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ABSTRACT: Topography can have a significant influence on tornado intensity and direction by altering the near-surface
inflow. However, past research involving topographic influence on tornadoes has shown significant variety in investigative
approaches and conclusions. This study uses unpiloted aerial systems (UAS)-based high-resolution imagery, UAS-based
3D-modeling products, and correlation analyses to examine topographical influences on a portion of the 1 May 2018 Tescott,
Kansas, EF3 tornado (EF indicates the enhanced Fujita scale). Two new metrics, visible difference vegetative index (VDVI)
gap and VDVI aspect ratio, are introduced to quantify damage severity using UAS-based imagery and elevation infor-
mation retrieved from a UAS-based digital surface model (DSM). Areas of enhanced scour are seen along the track in areas
of local elevation maxima. Correlation analysis shows that damage severity, as measured by both VDVI gap and VDVI
aspect ratio, is well correlated with increasing elevation. The VD VI gap is only weakly correlated with slope, and the VDVI
aspect ratio is not correlated with slope. These findings are statistically significant at p < 0.05. As the tornado weakened in
intensity, the path became nonlinear, traversing between two local elevation maxima. It is hypothesized that fast-moving
intense flow formed and weakened as elevation increased over the short spatial distance. This research shows that to-
pography and surface conditions are two of many important variables that should be considered when performing tornado-
damage site investigations. It also illustrates the importance of UASs in detailed tornado analysis. VDVI gap and VDVI
aspect ratio can provide insight into damage severity as a function of topography.

KEYWORDS: Tornadoes; Damage assessment; Geographic information systems (GIS); Local effects; Topographic effects;
Statistical techniques

1. Introduction Bosart et al. 2006), (iii) alter path direction (Lewellen and
Lewellen 2007; Tyrrell 2016), and (iv) influence the near-
surface inflow to the tornado (Lewellen 2012; Karstens 2012).
Forbes (1998) theorized that tornado intensity decreases on the
windward (leeward) side of a ridge/hill due to the vortex
compressing (stretching), creating mass convergence (diver-
gence) and, consequently, a decrease (increase) in angular
momentum (Lewellen 2012; Cannon et al. 2016). Lewellen
(2012) expanded on this theory noting that the near-surface
flow component would be deflected back into the vortex uphill,
increasing near-surface flow and corner flow swirl ratio S, and,
consequently, decreasing tornado intensity. In addition to
changes in damage severity, Lewellen (2012) also noted a
tornado path could deviate to the left or right as it respectively
ascends or descends the ridge. While Lewellen (2012) and
Coleman (2010) observed similar results as Forbes (1998),
Lewellen (2012) also found a brief intensification in simulated
tornado intensity near the ridge citing surface roughness,
translational velocity, storm velocity, and slope as important
factors in altering near surface flow and S..

Other studies using radar analyses, aerial-photography and
satellite-based damage assessments, and numerical modeling have
shown mixed results in topographic influences on tornadoes.
Corresponding author: Melissa A. Wagner, mawagner@ou.edu  Although Houser et al. (2020) found a statistically significant

Over recent years, the magnitude and severity of tornado
impacts have generated costs into the billions of dollars and
loss of lives. The challenges of accurate prediction and precise
locational impact of tornadoes contribute to these costs by
adding to the complexities of tornado forecasting and damage
mitigation, especially with regard to vulnerability assessments.
This is due, in part, to important concerns associated with
varying tornado intensity, spatial scale, and surface conditions
(e.g., land use or topography). Surface conditions can influence
the direction and severity of a tornado track and are therefore
an important consideration when assessing a local environ-
ment. The geotechnological application of unpiloted aerial
systems (UASs) in enhanced site investigations can better
address some of these challenges, especially in locations of
complex terrain (Doe and Wagner 2019).

The history of research with regard to topographic influence
on tornadoes is varied. Previous research has shown that to-
pography can (i) initiate or enhance tornadogenesis (Passe-
Smith 2006, 2008), (ii) affect tornado intensity (Coleman 2010;
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relationship between elevation change and tornado intensity
in their radar-based analysis, this relationship varied and was
therefore suggested to be case-specific. Cannon et al. (2016)
found greater damage severity on the windward side versus
the leeward side using high-resolution aerial photography but
noted large variability in damage between the windward and
leeward sides. They also noted that the relationship between
damage severity and elevation change was more pronounced
in areas of shallower slopes, suggesting other factors were at
play. Ahmed (2016) noted a zone of protection on the lee-
ward side approximately 5 times the height of the hill (ele-
vation gain), suggesting tornado diameter had to be larger
than the depression for leeward protection, using a combi-
nation of satellite-based and ground-based damage assess-
ments with numerical modeling. Satrio et al. (2020) also used
numerical modeling and found that the topography can in-
fluence path direction, vortex contraction/expansion, and
vortex tilt, similar to the findings of Lewellen (2012).
Numerical simulations, however, are limited by model con-
figuration and representation of topography, whereas
satellite-based damage assessments can be too coarse to re-
solve local extreme wind impacts.

High-resolution damage assessments utilizing UAS tech-
nologies can provide better analysis of topographic influences
on tornadoes at the microscale. UAS technologies provide
centimeter-scale information because of their low altitude
collection of less than 400 ft (122 m) above ground level (AGL)
(Womble et al. 2018; Wagner et al. 2019). This detailed infor-
mation coupled with the three-dimensional (3D) modeling
capabilities of UAS via structure from motion (SfM) can
lead to a better insight into high-wind interactions with land
cover and topography (Wagner et al. 2019). SfM is a tech-
nique that utilizes overlapping two-dimensional (2D) im-
agery to reconstruct 3D scenes and produce 2D modeling
products (e.g., orthomosaics) and 3D modeling products
[e.g., digital surface models (DSMs) and point clouds],
which contain geographic coordinates and elevation infor-
mation (Westoby et al. 2012; Carrivick et al. 2016). This
approach is a cost-effective alternative to lidar (Westoby
et al. 2012; Johnson et al. 2014) and has been used in esti-
mating fault line movement (Heredia et al. 2009; Johnson
etal.2014) as well as assessing typhoon (Ezequiel et al. 2014;
Chen et al. 2020) and tornado damage (Wagner and Doe
2017; Womble et al. 2018).

In addition to 3D modeling, UAS image enhancements can
better depict the extent and variability of damage. Typically,
normalized difference vegetation index (NDVI) is used to as-
sess vegetation health due to the high contrast in spectral re-
flectance between the near-infrared band and the red band
(Carlson and Ripley 1997). Spectral reflectance of healthy
vegetation in the near-infrared band is nearly 10 times that of
the red band because of the spongy mesophyll (Kingfield and
de Beurs 2017). However, when near-infrared information is
unavailable, visible difference vegetation index (VDVI), which
uses information in the visible bands (blue, green, and red), can
be used in place of NDVI by substituting information obtained
in the green band for the near-infrared band (Wang et al. 2015).
VDVTI has a relatively high accuracy in comparison with NDVI
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(Xue and Su 2017) and has been used to monitor vegetation
health (Du and Noguchi 2017) and soil erosion (Huang 2018).
VDVI imagery in conjunction with elevation information ob-
tained from UAS technologies could better depict land cover
changes associated with high wind events.

Performing high-resolution site investigations can lead to a
better understanding of how specific surface conditions such as
topography can influence tornado dynamics and damage path
characteristics. This study uses UAS-based high-resolution
imagery and UAS-based 3D-modeling products to examine
topographical influences on a portion (pathlength of approxi-
mately 550 m) of the 1 May 2018 EF3 Tescott, Kansas, tornado,
where the greatest elevation change (approximately 54 m or
177.2 ft) occurred (EFX indicates the rating on the enhanced
Fujita scale). Two metrics, VDVI gap and VDVI aspect ratio,
were introduced to quantify damage severity based on UAS
VDVI imagery and elevation information retrieved from the
UAS-based DSM. Spatial comparisons, overlay analysis (see
McHarg 1969), and transect analysis of UAS-based visible
imagery, VDVI imagery, and DSM information were per-
formed to assess topographical influences and terrain effects
on a portion of the tornado track. In addition, correlations
were used to examine the strength of the relationship be-
tween damage severity, as measured by VDVI gap and VDVI
aspect ratio, and elevation, slope, and path width. These an-
alyses give new information on the microscale influence of
topography on tornadoes and present one of the first detailed
UAS-based tornado/topographic studies to appear in refer-
eed literature.

2. Methods
a. Study area

On 1 May 2018, five supercells affected north-central
Kansas, spawning 12 tornadoes. One supercell near Tescott
produced an EF3-rated tornado with a damage pathlength of
23.3km (14.5 mi) and maximum width of 0.8km (0.5 mi) (see
Fig. 1) NOAA/National Centers for Environmental Information
2020). Although no injuries or deaths were reported, this tornado
produced isolated severe damage to property and vegetation
within this sparsely populated region. The analysis presented here
focuses on the portion of the path (pathlength of approximately
550 m) with the greatest elevation change (approximately 54 m or
1772 ft).

b. Data collection

Following the tornado, UAS surveys were conducted to
obtain poststorm visible imagery. A DJI Phantom 4 Pro UAS
equipped with a 20-megapixel visible camera was flown at a
flying height of 76.2m (250 ft), yielding imagery with 1.69-cm
spatial resolution per pixel. Visible imagery was collected using
the flight-planning software DroneDeploy with a near nadir
angle and 75% front and side overlap to achieve 3D modeling
capabilities through SfM (e.g., Westoby et al. 2012; Johnson
et al. 2014). Approximately 2000 images were collected from
18 to 20 May 2018 under relatively cloud free skies and during
optimal illumination conditions (low zenith angle) that mini-
mized cloud shadows (see Tmusic et al. 2020).
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FIG. 1. The 1 May 2018 Tescott tornado path (a) overview and (b) survey site, outlined with the dashed cyan line. The white-outlined box
in (a) corresponds to the photograph area of (b). Isolines show damage ratings according to the enhanced Fujita (EF) scale, with the
heaviest damage (EF3) shown in red and the weakest damage (EF0) shown in beige.

Ground control surveys were conducted to ensure geospatial
accuracy of data. Ground control points (GCPs) were collected
using Trimble Geo7x ground control survey equipment with
global navigation satellite system and global positioning sys-
tem (GPS) capabilities. This system enabled high-accuracy
ground surveying and precise point measuring with an accu-
racy of +0.4cm. The 10 points (GCPs) were collected using
1m X 1 m targets, which were distributed throughout the study
area and at varying elevation heights. Horizontal positions
were referenced to 1984 World Geodetic Datum universal
transverse Mercator (UTM), and vertical positions were ref-
erenced to World Geodetic System 1984 (WGS 84). GCPs
were converted to UTM zone 14 north (UTM 14N) to align
with the UAS data.

c¢. Data preprocessing

UAS imagery was processed using Agisoft Metashape
Professional (Agisoft 2019) to generate postevent imagery
and 3D-modeling products (DSM and point cloud). UAS
images were coregistered to GCPs to remove positional
distortions of 1-10 cm, resulting from errors in camera GPS
location (Johnson et al. 2014). Color corrections were per-
formed using the calibrate color algorithm in Agisoft
Metashape Professional to balance brightness values over
the entire dataset due to differences in illumination condi-
tions. UAS-derived products included dense point clouds,
DSM, and an orthomosaic, which is a geometrically cor-
rected aerial image that provides an accurate representa-
tion of an area and can be used to measure true distances.

VDVI was employed to better identify high wind damage.
VDVI can be used to assess vegetation health and identify land
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cover types (e.g., bare soil and vegetation) based on the spec-
tral response of features and information obtained in the visi-
ble bands (blue, green, and red) (Wang et al. 2015). VDVI
values range between —1 and 1, similar to NDVI, where
index values close to 1 are indicative of healthy vegetation;
index values close to 0 are indicative of bare soil; and neg-
ative index values are indicative of water. VDVI was cal-
culated using
2 X Green — Red — Blue

VDVI= 2 X Green + Red + Blue’ @

where Green, Red, and Blue represent pixel digital numbers,
which range from 0 to 255, for the green band, red band, and
blue band imagery collected by the sensor.

d. Assessments of microscale influences on tornadoes

First, spatial comparisons, overlay analysis, and transect
analyses were used to examine topographic influences on tor-
nadoes. The UAS-based orthomosaic was compared with ele-
vation information obtained from the UAS-based DSM to
examine high wind interactions with microtopographic fea-
tures. In a geographic information system (GIS) platform, 1-
and 2-m elevation contours were generated using the UAS-
based DSM and overlaid onto the VDVI image to assess the
location and extent of scour relative to elevation changes.
Slope, here defined as the absolute maximum rate of ele-
vation change, was calculated to quantify changes in ele-
vation gradient. Slope was computed as the absolute value
of percent rise using the UAS-based DSM and a 3 X 3
window (pixel neighborhood) around the center pixel,
where absolute maximum change in elevation is calculated
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FIG. 2. VDVI image of the 1 May 2018 Tescott tornado survey site (see Fig. 1b). Transects are shown in green
oriented nearly perpendicular to the tornado track, the boundary of the tornado-damaged area is outlined in red,
and a 15-m buffer around the boundary is outlined in yellow. The inset in the top-left corner shows sampling points
and circles, displayed in blue and yellow, respectively, that were used to extract VD VI, elevation, and slope values
along transect 18.

between the pixel and its neighbors. It is important to note  enhances 3D appearance of terrain by using patterns of light

that the calculation of slope in a GIS platform does not
consider the directionality of movement (i.e., uphill or
downhill), but only the absolute value of slope in degrees
or a percentage. In addition to slope, hillshade, which
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and shadows, was generated to assess terrain effects and
surface scour.

Variability of damage relative to elevation was evaluated
using 1) transects oriented nearly perpendicular to the
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F1G. 3. Illustration of calculations for VDVI gap, a metric for estimating damage severity
along each transect (see Fig. 2). (a) Sampling points along transect 3 within the buffer (O; and
0,) and damaged area (I) (see Fig. 2). (b) VDVI values obtained from each sampling point in
(a) (blue line). Mean VDVI values for Oy, O, and I are shown as red line segments.
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F1G. 4. VDVI image of the 1 May 2018 Tescott tornado survey site with transects, shown in
green, oriented nearly perpendicular to the tornado track. The inset in the top-left corner shows
the vertical elevation profile along the center of the damage path (the area of greatest scour).
Red crosses correspond to the location of the selected transects at key elevation profiles dis-

cussed in the main text and labeled in the VDVI image.

centerline of the damage path and 2) simple correlation anal-
ysis (see Fig. 2). First, the boundary of the tornado-damaged
area (red line in Fig. 2) was delineated. A 15-m buffer (yellow
line in Fig. 2) was created around the boundary based on an
average path width of 30 m. This buffer, which has a total width
of 30m, serves as a control to effectively compare vegetation
directly affected by tornadic winds inside the tornado-
damaged area relative to vegetation outside the tornado-
damaged area. Transect lines were drawn nearly perpendicu-
lar to the tornado path across the buffer region to include
damaged and nondamaged areas of the tornado path (see
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Fig. 2). These transects were placed at 20-m intervals, for a
total of 30 transects.

VDVI, elevation, and slope values were extracted using
sampling circles along these transects. Sampling points (blue
dots shown in the inset in Fig. 2) were placed at 1-m intervals
along each transect to obtain approximately 60 sample points
per transect for statistical analysis. Sampling pixels from
VDVI, DSM, and slope imagery were extracted using a sam-
pling buffer of 0.1-m radius around each sampling point (yel-
low circles in the smaller image in Fig. 2), yielding approximately
160 pixels within each sampling circle. Mean VDVI, elevation,
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FIG. 5. UAS-based information of the 1 May 2018 Tescott tornado survey site (see Fig. 1): (a) true-color com-
posite image, (b) digital surface model (DSM), (c) VDVI image, and (d) VDVI image overlaid with 2-m contours
(gray lines) and the tornado trace (centerline of damage path shown as blue line). In (a), the white arrow shows the
direction that the tornado traveled from southwest to northeast, and the black arrow points to water. Yellow arrows

in (c) point to areas of enhanced scour in areas of local elevation maxima.

and slope values were calculated for each sampling circle to
minimize noise in the imagery external to tornado damage. For
each transect, path width (width within the tornado-damaged
area, see Fig. 2), mean elevation, and mean slope were computed.

Two new metrics, VDVI gap and VDVI aspect ratio, are
introduced to quantify damage severity for each transect.
VDVI gap provides a one-dimensional metric of damage se-
verity (magnitude: scalar), whereas VD VI aspect ratio includes
an estimation of the area affected (dimensions). Figure 3
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illustrates the calculation of VDVI gap using transect 3 as an
example and the following equation:

VDVI,, + VDVI,
= : — VDVI,.

VDVI Gap = ?2)
Mean VDVI values are calculated within the damage area
(I) and inside the 15-m buffer (O; and O;) (see the red line
segments in Fig. 3). VDVI gap is the difference between the
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FIG. 6. Microtopographical influences of high-wind impacts captured in (a) true-color composite image, (b) VDVI image overlaid with
1-m contours (orange lines), (c) hillshade, and (d) slope of the 1 May 2018 Tescott tornado survey site. The visible break in the damage
path (highlighted in the white-outlined circle) is due to limited surface erosion [increased texture in (c)] with the sunken gully. White
arrows pointing to smoothed surfaces within white dashed lines (the tornado track) in (c) show areas of the enhanced scour within

shortgrass prairie.

mean VDVI value within the damage area (VDVI) and the
average of the two mean VDVI values inside the 15-m buffer
(VDVIp, and VDVIy,) (see Fig. 3). VDVI gap assesses dam-
age severity (or degree of change) along the damage path by
comparing the mean VDVI values inside the area of enhanced
scour with the background values, where damage is minimal
or absent.

VDVI aspect ratio considers damage severity and the area
affected (path width). This metric is similar to aspect ratio in
geometry, which considers one dimension divided by another
dimension. Here, VDVI aspect ratio is calculated by dividing
VDVI gap by path width using the following equation:

VDVI Gap

VDVI t ratio = ~—————.
ASpect TalO = ath width

®)
VDVI gap, while a measure of damage severity, also can be
viewed as a dimension of depth. Higher VDVI aspect ratios
would correspond to large damage gradients concentrated over
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smaller area, whereas lower VD VI aspect ratios values corre-
spond to smaller damage gradients concentrated over larger
area. This metric may better assess the relationship of damage
severity, path width, and elevation.

The relationship of damage severity and path width with
elevation and slope was evaluated using nonparametric boot-
strapping (Efron and Tibshirani 1994) simple correlation. We
generated 5000 bootstrap replicates and applied bootstrap
tiling (also known as importance sampling; Efron 1981;
DiCiccio and Romano 1990; Hesterberg 1999) to ensure the
proper confidence interval coverages. If the confidence in-
terval contains zero, the correlation is considered to be
statistically zero and no further statistical treatment is
warranted.

In addition to correlation analysis, changes in damage se-
verity were assessed, as measured by VDVI values, and path
width at key elevation profiles (Fig. 4). Transects were selected
at the gully (group A), near areas of local slope change (groups
B and C), and at the top of the hill (group D) to assess changes
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FI1G. 7. The tornado track is visible to the human eye as it progresses uphill. The inset image from the ground
survey (bottom-right corner) shows distinct scour to uniform vegetation and dry conditions inside the gully. The
image is taken from the center of the track within the gully. The red arrow points to a corresponding white marker
for reference.

in damage relative to local elevation minimum (group A) and
maximum (group B), steep elevation gradient (group C), and
flat terrain (group D), respectively (see Figs. 4, 5b). For each
group, three transects were selected to capture the sensitivity
of damage severity to elevation changes, including microscale
changes as seen with the dip in elevation in group A. Mean
VDVI and elevation values were plotted for each selected
transect and group to assess changes in damage variability as a
function of elevation.

4. Results
a. Spatial assessments of microscale influences on tornadoes

Both visible and VDVI images (Figs. 5a,c) show an area of
enhanced scour starting at the initial point (bottom of the im-
age), continuing through the center of the image, and then
decreasing in intensity as the track visibly fans out. In the im-
agery, the track measures approximately 550m long and
75m at its widest point. The track passed through an area of
complex terrain with an elevation increase of approximately
54 m (see Fig. 5b). In addition, the resolution of the DSM is so
high that even small surface features (such as a small 5-m-deep
gully) can be easily identified and used for microscale analysis.
In the DSM, there is a small artifact over the water related to
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the specular reflection related to azimuth angle affecting StM,
but this artifact lies outside the scope of analysis.

VDVI imagery highlights the range of damage relative to
topography as well as vegetative health over the survey site
(see Fig. 5¢). Overall VDVI values in the image are relatively
low based on a mean VDVI value of 0.16. There are some
higher values (close to 0.40) toward the bottom of the image,
indicating healthier vegetation. Within the area of enhanced
scour, VDVI values are close to zero, similar to those of bare
soil or water (shown in black in Figs. Sc-d), suggesting stressed
or damaged vegetation. Areas of enhanced scour can also be
seen along the trace (centerline of damage path) in areas of local
elevation maxima (see Figs. 5b—d; areas marked “Enhanced
Scour”), especially on the upslope side assuming a largely radial
near-ground inflow.

Another major change seen in the VDVI image (near the
middle of Fig. 5Sc) is the cessation of a single enhanced scour
mark, and beginning of more numerous, diffuse and faint
curved markings. In this area, the path traverses between two
local elevation maxima. Figure 5d shows that the damage path
appears to follow the area of maximum elevation change as the
tornado trace crosses the 2-m contours through the steepest
elevation gradient. An analysis of the storm-chaser videos
available online does not show a dramatic change in tornado
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FIG. 8. Path deviation captured in (a) true-color composite image and (b) VDVIimage of the 1 May 2018 Tescott tornado survey site at
the top of the hill. In (a) and (b), gouge marks (individual pitted effect) in shortgrass prairies have a dashed appearance. The white arrow in
(a) points to (c) an individual gouge mark approximately 6-10 cm deep in the ground survey photograph. (d) The 2-m elevation contours
(black lines) overlaid onto the tornado-damaged area (orange filled polygon) and gouge marks (blue dashed lines). The black cross in

(d) denotes the area of maximum elevation (~430 m).

morphology during this transition. Rather, the tornado re-
mains associated with a large area of ragged condensation with
an increase in the visual impression of subvortices at the tor-
nado periphery. Although examination of VDVI data alone
cannot be used to fully document tornado kinematics, it cer-
tainly appears that prior to the transition there was likely a
single-cell (endwall jet) structure near the middle of the larger
tornado debris/condensation cloud. A subsidiary vortex would
have had a more off-center, trochoidal path, whereas the ob-
served scour marks prior to the transition appear in a consol-
idated swath with a much smaller radius (<50 vs >1000m)
than the larger-scale damage swath. Nevertheless, a signifi-
cantly damaging kinematic feature does persist through the
transition, and appears to deviate between the terrain maxima
before resuming a path consistent with the larger damage path.
This behavior does not seem to be consistent with any previ-
ously published conceptual models of tornado damage, but
certainly highlights the great utility of VDVI imagery in re-
vealing these kinematic features.
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When examining the track in finer detail, there is evidence of
microtopographic influences within the signature (see Figs. 6—
8). Figures 6a-b displays a visible break in the track corre-
sponding to tornadic winds interacting with a gully. Inside the
gully, VDVI values are higher (~0.23) (Fig. 6b), suggesting
healthy vegetation; outside the gully, VDVI values drop to
zero, indicating damaged vegetation. Additionally, surface
erosion inside the gully is limited as evidenced by increased
surface roughness/texture (Fig. 6¢). Outside the gully, there is
also visible surface smoothing within the highlighted track
(white dashed lines), showing that vegetation has been com-
pletely removed (Figs. 6a,c). Elevation changes as measured by
slope increase by 20% from the gulley’s local minimum ele-
vation (see Fig. 6d) with uniform vegetation cover and no
standing water inside the gully (see Fig. 7). Looking at the top
of the hill, the path of enhanced scour deviates to the left and
cyclic gouge marks commence, suggesting a possible change in
wind dynamics and corner flow swirl ratio (see Fig. 8).
Interestingly, the track appears to curve around the contour of
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FIG. 9. Mean VDVI and elevation values of the 1 May 2018 Tescott tornado survey site shown in blue and orange, respectively, at
selected transects nearly perpendicular to the center of the tornado damage path, as shown in Fig. 4. Mean values are based on a sampling
buffer of 0.1-m radius around sampling points at 1-m intervals (see Figs. 2 and 3) along these transects. Solid black vertical lines delineate
areas of enhanced scour within the boundary of the tornado-damaged area shown in red in Fig. 2.

local elevation maxima (orange circular line on 8b), suggesting
there may have been topographical influence (see Fig. 8b).

b. Transect analysis

Transect analysis (Figs. 4, 9) shows changes in damage se-
verity and path width relative to elevation, as measured by
VDVI values. In the case of a small 5-m-deep gully, transects
A1-A3 are oriented parallel to the gully where transect Al is
downslope of the gully, transect A2 is inside in the gully, and
transect A3 is upslope of the gully. Figure 4 (box A in elevation
profile) shows an approximate gain of 5 m in vertical elevation
along the centerline of the damage path (area of enhanced
scour) with a slight dip in vertical elevation corresponding to
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the gully. Transects Al and A3 display VDVI values close to
zero within the area of enhanced scour (center of the track)
bounded by black vertical lines, whereas transect A2 shows
VDVI values of 0.1-0.25 in the center of the track (see Fig. 9).
This finding illustrates how tornadic winds can produce varying
degrees of damage even relative to microscale changes in
elevation.

Transects B1-D3 (Figs. 4, 9) also highlight how landscape
and microscale elevation relationships can influence a tornado
track. The tornado path widens by approximately 50 m from
transects A1-A3 to B1-B3 as the tornado interacts with terrain
near a local elevation maximum at 420 m above mean sea level
(MSL) (see Figs. 4,9). In this area, VDVI values decrease to an
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TABLE 1. Correlation analysis between relevant pairs of variables.

2.5-percentile 97.5-percentile Bootstrap Significant

Variable pair correlation limit correlation limit mean correlation correlation
Elevation-VDVI gap —0.830 — 0.486 —0.705 Yes
Slope-VDVI gap 0.279 0.699 0.534 Yes
Elevation—path width —0.195 0.567 0.234 No
Slope—path width 0.013 0.618 0.342 Yes
Elevation-VDVI aspect ratio — 0.882 —0.624 —0.791 Yes
Slope-VDVI aspect ratio - 0.100 0.421 0.172 No

average of 0.06 in the areas of enhanced scour (solid lines in
Figs. 9a—f). Similar decreases in VD VI values are also observed
near the elevation maximum (transects C1-C3) and appear to
follow the microscale elevation gradient, where the elevation
increases to 430 m, increasing by 10 m along the transect from
left to right (see Figs. 4, 9). As elevation levels out (transects
D1-D3 in Figs. 4, 9), microtopography appears to play less of
an influence in track dynamics. The tornado track becomes less
defined and changes from linear to nonlinear in the flat terrain
at 430 m (see Figs. 4, 9).

c. Correlation analysis

Table 1 shows the results of nonparametric bootstrap cor-
relation analysis against both elevation and slope across all
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three damage measures. Damage severity, as measured by
VDVI gap and VD VI aspect ratio, and elevation are modestly
correlated. Here, the existence of a moderate relationship
shows that tornado dynamics (and so damage) as measured by
VDVI gap and VDVI aspect ratio is indeed affected by terrain.
Other statistically nonzero correlations (i.e., slope and VDVI
gap; slope and path width) are relatively weak, while there is no
clear relationship between path and elevation, nor VDVI as-
pect ratio and slope.

Figure 10 shows the relationships of damage severity (i.e.,
VDVI gap and VDVI aspect ratio) with elevation and slope
and path width with slope. Only parameters with significant
correlations are shown (Table 1). Damage severity, as mea-
sured by VDVI gap, shows a weakly positive relationship with
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FIG. 10. Scatterplots showing the mean correlation of the bootstrap samples between (a) VDVI gap and elevation,
(b) VDVI aspect ratio and elevation, (c) VDVI gap and slope, and (d) path width and slope.
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slope (Fig. 10a) and a negative relationship with elevation
(Fig. 10b), indicating damage severity decreases in areas
of lower slope (flatter terrain) and with increasing eleva-
tion. While both relationships are statistically significant
at p value < 0.05, there is a much stronger relationship
with elevation (see Fig. 10b.) The relationship between
VDVI aspect ratio is even stronger (Fig. 10c), yet the re-
lationship between VDVI aspect ratio and slope is indis-
tinguishable from zero (not shown).

5. Discussion

The 1 May 2018 Tescott EF3 tornado survey site (see Fig. 1)
provided a unique opportunity to examine the association of
microtopographical features with damage path characteristics
using UAS technologies and geospatial techniques. These
findings show that damage severity, as measured by VDVI gap
and VDVI aspect ratio, decreased with increasing elevation,
similar to the findings of Forbes (1998), Coleman (2010),
Lewellen (2012), Karstens (2012), and Lyza and Knupp (2014).
This relationship was statistically significant at p < 0.05. When
examining VDVI aspect ratio, the relationship between dam-
age severity (VDVI gap), path width, and elevation becomes
more evident. VDVI aspect ratio shows a strong negative re-
lationship with increasing elevation (see Fig. 10b). This finding
suggests damage gradient is large but localized at lower ele-
vations and near local elevation minima as evidenced by
enhanced-scoured regions and narrow path widths. At higher
elevations and near local elevation maxima, damage gradient is
small and spread out over a larger area as indicated by mildly
scoured regions and wider path width. This finding suggests
that tornado intensity is high near the beginning of the tornado
path as shown by a deep but narrow damage swath into the
hillside (see Fig. 4). As the tornado climbs the hillside, tornado
intensity decreases with nominal damage and the damage
swath widening into the hillside.

The findings of this study show that even microscale land-
forms and changes in elevation can have a detectable influence
on damage severity and path characteristics. For example, the
small 5-m-deep gully landform illustrates how tornadic winds
can produce varying degrees of damage relative to even small
changes in elevation, with minimal to no damage observed
inside the gully and areas of denuded vegetation outside the
gully. In this case, at least, the historical advice of seeking
shelter in a ditch or depression, in the absence of safer shelter,
seems to be well founded. In areas of local elevation max-
ima, path width increased as evidenced by mildly scoured
regions (lower VDVI values) despite decreasing damage
severity (lower VDVI gap values). The reason for this is
unclear and likely complex, but perhaps can be explained by
the protrusion of the local terrain more deeply into the in-
tense tornado inflow.

Where elevation plateaued, damage severity decreased
considerably with the damage path becoming less defined and
changing from linear to more variable in shape. This variable
shape could be partially explained by terrain-induced path
deviation. As the vortex climbs the hill, the central axis of the
tornado remains perpendicular to the terrain, but the lower
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end of the vortex accelerates and tilts backward causing the
path to deviate to the left, similar to the discussion by Lewellen
(2012) and Satrio et al. (2020). Additionally, the damage path
could have been influenced by landform as it appeared to fol-
low the elevation contour between two local elevation maxima
(see Fig. 5d). This finding is similar to Lyza and Knupp (2014)
and Cannon et al. (2016), who observed slight deviations
in tornado tracks coincident with the edge of plateaus or
valley channels. Of course, terrain is only one influence, and
perhaps a minor one. For example, this analysis cannot assess
the relative impact of the evolution of the parent vortex (e.g.,
Rasmussen and Straka 2007; Markowski et al. 2012; Marquis
et al. 2016) or nearby processes such as internal surges in the
rear-flank downdraft (Hirth et al. 2008; Marquis et al. 2008; Lee
et al. 2011). However, the nonlinear path noted here is a local,
fairly small-scale deviation in an otherwise long and fairly
straight damage path, so perhaps the association with local
terrain is important. These findings highlight how topography
possibly plays a significant role in understanding the intensity
and variability of the tornado damage path.

This study also presents an interesting case study into the
complicated kinematics of tornadoes as the tornado path be-
comes nonlinear. In the linear segment, we hypothesize that
intense swirling flow was likely located at or near the axis of the
tornado and moving with the mesocyclone as the tornado
climbed up the hill. During the enhanced scour, the tornado
was probably a single-celled vortex on the ground with very
high wind speeds and an intense upward jet. This could
explain the linear segment of denuded vegetation (deep scour)
and high VDVI gap values near the beginning of the track as
nontrochoidal track segments have been noted to occur when
the tornado is located at or near the center of the mesocyclone
(e.g., Wakimoto et al. 2003). As the tornado climbed up the
hill, vortex intensity decreased. This could partially explain the
decrease in damage severity (lower VDVI gap and VDVI as-
pect ratio values). It can be hypothesized that, near the top of
the hill, the vortex likely transitioned into a two-celled vortex
with the kinematic feature of intense flow moving out in front
of the axis and the path deviated.

One of the remarkable and seemingly unexplainable phe-
nomena revealed in this analysis is the cyclic-like gouge marks
that began at what appears to be the terminus of the single-cell
enhanced scour mark (Fig. 8). These gouges were observed to
be about 6-10cm deep during a ground survey of the track.
One hypothesis is that a large piece of bouncing debris pro-
duced these marks, but that hypothesis becomes dubious as the
path resumes its northeastward orientation and the marks
continue. One would expect the bouncing object to orbit back
toward the rear and right side of the path, and not linger more
toward the left side. The marks are too close together to be
considered to be a trochoidal effect with a tornado moving this
quickly, unless they were produced by multiple flow enhance-
ments orbiting the tornado at fairly constant spacing. Further, one
would expect subvortices producing trochoidal enhancements
would be occurring at a much larger radius (note the overall
damage path is much wider than the phenomena producing these
marks, likely near the tornado axis). Perhaps future studies using
this sort of instrumentation will clarify the origins of marks such as
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these and illuminate whether they indeed represent a local ex-
treme wind phenomenon associated with the tornado.

This study also demonstrates the benefits of utilizing UAS
technologies and geospatial techniques in site surveys (as-
sessments of tornado damage) (e.g., Skow and Cogil 2017,
Wagner et al. 2019). UAS high-resolution imagery provides
centimeter-scale damage information that can be used to
identify small-scale features such as local elevation maximum
and minimum (i.e., the gully shown) as well as debris marks.
The 3D modeling capabilities also provide high-resolution
(centimeter scale) elevation information, which can be used
to examine topographic influences on damage path charac-
teristics as well as other land cover interactions at the micro-
scale. By using UAS-based information in conjunction with
geospatial techniques, estimates of damage path characteristics
can be refined through additional damage information (e.g.,
surface roughness and VDVI imagery) and more precise
measurements (track width and length) as shown in this study.

Geospatial techniques (i.e., VDVI imagery and transect
analysis) proved especially useful in assessing damage severity
within the track and relative to elevation as demonstrated by
this study. In particular, VDVI imagery better captured the
range of damage by assessing vegetative health over the survey
site. Overall, VDVI values were generally low (a mean of 0.2)
due to the land cover type consisting of predominantly short-
grass prairies. In areas affected by tornadic winds, VDVI
values dropped to a mean of 0.10, indicating areas of stressed
vegetation. In areas of enhanced scour, VDVI values dropped
close to 0, similar to those of bare soil and water, pointing to
areas of denuded vegetation. These findings indicate the ability
to detect vegetation damage based on the spectral response of
vegetation in the red and green bands, even when near-infrared
information is unavailable. Such detailed information could
enable the development of more damage indicators for vege-
tation that are more reflective of tornadic intensity in rural
areas (Snyder and Bluestein 2014; Wagner et al. 2019). In ad-
dition, the two new metrics, VD VI gap and VD VI aspect ratio,
introduced here, can provide insight into damage variability
within the track and relative to elevation. In other cases, these
metrics can be used in satellite imagery analysis to investigate
the influence of tornadic winds on land cover.

6. Conclusions

Fundamentally, a set of primary conclusions can be identi-
fied as follows: 1) Microscale landforms and changes in ele-
vation can have a detectable influence on damage severity and
path width as seen in the cases of the gulley and top of the hill.
2) Damage severity decreased with increasing elevation on the
windward side and in areas of steeper slope. 3) VDVI aspect
ratio shows a strong negative relationship with increasing ele-
vation, indicating (i) high damage severity and narrow path
widths at lower elevations and near local elevation minimum
and (ii) low damage severity and wider path widths at higher
elevations and near local elevation maxima. 4) UAS technol-
ogies can provide detailed 2D and 3D information for local site
surveys and microscale analysis. 5) Geospatial techniques (e.g.,
VDVI imagery, transect analysis) proved especially useful in
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assessing damage severity and variability within the track and
relative to elevation.

Future work should examine additional case studies to val-
idate the findings of this individual study, especially given
the site-specific characteristics of tornado events. Additional
studies are also needed to investigate high wind interactions
with other landforms and land cover features (e.g., land use and
vegetation type). Specifically, comprehensive assessments in-
volving multiple observation datasets (e.g., in situ measure-
ments, radar data, and damage information) could improve our
understanding of wind dynamics and land cover influences by
relating changes in kinematic structures to observed damage.
Such assessments would improve our understanding of how
site-specific characteristics (e.g., land cover and terrain) can
influence tornadoes and damage path characteristics and
would present another layer of enhanced methodology toward
holistic tornado site investigations. This detailed information
would also enable a better estimation of near surface wind
speeds with tornadic winds, which could lead to better damage
mitigation strategies for a more resilient society.
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