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ABSTRACT: When a tornado lofts debris to the height of the radar beam, a signature known as the tornadic debris signa-
ture (TDS) can sometimes be observed on radar. The TDS is a useful signature for operational forecasters because it can
confirm the presence of a tornado and provide information about the amount of damage occurring. Since real-time esti-
mates of tornadic intensity do not have a high degree of accuracy, past studies have hypothesized that the TDS could also
be an indicator of the strength of a tornado. However, few studies have related the tornadic wind field to TDS characteris-
tics because of the difficulty of obtaining accurate, three-dimensional wind data in tornadoes from radar data. With this in
mind, the goals of this study are twofold: 1) to investigate the relationships between polarimetric characteristics of TDSs
and the three-dimensional tornadic winds, and 2) to define relationships between polarimetric radar variables and debris
characteristics. Simulations are performed using a dual-polarization radar simulator called SimRadar; large-eddy simula-
tions (LESs) of tornadoes; and a single-volume, T-matrix-based emulator. Results show that for all simulated debris types
increases in horizontal and vertical wind speeds are related to decreases in correlation coefficient and increases in TDS
area and height and that, conversely, decreases in horizontal and vertical wind speeds are related to increases in correlation
coefficient and decreases in TDS area and height. However, the range of correlation coefficient values varies with debris
type, indicating that TDSs that are composed of similar debris types can appear remarkably different on radar in compari-
son with a TDS with diverse scatterers. Such findings confirm past observational hypotheses and can aid operational fore-
casters in tornado detection and potentially the categorization of damage severity using radar data.
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1. Introduction observable TDS (Kumjian and Ryzhkov 2008; Van Den Broeke
and Jauernic 2014). With this in mind, the threshold of Zy
for a TDS as stated in Ryzhkov et al. (2005b) was modified by
Van Den Broeke and Jauernic (2014) and Griffin et al. (2019).
In both studies, a lower Zj threshold (<20 dBZ) was suggested
to account for lower concentrations of debris (Van Den Broeke
and Jauernic 2014; Griffin et al. 2019).

Operational forecasters have used TDSs to improve tor-
nado detection (Van Den Broeke 2017) and characterize tor-
nado damage. It has been hypothesized that spatial TDS

The introduction of dual-polarization capabilities to weather
radar has helped distinguish between meteorological and non-
meteorological scatterers, in addition to hydrometeor size,
shape, and concentration (Zrni¢ and Ryzhkov 1999; Straka
et al. 2000). Dual-polarization radars are also capable of de-
tecting polarimetric signatures in supercells, such as differen-
tial reflectivity (Zpr) arcs, Zpr columns, and the tornadic
debris signature (TDS), among others (Ryzhkov et al. 2005b;
Kumjian and Ryzhkov 2008; Snyder et al. 2013; Kumjian et al. parameters (e.g., TDS height and width) are correlated with
2014). The TDS is attributed to lofted debris in tornadoes, al- tornado damage severity (Schultz et al. 2012; Bodine et al.
lowing the TDS to be used for tornado detection (Ryzhkov 2013; Van Den Broeke and Jauernic 2014; Kurdzo et al. 2015;
et al. 2005b). Ryzhkov et al. (2005b) defined the TDS as are- v,y pen Broeke 2015, 2017). Likewise, statistics such as 10th
gion with correlation coefficient (pny) < 0.8, Zpr < 0.5 dB, percentile py, have been shown to decrease as tornado dam-
and a local maximum in radar reflectivity (Z; >45 dBZ) that age severity increases (Bodine et al. 2013; Griffin et al. 2019).
is collocated with a tornadic vortex signature. Bluestein et al.  However, determining relationships between the TDS and
(2007) conducted the first mobile radar study of TDSs where  changes in polarimetric variables for tornado dissipation is
they found that pyy is a better indicator of debris than Zpr.  more complicated due to debris fallout (Bodine et al. 2013;
However, there are still challenges with detecting weaker tor-  Houser et al. 2016; McKeown et al. 2020).
nadoes, as they loft less debris and thus may not produce an While observational studies can make inferences about the

lofted debris type, size, and concentration, it is impossible to
know exact details of each debris characteristic. Thus, results
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TABLE 1. A list of TDS hypotheses from observational studies, and the relevant, supporting literature.

TDS hypotheses

Supporting studies

As debris size increases, pny Will decrease
As debris size increases, Zy will increase
As debris concentration increases, p,, Will decrease
As debris concentration increases, Zy will increase
As a tornado intensifies, pp, will decrease
As a tornado intensifies, Zy will increase
As a tornado intensifies, the TDS area will increase

Ryzhkov et al. (2005a) and Bodine et al. (2013, 2016b)

Ryzhkov et al. (2005a) and Bodine et al. (2013, 2016b)

Wakimoto et al. (2018)

Bodine et al. (2013), Dowell et al. (2005), and Wurman and Gill (2000)
Bodine et al. (2013) and Griffin et al. (2019)

Dowell et al. (2005)

Schultz et al. (2012), Bodine et al. (2013), Van Den Broeke and Jauernic (2014),

Kurdzo et al. (2015), and Van Den Broeke (2015, 2017)
As a tornado intensifies, the TDS height will increase Schultz et al. (2012), Bodine et al. (2013), Van Den Broeke and Jauernic (2014),
Kurdzo et al. (2015), and Van Den Broeke (2015, 2017)

speculative. For example, it has been hypothesized that, as de-
bris size increases, py, Will decrease and Z; will increase
(Bodine et al. 2013, 2016b; Ryzhkov et al. 2005b). Specifically,
Bodine et al. (2013) thought that increases in 90th percentile
Zy; for violent tornadoes could be due to the lofting of larger
debris or higher concentrations of debris. Furthermore, it has
been hypothesized that lower py,, corresponds to higher debris
loading and an increase in the radar-measured tornadic wind
speeds (Wakimoto et al. 2018). To summarize, a list of some
of these hypotheses is given in Table 1.

The structure of the TDS also varies depending on the in-
tensity of the tornado and the lofted debris types. A com-
monly seen feature is the weak echo hole (WEH; Wurman
and Gill 2000; Dowell et al. 2005) that, on radar, appears as a
ring of higher Z that encircles a local minimum of Z, and
maximum of py, (Bodine et al. 2014). The local maximum in
pny in the WEH is thought to result from a reduction of scat-
terers that is due to strong vertical motions and the centrifug-
ing of debris (Tanamachi et al. 2012). In a vertical sense,
Wakimoto et al. (2015) found a “debris overhang,” which is
a hook of low py, values arching over a column of high py,.
Wakimoto et al. (2015) hypothesized that the column of high
pny Was collocated with the storm-scale updraft, causing smaller,
lighter debris to be lofted into the debris overhang.

Understanding how the TDS structure and parameters
evolve throughout the life cycle of a tornado can provide fore-
casters with information beyond just tornado detection. In an
operational warning environment, forecasters use parameters,
such as rotational velocity and TDS height, to distinguish be-
tween strong/violent (EF2+ on the enhanced Fujita scale)
and weak (EF0-1) tornadoes (Gibbs 2016). However, since it
is nearly impossible to get vertical velocity data from single-
Doppler analyses, most TDS studies have not directly corre-
lated TDS characteristics with updraft speed. Additionally,
only qualitative information is currently obtained from observa-
tional data about debris types or concentrations. Previous work
has been limited to relating general TDS parameters, such as
TDS height and width, to EF ratings from damage surveys or
horizontal wind components sampled by mobile radars. How-
ever, there are large errors in the EF-scale estimates of peak,
tornadic wind speeds (Wurman et al. 2021), which further limits
efforts to relate TDS parameters to tornadic intensity.

With these observational limitations in mind, this study
takes a simulation approach to examine the relationship
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among debris characteristics, tornadic wind speeds, and polar-
imetric radar variables. Using large-eddy simulations (LESs)
and a dual-polarization radar simulator (SimRadar; Cheong
et al. 2017), the evolution of the TDS is examined across a
simulated tornado life cycle using physically based models.
While several TDS hypotheses have been proposed (Table 1),
many of these hypotheses are largely speculative because of
incomplete information about debris or tornadic wind speeds.
Using simulations allows for the direct comparison of tornado-
scale wind speeds with debris type and concentration to sys-
tematically test these hypotheses and examine operational
applications. Such relationships will provide operational
meteorologists with near-real-time information about the
evolution of tornado intensity. Researchers also seek to un-
derstand the three-dimensional characteristics of debris in
tornadoes, as it is pertinent to debris loading and correcting
debris centrifuging errors.

Section 2 of this paper outlines the details of the simula-
tions and debris types used in this study. Section 3 describes
the results of the simulations while section 4 provides a more
detailed discussion of key results. Section 5 provides a sum-
mary of the findings from this work. This paper has been
adapted from Cross (2021), with the addition of a cumulative
debris simulation that is detailed in section 3c.

2. Data and methods

To test hypotheses from past observational studies, this
project takes a simulation approach to determining relation-
ships among debris characteristics, the tornadic wind field,
and polarimetric weather radar variables. Two different radar
emulators are used: a single-volume emulator to relate debris
size, type, and concentration to polarimetric weather radar
variables and a more complex radar simulator, SimRadar, that
can be used to examine the relationship between a tornado-like
wind field from large-eddy simulations to polarimetric statistics
of an evolving TDS. Both radar emulators and LESs are de-
scribed in more detail in the following subsections.

a. Single-volume emulator

Values of Zy, pny, and Zpgr were calculated for various de-
bris types, concentrations, and sizes using the equations from
Bukov¢ic et al. (2017). To emulate polarimetric weather radar
variables as seen by an S-band radar, a wavelength of 0.1 m
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TABLE 2. Details of the scatterer types used in the single-
volume-emulator simulations.

Complex index Equivalent
Scatterer type  of refraction Axis ratio diameter (mm)
Wood boards  1.416 + 0.0706i 0.25, 0.33, 0.50 20-300
Rocks 3.000 + 0.0300i 0.50, 0.75, 0.90 2-100
Rain 8.990 + 1.4700i 0.85 3

was selected with a volume size of 105 m®. A 0.1-m wave-
length was chosen to provide comparable results to what is
observed by the operational NEXRADs. Scattering ampli-
tudes were obtained using T-matrix calculations (Mishchenko
et al. 1996; Mishchenko 2000) for rocks and wood boards. De-
tails about the range of debris diameters, axis ratios, and com-
plex dielectric constants for each debris type are given in
Table 2. The dielectric constants for wood boards and rocks
are taken from Ulaby et al. (1988) and Senior et al. (1987),
respectively.

The T-matrix scattering amplitude calculations approxi-
mate each scatterer as a spheroid. The simplified shapes of de-
bris could produce higher values of py,, than those seen in
observations, as asymmetries in scatterers’ shapes can reduce
pny (Balakrishnan and Zrni¢ 1990). However, the T-matrix
method still produces reasonable results for comparing
changes in polarimetric variables across size and concentra-
tion for a given debris type and shape. The T-matrix method
also allows for more efficient calculations of the scattering
amplitude. For example, calculating the scattering amplitude
for a single piece of debris using the more accurate High Fre-
quency Structure Simulator (HFSS) can take a day to com-
plete while the T-matrix method can calculate scattering
amplitudes for a range of sizes within a matter of minutes.
Thus, the T-matrix method was chosen for portions of the
study where the focus was determining relationships between
polarimetric radar variables, debris size, and concentration.

The use of multiple axis ratios increased the diversity of
scatterer shapes in the resolution volume. The wood board
axis ratios created an object with a longer horizontal axis
while the rock axis ratios produced a semispherical object. In
calculating the polarimetric weather radar variables, the vol-
ume was populated with an equal number of randomly ori-
ented debris for each axis ratio. The resultant scattering
amplitudes were then averaged across axis ratios before calcu-
lating the polarimetric weather radar variables. The averaged
scattering amplitudes also produced a more realistic result for
pny given that no two debris pieces are exactly the same
shape.

Axis ratios of raindrops were calculated using the method-
ology presented in Thurai and Bringi (2005), which calculates
an axis ratio for each drop radius. To produce a uniform field
of rain, one drop size for rain was selected by comparing the
Zy; values of rain with that of debris. The selected drop size
and concentration should result in a relatively similar signal
power for rain and debris, such that one scatterer type will
not completely dominate the signal. A rain background of 3-mm
drops produced Zj; values comparable to debris (49 dBZ for
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rain and an average of 54 dBZ for debris) and was thus the
chosen drop size for the emulator. Meanwhile, the diameter of
each debris type was chosen to represent a realistic range
of scatterers that could be lofted by a vortex. The range
of diameters for wood boards attempts to emulate small
2in. X 41in. (5§ cm X 10 cm) wood boards, ranging from wood
board fragments to small boards with an equivalent diameter
of 300 mm (approximately 1 ft). As for rocks, the selected
sizes attempt to represent small rocks and gravel.

There were two types of experiments run with the single-
volume emulator: one with just debris and one with a combi-
nation of rain and debris. In both experiments, the chosen
concentrations of debris ranged from 10 to 10* m ™. The rain
background consisted of 10° drops within the volume, leading
to a concentration of 10% drops per meter cubed.

Last, 1296 orientations were calculated for each debris type
and size. These different orientations are created by rotating
spheroids from the +z axis and then from the +y axis. The
angles of rotation are varied in 5° increments to capture an-
gle-dependent scattering effects. When calculating the polari-
metric variables with the single-volume emulator, values of
Zu, puv, and Zpgr were averaged across 100 permutations of
the same experiment. Since there are a finite number of orien-
tations to choose from, the scattering amplitudes were multi-
plied by some factor of 10 to obtain concentrations higher
than 1000.

b. SimRadar

SimRadar is a dual-polarization radar simulator that com-
bines LES model data, 6-degree-of-freedom model (6DOF)
debris trajectories, and electromagnetic scattering data. The
6DOF trajectory calculations provide realistic orientations
and debris motion required to make calculations of polarimet-
ric variables. Specific details about the 6DOF debris trajectory
calculations and the SimRadar platform can be found in
Cheong et al. (2017) and Umeyama et al. (2018).

The combination of debris trajectories and the LES model
data provides a straightforward method of relating the dy-
namic, tornado-scale wind and embedded debris field to the
evolution of polarimetric radar variables. Unlike with the
single-volume emulator, the radar cross sections of debris
were calculated using HFSS data that capture electromagnetic
effects from more complex shapes (Lujan 2016). For this
study, cross sections were calculated for a S-band radar with a
simulated radar wavelength of 0.1 m. Three debris types were
used in the SimRadar simulations: 2 in. X 4 in. wood boards,
leaves, and metal sheets. Details about each debris type can
be found in Table 3 and in Lujan (2016).

The radar is located 2100 m from the center of the vortex,
and the resolution of each range gate is 75 m. The horizontal
domain is wider in the x direction at farther ranges. The aver-
age size of the domain is 827 m X 595 m in the x and y direc-
tions. In each simulation, SimRadar has a beamwidth of 1°
and a pulse repetition time of 0.5 ms. A full list of the radar
parameters used are given in Table 4. Because of memory
limitations within SimRadar, the highest possible height
SimRadar can scan is 718 m. As such, the radar scanned in
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TABLE 4. SimRadar parameters used for every simulation in this
study.

Debris parameters

Radar parameters

Scatterer type Leaf

Dimensions (body) 1 mm X 80 mm X 60 mm
Dimensions (stem) 120 mm long

Density 350 kg m

Mass (body) 0.0017 kg

Complex index of refraction 34.6 + 12.3i

Scatterer type Wood board

Dimensions 50 mm X 300 mm X 100 mm
Density 500 kg m

Mass 0.75 kg

Complex index of refraction 2.31 + 0.572i

Scatterer type Metal sheet

Dimensions 1 mm X 1000 mm X 1000 mm
Density 7850 kg m >

Mass 79 kg

Complex index of refraction 1.00 + 0.00:

0.5° elevation angle increments from 2.5° (89 m) to 9.0° (318 m).
Since 9.0° corresponds to a low height relative to observations,
another elevation angle (17.5% 611 m) was added to represent a
higher beam altitude that is more common for NEXRAD radars.

The single-volume simulations were initialized with
101376 pieces of debris and 2045952 raindrops. There are
three of these simulations in total: one with leaves, one with
wood boards, and one with metal sheets. Raindrops are ran-
domly populated in the SimRadar domain at the onset of a
simulation, while debris are initialized at the bottom of the
domain. However, not all debris are lofted above 89 m AGL.
To illustrate this, the debris count with height is plotted at the
end of the tornadogenesis case (Fig. 1). Regardless of debris
type, only a fraction of debris are lofted to the lowest height of
the radar beam. Specifically, only 19.74% of leaves, 5.52% of
wood boards, and 14.69% of metal sheets are lofted past 89 m
(2.5° elevation). These percentages correspond to 21.9 leaves,
6.14 wood boards, and 16.3 metal sheets per resolution volume
on average. Thus, while 101376 pieces of debris are initialized
in the model, the actual concentration of debris in the vortex is
much lower because only a fraction of the initialized debris are
lofted.

Two cumulative simulations were run to better represent a
realistic TDS that could be seen in observations. These two
simulations consisted of equal amounts of leaves, wood
boards, and metal sheets. To analyze the effects of concentra-
tion on the results, one simulation was run with approxi-
mately 10* of each debris type (55296 debris total) and
another one with 10° of each debris type (304 128 debris to-
tal). Because these simulations represent the most realistic
case, SimRadar was set to scan in 0.5° elevation angle incre-
ments from 2.5° (89 m) to 17.5° (611 m).

1) TDS AREA CALCULATION

The TDS was defined by pp, < 0.95 for range gates within
200-m radius from the vortex center. This radial threshold is
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PRT 0.5 ms
Wavelength 0.1m
Peak transmit power 50 kW
Transmit pulse width 0.2 us
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 50ms”!

1.5-2 times the time-averaged radius of maximum wind.
These criteria were used for all objective debris discrimina-
tion. No Zy threshold was used as Z; was generally high
throughout the domain. The center of the tornado was manu-
ally chosen by selecting the region where the simulated radial
velocities were near zero within the couplet. To calculate the
TDS area, the number of gates meeting the aforementioned
requirements were recorded and then multiplied by the area
of each gate.

The 0.95 threshold for p,, was motivated by the intrinsically
high values of py, for the leaf debris type. The leaves had
pny values that always exceeded the 0.8 threshold used in
Ryzhkov et al. (2005b) and rarely dropped below 0.9. These
high py,, values have been seen in past work with observational
TDS cases, where it is speculated that py, is higher in areas of
light debris, such as leaves (e.g., Griffin et al. 2019). While
not every debris type used in this study is “light,” the same
0.95 threshold was used for all simulations for ease of compar-
ison across debris types. However, increasing the py, threshold
reduces the effectiveness of discriminating between meteoro-
logical and nonmeteorological scatterers (i.e., rain and debris).

Debris Concentration at 401 s
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FIG. 1. The number of leaves (dashed line), wood boards (solid
line), and metal sheets (connected scatter points) at each elevation
at the end of the tornadogenesis simulation.



OCTOBER 2023

With this in mind, calculations of TDS area were also per-
formed with the same 0.8 threshold suggested in Ryzhkov et al.
(2005a) for comparison.

The sensitivity of the results to the chosen radial threshold
was also tested by calculating the TDS area using r < 300 m
and no radial threshold. For each tested threshold, the overall
trends in TDS area for each debris type were similar. The
only difference was an increase in size of the TDS area, which
is to be expected for larger radial thresholds.

2) TDS HEIGHT CALCULATIONS

Calculations of the TDS height were done for each debris
type. The TDS height for a given time was defined as the max-
imum height at which a TDS was detected and a TDS was
present at all elevation angles below it. The TDS was detected
as long as one grid point satisfied the TDS criteria (grid points
with pp, < 0.95 within r < 200 m). The rate of change of the
TDS height was also calculated by subtracting the minimum
peak TDS height from the maximum peak TDS height, and
the resulting difference was divided by the time over which
this change occurred.

c. Large-eddy simulations

To simulate a tornado-like vortex, the LES was modified
using the methods outlined in Maruyama (2011) and Bodine
et al. (2016a). The setup for the simulation consisted of a
spinup period to allow for it to reach steady state. After
reaching a steady state, the full life cycle of a tornado was sim-
ulated by changing the boundary conditions for each phase:
genesis, vortex breakdown, and dissipation. This study only
focuses on the genesis and dissipation phases as they are the
most relevant to the TDS hypotheses proposed by past work
(Table 1). Furthermore, each phase is treated as its own, dis-
tinct simulation with time restarting from ¢, = 0 s at the onset
of each phase.

Each simulation produces a vortex with similar outer
boundary conditions (e.g., an inflow layer, an updraft, and in
some cases, a central downdraft); however, in all cases friction
is accounted for by imposing a surface roughness length (Z)
of 0.1 m. Each simulation is defined by a shallow inflow layer
where the horizontal boundary conditions (BCs) impose an
approximately axisymmetric flow through the inflow region.
In the tornadogenesis simulation, this inflow region starts
with a depth of approximately 500 m and ends with a depth
between 200 and 300 m. In the dissipation simulation, this in-
flow region ends with a depth of approximately 500 m and
starts with a depth between 200 and 300 m. The selected
inflow depth represents the mesocyclone-scale flow, and
changes of this depth increase the domainwide swirl ratio,
analogous to tornado vortex chamber experiments (e.g.,
Church et al. 1979). Additionally, the corner flow develops as
a response to the preset BCs and is shallower than the meso-
cyclone-scale inflow. Although the depth of the corner flow
(not shown) varies throughout each simulation, it is relatively
close to the range (10-20 m) suggested by Wurman et al.
(2013) and Kosiba and Wurman (2013). Each stage of the
LES model simulations has a unique set of initial BCs

Brought to you by NOAA Central Library | Unauthenticated | Downloaded 01/23/24 09:18 PM UTC

CROSS ET AL.

1203

TABLE 5. Boundary condition values for updraft speed and
angular momentum for each phase of the LES. Note that the
vortex breakdown and dissipation start correspond to the end of
previous simulation stage. The length of each phase is also given.
Only the tornadogenesis and dissipation cases were used in this
study.

Updraft  Angular
speed momentum Length of
LES simulation (ms™)  (m?s™')  simulation (s)
Tornadogenesis start 15 2000 408.16
Vortex breakdown start 25 13500 408.16
Dissipation start 20 30000 816.33
Dissipation end 15 2000

imposed on the top of the domain, all of which are given in
Table 5. The BCs are linearly interpolated in time between
simulation start times.

The LES model employs a stretched grid with finer grid spac-
ing that increases from 2.6 to 16.8 m out from the center of the
vortex and from 2.7 to 98 m from the surface of the domain.
The full domain of each LES model is 2 km X 2 km X 1.5 km
in the x, y, and z directions. As previously mentioned, to in-
crease the computational efficiency of the SimRadar simula-
tions, a subset of the total domain is used. The dimensions of
this subset are 977 m X 977 m X 718 m.

1) TORNADOGENESIS CASE

The tornadogenesis simulation is the first phase of an LES
model run that simulates the entire life cycle of a vortex. The
genesis phase lasts for 408.16 s, after which the vortex break-
down case begins and the single-cell tornado transitions to
a two-cell vortex. At the beginning of the genesis simulation,
the vortex meanders about the origin of the domain as the
tornado intensifies (Figs. 2a,b). By the end of the simulation,
the tornado has widened and is a one-cell vortex oriented
at the center of the domain (Fig. 2c). At the end of the genesis
case, a very narrow (<100 m wide), axial downdraft descends
to the bottom of the tornado. This descending downdraft
marks the end of the genesis phase and the beginning of vor-
tex breakdown.

The maximum updraft begins at 24 m s~ ! and intensifies to
101 m s~ ! while the maximum 2D wind magnitude begins at
37 ms~! and increases to 135 m s~ ', which represents an EF5
tornado. The development of 99th-percentile horizontal ve-
locity (hereby called Vi;99), 99th-percentile vertical velocity
(hereby called Wyg), and 99th-percentile vertical vorticity
(hereby called {g9) are given in Fig. 3a, reaching maximum
values at the end of the simulation.

2) TORNADO DISSIPATION CASE

Since the full model run was split into three phases—vortex
genesis, breakdown, and dissipation—the dissipation simula-
tion begins at o = 0 s. The dissipation phase begins with an in-
tense, two-cell vortex with a central downdraft (Fig. 2d). At
this time, there are two pockets of stronger vertical velocities
oriented to the west and east of the central downdraft. As the
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FIG. 2. Horizontal cross sections of vertical velocity (color fill) and 2D wind vectors (arrows) for the (a)—(c) tornadogenesis and
(d)—(f) dissipation simulation at 83 m AGL. The top and bottom panels each correspond to separate simulations starting from #, = 0s.

simulation progresses, the vortex weakens and narrows (Fig. 2e).
The center of the tornado remains near the origin of the domain
until the end of the simulation when it cycles about the origin of
the domain as the tornado weakens (Fig. 2f). The length of this
simulation is 816.32 s, which is 2 times the length of the tornado-
genesis simulations, and the evolution of the wind field in this
simulation is given in Fig. 3b. In this case, the tornado takes lon-
ger to dissipate than it did to form in the genesis phase, which is
consistent with the slower tornado decay seen in radar-based
observations of these processes (French et al. 2014; Houser
et al. 2015; Griffin et al. 2019). The maximum updraft begins
at 87 m s~! and weakens to 24 m s~ while the maximum
2D wind magnitude starts at 52 m s~ ! and ends at 9 m s~ ..
The rate of change of the BCs during the first half of the simula-
tion is the same as the rate of change of the BCs for the tornado-
genesis simulations. During the second half of the dissipation
simulation, the BCs remain constant and are the same as the
initial conditions as the tornadogenesis simulations.

3. Results

a. Single-volume emulator: Debris characteristics versus
polarimetric variables

To determine how different debris characteristics change po-
larimetric weather radar variables, the single-volume emulator
was used to calculate values of Z and py,, for wood boards and
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rocks. These polarimetric weather radar variables were calculated
for different debris sizes and concentrations. Values of Zpr were
also calculated but are not shown as 1) no discernible trends were
noted for Zpg across debris size and concentration and 2) the list
of hypotheses in Table 1 focuses on trends in py, and Zy,.

In general, p,, decreases as debris size increases for both
wood boards and rocks (Figs. 4a,c). This decrease is neither
monotonic nor linear and occurs most notably between wood
board sizes of 100-225 mm, with a slight increase in py, for
D > 225 mm. For rocks, pn, generally decreases between
diameters of 25-100 mm. A comparison of both debris types
shows that wood boards with D < 100 mm have py, > 0.95
whereas rocks with D < 100 mm have py,, between 0.4 and 1.

To better understand why py,, is lower for rocks at small
debris sizes, two test simulations were run: 1) wood boards
with an axis ratio of 0.5 and diameters from 2 to 100 mm and
2) rocks with the same axis ratio and diameter range. The
only difference between these two simulations was the dielectric
constant. The resulting range of py, (not shown) was approxi-
mately 0.1-0.95 for rocks and 0.95-1 for wood boards. Thus, the
dielectric constant can largely impact pp,, meaning that under
the conditions in these simulations, it takes larger wood boards
to lower py,y relative to rocks.

When increasing the concentration of debris in the debris-
only experiments, pp, values remain constant for both rocks
and wood boards (Figs. 4a,c). With the addition of a uniform
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FIG. 3. Evolution of Wy, V99, and oo for (a) the tornadogenesis simulation at 83 m from 0 to
408 s and (b) the dissipation simulation at 83 m from 0 to 816 s. The top and bottom panels each

correspond to separate simulations starting from ¢

rain background, however, py, begins to decrease with increas-
ing debris concentration (Figs. 4b,d). The amount of decrease
is not consistent, with py,, decreasing the most between concen-
trations of 10 and 100 for wood boards and rocks. For both
debris types, the trend at the highest concentration matches
the trend in the debris-only experiments, indicating debris
dominates the backscattered signal at these concentrations.
Thus, py,, decreases as debris become the more dominant
scatterer type.

Meanwhile, Z;; generally increases with increasing debris
size for both rocks and wood boards (Figs. 5a,c). The sharp in-
crease in Zy seen across the smallest rock diameters is likely
due to these sizes (<20 mm) falling in the Rayleigh scattering
regime, where Z is related to the scatterer diameter to the
sixth power. For D > 20 mm, Zj increases less drastically due
to resonance effects. This transition in scattering regimes
explains why the range of Z is larger for rocks than it is
for wood boards, despite the wood boards having a wider ar-
ray of sizes. Last, for the higher-concentration experiments
(1000 and 10000), values of dBZ exceed those commonly
seen in observations (70-80 dBZ).

Brought to you by NOAA Central
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Values of Zj; generally show a linear relationship with
debris concentration as there is a consistent increase of Zy
with increasing debris concentration (Figs. 5a,c). This linear
increase of Zy is unsurprising given the equation for Z is
directly proportional to the number concentration of scatterers.
When adding rain, the baseline Zj; is increased (Figs. 5b,d),
meaning for low debris concentrations, the resulting Z;; value
is that of the rain background. In this case, it is only for cases
in which debris dominates the signal that Z increases with
increasing debris concentration.

b. Simulated relationships among tornadic wind speeds,
debris, and TDSs

While the single-volume emulator allows for the calculation
of polarimetric radar variables across multiple debris types,
sizes, and concentrations, it cannot relate polarimetric data to
the evolving tornadic wind speeds. To test hypotheses regard-
ing TDS characteristics and the tornadic wind field, a more re-
alistic radar simulator (SimRadar) was used with LESs of a
tornado-like vortex. The results of these simulations are de-
tailed in the following subsections.
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FIG. 4. Plot of py, for (a) wood boards, (b) rain and wood boards, (c) rocks, and (d) rain and rocks for different debris sizes. Each
individual value corresponds to a concentration of 100 debris items at that specific debris size. Values of py, are calculated using the

single-volume emulator.

1) TORNADOGENESIS CASE

To evaluate how py,, and Zj evolve during tornadogenesis,
10th-percentile pp, (hereby called pjg), 90th-percentile Zy
(hereby called Zy), V.99, and Wy were calculated at eleva-
tion angles of 2.5° and 5.0°. Values of p;y and Zy, were calcu-
lated in two ways: 1) from the distribution of py,, and Z in
the entire PPI and 2) from points only within the TDS. While
results from both methods are discussed, only pjp and Zyg
from the first method are shown in Fig. 6 for brevity.

Values of pg and Zy, calculated from the entire PPI are dis-
cussed first. For the leaves, p;o remained relatively high during
the first 200 s since little to no debris was lofted (Fig. 6a). The
tornado began to intensify at 200 s, as is evident from the
gradual increase in Wyg and V7 99. At this time, p;q for leaves
decreased, first at the 2.5° elevation angle followed by a
smaller decrease at 5.0°. While all three debris types expe-
rienced some reduction in p;y as the vortex intensified
(Figs. 6a,c,e), the range of p,q differs for each debris type.
For leaves, p;o drops to near 0.9; for wood boards, p;o drops
to 0.2; and for metal sheets, po decreases to values between
0.6 and 0.8 depending on the height of the measurement.
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Wood boards exhibit the lowest values of p;o despite having
the lowest concentration (Fig. 1), meaning the magnitude of
the drop in pyq is likely more a function of debris type than
concentration.

Values of p;y from within the TDS exhibit similar trends as
seen in Fig. 6 (not shown). Because of the 0.95 py, threshold
used to define the TDS, values of p;y within the TDS begin at
lower values relative to those in Fig. 6. Both the wood boards
and metal sheet TDSs experience decreasing p;o over time;
however, the leaf TDS has relatively constant values of pq
throughout the simulation. The constant p in the leaf TDS is
likely due to the leaves having intrinsically higher py, than the
other debris types. Given these differences between p;( within
the TDS and p,( for the entire PPI, values of p;, are sensitive
to the chosen py, and radial thresholds. However, the general
trends seen in p;o for the PPI and for the TDS are similar.

At 5.0°, pyg for wood boards decreases sharply at 300 s
while py, for the other two debris types exhibits a more grad-
ual change (Figs. 6a,c,e). The decrease in p;o for wood boards
at 5.0° occurs when Wog is between 30 and 35 m s~ ! as com-
pared with between 10 and 15 m s™! for leaves and metal
sheets. The gradual decrease of p;o for leaves and metal sheets
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indicates a transition of the dominant scatterer type from rain
to debris as more debris are lofted by the strengthening up-
draft. However, the sharp decrease in po for the wood boards
has multiple implications. First, results in section 3a show that
pny decreases for larger debris and for a signal more domi-
nated by debris (Fig. 4). As the largest debris type (Table 3),
a lower concentration of wood boards could reduce p;o more
than the same concentration of smaller debris. Second, the
sharp decrease in p;o when Wyg reaches 30-35 m s~ ! could in-
dicate some minimum Wy required to loft wood boards.
However, this explanation is the least likely as wood boards
are not the heaviest debris type (Table 3).

There is also a delay in the decrease of p;o with height for
all debris types. The offset in decreasing p; is an indication of
the time it takes for debris to be lofted higher up into the vor-
tex. For each debris type, values of p;( at 2.5° decrease near
200 s, which corresponds to Wqg values between 5 and 10 m
s !and V1199 values between 20 and 25 m s~1. Wood boards
have the most notable delay in decreasing pj at 5.0° (Fig. 6¢).
For wood boards, p;g decreases near 300 s at 5.0°, which is
100 s later than the time of decrease at 2.5°. In addition, Woq
increases by approximately 30 m s™! and V49 increases by
10-15 m s~ " during this 100-s delay. For leaves and metal

Brought to you by NOAA Central Library | Unauthenticated | Downloaded 01/23/24 09:18 PM UTC

sheets (Figs. 6a.,e), p1o at 5.0° decreases near 225-250 s, which
is only a 25-50-s delay. During this 25-50-s period, Wqg in-
creases by 5 m s 1 and V99 increases by 5-10 m s, These
results indicate that it takes stronger winds for wood boards
to be lofted to 5.0° relative to metal sheets and leaves.

Minimum values of pyp, were also calculated at the 17.5° level
(not shown). The leaf and wood board debris types showed no
change in p, while p;o for the metal sheets decreased slightly
after 300 s. The consistent nature of p;o at 611 m in compari-
son with the more notable changes in p;o at 89 m indicates
that operational radars (such as a NEXRAD) will not always
observe trends of py, within the TDS. The lack of a TDS at
higher elevations might also be a limitation of SimRadar
modeling higher altitudes without a parent storm.

Values of Zg, for wood boards, metal sheets, and leaves
generally increase with increases in Wog and V99 (Figs. 6b,d.f).
However, the magnitude of this increase over time is small, with
Zgp only increasing by approximately 5 dB at both 2.5° and 5.0°.
The same result is seen for Zgy within the TDS, though Zg, at
5.0° increases by as much as 10 dB throughout the simulation.
Since the change in Zy is similar across debris types, changes in
p1o over time are a much better discriminator of debris type
than Zy,. Looking back to Figs. 4b and 4d, Z;; changed most
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FI1G. 6. Time series plots of (left) p;o and (right) Zy, for (a),(b) leaves; (c),(d) wood boards; and (e),(f) metal sheets
at 2.5° (solid black line) and 5.0° (dashed black line). On each graph, Wy (red line) and Vg9 (red dashed line) at 2.5°
are also plotted. All values shown are for the entire PPI and are from the tornadogenesis simulation.

drastically for very small debris. Thus, Zgy might be a good
discriminator between the smallest and largest debris types,
especially in the Rayleigh regime, but is not as useful for dis-
criminating across debris with similar size. However, the con-
tribution of rain to Zy in this simulation could be masking
any drastic changes in Z.

In addition to values of pjp and Zy, the area of the TDS
was also evaluated throughout the intensification of the vor-
tex (Figs. 7a—c). For each debris type, the area of the TDS in-
creases as Wog and Vo9 intensifies. The area of the wood
board and metal sheet TDS is larger than the area of leaf
TDS, which could partially be due to the py, threshold im-
posed on the calculation of the TDS area. Since py, values
within the leaf TDS are very high, there could be resolution
volumes with leaves that exceeded the 0.95 py,, threshold.

The rate of change of the TDS area throughout the entire
simulation is 26 m® s~ ! for the leaf TDS, 63 m? s~! for the
wood board TDS, and 94 m? s ! for the metal sheet TDS.
The metal sheet TDS in Fig. 7c increases rapidly in response
to small changes in Wyg and V99, which could indicate a cer-
tain Wyg and V99 threshold that, if exceeded, metal sheets
are lofted. However, between 250 and 300 s, the TDS area of
metal sheets decreases despite increasing Wy and Viygo.
Thus, it is challenging to define a certain Wq9 and Vg9
threshold for the lofting of debris, as other factors such as up-
draft width could also play a role in lofting more scatterers.

In Ryzhkov et al. (2005b), a lower py, threshold of 0.8 is
used to define the TDS. To compare the 0.95 py, threshold
used in this study with the 0.8 py,, threshold defined in Ryzhkov
et al. (2005b), the TDS area calculations were rerun using the
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0.8 pny and the 200-m radial thresholds. With the Ryzhkov
et al. (2005b) pyy threshold, the TDS area for wood boards
and metal sheets increases slightly later than the 0.95 py,
TDS area (Figs. 7b,c). Additionally, there is no discernible
TDS for the leaves (Fig. 7a). The lack of a TDS emphasizes
that certain debris types do not have py,, values that meet the
Ryzhkov et al. (2005b) criteria. However, other debris types
(metal sheets and wood boards) do have discernible TDSs
that widen as the vertical and horizontal winds intensify
(Figs. 7b,c). These results highlight that there is no perfect
pny threshold for debris, as different debris have intrinsically
different py,, values.

The spatial structure of the TDS can also provide informa-
tion about tornado dynamics and changes in intensity. Look-
ing at plan position indicator (PPI) plots of 24-s averages in
pny at the end of the tornadogenesis simulation, there are mul-
tiple differences in the TDS structure at lower elevations.
Looking at the leaf TDS (Fig. 8a), there is a lobe of lower py,
values to the northwest and southeast of the vortex center.
One thing to note is that the maximum updraft contours are
between the lobes of low py, and the center of the tornado.
Both of these lobes of low py,, are mostly situated within the
10 m s~ ! updraft contour. Overall, values of py, within the
TDS are higher than 0.9, which is consistent with what was
seen in Fig. 6a.

The wood board TDS (Fig. 8c) has lower values of py, than
the leaf TDS, with py, dropping as low as 0.2. While the leaf
TDS splits off into two distinct lobes, the wood board TDS
creates a ring of low py, values around a center of higher py,.
While at first it may appear that this ring of low py, is
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F1G. 7. Time series plots of TDS area for pp, < 0.95 (black line), TDS area for p,, < 0.8
(dashed black line), Woq (solid red line), and V99 (dashed red line) for (a) leaves, (b) wood
boards, and (c) metal sheets at 89 m AGL for the tornadogenesis simulation.

centrifuged debris, the concentration of debris at 401 s (Fig. 8d)
suggests otherwise. For the wood boards, the highest concen-
tration of debris is collocated with the local p,,, maxima near
the maximum updraft. This pattern is also somewhat seen
with the leaves when comparing Figs. 8a and 8b. The highest
concentration of leaves, while more spread out than the wood
boards, is located approximately in the middle of the two lobes
of lower py,,. One hypothesis why this occurs in these simulations
is the fact there is only one debris type and size present. The
reduced diversity of scatterers leads to higher values of py,.
Thus, the regions of lower py, in Figs. 8a and 8c are likely
where debris is less concentrated, allowing the rain to increase
the diversity of scatterers, causing py,, to lower.

Last, the metal sheet TDS exhibits a very commonly
observed, horizontal TDS structure (Fig. 8¢) with a distinct,
circular region of low p,, near the center of the updraft.
The concentration of metal sheets corresponds with the
lower values of py, as well (Fig. 8f). For each TDS in Fig. 8,
most of the debris are inside of the outermost 10 m s~ ' updraft
contour.

2) TORNADO DISSIPATION CASE

The evolution of p;y and Zy, for a tornado dissipation case
are shown in Fig. 9. For all debris types, p;o increases as the
tornado weakens (Figs. 9a,c,e). Weaker vertical velocities
lead to less lofted debris, causing higher values of p;o. Once
again, the range in the change in p;o for the wood boards is
much wider than that for the leaf and metal sheet TDS. Near
the end of the simulation, the updraft briefly intensifies. In
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response, po for the metal sheets decreases slightly. The same
holds true for the leaves, but the decrease is very small with
the wood boards showing little to no decrease in pj.

Like in the genesis case, changes in pjy were also assessed
for points only within the TDS (not shown). The trends in py
were not significant for all debris types. However, for all de-
bris types, pio became more variable following decreases in
Woe and Vi 99. Furthermore, p;g at 17.5° had little to no trend,
once again indicating that debris was not lofted near the top
of the SimRadar domain.

When the tornado weakens, the TDS area for each debris
type generally decreases (Figs. 10a—c). This is contrary to re-
sults from Houser et al. (2016), where the lower portions of
the TDS widened as the tornado weakened. However, in
Houser et al. (2016) debris fallout from the parent storm
caused the TDS at lower levels to widen. Due to the shallow
LES domain used in this study, the debris was not lofted as
high as could be seen in observations, making the fallout sig-
nature not appear in these results.

Each TDS area decreases sharply near 500 s, which occurs
prior to the weakening of the updraft at 400 s (Fig. 10). The
rate of change of each TDS area is 90 m? s~ ! for the leaves,
66 m? s~ ! for the wood boards, and 154 m* s~! for the metal
sheets. The leaf and metal sheet TDS area decreases at a
greater rate than what is seen in the genesis case (26 m* s~ !
for leaves and 94 m? s~ ! for metal sheets). However, the TDS
area for the wood boards changes at a similar rate in both the
dissipation and genesis simulations. The TDS area defined
by the 0.8 py, threshold is also shown in Fig. 10. Using the
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FIG. 8. PPI plots of py, (color fill) and vertical velocity (white contours) for (a) leaves, (c) wood boards, and (e)
metal sheets at 2.5° elevation (89 m AGL). Also shown is the debris concentration for (b) leaves, (d) wood boards,
and (f) metal sheets for a range-gate resolution of 75 m. The black line across each of the PPIs in (a), (c), and (e) is
where the vertical cross section in Fig. 16, described later, is taken.

0.8 pyy criteria, the wood board TDS area exhibits a sharper
decrease, indicating a faster rate of decrease in the TDS area,
while the metal sheet TDS decreases less drastically. Like in
the genesis simulation, the leaf TDS is barely detectable using
the 0.8 py, threshold (Fig. 10a). Thus, changes in the wood
board and metal TDS are sensitive to the selected py, criteria
while changes in the leaf TDS are best seen using a higher py,
threshold.

¢. Cumulative tornadogenesis simulation

To emulate a realistic TDS, similar to tornadoes in nature
with multiple debris types, cumulative simulations were run
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with equal amounts of each debris type. The results of these
two tornadogenesis simulations are presented in this section.
In comparing PPIs at 2.5° elevation at the end of each simu-
lation (Fig. 11), it is seen that the TDS area widens as debris
concentration increases. The TDS with a lower debris concen-
tration (Fig. 11a) is mostly bound by the 10 m s~ ! updraft con-
tour, whereas the higher-debris-concentration TDS (Fig. 11b)
extends beyond the updraft core. By visual observation, the
lowest values of pp, are very similar in both simulations
and are located to the northwest and southeast of the vortex
center. The primary difference between the lowest values of
pny in these two simulations is the areal extent, with the
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FIG. 9. Time series plots of pjo for (a) leaves, (b) wood boards, and (c) metal sheets at
2.5° (solid black line). On each graph, Wog (red line) and Vo9 (red dashed line) are also plotted
for values at 89 m. All values shown are from the dissipation simulation.

higher-concentration case having a larger region of py, < 0.2. While there is seemingly a visual correlation between the
In both cumulative simulation PPIs (Fig. 11), there is a lack of  lowest values of pp, and the highest vertical wind speeds,
a high ppy center as seen in Fig. 8c, suggesting that the high  there is no trend relating the two parameters (not shown). It

pny Was likely caused by a lack of scatterer diversity. is likely that, while low py, often resides near the updraft,
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FIG. 10. As in Fig. 7, but for the dissipation simulation.
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FIG. 11. PPI plots of py, (color fill) and vertical velocity (white contours) at 2.5° (89 m AGL) for the (a) lower-concentration
and (b) higher-concentration cumulative simulations.

there is not always a one-to-one, spatial correlation between
pnv and vertical wind speeds. A factor contributing to the lack
of correlation could be the relatively high resolution of the
SimRadar grid (75-m range gates). Operational radars have
coarser spatial resolution, and at larger spatial scales the
correlation between pp,, and updraft speed could be higher.
However, there is a trend in vertical velocity and debris con-
centration, as seen in Fig. 12. Each debris type exhibits an in-
creasing trend, with debris in lower concentrations clustering
at low vertical velocities and becoming more varied at higher
velocities. The correlation between concentration and vertical
velocity for all debris types is equal to or larger than 0.7, with
metal sheets having the highest correlation. It is not surprising
that the debris with the lowest mass (leaves) has the lowest
correlation. As previously shown, weaker vertical velocities
can loft leaves into the tornado but not heavier debris types,

Debris Count vs. W at 89 m
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FIG. 12. Debris concentration in each radar gate is plotted
against vertical velocity for wood boards (blue), leaves (green),
and metal sheets (red) at 89 m AGL. The correlation coefficients
between concentration and vertical velocity for each debris type
are given in the legend. Values of debris concentration and vertical
velocity are valid for the end of the tornadogenesis simulation.
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such as wood boards or metal sheets. Thus, higher concentra-
tions of leaves can exist at lower updraft speeds while heavier
debris types will have a more linear relationship between con-
centration and vertical velocity.

For the vertical distribution of average values of Zy, Fig. 13
shows higher values of Zg at 2.5° that then decrease with height.
This reduction is likely due to debris falling out of the updraft,
thus reducing the debris concentration at higher heights. The
cumulative simulation with a higher debris concentration
experiences the largest change of Zy, with height, with the
average Zyo changing by about 5-6 dB from 50 to 611 m.
The metal sheet simulation experiences the least amount of
change of Zg, with height with the average Zq, changing only
by 1 dB from 50 to 318 m.

To examine the evolution of p;y throughout the tornado-
genesis simulation, pyo is plotted across time and height in
Fig. 14. In both simulations, the TDS height initially increases

Vertical Distribution of Average Z90

700 ,
—Leaves
—Woodboards
600 - —Metal Sheets 1
- - 55,296 Cumulative
¢ —2304,128 Cumulative
500 - 1
£ 400
<
2
[0} t ]
I 300
200
100
0 L L L
46 48 50 52 54

Average Z90 (dB2)

FIG. 13. Vertical profile of average Zy across the last 24 s of the
tornadogenesis simulation for each debris type and each cumula-
tive simulation. There are 101376 debris items in the single-volume
simulations.
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FIG. 14. Time-height plots of p;o (color fill), Wy at 8 m AGL (white line), and TDS height
(black dashed line) for the (a) the lower-debris-concentration cumulative simulation and
(b) higher-debris-concentration cumulative simulation.

between 200 and 250 s with increasing Woy (Fig. 14). How-
ever, between 250 and 275 s the TDS height levels off despite
an intensifying updraft. To explain the lack of increase in
TDS height, the structure of the vortex was examined. At
200 s, there are two, small vortices that rotate around a
common origin (not shown). Between 200 and 275 s, the
vortices briefly merge before breaking apart. Furthermore, a
core of weaker winds descends to the bottom of the domain
near 260 s, which is when the TDS height begins to level off.

In both simulations, the maximum peak TDS height is
611 m, which is the maximum height seen by the radar beam.
However, despite having the same peak height, p;o < 0.2
reaches a higher elevation in the higher-debris-concentration
simulation (Fig. 14b). The rate of change of the TDS height
also differs between the two simulations. The TDS height for
the lower-concentration simulation goes from 124 to 611 m
AGL within 170 s, which is a rate of change of 29 m s~ ..
Meanwhile, the higher-concentration simulation goes from
177 to 611 m AGL within 84 s, which is a rate of change of
52ms L,

To see the actual distribution of debris, a plot of the loca-
tion of each piece of debris and histograms of the count of de-
bris were made for the lower-concentration cumulative
simulation (Fig. 15). For leaves and metal sheets, 50% of de-
bris exist below 130 m whereas 50% of wood boards reside
below 110 m. It is reasonable that more of the lightest debris
type (leaves) is lofted relative to heavier debris. However,
metal sheets are the heaviest debris, yet at the highest eleva-
tions there exist more metal sheets than wood boards or
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leaves. It is not known why this was the case, but it could be
attributed to the shape and aerodynamics of the metal sheet
as compared with the other debris types.

The wood boards are concentrated within 60 m to the east
and west of the origin, the metal sheets are concentrated
within 80 m, and the leaves are mostly contained within 120 m
(Fig. 15). This means the largest diversity of concentrated de-
bris exists within 60 m of the origin and below 110 m. On the
edges of the domain away from the strong updraft, descend-
ing debris dominates, with most of the descending debris be-
ing leaves (Fig. 15a). These observations are compared with a
cross section of py, through the center of the vortex (Fig. 16).
The exact path of the cross sections is represented by the
black lines in the PPI plots in Fig. 8. Values of py,, vertical ve-
locity, and horizontal velocity in these cross sections were av-
eraged across the last 24 s of the tornadogenesis simulation.

The lowest values of py, in Fig. 16a are within the region
with the highest concentration of diverse scatterers (within
60 m from the origin and below 110 m). These low values of
pnv are also located near the strongest vertical and horizontal
wind speeds. There are fewer debris above 130 m AGL,
especially wood boards (Fig. 15b), meaning the top of the
Py < 0.65 tower is dominated by leaves and metal sheets
(Fig. 16a). The reduction of debris with height also relates to
the lower Zj; values at higher elevations (Fig. 13). In addition,
the width of the pp, < 0.65 tower in Fig. 16 is mostly within
100 m of the origin, which matches where most of the wood
boards and metal sheets reside in Figs. 16b and 16c. Last, past
200 m from the center of the vortex, py, begins to increase
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(Fig. 16a). Most of the ascending debris are within 200 m from
the origin, meaning the higher py, values likely correspond to
debris fallout. Concentrations of wood boards and metal
sheets are low at these farther distances, with leaves mostly
corresponding to the higher py,, values seen on the edge of the
domain (Fig. 16a).

A comparison of the vertical structure in both simulations
shows that they look similar to what is seen in observational
cases (e.g., Kurdzo et al. 2015; Wakimoto et al. 2015; Griffin
et al. 2017, 2019), with lower py, located near the maximum
updraft and some debris fallout to the east and west of the
TDS (Fig. 16). The width of the TDS is mostly bound by the
20 m s~ ! updraft and 50 m s~! horizontal velocity contours
for the lower-concentration case (Fig. 16a). Since the TDS is
wider for the higher-debris-concentration simulation, the de-
bris is mostly bound by the 10 m s~ ! updraft and 40 m s™*
horizontal velocity contours (Fig. 16b).

4. Discussion

A summary of the specific hypotheses this project examined
is presented in Table 6. The first four hypotheses relate to re-
lationships explored using the single-volume emulator while
the latter four correspond to those examined using SimRadar.
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How strongly this study supported a given hypothesis was
assessed using both correlation coefficients (see values in
leftmost column in Table 6), in addition to a qualitative as-
sessment of the results in section 4. A hypothesis was consid-
ered strongly supported if the correlation coefficient for each
debris type exceeded *0.80, conditionally supported if at least
one debris type exceeded *0.80, and not supported if all
debris types were less than +0.80. For hypotheses regarding
the strength of the vortex, correlation coefficients p were cal-
culated with vertical velocity and the parameter in question.
Since horizontal and vertical velocities are highly correlated
(p = 0.99) at 89 m, it was assumed that, if a parameter was
correlated with vertical velocity, it was also correlated with
the horizontal velocity. Each correlation coefficient value was
calculated at a height of 8 m AGL (2.5° elevation) to be con-
sistent with the height primarily analyzed in section 4.

Both decreases in py, and increases in Z with increasing
debris size are conditionally supported by the simulations per-
formed in this study. The relationship between py,, and debris
size was more apparent for wood boards than it was for rocks
since rocks had oscillating values of py, for larger sizes. Values
of Z increase rapidly for smaller debris. However, for larger
debris the increase is more gradual and, in some cases, nearly
constant due to resonance effects in the Mie scattering
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FI1G. 16. Vertical cross sections showing averaged values of py, (color fill), vertical velocity
(white contours), and horizontal velocity (dashed pink contour) across the last 24 s of the torna-
dogenesis simulation for the (a) lower-concentration and (b) higher-concentration cumulative
simulations. These cross sections are taken along the x axis through the center of the vortex.

regime. In general, the polarimetric variables appear to distin-
guish classes of debris sizes from one another well. However,
quantitative sizing algorithms might be challenging due to
nonmonotonic relationships.

While the relationship between py, and increasing debris
concentration is not statistically significant, values of py, for
both wood boards and rocks did decrease with increasing
debris concentration with the introduction of a uniform rain
background. The decrease in p,, depends on the ratio of de-
bris to rain, with decreases in p,, becoming more prominent
when one scatterer type was not completely dominating the
signal. Meanwhile, Z;; does depend on debris concentration
since Zz is related to the number concentration of scatterers.

Values of pjy decrease during tornado intensification for
each debris type. As one of the most strongly supported hy-
potheses in this study, it confirms that decreases of py, within
the TDS are an indication of an intensifying vortex, regardless
of the lofted debris types. Values of pio for leaves are consis-
tently higher than 0.80, which is the py, threshold for TDSs
proposed by Ryzhkov et al. (2005b), while wood boards and
metal sheets can have py, values lower than 0.75. The results
of this study show that, since different debris types have vary-
ing ranges of pjo, an intense tornado can have values of p;o
greater than 0.80 depending on the debris type.

The ranges of pyo for each debris type, as seen by an S-band
radar during tornadogenesis, are given in Fig. 17. When the
vortex intensifies, piog for the leaf TDS varies between 0.95
and 0.99, the wood board TDS between 0.1 and 0.8, and the
metal sheet TDS between 0.6 and 0.99. The range of p,o for
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different debris types provides a caveat to the operational ap-
plications of the TDS to infer information about tornado in-
tensity or damage severity. Wakimoto et al. (2018, 2020)
found that tornado intensity correlates with a drop in correla-
tion coefficient during the intensification stage of two differ-
ent tornadoes. However, given the consistently high values of
p1o for the leaves in this study, an intense tornado could have
high values of py, if only small debris are available to be
lofted. With this in mind, it is the change in minimum py, over
time that can serve as an indication of tornadic intensity. Fur-
thermore, in the presence of similar debris types, the lofting
of larger or more debris can reduce py,. In the case of the lat-
ter, the required concentration of lofted debris needed to
lower pp,y depends on the signal power (and thus the size, if in
the Rayleigh scattering regime) of rain. If debris dominates
the signal, then py,, will decrease; however, the magnitude of
this decrease is less for smaller debris types.

These findings do not dismiss the potential for quantitative
thresholds of TDS characteristics to predict tornadic intensity
(e.g., pny of abc implies EFx), but rather, they highlight an
important caveat that debris availability impacts the TDS.
Furthermore, the traditional criteria used to define a TDS
does not always apply in select cases when similar debris
types are lofted. However, under normal circumstances
when a tornado lofts a variety of debris types, these caveats
are not a concern. Thus, the degree to which p,, decreases
in the TDS could further be an indicator of what types of
debris, and thus damage, are occurring in addition to poten-
tial quantitative thresholds.
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TABLE 6. List of hypotheses tested in this study along with the corresponding correlation coefficients for each applicable debris
type. Hypotheses are considered to be strongly supported if all of the debris has p > 0.8, conditionally supported if only some debris
types have p > 0.8, and not supported if all debris types have p < 0.8. An asterisk signifies results where there are caveats to the

results in addition to the values of p.

TDS hypotheses

As debris size increases, py, Will decrease
As debris size increases, Zy will increase

As debris concentration increases, py, Will decrease

As debris concentration increases, Zz will increase

As a tornado intensifies, pp, will decrease

As a tornado intensifies, Z; will increase

As a tornado intensifies, the TDS area will increase

As a tornado intensifies, the TDS height will increase

Findings Correlation coef
Conditionally supported Rock: —0.72
Wood board: —0.84
Conditionally supported Rock: 0.71
Wood board: 0.90
Not supported* Rock: —0.43

Rock + rain: —0.49
Wood board: 0.20

Wood board + rain: —0.57
Rock: 0.82

Rock + rain: 0.87

Wood board: 0.82

Wood board + rain: 0.91
Leaf: —0.98

Wood board: —0.87
Metal sheet: —0.98

Leaf: 0.81

Wood board: 0.44

Metal sheet: 0.41

Leaf: 0.87

Wood board: 0.89

Metal sheet: 0.96

Leaf: 0.91

Wood board: 0.95

Metal sheet: 0.77

Strongly supported

Strongly supported

Conditionally supported

Strongly supported

Conditionally supported

The spatial TDS parameters (TDS area and height) were
also good indicators of an intensifying tornado. Increases in
the TDS area exhibited a strong correlation with a strengthen-
ing updraft. Since the vertical and horizontal velocities in-
creased in tandem with one another, this implies increases to
TDS area are also correlated strongly with intensifying hori-
zontal wind speeds. TDS height was also numerically assessed
in this study. Increases in TDS height are well correlated with
increases in the updraft speed for most debris types (Table 6).
However, while TDS height generally increases with an inten-
sifying updraft, debris ejection and/or fallout can make this re-
lationship nonlinear.

Similar temporal behavior of TDS structure is seen in obser-
vations and simulations. For each debris type, p;o decreased
at higher altitudes over time, similar to Griffin et al. (2019).
Griffin et al. (2019) hypothesized that the TDS took time to be-
come homogeneous with height since heavier debris pieces
take longer to reach higher elevations. In the simulations, a

Leaves

Woodboards

Metal Sheets

similar temporal pattern is seen with large vertical gradients in
pnv When wood boards are concentrated near the surface dur-
ing early periods, followed by a more homogeneous vertical
profile of low py, at later stages with strong updrafts and debris
mixed throughout.

5. Conclusions

Past research has resulted in numerous hypotheses regard-
ing relationships among the TDS, polarimetric radar varia-
bles, and the three-dimensional, tornadic wind field. Unlike
observational data, the simulations conducted herein provide
the ability to relate debris size, type, and concentration to
both polarimetric radar data and the dynamic wind field,
allowing for the deeper exploration of these observational
hypotheses. To do this, two radar emulators were used: a
single-volume emulator and a more complex, dual-polarization
radar simulator called SimRadar. Scattering amplitudes for

*Values based on a height of 89 m

FIG. 17. Range of values for p;o for each debris type used in the SimRadar simulations. These
values were taken from the individual tornadogenesis simulations at a height of 89 m.
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debris were obtained using two methods. The first method
was T-matrix calculations that allowed for a larger distri-
bution of debris sizes, while the second method used HFSS
calculations that provide more accurate scattering calculations
for each debris type.

For rocks and wood boards, py, is generally lower and Zy
higher for larger pieces of debris. Likewise, p,, decreases and
Zy increases when more debris is present amid other hydro-
meteors. Another factor that impacts py, is the dielectric cons-
tant, meaning different debris types can produce drastically
different py, values for a given debris size.

Looking at trends within in TDS over time, the SimRadar
simulations revealed that values of py, decrease and TDS
height and area increase as a tornado intensifies. These find-
ings support the observational hypotheses that spatial and sta-
tistical parameters of the TDS can be used to qualitatively
identify changes in tornado intensity. However, since smaller
and less reflective debris types typically have relatively high
values of py,, a strong tornado could have a TDS that is less
evident in py, if limited debris are available. Furthermore,
these trends were most apparent at lower elevation angles.
Operational radars, which typically scan at higher elevation
angles than SimRadar, might not always observe these trends
of pyy within the TDS.

Both cumulative simulations produced the most realistic
looking TDSs with low pp, near the updraft core. Larger con-
centrations of debris produced a wider TDS, though the lowest
values of p,, were similar across both cumulative simulations.
Values of average Zy decreased with height in all simulations,
although the largest decrease occurred in the cumulative si-
mulation with the higher debris concentration. In the lower-
debris-concentration cumulative simulation, the lowest py,, values
were associated with the largest diversity of scatterers. There
was also vertical stratification of debris, with wood boards con-
fined to the lowest 110 m and mostly leaves and metal sheets
reaching the top of the domain. Higher values of py, outside
the updraft core were associated with lower concentrations of
debris that were falling out on the periphery of the vortex.

One limitation of this study is a lack of a full-scale, parent
thunderstorm in the simulations. Seeing how other dynamical
properties can affect the evolution of the TDS could also
prove beneficial. In select cases, storm-scale winds have ad-
vected debris away from the parent vortex and can thus play a
role in the structure of the TDS. Looking at the influence of
storm-scale winds from a simulation and an observational
framework could provide a more detailed analysis of the TDS
than what was performed in this study. Additionally, other de-
bris types could be explored, such as bricks or insulation.

Also, while the high azimuthal resolution in SimRadar is
useful for examining the fine-scale detail within the TDS, an
operational radar will not be able to resolve such detail since
the observation distance will be greater. However, these higher
resolution simulations show the same general trends in TDS
area, ppy, and so on, that have been documented in observa-
tional studies with operational radars and higher-resolution
mobile systems.

While this work focused primarily on simulations, it would
also be beneficial to add an observational component to this
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work. Since there are distinctive differences between the val-
ues of pp, and the structure of TDSs composed of different
debris, it would be interesting to simulate debris for an ob-
served tornado based on damage surveys. Although the exact
number of debris in real cases is unknown, the types of debris
lofted and tornadic wind speeds can be modeled to better rep-
resent what is seen in observed radar data. The spatial and
statistical features of the simulated TDS can then be com-
pared with the observed data for further analysis. Simulating
other wavelengths, especially those used by mobile radars,
could also prove useful. Further examining these relationships
between polarimetric characteristics of the TDS and specific
debris types and sizes could yield more specific information to
researchers and operational forecasters to improve interpreta-
tion of TDSs and mitigate debris centrifuging bias.
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