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Abstract

Tornadoes can loft various types and sizes of debris, sometimes resulting in a polari-

metric radar signature called the TDS (Tornado Debris Signature). The presence of

a TDS in the radar data can help confirm the occurrence of a tornado, and provide

information about the amount of damage occurring, making it a useful feature for op-

erational forecasters. Past observational studies have suggested how the TDS evolves

during a tornado’s lifecycle, but few studies have related the polarimetric charac-

teristics of a TDS to the tornado’s wind field owing to the difficulty in obtaining

three-dimensional wind data in tornadoes. This study aims to not only investigate

the relationships between polarimetric weather radar variables in TDSs and the three-

dimensional winds of tornadoes, but to also breakdown the relationship of the TDS

debris size, type, and concentration.

A simulation-based framework is adopted since the tornado debris and wind char-

acteristics are known, and thus these relationships proposed from observations can be

explored in a more controlled manner. To accomplish this, simulations were performed

using Large-Eddy Simulations of tornadoes and a dual-polarization radar simulator

called SimRadar. Using SimRadar and a single-volume emulator, relationships be-

tween polarimetric variables and debris size, type, and concentrations are analyzed.

Specifically, our study evaluates if reflectivity and correlation coefficient can provide

information about debris size and concentration. Additionally, a dynamic, tornado-

genesis simulation is used to allow for the analysis of the evolution of polarimetric

variables in an intensifying tornado. Results from these simulations show how wind

xii



characteristics of the simulated tornadoes, such as updraft intensity and area, mag-

nitude of horizontal wind speeds, and vertical vorticity, are related to polarimetric

variables. These findings can aid operational forecasters in tornado detection and

potentially the categorization of damage severity using radar data.
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Chapter 1

Introduction

Radar technology has made significant advancements since the genesis of the Weather

Surveillance Radar 88 Doppler (WSR-88Ds) that are still critical to forecast opera-

tions to this day. In particular, the implementation of dual-polarization on the WSR-

88Ds has proved significantly useful for precipitation estimation and severe hazard

detection. Since dual-polarization radars transmit and receive pulses in both the ver-

tical and the horizontal polarizations, this allows for the calculation of polarimetric

variables such as differential reflectivity (ZDR) — which is the ratio of the vertical

polarization reflectivity over the horizontal polarization reflectivity — correlation co-

efficient (ρhv), and differential phase shift (φDP ). These dual-polarization parameters

highlight features such as the melting layer along with distinguishing diverse hydrom-

eteor types, sizes, and shapes. In the context of severe weather, dual-polarization

variables allow us to identify ZDR arcs (Kumjian and Ryzhkov 2008), ZDR columns,

and the tornado debris signature (TDS; Ryzhkov et al. 2005), among other important

features.

There have been numerous studies that have documented the TDS at various radar

wavelengths using high-resolution, research radars and operational dual-polarization

radars (e.g., Bluestein et al. 2007a; Kumjian and Ryzhkov 2008; Snyder et al. 2010;

Snyder et al. 2013; Kumjian 2011; Palmer et al. 2011; Schultz et al. 2012a; Schultz
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et al. 2012b; Tanamachi et al. 2012; Bodine et al. 2013; Griffin et al. 2017; Griffin

et al. 2020). In Ryzhkov et al. (2005), the TDS was defined as a feature on radar

with low ZDR (< 0.5 dB), low ρhv (< 0.8), and a local maximum in ZH (> 45 dBZ)

which is co-located with a tornado vortex signature (TVS; Brown et al. 1978). They

propose that the TDS can be used for remote tornado detection, and it has become

an important component of operational warnings. Following Ryzhkov et al. (2005),

studies have suggested that the ZH threshold should be lowered to 20 dBZ or less

to ensure TDS detection for lower amounts of debris (Van Den Broeke and Jauernic

2014; Griffin et al. 2020). Other ρhv thresholds have also been used when studying

the TDS. For example, Bodine et al. (2013) used two thresholds (ρhv < 0.82 and

ρhv < 0.72) which were based on precipitation effects on ZDR and the 25th percentile

of the lowest tilt data.

While the TDS can serve as real-time confirmation of the presence of a tornado,

studies have shown that TDS characteristics such as TDS height, volume, and certain

polarimetric statistics sometimes have a distinct relationship with the tornadic wind

field. These relationships potentially expand the usefulness of the TDS from a confir-

mation tool to an aid in determining tornadic intensity from radar observations. For

example, past observations have linked an increase in TDS width and height to an

increase in tornado intensity or damage severity (Bodine et al. 2013; Van Den Broeke

and Jauernic 2014; Kurdzo et al. 2015; Van Den Broeke 2015; Van Den Broeke 2017).

Though, this is not always the case. In a study by Houser et al. (2017), the TDS

width at low and mid-levels was more narrow when the tornado was at its strongest

than during tornado dissipation. However, in this same case, TDS height and width

2



did increase at the onset of tornadogenesis, indicating that spatial TDS parameters

can be correlated to an intensifying vortex, but can be complicated by debris fallout

during tornado dissipation (Bodine et al. 2013). Because of this, the strongest re-

lationship appears to be the relationship between TDS height and tornado intensity

and damage severity (Van Den Broeke and Jauernic 2014; Van Den Broeke 2015).

Statistics of the polarimetric variables that define the TDS have also been shown

to vary across tornadic intensity. An increase in 90th percentile ZH and a decrease

in ρhv and ZDR correlate well with tornadic intensification while a decrease in 90th

percentile ZH correlates well with tornadic dissipation (Bodine et al. 2013). In a

study of the Norman-Little Axe tornado (Griffin et al. 2020), it was found that, at all

elevation angles, ρhv decreased and ZH increased over time following tornadogenesis.

Based on damage surveys, the tornado damage increased throughout the observation

period, meaning the observed changes in polarimetric variables were likely due to the

presence of more lofted debris (Griffin et al. 2020).

There are multiple different types, shapes, and sizes of debris that have been

lofted by tornadoes, ranging from leaves to bricks to vehicles. It has been hypothe-

sized that, as debris size increases, that ZH increases and ρhv decreases (Bodine et al.

2014, 2016b). Likewise, it has also been hypothesized that, as debris concentration

increases, ZH increases and ρhv decreases as well (Dowell et al. 2005, Bodine et al.

2013). It might also be true that, at the onset of tornadogenesis, the distinction

between debris types might be most obvious. This was hypothesized to be an expla-

nation of heterogeneities in TDS height at the beginning of the tornado’s life cycle in

Houser et al. (2016).
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Figure 1.1: Schematic of the TDS as a function of height. Black arrows represent
the inflow into the vortex. Near the surface, ZH increases with range. At higher
heights, ZH is a WEH co-located with a maximum in ρhv that suggests a reduction
in scatterer size at the center of the vortex (from Bodine et al. (2014).

A conceptual model of the TDS (Fig. 1.1) provided by Bodine et al. (2014)

shows a weak echo hole (WEH; Dowell et al. 2005) in the ZH values collocated with a

maximum in ρhv at higher altitudes, likely due to a reduction in scatterer size. Dowell

et al. (2005) also suggested that lofted debris and hydrometeors are centrifuged,

resulting in a decrease in concentration in the center of the tornado, creating this

WEH. Though, once light debris is lofted to higher levels in a tornadic storm, it takes

some time (tens of minutes) for debris to sediment to the ground (Magsig and Snow

1998).

This smaller debris that is centrifuged can then be recycled back into the updraft

and lofted (Bodine et al. 2013). Wakimoto et al. (2015) suggested that this smaller
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debris can form what they called a “debris overhang” (Fig. 1.2). They defined this

overhang as a region of ρhv < 0.5 that is co-located with a weak echo trench (a region

of ZH < 35 dBZ) and hypothesized that these features are associated with the storm’s

updraft. It has also been found that enhanced regions of ZH in the TDS can be co-

located with smaller, shear features within the broader circulation or the tornado

(Wakimoto et al. 2016).

Centrifuging of debris can also affect the vertical structure and distribution of

the TDS. A decrease in ZH with height can be attributed to larger pieces of debris

being centrifuged out from the center of the vortex (Bodine et al. 2014). It has also

been found that ρhv decreases and ZH increases with height throughout the tornado’s

life cycle in tandem with the tornado producing more damage (Griffin et al. 2020).

However, over time the vertical profile of ρhv and ZH of the TDS homogenized, perhaps

due to the fact that large debris was finally lofted higher into the vortex or that debris

fallout acted to homogenize the scatterer types in the tornado (Griffin et al. 2020).

Currently, forecasters use the TDS to make inferences about a tornado’s intensity

since real-time, accurate wind speed estimates are unavailable due to debris biasing

the wind. Knowing how the polarimetric structure of the TDS evolves through a

tornado’s lifecycle is thus highly important as it is one of the few ways forecasters

can obtain information about the tornado’s intensity. Past studies have been able

to relate TDS parameters to the tornadic wind field (e.g., Bodine et al. 2013), but

looking at how specific debris types, sizes, and concentrations affect the polarimetric

variables that define the TDS has not been explored in detail. Moreover, observational

studies have largely speculated on these relationships owing to a lack of observational
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information about the 3D distribution of debris characteristics and winds. To address

these limitations, a polarimetric radar simulator is used to simulate tornadoes with

varying types of debris and wind fields, enabling more concrete conclusions about

these relationships through physically based modeling. These relationships are crucial

because the tornado’s 3D wind structure controls the 3D distribution of tornado debris

(e.g., through lofting, centrifuging, and fallout), and the resulting 3D distribution of

debris determines the polarimetric structure of the TDS. An improved understanding

of debris characteristics can help scientists understand the 3D distribution of debris in

tornadoes and will help forecasters identify a wide range of diverse TDSs encountered

among different land surface types.

The goal of this study is thus twofold, exploring these interconnected relationships

among the TDS, debris characteristics, and wind speeds as follows:

1. Determine how and if debris type, size, concentration, and orientation affects

polarimetric variables in TDSs

2. Relate changes in polarimetric variables to changes in the tornadic wind field

Chapter 2 gives a background on the relevant polarimetric variables to this study

along with a summary of basic tornado dynamics. Chapter 3 provides a detailed look

into the methods used, while Chapters 4 and 5 contain the data and summary of the

results of this project.
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Figure 1.2: (a) Radar reflectivity (dBZ) with values < 35 dBZ shaded in blue, (b)
correlation coefficient with values < 0.50 shaded in red, and (c) Doppler velocities
(ms-1) with values > 50 ms-1 shaded in green. White arrows represent the location
of the weak-echo trench and the small dots represent raw data points from RaXPol
(from Wakimoto et al. (2015)).
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Chapter 2

Background

2.1 Dual-Polarimetric Variables

2.1.1 Reflectivity Factor

Radar reflectivity factor (ZH) is a measure of range-corrected, returned power the

radar receives and is mathematically given by:

Z =

∫ ∞
0

D6N(D)dD (2.1)

where D is the diameter of the scatterer and N(D) is the drop size distribution.

From Equation 2.1, it is clear that ZH is directly proportional to sixth power of the

hydrometeor diameter and the concentration of scatterers in a unit volume. Values

of ZH will also depend on hydrometeor phase or the composition of the scatterer.

However, ZH is often displayed on a logarithmic scale with units of decibels of Z

(dBZ):

dBZ = 10log10

(
Z

1 mm6 m−3

)
(2.2)

Since ZH is related to the returned power, it is affected by attenuation, which is

the amount of transmitted electromagnetic energy lost due to scattering and absorp-

tion. Attenuation effects accumulate with range and are thus more prevalent at far
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Figure 2.1: PPIs of a TDS from OU-PRIME (a) reflectivity (dBZ), (b) radial velocity
(ms-1), (c) correlation coefficiant, and (d) differential reflectivity (dB) as seen in
Griffin et al. (2017).

distances from the radar, especially down range from areas with a high concentration

of scatterers. The effects of attenuation are reduced in radars with longer wavelengths

(e.g., S-band) in contrast to shorter wavelengths (e.g., X-band).

In addition to providing information about scatterer size and concentration, ZH can

also be used to estimate rainfall rates if the number distribution of targets is known.

Values of reflectivity are weighted towards the largest scatterers within a given unit

volume. Thus, in a volume with small and large raindrops, the larger drops will

dominate the return signal. This is also true for large, non-meteorological scatterers

as well, such as debris. Larger debris (e.g., woodboards) will especially dominate the

signal, sometimes creating a ring of high ZH that is indicative of centrifuged debris

(Dowell et al. 2005; Bodine et al. 2014) or a region of high ZH that is associated with
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the TDS (Ryzhkov et al. 2005). An example of this is shown in Fig. 2.1a where it can

be seen that the location of the TDS is co-located with a region of higher ZH values.

2.1.2 Differential Reflectivity

Differential reflectivity (ZDR) is the the ratio of horizontal and vertical radar reflec-

tivity factors, given by.

ZDR = 10log10

(
ZH

ZV

)
(2.3)

A scatterers’ aspect ratio contributes significantly to its ZDR value. Positive values

of ZDR indicate that the scatterer is longer in the horizontal while negative value of

ZDR indicate the scatterer is longer in the vertical. Values near zero mean the target

is spherical, or it is tumbling (e.g., randomly oriented) and returns equal power in

the horizontal and vertical. Debris can have ZDR values near zero, though negative

ZDR values can also be associated with debris due to Mie scattering or common

debris alignment (e.g., Ryzhkov et al. 2005; Bluestein et al. 2007b; Bodine et al.

2011; Bodine et al. 2013; Wakimoto et al. 2018; Umeyama et al. 2018). In tornadoes,

it has been shown by Umeyama et al. (2018) that debris do exhibit some common

alignment which explains the negative ZDR signatures seen in tornadoes. Fig. 2.1d

shows near zero values of ZDR in the TDS with regions where ZDR is negative. Hail

also commonly has values of ZDR near zero, though how much liquid water is present

on the hailstone will cause ZDR to vary. The liquid water can reduce the amount of

tumbling, thus causing the hailstone to have positive values of ZDR (Kumjian 2013).
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As for rain, larger drops are oblate, meaning they have higher, positive values of

ZDR. Regions with a high concentration of drops typically have more large drops,

meaning ZDR will often increase with values of ZH in the presence of heavy rain.

The exception to this is when size sorting occurs, which creates areas with a small

concentration of large drops. This often occurs on the periphery of updrafts and along

the leading edge of storms (Kumjian 2013). Because ZDR is a ratio of the horizontal

and vertical polarizations, it is independent of the concentration of targets and is

not affected by the miscalibration of a radar’s transmitter or receiver. Anisotropic

scattering, which is the nonuniform scattering of electromagnetic waves, can bias

values of ZDR depending on which polarization is being muted (Kumjian 2013).

2.1.3 Correlation Coefficient

Correlation coefficient (ρhv) is the correlation between the horizontal and vertical

received signals. Mathematically, it is represented by:

ρhv =

∣∣∣∫ Dmax

Dmin
Sv(π,D)S∗h(π,D)N(D)dD

∣∣∣√∫ Dmax

Dmin
|Sv(π,D)|2N(D)dD

∫ Dmax

Dmin
|Sh(π,D)|2N(D)dD

, (2.4)

where Sh and Sv are the horizontal and vertical scattering amplitudes and Dmax and

Dmin are the maximum and minimum diameters.

Since ρhv is a measure of the diversity of the physical characteristics of scatterers,

the more diverse the field of targets is, the lower ρhv will be while a perfectly uniform

field of targets will produce a ρhv value of one. Factors that contribute to the diversity

of scatterers are the shape and orientation of targets along with the target’s physical
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composition. All these factors will change the amplitude of the scattered energy in

the horizontal and vertical, and will thus effect the resulting ρhv value. Non-uniform

beam filling, which is often caused by the broadening of the beam with distance from

the radar picking up on multiple scatterer types, can act to reduce ρhv. Values of

ρhv are not affected by attenuation, radar miscalibration, or differential attenuation.

In reality, ρhv is rarely exactly one due to the movement and wobbling of scatterers.

For rain, ρhv will change across drop size as the shape varies across size while wet hail

often produces values less than 0.95 (Kumjian 2013). Larger hail can have even lower

ρhv values due to having an irregular shape created from wet growth. This makes

ρhv a useful tool in distinguishing between storms with purely rain and a mixture of

rain and hail. Melting snowflakes reduce ρhv by enhancing the variation in scatterer

shape. This combined with the possible Mie scattering effects from melting snow

reduce ρhv, enabling detection of the melting layer.

Since ρhv is sensitive to scatterer shape, debris typically has extremely low values

of ρhv, otherwise known as the TDS (Fig. 2.1c). In addition, the large sizes of debris

introduce non-Rayleigh scattering which also reduces ρhv. Another ρhv signature

seen in severe storms is the ρhv ring, noted by Payne et al. (2010) and Kumjian

and Ryzhkov (2008). This signature is associated with the vorticity maximum of

a mesocyclone and is indicative of mixed phase or non-Rayleigh scatterers near the

updraft. It is also thought that the ρhv ring could be attributed to size sorting from

the circulation of the mesocyclone.
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Figure 2.2: Vertical cross section of the four regions of a tornado (from Bluestein
(2013)).

2.2 Tornado Dynamics

The structure of tornadoes is usually broken down into five regions: the outer region,

the core region, the corner flow region, the boundary layer flow, and the rotating

updraft (Fig. 2.2). The outer region is characterized by cyclostrophic balance, which

is the balance of the pressure gradient force and the centrifugal force. In this region,

the pressure gradient force drives the flow in the boundary layer below (Bluestein

2013). Finally, the outer region is characterized by constant angular momentum,

similar to that of a potential vortex.

In the boundary layer of the tornado, the flow departs from cyclostrophic balance

due to surface drag, resulting in a reduction in azimuthal velocities. The gradients in

centrifugal force in this region result in a radial inflow near the bottom of the vortex

(Lewellen 1976). The boundary layer flow can be split into two parts: the inertial
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and the friction layer. In the friction layer, the pressure gradient force acts radially

inward while friction acts to slow the flow. This results in acceleration that is directed

away from the center of the vortex. The effects of surface friction from the friction

layer are transported vertically to the inertial layer. In this layer, parcels become

less-cyclostrophic with height as the effects of the vertically transported friction are

lessened.

In the corner region, parcels continue to decelerate until they converge at the

center of the vortex. From mass continuity, this means there must be strong vertical

motion at the point of convergence. This vertical turning of the wind at the base

of the tornado is called the secondary circulation. Vertical and radial variations in

the flow are significant in this region along with very strong wind magnitudes. It

is this region of the tornado that is most responsible for lofting debris. With this

in mind, it might come as a surprise that the corner flow is assumed to be inviscid.

Finally, the core of the tornado extends from the origin of rotation to the radius of

maximum wind. This region is visually associated with the condensation funnel and

is approximately in cyclostrophic balance. Thus, the core flow is centrifugally stable,

indicating small radial displacement and little to no entrainment into the core of the

vortex. It is often assumed that the core region is axisymmetric and the simplest

solution of the angular momentum equation for this region is the Rankine vortex

(Rankine and Miller 1888).
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2.2.1 Swirl Ratio

There are many different definitions of the swirl ratio. In laboratory studies (e.g.

Rotunno 1979), the swirl ratio is defined by:

S =
RΓ

2M
(2.5)

where R is the radius of the updraft hole, Γ is the circulation at the edge of the

updraft, and M is the volume flow rate of the updraft. Most commonly, the swirl

ratio is defined as the ratio of the azimuthal velocity to the updraft velocity (Eq. 2.6).

S =
v0
w

(2.6)

For chamber studies, if the depth of the inflow layer is double that of the updraft

hole, then the swirl ratio can then become:

S =
v0
u0

(2.7)

where v0 is the azimuthal velocity at the periphery of the circulation and u0 is the

radial inflow into the bottom of the tornado. Lewellen et al. (2000) defined a corner

flow swirl ratio (Eq. 2.8):

Sc =
Γ∗r∗

M∗ (2.8)

where Γ* is the angular momentum, r* is the radius of the upper-core, and M* is the

mass flux.
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For extremely low swirl ratios, the acceleration is positive, meaning it is directed

towards the center of the vortex. The pressure gradient force, however, acts in the

opposing direction. This opposing force strengthens as the flow approaches the center

of the tornado until the inflow is forced upwards at large radial distances from the

vortex. This results in no convergence of angular momentum and thus no tornado.

In a vortex chamber study by Rotunno (1979), the radial inflow was connected with

boundary layer separation at low swirl ratios. It was this boundary layer separation

that prevented a strong vortex from forming at the center of the domain. Looking at

Sc, it was found that, at excessively low values of Sc, vortex intensification is minimal

and occurs off the surface (Lewellen et al. 2000). Thus, the intensity and dynamics

of the radial inflow largely determines whether or not a circulation evolves into a

tornado (Lewellen et al. 2000).

For low or intermediate swirl ratios, the boundary layer remains attached, creating

a radial acceleration directed towards the center of the vortex (Rotunno 1979). The

radial wind is thus greater in magnitude than the tangential wind. The pressure

gradient force still acts radially outward, but the radial distance at which the parcels

turn upwards decreases and results in more intense tangential winds. This results

in a one-cell vortex. Finally, when the swirl ratio is large, the tangential wind is

greater in magnitude than the radial wind. In this case, the pressure gradient force is

directed to the center of the vortex. In fact, the pressure in the center of the vortex

can drop significantly enough to induce a central downdraft. At earlier stages, the

downdraft may not reach the surface. The location where the updraft and central

downdraft meet is called a vortex breakdown. With further increases in swirl ratio,
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the downdraft impinges upon the surface resulting in a two-cell vortex. As the swirl

ratio increases, multiple vortices can form as well. However, it was found by Lewellen

et al. (2000) that too high corner flow swirl ratios can hinder near-surface velocities

from reaching tornadic intensities.
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Chapter 3

Methods

3.1 Single Volume Emulator

To provide a more constrained environment to detail relationships between polari-

metric variables and debris concentration, type, and size, a single volume emulator

was developed using equations as seen in Bukovcic et al. (2017). Radar reflectivity,

differential reflectivity, and correlation coefficient are given in Eq. 3.1, 2.2, 3.2, and

2.4 respectively.

Zh,v =
4λ4

π4 |Kw|2
∫ Dmax

Dmin

|Sh,v(π,D)|2N(D)dD. (3.1)

ZDR = 10log10(
Zh

Zv

) (3.2)

The emulator was set up to use a wavelength of 0.1 m to try and simulate an S-band

radar with a volume size of 106 m2. Scattering amplitudes for three different debris

types – woodboards, rocks, and leaves – were obtained using T-matrix calculations

(Mischenko et al. 1996; Mischenko 2000). The diameter ranges, axis ratios, dielectric

constant values can be found in Table 3.1. The dielectric constant value for rocks

was obtained from Ulaby et al. (1988) and the values for leaves were obtained from

Senior et al. (1987). In addition to selecting different axis ratios for the leaves (Table
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3.1), three different saturation percentages were used: 0% (dry leaves), 22% (leaves),

and 100% (saturated leaves).

Table 3.1: Table of dielectric constant values for each debris type along with the
respective axis ratios used in the T-matrix calculations

Debris Type Dielectric Constant Axis Ratio

Woodboards 1.416 + 0.0706i 0.33
Rocks 3.000 + 0.0300i 0.5

Saturated Leaves 32.75 + 40.90i 0.1
Leaves 23.39 + 23.12i 0.1, 0.25, 0.5

Dry Leaves 15.63 + 11.82i 0.1

It should be noted that the scattering amplitudes obtained using the T-matrix

method assume the debris as some variation of a spheroid. The scattering amplitudes

from the T-matrix method are thus a proxy of the scattering amplitudes of real debris

which have more diverse and complex shapes. The T-matrix method was chosen

for the single volume emulator over the more accurate High Frequency Structure

Simulator (HFSS) data because the T-matrix method allows for the much faster

calculation of the scattering amplitudes for a wide variety of debris sizes, allowing

for easy comparison of large and small debris. For example, a single piece of realistic

debris can take a day to complete with HFSS whereas these calculations run in seconds

for T-matrix, thus allowing a much wider range of parameters to be examined.

Each debris type had 1296 different orientations. Different orientations are created

by rotating spheroids first from the +z axis and then around the +y axis. Angles

are varied in 5° increments to capture angle-dependent scattering effects. For each

experiment run with the single volume emulator, the orientation of each piece of debris
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was randomly selected. To account for debris concentrations above 1000, orientations

were still randomly selected but the scattering amplitudes were multiplied by some

factor of ten to obtain concentrations of 10000, 1000000, and so on.

3.2 Large-Eddy Simulations

Three different LES cases were analyzed in this project: a tornadogenesis case, a

stronger tornadogenesis case, made stronger by a more intense updraft, and a strong

tornado dissipation case. Each LES case is defined by a shallow inflow region and a

selected value for angular momentum and updraft speed. Modification of the LES for

simulations of tornados is outlined in Maruyama (2011) and Bodine et al. (2016a).

The LES model used in this project is a stretched grid with horizontal spacing that

varies from 2.6 to 16.8 m out from the center of the domain and vertical resolutions

that vary from 2.7 to 98 m. The stretched grid allows for finer resolution near the

surface and center of the vortex so that fine-scale features such as subvorticies might

be resolved. In SimRadar, a subset of the model grid is used for computational

efficiency. The full domain is 2 km x 2 km x 1.5 km in the x, y, and z directions

while the included grid points in the x, y, and z dimension are 195, 195, and 99,

respectively. The model output time interval is 1.2755 s.

The domain bounded by three different boundary conditions (BCs): the lower,

upper, and horizontal BCs. The horizontal BCs approximately create an axisymmet-

ric flow in the inflow region, which in the tornadogenesis (dissipation) simulations

begins (ends) with a depth of approximately 500 m and ends (begins) with a depth
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between 200 m - 300 m. A logarithmic flow is imposed on the horizontal BCs with a

roughness length Z0 of 0.1 m. On the lower BC, the flow is defined by a logarithmic

wind profile (Eq. 3.3), where u* is the friction velocity, k is Von Karman’s constant,

and Vh is the horizontal wind speed. The surface stress is then calculated using Eq.

3.4 and then split into its x and y components.

u∗ =
Vhz1k

log( z1
z0

)
(3.3)

τ = ρu*
2 (3.4)

Above the inflow region, velocities are 0 ms-1 and the angular momentum is kept

constant. Finally, the top BCs vary across the simulations used in this study. The

mean updraft produced along the top BC and the mean angular momentum at a

radius of 470 m change throughout the simulations. The starting values for these

parameters for each simulation are given in Table 3.2.

Table 3.2: Initial boundary conditions for each simulation. The mean updraft is taken
from the top of the simulation domain while the mean angular momentum is taken
at a radius of 470 m.

LES Simulation Mean Updraft (ms−1)
Mean Angular

Momentum (m2s−1)

Tornadogenesis 15.00 2.0981× 103

Strong Tornadogenesis 16.19 1.6093× 103

Strong Dissipation 22.35 1.6308× 104
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Debris trajectories in the LES model are calculated using a Lagrangian approach

which is mathematically given by:

dudi,n
dt

=
1

2

ρCDAn

mn

(ui − udi,n) |ui − udi,n| − gδi,3, (3.5)

where CD is the drag force coefficient, An is the debris area, ρ is the density of air,

mn is the debris mass, g is the gravitational acceleration, and ui and udi,n are the

air and debris velocities where i = 1, 2, and 3 represent the x, y, and z directions.

Debris are assumed to be approximately spherical in each simulation, meaning they

have isotropic drag coefficients. The drag coefficient, CD is calculated using a formula

from White (1991) and is given by:

CD ≈
24

Rep
+

6

1 +
√
Rep

+ 0.4, (3.6)

where Rep is the particle Reynolds number. This number accounts for the variation

in the drag coefficient for spherical scatterers and is given by:

Rep =
ρdn |ui − udi,n|

µ
. (3.7)

Trajectories for n debris are calculated using Eq. 3.5, 3.6, and 3.7 though the total

number of trajectories computed throughout the simulation is limited to 106.
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Figure 3.1: Plots of the horizontal wind magnitude for the weaker tornadogenesis
simulation at a height of 64 m from the bottom of the simulation domain. Values of
the wind speed are given in ms-1 for four times: a) 150 s, b) 230 s, c) 309 s, and d)
390 s.

3.2.1 Tornadogenesis Simulation

For the tornadogenesis case, the vortex meanders about the origin of the domain

during the beginning of the simulation before a central downdraft is induced (Fig.

3.1). The tornado then experiences vortex breakdown and separates into four smaller

vortices. As the simulation progresses, the downdraft widens and the strength of the

wind magnitude increases. The length of this simulation is 408.16 s.
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Figure 3.2: Same as in Fig. 3.1, but for the stronger tornadogenesis simulation.

3.2.2 Strong Tornadogenesis Simulation

In the stronger tornadogenesis simulation, the tornado also meanders about the origin

of the domain much like in the tornadogenesis simulation. However, unlike before,

this tornado does not breakdown into multiple vorticies as the simulation progresses

(Fig. 3.2). Instead, the tornado remains a single cell vortex with a central downdraft

as it intensifies. The wind magnitude also reaches values above 100 ms-1 and the

length if the simulation is 408.16 s.
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Figure 3.3: Same as in Fig. 3.1, but for the dissipation simulation.

3.2.3 Tornado Dissipation Simulation

The simulation begins with a strong vortex with a central downdraft (Fig. 3.3). As

the simulation progresses, the vortex narrows and weakens. The tornado remains near

the origin of the domain until the end of its lifecycle when it begins to cycle about

the origin of the domain. The length of this simulation is 816.32 s, which is twice the

length of the two tornadogenesis simulations. Even though the dissipation case takes

longer to run, the rate of change of the BCs during the first half of the simulation is

the same in the dissipation simulation as in the tornadogenesis simulations. During

the second half of the simulation, the BCs remain constant and are the same as the

initial conditions as the tornadogenesis simulations.
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3.3 SimRadar

To analyze the relationship between the dynamic tornado-scale winds and the polari-

metric variables, SimRadar – a S-band, dual-polarization radar simulator developed

by Cheong et al. (2017) – was used. This radar simulator combines LES model data,

six degree-of-freedom model (6DOF) debris trajectories, and scattering data, provid-

ing an efficient way to relate polarimetric radar data to LES wind field parameters as

well as debris characteristics. More details about the SimRadar platform and debris

trajectory calculations can be found in Cheong et al. (2017) and Umeyama et al.

(2018). Unlike with the single volume emulator, the radar cross section (RCS) of

debris was calculated outside the simulation using HFSS data which capture electro-

magnetic effects from more complex shapes (Lujan 2016). In addition, 6DOF debris

trajectories provide realistic motions and orientations needed to calculate polarimet-

ric variables. These combined capabilities of realistic tornado winds, debris motions,

and electromagnetic scattering create a simulation tool for exploring more complex

TDS relationships where the true parameters are known in contrast to observations

where debris and 3D wind data are scarce. The three debris types used in this part of

the study are 2×4 woodboards, leaves, and metal sheets. The dimensions and details

about each debris type can be found in Table 3.3.

SimRadar emulates volume scattering by calculating the coherent summation of

backscattered signals from numerous point scatterers. This coherent summation of

targets is similar to the Monte Carlo method and, when there is a sufficient number of
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Table 3.3: List of scatterer type, dimensions, and density for each debris type used
in this study.

Debris Parameters
Scatterer Type Leaf

Dimensions (body) 0.1 cm × 8 cm × 6 cm
Dimensions (stem) 12 cm long

Density 350 kgm-3

Scatterer Type Woodboard
Dimensions 2 in × 12 in × 4 in

Density 500 kgm-3

Scatterer Type Metal Sheet
Dimensions 0.1 cm × 100 cm × 100 cm

Density 350 kgm-3

these point scatterers, the summation of backscattered signals represents the return

signal. Mathematically, the integration is given by:

x[n] =
N∑
i=1

A(i) exp

(
−j 4πr(i)

λ

)
, (3.8)

where r(i) is the range, λ is the wavelength, N is the number of point targets in the

volume, and A(i) is the amplitude of the backscattered signal for ith point target.

The amplitude includes the effects of range-weighting and the antenna pattern and

is given by:

A(i) =

(
1

r(i)

)4

Z(i)W (i)
a W (i)

r , (3.9)

where r(i) once again represents the range of the scatterer, Wa
(i) is the weighting of

the antenna pattern, Wr
(i) is the weighting of the range-weighting function, and Z(i)

is the scatterer’s intrinsic reflectivity.

A visual summary of the process SimRadar goes through to obtain a radar sample

is given in Fig. 3.4. After obtaining the scattering amplitudes from the RCS data,
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Figure 3.4: Flowchart of SimRadar from Cheong et al. (2017).

the antenna pattern, and the range pattern, the return signal (i.e. the I/Q sample)

is calculated using Eqs. 3.8 and 3.9. Finally, the velocities of each point target are

updated based on the scatterer’s newly calculated trajectory.

For the simulations used in this study, a beam width of 1° and a pulse repetition

time of 0.0005 s was used. Using the equation for range ambiguity (Eq. 3.10), range
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Table 3.4: SimRadar parameters used for each simulation in this study.

Radar Parameters
PRT 0.5 ms

Wavelength 10 cm
Peak Transmit Power 50 kW
Transmit Pulse Width 0.2 µs

Antenna Gain 50 dBi
Antenna Beamwidth 1.0°

Range Resolution 75 m
Gate Spacing 15 m

Samples per Dwell 100
Azimuthal Sampling 0.5°

Max Unambiguous Velocity 50 ms-1

aliasing occurs at distances at or greater than 75 km. Velocity aliasing (Eq. 3.11)

occurs at ± 50 ms-1.

r ≥ c

2× PRF
(3.10)

Vmax =
PRF × λ

4
(3.11)

A comprehensive list of the radar parameters used for the simulations in this study

is given in Table 3.4.

The lowest elevation angle analyzed was 2.5°, which corresponds to a height of 88.9

m from the bottom of the domain. Elevation angles were increased by 0.5° increments

up to 9.0°, which is 318.2 m from the bottom of the domain. In most of the simulations

run for this project, debris never exceeded the 318.2 m level, making this selection

of elevation angles adequate for the sake of this study. This exception to this is

the stronger tornadogenesis simulation. The vertical evolution of the TDS in this

simulation will be discussed more in Chapter 5.
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3.3.1 TDS Area Calculation

The TDS was defined by ρhv < 0.95 and points within a 200 m radius from the center

of the vortex. Such a high threshold for ρhv was used because it was found that, for

certain debris types, ρhv exceeded the 0.8 threshold used by Ryzhkov et al. (2005).

Past observational studies speculated that this is in areas of light debris, such as

leaves (Griffin et al. 2020). For the sake of consistency, the same ρhv threshold was

used for all debris types to easily compare TDS area values. A semi-objective method

is used to identify the vortex center. The center of the vortex was defined as the point

of minimum pressure perturbation from the LES model. The exception was when the

vortex was centered at the origin of the domain, during which the origin was used

as the central point. This method was applied subjectively at the later times in the

tornadogenesis case when the tornado split into multiple vortices and the minimum

pressure perturbation no longer identified the vortex center. However, the tornado’s

center was subjectively determined to be the center of the domain.
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Chapter 4

Polarimetric Variables vs. Debris Characteristics

In this chapter, the relationships between polarimetric variables (primarily ZH and

ρhv) and debris concentration, size, and orientation will be explored. Previously, these

relationships have primarily been speculated in past work as it is nearly impossible

to grasp the amount of debris present in observations. The use of simulations to

confirm these speculations is thus imperative. That being said, the results outlined

in this chapter are from a single volume emulator that uses electromagnetic scattering

calculations for debris.

4.1 Effect of Debris Size

It has been hypothesized that, as debris size increases, ρhv will decrease and ZH will

increase (Bodine et al. (2014); Bodine et al. (2016b); Ryzhkov et al. (2005)). To

test this theory, the single volume simulator was used to find ZH and ρhv for each

debris type. For this analysis, 100 experiments were run for each debris type. The

polarimetric variables were then averaged across experiments, resulting in one value

for each debris size. In this case, the size of the debris is changed by increasing or

decreasing the equivalent volume diameter of the simulated object. A concentration

of 100 pieces of debris per resolution volume was chosen for each debris type.
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How ρhv and ZH change with increasing debris size for each debris type is shown

in Fig. 4.1. For woodboards, as debris size increases, ρhv generally decreases and

ZH increases (Fig. 4.1a and 4.1b). The relationship between these two parameters

and debris size is approximately linear, though there is more variance in the ρhv values.

While the relationships between ρhv, ZH , and debris size for woodboards confirm

past hypotheses, the other debris types tell a different story. For increasing diameter

for rocks, ρhv oscillates between values near 0.1 and 1 (Fig. 4.1c). The exception

is the semi-consistent trend of ρhv up to a diameter of 22 mm that is followed by a

sharp decrease in ρhv values. In this same range, ZH increase (Fig. 4.1d). Near where

ρhv decreases, ZH begins to oscillate. It is likely that this represents a transition from

the Rayleigh to the Mie Regime and the oscillations in ZH are a result of resonance

effects.

For a leaf with an axis ratio of 0.1 and a saturation of 22%, ρhv generally decreases

with increasing debris size (Fig. 4.1e). At a diameter of about 10 mm, however,

ρhv increases slightly. Overall, the ρhv values for the leaves do not change as drastically

as the other two debris types as the values range from near 0.7 for the smallest debris

and near 0.54 for the largest debris. The reflectivity values ZH increase linearly with

increasing debris size. It is likely the tapering off of ZH as seen with the woodboards

does not occur with the leaves as the rage of debris sizes is much smaller than the

range of sizes of woodboards.
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Figure 4.1: Plot of correlation coefficient and radar reflectivity versus debris size
for (a) and (b) woodboards, (c) and (d) rocks, and (e) and (f) leaves for a debris
concentration of 100. Values of correlation coefficient and radar reflectivity were
averaged across 100 experiments.
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4.2 Effect of Moisture

To see how the saturation of the leaf changes the ρhv and ZH values, the same ex-

periments were run with the same axis ratio but with saturations of 0% and 100%.

The 0% saturation case resolved more debris sizes, but for the sake of comparison,

only the sizes that were also resolved in the 100% saturation case are shown in Fig.

4.2. For the dry leaf case, ρhv initially decreases from 1 mm to 5 mm (Fig. 4.2a).

The lowest value of ρhv for the dry leaves (approximately 0.68) is not as low as the

partially saturated leaf. Between diameters of 1 mm and 5 mm for the partially satu-

rated leaf, the minimum ρhv value is approximately 0.65 (Fig. 4.1e). The completely

saturated leaf has a minimum ρhv value that is just lower than 0.65 (Fig. 4.2c). Thus,

the ρhv values across changing saturation for leaves is very similar. For ZH , values

consistently increases with increasing size regardless of how saturated the leaf is (Fig.

4.2b and 4.2d). Comparing the partially saturated case to the saturated leaf case,

the ZH values are very similar. This indicates that, for leaves, the saturation does

not change ZH values.

4.3 Effect of Axis Ratio

Finally, the saturation was kept constant at 22% while the axis ratio of the leaf varied.

The three axis ratios compared are 0.1, 0.25, and 0.5. There is not a definitive trend

in ρhv for the 0.25 and 0.5 axis ratio case. It does appear that, at larger debris

sizes, ρhv tends to increase, the exception being the 0.1 axis ratio case. The range

of ρhv values, however, shows a more interesting trend. As the axis ratio increases,
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Figure 4.2: Values of correlation coefficient and radar reflectivity for (a) and (b) com-
pletely unsaturated leaves and (c) and (d) saturated leaves for a debris concentration
of 100. Correlation coefficient and radar reflectivity values were averaged across 100
experiments.

the range of ρhv values also increases, going from approximately 0.7 – 0.53 for the

0.1 axis ratio case to 0.92 – 0.97 in the 0.5 axis ratio case. Thus, the axis ratio of

debris heavily impacts the ρhv value, with higher axis ratios (i.e. more spherical-like

targets) producing higher values of ρhv.

While the axis ratio does not appear to affect the trend of ZH with increasing

debris size, it does seem to affect the value of ZH for a given debris size. For example,

looking at a debris with a diameter of 5 mm, ZH is approximately 15 dBZ for the 0.1

axis ratio case, 10 dBZ for the 0.25 axis ratio case, and 5 dBZ for the 0.5 axis ratio
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Figure 4.3: Values of correlation coefficient and radar reflectivity for (a) and (b)
leaves with an axis ratio of 0.25 and (c) and (d) leaves with an axis ratio of 0.5 for a
debris concentration of 100. Correlation coefficient and radar reflectivity values were
averaged across 100 experiments.

case. Thus, an increase in axis ratio tends to decrease the ZH value associated with

a given debris size.

4.4 Effect of Debris Concentration

To see the effects of debris concentration on ρhv and ZH , a similar experiment was

used as in the previous section. However, instead of only averaging across the 100

experiments run, the polarimetric values were also averaged across all debris sizes.

This provides an average sense of how ρhv and ZH changes with an increase in debris
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concentration. The concentrations chosen are 10, 100, 1000, and 10000 and the leaf

case chosen was the axis ratio of 0.1 and saturation of 22%.

For the woodboards, ρhv decreases until a concentration of 1000 (Fig. 4.4a). The

most drastic decrease occurs between debris concentrations of 10 and 100. It should

be noted that the decrease in ρhv across concentration is approximately 0.08. Thus,

while an increase in the concentration of woodboards in one unit volume does appear

to have an impact on ρhv, the impact is not large. As for ZH , values linearly increase

with increasing debris concentration (Fig. 4.4b).

A similar relation between ρhv and debris concentration exists for rocks and leaves

(Figs. 4.4c and 4.4e). Once again, the most drastic decrease occurs between concen-

trations of 10 and 100 pieces of debris per unit volume. Also, the decrease seemingly

stops at a concentration of 1000, as seen with the woodboards as well. However, the

amount ρhv decreases with the rocks and the leaves are significantly less than what

was seen with the woodboards. The change of ρhv across concentration with the rocks

is approximately 0.03 while the change of ρhv for the leaves is approximately 0.025.

Thus, the average ρhv for the woodboards changes over twice as much compared to

the other debris types. The reason for this could be attributed to the scattering prop-

erties unique to woodboards due to its dielectric constant. As for ZH , it also increases

linearly with increasing debris concentration for both rocks and leaves (Figs. 4.4d and

4.4f). Woodboards has the highest values of ZH , followed by the rocks, and then the

leaves.

To see which debris sizes are causing the decrease of ρhv with increasing debris

concentration, an average was taken across the smallest 10 sizes and the largest 10
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Figure 4.4: Mean values of correlation coefficient and radar reflectivity versus debris
concentration for (a) and (b) woodboards, (c) and (d) rocks, and (e) and (f) leaves.
Values were averaged across 100 experiments and all debris sizes.
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Figure 4.5: Mean values of correlation coefficient versus debris concentration for (a)
smallest woodboards, (b) largest woodboards, (c) smallest rocks, and (d) largest
rocks. Values were averaged across 100 experiments and then across a set bin of sizes.

sizes for the woodboards and the rocks. A similar average would have been taken for

the leaves as well, but not enough sizes were resolved to warrant separating them out.

Looking at the average ρhv for the smallest sizes, ρhv is essentially constant with

increasing concentration for both the woodboards and the rocks (Figs. 4.5a and

4.5c). For the larger sizes of woodboards (Fig. 4.5c), ρhv decreases more then the

mean ρhv across all sizes as seen in Fig. 4.4a. This indicates that ρhv decreases more

with increasing debris concentration for larger debris sizes than for smaller debris

sizes. A similar result is seen with the rocks, though the change in ρhv is less drastic

(Fig. 4.5d).
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A consistent result across all debris types is that the mean ρhv stops decreasing

around a concentration of 1000 pieces of debris per unit volume. It is known that a

greater number of randomly oriented particles increases the diversity of the backscat-

ter differential phase in the resolution volume, which in turn lowers ρhv. This explains

the initial decrease in ρhv seen between a concentration of 10 to 1000 debris pieces

per resolution volume. Values of ρhv decrease more for larger debris sizes because,

as seen in Bodine et al. (2014), larger pieces of debris are more likely to have larger

variations in the backscatter differential phase. The larger variation in the backscat-

ter differential phase would decrease ρhv, which would explain the larger decrease in

ρhv for larger debris seen in this study.

It was also seen that, for concentrations greater than 1000, ρhv values were es-

sentially constant for all debris types. This could be so because, since the T-Matrix

method was used to calculate the scattering amplitudes for each debris type and size,

there were a total of 1296 different ways one piece of debris could be oriented. As

mention in Chapter 3, orientations were selected randomly. Though, past a concen-

tration of 1000, debris orientations would eventually start to repeat as there were no

more unique orientations to choose from. Since ρhv stops decreasing at a concentra-

tion of 1000, the effect of repeating debris orientations could be contributing to the

flattened mean ρhv curve past a concentration of 1000.

40



4.5 Effect of Debris Orientation

The same analysis was done as in the previous sections, but this time the orientation

of each debris piece was kept constant. Only woodboards was used for this portion

of the study as this debris type showed the most drastic changes in ρhv across size in

the previous section.

The average ρhv across all experiments and sizes of woodboards barely deviates

from unity as debris concentration increases. This indicates that, when presented

with a field of scatterers with uniform orientation, ρhv will not change with increasing

concentration. Since these ρhv values are also averaged across all debris sizes, the

fact that the average value is consistently at or near 1 further indicates that, when

orientation is constant, debris size also does not effect ρhv.

Finally, the same set of 100 experiments was run with the woodboards, but with

two orientations too choose from for each debris piece. Which debris was assigned

which orientation was randomly selected. Fig. 4.6 shows the results from this set

of experiments. The same pattern as seen before with the leaves, woodboards, and

rocks are shown, though the changes in the values of average ρhv are very minimal.

This contradicts the initial theory that the number of unique orientations is what is

driving the flattening of the curve around 1000 piece of debris per unit volume. Since

there are only two orientations to choose from and the curve still flattens near a debris

concentration of 1000, this means something else is causing this phenomenon. It is

possible that the change in average ρhv decreases with increasing debris concentration

due to the saturation of the signal. It could also mean that there is a threshold where
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Figure 4.6: Mean ρhv for woodboards across debris concentration. Two debris orien-
tations were repeated to obtain to various debris concentrations.

debris concentration no longer has significant effects on ρhv. From the results of this

study, that threshold is around 1000 pieces of debris per unit volume.
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Chapter 5

Simulated Relationships Among Tornado Wind

Speeds, Debris, and TDSs

5.1 Polarimetric Variables vs. 3D Wind Wield

To define the relationship between the polarimetric variables that define the TDS

(primarily ρhv and ZH) and the three-dimensional, tornadic wind field, SimRadar

and Large-Eddy Simulations of tornadoes were used together to obtain both polari-

metric radar data and data of the wind field. In the following section, time series of

polarimetric variables and wind parameters are analyzed to see if changes in ρhv and

ZH can be indicators of increasing tornadic intensity.

5.1.1 Tornadogenesis

In this section, the evolution of ρhv and ZH for multiple debris types is analyzed in

a tornadogenesis simulation. The 99th percentile vertical velocity (W99), 99th per-

centile horizontal velocity (Vh99), and 99th percentile vertical vorticity (ζ99) for the

tornadogenesis simulation are all plotted in Fig. 5.1. The maximum value each of

these values reach in the simulation at an elevation angle of 2.5° are 45.5 ms-1, 74.4

ms-1, and 2.8 s-1 respectively. The vertical velocity increases first in this simulation,

followed by the horizontal velocity and then the vertical vorticity.
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Figure 5.1: 99th percentile wind parameters for the tornadogenesis simulation.

To see how ρhv and ZH evolved through the simulation, values of 10th percentile

ρhv (ρ10) and 90th percentile ZH (Z90) are plotted with W99, Vh99, and ζ99 for each

debris type at an elevation angle of 2.5°. Starting with the leaves, we see that ρ10 de-

creases for increasing values of W99, Vh99, and ζ99 (Figs. 5.2a, 5.2c, and 5.2e). The

time at which ρ10 begins to decrease (approximately at 100 s) is close to when W99

initially increases (approximately at 120 s). Meanwhile, the ZH values do not change

by more than 3 dBZ throughout the entire simulation (Figs. 5.2b, 5.2d, and 5.2f).

Values of Z90 initially decrease at the beginning of the simulation before slightly in-

creasing at approximately 200 s when W99 is constant (Fig. 5.2b). This is contrary
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to what has been hypothesized as past studies have theorized that Z90 will increase

in an intensifying tornado (Bodine et al. 2013).

To quantify how much delay there is in the decrease of ρ10 as you go up in elevation,

the time at which ρ10 decreased by half (trho) and the time at which the updraft

increased by half (tw) were found. To do this, both the polarimetric data and LES

wind data at each height were smoothed using a moving average filter. This removed

a lot of the noise in the data, making it easier to find trho and tw. Once these times

were found, tw was subtracted from trho. The result for leaves is shown in Fig. 5.3,

where negative time differences indicate where tw is larger than trho and positive

values indicate that trho is greater than tw. Thus, the positive values highlight the

“lag” in response of ρ10 to an increase in updraft speed.

Looking at Fig. 5.3, there is a general increase of “lag” as height increases. Since

lower values of ρ10 are associated with debris, the fact that it takes longer for ρ10 to

decrease after an increase in W99 at higher elevations indicates that it takes longer

for debris to be lofted to higher heights. This is consistent with what has been seen

in observations in a study by Bodine et al. (2013). Of course, in Fig. 5.3 there are

exceptions to this statement, especially at a height of 219 m. These exceptions could

be due to the fact that, in this relatively weak tornadogenesis simulation, debris is

not lofted to the higher elevation angles, thus making the results noisy.

The same parameters are plotted at the same elevation angle as in Fig. 5.2, but

now the debris type is woodboards (Fig. 5.4). Again, the overall trend is that ρ10 de-

creases as each wind parameter increases. Compared to the leaves, the woodboard

TDS reaches much lower values of ρ10 and changes by much more than the leaf TDS
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Figure 5.2: Time series plots of ρ10 and (a) W99, (c) Vh99, and (e) ζ99, and plots of
Z90 and (b)W99, (d) Vh99, and (f) ζ99. All plots are at an elevation angle of 2.5° for
the tornadogenesis case.
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Figure 5.3: Plot of the difference of the time at which ρ10 reached half of its total
change through the simulation and the time at which W99 reached half of its total
change through the simulation.

with ρ10 dropping from about 0.95 to 0.2. Another notable difference from the leaf

TDS is the time at which ρ10 begins to decrease more rapidly. For the leaf TDS, this

occurred close in time to when W99 began to increase. However, for the woodboard

TDS ρ10 values decrease slightly later into the simulation. This is likely due to the

fact that the woodboards weigh more than the leaves, meaning it will take a stronger

updraft to loft woodboards compared to leaves to a given height. Values of Z90 behave

similarly as with the leaves; that is, Z90 initially decreases as the wind parameters

begin to increase before gradually increasing throughout the rest of the simulation.

Unlike ρ10 for the woodboard TDS, values of Z90 do not change drastically. In fact,

the values are generally within the same 3 dBZ range as seen with the leaf TDS.

Like in Fig. 5.3, Fig. 5.5 shows the “lag” in the response of decreasing values of

ρ10 to an increasing updraft. For each height (except 269 m and 285 m) there are
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Figure 5.4: Same as in Fig. 5.2, but the debris type is woodboards.
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Figure 5.5: Same as in Fig. 5.3, but for woodboards.

larger, positive values of the difference between trho and tw. As previously stated, this

means that ρ10 decreases after W99 increases. The two heights where the difference

in these two times is less for the woodboards than the leaves is likely due to the

woodboards not being lofted as high as the leaves. This also explains why the time

difference switches from being largely positive to negative at 269 m.

Finally, looking at values of ρ10 for the metal sheet TDS (Fig. 5.6), ρ10 changes by

more than the leaf TDS but by less than the woodboard TDS. As shown in Chapter

3, ρ10 changes very little for debris concentrations past 1000. Since the concentration

of the debris is 10000 in each of these simulations, the difference in the values of

ρ10 across these three scatterers likely comes from intrinsic properties such as the

dielectric constant and backscatter cross-section of the target. Of course, not all

10000 debris pieces are lofted in the simulation, so the different values of ρ10 for each

debris type could also be dependent on how many of the 10000 targets have actually
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been lofted by the vortex. However, since the heaviest debris type shows the most

change in ρ10, it is likely the intrinsic properties of each debris type that determines

the range of ρ10 reached in the simulation.

The weight of the metal sheets is comparable to the leaves. With this in mind, it

makes sense that ρ10 begins to decrease close in time to when W99 begins to increase

(Fig. 5.6a). The other wind parameters, Vh99 and ζ99, increase after ρ10 begins to

change (Figs. 5.6c and 5.6e). This occurs for each debris type, indicating that, at

the onset of an intensifying vortex, W99 plays the largest role in changing the values

of ρ10 in the TDS. Finally, we see Z90 changes similarly to the other two debris types

with an initial decrease in values followed by gradual increase (Figs. 5.6b, 5.6d, and

5.6f). Overall, Z90 values for each debris type remain within the same 3 dBZ range,

indicating that for a relatively weak, intensifying vortex, the debris type does not

strongly impact the Z90 values in the TDS.

Looking at the lag in response of a decrease in ρ10 to an increase in updraft

speed (Fig. 5.7), we see the smallest, positive time differences compared to the other

debris types. This means that it takes the least amount of time for the metal sheets

to be lofted for a given updraft speed. Since the weight of the leaves and metal

sheets is comparable, the larger horizontal surface area of the metal sheets could have

something to do with the decreased time differences.

5.1.2 Strong Tornadogenesis

The three wind parameters - W99, Vh99, and ζ99 - are plotted in Fig. 5.8. The maxi-

mum value at an elevation angle of 2.5° of W99 is 86.4 ms-1, Vh is 79.4 ms-1, and ζ99
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Figure 5.6: Same as in Fig. 5.2, but for metal sheets.
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Figure 5.7: Same as in Fig, 5.3, but with metal sheets.

is 4.5 s-1. Compared to the first tornadogenesis case, W99 and ζ99 are nearly twice as

strong by the end of the strong tornadogenesis simulation. The three wind parame-

ters also strengthen slightly later on in the simulation compared to the tornadogenesis

case and continue to strengthen throughout the rest of the simulation (Figs. 5.1 and

5.8).

Both ρ10 and Z90 for leaves are plotted with W99, Vh99, and ζ99 in Figs. 5.9.

Once again, all values were taken at an elevation angle of 2.5°. Generally speaking,

ρ10 decreases as W99, Vh99, and ζ99 increase (Figs. 5.9a, 5.9c, and 5.9e). The time

at which ρ10 begins to decrease is visually approximated to be 190 s. This lines up

well with the increase in W99, Vh99, and ζ99, indicating that ρ10 values for leaves

responds quickly to changes in the vertical and horizontal velocities and vertical

vorticity. Between 200 and 300 s, the ρ10 curve flattens. In this time interval, both

Vh99 and ζ99 change less rapidly (Figs. 5.9c and 5.9e). This could indicate that
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Figure 5.8: Plot of W99, Vh99, and ζ99 for the stronger tornadogenesis simulation.

ρ10 for leaves is also sensitive to changes in Vh99 and ζ99 along with W99. Comparing

the range of ρ10values throughout the simulation to that in the initial tornadogenesis

case, ρ10 begins and ends near the same values for both simulations (Figs. 5.2a and

5.9a). Since the stronger tornadogenesis case was initialized with 100000 pieces of

debris compared to the 10000 in the weaker tornadogenesis case, the extra debris in

the stronger case did not greatly alter the ρ10 values.

The overall trend for Z90 shows that Z90 increases with increases in the three wind

field parameters (Figs. 5.9b, 5.9d, and 5.9f). The Z90 values begin to increase near the

same time as W99, Vh99, and ζ99 begin to increase (this occurs near 200 s). In the same

time interval where the ρ10 values remained more constant (between 200 and 300 s),
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Figure 5.9: Time series plots of ρ10 and (a) W99, (c) Vh99, and (e) ζ99, and plots of
Z90 and (b)W99, (d) Vh99, and (f) ζ99. All plots are at an elevation angle of 2.5° for
the stronger tornadogenesis case.
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Z90 decreases. This decrease in Z90 could be caused by the semi-constant horizontal

wind speed or vertical vorticity during this time. It could also be that the debris

that was initially lofted was lifted to a higher elevation by the intensifying updraft,

leaving less debris at the 2.5° elevation. At the end of the simulation, Z90 increases

much more drastically than in the weaker tornadogenesis case with Z90 increasing

from about 45 dBZ to 50 dBZ (Fig. 5.2b). The larger increase in Z90 in the stronger

tornadogenesis case could be due to more debris being lofted compared to the weaker

tornadogenesis case or the stronger updraft lofting more debris to the 2.5° elevation.

Looking at the same parameters but for the woodboards, it is clear that ρ10 de-

creases as each wind parameter increases (Figs. 5.10a, 5.10c, and 5.10e). The most

obvious difference between the woodboards and the leaves is that the ρ10 values for

the woodboards is much lower than that for the leaves. The change in ρ10 for the

woodboards is also much more drastic, as ρ10 drops from near 0.8 to below 0.2 for

the woodboards while ρ10 for the leaves does not change more than 0.1 throughout

the whole simulation. Another difference occurs between 200 and 300 s. During this

time interval, the ρ10 for the leaves remained semi-constant. The ρ10 values for the

woodboards actually increases during this time. This increase in ρ10 could be because

woodboards are heavier than leaves, meaning they are likely to fallout of the updraft

faster than lighter debris (Magsig and Snow 1998).

Compared to the weaker tornadogenesis case, ρ10 begins at a lower value (Figs.

5.4a and 5.10a). Values of ρ10 also decrease more gradually than in the weaker

tornadogenesis case, likely due to the more gradually increasing updraft during the

first half of the simulation. One similarity across the two tornadogenesis cases for the

55



woodboards is that ρ10 for woodboards decreases later into the simulation than the

lighter debris types.

The Z90 values show an almost identical trend to that for the leaves. During the

200 to 300 s interval, Z90 decreases as Vh99 and ζ99 change less drastically (Figs. 5.10d

and 5.10f). Otherwise, Z90 increases with increases in all three wind parameters. Also,

Z90 for the woodboards shows a more prominent increasing trend at the end of the

simulation compared to the weaker tornadogenesis case (Figs. 5.4b and 5.10b).

Finally, looking at the metal sheets reveals the same overall trend as seen with

the previous two debris types. As ρ10 decreases, the three wind parameters increase

(Figs. 5.11a, 5.11c, and 5.11e). The amount by which ρ10 decreases for metal sheets

is more than the leaves but less than seen with the woodboards, similar to the weaker

tornadogenesis case. The range of ρ10 in this simulation is also similar to the weaker

tornadogenesis case.

In the interval between 200 and 300 s, ρ10 increases. It is interesting to note that,

looking at the Z90 values, Z90 increases within the same time interval (Figs. 5.11b,

5.11d, and 5.11f). However, the increase occurs earlier within this interval than the

increase in ρ10. The change in Z90 is relatively small, never exceeding 4 dBZ. In

fact, the overall, increasing trend in Z90 throughout the simulation is much more

subtle than the other debris types. Both the leaves and woodboards had values of

Z90 increasing at the end of the simulation. Meanwhile, values of Z90 for the metal

sheets remain relatively constant from the beginning of the simulation to about 120

s. This overlaps when ρ10 is also constant, though this parameter remains constant

until 200 s. Values of Z90 then decrease from 120 s to about 200 s. After the 200 and
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Figure 5.10: Same as in Fig. 5.9, but with woodboards.
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300 s interval, Z90 then increases as the simulation ends. The variability in Z90 for

the metal sheets could indicate that other factors are contributing to the change in

these values outside the increase of the wind field parameters (i.e. debris fallout).

To see how the difference in ρ10 and W99 change with height, the same analysis

as done in the previous section was performed for the woodboards. Only this debris

type was analyzed here because data from all elevations was obtained only for the

woodboards due to time constraints on the project. Like before, trho and tw were

found by taking the time at which each parameter reached half of the difference

between its starting and ending value.

Table 5.1: Table of time differences for both the weak and strong tornadogenesis
cases. The asterisk implies the values are from the strong tornadogenesis simulation
for that debris type.

Height (m) Leaves Woodboards Metal Sheets Woodboards*

84 21.6 s 57.6 s 16.8 s -9.6 s
118 45.6 s 122.4 s 26.4 s 21.6 s
152 40.8 170.4 33.6 s 38.4 s

As seen in Fig. 5.12, the difference in time becomes more and more positive

with height. This indicates the time it takes for woodboards to be lofted increases

with increasing height. Thus, for a given updraft speed, it will take longer for ρ10 to

decrease the higher above ground the observations are taken from. Comparing this

with the height analysis done for the weaker tornadogenesis case (Fig. 5.5), the time

difference for the stronger tornadogenesis case is shorter than the weaker case. The

difference in times can be more easily seen in Table 5.1. Here is can be seen that the

time it takes woodboards to be lofted in the stronger tornadogenesis simulation is
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Figure 5.11: Same as in Fig. 5.9, but for metal sheets.
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Figure 5.12: Same as in Fig. 5.3, but for woodboards and the stronger tornadogenesis
case.

less than all debris types in the weaker tornadogenesis simulation. This is likely due

to the stronger updraft speeds lofting debris to higher heights faster than the weaker

updraft in the weaker tornadogenesis case.

5.1.3 Tornado Dissipation

In Fig. 5.13, W99, Vh99, and ζ99 are plotted across time. W99 has a max value of

65.9 ms-1 and reaches a minimum value of 5.1 ms-1 near the end of the simulation.

Vh99 has a max value of 97.7 ms-1 and a minimum value of 27.7 ms-1. Finally, ζ99

has a maximum value of 3.7 s-1 and a minimum value of 0.9 s-1. Near the end of the

simulation, W99 increases while ζ99 decreases.

Using the same debris concentration as the strong tornadogenesis case, the tornado

dissipation case was also analyzed with the same three debris types. Looking first

at the leaves, ρ10 generally increases as W99, Vh99, and ζ99 decrease (Figs. 5.14a,
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Figure 5.13: Plot of W99, Vh99, and ζ99 for the dissipation simulation.

5.14c, and 5.14e). Values of ρ10 begin to increase after W99, Vh99, and ζ99 begin to

increase (Figs. 5.14a, 5.14c, and 5.14e). There is thus a delayed response of ρ10 to a

decreasing wind field. In the last 200 s of the simulation, ρ10 actually decreases while

W99 increases. The increase in W99 is not drastic at this time as it only changes by

about 10 ms-1. Since ρ10 changed in response to a relatively small change in W99, this

indicates that ρ10 for leaves is sensitive to changes in W99 rather than Vh99 and ζ99.

As for Z90, values of Z90 decrease along with the three wind parameters (Figs.

5.14b, 5.14d, and 5.14f). At the end of the simulation, Z90 increases in response to

the increase in W99. It is also interesting to note that ζ99 slightly decreases as W99

increases, which shows how interconnected ζ99 is with W99.

61



Figure 5.14: Time series plots of ρ10 and (a) W99, (c) Vh99, and (e) ζ99, and plots of
Z90 and (b)W99, (d) Vh99, and (f) ζ99. All plots are at an elevation angle of 2.5° for
the dissipation case.
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The values of ρ10 for the woodboards show the same trend as with the leaves

– ρ10 increases as W99, Vh99, and ζ99 decrease (Figs. 5.15a, 5.15c, and 5.15e). The

change in ρ10 occurs abruptly as it occurs within a 100 s time interval. Before and after

this change, ρ10 is relatively constant. Again, ρ10 changes by more for the woodboards

than the leaves; however, another notable difference occurs in this tornado dissipation

case. As the updraft increases at 650 s, ρ10 does not decrease as drastically as with

the ρ10 for the leaves. This indicates that woodboards – a heavier object – does not

respond to small changes in the wind field.

While ρ10 does not respond drastically to small changes in W99, Z90 does increase

with increasing values of W99 at the end of the simulation (Fig. 5.15b). Other than

this instance, Z90 decreases with decreasing values of all three wind parameters in

this simulation (Figs. 5.15b, 5.15d, and 5.15f).

Finally, ρ10 for the metal sheets increases by more than the leaves but less than

the woodboards throughout this simulation (Figs. 5.16a, 5.16c, and 5.16e). For each

debris type, ρ10 appears to not change in response to Vh99 and ζ99 as much as W99.

This is so as ρ10 for each debris type decrease at the end of the simulation as W99

increases. While the woodboards had the least amount of response to the increase

in W99, the metal sheets have the most prominent response with ρ10 decreasing by

almost half of the total change of ρ10 throughout the simulation (Figs. 5.16a, 5.16c,

and 5.16e). Likewise, Z90 also increases by near half the total change of Z90 across

the simulation (Figs. 5.16b, 5.16d, and 5.16f). Again, other than this instance,

Z90 decreases with decreases in the three wind parameters. Since the woodboards

and the metal sheets have the same density, the difference in their response to the
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Figure 5.15: Same as in Fig. 5.14, but for woodboards.
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same change in W99 is more likely due to the aerodynamics of the metal sheets versus

the woodboards.

5.2 Horizontal Development of the TDS

5.2.1 Strong Tornadogenesis

In this simulation, the updraft at an elevation angle of 2.5° does not reach more than

10 ms-1 until 172 s into the simulation. Looking at plan-position indicator plots of the

TDS for leaves, the shape of the TDS at 230 s is largely determined by the location

of the updraft (Fig. 5.17a). At this time, the TDS has an appendage extending from

its western side. This appendage lies just outside of the updraft, indicating that the

appendage is debris being lofted into the swirling vortex. It is also worthy to note that

the horizontal velocities on the western side of the vortex at this time are stronger

than the eastern side (Fig. 5.17b). The appendage is thus dictated both by the local

maxima in the updraft and the stronger horizontal velocities on the western side of

the vortex.

As the tornado strengthens, the TDS begins to split into two lobes (Figs. 5.17d -

5.17f). The upper lobe is located just to the west of the central updraft and near the

vorticity maximum, while the more southern lobe more closely follows the southward

dip in the vertical velocity contours (Figs. 5.17e and 5.17f). As time progresses,

this southern lobe becomes more detached from the northern lobe, with the northern

lobe remaining just to the west of the updraft and vorticity maximum (Figs. 5.17g

- 5.17i). In fact at 340.6 s into the simulation, the southern lobe has mostly fallen
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Figure 5.16: Same as in Fig. 5.14, but with metal sheets.
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Figure 5.17: PPIs of leaves at an elevation angle of 2.5°. Figs. (a) through (c) are
taken at 230.2 s, (d) through (f) are at 292.6 s, and (g) through (i) are at 340.6 s.
Black contours, from left to right, are of Vh99, W99, and ζ99.

67



away from the 10 ms-1 updraft contour. Since this southern lobe is so detached from

the updraft, it likely represents debris that has fallen out of the updraft from higher

heights. This is different than the debris ejection seen in Kurdzo et al. (2015), where

a comma tail of debris formed off of the main TDS from the influence of rear-flank

gust front (RFGF) surges. Since the simulations used in this study do not include

the parent supercell, the RFGF is not responsible for the features seen in Fig. 5.17.

We can also look at how the area of the TDS evolves over time at an elevation

angle of 2.5°. As described in Chapter 3, the TDS area was calculated by filtering

out points outside of a 200 m radius from the center of the vortex and only including

points with ρhv < 0.95. One of the most notable differences across the three debris

types is that the TDS area for the leaves is smaller than that of the metal sheets and

woodboards (Fig. 5.18). A possible explanation for this is that the ρhv values for

leaves can exceed 0.95. If the ρhv threshold was removed, it is possible that the TDS

area would increase and more closely resemble that of the other debris types.

The TDS area for leaves increases at about the same time as Vh and W (Figs.

5.18a and 5.18b). As we saw in Fig. 5.17, the shape of the TDS was defined by

both the updraft and the horizontal wind. The areal extent of the leaf TDS increases

with increases in both the horizontal and vertical velocities as it is the updraft that

lofts debris, thus increasing the TDS area at one elevation. After the debris has been

lofted, however, some debris falls out of the updraft, thus increasing the TDS area at

lower elevations.

Looking at the woodboards, there is a small appendage on the west and south

side of the TDS (Fig. 5.19). The western appendage is similar to that seen in Figs.
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Figure 5.18: Plot of TDS area across time for the stronger tornadogenesis case for
(a) and (b) leaves, (c) and (d) woodboards, and (e) and (f) metal sheets.
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5.17a - 5.17c, though this appendage does not extend as far to the north. Similarly to

the leaf TDS, the western appendage is located near a local maxima in W and right

outside the stronger values of Vh. The southern appendage is not co-located with a

local-maxima in the updraft speed. Thus, this appendage could be a result of debris

being ejected from the vortex.

At 292 s, the updraft of the tornado begins to intensify (Fig. 5.19e). Though, the

debris that had previously been lofted by the disorganized updraft in Figs. 5.19a -

5.19c now lies to the south of the newly strengthening updraft. Thus, at 292 s, the

TDS is situated to the south of the maximum in both vertical and horizontal wind

speeds (Figs. 5.19d and 5.19e). The mean ρhv values have dropped to 0.79 as more

debris has been lofted by the now stronger updraft. At 340 s, the vortex continues

to strengthen as seen by the increase in updraft speed and the horizontal velocity

(Figs. 5.19g and 5.19h). The areal extent of the 30 ms-1 contour for Vh has increased

greatly from Fig. 5.19d to Fig. 5.19g. Meanwhile, the area of the TDS has not only

increased, but it has also developed into a ring-like shape with higher values of ρhv in

the center. This structure has been seen before in Griffin et al. (2017), though in this

study the ring-like structure was evidence of a two-cell vortex. In this simulation, the

tornado is a single-cell vortex at 340 s, indicating the ring-like structure might be a

by-product of the dynamics of the woodboards.

Quantitatively Figs. 5.18c and 5.18d show how the woodboard TDS evolves along

with the intensifying wind field. Overall, the TDS increases as the tornado strength-

ens. However, initially the TDS area does begin to increase before both W and Vh

intensify. This likely means a lower threshold of ρhv should be used to quantify the
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Figure 5.19: Same as in Fig. 5.17, but for woodboards.
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TDS area for woodboards. At the end of the simulation, the TDS area remains con-

stant. This could be because, while debris was still being lofted, it was also being

centrifuged out of the 200 m radius used to calculated the TDS.

Finally, we can look at the same times but for a TDS comprised entirely of metal

sheets. At 230 s, there is once again an appendage on the western side of the TDS,

though this time it extends much further to the north than either the woodboard

or leaf TDS (Figs. 5.20a - 5.20c). Again, the shape of the updraft and the stronger

values of Vh on the western side of the vortex are likely responsible for this appendage.

At the point where the vortex begins to intensify, the TDS is to the south of the

strengthening winds (Figs. 5.20d - 5.20f). The southern shift in the TDS is seen in

each debris type, though it is unknown exactly why this is the case.

At 340 s, the TDS resembles that of the previous debris types. That is, it is

situated at and to the south of the central updraft (Figs. 5.20h - 5.20i). As the areal

extend of the stronger horizontal wind speeds expand from 292 s to 340 s, the TDS

widens. Unlike with the woodboard TDS, we do not see higher values of ρhv at the

center of the TDS. The mean ρhv values are much higher than that of the woodboards

as well at the end of the simulation, though they are not as high as what was seen

with the leaf TDS.

Looking at Figs. 5.18e and 5.18f, the TDS area for the metal sheets increases with

increasing wind speeds. There is a large spike in the TDS area right as the updraft

increases. The second drastic increase in TDS area occurs near 270 s. At 292 s –

which is near the end of this sharp increase in area – the TDS has been elongated to
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Figure 5.20: Same as in Fig. 5.17, but for metal sheets.
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the south. This is likely why the TDS area values increased so drastically near this

time.

5.2.2 Tornado Dissipation

Figs. 5.21a and 5.21b show the evolution of the TDS area for 100000 leaves. During

the first 450 s of the simulation, the area decreases in tandem with Vh. However, it

is when W begins to rapidly weaken where we see the TDS area begin to drastically

change (Fig. 5.21a). In fact, between 600 and 800 s, the updraft strengthens again,

causing the TDS area to increase. We can see this visually in Fig. 5.22. At 220 s,

the TDS is situated at the central downdraft and in the middle of multiple vorticies

(Figs. 5.22a - 5.22c). Jumping forward to 508 s, the mean ρhv has increased to 0.98

(Figs. 5.22d - 5.22f). This means that less points are considered as a part of the TDS

given the 0.95 threshold used. We also see that the TDS is more organized, likely due

to the presence of only one vortex versus the multiple vorticies in Fig. 5.22c. Finally,

looking at when the updraft increases at the end of the simulation, the TDS has

expanded in size as more debris has been lofted (Figs. 5.22g - 5.22i). Since the leaf

TDS area responds so quickly and directly to changes in the updraft, light debris are

very sensitive to small changes in the updraft intensity. The horizontal wind speed

also plays a roll in dictating the size of the TDS area, but it appears that the updraft

is what causes the more drastic changes.

Unlike with the leaves, we do not see the early correlation between the initial

decrease of Vh and the TDS area (Fig. 5.21d). In fact, the TDS area is completely

constant until just after W begins to weaken (Fig. 5.21c). The updraft weakens by
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Figure 5.21: Plot of TDS area across time for the tornado dissipation case for (a) and
(b) leaves, (c) and (d) woodboards, and (e) and (f) metal sheets.
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Figure 5.22: PPIs of leaves at an elevation angle of 2.5°. Figures (a) through (c) are
taken at 230.2 s, (d) through (f) are at 292.6 s, and (g) through (i) are at 340.6 s.
Black contours, from left to right, are of Vh99, W99, and ζ99.
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about 20 ms-1 before the woodboard TDS area drastically decreases. Thus, the value

of W required to keep woodboards at an elevation angle of 2.5° is approximately 40

ms-1. At the end of the simulation, the values of the TDS area become more noisy.

This is likely due to complications of debris fallout from higher elevation angles.

Visually, we see the TDS at 220 s have a ring-like shape as seen at the end of the

strong tornadogenesis simulation (Figs. 5.23a - 5.23c). This ring is situated outside

of the 70 ms-1 contour for Vh and lies to the outside of each sub-vortex. At 508 s, the

area has significantly decreased and the effects of centrifuging are still present (Figs.

5.23d - 5.23f). Finally, towards the end of the simulation, the TDS area continues

to decrease. However, there is debris fallout to the southeast of the main TDS,

thus increasing the TDS area despite the main TDS decreasing in size (Figs. 5.23g -

5.23i). Comparing Figs. 5.23d and 5.23g, we do not see the main TDS size increasing,

meaning the woodboard TDS does not respond to the increase in the updraft that

occurs at about 700 s into the simulation. Unlike the leaf TDS, this could mean that

woodboards are less sensitive to small changes in the updraft intensity.

The pattern for the metal sheet TDS area is similar to that of the woodboards.

The area remains constant until W decreases (Fig. 5.21e). What is slightly different

is the delay between the decrease in W and the decrease in the TDS area. For

the woodboard TDS, the decrease in the TDS area occurred slightly sooner to when

W began to decrease than the metal sheet TDS. Between 600 and 800 s when W

intensifies, the TDS area for metal sheets increases drastically. The metal sheets thus

seem to be very sensitive to changes in W.
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Figure 5.23: Same as in Fig. 5.22, but for woodboards.
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Figure 5.24: Same as in Fig. 5.22, but for metal sheets.
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To visually see the TDS area development for the metal sheets, PPIs are plotted

in Fig. 5.24. At 220 s, we see the TDS primarily bounded by the 20 ms-1 W contour

and 70 ms-1 Vh contours (Figs. 5.24a and 5.24b). There is not a ring-like shape

to the TDS, indicating debris is not being centrifuged by the vortex as strongly as

the woodboards. As the updraft weakens, the TDS area shrinks and shifts to the

southeast (Figs. 5.24d - 5.24f). Finally, at 700 s the updraft briefly intensifies,

lofting more debris and causing the TDS area to increase. The TDS is much more

disorganized than before, with debris existing in regions with no updraft and weak

horizontal velocities (Figs. 5.24g and 5.24h).

5.3 Vertical Development of the TDS

5.3.1 Tornadogenesis

Fig. 5.25 provides a look at the vertical structure of the TDS at the onset of tornado-

genesis for each debris type. Each TDS is located near the developing updraft, which

is at about 100 m along the y-axis. The metal sheets are initially lofted the highest

and each TDS is situated on the right side of the vortex within the 30 ms-1 contour

of Vh.

The woodboard TDS has the lowest values of ρhv, with a semi-circle of very low

ρhv values with higher ρhv values within the half circle. There are also lower points of

ρhv located across the lowest height in Figs. 5.25c and 5.25d. This is so because, for

the woodboards, most of the debris would not initially be lofted by the vortex, leaving

debris lying at the bottom of the simulation. An elevation angle of 2.5° was chosen
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Figure 5.25: Vertical cross sections through the center of the tornado taken along the
x-axis. All cross sections are taken at a time of 143 s into the weak tornadogenesis
simulation. The leaf TDS is shown in (a) and (b), the woodboards TDS is shown in
(c) and (d), and the metal sheet TDS is shown in (e) and (f). Black contours are
values of (a), (c), and (e) vertical velocity in ms-1 and (b), (d), and (f) horizontal
wind speed in ms-1.

81



as the lowest tilt to try and avoid retrieving data from the motionless debris lying

on the ground. Meanwhile, the metal sheet and leaf TDS have the lowest ρhv values

in the center of the TDS. The metal sheet TDS is much wider than the leaf TDS. In

fact, the leaf TDS is the smallest TDS of all the debris types at the beginning of the

simulation.

At the end of the simulation when the tornado has strengthened and split into

multiple vorticies, each TDS has increased in size. Starting with the leaves, the

ρhv values are generally the highest out of each debris type (Figs. 5.26a and 5.26b).

The TDS itself has a v-like shape, with the lower values of ρhv lying within the maxi-

mum updraft and within the strongest gradient of Vh. There are also lower ρhv values

outside the maximum updraft. This is likely debris that has been centrifuged out

from the vortex and is now falling back down to the ground. Overall, the TDS is

rather diffuse in nature, with a TDS that is not overly well-defined and concentrated

at one specific location.

The woodboard TDS also has this same v-like shape, though the TDS is much

more defined and wider than the leaf TDS (Figs. 5.26c and 5.26d). Since woodboards

are heavier than the leaves, they will fallout of the vortex faster, hence why the

woodboard TDS is so much wider than the other debris types. Lower values of ρhv are

much closer in space to the maximum updraft and Vh than with the leaf TDS. There

is also some debris fallout, especially on the left side of the domain. However, there is

much less debris being lofted from the concentrated TDS as seen with the leaf TDS.

Finally, the metal sheet TDS once again has the v-like shape as seen with the

other debris types (Figs. 5.26e and 5.26f). This shape is indicative of debris being
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Figure 5.26: Same as in Fig. 5.25, but taken at a time of 401 s.
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centrifuged away from the center of the vortex. Like at the beginning of the simula-

tion, the metal sheet TDS reaches the highest elevation angle. The TDS mostly lies

within the maximum updraft and the maximum in Vh. The TDS is also much more

diffuse than the woodboard TDS, resembling the leaf TDS other than the values of

ρhv.

To quantify the vertical statistics of each TDS, 10th percentile ρhv and 90th per-

centile ZH were taken at each height for each debris type and plotted in Fig. 5.27.

The two times analyzed are the same times shown in Figs. 5.25 and 5.26. As can

be seen at 143 s, ρhv for the woodboards reaches the lowest values near the ground

(Fig. 5.27a). However, ρhv for the metal sheets remains relatively low up to a height

of 150 m while the other two debris types increase much more rapidly with height,

indicating the metal sheet TDS reaches the highest height. This decrease of ρhv with

height has been seen in previous studies (e.g., Bodine et al. (2014)). The woodboard

TDS has the most change in ρhv values at 401 s while the leaf TDS has the least

amount of change throughout the simulation (Fig. 5.27c). Each TDS increases with

height as the vortex intensifies, though the metal sheet TDS has the highest TDS

height. This means that ρhv values at higher heights in the TDS are more likely to

be dominated by lighter debris types.

For the ZH values, they are remarkably similar at the beginning of the simulation

(Fig. 5.27b). The values slightly decrease with height, though they do not change by

more than 3 dBZ. At the end of the simulation, ZH decreases more with height for

each debris type (Fig. 5.27d). There is also more distinction between debris types in

the ZH values near the ground, though the difference is still small. The woodboards
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Figure 5.27: Vertical distribution of polarimetric statistics for 10th percentile ρhv at
(a) 143 s and (c) 401 s and 90th percentile ZH at (b) 143 s and (d) 401 s for each
debris type in the weaker tornadogenesis simulation.
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have the largest ZH values at the surface with the metal sheets having the smallest

values. The metal sheet TDS also experiences the least amount of change in ZH with

height at the end of the simulation. Overall, this trend of consistent ZH values across

debris types was also seen in the horizontal evolution of 90th percentile ZH for each

TDS, meaning that ZH does not change drastically in the vertical or horizontal for

different debris types.

Visually, the evolution of the vertical statistics of the TDS over time is given

in Figs. 5.28, 5.29, and 5.30. Starting with the leaf TDS, ρhv drops to about 0.85

(Fig. 5.28a). The ZH values generally decrease with height, though the values do

not change by more than about 5 dBZ throughout the entire simulation (Fig. 5.28b).

There is an apparent “gradient” in ZH between 125 s and 170 s. It is unknown why

this “gradient” occurs, though it should be noted that ZH does not change by more

than 3 dBZ during this time interval. The same sharp change in ZH is also seen in

Figs. 5.2, 5.4, and 5.6 in the first third of the simulation. Finally, ZDR values are

mostly 1.0 with little change across height and time (Fig. 5.28c).

The woodboard TDS has very low values of ρhv near the ground (Fig. 5.29a).

Somewhat surprisingly, the height of the woodboard and leaf TDS seem to be similar,

with the leaf TDS height being slightly larger. The similarity in TDS height is likely

due to the weak vertical velocities in this tornadogenesis simulation. The ZDR values

for the woodboard TDS reach lower, positive values where ρhv is at or less than 0.2

(Fig. 5.29c). Again, ZH is very similar between the leaf and woodboard TDS aside

from the very lowest height where ZH is higher for the woodboards (Fig. 5.29b).
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Figure 5.28: Time versus height plot of the vertical statistics of (a) ZH , (b) ρhv, and
(c) ZDR for the weaker tornadogenesis simulation for leaves.

The metal sheet TDS reaches the highest height with ρhv values lower than the leaf

TDS but higher than the woodboard TDS (Fig. 5.30a). For each TDS, the height

remains constant from 200 s to the end of the simulation. Thus, the TDS height

seems to have the most variance during the beginning of tornadogenesis. Similar to

the leaf TDS, ZDR values are mostly 1.0, with slightly lower values towards the end

of the simulation at the lowest heights (Fig. 5.30c).

5.3.2 Strong Tornadogenesis

Compared to the weaker tornadogenesis simulation, the TDS in the stronger tornado-

genesis simulation does not form until much later into the simulation (at about 290
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Figure 5.29: Same as in Fig. 5.28, but for woodboards.

s). At 328 s into the simulation, the TDS width is bounded by the 10 ms-1 W and

40 ms-1 Vh contours (Figs. 5.31a and 5.31b). Debris is being lofted by the higher

than the rest of the TDS at the center of the domain by the 70 ms-1 updraft. Once

lofted, debris traverses to the right of the TDS, as hinted at by the lower values of

ρhv coming off of the right of the TDS. Looking at the TDS at the same time, but

now along the y-axis, we see debris falling to the south of the TDS (Figs. 5.32a and

5.32b). This is the opposite side of the TDS as the maximum in W.

At 381 s, the TDS has widened and grown as W as intensified and a central

downdraft begins to be induced (Figs. 5.31c and 5.32c). Along the x-axis, there are

now hints of the debris arch, with higher values of ρhv near the center of the domain

88



Figure 5.30: Same as in Fig. 5.28, but for metal sheets.

near the ground with an arch of lower ρhv over this region of higher ρhv. This region

of higher values of ρhv is co-located with the maximum in W, indicating that the

strong updraft near the surface is lofting debris into this arch-like formation. Along

the y-axis, the maximum in W (the 80 ms-1 contour) is not located in the column of

higher ρhv values (Fig. 5.32c). This column of higher ρhv values continues to grow.

In fact, the arch-like structure in ρhv has exceeded the top of the domain at which

data was collected.

Near the end of the simulation, the arch-like structure appears more prominently

along the x-axis (Figs. 5.31e and 5.31f). Looking along both the x- and y-axis, the

fallout from the TDS is more eastward and southward (Figs. 5.31d and 5.32d). At the
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Figure 5.31: Vertical cross sections through the center of the vortex along the x-axis.
The debris type plotted is woodboards at (a) and (b) 329 s, (c) and (d) 381 s, and
(e) and (f) 401 s. Black contours are values of (a), (c), and (e) vertical velocity in
ms-1 and (b), (d), and (f) horizontal wind speed in ms-1.
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eastern edge of the higher ρhv column is the downdraft. This arch-like structure has

been seen in observations by Wakimoto et al. (2015). In their paper, they referred to

this debris arch as a “debris overhang” with a notch of higher ρhv that was co-located

with the tornado’s updraft. Wakimoto et al. (2015) hypothesized that the updraft

was lofting small debris to produce this overhang.

Looking at the vertical distribution of 10th percentile ρhv and 90th percentile ZH ,

we see that at 290 s, ρhv looks very similar to the latter end of the weaker tornado-

genesis simulation (Fig. 5.33a). Values of ρhv increase with height while ZH values

are relatively constant (Figs. 5.33a and 5.33b). As the simulation progresses, the

vertical profile of ρhv no longer converges at a value of 1 at higher heights. Instead,

ρhv decreases throughout the entire profile (Fig. 5.33c). Values of ZH are higher at

the surface, though are still relatively consistent past a height of 150 m (Fig. 5.33d).

Finally, near the end of the simulation, the entire profile homogenizes as ρhv values

are consistently low throughout the profile (Fig. 5.33e). Meanwhile, ZH decreases

with height (Fig. 5.33f).

Looking at Fig. 5.34, the evolution of the vertical statistics of the TDS across

the entire simulation is shown. The updraft begins to increase around 200 s (see Fig.

5.8). About 50 seconds afterwards, the 90th percentile ρhv begins to decrease more

with height (Fig. 5.34b). The height of the TDS is much larger compared to the

woodboard TDS in the weaker tornadogenesis simulation. The ZH values also reach

slightly higher values than the weaker tornadogenesis case, though this could be due

to the increase in debris concentration from 10000 to 100000 rather than the stronger

updraft (Fig. 5.34a).
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Figure 5.32: Same as in Fig. 5.31, but cross sections are taken along the y-axis.
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Figure 5.33: Vertical distribution of polarimetric statistics for 10th percentile ρhv at
(a) 290 s, (c) 328 s and (e) 401 s and 90th percentile ZH at (b) 290 s, (d) 328 s and
(f) 401 s for woodboards in the stronger tornadogenesis simulation.
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Figure 5.34: Time versus height plot of the vertical statistics of (a) ZH , (b) ρhv, and
(c) ZDR for the stronger tornadogenesis simulation for woodboards.
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Chapter 6

Conclusion and Future Work

Since the TDS provides both confirmation of the presence of a tornado and informa-

tion about the damage that is occurring, it is a feature on radar that provides useful

information to forecasters. In this project, relationships between debris character-

istics, such as debris size, type, and concentration, polarimetric variables, and the

three-dimensional tornadic wind field were analyzed using both a single volume emu-

lator and a dual-polarimetric radar simulator called SimRadar. Using this simulation-

based framework, past hypotheses about the TDS were analyzed using different debris

types, sizes, and concentrations. A list of these hypothesises and whether or not they

were confirmed by the results of this study are given in Table 6.1.

Table 6.1: Table of TDS hypotheses from past work and whether or not the results of
this study support these past theories. Results that are strongly supported are seen
across different debris types and/or simulations while results that are conditionally
supported are seen only in certain debris types and/or simulations.

TDS Hypotheses Findings

As debris size increases, ρhv will decrease Conditionally Supported
As debris size increases, ZH will increase Strongly Supported

As debris concentration increases, ρhv will decrease Conditionally Supported
As debris concentration increases, ZH will increase Strongly Supported

As a tornado intensifies, ρhv will decrease Strongly Supported
As a tornado intensifies, ZH will increase Conditionally Supported

As a tornado intensifies, the TDS area will increase Strongly Supported
As a tornado intensifies, the TDS height will increase Conditionally Supported
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It has been hypothesized that, as debris size increases, ρhv will decrease and ZH will

increase (Bodine et al. 2014; Bodine et al. 2016b; Ryzhkov et al. 2005). This is true

for woodboards, though the relationship between ρhv and size in other debris types

depends on the scattering regime. This was seen with the rocks which had a sharp

decrease of ρhv values with increasing size when transitioning between the Rayleigh

and Mie scattering Regimes. The amount by which ρhv decreases with size also

depends on the debris type, with woodboards experiencing the largest change and

leaves experiencing much smaller changes in ρhv with increasing debris size. Thus,

even though both debris types are in the Mie scattering regime, the woodboards

still have lower ρhv. This difference in the change of ρhv is explained by the axis

ratio results, which showed that debris with a lower axis ratio produced lower values

of ρhv. This is because debris with lower axis ratios are more likely to have large

variations in backscatter differential phase, similarly to larger debris (Bodine et al.

2014). This larger variation is what produces the lower values of ρhv seen in this study.

Therefore, we generally note that larger debris tend to have lower ρhv than smaller

debris. However, this is primarily true in a broad sense and many other factors affect

ρhv such as debris composition and aspect ratio. This results is thus conditionally

supported, as shown in Table 6.1.

Meanwhile, ZH values for each debris type increases with increasing debris size.

This makes since given the fact that the equation for ZH (Equation 2.1) is directly

proportional to the debris diameter to the 6th power. Since each debris type showed

this increasing trend, this finding is strongly supported. Also, the range of values for
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ZH differs across debris types, with rocks having the lowest values and woodboards

the highest.

It has also been hypothesized that, as debris concentration increases, ρhv will

decrease and ZH will increase (Bodine et al. 2014). This hypothesis is supported,

but only over a limited range of debris concentrations where increasing diversity

of debris orientations decreases ρhv. For each debris type, values of ρhv decreased

with increasing debris concentration until about 1000 pieces of debris per resolution

volume. For a resolution volume size of 106 m3, anything more than 1000 pieces of

debris merely saturates the signal, resulting in no change in ρhv. There is also more

decrease in ρhv across debris concentration for larger debris pieces and a consistent

increase in ZH with increasing debris concentration regardless of the debris type.

Past studies have hypothesized that TDSs are related to tornado wind speeds

since stronger winds should generate and loft more debris (Bodine et al. 2013; Waki-

moto et al. 2020). To examine this in a controlled setting, SimRadar simulations were

used to document the relationship between TDSs and 3D winds. These SimRadar

simulations showed that 10th percentile ρhv decreases (increases) with increasing (de-

creasing) values of 99th percentile vertical velocity, horizontal wind magnitude, and

vertical vorticity. This result is thus strongly supported since all debris types and

both tornadogenesis simulations had a decreasing trend in ρhv with an intensifying

tornado. That being said, there were differences across debris types, the two main

distinctions being (1) the time at which ρhv began to decrease and (2) the range of

ρhv values throughout the simulation. Heavier debris types like the woodboards took

longer to be lofted to the same height as lighter debris types like the leaves and metal
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sheets. This indicates that lighter debris is more sensitive to changes in W. Mean-

while, ZH values were very similar across all debris types, meaning ρhv is the better

discriminator between debris types. It should be noted that the background rain in

SimRadar, which is similar to what is found in high precipitation supercells, could

be contributing to the lack of change in ZH across debris types. Finally, changes

in ρhv are a good indicator of tornadic intensification and dissipation while ZH only

showed an increasing trend in very strong tornadoes and a decreasing trend in the

dissipation case.

For all debris types, the TDS area increased (decreased) as the tornado intensified

(weakened). For tornado dissipation, the TDS area became more variable for the

heavier debris types (the woodboards). This is due to heavier debris falling out of

the vortex faster, thus causing the area calculations performed at lower elevation

angles to increase. This increase in the TDS area during tornado dissipation has

also been seen in Bodine et al. (2013) and Houser et al. (2017). The TDS height

was significantly higher for the stronger tornadogenesis case compared to the weaker

tornadogenesis as shown by both the vertical cross-sections and the vertical profile of

ρhv for both simulations. The TDS height also increased for all debris types as the

tornado strengthened in both the weak and strong tornadogenesis simulations. The

structure of the TDS was also very different in the stronger case compared to the

weaker tornadogenesis case. While all three debris types in the weaker case showed

a v-like shape indicative of centrifuging of debris with height, this was not seen in

the stronger case. Rather, the TDS formed a dome-like shape with higher ρhv values

in the bottom and center of the vortex and lower ρhv encasing these higher values,
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similar to the debris overhang seen in Wakimoto et al. (2015). The difference in

shape between the two tornadogenesis cases could be attributed to both the stronger

updraft and the multiple vorticies present in the weaker case.

From this analysis done in this study, the change in 10th percentile ρhv, TDS

height, and TDS area are all good indicators of tornado intensification. Values of

ZH only increase in the presence of a stronger vortex. However, low values of ρhv do

not indicate the strength of the vortex as some debris types, such as leaves, can have

very high values of ρhv even in the presence of a strong updraft. Thus, it is the change

in ρhv that is indicative of TDS strength while the range of values reached can be

indicative of the debris types that have been lofted. This is relevant for operational

forecasters as the TDS response to a tornado’s intensity will depend on what the

tornado strikes. If there are no heavy or appreciable debris to loft in the region, there

may not be a strong TDS signature on radar even though the tornadic winds are

intense. Of course, the range of ρhv values are also dependent on the availability of

debris types. For example, a tornado that passes through a wheat field could be very

intense, but might not have a prominent TDS due to the lack of large debris that

would lower the ρhv values. However, in reality there are often a wide range of debris

sizes and types for the tornado to loft, so this caveat is more the exception than the

norm.

While this project was able to confirm multiple past hypotheses about the TDS,

there were some features this analysis was unable to explain. These are generally

related to some of the smaller scale details of the TDS that may be related to more

subtle or localized interactions between the tornado’s flow and debris. For example,
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it is unknown why in every simulation the TDS shifted to the south of the domain.

Future analysis such as calculating and plotting debris trajectories and looking at

the radial and tangential wind could provide insight into why this occurred. Also,

when looking at the PPIs of the TDS at 2.5°, contours of the radial and tangential

wind might be more insightful into why each TDS took on a different shape rather

than the horizontal wind magnitude. Furthermore, since the stronger tornadogenesis

case produced a much more complex debris structure, future analysis should include

vertical data for all debris types rather than the just woodboards. This would provide

extra information about the evolution of both the TDS height and structure across

different debris types in the presence of a stronger updraft.

Finally, the simulations used in this study have their limitations. For example,

the vortex is removed from the parent supercell, meaning there is no influence of

storm-scale boundaries and flow on the TDS. Especially in the case of the structure

of the TDS, this limits the “realness” of the data as, for example, past studies have

found that debris ejection has been associated with storm-scale features such as the

rear-flank gust front surges (Kurdzo et al. 2015; Houser et al. 2017). It follows

that the next step in this project is to pair these simulations with observations of

tornadoes using rapid-scan mobile radars such as RaXPoL to account for these other

phenomena. The wind field data from mobile radars such as RaXPoL can also be

used to run various LES simulations to model a real-life tornadogeneis case. Other

work with upcoming mobile radars such as the Polarimetric Atmospheric Imaging

Radar (PAIR) would also provide real-time volumetric data of the TDS, which would

allow for the comparison of the vertical structure of the TDS across simulations and
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observations. Using SimRadar with high-resolution, tornado-resolving simulations

could also help answer questions about the storm-scale TDS signatures.
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