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ABSTRACT

A detailed damage survey is combined with high-resolution mobile, rapid-scanning X-band polarimetric

radar data collected on the Shawnee, Oklahoma, tornado of 19 May 2013. The focus of this study is the radar

data collected during a period when the tornado was producing damage rated EF3. Vertical profiles of mobile

radar data, centered on the tornado, revealed that the radar reflectivity was approximately uniform with

height and increased in magnitude as more debris was lofted. There was a large decrease in both the cross-

correlation coefficient (rhv) and differential radar reflectivity (ZDR) immediately after the tornado exited the

damaged area rated EF3. Low rhv and ZDR occurred near the surface where debris loading was the greatest.

The 10th percentile of rhv decreased markedly after large amounts of debris were lofted after the tornado

leveled a number of structures. Subsequently, rhv quickly recovered to higher values. This recovery suggests that

the largest debris had been centrifuged or fallen out whereas light debris remained or continued to be lofted.

Range–height profiles of the dual-Doppler analyses that were azimuthally averaged around the tornado

revealed a zone of maximum radial convergence at a smaller radius relative to the leading edge of lofted debris.

Low-level inflow into the tornado encountering a positive bias in the tornado-relative radial velocities could

explain the existence of the zone. The vertical structure of the convergence zone was shown for the first time.

1. Introduction

Lofted debris surrounding the funnel cloud is a char-

acteristic feature of many tornadoes. In addition to be-

ing visually impressive, debris can impact the tornado’s

wind field by reducing the azimuthal velocities (e.g.,

Lewellen et al. 2008; Bodine et al. 2016b). This decrease,

however, does not imply that damage potential has been

reduced. Total swirl momentum including debris loading

can increase and airborne projectiles and sandblasting can

produce even greater damage potential and be a major

contributor to the destruction of structures observed

along the tornado track (e.g., Doswell and Brooks 2002;

Lewellen et al. 2008). Although the importance of lofted

debris in tornadoes is well-recognized, there have been no

detailed observational studies published in the literature

that have shown the evolution of large debris originating

from damaged structures and its impact on the wind field

using polarimetric data. Specifically, high temporal reso-

lution polarimetric data are needed to characterize the

debris field evolution since large debris fall out faster due

to larger terminal velocities (Dowell et al. 2005).

Data collected by ground-based, mobile Doppler ra-

dars have been invaluable in revealing the finescale
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structure of tornadoes such as suction vortices and

improved definition of the low-level wind field (e.g.,

Wurman and Gill 2000; Wurman 2002; Bluestein et al.

2004, 2007a, 2015, 2018, 2019; Lee and Wurman 2005;

Kosiba and Wurman 2010; Wakimoto et al. 2011;

Wurman and Kosiba 2013; Wurman et al. 2013, 2014;

Kurdzo et al. 2017). More recently, discrimination be-

tween hydrometeors and regions of lofted debris is

possible with the addition of polarimetric measurements

(e.g., Ryzhkov et al. 2005; Bluestein et al. 2007b, 2015,

2019; Kumjian and Ryzhkov 2008; Bodine et al. 2013,

2014; Snyder and Bluestein 2014; Kurdzo et al. 2015;

Houser et al. 2016; Tanamachi et al. 2012; Wakimoto

et al. 2015, 2016; Mahre et al. 2018). The tornadic debris

signature (TDS) was first proposed by Ryzhkov et al.

(2005) 1 to approximately delineate lofted debris based

on high equivalent radar reflectivity factor,2 low differ-

ential radar reflectivity (ZDR), and low cross-correlation

coefficient (rhv) that are collocated with the tornadic

rotational couplet observed in radial velocity. Regions

characterized by low rhv have been generally accepted

as one of the better indicators of lofted debris (e.g.,

Bodine et al. 2014; Van Den Broeke 2015; Houser et al.

2016). Low ZDR can also be used to locate regions of

lofted debris; however, ZDR can exhibit a positive bias

when rain is present (e.g., Bluestein et al. 2007b) and a

negative bias in the presence of resonance scattering

and/or common debris alignment (Ryzhkov et al. 2005;

Bluestein et al. 2007b; Cheong et al. 2017; Umeyama

et al. 2018). Low values of ZDR can also be due to dif-

ferential attenuation if downrange from a heavy pre-

cipitation core (Schultz et al. 2012a).

The intense circulation associated with tornadoes re-

sults in strong centrifuging of hydrometeors and de-

bris (e.g., Dowell et al. 2005). This centrifuging can

produce a positive bias in the tornado-relative radial

velocities relative to the airspeed since Doppler radars

are measuring the motion of the scatterers (e.g., Dowell

et al. 2005; Wakimoto et al. 2012; Nolan 2013; Bodine

et al. 2014). The bias can lead to an anomalous divergent

signature in Doppler velocities within the tornado at low

levels where centrifuging is typically the most intense

owing to a combination of larger debris particles and the

strongest rotational velocities (e.g., Dowell et al. 2005).

Indeed, many rotational couplets do not suggest strong

low-level convergence in contrast to numerical simula-

tions and laboratory experiments of intense vortices

(e.g., Lewellen et al. 2008).

Several studies have attempted to relate TDS char-

acteristics to tornado damage (e.g., Ryzhkov et al. 2005;

Schultz et al. 2012b; Bodine et al. 2013, 2014; Van Den

Broeke and Jauernic 2014; Van Den Broeke 2015).

Schultz et al. (2012a) noted that definitive relationships

between EF rating and TDSs were not possible unless it

was knownwhatwas damaged, when it was damaged, and

the degree to which it was damaged. Van Den Broeke

and Jauernic (2014) used the Storm Events Database

maintained by the National Centers for Environmental

Information (https://www.ncdc.noaa.gov/stormevents/),

which has been shown to have limitations (Trapp et al.

2006). While the database is the best available resource

on tornadic events across the nation, the information can

poorly characterize the scope and magnitude of the sur-

veyed damage. Indeed, the reports can underrepresent a

significant event in terms of both property damage and

areal coverage of damage. There are also examples of

reports that overrepresent a relatively less significant

event. Bodine et al. (2013) compared TDS parameters

recorded by nearby Weather Surveillance Radar-1988

Doppler (WSR-88D) radars with two National Weather

Service (NWS) damage surveys of strong tornadoes. The

TDS parameters correlated well with the enhanced

Fujita (EF) scale. However, the poor temporal reso-

lution of the volume scans associated with the WSR-

88D and the long distance from the radar to parts of

the tornado track were limiting factors. Van Den

Broeke and Jauernic (2014) used land-cover data

provided by the U.S. Geological Survey (USGS) to

document the characteristics of the ground; however,

the data may not be the most accurate in areas that are

changing either due to construction or farming, which

alters the landscape over a period of a few days/weeks.

Van Den Broeke (2015) suggested that land cover

changes may produce noticeable differences in the

TDS when the tornado is near a radar. His analysis

contains some comparisons with reported damage. In

one case, a drop in rhv occurs after a tornado produced

intense damage.

The present study presents a unique analysis of high-

resolution polarimetric data of a TDS associated with an

intense tornado near Shawnee, Oklahoma. The data

collection period of the radar included a period when

the tornado was lofting large amounts of debris from a

number of structures identified during comprehensive

aerial and ground surveys. The evolution of the lofted

debris field is documented with both single and dual-

Doppler analyses in greater detail than previous studies.

The latter analysis was able to resolve, for the first time,

1Giangrande (2002), Ryzhkov et al. (2002), and Schuur et al.

(2004) summarized observations of tornadic debris signatures in

the nonrefereed literature.
2 Equivalent radar reflectivity factor assumes that the scatterers

are comprised of small, spherical liquid drops whose backscattering

cross sections can be described by the Rayleigh approximation;

hereafter, referred to as radar reflectivity.
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the vertical structure of the ‘‘false’’ convergence zone,

which forms as a result of debris centrifuging from the

tornado encountering low-level inflow into the circula-

tion. Section 2 describes the radar platforms, the dual-

Doppler wind synthesis, and photogrammetric analyses

used in the current study. Section 3 presents the results

of the surveys of the tornado damage. A comparison

of the data collected by RaXPol and a dual-Doppler

analysis with the damage survey is presented in section 4.

Section 5 presents a discussion and summary.

2. Radar data, dual-Doppler analysis, and
photogrammetry

The mobile, rapid-scanning X-band polarimetric

Doppler radar (RaXPol; Pazmany et al. 2013) was the

primary platform used in the present study. RaXPol is a

mobile, rapid-scanning polarimetric radar that transmits

radiation at a wavelength of 3.1 cm. The half-power

beamwidth is 18 and the antenna diameter is 2.4m. The

antenna is capable of rotating as rapidly as 1808 s21.

The range resolution is 30m oversampled such that the

range gates were 15m. A frequency-diversity technique

known as frequency hopping is implemented to increase

the number of independent samples needed to calculate

the radar variables while in rapid scan mode (e.g.,

Hildebrand and Moore 1990). The interested reader is

referred to Pazmany et al. (2013) for additional infor-

mation on RaXPol. The Shawnee tornado was also

scanned by the KTLX WSR-88D radar that provided

an opportunity to perform dual-Doppler wind syntheses

(Fig. 1). RaXPol scanned the tornado from 2301–

2321 UTC (UTC 5 CDT 1 5 h) while deployed at the

site shown in Fig. 1. Wienhoff et al. (2018) also pro-

duced dual-Doppler analyses of the circulation using

the KTLX and RaXPol radars on this day.

The Atmospheric Imaging Radar (AIR; Isom et al.

2013) was also deployed on this day and was located

southeast of the tornado (Fig. 1) and collected radar

reflectivity images of the hook echo accompanying the

tornado (Kurdzo et al. 2017). AIR operates at X band

and uses a technique known as digital beamforming. The

antenna transmits a horizontally polarized vertical fan

beam that is 18 in azimuth and 208 in elevation. The data

from all elevations are recorded simultaneously result-

ing in ‘‘pseudo’’ RHIs. The antenna is mechanically

steered in azimuth. The AIR only collected radar re-

flectivity data on 19 May.

The locations of the dual-Doppler wind syntheses

are shown by the boxes labeled ‘‘e’’ and ‘‘f’’ in Fig. 1.

FIG. 1. Damage map of the Shawnee, Oklahoma, tornadoes on 19 May 2013. Isopleths

denote the EF damage intensity. Magenta lines represent the approximate flow as depicted in

the damage based on fallen trees and building debris observed during the poststorm ground

and aerial surveys. Green and magenta stars represent the locations of the KTLXWSR-88D

andRaXPol radars, respectively. Azimuth angle and range rings for the AIR radar are shown

as dashed lines. Photographs of tornado 1 were taken from the RaXPol site. Area enclosed by

the brown box is shown in Figs. 3 and 4. Red boxes are analysis areas that are shown in Figs. 6,

9, and 12. Green boxes denote the locations of dual-Doppler analyses that are shown in

Figs. 16 and 17. Black arrow denotes the location of the detailed damagemap shown in Fig. 5.
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The grid spacing for the analysis is 200m and is based

on the lowest spatial resolution in the analysis domain.

The tornado was moving at ;12.4m s21 from 2508
during the analysis times. A two-pass Barnes filter

(Barnes 1964) was applied using a smoothing parame-

ter k 5 (1.33D)2, where D equals the grid spacing

(Pauley and Wu 1990). The response function resulted

in 30% and 10% of the energy at wavelengths equal to

and less than 0.95 and 0.70 km, respectively, being

damped. The interested reader is referred to Majcen

et al. (2008) for additional information regarding the

filtering process. The tornado-relative wind field is

presented in the figures.

Several pictures of the wall cloud associated with the

Shawnee supercell were analyzed using photogram-

metric techniques. Photogrammetry can be used to

analyze photos quantitatively to determine angular

measurements that can be converted into horizontal

and vertical dimensions at the distance of a phenome-

non of interest (e.g., Malkus 1952; Wakimoto and

Martner 1992; Zehnder et al. 2007). An example of a

photogrammetric analysis for the current study will be

presented in section 4a.

3. The damage survey

The Shawnee tornado formed at ;2300 UTC near

Lake Thunderbird and moved northeast over Shawnee

Reservoir before dissipating near Highway 177 and

Interstate 40 just northwest of Shawnee, Oklahoma

(Fig. 1). The tornado passed through heavily forested

regions but also moved through several neighborhoods.

A number of structures were severely damaged or de-

stroyed. Additional aspects of the Shawnee tornado are

presented by Wienhoff (2016).

The result presented in Fig. 1 is based on ground

surveys followed by an aerial survey using a Cessna

aircraft of the Shawnee tornado track on 22, 23,

and 24 May (Fig. 1). The tornado was rated EF3

based on damage to a number of structures along

its path. This damage intensity rating differs from

the NWS survey (https://www.weather.gov/oun/events-

20130519-ef4tornado), which rated the tornado as EF4.

The lead author could not identify any damage indica-

tors that would support the EF4 rating over the region

shown in the NWS map. Numerous fallen trees, debris

swaths and damage marks on the ground were carefully

plotted during the survey. The damage survey revealed

that there were two separate tornadoes rather than the

one reported in the Storm Events Database. The first

tornado formed southwest of Lake Thunderbird and

moved to the northeast until making a ‘‘left turn’’ (e.g.,

Fujita 1974) to the north before dissipating when it

reached Interstate 40. The total pathlength was;29.5km.

An aerial photo of the left turn is shown in Fig. 2. A

second tornado, also rated EF3, formed less than 1km to

the east of the end of the tornado 1, moved northeast-

ward to near the intersection of Interstate 40 and

Highway 177 and continued for ;3 km before dissi-

pating (Fig. 3). The relatively short distance separat-

ing the end of the track of tornado 1 and the beginning

of tornado 2 led to the initial assessment by the NWS

that the track was continuous (NWS 2013, personal

communication).

Radar reflectivity images recorded by AIR at the

28 elevation-angle scan revealed that the hook echo

made a loop-like trajectory between the dissipation of

tornado 1 and formation of tornado 2. The height of

the radar beam was ;440m ARL (above radar level;

hereafter, all heights are ARL). An example of one

of the AIR scans is shown in Fig. 4 and a movie of

the loop can be found in the online supplemental

material.3 The rapid nature of cyclic tornadogenesis

(;1min between the dissipation of tornado 1 and the

formation of tornado 2) is noteworthy and would re-

quire rapid-scan radars to fully document. There has

been recent interest in small looping movements of

circulations that can lead to cusp-like tornado tracks

(Kurdzo et al. 2015; see their Fig. 14) or, in the pres-

ent study, cyclic tornadoes. Cyclic tornadoes have

been described by several researchers (e.g., Burgess

et al. 1982; Dowell and Bluestein 2002; Adlerman

and Droegemeier 2005; Houser et al. 2015). The rear

flank gust front starts an occlusion process by surging

around the updraft and tornado, resulting in a weaker

circulation and movement to the north. A new circu-

lation typically develops farther south along the gust

front and, subsequently, another tornado forms. More

research is required to understand the difference be-

tween the current case study and ‘‘failed occlusion’’

(Kurdzo et al. 2015) that resulted in a loop in the Moore

tornado track.

An example of the finescale analysis of the damage

in an area rated EF3 is shown in Fig. 5. The location

of the rotational couplet at 2316:42 UTC is shown

in the figure. The region was characterized by fallen

trees, large piles of debris from buildings that were

destroyed, and numerous pieces of lumber that were

primarily aligned in a direction that was consistent with

the debris streaks and downed trees. The alignment of

3 The location of the weak-echo hole outside of the damage track

in the figure is likely a result of the height of the height of the beam

above the radar level (;440m) combined with the vertical tilt in

the tornado circulation.
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lumber with the wind direction is consistent with

the simulated findings of Umeyama et al. (2018).

It is apparent in the photo that debris from sev-

eral structures became airborne and were deposited

;100m downwind in large piles. The clustering of

debris downstream from its source region suggests

that most of the debris was lofted at the same time

and followed a similar trajectory before being de-

posited. A row of trees approximately 130 and 50m

in length and width, respectively, was uprooted or

snapped off by the tornado resulting in a large treeless

gap (highlighted by the magenta line in Fig. 5).

The damage in the area depicted in the figure is il-

lustrative of the source for debris particles lofted by

the tornado.

4. Radar observations of the debris field compared
with the damage survey

a. RaXPol radar observations compared with the
damage survey

RaXPol collected data from 2301–2321 UTC at the

site shown in in Fig. 1. The time period 2316:10–2320:

26 UTC was chosen for analysis for two reasons. The

tornado was located ;13.5 km southwest of the radar

site at ;2316 UTC resulting in the collection of high-

resolution polarimetric data at low levels. In addition,

the time interval selected encompasses a period when

the Shawnee tornado produced damage rated EF3 as

it demolished a number of homes (Figs. 1 and 5).

Equivalent damage intensity was not identified at earlier

times. The red box labeled ‘‘b’’ in Fig. 1 is enlarged in

Fig. 6. The tornado was not visible from the RaXPol site

at 2316:15 UTC; however, a prominent wall cloud

(;1.9 km diameter) could be identified in the photo-

graphs (Fig. 6e). The angular dimension of the wall

cloud is shown by the blue circle in Figs. 6a–d.

FIG. 3. Damagemap of the end of tornado 1 and the beginning of

tornado 2. Fallen trees and damaged houses/debris streak are

shown by the arrows and squares, respectively. Orange dashed line

represents the center of the tornado tracks. The isopleth of EF0

damage is shown by the black line. Black arrow denotes a region

where a series of looping marks were apparent in a field. The area

enclosed by the brown box is shown in Fig. 2. The area shown in this

figure is enclosed by the brown box labeled ‘‘a’’ in Fig. 1.

FIG. 2. Aerial photo near the end of the Shawnee tornado track 1.

The tornado made a ‘‘left turn’’ at the end of the track until it was

heading in a northerly direction. The area presented in this figure is

enclosed by the brown box in Fig. 3.
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The tornado was displaced to the south of the center of

the wall cloud (Figs. 6a, c, and e). The magenta line in

Figs. 6a–c represents the outline of the TDS based on the

area of low rhv (Fig. 6d). Not surprisingly, the TDS is

also located in the southern part of the wall cloud. The

northern and southern extents of the TDS and the lo-

cation of the tornado are indicated on the picture

(Fig. 6e). The rotational couplet at 38 elevation angle

(Fig. 6c) is centered within the TDS. The 38 elevation
was chosen since it provided the best depiction of the

TDS.4 Data from other elevation angles will be pre-

sented later in the text. A band of high radar reflectivity

wrapping around the circulation is apparent in Fig. 6b.

The collocation of the band with relatively high rhv and

ZDR (not shown) suggests that it is most likely composed

of precipitation.

Anenlargement of the dashedboxed-in area (Figs. 6a–d)

is presented in Fig. 7. A more detailed analysis of the

damage along the tornado track reveals a small area

rated EF3 near the location of the tornado at 2316:

10 UTC (Fig. 7a) and a much larger area of EF3 damage

to the northeast where significant debris was lofted be-

tween 2316:42 and 2317:15 UTC. The rotational couplet

(Fig. 7c) accompanies the hook echo (Fig. 7b) and is

associated with a debris signature (Fig. 7d). The maxi-

mum radar reflectivities within the hook echo are lo-

cated in the southwest quadrant. The rotational couplet

does not suggest the presence of strong convergence as

illustrated in the damage survey (e.g., Fig. 5). Its absence

is related to several factors. The Doppler radar mea-

surements cannot resolve smaller-scale features such as

corner flow present in a tornado. The 38 elevation angle

of the scan may not capture the convergent flow occur-

ring at the lowest levels. Finally, debris centrifuging re-

sults in a false divergence signature that could mask the

low-level convergence that may be present. The radius

of maximum tangential winds associated with the tor-

nado would also be difficult to resolve using radar

measurements.

The challenge of performing comprehensive dam-

age surveys is illustrated in Fig. 8. Both analyses

shown in the figure include the information compiled

from the detailed aerial and ground survey. The only

difference between the plots shown in Figs. 8a and 8b

are the isopleths of EF damage. The former is based

on the detailed survey while the latter is based on the

FIG. 4. (a) Damage map of the two tornadoes with the location and times of the weak-echo hole within the hook

echo as determined by AIR depicted. The red and black dots are used in order to more easily track the locations of

the weak-echo hole. EF isopleths of damage intensity are shown. (b) Radar reflectivity image at 28 from AIR at

2336:45 UTC. The EF0 isopleths (black lines) and the center of the tornado track (brown dashed line) are depicted.

Black arrow denotes the location of the weak-echo hole. The area shown is enclosed by the brown box labeled ‘‘a’’

in Fig. 1.

4 The height of the TDS at 38 ranges from 550 to 700m in

this paper.
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NWS analysis (https://www.weather.gov/oun/events-

20130519-ef4tornado). There are no areas rated EF3 in

the latter even though the results shown in Fig. 5 re-

vealed intense damage to a number of structures and to

regions of dense forests that were leveled. The authors

propose that understanding the evolution of the TDS is

closely related to the ground characteristics and the

accuracy of the damage intensity analysis.

The tornado continued to damage a number of struc-

tures in an area rated EF3 at 2317:20 UTC (Figs. 9

and 10). There is a slight reduction in the areal extent of

the TDS (cf. Fig. 7d with Fig. 10d); however, there has

been an increase in the maximum radar reflectivities

within the TDS (Fig. 10b) in response to the lofted debris

in the region shown in Fig. 5 (similar increases in radar

reflectivity after debris lofting has been noted by Kurdzo

et al. 2017). The area of maximum velocities away from

the radar has decreased when compared with the previ-

ous analysis time (Figs. 7c and 10c) and may be a result

of increased debris loading (e.g., Lewellen et al. 2008;

Bodine et al. 2016b). The support for higher debris

loading is the increase in radar reflectivities that has oc-

curred in the northwestern section of the hook echo

(Fig. 10b) where the decrease in Doppler velocities has

FIG. 5. (a) Aerial photo of damage caused by the Shawnee tornado. (b) Damagemap of the

tornado track covering the same region as shown in (a). Green arrows represent fallen trees.

Red lines represent the locations of lumber from structures that were damaged. Gray dots

represent individual debris particles. Red shaded areas denote parts of structures that were

damaged. Dashed blue line represents the center of the tornado track in both panels. Brown

lines represent the trajectory of debris from houses that were destroyed in both panels. Black

lines represent the approximate flow as depicted in the damage based on fallen trees, building

debris, and numerous pieces of lumber scattered in the fields in both panels. The region

highlighted by the magenta line is a row of trees that was destroyed with all trees in the region

uprooted or snapped off by the tornado. The location of the rotation couplet at 2316:42 UTC

based on data recorded by RaXPol is shown by the magenta circle. The location of the area

presented in this figure is shown in Figs. 1, 7, and 10.
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FIG. 6. (a) An enlargement of the Shawnee damagemap. EF isopleths are drawn. The circles represent the location

of the center of the rotational couplet at the indicated times. Dashed brown line denotes the center of the tornado

track. Thin magenta lines represent the approximate direction of the flow based on debris streaks, fallen trees, and

striation marks in the fields. Dashed blue lines are the azimuths from RaXPol and are shown in (e). (b) Radar re-

flectivity scan, (c) Doppler velocity scan, and (d) cross-correlation coefficient scan at 38 fromRaXPol at 2316:15UTC.

Thick magenta line in (a)–(c) and blue circle in (a)–(d) represent the approximate outline of the area of low rhv and
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occurred (Fig. 10c). The radar reflectivity within the hook

echo continues to increase at 2318:57UTC as more of the

lofted debris is entrained into the circulation even though

the tornado had entered a forested area largely devoid of

structures (Figs. 11a,b). The beamheight is;600mat this

time. The TDS has grown in areal extent (Figs. 11c,d) in

response to the centrifuging of large debris that has been

lofted. It is likely that leaves from trees were still being

 
the wall cloud, respectively. (e) Photograph of the wall cloud at 2316:26 UTC. Blue and magenta lines denote the

approximate azimuthal dimensions of thewall cloud and low rhv signature, respectively. The yellow line represents the

approximate center of the Shawnee tornado. The length scale is valid at the distance of the center of the wall cloud.

Area shown in (a)–(d) is enclosed by the red box labeled ‘‘b’’ in Fig. 1. The dashed black box is enlarged in Fig. 7.

FIG. 7. (a) Detailed damage map of the Shawnee tornado. EF isopleths are drawn. The circles represent the

location of the center of the rotational couplet at the indicated times. Dashed brown line denotes the center of the

tornado track. Damaged and undamaged houses are distinguished by the white and red shading, respectively.

Streaks of house debris are shown. Thin magenta lines represent the approximate direction of the flow based on

debris streaks, fallen trees (green arrows), and striationmarks in the fields. Gray box is enlarged in Fig. 5. (b) Radar

reflectivity scan at 38 from RaXPol at 2316:15 UTC. Damage analysis of the houses is also shown. (c) Doppler

velocity scan at 38 from RaXPol at 2316:15 UTC. (d) Cross-correlation coefficient scan at 38 from RaXPol at 2316:

15 UTC. Area in (a)–(d) is enclosed by the dashed black box shown in Fig. 6. Black pixels denote velocities that

have been removed based on large spectral widths.
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lofted in this region. The leaves would be lofted to amuch

higher level than the heavier debris from houses de-

stroyed earlier. The outbound velocities are still reduced

at this time.

Strong radar echoes are noted throughout the hook

echo (Figs. 12b and 13b) and the TDS has grown in size

at 2320:02 UTC, which may be related to the increase in

tornado width as suggested by the damage path at this

location (Fig. 12d). The tornado is centered over a re-

gion rated EF0 (Fig. 13a) suggesting that significant

amounts of heavy debris are not being lofted from the

surface. However, leaves from trees and other small

particles from the ground are still being entrained into

the tornadic circulation. The increase in debris loading

within the tornado has not reduced the velocities within

the rotational couplet. Instead, the difference of maxi-

mum velocities away and toward the radar has increased

(cf. Figs. 11c and 13c). Simulations that introduce debris

loading show an expected decrease in tornadic wind

speeds when that is the only change involved (e.g.,

Lewellen et al. 2008). The analysis shown in Fig. 13c

suggest that either the amount of debris was not suffi-

cient to reduce the wind speeds of the tornado or that

storm/tornado-scale processes that increased the torna-

do’s intensity had a greater influence than any changes

caused by debris loading. For example, Lewellen and

Zimmerman (2008) have performed simulations of an

intensifying tornado over a uniform debris field. More

debris is lofted as the tornado velocities increase.

Time–height profiles of radar reflectivity, maximum

difference between outbound and inbound velocities

within the couplet (DVmax), rhv, and ZDR for eight

consecutive volume scans collected by RaXPol are

presented in Fig. 14. The radar reflectivity, rhv, and ZDR

plots were based on an areal average of the data out to a

range of 1 km from the center of the rotational couplet.

The maximum positive vertical vorticity was selected as

the center for the areal average. Additional analyses

were created for radii of 0.5 and 1.5 km. The former was

deemed too noisy to use and the latter produced nearly

identical plots to those shown in Figs. 14a, 14c, and 14d.

The radar reflectivities at the lowest elevation angle are

muchweaker (Fig. 14a) owing to beam blockage by trees

(Fig. 6e). At higher levels, the echoes are stronger and

there is a general trend toward increasing radar re-

flectivity with time at all heights in response to the lofted

debris from the damaged structures shown in Fig. 5. The

radar reflectivities aloft are initially greater than 30 dBZ

and approach ;40dBZ by the last volume scan as a

result of large debris that was lofted from the earlier

structural damage. There is little variation of radar re-

flectivity with height above the lowest elevation angle

scan suggesting that the small debris becomes well

mixed soon after it is lofted.

The vertical profile of rhv (Fig. 14c) is divided into two

clusters below ;1.5 km. One set of profiles is clustered

near 0.90 while the other half is clustered near 0.85. A

noticeable reduction in rhv between 2317:47–2318:16

FIG. 8. Detailed damage map of the Shawnee tornado (a) based on aerial and ground survey performed in the

current study. (b) The same damage analysis presented in (a) but with the EF isopleths based on the official

NationalWeather Service (NWS) survey. The circles represent the location of the center of the rotational couplet at

the indicated times. Dashed brown line denotes the center of the tornado track. Damaged and undamaged houses

are distinguished by the white and red shading, respectively. Streaks of house debris are shown. Thin magenta lines

represent the approximate direction of the flow based on debris streaks, fallen trees (green arrows), and striation

marks in the fields. Area in (a) and (b) is enclosed by the dashed black box shown in Fig. 6.
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and 2318:23–2318:48 UTC is not accompanied by a large

increase in radar reflectivity (Fig. 14a). This observation

may suggest that the increase in lofted debris is primarily

composed of small particles. Note that the fall in rhv
occurs at ;2318 UTC, after the tornado was east of the

area rated EF3 (e.g., Fig. 11). Low rhv occurs near the

surface for all scan times (except 2318:23–2318:48 UTC)

where the debris loading is large. The rhv value at the

lowest elevation angle decreased from the 2317:15–2317:

44 to 2319:25–2319:54 UTC volumes. The rhv profiles

decrease with altitude between 1.5 and 2.5 km (Fig. 14c)

that suggests increased lofted debris even though the

radar reflectivity profiles in this region are relatively

uniform with height (Fig. 14a). The minimum of rhv
near 2.5 km in the later profiles may indicate a con-

centrated layer of debris. It is possible that the updraft

may result in the accumulation of small debris at this

height. Wakimoto et al. (2015) documented the exis-

tence of a debris overhang that was produced by an

updraft. The trend of the profiles above 2.5km is reversed.

FIG. 9. (a) An enlargement of the Shawnee damage map. EF isopleths are drawn. The circles represent the

location of the center of the rotational couplet at the indicated times. Dashed brown line denotes the center of the

tornado track. Thin magenta lines represent the approximate direction of the flow based on debris streaks, fallen

trees, and striationmarks in the fields. Dashed blue lines are the azimuths fromRaXPol. (b) Radar reflectivity scan,

(c) Doppler velocity scan, and (d) cross-correlation coefficient scan at 38 from RaXPol at 2317:20 UTC. Thick

magenta line in (a)–(c) and blue circle in (a)–(d) represent the approximate outline of the area of low rhv and the

wall cloud, respectively. Area shown in the figure is enclosed by the red box labeled ‘‘c’’ in Fig. 1. The dashed black

box is enlarged in Fig. 10.
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Relatively high rhv is observed during the later volume

scans. This trend suggests that the lofted debris at these

heights has either been centrifuged or has fallen to lower

levels. An increase in the velocity differential at these

heights (Fig. 14b) during the last two volume scans is

consistent with increased centrifuging.

The ZDR profiles generally increase with height

attaining a maximum between 1–1.5 km before de-

creasing at higher altitudes (Fig. 14d). Low ZDR occurs

near the surface similar to the observations of rhv.

The ZDR profiles below 1.5 km also exhibit a similar

clustering with the first four volume scans clustered

between 1.5 to 2.0 dB at lower levels while the final four

volumes are between 1.0 to 1.5 dB. There is a general

trend for ZDR to decrease with time at lower levels. The

profiles suggest a decrease in ZDR above 1.5 km for all

volume scans. The decrease in ZDR with increasing de-

bris loading is consistent with a reduced contribution of

hydrometeors to the signal within the TDS. The stron-

gest tornadic windspeeds are located near the surface as

FIG. 10. (a) Detailed damage map of the Shawnee tornado. EF isopleths are drawn. The circles represent the

location of the center of the rotational couplet at the indicated times. Dashed brown line denotes the center of the

tornado track. Damaged and undamaged houses are distinguished by the white and red shading, respectively.

Streaks of house debris are shown. Thin magenta lines represent the approximate direction of the flow based on

debris streaks, fallen trees (green arrows), and striation marks in the fields. (b) Radar reflectivity scan at 38 from
RaXPol at 2317:20UTC. Damage analysis of the houses is also shown. (c) Doppler velocity scan at 38 fromRaXPol

at 2317:20 UTC. (d) Cross-correlation coefficient scan at 38 from RaXPol at 2317:20 UTC. Area in (a)–(d) is

enclosed by the dashed black box shown in Fig. 9. Black pixel denotes a velocity value that has been removed based

on large spectral widths.
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would be expected (Fig. 14b). The profiles of theDoppler

velocity initially decrease in magnitude at the lowest

levels as debris is lofted as noted earlier (cf. the 2316:10–

2316:38 and 2316:42–2317:10 UTC profiles in Fig. 14b);

however, the trend for each succeeding volume scan is

for the velocity differential to increase between 0.5–

2.5 km. Simulations of tornadoes suggest that azi-

muthal velocities are reduced when lofted debris is

introduced (e.g., Lewellen et al. 2008; Bodine et al.

2016b). The profiles of velocity difference shown in

Fig. 14b do not suggest that the tangential velocities

are decreasing as debris is lofted into the tornadic

circulation. Instead, the speeds are increasing even

after the ingestion of debris. The pattern of increasing

velocity differential with greater debris lifting/loading

in relationship with the TDS is noteworthy. For ex-

ample, Bodine et al. (2013) speculated that tornado

damage severity was related to the TDS characteris-

tics. The present case shows this relationship with

greater detail.

Bodine et al. (2013) proposed examining the 10th

and 90th percentiles of rhv and radar reflectivity,

FIG. 11. (a) Detailed damage map of the Shawnee tornado. EF isopleths are drawn. The circles represent the

location of the center of the rotational couplet at the indicated times. Dashed brown line denotes the center of the

tornado track. Damaged and undamaged houses are distinguished by the white and red shading, respectively.

Streaks of house debris are shown. Thin magenta lines represent the approximate direction of the flow based on

debris streaks, fallen trees (green arrows), and striations marks in the fields. (b) Radar reflectivity scan at 38 from
RaXPol at 2318:57UTC. Damage analysis of the houses is also shown. (c) Doppler velocity scan at 38 fromRaXPol

at 2318:57 UTC. (d) Cross-correlation coefficient scan at 38 from RaXPol at 2318:57 UTC. Black pixels denote

velocities that have been removed based on large spectral widths.
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respectively, in order to understand the peak debris

loading within tornadoes. The 90th percentile of radar

reflectivity plots (Fig. 15a) are similar to the results

shown in Fig. 14. There are low radar reflectivities near

the surface and quasi-uniform intensity aloft that in-

creases with time as more debris is lofted. The vertical

profiles of the 90th percentile of rhv (Fig. 15b) provide

a different perspective of the lofted debris than the

areal averages presented in Fig. 14. The lowest two

data points (2317:15–2318:16 UTC) have decreased

markedly when compared with the data collected during

the earlier times. The rhv continues to fall at heights

below 2km during the next two volume scans (Fig. 15b)

with the lowest values apparent at 2318:23–2318:48UTC

located between 0.5 and 2km. The polarimetric data

suggesting that there is an increase in lofted debris after

2316:45UTC is consistentwith the destruction of a number

of structures shown in Figs. 5 and 7. Subsequently, rhv in-

creases during the 2318:52–2319:20 UTC volume scan that

continues until 2319:57–2320:26 UTC. The recovery of

FIG. 12. (a) An enlargement of the Shawnee damage map. EF isopleths are drawn. The circles represent the

location of the center of the rotational couplet at the indicated times. Dashed brown line denotes the center of the

tornado track. Thin magenta lines represent the approximate direction of the flow based on debris streaks, fallen

trees, and striationmarks in the fields. Dashed blue lines are the azimuths fromRaXPol. (b) Radar reflectivity scan,

(c) Doppler velocity scan, and (d) cross-correlation coefficient scan at 38 from RaXPol at 2320:02 UTC. Thick

magenta line in (a)–(c) and blue circle in (a)–(d) represent the approximate outline of the area of low rhv and the

wall cloud, respectively. Area shown in the figure is enclosed by the red box labeled ‘‘d’’ in Fig. 1. The dashed black

box is enlarged in Fig. 13.
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the 10th percentile of rhv to higher values, not noted

in the mean rhv plots (Fig. 14), suggests that the larg-

est debris had been centrifuged or fallen out whereas

light debris remains or continues to be lofted over an

area characterized by only a few scattered structures

(e.g., Figs. 11 and 13).

Alternative explanations for the low rhv and high

ZDR observations are presented in the following dis-

cussion. The relationship between debris size and/or

concentration has been noted indirectly by several

past studies in which increases in radar reflectivity and

decreases in rhv coincide with the increased damage

at the surface and/or higher wind speeds implying

greater amounts of lofted debris (Bodine et al. 2013,

2014; Van Den Broeke and Jauernic 2014; Wakimoto

et al. 2018). Ryzhkov et al. (2005) noted that resonance

scattering reduces rhv for larger scatterers compared to

smaller scatterers. Therefore, both increased sizes or

concentrations of debris should increase the relative

concentration of debris to the backscattered signal and

FIG. 13. (a) Detailed damage map of the Shawnee tornado. EF isopleths are drawn. The circles represent the

location of the center of the rotational couplet at the indicated times. Dashed brown line denotes the center of the

tornado track. Damaged and undamaged houses are distinguished by the white and red shading, respectively.

Streaks of house debris are shown. Thin magenta lines represent the approximate direction of the flow based on

debris streaks, fallen trees (green arrows), and striations marks in the fields. (b) Radar reflectivity scan at 38 from
RaXPol at 2320:02UTC. Damage analysis of the houses is also shown. (c) Doppler velocity scan at 38 fromRaXPol

at 2320:02 UTC. (d) Cross-correlation coefficient scan at 38 from RaXPol at 2320:02 UTC. Area in (a)–(d) is

enclosed by the dashed black box shown in Fig. 12. Black pixels denote velocities that have been removed based on

large spectral widths.
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FIG. 14. (a)Radar reflectivity, (b)maximumdifference between outbound and inboundDoppler velocities within

the rotational couplet (DVmax), (c) cross-correlation coefficient (rhv), and (d) differential radar reflectivity (ZDR) vs

height above radar level (ARL). The variables shown in (a), (c), and (d) have been azimuthally averaged centered

at the maximum vertical vorticity. Eight consecutive volumes scans collected by RaXPol are shown. The first (pink

line) and last (black dashed line) volume scans are highlighted by the numbers 1 and 8 in the figures, respectively.

The circles on each plot represent data collected at the radar elevation angles from 18 to 178 in 28 steps.
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thus reduce rhv (Bodine et al. 2016a). Radar reflectivity

increases at low levels with time in Figs. 14 and 15 sug-

gesting increasing sizes and/or concentration are consis-

tent with these previous findings as well as the increase

damage evident herein from the survey. Increasing

diversity of shapes or orientations leading to a re-

duction in rhv is a possible alternative hypothesis.

However, these factors alone cannot account for the

increase in radar reflectivity. In addition, mean ver-

tical profiles of ZDR within the TDS were calculated

for the bottom 10% of rhv (not shown). These plots

range from 0 to 21 dB but there is no systematic

evolution that would suggest that debris orientation is

becoming more chaotic.

It is possible that wetting of debris could lead to an

increase in ZDR or a decrease in rhv rather than en-

trainment of precipitation into the TDS. However, the

evidence from observations to date (Bluestein et al.

2007b; Bodine et al. 2011, 2014) suggest that wetting is

secondary to the increased contribution of raindrops

since rhv increases when significant amounts of precipi-

tation are entrained. Support for this scenario is the de-

crease with time of the band of high radar reflectivity that

coils up around the hook echo (not shown) suggesting

that less precipitation is being entrained in the TDS

leading to the reduction in ZDR (Fig. 14d).

b. Dual-Doppler analysis

Dual-Doppler analyses using data collected byRaXPol

and KTLX were possible at 2316:24 and 2319:39 UTC

(Figs. 1e,f). The tornado produced damage rated EF3

at 2316:24 UTC (Fig. 16a). A detailed analysis of the

damage and comparisons with radar reflectivity, single-

Doppler velocity, and rhv were shown in Figs. 6 and 7.

The maximum vertical vorticity exceeds 7 3 1022 s21 at

400m and is centered along the tornado track in Fig. 16b.

The radar reflectivity within the area encompassed by the

strongest vertical vorticity is low since large amounts of

debris have not yet been lofted to this height (Fig. 16b).

Quasi-circular regions of low rhv (Fig. 16c) and ZDR

(Fig. 16d) outline the areas of lofted debris that are

probably comprised of small particles based on the

relatively low radar reflectivity. The TDS is positioned

within an area characterized by convergence with a

minimum (,230 3 1023 s21) located on the western

and northern edge of the TDS (Fig. 16c). Strong

tornado-relative winds are located north of the TDS

and also within the band of high ZDR advecting

FIG. 15. (a) 90th percentile radar reflectivity and (b) 10th percentile cross-correlation coefficient (rhv) vs height

above radar level (ARL). Eight consecutive volumes scans collected byRaXPol are shown. The first (pink line) and

last (black dashed line) volume scans are highlighted by the numbers 1 and 8 in the figures, respectively. The circles

on each plot represent data collected at the radar elevation angles from 18 to 178 in 28 steps.
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hydrometeors around the southern flank of the TDS

(Fig. 16d).

The tornadowas producing damage ratedEF0 (Fig. 13)

during the next volume scan at 2319:39 UTC (Fig. 17).

The radar reflectivity near the tornado has increased

as a result of lofted debris but stronger echoes in other

regions surrounding the hook echo are the result of

increased number of raindrops (e.g., large, positive ZDR

north and west of the TDS suggests an increase in the

size of the raindrops in that region). The vertical vor-

ticity associated with the tornadic circulation has in-

creased (.10 3 1022 s21) resulting from the stronger

windspeeds swirling around the center of the circulation

(Figs. 14b and 17d). The increased lofted debris has not

FIG. 16. (a) Detailed damage map of the Shawnee tornado. EF isopleths are drawn. Dashed brown line denotes

the center of the tornado track. (b) Interpolated radar reflectivity at 400m above radar level (ARL) from RaXPol

at 2316:24 UTC. Vertical vorticity analysis based on dual-Doppler wind synthesis is shown. (c) Cross-correlation

coefficient (rhv) at 400m ARL from RaXPol at 2316:24 UTC. Horizontal divergence analysis based on a dual-

Doppler wind synthesis is shown. (d) Differential reflectivity (ZDR) at 400m ARL from RaXPol at 2316:24 UTC.

Magnitude of the tornado-relative wind speed based on dual-Doppler wind synthesis is shown. Blue circle plotted in

(a)–(d) is the approximate location of the wall cloud.White line in (c) and (d) is the 23 1022 s21 isopleth of vertical

vorticity. The solid and dashed gray lines in (b)–(d) are the EF0 isopleth and location of the center of the tornado

track, respectively. The tornado-relative wind vectors are plotted in (b)–(d). Location of the analysis depicted in

this figure is shown by the green box labeled ‘‘e’’ in Fig. 1.
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resulted in a reduction in tangential velocities or vertical

vorticity. The TDS has increased in areal extent and the

minimum rhv and ZDR within the TDS have fallen

compared to the earlier analyses (Figs. 17c,d) in re-

sponse to the increased amount of debris. The TDS is

still characterized by convergent flow although it is

weaker east and south of the tornado. It is possible that

the increase in lofted debris has resulted in positive bias

in the tornado-relative radial velocity and an increase in

the apparent divergent flow in these regions. The di-

vergent flow south of the TDS (Fig. 17c) is associated

with an intrusion of low ZDR. French et al. (2015) pro-

posed that the low ZDR in this region was a result of

smaller raindrops within a dynamically driven downdraft.

FIG. 17. (a) Detailed damage map of the Shawnee tornado. EF isopleths are drawn. Dashed brown line denotes

the center of the tornado track. (b) Interpolated radar reflectivity at 400m above radar level (ARL) from RaXPol

at 2319:39 UTC. Vertical vorticity analysis based on dual-Doppler wind synthesis is shown. (c) Cross-correlation

coefficient (rhv) at 400m ARL from RaXPol at 2319:39 UTC. Horizontal divergence analysis based on a dual-

Doppler wind synthesis is shown. (d) Differential reflectivity (ZDR) at 400m ARL from RaXPol at 2319:39 UTC.

Magnitude of the tornado-relative wind speed based on dual-Doppler wind synthesis is shown. Blue circle plotted in

(a)–(d) is the approximate location of the wall cloud.White line in (c) and (d) is the 23 1022 s21 isopleth of vertical

vorticity. The solid and dashed gray lines in (b)–(d) are the EF0 isopleth and location of the center of the tornado

track, respectively. The tornado-relative wind vectors are plotted in (b)–(d). Location of the analysis depicted in

this figure is shown by the green box labeled ‘‘f’’ in Fig. 1.
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The results presented in the figure are consistent with

that finding.

The vertical structure of the lofted debris based on

azimuthally averaged profiles centered on the tornado

for the dual-Doppler analyses times is shown (Figs. 18

and 19). The tornado was in the early stages of causing

damage at the surface rated EF2–EF3 at 2316:24 UTC.

The radar reflectivity is low near the surface and in-

creases with height (Figs. 18a,b). Beam blockage is

contributing to the reduced reflectivities near the sur-

face. It is also possible that the higher radar reflectivity

near the surface may not be resolved owing to the beam

height. Theweak echo hole (WEH) is not being resolved

in the profile. The brown-dashed line that denotes the

leading edge of the debris field is based on an analysis of

the horizontal gradient at 0.01 intervals (not shown) of

rhv. The minimum in rhv is near the tornado center and

close to the ground where large amounts of lofted debris

are located (Fig. 18b). The leading edge of the lofted

debris is close to the ridge of high radar reflectivity at

low levels (Figs. 18a,b). The area shown in Fig. 18a is

characterized by convergence except above 1.5 km and

FIG. 18. Azimuthally averaged profile at 2316:24 UTC of (a) radar reflectivity (blue) and radial divergence

(black), (b) radar reflectivity (blue) and cross-correlation coefficient (rhv, black), and (c) tornado-relative radial

velocities (magenta) and radial component of divergence (black). Brown-dashed line denotes the leading edge of

the debris field based on the gradient of rhv. Radar reflectivity shaded light blue are.34 dBZ. rhv less than 0.75 is

shaded gray. Radial velocities shaded light magenta are less than210m s21. Solid and dashed black lines in (a) and

(c) represent divergence and convergence, respectively. The distance from the tornado’s axis is plotted on the

abscissa. The ordinate is height above radar level (ARL).
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near the tornado axis. The low-level convergence illus-

trated in the figure should not be assumed to represent

themuch smaller-scale confluence patterns in the debris.

Inflow into the tornado is encountering lofted debris

particles that would bias the Doppler velocities with a

positive component of tornado-relative radial motion

owing to centrifuging. The bias is hypothesized to be

the contributing to the convergence observed in the

Doppler velocity analysis. The convergence increased

close to the tornado axis.

Large amounts of lofted debris from the damaged

structures rated EF3 (Fig. 5) have been ingested into the

tornadic circulation and are apparent by the increase in

radar reflectivity (Figs. 19a,c) and a reduction in rhv
(Fig. 19b). The leading edges of the lofted debris

(dashed brown line) and large radar reflectivities (area

shaded blue) are nearly coincident as might be expected

(Fig. 19). The former is positioned at a larger radius

compared to the previous analysis time. A ridge of

maximum convergence is apparent between 1–2 km

FIG. 19. Azimuthally averaged profile at 2319:39 UTC of (a) radar reflectivity (blue) and radial divergence

(black), (b) radar reflectivity (blue) and cross-correlation coefficient (rhv, black), and (c) tornado-relative radial

velocities (magenta) and radial component of divergence (black). Brown-dashed line denotes the leading edge of

the debris field based on the gradient of rhv. Dashed gray line denotes the location of a convergence ridge. Radar

reflectivity shaded light blue are .34 dBZ and rhv less than 0.75 is shaded gray. Radial velocities shaded light

magenta are less than210m s21. Solid and dashed black lines in (a) and (c) represent divergence and convergence,

respectively. The distance from the tornado’s axis is plotted on the abscissa. The ordinate is height above radar

level (ARL).
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from the tornado axis and near the leading edge of the

debris field. The appearance of this convergence zone

during the time when significant debris has been lofted

suggests that increased debris centrifuging may be con-

tributing to its formation. Centrifuging would increase

the positive bias in the tornado-relative radial velocity

and, therefore, the convergence near the leading edge of

the debris field. The ring of convergence has been shown

before by Wakimoto et al. (2016) although its position

was slightly beyond the TDS. The different locations of

the convergence ring could be related to the type of

debris that is lofted. This is the first time that the vertical

structure of the convergence zone has been shown. The

ridge of convergence in the zone closely matches the

slope of the leading edge of the debris field (Fig. 19c),

which provides additional evidence that its existence is

attributable to centrifuged debris. The decrease in con-

vergence close to the tornado axis (,1km) at lower

levels (cf. Figs. 18a and 19a) is most likely a result of the

increasing effect of debris centrifuging (i.e., an increase

in the positive bias in the tornado-relative radial velocity

producing an anomalous divergent signature).

5. Discussion and summary

An aerial and ground survey was combined with high-

resolution mobile, rapid-scanning X-band polarimet-

ric radar data collected on a tornado near Shawnee,

Oklahoma. Indeed, rapid scan polarimetric data are

needed to characterize the debris field evolution since

large debris fall out faster due to larger terminal veloc-

ities. The observational period encompassed a time

when the tornado was producing damage rated EF3.

This is believed to be the first time a detailed aerial

mapping of intense damage to structures and trees has

been compared with mobile polarimetric data. Previous

studies byWakimoto et al. (2015, 2016, and 2018) did not

present analyses of polarimetric data when numerous

structures were destroyed and large amounts of debris

were suddenly lofted in the tornado. A detailed study of

structural damage caused by a tornado was presented by

Atkins et al. (2014) but the spatial and temporal reso-

lution of the polarimetric data recorded by the WSR-

88D radar were relatively coarse compared to RaXPol

data presented in the current study.

The radar reflectivity increased as large amounts of

debris were lofted. In addition, there was a drop in rhv
and ZDR as well as an increase in the areal extent of the

TDS. The Doppler velocity differential accompanying

the tornado at low levels initially decreased as more

debris became airborne. Subsequently, the velocity dif-

ferential increased with time, which is contrary to re-

sults shown in numerical simulations of lofted debris.

Accordingly, either the amount of debris was not suffi-

cient to reduce the wind speeds of the tornado or that

storm/tornado-scale processes that increased the torna-

do’s intensity had a greater influence than any changes

caused by debris loading.

Fortunately, dual-Doppler analyses were performed

at two times by combining data collected byRaXPol and

KTLXWSR-88D. The tornado was in the early stages of

creating intense damage to structures rated EF3 at the

initial analysis time. Large debris particles were lofted

by the tornado to higher levels during the second time

period. Azimuthally averaged profiles centered on the

tornado axis were created to analyze the debris field and

its potential impact on the low-level convergence. An

increase in radar reflectivity after large amounts of de-

bris were lofted was apparent. It is hypothesized that

low-level inflow into the tornado would experience a

positive bias in the tornado-relative radial velocities

upon entering the debris cloud. The Doppler radar wind

syntheses would resolve a false decrease in radial inflow

that would lead to an increase in radial convergence.

A ridge of radial convergence was noted to the rear of

the leading edge of debris. The vertical structure of this

convergence zone was shown for the first time and its

slope closely matched the slope of the leading edge of

the debris field providing additional evidence that its

existence was a result of debris centrifuging.

A schematic model summarizing observations during a

period when large amounts of debris were lofted is pre-

sented in Fig. 20. The isopleths of radar reflectivity and

radial convergence in relation to the debris field are

shown. Dashed blue lines denote the location of the

WEH, which was not resolved in the dual-Doppler pro-

files. Images of trees on the figure depict the impact of

beam blockage on the radar reflectivity. The blue arrows

are the tornado-relative horizontal winds. The positive

bias in the tornado-relative radial velocity once the inflow

enters the debris cloud is shown by both the reduction in

inflow speeds and an increase in radial convergence. The

ring of maximum in radial convergence within the debris

cloud is also shown (highlighted by the white dashed line).

Mobile, polarimetric radars have increased our un-

derstanding of both the wind and swirling debris fields

that accompany tornadoes. The current study helps to

delineate the effect of lofted debris on the radial ve-

locities recorded by a Doppler radar. It also provides

another example that tornadoes that are laden with

debris may not experience a sustained reduction in

windspeeds. Documenting the evolution of the lofted

debris field at high temporal resolution with dual-

polarization radars combined with detailed damage

surveys are needed owing to the rapid changes that are

occurring within the tornado.
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