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ABSTRACT

This study presents rapid-scanning X-band polarimetric radar data combined with photogrammetry of the
El Reno tornado of 31 May 2013. The relationship between the hook echo, weak-echo hole (WEH), weak-
echo column (WEC), and the rotational couplet with the visual characteristics of the tornado are shown. For
the first time, cross-correlation coefficient (pp,) and differential reflectivity (Zpr) data are included in the
photogrammetric analyses. The tornado was accompanied by a large tornadic debris signature (TDS) with a
diameter ~2 km wide during the analysis time. The center of the TDS was not collocated with the WEH and
the rotational couplet. Instead, the TDS was displaced ~1 km to the north and within the weak-echo notch of
the hook echo. A ““debris overhang’ was identified in vertical cross sections of the py,, fields. The overhang was
located in a weak-echo trench and a notch of high py,, consistent with the position of the tornado updraft. The
updraft was hypothesized to be carrying small debris particles to heights that produced the overhang signa-
ture. A U-shaped band of high p;,, and Zpr was resolved in a vertical cross section and positioned at the
periphery of the WEC during one of the analysis times. It was proposed that the band formed as a result of
hydrometeors encircling the WEC while being surrounded on all sides by relatively hydrometeor-free air. The
characteristics of the scatterers within the WEC were resolved and believed to be composed of a low con-
centration of very small, randomly oriented, debris particles, even in the presence of strong centrifuging, and a
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general absence of hydrometeors.

1. Introduction

One of the most important achievements in recent
years is the high-resolution documentation of the kine-
matic structure of the hook echo and intense circulations
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accompanying the tornado that has resulted from the de-
ployment of mobile Doppler radars near severe storms
(e.g., Bluestein et al. 1993, 1997, 2004, 2007a,b; Wurman
et al. 1996; Wurman and Gill 2000; Alexander and Wurman
2005; Wurman et al. 2007a,b; Wurman and Kosiba 2013).
These measurements have revealed the detailed structure
of the tornadic vortex signature (TVS; Brown et al. 1978)
and the weak-echo hole (WEH) that frequently develop
within the hook echo (e.g., Fujita 1981; Wakimoto et al.
1996; Wurman et al. 1996; Wakimoto et al. 2011; Wurman
and Gill 2000; Bluestein et al. 2004, 2007b; Wurman and
Kosiba 2013). The WEH forms within the tornado core and
is likely caused by the centrifuging of hydrometeors and
debris (Dowell et al. 2005).

The introduction of polarimetry capabilities has sig-
nificantly improved our understanding of weather radar
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scatterers including identifying hydrometeor habits and
amounts, distinguishing hail from rain, and discrimi-
nating between meteorological and nonmeteorological
scatterers (e.g., Vivekanandan et al. 1999; Zrnic and
Ryzhkov 1998, 1999). Indeed, Ryzhkov et al. (2005a)
presented the first evidence in the refereed literature
of a tornadic debris signature (TDS) using a polarimetric
radar. They proposed that the TDS is characterized by a
strong rotational couplet, a local maximum in radar re-
flectivity, low differential reflectivity (Zpgr), and low
cross-correlation coefficient (pyy). Tornado debris that is
lofted has random orientation, irregular shape, and large
size that result in low Zpr and py,,. Additional studies
suggest that py, provides a better indicator of the pres-
ence of tornado debris than Zpr (e.g., Kumjian and
Ryzhkov 2008). The latter variable will exhibit a positive
bias when rain is present (e.g., Bluestein et al. 2007b)
and a negative bias if differential attenuation occurs.
There have been several studies that have shown the
relationship between TDS identification and tornado
detection (e.g., Ryzhkov et al. 2005b; Bluestein et al.
2007b; Kumjian and Ryzhkov 2008; Van Den Broeke
et al. 2008; Palmer et al. 2011; Tanamachi et al. 2012;
Bodine et al. 2013).

These past studies have provided critical information
on the echo structure, velocity fields, and characteristics
of the scatterers in and around tornadoes; however,
careful analyses of photographs taken at the same time
have been relatively rare. Several studies have merged
radar reflectivity and Doppler velocity data with tor-
nado photographs in order to elucidate their relation-
ship with the condensation funnel (e.g., Wakimoto and
Martner 1992; Wakimoto et al. 2003, 2011, 2012; Dowell
et al. 2005; Bluestein et al. 2007a; Rasmussen and Straka
2007; Atkins et al. 2012). To date, however, only the
recent study of the Moore tornado (Atkins et al. 2014)
has attempted to perform a similar analysis using po-
larimetric radar data but only in a series of plan plots.
Recent numerical simulations have illustrated the
complex relationship between the funnel and debris
cloud (Lewellen et al. 2008). Debris can affect the wind
structure, damage potential, and Doppler radar mea-
surements of the tornado.

On 31 May 2013, a wide and destructive tornado oc-
curred near El Reno, Oklahoma, and resulted in a
number of fatalities and injuries. Wurman and Kosiba
(2013) and Wurman et al. (2014) have referred to this
event as a tornado/multiple vortex mesocyclone. Many
of the vortices moved in trochoid-like paths making it
challenging at times to differentiate the tornado from
suction/subvortices (e.g., Fujita et al. 1976; Fujita 1981;
Wurman 2002; Lee and Wurman 2005). Hereafter, these
features will be referred to as suction vortices. The El
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Reno tornado was scanned by the mobile rapid-scanning
X-band polarimetric Doppler radar (RaXPol; Pazmany
et al. 2013; Snyder and Bluestein 2014; Bluestein et al.
2015) while the evolution of the funnel was captured
by a series of photographs and high-definition video. In
this paper, radar reflectivity, single-Doppler velocities,
ZpR, and py, data are combined with these photographs
in order to relate these parameters to the visual char-
acteristics of the tornado. Section 2 presents an overview
of the RaXPol radar and photogrammetry techniques
used in this study. A brief description of the El Reno
tornado and the subsequent ground and aerial damage
survey are also discussed. The Twin Lakes, Oklahoma,
WSR-88D (KTLX) and RaXPol radar data collected on
the tornado are shown in section 3. Section 4 presents
the photogrammetric merger of radar data with pictures
taken of the El Reno tornado, and section 5 presents an
example of low py,, ring structures that were observed in
several scans recorded by RaXPol. Section 6 discusses
the polarimetric detection of pockets of dust/debris that
were visually apparent in photographs located in an area
south of the funnel. A summary and discussion are
presented in section 7.

2. RaXPol, photogrammetry, and overviews of the
El Reno tornado and the damage survey

The need for mobile, rapidly scanning radars owing to
the evolution of severe storm phenomena has been
discussed in the literature (e.g., Bluestein et al. 2001).
Accordingly, the Rapid-Scan Doppler on Wheels
(RSDOW; Wurman and Randall 2001; Wurman et al.
2014), Mobile Weather Radar 2005 X-band Phased
Array (MWR-05XP; Bluestein et al. 2010), Atmo-
spheric Imaging Radar (AIR; Isom et al. 2013), and
RaXPol (Pazmany et al. 2013) systems have all been
developed and deployed. The RaXPol system is the
primary platform used in the present study.

The RaXPol antenna diameter is 2.4 m and transmits at
3.1-cm wavelength. The pedestal rotates the antenna at a
maximum rate of 180°s™' and the 3dB (half power)
beamwidth is 1°, although the dwell time required to col-
lect samples for moment calculations typically results in an
effective beamwidth of ~1.4°. The range resolution during
the data collection period was 30 m, oversampled such that
the range gates were 15m. Increasing the number of in-
dependent samples needed to calculate the radar param-
eters while in rapid scan mode is achieved by using the
frequency-diversity technique (e.g., Hildebrand and
Moore 1990). The interested reader is referred to Pazmany
et al. (2013) for additional information on RaXPol.

Photogrammetry has been used to quantitatively an-
alyze pictures of clouds or the condensation funnel
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El Reno Tornado Damage Path
31 May 2013
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FIG. 1. Damage map of the El Reno, OK, tornado on 31 May 2013. Black, blue, green, and red contours denote the EF-0, -1, -2, and
-3 damage intensity isopleths. Black dashed line is the center of the tornado. The two red dashed lines denote the location of an anti-
cyclonic tornado and cyclonic suction vortex. Magenta lines represent the approximate flow as depicted in the damage based on fallen
trees, building debris, and streaks in the vegetation based on a detailed aerial survey. Red stars represent two deployment locations of the
RaXPol mobile Doppler radar (shown by an icon of the truck). Photographs and videos of the tornado were taken at both sites.

accompanying a tornado (e.g., Malkus 1952; Wakimoto
and Martner 1992; Zehnder et al. 2007). The technique
requires knowledge of the azimuth angles of targets
identifiable on the horizon depicted in a picture and the
precise location of the photographer. The effective focal
length and the tilt angle of the camera can subsequently
be determined using spherical trigonometry. The final
step is the creation of an azimuth- and elevation-angle
grid that can be superimposed onto the photograph.
Comparison of the calculated azimuth-angle grid with
the targets visible on the horizon of the picture suggests
that errors range between 0.1° and 0.2° (approximately
9-17m at the distance to the center of the tornado, re-
spectively). An overview of photogrammetry can be
found in Abrams (1952) and Holle (1986).

The photographer was located within a few meters of
the radar antenna in order to minimize any azimuth-
angle errors owing to the photo site and the radar dish
being at slightly different locations. It is well known that
pictures taken at a wide angle can suffer from distortion
at the edges of the image. The two mitigating factors
were the high quality of the camera lens that minimizes
distortion and limiting the analysis region to, at most,
40% of the total image size centered in the middle of the
photograph. The center region of a photograph experi-
ences the least distortion. The radar data were shifted
using a time-space conversion before superimposition
onto the photograph in order to correct for the motion of
tornado in the plane of the photograph. This correction
was small since the radar completes 360° in 2s and a

volume contained six elevation angles (0°, 1°, 2°, 3°, 4°,
and 5°). The time of the photograph was used as the
analysis time.

The approximate collocation of the photographer and
radar antenna is important since the azimuth- and
elevation-angle grid superimposed onto the photograph
will also represent the radar scanning angles. The raw
radar reflectivity, Doppler velocities, Zpg, and py,, data
points at the range to the center of the tornado can be
subsequently plotted on the picture. The result s a series
of vertical cross sections through the rotational couplet.
This technique produces the highest possible resolution
since raw rather than interpolated data are used in the
analysis.

The synoptic and mesoscale aspects of the storms on
31 May 2013 are detailed in Bluestein et al. (2015). The
El Reno storm developed east of the intersection of a
dryline with a stationary front (not shown). Extreme
potential instability and moderately strong vertical wind
shear created a favorable environment for supercell
storms and tornadoes. A north-northeast-south-south-
west line of intense storms developed at ~2130 UTC
(UTC = CDT + 5h) west and north of the city of El
Reno (not shown) in central Oklahoma. The southern-
most storm evolved into a supercell and produced a
tornado west of the intersection between the Fort Reno
and Reuter Roads at ~2303 UTC (Fig. 1). The tornado
followed an approximate U-shaped path through pri-
marily rural areas until it dissipated at ~2345 UTC.
Ground damage surveys were conducted on 1 and 3 June
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2305:40 UTC

2314:34
| ZDR

F1G. 2. Low-level scans (0.5°) from the KTLX WSR-88D of reflectivity (Z), Doppler
velocities (V,), differential reflectivity (Zpr), and correlation coefficient (pp,) for the
(a) 2305, (b) 2314, (c) 2323, and (d) 2332 UTC volume scans. The blue isopleth denotes the
EF-0 damage boundary. The black arrow on the Zpg and py,, image at 2314:34 UTC denotes
areas of low values that suggest lofted debris. The black dashed line denotes the location
of the tornado center. The black arrow on the V, image at 2333:16 UTC denotes the location
of an anticyclonic tornado. The dashed gray lines represent major roads. Gray lines
represent the range and azimuth angle grid from the KTLX WSR-88D.
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FIG. 2. (Continued)

and a comprehensive aerial survey was performed on
4 June. The National Weather Service also provided
ground survey estimates of damage in the aftermath
of the tornado. The integration of this information led
to the map of the El Reno damage path shown in
Fig. 1.

Fortunately, the El Reno tornado occurred in a rural
area resulting in both fewer structures damaged and
people exposed to the strong winds. This is in stark
contrast to the Moore tornado that occurred 11 days
earlier and damaged more than 4000 structures (e.g.,
Atkins et al. 2014; Burgess et al. 2014). The absence of
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buildings along the tornado’s path; however, presented a
challenge of accurately estimating the tornado’s damage
intensity (e.g., Doswell and Burgess 1988; Doswell et al.
2009; Snyder and Bluestein 2014). Aerial and ground
surveys confirmed that the structures impacted by the
tornadic winds sustained a maximum of EF-3 damage
(highlighted by the red shading in Fig. 1) although mo-
bile radar measurements suggested much higher wind
speeds located above the surface (Wurman et al. 2014;
Snyder and Bluestein 2014; Bluestein et al. 2015). The
center of the tornado track was determined by a com-
bination of the aerial survey and the location of the ro-
tational couplet. The overall U-shaped path described
earlier is evident in the damage map. The large damage
width is also apparent (maximum width ~8km south-
east of El Reno). This large width should not be equated
to the tornado’s diameter. Some of the damage flow
vectors south of the tornado center are suggestive of the
rear-flank downdraft (e.g., Lemon and Doswell 1979).
Also highlighted on the damage map are the locations
of a brief anticyclonic tornado and a cyclonic suction
vortex (both indicated by the red dashed line in Fig. 1).
Numerous suction vortices were observed in the video
recorded by scientific and amateur storm chasers.

The positions of two of the RaXPol deployments are
denoted by the red stars on the map. It is the data col-
lected at the eastern site near the off ramp of Interstate
40 and Banner Road that is the focus of the current
study. A comprehensive examination of the damage
survey conducted in the aftermath of the El Reno tor-
nado combined with mobile rapid scan data from
RaXPol and RSDOW will be presented in a
companion paper.

3. KTLX and RaXPol radar observations

The relationship between the El Reno damage path
and the data recorded by the KTLX radar is shown in
Fig. 2. The tornado developed and dissipated at ~75 km
and 60km from the radar, respectively, based on the
superposition of the track on top of the images. A weak
rotational couplet and a hook echo are apparent early in
the tornado’s life cycle (Fig. 2a). There is no evidence
of aTDS in the Zpg and py, fields owing to the height of
the beam above the ground (~1km) at this distance
from the radar. The hook echo is well defined and the
rotational couplet has intensified as shown in the
2314 UTC volume scan (Fig. 2b). The first indication of a
developing TDS is apparent with low Zpg and py,, (black
arrows in Fig. 2b) suggesting the presence of lofted de-
bris [also noted by Wurman et al. (2014)].

A large debris signature is evident in the reflectivity
scan shown in Fig. 2c with intense echoes centered on
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the tornado track and a strong velocity couplet. The Zpg
and py, signature suggest that the north-south width of
the debris field is ~5km. The radar data depicted in
Fig. 2c is close to the times that detailed photogram-
metric analyses of the El Reno tornado are performed
(section 4). The hook echo is difficult to identify in
Fig. 2d when the tornado was crossing Interstate 40. The
TDS continues to grow in horizontal dimensions at this
time even though the Doppler velocities suggest that the
circulation is weakening. This is an example of debris
that remains aloft in a strong updraft or is slowly falling
to the ground (also referred to as debris fallout) and not
necessarily indicative of the tornado’s intensity (e.g.,
Lewellen et al. 2008; Bodine et al. 2013). An anticyclonic
rotational couplet associated with a tornado (black ar-
row in Fig. 2d) is apparent south of Interstate 40 and was
discussed by Wurman et al. (2014) and Bluestein
et al. (2015).

As previously mentioned, there were two fixed de-
ployment sites of RaXPol during the El Reno tornado as
shown in Fig. 1. A series of volume scans were recorded
at the eastern site, however, only three of these volumes
(2324:45, 2325:00, and 2325:15 UTC) were completed
when the radar platform was level. The tornado location
at 2325 UTC is labeled along the tornado track in Fig. 1.
The tornado was moving northward toward Interstate 40
at this time and was nearing the end of its life cycle. Each
volume contained six elevation angle scans (0°, 1°, 2°, 3°,
4°, and 5°). The photogrammetric analysis was restricted
to these three times since the merger of radar data with
photographs of the tornado requires accurate navigation
of both the azimuth and elevation angles. The plan po-
sition indicator (PPI) scans at 3° elevation angle for the
three times are shown in Fig. 3. The tornado center was
located ~5 km from the radar site during this time. The
much higher spatial resolution data from RaXPol is
apparent when comparing the images in Fig. 3 with
Fig. 2c.

A WEH can be clearly identified at 2324:45 UTC
(Fig. 3a). Strong rotation is apparent in the Doppler
velocity image, but there is also an indication of a
smaller TVS embedded within a much larger circulation
denoted by the black and white arrows in the figure,
respectively. Wurman et al. (2014) noted the same fea-
tures in their data collected a few minutes earlier. The
black arrow in the Zpg image denotes the location of an
arc of higher Zpg that is collocated with a region of
stronger echoes associated with the hook echo sug-
gesting the presence of hydrometeors (e.g., Palmer
et al. 2011).

The TDS is clearly apparent in both the Zpr and py,y
scans shown in Fig. 3a. The width of the debris field is
approximately 2km based on the py, image. The
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2324:45 UTC
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03 04 05

2325:00 UTC

boundary of the debris field, as defined by the py, field, is
outlined by the white dashed line (black dashed line)
and is superimposed onto the radar reflectivity and
Doppler velocity plots (Zpg plot). The black dot on the
image denotes the approximate geometric center of the
outlined area. There is a northward displacement of
~1km between the WEH/center of the rotational cou-
plet and the approximate geometric center of the debris
field (black dot). Accordingly, the lofted debris extends
into the weak-echo notch of the hook echo. In addition,

2325:15 UTC

2325:15 UTC

Fi1G. 3. Radar reflectivity, Doppler velocities, differential re-
flectivity (Zpr), and correlation coefficient (ppy) recorded by
RaXPol at 3° elevation angle at (a) 2324:45, (b) 2325:00, and
(c) 2325:15 UTC. The gray lines represent the range and azimuth
angle grid from RaXPol. The black arrow on the Zpr image in
(a) denotes the location of an arc of relatively high Zpg. Black and
white arrows plotted on the velocity image in (a) denote velocity
signatures of a smaller and larger vortex circulation, respectively.
The black arrows plotted on the py, fields in (a) and (b) denote
lobelike structures. The location of the vertical cross sections is
shown on all radar reflectivity images. The dashed line plotted on
top of the radar reflectivity, Doppler velocity, and Zpgr images in
(a) represents the outline of the debris field as defined by the py,
field. The approximate center of the outline is indicated by the
black dot. The black X in (a) denotes the southern extent of the
annulus of high radar reflectivity associated with the hook echo and
is also shown in Fig. 4b.

the northern segment of the outline on the radar re-
flectivity image is nearly coincident with the southern
edge of a strong radar reflectivity gradient. The collo-
cation of the northern extent of the TDS with the radar
reflectivity gradient is somewhat surprising and suggests
that the debris field might extend farther to the north.
One explanation for the collocation of the northern
extent of the TDS with the reflectivity gradient is that a
combination of heavy rain, hail, and downdrafts has
removed the lofted debris in this region. It is also
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2324:41 UTC 2324:38 - 2324:50

~4.95 km distance to the tornado

B e e 200 Rl
2324:41 UTC a 2324:38 - 2324:50

southern extent of
high radar reflectivity

0 20

QL0 . E 403 s 5. - - ’ 2600 _.-__‘2_.62’ s
2324:41 UTC b 2324:38 - 2324:50

= smaller vortex circulation
4= - larger vortex circulation

FIG. 4. (a) Wide-angle photograph of the El Reno tornado at 2324:41 UTC. (b) Radar reflectivity
(dBZ) from the 2324:38-2324:50 UTC volume scan. Values <30 dBZ are shaded light blue. The 35-
and 45-dBZ isopleths have been added as dashed lines in regions characterized by weaker gradients.
(c) Ground-relative single-Doppler velocities (ms™'). Red and green lines are isopleths of ap-
proaching and receding single-Doppler velocities, respectively. Velocities <—350 and >50ms ™" are
shaded light red and green, respectively. Velocities <—100ms ™! are shaded dark red. (d) Cross-
correlation coefficient (pny). Values <0.50 are shaded red. (e) Differential reflectivity (Zpr, dB).
Red and green lines are isopleths of negative and positive Zpg, respectively. (f) Radar reflectivity
and cross-correlation coefficient. The green circle represents the 1° beamwidth of the radar. The
scales labeled on the figures are valid at the distance to the center of the tornado. The white dotted
line denotes the northern edge of the visible funnel. The black X in (b) denotes the southern extent
of the annulus of high radar reflectivity associated with the hook echo and is also shown in Fig. 3a.
The black and white arrows in (c) denote velocity signatures of smaller and larger vortex circula-
tions, respectively. The location of the vertical cross section is shown in Fig. 3a.
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2324:38 - 2324:50

FIG. 4. (Continued )

possible that the increase in py, to the north of the
TDS is caused by precipitation entrainment associ-
ated with the higher echo intensity (e.g., Bodine et al.
2013, 2014). Indeed, although py, will generally de-
crease in a mixture of debris with hydrometeors
(Kumjian and Ryzhkov 2008), an increase in py, can
occur if the debris concentration remains the same
but the concentration of raindrops increases (Bodine
et al. 2013).

The next volume scan at 2325:00 UTC (Fig. 3b) de-
picts similar kinematic features when compared to the
images shown in Fig. 3a. Of particular interest are the
lobelike structures that appear in the py, images in
Figs. 3a and 3b (highlighted by the black arrows).
Lewellen et al. (2008) suggest that a swirling debris flow
is highly compressible, which can lead to deviations from
symmetry (see their Figs. 1, 3, and 9). It is also possible
that these lobelike structures are a result of debris being
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2324:41 UTC

F1G. 5. (a) Enlarged photograph of the El Reno tornado at 2324:41 UTC. (b) Radar re-
flectivity (dBZ). Values <30 dBZ are shaded light blue. (c) Ground-relative single-Doppler
velocities (ms™!). Red and green lines are isopleths of approaching and receding single-

Doppler velocities, respectively. Velocities <—50 and > 50ms ' are shaded light red and

green, respectively. Velocities <—100ms ! are shaded dark red. (d) Cross-correlation co-
efficient (ppy). Values <0.50 are shaded red. The 0.20 and 0.40 isopleths have been added
(dashed red lines) in areas of weak gradient. (¢) Radar reflectivity and cross-correlation co-
efficient. (f) Radar reflectivity and differential reflectivity (Zpr, dB). Red and green lines are
isopleths of negative and positive Zpg, respectively. The green circle represents the 1°
beamwidth of the radar. The scales labeled on the figures are valid at the distance to the center
of the tornado. The small dots represent the raw data points from RaXPol. The white dotted
line denotes the northern edge of the visible funnel. The white dashed line in (e) denotes the
location of the horizontal cross section shown in Fig. 7.
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FIG. 5. (Continued)

lofted at discreet intervals as the tornado encountered
structures built to different construction standards.
However, the El Reno tornado was located in an open,
rural area at this time suggesting that the latter scenario
is less likely. Finally, this pattern could be a result of
suction vortices although the lobes are not associated
with obvious rotational couplets in the Doppler velocity
plots. The images depicted at 2325:15 UTC (Fig. 3c) are
different than the earlier volume scans. The WEH is less

prominent and the TVS has weakened. The TDS, how-
ever, is still prominent in the Zpr and py,, scans although
the signature is elongated in a west-southwest—east-
northeast axis.

4. Vertical cross sections through the tornado

The high spatial and temporal resolution data and
polarimetric information afforded by RaXPol provided
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an opportunity to document the El Reno tornado’s vi-
sual structure in relationship to radar reflectivity,
Doppler velocity, Zpr and py, fields. The inclusion of
vertical profiles of polarimetric data into a photogram-
metric analysis has not been previously attempted. The
range to the rotational couplet was determined using
single-Doppler velocity data from RaXPol. This range,
which could vary by a couple of range gates at different
elevation angles, was used to construct pseudovertical
cross sections through the weak-echo column (WEC)!
and the rotational couplet using the raw data collected
by the radar. These cross sections are along curved
surfaces at a constant range as indicated in the radar
reflectivity images shown in Fig. 3. The data collected
during three consecutive volume scans (2324:38-2324:
50, 2324:54-2325:06, and 2325:09-2325:21 UTC) are
shown in this section. Partial beam blockage by trees
visible in the photographs contributes to the reduced
echo intensity at low elevation angles.

a. 2324:38-2324:50 UTC

Two sets of cross sections were created for each of the
radar volume scans. One set was a wide-angle view of
the entire circulation and lofted debris and a second was
an enlarged view of the tornadic circulation. The dis-
tance to the center of the tornado was ~4.95km. The
lowered cloud base on the southern part of the storm at
~238° azimuth angle is apparent in Fig. 4a. The southern
edge of the funnel was located at 242° (Fig. 5a); however,
the northern edge was difficult to discern (denoted by
the white dashed line in Figs. 4 and 5). The funnel was
~500m wide at an elevation angle of 2° (Fig. 5a). The
vertical cross section of radar reflectivity superimposed
onto the picture of the tornado for the first volume scan
is shown in Fig. 4b. Heavy precipitation and lofted de-
bris with radar reflectivities greater than 40dBZ in this
region contributed to the poor visibility (Figs. 4b and
5b). The southern extent of the annulus of high radar
reflectivities associated with the hook echo [highlighted
by the crisscross (““X”’) in Fig. 3a] is collocated with the
edge of the lowered cloud-base feature in Fig. 4b.

A WEC is apparent (Figs. 4b and 5b) with minimum
echo intensity less than 0 dBZ owing to centrifuging of
hydrometeors and debris (Dowell et al. 2005). The WEC
is qualitatively defined as radar reflectivities less than
40dBZ and is ~400m wide at an elevation angle of 5°
(blue shading in Fig. 4b). The WEC is not centered in the
middle of the funnel at this time and its diameter is less
than the width of the funnel, in contrast to the findings

! Tanamachi et al. (2012) define the weak-echo column as a
continuous weak-echo hole in a vertical profile.
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shown by Wakimoto et al. (2011) for the LaGrange
tornado but consistent with analyses presented by
Dowell et al. (2005) and Rasmussen and Straka (2007).
The WEC is centered within the velocity couplet where
the vorticity is a maximum and the perturbation pres-
sure is a minimum. The displacement of the funnel
center from the WEC is likely related to the humidity
conditions that may be higher in this northern region.
The vertical structure of the WEC is ““U shaped’ similar
to those reported by Wurman and Gill (2000), Dowell
et al. (2005), and Wakimoto et al. (2011). The stronger
echoes near the surface (~1°) beneath the WEC are the
result of lofted debris (Fig. 5b). Dowell et al. (2005)
proposed the lofted debris and hydrometeors are
centrifuged within a few tens of seconds. This results in a
decrease in their number concentration within the tor-
nado core producing the WEC but also an increase in
concentration somewhat outside of the core. This model
explains the higher radar reflectivities denoted by the
45-dBZ isopleths in regions outside of the WEC espe-
cially to the south (Fig. 5b). To the north of the funnel,
however, the 45-dBZ isopleth extends from 247° to 254°
suggesting that debris is being lofted over greater hori-
zontal distances. However, unlike the region south of
the tornado where the region of higher radar re-
flectivities is nearly collocated with the low values of py,,,
the area encompassed by the 45-dBZ isopleth north of
the tornado is not coincident with a minimum of py,,. Itis
possible that there is a significant amount of hydrome-
teors mixed in with the debris in this area.

The smaller tornadic vortex embedded within a
larger circulation noted in Fig. 3a is apparent in Fig. 4c.
The maximum receding velocities associated with the
larger circulation at elevation angle 5° are >80ms ™' at
258° azimuth angle and minimum approaching veloci-
ties are <—90ms ' at 231° azimuth angle (shown by
the white arrows in the Fig. 4c). The couplet is sepa-
rated by ~1.9km resulting in a velocity shear of
~0.09s ', The black arrows in Fig. 4c (region is en-
larged in Fig. 5¢) denote the location of the inner
couplet associated with the tornado. Minimum and
maximum of approaching and receding velocities
are <—110 and >50ms ', respectively. The largest
receding and approaching radial velocities associated
with the inner circulation are close to the north and
south boundaries of the funnel, respectively. The
maximum velocity shear in this smaller circulation is
~0.45s~'. Both of the rotational couplets appear to
widen with increasing height. The pronounced asym-
metry in the circulation is only partially explained by
the tornado movement of ~18.6ms ™! during this time
(~17ms™ ' radial component of velocity based on
movement of the tornado shown in Fig. 1). It is
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2324:41 UTC

o boliRyn Radar Reflectivity

Debris
Overhang

FIG. 6. Enlargement of the debris overhang depicted in Fig. 4. (a) Radar reflectivity (dBZ)
with values <35 dBZ shaded blue. (b) Cross-correlation coefficient (pny) with values <0.50 are
shaded red. (c) Single-Doppler velocities (m s~ ') with values >50m s~ are shaded light green.
White arrow represents the position of the weak-echo trench and “notch” of high py,, extending
into the debris overhang. The small dots represent the raw data points from RaXPol. The green
circle represents the 1° beamwidth of the radar.

possible, however, that the outflow from the rear-flank extended period as shown by the dashed black line in
downdraft is contributing to the asymmetry. Fig. 1. The larger circulation was associated with wind

This El Reno storm is an example of the challenge in  speeds that meet the criteria for a tornado. Wurman and
defining the tornadic circulation. The inner vortex Kosiba (2013) discussed a similar situation and asked
resulted in a damage path that could be tracked over an  whether this should be classified as a mesocyclone
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containing an internal tornado or a tornado with mul-
tiple wind speed maxima. The latter may be a more
appropriate description in the present case study.

The estimated location of the lofted debris is depicted
by the vertical structure of py, (Figs. 4d and 5d; low py,
less than 0.50 has been shaded light red). The southern
extent of light red shading is located near the edge of the
funnel. The debris extends much farther to the north;
however, especially aloft (note the shaded area between
257°-262° azimuth and 3°-5° elevation angles) and as-
sumes the shape of a “debris overhang.” An enlarged
analysis of the overhang is shown in Fig. 6. The overhang
is located in a weak echo trench (highlighted by the
white arrow in Fig. 6a) and strong receding radial ve-
locities (Fig. 6¢). A notch of high py, extends into the
overhang (near the tip of the white arrow in Fig. 6b). The
overhang, py, notch, echo trench, and strong outbound
velocities are consistent with the presence of a nearby
updraft. These observations are support the results
shown by Bodine et al. (2013). They proposed that
centrifuged debris that is small and with low terminal
velocity can be recycled and transported vertically by
the updraft. The present study suggests that this lofted
debris can form an overhang that is detectable in an
analysis of the py, fields.

Prominent in the py, field in the vicinity of the funnel
is a distinct U-shaped band of higher py,, greater than 0.5
(Fig. 5d) positioned along the periphery of the WEC
(Figs. 4f and 5d,e). The maximum point value in the
band was 0.89. An examination of the vertical cross
section of Zpgr suggests an approximate U-shaped band
of positive values in the same region (Figs. 4e and 5f).
The high pp, and Zpgr suggest the presence of hydro-
meteors in this U-shaped band and illustrates the com-
plexity of the centrifuging process when hydrometeors
and debris are both swirling within a tornadic circula-
tion. Dowell et al. (2005) have examined number con-
centration of hydrometeors and debris. They show the
tendency to produce relatively low concentration inside
the vortex core and relatively high number concentra-
tion outside the core. The greatest raindrop concentra-
tion, however, develops just inside the radius of
maximum wind. As the raindrops are lifted, the centri-
fuging results in the width of the tube of maximum
concentration increasing with height. In contrast,
centrifuged debris (assumed to be small gravel or small
boards) does not reach great heights since they are
ejected rather quickly at a height of ~200m in their
simulation (see their Fig. 11). The characteristics of
centrifuged debris are also supported by the modeling
results presented by Lewellen et al. (2008) for sand
particles 0.5 mm in diameter. The simulation by Dowell
et al. (2005) suggests that the U-shaped band of
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FIG. 7. Plot of radar reflectivity (thick dark gray lines) and py,
fields (black lines) centered on the WEH at 300m AGL at 2324:
38 UTC. Values of p,, < 0.40 are shaded light gray. The 0.425 isopleth
(dashed line) is included in a region of weaker gradients. The location
of the cross section is shown by the white dashed line in Fig. Se.

relatively high py, located at the periphery of the WEC
is the tube of maximum concentration of raindrops.

The high spatial resolution of the RaXPol data allows
for a finescale examination of the polarimetric charac-
teristics within the WEC. Radar reflectivities within the
WEC are less than 0dBZ, the minimum in py, is less
than 0.30 (the lowest raw data point was 0.12), and Zpg
was slightly negative. This combination of variables
suggests that the WEC is composed of a low concen-
tration of very small, randomly oriented debris particles
and an absence (or low concentration) of hydrometeors.
Lewellen et al. (2008) note that the central core is spo-
radically populated by sand even in the presence of
strong centrifuging.

The horizontal structure of py, through the WEH at
300m is presented in Fig. 7. The RaXPol data were in-
terpolated onto a 30-m horizontal grid using a two-pass
Barnes’s scheme (Koch et al. 1983). The filter was cho-
sen based on the data resolution, 6 (30m). The
smoothing parameter k was 0.006 km? [« = (1.338)?]. A
prny minimum is evident in the interpolated data near the
minimum radar reflectivities. Higher values of py,, nearly
encircle the minimum followed by an extensive area of
low py,y at larger radial distances from the WEH.

Similar structures using polarimetric observations
have been reported previously in the literature. Kumjian
and Ryzhkov (2008) presented a schematic model that
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FIG. 8. Photogrammetric cross sections and plan position indicator (PPI) scans at an elevation angle of 3° for the 2324:38-2324:50 UTC
volume scan. (a) Radar reflectivity, (b) Doppler velocities, (c) cross-correlation coefficient (ppy), and (d) differential reflectivity (Zpg)-
Radar reflectivity <30 dBZ is shaded light blue. Red and green lines are isopleths of approaching and receding single-Doppler velocities,
respectively. Velocities <—50 and >50m s~ are shaded light red and green, respectively. Velocities <—100ms ™' are shaded dark red.
Cross-correlation coefficient less that 0.50 is shaded red. Length scale on the photogrammetric analyses is valid at the distance to the center
of the tornado and matches the length scale for the PPI scan. The white dotted line denotes the northern edge of the visible funnel. The
location of the photogrammetric cross section is shown by the dashed line on the PPI scans. The gray lines on the RaXpol scans represent
the range and azimuth-angle grid.
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2325:01 UTC 2324:54 - 2325:06

~4.75 km distance to the tornado

230° 235° * 260° 265°

2325:01 UTC a 2324:54 - 2325:06

Radar Reflectivity 1 km

2325:01 UTC b 2324:54 - 2325:06

Doppler Velocities

= smaller vortex circulation
4= - larger vortex circulation

c

FIG. 9. (a) Wide-angle photograph of the El Reno tornado at 2325:01 UTC. (b) Radar re-
flectivity (dBZ) from the 2324:54-2325:06 UTC volume scan. Values <30 dBZ are shaded light
blue. (c) Ground-relative single-Doppler velocities (ms~'). Red and green lines are isopleths
of approaching and receding single-Doppler velocities, respectively. Velocities <—50 and
>50ms ! are shaded light red and green, respectively. Velocities <—100ms™ ' are shaded
dark red. (d) Cross-correlation coefficient (pny). Values <0.50 are shaded red. (e) Differential
reflectivity (Zpgr, dB). Red and green lines are isopleths of negative and positive Zpg, re-
spectively. (f) Radar reflectivity and cross-correlation coefficient. The green circle represents
the 1° beamwidth of the radar. The scales labeled on the figures are valid at the distance to the
center of the tornado. The white dotted line denotes the northern edge of the visible funnel.
Black and white arrows in (c) denote velocity signatures of a smaller and larger vortex circu-
lation, respectively. The location of the vertical cross section is shown in Fig. 3b.
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2324:54 - 2325:06

FIG. 9. (Continued)

showed rings of enhanced Zpgr and reduced py, in a
weak-echo region but confined to the main rotating
updraft, not the tornado. In addition, the rings in their
studies were located near and above the freezing level.
Tanamachi et al. (2012) also examined Zpg and py, rings
within a tornadic supercell but with insufficient reso-
lution to determine the polarimetric characteristics
within and surrounding the WEH. Bodine et al. (2014)
created a set of schematics for a polarimetric TDS for
several levels (see their Fig. 12). Near the surface
(110 m), a maximum of radar reflectivity from debris

scatterers is centered on a broad minimum of ppy. A phy
maximum is within the WEH at higher levels (720 m).
The polarimetric data apparent at the 1° and 2° elevation
angles shown in Fig. 5 approximately agree with the
model presented by Bodine et al. (2014); however, a ppy
minimum within the WEH at higher levels has not been
previously documented in the literature.

The RaXPol PPI scans at an elevation angle of 3° were
magnified and rotated to closely match the viewing an-
gle of the photographer in order to further elucidate
the relationship between the vertical and horizontal
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FIG. 10. (a) Enlarged photograph of the El Reno tornado at 2325:01 UTC. (b) Radar re-
flectivity (dBZ). Values <30 dBZ are shaded light blue. (c) Ground-relative single-Doppler
velocities (ms™!). Red and green lines are isopleths of approaching and receding single-
Doppler velocities, respectively. Velocities <—50 and >50ms~! are shaded light red and
green, respectively. Velocities <—100ms ' are shaded dark red. (d) Cross-correlation co-
efficient (ppy). Values <0.50 are shaded red. (e) Radar reflectivity and py,,. (f) Radar reflectivity
and differential reflectivity (Zpgr, dB). Red and green lines are isopleths of negative and
positive Zpg, respectively. The green circle represents the 1° beamwidth of the radar. The
scales labeled on the figures are valid at the distance to the center of the tornado. The white
dotted line denotes the northern edge of the visible funnel. The white arrows in (d) denote two
areas near the WEC where py,, is >0.50. The small dots represent the raw data points from
RaXPol.
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F1G. 10. (Continued)

structure of radar reflectivities, Doppler velocities, ppy,
and Zpg with the tornado. The photogrammetric anal-
yses presented in Figs. 4b—e were reduced in size so the
length scale shown on these plots matched those pre-
sented in the radar scans to facilitate direct comparisons.
The rotation of the radar scans closely aligns the azi-
muth angles with the photogrammetric cross sections in
Fig. 8. The tube of high reflectivity in the PPI scan sur-
rounding the tornado is illustrated in Fig. 8a. The

horizontal and vertical structure of the debris field as
defined by the py,, and Zpg analyses (Figs. 8c,d) and its
relationship to the hook echo (Fig. 8a) is apparent in the
figure. The impressive expanse of the debris field, es-
pecially to the north and west (Fig. 8c) when compared
with the positions of the WEH (Fig. 8a), weak echo
notch, and intense rotational couplet (Fig. 8b) is also
evident. The debris overhang (Fig. 8c) is located north of
the hook echo (Fig. 8a) and within a broad region of
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intense, receding Doppler velocities associated with the
larger circulation (Fig. 8b).

b. 2324:54-2325:06 and 2325:09-2325:21 UTC

The funnel width has increased dramatically by the
next analysis time (2324:54-2325:06 UTC) and is ~800 m
in diameter (Figs. 9a and 10a). The WEC is still clearly
defined and centrifuging of debris and hydrometeors
has resulted in minimum reflectivities below —5dBZ
(Figs. 9b and 10b). The WEC is now approximately
centered within the funnel in contrast to the earlier time.
Stronger echoes (>45dBZ) form an annulus around the
WEC between 1° and 2° (Fig. 10b). The rotational ve-
locities have weakened during this volume scan for both
the larger and smaller circulations (Fig. 9c denoted by the
white and black arrows, respectively, and Fig. 10c). The
TDS is still apparent in the fields of py, and Zpg (Figs. 9d
and 9e, respectively). The debris overhang remains a
prominent feature from 254° to 262° (Fig. 9d) and is lo-
cated within the weak echo trench (Figs. 9b,f), consistent
with the previous volume scan.

The major change in the analyses of the polarimetric
fields is the absence of the U-shaped band of relative
high py,. Instead, two regions with values greater than
0.50 are apparent centered at ~246° and 249° that are
located at the periphery of the weak-echo column (white
arrows in Fig. 10d). These areas are located near regions
of positive Zpg (Fig. 10f). These observations highlight
the rapidly evolving nature of the hydrometeor and
debris field within the El Reno tornado and suggest that
the band can be a transient feature without a continued
influx of hydrometeors as proposed by Dowell et al.
(2005). Low pyy and Zpgr (Figs. 10e and 10f) are still
apparent within the WEC consistent with the previous
analysis time.

There is a pronounced weakening of velocity gradi-
ents within the tornado during the next volume scan
(2325:09-2325:21 UTGC; Fig. 11c) even though the mag-
nitudes of the velocities are still strong. Striking when
comparing the plot shown in Fig. 4c with Fig. 11c is the
dramatic change from asymmetric to axisymmetric flow.
The maximum outbound wind speed is 80ms ™' and the
maximum inbound wind speed is 110ms ™" (Fig. 11c). As
previously noted, the motion of the tornado was
~17ms ! toward the radar during the data collection
period. The rapid evolution in the kinematic structure of
the tangential flow in ~30s highlights the importance of
rapid updates provided by mobile radar platforms. The
weaker velocity gradients lead to a reduction in the
centrifuging effect and a less-pronounced WEC (Fig. 11b).
The overall TDS pattern is similar to earlier analysis
times, including the presence of the debris overhang
(not shown).

MONTHLY WEATHER REVIEW

VOLUME 143

5. Observations of ringlike structures

There were a few scan times when rings of low py,
were observed in the RaXPol data. An example is shown
in Fig. 12. The data shown in this figure were collected
when RaXPol was positioned near the intersections of
Country Club and Jensen Road (Fig. 1). The track of the
El Reno tornado was largely over a rural area, however,
there were a few structures that were impacted by the high
winds. The center of the tornadic circulation (Fig. 12c)
was positioned near a damaged house rated EF-3 (the
red shaded area located east of the 2312:55 UTC
time stamp in Fig. 12a). The small area of high radar
reflectivities (~48dBZ), indicated by the black arrow
in Fig. 12b, is likely the result of the lofted debris from
this damaged structure. Indeed, a weak-echo hole was
collocated with the center of the rotational couplet during
the earlier volume scan at 1° elevation angle at 2315:
44 UTC when the tornado was located west of the house
(not shown). The gray circle superimposed on the scans of
Py, radar reflectivity, and Doppler velocities (Fig. 12d)
denote the position of a ringlike region of relatively
low cross-correlation coefficient. The blue dashed line
encompasses a region of relatively high radar reflectivity
(Fig. 12b) and is transposed onto the py,, image (Fig. 12d).
The area enclosed in the latter image is dominated by high
pny and relatively high Zpr (not shown). Accordingly, it is
possible that the ringlike structure of low py,, could be
partially attributable to an increased concentration of
hydrometeors (approximately enclosed by the dashed
line) inside the ring that has resulted in larger py, even if
the debris concentration remains relatively constant
(Bodine et al. 2013). It is also possible that the low py,, ring
represents a trajectory of debris being shed from the
northeastern side of the tornado. Additional studies are
needed to understand the mechanisms that produce
ringlike structures in py,.

6. Dust/debris patterns at the periphery of the
tornado

It is common to identify isolated pockets of lofted
dust/debris near the funnel in photographs owing to the
strong, swirling winds associated with the tornado or
wind gusts associated with the rear-flank downdraft. In
the present case, high-resolution video and still images
of the El Reno tornado revealed organized patterns of
lofted dust/debris located south of the funnel. An ex-
ample of dust/debris pockets is highlighted by the black
arrows superimposed onto the image at 2324:41
UTC (Fig. 13a). Note that one of these clusters is located
at 232° and is positioned ~750m to the south of the
funnel. A vertical cross section of data collected by
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2325:09 UTC

.

F1G. 11. (a) Enlarged photograph of the El Reno tornado at 2325:09 UTC. (b) Radar re-
flectivity (dBZ). Values <30 dBZ are shaded light blue. (c) Ground-relative single-Doppler
velocities (ms™!). Red and green lines are isopleths of approaching and receding single-
Doppler velocities, respectively. Velocities <—50 and >50ms~! are shaded light red and
green, respectively. Velocities <—100ms ™' are shaded dark red. The green circle represents
the 1° beamwidth of the radar. The scales labeled on the figures are valid at the distance to the
center of the tornado. The white dotted line denotes the northern edge of the visible funnel.
The small dots represent the raw data points from RaXPol.

RaXPol at the range of the tornado illustrates that the
Doppler velocities and the radar reflectivities were
generally between 70-80ms ' and 30-40dBZ, re-
spectively, near these clusters (Fig. 13b). The low radar

reflectivities near the surface (shaded blue) were caused
by partial beam blockage. The prominent features in
Fig. 13c are two troughs of py, (black dotted lines) that
approximately overlap with the dust/debris clusters. The
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FIG. 12. (a) An enlargement of the El Reno damage map. The EF isopleths are drawn. The circles represent the location of the center of
the rotational couplet at the indicated times (in minutes and seconds). Dashed gray line denotes the center of the tornado track. Magenta
lines represent the approximate direction of the flow based on debris streaks, fallen trees, rolling bales of hay, and striations marks in the
fields. A legend for the markings is provided at the bottom of the figure. (b) Radar reflectivity scan at 1° from RaXPol at 2312:59 UTC.
(c) Doppler velocity scan at 1° from RaXPol at 2312:59 UTC. (d) Cross-correlation coefficient scan at 1° from RaXPol at 2312:59 UTC.
Black arrow in (b) denotes a region of enhanced radar reflectivity. Gray circle in (b),(c), and (d) denotes the location of a ringlike
feature characterized by relatively low py,,. The center of the tornado track and the EF isopleths are superimposed onto the radar images in
(b),(c), and (d). The gray lines in (b),(c) and (d) represent the range and azimuth-angle grid from RaXPol.

general range of py, in these regions is 0.80-0.95, which is
not as low as those associated with the El Reno TDS. It is
interesting to note that the region near the surface between
the two clusters is associated with weaker Doppler
velocities >—70ms ™' (black arrow in Fig. 13b) as might
be expected. While the py,, fields show promise in high-
lighting regions characterized by small dust/debris clusters,
there is no apparent signature in Zpg analysis presented in
Fig. 13d. This supports past studies that have highlighted
the importance of py,, when delineating lofted debris.

An enlargement of the RaXPol PPI scan at 2324:
40 UTC south of the tornado at 1° elevation angle is

presented in Fig. 14. The color scale in Fig. 14a was
adjusted to emphasize py, in the range depicted in
the photogrammetric analysis (Fig. 13c). Indeed, this
change to the color plot shows several areas suspected of
being debris clusters that were not evident in the radar
scan presented in Fig. 3a. The region of relatively low py,,,
denoted by the middle arrow (Fig. 14a) is the dust/debris
area that appears between 234° and 236° in the vertical
cross section (Fig. 13c). It is more difficult to detect the
trough in py, that is located between 231° and 232° in
Fig. 14a since py, is higher and the gradients are weaker
(Fig. 13c). Moreover, the 1° scan is above the region of
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FI1G. 13. (a) Photograph of the region south of the El Reno tornado at 2324:41 UTC.
(b) Radar reflectivity (dBZ) and single-Doppler velocities (ms™'). (c) Radar re-
flectivity (dBZ) and cross-correlation coefficient (pny). (d) Radar reflectivity (dBZ)
and differential reflectivity (Zpgr, dB). Radar reflectivity <30dBZ are shaded light
blue. Red lines in (b) are isopleths of approaching Doppler velocity with values
<—100ms™ ! are shaded red. The black dotted lines in (c) denote two troughs in py,.
Cross-correlation coefficient in (c) <0.50 are shaded red. The 0.85 and 0.95 isopleths of
pny in (c) have been added (dashed red lines) in regions of weaker gradients. The green
circle represents the 1° beamwidth of the radar. The scales labeled in the figures are
valid at the distance to the center of the tornado. The small dots represent the raw data
points from RaXPol.
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FIG. 14. PPI scan of (a) cross-correlation coefficient (pny), and (b) differential reflectivity (Zpgr) recorded by
RaXPol at 1° elevation angle at 2324:40 UTC. The arrows in (a) indicate relative low py,, that suggest the presence of
““debris clusters.” The location of the photogrammetric cross section is shown by the dashed line. The gray lines
represent the range and azimuth-angle grid from RaXPol.
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minimum py,. There does not appear to be an obvious
signature in the Zpg scan that would suggest the pres-
ence of clusters of dust/debris (Fig. 14b).

7. Summary and discussion

A detailed analysis of the radar data collected by
RaXPol combined with cloud photography was per-
formed on the El Reno tornado on 31 May 2013. The
relationship between the hook echo, weak-echo hole
(WEH), weak-echo column (WEC), and rotational
couplet with the visual characteristics of the tornado
were shown. For the first time, this study also in-
corporated cross-correlation coefficient (py,) and dif-
ferential reflectivity (Zpr) data. The El Reno tornado
was accompanied by a large tornadic debris signature
(TDS) with a diameter ~2km wide during the analysis
time. The geometric center of the TDS was not collo-
cated with the WEH and center of the rotational cou-
plet. Instead, the TDS was displaced ~1km to the north
and within the weak-echo notch of the hook echo, most
likely because the centrifuged debris was small, had low
terminal fall velocity and was recycled within the up-
draft. Vertical cross sections revealed the large region of
lofted debris within and surrounding the tornado.
Highlighted in the analysis was an area of debris located
well above the surface that was referred to as a ““debris
overhang.” The overhang was located in a weak-echo
trench where a suspected updraft could suspend small
debris particles associated with low terminal velocities.
Also apparent was a notch of relatively high py, that
help delineate the position of the updraft. A U-shaped
band of high py, and Zpgr was resolved within the tor-
nadic circulation during the first volume scan. The band

was located at the periphery of the WEC. It is hypoth-
esized that the band formed as a result of an increased
concentration of hydrometeors (and some debris) en-
circling the WEC. This feature was transient since only
two segments of the U-shaped band were resolved in the
subsequent volume scan. This type of evolution is pos-
sible without a continued influx of hydrometeors.

The high-resolution data collected by the mobile radar
resulted in a detailed examination of the polarimetric
characteristics of the scatterers within the WEC. The
radar reflectivities, pyy, and Zpr were <0dBZ, <0.50,
and <0dB, respectively, within the WEC. This suggests
that the WEC was composed of a low concentration of
very small, randomly oriented, debris particles and a
general absence of hydrometeors even in the presence of
strong centrifuging effects. Isolated pockets of lofted
dust/debris south of the tornado were identified in both
high-definition video and photographs. These pockets
were detectable as troughs in the py, analysis. These de-
bris clusters could also be identified in the low-level
PPI scans.

A summary of the debris and hydrometeor pattern for
the El Reno tornado at 2324:41 UTC is illustrated in a
schematic model (Fig. 15). The hook echo, WEH, and
WEC and their relationship with the tornado are de-
picted in both the three-dimensional and vertical cross
section. The yellow circles represent hydrometeors
that encircle the WEC. Debris particles within and
surrounding the tornado are shown including the
northward displacement of the lofted debris into the
weak-echo notch of the hook echo. The updraft results
in a debris overhang of relatively small debris particles
in the schematic. The updraft was inferred based on the
debris overhang, weak-echo trench, and py,, notch, and
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FIG. 15. Schematic model summarizing the radar and photogrammetric analyses at 2324:
41 UTC. The relationship of the tornado with the hook echo, weak-echo column, lofted debris,
and hydrometeors are illustrated. The debris overhang, hydrometeors encircling the weak-echo
column, and debris pockets south of the tornado are shown. The updraft was inferred based on
the debris overhang, weak-echo trench, and py,, notch, and strong outbound velocities. The
updraft is a branch of the much broader updraft that most likely includes much of the tornado.
(a) Three-dimensional cross section and (b) vertical cross section.

strong outbound velocities. The updraft is a branch of
the much broader updraft that most likely includes much
of the tornado. Very small debris circulating within the
WEC and dust/debris pockets located south of the tor-
nado are both shown. Future work includes a detailed
comparison of the polarimetric radar data with a com-
prehensive damage survey of the El Reno tornado.
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