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ABSTRACT

To obtain accurate radar-measured wind measurements in tornadoes, differences between air and Doppler
velocities must be corrected. These differences can cause large errors in radar estimates of maximum tangential
wind speeds, and large errors in single-Doppler retrievals of radial and vertical velocities. Since larger scatterers
(e.g., debris) exhibit larger differences from air velocities compared to small scatterers (e.g., raindrops), the
dominant scatterer type affecting radar measurements is examined. In this study, radar variables are simulated for
common weather radar frequencies using debris and raindrop trajectories computed with a large-eddy simulation
model and two electromagnetic scattering models. These simulations include a large range of raindrop and wood
board sizes and concentrations, and reveal the significant frequency dependence of the equivalent reflectivity factor
and Doppler velocity. At S band, dominant scatterers are wood boards, except when wood board concentrations
are very low. In contrast, raindrops are the dominant scatterers at Ka andWbands evenwhen large concentrations
of wood boards are present, except for low raindrop concentrations. Dual-wavelength velocity differences exhibit
high correlationwith air andDoppler velocity differences formost cases,whichmayenable directmeasurements of
scatterer-induced Doppler velocity bias in tornadoes. Moreover, dual-wavelength ratios are shown to exhibit
strong correlations with dominant scatterer size, except when Rayleigh scatterers are dominant. Finally, vertical
velocity retrievals are shown to exhibit lower errors at high frequencies, and large errors remain at centimeter
wavelengths even after debris centrifuging corrections are applied in cases with high debris concentration.

1. Introduction

Radars measure scatterers’ velocities rather than air
velocities, resulting inmeasurement errors whenDoppler
radial velocities (herein called Doppler velocities) are

used to estimate tornado wind speeds. In tornadoes,
scatterers include both debris and hydrometeors. Snow
(1984) and Dowell et al. (2005) show that debris is
centrifuged outward relative to the air, and Dowell et al.
(2005) also showed that tangential and vertical velocities
of debris are reduced relative to the airspeed. Simulations
by Dowell et al. (2005) showed that differences between
air and scatterer velocities can reach tens of meters per
second for larger scatterers, and velocity differences in-
crease for smaller tornado diameters and higher tangen-
tial velocities. Finally, Doppler velocity measurements
for a single scatterer type represent a mass-weighted av-
erage, and thus portions of the resolution volume with
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higher debris concentrations have a greater contribution
toDoppler velocitymeasurements (Lewellen et al. 2008).
Because large differences between air and scatterer

velocities occur in tornadoes, these differences must be
corrected in Doppler velocity measurements to obtain
accurate wind measurements. Given strong scientific
interest in understanding near-surface wind speeds (e.g.,
to assess societal impacts or understand corner flow
structure), mitigating debris centrifuging errors close
to the ground remains a critical yet elusive goal. Large
debris concentrations are highest near the surface (e.g.,
Wurman et al. 1996; Wurman and Gill 2000; Dowell
et al. 2005), leading to the largest differences between
air and scatterer velocities. As a result, near-surface
radial divergence is often observed in Doppler radar
observations (Wurman andGill 2000; Dowell et al. 2005;
Wakimoto et al. 2012), whereas laboratory experiments
and numerical simulations exhibit converging flow.
Near-surface radial divergence leads to further errors
when vertical velocity retrievals are performed, such as
the ground-based velocity tracking display (GBVTD;Lee
et al. 1999). In Nolan (2013) it was shown that anoma-
lously strong retrieved downdrafts result from increased
radial divergence caused by debris centrifuging.
To address the debris centrifuging bias problem,

Wakimoto et al. (2012) propose a technique to correct
debris centrifuging bias by assuming the scatterers in the
tornado are raindrops, and then calculating a median
diameter based on radar reflectivity factor. For a tor-
nado case without large visible debris, their analysis
showed that divergent near-surface radial flow became
convergent after the debris centrifuging correction was
applied to the GBVTD, resulting in a more realistic
wind field. A limitation to this technique is that the
dominant scatterers must be raindrops or small objects
with similar electromagnetic and aerodynamic charac-
teristics, otherwise the correction is underestimated.
Polarimetric radar observations of tornado debris sig-
natures (TDSs) frequently reveal areas of low copolar
cross-correlation coefficient (rhv) at S band (Ryzhkov
et al. 2005; Kumjian and Ryzhkov 2008; Bodine et al.
2013), C band (Palmer et al. 2011; Schultz et al. 2012a,b),
and X band (Bluestein et al. 2007; Snyder and Bluestein
2014), suggesting that the Rayleigh assumption does
not apply in such cases. Thus, the raindrop scattering
assumption requires further testing.
Two important questions must be addressed to esti-

mate and correct debris centrifuging errors. First, physical
scatterer attributes must be determined (sizes, concen-
trations). Second, if the scatterer(s) characteristics are
known, then its impact on the backscattered radar signal
must be quantified. Because scatterer types may vary
significantly among different tornado cases or throughout

a tornado’s lifetime, significant uncertainty exists in de-
termining scatterer type. In some cases, visual observations
may corroborate the presence or absence of certain debris
types, but debrismay be obscured (e.g., by debris clouds or
precipitation). Radar observations have the potential to
provide information about debris characteristics; however,
such inferences to date have been primarily qualitative.
In the present study, experiments are performed to

simulate radar observations of tornadoes at multiple
frequencies using a large-eddy simulation (LES) model,
and to examine how Rayleigh and Mie scatterers affect
radar measurements. Several simplified assumptions are
made for debris types considered to focus this large
parameter space. Tornadoes loft different types of de-
bris from natural surfaces (e.g., grass, leaves, soil, rocks)
and man-made structures, including wood boards, insu-
lation, and roof tiles (e.g., Snow et al. 1995; McDonald
et al. 2004). In this study we focus on two types of scat-
terers, wood boards and raindrops, and assume a steady
debris source. The electromagnetic models assume
simplified shapes of wood boards (spheres and square
plates). Since actual wood debris has a wide range of
aspect ratios or shapes (e.g., 2 in. 3 4 in. wood lumber
or 4 ft. 3 8 ft. plywood sheets), comparisons of two
different shapes help examine the importance of de-
bris shape to radar observations. Debris is also as-
sumed to be randomly oriented based on differential
reflectivity (ZDR) near 0 dB in TDSs (Ryzhkov et al.
2005; Bodine et al. 2013), which indicate that debris
has random orientations (in a mean sense). Finally, the
analysis examines one tornado vortex flow, so future
studies should consider different tornado flows.
Simulations reveal the significant frequency depen-

dence of radar variables. Based on these simulations,
recommendations for estimating and mitigating velocity
errors associated with debris centrifuging and extracting
information about debris characteristics are presented.
The primary goals of this study are as follows:

d Examine the frequency dependence of the equivalent
reflectivity factor and Doppler velocity.

d Explore the potential of dual-frequency variables for
assessing scatterer size.

d Develop dual-frequency methods to estimate differ-
ences in air and radar-measured velocities.

Section 2 describes the LES model and trajectory
calculations. Then, radar variable simulations are dis-
cussed, including the electromagnetic models used for
debris and raindrops. In section 3, experiments with
varying rain and debris concentrations are performed to
examine the frequency dependence of the equivalent
reflectivity factor (Ze) and Doppler velocity. Conclu-
sions are presented in section 4.
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2. Radar variable simulations using the LES model

In this section, the LES model used to generate the
tornadolike flow and calculate scatterer trajectories
is discussed. Then, methods used to simulate Ze and
Doppler velocity at different radar frequencies are
presented.

a. LES model and trajectory calculations

The LESmodel used in this study (Uchida and Ohya
2003; Maruyama 2011) simulates the flow of a vortex
chamber (Davies-Jones 1973; Church et al. 1979),
producing a wide range of tornado-like flows. The reader
is referred to Maruyama (2011) and Bodine (2014) for
more details about the numerical calculation scheme of
the LES model, but a brief discussion is presented here.
The LES model configuration parameters are provided
in Table 1. Themodel domain is divided into two primary
regions: convergence and convection regions (Fig. 1).
Convergence and convection region heights, hcvg and hcvt,
respectively, exhibit a ratio consistent with tornado
vortex chambers and expected values in nature (Church
et al. 1979). The convergence and convection regions are
separated by an updraft hole radius of rup. Inflow into
the vortex chamber is provided through four inlet re-
gions of length, linf, with an inflow velocity of yin. The top
outlet hole has a radius of rtop and updraft velocities of
wtop. The model is nondimensional, so a characteristic
velocity, V0, is used to provide dimensional scaling. In
this study, V0 is 225m s21.
In the LES model, 155, 155, and 79 grid points are

used in the x, y, and z dimensions, respectively. A con-
stant horizontal grid spacing is used within the updraft
radius rup of 15m, and a stretched horizontal grid is used
at greater radii with horizontal grid spacing ranging
from 15 to 155m. The vertical grid is also stretched from

15 to 93m with values between 15 and 30m in the con-
vergence region. Lower boundary conditions are semi-
slip with a surface roughness length of 0.03m. On other
simulator surfaces (e.g., sidewalls and the plate between
convergence and convection regions), no-slip boundary
conditions are employed. Using these boundary con-
ditions and the configuration specified in Table 1, a
vortex breakdown simulation is produced. Mean axi-
symmetric radial, tangential, and vertical velocities are
shown in Figs. 2a–c, respectively. Maximum mean tan-
gential wind speed of 72ms21 occurs at a radius of 54m
and a height of 32m.
Using wind data from the vortex breakdown simula-

tion, raindrop and debris trajectories are computed using
second-order Runge–Kutta integration to solve the fol-
lowing scatterer trajectory equation:
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where ui is the air velocity and udi is scatterer velocity.
The term Ta is the Tachikawa number (Holmes et al.
2006), defined as
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where r is air density, A is scatterer area, V0 is a charac-
teristic velocity,m is scatterer mass, and g is gravitational
acceleration. The term Ta represents a ratio of aero-
dynamic to gravitational forces and is a nondimensional
parameter that determines trajectories of different
scatterer types. For nearly spherical scatterers (i.e.,
raindrops herein), CD varies as a function of the particle
Reynolds number (Rep) based on an empirical formula
from White (1991):
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For wood boards, a constant drag force coefficient of 2 is
employed for a square plate (Simiu and Scanlan 1996),
such as a plywood sheet. Trajectory calculations were
tested in Bodine (2014), and results similar to Dowell
et al. (2005) were obtained for radial, tangential, and
vertical velocities for idealized vortices.
Two scatterer types are simulated in the present study:

raindrops and square wood plates. Raindrop trajectories
are computed for the following diameters: 0.5, 1, 1.5, 2,
and 4mm. For each drop size, 1 million trajectories are
calculated to provide a sufficient number of trajectories
for stable scatterer concentration and velocity statistics.
However, because of computational constraints, it is not

TABLE 1. List of LES model configuration parameters for the
vortex breakdown simulation for a nondimensional simulation
with a characteristic velocity of 1m s21.

Model configuration parameters

Inflow region length (linf) 0.23m
Mean radius to inflow region (rinf) 0.75m
Convergence region height (hcvg) 0.15m
Inflow boundary velocity (yin) 0.04m s21

Horizontal domain length (ldom) 1.22m
Convection region radius (rcvt) 0.6m
Updraft opening radius (rup) 0.15m
Top outlet radius (rtop) 0.15m
Convection region height (hcvt) 0.76m
Top outlet velocity (wtop) 0.13m s21

hcvg/rup 1.0
hcvt/hcvg 5.1
rinf /rup 5.0
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feasible to explicitly simulate all trajectories required
for a drop size distribution (DSD) with a high number
concentration (e.g., hundreds or thousands of drops
per cubic meter). Thus, we employ a scaling factor Si so
that each drop represents Si drops. Accordingly, a
much larger number of drops can be simulated in the
domain as long as accurate statistics for debris con-
centration and velocity are obtained. The scaling fac-
tors used for each drop size are presented in Table 2.
The scaling factors are weighted by aMarshall–Palmer
distribution (Marshall and Palmer 1948) with a rain
rate of 20mmh21. Finally, raindrops are initialized
randomly within the domain.
For square wood boards, 1000 trajectories per size are

computed for 10 different sizes with uniformally dis-
tributed lengths (l) between 41.6 and 415.7mm and
thicknesses of (1 =

20)l. Wood boards are initialized ran-
domly within the lowest two grid cells where w .
10ms21 to provide more realistic debris lofting.1 After
a raindrop or wood board hits the surface or exits the
simulation domain, a new trajectory is reinitialized. LES
mean scatterer concentrations and velocities used in
forthcoming radar variable simulations are computed over

a 5740-s period with the aforementioned fixed number
of trajectories.

b. Radar variable simulations

To compute radar variables using electromagnetic
scattering calculations, raindrop and wood board con-
centrations and velocities from the LES model are axi-
symmetrically averaged to a radial grid spacing of 30m,
while the model vertical grid spacing is retained. Radar
resolution volume dimensions are often larger than 30m,
particularly at lower frequencies (e.g., S band). However,
the primary purpose of this manuscript is to examine the
frequency dependence of radar observations, and thus a
common grid is selected to facilitate comparisons among
different frequencies. For dual-frequency radar observa-
tions without spatiotemporally matched radar resolution
volumes (e.g., noncollocated radars or collocated radars
with different antenna patterns), the frequency depen-
dence of radar observations may differ because scatterer
characteristics and positions within the two radars’ reso-
lution volumes differ. Thus, dual-frequency simulations
herein most closely represent radar observations from a
matched beam radar system, such as the National
Center for Atmospheric Research (NCAR) S-PolKa
radar (Vivekanandan et al. 2004).
Two types of electromagnetic scattering calculations

are presented for comparison, transmission (T;Waterman
1969, 1971) matrix calculations and physical optics ap-
proximations (POA). T-matrix calculations are com-
monly used to compute radar variables for hydrometeors
and provide accurate values for spheroids. However,
T-matrix calculations often fail to converge for scat-
terers with large eccentricities, high refractive indices, or
very large scatterer sizes. Thus, T-matrix calculations
are applicable only to a subset of idealized debris types
(spheroids) and cannot account for irregularities in de-
bris shapes (e.g., sharp edges). In spite of these limita-
tions, Bodine et al. (2014b) found that T-matrix-derived
Ze for debris exhibits similar characteristics to observed
dual-wavelength horizontal radar reflectivity factor (ZHH)
differences from the 10May 2010Moore–OklahomaCity,
Oklahoma, tornado.
The POA model enables calculations of backscatter

cross sections (sb) for more realistic debris shapes com-
pared to T-matrix calculations. The term sb is computed
using the POA model for wood boards with l ranging
from 41.6 to 415.7mm and thicknesses of (1 =

20)l, which
have the same volume as wood spheres used in the
T-matrix calculations.
Using backscatter amplitudes from T-matrix calcu-

lations and mean sb from the POA model (discussed
shortly), Ze is computed. Backscatter amplitudes are
computed using Fortran T-matrix codes described in

FIG. 1. Configuration of the LES model for a vortex breakdown
simulation (the axes shown are dimensionless). The vortex cham-
ber is divided into convergence and convection regions (light and
dark brown shading, respectively), and the two regions are sepa-
rated by a plate with rup. Flow into the convergence region enters
through four inlets on the sidewalls with linf and hcvg. Flow exits the
model domain through the outlet at the top with rtop.

1 To our knowledge, debris lofting characteristics in tornadoes
have not been studied or quantified (e.g., initial vertical velocities);
thus, debris is lofted only where vertical velocities are sufficiently
intense to loft wood boards.
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Mishchenko et al. (1996) and Mishchenko (2000).
From T-matrix calculations, Ze is computed for rain
and debris as follows:

Z
e
5

4l4

p 4jK
w
j2

ðDmax

Dmin

js(D, !
r
)j2N(D) dD, (4)

where !r is the complex relative permittivity, l is the radar
wavelength, s is the backscatter amplitude, and Kw is a
function of the refractive index of water (Doviak and
Zrnić 1993). The term N(D) is the scatterer size distri-
bution, and D is the scatterer diameter. Debris is simu-
lated over a large range of sizes and frequencies, so
spherical shapes are used in the T-matrix calculations to
enable convergence. The term !r for raindrops is com-
puted based on Eqs. (5) and (6) of Ray (1972), and !r of
dry wood boards are obtained from Daian et al. (2006)

and Jebbor et al. (2011) with a value of 2–0.2j. Addition-
ally, calculations were performed for wet boards (20%
water content)with an !r of 4.65–1.46j based onUlaby and
El-Rayes (1986) and Senior et al. (1987).Unfortunately, !r
for wood boards have only been measured at S and X
bands, and thus some uncertainty exists in their appli-
cability at other wavelengths. A comprehensive in-
vestigation of !r for common debris types is needed but
that is beyond the scope of this study. For mean sb data,
Ze is computed using
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p5jK
w
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s
b
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Mean sb is computed using the POA model for each
square wood board size by averaging sb over a discrete
set of incidence angles that are uniformly distributed

FIG. 2. (a) Radial, (b) tangential, and
(c) vertical velocities (m s21) from the LES
model. The maximum tangential velocity is
72m s21 at a radius of 54m and a height
of 32m.

TABLE 2. Drop diameters and Si used to compute the equivalent reflectivity factor and Doppler velocity. The total number of drops in
the simulation domain is the scaling factor multiplied by the number of trajectories. The scaling factor is weighted by a Marshall–Palmer
DSD with a rain rate of 20mmh21.

Drop diameter (mm) Low drop concentration Si Moderate drop concentration Si High drop concentration Si

0.5 3.36 3 103 3.36 3 104 3.36 3 105

1 5.38 3 102 5.38 3 103 5.38 3 104

1.5 1.84 3 102 1.84 3 103 1.84 3 104

2 85.1 851 8.51 3 103

4 5.9 59.2 5.92 3 102
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over a far-field sphere, with sufficient angular resolution
to ensure convergence of the resulting mean value. This
requires a larger number of points for larger objects at
higher frequencies. Each radar cross section (RCS) is
derived from a POA, where the scattered fields are
calculated based on truncated equivalent currents on the
near side of the board. These currents are derived from
oblique incidence plane wave reflection coefficients
derived either from the approximate formulation in
Senior et al. (1987) for thin wood boards (less than a few
tenths of a l in thickness) or on a full two-way plane
wave expansion inside of electrically thicker boards [see
sections 5.5.2.D and 11.3.2 in Balanis (2012)]. In both
techniques, conductive and dielectric losses are carefully
taken into account, but the weaker edge diffraction
effects are not.
The value of Ze for wood boards computed from

T-matrix calculations and the POA model are shown in
Fig. 3 for a concentration of 1m23. POA Ze is shown for
both dry (asterisks) and wet wood boards (circles). For
the dry wood board calculations, meanZe averaged over
all diameters is greater for the POAmodel compared to
T-matrix calculations by 0.8–7.4 dB. Atlas (1953) found
that mean sb for prolate or oblate spheroidal ice parti-
cles was greater than mean sb for an equivalent volume
sphere, and a similar effect is observed here for wood
boards. For a flat plate, specular reflection occurs when
the plate is aligned normally to the incident electromag-
netic wave and enhances mean sb particularly at higher
frequencies (Knott et al. 1993). Finally, since tornadoes
can entrain large concentrations of raindrops and wood
boards may contain some moisture content, the impact
of changing the wood boards’ water content on Ze is
considered. For the wet boards, mean Ze increases by
6.2–7.8 dB for S–W bands, which is consistent with an
approximate doubling of !r.
Large dual-wavelength Ze differences, often called

dual-wavelength ratios (DWRs) or dual-frequency
ratios (DFRs), are evident for all frequency pairs
(Fig. 3). S–C-band and S–X-band DWRs are on the
order of 10 and 20 dB, respectively, which are similar
to DWRs observed for hail (e.g., Atlas and Ludlam
1961; Snyder et al. 2010; Picca and Ryzhkov 2012) and
debris (Bodine et al. 2014b). Between S and W bands,
wood plates can produce DWRs exceeding 60 dB.
DWRs are also similar for both dry and wet wood
boards, since all frequencies exhibit a similar increase
in Ze after wetting.
The value for Ze for raindrops is shown in Fig. 4 for

common weather radar frequencies. DWRs in rain
among centimeter wavelengths are much smaller
compared to debris, and thus DWRs among S, C, or X
bands could help ascertain whether rain or debris is

present. Small differences at centimeter wavelengths
occur as a consequence of different !r, and Mie scat-
tering effects at C and X bands for larger diameters. In
contrast, Ze in rain at Ka and W bands is much lower
compared to centimeter wavelengths as a consequence
of Mie scattering. Between S andW bands, large drops
can produce DWRs of 40–50 dB.
Electromagnetic scattering differences among radar

frequencies impact Doppler velocity measurements
because mean Doppler velocity y(r0) is a function of
individual scatterers’ velocities yp(r1) weighted by their
reflectivities h(r1) and illumination functions (Doviak
and Zrnić 1993), as follows:

y(r
o
)5

ððð
y
p
(r1)h(r1)I(r0, r1) dV1

ððð
h(r1)I(r0, r1) dV1

, (6)

where the resolution volume center range is ro and the
scatterers’ range is r1. The illumination function weights
the scatterers’ sb (e.g., due to the antenna or range
weighting function). Based on Eq. (6), it is evident that
scatterers with large reflectivities or high number con-
centrations will have a greater impact on Doppler ve-
locity measurements.
Mean reflectivity-weighted velocity is used to ap-

proximate Doppler velocity [Eq. (6)], and this ap-
proximation generates good results if scatterers are
uniformally distributed throughout the resolution
volume and are present in relatively high concentra-
tions. Herein mean reflectivity-weighted radial and
tangential velocities are referred to as udr and ydr, re-
spectively, and radial and tangential air velocities are
referred to as U and V, respectively. The radial and
tangential velocity measurement errors, associated with
assuming the radar measures air velocity, are udr 2 U and
ydr 2V, respectively. Future studies could employ a realistic
radar simulator (e.g., Cheong et al. 2008, 2015) to examine
how radar resolution volume size, attenuation, sidelobes,
nonuniform debris distributions, etc., affect radar mea-
surements in tornadoes at different frequencies.
Dual-frequency velocity differences will also be com-

puted to assess their potential for estimating Doppler
velocity errors. Radial (DDU) and tangential (DDV)
dual-frequency velocity differences will be computed
and will represent the velocity difference measured by
an idealized dual-frequency radar (i.e., matched beam
radar system). Radial dual-frequency velocity differences
(DDU) correspond to simulated dual-frequency velocity
differences where the radar beam aligns with radial
scatterer motion (e.g., a range–height indicator scan
through the vortex center). This is represented as follows:
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DDU5 u
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)2 u
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1
) , (7)

where f1 and f2 are the two radar frequencies. Likewise,
DDV is computed using

DDV5 ydr( f2)2 ydr( f1) , (8)

and represents the simulated dual-frequency velocity
difference where the radar beam aligns with tangential
scatterer motion. In a different application, dual-
frequency velocity differences have been applied to
sizing of ice crystals for vertically pointing radars at
Ka and W bands (Matrosov 2011), and greater dual-
frequency velocity differences were associated with
ice particle size distributions with smaller slope pa-
rameters (i.e., larger median volume particle sizes).
Differential velocity has also been computed in tor-
nadoes using (single frequency) polarimetric radars by
taking a velocity difference between the horizontal
and vertical polarizations (Snyder and Bluestein
2014). In this study, they found that higher velocity
differences between polarizations occurred in resolu-
tion volumes with high spectrum width and low rhv.

3. Simulations of frequency dependence of radar
measurements in tornadoes

In this section, radar variable simulations of Ze and
Doppler velocity are presented at multiple frequen-
cies. Relationships between physical properties of the

scatterers (e.g., size) and dual-frequency radar vari-
ables are also examined.

a. Idealized case study

To illustrate the impact of transmit frequency on
Doppler velocity measurements in tornadoes, consider
the following simplified example with a 10 000-m3 res-
olution volume. In this resolution volume, 100 dry wood
plates are simulated with lengths uniformally distributed
between 41.6 and 415.7mm and a thickness of (1 =

20)l,
producing a Ze of 64.5 dBZ at S band using the POA
model (Table 3). The maximum S-band equivalent re-
flectivity factor observed in TDSs is approximately
70 dBZ (e.g., Ryzhkov et al. 2005; Bunkers and Baxter
2011; Bodine et al. 2013), thus suggesting number con-
centrations are lower than 1m23 if the debris is assumed
to be wood boards (Fig. 3). The resolution volume also
contains 3360 0.5-mm- and 85.1 2-mm-diameter drops
per cubic meter (assuming the scaling factors used in
Table 2), producing an S-band Ze of 37.6 dBZ. In this
example, a simple geometry is assumed such that scat-
terer motion, wind direction, and the radar beam are
aligned. To simulate differences between air and radar-
measured wind speeds, the wind speed is 50ms21, the
wood plate velocity is 40m s21, and the 0.5- and 2-mm-
diameter drops’ velocities are 49 and 47m s21, re-
spectively. Slower velocities of the larger scatterers
replicate slower tangential velocities of larger scatterers
compared to the air velocity. For comparison, Dowell
et al. (2005) found that plywood sheet tangential ve-
locities are reduced by about 11ms21 for their one-
dimensional simulation with a vortex radius of 100m
and amaximum tangential velocity of 50ms21 (see their

FIG. 3. Plot of Ze (dBZ) for wood boards at S, C, X, Ka, and W
bands with a concentration of 1m23. Term Ze from T-matrix cal-
culations for dry wood boards is shown with solid lines, and the
POA model Ze is shown with asterisks for dry wood boards and
circles for wet wood boards. For both methods, Ze varies by ap-
proximately 60 dB between S and W bands.

FIG. 4. Plot of T-matrix Ze (dBZ) for raindrops at S, C, X, Ka,
and W bands for a concentration of 1m23. For large raindrops,
dual-frequency Ze differences can approach 40 dB for the largest
expected drop sizes (e.g., about 8-mm diameters).
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Table 2, wind profile 3). In contrast, the raindrops exhibit a
smaller tangential velocity reduction of less than 5ms21.
Simulated Ze and Doppler velocity for the example res-

olution volume are shown in Table 3. The termZe exhibits
large variations across common weather radar frequencies
as a consequence ofMie scattering, consistentwithFig. 3. In
contrast, raindrops are predominately in the Rayleigh
scattering region for centimeterwavelengths, and thus dual-
wavelength differences are small. Raindrops are in theMie
scattering region at W band, resulting in lower Ze.
The large range of dry wood plate Ze for different fre-

quencies produces an important effect on dominant scat-
terer type and thus Doppler velocity. At S and C bands,
dry wood plate Ze exceeds raindrop Ze by at least 10dB
and, consequently, simulated S- and C-band Doppler ve-
locity are within 0.5ms21 of the wood plates’ velocities
(Table 3). However, at Ka and W bands, raindrops pro-
duce Ze that exceeds the dry wood plates by 17–20dB.
As a result, themeasuredDoppler velocities are very close
to the velocity of the large drops (which contribute more
to Ze than the small drops in this case). At X band, Ze

contributions from dry wood plates and raindrops are
closer; however, the wood plates still have slightly higher
Ze and thus a greater effect on Doppler velocity.
The strong dependence ofDoppler velocity on transmit

frequency results from the frequency dependence of sb.
For Rayleigh scatterers,

s
b
5

p 5

l4
jK

m
j2D6 , (9)

where jKmj is a function of the scatterer’s refractive in-
dex andD is the scatterer’s diameter (Doviak and Zrnić
1993). From Eq. (9), it is apparent that sb could vary by
several orders of magnitude over common weather radar
frequencies (e.g., from 3mm to 10 cm) because of the l24

dependence. For example, sb for a 1-mm-diameter rain-
drop at S band is 2.84 3 1026mm2 compared to 1.1mm2

atWband. In contrast,sb for woodplates exhibits smaller
differences among frequencies. For example, sb for a
290-mm-length wood board is 2500mm2 at S band and
3400mm2 at W band. For Rayleigh scatterers, it is ap-
parent that the l24 dependence in Eq. (9) is removed
when Ze is calculated [Eq. (5)]. However, for scatterers
with similar sb at different frequencies (e.g., dry or wet
wood plates), the l4 dependence in Eq. (5) causes much
higher Ze at lower frequencies (longer wavelengths), as
illustrated in Fig. 3.
Because raindrop concentrations are several orders of

magnitude larger than debris concentration (e.g., 103m23

compared to 0.01m23), frequency differences in sb

have a significant impact. At W band, sb of a wood plate
exceeds the 1-mm raindrop by a factor O(103) whereas

the raindrop concentration exceeds the wood plate con-
centration by a factor of 105. As a result, raindrops are the
dominant scatterers when computing Ze. However, at S
band, sb of the raindrop is very small, and thus the wood
plates dominate the backscattered radar signal. For a
similar example with T-matrix calculations, readers are
referred to section 3.1 of Bodine et al. (2014a).

b. Multiple frequency simulations of radar variables
using LES trajectories

In this section, concentrations of dry wood boards and
raindrops are varied in different experiments to simulate
the impact onZe, reflectivity-weighted velocity, and dual-
frequency radar variables. Simulations are conducted for
common weather radar frequencies from S to W bands,
and for POA and T-matrix calculations. In the first
subsection, a high debris, high raindrop (HDHR) con-
centration experiment is highlighted for the dry wood
board POA calculation. Then, a summary of different
experiments is presented for T-matrix experiments and
POA calculations for dry and wet wood boards.
Debris and raindrop concentrations vary among tor-

nadoes and even within a single tornado occurrence.
Ryzhkov et al. (2005) and Bodine et al. (2013) document
the temporal variability of TDSs, indicating variations in
debris concentrations or sizes. Spatial distributions and
intensities of precipitation vary among supercell thun-
derstorms, which are often classified as low precipitation
(LP), classic, and high precipitation (HP) supercells
(e.g., Doswell and Burgess 1993). For supercells with
heavier precipitation surrounding the tornado (e.g.,
classic or HP), greater precipitation entrainment into
the tornado may occur. To encompass the expected
range of debris and raindrop concentrations in nature,
five experiments are performed for a combination of a
low, moderate, or high debris concentration scenario
(LD, MD, and HD, respectively), and a low, moderate,
or high raindrop concentration scenario (LR, MR, and
HR, respectively; see Table 2).

TABLE 3. Value of Ze and mean Doppler velocity for the sim-
plified example with raindrops and debris in a 10 000-m3 resolution
volume. The resolution volume contains 100 dry wood boards with
l uniformally distributed between 41.6 and 415.7mm and a thick-
ness of (1 =

20)l, and 0.5- and 2-mm-diameter raindrops. Term Ze is
computed using the POA model.

Radar
frequency band

Wood plates
Ze (dBZ)

Raindrops
Ze (dBZ)

Doppler
velocity (m s21)

S 64.5 37.6 40.0
C 51.9 37.4 40.2
X 42.9 37.6 41.6
Ka 18.9 38.6 46.9
W 3.9 20.9 47.7
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For each debris experiment, mean scatterer concentra-
tions are scaled to providemore realisticZe based on TDS
observations and to maintain stable three-dimensional
statistics of scatterer velocities and concentrations. For
the HD experiment for dry wood boards, S-band maxi-
mum T-matrix Ze is 62.3dBZ compared to 67.0dBZ for
the POAmodel. For the LD andMD experiments, debris
concentrations are scaled by a factor of 1 =

10 and 1 =

100,
respectively, resulting in maximum wood board Ze of 10
and 20dB less than the HD experiment, respectively. Fi-
nally, it is worth noting that some combinations of debris
and rain concentrations produce identical Doppler ve-
locities, DWRs, and dual-frequency velocity differences
because the relative contributions of rain andwood boards
to Ze are the same. For example, HDHR and low debris,
low raindrop (LDLR) experiments have the same Dopp-
ler velocities, DWRs, and dual-frequency velocity differ-
ences because the LDLR experiment contains debris and
raindrop concentrations that are both scaled by 1/100 from
the HDHR experiment. Thus, the experiments producing
unique values are presented.

1) HDHR EXPERIMENT

The first experiment simulates a tornado with HDHR
concentrations. Simulated Ze for dry wood boards,
raindrops, and all scatterers are shown in Fig. 5 for S, X,
and W bands for the POA model. Similar to the ideal-
ized example, S-band Ze is dominated by debris, except
where debris concentrations are very small (Figs. 5a–c).
At X band, rain and debris are dominant scatterers in
different regions of the simulated tornado, resulting in a
more complex spatial pattern of Ze (Figs. 5d–f). Within
the volume enclosed by r , 200m and z , 100m, Ze

exhibits larger contributions from debris. In contrast at S
and X bands, even large concentrations of debris have
little effect on W-band Ze (Figs. 5g–i), which is evident
by very small differences between simulated Ze for rain
and all scatterers.
SinceZe exhibits greater contributions from debris at

S band, S-band reflectivity-weighted velocities deviate
significantly from air velocities. For the POA model, ra-
dial and tangential reflectivity-weighted scatterer veloci-
ties are shown in Figs. 6a,b, and the difference between
radial and tangential reflectivity-weighted scatterer ve-
locities and air velocities (udr2U and ydr 2V, respec-
tively) are shown in Figs. 6c,d. Comparing udr and ydr
to LESmodel velocities (Fig. 2), a significant reduction in
S-band inflow layer depth andmaximum inflow velocities
occurs, and tangential velocities are reduced within the
radius of maximumwind. The udr 2U exceeds 30m s21

and occurs where dry wood boards are the dominant
scatterers (Fig. 6h). A region of positive ydr 2V occurs
in the near-surface inflow region (Fig. 6d; r . 300m

and z , 100m) where debris with higher tangential
velocities falls into a region of relatively low tangential
velocity.
At X band, significant differences between air and

reflectivity-weighted velocities also occur, but the mag-
nitudes are smaller compared to S band (Fig. 7). Dry
wood boards remain the dominant scatterers in the
lowest 100–200m, causing a reduction in maximum
inflow velocities. The maximum magnitude of radial
velocity errors are 31.7m s21, and maximum tangential
velocity error is 37.4m s21 (Figs. 7c,d).
In contrast to the centimeter wavelengths, W-band

air and reflectivity-weighted velocities are much smaller
(Fig. 8). W-band udr and ydr exhibit close agreement to
model wind fields, and the depth and peak inflow ve-
locities are well resolved. The dominant scatterers are
raindrops, resulting in smaller magnitudes of udr 2U
and ydr 2V, generally less than 10m s21. Some large
positive tangential velocity errors occur near the tor-
nado’s central axis near the surface. Since raindrops ac-
quire substantial negative radial velocities in the inflow
region, they continue moving toward the central axis of
the tornado. These drops acquire higher tangential ve-
locities near the radius of maximum wind, and they
continue moving radially inward where tangential ve-
locities are lower, producing positive ydr 2V. Overall,
W-band velocity measurements are generally shown to
be more robust to debris centrifuging errors even in a
case with the highest expected debris concentrations in
TDSs (e.g., S-band Ze approaching 70 dBZ).
Dual-frequency measurements may provide infor-

mation about the spatial structure and magnitudes of
velocity bias, and dominant scatterer size. Since the S- and
W-band radars are sensitive to different scatterer sizes,
dual-frequency velocity differences between radial and
tangential reflectivity-weighted velocities (S–W DDU
and S–W DDV, respectively) exhibit large differences
(Figs. 6e,f). The spatial structure of S–W DDU exhibits
good correlation S-band udr 2U with a correlation co-
efficient of 0.98 (Table 6), and DDU has an RMSE of
2.4m s21 as an estimator of udr 2U. DDV also exhibits
good correlation with S-band ydr 2V with a correlation
coefficient of 0.88 and an RMSE of 2.9m s21. DWRs
may also provide useful information about debris size.
S–W-band DWRs and dominant scatterer radius are
shown in Figs. 6g,h. S–W-band DWRs exhibit good cor-
relation (0.87) with dominant scatterer radius (Table 6).
Using a DWR between S and X bands, the correlation
with debris size is 0.88. Using reflectivity measurements
at X band would avoid significant attenuation issues for
estimating DWRs at W band.
X–W-band DDU exhibits high correlation with

X-band udr 2U, with a correlation coefficient of 0.95,
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and X–W-band DDV exhibits a weaker correlation co-
efficient of 0.75 with X-band ydr 2V (Table 6). Dual-
frequency velocity differences poorly estimate ydr 2V
where raindrops are dominant scatterers (i.e., DWRs
are smaller), and thus the impact of excluding such re-
gions is examined. The correlation coefficient between
X–W-band DDV and X-band ydr 2V where DWRs
exceed 15dB (i.e., debris are dominant scatterers) is 0.86.

2) SUMMARY OF EXPERIMENTS

The mean udr 2U within the lowest 300m for the five
experiments is computed for the POA model for dry and
wet wood boards (Table 4), and T-matrix electromagnetic
models for drywood boards (Table 5). From left to right, the

relativeZe contributions of rain increase; and in the HDLR
(LDHR) experiment, debris (rain) has itsmaximum relative
contributions to Ze. As the contribution by rain increases,
themean udr 2U decreases. At Ka andWbands, themean
errors are less than 4ms21 for all experiments except
HDLR. Thus, for the experiment with the highest debris
concentration and lowest raindrop concentration experi-
ment, large debris may become the dominant scatterer at
millimeter wavelengths. However, millimeter-wavelength
T-matrix mean udr 2U is lower than the POA model
because Ze is lower. In contrast to millimeter wave-
lengths, the mean errors at S and C bands frequently
exceed 10ms21. The X band exhibits the greatest sensi-
tivity to the relative contributions of debris and rain, with

FIG. 5. Term Ze (dBZ) for rain, debris, and all scatterers at (a)–(c) S band, (d)–(f) X band, and (g)–(i) W band for the HDHR
concentration experiment and POA model for dry wood boards. The Ze contributions of rain and debris to total Ze vary substantially
depending on radar frequency. At lower (higher) frequencies, debris (rain) is the dominant contributor to total Ze, while at intermediate
frequencies (X band) total Ze has substantial contributions from both rain and debris.

1834 JOURNAL OF ATMOSPHER IC AND OCEAN IC TECHNOLOGY VOLUME 33



FIG. 6. S-band (a) udr and (b) ydr, S-band (c) udr 2U and (d) ydr 2V, S–W (e) DDU and (f) DDV, (g) S–W Ze difference, and
(h) S-band dominant scatterer radius for the HDHR experiment and POAmodel for dry wood boards. Positive udr occurs within the
inflow layer, producing high udr 2U exceeding 30 m s21. Dual-frequency velocity differences, S–W DDU and S–W DDV, exhibit
similar spatial structure and magnitudes as differences between air and simulated Doppler velocities (udr 2U and ydr 2V,
respectively).
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mean errors of 11.2ms21 for the HDLR experiment
compared to 4.2ms21 for the LDHR experiment.
DWRs exhibit strong correlations with debris size when

debris is the dominant scatterers. For the dry wood board

experiments, correlation coefficients between DWR and
scatterer size are shown for the two electromagnetic
models and different frequency pairs in Tables 6 and 7.
Correlation coefficients exceed 0.87 for the high debris

FIG. 7. X-band (a) udr and (b) ydr, X-band (c) udr 2U and (d) ydr 2V, X–W (e) DDU and (f) DDV, (g) X–W Ze difference, and
(h) X-band dominant scatterer radius for the HDHR experiment and POA model for dry wood boards. Similar to X band, positive udr

occurs in the inflow layer, resulting in X-band udr 2U exceeding 20m s21.
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experiments for the POA model. Because W-band atten-
uation can be significant, the S–XDWRwould be themost
practical and it exhibits the highest overall correlationwith
scatterer size. For the X–WDWR, correlation coefficients
are low for the heavy rain experiments because Rayleigh
scatterers become dominant and DWRs decrease.
At present, no method exists to measure differences in

air and Doppler velocities in tornadoes using radar ob-
servations. Dual-frequency velocity differences [Eqs. (7)
and (8)] exhibit strong correlation in some cases, which
could enable estimates of differences between air and
radar-measured velocity. Correlation coefficients be-
tween DDU and udr2U, and DDV and ydr 2V, are
shown in Tables 6 and 7. S–W andX–WDDU and S- and

X-band udr2U exhibit high correlation for the three
middle POA model experiments (HDMR, HDHR, and
MDHR). The highest correlation occurs when debris
(raindrops) is the dominant scatterer at the lower (higher)
frequency. Accordingly, correlation coefficients are gen-
erally lower for the HDLR (LDHR) experiments be-
cause debris (raindrops) exhibits a large contribution to
velocity at both frequencies.
Forwetwoodboards in thePOAmodel compared todry

wood boards, the primary difference is that Ze increases
for debris and results in higher values of mean udr 2U
(Table 4). The primary trends, however, remain similar to
the dry case with mean udr 2U still decreasing as the
contribution of rain increases (i.e., from left to right) and X

FIG. 8. W-band reflectivity-weighted (a) radial and (b) tangential
velocities, W-band (c) radial and (d) tangential difference between
reflectivity-weighted scatterer and air velocities, and (e) W-band
dominant scatterer radius for theHDHRexperiment and POAmodel
for drywoodboards. In contrast to S andXbands, smaller udr 2U and
ydr 2V occur, except where raindrops with high tangential velocities
overshoot the near-surface radius of maximum wind.
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band exhibiting the largest range of udr 2U. It is stressed
that the raindrop concentration did not change from the
dry to wet debris case. So, this comparison reflects a sce-
nario in which the moisture content of the wet board
changes, but the background precipitation does not change.

c. Frequency dependence of vertical wind retrievals

Vertical velocities in tornadoes are often obtained using
the GBVTD from retrieved radial winds (e.g., Lee and
Wurman 2005;Kosiba andWurman 2010;Wakimoto et al.
2012). To examine how debris centrifuging errors impact
vertical velocity retrievals at different frequencies, vertical
velocities are obtained by integrating the Boussinesq form
of the continuity equation using simulated udr for different
experiments. Retrieved S-, X-, and W-band vertical ve-
locities are shown in Figs. 9a–c for the HDHR experiment
with dry wood boards and the POAmodel. As illustrated
by Nolan (2013), debris centrifuging effects increase
downdraft velocities; however, these vertical velocity
errors depend on the dominant scatterer type and fre-
quency. For the HDHR experiment, S-band retrievals
produce an anomalously strong downdraft, whereas
W-band vertical velocity errors are smaller. At S and

X bands, a two-cell vortex results (i.e., downdraft
reaches the surface), whereas the W-band retrieval
produces a vortex breakdown flow consistent with
model vertical velocities. Moreover, updraft intensity
is increased at S and X bands as a consequence of
near-surface anomalous retrieved convergence gener-
ated by radial gradients of large debris and udr at a radius
of 200m (Figs. 5–7).
To assess the effectiveness of the debris centrifuging

correction proposed by Wakimoto et al. (2012), the
radial velocity bias of 0.5-, 1.5-, and 4-mm-diameter
drops is subtracted from simulated udr, and then verti-
cal velocities are recomputed. TheRMSEs for S, X, and
W bands for uncorrected and corrected vertical veloc-
ity retrievals are shown in Table 8, and corrected ver-
tical velocities are shown for the HDHR experiment
for 4-mm-diameter drops (Fig. 9d,e). For S- and X-band
corrected vertical velocities, a vortex breakdown flow is
obtained after correction, and downdraft velocities are
reduced. For all S-band experiments, the correction
reduces RMSEs for all drop sizes, althoughRMSEs still
exceed 10m s21. At X band, the correction generally
reduces RMSEs. For the LDHR experiment, RMSEs
increase for the 4-mm-diameter correction and thus
estimating drop size may be important. For the HDHR
and HDLR experiments, RMSEs exceed 10m s21 even

TABLE 5. RMSEs for T-matrix-simulated mean radial velocity
error (udr 2U; m s21) in the lowest 300m at S, C, X, Ka, and W
bands for the four experiments with contributions of raindrops (dry
wood boards) increasing (decreasing) from left to right. In contrast
to the POAmodel, lower mean radial velocity errors are observed
at millimeter wavelengths.

Experiment HDLR HDMR HDHR MDHR LDHR

S band 11.6 11.6 11.3 10.2 7.5
C band 11.4 11.0 9.6 6.8 4.7
X band 10.6 8.9 6.1 4.5 4.1
Ka band 5.1 3.3 3.0 3.0 3.0
W band 2.3 2.0 2.0 2.0 2.0

TABLE 6. Correlation coefficients for the dry wood board sim-
ulations using the POA model, including DWR and scatterer size,
DDU and udr 2U, and DDV and ydr 2V. Correlation coefficients
are computed for S–W and X–W bands, and for S–X DWR.

Experiment HDLR HDMR HDHR MDHR LDHR

S–W Ze 0.93 0.91 0.87 0.81 0.64
S–X Ze 0.95 0.94 0.88 0.80 0.70
X–W Ze 0.88 0.80 0.47 0.11 20.07
S–W DDU 0.58 0.90 0.98 0.98 0.97
S–W DDV 0.66 0.81 0.88 0.88 0.84
X–W DDU 0.55 0.89 0.95 0.82 0.58
X–W DDV 0.57 0.74 0.75 0.56 0.38

TABLE 7. Correlation coefficients for the dry wood board simula-
tions using T-matrix calculations, including dual-frequency Ze dif-
ferences and scatterer size,DDUand udr 2U, andDDVand ydr 2V.
Correlation coefficients are computed for S–W and X–W bands.

Experiment HDLR HDMR HDHR MDHR LDHR

S–W Ze 0.89 0.87 0.84 0.74 0.48
S–X Ze 0.90 0.88 0.83 0.72 0.69
X–W Ze 0.75 0.65 0.33 0.03 20.07
S–W DDU 0.98 0.98 0.98 0.98 0.96
S–W DDV 0.90 0.89 0.88 0.86 0.79
X–W DDU 0.98 0.97 0.92 0.69 0.54
X–W DDV 0.87 0.83 0.70 0.43 0.39

TABLE 4. RMSEs for POA model RCS-simulated mean radial
velocity error (udr 2U; m s21) in the lowest 300m at S, C, X, Ka,
and W bands for the five experiments with contributions of rain-
drops (wood boards) increasing (decreasing) from left to right.
Mean errors are shown for both dry and wet debris calculations.

Experiment HDLR HDMR HDHR MDHR LDHR

S band (dry) 11.8 11.7 11.5 10.9 8.9
C band (dry) 11.0 10.5 9.2 6.6 4.6
X band (dry) 11.2 10.0 7.3 4.9 4.2
Ka band (dry) 6.3 3.6 3.1 3.0 3.0
W band (dry) 7.4 3.9 2.3 2.0 2.0
S band (wet) 11.6 11.5 11.4 11.0 9.6
C band (wet) 11.8 11.7 11.2 9.4 6.4
X band (wet) 11.5 11.0 6.1 6.1 4.5
Ka band (wet) 8.4 5.2 3.4 3.0 3.0
W band (wet) 9.4 6.2 3.2 2.2 2.0
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with a correction for a 4-mm-diameter drop. At W
band, corrections for the LDHR and HDHR experi-
ments adversely affect retrievals unless the smallest
drop size is used (Table 8). W-band RMSEs exceed
10m s21 for the HDLR experiment even though the
correction is applied.

4. Conclusions

Radar variable simulations are conducted with an
LES model, scatterer trajectories, and electromagnetic
scattering calculations to examine the frequency

dependence of Ze and Doppler velocity in tornadoes.
Simulations are conducted using a range of raindrop and
wood board sizes and concentrations to represent typi-
cal small and large scatterers in tornadoes. The simula-
tions reveal the significant frequency dependence of Ze

and Doppler velocity. A strong frequency dependence
of sb for small scatterers results in significant changes
in dominant scatterer types from S to W band. At
S (W) band, dominant scatterers are wood boards (rain),
except when their concentrations are very low. As a
result, air and simulated Doppler velocities exhibit de-
creasing mean differences as the radar frequency

FIG. 9. Retrieved (a) S-, (b) X-, and (c) W-band vertical velocities (m s21) for the HDHR experiment and POA model for dry wood
boards without debris centrifuging correction. (d),(e) As in (a),(b), but with debris centrifuging correction for 4-mm diameter drops.
(f) Term w (m s21) on the same axisymmetric grid. Anomalously strong downdrafts and two-cell vortex flow are produced at S and X
bands. However, more realistic vertical velocities are obtained after debris centrifuging correction.
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increases. At intermediate frequencies (e.g., X band),
the dominant scatterer type and air and simulated
Doppler velocity differences exhibit large variability
depending on the relative concentrations of raindrops
and wood boards. Finally, higher Ze is observed at each
frequency for wet wood boards compared to dry wood
boards, resulting in greater mean velocity differences.
Dual-frequency variables for estimating air andDoppler

velocity differences and scatterer size are explored. For
the middle three POA experiments, high correlations are
found between the radial dual-frequency velocity differ-
ences (DDU) and the differences between radial air and
simulated Doppler velocities. For the HDLR and LDHR
experiments, correlations are reduced because the dom-
inant scatterer type is the same at both frequencies (i.e.,
debris for HDLR and rain for LDHR). When high con-
centrations of debris are present, DWRs exhibit high
correlation with debris size, particularly for S–X-band
DWRs. Finally, DWRs were examined for both dry and
wet wood boards, and DWR changes (, 2dB) were
smaller than the increase in Ze.
These simulations reveal that diagnosing the domi-

nant scatterer type in tornadoes is a complex process and
that the frequency dependence of electromagnetic scat-
tering must be considered. The highest sensitivity to rel-
ative contributions of rain and debris occurs at X band,
which is a commonly used frequency for mobile radar
observations of tornadoes. Thus, dual-frequency or po-
larimetric radar observations are needed at X band to
justify assumptions about dominant scatterer type (e.g.,
using DWRs or rhv). Moreover, significant residual errors
often remain at S and X bands even after debris centri-
fuging corrections for raindrops are applied. Thus, for
cases where raindrops or Rayleigh scatterers are not the

dominant scatterers, additional methods are needed to
correct air and Doppler velocity differences. Such cor-
rections are important, as tornadoes with higher enhanced
Fujita scale ratings typically have high Ze (e.g., Bunkers
and Baxter 2011; Schultz et al. 2012b; Bodine et al. 2013)
and likely greater concentrations of lofted debris.
As demonstrated in section 3, dual-frequency velocity

differences and DWRs have the potential to estimate
scatterer-induced velocity bias and scatterer sizes. Dual-
frequency spectral analysis could help distinguish
Rayleigh and non-Rayleigh scatterers, and perhaps aid
in correcting scatterer-induced velocity bias by identifying
velocities of smaller scatterers. To develop corrections for
single-frequency polarimetric radars, comparisons be-
tween dual-frequency velocity data and polarimetric radar
variables may enable robust corrections for velocity errors
at single frequencies. Dual-polarization variables such as
rhv and differential velocity (Snyder and Bluestein 2014)
may exhibit relationships to debris characteristics, in ad-
dition to polarimetric spectral densities. Photogrammetry
and video observations could also aid in determining
how well polarimetric and dual-frequency observations
characterize debris size and differences between air
and Doppler velocities.
It is emphasized that the results presented in this study

are based on simulations, and thus observational vali-
dation of the frequency dependence of radar variables is
needed. An optimal platform for examining the fre-
quency dependence would be a mobile dual-frequency
radar with a matched antenna pattern. Until such sys-
tems are developed, collocated mobile radars operating
at different frequencies could be used to investigate the
frequency dependence if temporal and spatial sampling
differences are minimized (e.g., coordinated scans,
matched pulse lengths). Dual-frequency capability for
fixed radars could also provide opportunities to examine
the frequency dependence of radar observations be-
cause multiple high-impact tornado events have oc-
curred in proximity to fixed radars (e.g., Ryzhkov et al.
2005; Palmer et al. 2011; Schultz et al. 2012a,b; Atkins
et al. 2014; Kurdzo et al. 2015).
Because only one debris type is examined herein, future

studies are planned to obtain RCSs of a large set of tor-
nado debris types using laboratory measurements and
advanced electromagnetic simulations. These studies will
encompass natural debris (e.g., leaves, tree branches, soils)
and anthropogenic debris (e.g., wood boards, insulation),
and examine more realistic scatterer shapes (2 in. 3 4 in.
lumber, or rectangular wood sheathing). These efforts in-
clude RCSs computed using Ansys high-frequency simu-
lation software (HFSS) and RCS measurements in
anechoic chambers at the Advanced Radar Research
Center at the University of Oklahoma. Using the RCS

TABLE 8. Simulated retrieved vertical velocityRMSEs at S,X, and
Wbands for the LDHR,HDHR, andHDLRexperiments, and POA
model for dry wood boards. RMSEs for uncorrected and corrected
vertical velocity retrievals are presented, and are calculated within
a radius of 300m (i.e., where the largest vertical velocity errors are
present). In parentheses, drop diameters used for correction are lis-
ted, and NC is listed for cases with no correction applied.

Experiment S band X band W band

LDHR (NC) 17.0 8.1 7.3
LDHR (0.5mm) 15.4 7.4 7.4
LDHR (1.5mm) 13.6 7.8 9.0
LDHR (4mm) 12.3 9.4 11.4
HDHR (NC) 20.7 14.8 7.5
HDHR (0.5mm) 19.1 13.2 7.3
HDHR (1.5mm) 17.1 11.4 8.4
HDHR (4mm) 15.1 10.9 10.7
HDLR (NC) 21.4 20.6 16.0
HDLR (0.5mm) 19.8 18.9 14.6
HDLR (1.5mm) 17.5 16.8 13.1
HDLR (4mm) 15.5 14.8 12.1
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data, polarimetric TDSs are simulated using a polarimetric
radar time series simulator (Cheong et al. 2015) that ingests
wind data from high-resolution models (e.g., LES model
herein). Using the radar simulator, polarimetric and dual-
frequency radar signatures of different scatterer types can
be explored, and new methods to characterize debris size
and correct debris centrifuging errors can bedeveloped and
tested. Such efforts are critical to advancing scientific un-
derstanding of tornado dynamics and improving radar es-
timates of wind speeds used to assess enhanced Fujita scale
ratings.
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Polarimetric tornado detection. J. Appl. Meteor., 44, 557–570,
doi:10.1175/JAM2235.1.

Schultz, C. J., and Coauthors, 2012a: Dual-polarization tornadic
debris signatures Part I: Examples and utility in an operational
setting. Electron. J. Operational Meteor., 13, 120–137.

——, and Coauthors, 2012b: Dual-polarization tornadic debris signa-
tures Part II: Comparisons and caveats. Electron. J. Operational
Meteor., 13, 138–150.

Senior, T. B., K. Sarabandi, and F. T. Ulaby, 1987: Measuring and
modeling the backscattering cross section of a leaf. Radio Sci.,
22, 1109–1116, doi:10.1029/RS022i006p01109.

Simiu, E., and R. H. Scanlan, 1996: Wind Effects on Structures: Fun-
damentals andApplications toDesign. 3rd ed. JohnWiley, 688 pp.

Snow, J. T., 1984: On the formation of particle sheaths in co-
lumnar vortices. J. Atmos. Sci., 41, 2477–2491, doi:10.1175/
1520-0469(1984)041,2477:OTFOPS.2.0.CO;2.

——,A. L.Wyatt, A. K.McCarthy, and E. K. Bishop, 1995: Fallout
of debris from tornadic thunderstorms: A historical perspec-
tive and two examples from VORTEX. Bull. Amer. Meteor.
Soc., 76, 1777–1790, doi:10.1175/1520-0477(1995)076,1777:
FODFTT.2.0.CO;2.

Snyder, J. C., andH. B. Bluestein, 2014: Some considerations for the
use of high-resolution mobile radar data in tornado intensity
determination. Wea. Forecasting, 29, 799–827, doi:10.1175/
WAF-D-14-00026.1.

——,——, G. Zhang, and S. J. Frasier, 2010: Attenuation correction
and hydrometeor classification of high-resolution, X-band, dual-
polarized mobile radar measurements in severe convective
storms. J. Atmos. Oceanic Technol., 27, 1979–2001, doi:10.1175/
2010JTECHA1356.1.

Uchida, T., and Y. Ohya, 2003: Large-eddy simulation of turbulent
airflow over complex terrain. J. Wind Eng. Ind. Aerodyn., 91,
219–229, doi:10.1016/S0167-6105(02)00347-1.

Ulaby, F. T., and M. El-Rayes, 1986: Microwave dielectric spectrum
of vegetation material. Proceedings of the 1986 International
Geoscience and Remote Sensing Symposium (IGARSS’86) on
Remote Sensing: Today’s Solutions for Tomorrow’s Information
Needs, Vol. 2, ESAPublicationsDivision,ESASP-254, 1103–1106.

Vivekanandan, J., M. Politovich, R. Rilling, S. Ellis, and F. Pratte,
2004: Sensitivity of S- and Ka-band matched dual-wavelength
radar system for detecting nonprecipitating cloud.Microwave
Remote Sensing of the Atmosphere and Environment IV,
G. Skofronick Jackson and S. Uratsuka, Eds., International
Society for Optical Engineering (SPIE Proceedings, Vol.
5654), 14–24, doi:10.1117/12.581131.

Wakimoto, R. M., P. Stauffer, W.-C. Lee, N. T. Atkins, and
J. Wurman, 2012: Finescale structure of the LaGrange,
Wyoming, tornado during VORTEX2: GBVTD and pho-
togrammetric analyses. Mon. Wea. Rev., 140, 3397–3418,
doi:10.1175/MWR-D-12-00036.1.

Waterman, P. C., 1969: Scattering by dielectric obstacles. Alta
Freq., 38, 348–352.

——, 1971: Symmetry, unitarity and geometry in electromagnetic
scattering.Phys. Rev., 3D, 825–839, doi:10.1103/PhysRevD.3.825.

White, F. M., 1991: Viscous Fluid Flow. 2nd ed. McGraw-Hill
Series in Mechanical Engineering, McGraw-Hill, 614 pp.

Wurman, J., and S. Gill, 2000: Finescale radar observations of the
Dimmitt, Texas (2 June 1995), tornado.Mon.Wea.Rev., 128, 2135–
2164, doi:10.1175/1520-0493(2000)128,2135:FROOTD.2.0.CO;2.

——, J. M. Straka, and E. N. Rasmussen, 1996: Fine-scale Doppler
radar observations of tornadoes. Science, 272, 1774–1777,
doi:10.1126/science.272.5269.1774.

1842 JOURNAL OF ATMOSPHER IC AND OCEAN IC TECHNOLOGY VOLUME 33


