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1. INTRODUCTION

Dual-polarization radar provides the capability to
discriminate between meteorological and nonmeteorological
scatterers (Zrnic and Ryzhkov, 1999), which has an
important application for tornado detection. Owing to the
random orientations, irregular shapes, high dielectric factors,
and large sizes, lofted debris elements in a tornado produce
a unique polarimetric signature called a tornadic debris
signature (TDS; Ryzkhov et al., 2002). These scattering
characteristics produce a distinct TDS characterized by high
horizontal radar reflectivity factor (Zgg), low differential
reflectivity (Zpgr), and very low copolar cross-correlation
coefficient (pv) values, which are typically collocated with
the tornadic vortex signature at the tip of the hook echo.

In an examination of multiple tornado cases in central
Oklahoma, Ryzhkov et al. (2005) showed that TDSs
identified the locations of tornadoes of EF-3 strength or
higher using S-band radars. Their study determined a
preliminary criteria for tornado detection of Zg > 45 dBZ,
Zpr < 0.5dB, and pgy < 0.8. Ryzhkov et al. (2005) also
showed that the minimum and average values of Zpgr and
prv reached a minimum during periods of peak damage
intensity for three different tornado cases. Bluestein et al.
(2007) used a X-band, polarimetric radar to observe a TDS
associated with a weak tornado, and found that precipitation
may cause Zpgr values to exceed 0.5 dB. Nonetheless,
very low pgy values were observed within the tornado,
suggesting that p gy, may provide the best indication of lofted
tornadic debris. Kumjian and Ryzhkov (2008) examined
TDSs associated with multiple tornadoes of EF-1 intensity
or higher at S-band and C-band, provided they loft sufficient
debris. Although, they also noted that some weak tornadoes
may not loft sufficient debris to produce a TDS.

In addition to providing remote tornado detection
capabilities, dual-polarization radar offers the opportunity to
observe changes in the debris field of the tornado. As
tornado intensity increases, the amount of debris lofted
by the tornado likely increases, assuming other factors
influencing tornado debris concentration stay relatively
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similar. Other factors, such as differences in debris
concentration and type of debris element, may change
significantly along the tornado’s path (e.g., rural vs. urban
areas). A more intense tornado may loft larger debris
elements which may result in higher Zgr and lower pgy .
Hence, dual-polarization radar may provide an opportunity
to remotely observe changes in tornado intensity based on
the changes in the tornado debris field. In this study, we
investigate the evolution of the debris field of the Moore,
Oklahoma EF-4 tornado on 10 May 2010 to determine
if polarimetric radar can be used to determine damage
intensity. Several TDS parameters are developed to provide
a metric of tornado damage intensity. Such parameters may
provide a set of tools for nowcasting changes in tornado
intensity and remotely determining damage intensity.

2. BACKGROUND

Observational and modeling studies have uncovered
much information about tornado structure and debris
patterns within tornadoes. For an extensive review on
tornadoes, see Rotunno (1986), Church et al. (1993), and
Davies-Jones et al. (2001). In this section, a brief review of
tornado structure and debris characteristics relevant to this
study is provided.

2.1. Tornado vortex structure

Tornado simulators provide a controlled environment to
vary parameters such as circulation strength and updraft
intensity (Ward, 1972; Davies-Jones, 1973; Church et al.,
1979; Davies-Jones, 1986; Church and Snow, 1993). Such
studies discovered the importance of the ratio of the
magnitude of the circulation to the strength of the updraft,
called the swirl ratio, to vortex state (Rotunno, 1977, 1979,
1984; Davies-Jones, 1986). As the swirl ratio increases,
the structure of the tornado vortex evolves through several
vortex states: i) a single-cell vortex, ii) a vortex breakdown
with a single-cell vortex near the surface and a two-cell
vortex aloft, iii) a two-cell vortex, iv) and multiple vortices
(Davies-Jones, 1986).
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Figure 1: Damage paths of tornadoes near Oklahoma City on 10 May 2010 (Image courtesy of the Norman NWS WFO).

Many studies have documented the fine-scale structure
of tornadoes using mobile radar observations (e.g., Bluestein
et al., 1993; Bluestein and Crawford, 1997; Wurman and Gill,
2000; Bluestein et al., 2004; Alexander and Wurman, 2005;
Bluestein et al., 2007; Wurman et al., 2007), which provided
new information about tornado structure and helped validate
laboratory and numerical model simulations. Wurman and
Gill (2000) observed negative radial velocities in the center
of the tornado, which they attributed to a downdraft in the
center of the tornado between 400 m and the maximum
height of their observations at 1 km. Other studies have used
the ground-based velocity track display (GBVTD; Lee et al.,
1999) to identify a two-cell vortex structure and associated
axial downdraft (Lee and Wurman, 2005; Tanamachi et al.,
2007; Kosiba and Wurman, 2010). Radar observations have
also documented multiple vortex structure (e.g., Wurman,
2002), in addition to numerous visual accounts.

2.2. Weak-echo hole and band structures around
tornadoes

A prominent signature in many tornadoes is a weak-
echo hole (WEH), characterized by a reduction in reflectivity
in the center of the tornado and higher reflectivity outside
the core flow of the tornado (e.g., Fujita, 1981; Wakimoto
and Martner, 1992; Wakimoto et al., 1996; Wurman and
Gill, 2000; Bluestein et al., 2004; Wakimoto et al., 2011).
Dowell et al. (2005) suspected that the WEH is caused by
centrifuging of debris and hydrometeors within the center of
the tornado, which reduces Z g g in the center of the tornado.
The WEH typically starts a few 100 m above the ground, with
higher reflectivity below the WEH (e.g., Wurman and Gill,

2000; Bluestein et al., 2004; Wakimoto et al., 2011). Many
studies have observed a "U-shaped” WEH above this high
reflectivity region (e.g., Wurman and Gill, 2000; Wakimoto
et al., 2011), although Bluestein et al. (2004) documented a
pear-shaped WEH.

Spiral bands are commonly observed within tornadoes,
often with multiple bands within and surrounding the vortex
(e.g., Fujita, 1981; Bluestein, 1993; Wurman et al., 1996;
Wurman and Gill, 2000; Bluestein et al., 2003; Alexander
and Wurman, 2005; Dowell et al., 2005; Bluestein et al.,
2007). Wurman et al. (1996) and Wurman and Gill (2000)
observed two spiral bands and suggested that the inner
spiral band was composed of debris and the outer spiral
band was composed of raindrops. Polarimetric observations
by Bluestein et al. (2007) also revealed a double spiral band
structure, and the polarimetric data showed that the inner
and outer bands were composed of debris and raindrops,
respectively.

3. DATA AND METHODOLOGY

OU-PRIME data from the 10 May 2010 outbreak are
analyzed. For the technical detailed specifications for OU-
PRIME, details about data collection on 10 May 2010,
and an overview of the outbreak, the reader is referred to
Palmer et al. (2011). OU-PRIME is a C-band, polarimetric
radar with a 0.45° beamwidth and range resolution as fine
as 25 m with oversampling, making it one of the highest
resolution polarimetric radars in the world. OU-PRIME
operates a 1-MW transmitter in a simultaneous transmit
simultaneous receive (STSR) configuration, similar to the
upgraded polarimetric Weather Surveillance Radar 1998
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Figure 2: 1° PPI scans of (a) Zgx, (b) pryv, and (c) Zpgr at 2220, 2226, and 2228 UTC 10 May 2010. A TDS is not observed
at 2220 UTC along the damage path, along some low pgy values are observed. By 2226 UTC, a TDS is observed with
reflectivity between 30 — 35 dBZ and ppy below 0.6. As the tornado intensifies between 2226 — 2228 UTC, an increase in

the areal extent of the TDS is observed.
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Dopplers (WSR-88Ds; Doviak et al., 2000). The high
transmit power provides very good sensitivity in clear-air
regions.

On 10 May 2010, OU-PRIME was operated in a sector-
scan mode to provide relatively rapid volumetric updates of
2 min 20 s — 2 min 40 s. The elevation angles included
in the volume scan are 0.3°, 1°, 2°, 3°, 4°, 5°, 6.5°, and
9°. Data collection lasted from 1400 — 2331 UTC, with
several tornadoes observed near the radar between 2220
— 2331 UTC. The radar operated a pulse length of 125 m,
and a maximum unambiguous velocity of 16 ms~!. Velocity
data are subjectively unfolded using the National Center for
Atmospheric Research’s SOLO software (Oye et al., 1995)

During the 10 May 2010 tornado outbreak, 55 tornadoes
struck portions of central and eastern Oklahoma. The
two strongest tornadoes were rated EF-4 and occurred
near Norman, Oklahoma (Fig. 1). This paper primarily
focuses on EF-4 tornado that struck north Norman, Moore,
and Oklahoma City. Smith et al. (2011) compare radar
observations of this EF-4 tornado using multiple radars, and
provide a broader discussion of velocity data. The EF-4
tornado that formed just east of the National Weather Center
is discussed in detail by Bodine et al. (2010).
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Figure 3: Time series of (@) MAX{Zyy} at the lowest
tit (1.0°) with pgy= 0.8, and (b) zmaz for pmy= 0.8
and ZHH: 40 dBZ. Between 2226 - 2231 UTC, an
increase in MAX{Zyy} and 2., are observed as the
tornado intensifies and damage severity increases. As the
tornado dissipates at 2251 UTC, both MAX{Zpy} and
Zmaz decrease significantly. By 2254 UTC, the Zgy falls
below the reflectivity threshold and a TDS is no longer

detected.

Ryzhkov et al. (2005) showed six parameters for the
intensity of the TDS: the minimum and average pgy value,
minimum and average Zpg value, and the number of pixels
of pgy < 0.8and Zpr < 0.5 dB. All of the parameters were
examined at the lowest tilt. In the present study, we examine
similar metrics for extreme values of pgy and Zg g, extend
their application to all available tilts, and apply different
threshold combinations. All parameters are computed within
a 2-km radius of the center of the tornado. Large, wet hail
can have very low pgy values at C-band (Kumijian et al.,
2010), which could create problems if hail and debris are
located in close proximity. Hence, a sufficiently small search
radius should be employed, particularly above the freezing
level.

The parameter MAX{Zgy gy} is computed using two
different methods which impose different thresholds on
Zyy. Zyy should be higher during periods of more severe
damage owing to a higher concentration of scatters and
larger debris elements. Zgp is typically higher at the
lowest tilt since debris concentration and debris element
size decrease as a function of height due to centrifuging
(Dowell et al., 2005). The first method of determining
MAX{Zp g} finds the maximum Zg g where pgy is below
a pgy threshold, pgy. For example, if pry=0.7, then
MAX{Z gy} corresponds to the maximum Zg gy value for
range gates with pgy < 0.7 within 2-km of the tornado
center. The second method for MAX{Zgx} determines
the maximum Zg g where pgy < pgyv and Zpgr < ZpR,
where ZDR is the Zpg threshold. Another extrema-based
TDS parameter is the minimum pgy, or MIN{pgv }, which
is computed using a reflectivity threshold, Zz 5. MIN{pgv }
is also computed using both Z g > ZHH and Zpgr < ZDR.

The second set of TDS parameters are based on spatial
coverage of the TDS. The areal coverage of the TDS, Arps,
provides an estimate of how much debris is being lofted at
a particular elevation angle. Arpgs is defined as the total
area (km?) of range gates with Zgg > ZHH and pgy <
prv. The volume of the TDS (1) is obtained by summing
the areal coverage through all tilts in the volume scan after
computing the representative depth of each tilt, AZ. If a
debris signature is observed between two consecutive tilts, it
is assumed to be continuous between the two tilts.

N
V(Z) = Z ATDS,iAZ (l)

i=1

The final TDS parameter is the maximum height of the
debris column, 2paz. Zmas 1S the maximum height where
Zun > Zum and pgy < pry. The maximum height is
also computed by imposing an additional Zp g threshold.
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4. TORNADIC DEBRIS SIGNATURE

4.1. Temporal Evolution and TDS parameter perfor-
mance

The primary use of the TDS has been tornado detection,
so the performance of the TDS for tornado detection is
briefly discussed. According to the NWS damage survey,
the tornado formed at 2220 UTC in north Norman, just west
of Indian Hills Road and I-35. The tornado caused mainly
power line and tree damage along 1-35. A TDS is not
observed at 2220 (Fig. 2) and 2223 UTC along the damage
path, even though the radar measurements were about 300
m AGL. Although some regions of low pyy are observed,
very low Z i (< 20 dBZ) suggests that the low pgy values
are associated with low SNR rather than tornadic debris.
Hence, the tornado was not lofting sufficient debris to be
detected. Between 2226 — 2252 UTC, a TDS was detected
along the damage path of the tornado.

The tornado developed a clear tornado vortex signature
(not shown) and a TDS at 2226 UTC (Fig. 2). The maximum
reflectivity at 0.3° is 37 dBZ (Fig. 3a), and Zyy remains
relatively low throughout the TDS (30 — 37 dBZ). However,
pryv values between 0.4 — 0.7 and negative Zpgr (-1 to -
3 dB) values are observed within the TDS. While tornadic
debris typically has higher Zg g, a developing or weak
tornado may only loft light debris (e.g., dust, leaves). Hence,
ZHH for an initial tornado detection should be sufficiently
low to detect light debris in weak or developing tornadoes.
By 2228 UTC, the maximum radial velocity at 1.0° increases
to 51.4 ms~!. The TDS expands in areal coverage
(Fig. 2), MAX{Zypn} exceeds 45 dBZ (Fig. 3a), and
Zmaz INCreases to 1.7 km (Fig. 3b).

The tornado continues intensifying between 2228 — 2230
UTC with a maximum 1.0° radial velocity of 73.5 ms™!lat
2230 UTC. 2,4, increases from 47 to 49 dBZ (Fig. 3a) and
MAX{Zppy} increases from 1.7 to 3.8 km AGL (Fig. 3b). At
2230 UTC, the tornado was located just west of Lake Stanley
Draper. According to the Norman NWS WFO damage
survey, the most severe damage occurred east of Lake
Stanley Draper. So, the observations of increasing damage
intensity as the tornado approached Lake Stanley Draper are
consistent with the damage survey.

The Oklahoma City Police Department (OKCPD)
provided a detailed damage survey within Oklahoma City,
which indicates the degree of damage to homes (Fig. 4).
A caveat is that the survey does not provide information
about the type of housing unit or the construction of the
home (hence, an EF-rating cannot be determined). At
2233 UTC, the tornado is located just east of Lake Stanley
Draper, and caused some significant house damage (Fig. 4).
By 2235 UTC, the tornado had passed through more
residential areas, causing some major house damage and

even destroying a few homes. Between 2231 — 2235 UTC,
the TDS reaches the 9.0° tilt, so the maximum height
of the debris signature cannot be determined. However,
debris reached at least 3.8 — 4.5 km AGL during this
period, indicating an intense updraft within the tornado and
significant amounts of debris being ingested. The most
severe damage occurred to the homes near 1-40 around
2237 UTC, and the EF-4 rating was determined from a home
in the Deerfield West subdivision (located just west of the
2237 UTC marker in Fig. 4). The M AX{Zyy} parameter
actually shows a slight decrease from the previous scan,
although M AX{Zyp} still reaches 3.5 km AGL (Fig. 3b).
Given that the parameter is based on the maximum height
of a debris signature, the parameter will exhibit some lag
since debris must be vertically advected to 3-5 km AGL.
Zmaz @pproaches 50 dBZ at 2237 UTC, among the highest
values observed during the tornado. The highest value
of MAX{Zyp} during the tornado is observed at 2240
UTC, likely a combination of the peak tornado intensity
and the high debris concentration after passing through the
subdivision. The tornado continues to produce significant
home damage during the 2240 — 2242 UTC scans, although
the area affected is smaller compared to the 2237 UTC
scan. MAX{Zyp} and z,,q, remain quite high during this
period.

The tornado exits the OKCPD damage survey at 2242
UTC, so a detailed comparison of the TDS and debris is
not possible from the OKCPD damage survey. The time
of dissipation determined by the NWS damage survey was
2251 UTC. The updraft still lofts some debris at 2252 UTC.
However, both MAX{Zxyx} and zp,., are decreasing
significantly, indicating that the tornado is weakening or
dissipating. Hence, even though the updraft may continue
to loft debris during dissipation, the weakening or dissipation
can still be observed by the falling debris column and lower
Z g values. By 2254 UTC, a TDS is no longer observed.

An interesting observation is that the TDS is observed to
the left of the damage track (Fig. 2). Storm motion of 25 —
30 m s~! at about 240° resulted in much stronger ground-
relative winds on the southeast side of the tornado. Such
strong storm motion could result in differences of 50 — 60
m s~ in tornado ground-relative winds. Hence, the greater
damage severity along the southeast portion of the tornado
is not surprising. Since the lowest radar observations in this
study were about 300 — 500 m AGL, relating TDS aloft to
a particular damage site would be difficult. To relate the
TDS to a particular damage site, radar observations must be
made very close to the ground since the debris is lofted and
advected cyclonically. Although some heterogeneities are
observed within the TDS, the TDS does not indicate more
severe damage along the translational side of the tornado
since the debris is transported away from its initial location.
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4.2. Tornado Structure Revealed by Polarimetric Radar

The Moore-Oklahoma City EF-4 tornado exhibited
interesting changes in vertical structure revealed by
polarimetric radar. To observe larger-scale heterogeneities
within the debris field, a centered, top-hat filter was applied
to the data using a 3-by-3 rectangular window centered on
the range gate. At 1° (about 420 m AGL), Zg g is relatively
uniform within the tornado, with a small difference of about 5
dB between the Zx z minimum in the vortex center and outer
debris field (Fig. 5a). However, some substantial differences
are noted in pyy and Zpr between the vortex center and
the outer debris field. pryv (Fig. 5b) generally decreases as
a function of range with the lowest values near the radius of
maximum wind (RMW). Zpr also decreases as a function
of range with negative values (-1 to -3 dB) observed near the
RMW compared to near-zero Zpgr near the vortex center
(Fig. 5¢). An interesting observation is that the regions
of lowest Zpgr and pyy tend to be collocated. Negative
Zpr values can result from Mie scattering (Ryzhkov et al.,
2005), which would also cause low pgy values. The
negative Zpr and very low pgy regions may be regions
of larger, centrifuged debris near the RMW, while near-
zero Zppr values and low pgy values imply smaller debris
element sizes near the vortex center. Very low pgy values
could also result from increased tumbling of debris within
the stronger flow in the RMW. Another explanation for the
negative Zpp regions near the RMW is a common alignment
among debris elements. While a common alignment among
debris elements could result in negative Zpg values, very
low pgy values suggest a low degree of alignment among
debris elements. However, other contributions to very low
prv could include the high dielectric constants of debris,
irregular shapes, and large object sizes. Hence, some
degree of common alignment among debris elements could
not be ruled out.

A prominent WEH is observed in Zgy at 2° (about
790 m AGL; Fig 5a). The difference in Zgy between the
vortex center and the outer debris ring is about 20 dB,
indicating a substantial difference in debris concentration
and/or size. Zppr and pgy exhibit similar trends to the
1° tilt, with Zpr and pyy decreasing as range increases
from the vortex center (Fig 5b,c). The higher pgy values
within the vortex center may be explained by centrifuging of
large debris elements and consequently, less variations in
debris element size. Higher pgy could also result from the
presence of a strong axial updraft or downdraft, introducing
some degree of common alignment among debris elements.
Z g within the WEH continues to decreases at 3° (about
1.16 km AGL), decreasing to 20 dBZ in the vortex center.
Zyy values in the outer debris ring also decreased,
particularly on the northern side. Northeast of the vortex
center, a protrusion of higher pgy (0.7 — 0.85) is observed
wrapping into the vortex. The increase in pgy could

result from the entrainment of small drops from rain bands
wrapping around the vortex.

5. SIMULATIONS OF PRECIPITATION EFFECTS ON THE
TDS

The Moore-Oklahoma City EF-4 tornado was en-
shrouded by precipitation throughout its existence. Hence,
the tornado likely entrained a substantial amount of
precipitation, causing pgy values to increase even though
damage intensity was increasing. This effect on the TDS
is best shown by examining the volume of debris gates
(Fig. 6). If the TDS volume parameter were used to estimate
tornado intensity, the tornado intensity would appear to
decrease between 2233 — 2237 UTC when the tornado
damage intensity was increasing to EF-3 and EF-4 intensity.
Hence, the impact of precipitation on the TDS must be
quantified for the spatial coverage metrics of the TDS to be
an accurate indicator of tornado damage intensity when the
tornado entrains precipitation. For this case, the extrema-
based TDS parameters performed better than the spatial-
coverage parameters due to precipitation effects.

The entrainment of precipitation to the TDS should lead
to increased pyy and higher Zpgr values. To simulate
the effects of entraining precipitation into the TDS, raw time
series (I/Q) data from within TDS are added to the raw time
series data from precipitation. This experiment is performed
for different Z i and Zpg values to simulate the effects of
adding different concentrations of rain drops, and different
drop sizes. The signal powers of debris and precipitation
are weighted by the reflectivity value within the range gate
selected (i.e., if Zy g for debris and precipitation are 50 dBZ
and 40 dBZ, respectively, the amplitude of the debris signal
is 10 times greater than the precipitation signal). Adding
the two signals together doubles the noise, however both
signals have high SNR which minimizes the additive noise
impact. The simulations cannot account for interactions
between precipitation and debris, such as water coating of
debris, or complex scattering effects. Also, the time series
signals from debris and precipitation are assumed to be
independent. Moreover, the characteristics of precipitation
within the tornado are much likely quite different from other
regions of the storm. For example, the drop size distribution,
and shapes and orientations of rain drops are probably much
different within and near the tornado given the impact of
stronger turbulence, horizontal and vertical wind shear, etc.
Nonetheless, the experiment may be instructive for studying
the impacts of precipitation on the TDS.

OU-PRIME data was thresholded based on Zgpg,
pav, and Zpgr for debris, small drops, and large drops.
Resolution volumes with debris (hereafter called debris
volumes) were selected by identifying resolution volumes
with Zg g € (40,50) dBZ, and pgy < 0.5 within 2 km of the
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Oklahoma City Police Department
Tornado Damage
May 10, 2010
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Figure 4: Damage survey provided by the Oklahoma City Police Department. Although an EF rating is not available, the

damage survey provides an indication of the significance of the observed damage (Courtesy of the Oklahoma City Police

Department). The position of the center of the tornado (from OU-PRIME) is labelled on the image with black dates and the

scan time (UTC) is labelled in black.

tornado. For this experiment, OU-PRIME data at 22:30:58
UTC for May 10 was chosen because precipitation impacts
on the TDS are minimal. Resolution volumes with small
drops (hereafter called small drop volumes) were selected
by identifying resolution volumes with Zpgr € (0.5,2) dB
and pgy > 0.98. Finally, resolution volumes with large
drops (hereafter called large drop volumes) were selected
by identifying resolution volumes with Zpgr € (3,5) dB and
prv > 0.96. The small and large drop volumes were then
sorted by Zg g in the following ranges: 20 — 30, 30 — 40,
40 - 50, and 50 — 60 dBZ. This provides a total of 8 sets of
resolution volumes, with 4 small drop and 4 large drop sets
for the 4 Z g ranges.

For each precipitation case, a resolution volume was
randomly selected that met the criteria for the desired drop
size distribution (i.e., small or large drop volumes) and
the desired reflectivity range. To simulate the effects of
precipitation and debris within the same resolution volume,
the time series data from the precipitation resolution volume
is added to time series data from a randomly selected
debris volume. After adding the time series signals for the
small/large drop volumes and debris, pyy and Zpgr are
recomputed to provide estimates for the mixed volume.
This process was repeated 100 times to determine mean
prv and Zpg values for the mixed volumes.

Tables 1 and 2 shows the mean values of Zpgr and
pry for debris, precipitation, and a mixed volume of debris
and precipitation. For all cases, the Zgy from the debris
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Figure 5: Filtered 1°, 2°, and 3° (a) Zgx, (b) pgv, and (c) Zpgr at 2230 UTC 10 May 2010. The location of the weak-echo
hole (WEH) is annotated on (a), and the location of some low Zpg regions within the TDS are shown at 1°. In general,

negative Zpg values and low pgy values were found near the radius of maximum wind.

Table 1: Mean Zpp values for different precipitation, debris, and mixed volumes. In all cases, Zy for the debris volumes
was 40 — 50 dBZ. The first two columns, precip Zy g and precip Zpg describe the range of Zyy and Zpg values for the
precipitation volumes. Zpgr Mixed is the mean Zp g value for 100 combined volumes of debris and precipitation for the stated

Zuyg and Zpg ranges. AZpg is the mean Zpg change resulting from adding precipitation to the debris volume.

Precip Zyy | Precip Zpr | Zpr Debris | Zpgr Precip | Zpr Mixed | AZpg
(20,30) (0.5,2) -0.32 1.11 -0.28 0.04
(20,30) (4,6) -0.30 4.76 -0.28 0.02
(30,40) (0.5,2) -0.32 1.01 -0.04 0.28
(30,40) (4,6) -0.23 5.05 -0.08 0.15
(40,50) (0.5,2) -0.50 1.21 -0.44 0.06
(40,50) (4,6) -0.34 5.03 0.91 1.25
(50,60) (0.5,2) -0.45 1.63 1.22 1.67
(50,60) (4,6) -0.52 4.96 2.78 3.30
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Table 2: Mean ppyv values for different precipitation, debris, and mixed volumes. In all cases, Z y for the debris volumes

was 40 — 50 dBZ. The first two columns, precip Zgy gy and precip Zpgr describe the range of Zyy and Zpg values for the

precipitation volumes. pgy Mixed is the mean pgy value for 100 combined volumes of debris and precipitation for the stated

Zyg and Zpg ranges. Apgy is the mean pgy change resulting from adding precipitation to the debris volume.

Precip Zgypy | Precip Zpr | pav Debris | pgv Precip | pgv Mixed | Apgy
(20,30) (0.5,2) 0.409 0.987 0.462 0.05
(20,30) (4,6) 0.402 0.973 0.403 0.00
(30,40) (0.5,2) 0.407 0.986 0.509 0.10
(30,40) (4,6) 0.408 0.974 0.413 0.01
(40,50) (0.5,2) 0.410 0.987 0.668 0.26
(40,50) (4,6) 0.410 0.973 0.496 0.09
(50,60) (0.5,2) 0.412 0.983 0.819 0.41
(50,60) (4,6) 0.415 0.973 0.692 0.28

resolution volumes was between 40-50 dBZ. For both small
and large drop volumes with low Z g g (20 — 30 dBZ), adding
precipitation to the debris resolution volume results in very
small changes in Zpgr. For pgy, the small drops have a
greater impact on pgy value for the mixed resolution volume
compared to the large drops. For small and large drop
volumes with Z g i between 30 — 40 dBZ or 10 dB lower than
the debris volume, adding precipitation to the debris volume
increases Zpr by 0.23 and 0.15 dB for small and large drops
volumes, respectively. Again, a larger increase in pgy Is
observed for small drops compared to large drops. When
Z i g of the precipitation volume and debris volume are both
40 - 50 dBZ, mean pgy for small and large drops increases
by 0.26 and 0.09, respectively. The mean Zpgr change
for large drops becomes significant, increasing by 1.25 dB.
When Zpgpg of the precipitation volume is 50 — 60 dBZ,
very large increases in pyy are observed. For both cases,
large increases in Zpg are observed in the mixed volume
compared to the debris volume.

Some open questions emerge about the impact of
precipitation on the TDS, and the utility of the TDS
parameters in heavy precipitation. First, given that
the characteristics of precipitation in the environment
surrounding the tornado can be identified using polarimetric
data, can the potential bias on the TDS be quantified and
corrected? While the TDS may provide a good indicator of
damage or tornado intensity in the absence of precipitation,
the entrainment precipitation will increase ppy and Zpr,
and result in an underestimate of the tornado strength or
debris volume. At a minimum, the capability to identify
precipitation entrainment and its potential impact would
be useful to provide a measure of the TDS parameters
accuracy. A possible method of correction could be adjusting
the pgyv and Zppgr thresholds to account for the higher
prv and Zpg observed in entrainment cases.

6. CONCLUSIONS

This paper investigates the potential of using TDS
parameters for determining tornado damage intensity.
Several TDS parameters were tested on polarimetric data
from OU-PRIME on Moore-Oklahoma City EF-4 tornado on
10 May 2010. The results show that the TDS parameters
have the potential to assess tornado damage intensity,
consistent with previous results by Ryzhkov et al. (2005).
In the present study, we examine the performance of two
new TDS parameters: the maximum height of the debris
column, MAX{Zyp}, and maximum reflectivity at the
lowest tilt, z,,4.. These TDS parameters showed good
overall agreement with tornado intensity and the severity
of damage. In particular, very good agreement between
these TDS parameters and observed damage was seen
during the intensification and dissipation phases of the
tornado. The intensification of the tornado corresponds
to a rapid increase in MAX{Zyyn} and z,4., and the
dissipation of the tornado corresponds to a rapid decrease in
MAX{Zpp} and 2,4, For this case, the Zpp threshold
for the MAX{Zyn} and 24, parameters had little impact
since Zpg values within the tornado were mainly below 1
dB. In contrast, the spatial parameters for the areal and
volumetric coverage of the TDS did not perform well during
periods of precipitation entrainment.

The structure of the Moore-Oklahoma City EF-4 tornado
changed dramatically within the lowest 1.1 km AGL. At 420
m AGL, Zgyg was relatively uniform throughout the TDS.
However, pryv and Zpp decreased as a function of range,
reaching a minimum near the RMW. Negative Zpr and very
low pyy values tended to be collocated, which suggests
either large debris element sizes or decreased alignment of
debris elements (e.g., increased tumbling in stronger flow).
Given that the largest debris elements are centrifuged more
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quickly than small debris elements (e.g., Dowell et al., 2005),
such observations could indicate a radial dependence in
debris element size due to centrifuging. The WEH observed
in previous studies typically formed within the lowest 300 —
400 m AGL (e.g., Wurman and Gill, 2000; Bluestein et al.,
2004; Wakimoto et al., 2011). Wakimoto et al. (2011)
observed a WEH forming within the 300 — 400 m of the
surface whereas the lowest observation of the WEH in the
present study is at 790 m AGL. Given that the diameter of
the the Moore-Oklahoma City tornado was approximately
about 2 km wide compared to the 200-300 m diameter
LaGrange, Wyoming tornado examined by Wakimoto et al.
(2011), differences in centrifugal forces may account for
the differences in WEH height. For the same tangential
wind speed, a tornado with a smaller diameter will have
stronger centrifugal forces. Although the winds within the
Moore-Oklahoma City tornado were 10 m s~ ! stronger than
the LaGrange tornado, the impact of the smaller tornado
diameter is more significant. Hence, the weaker centrifuging
within the Moore-Oklahoma City tornado might account for
the higher height of the WEH observed in the present case.

Time series simulations of mixed volumes of debris
and precipitation showed that entraining precipitation into
the TDS will cause an increase in Zpgr and pgy. The
10 May 2010 tornado was consistently surrounded by
precipitation throughout its duration. During the period
when the most intense damage was observed, the spatial
coverage of low ppgy values actually decreased. Hence,
the impact of precipitation entrainment on the TDS must
be quantified, and methods of accounting for precipitation
entrainment should be developed. A simple solution includes
increasing the pyy and Zppr thresholds if precipitation
entrainment is suspected. However, increasing the
prv and Zpp thresholds could introduce errors in the TDS
parameters by including range gates where tornadic debris
is not present (e.g., hail).

The TDS parameters are currently being tested on other
tornadoes from the 10 May 2010 and 24 May 2011 tornado
outbreaks.  An examination of multiple tornado cases
should provide information about how well the TDS can
assess overall damage intensity (e.g., can TDS parameters
discriminate between weak, strong, and violent tornadoes?).
Moreover, multiple tornado cases may also reveal how
sensitive the TDS parameters are to external factors that
influence the TDS (other than tornado intensity), variations
in the concentration or type of manmade structures (e.g.,
population density), or changes in vegetation. Future
plans also include implementing the TDS parameters on
KOUN polarimetric data to assess the performance of the
TDS parameters on the operational polarimetric WSR-88D
network. The TDS parameters could provide a valuable tool
for forecasters if real-time information about tornado intensity
can be extracted from polarimetric radar.
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