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ABSTRACT: Mobile, polarimetric radar data were collected on a series of tornadoes that occurred near Dodge City,
Kansas. A poststorm survey revealed a series of tornadic debris swaths in several dirt fields and high-resolution pictures of
the tornado documented the visual characteristics of the tornado and the lofted debris cloud. The main rotational couplet
associated with the tornado was identified in the single-Doppler velocities; however, no secondary rotational couplets were
resolved in the low-level data performed during two consecutive volume scans. Numerical simulations have suggested that
cycloidal damage swaths can result when debris is deposited as the low-level inflow turns upward in the corner region of
the updraft annulus of the tornado core. This mechanism can dominate even when suction vortices are present in the simu-
lations and can produce these swaths in the absence of these smaller-scale vortices. It is hypothesized that the observed
cycloidal damage swaths were a result of the low-level inflow in the corner region of the tornado and not by the existence
of suction vortices. Polarimetric data were combined with photographs of the tornado in order to document the lofted
debris cloud and its relationship with the funnel. This analysis provided an opportunity to investigate whether recent find-
ings describing the cross-correlation coefficient rhv and differential reflectivity ZDR signatures of the lofted debris cloud
could be replicated. Regions of low rhv at the periphery of the funnel cloud suggesting high debris loading and a column of
negative ZDR centered on the tornado believed to be produced by common debris alignment were noted.

SIGNIFICANCE STATEMENT: It is well known that some tornadoes produce smaller-scale vortices that rotate
around the central axis of the main circulation. In addition, numerous aerial photographs have documented cycloidal
debris marks within tornado damage tracks that traverse open fields. The prevailing theory shown in numerous text-
books is that these marks are produced by these vortices. The current study suggests that this widely accepted model
for producing these marks may be incorrect. It is suggested that these cycloidal marks are produced by the main tor-
nado circulation and not by the smaller-scale vortices in this case.

KEYWORDS: Atmosphere; Extreme events; Severe storms; Tornadoes; Vortices; Convective storms; Radars/radar
observations

1. Introduction

Fujita et al. (1970, 1976) and Fujita (1981) were among the
first to use detailed damage surveys to reveal the finescale
structure of tornado damage paths. In particular, they ana-
lyzed cycloidal and scalloping marks in open fields in the
aftermath of tornadoes that had been traditionally attributed
to scratch or gouge marks caused by large debris swirling
within the low-level circulation of the vortex (e.g., Van Tassel
1955; Prosser 1964). The aerial and ground surveys performed

by Fujita and his collaborators revealed that these cycloidal
patterns were lines where debris had collected instead of
scratch marks. Fujita et al. (1970, 1976) and Fujita (1981)
hypothesized the existence of suction vortices, smaller-scale
circulations within a tornado core that orbit around a central
axis that were creating these lines of debris (see Fig. 15 in
Fujita 1981). The existence of these suction vortices has been
verified in numerical simulations (e.g., Lewellen et al. 2000),
laboratory experiments (e.g., Church and Snow 1993), and
in Doppler velocity measurements by mobile radars (e.g.,
Wurman 2002; Bluestein et al. 2018). In addition, numerous vid-
eos and photographs have visually documented these vortices.

From numerical simulations, Lewellen and Zimmerman
(2008), Zimmerman (2010), and Zimmerman and Lewellen
(2010) proposed an alternative mechanism for creating these
cycloidal marks. They successfully recreated the debris lines
in the shape of an arc form when a vortex traverses over a
uniform surface of sand. However, they proposed that these
lines were produced when low-level inflow turns sharply
upward in the corner region in the updraft annulus of the
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tornado core. In addition, they noted that the tracks of the
secondary vortices generally did not coincide with these lines
of debris. These two competing models for explaining the
cycloidal patterns documented during damage surveys have
not been discussed in the literature since the Lewellen and
Zimmerman (2008), Lewellen et al. (2008), Zimmerman
(2010), and Zimmerman and Lewellen (2010) studies. The
lack of progress on this topic is due to the difficulty of collect-
ing mobile Doppler radar observations at low levels over a
damage path when cycloidal marks were clearly documented
during a poststorm survey. A study by Reiss et al. (2013) com-
pared cycloidal marks in observed dust devils tracks with ones
from numerical simulations, but the analysis of the formation
mechanisms was limited by a lack of observations of the dust
devils themselves. This paper presents an analysis of a tornado
that developed near Dodge City, Kansas, on 24 May 2016.1 An
aerial damage survey revealed a well-defined series of cycloidal
damage swaths when the tornado traversed a dirt field during a
time when mobile polarimetric radar data were recorded. These
data combined with high-resolution photographs of the funnel
and lofted debris cloud provide a unique opportunity to revisit
the mechanism for creating these swath marks.

A second goal of this study is to elucidate the characteristics
of lofted debris clouds. Analysis of data collected using
mobile polarimetric radars has significantly improved our
understanding of tornadoes. Polarimetric measurements can
remotely distinguish the different types of hydrometeors but
also identify characteristics of the debris cloud surrounding
the condensation funnel (e.g., Ryzhkov et al. 2005; Bluestein
et al. 2007, 2015; 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; Van Den Broeke
2015; Wakimoto et al. 2015, 2016). The tornadic debris signa-
ture (TDS) was proposed by Ryzhkov et al. (2005) and is now
a well-known indicator of debris lofted by a tornado. The
TDS is typically associated with high radar reflectivity, low
cross-correlation coefficient rhv, and low differential reflectiv-
ity ZDR and is collocated with an intense rotational couplet.
Defining precise threshold values in each of the categories has
been challenging, as indicated by the results presented in past
studies (e.g., Kumjian and Ryzhkov 2008; Bodine et al. 2013,
2014; Van Den Broeke and Jauernic 2014).

The lofted debris that surrounds the tornado can be as visu-
ally striking as the funnel cloud. The characteristics of the
debris cloud are dependent on the tornadic wind speeds and
the type of debris that is lofted (e.g., Lewellen et al. 2008).
Although there have been numerous studies of the TDS
documented by mobile radars and numerous photographs
and videos of lofted debris, there are only a few studies that
have combined polarimetric radar data with a photogrammet-
ric analysis of the debris cloud. Bluestein et al. (2007) pre-
sented qualitative analyses of the TDS at low levels and
compared it with a photograph of a tornado. Polarimetric

radar data were photogrammetrically merged with pictures of
the 31 May 2013 El Reno, Oklahoma, tornado (Wakimoto
et al. 2016). The tornado was large (∼4-km damage path
width) and resulted in eight fatalities. The TDS was approxi-
mately 2 km wide, but the debris cloud was poorly resolved in
the photographs. Polarimetric measurements recorded by a
mobile X-band radar were combined with photographs of the
Dodge City, Kansas, tornado on 24 May 2016 to quantita-
tively document the evolving debris cloud (Wakimoto et al.
2018). The TDS and debris cloud were shown from early in
the tornado’s life cycle until the mature stage when the debris
enveloped the funnel. Regions of high debris loading at low
levels near the annulus of high radar reflectivity were docu-
mented. A column of negative ZDR was centered on the tor-
nado and is believed to be a result of common debris
alignment. The radar and photogrammetric analysis in this
paper provides an opportunity to replicate the findings pre-
sented by Wakimoto et al. (2018) on a different tornado.

Section 2 discusses the mobile radar platform used in this
study, the aerial and ground survey, and the photogrammetric
techniques used to analyze several photographs. A detailed
analysis of the cycloidal damage marks and the radar analyses
are presented in section 3. Polarimetric analyses combined
with high-resolution photography of the funnel and lofted
debris cloud are also shown. Section 4 discusses the two mod-
els for explaining the cycloidal marks and suggests which the-
ory may explain the debris swaths noted in this study. A
discussion and summary are presented in section 5.

2. RaXPol, damage survey, and photogrammetry

RaXPol is a mobile, X-band, polarimetric radar that was
deployed in the present study. The antenna diameter is 2.4 m,
the half-power beamwidth is 18, and the wavelength is 3.1 cm.
It is a rapidly scanning radar since the antenna can rotate up
to a speed of 1808 s21. The range gate spacing is 30 m, but the
gates can be oversampled such that the spacing is 15 m. The
nominal volume scan was completed in ∼20 s and included
elevation angles from 08 to 68 in 18 steps. For additional infor-
mation about RaXPol, the reader is referred to Pazmany et al.
(2013). There were two primary deployment sites of the radar
(Fig. 1). RaXPol was located at site 1 from 2313 to 2346 UTC
(UTC 5 central daylight time 1 5 h) and site 2 from 2356 to
0006 UTC.

The damage tracks of the tornadoes were determined based
on an aerial survey using a Cessna aircraft on 27 May 2016. A
total of 10 tornadoes formed in the area west of Dodge City
(Wakimoto et al. 2018). Nine of the tornado tracks are pre-
sented in Fig. 1. The EF ratings of the tornadoes are shown
on the figure. Tornado 1 was scanned by RaXPol when it
was deployed at site 1 and is the primary focus of this study.
All of the tornadoes on this day occurred over rural areas,
and the damage path primarily traversed either wheat or dirt
fields. The uniformity of the dirt fields was similar to the
lower boundary conditions in the numerical simulations of
intense circulations by Lewellen and Zimmerman (2008) and
Lewellen et al. (2008). As discussed by Wakimoto et al.

1 Wienhoff et al. (2018) have examined radar data collected on
this day and produced dual-Doppler analyses on several of the
tornadoes.
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(2018), there were several times when multiple tornadoes
were simultaneously identified.

Photogrammetry is often used to quantitatively analyze pic-
tures of tornadoes or cloud fields (e.g., Malkus 1952; Bluestein
1986; Wakimoto and Martner 1992; Zehnder et al. 2007;
Wakimoto et al. 2012). Photogrammetry requires knowledge
of both the camera focal length and the azimuth angles to
ground targets identifiable on the horizon of the photograph.
These two variables can subsequently be used to derive the
effective focal length and the tilt angle of the camera, two key
parameters that are required to calculate angular distances on
an image. The final step is the construction of an azimuth- and
elevation-angle grid that can be superimposed onto the

photograph. Abrams (1952) and Holle (1986) provide an
overview of photogrammetry, the variables described above,
and the calculations of angular distances on an image. A com-
parison of the azimuth angles of the targets with the calcu-
lated azimuth-angle grid suggest that the angle errors range
between 0.18 and 0.28, which range translates to 44–89 m at
the distance of the tornado. The pictures were taken very
close (2–3 m) to the radar antenna. Accordingly, the eleva-
tion- and azimuth-angle grid created using photogrammetry is
equivalent to the radar scanning angles.

Vertical cross sections of the polarimetric variables at a
constant range through the center of the rotational couplet
were created using the raw data. The use of raw data rather
than interpolated data produced a detailed analysis of the
radar fields. These cross sections are along curved surfaces
since a constant range is used. These analyses can be com-
pared with the visual characteristics of the tornado and debris
cloud. A small advection correction of the raw data was
applied by shifting the radar data to account for the motion of
the tornado (∼9.5 m s21; however, the applied correction was
only 7.9 m s21, which was the component of tornado motion
in the plane of the photo) since the radar volume scans were
completed in ∼20 s. The correction varied with height since
the near-ground and higher elevation angles were not scanned
simultaneously. The polarimetric variables could contain sta-
tistical errors in areas of low signal-to-noise ratios such as the
weak-echo column (WEC; Tanamachi et al. 2012) within
the hook echo. It is possible that small shifts in the location of
the vertical cross section could alter the analyses due to these
errors. These errors were minimized by averaging rhv and
ZDR over five consecutive range gates (a 75 m average in the
present case). Additional information about this averaging
can be found in Wakimoto et al. (2018). To remove errors in
ZDR, the horizontal and vertical channels of radar reflectivity
were calibrated by collecting data in stratiform precipitation
where ZDR should be near zero. Offset corrections were
applied to the dataset presented in this study.

3. Damage track and radar analysis of tornado 1

Tornado 1 created a damage path that was ∼15 km long
and was rated EF3 on the enhanced Fujita scale based on the
destruction of a house in which one person was injured
(denoted by the blue star in Fig. 1). Fortunately, the rest of
the tornado track avoided structures but left behind well-
defined damage markings in the wheat and dirt fields. A
prominent feature of the tornado track when it passed over
the dirt fields was the clear definition of the core width esti-
mated to be ∼87 m in Fig. 2a. This core measure approxi-
mately defines the location of the tornado’s corner flow where
the near-surface flow turns upward. Reiss et al. (2013) noted
that the vortex core at the surface was denoted by regions
where sand was deposited. The track shown in this figure was
also one of the best-documented examples in the literature of
the locations where dirt was either removed or deposited
within and beyond the tornado core in response to strong con-
vergent flow into the circulation. A larger area outside the
core where surface dirt has been scoured by the tornado is

FIG. 1. A map illustrating the paths of the Dodge City tornadoes
on 24 May 2016 as based on a damage survey. Red lines represent
damage tracks of nine of the tornadoes that occurred on this day,
with the locations of the tornado labeled at select times. The EF
ratings are shown for each tornado. Black dots represent two
deployment locations of the RaXPol mobile Doppler radar (an
icon of the truck is plotted near each point). The blue star denotes
the location where a house was destroyed (rated EF3). Black stars
denote the locations of analyses presented in Figs. 10 and 11,
below. The brown-outlined box labeled “a” is enlarged in Fig. 2,
below. The brown-outlined box labeled “b” is enlarged in Figs. 4,
7, and 8, below. The smaller boxes enclosed in box b are also shown
in Fig. 4, below.
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highlighted by the light-blue dashed lines (Fig. 2b). The width
of this area is approximately 3 times the width of the core.
The aircraft altitude was ∼900 m above ground level (AGL)
when the photograph shown in Figs. 2a and 2b was taken. It

was not possible to determine what the marks in the photo-
graphs represented from this altitude. Accordingly, the air-
craft descended to ∼120 m AGL to document the finescale
features of the tornado track. An enlarged image (Fig. 3)
reveals that the dark- or light-brown areas are regions where
dirt has been deposited or removed, respectively. Small ridges
of dirt, separated by ∼0.3 m, produced by a cultivator are
oriented approximately perpendicular to the tornado track
(Figs. 2 and 3). Cycloidal or scalloping marks as documented
by Fujita et al. (1976) are suggested at several locations along
the track. Several of these marks have been highlighted by
the white lines (Fig. 2b).

RaXPol was in the process of parking and leveling the truck
at site 1 during the time that the tornado traversed the field
shown in Fig. 2. Fortunately, tornado 1 passed over several
dirt fields after the radar began collecting data (Fig. 4).
The tornado produced continuous, cycloidal swaths marks in
the dirt fields for a distance of ∼2 km (Fig. 4). The approxi-
mate diameter of the marks was consistent with the estimated
size of the funnel shown at two locations in the figure. The
tornado was located 12–13 km from the radar site during this
time. The poststorm aerial survey revealed numerous cycloi-
dal or swath marks as the tornado traversed the dirt fields
(Fig. 5a). The location of these marks has been precisely plot-
ted on Fig. 4. Similar to the image shown in Fig. 2, the large
region of dirt removed outside the main tornado circulation is
apparent (Fig. 5b). The width of the area of scoured dirt is the
same as in Fig. 2b suggesting that the kinematic structure of
the tornado was in approximately steady state during this
time. The location of the center of the rotational couplet
based on a low-level scan from RaXPol is shown by the red
circle (Fig. 5b).

Swath marks were also documented in an adjacent dirt field
(Figs. 4 and 6). The marks are highlighted by the white
lines in Fig. 6b. Simulations performed by Lewellen and
Zimmerman (2008) suggest that the vortex translation produ-
ces a tilt in the circulation and the debris cloud. The latter
leads to asymmetric deposits of the lofted debris to the right
and rearward relative to the tornado motion aloft, which
could explain the location of the swath marks shown in Fig. 6.

FIG. 2. The damage path of tornado 1: (a) aerial photograph of
the damage, (b) aerial photograph of the damage path with dashed
blue lines indicating the width where the dirt has been scoured by
the tornado, and (c) a numerical simulation of a damage path asso-
ciated with a translating high-swirl tornado from Lewellen and
Zimmerman (2008). Yellow and red colors represent regions where
dirt has been deposited, and green and blue areas represent regions
where dirt has been removed from the ground. The dashed blue
lines from (b) have been transposed onto (c). The black-outlined
box drawn on (a) is enlarged in Fig. 3, below. The width of the tor-
nado core is shown in (a). Several swath marks have been
highlighted by the thin white lines in (b). The box shown in this fig-
ure has been rotated and is shown by the label “a” in Fig. 1. The
gray line at the top of the figure is a road.

FIG. 3. Enlargement of the box shown in Fig. 2a revealing that
the dark-brown areas are regions where dirt has been deposited by
the tornado. The light-brown areas denote where dirt has been
removed.
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The yellow circles represent the width of the funnel cloud at
low levels based on photogrammetric measurements to be dis-
cussed later in this section. The first complete radar scanning
volumes collected by RaXPol were at 2317:21 and 2317:49
UTC. The location of the rotational couplet during these
times are denoted by the blue circles in Fig. 6.

This is believed to be the first time that mobile radar meas-
urements were collected on a tornado when a series of well-
defined swath/scalloping marks were confirmed by a damage
survey and photographs/videos of the funnel were recorded.

Low-level scans (08) at 2317:21 and 2317:49 UTC superim-
posed onto the damage track are presented in Figs. 7 and 8,
respectively. The dimension of the lofted debris cloud depicted
in photographs presented later in this section is denoted by the
blue circle. A weak-echo hole surrounded by higher reflectivity
(e.g., Fujita 1981; Wurman et al. 1996; Wakimoto et al. 1996;
Wurman and Gill 2000; Dowell et al. 2005) is apparent at both
times (Figs. 7a and 8a) although is better defined at 2317:21

UTC. The TDS is shown by the quasi-circular region of rela-
tively low rhv (Figs. 7c and 8c) and ZDR (Figs. 7d and 8d) and
is consistent with the lofted debris outlined by the blue circle.
The rotational couplet is apparent in the single-Doppler veloc-
ity fields (Figs. 7b and 8b) and the slight asymmetry in the
approaching and receding velocity can be partially explained
by the tornado’s translation. Tornado 1 was estimated to be
translating at 9.5 m s21 to the northwest (see Fig. 1). This
motion would add or subtract ∼5.3 m s21 to the magnitude of
the approaching or receding speeds, respectively.

FIG. 4. Analysis of cycloidal marks (black lines) in dirt fields tra-
versed by tornado 1 based on an aerial survey. The red line denotes
the tornado track. The location of the rotational couplet is shown
by the blue circles. The magenta circles represent the width of the
tornado funnel. The azimuth and range from RaXPol are indicated
by the thin, black lines. Damaged irrigation pipes are shown by the
green lines. The characteristics of the fields (dirt, wheat, or grass)
are labeled on the figure. Locations where photogrammetric analy-
ses of the tornado photographs were performed are shown by the
solid blue circles. The box shown in this figure is shown by the label
“b” in Fig. 1. The smaller gray-outlined boxes labeled “a” and “b”
in this plot are also plotted in Fig. 1 and are enlarged in Figs. 5 and
6, respectively, as shown below.

FIG. 5. The damage path of tornado 1: (a) aerial photograph of
the damage, (b) aerial photograph of the damage path with dashed
blue lines indicating the width where the dirt has been scoured by
the tornado, and (c) a numerical simulation of a damage path asso-
ciated with a translating high-swirl tornado from Lewellen and
Zimmerman (2008). Yellow and red colors represent regions where
dirt has been deposited, and green and blue areas represent regions
where dirt has been removed from the ground. The dashed blue
lines from (b) have been transposed onto (c). The area shown in
this figure is highlighted by the gray-outlined box labeled “a” in
Fig. 4. The red circle denotes the location of the rotational couplet.
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Although the rotational couplet associated with tornado 1
is apparent in Figs. 7b and 8b, there are no smaller rotational
signatures that suggest the presence of suction vortices for
either time. Velocity data at 18 (∼218 m AGL) and 28 (∼436 m
AGL) elevation angles (not shown) also did not resolve
smaller scale circulations. High spectral width (not shown) was
identified along the radial between the approaching and reced-
ing velocities as would be expected. No other regions of high
spectral width could be identified that might indicate the pres-
ence of smaller-scale shear zones (i.e., suction vortices). It is
possible that the absence of suction vortices in the radar data
is due to azimuthal resolution (0.88 or 175 m at the distance of
the tornado). However, it would be expected that there would
be a suggestion of their presence in light of the large number
of swath marks surveyed in this case and the series of elevation
angle scans recorded in each volume.

Numerous photographs of tornado 1 were taken from the
RaXPol radar site. High-spatial-resolution data collected at
2317:21–2317:38 and 2317:49–2318:04 UTC of radar reflectiv-
ity, single-Doppler velocity, rhv, and ZDR at the distance of
the tornado were plotted on the images at 2317:27 and 2317:56
UTC, respectively, using the photogrammetrically derived ele-
vation- and azimuth-angle grids. This technique allowed for a
comparison of the radar variables with the visual characteris-
tics of the tornado (e.g., Wakimoto et al. 2015, 2018).

The width of the funnel cloud was estimated to be 175 m at
∼250 m AGL. The funnel diameter was plotted on Figs. 4 and
6 and suggests that it is slightly larger than the tornado core
width defined by the cycloidal debris swaths. An enlargement
of suction swaths is presented in Fig. 9. The black circles
denote two estimates of the tornado core diameter based on
the surface debris swaths. The core in Fig. 9 appears to widen
from 100 m (∼2317:20 UTC) to 120 m (∼2317:40 UTC)
between the two analysis times shown in Figs. 10 and 11,
respectively. There is no quantitative change in the visible
width of the cloud funnel between these times (cf. Figs. 10a
and 11a) providing additional evidence that the funnel dimen-
sion is not an accurate indicator of the width of the tornado
core (e.g., Golden and Purcell 1978; Bluestein et al. 2004).
The magnitudes of the approaching and receding velocities

depicted in Figs. 7b and 8b are greater than 50 and 70 m s21,
respectively. As previously mentioned, the asymmetry was par-
tially attributable to the translation of the tornado. The average
peak rotational velocity of the tornado was ∼65 m s21.

The lofted debris cloud is ∼1 km in diameter (Figs. 10a and
11a), which is larger than the area of scoured dirt (270 m
wide) depicted in the aerial photographs because of centrifug-
ing of the lofted debris (e.g., Dowell et al. 2005; Lewellen et al.
2008). The visual characteristics of the funnel cloud and lofted
debris cloud are similar to the numerical simulations pre-
sented by Lewellen et al. (2008, see their Fig. 1). Their simu-
lated tornado was translating at 15 m s21, the debris was
composed of 1-mm-diameter sand particles, and the core
velocity was 74.4 m s21. The core velocity of tornado 1 was
∼65 m s21, and it was translating at 9.5 m s21.

The images of tornado 1 presented in Figs. 10 and 11 along
with other photographs taken of the tornado at this time (not
shown) did not suggest the existence of suction vortices.
Numerous videos of tornado 1 recorded by storm chasers
were reviewed (not shown). Some of the chasers’ locations
were less than 2 km from the funnel at the same time of the
analyses shown in this paper. No multiple vortices were iden-
tified in these videos. The funnel is laminar in appearance and
suggests the presence of a single circulation, which is consis-
tent with the Doppler velocity signature (Figs. 7b and 8b).
However, a laminar structure does not preclude the existence
of smaller-scale vortices hidden within the funnel. Videos
taken by chasers near the beginning of the tornado track (not
shown) did reveal secondary vortices. This location was 9–10 km
south southeast of the analysis region shown in Fig. 4. These
small-scale vortices did not produce debris swaths according to
the aerial survey of the damage. Interestingly, there is no study
in the literature that has documented a series of scalloping or
looping marks in surface damage patterns (e.g., Fujita et al.
1976) during a period when suction vortices were visually con-
firmed with videos or photographs. This absence is remarkable
in light of the numerous images and videos of tornadoes in
recent years.

A WEC within the hook echo (,5 dBZ) centered on the
funnel cloud is apparent (Figs. 10b and 11b). The vertical

FIG. 6. Aerial photograph of the damage path of tornado 1. The red line represents the center of the tornado track. The yellow circles
represent the funnel width at low levels. The locations of the rotational couplet at two times are shown by the blue circles. The swath marks
are highlighted by the white lines in (b). The blue lines in (b) denote damaged irrigation pipes. The area shown in the figure is highlighted
by the gray-outlined box labeled “b” in Fig. 4.
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FIG. 7. Scan from RaXPol at 08 elevation angle at 2317:21 UTC: (a) radar reflectivity, (b) single-Doppler velocities
Vr, (c) cross-correlation coefficient rhv, and (d) differential radar reflectivity ZDR. The range and azimuth angle grid is
shown by the thin black lines. Cycloidal debris swaths are shown by the partial black circles. Dotted lines separate
fields with different ground characteristics (see Fig. 4). Yellow circles represent the subjective locations of the center
of the rotational couplet. The blue circle represents the location of the lofted debris cloud depicted in Fig. 10, below.
Gray lines denote roads. The thick black line represents the location of the cross section shown in Fig. 10. The area
enclosed is as in Fig. 4 and is also shown in Fig. 1.
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profile in rhv (Figs. 10d,f) reveals a trough approximately cen-
tered on the funnel cloud. However, there are also two areas
of low rhv and relatively high radar reflectivity surrounding
the funnel cloud at low levels (white arrows). Low rhv and
higher echo intensity suggest that these are regions of high

debris loading or areas of larger debris sizes present in low
concentrations outside the funnel cloud. This feature was also
noted by Wakimoto et al. (2018) for another tornado on this
day providing additional evidence that this may be a charac-
teristic debris signature. The extension of the low rhv features

FIG. 8. As in Fig. 7, but at 2317:49 UTC. The blue circle represents the location of the lofted debris cloud depicted in
Fig. 11, below. The thick black line represents the location of the cross section shown in Fig. 11.
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just outside the funnel extends to higher levels at the next vol-
ume time (Figs. 11d,f) and is an indication of debris being
lofted to greater heights. The cross section of differential
reflectivity (Fig. 10e) reveals negative ZDR within the WEC
and low rhv trough. Wakimoto et al. (2018) hypothesized that
the negative ZDR could be a result of common debris align-
ment (Ryzhkov et al. 2005; Bluestein et al. 2007). They pro-
posed that wheat stems were lofted by the tornado when it
passed over wheatfields at an earlier time. Wheat stems are
not expected to be reflective or could be present in low con-
centrations, which would explain the negative ZDR column
within the WEC. Common debris alignment in lofted debris
composed of leaves within tornadoes has also been simulated
by Cheong et al. (2017) and Umeyama et al. (2018). Bodine
et al. (2014) proposed that given the wide range of scatterer
characteristics within a resolution volume, some degree of
common scatterer alignment could produce negative ZDR

even when rhv is low. The negative ZDR column is still promi-
nent in the next analysis time (Fig. 11e).

4. Comparison with numerical simulated damage tracks

Lewellen and Zimmerman (2008), Lewellen et al. (2008),
Zimmerman (2010), and Zimmerman and Lewellen (2010)
reproduced surface debris swaths using a high-resolution
large-eddy simulation (LES) model. The vertical and horizon-
tal grid spacing were 1 m near the surface and 4 or 5 m in the
central corner flow, respectively. The simulations were per-
formed with sand (1-mm diameter). They noted that, unless
there were dramatic changes in parameters that determine
how the sand was “picked up,” the changes in the surface
track appearance were modest. The present study is one of
the first opportunities to examine the Lewellen and Zimmerman
(2008) and Zimmerman and Lewellen (2010) hypothesis for
creating debris swaths. This comparison with tornado 1 is rele-
vant since the observational analysis suggests that suction vor-
tices may not have been present; yet, well-defined cycloidal
marks over a significant segment of the damage path were
documented. An example of surface marks produced by a
high-swirl tornado translating at ∼15 m s21 is presented in
Figs. 2c and 5c (Lewellen and Zimmerman 2008). The plot of
the simulated track was adjusted so that the tornado core

diameter approximately matched the width of tornado 1 in the
figure (the simulated tornado was larger than tornado 1 based
on the length scale). The adjustment allowed for a relative
comparison of the observed and simulated tornadoes.

Prominent cycloidal marks similar to those documented by
Fujita et al. (1970, 1976) and Fujita (1981) are apparent in
Figs. 2c and 5c. In contrast to the suction vortex hypothesis,
the surface marks in their simulations result from debris accu-
mulating when low-level inflow turns sharply upward in the
corner region in the updraft annulus of the tornado core.
Debris is subsequently deposited in lines that closely resemble
cycloidal marks. Moreover, the Lewellen and Zimmerman
(2008) and Zimmerman and Lewellen (2010) studies revealed
that in the simulated tracks of high-swirl tornadoes the cycloi-
dal marks did not coincide with the paths of multiple second-
ary vortices when they were present. Further, cycloidal debris
lines were also found in many simulations with only a single
tornadic vortex. An axisymmetric vortex would naturally be
expected to produce a deposition track symmetric along the
direction of travel. But the simulated tornadoes, like their
real counterparts, included fluctuations in the air and debris
flows, breaking the axisymmetry of the debris deposition pat-
tern at any instant. Convoluted over time this produced the
“cycloidal marks” of the tracks. Contributions to these fluctu-
ations were many, including: turbulence within the corner
flow of the vortex (including secondary vortices when pre-
sent), variations in debris flow being swept in radially (e.g.,
due to surface inflow rolls), wandering of the debris ring gath-
ered by the updraft annulus due to its own inertia/instability,
and vortex translation.

The dashed blue lines in Fig. 2b denote the area where
dirt has been removed by the tornado. These dashed lines
have been transposed onto Fig. 2c. The relative area where
debris is scoured closely resembles the observations shown in
Figs. 2a and 2b. The simulation by Lewellen and Zimmerman
(2008) has also been plotted in Fig. 5c. The numerical plot of
debris swaths resembles the observed tornado marks and the
region where dirt has been scoured is also consistent with the
simulations.

The numerical simulations can be interpreted using
four dimensionless ratios (e.g., Lewellen et al. 2000, 2008;
Zimmerman 2010):

FIG. 9. (a) Enlargement of the suction swath marks created by tornado 1. (b) Yellow lines highlight the locations of the suction swath
marks. The black circles represent the approximate tornado core width at two locations along the track. The red line denotes the center of
the tornado track. Blue circles denote the location of the rotational couplet. The area shown in the figure is enclosed by the black-outlined
box in Fig. 6b.
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Sc ≡ RcG
2
‘=Y, (1)

Ay ≡ Vc=wt, (2)

Aa ≡ V2
c= gRc( ); and (3)

At ≡ Utrans=Vc, (4)

where Vc and Rc are the peak core swirl velocity and radial
scales aloft above the corner flow, respectively; G‘ is the far-
field angular momentum aloft and outside the core; Y is the
depleted angular momentum flux (the total flux of the local
flow variable G‘ 2 G) through the surface-corner-core flow; g
is the gravitational acceleration; Utrans is the vortex translation
velocity; and wt is the terminal speed of the debris in freefall.
Lewellen et al. (2000) defines Rc 5 G‘/Vc. Ratio Sc is the cor-
ner flow swirl ratio and roughly categorizes tornado type.

Ratio Ay parameterizes the amount of debris slip relative to the
airflow. Increasing Ay lessens the maximum potential amount of
slip. Ratio Aa measures the importance of a characteristic radial
acceleration relative to gravity, and At measures the relative
importance of the vortex translation speed. Several of these vari-
ables can be estimated using the analyses presented in Figs. 10c
and 11c as follows: Vc ∼ 50 m s21, G‘ ∼ 19000 m2 s21, and
Rc ∼ 380 m. As previously mentioned, Utrans ∼ 9.5 m s21. There
will be a range of debris involved in forming the surveyed dam-
age track. A good approximation for wt, used in many of the
numerical simulations, was 5.7 m s21. These approximations lead
to estimates of three of the four dimensionless parameters:
Ay ∼ 8.7,Aa ∼ 0.67, andAt ∼ 0.19.

The corner flow swirl ratio Sc cannot be directly computed
but there are inferences based on the observed tornado struc-
ture. The shape of the observed debris cloud and the compari-
son with numerical simulations suggest a medium to high

FIG. 10. (a) Photograph of Dodge City tornado 1 at 2317:27 UTC. The radar volume scan is 2317:21–2317:38 UTC. (b) Radar reflectivity
(dBZ). Values ,20 dBZ are shaded light blue. (c) Ground-relative single-Doppler velocities (m s21). Magenta and yellow lines are
isopleths of approaching and receding single-Doppler velocities, respectively (magnitudes . 50 m s21 are shaded). (d) Cross-correlation
coefficient rhv. Values , 0.40 are shaded red. (e) Differential reflectivity ZDR (dB). Yellow and magenta lines are isopleths of negative
and positive ZDR, respectively; ZDR . 3 dB are shaded magenta, and ZDR , 23 dB are shaded yellow. (f) Radar reflectivity and rhv.
The green circle represents the 18 beamwidth of the radar. The scales labeled on the photographs are valid at the distance to the center of
the tornado. The small dots represent the raw data points from RaXPol. The location of the tornado at this time is shown in Figs. 1, 4,
and 7. The white arrows in (d) and (f) denote regions of higher radar reflectivity and low rhv.
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swirl corner flow (i.e., Sc . 2). The radial scale of the swath
marks (Fig. 9) is ∼60 m, less than the radius of maximum
winds, which ranges from 100 to 150 m (Figs. 10c and 11c).
The difference in the radii and the apparent absence of strong
secondary vortices suggests that the observed tornado is
closer to a medium rather than high swirl. Accordingly, a
good estimate of Sc would be between 2 and 8.

The simulation shown in Fig. 5c is associated with following
parameters: Ay 5 12.2, Aa 5 2.39, At 5 0.21, and Sc 5 12.4.
The values of Aa and Sc in the simulations are higher than the
estimates associated with the Dodge City tornado. The suite
of simulations produced by Zimmerman (2010) and Zimmerman
and Lewellen (2010) where Aa and Sc are closer to the val-
ues estimated from the Dodge City tornado (not shown)
resulted in debris swaths that are consistent with those
shown in Figs. 2 and 5. None matched the Dodge City tor-
nado in all four parameters; the simulation case shown in
Fig. 5 was chosen for illustration because the color figure
showed the swath marks most clearly. The most prominent
difference is reducing the length scale of the cycloidal marks
relative to the core radial scale aloft Rc, which brings them
in closer agreement to the observed marks produced by the
Dodge City tornado. The comparisons of the observed

cycloidal debris marks with the numerical simulations over
a range of parameter space strongly suggest that debris
swaths were associated with the updraft annulus at the sur-
face rather than the secondary vortices. Indeed, many of the
simulated cases did not produce these vortices even though
prominent cycloidal debris marks were produced.

A comparison of the two models for creating debris swath
marks is presented in Fig. 12. The Fujita model (Fig. 12a) that
proposes that these marks are produced by suction vortices
has been accepted since the 1970s and has been referenced
in numerous articles and textbooks. The model proposed
by Lewellen and Zimmerman (2008) and Zimmerman and
Lewellen (2010) suggests that these marks are a result of
deposited debris when low-level inflow turns upward in the
corner region in the updraft annulus of the tornado core
(Fig. 12b). No suction vortices are plotted on the latter figure
since their presence is not required to produce cycloidal
marks in this model. The results suggest that the model pro-
posed in Fig. 12b may be the primary mechanism for creating
the swaths produced by tornado 1. Mobile radar data collect-
ing higher-spatial-resolution data while simultaneously taking
videos/photographs when similar markings are produced by a
tornado would provide a more definitive answer.

FIG. 11. As in Fig. 10, but at 2317:56 UTC. The radar volume scan is 2317:49–2318:04 UTC. The location of the tornado at this time is
shown in Figs. 1, 4, and 8.

WAK IMO TO E T A L . 1243JUNE 2022

Brought to you by UNIVERSITY OF OKLAHOMA LIBRARY | Unauthenticated | Downloaded 05/25/22 09:22 PM UTC



The numerical simulations suggest a mechanism for pro-
ducing debris swaths in open fields that are not attributable to
suction vortices. This hypothesis, however, does not imply
that these smaller-scale circulations have a negligible impact
on the observed damage to houses and buildings. The strong
wind speeds in these vortices (e.g., Wurman et al. 2014) could
result in intense damage to structures that lie within their
path. In addition, we cannot conclude at this point that all
cycloidal debris swaths are produced by the mechanism dis-
cussed in this paper or that the presence of secondary vortices
never impacts cycloidal marks.

5. Discussion and summary

A detailed aerial mapping of the damage path of a tornado
near Dodge City was presented. Prominent debris swaths that
have been previously documented in the literature were pre-
sent in several dirt fields. Clearly shown was the much larger

area located at the periphery of the tornado core where dirt
was scoured from the field. A series of high-resolution pic-
tures of the tornado documented the visual characteristics
of the tornado and lofted debris cloud. The funnel cloud
appeared laminar during the time that the debris swaths were
being created and there was no visual evidence of the exis-
tence of suction vortices when the tornado traversed these
fields. A primary rotational couplet associated with the tor-
nado was identified in single-Doppler velocities recorded by a
mobile radar; however, no secondary rotational couplets were
apparent in the scans.

The analysis of the Dodge City tornado provided an oppor-
tunity to compare the observations with the numerical simula-
tions presented by Lewellen and Zimmerman (2008),
Lewellen et al. (2008), and Zimmerman and Lewellen (2010).
The intense circulations generated in their simulations tra-
versed dirt fields and produced lofted debris clouds that share
many of the characteristics of the Dodge City tornado. The
swaths produced at the surface were a result of deposited
debris when low-level inflow turns upward in the corner
region in the updraft annulus of the tornado core. A fraction
of the debris swept into this narrow region of strong horizon-
tal convergence is unable to follow the large acceleration of
the airflow from the radial direction into the vertical and is
left behind. This can occur even when the debris terminal
velocity is small enough that the debris could have been lofted
if it had remained within the annular updraft. These cycloidal
debris lines can form even when only a single tornadic vortex
is simulated. The results presented in this paper provide the
first observational evidence that suggests that the cycloidal
debris swaths associated with the Dodge City tornado may
have been produced by this alternative mechanism. Indeed,
radar observations suggest that the tornado was characterized
by a single vortex. Numerical simulations suggest that even
when secondary vortices exist, they may not be the causal
mechanism for creating debris swaths documented during
aerial surveys. Future studies will require high temporal and
spatial resolution radar data, photograph and video documen-
tation, and detailed damage surveys of tornado tracks. These
data will help to determine the validity of the two models pre-
sented in Fig. 12.

In the future, it is recommended that these lines be referred
to as cycloidal debris swaths or debris swaths rather than suc-
tion vortex swaths/marks based on the observations presented
in this paper. In addition, the term suction vortex should also
be reconsidered. Fujita (1981) proposed that these small-scale
vortices were “sucking” debris into the cycloidal lines
observed in the aftermath of tornadoes, which does not
appear to be the case. Secondary vortices would be the pre-
ferred terminology.

Polarimetric radar data were combined with high-resolu-
tion photographs of the tornado to document the lofted debris
cloud and its relationship with the funnel. This analysis pro-
vided an opportunity to investigate whether the findings pre-
sented by Wakimoto et al. (2018) were replicated for a
different tornado on this day. A column of low rhv contained
primarily within the WEC was noted. There were two regions
of low rhv at low level located at the periphery of the funnel

FIG. 12. Schematic models for producing cycloidal debris marks.
(a) The model proposed by Fujita hypothesized that suction vorti-
ces revolving around the center axis create these debris swaths. (b)
The Lewellen and Zimmerman model proposes that these marks
result from debris that is deposited when low-level inflow turns
sharply upward in the corner region in the updraft annulus of the
tornado core (locations are highlighted by brown ellipses). The
mechanism in (b) does not require secondary vortices, which may
or may not be present in a given case.
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cloud that were attributed to high debris loading. A column
of negative ZDR was centered on the tornado and is believed
to be produced by common debris alignment. These observa-
tions suggest that these polarimetric signatures may be char-
acteristic of tornadoes traversing open terrain where dirt,
grass, and wheat fields predominate.
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