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ABSTRACT

A violent supercell tornado passed through the town of Spencer, South Dakota, on the evening of 30 May
1998 producing large gradients in damage severity. The tornado was rated at F4 intensity by damage survey
teams. A Doppler On Wheels (DOW) mobile radar followed this tornado and observed the tornado at ranges
between 1.7 and 8.0 km during various stages of the tornado’s life. The DOW was deployed less than 4.0 km
from the town of Spencer between 0134 and 0145 UTC, and during this time period, the tornado passed through
Spencer, and peak Doppler velocity measurements exceeded 100 m s21. Data gathered from the DOW during
this time period contained high spatial resolution sample volumes of approximately 34 m 3 34 m 3 37 m along
with frequent volume updates every 45–50 s.

The high-resolution Doppler velocity data gathered from low-level elevation scans, when sample volumes are
between 20 and 40 m AGL, are compared to extensive ground and aerial damage surveys performed by the
National Weather Service (NWS) and the National Institute of Standards and Technology (NIST). Idealized
radial profiles of tangential velocity are computed by fitting a model of an axisymmetric translating vortex to
the Doppler radar observations, which compensates for velocity components perpendicular to the radar beam
as well as the translational motion of the tornado vortex.

Both the original single-Doppler velocity data and the interpolated velocity fields are compared with damage
survey Fujita scale (F-scale) estimates throughout the town of Spencer. This comparison on a structure-by-
structure basis revealed that radar-based estimates of the F-scale intensity usually exceeded the damage-survey-
based F-scale both inside and outside the town of Spencer. In the town of Spencer, the radar-based wind field
revealed two distinct velocity time series inside and outside the passage of the core-flow region. The center of
the core-flow region tracked about 50 m farther north than the damage survey indicated because of the asymmetry
induced by the 15 m s21 translational motion of the tornado. The radar consistently measured the strongest
winds in the lowest 200 m AGL with the most extreme Doppler velocities residing within 50 m AGL. Alternate
measures of tornado wind field intensity that incorporated the effects of the duration of the extreme winds and
debris were explored. It is suggested that damage may not be a simple function of peak wind gust and structural
integrity, but that the duration of intense winds, directional changes, accelerations, and upwind debris loading
may be critical factors.

1. Introduction

Damage surveys depend upon the existence of dam-
age indicators along with knowledge about their struc-
tural integrity, which is often difficult to discern when
the damage is extreme (Marshall 1992, 2002). Other
complicating factors include variations in both the up-
wind debris load from adjacent structures and the du-
ration of damaging wind speeds. Radar-measured Dopp-
ler velocities also have inherent biases when used to
estimate tornado wind speeds. Doppler velocity mea-

Corresponding author address: Joshua Wurman, Center for Severe
Weather Research, 1945 Vassar Circle, Boulder, CO 80305.
E-mail: jwurman@cswr.org

surements are biased toward the motion of more reflec-
tive, usually larger, objects in sample volumes. There-
fore, in regions where large debris becomes entrained
in the tornado’s circulation, Doppler velocities are pre-
dominantly measuring debris motion (Dowell et al.
2001, 2005, hereafter DAWW), not air motion. This is
especially problematic considering that both inertial and
drag forces generally increase with larger objects and
result in larger departures from surrounding air motion.

Given the inherent errors in using either damage sur-
veys or Doppler velocities to estimate tornado intensity,
accurately assessing tornado intensity can be very dif-
ficult. There is a need to establish an accurate tornado
climatology across the United States in order to better
understand the temporal and spatial distributions of

Unauthenticated | Downloaded 03/01/24 02:38 AM UTC



98 VOLUME 133M O N T H L Y W E A T H E R R E V I E W

weak, strong, and violent tornadoes (Doswell and Bur-
gess 1988). An accurate tornado climatology provides
analog events that can be operationally used to forecast
future severe weather events, and the climatology yields
an assessment of regional hazards.

Gauging tornado intensity is also important from a
structural engineering standpoint. Accurate observa-
tions of tornado wind speeds and resulting structural
damage could improve engineering simulations of pro-
gressive structural failure and ultimately result in the
design and construction of safer, more secure buildings
(Mehta 1976; Marshall 1983, 1992). There are multi-
disciplinary efforts underway to revise the Fujita scale
(F-scale) by improving the correlation between damage
and intensity, especially in regions where there are few
if any damage indicators (Marshall 2004). Detailed com-
parisons of tornado damage and Doppler velocity mea-
surements are likely to improve tornado climatologies
and structural engineering designs, and to assist efforts
to enhance the Fujita scale to make it an even more
useful tool for estimating tornado intensity.

Until the late 1990s, high-resolution observations of
tornadoes from mobile radars were confined to rural
areas where the was a paucity of observed damage
(Bluestein et al 1995; Bluestein and Pazmany 2000;
Wurman et al. 1996a,b, 1999). Distribution of observed
damage was insufficient to permit a meaningful com-
parison with the high-resolution Doppler velocity data.
However, on the evening of 30 May 1998, a supercell
moved across southeastern South Dakota and produced
a large and violent tornado that passed through the town
of Spencer. The structural evolution of this tornado was
detailed in the first part of this study (Alexander and
Wurman 2005, hereafter Part I). A Doppler on Wheels
(DOW) mobile radar (Wurman et al. 1997; Wurman
2001) was positioned a few kilometers away from the
tornado and Spencer (Fig. 1), and the radar measured,
at high-resolution, Doppler velocities across the tornado
vortex before, during, and after the tornado passed
through Spencer (Fig. 2). The core of the tornado passed
through the south-central portion of the town, and this
resulted in significant and widespread property damage
along with the loss of six lives. While the loss of life
and property was tragic, the high density of structures
in the town provided sufficient coverage for the first
meaningful comparison between damage distribution
and radar-observed wind velocities.

The town of Spencer covers an area approximately 1
km 3 1 km, with most building structures confined to
within about 10 m AGL. A typical building lot had
dimensions on order of 25 m 3 50 m (1.2 3 103 m2).
The scanning strategy employed by DOW3 consisted of
rotating the antenna at about 308 s21 across 1408 sectors
with a PRF of 4000 Hz, using 64 pulses per integration,
and a pulse width of 37 m. This produced nearly symmetric
oversampled volumes across the town of Spencer with
projected footprints of 34 m 3 37 m (1.1 3 103 m2).
Thus there was very nearly one radar observation per

structure. There were usually 6–10 elevation angles per
volume ranging from 0.58 to 188 with spacing about
every 18–28, and this resulted in sample volume updates
every 45 s. The Weather Surveillance Radar-1988
Doppler (WSR-88D) at Sioux Falls, South Dakota
(KFSD), running the volume coverage pattern 11
(VCP11) scanning strategy produced sample volumes
with projected areas of 1285 m 3 250 m (3.2 3 105

m2) corresponding roughly to one-half the area of the
entire town of Spencer and sample volume updates ev-
ery 300 s (Table 1). It is critical to note that the DOW
radar observations, while at an unprecedented low al-
titude (as low as 20–30 m AGL), were still significantly
above building height (0–10 m AGL).

2. Damage survey

a. Fujita scale

Letzmann (1923; see also Peterson 1992a,b), Fujita
(1971, 1973, 1992), and Fujita and Smith (1993) ex-
amined numerous damage paths from tornadoes across
the United States and Europe. The F-scale wind speed
was defined as the fastest quarter-mile of wind at any
one location (McDonald 2001). By this definition, about
22 s of 18 m s21 winds were necessary to meet the F0
criteria, decreasing to slightly over 3 s of 117 m s21

winds to attain an F5 rating. These winds were defined
at typical structural heights. (In Spencer typical struc-
tures occupied 0 to 10 m AGL, with the water tower
extending to approximately 30 m AGL).

b. Damage in Spencer

Extensive ground and aerial photographs of Spencer
were taken during the two days after the tornado passed
through the town. Aerial and ground damage surveys
were completed by the National Weather Service (NWS)
and the National Institute of Standards and Technology
(NIST). While an independent F-scale estimate for each
structure was desired for comparison with the radar data,
this was not established by the official damage survey.
Only an overall peak intensity rating of F4 was assigned
to the tornado. The photographic documentation along
with notes provided by damage survey team members
from NIST were the basis for the F-scale ratings as-
signed to every structure used in this comparison (L.
Phong and B. Smith 2002, personal communication).
The F-scale rating assigned to each damaged building
was adjusted based on structural integrity (Fujita 1992).
The distance between dwellings of 25 to 50 m acted as
a practical limit on the resolution of the F-scale damage
survey.

The aerial photographs of the damage in Spencer,
when compared to the interpolated path of the velocity
couplet’s center, made clear that significant structural
damage (F2 or higher) only extended about 100 to 150 m
north of the center’s track (Fig. 3a). To the south of the
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FIG. 1. Geometry of the DOW radar deployment showing geographic locations of (a) the tornado core-flow region, DOW3, and Spencer,
SD, between 0134 and 0145 UTC 31 May 1998 and (b) the polar grid of radar data samples from both DOW3 and KFSD over the street
map of Spencer. The position and size of the tornado’s core-flow region at 0138:29 UTC is shown for reference.

track, significant damage was observed outward to be-
tween 200 and 250 m (Fig. 3b). NIST survey members
noted that the path width of near total destruction was
approximately 275 m, while the affected area path width
appeared to be almost 800 m. In contrast, the width of
the core-flow region in the tornado vortex was approx-
imately 350 m as viewed by DOW3 when the tornado
was passing through Spencer (Part I). The narrowness
of the swath of most intense damage compared to the
tornado’s observed core-flow diameter may have been
due to inward tapering of the tornado between the lowest
observed level, near 30 m AGL, and building height,
0–10 m, as discussed later.

Along and north of the track centerline, F-scale rat-
ings mostly ranged from F0 to F2, while south of the
track the ratings ranged from F0 to F4 (Fig. 4). Many
of the structures in Spencer were either weak frame
houses or strong outbuildings, as categorized by the
modified Fujita scale (Fujita 1992). This evaluation was
conducted by the authors based on post-tornado pho-
tographs. This structural classification resulted in a re-
duction of initial F-scale estimates by one, two, or even
three categories. The apparent asymmetry in damage
across the track of the tornado was consistent with high-
er Doppler velocities measured on the south side of the
tornado vortex. The velocity differential would result
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FIG. 2. Doppler velocity field (m s21) over the Spencer town map showing the consecutive 0.58 elevation scans centered around (left)
0138:29 and (right) 0139:18 UTC. The centerline of the radar beam is at an elevation of approximately 30 m AGL. The interpolated path
of the vortex center and radius of maximum Doppler velocities are also shown (black). The magenta gates indicate Doppler velocities in
excess of 93 m s21.

in wind speeds nearly 30 m s21 higher on the south side
of the tornado, which would translate to a difference of
about 1.5 F-scale categories in areas that experience
significant damage.

3. Radar-constrained tornado model

a. Maximum wind speed

Using the conceptual model of an axisymmetric vor-
tex that is translating, an estimate of the peak rotational
velocity in the tornado vortex was determined. It was
necessary to account for the observation angle of the
radar relative to the direction of tornado translation. The
radar measured the peak outbound (or inbound) Doppler
velocity (Vd) at an elevation angle (f), azimuth angle
(u), and range (r) from the radar, where all angles are
measured clockwise from due north except the elevation
angle. It is important to note that it is assumed herein
that Vd represents the Doppler velocity of air, neglecting
centrifuging effects (DAWW). Relative to the center of
the velocity couplet, the position of the maximum Dopp-
ler velocity measurement was at a vortex angle (a),

while the centroid of the couplet had a heading (b) and
speed (Vt) that was based upon linear interpolation of
the centroid position between successive radar volumes
(Fig. 5). This yielded an analytic function for the max-
imum rotational speed (Vrm) of the tornado,

V secf 2 V cos(b 2 u)d tV 5 . (3.1)rm sin(a 2 u)

When considering very low elevation angles around
0.58, and that the maximum Doppler velocities were
nearly always measured at points where the radar beams
were tangent to the tornado vortex, this analytic function
can be approximated by

V ø V 2 V cos(b 2 u),rm d t (3.2)

where the maximum outbound (or inbound) Doppler
velocity has the component of translation removed from
the measurement to provide an estimate for the maxi-
mum rotational velocity (peak tornado-relative wind
speed). As an estimate of the error produced by this
approximation, taking typical values of Vd 5 90 m s21,
Vt 5 15 m s21, f 5 1.0, (b 2 u) 5 1808, and an extreme
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TABLE 1. Radar characteristics and scanning strategies.

Parameter DOW3 KFSD WSR-88D

Wavelength (cm)
Beamwidth (8)
Antenna rotation rate (8s21)
Pulse repetition frequency (Hz)
Hits per dwell

3.2
0.93

30
4000

64

10.0
1.0

20
1013

52
Oversampling factor
Half-Nyquist interval (m s21)
Range to Spencer (km)
Beam height at 0.58 over Spencer (m)
Range gate size (m)

2
32
4

30
37

1
25
71.5

925
250

Volume resolution over Spencer (m)
Projected area of samples over Spencer (m2)
Volume update period (s)

34 3 34 3 37
1.1 3 103

45

1285 3 1285 3 250
3.2 3 105

300

case where (a 2 u) 5 708 indicating that the peak
Doppler velocity is 208 from a point on the vortex that
was tangent to the radar beam, the result using (3.1) is
112 m s21 while the value from (3.2) is 105 m s21,
producing a relative error of about 6%.

This analysis produced two estimates for the maxi-
mum rotational velocity based upon the maximum in-
bound and outbound Doppler velocities. In a purely axi-
symmetric vortex, the two Doppler velocities would
yield the same result for the peak rotational velocity. In
the Spencer tornado, perturbations in the tornado wind
field, possibly caused by multiple vortices, often re-
sulted in significantly different estimates for the peak
rotational speed (Wurman 2002; Part I; Lee and Wurman
2004, manuscript submitted to J. Atmos. Sci.). The mean
of the two estimates was used as the peak rotational
velocity for each radar volume.

DOW resolution volumes were small, O[40 m], and
the winds in the tornado were quite intense O[100 m
s21]. Therefore, individual mean Doppler measurements
represented parcels that crossed individual locations in
less than 1 s. Sub-radar-resolution-scale gusts, which
might be estimated from spectral width data, would have
persisted for tenths of seconds and were neglected in
this study.

b. Tornado cross sections

After establishing an estimate of the peak wind speed
in the tornado, it was useful to extend the analysis of
the wind field from the one-dimensional point mea-
surements to a more complete two-dimensional descrip-
tion of the tornado wind field within 50 m AGL, and
to include the evolution of this peak wind speed, the
core-flow diameter, and the translational motion of the
vortex. However, since only single-Doppler data were
available for this case, it was again necessary to assume
an axisymmetric translating vortex and examine several
cross sections through the tornado while using the con-
ceptual model to account for the components of rotation
and translation not observed by the radar (Fig. 5). Sev-
eral horizontal cross sections through the centroid of the

velocity couplet were compared with best-fit lines to
establish a two-dimensional radar-constrained model of
the tornado wind field (Wurman and Gill 2000; Wurman
2002). The cross sections were taken along an axis at
a constant range from the radar producing an azimuthal
arc through the center of the rotational velocity couplet.
This cross section was preferred over a straight line
through the tornado because at close range to a large
vortex, the radar samples the largest component of the
tornado wind field along an azimuthal arc through the
center of the vortex. The best-fit lines were based upon
the established conceptual model where two unique flow
regions were identified from the Doppler velocity data
in the cross sections (Fig. 6). In the region between the
center of the velocity couplet and the radius of highest
Doppler velocities (R), hereinafter referred to as the
core-flow region, the profile of Doppler velocities close-
ly matched that of solid-body rotation. In the region
outside of the radius of highest Doppler velocities, the
Doppler velocities decayed exponentially away from the
core flow at approximately a rate of D20.67. This hori-
zontal wind profile both inside and outside of the tor-
nado’s core appeared very consistent with the structure
of other large and violent tornadoes (Wurman 1999,
2002; Wurman and Gill 2000).

Therefore, the horizontal wind speed (Vh) at any hor-
izontal distance (D) and direction (a) from the center
of the velocity couplet was described by

2 2 0.5V 5 [V 1 V 1 2V V sin(a 2 b)] ,h t r t r (3.3)

where

D
V 5 V when D # R, (3.4)r rm R

0.67R
V 5 V when D $ R. (3.5)r rm1 2D

Velocity cross sections through the tornado wind field
were constructed for all 11 volume scans using the low-
est-level radar scans, and while perturbations existed in
the Doppler velocity field for each volume, the slope of
the velocity profile both in the core region and outside

Unauthenticated | Downloaded 03/01/24 02:38 AM UTC



102 VOLUME 133M O N T H L Y W E A T H E R R E V I E W

FIG. 3. Aerial photographs of the tornado damage in Spencer showing (a) the north side and (b) the south side of the damage track. The
cyan arrow represents the interpolated path of the Doppler velocity couplet center based on DOW radar data (courtesy of B. Smith).
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FIG. 4. Damage F-scale ratings (FD) for all structures in Spencer based upon damage photography, structural integrity, and damage survey field
notes. Some detail is not shown for clarity. The long black arrow represents the interpolated path of the Doppler velocity couplet center.

the core flow consistently followed solid-body rotation
and a 0.67 exponential decay, respectively. Occasionally
it was not possible to extend an azimuthal cross section
through both the center of the couplet and one or both
velocity maxima because of a small divergent compo-
nent present in the velocity couplet possibly due to de-
bris centrifuging (Zrnić et al. 1985; Dowell et al. 2001;
DAWW). It is also possible that weak multiple-vortex
structure complicated the axisymmetric assumptions in-
herent in this process (Part I). Nevertheless, the slopes
of the Doppler velocities across the core-flow and decay
regions remained consistent between volume scans. The
fact that the flow outside the core exhibited a decay rate
less than 1/R is evidence of frictional loss of angular
momentum. (Parcels spiraling inward toward the core-
flow region without losing angular momentum would
exhibit wind speed increases proportional to 1/R.)

For each 0.58 elevation scan through the tornado, a
new maximum rotational velocity (Vrm), core radius (R),
translational speed (Vt), and direction of movement (b)
were calculated. Since the time between consecutive
0.58 elevation scans was usually around 45 s, it was
necessary to interpolate the peak rotational velocity
(Vrm) and radius of core flow (R) between the scans,

while keeping the translational speed and direction con-
stant between volumes.

The assumptions in this radar-constrained model of
the wind field include an axisymmetric vortex structure
with no radial component to the flow other than that
induced by translation of the vortex. Some numerical
and laboratory modeling results indicate that at or above
the top of the surface inflow layer, usually found to be
around 30 m AGL, the radial component of the vortex
flow was very small while vertical air motions in this
region were found to be quite significant, near 50 m s21

(Lewellen et al. 1997). While neglecting radial flow
appears justified, vertical air motions were not measured
by the radar at 0.58 elevation and were not included in
this model. Given the paucity of detailed observations
in the lowest levels of tornadoes, it is difficult to fully
evaluate the validity of the model’s simplifications.

Given the spatial and temporal resolution of the radar
data, and the resulting model wind field, an arbitrary time
step of 1 s and a horizontal grid spacing of 10 m were
selected to generate a Cartesian grid for the wind speed
field across the 1 km 3 1 km domain over the town of
Spencer. The tornado wind field was calculated for every
second between 0134:27 and 0144:57 UTC (Fig. 7).
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FIG. 5. Schematic representation of the geometry used to estimate
the maximum rotational velocity of the tornado vortex. The maximum
inbound and outbound Doppler velocities (Vd) are located at a range
(r), azimuth (u), and elevation (f) relative to the radar, and at a range
(R) and azimuth (a) relative to the center of the tornado vortex. The
center of the tornado vortex has a translational azimuth (b) and speed
(Vt). The estimated maximum rotational speed (Vrm) is also located
at a range (R) relative to the vortex center. The estimated total hor-
izontal wind speed (Vh) at any distance (D) relative to the center of
the tornado is based upon the vector sum of the translational and
rotational wind vectors.

4. Comparison of model and damage F-scales

a. Model parameters

The radar-constrained wind speed model of the Spen-
cer tornado revealed that the tornado’s center took ap-
proximately 60 s to cross the town after entering the
west side just south of Fifth Street, exiting the east side
just north of Third Street. The most extensive damage
appeared to be located between Second and Fourth
streets primarily on the south side of the tornado’s path
(Fig. 4). The official damage survey placed the center
of damage path about 50 to 75 m farther south. The
radar-constrained model also revealed that it took nearly
300 s for the potentially damaging effects of the tor-
nado’s wind field to pass through the entire town.

Fujita’s (1971) decision to relate damage intensity to
what is effectively the peak wind gust was somewhat
arbitrary. An argument can be made that damage to
structures can occur from either peak over pressures
(which are highly correlated with peak wind gusts) or
from the accumulated and stochastic effect of debris
impacts (which are correlated to both wind speed and
intense wind duration), or by a complex combination
of both effects. It is also plausible that structural integ-
rity may be impacted by winds that vary rapidly in
intensity. Furthermore, many structures are likely to ex-
hibit variability in their susceptibility to intense winds
emanating from different directions. Therefore a struc-
ture that experiences a wind gust of a certain magnitude

from only one direction might be less likely to fail than
the same structure if it experienced winds of the same
magnitude but from multiple directions.

To explore the possible impact of intense wind du-
ration, the accumulated effects of debris impacts, and
abrupt changes in wind speeds, several alternate metrics
of tornado damage potential, all derived from the radar-
constrained model, were calculated.

1) HIGHEST WIND GUSTS AND F-SCALE

The conventional application of the Fujita scale is to
associate observed damage with peak wind gusts. The
highest 5-s average wind speed at each location on the
grid revealed that a nearly 100-m-wide path between
Third and Second Streets on the west side of the town
experienced a 5-s average wind at or above 100 m s21

(Fig. 8a). The highest 5-s average wind speed had a
maximum of about 112 m s21 on the western edge of
town around Third Street. The highest 60-s average
wind speed at each point in the town showed a 50-m
swath across the south-central portion of the town be-
tween Second and Third Streets where this parameter
reached a maximum of just over 80 m s21 (Fig. 8b).
Using Fujita’s F-scale definition, the radar model cal-
culated the fastest quarter-mile of wind at every location
and associated these values with Fujita’s F-scale ratings,
hereinafter referred to as FR (Fig. 8c). Not surprisingly,
the peak quarter-mile wind speeds were nearly identical
to the fastest 5-s average speed at each grid point. Note
that subsecond wind gusts, capable of being estimated
through single-radar-gate and spectral width data as dis-
cussed above, were not considered in this study.

The FR was calculated at each grid point for com-
parison against the damage-based F-scale estimates
hereinafter referred to as FD (Fig. 8d). The FR contours
were very smooth, and their gradient across the town
in either direction from the track of the tornado’s center
was considerably smaller than that of the FD contours.
Most structures received a higher FR rating than FD

rating. The worst observed damage (highest FD) was
located approximately one-half block north (50 m) clos-
er to the path of the tornado center than were the max-
imum FR ratings. However, both rating systems had a
maximum value in the F4 range. It is worthwhile to note
that the observed asymmetric tornado contained ground-
relative wind speeds as high as 118 m s21, slightly into
the F5 range, as it passed over the western edge of the
town.

The area that experienced high FR was larger than the
area that experienced high FD, suggesting that signifi-
cant debris centrifuging had spuriously increased the
measured diameter of the core-flow region in the Dopp-
ler velocity field (Snow 1984; Zrnić et al. 1985; Dowell
et al. 2001; DAWW). Navigation errors would have
caused a shift north or south, rather than the observed
expansion of FR in both directions. Moreover azimuthal
navigation errors were estimated to be on the order of
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FIG. 6. Azimuthal cross sections through the core of the 0.58 elevation Doppler velocity couplets (red) and wind speeds from the axisymmetric
vortex model (blue) at (a) 0134:30 UTC when the center of the tornado was 3.6 km west of Spencer, and (b) 0139:11 UTC when the tornado
was 0.1 km east of Spencer. The insets show the location of the Doppler velocity cross section relative to the direction of tornado vortex
translation.

only 0.18 (Part I), or less than 10 m over the town, much
less than the observed 50-m offset between FD and FR.
The radar reflectivity field in the lowest tilt of each
volume over Spencer revealed a well-defined disk of
high reflectivity values likely indicative of large debris.
Higher-elevation scans did reveal reflectivity minima at
the center of the vortex that may be an indication of

the necessary debris residence time in the vortex updraft
and inflow region before substantial centrifuging could
be established (Dowell et al. 2001; DAWW). Another
possible explanation for a portion of the 50-m offset is
the difference between the level at which damage oc-
curred (5 m AGL) and radar observation level (30 m
AGL). Many tornadoes are observed to taper inward
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FIG. 7. The radar-constrained model showing the instantaneous wind speed (m s21) over the map of Spencer at (a) 0138:21, (b) 0138:45,
(c) 0139:10, and (d) 0139:30 UTC. Interpolated track of tornado center is shown (black arrow).

near the ground (Wurman and Gill 2000; Part I; and
many visual observations), as modeling studies have
suggested (Lewellen et al. 1997), and the tornado wind
field might have been narrowest very near the surface.
A two-to-one inward tapering in the lowest 30 m AGL
would be sufficient to account for the entire 50-m ex-
pansion of FR compared to FD. However, there are no
confirming radar or other data to quantify or evaluate
this effect. It may be that a combination of centrifuging
and tapering effects are in play.

2) DURATION OF INTENSE WIND SPEEDS

It is likely that debris with increasingly damaging
potential is lofted by winds of increasing intensity,
that is, strong winds loft heavier, more damaging de-
bris than weak winds. Therefore the duration of winds
above certain thresholds would be an alternate mea-
sure of tornado damage potential. The duration of F1,
F2, F3, and F4 intensity winds were calculated using
the radar model (Fig. 9). F1-level winds occur for
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FIG. 8. Comparison between the damage F-scale ratings (FD) (colored contours) and the (a) maximum 5-s average wind speed (m s21),
(b) maximum 60-s average wind speed (m s21), (c) maximum 1/4-mile average wind speed (m s21), and (d) the radar-constrained model F-
scale ratings (FR) (color-filled contours) over the map of Spencer. Interpolated track of tornado center is shown (black arrow).

over 120 s well to the south of the tornado, and might
be associated with F1-level damage, but there are in-
sufficient damage indicators to the south of the town
for a meaningful comparison. The duration of more
intense winds—F2, F3, and F4—is shorter and is con-
fined to a increasingly narrow swath to the south of
the tornado track. F4-level winds occurred for a max-
imum time of 22 s in the southwest portion of the
town, south of the F4 damage by approximately 50
m. The F4 wind duration track is quite similar to the
peak wind gust tracks since the tornado did not vary
significantly in intensity, size, or duration as it crossed
the town. The location of the maximum duration of

F4 winds is most closely related to the location of the
most severe damage.

3) TIME-INTEGRATED WIND SPEED MOMENTS

In order to attempt to account for damage caused by
not just the peak winds, but the integrated effect of all
intense winds and associated lofted debris, wind swaths
integrating wind speed (V), square of the wind speed
(V 2), and cube of the wind speed (V 3) over time, using
only winds speeds above 40 m s21, were calculated
(Figs. 10a,b,c). As expected, the integrals of the higher
powers of V were more narrowly distributed near the
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FIG. 9. Comparison between the damage F-scale ratings (FD) (colored contours) and the duration of wind speeds (s) exceeding (a) 33, (b)
51, (c) 71, and (d) 93 m s21. Interpolated track of tornado center is shown (black arrow).

path of the peak winds and were more closely correlated
to both the location, distribution, and extent of actual
damage. However, the time integral of V was maximized
on the east side of town while the most intense damage
occurred well to the west. Since the kinetic energy and
associated damage potential of lofted debris was likely
to be proportional to higher powers of the wind speeds,
the better correlation of the time-integrated V 2 (pro-
portional to kinetic energy) and V 3 (crudely accounting
for the increased kinetic energy of the debris and the
dependence on wind speed of the typical mass of lofted
debris) with observed damage was suggestive that the

accumulated effects of debris impacts are important
when assessing the damage potential of tornadoes.

4) ACCELERATIONS

Accelerations of the local airspeed near structures, at
least by this tornado, did not seem to be well correlated
with either the spatial extent or distribution of observed
damage. The peak 1-s accelerations were near 10 m s22

over the western portion of the town decreasing to about
8 m s22 on the east side of town (Fig. 10d). All accel-
erations above 6.0 m s22 were confined within the track
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FIG. 10. Comparison between the damage F-scale ratings (FD) (colored contours) and the (a) time-integrated wind speed (m), (b) time-
integrated wind speed squared (m2 s21), (c) time-integrated wind speed cubed (m3 s22), and (d) the maximum 1-s wind acceleration (m s22).
Only wind speeds above 40 m s21 are included in the time integrations. Interpolated track of tornado center is shown (black arrow).

of the core-flow region. It is important to note that sig-
nificantly higher accelerations, up to 50 m s22, have
been calculated in a different tornado containing mul-
tiple vortices (Wurman 2002).

b. Comparison with NWS damage tracks inside and
outside the town

On a larger scale, FR was compared with an NWS-
produced FD map (USDOC 1998). The model wind field
was tracked across two 2.5 km 3 2.5 km domains with
a grid spacing of 20 m during the first two DOW ob-

servation periods between 0103 and 0122 UTC (Fig.
11), and an 8 km 3 8 km domain with a grid spacing
of 100 m for the final observation period from 0134 to
0145 UTC (Fig. 12). A 1-s time step was used for all
model runs. The two F-scale ratings appeared very sim-
ilar with the location, width, and intensity of the tornado
tracks. However, during the early portion of the first
observation period the FR indicated the presence of an
F1 tornado prior to any such observation in the FD. The
FR was also one category higher than the NWS FD just
prior to and just after the time when the tornado was
in Spencer. The FR indicated a slow decrease in intensity
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FIG. 11. A composite of tornado damage tracks based on aerial surveys (from USDOC 1998). (top) Relative path length, width, and damage
F-scale ratings (FD) are shown for all tornadoes and (bottom) the path segments where the radar-constrained model F-scale (FR) was calculated
from the first radar deployment site.

of the tornado starting just west of town, while not
surprisingly the NWS FD indicated much more abrupt
transitions of intensity likely because of the absence of
damage indicators outside of Spencer. The fact that F-
scale ratings are dependent on the existence of damage
indicators is well known (Doswell and Burgess 1988),
but this is the first time that the discrepancy between
observed tornado winds and damage has been quanti-
tatively documented.

c. Time series over structures
Another comparison resulted from the generation of

wind speed time series at specific grid points over Spen-

cer that corresponded to the locations of significant
structural damage. An exercise was conducted at a re-
cent local severe storms conference where approxi-
mately 65 people were asked to assign F-scale ratings
to specific structures in Spencer based upon a few dam-
age photographs (Edwards 2003).

The most severe damage was observed at a crushed
water tower that was composed primarily of steel and
anchored into cement. The position of a damaged car
on the crumpled water tower indicated the possibility
that the car became a projectile that undercut the support
beams of the tower (Fig. 13a). The official damage sur-
vey used this structural damage for the basis of the F4
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FIG. 12. A composite of tornado damage tracks based on aerial surveys (from USDOC 1998). (top) Relative path length, width, and
damage F-scale ratings (FD) are shown for all tornadoes and (bottom) the path segments where the radar-constrained model F-scale (FR)
was calculated from the second radar deployment site.

rating. The mean rating for this structure from people
participating in the exercise was only F3.0. However,
the standard deviation of these estimates was 0.8, or
nearly an entire F category. The FD from our study also
yielded an F4 rating for this structure based upon the
facts that the structure had collapsed and that it was
classified as a strong frame house with no resulting com-
pensation for the structural integrity (Fujita 1992). This
structure experienced intense winds from two widely
differing directions on each side of the core-flow region.
It is likely that structural failure began after the impact
of large debris (an automobile). Therefore, we speculate
that had this structure experienced similar wind speeds,
but from different directions, or only a single direction,

and been missed by the automobile, it may not have
collapsed. Furthermore, we speculate that some struc-
tures that are inherently less resistant to winds from
certain directions (because of garage openings and bay
windows) are more likely to suffer damage if subjected
to intense winds from more than one direction.

The wind speed time series produced from the radar-
constrained model at this location revealed two peaks
in the wind speed (Fig. 13b), because the water tower
was located 70 m south of the track of the tornado center
well within the core-flow region. Wind speed acceler-
ations in the core-flow region were around 8.0 m s22

or about 0.8 g. These accelerations represented changes
in the airspeed at particular locations and were not nec-
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FIG. 13. F-scale comparison at the water tower located approximately 70 m south of the tornado track including (a) ground and aerial
damage photography, which provided a damage F-scale estimate of F4, and (b) a time series of the radar-constrained model wind speed
(m s21) at the nearest grid point over this structure (aerial photograph courtesy of B. Smith). The time duration of wind speeds in each F-
scale category is shown for reference.

essarily representative of larger debris motion or actual
air parcel accelerations in any Lagrangian sense. The
wind speed peaked in the F4 range for durations of
4 and 2 s, respectively, and reached a maximum of 101
m s21, while remaining in or above the F2 range for a
total of 70 s.

Another location of significant damage was an apart-
ment complex located about one and a half blocks west
of the water tower and about 130 m south of the track
of the tornado center (Fig. 14a). This structure was rated
with a mean of F3.0 by people participating in the ex-
ercise. Again, there was considerable disagreement
among the participants, with a standard deviation of the
F rating at 0.6. This complex was also classified as a

strong frame house, and given the collapse of the roof
and several interior walls, the building was judged to
have experienced F3-level damage.

According to the radar model, the grid point over this
structure received wind speeds in the F4 range for du-
rations of 8 and 7 s, with a maximum speed around 105
m s21 during both peaks (Fig. 14b). This location was
very close to the radius of maximum winds at the closest
approach of the tornado, and this resulted in a longer
period of higher winds with little reduction of the flow
in the core. The wind speed remained in the F2 or higher
range for a total of 68 s.

A third structure used in the F-scale exercise was a
set of grain-storage silos on the extreme south side of
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FIG. 14. F-scale comparison at the apartment complex located approximately 130 m south of the tornado track including (a) ground and
aerial damage photography, which provided a damage F-scale estimate of F3 (courtesy of R. Edwards and B. Smith), and (b) a time series
of the radar-constrained model wind speed (m s21) at the nearest grid point over this structure. The time duration of wind speeds in each
F-scale category is shown for reference.

the town along Second Street (Fig. 15a). These silos
were located approximately 220 m south of the tornado
track and remained outside of the core-flow region as
the tornado passed. In the exercise this structure was
given a mean rating of F2.2 with a standard deviation
of 0.8. This was a thin metal structure that was likely
susceptible to debris penetration. Given this, the build-
ing was classified as similar to a weak frame house, and
while the removal of the roof and partial collapse of the
walls warranted an initial damage rating of f3, the struc-
tural integrity penalty resulted in a final damage rating
of F2 herein. At the grid point closest to this location,

the wind speed monotonically increased and then de-
creased, reaching a maximum value of about 93 m s21

for about 6 s, with wind speeds in or above the F2
category for a total of 74 s (Fig. 15b).

Two other structures located on the north side of the
tornado track near the eastern edge of Spencer were not
rated in the damage survey exercise. However, there
was a significant difference in damage severity between
the two structures despite similar wind speed time series.
The first structure was a mobile home located about 130
m north of the tornado track and inside the core flow
region as the vortex reached its closest approach (Fig.
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FIG. 15. F-scale comparison at the grain storage bins located approximately 220 m south of the tornado track including (a) ground and
aerial damage photography, which provided a damage F-scale estimate of F2 (courtesy of R. Edwards and B. Smith), and (b) a time series
of the radar-constrained model wind speed (m s21) at the nearest grid point over this structure. The time duration of wind speeds in each
F-scale category is shown for reference.

16a). This location resulted in a wind speed time series
similar to that over the water tower. However, peak
winds on the north side of the tornado track were sig-
nificantly lower than those on the south side because of
the translation of the vortex. The time series associated
with the mobile home’s location peaked at 81 m s21,
and remained in the F3 range for 8 and 6 s, respectively,
while remaining in or above the F2 range for 54 s (Fig.
16b). The mobile home was completely destroyed and
removed from its foundation and thus met the f5 damage
criteria. However, given that the structure was classified
as a weak outbuilding, a 23 adjustment for structural
integrity resulted in a final damage rating of F2.

A well-constructed frame house located about 60 m
(one-half block) north of the mobile home was located
just outside of the core-flow region, and the model grid-
point time series resembled that of the silo’s gridpoint
time series. The wind speed peaked at about 72 m s21

for about 11 s and remained in or above the F2 category
for 45 s. The house appeared to sustain only minor roof
and siding damage, resulting in a final damage rating
of only F1 with no structural integrity adjustment. De-
spite the fact that the mobile home and this frame house
were both located approximately 30 m from the radius
of maximum winds, and the model wind speed time
series were very similar, there were large differences in
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FIG. 16. F-scale comparison at a mobile home and well-constructed frame house located approximately 130 m north of the tornado track
including (a) ground and aerial damage photography, which provided a damage F-scale estimate of F2 (courtesy of R. Edwards and B.
Smith), and (b) a time series of the radar-constrained model wind speed (m s21) at the nearest grid point over this structure. The time duration
of wind speeds in each F-scale category is shown for reference.

the observed damage between the structures. This ex-
ample emphasizes the need to account for structural
integrity to avoid a gross mischaracterization of the
wind speed and resulting F-scale intensity. This example
also suggests that relatively intense winds (72 m s21)
can sometimes be associated with relatively light dam-
age (F1) and challenges the hypothesis that damage can
be defined as a unique function of peak wind speed and
structural integrity. Other factors, including duration of
intense winds, directional variability, and upstream de-
bris loading may be important factors.

d. Model vertical profile

The radar-constrained model provided an estimate of
the wind speed as a function of time at each grid point
over the town of Spencer. However, these wind speeds
were based upon Doppler velocity measurements cen-
tered around 30 m AGL, and not at building level (pri-
marily 0 to 10 m AGL). The peak Doppler velocities
in each scan of the volume observed between 0138:30
and 0139:15 UTC were used to calculate the peak tor-
nado-relative and ground-relative wind speeds at every
level. With single-Doppler data, the error in wind speed
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FIG. 17. Vertical profile of maximum tornado and ground-relative
wind speeds from the radar-constrained model based upon the radar
volume between 0138:30 and 0139:15 UTC as the tornado crossed
the town of Spencer. Errors in the estimated peak horizontal wind
speeds increase with height because of an increasing radar-beam
crossing angle with the horizontal wind.

estimation increased at higher-elevation scans where
larger components of the horizontal wind were not mea-
sured (Fig. 17).

Both the observed tornado and ground-relative wind
speeds attained a maximum value in the lowest elevation
scan (0.58) at 30 m AGL, with values of 97 and 111 m
s21, respectively. In the 200 m above this level these
values decreased by about 60% to 69 and 84 m s21 (Part
I). This observation agrees with results from recent
modeling studies of tornado vortex structure (Lewellen
et al. 1997). From 200 to nearly 1000 m AGL, the wind
speeds appeared to remain nearly constant at around 70
m s21 for the peak rotational component, and about 85
m s21 for the peak ground relative wind speed. Based
upon the nearest sounding from Omaha, Nebraska, the
estimate for CAPE in the local region around Spencer
was at least 4000 J kg21. For a Rankine vortex, the
theoretical thermodynamic speed limit in the region of
this tornado is based upon the assumption that the radial
pressure gradient is the result of a radial temperature
gradient across a buoyant column of air (Fiedler and
Rotunno 1986; Fiedler 1998) with the relation

1/2V 5 (CAPE) .max (4.1)

This relation predicted a thermodynamic tornado-rel-
ative speed limit of about 65 m s21 for the Spencer
tornado. This speed limit is very similar to the radar
observations of the peak rotational wind speeds in the
region over 200 m AGL. The enhanced wind speeds in
lowest 30 to 200 m appear to result from surface in-
teraction (Lewellen et al. 1997).

Ideally, an estimate of the reduction in wind speeds
from 30 to 3 m AGL was desired to represent the airflow
at building level. However, there was insufficient in-
formation to attempt such an extrapolation in the tur-
bulent surface layer of a violent tornado wind field, and
there is both modeling and observational evidence that

strong inflow occurs in the lowest several tens of meters
(Lewellen et al. 2000; Wurman and Gill 2000; Part I).
During the tornado’s closest approach to the DOW,
about 4 min before the tornado passed through Spencer,
observations below 20 m AGL indicated peak winds
that were about 16% lower than peak winds observed
between 30 to 50 m AGL (Part I).

5. Sources of error

While both the damage survey information and Dopp-
ler radar velocities helped form an estimate of the Spen-
cer tornado’s intensity on the spatial scale of individual
structures, there were complicating factors from both
data sources. The radar-constrained model was limited
to an axisymmetric structure that is only an idealization
of the tornado vortex. To a first approximation the wind
field across the tornado did appear to closely match that
of the ideal vortex used in the model; there were clearly
some perturbations to the flow that were not included
in the model. The official damage survey concluded that
the Spencer tornado was likely a single-vortex tornado
as it passed through the town (USDOC 1998). The
DOW3 radar observations occasionally showed hints of
multiple-vortex structure (Part I). There are modulations
in the damage pattern in Spencer that suggest the ex-
istence of weak multiple vortices with wind field per-
turbations significantly less than the basic wind field in
the tornado. Northward protrusions of intense damage,
greater than or equal to F3, existed west of Cordo Street,
east of Fuller Street, and along and west of East Street
(Fig. 4). These modulations in the damage pattern are
spaced at intervals of approximately 300 m along the
track of the tornado corresponding to 20-s differences
in their time of occurrence. A single intense multiple-
vortex-like, wavenumber-1 perturbation, rotating about
the tornado at the radius of the peak rotational winds
(175 m from the center) at about half of the peak ro-
tational speed (48 m s21), would circle the tornado every
24 s, which is remarkably close to the temporal spacing
of the more intense damage swaths.

Doppler velocity measurements were likely biased by
large debris motion in the town and not necessarily rep-
resentative of the air motion in the tornado’s wind field
(Dowell et al. 2001; DAWW). Furthermore, the beam-
width of the DOW radar over Spencer resulted in some
averaging of the wind field, especially near the radius
of maximum winds. However, given the relatively close
proximity of the tornado to the radar, and the large size
of the tornado, the aspect ratio was not low enough to
prevent sampling of the core-flow region. With a typical
sampling interval of about 35 m and an average tornado
core-flow radius of about 150 m during this dataset, a
Doppler velocity measurement of 100 m s21 would have
an aspect ratio adjustment of 6 m s21. When the tornado
was passing through Spencer, this core-flow radius was
actually closer to 200 m, thus reducing this sampling
error to about 4 m s21 (Wood and Brown 1997). The
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Doppler velocity measurements represent the average
motion of scatterers in a sample volume. In the highly
turbulent region of the Spencer tornado, spectral width
values often ranged between 12 and 15 m s21.

Two other biases contained in Doppler velocity mea-
surements resulted from the influence of beam blockage
and ground clutter. In the lowest tilts of each volume
scan, at several kilometers range, the 3-dB beam and
sidelobes intersected the ground and effectively damp-
ened the resulting velocity measurement. While this ef-
fect was likely to be small given the flat terrain and
slightly depressed deployment site, it cannot be totally
ignored. Quality control steps were taken to discard
Doppler velocities in regions where ground clutter from
buildings or roads significantly contaminated the field.

The damage survey was also not without its limita-
tions. The available photographs and damage survey
documentation did provide information on many of the
structure types in the town, but it was not possible to
assess the building integrity of some structures that were
severely damaged or destroyed. Another factor com-
plicating the damage survey was the inability to account
for opened garage doors either prior to or during the
passage of the tornado, where the direction of the strong
winds relative to the garage door opening would control
a common starting point for progressive structural fail-
ure (Marshall 2002). There were also a few blocks in
the town that lacked any significant structures, such as
a park in the north-central portion. This lack of damage
indicators resulted in interpolation of some FD data. It
was confirmed that significant damage cleanup had be-
gun at first light on the morning after the tornado, which
was several hours to even a day before most of the
photographs were taken. Therefore, there was some con-
tamination from the cleanup efforts in the damage pho-
tography. Finally, only distant aerial photographs were
available for the northern portion of the town where
little damage was observed. This distance made the de-
tection of F0- and F1-type damage very difficult.

6. Conclusions

The Spencer tornado afforded the first opportunity to
perform detailed comparisons between a damage survey
and Doppler velocity measurements, given a radar-data-
based evaluation of the Fujita scale. This evaluation
established several facts about this tornado event that
may be applicable to future studies:

(a) The FR estimates at ;30 m AGL were generally
higher than the FD estimates in regions with and
without significant structures. Part of this difference
appeared to result from a wider rotational velocity
field than necessary to produce the regions of ob-
served damage. It was suspected that the broadening
of the Doppler velocity core-flow signature might
have resulted from debris centrifuging or tornado
tapering.

(b) In this case, a primarily single-vortex tornado with
a core-flow region approximately 350 m wide trans-
lated east-southeast with a forward motion of about
15 m s21. This translation was sufficient to induce
an asymmetry in the strength of the wind field,
thereby creating a difference of 1.0 to 1.5 F-scales
on opposing sides of the tornado relative to its for-
ward motion. The result was 30 m s21 higher winds
on the right side of the tornado’s path and damage
that was more widespread. Based on FD, it appeared
that most structures in the town remained intact at
or below F2 wind speeds, but completely failed at
or above F3 wind speeds largely due to inadequate
construction. The FR estimate indicated that the ad-
ditional wind speed from translation on the right
side of the track placed most of the structures in
the southern three blocks of the town in the F3 or
F4 range, while keeping most blocks north of the
track in or below the F2 range. The result was that
the highest and longest duration of winds were dis-
placed southward from the center of the vortex
track, and the center of the damage path was south
of the center of the actual track of the tornado vor-
tex.

(c) There were many severely damaged structures in
Spencer located both within and outside the path of
the core-flow region of the tornado. Model results
from the radar data indicated two distinct evolutions
in the wind field depending upon the region in which
a structure resided. Structures inside the radius of
maximum winds, such as the water tower, experi-
enced both the core-flow and exponential-decay re-
gions. This location resulted in a model wind time
series with relatively large accelerations of the flow
around 10 m s22 in the core and a relatively short
period of peak wind speeds. Structures outside the
radius of maximum winds only experienced the ex-
ponential-decay region, but some endured a longer
period of peak winds. We hypothesize that there are
two modes of induced damage depending on the
location of a structure relative to the tornado’s lo-
cation. A structure well within the core flow will
experience two distinct periods of damaging winds
from widely differing directions, while a structure
outside the core might suffer only one, but perhaps
a longer, period of damaging winds from a single
preferred direction. The intensity of damage may be
influenced by these differing wind duration and
wind direction histories as well as by the peak wind
gust, which is the sole meteorological factor ac-
counted for in the Fujita scale.

(d) The radar-constrained model permitted the calcu-
lation of wind intensity metrics that incorporated
intense wind speed duration, and other factors. The
duration of intense winds and simple measures of
the integrated effect of large debris impacts from
these winds are well correlated with observed dam-
age. While it was unclear whether these were better

Unauthenticated | Downloaded 03/01/24 02:38 AM UTC



118 VOLUME 133M O N T H L Y W E A T H E R R E V I E W

correlated to observed damage than the traditional
Fujita peak-wind-speed metric, the agreement was
comparable. Since there are plausible physical
mechanisms supporting these new metrics, these
factors should be considered in future studies of
damage intensity. Higher-resolution temporal mea-
surements available with the rapid-scan DOW
(Wurman and Randall 2001) may provide a means
to differentiate among these various metrics.

(e) The variations of tornado wind speed as a function
of height are most pronounced in the lowest 200 m
AGL with the most extreme speeds observed below
50 m AGL. Current radar observations are unable
to determine the exact elevation and magnitude of
the true peak in tornado wind speeds, which appear
to occur between the surface and 50 m AGL, or true
winds at building level (0–10 m AGL). Given the
practical limitations of both in situ and remotely
sensed tornado wind speed observations near the
surface where most structures and people reside, it
is fundamentally important to continue to improve
the characterization of the tornado flow through both
observational and modeling efforts.

(f) Data obtained by the DOW for this study had un-
precedented spatial and temporal resolution; how-
ever, the 50-s repeat intervals of near-ground ob-
servations were too infrequent to permit the tracking
of sub-tornado-scale features or multiple vortices
across Spencer in order to compare with smaller-
scale damage features. More rapid updates every 5–
10 s promised by the new rapid-scan DOW will be
valuable in future studies.
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