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1. Introduction

The structure of classic mature supercell storms has been de-
duced in past studies using visual observations, coarse resolu-
tion radar data, and idealized model simulations (e.g. Fig.7 in
Lemon and Doswell 1979). In such models, low-level kine-
matic structures include an updraft that is surrounded by down-
drafts on the rear-flank and forward-flank of the storm. At low-
levels, the updraft usually is horseshoe-shaped, arcing outward
from beneath the primary mid-level updraft along the interface
between evaporatively cooled outflow air on the rear-flank of
the storm and the buoyant environmental air (rear-flank gust
front). A low-level mesocyclone is located where the primary
updraft and rear-flank downdraft meet, and if a tornado is to
form, it will usually occur in this area of strong storm-scale
vorticity. Tornadogenesis occurs near the time of occlusion be-
tween the rear-flank and forward-flank gust fronts and is ac-
companied by a smaller-scale occlusion downdraft. Although
the specific role of the rear-flank downdraft in the tornadoge-
nesis process has yet to be validated by fine-resolution obser-
vations of combined wind and thermodynamic data, it is spec-
ulated that this downdraft may serve as a source of horizontal,
baroclinically-generated vortex rings that become tilted into the
vertical at the interface between updraft and downdraft (Straka
et al. 2007; Markowski et al. 2008). The tornado is assumed
to persist until it loses its source of angular momentum or until
negatively buoyant outflow air surrounds the tornado and cuts
off the supply of positively buoyant environmental air to the
primary updraft. This choking of the updraft ends the contrac-
tion of near-surface angular momentum.

Data collected in a tornadic supercell by the Doppler on
Wheels (DOW) radars have shown the presence of multiple
rear-flank gust fronts occurring simultaneously, with a wind
shift line visible in the outflow air behind a preceding rear-flank
gust front (Wurman et al. 2007). At least one numerical sim-
ulation also produced this dual gust front structure (Adlerman
2003). In addition, mobile mesonet observations have indicated
the presence of secondary surface wind shifts behind the main
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rear-flank gust front, with accompanying temperature perturba-
tions (Finley and Lee 2004 and Lee et al. 2004). The source
of these secondary gust fronts is not clear, nor is their role in
the tornadogenesis process or in tornado maintenance. For ex-
ample, these secondary downdrafts could represent an injection
of vortex rings at low-levels, possibly aiding tornadogenesis or
tornado maintenance, but, on the other hand, they may repre-
sent injections of cold air that would quickly surround the tor-
nado and disrupt the vortex.

This paper will discuss the morphology, retrieved temper-
ature gradients, and evolution of the multiple gust front con-
figurations observed in several tornadic supercells observed by
the Doppler on Wheels radars. These data are presently being
analyzed in the context of tornado maintenance; therefore, a
particular emphasis is placed on the discussion of multiple gust
fronts as they relate to tornado duration and strength.

2. Data

A combination of dual- and single-Doppler data collected in
three supercell storm intercepts by the DOWs are used to exam-
ine the structure of multiple rear-flank gust fronts in the vicinity
of tornadoes. These three cases include storms intercepted on
5 June 2001 near Argonia, KS (Dowell et al. 2002); 30 April
2000 near Crowell, TX (Marquis et al. 2008); and 22 May 2004
near Orleans, NE.

Dual-Doppler syntheses of the three-dimensional wind field
are produced using an upward iterative calculation of the
mass continuity equation. Objective analysis of single-Doppler
data used in the wind syntheses are performed with a Barnes
smoothing parameter and grid spacing as suggested by Pauley
and Wu (1990), Koch et al. (1983), and Trapp and Doswell
(2000). A two-pass smoothing was performed, with gamma
equal to 0.3 (Majcen et al. 2008). The Barnes response func-
tion for each case has a value of 0.65 or greater for spatial scales
of 1km, and > 0.95 for scales larger than 2 km; therefore, gust
front features are well resolved, and the scales associated with
the tornado cyclone are marginally resolved.

Analyses based on data assimilation of single-Doppler DOW
radial velocity observations are used to examine multiple gust
front structures in the 5 June 2001 case. The assimilations are
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FIG. 1. a) Dual-Doppler convergence (shaded), positive vertical vorticity (contoured), and horizontal wind relative to the vorticity maximum
(vectors) in the x-y plane at z = 300 m AGL and 2108 UTC on 30 April 2000. b) Same as a) but at 2304 UTC on 22 May 2004. c) Ensemble mean:
vertical motion (shaded), positive vertical vorticity (contoured), and storm-relative horizontal winds (vectors) in an x-y plane at z = 530 m AGL and
0036 UTC on 5 June 2001 produced by assimilation of DOW3 velocities into the WRF model with the ensemble Kalman filter method. d) An x-z
cross section along the gray dashed line in c). Primary and secondary gust fronts are illustrated with bold black lines in each panel. Wind vectors
are valid for the grid location at the end of their tails.



0.5

-0.5

1.5

-1.5

0

-6 -4 -2 0 2 4 6

-6

-4

-2

0

2

4

6

230132 utc

-6 -4 -2 0 2 4 6

230417 utc

-6 -4 -2 0 2 4 6

230839 utc
   Conv 
  x 0.01 1/s

primary R F G F

primary R F G F

primary R F G F  second R F G F   second R F G F
  second R F G F

ζ Vζmax-rel

z = 300 m AGL z = 300 m AGL z = 300 m AGL

22 May 2004

FIG. 2. Dual-Doppler convergence (shaded), positive vertical vorticity (contoured), and horizontal wind relative to the vorticity maximum (vectors)
in the x-y plane at z = 300 m AGL and a) 230132, b) 230417, and c) 230839 UTC on 22 May 2004. Primary and secondary gust fronts are illustrated
with bold black lines in each panel. Wind vectors are valid for the grid location at the end of their tails.

performed via the ensemble Kalman filter technique (e.g. Sny-
der and Zhang 2003) using the WRF cloud model. Gaussian
noise is added to the horizontal wind vectors, temperature, and
dew point temperature every five minutes in order to maintain
ensemble spread throughout the experiment run time (Dowell
and Wicker 2008).

3. Kinematics

Multiple gust front configurations are observed with the DOW
radars (Fig.1), with each case showing a prominent low-level
convergence (or w > 0 as in Fig.1c) band encircling the vor-
ticity maximum and leading an area of low-level divergence
(or w < 0). The position and shape of this easternmost con-
vergence band is consistent with the presence of a rear-flank
gust front boundary (hereafter RFGF) that is commonly found
at the interface between environmental inflow and storm out-
flow (hereafter primary RFGF). Also found in each example is
a secondary convergence band in the divergent and/or descend-
ing outflow air behind the primary RFGF. These secondary
bands, termed here secondary RFGFs, spiral outward cycloni-
cally (southward) from a point near the surface vorticity max-
imum, in accordance with the highly curved gusting outflow
winds south-southwest of the tornado. The gusting outflow
winds behind (west of) the secondary RFGFs are stronger than
the outflow winds east of them, with a ∆ |V | ≈ 10-25 m/s,
consistent with wind shifts observed with mobile mesonet in-
struments in some multiple RFD surge events (Finley and Lee
2004, Lee et al. 2004). The limited vertical extent of the data
precludes our ability to determine the depth of the secondary
convergence swaths using dual-Doppler syntheses alone. How-
ever, the data assimilation results for the 5 June 2001 case show
that the vertical velocity associated with the secondary gust
front merges with that associated with the primary gust front
at the base of the storm updraft at a height of 2-3 km AGL
within a few kilometers range of the tornado (Fig.1d).

We observe the motion of the multiple RFGFs over 10-
15 minute periods in the 22 May 2004 and 30 April 2000
storms. During these time periods, the secondary RFGFs cy-
clonically wrap around the low-level vorticity maximum (e.g.
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FIG. 3. Ensemble mean: vertical motion (w = 1, 3, 5, 7 m/s contours),
density potential temperature (shaded), and storm-relative horizontal
winds (vectors) in an x-y plane at z = 400 m AGL and 0036 UTC on 5
June 2001 produced by assimilation of DOW3 velocities into the WRF
model with the ensemble Kalman filter method. Primary and secondary
gust fronts are illustrated with bold orange lines. Wind vectors are valid
for the grid location at the end of their tails.

Fig.2) in a manner presumed to be similar to that of the pri-
mary RFGF. The portion of the secondary RFGF in close
proximity to the vorticity maximum spirals around it most
rapidly. Comparitively, the portion of the secondary RFGF far-
ther south maintains a more steady location relative to the vor-
ticity maximum and the primary RFGF. The forward (cyclonic,
outward-spiraling) motion of the secondary RFGFs rapidly in-
creases with the development of strong low-level divergence
behind them, particularly in a location approximately 2km
south through east of each vorticity maximum. This suggests
that newly forming downdraft localized within a few kilome-
ters of the tornado may play a role in the motion of the sec-
ondary gust front, similar to the manner in which the primary
RFGF follows the leading edge of the rear-flank downdraft in
the depiction of a classic supercell (Lemon and Doswell 1979).
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FIG. 4. Dual-Doppler convergence (shaded), positive vertical vorticity (contoured), and horizontal wind relative to the vorticity maximum (vectors)
in the x-y plane at z = 150 m AGL and a) 210637, b) 210735, c) 210829, d) 210908, e) 211019, f) 211147 UTC on 30 April 2000. Convergence
along the secondary gust front is illustrated with a bold black line in each panel; dashed lines indicate uncertainty in its position. Wind vectors are
valid for the grid location at the end of their tails. Adapted from Marquis et al. 2008.



The cause of the secondary downdrafts within the rear-flank
downdraft region in these cases is not known although they are
consistent with an occlusion downdraft thought to form as low-
level rotation exceeds that aloft (Rotunno and Klemp 1985).
In the 5 June 2001 case, the secondary RFGF develops during
the DOW deployment and is not observed for a significant time
in its mature state. However, the developing secondary RFGF
moves toward the east at a speed similar to that the primary
RFGF. A strengthening downdraft is found east and south of
the tornado at the same time that the second RFGF is develop-
ing, further implying a relationship between the second RFGF
and a rear-flank downdraft surge.

4. Thermodynamics

Finley and Lee (2004) and Lee et al. (2004) measured thermo-
dynamic data at the surface using moblie mesonets in multiple
RFD surges in a few supercells. They found variable θv and θe

perturbations associated with each RFD surge (i.e. behind each
RFGF); some RFD surges were cooler than others in the same
storm, and some of the RFD surges were warmer than preced-
ing ones. In-situ thermodynamic measurements are not avail-
able for the present study. However, temperature fields are re-
covered for the 5 June 2001 case by assimilating the radar data
into the WRF model using the ensemble Kalman filter method.
Although caution must be exercised in the interpretation of the
resulting fields, as they are produced by a statistical relationship
with the assimilated DOW radial velocities rather than by a di-
rect dynamical relationship, the resulting pattern of θ evolves
smoothly in time and matches well with the spatial distribu-
tion of the two RFGFs, which perhaps qualitatively verifies the
legitimacy of the results.

In this storm, the low-level (z ≈ 500 m AGL) θρ (Emanuel
1994) field (e.g. Fig.3) indicates that the outflow immediately
behind the primary RFGF is 2-6 K cooler than the environmen-
tal air. In contrast, values of θρ behind the second RFGF are as
much as 2-4 K warmer than the environmental air and, thus, are
4-10 K warmer than the preceding outflow air. This pattern is
consistent with the variable values of ∆θv’ behind sequential
RFGFs shown in Finley and Lee (2004), Lee et al. (2004), and
in the Dimmitt, TX supercell (Fig.7 in Markowski et al. 2002).
The warmer outflow air behind the second RFGF might suggest
that the RFD surge causing it was not formed by evaporatively
chilled descending air in this storm.

5. Relationship with tornado behavior

Preliminary results offer some evidence that the observed sec-
ondary RFGF features play a role in tornado behavior. An ap-
proximately 5-minute sequence of dual-Doppler data collected
near the ground (z ≈ 150 m AGL) in the 30 April 2000 storm
shows an interesting interaction between the tornado-cyclone
and a secondary RFGF (Fig.4). During this sequence, a gen-
erally symmetric vertical vorticity field with one distinct vor-
ticity maximum (Fig.4a) transitions into a vortex-ring struc-
ture (Fig.4e) with isolated maxima on its western hemisphere
and an annulus of convergence surrounding divergence near its
core. This structure closely resembles the conceptual model

of a multiple-vortex tornado, but with an asymmetric distribu-
tion of vorticity about its center. During this transition in tor-
nado structure, the expanding asymmetric vortex ring is con-
nected to the convergence band of the secondary RFGF to the
north/northeast of the ring center. Therefore, the asymmetric
vorticity pattern appears to be tied to the surge of outflow air
behind the second RFGF that causes it to wrap around the low-
level center of rotation. By the end of the sequence (Fig.4f), the
multi-vortex structure is replaced with a smaller, isolated vor-
ticity maximum whose single-Doppler estimated peak velocity
weakens over the next few minutes.

In the 5 June 2001 case, between 0030 and 0040 UTC, ver-
tical motion along the developing second RFGF (south of the
vorticity maximum at z = 500 m AGL) builds northward and
makes contact with the primary RFGF and FFGF just west of
the original occlusion point (Fig.1c). The tornado is located ap-
proximately 5-7 km from the first occlusion point and 3-4 km
from the second (new) occlusion point; therefore, the tornado
is more directly influenced by the warmer air behind the second
RFGF than the cooler air behind the first RFGF. Between 0034
and 0040 UTC, the tornado, as observed with single-Doppler
data, is decreasing in intensity. The fact that relatively warm
outflow surrounds the dying tornado implies that the presence
of positively buoyant air at low-levels is not sufficient for tor-
nado maintenance. We currently are investigating the role, if
any, of the RFD surge (behind the second RFGF) in tornado
demise. The RFGFs also influence the overall low-level meso-
cyclone as low-level vertical vorticity is increasing between the
two occlusion points in the final few analysis times (e.g. x = 82
km, y = 31 km in Fig.1c) but is weakening west of the occlu-
sion point of the secondary RFGF. This indicates the secondary
RFGF, which seems to be replacing the primary RFGF, is di-
rectly involved with a cyclic mesocyclogenesis event.

In the 22 May 2004 case, the near-ground peak tangential
velocity of the tornado increases while its core diameter de-
creases (implying a continuous contraction of angular momen-
tum), consistent with the dual-Doppler syntheses that indicate a
collocation of low-level convergence with tornadic vertical vor-
ticity. This enhanced convergence is associated with the sec-
ondary gustfront as it wraps around the tornado but does not
clearly connect to the primary RFGF (Fig.2b). Thus, the be-
havior of this tornado is almost certainly affected by the behav-
ior of the secondary RFGF. The occlusion of the second RFGF
with the primary RFGF appears to occur at the end of the DOW
deployment. Unfortunately, the dissipation of the tornado is not
observed by the DOWs, so we are unable to test the hypothesis
that tornado demise occurs after the occluding second RFGF
weakens the supply of low-level vorticity and/or convergence.

6. Summary

Three-dimensional wind fields produced in at least three tor-
nadic storms observed by the Doppler on Wheels radars show
evidence of multiple rear flank gust fronts. In each case, sec-
ondary rear-flank gust fronts are observed to wrap cyclonically
around the tornadoes behind a more stationary (relative to the
tornado) preceding rear-flank gust front. Thermodynamic in-
formation is retrieved in one case by assimilating radar veloci-
ties into a simulated supercell, and these results indicate varied
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FIG. 5. Schematic illustration of the evolution of the primary and secondary rear-flank gust fronts at low-levels in the 30 April 2000 and 22 May
2004 storms (top), and the 5 June 2001 storm (bottom). The bold black lines trace the convergence swaths along each gust front; dashed bold lines
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θρ perturbations behind each of the gust fronts, consistent with
some insitu surface observations of multiple rear-flank down-
draft surges (Finley and Lee 2004 and Lee et al. 2004).

The multiple gust front structures are currently being ex-
amined in the context of tornado maintenance. The present
cases suggest that the behavior of some of the observed tor-
nadoes is affected by the evolution of secondary rear flank gust
fronts and their associated pattern of low-level horizontal con-
vergence/divergence. As such, tornado maintenance may be af-
fected by a feature of the storm that develops and evolves well
after the original wave of outflow air surrounds it (Fig 5).

There are several aspects of the observed multiple gust front
structures that are presently unclear, including:

1. What are the dynamics processes relevant to the produc-
tion of secondary rear flank gust fronts and their asso-
ciated rear-flank downdraft surges? Are the formation
mechanisms the same in all storms?

2. Are multiple gust front structures common to tornadic and
non-tornadic supercell storms? Are they caused by torna-
does?

3. Do the dynamics processes that cause multiple gust fronts
commonly affect the temperature structure of the outflow
air?

4. In what situations do multiple gust front structures ad-
versely or advantageously affect tornado strength?

If future studies can answer these questions, then we are
likely to have a much more complete understanding of tornadic
storm evolution. High-resolution data collected in the upcom-
ing VORTEX 2 experiment and examined via dual-Doppler or
data assimilation methods may be able to provide answers to
these questions.
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