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ABSTRACT

Three-dimensional dual-Doppler observations with unprecedented finescale spatial and temporal reso-
lution are used to characterize the vector wind field and vorticity generation terms in and near a weak,
short-lived tornado. The beam widths of the two Doppler on Wheels (DOW) mobile radars, at the range
of the tornado, are 250 m with gate lengths of 75 m, resulting in a resolution of less than 107 m3. One of the
DOWs collected data during the 240 s prior to the formation of the tornado, enabling examination of the
genesis process. A single set of volumetric scans suitable for dual-Doppler analyses were completed by both
DOWs, permitting the calculation of vertical and horizontal vorticity, divergence, and stretching and tilting
terms in the vorticity budget of the large but weak tornado and its surroundings, but no local tendency
terms. Analyses of the dual-Doppler vector wind fields document, for the first time in a supercellular
tornado, revealed several structures expected to be associated with tornadoes, including the tilting of
horizontal vorticity into the vertical near the tornado, and stretching of vertical vorticity in the region of the
tornado. The analyses are compared to conceptual and computer models of tornadic storms, confirming the
existence of various phenomena and processes, although some model predictions, particularly those con-
cerning the distribution of horizontal vorticity, could not be verified through these analyses. The observed
magnitudes of stretching of vertical vorticity and tilting of horizontal vorticity are consistent with those
necessary for generating the observed vorticity near the tornado.

1. Introduction

Conceptual models of supercell storm structure
based upon visual observations since the 1950s include
features such as the forward- and rear-flank down-

drafts, inflow notches, updrafts, and the gust fronts that
delineate the boundaries of air masses that have been
processed by a convective updraft or downdraft with
those that have not (Stout and Huff 1953; Ludlam 1963;
Fujita 1975; Lemon and Doswell 1979). Tornadoes are
believed to develop along such gust fronts, which also
coincide with the interface between an updraft and a
downdraft in the parent supercell.

Numerical simulations of supercells conducted in the
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1980s, 1990s, and 2000s have reproduced many of the
features in the conceptual model of a supercell includ-
ing tornado-like vortices. However, these simulations
have raised more questions about the mechanisms by
which tornadoes are formed and maintained, and these
results have not been confirmed by high-resolution ob-
servations (Wicker and Wilhemson 1995; Klemp et al.
1981; Adlerman et al. 1999; Adlerman 2003; Klemp and
Rotunno 1983; Wicker et al. 2002; Romine et al. 2004;
Xue 2004). The tilting of horizontal vorticity and its
association with tornadoes has been inferred but not
verified. The role of the rear-flank downdraft in the
generation of vertical vorticity at low levels, the subse-
quent occlusion of the tornadic circulation, and the dis-
tribution of circulation with height predicted in these
simulations require verification through analysis of ob-
servations. Dual-Doppler observations of sufficient
resolution to assess these fields, particularly those that
appear in equations relating to vorticity generation and
maintenance, have been lacking.

Coincident with the maturation of numerical simula-
tions was the development of observational tools such
as airborne, stationary, and mobile ground-based
Doppler weather radar and mobile surface observa-
tions, which permitted more frequent sampling of su-
percell and tornado structures at close range and
yielded the necessary resolution to detect storm-scale
features on the order of 500–1000 m (Ray et al. 1975,
1981; Brandes 1977, 1978, 1981, 1984a; Fujita and
Wakimoto 1982; Brandes et al. 1988; Dowell and
Bluestein 1997, 2002a,b; Wakimoto and Liu 1998;
Wakimoto and Cai 2000; Bluestein and Gaddy 2001;
Klemp et al. 1981; Rasmussen et al. 1982; Jensen et al.
1983; Markowski et al. 2002; Bluestein and Pazmany
2000; Bluestein et al. 2003, 2007; Burgess et al. 2002;
Richardson et al. 2001; Wurman and Alexander 2005).
However, conventional Doppler weather radar has
the major limitation of permitting the observation of
only one component of the full 3D wind field. This
limitation necessitated more sophisticated radar scan-
ning strategies for airborne radar or the deployment of
multiple ground-based mobile radars in order to ob-
serve more than a single component of the wind, and
permit the analysis of a full 3D vector wind field
through a dual-Doppler synthesis (e.g., Dowell and
Bluestein 2002a,b). However, the region within about 1
km AGL is poorly sampled by many of these radar
systems due to ground clutter returns and/or the radar
horizon, and/or large sampling volumes prohibit the
resolution of boundary layer features less than roughly
500 m in scale. These critical features include near-
surface convergence and divergence along with the dis-

tribution of horizontal and vertical vorticity in or near
supercell tornadoes. Dual-Doppler analyses of nonsu-
percell tornadoes (Roberts and Wilson 1995) have been
conducted, but it is likely that the dynamics of the gen-
esis and maintenance of supercell-spawned tornadoes
differ significantly.

The Doppler on Wheels (DOW) radars (Wurman et
al. 1997; Wurman 2001) collected observations for the
first high-resolution (data spacing of 250 m � 250 m �
75 m) dual-Doppler analysis during field operations in
the spring of 1997 (Wurman et al. 2007a). However,
radar observations by both radars were collected at
only a single elevation, permitting the synthesis of the
wind field at only one horizontal level. This prohibited
the estimation of dynamical quantities requiring verti-
cal derivatives such as vortex stretching and tilting,
which are involved in the production and maintenance
of vertical vorticity in the lowest levels of a supercell
and, presumably, a tornado.

In the spring of 1998, the DOWs intercepted a su-
percell in western Nebraska near the town of Bridge-
port, and the radars were able to establish a brief high-
resolution dual-Doppler observation of a tornado at
multiple levels for the first time.

2. Mesoscale evolution

Just after 0000 UTC 21 May 1998, a supercell was
observed by the Cheyenne, Wyoming, National
Weather Service radar (KCYS) at a range of 140–150
km (Fig. 1). The mesocyclone detection algorithm from
KCYS reports a shear value of 0.019 s�1 in this super-
cell at 0037 UTC, which is a maximum for the 1-h ob-
servation period between 0000 and 0100 UTC. Just af-
ter 0042 UTC the storm continues to exhibit the radar
characteristics of a mature supercell with a well-defined
hook and sharp reflectivity gradients along its forward
flanks (Fig. 1b). A minimum in reflectivity is also noted
downstream of the forward core, and reflectivities in
the hook echo now exceed 60 dBZ. The supercell re-
flectivity structure maintains its appearance until after
0100 UTC when new convection approaches the storm
from the southwest.

The low-elevation Doppler-velocity presentation of
the supercell is often incomplete as the hook echo is
located at a great range from KCYS. The large range
and the elevation differences due to terrain place the
height of the lowest beam about 3.7 km AGL in the
supercell. Furthermore, 3-dB radar beamwidths at this
range are about 2.8 km wide resulting in very poor
spatial resolution within the storm. However, the
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KCYS data do provide an important context for the
higher-resolution DOW observations.

Local law enforcement officials reported a tornado
11 miles southeast of Bridgeport from 1758 to 1804
Mountain Standard Time (MST; 0058–0104 UTC;
NCDC 1998). The location and time of this report do
not agree well with those of the tornado observed in
this study, but sometimes these reports contain errors

in these quantities. The tornado is listed as F1 (Fujita
1975), but no damage is described in the official report.

3. DOW observations of the supercell and tornado

To obtain dual-Doppler data, the crews of the DOWs
attempted to deploy in an approximate north–south
baseline arrangement ahead of the expected path of the

FIG. 1. The 0.5° elevation scan of a supercell from KCYS [located well off the lower-left corner of (a)–(d) at a range of 140–150 km]
showing both (left) base reflectivity and (right) Doppler velocity on 21 May 1998 at the times indicated. The locations of DOW2 (red
circles) and DOW3 (green circles) at each time are indicated.
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supercell (Fig. 2). The DOW2 radar deployed, leveled
precisely, and began collecting data at 0040:30 UTC as
the DOW3 radar drove south to its eventual deploy-
ment site. Thus, during the period from 0040 to 0045
UTC, only single-Doppler data are available.

At 0040 UTC, a prominent anticyclonic flare ex-
tended from the tip of the hook echo throughout the
observed depth of the hook echo region (70–5000 m
AGL; Fig. 3). A broad region of implied cyclonic rota-
tion existed near the surface (Fig. 4) with peak Doppler
velocities of only 20 m s�1 extending over a 3 � 5 km
area. Peak cyclonic vorticity, as estimated from 2�V/�x
across the circulation, where V is the magnitude of the
Doppler velocity and �x is the distance across the cir-
culation, was 0.06 s�1 below 200 m AGL (Fig. 5), which
is substantially less than that typically associated with
tornadoes observed by DOWs (Wurman et al. 1996;
Wurman and Gill 2000; Alexander and Wurman 2005;
Wurman 2002; Lee and Wurman 2005; Wurman et al.
2007b). Clearly, no tornado is present at this time. To
the south of this area, implied anticyclonic flow is as-
sociated with the anticyclonic reflectivity flare. Intense

inbound Doppler velocities and convergence are
present above 3 km AGL, suggestive of a strong rear-
flank downdraft (Lemon and Doswell 1979) associated
with the anticyclonic reflectivity flare.

From 0040 to 0043 UTC the convergence aloft and
the magnitude of the inbound Doppler velocities
weaken, suggesting that the downdraft has weakened.
The portion of the hook echo west of the anticyclonic
flare begins to curve more cyclonically near the surface,
while the structure aloft becomes disorganized. No
tight circulation exists before 0044:33 UTC either near
the ground or aloft. Vertical vorticity remains generally
below 0.1 s�1 at all observed levels until 0044:33 UTC
(Fig. 5).

Dramatic change occurs at 0044 UTC. Vertical vor-
ticity increases to 0.16–0.25 s�1 in the 0–1000 m AGL
region as a tight circulation, indicative of a weak tor-
nado, forms near the ground. Peak velocities increase
to 35 m s�1 by 0045:46 UTC associated with a vertical
vorticity of 0.52 s�1. The circulation is much broader
from 1 to 4 km AGL, with vertical vorticities below
0.1 s�1. At 5 km AGL an intense and tight circulation

FIG. 2. Location of radars at 0024 UTC 21 May 1998 for single-Doppler observation of
pretornadic region (circle) and 0045 UTC dual-Doppler deployment of tornado (at intersec-
tion of blue line segments).
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FIG. 3. Low-level and midlevel evolution of the hook echo during tornadogenesis. Scans through the
developing tornado at approximately (left) 1.2°–1.5° and (right) 13°–16° elevation reveal both a cyclonically
tipped hook echo and an anticyclonic flare during the 300 s prior to tornado formation and the dual-Doppler
deployment. Tick marks are at 5-km intervals. Times are in minutes:seconds (mm:ss) after 0000:00 UTC 21
May 1998.
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FIG. 4. Low-level and midlevel velocity evolution during tornadogenesis. Scans through the developing
tornado at approximately (left) 1.2°–1.5° and (right) 13°–16° elevation reveal the complex evolution of the
low- and midlevel velocity field of the tornado, which is finally evident at 0044:33 UTC as indicated by the
black circle. Tick marks are at 5-km intervals. Times are in mm:ss after 0000:00 UTC 21 May 1998. The
Doppler velocity key is in the top-right panel.
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results in vertical vorticity of 0.25 s�1. The sudden in-
crease of vorticity at low levels without prior intensifi-
cation or descent from aloft may not be consistent with
some tornadogenesis mechanisms that involve down-
ward propagation of intense rotation (e.g., some of
those proposed in Trapp and Davies-Jones 1997). The
decay of organized structure and the disappearance of
the inferred downdraft above 1 km AGL suggest that
this weak tornado formed as a result of an impulsive, as
opposed to persistent, process. The coiled reflectivity
structure associated with the tornado, even at the mo-
ment of genesis, resembles that observed in occluded
and dissipating tornadoes (e.g., Wurman and Gill 2000).
The gust front of the supercell is well to the east of the
tornado, which is also typical of dissipating, not form-
ing, tornadoes.

DOW3 deploys 9.40 km to the south of DOW2 (Fig.
2), and commences scanning at 0046:06 UTC. The tor-
nado is approximately 15 km from each of the DOWs,
and the beam-crossing angle of the radars, at the tor-
nado, is 36°, sufficiently large for accurate dual-
Doppler analysis. Critical for accurate dual-Doppler re-
trieval, the two DOWs are precisely leveled during the
deployment to within 0.2°.

While deployed in this dual-Doppler configuration,
the DOWs conduct single-sector volume-type scans
through approximately 140° azimuthally at the follow-
ing nominal elevations: 0.5°, 1.2°, 2.2°, 3.2°, 5.2°, 7.2°,
10.2°, 13.1°, 16.2°, and 20.2°. Scan rates of about 20°–
30° s�1 result in sweeps every 5–7 s so the volume re-

quires approximately 1 min to complete. Processing
with 0.5-�s gates using a 0.5-�s transmit pulse results in
75-m range resolution. Pulse-pair processing produced
32 integrated beams per second, resulting in azimuthal
oversampling by a factor of 1.3, which helps enhance
azimuthal resolution (Wood et al. 2001) limited by the
250-m radar beam widths at the range of the tornado.
The pulse repetition frequency of both DOWs is 2000
Hz, resulting in a Nyquist interval of 32 m s�1 and ve-
locity aliasing at values exceeding �16 m s�1. The re-
sult of these data collection modes are three-dimen-
sional fields of Doppler velocities through the tornado
and surrounding storm, with radar data spacing near
the tornado of approximately 75 m (range) � 200 m
(horizontal) � 250 m (vertical) or 4 � 107 m3. Data
are manually dealiased and values where the normal-
ized coherent power is less than 0.25 are eliminated.
Data contaminated by ground clutter are manually
eliminated. Using common radar clutter targets, the
DOW data are correctly oriented to within 0.5°. Data
from each radar are then interpolated onto a grid with
spacing of 100 m in the horizontal and 200 m in the
vertical. Cressman interpolation with a horizontal ra-
dius of influence of 400 m and a vertical radius of in-
fluence of 600 m is used to preserve structures larger
than the tornado itself while remaining consistent with
the scale of the actual observations as described above.
All data are adjusted to a common time by subtracting
the translational motion of the tornado. This motion is
determined by tracking the reflectivity eye in the center

FIG. 5. Evolution of estimated axisymmetric vertical vorticity in developing tornado. Values
are �10�3 s�1. Contours are drawn at 0.008, 0.012, 0.016, 0.020, and 0.024 s�1. Vorticity
develops very rapidly after 0044 UTC, particularly at low levels.
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of the tornado at several times and heights. An average
translational velocity is then computed and assumed to
be constant over the domain.

After all data have been interpolated onto the Car-
tesian grid, a dual-Doppler analysis is performed using
a two-step, second-order Lax–Wendroff scheme
(Sperow et al. 1995) to obtain vertical motion w via
upward integration of mass continuity on a grid that is
staggered in the vertical. This scheme has been shown
to be more accurate than the traditional iterative solu-
tion method (Sperow et al. 1995). Data are included
only in regions where the between-beam angle is
greater than 25° and less than 155°.

At 0046 UTC, the tornado is visible in the low-level
scans from both DOWs (Fig. 6). DOW2, which is scan-
ning more slowly, resulting in finer interbeam spacing,
measures peak Doppler velocities of 35 m s�1 at 70 m
AGL with a �V of 61 m s�1 across 235 m, resulting in
an estimated vertical vorticity of 0.52 s�1. DOW3, scan-
ning through the same level 20 s later, measured a �V
of only 43 m s�1. This difference is likely due to a com-
bination of coarser azimuthal sampling, difficulties
dealiasing the DOW3 data in the tornado itself, and
actual weakening in the tornado between the DOW2
observations (0045:46 UTC) and DOW3 observations
(0046:06 UTC). A gust front extends from north of the
tornado eastward, then southward, crossing the latitude
of the tornado 10 km east of the tornado.

The dual-Doppler analysis reveals several important
features of the tornadic storm and supercell with un-
precedented observational detail. Critically, data in
three dimensions permits the calculation of horizontal
vorticity, the tilting of horizontal vorticity, and the
stretching of vertical vorticity. This analysis has not
been possible with previous two-dimensional dual-
Doppler DOW datasets (Wurman et al. 2007a). The
rear-flank downdraft, gust front, and other structures
near the tornado having horizontal scales of or exceed-
ing approximately 500–1000 m are well resolved (Car-
bone et al. 1985) in the DOW data and analysis. The
core flow of the tornado, with a diameter of approxi-
mately 200 m or less, is not.

The structure of the tornadic region of the storm is
similar in many respects to conceptual models (e.g.,
Lemon and Doswell 1979) and to computer simulations
(e.g., Wicker and Wilhelmson 1995; Adlerman et al.
1999; Adlerman 2003) as discussed later. The tornadic
rotation at the lowest resolved level is captured in the
vector wind field at 100 m AGL. A region of divergence
and downward motion comprising the rear-flank down-
draft (RFD) extends from the south of the tornado,
wrapping around to the east and north (Fig. 7a). The

nearly complete wrapping of the RFD around the tor-
nado suggests that the storm system is occluded, possi-
bly cutting off the surface inflow into the tornado. This
type of complete occlusion is typical of a soon to dissi-
pate tornado (Wicker and Wilhelmson 1995; Wurman
et al. 2007a) and, in fact, this tornado dissipated shortly
after the dual-Doppler scans (�V as measured by
DOW2 at 0047 UTC was only 51 m s�1, and it contin-
ued to lessen). Peak values of divergence near the tor-
nado are 0.026 s�1. Convergence and upward motion
are observed in and to the immediate north of the
tornado, with peak values of convergence reaching
0.050 s�1. The tornado is located near the boundary
between the upward- and downward-moving air. An-
other region of convergence, with peak magnitude be-
tween 0.02 and 0.03 s�1, is associated with the gust front
(e.g., Brandes 1977, 1978, 1984a,b), well separated from
the tornado to the north and east.

Strong cyclonic vertical vorticity, up to 0.11 s�1 is
associated with the tornado, with values over 0.04 s�1

along the gust front to the northeast (Fig. 7c). Note that
these are substantially smaller than those calculated
from the raw single-Doppler fields (values of 0.2 s�1

and even one of 0.52 s�1 are shown in Fig. 5) due to the
smoothing of the radar data during the gridding process
and the inability of the dual-Doppler analysis to resolve
the inner-core flow region of the tornado. Anticyclonic
vertical vorticity is observed to the east of the tornado
and is associated with the region of observed tilting of
horizontal vorticity by the RFD (discussed later). No
subsequent tornadogenesis occurred near the region of
enhanced cyclonic vorticity associated with the gust
front. This observation is in contrast to some simula-
tions (e.g., some in Adlerman et al. 1999) and some
high-resolution observational analyses of tornadoes
(Wurman et al. 2007a), but the detailed mechanisms of
cyclic tornadogenesis are not well enough understood
to state whether the lack of subsequent genesis in this
case is surprising.

There is no significant anticyclonic vertical vorticity
observed in the RFD region to the south of the tornado.
The fields of vertical vorticity and horizontal diver-
gence in the previously described features are qualita-
tively similar throughout the depth of the analysis vol-
ume, up to 1100 m AGL. The horizontal divergence
and vertical vorticity fields at 300 m AGL are shown in
Figs. 7b,d.

The vorticity budget of a nonsupercell tornado was
analyzed in Roberts and Wilson (1995). Here, for the
first time, dual-Doppler data permit stretching and tilt-
ing terms in the vorticity budget of a supercell tornado
to be calculated with finescale spatial resolution.
Stretching of cyclonic vertical vorticity is observed in
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the tornado throughout the lowest kilometer AGL,
while compression of cyclonic vertical vorticity is ob-
served in the RFD region immediately to the south and
southeast of the tornado (Figs. 8a,b). Peak positive and
negative values, associated with the convergent updraft
and divergent RFD, respectively, are near 4 � 10�4 s�2

in the immediate vicinity of the tornado. This is in close
agreement with values of 5 � 10�4 s�2 found in Adler-
man et al. (1999), but less than those found by Wicker
and Wilhelmson (1995). Stretching of cyclonic vertical
vorticity is also observed in the gust front region to the
northeast of the tornado.

FIG. 6. Tornado as seen by each radar during dual-Doppler deployment from 0045 to 0046 UTC. (left) Uncalibrated reflectivity and
(right) Doppler velocity fields reveal a clear central eye and complex surrounding hook echo as well as the small-scale velocity couplet
of the weak but distinct tornado. (top) DOW2 and (bottom) DOW3 data. Tick marks are at 5-km intervals.
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Vertical motion w is calculated by vertically integrat-
ing horizontal divergence using a boundary condition of
w � 0 at the ground, and likely intense horizontal di-
vergence/convergence is not resolved below 100 m
AGL. As a result, the magnitude of vertical motion is
underestimated at low levels, deleteriously impacting
the calculation of both horizontal vorticity and its tilt-
ing. Spatially coherent structures in the field of tilting of

horizontal vorticity into the vertical are observed at and
above 700 m AGL (Fig. 8c) at the boundary between
the RFD and the upward-moving air associated with
the tornado. Peak values of tilting of horizontal vortic-
ity near the tornado are approximately 4 � 10�4 s�2.
This is in reasonably close agreement with values found
in Adlerman et al. (1999) 5 � 10�4 s�1, and Wicker and
Wilhelmson (1995) 1 � 10�4 s�2. Higher values are

FIG. 7. Dual-Doppler horizontal winds (vectors), horizontal divergence, and vertical vorticity near a supercell tornado. Horizontal
component of divergence (red) and convergence (blue) at (a) 100 and (b) 300 m AGL. Vertical component of cyclonic (red) and
anticyclonic (blue) vorticity at (c) 100 and (d) 300 m AGL. For reference, approximate locations of tornado (T), RFD (solid lines), and
gust front (dash lines) are indicated in (a). Axis labels are in km.
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found elsewhere, but the horizontal vorticity field ap-
pears to be less reliable in those regions. Because tra-
jectory analysis is not possible, it is not provable from
this analysis that any air parcels experiencing this tilting
are later transported into the tornado. However, it is
plausible that parcels would spend up to 102 s in the
1–2-km scale regions where the combined tilting of
horizontal vorticity and stretching of vertical vorticity

approach 10�3 s�2, and then enter the tornado. Vertical
vorticity generation through those processes could then
approach 10�1 s�1, which is in reasonably close agree-
ment to the observed 0.2–0.52 s�1, particularly because
the vorticity generation terms cannot be calculated be-
low 100 m AGL, where significant stretching and tilting
likely occur. The horizontal vorticity field appears to be
quite disorganized, particularly at 1100 m AGL (Fig.

FIG. 8. Dual-Doppler horizontal winds (vectors) and vertical vorticity generation terms near a supercell tornado. Stretching or
compression of vertical vorticity into cyclonic (red) or anticyclonic (blue) vertical vorticity at (a) 300 and (b) 1100 m AGL. Tilting of
horizontal vorticity into cyclonic (red) or anticyclonic (blue) vertical vorticity at (c) 700 and (d) 1100 m AGL. Axis labels are in km.
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8d). The appearance of this field is in contrast to that
simulated in Alderman et al. (1999), but the tornado
observed here was weak and dissipating. However,
their simulations show that the strongest tilting is
present at low altitudes, near 100 m AGL, a region that
was unobservable by the DOWs in this case. Thus,
agreement between the observations and their fields is
not necessarily expected. In addition, horizontal vortic-
ity is particularly difficult to diagnose using actual data
since it is especially sensitive to errors in both vertical
and horizontal wind field analyses. While trajectories
cannot be calculated using this dataset, the existence
and location of the regions in which tilting of horizontal
vorticity to the vertical and stretching of vertical vor-
ticity occur are consistent with the tilting then stretch-
ing conceptual model of generating intense vertical vor-
ticity associated with tornadoes.

Using the vector wind fields, the total circulation in
the region surrounding the tornado is calculated (Fig.
9). The amount of circulation, calculated at a radius of
1.4 km from the tornado center, decreases with increas-
ing altitude, from a value of nearly 4 � 105 m2 s�1 near
the ground to below 3.4 � 105 m2 s�1 at 2 km AGL.
These values are in remarkable agreement with those
found in the numerical simulations of Wicker and Wil-
helmson (1995), who found values of 2.0–2.5 � 105

m2 s�1. The numerically simulated values typically de-
creased with increasing altitude from 0 to 2000 m AGL,
consistent with the current observational analysis. The
currently analyzed values are 3 times higher than those
found in another DOW-observed tornado (Wurman et
al. 2007a). It is likely that this is due to natural variation
among different tornadoes.

4. Conclusions

High-resolution volumetric dual-Doppler data from
the DOW mobile radars are used to resolve structures
associated with a short-lived and weak tornado. Impor-
tant terms in the vertical vorticity budget in the region
of the tornado are calculated, namely, the tilting of
horizontal vorticity and stretching of vertical vorticity.
The results agree with some of the predictions of both
conceptual and numerical models of tornado formation
and maintenance. In particular, tilting of horizontal
vorticity at the boundary between the RFD and the
updraft, along with stretching of vertical vorticity in the
immediate vicinity of the tornado, are consistent with
conceptual and numerical predictions. Because the
dual-Doppler data exist for only one time, trajectories
cannot be calculated, so the actual changes in vorticity
of parcels associated with the tilting and stretching
terms cannot be diagnosed. However, the magnitude

and location of the observed regions of tilting of hori-
zontal vorticity and stretching of vertical vorticity sug-
gest that these mechanisms were adequately resolved
and sufficient to generate the vertical vorticity observed
in this tornado.

This tornado was weak and short lived. It is possible
that the processes necessary for the generation and
maintenance of stronger and longer-lived tornadoes are
quite different than those involved with the creation of
weak and transient ones. While significant magnitudes
of vertical and horizontal vorticity, tilting of horizontal
vorticity, and stretching of vertical vorticity are ob-
served very near to this tornado, the amplitudes of
these fields away from the tornado are much weaker.
This suggests that the source of the vertical vorticity for
this tornado may be weak or transient, perhaps associ-
ated with the short-lived downdraft observed by
DOW2 prior to tornadogenesis. The location of the
gust front, well away and ahead of the tornado, likely
contributes to the rapid occlusion of the inflow region
by cutting off any vigorous supply of buoyant air.

The genesis of this weak and short-lived tornado is
very rapid and occurs largely during the �60-s time
period necessary to complete one volumetric radar scan
(Figs. 3 and 4). To observe these rapid processes, re-
cently developed rapid scan radars (Wurman and Ran-
dall 2001) must be used.
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