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ABSTRACT

On 8 June 1995, scientists participating in the Verification of the Origins of Rotation in Tornadoes Experiment
(VORTEX) collected a unique dataset with the Electra Doppler Radar (ELDORA). The ELDORA observations
document the sequential life cycles of storm-scale circulations associated with three large tornadoes in a supercell
thunderstorm near McLean, Texas. A qualitative description of the evolution of the storm was provided in Part
| of this paper.

During the first stage of development of each storm-scale circulation, interaction of the updraft with the
environmental low-level horizontal vorticity produced a vorticity column that increased in intensity with height.
As the vortex matured, vorticity increased greatly at low levels (i.e., below 2 km AGL) and exceeded that aloft.
Each tornadic vortex was located near the rear side of the updraft, where the surrounding low-level horizontal
vorticity was modified locally, most likely by weak baroclinity within the storm. Tilting of low-level horizontal
vorticity into the vertical, followed by stretching of the vertical vorticity, occurred in the air parcels that entered
the rear portion of the main storm updraft from its left (as viewed in the direction of storm motion). Although
the region of tilting was near the interface of the main updraft and that portion of the downdraft to the left of
the updraft, there is no direct evidence in the observations (above 500 m AGL) of generation of cyclonic vertical
vorticity by tilting in the downdraft itself.

For this storm, the cyclic tornadogenesis process was associated with a mismatch between the horizontal
motion of successive tornadoes and the horizontal velocity of the main storm-scale updraft and downdraft. Low-
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level updraft-relative flow seemed to be the most important factor in determining tornado motion.

1. Introduction

During the Verification of the Origins of Rotation in
Tornadoes Experiment (VORTEX) in 1994-95 (Ras-
mussen et al. 1994), university and government scien-
tists collected datasets to be used for testing hypotheses
about tornado formation. In Dowell and Bluestein
(2002, Part | of this paper), we described a dataset col-
lected primarily with research aircraft during VORTEX
on 8 June 1995. On this date, the Electra Doppler Radar
(ELDORA; Hildebrand et al. 1994; Wakimoto et al.
1996) scanned a series of tornadoes as they formed at
arange of 5-15 km in a supercell near McLean, Texas.
The pseudo-dual-Doppler (Jorgensen et al. 1996; Dow-
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ell et al. 1997) wind field syntheses of the ELDORA
dataresolve features on scales as small as2-3 km, every
5-6 min, for a period of over 1.5 h.

Before VORTEX, only a few fortuitous multiple-
Doppler datasets were available that captured the gen-
esis stage of atornado (Heymsfield 1978; Brandes 1978,
1981; Ray et al. 1981; Dowell and Bluestein 1997).
Some of these datasets collected with ground-based ra-
dars at fixed sites match the 8 June 1995 ELDORA
dataset in terms of either spatial or temporal resolution,
but not both. For example, the Del City storm of 20
May 1977 was relatively close to both radars when the
tornado formed, but there are gaps of up to 20 min
between dual-Doppler volume scans. The advantage of
airborne platforms such as the ELDORA is that one
may follow the target storm and scan it at close range
for along period of time.

The McLean storm formed in asupercell environment
having high CAPE (over 5000 J kg-*) and strong ver-
tical shear of the horizontal winds [bulk Richardson
number (BRN) shear (Weisman and Klemp 1982) of
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17.5 m s1]. The fourth of five tornadoes in the storm
produced F4/F5 damage and could have been the most
intense tornado ever scanned in multiple-Doppler fash-
ion as of the end of VORTEX. Furthermore, the pseudo-
dual-Doppler analyses of the McLean supercell are the
first to document the cyclic formation at close range of
storm-scal e circul ations associated with large tornadoes.

In Part | of this paper, we described the sequence of
events in the analyses of the McLean storm and com-
pared storm features to those in prevailing conceptual
models of tornadic storms. The discussion in this part
centers around the following dynamical questions: What
was the source of rotation at cloud base in the storm-
scale (1-3 km wide) circulations associated with the
tornadoes? Why did these circulations dissipate? Why
did the storm produce a family of tornadoes rather than
one tornado? Why was the fourth tornado stronger and
longer lived than the other tornadoes? Limitations in
resolution preclude a definitive diagnosis down to the
scale of the tornado. We therefore focus on the vorticity
dynamics of air parcels approaching the storm-scale cir-
culations around the tornadoes and the relationships of
the tornadoes to the larger-scal e updrafts and downdrafts
of the parent storm.

2. The dynamics of mesocyclone and tornado
formation, maintenance, and dissipation

a. Background

The equation governing the time rate of change of
vertical vorticity is

o () ()
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where { is the vertical component of vorticity, é is the
horizontal divergence, p is the perturbation pressure, p
is density, F, and F, represent the x and y components
of turbulent mixing, and u, v, and w, are the zonal,
meridional, and vertical components of motion respec-
tively. The terms on the right-hand side of (2.1) rep-
resent horizontal advection of vertical vorticity, vertical
advection of vertical vorticity, tilting of horizontal vor-
ticity into the vertical, stretching of vertical vorticity,
solenoidal generation of vertical vorticity, and frictional
generation/dissipation of vertical vorticity, respectively.
The solenoidal termistypically neglected based on scale
analysis (Heymsfield 1978). In addition, it is usually
impossible to evaluate the friction term with observa-
tions alone.

We will sometimes also find it convenient to consider
macroscopic measures of rotation, rather than point
measures, by using the following definition for circu-
lation:
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(2.2)

jgv-dl,

wherethe integration is along a counterclockwise closed
path and dl is a length element along the path. In fric-
tionless, barotropic flow, circulation about a material
curve is conserved.

For a detailed discussion of the formation of meso-
cyclones and tornadoes in supercells, werefer the reader
to Barnes (1968), Lilly (1982), Klemp (1987), Davies-
Jones and Brooks (1993), Walko (1993), Wicker and
Wilhelmson (1995), and Adlerman et al. (1999). There
is general agreement that the formation aloft of vortices
on a horizontal scale of ~5 km in supercells, with ver-
tical vorticity of ~0.01 s, is aresult of the tilting of
horizontal vorticity (associated with the vertical shear
of the horizontal wind) into the vertical by the main
updraft. We will focus here instead on some of the issues
pertaining to tornadoes specifically. How do only rel-
atively few supercells produce intense 100-m-scale ro-
tation near the surface with vertical vorticity on the
order of 1.0 s7*?

The common thread in previously posed hypotheses
of mechanisms of tornadogenesis is that some process
provides vertical vorticity in the boundary layer that
subsequently gets amplified by convergence. Perhaps
the simplest possible mechanism is that localized ver-
tical vorticity is already present in the storm environ-
ment along a preexisting boundary, and the updraft sim-
ply stretches this vertical vorticity as it ingests air from
along the boundary. Wakimoto and Atkins (1996) sug-
gest that this conceptual model for nonsupercell tor-
nadogenesis (Brady and Szoke 1989; Wakimoto and
Wilson 1989) could also apply to some supercells.

Many hypotheses for the formation of intensevortices
involve atwo-step process: tilting of horizontal vorticity
into the vertical, followed by stretching of the vertical
vorticity (e.g., Klemp and Rotunno 1983; Davies-Jones
and Brooks 1993; Wicker and Wilhelmson 1995).
Among the tilting—stretching theories, there are differ-
ences in the nature of the horizontal vorticity that is
tilted and the vertical motion field that does the tilting.
In perhaps the most widely cited hypothesis for the for-
mation of strong low-level vorticesin supercells, tilting
of baroclinically generated horizontal vorticity into the
vertical by the updraft and stretching of vertical vorticity
within the updraft produce the low-level vortex (Ro-
tunno and Klemp 1985). The horizontal vorticity de-
velopsin air parcels that approach the low-level updraft
from the forward-flank baroclinic zone at the edge of
the pool of rain-cooled air.

Since air parcels move away from the surface as they
acquire vertical vorticity from tilting and stretching in
an updraft, Davies-Jones and Brooks (1993) and Walko
(1993) questioned whether an updraft-only process
could produce strong rotation within afew hundred me-
ters of the surface. Instead, they stressed the importance
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of the vertical velocity gradient within a downdraft in
tilting horizontal vorticity into the vertical. In the Da-
vies-Jones and Brooks (1993) simulation, the tilting oc-
curred in that portion of the rear-flank downdraft (Lem-
on and Doswell 1979) to theleft of the low-level updraft
(where directions described are relative to a viewer
looking in the direction toward which the parent storm
is moving). The weak vertical vorticity in this region
was subsequently amplified by convergence in air par-
cels entering the roots of the low-level updraft from the
left-rear side. Although the mechanism of low-level vor-
tex formation appears to be quite similar to that in the
Rotunno and Klemp (1985) simulation, Rotunno and
Klemp did not discuss the process of tilting in descend-
ing air.

In a numerical simulation of low-level vortex for-
mation by Walko (1993), environmental horizontal vor-
ticity (i.e., horizontal vorticity associated with vertical
shear of the horizontal wind in the basic state), rather
than baroclinically generated horizontal vorticity, was
tilted into the vertical. As in the Davies-Jones and
Brooks (1993) simulation, air parcels acquired vertical
vorticity by tilting in adowndraft followed by stretching
in an updraft. However, local baroclinic generation of
horizontal vorticity was not necessary, and it even acted
to oppose the formation of the vortex. Much earlier, the
association of tornadic supercells with environments
having strong vertical shear of the horizontal wind led
to speculation that tornadoes derive their rotation from
this environmental shear (Browning and Landry 1963;
Barnes 1968). The results from thunderstorm simula-
tions later by Wicker (1996) suggested that environ-
mental vertical shear very close to the surface may be
as important for low-level vortex formation aslocal bar-
oclinic generation of horizontal vorticity.

Tornado maintenance requires acontinued collocation
of vertical vorticity and horizontal convergence. The
low pressure of the tornado itself helps to sustain the
convergence by accelerating parcelsinward in ashallow
layer near the surface where friction leads to an im-
balance of the pressure gradient and centrifugal forces
(e.g., asreviewed by Lewellen 1993). With radial inflow
at the bottom, vortex steadiness requires a mechanism
for lifting air out of the boundary layer. At low levels,
an upward-directed perturbation pressure gradient force
could accomplish this (Leslie 1971; Wicker and Wil-
helmson 1995; Trapp and Davies-Jones 1997). However,
at some level, positive buoyancy must ultimately con-
tinue to drive the upward exhaust.

A tornado may dissipate if the circulation in the low-
level inflow from the surroundings decreases or if the
convergence at the base of the updraft decreases. The
traditional explanation is the latter; that is, low-level
convergence decreases when outflow surrounds the vor-
tex and cuts off the supply of warm environmental air
to the updraft (Lemon and Doswell 1979; Brandes 1981,
Klemp 1987; Adlerman et al. 1999).
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Fic. 1. Mobile-mesonet observations at 3 m AGL (temperatures
in °C, horizontal ground-relative winds depicted by black vectors)
and horizontal ground-relative winds at 500 m AGL (gray vectors,
every fourth vector plotted) in the pseudo-dual-Doppler analysis of
ELDORA data. The mobile-mesonet (ELDORA) data were collected
between 0015 and 0019 (0007 and 0010) UTC 9 Jun 1995. The
location of tornado 4 is labeled T4. The locations of the mobile-
mesonet observations are relative to the tornado, which was moving
a(U=7ms* V=28ms1?). Thex andy distances (in km) are
with respect to the grid origin at McLean, TX.

b. Limitations of the observations

Evidence from numerical simulations suggests that
the characteristics of the wind field within afew hundred
meters of the ground are the most critical for the de-
velopment of tornadic rotation (Rotunno and Klemp
1985; Wicker 1996). Unfortunately, the diagnosis of
processes near the surface with the airborne radar is not
possible, owing to the contamination of low-level data
by ground clutter. The depth of the ground clutter is a
function of range. In the more distant scans (range ~15
km) of the tornadoes in the McLean storm by the EL-
DORA, data up to ~500 m AGL are contaminated. A
comparison of measurements from multiple sensors re-
veals evidence of significant vertical gradients of the
horizontal wind in the lowest 500 m. For example, the
mobile mesonet (Straka et al. 1996) sampled the winds
at 3 m AGL around tornado 4 late in the lifetime of the
tornado. A comparison of these wind measurements at
3 m AGL and the synthesized ELDORA winds at 500
m AGL indicates generally much weaker winds at the
lower level (Fig. 1). [Since the last pass by the Electra
at 0015 UTC (hereafter, all times shown are in UTC)
was incomplete, we show the results of the synthesis
from the previous pass at 0009 in Fig. 1. The wind field
at 0015 at locations where data were available near the
tornado (not shown) was similar to thewind field during
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the previous pass; therefore, the comparison of obser-
vations, which are separated by as much as 10 min, is
probably still valid.] Ground-clutter contamination of
the low-level data particularly makes it difficult to di-
agnose horizontal vorticity and tilting of horizontal vor-
ticity into the vertical near the surface.

In the environment to the southeast of the updraft of
the McLean storm, the direction of the vertical shear
vector (and the orientation of the associated horizontal
vorticity) veered with height up to nearly 2 km AGL
(Fig. 6b in Part 1). The wind at 50 m AGL was from the
southeast and was considerably stronger than the south-
easterly wind observed by the mobile mesonet at 3 m
AGL. Within the lowest 50 m, the vertical shear vector
(horizontal vorticity) pointed toward the northwest
(southwest). Since the direction of storm motion was
approximately perpendicular to the direction of the ver-
tical shear near the surface, the horizontal vorticity in the
surface layer was approximately streamwise. Higher up,
the orientation of the vertical shear (horizontal vorticity)
veered around to northeastward (northwestward) at 500
m and eastward (northward) at 1000 m.

Tilting of horizontal vorticity into the vertical can
produce vertical vorticity of comparable magnitude to
the original horizontal vorticity [~0.01 s~* at low levels
near the McLean storm updraft (e.g., Fig. 2)]. We sup-
pose for the moment that tilting is the dominant process
that produces low-level rotation about a vertical axis.
For a typical strong tornado (radius ~100 m, vertical
vorticity ~1 s7*, and circulation of 77 X 10 m? s71)
(cf. Fig. 7aiin Part 1), we would anticipate, by conser-
vation of circulation, that the region of tilting must be
relatively broad (at least 2000 m across) in order to
produce sufficient total circulation. Although this size
is comparable to the smallest resolved scale in the dual -
Doppler analyses, it is still difficult to diagnose the tilt-
ing process with observations because it is necessary to
determine accurate vertical velocities and to resolve
sharp vertical gradients in horizontal wind.

After synthesizing the wind fields in the McLean
storm, we used centered horizontal and vertical finite
differencing to calculate the horizontal vorticity. For the
analyses of horizontal vorticity at 1.0 km AGL (e.g.,
Figs. 2b and 2c), the computation of the vertical shear
component was over the layer from 500 m (the ap-
proximate height of the lowest uncontaminated Doppler
data) to 1500 m AGL. Since we originally analyzed the
entire ELDORA dataset with the same wind synthesis
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method in order to permit unambiguous comparison
among different volumes of the several-kilometer-scale
features, we did not take advantage of some of the high-
resolution raw data obtained at low levels during close
aircraft passes. During the first two and the last seven
aircraft passes, when the radar was very closeto (within
10 km of ) the tornado/vorticity maximum, the ground
clutter in and near the tornado extended up to only ~300
m AGL. In order to resolve the vertical shear as close
to the ground as possible, we produced additional anal-
yses of the data from the close passes. For the analyses
of horizontal vorticity below 1 km (e.g., Fig. 2a), we
used a 200-m Cressman (1959) vertical radius of influ-
ence for the objective analyses of Doppler velocity and
synthesized the wind fields on Cartesian grids with a
200-m vertical grid spacing. (The horizontal radius of
influence was 800 m, as in the original analyses.) The
centered-difference calculations of horizontal vorticity
at 500 m AGL (Fig. 2a) involved synthesized winds as
low as 300 m AGL.

For the computation of air parcel trajectories (e.g.,
Fig. 2), we employed linear interpolation in time be-
tween consecutive Doppler analyses and trilinear inter-
polation in space (Ziegler et al. 2001). The trajectories,
which end in a 2-km-wide circle around the tornado/
vorticity maximum at 1 km AGL, are plotted in avortex-
relative reference frame. Trajectories within data-void
regions are based on hole-filled Cartesian velocity com-
ponents that satisfy the 2D (horizontal) Laplace equa-
tions (Ellis 1997). For trajectories originating at very
low levels, we assumed the horizontal wind was con-
stant below 500 m. Other reasonable assumptions for
the flow below 500 m (not shown) did not change the
qualitative interpretation of the trajectories. Since a
number of assumptions were involved in the compu-
tation of trajectories, we do not trust relatively small-
scale details in the analyses of trajectories.

Owing to the limitations of the observationsdescribed
above, it isnot possible to evaluate termsin the vorticity
equation along trajectories (or to evaluate conservation
of circulation following material curves), as would be
required in a definitive demonstration of how a vortex
forms. Nevertheless, the analyses of the trajectories and
the tendency terms in the vorticity equation do provide
clues about the formation, maintenance, and dissipation
of the storm-scale circulations. Our assumption in the
presentation below is that a significant portion of the
angular momentum in each of the three large tornadoes

—

Fic. 2. Stretching of vertical vorticity at 1.0 km AGL (contours, left), tilting of horizontal vorticity into the vertical (contours, right), and
vertical velocity (shading, downdrafts labeled with a D). Storm-relative parcel trajectories (dark lines, beginning heights in km) followed
backward for 300 s from the tornado/vorticity maximum at 1.0 km are indicated in the plots of stretching. The procedure for determining
trajectories within regions of missing data is described in the text; horizontal winds below 500 m AGL are assumed to be identical to those
at 500 m. Horizontal vorticity vectors are shown in the plots of tilting. The contour intervals are 10 X 10~° s2 (stretching) and 2 or 4 X
105 s2 (tilting). Tornado 1, the pretornadic vorticity maximum of tornado 1, tornado 2, and the pretornadic vorticity maximum of tornado
2 are labeled T1, V1, T2, and V2, respectively: (a) stretching and tilting (0.5 km AGL) at 2236 UTC, (b) stretching and tilting (1.0 km
AGL) at 2254 UTC, and (c) stretching and tilting (1.0 km AGL) at 2313 UTC.
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FiG. 3. Objective analysis of mean vertical vorticity (shading, units
of 0.01 s7t) and vertical velocity (contours at intervals of 10 m s—1)
as afunction of height and time in the vortex associated with tornado
1. At each level, the averaging is over a circle of radius 1 km that
encompasses the maximum circulation. In order to ensure vertical
continuity of the features, the horizontal location of the circle at a
particular analysislevel isconstrained to be within 1 km of itslocation
at the level 500 m below. The times (UTC) of the Doppler analyses
are shown at the bottom of the panel. The bar indicates the time
period when a condensation funnel was visible, Maximum ground-
relative winds below 2 km AGL in the tornado signatures in the raw
single-Doppler data are also indicated at the bottom of the panel.

was produced first as rotation about a vertical axis on
resolved (i.e., 2 km wide or wider) scales.

c. The life cycle of the first storm-scale circulation

The reader is referred to Figs. 2, 3, and 4 in the
following discussion. In this paper, we focus on only
tornadoes 1, 2, and 4 in the McLean storm. The other
tornadoes (3 and 5) were brief (Fig. 3 in Part 1) and
rated FO [winds of 18-32 m s~* on the Fujita (1981)
scale]. There is no direct evidence of tornadoes 3 and
5 in the ELDORA data, apparently because they were
too narrow to resolve and/or occurred in between Electra
scan times. The condensation funnel of the first tornado
formed at approximately 2252 on 8 Jun 1995 and dis-
sipated at 2315. Tornado 1 caused F2 damage (NCDC
1995); low-level ground-relative wind speedsin the EL -
DORA data within the tornado signature reached 60 m
s~ (Fig. 3), which iswithin the range that Fujita (1981)
associated with F2 damage (50-69 m s1).

A significant vorticity maximum at cloud base was
already present during the first Electraflight leg (2236)
near the McLean storm (Fig. 3). The resolved low-level
vorticity maximum was slightly weaker during the next
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pass, but it subsequently strengthened during the fol-
lowing three passes. A vorticity maximum, initially near
4km AGL, appeared to lower and strengthen until 2259,
when the magnitude of vorticity peaked at low levels.
Radar observations of tornadoes in supercell thunder-
storms often reveal a descending gate-to-gate tornadic
vortex signature (TVS) prior to tornadogenesis (Brown
et a. 1978; Trapp et al. 1999). Since the horizontal
spacing between raw ELDORA observations was irreg-
ular owing to minor perturbations in the flight heading,
an analysis of the gate-to-gate shear signature as afunc-
tion of height and time could be misleading. However,
the signature in the analysis of vertical vorticity on a
broader scale (Fig. 3) is reminiscent of a descending
TVS. (The complicating feature in this example is the
local maximum in vorticity at low levels at 2236 prior
to the descent of the vorticity maximum aloft.) The
phase rel ationship between the vertical velocity and ver-
tical vorticity patterns is consistent with that in Wicker
and Wilhelmson's (1995) numerical simulation of the
formation of a tornado-like vortex in a supercell thun-
derstorm. A relative maximum in upward motion aloft
(at 2254 in Fig. 3) preceded the formation of the max-
imum in low-level vorticity (at 2259).

Although a strong low-level vorticity maximum was
present early on (Fig. 3), the tornado signature in the
single-Doppler data (not shown) was slow to develop.
The characteristic narrow velocity anomaly with cy-
clonic shear was first apparent in the aft scans at 2248,
when low-level ground-relative wind speeds were as
high as 35 m s~*. A large condensation funnel formed
shortly thereafter, and low-level wind speeds had in-
creased quickly to 60 m s—* by 2254 (Fig. 3).

In a vortex-relative sense, the inflow into the pretor-
nadic storm-scale circulation at cloud base came from
the east (Fig. 2a). The analysis indicates tilting of hor-
izontal vorticity into cyclonic vertical vorticity along
the eastern and northern edges of the updraft. Farther
downstream along the parcel trgjectories, the analysis
indicates amplification of vertical vorticity by stretching
near the location of the vorticity maximum. The main-
tenance (and, if the analysis at 2236 is representative
of earlier times, the formation) of the pretornadic vor-
ticity maximum therefore could have involved a process
of tilting and stretching in inflow from the environment
(Klemp and Rotunno 1983).

During the tornadic stage, inflow into the cloud-base
circulation around the tornado came more from the north
(Fig. 2b). There is evidence that the supply of vertical
vorticity to the tornadic region was unsteady. Although
the time resolution of the dataset is not sufficient to
follow conclusively the evolution of vorticity centers,
the analyses from 2248 to 2259 are consistent with a
merging of two vorticity maxima (Fig. 4). At 2248 (Fig.
44), there was a separate vorticity maximum 4 km north-
east of the pretornadic vorticity maximum. The sepa-
ration was only 2 km during the next aircraft pass (Fig.
4b). Five minutes later, after the proposed merger, there
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was one main low-level vorticity maximum, which was
more intense than either had been before (Figs. 4c and
3).

The vorticity analysis at 2254 (Fig. 2b) indicates tilt-
ing of horizontal vorticity into cyclonic vertical vorticity
just northeast of, and stretching of vertical vorticity
within, the secondary vorticity maximum at x = —10.5,
y = —12.5 (Fig. 4b). However, there is no indication
of strong stretching in the vicinity of tornado 1 itself.
Presumably there was strong low-level convergence
(Lewellen 1993) and thus significant stretching of ver-
tical vorticity within the tornado. However, the region
of low-level convergence was likely too shallow (Wur-
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FiG. 4. Vertical vorticity (contours and shading at intervals of 0.015
s 1) at 0.5 km AGL. The locations of tornado 1 and the pretornadic
vorticity maximum are labeled T1 and V1, respectively: (a) 2248,
(b) 2254, and (c) 2259 UTC.

man et al. 1996) and too small in horizontal scale to be
resolved. Centrifuging of scatterers (Dowell et al. 2001)
may have also had a minor impact on the estimates of
horizontal divergence and thus vertical velocity. If the
dominant target producing backscattered radiation was
large (1 mm) drops of rain, then the estimates of di-
vergence in the resolved vortices may have been 0.002—
0.01 s~* too high. The vertical motion fieldsin the dual-
Doppler analyses are representative of the larger-scale
parent storm rather than of the tornadoes.

As tornado 1 began to weaken, its separation from
the main updraft increased substantially. By 2313, the
tornado was within a trailing updraft, 7 km southwest
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of the center of the main storm updraft (Fig. 2c). Despite
the collocation of the tornado with a broader-scale up-
draft, measured wind speeds in the tornado (bottom of
Fig. 3), and the magnitude of vorticity in the surround-
ing flow at low levels (shading in Fig. 3), decreased
significantly from 2259 to 2313. Because there were no
measurements of winds and temperature near the sur-
face, it is difficult to determine the exact reasons for
dissipation. Since the environment was potentially very
unstable (thermodynamically) for this case (Fig. 6 in
Part 1), a lack of surface-based CAPE in the tornado
inflow does not appear to be a plausible explanation for
tornado dissipation. Low-level air would have had to
have been much cooler and/or drier than what was ob-
served late in the lifetime of the storm (e.g., Fig. 1) to
have lost the potential for buoyancy aloft.

Instead, we speculate that the tornado dissipated be-
cause the magnitude of low-level circulation surround-
ing the tornado decreased. At 2313, the flow from the
north into the vorticity maximum associated with tor-
nado 1 came from aregion of relatively weak horizontal
vorticity, weak tilting of horizontal vorticity into the
vertical, and weak stretching of vertical vorticity (Fig.
2¢). If the tornado relied on low-level circulation from
the surroundings at radii of 1 km or more for sustenance,
then its supply of circulation had decreased dramatically
by 2313 (Fig. 3). Astornado 1 weakened, the width of
both the velocity signature in the ELDORA data and
the visible condensation funnel gradually decreased.
The narrowing of the tornado is consistent with a de-
crease in swirl ratio (i.e., weaker circulation but con-
tinued strong updraft) (Ward 1972; Davies-Jones 1973).

d. The life cycle of the second storm-scale circulation

The reader is referred to Figs. 5, 6, and 7 in the
following discussion. The condensation funnel of the
second tornado in the McLean storm formed at 2310
and dissipated around 2322. The ground-relative wind
speed in the ELDORA data at 500 m AGL was as high
as 52 m st in tornado 2 (Fig. 5). If the winds were
also as strong near the surface, then the peak wind speed
would be consistent with the damage rating (Fujita
1981) of F2 (NCDC 1995).

Since the radar was relatively far (~15 km) from
tornado 2, the low-level horizontal vorticity field is not
as well resolved as in the scans of tornadoes 1 and 4
from closer range. Nevertheless, the analyses consis-
tently indicate tilting of horizontal vorticity into cy-
clonic vertical vorticity along the eastern edge of the
main updraft, where a significant component of the hor-
izontal vorticity was parallel to the vertical-velocity gra-
dient (Fig. 6). The pretornadic low-level vorticity max-
imum formed along the east side of the curved main
updraft, just downstream of aregion of tilting (Fig. 6a).

The location of the low-level vorticity maximum had
shifted more to the west side of the main updraft by the
time of the ELDORA scan at 2306 (Fig. 6b). Tilting of
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Fic. 5. Asin Fig. 3 except for the vorticity maximum associated
with tornado 2.

horizontal vorticity into the vertical along the eastern
side of the updraft maximum, followed by stretching of
vertical vorticity within the updraft core, continued to
occur along inflowing trajectories from the southeast
(Figs. 6a and 6b). Low-level vorticity was increasing
significantly at this time (Fig. 5).

Tornado 2 formed to the west of the storm-scale ver-
tical velocity maximum (Figs. 7a and 6¢). As was the
case with the previous tornado, tornado 2 became more
separated from the main updraft (and the associated re-
gions of tilting and stretching) during the mature and
weakening stages (Fig. 6¢). Unlike tornado 1, which
dissipated in aregion of updraft, the weakening tornado
2 was in a region of mean downward motion at 2318
(Fig. 5). As the tornado moved into aregion of heavier
precipitation to the west of the updraft (Fig. 9f in Part
), the low-level inflow may have become too dense
(cool and/or precipitation loaded) to be lifted to itslevel
of free convection (LFC). The velocity signature in the
single-Doppler scans weakened but did not become nar-
row like that of tornado 1 (not shown). Since tornado
2 was obscured by precipitation after 2318, we cannot
relate the radar signature to visual characteristics of the
tornado during dissipation.

Vorticity in the resolved storm-scale circulation as-
sociated with tornado 2 increased in magnitude with
height 10 min before the formation of the condensation
funnel (2259 in Fig. 5) but decreased in magnitude with
height shortly thereafter following the strengthening of
the low-level vorticity maximum (2306 in Fig. 5). The
relevance of the vorticity maximum aloft during the
weakening stages of both tornadoes 1 and 2 (5 km AGL
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Fic. 7. Asin Fig. 2 except for tornado 4: (a) stretching and tilting (1.0 km AGL) at 2313 UTC, (b) stretching and tilting (1.0 km AGL)
at 2325 UTC, (c) stretching and tilting (0.6 km AGL) at 2351 UTC, and (d) stretching and tilting (0.6 km AGL) at 0009 UTC.

at 2306 in Fig. 3; 4 km AGL at 2318 in Fig. 5) is
unknown. In earlier multiple-Doppler observations of
tornadic storms, rotation typically decreased with height
instead during the weakening stage of the tornado (Bran-
des 1978; Brandes 1984; Dowell and Bluestein 1997).
With observations separated by 5-7 min, we find it dif-
ficult to trace the evolution of the vertical distribution
of vorticity in the McLean storm. It would be tempting
to explain the vorticity maximum aloft at 2306 in tor-
nado 1 as vertical advection of the strong vorticity max-
imum observed at low levels at the previous time (Fig.
3). However, the situation appears to be more compli-
cated in the case of tornado 2, in which there are si-
multaneous vorticity maxima near the surface and aloft
(2318 in Fig. 5). We await future observations of cyclic
storms with better temporal sampling to determine
whether the vorticity maximum aloft is typical of cyclic
storms and, if so, to see how it evolves.

e. The life cycle of the third storm-scale circulation

The reader is referred to Figs. 7, 8, 9, 10, and 11 in
the following discussion. Tornado 4 in the McLean
storm became visible at 2328 and persisted for at |east
70 min. The tornado was still in progress when the
Electra mission ended at 0015. The F4* damage rating
of tornado 4 was higher than that of any of the other
tornadoes in the McLean storm (NCDC 1995). The EL -
DORA data indicate wind speeds as high as 92 m s
within 1 km of the surface (Fig. 8). The peak wind speed
isjust below the range (93—116 m s—1) that Fujita(1981)
associated with F4 damage. Measurements very close
to the surface on spatial scales of tens of meters would

1 R. Wakimoto (1995, personal communication), based on an ex-
haustive ground and aerial survey, rated the damage of tornado 4 as
F5.

be necessary to evaluate the calibration of the wind
speeds to the damage scale, but such observations are
not available in the ELDORA data.

The development of the pretornadic vorticity maxi-
mum at cloud base associated with tornado 4 (i.e., the
third storm-scale circulation) resembles that of previous
tornadoes (cf. Figs. 2a, 6a, and 7a). Production of cy-
clonic vertical vorticity by tilting occurred along the east-
ern flank of the updraft within air parcels approaching
the updraft maximum from the southeast (Figs. 7a and
7b). Stretching downstream in the updraft increased the
magnitude of the vertical vorticity. During the pretornadic

2313 2318 2325

Vorticity (0.01 /s)

152253354 5 55 6 65 7 75 8 85

Fic. 8. Asin Fig. 3 except for the vorticity maximum associated
with tornado 4.
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stage, vertical vorticity in the storm-scale circulation in-
creased with height (2313 and 2318 in Fig. 8).

At 2313, the vorticity maximum was near the eastern
edge of the low-level updraft, but by 2325 it was just
west of the axis of maximum upward motion (cf. Figs.
7a and 7b). In both cases, the vorticity maximum was
downstream of aregion where the vertical-velocity gra-
dient at 1 km AGL was oriented approximately from
east to west along the eastern side of the updraft. In
section 2b, we noted that the orientation of the low-
level horizontal vorticity veered with height. Therefore,
there may have been a local maximum in tilting up-
stream of the vorticity maximum at some level below
1 km, where the orientation of the horizontal vorticity
was more parallel to the vertical-velocity gradient (i.e.,
directed toward the west) along the eastern flank of the
updraft. The analyses of tilting at 1 km do indicate
positive tilting where the tragjectories intersect the east-
ern flank of the updraft, but analyses below 1 km, were
they available, could indicate a stronger relationship be-
tween the maximum in tilting and the location of the
vorticity maximum.

The storm-scale circulation associated with tornado
4 became tornadic when it was southwest of the center
of the maximum updraft (e.g., Figs. 7c and 7d). Tra-
jectories approaching the mature circulation from the
north pass through a region where horizontal vorticity
was tilted into the vertical to the north of the updraft
maximum. The orientation of the horizontal vorticity
there at 600 m AGL was toward the southwest; in con-
trast, the horizontal vorticity in the environment to the
east of the updraft was oriented toward the northwest.
Downstream of the region of the tilting, the trajectories
pass through the western side of the region of maximum
stretching of vertical vorticity.

At 0017 and later times, the mobile mesonet identified
relatively cool air northeast of tornado 4 (Fig. 1). Virtual
potential temperature was 3 K higher (not shown) 20
km to the east of this location. A low-level parcel that
was initially 20 km east of the updraft would have
reached the updraft in roughly 2000 s as it approached
the updraft from the east at approximately 10 m s~*in
a storm-relative sense. Although the temperature gra-
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2313 UTC, vortex 4 at other times).

dient was weak, the effect of baroclinity still may have
been significant because the parcel residence times in
the weak baroclinic zone were long. Our calculations
(not shown) of the change in horizontal vorticity by
baroclinic generation (Klemp and Rotunno 1983) sug-
gest amodification ~0.01 s~* (5 X 10-¢ s~2 over 2000
s). Since parcels encountered a west-to-east-directed
temperature gradient to the northeast and east of the
tornado, baroclinic generation could account for some
of the northerly component of horizontal vorticity there.
Precipitation loading may have also contributed to the
rate of baroclinic generation. In general, there was a
sharp reflectivity gradient along the forward flank of the
storm (Fig. 9). The orientation of the horizontal vorticity
at 600 m AGL (Figs. 7c and 7d) was similar to that of
the contours of reflectivity—east to west on the south
edge of the downshear core, and northeast to southwest
where the core began to curve around the north and
west sides of the updraft. In terms of water loading, the
reflectivity factor measurements of up to 55 dBZ may
have been equivalent to temperature (buoyancy) per-
turbations of ~—1 K (Wakimoto and Cai 2000).

The strength (in terms of resolvable wind speed and
vorticity) of tornado 4 around 2338 was significantly
greater than that of any of the tornadoes at other times
(cf. Figs. 3, 5, and 8). We note that the tornado formed
around the time that a significant surge of outflow from
the southwest side of the storm reached the area where
the new vortex was forming (Figs. 9c and 9d). Here,
we are referring to an outflow feature of ~10 km in
horizontal extent that originated away from tornado,
rather than the smaller outflow surges and bulges in the
gust front that developed near the tornadoes. We were
unable to identify the origin of the outflow surge at the
edge of the radar data coverage but hypothesize that its
formation was at least partly related to evaporation of
precipitation from the new trailing precipitation cores
(Figs. 5f and 5g in Part I).

The unusual strength of tornado 4 may have been
related to the outflow surge in at least two ways. First
of all, horizontal convergence in the pretornadic region
was increasing as the outflow surge approached (Fig.
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10). Second, rotation on a broad scale (Burgess et al.
1982) about the vortex was greater during the outflow
surge than it had been around previous tornadoes and
around tornado 4 later on (Fig. 11). The circulation (in
a horizontal plane) first increased for large radii (2325
in Fig. 11) around the developing vortex 4. Then, cir-
culation also increased in the immediate surroundings
of tornado 4 (2338 in Fig. 11). Since the outflow surge
and the increase in storm-scale low-level rotation hap-
pened at the same time, the mechanism that produced
the outflow surge may have also increased the low-level
circulation.

f. Summary

The analyses of the McL ean storm (especially the anal -
ysesin Figs. 2a, 7c, and 7d of data obtained during close
aircraft passes) reveal the following common features:
horizontal vorticity at approximately 500 m AGL ori-
ented toward the northwest to the east of the updraft, and
horizontal vorticity oriented toward the southwest to the
north and northeast of the updraft. We consider the hor-
izontal vorticity field to the east of the updraft to be
representative of the nearby *‘ environment” of the storm.
However, horizontal vorticity in the near-storm environ-
ment could have been enhanced by mesoscal e baroclinity
(Markowski et al. 1998) and by accel erating storm inflow
(Brooks et al. 1993). To the north and northeast of the
updraft, the north—south component of the horizontal vor-
ticity may have been altered within a baroclinic zone in
and near the precipitation region. The presence of rela-
tively cool air to the northeast of tornado 4 (Fig. 1) sup-
ports this hypothesis; unfortunately, measurements of
low-level temperature are not available near the earlier
tornadoes. The change in the orientation of the low-level
horizontal vorticity between locations east and north of
the updraft was gradual relative to what is typically de-
picted in numerical simulations of supercells (Rotunno
and Klemp 1985; Adlerman et al. 1999) and in conceptual
models of supercells derived from the simulations (e.g.,
Klemp 1987). In the smulations, relatively sharp hori-
zontal contrastsin the horizontal vorticity field devel oped
in regions along the forward flank with temperature gra-
dients of ~1 K km~*. The weaker temperature gradients
in the McLean storm (Fig. 1) would have been associated
with slower rates of baroclinic modification of horizontal
vorticity and, all else being equal, weaker horizontal gra-
dients of horizontal vorticity.

Before VORTEX, the 20 May 1977 Fort Cobb,
Oklahoma, case (Johnson et a. 1987) was perhaps the
best multiple-Doppler documentation of a supercell that
produced a family of tornadoes. We can infer a few
similarities about the characteristics of the low-level
horizontal vorticity field in the Fort Cobb storm to those
in the McLean storm. The environmental hodograph in
both cases was L shaped in the lowest few kilometers
(Fig. 2b of Johnson et a. 1987; Fig. 6b in Part 1). In
each case, strong speed shear in the lowest 1 km was
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associated with significant streamwise environmental
horizontal vorticity. Although the radars were appar-
ently too far (~100 km) away from the Fort Cobb storm
to resolve the environmental vertical shear within the
lowest 1 km to the east and southeast of the updraft,
the dual-Doppler analyses do indicate a region of en-
hanced low-level horizontal vorticity to the northeast of
the updraft (Fig. 18 of Johnson et al. 1987), as in this
case (Figs. 2a, 7c, and 7d).

The following observations are consistent with the
hypothesis that a significant portion of the angular mo-
mentum in the three large tornadoes in the McLean
storm came from rotation produced initially by pro-
cesses on scales of 2 km or more: tornadoes 1, 2, and
4 were associated with vorticity maxima in the dual-
Doppler analyses, the formation of these vorticity max-
ima preceded the formation of the tornadoes by over 10
min, and the vorticity maxima formed within regions
where the dual-Doppler analyses indicated stretching of
vertical vorticity downstream of tilting of horizonta
vorticity into the vertical. Interaction of the updraft with
horizontal vorticity from the nearby environment ap-
pears to explain the early development of the storm-
scale circulations at cloud base associated with torna-
does 1, 2, and 4. In each case, the pretornadic vorticity
maximum first appeared downstream of aregion where
environmental horizontal vorticity in the lowest 1 km
was tilted into the vertical along the eastern flank of the
main updraft (Figs. 2a, 6a, and 7a). The increase in
vertical vorticity with height from low to midlevels ap-
proximately 10 min before the appearance of each con-
densation funnel (2242 in Fig. 3, 2259 in Fig. 5, 2318
in Fig. 8) is consistent with theoretical models of tilting
of approximately streamwise horizontal vorticity into
the vertical, followed by horizontal advection, stretch-
ing, and vertical advection of vertical vorticity inrising
air (Davies-Jones and Brooks 1993; Walko 1993).

The orientation of the horizontal vorticity below 1
km AGL varied about the updraft such that there was
tilting of horizontal vorticity into cyclonic vertical vor-
ticity along both the eastern and northern sides of the
updraft (Figs. 2a, 7c¢, and 7d). The inflow into the vor-
ticity maxima associated with mature tornadoes gen-
erally came from the north in a storm-relative sense
(Figs. 2b, 7c, and 7d). The nature of the horizontal vor-
ticity that fed a particular vorticity maximum changed
with time as the updraft-relative position of the vortex
changed. A new vertical vorticity maximum on the east
side of the updraft developed from horizontal vorticity
that was essentially characteristic of the nearby storm
environment (Figs. 6a and 7a). As the location of the
vortex changed relative to the updraft, the source of
rotation became the horizontal vorticity that had been
locally modified by internal storm processes (e.g., Figs.
7c and 7d). The schematic in Fig. 12 (also discussed in
Part | of this paper) is a summary of the low-level dy-
namics for the observed storm. In the schematic, we
describe the horizontal vorticity northeast of the updraft
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Fic. 12. Schematic at low levels of cyclic supercell tornadogenesis.
(left) Numbered circles identify vortices, and the thick lines indicate
wind shift lines. Tornado tracks are shaded. (right) Shading indicates
updraft, and the spotted pattern indicates downdraft. Dashed (solid)
outlines indicate regions of production of cyclonic vertical vorticity
by tilting of horizontal vorticity (stretching of vertical vorticity). Ar-
rows indicate vortex-relative trajectories. The time between succes-
sive tornadoes (2At) is ~20 min.

as ‘‘locally modified” to indicate the superposition of
baroclinic effects onto the environmental horizontal vor-
ticity (Wicker 1996; Dowell and Bluestein 1997). Our
description of the formation of low-level rotation during
the tornadic stage as a process of tilting and then stretch-
ing in air parcels moving southward through the north-
western lobe of the updraft is quite similar to the clas-
sical model by Rotunno and Klemp (1985). However,
for this case, both the environment and internal storm
processes appear to control the characteristics of the
low-level horizontal vorticity that is converted into ro-
tation about a vertical axis.

Davies-Jones and Brooks (1993) and Walko (1993)
hypothesized that, in the absence of preexisting vertical
vorticity, intense rotation near the surface cannot develop
in purely rising air. Tilting in a downdraft in the Davies-
Jones and Brooks (1993) simulation occurred to the
north-northwest of the updraft, where the horizontal vor-
ticity was directed toward the south-southeast. Inthe Mc-
Lean storm, there was a region of tilting at 500-600 m
AGL to the north of the updraft maximum, where the
horizontal vorticity was directed toward the south-south-
west (Figs. 2a, 7c, and 7d). However, the region of pos-
itive tilting in the analysis at 600 m does not extend into
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the downdraft region. Furthermore, the low-level down-
draft region to the north and northwest of the updraft
tended to be relatively weak, and in only afew analyses
(e.g., Fig. 7c) is its strength greater than the magnitude
corresponding to the first level of shading in the figures.
An argument supporting a critical role of the downdraft
in mesocyclogenesis near the surface would therefore be
based only on the circumstantial evidence that low-level
intensification of each vortex did not occur until the low-
level trajectories approached from the north (i.e., the side
of the updraft that was flanked by the downdraft). Since
tilting in a downdraft in the numerical simulations (Da
vies-Jones and Brooks 1993) was particularly important
within a few hundred meters of the surface, one could
speculate that observations closer to the surface than were
available from the ELDORA would have been necessary
to revea such a process.

Near a smaller, separate rear-flank downdraft (x = —7,
y = —2inFig. 6¢; x = 13,y = 16 in Fig. 7d) (Klemp
and Rotunno 1983) that tended to appear to the south of
mature tornadoes, there was no consistent pattern of pos-
itive tilting. We also considered the role of vertical ad-
vection of vertical vorticity (Fujita1973, 1975; Das 1983;
Davies-Jones 2000) in this portion of the downdraft. We
found examples only of transport of lesser values of cy-
clonic vorticity downward (not shown) in the 500—-1000-
m layer. If this downdraft played a direct role in the
vorticity dynamics of low-level mesocyclogenesis, then
its importance also must have been greatest below the
lowest level of observations.

3. Cyclic tornado formation

We postulate that a long-lived tornado persists in a
region where the air near the surface is rich in vertical
vorticity, is convergent, and is potentially buoyant. In
a cyclic storm, conditions must be only periodically
conducive to tornado formation and maintenance, or the
tornadoes that do form must not remain in that portion
of the storm where conditions are favorable for main-
tenance. Since the McLean storm produced tornadoes
almost continuously over nearly 2 h, we suggest that
the latter was true during the cyclic stage. Burgess et
al. (1982) suggested that successive tornadoesin cyclic
storms form primarily via stretching of ambient low-
level vertical vorticity. However, the analyses of the
McLean storm indicate a strong association between
tilting of horizontal vorticity into the vertical and new
vortex formation, as noted in Adlerman et al.’s (1999)
numerical simulation experiments.

A qualitative description of cyclic tornadogenesisin
the McLean storm was provided in Part | of this paper.
The evolution resembles that in previous conceptual
models of cyclic storms (Burgess et al. 1982; Klemp
1987; Adlerman et al. 1999) in terms of the location in
which new vortices formed with respect to the rear-flank
gust front (Fig. 12). However, successive tornadoes did
not appear to be associated with discrete propagation of
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TaBLE 1. Typical magnitude (maximum values X 10°s2 at a
grid point in/near the tornadic vortices), as a function of height, of
termsin thefrictionless vertical vorticity equation, for the dual-Dopp-
ler analyses of the McLean storm. In the first term (horizontal ad-
vection), the values of u and v arerelative to the motion of the updraft.
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Fic. 13. Eastward component of motion (m s-*) as a function of
time of the updraft and the three main vorticity maxima. The motions
are from finite-difference approximations based on consecutive lo-
cations of the vorticity maxima at 0.5 km AGL and the centers of
the updraft at 4 km AGL. The bars at the bottom of the figure indicate
the time periods when tornadoes were observed.

the main storm updraft as in previous conceptual mod-
els. Instead, the tornadoes formed near, and occasionally
became separated from, a single persistent main updraft.

The focus in this section is primarily on a discussion
of the following questions: Why did the storm produce
afamily of tornadoes rather than only onetornado? Why
was the fourth tornado longer lived than the other tor-
nadoes? The key element in the traditional description
of the cyclic process is the outflow along the rear flank
of the storm. During the tornadic stage, outflow from
the rear-flank downdraft may surround the vortex and
undercut the updraft, cutting off the supply of poten-
tially buoyant air (Lemon and Doswell 1979; Burgess
et al. 1982; Klemp 1987; Brooks et al. 1994; Adlerman
et al. 1999). Although the outflow may be destructive
to the original updraft and tornado, the leading edge of
the outflow may initiate new updraft growth and vortex
formation nearby.

For the high-CAPE environment of the McLean storm,
it is unlikely that the tornadoes dissipated because they
were cut off from potentially buoyant low-level air (dis-
cussed previoudly in section 2c). Tornado 1 was within
updraft when it dissipated (Figs. 2¢c and 3). However, there
had been a significant decrease in the magnitude of low-
level circulation in the surrounding flow within a radius
of 1 km (Fig. 3). In contrast, tornado 2 dissipated within
a region of mean downward motion (Fig. 5). Although
potentially buoyant, the low-level air apparently was not
being lifted to its LFC. Both tornadoes dissipated when
they became separated from the main updraft.

The mean motion of the updraft in the McLean storm
during the period of survey by the ELDORA was to the
northeast at 9.5 m s~*. Although the motion was not
constant, it was less variable than the motions of indi-
vidual tornadoes (Fig. 13). In Fig. 13, we focus on the
u component of motion since it tended to vary more than
the v component. The first two vorticity maxima and
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tornadoes did not keep up with the eastward motion of
the main updraft. The typical life cycle of a storm-scale
circulation involved formation along the east side of the
updraft, maturation near the northwest lobe of the updraft,
and weakening as it was shed rearward (Fig. 12).

From the frictionless form of the vertical vorticity
equation, we expect the location of a local maximum
in vorticity to change whenever the forcing (sum of
horizontal advection of vertica vorticity, vertical ad-
vection of vertical vorticity, tilting of horizontal vortic-
ity into the vertical, and stretching of vertical vorticity)
is out of phase with the vortex. As a crude estimate of
the magnitude of the forcing termsin the vorticity equa-
tion for this case, we identified typical maximum values
based on the wind syntheses (Table 1). In the calcula-
tions of horizontal advection, the horizontal wind com-
ponents relative to the motion of the updraft are used.
We estimated the horizontal velocity of the updraft at
each time from the locations of the center of the updraft
at 4.0 km (alevel at which the main updraft tended to
be circular) at the most recent and next analysis times.

Since stretching and horizontal advection are the
dominant terms at the lowest levels (Table 1), a low-
level vortex will tend to move toward local maximain
these quantities. Although the magnitude of tilting is
relatively small at low levels, the vortices are, in the
absence of ambient vertical vorticity, constrained to
form downstream of the weak but broad regions of tilt-
ing. Aloft, the magnitudes of the terms in the vorticity
equation are more comparable. For the resolution of the
Doppler syntheses, the values in Table 1 apply to hor-
izontal scales of greater than 2 km. On the scale of the
tornado itself, we are especially interested in very low
levels since this is the location of the maxima in wind
speed and vorticity (Fiedler 1993; Lewellen 1993).

The relative importance of horizontal advection at low
levels (Table 1) indicates that a tornado’s motion could
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be strongly related to the mean flow in which it is em-
bedded. To test this idea, we computed the mean hori-
zontal wind in the vicinity of each tornado at the lowest
grid level at each analysis time (Fig. 14). We calculated
the mean wind over a circle that was 4 km wide and
centered on the tornado. We chose a radius large enough
to contain the regions of vertical vorticity greater than
0.01 s *. The mean values do depend on the choice of
the diameter, but the qualitative results are insensitive to
this choice. The relationship between the mean wind and
the direction of tornado motion (Fig. 14) is striking, es-
pecially when one considers that the computations were
for one level only, rather than for a layer.

A number of different storm-scale surges of outflow
in the McLean storm modified the low-level flow in the
tornadic region. The initial motion of tornado 1 was
similar to the mean horizontal wind at 500 m in the
tornadic region, that is, from southwest to northeast
(Fig. 14a). With time, the outflow perturbation at the
rear of the storm weakened, and the flow became more
dominated by easterly inflow from the environment
(Figs. 9a and 9b). (For example, the winds to the west
and northwest of tornado 1 were more easterly than
before.) In response, tornado 1 turned to the northwest
(2313 in Fig. 144). In the same time period, the north-
northwesterly motion of the new vortex 2 was aso to

the left of the overall storm track, which was toward
the northeast. When the surrounding flow later veered
dlightly (2318 in Fig. 14a), tornado 2 turned more to
the north (i.e., to the right).

A new surge of low-level outflow began to show up
within the trailing precipitation region (Fig. 5f in Part
I) at 2313 (not shown). By 2325, the wind perturbation
had expanded, and westerly winds dominated the south-
west side of the storm (Fig. 9c). The outflow from the
southwest persisted into the intense phase (2335-2350)
of tornado 4 (Fig. 9d). At that time, the mean flow in
the vicinity of tornado 4 was strong and from the west-
southwest (Fig. 14b).

In some previous studies (e.g., Ageeet al. 1976), turns
in tornado tracks were attributed to rotation of the tor-
nado about alarger vortex. This conceptual model may
apply to tornado 4 at 2356 and 0003 (Figs. 9e and 9f),
when the tornado was southwest and then south of the
center of a region of cyclonic flow that was ~10 km
wide. The enhanced westerly flow in this location rel-
ative to the broad-scale circulation may have affected
the motion of tornado 4. In addition, vortex-relative
motions associated with interactions of the storm-scale
vorticity maxima may have been important when the
earlier vortices were close (e.g., Fig. 9b). However, we
are suggesting here a more important relationship be-
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tween tornado motion and the relative strengths of the
inflow and outflow winds in the tornadic region.
Viewed in the reference frame of the updraft, changes
in the local mean wind around a vortex change the mag-
nitude and/or direction of movement caused by horizontal
advection (Fig. 15). When easterly updraft-relativewinds
penetrated deep into the storm (Fig. 15a), the pattern in
the advection fields favored movement of the vorticesto
the west-northwest with respect to the updraft. At later
times (e.g., Fig. 15b), there was more westerly momen-
tum in the tornadic region (e.g., northerly winds now
west of the tornado and westerly winds south of the
tornado) despite the stronger inflow farther east. At 2351,
the forcing from horizontal advection was toward the
southeast (Fig. 15b), that is, toward the updraft at the
gust-front bulge (Fig. 7c) rather than away from it.
Unlike the previous tornadoes, tornado 4 did not lag
well behind the main updraft while the ELDORA was
scanning the storm (Fig. 13). Based on the model in this
section, we attribute this partly to abalance between storm-
relative outflow and inflow that, on average, yielded rel-
atively weak mean updraft-relative low-level flow in the
tornadic region. This balance allowed the tornado to re-
main in a location where it could take advantage of a
continuous supply of vertical vorticity in trgjectoriesfrom
the north (Figs. 7c and 7d). However, tornado 4 was till
subject to changes in the forcing from horizontal advec-
tion. For example, at 2356, the mean ground-relative wind
around the tornado backed, and the tornado turned dlightly

to the left (Fig. 14b). Within only 7 min, a new surge of
outflow had developed, as indicated by a change in the
direction of the winds within the reflectivity appendage
from north-northeasterly to north-northwesterly (Figs. 9e
and 9f); the windsin the vicinity of the tornado were once
again strong from the west-southwest (Fig. 14b). Had the
new outflow surge not developed around 0003, we spec-
ulate that renewed cyclic behavior may have occurred,
because tornado 4 would have moved westward relative
to the updraft.

In our discussion, we have implied that the parent
storm supports a broad region in which a tornado, once
formed, can be sustained while moving with respect to
the center of the main updraft. Propagation of the up-
draft by dynamic pressure forcing could lead to a ten-
dency for the updraft to move ahead of a smaller feature
such as a tornado. For the dual-Doppler analyses of the
McLean storm, dynamic pressure retrievals (Klemp and
Rotunno 1983) consistently indicate a minimum in opg,/
dz (i.e., amaximum in forcing for upward motion) cen-
tered east of the low-level updraft maximum (e.g., Figs.
16aand 16¢) (Cai and Wakimoto 2001). We investigated
the contributions to the total dynamic pressure from
individual components, namely the fluid extension term,

Voo — ol () () L (W) 29 (1de)(L.
P Pl ox ay 0z dz\p dz/||’

the curvature term,
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(Klemp and Rotunno 1983). Although some of the con-
tribution to the forcing for upward motion came from
the curvature term (not shown), more generally thelocal
minimum in ap,,/0z to the east of the updraft maximum
was associated with the shear term (Figs. 16b and 16d).
Dynamic pressure forcing consistently favored eastward
propagation of the updraft.

The causes of updraft and tornado movement are not
entirely independent, however. For example, we spec-
ulate that the eastward motion of the updraft temporarily
decreased from 2306 to 2318 (Fig. 13) for the same
reason that the tornadoes moved to the west—the mean
low-level winds in the updraft and tornadic region were
more easterly during this period (Fig. 9b).

4. Conclusions

As each magjor tornado in the McLean storm formed,
air to its right advanced, producing a small-scale bulge
in the gust front (Fig. 12). This gust-front bulge sharp-
ened the vertical velocity gradient in the updraft ahead
of the tornado. Localized strong tilting along the for-
ward flank of the updraft produced a new maximum in
vertical vorticity. The broad but weak new vortex quick-
ly developed a profile of increasing rotation with height
owing to the accumulated effects of tilting and stretch-
ing in rising air.

Updraft-relative horizontal advection carried the de-
veloping storm-scale circulation to the rear side of the
updraft (Fig. 12). As the location of the vortex relative
to the center of the updraft changed, the low-level tra-
jectories into the vorticity maximum came more from
its left (with respect to overall storm motion). The tra-
jectorieswereideal for carrying vertical vorticity, which
was produced by tilting of horizontal vorticity into the
vertical near the left side of the updraft, into the con-
vergent roots of the updraft, where it was amplified by
stretching. As the vortex reached tornadic intensity at
low levels, a gust front (wind shift line) swept about
the right side of the tornado and initiated yet further
vortex development. The tornado persisted near the rear
side of the main updraft if the location and strength of
low-level outflow were such that there was weak up-
draft-relative flow in the tornadic region.

The storm-scale circulation associated with the long-
lived tornado 4 was fed by vertical vorticity produced
by tilting along an arc near the gust front (Figs. 7c and
7d). A strong tornado moving at approximately the same
velocity as the updraft would tend to absorb local vor-
ticity maximathat formed in the inflow from thisregion,
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as occurred at least twice in the McLean storm. During
the early life of tornado 1, the vorticity maximum to its
north-northeast (Fig. 4) apparently did not have time to
mature before being absorbed. Much |ater, a narrow tor-
nado 5 formed north-northeast of the intense tornado 4
(Fig. 4d in Part I). The remnant funnel cloud was ob-
served visually to be drawn into tornado 4.

Cyclic tornado formation may result if the horizontal
motion of the tornadoes repeatedly does not match the
horizontal motion of the main storm-scale updraft and
downdraft. Each tornado in the McLean storm formed
near the rear part of the main updraft. Horizontal ad-
vection forced the first two tornadoes westward relative
to the updraft. Both tornadoes persisted for a while as
their separation from the main updraft increased to sev-
eral kilometers. We speculate that each tornado even-
tually dissipated when its low-level inflow either lacked
vorticity or was too dense to be lifted to the LFC. West-
ward advection of the tornadoes relative to the updraft
occurred during the stage in the storm’s life when low-
level outflow was relatively weak, and southeasterly in-
flow penetrated to the back of the storm. In other storms,
the mismatch of the motions of the tornadoes and the
updraft may be related to discrete propagation of the
updraft.

A diagnosis of the formation of low-level outflow was
beyond the scope of this paper. Since the mobile me-
sonet did not observe cold air behind the rear-flank gust
front near tornado 4, the formation of outflow may have
involved more complicated processes than evaporation
of precipitation alone. The strength of outflow from the
rear of the storm appeared to influence both the strength
of individual tornadoes and whether tornadoes were cy-
clic or long lived. The surge of outflow that coincided
with the end of the cyclic phase (and the formation of
tornado 4, the strongest tornado in the family) followed
the formation of updrafts and precipitation to the south-
west of the main cell. Earlier, although there was no
large-scale perturbation in the flow apparent, tornado 1
also formed when precipitation from a neighboring cell
interacted with the main storm (cell B in Fig. 9aand in
Fig. 5b in Part 1). This type of evolution involving in-
teraction of cells would be difficult to anticipate in ad-
vance from environmental parameters. In some cyclic
storms, transitions between nontornadic and cyclic tor-
nadic, and between cyclic tornadic and long-lived tor-
nadic stages may be related to other factors such as
changes in the environment or the degree of maturity
of the storm.

The lack of measurements near the surface in this
case was a serious problem in the estimation of low-
level trgjectories and the evaluation of forcing in the
vorticity equation. Analyses of horizontal vorticity and
tilting as low as ~500 m AGL (Figs. 2a, 7c, and 7d)
were possible only for ELDORA data collected within
~10 km of the target. Very close to the surface, surface
drag may have played a significant role in organizing
the horizontal vorticity field. The increase in wind speed
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from zero at the ground to ~20 m s~ at 200 m (Fig.
6 in Part 1) was associated with strong horizontal vor-
ticity (~0.1 s71) in the surface layer. Since the direction
of storm motion was approximately perpendicular to the
vertical shear near the surface, there was significant

streamwise horizontal vorticity in the surface layer.
These characteristics of the horizontal vorticity field are
neither resolved in the radar data nor are they included
in standard numerical simulations with afree-slip lower
boundary.
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For a more definitive diagnosis of tornadogenesis
from observations, in future cases we require coordi-
nated mobile, ground-based radar (Wurman et al. 1997;
Bluestein and Pazmany 2000; Biggerstaff and Guynes
2000) and in situ measurements taken from very close
to the storm in order to obtain detailed information in
the lowest 100 m. These measurements should be com-
plemented by observations from radars that scan the rest
of the storm aloft. To document the formation and dis-
sipation of 1-km scale features, updates approximately
every 1 min will be required.
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