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Abstract
That tornadoes cannot occur in mountains due to disruptive influences of the complex
terrain is a common misperception. Multiple tornadoes occur each year in mountainous
environments, including the Appalachian Mountains. Copious research examines the influences
of complex terrain on large severe weather systems such as multicell convective systems and
squall lines, but research is lacking investigating this same relationship for smaller-scale severe
weather phenomena like supercells and tornadoes. This study examines how complex terrain
may have influenced the rotational low-level wind fields of fourteen supercell thunderstorms in
the Appalachians. The terrain variables include elevation, land cover, slope, and aspect. Using
GIS mapping techniques, the individual storm tracks were overlaid onto elevation, land cover,
slope, and aspect layers; points along the storm tracks were measured to correlate storm
intensities with the underlying terrain. Hypotheses predict that lower elevations, areas of
shallower slopes, agricultural land covers, and terrain features with a southeasterly orientation
represent terrain variables that would enhance low-level rotation in the lower levels. Results
indicate that elevation has a significant impact on storm rotational intensity, especially in
mountainous regions. Lower and flatter elevations augment storm rotational intensity, and
higher elevations decrease storm rotational intensity. Additionally, northern and western facing
slopes exhibited a negative relationship to storm intensity. A qualitative examination revealed
vorticity stretching to be evident in eight of the fourteen storms; with vorticity stretching evident
on both southeasterly and northwesterly slopes. Future research on appropriate scale for stormterrain interactions could reveal even stronger relationships between topography and supercell
thunderstorms.
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Chapter 1: Introduction and Statement of Purpose
1.1 Introduction

A common misperception is that mountains disrupt storm systems, and act as barriers by
preventing storm systems from penetrating high terrain. There is an especially strong belief that
tornadoes do not form in mountains. However, several studies document cases in which severe
weather, and in many cases tornadoes, successfully survive and cross mountainous terrain
(Bluestein, 2000; Bosart, Seimon, LaPenta, & Dickinson, 2006; Homar, 2003; Schneider, 2009).
The issue is complex, addressing not only how mountains weaken or disrupt convective storms,
but also how they can intensify storm systems, and influence low level wind fields and other
environmental conditions that can lead to tornadogenesis.
Little research has been done regarding regional supercell climatologies throughout the
United States, with the exception of the Great Plains; supercells represent an especially intense
and severe mode of thunderstorms with persistent rotating updrafts that are often associated with
tornadoes. This could be due to the relative frequency of studies focusing on larger storm
climatologies such as squall lines and derechos (a particularly severe type of squall line), and the
difficulty of studying supercells at such a fine scale (Hocker & Basara, 2008a, 2008b).
Additionally, Bunkers (2006) notes there is no study of regional distribution of supercells for the
United States, with missing research regarding distribution for the Illinois, Kentucky, Tennessee,
North Carolina, and Virginia regions where there is an above average number of supercells each
year (Bunkers, Hjelmfelt, & Smith, 2006; Bunkers et al., 2006).
When discussing severe weather climatology for the eastern United States, the influence
of the Appalachian Mountains must be considered. Where there are sparse studies regarding
supercell climatology, there is even less research on the influence of terrain on supercells and
associated tornadogenesis. This lack of research could be due to the rarity of this type of storm
mode within mountainous environments, or the limitations of radars due to topographic
influences (Parker & Ahijevych, 2007). Nonetheless, future research calls for an increase in
studies regarding the influences of mountainous terrain on supercells, and whether it has a
constructive or a destructive effect on low level winds and other environmental aspects such as
enhanced moisture or localized temperature gradients that can enhance tornadogenesis
(Bluestein, 2000; Bosart, et al., 2006; Bunkers, Johnson, et al., 2006; Frame & Markowski, 2006;
1

Gaffin & Parker, 2006).
Furthermore, evaluating topographic influences on severe convection involves analyzing
mesoscale data (radar, surface observations, and topographic data); most studies on severe
weather climatologies consider large-scale synoptic conditions, but overlook the smaller
mesoscale features (Bunkers, Johnson, et al., 2006; Gaffin & Parker, 2006; Hocker & Basara,
2008b; Letkewicz & Parker, 2010). Research is needed concerning the interaction of
mountainous terrain on supercellular storms by combining topographic and mesoscale data,
especially in regards to the Appalachian Mountains. One method for examining this relationship
involves incorporating the use of a geographic information system, or GIS, a tool that can
analyze and display spatial data (Chapman & Thornes, 2003). GIS for this type of research is a
powerful tool because it can be used to overlay storm data onto multiple layers of terrain data,
thereby providing a means to analyze the relationship between storm intensity and topographic
characteristics in a single geospatial framework.
This research intends to fill the gaps in knowledge regarding the interactions between
mountainous terrain and supercell thunderstorms, while contributing to the literature on
applications of geospatial technologies, such as a GIS, for meteorological research.

1.2 Statement of Purpose
The research objectives of this study were to 1) determine what role, if any, the
underlying terrain of mountainous environments can play to disrupt or augment rotational
intensities of fourteen supercell thunderstorms 2) examine the utility of a geographic information
system as a tool for examining the relationship between topography and rotational intensity, and
3) determine forecasting implications from an improved understanding of the relationship
between topography and supercell thunderstorms applicable to the study area and other
mountainous regions.

1.3 Significance of Study
When discussing the effects of terrain on severe weather climatology, it is important to
address the negative implications of terrain on weather forecasting. The influence of terrain
greatly complicates forecasting abilities for meteorologists through localized orographic effects
(Rogers, 2006) and blocking of the radar beam by topographic obstructions. By studying the
2

influence of topography on supercellular storms, forecasters can gain a better understanding of
this complex relationship and significantly improve severe weather forecasting accuracy in
mountainous regions (Hocker & Basara, 2008b). Results of this research should have direct
forecast implications for the National Weather Forecast office of Blacksburg, Virginia since the
study area is within the Blacksburg forecast area. However, conclusions regarding topographic
influences on supercell thunderstorms should be applicable to other forecast offices in
mountainous regions as well.
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Chapter 2: Literature Review
2.1 Introduction

This chapter provides a review of literature regarding severe weather and mountainous
terrain. Section 2.2 discusses the relationship between the two disciplines of Geography and
Meteorology including a section on applications of geographic information systems for blending
the two disciplines. Section 2.3 outlines a broad overview of the interactions between complex
mountainous terrain and different types of storm systems, with an emphasis on terrain influences
on large convective systems like squall lines and mesoscale convective systems. Section 2.4
emphasizes the more specific interaction between the Appalachian Mountains and severe
weather. The final section, 2.5, discusses the explicit interaction of mountains on supercells and
tornadoes, with individual case studies of known supercell and tornado events within
mountainous environments.

2.2 Geography and Meteorology

It is difficult to discuss meteorology without discussing geography. Meteorology is the
science of weather systems from large synoptic scales to smaller mesoscales, and geography has
a significant impact on weather systems as the interaction between the two can produce various
results. The research discussed in this paper falls within Geography under the sub-discipline of
physical climatology; this discipline deals specifically with how topography impacts weather
systems such as the disruption of prevailing winds, or the orographic uplift and rain shadow
effects (Rogers, 2006) .
Examples of large-scale studies involving terrain and meteorology include: the
interaction of mountains on winter weather (Keeter, Businger, Lee, & Waldstreicher, 1995), the
relationship between thermodynamic boundaries and topographic features (Weisman, 1990), and
precipitation rates according to regional topographies (Barros & Kuligowski, 1998). In addition
to studies focusing on broader scale synoptic weather systems, a few studies focus on smaller
meteorological phenomena such as supercell thunderstorms or tornadoes crossing complex
terrain (Bluestein, 2000; Bosart, et al., 2006; Homar, 2003; Schneider, 2009). Studies integrating
geography and meteorology range from large scale to small scale interactions, to winter
6

snowstorms, to summertime convection.
A technology often associated with geographical studies is the geographic information
system (GIS), which is a tool that can both analyze and display spatial data inherent to
geographic studies (Chapman & Thornes, 2003). Including meteorology in the conversation
with GIS, an increasing number of meteorological studies now utilize GIS for analyzing
meteorological phenomena. Ustrnul (2005) employs GIS for constructing air temperature maps,
Häntzschel (2005) uses GIS for studying radiation budgets according to terrain differences, and
Gorokhovich (2005) correlates radar reflectivity to actual precipitation amounts with GIS
(Gorokhovich & Villarini, 2005; Häntzschel, Goldberg, & Bernhofer, 2005; Ustrnul &
Czekierda, 2005). Hocker & Basara (2008) employ GIS for analyzing the spatial climatologies
of squall lines and supercells across Oklahoma; their research is especially relevant to this paper,
as it highlights the use of GIS for supercell research (Hocker & Basara, 2008a, 2008b).
Meteorological data is intrinsically spatial, and since GIS analyzes and manages spatial data it
can be used to overlay multiple layers such as radar, topography, and satellite imagery.
Employing GIS and meteorology can improve ease and accuracy of weather forecasting for
meteorologists (Chapman & Thornes, 2003; Dyras et al., 2005; Gorokhovich & Villarini, 2005;
Häntzschel, et al., 2005; Hocker & Basara, 2008a; van der Wel, 2005). Considering geography
and meteorology have such a strong relationship, multiple studies examine this relationship, with
many incorporating the use of GIS.

2.3 Mountains and Severe Weather

Mountains interact with weather systems of all types from winter weather to severe
convective weather. Multiple articles highlight specific interactions between mountainous
terrain of the southern Appalachians and winter weather phenomena such as cold air damming
(Bailey, Hartfield, Lackmann, Keeter, & Sharp, 2003), winter rainstorms (Brennan, Lackmann,
& Koch, 2003), and frozen precipitation types according to terrain differences (Keeter, et al.,
1995). Although the majority of literature regarding mountain weather focuses on winter
weather systems, the purpose of this research is to evaluate the effect of terrain on convective
weather phenomena. Therefore, studies were found focusing on general convective storm modes
for all mountain ranges.
7

Orographic forcing from mountainous terrain represents an important variable when
discussing mountain weather. Orographic uplift forces air to rise, and thereby initiates
convection (Chen & Lin, 2005; Chu & Lin, 2000). The heaviest precipitation occurs on the
windward sides of mountains due to this orographic uplift. In contrast, the leeward (eastern)
sides of mountains receive little precipitation due to downsloping winds and subsiding air
(Frame & Markowski, 2006; Nachamkin, McAnelly, & Cotton, 2000). When discussing
mountain convection, prolific research mentions the importance of diurnal influences on storm
initiation. Higher ridges warm up faster, and can enhance cumulus growth and storm initiation
(Nachamkin, et al., 2000). Complex topography of mountain ranges can significantly weaken a
convective system traversing such terrain In the case of large mountain ranges such as the
Appalachians, weakening is due to lower instability from cooler temperatures and lower
moisture; in the case of very narrow ridges, weakening is likely due to disruption of flow.
However, those crossing at warmer times of the day, (or during diurnal peak heating), are more
likely to cross successfully than at cooler times of the day (Chu & Lin, 2000; Keighton, Jackson,
Guyer, & Peters, 2007; Letkewicz & Parker, 2010; OHandley & Bosart, 1996; Parker &
Ahijevych, 2007; Schumacher, Knight, & Bosart, 1996). On windward sides of mountains
orographic uplift initiates convection (Chen & Lin, 2005; Miglietta & Rotunno, 2009; Reeves &
Lin, 2007), enhances existing convection as it interacts with terrain (Frame & Markowski, 2006),
or sustains convection over a longer period of time (Chen & Lin, 2005; Chu & Lin, 2000).

2.3.1 Squall Lines and Mesoscale Convective Systems

Research exploring squall lines crossing mountain ranges reiterates the above processes,
as well as determines how mountains not only instigate convection on the windward sides of
mountains, but also in the lee. Windward convection is caused by the orographic uplift
mentioned above, whereas the lee sides of mountains located in a rain shadow often experience a
decrease in precipitation due to subsiding air. However, research confirms that orographic
effects can initiate convection downstream in the lee due to evaporative cooling. Evaporative
cooling from precipitation creates a cold pool that acts as a gust front and a new source of
forcing. As a cold pool descends the lee slopes, it lifts air ahead of it and generates new
convection (Chu & Lin, 2000; Markowski et al., 2003; Miglietta & Rotunno, 2009; Parker &
8

Ahijevych, 2007; Tucker & Crook, 1999). This process, while abbreviated, describes how
complex terrain can impact the evolution, lifespan, and structure of mesoscale convective
systems (MCSs), including squall lines, in terms of rainfall rates, gust front speeds, and
fluctuations in intensity: squall lines strengthen with orographic enhancement, weaken briefly
with descent down the lee slope, then re-strengthen downstream (Frame & Markowski, 2006;
Parker & Ahijevych, 2007). Tucker (1999) reinforces the above processes while examining
mesoscale convective systems, or MCSs. In comparison to squall lines, MCSs also rely on the
outflow and evaporative cooling from storms for initiation in the lee. This process is especially
prevalent in the central United States, where outflow and evaporative cooled air from the Rocky
Mountains initiate MCSs across the Great Plains (Tucker & Crook, 1999).
A broad examination of convective systems and mountainous terrain illustrates the
relationship between topographic influences on the initiation, longevity, and intensity of storm
systems. Although similarities in these processes exist from one mountain range to another,
there may also be differences according to specific mountain ranges due to variations in
elevation, orientation, or regional location. These interactions will now be examined,
specifically, in regard to the Appalachian Mountains.

2.4 Appalachian Mountains and Severe Weather

The Appalachian Mountains are the mountains of the eastern United States. Although
the elevations of the Appalachian Mountains pale in comparison to the Rocky Mountains, they
still pose a significant influence on synoptic and mesoscale convective weather systems
approaching from the west. The environmental conditions are not as favorable as the Great
Plains for severe weather, and the complex topography often inhibits convective systems from
crossing (Parker & Ahijevych, 2007). Though most studies focus on the destructive influence of
the Appalachian Mountains, a few studies highlight possible favorable influences of the terrain.
Relationships between the Appalachian terrain and severe modes of convection are evaluated for
large scale systems such as mid-latitude cyclones and frontal systems as well as mesoscale
convective systems (including squall lines), and supercell thunderstorms.

9

2.4.1 Mid-Latitude Cyclones and Frontal Systems

Two synoptic scale weather systems responsible for severe weather include frontal
boundaries and mid-latitude cyclones; the Appalachian Mountains significantly impact both.
When frontal boundaries interact with the Appalachian Mountains, they decelerate or dissipate
completely. Schumacher (1996) found that in a six year study, 56% of fronts were slowed by the
Appalachian terrain (Schumacher, et al., 1996). O’Handley (1996) evaluated the impact of the
Appalachian Mountains on frontal boundaries, and applied that to mid-latitude cyclones
(OHandley & Bosart, 1996). Research found that mountain ranges influence cyclogenesis, and
can aid in the intensification and maturation of such cyclones. Additionally, when mountains
retard fronts this often leads to the re-formation of cyclones on the leeward sides of mountains;
for example, over a seven year period 70% of cyclones exhibited redevelopment east of
mountains (OHandley & Bosart, 1996; Schumacher, et al., 1996). The terrain of the
Appalachians plays a significant role in the redevelopment of cyclones through track shifts, and
especially vorticity stretching in the lee as the cyclone encounters a decrease in elevation;
vorticity stretching, known formally as the conservation of potential vorticity, states that as a
cyclone encounters a decrease in elevation it stretches causing an increase in spin, or vorticity.
(OHandley & Bosart, 1996).
One more determining factor when discussing interactions between cyclones, frontal
boundaries, and the Appalachian Mountains is the time of day when the systems encounter the
terrain. Peak heating allows cyclones to redevelop or deepen more substantially, and frontal
boundaries cross more successfully with less deformation (OHandley & Bosart, 1996; Parker &
Ahijevych, 2007; Schumacher, et al., 1996). Discussing impacts of the Appalachian Mountains
on synoptic scale weather features such as frontal boundaries and mid-latitude cyclones is
important because these large-scale phenomena are responsible for smaller mesoscale weather
systems such as squall lines, mesoscale convective systems, supercells, or tornadoes.

2.4.2 Mesoscale Convective Systems

Research assesses the relationship between mesoscale convective systems (MCSs) and
the Appalachian Mountains. Letkewicz and Parker (2010) found that topographic influences of
10

the Appalachian Mountains play a significant role in whether an MCS is able to cross the terrain;
research indicates fewer than half of severe MCSs cross the mountains successfully, with many
factors determining this outcome. One factor determining MCS longevity is the downstream
environment; environments favorable for sustained convection with high instability and weak
mean wind fields aid in severe MCS survival over the terrain (Keighton, et al., 2007; Letkewicz
& Parker, 2010). Another factor includes the source of the MCS; the stronger the initiating
system, such as potent frontal boundary, the stronger the incipient MCS and better the chance of
a successful crossing (Letkewicz & Parker, 2010). Finally, as mentioned above, the diurnal
influence acts as the discriminating factor between crossing and non-crossing MCS cases, with a
higher chance of survival for those crossing the Appalachian Mountains at the warmest time of
the day (Keighton, et al., 2007; Letkewicz & Parker, 2010).

2.4.3 Supercells and Significant Tornadoes

Climatologies focused on tornadoes across the Appalachian Region show the highest
distribution of tornadoes exists on the southeastern sides of the mountains, and the spatial density
increases east of the terrain (Gaffin & Parker, 2006). Figure 3.5 displays the prevalence of
tornadoes on the southeastern sides of the Appalachian and Blue Ridge Mountains. Gaffin
(2006) also examines the relationship between synoptic features and large scale terrain to
determine whether synoptic settings favor tornadic over nontornadic thunderstorms. Some
factors influence tornado development more so than others, such as proximity of frontal
boundaries to terrain, and strength of the wind fields. Tornadoes most likely occur within 100kilometers of a frontal boundary such as warm, stationary, or cold fronts (Gaffin & Parker,
2006), pre-frontal troughs, or deepening areas of low pressure (OHandley & Bosart, 1996).
Additionally, although temperature and dewpoint are not significant determinants between
tornadic or nontornadic events, the strength of the surrounding wind field does play a role, with
stronger wind profiles favoring tornado development (Gaffin & Parker, 2006). Previous research
and studies conducted on the Appalachian Mountains and tornadic thunderstorms confirm
positive correlations. However, these studies are broad, cover the Appalachian region as a
whole, and analyze only the synoptic and larger scale weather features.
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2.5 Supercells and Tornadoes over Mountainous Terrain

Supercell thunderstorms embody the most violent thunderstorms on Earth. Defined as
storms with persistent rotating updrafts called mesocyclones, these storms can last for hours,
cover large distances, and have high probabilities of producing tornadoes (Brooks, Doswell, &
Cooper, 1994; Bunkers, Hjelmfelt, et al., 2006; Bunkers, Johnson, et al., 2006). Research
distinguishes tornadic from nontornadic supercells by analyzing certain atmospheric parameters
for surrounding storm environments. Multiple factors favorable for tornadic development
include: large storm relative helicity (SRH) in the lower levels of the atmosphere,which is the
ability of the atmosphere to acquire horizontal vorticity; and strong wind shear, which
contributes to updraft-downdraft separation;high instability, which describes the amount of
warmth and moisture available for convection; and low lifted condensation levels (LCLs),
meaning a cloud base is low enough to support tornadic development (Brooks, et al., 1994;
Bunkers, Johnson, et al., 2006; Davies, 2004; Markowski, 2009; Mead, 1997; Wagner, Feltz, &
Ackerman, 2008). Although there are many other factors contributing to tornado development,
the variables above represent some of the most important atmospheric factors.
The environment at the time of supercell initiation is very important, but the environment
downstream is even more important in determining supercell longevity. Supercells traveling
along a thermal boundary, or those moving into warmer, moist environments favor strengthening
or longevity (Bunkers, Johnson, et al., 2006). In addition, supercells remaining discrete or
isolated over time tend to be longer lived and more violent due to the lack of surrounding
convection competing for the same environmental conditions. Bunkers (2006), who completed a
study on geographic distributions of supercells across the United States mentions the
northeastern region, encompassing Virginia, has the highest percentage of supercells remaining
discrete over time. His research addresses whether regional differences impact supercell
development, longevity, or intensity according to topographic influences and environmental
conditions (Bunkers, Hjelmfelt, et al., 2006). Although copious studies examine environmental
conditions distinguishing tornadic from nontornadic supercells, few investigate regional and
geographic influences on supercell characteristics. The paucity in general, wide-spread studies
regarding tornadoes over high elevations is related to the rarity of storms over mountainous
environments, low populations in these areas, and difficulty in access for conducting damage
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surveys (Bosart, et al., 2006). However, a few case studies explore the relationship between
geographic influences on supercell thunderstorms and related tornado development for individual
storms.

2.5.1 Supercells over Complex Terrain: Case Studies

Divide, Colorado-July 12, 1996

On July 12, 1996 an F1 tornado with a path width of 50m, traveled 1.1 kilometers
through Divide, Colorado. This tornado occurred in the Rocky Mountains, a region
characterized by rough topography and high elevations. Despite such complex topography, this
tornado managed to form and traverse the terrain. A thorough investigation by Bluestein (2000)
found the complex topography of the region may have enhanced upslope flow which helped
augment updraft strength. Additionally, favorable southerly to south-easterly veering winds at
the surface were present, enhancing wind shear conducive for tornado development. In this case
the terrain, instead of inhibiting tornadogenesis, enhanced tornado potential by creating a
favorable wind field to support tornado development (Bluestein, 2000).
Sistema Iherico, Eastern Spain-August 18th, 1999
An F3 tornado occurred over the area of Sistema Iherico, Spain on August 18th, 1999. An
area characterized by high terrain in excess of 2000m, it is nicknamed “Sierra del Rayo” which
means the lightning range. On this particular day, the area was in close proximity to an area of
low pressure; as mentioned above, proximities to low pressure systems or frontal boundaries
increase tornado potential. The low served to advect warm and moist air from the south,
generate easterly winds, and increase shear; this combination of warmth, moisture, shear, and
easterly winds primed the environment for tornadogenesis. In addition, mountain breezes aided
upslope flow, contributing to rising air and updraft strength. The purpose of the study was to
investigate whether or not topographic features affect tornado development, and found that large
scale terrain features at 20-50km, as well as small scale terrain features at 2-5km can enhance
tornado potential (Homar, 2003).
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Great Barrington, Massachusetts-May 29th, 1995.
On May 29th, 1995 a significant tornado traversed rough terrain surrounding the Hudson
Valley of New York and into Massachusetts. Reaching F3 strength, the tornado carved a one
kilometer-wide path over a distance of 50 kilometers causing three fatalities. An in-depth
examination of this event showed a strong relationship between orographic features on supercell
characteristics and tornadogenesis. On the day of the event the mesoscale environment,
including wind shear and instability, was sufficient to support supercell development and
tornadogenesis. Evaluation of the evolution of the storm over the terrain showed significant
correlations between storm strength fluctuations in response to changes in terrain: the supercell
strengthened over the Hudson Valley, became tornadic as it descended, downslope, east of the
Hudson highlands, weakened as it ascended the Taconic Range, and became tornadic again while
descending into the Housatonic Valley. The assessment by Bosart (2006) illustrates the
orography of the area facilitated tornado development by channeling warm, moist air through the
valleys, strengthening wind shear profiles, and enhancing vorticity stretching as the storm
descended to lower elevations on leeward ridges. This particular event illustrates that small-scale
orographic features can overcome the large-scale inhibiting factors of terrain on storm
development, and instead enhance severe potential. The question raised during this evaluation is
whether a supercell thunderstorm must be strong enough to survive over complex terrain, or if
the complex terrain instead enables the longevity and intensity of such storms (Bosart, et al.,
2006).

Three Tornado events in the southern Appalachian Mountain region

Douglas Schneider (Schneider, 2009), from the Morristown, TN National Weather
Service, examined three documented cases of tornadoes across the southern Appalachians. In
the three cases, Schneider suggested that local topography plays a role in enhancing
tornadogenesis by: facilitating surface convergence, causing vorticity stretching as the storms
moved from higher to lower terrain, channeling winds through valleys contributing to southerly
and south-easterly backed winds, and enhancing updraft strength through upslope flow. All of
the above strongly influence supercell strength and longevity by creating favorable conditions for
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each supercell to develop tornadic characteristics such as stronger rotation or stronger
updrafts.Schneider (2009) specifically mentions that small-scale terrain features, such as features
existing at the same spatial scale as supercells, are especially important in strengthening a
supercell; small valleys or ridges that channel or back winds significantly increases wind shear
and storm relative helicity (SRH) to create an atmosphere conducive for tornado development.
Each of the three cases illustrate that regional topography might play an important role in
tornado development.
The Tazewell, TN tornado occurred on April 26, 2007 and rated as an EF1 in intensity.
The area was in close proximity to a boundary which aided in advecting warm, moist air from
the south. Additionally, upslope flow created strong southerly winds, allowing for the backing
of winds and strengthening of updrafts. As the supercell descended the lower elevations into the
Tennessee Valley, it is suggested that vertical vorticity stretching ensued, resulting in
tornadogenesis. In this case, terrain features appeared to have aided in backing the winds,
strengthening the updraft, and causing vorticity stretching.
Big Stone Gap, VA was the location of an EF1 tornado that occurred on March 4, 2008.
The surrounding mesoscale environment favored tornadic development with high shear and
ample storm relative helicity along with prevailing easterly winds. The Powell River Valley,
oriented southwest to northeast, played a role in backing the winds which enhanced low level
wind shear and storm relative helicity. This represented a possible example of a small-scale
terrain feature acting as a positive influence on tornado development.
The third tornado event transpired in Kimball, TN on November 14th, 2007. A long-track
supercell traveled across most of Tennessee and produced an EF2 tornado in Marion County,
where Kimball is located. The Sequatchie Valley, a topographic feature oriented southwest to
northeast, backed surface winds to an easterly direction, and increased wind shear and storm
relative helicity. As the supercell moved over this specific region, it rapidly developed a rotating
updraft, mesocyclone, and eventually the EF2 tornado.
Doug Schneider examined these three events within the Appalachian Mountains to gauge
if terrain features impacted tornadogenesis. He suggested a possible relationship between terrain
enhancements and tornadogenesis, but mentioned more in depth studies should be investigated to
find more conclusive evidence (Schneider, 2009).
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2.6 Conclusions

Most research on convective weather systems and mountainous terrain involves larger
weather systems like mid-latitude cyclones, associated frontogenesis and frontal boundaries,
squall lines, or mesoscale convective systems (Schumacher, et al., 1996). These studies discuss
how these types of storm systems interact with the complex terrain and are found in a plethora of
literature. One particular study by O’Handley (1996) discusses how the eastern leesides of
mountains can cause vorticity stretching with large mid-latitude cyclones causing the cyclone to
deepen and become more intense; any frontal boundaries associated with the strengthening midlatitude cyclone can also intensify (OHandley & Bosart, 1996). Where a mid-latitude cyclone is
a large cyclonic column of air, a supercell is simply a smaller cyclonic column of air; with both
systems characterized by cyclonic columns of air, vorticity stretching should apply to both, yet
copious research has been done in regards to this relationship with mid-latitude cyclones and
larger convective systems, but not supercell thunderstorms. The literature on these studies
addressing the mountainous influence on the larger convective systems all identify the same gap:
there is a lack of research examining the influence of mountainous terrain on the evolution and
characteristics of supercell thunderstorms (Bluestein, 2000; Bosart, et al., 2006; Bunkers,
Johnson, et al., 2006; Frame & Markowski, 2006; Gaffin & Parker, 2006; Hocker & Basara,
2008b; Schneider, 2009).
While much of the relevant literature mentions this gap as an avenue for further research,
only a few papers provide ideas for methodology. Schneider (2009) mentions the need for a
more in-depth study using available data, and also that an appropriate scale must be found to
examine adequately this relationship. While Schneider mentions this scale issue, he does not
provide any hints as to what scale is appropriate and instead mentions it as an opportunity for
future research (Schneider, 2009). Two other articles by Howard Bluestein (1999) and Lance
Bosart (2006) also argue that a proper resolution of topographic features is needed to study the
complex relationship between supercells and mountainous terrain; both articles, however, only
deal with meteorological parameter and radar data with no topographic or landscape data to use
as a model (Bluestein, 2000; Bosart, et al., 2006). An article examining a supercell-terrain
interaction by Homar (2003) also does not use topographic data, but discusses possible
resolutions needed should future research use terrain data; the author mentions that topographic
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features at the scales of 2-5km and 20-50km could play a role, respectively, on influencing the
evolution of supercell thunderstorms for the Sistema Iherico Mountains of eastern Spain (Homar,
2003). Two papers written by James Hocker in 2008 provide the best models for methodology
because the studies involved importing storm data into a GIS framework; one study involved
squall line data, and the other supercell data. Hocker (2008) used the National Climatic Data
Center (NCDC)to obtain archived NEXRAD Level II data, viewed the data using the NCDC
Java NEXRAD Viewer software, imported the radar data into the Gibson Ridge Level II
software package to obtain storm information, and added the storm data using X-Y data into
ArcGIS (Hocker & Basara, 2008a, 2008b). With his research involving storm data and an
ArcGIS framework, the Hocker papers provided an appropriate guide for possible methodology.
Examining the relationship between the topography of the southern Appalachians and rotational
velocity intensity of supercell thunderstorms can provide insight into the constructive and/or
destructive nature of terrain on these storms. Analyzing this relationship may provide
information on how to improve forecasting these types of storms in mountainous environments.
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Abstract
That tornadoes cannot occur in mountains due to disruptive influences of the complex
terrain is a common misperception. Multiple tornadoes occur each year in mountainous
environments, including the Appalachian Mountains. Copious research examines the influences
of complex terrain on large severe weather systems such as multicell convective systems and
squall lines, but research is lacking investigating this same relationship for smaller-scale severe
weather phenomena like supercells and tornadoes. This study examines how complex terrain
may have influenced the rotational low-level wind fields of fourteen supercell thunderstorms in
the Appalachians. The terrain variables include elevation, land cover, slope, and aspect. Using
GIS mapping techniques, the individual storm tracks were overlaid onto elevation, land cover,
slope, and aspect layers; points along the storm tracks were measured to correlate storm
intensities with the underlying terrain. Hypotheses predict that lower elevations, areas of
shallower slopes, agricultural land covers, and terrain features with a southeasterly orientation
represent terrain variables that would enhance low-level rotation in the lower levels. Results
indicate that elevation has a significant impact on storm rotational intensity, especially in
mountainous regions. Lower and flatter elevations augment storm rotational intensity, and
higher elevations decrease storm rotational intensity. Additionally, northern and western facing
slopes exhibited a negative relationship to storm intensity. A qualitative examination revealed
vorticity stretching to be evident in eight of the fourteen storms; with vorticity stretching evident
on both southeasterly and northwesterly slopes. Future research on appropriate scale for stormterrain interactions could reveal even stronger relationships between topography and supercell
thunderstorms.
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3.1 Introduction
Recent severe weather outbreaks in 2011 have challenged the notion that mountains act
as barriers to severe weather and especially tornadoes. The most notable example includes the
Super Outbreak of 2011, which occurred April 27th-28th spawning a record number of 359
tornadoes and killing 322 people. The sheer number of reported tornadoes and deaths associated
with this storm system were staggering, and so was the spatial scale. The storm system produced
confirmed tornadoes in six states including Alabama, Arkansas, Georgia, Mississippi, Tennessee,
and Virginia, and successfully crossed and produced tornadoes over the Great Smoky Mountains
of Tennessee and the Southern Appalachian Mountains of Virginia (NOAA, 2011).
The Super Outbreak of 2011 challenges the misconception that supercell thunderstorms
and tornadoes cannot occur in mountainous terrain. Supercell thunderstorms are those storms
that exhibit a persistent rotating updraft, and can produce a tornado at any time. These types of
thunderstorms are most prolific in the Great Plains, leading researchers to concentrate on that
region. However, these storms clearly do occur in other regions of the country, such as the
Appalachian Mountains. Bunkers (2006) notes that there exists no study of regional distribution
of supercells for the United States, with missing research regarding distribution for the Illinois,
Kentucky, Tennessee, North Carolina, and Virginia regions where there is an above average
number of supercells each year (Bunkers, Hjelmfelt, et al., 2006; Bunkers, Johnson, et al., 2006).
This could be due to the relative frequency of studies focusing on larger storm climatologies
such as squall lines and derechos, and the difficulty of studying supercells at a fine enough scale
(Hocker & Basara, 2008a, 2008b). Other reasons for this lack of research include the rarity of
this type of storm mode within mountainous environments, or the limitations of radars due to
topographic influences (Parker & Ahijevych, 2007).
Most research examining severe weather over mountainous terrain focuses on larger
convective systems such as mesoscale convective systems. Due to the abundance of research,
the relationship between these types of storm systems and mountainous terrain is generally
understood; orographic uplift initiates convection on windward sides of mountains, and leeside
convergence can also initiate convection on the leeward sides of mountains (Chen & Lin, 2005;
Chu & Lin, 2000; Frame & Markowski, 2006). Diurnal cycles also play an important role in the
sustenance of mesoscale convective systems; storms crossing at the warmest time of the day, or
peak heating, are more likely to cross the terrain than those crossing at cooler times of the day,
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such as overnight (Chu & Lin, 2000; Keighton, et al., 2007; Letkewicz & Parker, 2010;
OHandley & Bosart, 1996; Parker & Ahijevych, 2007; Schumacher, et al., 1996).
Research on supercell thunderstorms has been prolific over the years correlating the
increase in frequency and intensity of severe weather outbreaks. Research has shown that the
most important atmospheric factors influencing supercell intensity and incipient tornadogenesis
includes high storm relative helicity (strong wind shear and backing winds in the low levels), and
high instability (Brooks, et al., 1994; Bunkers, Hjelmfelt, et al., 2006; Markowski, 2009; Mead,
1997; Wagner, et al., 2008). Downstream environments are also very important for supercell
strength and longevity: supercells encountering boundaries or moving into warmer and moister
environments maintain intensity over time, and are also those most likely to produce tornadoes
(Bunkers, Johnson, et al., 2006). Bunkers (2006), who completed a study on geographic
distributions of supercells across the United States, mentions that the northeastern region,
encompassing Virginia, has the highest percentage of long-lived supercells (defined as
supercells lasting four hours or longer) remaining discrete over long periods of time than any
other region, with 82% of supercells remaining isolated for most of their lifetime (Bunkers,
Hjelmfelt, et al., 2006; Bunkers, Johnson, et al., 2006). This addresses whether regional
differences impact supercell development, longevity, or intensity according to topographic
influences and environmental conditions. Most research evaluates the atmospheric environments
conducive to supercell development and severity, but few examine the regional and geographical
influences on these supercell characteristics (Bosart, et al., 2006). A few recent studies attempt
to broach the subject of analyzing the relationship between geographic influences, such as
complex mountainous terrain, on supercell thunderstorms and tornado development.
Bluestein (2000) provides a brief account of a tornado that occurred in Divide, Colorado
in the Rocky Mountains and Homar (2003) investigated a strong tornado that crossed the Sistema
Iherico mountain range of Spain. Both researchers conclude that the complex terrain of the
mountains may have enhanced upslope flow augmenting updraft strength, and the orientation of
the terrain could have funneled winds creating favorable wind profiles conducive for tornado
development (Bluestein, 2000; Homar, 2003). In the eastern United States, Bosart (2006)
reveals a strong relationship between the terrain of the Hudson Mountains in New York, and
tornadogenesis. In his conclusion he inquires whether a supercell thunderstorm must be strong
enough to survive over complex terrain, or if the complex terrain instead enables the longevity
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and intensity of such storms; he mentions the answer will come with extensive future research on
the subject (Bosart, et al., 2006). Douglas Schneider of the National Weather Service of
Morristown, TN provides three examples of supercells and related tornadoes in the southern
Appalachian Mountains. In the three cases, Schneider found local topography may have played
a role in enhancing tornadogenesis by: facilitating surface convergence, causing vorticity
stretching as the storms moved from higher to lower terrain, channeling winds through valleys
contributing to southerly and south-easterly backed winds, and enhancing updraft strength
through upslope flow. He specifically mentions that small-scale terrain features, such as features
existing at the same spatial scale as supercells, are especially important in strengthening the lowlevel rotation of a supercell; small valleys or ridges that channel or back winds significantly
increases wind shear including storm relative helicity to create an environment conducive for
tornado development. Each of the three cases illustrate that regional topography plays an
important role in tornado development (Schneider, 2009).
This study examines the relationship of the low-level rotational velocity of supercell
thunderstorms and mountainous terrain as did Bluestein, Homar, Bosart, and Schneider, but
using a new approach. A Geographic Information System (GIS) is a tool used to analyze and
display spatial data (Chapman & Thornes, 2003). GIS has been used for multiple meteorological
studies such as analyzing the spatial climatology of squall lines and supercells across Oklahoma
(Hocker & Basara, 2008a, 2008b) and for correlating precipitation rates across different
topographic landscapes (Gorokhovich & Villarini, 2005). Using GIS, it was possible to evaluate
the relationship between a portion of the southern Appalachian Mountains and their effect on the
low-level rotational intensity of multiple supercell thunderstorms; the purpose was to assess if
elevation, slope, aspect, or land cover plays an important role in influencing the rotational
strength of the storms. No previous studies have examined the relationship between complex
terrain and supercell thunderstorms using GIS. Additionally, no previous studies have analyzed
this relationship so closely, with such a high number of storms, and using a quantitative approach
in the GIS and statistical reasoning. Employing GIS provides an entry into this type of research
due to its ability to work with appropriately scaled terrain and land cover datasets, and thus a
new approach for examining ground and supercell interactions.
The goals of the study included: 1) determine what role, if any, the underlying terrain of
mountainous environments has in either disruption or augmentation of rotational intensities of
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fourteen supercell thunderstorms 2) examine the utility of a GIS as a tool for examining the
relationship between topography and rotational intensity, and 3) determine forecasting
implications from an improved understanding of the relationship between topography and
supercell thunderstorms applicable to the study area and other mountainous regions. It was
hypothesized that lower elevations, shallower slopes, eastern facing slopes, and land covers of
pasture/hay or cultivated cropland are favorable for strengthening the low-level rotation of the
supercells. Lower elevations are regions of warmer temperatures and higher instability needed
to fuel supercell updrafts. Shallower slopes could provide less surface roughness for an updraft
to interact with, and any eastern facing slopes (from large terrain features like major ridgelines to
finer terrain features like small valleys) would be those where the storm updraft encounters
vorticity stretching, due to the decrease in elevation causing a stretching and tightening of the
updraft. Vorticity stretching, which can be explained using the concept of conservation of
potential vorticity, is discussed in more detail in section 3.4.4. Pasture/hay and cultivated
cropland could represent lower-friction landscapes, as compared to timber in deciduous and
evergreen forests, as well as warm and moist land environments conducive to updraft
enhancement.
Due to the non-horizontal radar beam limitation, it was difficult quantitatively to compare
the exact rotational velocities from one storm to another; this limitation is a function of the
impact distance from the radar can have on representing the true velocity values at each scan.
The radar beam increases in width and altitude with an increase in distance from the radar site.
The increase in altitude results in the radar beam to sampling a nearby storm at the lower levels
compared to a more distant storm. The curvature of the earth also plays a major role when
considering the non-horizontal radar beam. Due to the widening of the radar beam with distance,
storms traversing closer to the radar are sampled with a higher resolution, and thus will tend to
display higher rotation values than distant storms, even if the two storms are similar. This occurs
because the wider the beam, the larger the sample volume, the more averaging, and generally the
lower the velocity values. Therefore, it was important to examine trends of the rotational
velocity over time, not exact values, in relation to the underlying terrain. Figure 3.1 illustrates
the limitations of the radar beam.
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3.2 Methods
3.2.1 Geography and Severe Weather Climatology of Study Area

The area of study includes a portion of the southern Appalachians primarily within
Virginia, but also covers a few counties in West Virginia and North Carolina (Figure 3.2). The
center of the study area is the Doppler radar site for the Blacksburg National Weather Service
office and therefore overlaps much of the Blacksburg National Weather Service county warning
area. The Doppler radar is a Weather Surveillance Radar 88 Doppler (WSR-88D) with the
identification KFCX and is located in Floyd County, Virginia with location 37.02 N, -80.27W.
From this point, a 64 km (40 mile) radius was extended, and all 25counties within that radius
created the study area. This 64km radius was determined by the ability of the radar to measure
and accurately represent the true nature of the low level characteristics of the storms at that
distance. The typical refraction of the radar beam through the atmosphere at 64km corresponds
to the height of the lowest beam above the radar level of about 900m (3,000 ft.). Due to the
height of the terrain, the height of the beam above the ground varies, but within the 64km range
the radar beam is sampling no higher than 1500m (5,000ft.). The purpose of sampling the radar
velocities at or below the height of 1500m is based on the fact that this is the typical height of the
boundary layer during convective events, and this is the layer where there is a better chance that
the ground could have an influence on storm circulation.
This study area was chosen using the Blacksburg Weather Service Office radar site
because it represents a radar site that is located within the Appalachian Mountains therefore
providing a representative sample of storms that traverse and occur over mountainous terrain.
The elevation range of the study area is from 1,743m (5,700ft) at the highest peaks in southwest
Virginia to 106m (350ft.) in the western foothills of Virginia and North Carolina. There is a
rapid decrease in average elevations from west to east across the study area, from higher
elevations in the Appalachian and Blue Ridge Mountains down to the Piedmont region of
Virginia, with the western portion of the study area characterized by very complex terrain
including networks of ridge and valley networks as well as variations in terrain height and
orientation. The majority of land cover types for the study area include deciduous forest and
rural farmland. Figure 3.3 displays the land cover for the study area.
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Severe weather is prevalent throughout the study area due to the topographic influence of
orographic uplift providing a forcing mechanism for thunderstorm development, as well as
proximity to the Gulf of Mexico and Atlantic Ocean providing low-level warmth and moisture
needed for thunderstorm generation. Severe weather can occur at any time of the day, but is
most prevalent during mid-afternoon at the time of peak heating. Severe weather arriving at
other times of the day usually weakens due to loss of daytime heating, and the cooler more stable
atmosphere resulting from the higher elevations of the Blue Ridge and Appalachian Mountains.
While the stabilizing influence of the Appalachian Mountains can have a destructive influence
on thunderstorm preservation, the mountains can also have a constructive influence by initiating
severe convection through convergence zones that form along the ridges and leeside convergence
east of the Blue Ridge. According to the Blacksburg National Weather Service severe weather
climatology report, most severe weather events occur in late May through July with a peak in
May (Figure 3.4). Diurnally, most severe weather occurs between 12:00pm and 8:00pm, with a
peak between 2:00pm and 6:00pm (Figure 3.5) (Stonefield, 2005).
When discussing tornado climatology for the Blacksburg NWS county warning area,
70% of tornadoes touch down east of the Blue Ridge Mountains in the Piedmont region, while
30% of touchdowns in the area were reported across the mountainous region (Figure 3.6).
The higher prevalence of tornadoes to the east of the mountains in the Piedmont region is
likely due to the leeside convergence effect as well as higher warmth and moisture. Discussing
tornado frequency, 57% of tornadoes occur between April and July, and 71% of tornadoes occur
between 12:00pm and 8:00pm; these statistics correspond with the spring and summer months
and the diurnal peak heating time of the day, respectively. When discussing tornado intensity or
magnitude, 76% of tornadoes documented between 1950 and 2005 were considered weak at the
F0-F1 and the other 24% considered strong at the F2-F3 scale, with the highest prevalence of
strong tornadoes in this category occurring in April. Climatologically, the strong tornadoes
usually occur in the Piedmont region of the study area, although F3 strength tornadoes have
occurred in the western, more mountainous region of the study area including an F3 in
Greenbrier County, WV during the super outbreak of April 3, 1974. The Severe Weather
Climatology report for the Blacksburg County warning area provides historical information to
confirm the occurrence of severe and supercellular thunderstorms within the study area, with
many documented reports of tornadoes in both the Piedmont and mountainous regions
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(Stonefield, 2005).

3.2.2 Data Acquisition and Analysis Tools

This project utilized multiple tools for both data acquisition and analysis. Tools included
ArcMap10 (GIS software), Gibson Ridge Level II Analyst Edition (radar package), and the
NOAA (National Oceanic and Atmospheric Administration) Weather and Climate Viewer Tool
(archived radar tool). Radar data is Next-Generation Radar (NEXRAD) Level II data from the
National Climatic Data Center (NCDC). The timing of the radar scans includes when the chosen
storms were passing within the 64 km radius around the radar site. A storm traversing from one
edge of the radius to the other included anywhere from 5 to 26 individual five-and-a-half minute
interval scans. The GIS data such as county boundaries, land cover data, and digital elevation
models (DEM terrain data) were acquired using multiple geospatial data resources. The county
boundaries came from the U.S. TIGER data set and included resolution at the block group level.
The land cover and DEM data were acquired from the National Map at the Seamless Data
Download site maintained by the USGS. The DEM is a 30 meter cell resolution, and the land
cover data is from the 2006 survey.

3.2.3 Radar Interpretation and Storm Analysis

Fourteen supercell storms were chosen to be individual case studies. A list of the storm
case studies are as follows: June 2nd, 1998; three storms from April 28th, 2002; three storms from
May 8th, 2008; June 3rd, 2008; May 3rd, 2009; May 8th, 2009; April 8th, 2011; and three storms
from April 28th, 2011. Table 1 displays a list of the storms by date and the counties affected.
Cases were made up of supercell thunderstorms, and not specifically tornadoes.
Although supercells can be tornado-producing storms, discerning whether a storm did or did not
produce a tornado is difficult; these challenges are due to the complex terrain, unreliable spotter
reports, or the inability to access areas for damage surveys resulting in possible unconfirmed
tornadoes. The fourteen supercell storms were chosen based on a number of variables:
proximity to the radar site to meet the 64km distance criteria, availability of the radar data from
the National Climatic Data Center (NCDC), quality of the NEXRAD Level II radar data, and the
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presence of visible and discernible rotating mesocyclone signatures necessary for analysis. Each
storm included sample points for each radar scan as the storm crossed the study area.
The storm points were derived by opening the NEXRAD radar scan files from NCDC in
GR2Analyst. Opening the files in Gibson Ridge Level II Analyst (GR2Analyst) allowed for the
derivation of the mesocyclone center by using the base velocity (BV) and storm relative velocity
(SRV) products (Figure 3.7).
The center of the storm was the mesocyclone (or rotating) part of the storm.
GR2Analyst outputs a mesocyclone detection algorithm (MDA) based on velocity values. The
MDA provides a location indicator that was helpful in determining the location of the
mesocyclone (Mazur, Weaver, & Haar, 2009). Using GR2Analyst, the rotational velocity was
derived by averaging the maximum inbound and outbound velocity values within the rotational
signature (whether an algorithm-detected mesocyclone was identified or not). This provided an
average rotational velocity value, the dependent variable, to assess how it changed over time in
relation to the underlying terrain. Latitude and longitude values at the mesocyclone center were
recorded for each radar scan for each storm, forming fourteen associated storm tracks (Figure
3.8). Each radar scan with a rotational signature at 0.5 degrees, the lowest scan of the radar, was
included as a sampling point. Some scans exhibited only mid-level rotation, so if the rotation
was not also evident at the lowest level that point was not sampled. Since the project involves
assessing rotational wind fields, any radar scans that did not exhibit a rotational signature were
not used in the analysis and classified as “none” or “null.” This was to avoid analysis of nonrotating storms.

The storm tracks of each storm were then overlaid onto the DEM, land cover,

slope, and aspect data using ArcMap10.

3.2.4 GIS Analysis

ArcMap10 was the GIS program used for this analysis. ArcMap was chosen due to its
ability to handle spatial data, and for the ongoing trend that meteorological data is being rendered
compatible with the ArcMap software. All data was projected into the Universal Transverse
Mercator (UTM) zone 17. Therefore, horizontal units are in meters.
The data in ArcMap included a digital elevation model (DEM), land cover, slope, and
aspect maps for the given study area (Figure 3.9). The DEM and land cover data came from the
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National Map Seamless Viewer data source and were projected into the UTM projection to
match the TIGER data. The slope and aspect maps were then generated from the DEM using the
Spatial Analyst Toolbox. The storm tracks were plotted by displaying X-Y data from Excel2010
spreadsheets for each storm; the spreadsheets contained the latitudes and longitudes projected to
UTM zone 17 and the associated average rotational velocities for each storm point. The storm
points were symbolized on a graduated color palette according to the average rotational velocity.
An area buffer function was then performed on the storm points to account for the actual sizes of
storm mesocyclones, which normally range from 1.6-4.8 kilometers (1-3 miles) in diameter in
the eastern U.S.; the average was chosen, 3.2 kilometers (two miles), as the designated
mesocyclone size.
Using the 3.2 kilometer area buffer as the designated zone, the zonal statistics function in
ArcMap under the Spatial Analyst Toolbox calculated statistics within that specified buffer zone;
the 3.2 kilometer buffer zone was calculated using a 1.6 km radius from the center of the point
thereby creating a 3.2 km diameter buffered region. Without zonal statistics, each point under
the storm would yield different values; zonal statistics aggregated the values to a single value.
The zonal statistics function was used to derive statistics for elevation and slope including
minimum, maximum, mean, range and standard deviation values for each variable.
The Tabulate Area tool from the Spatial Analyst Toolbox was used to calculate frequency
values for aspect and land cover because they represent nominal variables. The tabulate area tool
calculates cross-tabulated areas between two datasets allowing for a breakdown of categories
present for each point. For example: for the land cover data for each storm point, the tabulate
area tool calculated how many pixels of each type of land cover were found within one buffered
storm point. The pixel counts for each category of land cover and aspect were then calculated
into frequency measures for statistical purposes.
Tabulating the area for aspect required one extra step; reclassifying. Aspect values range
from 0-360 degrees, but for the purposes of this experiment it was unnecessary to maintain one
degree precision. Therefore, the values were reclassified into octants, or eight different classes
for the eight major directions; the eight classes included 0-45°, 45-90°, 90-135°, 135-180°, 180225°, 225-270°, 270-315°, 315-360°. The reclassification allowed aspect to become a nominal
value more accessible for the Tabulate Area function. The results displayed the dominant
orientation of the terrain underneath each buffered storm point.
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3.2.5 Statistical Analysis

During statistical analysis, storm rotation represented the dependent variable, and was
correlated with mean elevation, mean slope, percentage of aspects by octant and percentages of
land cover classes with the goal to relate topography and surface features to storm rotational
velocities in order to examine the relationship between underlying terrain and rotational
intensity. First, all data were checked for normality using the Shapiro-Wilkes goodness of fit
test, and all data were normalized. JMP® (JMP) version 9.0 was used to run basic correlations
for each variable. Due to strong multicollinearity, correlations were used to compress variables
and eliminate those which were highly correlated with one another; a 0.8 correlation threshold
value was used to establish strong multicollinearity.
Multiple correlations were then examined on the storms by: each storm individually,
aggregate on all storms, northeast moving versus southeast moving storms, and groups formed
according to spatial location of the storms across the study area such as purely mountain storms
versus those storms that crossed from the mountain region into the piedmont region versus those
storms confined to the Piedmont region.
Next the Tukey-Kramer method was run to establish significant differences among the
fourteen individual storms, as well as the stratifications of storms; for example comparing
northeast moving storms to southeast moving storms. All multiple comparisons were made at
the 0.05 alpha level. A supplemental ANOVA analysis was also run on the different storm
stratifications to determine any significant differences at the 0.05 level.
Finally, multiple stepwise regression models were constructed using different storm
stratifications of interest.

JMP® (JMP) version 9.0 was used to run the multiple regressions on

six different storm stratifications: all storms, northeast moving storms, southeast moving storms,
mountain storms, crossing storms, and Piedmont storms. Due to the high number of initial
variables, a backwards stepwise regression was appropriate, using the Minimum AICc as the
stopping rule. Minimum AICc stands for minimum corrected Akaike Information Criterion and
is a stopping rule often used for model selection with land cover studies with a high number of
variables ("JMP," 1989-2007).
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3.3 Results

3.3.1 Multicollinearity across Variables

The first objective was to determine which variables exhibited high multicollinearity.
This meant that some variables could be eliminated by compressing those variables with high
multicollinearity. There were thirty-three independent variables: five for elevation, five for
slope, eight for aspect classes, and fifteen land cover classes (Table 2).
Following the correlation among predictors, it was possible to collapse the thirty-three
variables by eliminating those variables with a 0.8 or higher correlation coefficient. A secondary
method for evaluating multicollinearity was to run a variation inflation factor, or VIF (Table 3).
The VIF expresses how variables compare to one another; variables with a high VIF value were
closely related to other variables and were thus eliminated. Table 4 provides a list of the
variables comparing the original thirty-three variables to those remaining after addressing the
multicollinearity.

3.3.2 Correlation Analysis

The second objective was to gauge any strong associations between terrain variables and
average rotational velocity. Table 5 shows the correlation table comparing average rotational
velocity to all terrain variables. Correlations were run on each storm individually, as well as
stratifications of storms. At the individual storm level, many variables correlated with the storms
at the 0.5 level. However, not many variables exhibited consistent strong relationships to the
dependent variable. Aggregating all the storms together failed to reveal any significant
correlations at the 0.5 level suggesting large differences exist among the storms dictated by
intensity, spatial location, or both. The spatial location could have influenced how accurately the
storm was sampled by the radar; due to varying locations and distances from the radar,
measurements of the rotational strength may have fluctuated in part due to the imperfect radar
sampling.
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3.3.3 Storm Analysis through Multiple Comparisons

In addition to running correlations, it was of interest to compare stratifications of storms
to gauge any significant similarity or differences in the average rotational velocity by storm
motion or location. This was done using multiple comparison techniques, and specifically
Tukey-Kramer’s method and ANOVA testing using an alpha of 0.05. There were three
stratifications of interest: comparing all fourteen storms together (yielding 191 total storm
points), comparing northeast moving storms to southeast moving storms, and spatially
comparing storms that existed primarily over the mountains against those storms that crossed
from the mountain into the Piedmont region, against those that traveled predominantly through
the Piedmont region. The sharp Blue Ridge escarpment located in the center of the study area
was the boundary used to delineate mountain and Piedmont storms. Table 6 displays the storms
by appropriate stratification.
Running the multiple comparisons on all fourteen storms yielded three groupings.
However, the three groupings exhibited neither geographic nor meteorological significance as
there were no obvious commonalities (Table 7). ANOVA testing revealed a significant
difference exists among the fourteen storms (F=6.5448, 13, 177, p<0.0001). Figure 3.10
compares the average rotational velocity for all fourteen storms using box plots.
The second multiple comparison evaluated northeast-moving storms to southeast-moving
storms. This comparison represented a geographical interest; storms moving northeast paralleled
the ridgelines inherent to the Appalachian and Blue Ridge Mountains, whereas storms moving
southeast traveled perpendicular to the ridgelines and had to cross over them. Tukey-Kramer, at
an alpha of 0.05, did not detect any significant differences between the two groups. This was
confirmed through ANOVA testing (F=0.0897, 1,189, p=0.7649). Figure 3.11 compares the
average rotational velocities in which similarity in velocity values is evident.
The final multiple comparison denoted a spatial interest, in comparing storm locations by
whether the storm tracks traversed predominantly in the mountains, crossed from the mountains
to the Piedmont, or tracked primarily through the Piedmont region. At the 0.05 significance
level the Tukey-Kramer method detected a notable difference; storms that traversed the
mountains were found to be significantly different than those crossing from the mountains into
the Piedmont or the storms mainly in the Piedmont. This difference was evident in that
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mountain storms exhibited higher overall average rotational values than the Piedmont or crossing
values. An ANOVA confirms a significant difference in the three spatial groups (F=6.6944,
2,188, p=0.0016). Figure 3.12 provides a visual comparison of the average rotational velocities
according to the three spatial locations.

3.3.4 Multiple Regression

Six multiple regression models were run using the same storm stratifications listed above:
all storms together, northeast moving storms, southeast moving storms, mountain storms,
crossing storms, and Piedmont storms. Before running the regression analysis, it was evident
that multicollinearity was still an issue with the land cover classes. As a result, it was
appropriate to collapse the thirteen land cover variables into four major categories: urban, forest,
agriculture, and water. Following this step, seventeen parameters were available as inputs for
each regression model.
The regression model for all the storms resulted in a R2 of 0.09 and an adjusted R2 of
0.06. The parameters chosen through model selection included: minimum slope (SLOPE_MIN),
NNE, ESE, SSW, WSW, and WNW aspects; the parameters significant at the 0.05 level included
all the listed variables except WSW. Appendix 1 displays the full regression output for all the
storms.
The second regression model involved northeast moving storms. The model resulted in a
R2 of 0.20 and an adjusted R2 of 0.15. Parameters chosen during model selection included
minimum slope (SLOPE_MIN), NNE, ESE, WSW, the urban land cover class, and the water
land cover class. The parameters significant at the 0.05 level included minimum slope, ESE,
WSW, and the water class. Appendix 2 displays the full regression output.
Southeast moving storms were of interest for the third regression model. The model
exhibited an R2 of 0.10 and adjusted R2 of 0.08. Parameters chosen through model selection
included SSW and WNW aspects. Both parameters were significant at the 0.05 alpha level.
Appendix 3 displays the full output.
The fourth regression model encompassed the mountain storms (Appendix 4). The R2
was 0.20 and adjusted R2 was 0.16. Parameters chosen by the model were minimum slope
(SLOPE_MIN), NNE, and WSW. Only the WSW aspect proved significant at the 0.05 level.
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Crossing storms made up the inputs into the following regression model. With an R2 of
0.12 and adjusted R2 of 0.08 this stratification was the weakest in terms of prediction and
explanation of variance. The parameters involved in the model included mean elevation
(DEM_MEAN), SSW, and the urban land cover class. Only mean elevation proved significant
at the 0.05 alpha level. Appendix 5 displays the full regression output results.
The final regression model included Piedmont storms. This model proved most effective
yielding the highest R2 of 0.34 and adjusted R2 of 0.23 indicating a stronger correlation to the
terrain variables. It also used the most parameters including: mean elevation (DEM_MEAN),
NNE, ENE, ESE, SSE, SSW, WNW, the urban land cover class, and water land cover class. The
parameters of mean elevation, NNE, SSW, WNW, the urban class, and the water class were
significant using a 0.05 level (Appendix 6).
Table 8 provides information on each regression model including model name, R2,
adjusted R2, the parameters for each model, the estimates (regression coefficients) for each
parameter, and the associated p-values.

3.4 Discussion

3.4.1 Trends Evident in Correlation Analysis

Running basic correlations on the data did not yield consistently strong correlations
across terrain variables. The lack of strong correlations could be due to the relatively small
sample sizes within each individual storm, as well as the initial high multicollinearity among
variables. Even though not many variables exhibited a consistently strong relationship to
average rotational velocity at the 0.5 correlation value, some trends were evident. Westward
facing aspects and developed land cover classes revealed strong negative correlations to the
dependent variable for many of the storms. In contrast, eastward facing slopes and minimum
elevations exhibited strong positive correlations for multiple (though not all) storms. It is
important to mention that this examination of apparent trends for the correlations is qualitative,
but led to the multiple regression analysis performed later in the analysis, which provides more
quantitative results comparing variables to the average rotational velocity.
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3.4.2 Similarities and Differences among Storm Stratifications

The first storm stratification of interest included comparing all fourteen storms against
one another using the multiple comparison technique of the Tukey-Kramer method at a 0.05
significance level. Tukey’s presented three distinct groupings of storms (Table 7), but careful
evaluation revealed no meteorological or geographical logic to the three groupings. The
ANOVA testing of the fourteen storms revealed a significant difference among storms with a
p<0.0001. Considering the storms exhibited different intensities and locations across the study
area, the significant difference is not surprising. Figure 3.10 provides a map showing the spatial
distribution of the fourteen storms as well as box plots comparing the average rotational
intensities.
The next storm stratification of interest included northeast moving versus southeast
moving storms. The main objective for observing this relationship included a geographical
interest because northeast moving storms parallel the mountain ridges whereas southeast moving
supercells travel perpendicular to and cross the mountain ridges. Tukey-Kramer at the 0.05
alpha level, however, did not detect a significance difference, and neither did the ANOVA
analysis with a p=0.7649. The statistical similarity is likely due to the comparable average
rotational values. Figure 3.11 displays the similarity in average rotational values as evident by
the box plots.
The spatial stratification of mountain storms, crossing storms, and Piedmont storms
showed some significant differences. ANOVA testing revealed a difference in the three
groupings with a p=0.0016, and Tukey’s multiple comparison at the 0.05 level indicated
mountain storms to be significantly different than crossing or Piedmont storms. Figure 3.12
displays a visual representation comparing the average rotational velocity for the three
groupings. Mountain storms exhibited a higher overall average rotational velocity than the other
two groups. Original thinking on why mountain storms exhibited higher rotational velocity was
due to those storms having close proximity to the radar site; storms traversing closer to the radar
site have inherently higher velocity values because the closer the storm to the radar site, the more
narrow the radar beam, the more concentrated the echo response, and the higher the values.
Alternatively, the Piedmont storms exhibited the lowest overall average rotational velocities;
using the same logic discussed above, storms in the Piedmont counties are relatively far away
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from the radar site which could result in lower velocity values. However, a regression analysis
comparing the rotational velocity to distance from the radar (using the radar beam height at the
0.05 degree tilt angle) did not yield a significant relationship. Although the p-value was 0.0065,
beam height yielded an estimate of just 0.0024, an R2 of 0.04, and R2Adjusted of 0.03. This
suggests that distance from the radar was not an important factor in determining the average
rotational velocity values. Nonetheless, mountain storms were still found to be significantly
different than the Piedmont storms and storms crossing from the mountain to Piedmont region.

3.4.3 Role of Terrain Variables on Storm Intensity

Through multiple regression analysis, it was possible to discern what terrain variables
were most important in predicting the average rotational velocity of storms, and which variables
were more powerful than others. The regression model for all storms aggregated together
yielded a negative correlation with minimum slope. This negative relationship confirms the
hypothesis that as slope decreases, storm intensity increases; shallower slopes and less surface
roughness augment the average rotational velocity.

Other variables in the model significant at

the 0.05 level included: NNE, ESE, SSW, and WNW facing slopes. Aspects with a westerly
component exhibited negative parameter estimates, indicating a negative relationship to storm
strength. This relationship makes sense, because westward facing slopes are inherently cooler
and more stable due to the blocking influence of warm and moist air from the Atlantic.
Additionally, when considering the topography of the study area with ridgelines oriented
southwest to northeast and the direction of storm tracks from west to east, westward facing
slopes would be those that cause a decrease in the conservation of potential vorticity, or the
opposite of vorticity stretching. Here the storm updrafts would be compressed as the storm
traversed up the westward slopes, causing a decrease in rotation speed over time.
The model for northeast-moving storms produced similar results to the model
incorporating all the storms. This model also yielded a negative relationship of storm intensity to
minimum slope, and also exhibited negative correlations to aspects exhibiting a westerly
component. This model incorporated the two land cover classes of open water and the urban
class. The addition of the urban class into the model is not surprising considering multiple
storms in this category traversed over densely populated areas. While the urban land cover class
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is not significant at the 0.05 level, the water land cover class did prove significant with a p-value
of 0.0462. Three out of the seven storms in this stratification crossed a large lake known as
Smith Mountain Lake; this could have proved to be an important geophysical feature interacting
with the supercell storms.
In direct contrast the southeast moving regression model produced different results. No
elevation or slope variables proved significant in the model, and instead only the two aspects of
SSW and WNW were important. Like the model for northeast moving storms, however, the two
westerly aspects produced negative relationships. It is interesting to note that although ESE and
NNE aspects were incorporated in the model for northeast moving storms, no aspects exhibiting
an easterly-facing slope entered the model for southeast moving storms. Original hypotheses
postulated that easterly-facing slopes would be important in augmenting storm strength due to
vorticity stretching as storm updrafts stretched in response to a decrease in elevation on the
leesides of the mountain ridges, or the easterly-facing slopes. However, many of the models
with aspects having an easterly component likewise exhibited a negative correlation to the
dependent variable of rotational velocity. A qualitative assessment reveals possible reasons why
aspects with an easterly component, in addition to westerly aspects, produced a negative
relationship. This relationship is discussed in a following section.
The regression model for mountain storms revealed minimum slope as a variable
incorporated into the model, but not significant at the 0.05 level as in the models for all storms
and northeast moving storms. However, the negative parameter estimate is consistent with the
previous models indicating the shallower the slopes, the higher the intensity of the storms. It was
surprising that no elevation variables were important for the model considering the spatial
location of storms within this group. Nonetheless, the only significant variable in this model
using a 0.05 alpha level was the WSW aspect with a parameter estimate of -2.20 and p=.0006;
this is consistent with westerly aspects having a negative correlation.
The regression analysis for crossing storms was the first model to incorporate mean
elevation as a significant estimator of average rotational velocity. With a parameter estimate of 2.25 the negative relationship indicates that as elevation decreases, storm intensity increases.
This is consistent with the original hypothesis that stated lower elevations augment storm
strength. Mean elevation was the only variable significant at the 0.05 level.
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The model for Piedmont storms proved to be strongest overall in predicting average
rotational velocity, meaning Piedmont storms had a stronger correlation to the terrain variables
than mountain or crossing storms due to the low-level rotation being more related to geophysical
features. It is theorized that the inherent absence of complex terrain is the principle reason why
this model was the strongest. A second possible reason for the higher correlations could include
that all three Piedmont storms occurred on the same day, May 8th, 2008, meaning the storms
encountered similar atmospheric conditions causing high temporal correlation. Mean elevation
was the strongest predictor with a parameter estimate of -17.92 again signifying that the lower
the elevation, the stronger the rotation within the storm.

This model introduced the most

variables of the six regression analyses, including six of the eight aspect classes. It is interesting
to note that while all aspects in the previous models had negative correlations, aspects in the
Piedmont model exhibited positive correlations. While it is unclear why all aspects were
positive for the Piedmont storms, it is clear that the aspects exhibited less influence due to the
more subtle terrain. Close examination reveals that two of the storms cross Smith Mountain
Lake located at the eastern fringe of the study area. With a negative estimate of -3.75 and highly
significant probability of p=0.0008, the influence of the large water body of Smith Mountain
Lake could have created a localized cooler and more stable micro-climate potentially inhibiting
low-level rotation. With the Piedmont region characterized by relatively flat terrain, it would be
interesting to investigate if conclusions would be similar in a study for the Great Plains region of
the United States given similarities in terrain.
Examining the results of the six regression models, it is interesting to note that neither the
forest nor agriculture land cover classes proved significant to any of the models. This lack of
significance for these variables is likely due to the fact that the entire study area is highly
forested and agricultural. Therefore, they likely had an equal impact across all storms regardless
of direction of movement or spatial location.

3.4.4 A Qualitative Assessment on Instances of Vorticity Stretching

In addition to the quantitative statistical assessment of relating topography to rotational
intensity, it was appropriate to examine the relationship between topography and storm rotational
intensity by visually overlaying storm intensity tracks over elevation. In doing so, it was
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possible to pick out apparent examples of vorticity stretching in which supercell rotation
increased in intensity on a downslope when encountering a decrease in elevation. Vorticity
stretching can be explained through the conservation of potential vorticity, which states that as a
cyclone encounters a decrease in elevation and the cyclone column becomes stretched, the rate of
spin must increase. Figure 3.13 provides an explanation and illustration of the process of
vorticity stretching. Eight out of the fourteen storms exhibited instances of apparent vorticity
stretching along the storm track, even though the statistical analysis did not show an overall
correlation when considering all storms. The eight storms that exhibited visual evidence of
vorticity stretching included: all three storms from April 28th, 2011 (a, b, and c), all three storms
from April 28th, 2002 (a, b, and c), the April 8th, 2011 storm, and the June 3rd, 2008 storm.
Original hypotheses indicated that easterly-facing slopes would be important because
storms moving with some west to east component would encounter the downslope and
associated vorticity stretching on the eastern (leeward) slopes. However, by visually examining
the storms, some showed intensification due to a downslope and vorticity stretching on
northwesterly facing slopes. This was apparent in the northeast moving storms; as storms
tracked northeast, they often paralleled ridges and depending on small deviations in the storm
track the supercell encountered a decrease in elevation on the southeast slopes, but also on the
northwest slopes.
This finding represents a clear dichotomy between northeast moving and southeast
moving storms. Figure 3.14 shows the Montgomery County, VA supercell track from April 28th,
2011 with apparent intensification from vorticity stretching on the northwestern slopes of the
ridgeline, because the storm was moving with more of a northerly component than the ridgeline
was oriented at that location.
Southeast moving storms, by moving perpendicular to and crossing the mountain ridges,
always encountered the downslope and vorticity stretching on the southeasterly slopes (Figures
3.15 and 3.16). The Pulaski County, VA supercell from April 8th, 2011 provides the most
striking example of possible vorticity stretching as the southeast moving storm intensified as it
dropped off Draper Mountain (Figure 3.17). Northeast moving storms, in contrast, could
encounter the downslope and vorticity stretching on either southeasterly or northwesterly slopes
depending on the relationship between storm track and movement along parallel mountain
ridges. Figures 3.18-3.31 provide diagrams with the average rotational velocity overlain on
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terrain profiles for each storm. This qualitative assessment of instances of vorticity stretching
proved enlightening, but lacks quantitative backing. The lack of a quantitative relationship could
be due to the diverse scales at which the radar and geographical data were available; this
challenge is addressed in the following section.

3.4.5 Discussion on the Appropriate Scale for Studying Storm-Terrain Interactions

As discussed in the previous section, there were multiple examples in which
intensification of low-level rotation as storms moved down slope suggested a possible
contribution from vorticity stretching. The examples represent a tendency in a relationship
between terrain and storm intensity, but the scale at which the terrain variables were measured
may not have been at an appropriate resolution. More research is needed to establish a more
meaningful scale at which to conduct this analysis. Future research might consider using a
coarser scale that captures only the major topographic features; the current study was completed
using a 30 meter resolution, but future research may use a 100m or coarser resolution. It is
believed that a more appropriate scale will reveal a stronger and more significant relationship
between storm intensity and surface topography. Therefore, future research will include a
multiple scale study to find the most appropriate scale for this type of research.

3.5 Conclusions

Results suggest that topography has an impact on the low-level rotational characteristics
of supercell thunderstorms. Lower elevations as well as shallow slopes help to augment storm
rotational strength, whereas higher elevations and steeper slopes decrease storm rotational
intensity. Additionally, westward facing slopes generally exhibit a negative relationship to storm
rotational intensity. While elevation, slope, and aspect appeared to influence storm rotational
intensity, land cover did not appear to play an important role. The lack of influence by land
cover could be due to the largely homogenous nature of the landscape throughout the study area,
consisting predominantly of forested and agricultural land covers. Multiple regression analysis
reveals Piedmont storms exhibited the strongest correlation to topographic variables when
compared to the other storm stratifications across the study area; the absence of complex terrain
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associated with these storms could provide an explanation for the strong correlation of these
spatially located storms. The predictive success of the models proved higher than expected;
original hypotheses did not expect high R2 values because it is expected that atmospheric
conditions largely control the evolution and strength of the supercell thunderstorms leaving only
a portion to be described by terrain. However, the higher values indicate that while the
atmosphere may play the largest role in supercell thunderstorms, the underlying terrain can have
a substantial impact on the rotational characteristics of the storms. Incorporating geographic
information systems to qualitatively and visually investigate the relationship between storm
intensity and topography, revealed that while southeasterly facing slopes appear to be important
for vorticity stretching, northwesterly facing slopes can also be important depending on the
direction of movement of the storms (in this case for northeast moving storms). Direction of the
storm matters because that dictates where the mesocyclone encountered the downsloping
mechanism necessary to incite vorticity stretching and associated strengthening of the low-level
rotation.
Future research on this topic should include expanding the study area to other portions of
the Southern Appalachians, such as regions of West Virginia, North Carolina, and Georgia. A
possible extension of this research could include careful analysis of known tornado tracks across
the mountainous terrain comparing track length, orientation, and tornado intensity with the local
topography with the goal to collect a large enough sample size for meaningful statistical analysis.
Also, more in-depth studies could be done examining the influences of large rivers or river
valleys on storm strength, and also investigate the potential for mountain ridges or other large
terrain features to act as localized boundaries that can enhance the rotation of storms. Another
avenue of research could include the need for storm-scale numerical simulations of low-level
rotational characteristics and tornadogenesis in complex terrain. Numerical simulations could
involve modeling rotation characteristics and tornadogenesis over idealized terrain or actual
terrain. Numerical simulations could also be used to transplant a Great Plains supercell over the
southern Appalachian Mountains to examine the influence of the mountainous terrain on the
storm circulation, or model a storm from the Appalachian Mountains over the terrain of the Great
Plains and evaluate the effects of the absence of terrain on the storm. Finally, future research
should include a multiple scale, or scale dependency study that examines the most appropriate
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and meaningful scale for examining the relationship between topography and low-level rotation
of supercell thunderstorms.
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Tables and Figures

Figure 3.1: Graphic showing the non-horizontal nature of the radar beam. The radar beam
increases with altitude and width with distance. Therefore, it samples the close storm with a
narrow beam and at the low levels of the storm, but the far storm with a wider beam and at
higher levels of the storm. Notice the radar beam overshooting the low-levels for the far storm.
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Figure 3.2: Study area encompassing 25 counties within a 40-mile radius to the radar site. Study
area covers three states including West Virginia, Virginia, and North Carolina.
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Figure 3.3: National Land Cover Data (NLCD) for the study area reclassified into the four major
land cover regions of open water, urban, forest, and agriculture. Land cover classification from
the 2006 land survey.
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Figure 3.4: Severe weather events by month between 1950 and 2005 for the Blacksburg CWA.
Stonefield and Hudgins, 2005.

Figure 3.5: Severe weather events by time between 1950 and 2005 for the Blacksburg CWA.
Stonefield and Hudgins, 2005.
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Figure 3.6: Historical tornado tracks from 1950 to 2004 with the Blacksburg NWS county
warning area highlighted. Map courtesy of the Blacksburg National Weather Service.
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Storm
1
2
3
4
5
6
7
8
9
10
11
12
13
14

Date
June 2, 1998

Counties Affected
Monroe, WV; Giles, VA; Montgomery, VA; Floyd, VA;
Franklink, VA, Henry, VA; Rockingham, NC
April 28, 2002 (a) Monroe, WV; Craig, VA; Botetourt, VA; Bedford, VA
April 28, 2002 (b) Monroe, WV; Giles, VA; Roanoke, VA; Bedford, VA
April 28, 2002 (c) Floyd, VA; Patrick, VA; Henry, VA
May 8, 2008 (a)
Henry, VA; Franklin, VA; Pittsylvania, VA
May 8, 2008 (b)
Parick, VA; Henry, VA; Franklin, VA; Pittsylvania, VA
May 8, 2008 (c)
Henry, VA; Pittsylvania, VA
June 3, 2008
Roanoke, VA
May 3, 2009
Floyd, VA
May 8, 2009
Grayson, VA; Allegheny, NC
April 8, 2011
Pulaski, VA
April 28, 2011 (a) Monroe, WV
April 28, 2011 (b) Wythe, VA; Pulaski, VA; Montgomery, VA; Craig, VA;
Giles, VA
April 28, 2011 (c) Mercer, WV; Monroe, WV; Greenbrier, WV

Table 1: List of the fourteen storms and counties affected.
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Figure 3.7: NEXRAD Level II radar files of the April 8th, 2011 Pulaski County, VA storm.
Above: Base reflectivity scan. Below: Base velocity scan with mesocyclone circled
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Figure 3.8: Storm tracks of all 14 supercell storms. Tracks symbolized using a graduated color
symbology showing increasing rotational velocity from yellows to reds.
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Figure 3.9: Four terrain maps created using ArcMap10. Clockwise from top left: elevation, land
cover, aspect, and slope.
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1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

Elevation
Min
Max
Mean
Range
Standard dev.

Slope
Min
Max
Mean
Range
Standard dev.

Aspect
NNE
ENE
ESE
SSE
SSW
WSW
WNW
NNW

Table 2: List of the thirty-three initial variables by topographic category.
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Landcover
Developed_Open
Developed_Low
Developed_Med
Deciduous
Evergreen
Mixed
Shrub/Scrub
Grasslands
Pasture/Hay
WoodyWetlands
OpenWater
Developed_High
Barren
CultivatedCrops
EmergentHerb

Term
Intercept
DEM_MIN
DEM_MAX
DEM_MEAN
DEM_STD
SLOPE_MIN
SLOPE_MAX
SLOPE_MEAN
SLOPE_STD
NNE
ENE
ESE
SSE
SSW
WSW
WNW
Developed_Open Space
Developed_Low Intensity
Developed_Medium
DeciduousForest
EvergreenForest
MixedForest
Shrub/Scrub
Grasslands
PastureHay
WoodyWetlands
OpenWater
Developed_High
BarrenLand
EmergentHerb

Estimate
33.128796
22.675535
-0.371338
-23.97018
3.5161996
-0.254816
-0.936415
0.6119773
2.0352318
-0.99169
0.0128096
-2.025105
0.326016
-2.509027
-0.641606
-2.236578
-4.379711
-5.863564
-9.154371
-18.99076
-5.255487
-2.513829
-0.362731
-2.022823
-13.93187
-0.394414
-3.046436
2.1787163
0.0429726
-0.85675

Std Error
0.646662
9.826718
6.276646
9.227464
3.35247
0.88661
1.696912
2.466416
2.406272
1.698348
1.309449
1.517471
1.594227
1.432961
1.393864
1.801856
3.943454
5.914184
4.644205
16.25906
4.480675
2.262626
1.534636
1.744042
12.92718
0.748658
1.822636
3.151163
0.757513
0.761248

Table 3: Variance inflation factor (VIF) output for all variables.
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t Ratio
51.23
2.31
-0.06
-2.60
1.05
-0.29
-0.55
0.25
0.85
-0.58
0.01
-1.33
0.20
-1.75
-0.46
-1.24
-1.11
-0.99
-1.97
-1.17
-1.17
-1.11
-0.24
-1.16
-1.08
-0.53
-1.67
0.69
0.06
-1.13

Prob>|t|
<.0001*
0.0223*
0.9529
0.0103*
0.2958
0.7742
0.5818
0.8044
0.3989
0.5601
0.9922
0.1839
0.8382
0.0819
0.6459
0.2163
0.2684
0.3230
0.0504
0.2445
0.2426
0.2682
0.8135
0.2478
0.2828
0.5990
0.0966
0.4903
0.9548
0.2621

VIF
.
229.71136
93.717527
202.54907
26.735937
1.8699534
6.8498996
14.470993
13.773843
6.8614971
4.0788958
5.4778012
6.04597
4.8846593
4.6217504
7.7233535
36.992964
83.206091
51.308381
628.86332
47.758684
12.178423
5.6024246
7.235683
397.53276
1.3333138
7.9025172
23.621485
1.3650421
1.3785363

Table 4: Comparison of the original thirty-three variables in the model (left) to the twenty-three
variables remaining after adjusting for multicollinearity (right).
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(All >0.5)
Allegheny Apr28WV Apr28Glade Apr28Mont Bedford1 Bedford2 FH
Floyd
Henry1 Henry2 Henry3 LongTrack Pulaski Roanoke ALL
NE-Moving SE-Moving
DEM_Min
0.7434
0.632
0.1482
-0.4504 -0.0665
0.2889 -0.4246
0.5872
0.4269 -0.6736
0.0854 -0.4697 -0.3576 -0.7215
0.1552
0.2084
0.0902
DEM_MAX
0.7234
0.3387
0.1325
-0.0406 -0.0181
0.2925 -0.4859
0.2496 -0.0136 -0.4956
0.2007
-0.537 -0.4592
0.2723
0.1524
0.222
0.0702
DEM_RANGE
0.201
0.0413
0.0199
0.2559
0.0302
0.1992 -0.3414 -0.7476 -0.1449 -0.2477
0.2124 -0.5271 -0.3056
0.4632
0.089
0.1663
0.0121
DEM_MEAN
0.7636
0.5488
0.0885
-0.5393 -0.1409
0.2613 -0.4771
0.5374
0.214 -0.6533
0.2026 -0.4598 -0.4168 -0.6302
0.136
0.2056
0.0523
DEM_STD
0.1421
0.1933
-0.1251
0.2349
0.0233
0.1605 -0.3189 -0.4906 -0.1794 -0.3326
0.3298 -0.5057
0.0386
0.3151
0.0913
0.1827
0.0057
SLOPE_MIN
0.072
0.3558
-0.6396
0.1908
-0.349 -0.0562 -0.1037 -0.4984
0.1873 -0.3824
0.072 -0.3125 -0.5007
0.3671 -0.0847
-0.0889
-0.0909
SLOPE_MAX
0.7125
0.3423
-0.2869
0.2097 -0.1976
0.3569 -0.3023
-0.506 -0.2091 -0.1369
0.0513 -0.4064
0.0697
0.0516
0.0834
0.0635
0.109
SLOPE_RANGE
0.7152
0.3383
-0.2771
0.2082 -0.1888
0.3601
-0.302
-0.504 -0.2099 -0.1336
0.051 -0.4047
0.0757
0.0494
0.0845
0.0642
0.1106
SLOPE_MEAN
0.5803
0.6397
-0.2336
0.2325 -0.2634
0.3323 -0.2763 -0.5874
-0.08 -0.3587
0.2043
-0.511 -0.2906
0.5138
0.0553
0.0833
0.0223
SLOPE_STD
0.5165
0.4555
-0.1012
0.0328 -0.0481
0.3543 -0.2571 -0.4116 -0.1562 -0.2127
0.2846 -0.4693
0.1188
0.4132
0.1156
0.1051
0.1295
NNE
0.8851 -0.0397
-0.2514
0.1862 -0.6188
0.5322 -0.3528 -0.2531 -0.4081
0.4548
0.1537 -0.0774
0.061
0.503
0.0467
-0.008
0.1099
ENE
0.3966 -0.0312
0.3163
0.0528
0.474
0.4373 -0.1926 -0.1353
-0.168
0.3242
0.0869
0.1299 -0.2463
0.7851
0.0073
-0.1242
0.1256
ESE
-0.1559
0.4476
0.1851
-0.2505
0.6587
0.3172 -0.0559
-0.649 -0.0819 -0.2029 -0.0914
0.2625
0.4774
-0.716
0.0247
-0.1089
0.1759
SSE
-0.4412
0.76
-0.6966
-0.1539
0.6453 -0.0882
0.5788 -0.2721
0.0888 -0.1484 -0.2588 -0.4429
0.5694 -0.4541
0.1126
0.1425
0.0819
SSW
-0.5642
0.2657
0.0583
0.0923 -0.1087 -0.7028
0.2652
0.3336
0.3771
-0.066 -0.2088 -0.5111
0.0129 -0.1206 -0.1333
-0.0728
-0.194
WSW
-0.2835
-0.61
0.4152
-0.0109 -0.4097 -0.6177
0.2728
0.4508
0.3681 -0.2891 -0.0725
0.3315 -0.6848
0.0553 -0.2159
-0.2133
-0.2195
WNW
-0.1818
-0.754
0.174
-0.1138 -0.4191
0.0851 -0.3124
0.4505
0.0041 -0.0974
0.3531
0.5288 -0.6391 -0.0649 -0.0669
-0.0128
-0.1173
NNW
0.2952 -0.1065
-0.342
0.204 -0.4507
0.1022 -0.2108
0.1644 -0.1379
0.0927
0.1642
0.0967 -0.0157 -0.3851
0.1389
0.2462
0.0336
Developed_Open
-0.7568 -0.2936
0.2016
-0.0471
0.1061 -0.6484
0.3829
0.7084
0.1708 -0.4913 -0.5605
0.1601
0.5734 -0.4398 -0.0511
-0.1278
-0.0119
Developed_Low
-0.6374
0.2256
0.2395
0.1363
0.1282 -0.6614
0.0527
0.8098
0.1097 -0.2819 -0.5797
0.3908
0.6735 -0.5264
-0.062
-0.0185
-0.1024
Developed_Med
-0.5573
0.1542
0.2748
0.1234
0.0572 -0.5262
0.0793
0
0.1132 -0.2263
-0.54
0.2816
0.6849 -0.3151 -0.0555
-0.0944
-0.06
Deciduous
0.4824
0.5124
-0.4488
0.179
0.0373
0.5478 -0.1775 -0.5565 -0.0096 -0.4401
0.3746 -0.2184 -0.5772
0.5172
-0.016
-0.054
0.018
Evergreen
0.4093
0.3055
0.4699
-0.3397
-0.108
0.0275
0.0199
0.8577
-0.241
0.4822
0.2944
0.0312 -0.0397
0.4499 -0.0754
-0.0927
-0.0445
Mixed
-0.3286
0.4529
0.1705
-0.2474 -0.0446 -0.3335
0.0935 -0.3489
0.0105 -0.0985
0.4019
-0.054 -0.0891
0.4946 -0.0384
-0.1192
0.0412
Shrub/Scrub
-0.345
0.3629
0.1719
0.2726 -0.4676 -0.0615
0.7629 -0.2199 -0.4706
0.4513 -0.1825
0.2923 -0.1125
0 -0.0018
0.0018
0.0024
Grasslands
-0.6926
0.4242
0.3086
-0.0443 -0.2577 -0.1268
0.4799
0.0752 -0.2317 -0.2187 -0.1341
0.5531
0.009
0 -0.0586
-0.1551
0.0283
Pasture/Hay
-0.1595 -0.5888
0.3592
-0.1528 -0.0486
0.0048 -0.1784
0.2
0.2884
0.305
0.1998 -0.2678
0.1232
0.4337
0.1186
0.1784
0.0536
WoodyWetlands
0.1107
0
0.5688
-0.2853 -0.3696
0
0.1286
0.0207 -0.2599 -0.0627 -0.0258
0.2015
0.0881
0 -0.0083
-0.1094
0.0337
OpenWater
0.4718
0.0775
-0.302
0.3875
0.2807 -0.2466
0.2619 -0.5953 -0.3559
0.5563 -0.1339
0.36
0
0.5323 -0.0689
-0.108
0.0704
Developed_High
-0.5573
0.1235
0.2793
-0.0074
0.0491 -0.3212
0.0682
0
0.1108 -0.1778 -0.5604
0.1012
0.5856 -0.4633 -0.0067
-0.112
0.0136
Barren
0.0707
0.3695
0.0266
-0.1284 -0.4676 -0.3187
0.5129
0 -0.1072
0.0627
0.1561 -0.1623
0.0859
0
0.0544
0.0558
0.1558
CultivatedCrops
-0.1778
0.5953
-0.7043
0.3001
-0.191
0.4661
0
0
0.6117 -0.4227 -0.7304
-0.172
1
0
0.2842
0.3192
0.1501
EmergentHerb
-0.5573
0
0.2504
-0.1411 -0.0476
0
0
0 -0.0886
0.5408 -0.1652 -0.1567
0
0
0.036
0.1859
-0.0259

Table 5: Correlation table comparing all storms and stratifications (columns) to all terrain
variables (rows).
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Storm

1
2
3
4
5
6
7
8
9
10
11
12
13
14

All
Northeast(191 points) Moving
(107 points)
June 2, 1998 May 8, 2008
(a)
April 28,
May 8, 2008
2002 (a)
(a)
April 28,
May 8, 2008
2002 (b)
(a)
April 28,
May 3, 2009
2002 (c)
May 8, 2008 April 28,
(a)
2011 (a)
May 8, 2008 April 28,
(b)
2011 (b)
May 8, 2008 April 28,
(c)
2011 (c)
June 3, 2008
May 3, 2009
May 8, 2009
April 8,
2011
April 28,
2011 (a)
April 28,
2011 (b)
April 28,
2011 (c)

SoutheastMoving
(84 points)
April 8,
2011
April 28,
2002 (a)
April 28,
2002 (b)
April 28,
2002 (c)
June 3, 2008
May 8, 2009

Mountain
(62 points)

Crossing
(66 points)

Piedmont
(63 points)

April 8,
2011
April 28,
2011 (a)
April 28,
2011 (b)
April 28,
2011 (c)
June 3,
2008
May 3,
2009

June 2,
1998
April 28,
2002 (a)
April 28,
2002 (b)
April 28,
2002 (c)
May 8,
2009

May 8,
2008 (a)
May 8,
2008 (b)
May 8,
2008 (c)

June 2, 1998

Table 6: List of the storms according to grouping of interest.
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Group 1
April 28, 2002 (a)
April 28, 2002 (b)
April 28, 2002 (c)
June 3, 2008
April 8, 2011
April 28, 2011 (a)
April 28, 2011 (b)
April 28, 2011 (c)

Group 2
June 2, 1998
April 28, 2002 (a)
April 28, 2002 (b)
April 28, 2002 (c)
June 3, 2008
May 8, 2008 (b)
May 8, 2008 (c)
May 8, 2009
April 28, 2011 (a)
April 28, 2011 (c)

Group 3
June 2, 1998
April 28, 2002 (b)
April 28, 2002 (c)
May 8, 2008 (a)
May 8, 2008 (c)
June 3, 2008
May 3, 2009
May 8, 2009
April 28, 2011 (c)

Table 7: The three distinct groupings of storms as output by the Tukey-Kramer multiple
comparison technique.
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Figure 3.10: Comparison of the average rotational velocity for all fourteen storms. Map displays
all fourteen storms symbolized by different colors.
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Figure 3.11: Comparison of average rotational velocity for northeast moving storms and
southeast moving storms. Map displays the storms broken up into northeast and southeast
moving supercells. Red: southeast moving storms, blue: northeast moving storms.
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Figure 3.12: Spatial comparison of average rotational velocity for predominant storm location
including: crossing storms, mountain storms, and Piedmont storms. Map displays storms broken
up into spatial locations of mountain, crossing, and Piedmont storms. Blue: mountain storms,
red: crossing storms, yellow: Piedmont storms.
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All

R2
0.089296

R2Adj
0.059599`

NE-Moving

0.198186

0.150077

SE-Moving

0.098704

0.07645

Mountain

0.203962

0.162787

Crossing

0.118699

0.076055

Piedmont

0.340941

0.229025

Model

Parameters
SLOPE_MIN
NNE
ESE
SSW
WSW
WNW
SLOPE_MIN
NNE
ESE
WSW
Urban
Water
SSW
WNW
SLOPE_MIN
NNE
WSW
DEM_MEAN
SSW
Urban
DEM_MEAN
NNE
ENE
ESE
SSE
SSW
WNW
Urban
Water

Estimates
-1.371312
-1.941608
-2.589122
-2.679545
-1.481634
-2.727185
-3.592316
-2.249115
-3.084383
-4.313201
-0.585589
-1.444123
-2.661651
-2.424457
-2.205585
-2.050061
-4.353412
-2.246841
-1.581457
-0.738566
-17.92045
7.2287269
4.5059327
5.5286441
5.5969192
7.5632476
10.167966
-1.358385
-3.749938

Prob>ltl
0.0456*
0.0480*
0.0241*
0.0404*
0.1146
0.0414*
0.0048*
0.0680
0.0062*
<.0001*
0.1366
0.0462*
0.0071*
0.0216*
0.1219
0.0720
0.0006*
0.0465*
0.0526
0.0564
0.0025*
0.0262*
0.1165
0.0610
0.0682
0.0347*
0.0266*
0.0049*
0.0008*

Table 8: R2, R2Adjusted, parameters, estimates, and probability outputs of the six regression
models.
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Potential vorticity (constant)=10 units
TROPOPAUSE
Cyclone
Height
50 m

Cyclone
Height
100 m

Cyclone
Height
500 m
Vorticity=
500

Vorticity=
1000

Vorticity=
5000
Figure 3.13: Illustration of the conservation of potential vorticity, or vorticity stretching. The
tropopause acts as a ceiling for a cyclone with a constant mass of 10 units. As the cyclone
travels over variable terrain, it changes shape (but not mass) and can be stretched or compressed
in response to the underlying terrain. The conservation of potential vorticity requires that spin
divided by cyclone height is a constant. If the potential vorticity must stay constant, then the rate
of spin must respond to any changes in cyclone depth. Therefore, as the cyclone is compressed
from a mountain range, the spin must slow down. When that same cyclone encounters a
decrease in elevation and the cyclone becomes stretched, the spin must increase. Terrain change
and distance to tropopause are not shown to scale.
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Figure 3.14: The Montgomery County, VA storm from April 28th, 2011 (b) overlain on a
hillshade map. Notice the track of the storm parallel to the ridgeline, and also apparent
intensification and vorticity stretching on the northwestern facing slopes.
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Figure 3.15: Southeast moving supercells across Botetourt, Roanoke, and Bedford counties on
April 28th, 2002 (a and b) overlain on a hillshade map. Notice the apparent intensification on the
eastern lee sides of the ridgelines.
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Figure 3.16: A zoomed in portion of a second supercell in Bedford County on a hillshade map
(top) and elevation map (bottom). Vorticity stretching on the eastern slope is very evident by the
intensification of the storm. This storm encountered an abrupt decrease in elevation from about
1200m to 600m.
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Figure 3.17: Pulaski County, VA supercell from April 8th, 2011 on a hillshade map.
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May 8th, 2009
Elevation vs. Rotational Velocity
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Figure 3.18: Terrain profile comparing elevation to average rotational velocity for the May 8,
2009 storm that crossed mainly over Allegheny County, NC.
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April 28th, 2011 (a)
Elevation vs. Rotational Velocity

70

1200

50

800

40
600

30

400

20

200

Rotational Velocity (kts)

60

1000
Elevation (m)

80

10

0

0

Figure 3.19: Terrain profile comparing elevation to average rotational velocity for the April 28,
2011 storm that crossed through Monroe County, WV.
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April 28th, 2011 (b)
Elevation vs. Rotational Velocity
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Figure 3.20: Terrain profile comparing elevation to average rotational velocity for the April 28,
2011storm that crossed through the counties of Wythe, VA; Pulaski, VA; Montgomery, VA;
Craig, VA; and Giles, VA.

April 28th, 2011 (c)
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Figure 3.21: Terrain profile comparing elevation to average rotational velocity for the April 28,
2011 storm that crossed the counties of Mercer, WV; Monroe, WV; and Greenbrier, WV.
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April 28th, 2002 (a)
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Figure 3.22: Terrain profile comparing elevation to average rotational velocity for the April 28,
2002 storm that crossed through the counties of Monroe, WV; Craig, VA; Botetourt,VA; and
Bedford, VA.
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April 28th, 2002 (b)
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Figure 3.23: Terrain profile comparing elevation to average rotational velocity for the April 28,
2002 storm that crossed the counties of Monroe, WV; Giles, VA; Roanoke, VA; and Bedford,
VA.
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April 28th, 2002 (c)
Elevation vs. Rotational Velocity
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Figure 3.24: Terrain profile comparing elevation to average rotational velocity for the April 28,
2002 storm that crossed through the counties of Floyd, VA; Patrick, VA; and Henry, VA.

May 3rd, 2009
Elevation vs. Rotational Velocity
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Figure 3.25: Terrain profile comparing elevation to average rotational velocity for the May 2,
2009 storm that impacted Floyd County, VA.
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May 8th, 2008 (a)
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Figure 3.26: Terrain profile comparing elevation to average rotational velocity for the May 8,
2008 storm that traversed the counties of Henry, VA; Franklin, VA; and Pittsylvania, VA.
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May 8th, 2008 (b)
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Figure 3.27: Terrain profile comparing elevation to average rotational velocity for the May 8,
2008 storm that crossed the counties of Patrick, VA; Henry, VA; Franklin, VA; and Pittsylvania,
VA.
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May 8th, 2008 (c)
Elevation vs. Rotational Velocity
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Figure 3.28: Terrain profile comparing elevation to average rotational velocity for the May 8,
2008 storm that crossed the two counties of Henry, VA and Pittsylvania, VA.
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June 2nd, 1998
Elevation vs. Rotational Velocity
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Figure 3.29: Terrain profile comparing elevation to average rotational velocity for the June 2,
1998 storm that crossed the counties of Monroe, WV; Giles, VA; Montgomery, VA; Floyd, VA;
Franklin, VA, Henry, VA; and Rockingham, NC.
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April 8th, 2011
Elevation vs. Rotational Velocity
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Figure 3.30: Terrain profile comparing elevation to average rotational velocity for the April 8,
2011storm that impacted Pulaski County, VA.
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June 3rd, 2008
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Figure 3.31: Terrain profile comparing elevation to average rotational velocity for the June 3,
2008 storm that crossed Roanoke County, VA.
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Appendix A: Regression results
ALL STORMS
Fit Group
Response AVG_ROT_VEL
Summary of Fit
RSquare
RSquare Adj
Root Mean Square Error
Mean of Response
Observations (or Sum Wgts)

0.089296
0.059599
8.913203
33.1288
191

Analysis of Variance
Source
Model
Error
C. Total

DF
6
184
190

Sum of Squares
1433.309
14617.913
16051.222

Mean Square
238.885
79.445

F Ratio
3.0069
Prob > F
0.0079*

Lack Of Fit
Source
Lack Of Fit
Pure Error
Total Error

DF
182
2
184

Sum of Squares
14567.988
49.925
14617.913

Mean Square
80.0439
24.9625

F Ratio
3.2066
Prob > F
0.2675
Max RSq
0.9969

Parameter Estimates
Term
Intercept
SLOPE_MIN
NNE
ESE
SSW
WSW
WNW

Estimate
33.128796
-1.371312
-1.941608
-2.589122
-2.679545
-1.481634
-2.727185

Std Error
0.644937
0.681257
0.975281
1.138207
1.298279
0.934522
1.32759

Residual by Row Plot

Appendix 1: Regression output for all storms.
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t Ratio
51.37
-2.01
-1.99
-2.27
-2.06
-1.59
-2.05

Prob>|t|
<.0001*
0.0456*
0.0480*
0.0241*
0.0404*
0.1146
0.0414*

NE-MOVING
Fit Group
Response AVG_ROT_VEL
Summary of Fit
RSquare
RSquare Adj
Root Mean Square Error
Mean of Response
Observations (or Sum Wgts)

0.198186
0.150077
8.31073
32.95187
107

Analysis of Variance
Source
Model
Error
C. Total

DF
6
100
106

Sum of Squares
1707.1765
6906.8231
8613.9996

Mean Square
284.529
69.068

F Ratio
4.1195
Prob > F
0.0010*

Lack Of Fit
Source
Lack Of Fit
Pure Error
Total Error

DF
98
2
100

Sum of Squares
6856.8981
49.9250
6906.8231

Mean Square
69.9683
24.9625

F Ratio
2.8029
Prob > F
0.2992
Max RSq
0.9942

Parameter Estimates
Term
Intercept
SLOPE_MIN
NNE
ESE
WSW
Urban
Water

Estimate
32.30014
-3.592316
-2.249115
-3.084383
-4.313201
-0.585589
-1.444123

Std Error
0.850076
1.245253
1.218831
1.103254
1.039155
0.390265
0.715516

t Ratio
38.00
-2.88
-1.85
-2.80
-4.15
-1.50
-2.02

Residual by Row Plot

Appendix 2: Regression output for northeast moving storms.
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Prob>|t|
<.0001*
0.0048*
0.0680
0.0062*
<.0001*
0.1366
0.0462*

SE-Moving
Fit Group
Response AVG_ROT_VEL
Summary of Fit
RSquare
RSquare Adj
Root Mean Square Error
Mean of Response
Observations (or Sum Wgts)

0.098704
0.07645
9.092305
33.35417
84

Analysis of Variance
Source
Model
Error
C. Total

DF
2
81
83

Sum of Squares
733.3346
6696.2715
7429.6060

Mean Square
366.667
82.670

F Ratio
4.4353
Prob > F
0.0149*

Parameter Estimates
Term
Intercept
SSW
WNW

Estimate
33.523866
-2.661651
-2.424457

Std Error
1.000503
0.963337
1.034934

t Ratio
33.51
-2.76
-2.34

Prob>|t|
<.0001*
0.0071*
0.0216*

Residual by Row Plot

Appendix 3: Regression output for southeast moving storms.
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Mountain
Fit Group
Response AVG_ROT_VEL
Summary of Fit
RSquare
RSquare Adj
Root Mean Square Error
Mean of Response
Observations (or Sum Wgts)

0.203962
0.162787
9.248775
36.50403
62

Analysis of Variance
Source
Model
Error
C. Total

DF
3
58
61

Sum of Squares
1271.1905
4961.3110
6232.5015

Mean Square
423.730
85.540

F Ratio
4.9536
Prob > F
0.0040*

Lack Of Fit
Source
Lack Of Fit
Pure Error
Total Error

DF
57
1
58

Sum of Squares
4953.7060
7.6050
4961.3110

Mean Square
86.9071
7.6050

F Ratio
11.4276
Prob > F
0.2316
Max RSq
0.9988

Parameter Estimates
Term
Intercept
SLOPE_MIN
NNE
WSW

Estimate
35.890456
-2.205585
-2.050061
-4.353412

Std Error
1.248456
1.40503
1.118632
1.204164

Residual by Row Plot

Appendix 4: Regression output for mountain storms.
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t Ratio
28.75
-1.57
-1.83
-3.62

Prob>|t|
<.0001*
0.1219
0.0720
0.0006*

Crossing
Fit Group
Response AVG_ROT_VEL
Summary of Fit
RSquare
RSquare Adj
Root Mean Square Error
Mean of Response
Observations (or Sum Wgts)

0.118699
0.076055
7.854304
31.98409
66

Analysis of Variance
Source
Model
Error
C. Total

DF
3
62
65

Sum of Squares
515.1447
3824.7861
4339.9308

Mean Square
171.715
61.690

F Ratio
2.7835
Prob > F
0.0482*

Parameter Estimates
Term
Intercept
DEM_MEAN
SSW
Urban

Estimate
32.432352
-2.246841
-1.581457
-0.738566

Std Error
0.983107
1.105946
0.80031
0.379795

t Ratio
32.99
-2.03
-1.98
-1.94

Residual by Row Plot

Appendix 5: Regression output of crossing storms.
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Prob>|t|
<.0001*
0.0465*
0.0526
0.0564

Piedmont
Fit Group
Response AVG_ROT_VEL
Summary of Fit
RSquare
RSquare Adj
Root Mean Square Error
Mean of Response
Observations (or Sum Wgts)

0.340941
0.229025
7.398755
31.00635
63

Analysis of Variance
Source
Model
Error
C. Total

DF
9
53
62

Sum of Squares
1500.8843
2901.3032
4402.1875

Mean Square
166.765
54.742

F Ratio
3.0464
Prob > F
0.0052*

Lack Of Fit
Source
Lack Of Fit
Pure Error
Total Error

DF
52
1
53

Sum of Squares
2858.9832
42.3200
2901.3032

Mean Square
54.9804
42.3200

F Ratio
1.2992
Prob > F
0.6157
Max RSq
0.9904

Parameter Estimates
Term
Intercept
DEM_MEAN
NNE
ENE
ESE
SSE
SSW
WNW
Urban
Water

Estimate
12.9807
-17.92045
7.2287269
4.5059327
5.5286441
5.5969192
7.5632476
10.167966
-1.358385
-3.749938

Std Error
5.695826
5.645456
3.159908
2.823692
2.888643
3.006879
3.490085
4.458214
0.462349
1.053566

t Ratio
2.28
-3.17
2.29
1.60
1.91
1.86
2.17
2.28
-2.94
-3.56

Residual by Row Plot

Appendix 6: Regression output of Piedmont storms.
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Prob>|t|
0.0267*
0.0025*
0.0262*
0.1165
0.0610
0.0682
0.0347*
0.0266*
0.0049*
0.0008*
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