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ABSTRACT

On the evening of 30 May 1998 atmospheric conditions across southeastern South Dakota led to the devel-
opment of organized moist convection including several supercells. One such supercell was tracked by both a
Weather Surveillance Radar-1988 Doppler (WSR-88D) from Sioux Falls, South Dakota (KFSD), and by aDoppler
On Wheels (DOW) mobile radar. This supercell remained isolated for an hour and a half before being overtaken
by a developing squall line. During this time period the supercell produced at least one strong and one violent
tornado, the latter of which passed through Spencer, South Dakota, despite the absence of strong low-level
environmental wind shear. The two tornadoes were observed both visually and with the DOW radar at ranges
between 1.7 and 12.9 km. The close proximity to the tornadoes permitted the DOW radar to observe tornado-
scale structures on the order of 35 to 100 m, while the nearest WSR-88D only resolved the parent mesocyclone
in the supercell. The DOW observations revealed a persistent Doppler velocity couplet and associated ring
reflectivity signature at the tip of the hook echo.

The DOW radar data contained tornado strength winds over 35 m s~ within 100 m AGL approximately 180 s
prior to both the first spotter report and visual confirmation of the first tornado associated with this supercell.
Following the formation of the second tornado, the DOW radar observations reveal ed a tornado-strength Doppler
velocity couplet within 150 m AGL between two separate tornado tracks determined by a National Weather
Service (NWS) damage survey. Based upon the DOW Doppler velocity data it appears that the second and third
damage tracks from this supercell are produced from a single tornado.

The time-height evolution of the Doppler velocity couplet spanning both tornadoes revealed a gradual increase
in vertical vorticity across each tornado’s core region within a few hundred meters AGL from near 0.2 to over
2.0 s7* over a45-min period. A corresponding reduction in vertical vorticity was observed a oft especially near
1000 m AGL where vorticity values decreased from near 1.0 to about 0.5 s~* during this same time interval.
The shear across the Doppler velocity couplet appears to undergo strengthening both at the surface and aloft
during both tornadoes. An oscillatory fluctuation in the near-surface shear across the tornado core developed
during the second tornado, with peak shear values as high as 206 m s, Doppler velocities over 106 m s71,
and peak ground-relative wind speeds reaching 118 m s-*. The period of this intensity oscillation appears to
be around 120 s and was most prominent just prior to and during the passage of the tornado through Spencer.
Coincident with the tornado passage through Spencer was a rapid descending of the reflectivity eye in the core
of the tornado. A detailed comparison of surveyed tornado damage and radar-cal cul ated tornado winds in Spencer
is discussed in Part I1.

1. Introduction the laboratory models gave way to numerical models of
tornadoes in the late 1970s and the 1980s (Rotunno

the structure and intensity of tornadoes. Inthelate 1960s 1977, 197.9’ 1984).‘ These numerical simulations of tor-
and early 1970s laboratory models were developed to nado vortices continued through the 1990s and expand-
study the evolution of tornado vortices (Ward 1972; ©€d upon the study of tornado dynamics in an attempt
Church et al. 1979; Church and Snow 1993). As com- (© determine the theoretical limit to wind speeds and

puter processing speed and storage capacity increased, thefinescalestructure of tornadoes (Fiedler and Rotunno
1986; Fiedler 1998; Lewellen 1993; Lewellen et al.

| o e ool of 1997; Lewellen et al. 2000).
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casted path of tornadoes. These attemptsresultedinlittle
success, as the packages were either destroyed, or more
often, the tornado did not pass over them. More recently
these efforts have met with more success (Winn et al.
2000; Samaras 2004; Wurman and Samaras 2004). Mo-
bile Doppler radars were deployed near tornadoes start-
ing in the early 1990s (Bluestein et al. 1993). Doppler
velocity measurements from these tornadoes yielded
more significant results in an attempt to gauge tornado
wind speeds. By the mid- to late 1990s, several other
mobile radar platforms were developed and deployed in
the field to directly observe tornadoes, yielding even
more frequent and detailed high-resolution observations
of tornadoes (Bluestein et al. 1995; Bluestein and Paz-
many 2000; Wurman et al. 1996, 2002; Wurman 1996;
Wurman and Gill 2000; Lee and Wurman 2004, man-
uscript submitted to J. Atmos. Sci.). These newer mobile
radar platformsincluded the Doppler On Wheels (DOW;
Wurman et al. 1997; Wurman 2001), which mapped
two- and three-dimensional wind fields in tornadoes for
the first time. A DOW has been used in this work to
document the two- and three-dimensional evolution of
tornadoes near Spencer, South Dakota. Comparisons of
radar-measured winds and observed damage in Spencer
are the subject of the second part of this study (Wurman
and Alexander 2005, hereafter Part I1).

2. Synoptic environment

The synoptic environment on the afternoon and even-
ing of 30 May 1998 was conducive to the development
of severe thunderstorms across the northern plains of
the United States. By 0000 UTC 31 May 1998 (1900
local time 30 May 1998), a southwest-to-northeast-ori-
ented 300-mb jet streak containing winds in excess of
50 m s~ was approaching South Dakota from the south-
west. At the same time, another 300-mb jet streak, also
containing winds in excess of 51 m s, was centered
just north of the Great Lakes and was moving away
from South Dakota. The juxtaposition of these two jet
maximums placed eastern South Dakota in the left-exit
region of the approaching jet, and near theright-entrance
region of the departing jet (Fig. 1a). While the along-
stream variation in wind speed along each jet axis was
not extremely high, eastern South Dakota appeared to
be in aregion of enhanced upper-level divergence. This
was likely a factor in the widespread initiation of deep
moist convection.

At 500 mb, a positively tilted trough was positioned
upstream from South Dakota along an axis from central
Canada to northern California. Across South Dakota,
winds were about 23 m s—* from the west-southwest
with an air temperature around —12°C at 500 mb (Fig.
1b). At 700 mb, South Dakota was near the northern
edge of a strongly capped environment with an air tem-
perature near 10°C that increased southward to 15°C in
western Kansas (Fig. 2a). The 850-mb level contained
a strong north—south temperature gradient across the
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northern plains, with temperaturesin North Dakota near
12°C increasing to 25°C in western Nebraska (Fig. 2b).
This enhanced temperature gradient was evidence of a
synoptic-scale front positioned across the northern
plains. A trough axiswas also located over eastern South
Dakota at 850 mb, although the maximum in 850-mb
winds was along an axis displaced well to the south and
east of South Dakota from southern Wisconsin south-
westward to central Kansas (Fig. 2b).

The surface map valid at 0000 31 May 1998 showed
a well-defined cold front extending east to west across
central South Dakota (Fig. 3). Air temperatures across
the cold front decreased by 11°C into southern North
Dakota. At the same time, a sharp dryline was oriented
north to south extending from a triple-point intersection
with the cold front in central South Dakota southward
through central Nebraska. The air mass behind the dry-
line contained surface dewpoints near or below 0°C. In
the warm and moist sector across southeastern South
Dakota, surface temperatures were around 27°C with
dewpoints near 21°C. Surface winds were generally
light from the south, but given these surface conditions
and strong westerly midlevel flow, this produced deep-
layer shear in excess of 17 m s—t, which was supportive
for the development and maintenance of severe con-
vective storms (Weisman and Klemp 1982). These fa-
vorable conditions were also enhanced by high values
of convective available potential energy (CAPE) and
low values of convective inhibition (CIN) over south-
eastern South Dakota resulting from deep low-level
moisture and relatively cool midlevel temperatures
(Moncrieff and Miller 1976; Colby 1984).

An Omaha, Nebraska, sounding from 0000 UTC 31
May 1998, which was the nearest upper-air observation
in the warm and moist sector, contained over 3700 J
kg~* of mixed-layer CAPE in a moderately capped en-
vironment with a CIN of —47 J kgt (Fig. 4a). The
700-500-mb lapse rates exceeded 8°C km~*. Farther
north in southeast South Dakota, midlevel temperatures
were slightly cooler and surface dewpoints were slightly
higher, resulting in mixed-layer CAPE estimates ex-
ceeding 4000 Jkg~—*, and the 700-mb temperatures were
slightly cooler, likely resulting in less CIN (USDOC
1998). The LCL height was near 800 mb in Omaha, and
with smaller surface dewpoint depressions farther to the
north, the LCL height in southeastern South Dakotawas
likely below 800 mb and more supportive of tornado
formation (Rasmussen and Blanchard 1998). The low-
level shear was not extremely high across southeastern
South Dakota because the low-level jet was displaced
to the south and east, and this was a condition that did
not appear to favor the development of violent tornadoes
(Fig. 4b). However, all other synoptic-scale and me-
soscale ingredients were present for a significant severe
weather event including tornadic supercells.

The air mass across southeastern South Dakota was
capped with a layer of warm air contributing to con-
vective inhibition residing just above potentially unsta-
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FiG. 1. Synoptic analysis from upper-air observations valid at
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0000 UTC 31 May 1998 showing (a) 300-mb heights (solid lines in dam)

and isotachs (dashed lines in kt) and (b) 500-mb heights (solid lines in dam) and temperatures (dashed lines in °C).
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Fic. 2. Synoptic analysis from upper-air observations valid at 0000 UTC 31 May 1998 showing (a) 700-mb heights (solid lines in dam)
and temperatures (dashed lines in °C) and (b) 850-mb heights (solid lines in dam) and temperatures (dashed lines in °C).
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Fic. 3. (d) Mesoscale analysis of surface observations including temperatures (°F), dewpoint (°F), pressure (mb), wind speed (kt), and
wind direction at 0000 UTC 31 May 1998. The position of surface features, including a cold front, warm front, dryline, convergence zone
(dashed line), and Spencer, SD (star), are shown. (b) Composite synoptic features at 2300 UTC 30 May 1998 (reproduced from USDOC

1998) incl udiyng regions with CAPE in excess of 4000 J kg~* (shaded regions).
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Fic. 4. Omaha, NE, sounding valid at 0000 UTC 31 May 1998
with (a) skew T-logp diagram representing thermodynamic charac-
teristics of the warm moist sector and (b) hodograph depicting the
kinematic characteristics of the environment including estimated
storm-relative wind vectors.

ble air near the surface. However, synoptic-scale lift
from low-level geostrophic warm-air advection, mid-
level differential geostrophic cyclonic vorticity advec-
tion, and the aforementioned upper-level divergencein
the vicinity of the jet maximums aided mesoscale lift
along the advancing cold front and dryline. All of these
ingredients hel ped initiate deep moist convection around
2300 UTC 30 May near the dryline and cold-front in-
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tersection. Several other isolated thunderstorms devel-
oped southward along the dryline by 2300 UTC in-
cluding a storm about 100 km west-northwest of Spen-
cer. By 0030 UTC 31 May, this storm organized into a
supercell with a well-defined midlevel mesocyclone.

While there is some uncertainty as to the exact evo-
lution of events between 0100 and 0200 UTC, inter-
mittent spotter reports and a damage survey conducted
from the National Weather Service (NWS) indicated that
five separate tornadoes were responsible for damage ob-
served from the supercell that tracked across parts of
Hanson and McCook Counties in southeastern South
Dakotaincluding the town of Spencer. The analysis pre-
sented herein shows that fewer tornadoes, in fact, oc-
curred.

3. DOW data postprocessing

The data analyzed and discussed herein were col-
lected with the Doppler On Wheels 3 (DOW3) radar
(Wurman et a. 1997; Wurman 2001). The DOW3 used
3-cm transmissions with 250-kW peak power and had
a beamwidth of 0.93°. Pulse pair processing converted
received signals to typical radar moments resulting in
radar reflectivity, Doppler velocity, etc., and short in-
tegration times resulted in azimuthal oversampling by
factors of about 2 or 3. Full specifications of DOW3
can be found in Wurman (2001). Scanning was con-
ducted mainly in a sector volume mode through about
140° of azimuth and at elevations of 0.5°, 1°, 2°, 3°, 4°,
5°, 6°, 8°, 10°, and 14° elevation. Range gating resulted
in 37-m-range resolution and the DOW’s 0.93° beam-
width resulted in cross-beam resol ution that ranged from
about 23 to 81 m (oversampled to result in data every
12 to 40 m) during the second deployment. However,
the diameter of the radar beam at genesis was as high
as 230 m (oversampled to provide 115-m resolution).

Several stages of data quality control were imple-
mented to ensure accurate analysis of the tornado wind
field and surrounding region. The radar data, initially
in PC Integrated Radar Data Acquisition System I (PI-
RAQ-I1) field format, was translated into Doppler Radar
Data Exchange (DORADE) format, and then edited us-
ing the SOLO software package (Nettleton et al. 1993;
Oye et a. 1995). Each gate in every ray of each ele-
vation scan had the uncalibrated reflectivity and Doppler
velocity moments thresholded against the normalized
coherent power (NCP). Range gates where the NCP
value fell below 0.25 were deleted, as this was an in-
dication of insufficient signal-to-noise ratio for accurate
measurements of velocity. Data were also del eted where
significant ground clutter contamination was detected as
evidenced by Doppler velocities near 0 m s and un-
calibrated reflectivity values exceeding about 0 dB from
obviously nonmeteorological targets such as buildings,
power lines, power poles, etc. Doppler velocities were
then dealiased around the appropriate multiple of the
Nyquist interval (either =24 or £32 m s71).

Unauthenticated | Downloaded 03/01/24 01:50 AM UTC



78 MONTHLY WEATHER REVIEW

VoLuMmE 133

| B30 1998 41 2083 DOWI_ROT 125 PRI Y2

(a)

(b)

2 1411 990 0 26143 DIWI_RGT 125 FPIDZ

Fic. 5. Edited Doppler velocity (m s—*) and uncalibrated reflectivity (dB) fields from DOWS3 (@) before applying the beam angle
correction and (b) after applying the beam angle correction.

The final step of quality control was unique to this
radar dataset. A data acquisition processing limitation
in DOW3 in 1998 produced infrequent updates of the
reported azimuth and elevation angles of the radar beam.
This problem produced a symptomatic error whereby
every consecutive two or three beams contained the
same pointing angle. The error was corrected by know-
ing the antenna rotation rate, the pulse repetition time
(PRT), the number of pulses per beam integration, and
assuming that the antenna moved at a constant angular
velocity during the beam integration period (0.01 s).
The product of these three quantities yielded the ap-
propriate angular separation between adjacent beams. A
two-pass ten-ray running-mean correction filter was de-
veloped to correct ray azimuth and elevation angles in
each tilt. Application of this filter to the radar data re-
sulted in the appropriate beam positions in each sweep
(Fig. 5).

Following the quality control procedures, it was nec-
essary to rotate the radar data from a truck-relative to
a ground-relative coordinate system in amanner similar
to Wurman and Gill (2000). The location of DOW3 was
determined from onboard GPS information and navi-
gational notes, resulting in an estimated position ac-
curate to within about 5 m. The orientation of the truck
relative to north was obtained by comparing the ground
clutter reflectivity returns from the lowest elevation of
several volumes and a U.S. Geological Survey (USGS)
map of the local region. Strong radar returns from the
surrounding network of roads, power lines, and vege-
tation provided sufficient information when compared

with computerized USGS maps to determine the ori-
entation of DOW3 to within about 0.1° as estimated
from the agreement among orientations determined from
many clutter features. The resulting total positioning
error was about 10 m for sample volumes over Spencer,
and this was several times smaller than the size of a
samplevolume and less than the typical spacing between
buildings.

4. Radar observations of the Spencer, South
Dakota, supercell

Between 0030 and 0100 UTC, the supercell northwest
of Spencer developed a low-level mesocyclone as seen
by KFSD, the Weather Surveillance Radar-1988 Dopp-
ler (WSR-88D) from Sioux Falls, South Dakota (Fig.
6). The KFSD mesocyclone detection algorithm (MDA)
began tracking a mesocylone associated with this storm
shortly after 0045 UTC (Table 1). Range folding in the
Doppler velocity field produced from severe convection
located farther to the northwest likely prevented earlier
detection of a mesocylone in this storm from the KFSD
MDA. This supercell maintained an east-southeastward
motion with an average heading of around 110° and
forward speed of about 13 m s—* between 0045 and
0135 UTC. The gate-to-gate shear across the mesocy-
clone increased from about 30 m s* at 0046 UTC to
apeak of 68 m st at 0106 UTC. The strong rear-flank
downdraft was evident in the extended area of strong
inbound (relative to KFSD) Doppler velocities to the
south of the mesocyclone at 0101 and 0106 UTC
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Fic. 6. The 0.5° elevation scan of a supercell from KFSD showing both (left) base reflectivity and (right) edited Doppler velocity at (a)
0051, (b) 0056, (c) 0101, and (d) 0106 UTC. The star and square represent the locations of DOW3 during its first deployment and Spencer,

respectively.
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TaBLE 1. DOW3 Doppler velocity couplet attributes, KFSD MDA, and TVS algorithms between 0015 and 0215 UTC for the Spencer
supercell and associated tornadoes. The range, height AGL, and peak shear of the couplet in the lowest DOW3 scan nearest to the times of
MDA and TVS algorithm executions are shown for reference. The range, height AGL, and magnitude of the peak shear in the MDA and
TVS are listed from the algorithms. The MDA classifications include no significant shear (None), 2D uncorrelated shear (UNC), 3D correlated
shear (COR), and mesocyclone detection (MESO). The TVS algorithm classification is either no detection (None) or TVS. Boldfaced row

indicates the time that the tornado was in Spencer.

DOW3 KFSD MDA KFSD TVS
Time Range  Height Range Height Range Height
(UTC) (km) (km)  Shear (s%) Class (km) (km)  Shear (s!) Class (km) (km)  Shear (s%)
0015:29 N/A N/A N/A None None None None None None None None
0020:37 N/A N/A N/A None None None None None None None None
0025:39 N/A N/A N/A None None None None None None None None
0030:49 N/A N/A N/A None None None None None None None None
0035:41 N/A N/A N/A None None None None None None None None
0040:41 N/A N/A N/A None None None None None None None None
0045:42 N/A N/A N/A MESO 111.1 5.4 0.023 None None None None
0050:43 N/A N/A N/A UNC 109.3 5.3 0.034 None None None None
0055:44 N/A N/A N/A None None None None None None None None
0100:44 N/A N/A N/A MESO 96.3 6.3 0.014 None None None None
0105:45 115 0.15 0.17 MESO 94.5 14 0.036 TVS 96.3 4.7 0.016
0110:44 9.6 0.12 0.59 MESO 92.6 1.3 0.041 None None None None
0115:42 6.1 0.09 1.43 MESO 87.0 1.2 0.041 TVS 85.2 6.8 0.015
0123:47 5.2 0.04 0.75 MESO 79.6 1.0 0.038 TVS 79.6 5.1 0.021
0128:55 4.9 0.14 0.38 MESO 74.1 1.0 0.054 None None None None
0133:56 1.7 0.02 0.69 MESO 68.5 5.7 0.053 TVS 84.1 2.3 0.038
0138:57 3.8 0.05 0.54 MESO 68.5 5.4 0.053 TVS 70.4 21 0.042
0143:59 8.2 0.10 0.49 MESO 64.8 7.1 0.040 TVS 68.5 3.1 0.024
0148:59 N/A N/A N/A MESO 61.1 7.8 0.034 None None None None
0154:01 N/A N/A N/A MESO 55.6 7.6 0.029 TVS 55.6 75 0.021
0159:00 N/A N/A N/A MESO 51.9 34 0.027 TVS 53.7 33 0.016
0204:01 N/A N/A N/A MESO 51.9 55 0.022 None None None None
0209:02 N/A N/A N/A MESO 46.3 45 0.021 None None None None
021402 N/A N/A N/A MESO 40.7 3.9 0.018 None None None None

(Lemon and Doswell 1979). The tornado vortex sig-
nature algorithm (TVS) from KFSD generated its first
TVS detection in this supercell just prior to 0106 UTC
(Table 1). The KFSD MDA reached amaximum in shear
intensity for this supercell between 0111 and 0116 UTC
before briefly weakening.

Archived level-1l KFSD radar data were unavailable
for the time period between 0111 and 0129 UTC when
the radar power was transferred from a commercial to
a generator source (USDOC 1998). The mesocyclone
strength index (MSI) as reported by Carey et al. (2003)
increases significantly during this data gap, and then
remains approximately constant until after 0145 UTC.
The first spotter report of a funnel cloud occurred at
0055 UTC on 31 May followed by the first report of a
tornado at 0108 UTC about 8 miles northeast of Mitchell
(USDOC 1998).

During the 1-h period from approximately 0100 to
0200 UTC on 31 May the DOW3 mobile radar was
following this supercell as part of the Radar Observation
of Thunderstorms and Tornadoes Experiment 1998 (RO-
TATE-98) field project (Wurman 1999). DOWS3 first de-
ployed along Highway 38 almost due south of Fulton,
South Dakota, between 0103 and 0122 UTC, beginning
5 min before the first spotter-reported tornado (Fig. 7).
The DOW radar collected high-resolution reflectivity
and Doppler velocity measurements of the tornadic por-

tion of the supercell that eventually passed through
Spencer. These radar measurements resolved the de-
tailed structure of the hook echo including the tip where
a Doppler velocity couplet often appeared collocated
with a minimum in the reflectivity field surrounded by
an annulus of higher reflectivity values (Fig. 8). It is
important to note that the DOW reflectivity values pre-
sented herein are uncalibrated; therefore, only the rel-
ative intensities are meaningful. Furthermore, since the
DOW was deployed very near to high-reflectivity re-
gions of the supercell and tornado, receiver saturation
resulted in spuriously low reflectivity values near the
radar (Dowell et al. 2005). The Doppler velocity coupl et
contained ground-relative velocities over 35 m s~ and
a core diameter of about 150 m at about 75 m AGL at
0104:41 UTC. The core diameter grew in subsequent
scans. Video taken from this DOW deployment site in-
dicated the formation of a tornado around 0107 UTC,
with the first indication of a debris cloud at the ground
concurring with the aforementioned spotter report.
Therefore it appears that a tornado strength and scale
circulation was at the surface approximately 3 min prior
to the first visual evidence of atornado. By 0108 UTC
a condensation funnel extended from storm base to the
ground before being enveloped in a column of dust by
0115 UTC (Fig. 9). There were few structures to cor-
roborate the gap in the NWS damage survey track, and
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Fic. 7. A regional map of southeastern South Dakota showing the two deployment locations for DOW3 during 0103 to 0122 UTC and
0134 to 0145 UTC on 31 May 1998. The approximate tracks of the tornadoes are shown with each circle representing the position of the
velocity couplet in the lowest elevation scan (usually 0.5°) of each volume. Dashed segments of the tracks represent uncertainty in the
ground-relative position or existence of a tornado due to either an absence of velocity data, truck motion, or an RHI scanning strategy.

there was a gap in both the DOW and KFSD radar data,
and the subcloud layer was visually obscured by dust.
Therefore, it is difficult to determine conclusively
whether this tornado dissipated at 0115 UTC and a sec-
ond tornado developed by 0117 UTC, or whether there
was simply a single tornado.

Between 0122 and 0134 UTC DOW3 moved 16 km
to the east before redeploying about 4 km west-south-
west of the center of Spencer (Fig. 7). During thistime
period, the velocity couplet near the tip of the hook
echo appeared to fluctuate both in size and intensity. At
0121:19 UTC, one volume after that shown in Fig. 8d,
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FiG. 8. The 0.5° elevation scan of the tornadic region in the supercell from DOW3 showing both (left) uncalibrated reflectivity and (right)
edited Doppler velocity at (a) 0104, (b) 0108, (c) 0117, and (d) 0120 UTC. Zoomed insets in the velocity panels illustrate the wind field in
the tornado itself. Irregular white areas in velocity panels represent data removed because of clutter contamination.

the low-level shear across a 150-m couplet was 110 m  The observed reflectivity field contained a hook echo
st at 140 m AGL. At 0126:33 UTC the 200-m-wide coiled at the tip, although the coil was well separated
velocity couplet contained 73 m s—* of shear at thesame  from the core region of the supercell. This morphology
altitude, increasing again to 94 m s—* by 0132:03 UTC. is typical of well-developed, nondissipating tornadoes
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Fic. 9. Video tills from the first deployment site of DOW3 aong
Highway 38 south of Fulton, SD, looking north-northwest as the
tornado moves east-southeast at (a) 0108 UTC, when the condensation
funnel first reached the ground, and (b) 0115 UTC, as the conden-
sation funnel becomes obscured by dust and small debris (courtesy
of D. Dowell).

(Wurman and Gill 2000). The NWS damage survey in-
dicated a 1.3-km break in the damage track, and the
dissipation of the second tornado was followed quickly
by the formation of a third tornado between 0122 and
0123 UTC. Given the sustained strength of the low-
level circulation and the reflectivity structure, it ap-
peared there was no dissipation of the second tornado,
but rather a slight weakening before reintensification by
0132 UTC.

The KFSD radar continued to observe a supercell
with a large hook and well-defined mesocyclone at the
lowest observed levels, about 900 m AGL, between
about 0129 and 0144 UTC (Fig. 10). The forward speed
of the supercell increased to almost 25 m s~ between
0135 and 0155 UTC. This increase in speed may have
been due in part to the formation of alinear MCS that
had overtaken the supercell from the northwest by 0155
UTC. The gate-to-gate shear increased once again to
about 68 m s~ around 0134 UTC before slowly de-
creasing in strength to around 20 m s~* by 0155 UTC.
The two peaks in gate-to-gate shear were also followed
by deviations in supercell motion of approximately 25°
to the right of the forward motion about 10 min prior
to each peak. The maximum gate-to-gate shear was
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about 60 ms~* at 0139 UTC when atornado was passing
through Spencer (Fig. 10c). The KFSD MDA continued
to track the mesocyclone with this storm between 0130
and 0215 UTC, whilea TV Swas detected between 0134
and 0144 UTC. The MDA shear reached a second and
final maximum around 0129 UTC and remained steady
until 0139 UTC before starting a slow but steady weak-
ening trend, while the TVS reached a peak shear and
lowest elevation at 0139 UTC (Table 1). This trend in
shear is in contrast to the DOW3 observations, which
indicate an earlier peak in the near-surface vel ocity cou-
plet shear around 0134 UTC with a slow but steady
decrease in intensity thereafter.

Between 0134 and 0145 UTC, DOW3 remained sta-
tionary and level while observing the now large and
violent tornado moving east-southeast and across the
town of Spencer (Figs. 11, 12). The center of thetornado
was |located about 1.7 km from DOW3 at 0134:27 UTC,
and it moved east-southeastward at about 15 m s* to-
ward a heading of 100°. Observations from DOW3 in-
cluded a shift in wind direction from the southeast to
the northwest during the passage of the rear-flank gust
front between 0137 and 0138 UTC, and near-ground
Doppler velocities in the rear-flank downdraft (RFD)
were consistently between 15 and 20 m s—*. Thismotion
supported the conceptual model of atornado vortex re-
siding along the interface between the RFD and the
inflow region of the supercell (Lemon and Doswell
1979). The tornado center was at its closest approach
to DOW3 around 0134 UTC, and based upon the tor-
nado’s core size, rotational speed, and translational mo-
tion, the region of damaging wind speeds >40 m s-*
passed within 700 m of DOW3.

Video taken from 7 km east-southeast of Spencer dur-
ing this time period also confirmed the presence of a
large tornado with a broad condensation funnel and as-
sociated debris field (Fig. 13). A lowering in the cloud
base associated with an updraft was observed imme-
diately to the north of the tornado while a sharp vertical
edge was visible in the parent wall cloud just to the
south of the tornado. At approximately 0140 UTC the
tornado was exiting the southeast side of Spencer and
the base of the tornado debris cloud was about 600 m
wide or roughly one and a half times the distance be-
tween the peak inbound and outbound Doppler veloc-
ities as measured from DOW3 (Fig. 14a).

The spatial and temporal resolution of the velocity
and reflectivity data over Spencer from DOWS3, located
only 4 km from the center of the town, is considerably
higher than that of the nearest WSR-88D located in
Sioux Falls, approximately 72 km from Spencer. The
elevation difference between the DOW'’s location and
Spencer was only afew meters, and the curvature effect
of the earth’s surface is less than 1 m over the distance
between the radar and the town. This geometry results
in the centerline position of DOW3 radar beams being
about 30 m AGL over Spencer at the lowest elevation
angle of 0.5°.
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Fic. 10. The 0.5° elevation scan of the supercell from KFSD showing both (left) base reflectivity and (right) edited Doppler velocity at
(a) 0129, (b) 0134, (c) 0139, and (d) 0144 UTC. The star and square represent the approximate locations of DOW3 during its second

deployment and Spencer, respectively.

It isimportant to note that DOW elevation angles are
carefully corrected for truck bed and antenna pedestal
mounting tilt, and the truck is leveled using precise
hydraulic load levelers, resulting in total elevation point-
ing errors of less than 0.2°. Furthermore, partial block-
age by trees and other features can be detected due to

reduced return power compared to scans immediately
above, and the affected data are deleted. Fortunately,
this was an infrequent problem in this dataset and did
not affect the data even over Spencer itself, which was
behind a low grove of trees.

Because of the large horizontal distance and elevation
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Fic. 11. The 0.5° elevation scan of the tornadic region in the supercell from DOW3 showing both (left) uncalibrated reflectivity and (right)
edited Doppler velocity at (a) 0134, (b) 0137, (c) 0140, and (d) 0145 UTC. Zoomed insets in the velocity panels illustrate the wind field in
the tornado itself. Note that the reflectivity values near the radar are spuriously reduced because of receiver saturation.

differences between the WSR-88D and Spencer, the cen-
terline of the KFSD radar beams at the lowest elevation
angle of 0.5° are about 925 m AGL when incorporating
the curvature effect and assuming the refractive effects
of a standard atmosphere. Therefore, the WSR-88D is
likely measuring Doppler velocities above cloud base

(Fig. 14b). In Part Il a more detailed analysis of this
radar geometry is performed when examining the tor-
nado damage in Spencer.

DOWS3 continued to scan the tornado to the east, after
it exited Spencer, and took three volumes of vertical
scans (RHIs) through the tornado between 0142 and
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Fic. 12. Navigated Doppler velocity field (m s~*) from DOW3 showing the geographic location and size of the tornado velocity couplet
in the 0.5° elevation scan for every other radar volume between 0134 and 0145 UTC. The road map of the local region is displayed in the

background.

0145 UTC. While others have reported vertical slices
through tornadic storms and intense 1-2-km-scale re-
flectivity and velocity features (Fujita 1992; Wakimoto
et al. 1996; Wakimoto and Atkins 1996), the radar scans
reported here are an order of magnitude finer in scale
and represent the first ever capable of resolving the 200—
600-m-scale core flow of a tornado and the innermost
clear eye region with the prerequisite 6-10 independent
samples across the feature of interest (Gal-Chen and
Wyngaard 1982; Carbone et al. 1985). The cross sec-
tions reveal strong differential velocities in a vertical
column collocated with avertical tube containing amin-
imum in reflectivity approximately 30 dB lower than
the surrounding region (Fig. 15). The shifting elevation
of differential velocities in adjacent vertical scans with
an azimutha angle separation of 2° show the tornado
vortex was inclined about 20° toward the north from the
vertical. This tilt was oriented toward the parent me-
socyclone above cloud base and is consistent with ob-
servations from the 1995 Dimmitt, Texas, tornado (Wur-
man and Gill 2000). Thistilt in the vortex produces the
differential velocities because the radar beam is actually
sampling opposing sides of the vortex at different ele-
vations. The vortex tilt at this time may be due in part
to the rear-flank downdraft, which is surging outward
and overtaking the tornado’s position (Fig. 11c).

After the series of vertical scans, the DOW resumed
normal volumetric scanning. The hook echo present at
0145 UTC (Fig. 11d) is more fully coiled and the tor-

nado circulation is considerably less separated from the
main core of the supercell. This is typical of the dis-
sipation phase of atornado, and in fact this tornado did
weaken and dissipate shortly thereafter. DOW3 unde-
ployed shortly after 0145 UTC and concluded its ob-
servations of the tornado and parent supercell. Further
intercepts were impossible because of near-zero visi-
bility in the rear-flank downdraft.

Fic. 13. Video still from along Highway 38 about 7 km east-
southeast of Spencer looking west-northwest as the tornado moves
east-southeast just after 0136 UTC when the tornado was near its
peak intensity (courtesy of M. Lisius).
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FiG. 14. Video stillsjust after 0140 UTC as the tornado was exiting
Spencer (a) from along Highway 38 about 7 km east-southeast of
Spencer |ooking west-northwest (courtesy of M. Lisius) and (b) from
about 4 km west-southwest of Spencer looking east-northeast from
the second DOW deployment site (courtesy of D. Dowell). The es-
timated width of the debris cloud just above the tree line was about
600 m. This debris cloud width was approximately one and a half
times the diameter of the core in the tornado at this time, and about
the same width as the high-reflectivity disk. The approximate size
and position of the KFSD WSR-88D (0.5° only) and DOW3 radar
beams (range of tornado from DOWS3 is 5 km) are shown for ref-
erence. The DOW3 scanning strategy employed oversampling in the
horizontal but not the vertical.

5. Doppler velocity evolution

DOW observations during the periods 0103-0110,
0117-0122, 0126, 0132-0142, and 0144-0145 UTC
were spread over elevations between 10—20 m and 5
km AGL with the tornado between 1.7- and 14-kmrange
(Fig. 16). The range of observation elevations neces-
sarily decreased with time as both the couplet and radar
move closer together, resulting in asymmetric vertical
sampling. Therefore the higher elevations of the tornado
vortex remain unobserved during the later periods when
the tornado appeared most intense.

The time evolution of the Doppler velocity couplet
in the tip of the hook echo revealed a pronounced in-
crease in the peak velocity difference across the coupl et
(hereinafter referred to as the Delta-V). The three suc-
cessive observation periods, roughly 0100-0115, 0115—
0130, and 0130-0145 UTC, have average Delta-Vs of
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54, 77, and 139 m s~*, with standard deviations of 10,
17, and 21 m s, respectively (Fig. 17a). Thistrend in
the average Delta-V clearly shows a marked increasein
shear across the velocity couplet even when considering
the asymmetric vertical sampling. The minimum Delta-
V of 34 m s~* occurs aloft during the first observation
time at 0103:38 UTC, while the maximum Delta-V of
206 m s~* occurs early during the final observation pe-
riod at 0134:30 UTC, and both observations are within
600 m AGL. The Delta-V remainsbelow 75m s—* above
about 1500 m AGL, while the Delta-V values above
150 m s~* appear to be confined to within 500 m AGL.
The most extreme Delta-V valuesliewithin 100m AGL,
with the maximum of 206 m s—* observed at just 50 m
AGL. This is quite consistent with what was observed
in the Dimmitt tornado. It is interesting to note that
above 1.5 km the mesocyclone remained at nearly con-
stant strength in both the DOW and WSR-88D obser-
vations, with aDelta-V around 60 to 65 m s~*. However,
as noted before, the M S| increased significantly during
the KFSD data gap ending at 0129 UTC then remained
relatively constant. While there were limited DOW ob-
servations above 1.3 km after 0130 UTC, extrapolation
of the Delta-V to heights above 1.5 km yielded a me-
socyclone strength similar to those from the previous
observation periods. It is worthwhile to note that the
tornado reached its peak and relatively steady-state in-
tensity around 0134 UTC well before the squall-line
interaction discussed in Carey et al. (2003). (See sep-
aration of supercell and squall line at 0134 UTC in Fig.
10b.) Furthermore the growth to peak tornado intensity
appeared poorly correlated with mesocyclone Delta-V,
supercell volume over 40 dBZ, or lightning indicators
as shown in Carey et al. (2003). Because of the gap in
KFSD data until just prior to peak tornado intensity, it
was impossible to determine if MS| had any predictive
value.

Taking the quotient of twice-each Delta-V with the
distance between peak inbound and outbound velocities
values permits the estimation of the axisymmetric ver-
tical vorticity across the couplet (hereinafter referred to
AVYV). The three successive observation periods have
average AVVs of 0.4, 1.1, and 0.7 s~* with standard
deviations of 0.4, 0.7, and 0.3 s, respectively (Fig.
17b). The AVV ranges from a minimum of 0.05 s—*
during the first observation at 0103:38 UTC to maxi-
mum of 2.8 s7* at 0117:17 UTC early in the second
observation period. These AVV values compare to peak
values between 1.0 and 1.8 s~* in the Dimmitt tornado
(Wurman and Gill 2000). This AVV valueishigher than
any previously observed across a tornado; however,
higher values have been observed in multiple vortices
within a tornado (Wurman 2002). The evolution of
AVV supports a conceptual model that the first tornado
was relatively weak with a small core region prior to
0115 UTC, and the second tornado increased in shear
intensity while maintaining a similar small core until
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Fic. 15. Vertical scans through the tornado from DOW3 showing both (left) uncalibrated reflectivity and (right) edited Doppler velocity
at (a) 0142:30 UTC through the low-level core flow, (b) 0143:00 UTC north of the low-level core flow, and (c) 0143:15 UTC through the
near-surface eye. All RHIs are taken within a few degrees of due east shortly after the tornado passed through Spencer. The position of
differential velocities in a vertical column on adjacent RHIs indicates that the tornado vortex is inclined at approximately 20° toward the

north with increasing height during this period.

after 0130 UTC when the core grew more rapidly and
the shear intensity peaked.

The AVV remains below about 0.5 s* above 1500 m
AGL whilethe AVV values above 1.5 s~ mostly reside
below 500 m above the surface. The extreme AVV of
2.8 s is observed at only about 90 m AGL. These

observations clearly demonstrate the unfortunate reality
that the portion of a tornado and parent supercell most
likely to go unobserved by conventional Doppler radar
also contains the most intense wind speeds posing the
largest threat to loss of life and property.

When viewing the velocity couplet observations as
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Time vs. Height of
Doppler Velocity Couplet Observations
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Fic. 16. The height above ground level of the DOW3 measurements of the Doppler velocity couplet. The range to the center of the
Doppler velocity couplet from DOWS3 varied from 1.7 to 14.0 km during this time period.

both a function of height and time it is possible to track

the 2D evolution of the Delta-V and AVV (Fig. 18).

The DeltaV appears to increase almost uniformly in

the lowest 5 km from 40 to 70 m s~* during the time
of the first tornado between 0103 and 0109 UTC (Fig.

18a). AVV greater than 0.6 s~* near the ground at 0104
UTC is associated with a small core-flow diameter that
increases at later times, reducing AVV. During the early
stages of the second tornado, the larger shear values
over 100 m s~* become concentrated within about 500
m AGL from 0117 to 0126 UTC. Asthe second tornado
approaches its peak intensity just above surface around
0132 UTC the Delta-V undergoes a quasi-periodic in-
tensity oscillation within a few hundred meters AGL.
The oscillations have a period of about 120 s and pro-
duce shear fluctuations between 20 and 30 m s, there-
by modulating the strongest near-surface shear between
about 150 and 190 m s—* over the time between 0132
and 0140 UTC. This may be indirect evidence of a
multiple-vortex structure in the tornado.

Isolated sweeps, none near the ground, show more
direct evidence of multiple-vortex structure. At 0136:
27 UTC and 8.0° elevation, the reflectivity of the disk
of debris contained several minimaor eyescharacteristic
of multiplevortices (Fig. 19) that were estimated to have
amplitudes of approximately 30 m s=* by Wurman
(2002). Very strong wind shears were associated with
these multiple eyes, suggesting that multiple vortices
exhibiting wind field perturbations of significantly less

magnitude than the main tornado circulation existed.
Sincethese features did not exhibit sweep-to-sweep con-
tinuity, it is not possible to document thoroughly the
multiple-vortex behavior in thistornado. It islikely that
the 120-s period oscillation in shear is a highly aliased
artifact of the progression of weak multiple vortices
around the tornado. The revolution period of an indi-
vidual multiple vortex located at the edge of the core-
flow region and moving at approximately one-half of
the rotational speed of the tornado (Wurman 2002)
would be approximately 120 s.

The AVV aso exhibits some unique 2D evolution.
The first tornado appears to have the highest vorticity.
Values over 1.0 s* develop aloft between about 500
and 1500 m AGL between 0103 and 0109 UTC (Fig.
18b). However, during the early stages of the second
tornado, the highest vorticity values become concen-
trated closer to the surface within about 500 m AGL
with peak values over 2.0 s~ at the surface between
0117 and 0120 UTC. By the final time period between
0132 and 0145 UTC the high vorticity values over 1.0
s~1 appear concentrated within about 200 m AGL while
there is a reduction of vorticity aloft from 1.0 s** at
earlier periods to nearly half this value at 1000 m AGL.

Theuncalibrated reflectivity field in thetornado’score
revealed a unique observation in this same 2D frame-
work. A minimum in reflectivity or ““eye’ at the center
of the core appeared to descend rapidly toward the
ground as the tornado passed through Spencer between
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Fic. 17. The (a) peak velocity difference including a linear regression line for each time period and (b) axisymmetric vorticity across the
tornado as a function of height above ground level.

0138 and 0140 UTC (Fig. 20). The 0-dB isopleth de-
scends from about 1 km AGL to near the surface be-
tween 0137 and 0141 UTC. The exact cause for this
change is uncertain, but centrifuging from the intro-
duction of large debris or a structural change in the
tornado such as the formation of a central downdraft
could explain this observation (Dowell et al. 2004).

6. Comparison of tornado and mesocyclone
evolution at low levels
In an attempt to compare the evolution of the wind
field close to the ground and near cloud base, the lowest
tilt (usually 0.5°) of each radar volume from DOW3 and
KFSD were used to characterize the tornado and me-
socyclone wind fields, respectively. Before 0130 UTC
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Fic. 18. The (a) peak velocity difference and (b) axisymmetric vorticity across the tornado as a function of time and height.

the centerline of the lowest DOW3 radar beams re-
mained below 200 m AGL as the range to the velocity
couplet center slowly decreased from about 13 km at
0103 UTC to just under 6 km by 0122 UTC. The cen-
terline of the radar beam was below 100 m AGL for 10
of the 11 0.5° elevation scans during the final obser-
vation period, and below 40 m AGL when the tornado
was passing through Spencer. The KFSD radar beam
centerline remained at or above 600 m AGL astherange
to the mesocyclone slowly decreased from about 110-

km range at 0045 UTC to about 55 km at 0150 UTC
(Figs. 21ab).

The distance between the peak inbound and outbound
DOW Doppler velocitiesin the tornado’s rotational cou-
plet was between 50 and 100 m for the first tornado.
The core diameter increased to 250 m early in the life
of the second tornado before further increasing in size
to between 300 and 350 m while the tornado was passing
through Spencer, and eventually to 400 m by 0141 UTC
before slowly decreasing in size thereafter. Core di-
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Fic. 19. The DOW 7.5° elevation scan at 0136:27 UTC showing (left) edited Doppler velocity and (right)
uncalibrated reflectivity through the tornado at about 360 m AGL and 2.4-km range. The tornado exhibits
itslargest observed departure from axisymmetry at thistime and contains several regions of locally enhanced
shear and reflectivity minimums (arrows).
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FiG. 20. The evolution of the uncalibrated reflectivity field (dB) as a function of height AGL.
The heights AGL of the tornado center at the time of every elevation scan between about 0137
and 0142 UTC are represented by points. Actual reflectivity values in the eye at the earliest
times may have been even higher than shown but could not be measured because of receiver
saturation due to the extremely close range of the tornado to the radar. The time interval during
which the tornado’s low-level core-flow region is at least partially in Spencer is contained
within the vertical lines.
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Speed of Tornado and Mesocyclone Movement
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Fic. 21. Evolution of the Doppler velocity couplet from the lowest elevation scan for each radar volume (usually 0.5°) from both DOW3
and KFSD between 0040 and 0200 UTC including (a) height AGL (m) of the radar-beam centerline at the center of the velocity couplet;
(b) range to the center (km) of the velocity couplet; (c) distance between peak inbound and outbound Doppler velocities or twice the radius
of maximum winds, R(m); (d) estimated bearing, B(°), of the velocity couplet center; (€) estimated translational speed, V,(m s1), of the
velocity couplet center; (f) the estimated maximum rotational wind speed, V,,,(m s*), from the average of the peak inbound and outbound
Doppler velocities after the removal of the translational component; and (g) the maximum ground-relative wind speed combining both the
rotational and translational wind components. The threshold wind speed for each Fujitas scale category is shown for reference in the total
wind speed, and the time during which the vortex core was in Spencer is bracketed by the vertical lines in (a)—(g).

ameter of the low-level mesocyclone as viewed by
KFSD exhibited less of this trend and remained near 2
km on average through most of the observation period
(Fig. 21c).

The DOW-measured tornado maintained an east-
southeastward motion with a heading varying from 95°
to 140° and a forward speed between 10 and 15 m s74,
very similar to the mesocyclone motion measured from
KFSD (Figs. 21d,e). During the intensification periods
of both observed tornadoes, the mesocyclone appeared
to move up to 30° to the right of the motion observed
during the weaker tornadic or nontornadic time periods.

By subtracting the observed component of transla-
tional motion in the velocity couplet, an estimate of the
rotational speed in the couplet is obtained for both the
maximum inbound and outbound sides of the tornado
and mesocyclone. The average of these estimates for
the early time periods of the DOW observations re-
vealed an increasing rotational speed from about 17 m
stat 0103 UTC to nearly 60 m s—* by 0122 UTC (Fig.
21f). During the second tornado, the estimated peak
rotational velocity ranged from a high of 97 m s—* at
0138:29 UTC to a low of 69 m s~ at 0144:18 UTC.
The mesocyclone observed by KFSD revealed an es-
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timated average rotational speed between 20 and 40 m
s~* during most of the observation period.

On the right side of the tornado wind field relative
to the direction of translation, the rotational and trans-
lational components of the wind field should be additive
for a cyclonic vortex, and this resulted in estimates of
the peak instantaneous ground-relative wind speed in
the velocity couplet. For the early DOW observations
periods, the estimated peak wind speed slowly increased
from 27 m s~* at 0103 UTC to 77 m s~* by 0122 UTC
(Fig. 21g). During the final DOW observation period
the estimated peak wind speed, using the aforemen-
tioned averaging method varied between 111 m s—* at
0138:29 UTC and 82 m s * at 0144:18 UTC. During
the period when the tornado was passing through Spen-
cer, the estimated total wind speed was in the range
between 105 and 110 m s=*, which was well into the
range considered capable of causing F4 damage (Fujita
1971). The strongest mesocyclonic ground-relative mo-
tion of 54 m s~* was coincident with the strongest es-
timated tornado ground-relative motion of 111 m s*
between 0138 and 0139 UTC. Note that because of
asymmetries in the tornado structure, actual estimated
peak wind speeds were as high as 118 m s, barely
into the F5 range, just prior to the tornado passing
through Spencer.

Between, 0134:30 and 0136:52 UTC, the peak Dopp-
ler velocities in the lowest elevation angle increased to
amaximum of 104 m s—* at 0136:52 UTC before slowly
decreasing thereafter. This Doppler velocity maximum
compares to DOW radar observations of strong torna-
does near Dimmitt, Texas (2 June 1995); Mulhall,
Oklahoma; and Bridge Creek, Oklahoma (3 May 1999),
where peak near-ground Doppler velocities (not com-
pensating for unobserved components) reached a max-
imum of 74, 109, and 134 m s1, respectively (Wurman
and Gill 2000; Wurman 2002). (In the latter case,
ground-relative winds were 135 m s1.)

7. Low-level convergence

Examination of the Doppler velocities in the lowest
portions of the vertically oriented RHI scans obtained
between 0142 and 0144 UTC suggests the existence of
strong near-surface convergence. Below 100 m AGL,
Doppler velocities on the side of the tornado nearest the
radar are as high as 30 m s—* away from the radar, while
velocities on the far side of the tornado are 4 m s2.
After removing the translational component, thisimplies
an inward component of motion of 13 m s*, which
compares favorably with other independent calculations
of inward motion in this tornado at a different time
(Dowell et al. 2005). The maximum velocity difference
in the radial direction through the core divided by the
core diameter is 0.03 s %, implying convergence of
twice that value, or 0.06 s*. It is possible that the low
outbound velocities on the far side of the tornado were
a result of contamination from ground clutter, but the
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strong outward velocities on the near side of thetornado,
approximately twice the translational motion of the tor-
nado, imply that convergence of at least half of the
above-calculated value was present. Furthermore, as de-
scribed above, data that were clearly contaminated by
ground clutter were deleted prior to further analysis.
Asymmetries in the tornadic flow, possibly caused by
multiple vortices, could also have contaminated this cal -
culation. Further evidence of surface layer convergence
in the tornado is suggested by the weakening of winds
at 19 m AGL compared to values observed just above.
A 172 m s * Doppler velocity difference across the
tornado at 19 m AGL (the level of the lowest scan)
during the tornado’s closest approach to DOW3 at 0134
27 UTC was 34 m s |less than the difference of 206
m s~ observed immediately aboveit. Further discussion
of winds in the extreme lowest levels of the tornado is
presented in Part |1.

8. Conclusions

Favorable synoptic and mesoscale atmospheric con-
ditions on the evening of 30 May 1998 supported a
severe weather event across southeastern South Dakota.
Abundant low-level moisture, steep midlevel lapserates,
and sufficient deep-layer shear were all present in close
proximity to an upper-level jet streak. Several surface
boundaries including a cold front and a dryline inter-
acted with these conditions and produced severe moist
convection including aviolent tornadic supercell despite
the lack of strong low-level shear in the local environ-
ment.

The parent supercell and associated tornadoes that
moved across southeastern South Dakota and through
Spencer, South Dakota, on 30 May 1998 were observed
visually and by both a DOW mobile radar and the KFSD
WSR-88D. The visual observations of the tornadoes
were occasionally obscured by dust, while some gaps
are present in the DOW and WSR-88D radar data either
due to beam blockage, operator error, or movement of
the DOW radar. A lack of damage descriptors in the
rural terrain reduced the effectiveness of the damage
survey. Therefore, each of these independent observa-
tions contains an incomplete sampling of the tornadic
supercell’s evolution.

Several key differences in the observationsreveal the
importance of incorporating high-resolution radar data
in characterizing the evolution of atornado’s structure.
Particularly important tornado descriptors include the
peak wind speeds, size of core diameter, and the ground-
relative path locations:

(@) The DOW radar detected a near-surface rotation of
the strength and scale of a tornado with winds ex-
ceeding 35 m s7! in a 150-m-diameter core ap-
proximately 180 s prior to the first visual confir-
mation of a tornado debris cloud at the surface.
Therefore, potentially damaging surface windsin a
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(b)

(©

(d)

tornado may precede the appearance of a low-level
debris cloud or exist in its absence if the tornado is
occurring over wet terrain or fields that have not
been plowed.

The damage survey revealed several gaps in the
damage path of tornadoes produced by the super-
cell. With the lack of damage indicatorsin therural
region, the natural conclusion was to interpret the
damage gaps as breaks between the tracks of dif-
ferent tornadoes, and five separate but sequential
tornadoes were attributed to the observed damage
pattern. While DOW Doppler velocity datawere not
collected over the entire domain of these damage
paths, there was enough evidence in the velocity
data to conclude the that a 1.3-km gap in damage
between the second and third tornadoes correspond-
ing to a time between 0122 and 0123 UTC should
not have been attributed to the dissipation of one
tornado and the formation of another. The DOW
velocity data did reveal a brief weakening of the
near-surface shear across the tornado core from 110
to 73 m s—* while the core broadened from about
150 to 200 m between 0122 and 0126 UTC. How-
ever, this weakening does not support the total dis-
sipation of the tornado’s circulation, so the second
and third damage tracks appear to result from a
single tornado. Part Il of this paper addresses the
comparison of structural damage in Spencer to
Doppler velocities in more detail.

The time-height evolution of the Doppler velocity
couplet as observed by DOW3 between 0100 and
0200 UTC revealed agradual concentration of high-
er vertical vorticity within a few hundred meters
AGL, with an order of magnitude increase in vor-
ticity from near 0.2 to over 2.0 s™* and a corre-
sponding weakening of the vorticity across the cou-
plet at higher elevations over this same time period.
The shear across the tornado velocity couplet de-
velops an oscillatory character during the most in-
tense period of the second tornado between 0132
and 0140 UTC. This oscillation of shear magnitude
of between 20 and 30 m st is confined to within
about 500 m AGL and exhibits a period of about
120 s. DOW volumetric update times of 45-50 s
were too infrequent to directly relate these obser-
vations to individual multiple vortices. However,
Part Il suggests that a causal relationship exists be-
tween these wind field oscillations and modulations
in the damage pattern. Pronounced changes in the
reflectivity of the tornado core aso occur during the
period of these oscillations and may be the result
of fundamental changes in the tornado’s structure.
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 contained just
below 50 m AGL. There are suggestions that winds
speeds may decrease in magnitude below 30 m
AGL. Current radar observations are unable to de-
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termine the exact elevation and magnitude of the
true peak in tornado wind speeds, which appear to
occur between the surface and 50 m AGL. Vertica
cross sections revealed the presence of strong con-
vergence in the lowest levels of the tornado.
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