/NCAR reanalysis data to evaluate annual cycles of severe weather-favorable 
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variables; with the North American regional reanalysis data now available (Mesinger et 

al. 2006), these same variables could be mapped over the entire study area. 

The extreme rainfall analyses in Chapter 4 represent two major alternatives to 

traditional design value estimation: using GEV statistics, and analyzing area-based 

rainfall maxima rather than point-based maxima.  Though the much of the current 

infrastructure was designed based on Hershfield’s (1961) Gumbel-derived approaches, 

the argument for GEV is now moot, or nearly so: the next generation of design estimates 

employed by the National Weather Service (Bonnin 2002) will use a “regional 

frequency” approach, based on the L-moments technique for spatial clustering (Hosking 

and Wallis 1997).  The L-moments approach aids users in selecting the most appropriate 

distribution for a given station, using many different GEV methods.  It also analyzes 

“similar” stations as one, assigning a common shape parameter to each “region,” though 

is still different from the areal maxima approach advocated in this dissertation.  

 

Future Work 

 All of the research presented in this dissertation would benefit from collaboration 

with other scholars.  Early on, it became clear that an extensive, multi-collaborator field 

campaign would be required to understand the situations in which the urban areas is 

hostile to severe storms, versus the situations in which severe storms developed, 

maintained intensity, or intensified over the heart of the TCMA.  For example, teams of 

observers with standard instrumentation positioned in different portions of qualifying 

storms could help quantify the intensity and trends of individual events.  The VORTEX 

project (Rasmussen et al. 1994) used this “armada” approach to resolve near-surface 
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characteristics of tornadic supercells.  Microwave boundary-layer profilers, 

“dropsondes,” and mobile Doppler radar data could then help resolve the vertical 

properties of individual storms as well as the environments over which they move—a 

strategy similar to that used in the identification of convectively-induced non-tornadic 

vortices (Davis et al. 2004).   

Additionally, mesoscale numerical models, like the Weather Research and 

Forecasting (WRF) model, would be useful for determining which urban features were 

most important for controlling the intensity and morphology of severe storms over the 

TCMA.  Gero and Pitman (2006) tested the effects of different land-cover types on 

intense convection in Sydney, Australia, and Niyogi et al. (2006) reported that adding 

unique urban vegetation and “canopy resistance” parameters to locally-run models 

yielded storm characteristics in Oklahoma City that were closer to observations than 

models using generic or non-urban roughness and vegetation schemes.  

Perhaps of most importance, however, would be research into the human side of severe 

weather hazards in the TCMA.  First, how pervasive is the myth that severe storms and 

tornadoes avoid the inner cities, and are certain demographic groups more likely than 

others to hold such beliefs?  Furthermore, is severe weather preparedness knowledge 

approximately even across all groups?  Do all groups have equal access to time-sensitive 

severe weather warning information?  Research into these sorts of questions clearly 

requires the assistance of trained social scientists.  In any case, collaboration with other 

scientists is essential to understand—to the fullest extent possible—the true hazards 

posed by intense convective storms in the TCMA.   
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