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ABSTRACT

Finescale single- and dual-Doppler observations are used to diagnose the three-dimensional structure of
the wind Þeld surrounding a tornado that occurred near the town of Orleans, Nebraska, on 22 May 2004. The
evolution of the vorticity and divergence Þelds and other structures near the tornado are documented in the
lowest kilometer. Changes in tornado intensity are compared to the position of the tornado relative to primary
and secondary gust fronts. Circulation on scales of a few kilometers surrounding the tornado remains rela-
tively constant during the analysis period, which spans the intensifying and mature periods of the tornadoÕs
life cycle. Stretching of vertical vorticity and tilting of horizontal vorticity are diagnosed, but the latter is near
or below the threshold of detectability in this analysis during the observation period in the analyzed domain.
Low-level circulation within 500 m of the tornado increased several minutes before vortex-relative and
ground-relative near-surface wind speeds in the tornado increased, raising the possibility that such trends in
circulation may be useful in forecasting tornado intensiÞcation.

1. Introduction

Although tornadic storms have been observed by ra-
dar for decades (e.g., Stout and Huff 1953; Ludlam 1963;
Fujita 1975; Ray et al. 1975, 1981; Brandes 1977, 1978,
1981, 1984; Klemp et al. 1981; Dowell and Bluestein
1997, 2002a,b; Wakimoto and Liu 1998; Trapp 1999;
Wakimoto and Cai 2000; Bluestein and Gaddy 2001),
the resolution often was too coarse to resolve accurately
the structural details on spatial scales less than 1 km.
However, with the advent of mobile radars (Bluestein
and Unruh 1993; Bluestein et al. 1995; Wurman et al.

1997; Bluestein and Pazmany 2000; Wurman and Randall
2001; Wurman et al. 2008), single-Doppler (Wurman et al.
1996a,b; Wurman and Gill 2000; Wurman 2002; Bluestein
et al. 2003, 2004; Bluestein and Pazmany 2000; Alexander
and Wurman 2005; Wurman and Alexander 2005; Lee and
Wurman 2005; Dowell et al. 2005; Tanamachi et al. 2007;
French et al. 2008, Kosiba and Wurman 2010) and, oc-
casionally, dual-Doppler (Richardson et al. 2001; Dowell
et al. 2002; Beck et al. 2006; Wurman et al. 2007a,b;
Marquis et al. 2008; Frame et al. 2009) datasets that
resolve subkilometer-scale features in supercell thun-
derstorms have become available. These latter Þnescale
data have permitted the dual-Doppler synthesis of vec-
tor wind Þelds at spatial and temporal intervals of Dx ;
O[100 m] and Dt ; O[10Ð100 s], respectively, thereby
allowing derivation of dynamically important quantities
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such as divergence, vorticity, and the stretching and
tilting of vorticity, on the subkilometer scale and rap-
idly evolving features present near tornadoes.

Wurman et al. (2007a) presented a two-dimensional
analysis of tornadogenesis and the subsequent tornado
associated with a storm merger near Kiefer, Oklahoma,
and hypothesized that the merger caused both the genesis
and the later demise of the second, weaker tornado. Ad-
ditionally, the existence of a secondary rear-ßank gust
front was documented. [Whether these features were ac-
tual secondary gust fronts, with density differences across
the fronts, was not conÞrmable with observations. In some
tornadic storms, these secondary structures may not be
associated with density discontinuities and would be more
accurately described as ÔÔsecondary convergence linesÕÕ
that form behind the rear-ßank gust front and therefore do
not separate inßow and outßow air masses (J. Marquis
2009, personal communication). In this paper, we follow
the terminology of Wurman et al. (2007a) and Marquis
et al. (2008).] Wurman et al. (2007b) conducted an analysis
of the three-dimensional wind Þeld of a tornado near
Bridgeport, Nebraska, diagnosing terms in the vorticity
budget associated with the maintenance of the tornado.
No double gust front was observed. Parcels at a few
hundred meters AGL in the immediate vicinity of the
tornado were calculated to have experienced both tilting
and stretching of vorticity, as revealed in a dual-Doppler
analysis for a single observation time. However, the
magnitude of the tilting and stretching experienced by air
parcels was not calculated through trajectory analysis.

Using well-synchronized dual-Doppler data, Dowell
et al. (2002) calculated air parcel trajectories for a tornado
near Argonia, Kansas. The trajectory analysis revealed
that, at 250 m, air parcels entered the tornado from be-
hind the gust front to the north of the mesocyclone and
from ahead of the gust front to the southeast of the me-
socyclone, indicating two source regions for the air that
entered the tornado. The updraft structure also showed
rapid evolution from a linear structure to a comma shape
during the period of mesocyclogenesis, while the rear-
ßank downdraft became more coherent. However, given
that this was a relatively weak and short-lived tornado, it
is not clear whether these results are transferable to more
signiÞcant or longer-lived tornadoes.

Using similar dual-Doppler and trajectory analysis
techniques, Marquis et al. (2008) diagnosed the low-level
evolution of a tornado and its surrounding ßow near
Crowell, Texas, on 30 April 2000. A secondary gust front
was observed behind the primary rear-ßank gust front
leading to a double gust front structure. Trajectory anal-
ysis revealed the ascent of rear-ßank downdraft air par-
cels along the secondary gust front. Furthermore, the
secondary gust front, which came into very close proximity,

wrapping around the tornado, was observed to affect the
convergence Þeld surrounding the tornado. During this
period of interaction, the tor nado structure and intensity
underwent signiÞcant evolution, developing an asymmetric
vertical vorticity structure wi th multiple vertical vorticity
maxima along the western ßank of the vorticity pattern.

To date, only three tornadic storms, Kiefer, Bridgeport,
and Crowell, have been presented in the formal literature
using dual-Doppler vector wind Þeld retrievals at very
Þnescale resolution from mobile ground-based radars.
Additional studies are needed to assess the generalness of
the results and hypotheses presented in these works, in-
cluding the prevalence of secondary gust fronts, and how
these relate to tornado evolution. This paper presents the
analyses of one of the rare Þnescale dual-Doppler datasets
collected in a tornadic supercell near Orleans, Nebraska,
on 22 May 2004. Some aspects of the dual-Doppler dataset
are not ideal, particularly the starting time (after torna-
dogenesis), the duration (only 11 min), and the depth (only
up to 1 km AGL). In addition, the scanning of the two
Doppler-on-Wheels (DOWs) was not well synchronized.
Finally, there was a gap in data collection by one DOW
while it repositioned. Nevertheless, the quality of available
data during the intensifying and mature stages of a tornado
make this case important for documentation and thus for
comparison to previous and future cases. The evolution of
the three-dimensional winds revealed processes that may
underlie the maintenance and eventual demise of the Or-
leans tornado. Contributions to the vertical vorticity ten-
dency and distribution were diagnosed from dual-Doppler
observations. Features observed in this storm were com-
pared to those observed in prior dual-Doppler studies.

2. Storm-scale evolution of the Orleans, Nebraska,
tornadic supercell

The environment on 22 May 2004 was favorable for the
development of organized convection across the central
plains of the United States. The 0000 UTC Storm Predic-
tion Center Severe Weather Composite Map (not shown)
depicted CAPE values of approximately 2500 J kg2 1 in a
moderately capped environment with convective inhibi-
tion (CIN) of 100 J kg 2 1. However, the analysis is coarse
and may not have been precisely representative of con-
ditions near the tornadic storm crossing near Orleans,
Nebraska. The high instability, in conjunction with 0Ð6-km
shear of approximately 33 m s2 1 (6 km)2 1 and an esti-
mated 0Ð3-km storm-relative helicity of 225 m2 s2 2, was
conducive to severe convection (Weisman and Klemp
1984; Davies-Jones et al. 1990; Brooks et al. 2003).

The National Weather Service Weather Surveillance
Radar-1988 Doppler (WSR-88D) located in Hastings,
Nebraska (KUEX), observed the storm that produced
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a tornado near Orleans. A supercell thunderstorm with
reßectivity approaching 65 dBZ along with other smaller
storms moved generally eastward from 2100 UTC until
after 0000 UTC, when the convection grew upscale. By
2207:52 UTC, a prominent hook echo was evident in the
lowest elevation scan [the 0.58 scan was about 2 km
AGL at a range of 145 km (Doviak and Zrnic 1984)],
and a bounded weak echo region was identiÞed above
the 0.58scan (not shown). During the later DOW dual-
Doppler period, the storm was at a range of approxi-
mately 100 km from the KUEX; thus, the lowest level
scans were about 1 km AGL, and the azimuthal sam-
pling interval at this range was approximately 1.6 km. A
hook echo and mesocyclone were evident in the WSR-
88D data throughout the dual-Doppler synthesis period,
from 2259 through 2310 UTC (Fig. 1). As will be dis-
cussed below, this mesocyclone was associated with
a tornado observed by the DOW mobile radars from
2253 through 2312 UTC. By 2310, the protuberance at
the southwestern corner of the storm no longer exhibited
a hook shape and there was only very weak circulation
remaining in the low-level mesocyclone signature evident
in the WSR-88D data. The peak gate-to-gate azimuthal
velocity differential across the mesocyclone from the
WSR-88D level-3 data was observed at 2255 UTC and
was 13.4 m s2 1 (26 kt) across the mesocyclone. A small
area of precipitation, initially located to the southeast of
the hook echo at 2255 UTC, moved northward and im-
pinged on the hook of the primary storm after 2305 UTC,
when the tornado (see below) was already dissipating.

3. Doppler-on-Wheels deployment and
dual-Doppler synthesis

a. Description of the radars

The 3-cm wavelength DOW mobile radars (Wurman
et al. 1997, 2008; Wurman 2001) were developed for the
express purpose of obtaining high-resolution data in
tornadoes and other small-scale and short-lived phe-
nomena. In this study, the 2004 vintage DOWs used
500-ns gate lengths and pulses to achieve range resolu-
tion of 75 m out to a range of 24 km to optimize dual-
Doppler syntheses. Parabolic antennas with a 2.44-m
diameter produced half-power beam widths of 0.938.
The DOWs oversampled in azimuth to achieve sample
spacing of approximately 100 m. The DOWs operated
at 9.37 GHz, with a peak transmit power of 250 kW,
making them capable of retrieving data in the clear-air
boundary layer surrounding tornadic storms. As the
transmitted power, system losses, and receiver noise
levels and gain were not well characterized, radar re-
ßectivity levels were uncalibrated.

b. Deployment and single-Doppler observations of
storm structure

The DOW2 and DOW3 radars deployed along U.S.
Highway 183 to the east and northeast of Orleans (Fig. 2).

FIG . 1. The time evolution of the Orleans, NE, tornadic super-
cell, as observed by the Hastings, NE, WSR-88D radar (KUEX),
during the dual-Doppler analysis period, from 2300 to 2310 UTC.
(left) Reßectivity (dB Z) and (right) Doppler velocities (m s 2 1).
Both Þelds are shown at an elevation of 0.58. Black circles indicate
the approximate locations of DOW2 (D2) and DOW3 (D3). An
arrow indicates the location of KUEX (approximately 100 km to
the northeast). A supercell thunderstorm with a prominent hook
echo and mesocyclone crossed the DOW study area.
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The DOW baseline was 7.1 km and was to the east of the
approaching hook of the supercell (Fig. 1). The DOW3
radar was deployed and level to within 0.28at 2253:48 UTC,
and the DOW2 radar was deployed and level to within
0.28at 2257:58 UTC. The leveling tolerance was much
less than the half-power beamwidth, so resultant errors
in vertical navigation of less than 40 m would be insig-
niÞcant to the dual-Doppler analysis, which was con-
ducted on a grid with 100-m spacing. Volumetric single
Doppler data, extending from about 100 m AGL to
1.2 km AGL at the range of the tornado, were collected
from 2253 to 2258 UTC (Fig. 3).

Raw single-Doppler Þelds, which have not been ob-
jectively analyzed onto Cartesian grids, reveal the evolu-
tion of some structures associated with the tornado and
provide conÞdence in the objectively analyzed Þelds and
dual-Doppler-retrieved quantities (discussed in section
3). The reßectivity observations of the storm revealed
a coiled hook with a low-reßectivity eye in the lowest
elevations, which became more diffuse with height, simi-
lar in appearance to many DOW observations of non-
multiple vortex tornadoes (e.g., Wurman et al. 1996a,b;
Dowell et al. 2005). Correspondingly, in the Doppler ve-
locity Þeld, the low-reßectivity eye is coincident with
a circulation with a diameter of 900 m (as deÞned by the
distance between outbound and inbound velocity ex-
trema) and a velocity differential ( DV; the difference
between the inbound and outbound Doppler velocity
extrema) of 51 m s2 1 at the lowest observation level of

100 m AGL. At the initial single Doppler observation
time, a weak tornado was evident in the radar data and
a condensation funnel was visible (Fig. 4). The primary
rear-ßank gust front (PRFGF) was associated with a line
of convergence to the north and east of the tornado. The
PRFGF sloped inward with height toward the tornadic
circulation; at 65 m AGL the PRFGF was located ap-
proximately 6 km from the tornado (Fig. 3: 0.38panels),
whereas at 985 m AGL the PRFGF was only 3.3 km from
the tornado (Fig. 3: 4.08panels). Behind the hook, to the
west-southwest of the tornado, a region of radial velocity
divergence suggestive of horizontal divergence at the
lowest observed levels demarked the rear-ßank down-
draft (RFD). The radial divergence associated with the
RFD is only observed in the lowest elevation scans, below
; 400 m, and could thus only be resolved well with very
proximate radar observations.

As the dual-Doppler observation period commenced at
2259 UTC (after the tornado had formed), observations
from the individual DOW radars revealed that the hook
had become enfolded into the storm (Fig. 5). Previous
observations of tornadic storms have identiÞed this mor-
phology in weak (Wurman et al. 2007a) and/or dissipating
(Wurman and Gill 2000; Alexander and Wurman 2005)
tornadoes, in contrast to ÔÔhealthierÕÕ tornadoes that main-
tained a distinct separate hook feature. Although simul-
taneous in situ data have not been available to provide
supporting evidence, one plausible hypothesis is that
these former tornadoes weakened owing to the ingestion

FIG . 2. The dual-Doppler deployment for the Orleans, NE, supercell. Tornado locations, as
determined from DOW data, are depicted for several times. The western extent of the dual-
Doppler coverage is indicated with the black circle. The tornado crossed north of Orleans and
through the dual-Doppler lobe, dissipating just to the west of DOW2.
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FIG . 3. Single-Doppler radial (left) velocity (m s 2 1) and (right) reßectivity (dB Z) data collected at several ele-
vation angles by DOW3 at 2254 UTC, before the dual-Doppler observation period commenced. The approximate
height of the tornado center in each of scans is indicated on the images. An arrow indicates the direction of DOW3
(D3). The PRFGF, indicated by a thick black line, is located well to the northeast of the tornado and slopes inward
toward the tornado with increasing height. The stippled lines indicate the location of the 100-m AGL PRFGF.
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of negatively buoyant, rain-cooled outßow air. As the
hook was increasingly enfolded with time, it merged
with the parent storm. At 2304 UTC, the clear re-
ßectivity eye was barely discernible, and by 2307 UTC
it was no longer present. The velocity data from during
this period reveal that the tornado exhibited its highest
wind speeds at 2307 UTC and then quickly weakened
thereafter. Throughout this period, the PRFGF was well
ahead of the tornado, suggesting a separation of the up-
draft associated with the tornadic circulation from what is
likely to be more buoyant inßow air in the main updraft at
low levels, as has been observed in early dual-Doppler
analyses (e.g., Brandes 1977). Importantly, beginning at
2307 UTC, there was evidence of a region of weak cy-
clonic convergence to the north of the tornadic circulation
in the DOW2 velocity Þeld (denoted by an ÔÔXÕÕ in Fig. 5).
This region of convergence may be indicative of the pri-
mary updraft being located well north of the tornado,
over the new circulation that formed to the north of the
tornado. The development of this circulation occurred
simultaneously with the tornadoÕs demise. This new cir-
culation did not develop into a subsequent tornado de-
tectable by the DOWs or nearby visual observation.

Discernible in the early single-Doppler (DOW2) ve-
locity observations (but more clearly obvious in dual-
Doppler analysis, discussed below) was the presence of
a secondary rear-ßank gust front (SRFGF) that was lo-
cated behind the PRFGF in a region of precipitation
south of the tornado (Fig. 5). It was manifested as a line of
weak radial convergence, implying probable horizontal
convergence, to the south of the tornado. The primary
and secondary gust fronts were unconnected, which is in
contrast to the DOW observations of gust fronts in the
Kiefer tornadic storm (Wurman et al. 2007a) but com-
parable to the DOW observations of the Crowell tornadic
storm (Marquis et al. 2008). The possible ramiÞcations of

this conÞguration will be discussed later in the context of
the dual-Doppler analysis.

The DOWs were able to observe the core ßow region of
the tornado from a range starting at approximately 14 km
and ending at approximately 7 km (albeit with likely de-
graded maximum resolved velocities at the larger ranges
since the DOW beamwidth was an appreciable fraction of
the core ßow diameter; e.g., Brown and Wood 1991). At
low levels a reßectivity ring with morphology highly
suggestive of a debris and/or precipitation ring was evi-
dent (Wurman et al. 1996b; Wurman and Gill 2000;
Dowell et al. 2005; Bluestein et al. 2007), and the core ßow
radius, maximum winds, and precise position of the center
were discernible (Fig. 6). These observations facilitated
the detailed tracking of the tornado along with the ob-
jective characterization of axisymmetric vertical vorticity,
radius of maximum winds, and peak ground-relative
winds, as well as the translational speed, which is required
for dual-Doppler retrievals (Fig. 7). As mentioned above,
the initial observations obtained by the DOW3 radar re-
vealed that the storm was already producing a weak and
broad tornado by 2253 UTC. The initial single-Doppler
observation of the tornado indicated a peak velocity of
35 m s2 1 below 100 m AGL and a core ßow diameter
(Dx) of approximately 900 m. Correspondingly, the peak
vertical vorticity, estimated as twice the difference be-
tween the maximum outbound and inbound Doppler
velocities divided by the distance between the maximum
inbound and outbound Doppler velocities, 2DV/Dx, was
0.11 s2 1, which was similar in magnitude to other weak
tornadoes for which the core ßow region has been rea-
sonably well resolved (Dowell et al. 2002; Bluestein et al.
2003; Wurman et al. 2007a,b) but substantially lower
than the vorticity observed in other, stronger, tornadoes
(Wurman et al. 1996a,b; Wurman and Gill 2000; Bluestein
et al. 2003; Alexander and Wurman 2004, 2005; Lee and
Wurman 2005). After 2255:50 UTC, the low-level circu-
lation of the tornado itself (estimated at the radius of
maximum winds of the tornado from the 0.68DOW scans
using pDVDx) decreased from over 105 m2 s2 1 to 3 3
104 m2 s2 1 by 2300 UTC. This decrease was coincident
with the decreased size of the vortex. Consequently,
the increase in peak tornado vorticity immediately after
2255 UTC, from 0.1 to 0.7 s2 1 during this same period
was likely a result of the contraction of the tornado vor-
tex. There was a rapid increase in tornado DV after
2300:57 UTC, from about 60 m s2 1 to a peak of 108 m s2 1

at 2306:54 UTC. During this time the spatial scale of
the tornado remained nearly constant with a core ßow
diameter near 200 m. The circulation doubled from 33
104 m2 s2 1 to about 6Ð83 104 m2 s2 1, indicating gen-
eration and/or transport of angular momentum inward
to the radius of maximum winds; however, the relative

FIG . 4. Photograph of the Orleans tornado. Photo taken at
2304:00 UTC6 30 s from a scout vehicle south of DOW3 by David
Dowell.
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FIG . 5. Single-Doppler radial velocity (m s2 1) and reßectivity (dBZ) data collected by DOW2 and DOW3 during the dual-Doppler
analysis period. Data are shown at 18elevation from 2300 to 2309 UTC. The black line indicates the position of the PRFGF, the red line
indicates the position of the SRFGR, the ÔÔXÕÕ marks the location of the new circulation north of the tornado, the star marks the location of
the DOW3, and the hexagon marks the location of DOW2 in each velocity panel. During this period the hook echo becomes increasingly
enfolded into the main precipitation core of the supercell.
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roles of these two processes were not determined. The
radar-derived vertical vorticity increased to over 1.0 s2 1

by 2306 UTC. After 2306:54 UTC, DV and circulation
steadily decreased until 2312:12 UTC when the remnant
circulation is subtornadic according to the criteria set
forth in Alexander and Wurman (2008). The implied
vertical vorticity decreased to 0.4 s2 1 as the tornado
weakened.

c. Dual-Doppler analysis

At the beginning of the dual-Doppler analysis period
(2259 UTC), the tornado was approximately 14 km from
each DOW, with a 308inter-beam-crossing angle. DOW2
and DOW3 conducted volume scans through 1708 and
1078sectors, respectively, at elevation angles of 1.08, 1.58,
2.08, 2.58, 3.08, 4.08, 5.08, 6.08, 7.08, and 9.08, which provided

coverage from approximately 100 m to 2.0 km AGL.
Some volumes had data below 1.08and/or above 9.08and
these were used in the dual-Doppler synthesis. Ideally, the
two radars would scan a particular point in space at ex-
actly the same time, so that the radial velocity measure-
ments being combined differ only with regard to the
differing viewing angles of the radars and not owing to the
temporal evolution of the storm between the two data
collection times. However, for this case, scanning was not
perfectly synchronized, and resulting errors were mitigated
by allowing only data that were contemporaneous to within
30 s to be used to create the dual-Doppler syntheses. Dual-
Doppler volumes were created at the following seven
times: 2259, 2300, 2301, 2303, 2307, 2309, and 2310 UTC.
No low elevation sweeps were available from DOW3
from 2304 to 2306 UTC because of the reorientation of

FIG . 6. Zoomed-in view of the tornado [(left) Doppler velocity (m s 2 1) and (right) radar reßectivity (dB Z)] at
elevations of 0.48and 5.08. The tornado core ßow is resolved revealing a core ßow diameter of approximately 200 m
and a debris ring (at 0.48).
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that radar, so no dual-Doppler synthesis was attempted
for that period.

To facilitate dual-Doppler analysis, the radar data were
interpolated to a common Cartesian grid using a two-pass
Barnes Þlter. A second-pass convergence parameterg of
0.3 was chosen based on the experiments of Majcen et al.
(2008). The grid parameters used in the objective analysis
were based on the coarsest azimuthal data spacingd
within the dual-Doppler analysis region. For a 0.938half-
power beamwidth u at a rangeR of 14 km, this results in

d 5 0.227 km. Consistent with the radar data spacing,
a smoothing parameter [k 5 (1.33d)2] of 0.095 km2

(Pauley and Wu 1990) and a grid spacing (D 5 d/2.5) of
100 m were chosen (Koch et al. 1983). To correct for
storm motion, an advection correction was applied to
each dual-Doppler volume, adjusting the data to a com-
mon time. Vertical velocities were derived from upward
integration of the continuity equation with a lower
boundary condition of w 5 0 and linear extrapolation
of the low-level convergence. The dual-Doppler grid

FIG . 7. Time evolution of Doppler velocity difference, spatial scale, estimated vertical vor-
ticity, and estimated circulation from DOW2 and DOW3 single-Doppler data for the Orleans,
NE, tornado. Data are taken from the 1.58 elevation scans. At earlier times, from 2255 to
2258 UTC, only DOW3 data are available. During this time interval, contraction in scale is
associated with increase in vorticity and wind speeds. At later times, from 2259 to 2307 UTC,
tornado scale remains relatively constant, but wind speeds increase signiÞcantly. Finally, after
2307 UTC, the tornado wind speeds decrease rapidly while the tornado becomes somewhat
narrower.
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comprised a 20 km3 20 km area in the horizontal and
1 km in the vertical. Although the grid spacing did not
properly resolve the tornado core ßow (recall that the core
ßow diameter is close to 200 m during the entire dual-
Doppler analysis period), it did resolve many of the larger-
scale features associated with the tornadic storm (e.g., the
rear-ßank downdraft, multiple gust fronts, etc.) that were
likely critical to tornado evolution and sustenance.

The dual-Doppler analysis of the rear ßank of the
storm revealed several features also found within con-
ceptual models (e.g., Lemon and Doswell 1979), model-
ing studies (e.g., Wicker and Wilhelmson 1995; Adlerman
2003), and other dual-Doppler observations (Richardson
et al. 2001; Dowell et al. 2002; Wurman et al. 2007a;
Wurman et al. 2007b; Marquis et al. 2008). Similar to the
Kiefer, Oklahoma (Wurman et al. 2007a), Bridgeport,

Nebraska (Wurman et al. 2007b), and Crowell, Texas
(Marquis et al. 2008) tornadoes, the Orleans, Nebraska,
tornado was located within a gradient of vertical motion
when near its peak intensity from 2306 to 2309 UTC
(Figs. 8 and 9dÐf), but with net positive vertical velocity
over the tornado at most times (Figs. 8 and 9, all panels).
The analysis also shows the wrapping of the RFD around
the tornadic circulation, as indicated by both the di-
vergent ßow to the west-southwest of the tornado, and
the location of the PRFGF, the zone of strong conver-
gence to the east and north of the tornado (Figs. 8 and 9).
Furthermore, the presence of a SRFGF, as documented
by Wurman et al. (2007b) and Marquis et al. (2008),
persisted through the dual-Doppler analysis period. These
features are coherent through the depth of the analysis
domain (Fig. 8).

FIG . 8. Convergence (red)/divergence (blue) in s2 1 and tornado-relative horizontal winds in m s2 1 of the tornadic
region of the storm for two independent dual-Doppler syntheses (2300 and 2307 UTC) at heights of 100 m and 600 m
AGL. The black line indicates the location of the PRFGF, the green line indicates the location of the SRFGF, the
ÔÔTÕÕ marks the location of the tornado at both times, and the ÔÔXÕÕ indicates the location of the secondary circulation
north of the tornado at 2307 UTC.
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