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ABSTRACT

On 8 June 1995 scientists participating in the Verification of the Origins of Rotation in Tornadoes Experiment
(VORTEX) collected airborne Doppler radar data in a storm that produced a family of tornadoes near McLean,
Texas. The Electra Doppler Radar (ELDORA) scanned three significant tornadoes during their formative and
mature stages; one of the tornadoes was of F4/F5 intensity.

Evidence from pseudo-dual-Doppler analyses of the ELDORA data reveals a process of cyclic tornado for-
mation qualitatively similar to that depicted in previous conceptual models. In particular, the rear-flank gust
front appears to play a major role in determining the location of the next vortex in the series. When a tornado
forms, a small region (3–5 km wide) of outflow surges ahead of the tornado, producing a local bulge in the
gust front. A new vorticity maximum may form near the leading edge of the outflow. In contrast to what is
suggested by earlier conceptual models, intersection of the rear-flank gust front with a wind shift along the
forward flank does not appear to be a necessary element in the formation of the new vortex.

Previous studies have shown that if low-level outflow from the rear flank of a storm surges well ahead of the
midlevel updraft, initiation of new deep, moist convection downshear along the gust front may be necessary
for storm survival. In contrast, in the McLean storm, the rear gust front did not move ahead of the location of
the midlevel updraft. The persistence of the main updraft may have fostered a rapid cyclic process.

The first and second tornadoes each, in short time, became separated from the main updraft. In contrast, the
third large tornado in the family (the fourth overall) remained with the main updraft and persisted for over 1
h. Reasons for the transition of the cyclic phase into the long-lived phase will be discussed in Part II of this
paper.

1. Introduction

The most violent tornadic storms tend to produce fam-
ilies of tornadoes, rather than just one tornado, often at
strikingly regular intervals (Darkow and Roos 1970;
Darkow 1971). Fujita et al. (1970) and Fujita (1974)
documented these types of storms with detailed damage
surveys and classified them according to patterns of
tornado tracks. We will refer to the formation of a series
of tornadoes in a supercell thunderstorm as ‘‘cyclic tor-
nadogenesis’’ (Darkow and Roos 1970; Rasmussen et
al. 1982).

In the Burgess et al. (1982) conceptual model for
cyclic low-level vortex formation (Fig. 1), the config-
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uration of the forward-flank and rear-flank boundaries
in the thunderstorm resembles the frontal structure in a
midlatitude synoptic-scale cyclone, as in the schematic
of supercell structure by Lemon and Doswell (1979).
Vortices repeatedly form at the occlusion point and dis-
sipate as they become separated from the warm sector.
In the Lemon and Doswell (1979) model, the storm that
is producing a series of tornadoes is maintained by a
series of discrete updrafts. Recently, Adlerman et al.
(1999) provided a detailed description of the evolution
of both low- and midlevel features in a numerical sim-
ulation of the cyclic formation of mesocyclones. The
sequence of events at low levels in the simulation re-
sembled that in the earlier conceptual models.

Until recently, documentation of cyclic tornadoge-
nesis was limited to single-Doppler measurements (Bur-
gess et al. 1982), dual-Doppler observations with rel-
atively poor temporal and spatial resolution (Johnson et
al. 1987), and visual records (e.g., Fujita et al. 1970;
Rasmussen et al. 1982; Jensen et al. 1983; Bluestein et
al. 1988; Davies et al. 1994). The quality of available
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FIG. 1. Conceptual model of cyclic mesocyclone core formation
(from Burgess et al. 1982). Tornado tracks are shaded, and thick lines
represent forward-flank and rear-flank wind discontinuities. In the
summary of the tornado tracks at the lower right, the smallest inset
square corresponds to the expanded region in the figure.

FIG. 2. Composite of surface analysis and GOES-8 visible image
centered on the eastern Texas Panhandle at 2300 8 Jun 1995. For
each station, the temperature (upper left) and dewpoint (lower left)
are in 8C, and the altimeter setting (right) is in tenths of mb with
leading ‘‘10’’ removed. Full (half ) wind barbs represent 5 (2.5) m
s21. The position of the front was estimated from the surface obser-
vations. Cloud features and surface observations provide evidence of
the location of the old outflow boundary (dashed line) in central and
northwest OK. In the northern Texas Panhandle, the new outflow
boundary, which has overtaken the front, was associated with a fine
line in the Amarillo, TX, WSR-88D images. The position of the
dryline (scalloped line) was estimated from cloud features (faintly
visible) and from the series of surface observations at sites in west
Texas.

observations increased dramatically on 8 June 1995, the
date of the last mission of the Verification of the Origins
of Rotation in Tornadoes Experiment (VORTEX) (Ras-
mussen et al. 1994). In 1994 and 1995, VORTEX sci-
entists collected datasets with airborne platforms, mo-
bile ground-based platforms, and the operational suite
of instruments in order to evaluate hypotheses of tor-
nadogenesis and tornado dynamics. The primary data
in our study are those collected with the Electra Doppler
Radar (ELDORA) system on the National Center for
Atmospheric Research (NCAR) Electra aircraft (Hil-
debrand et al. 1994; Wakimoto et al. 1996).

On 8 June 1995, several tornadic supercells formed
in the Texas Panhandle (Fig. 2). The southernmost storm
produced a family of tornadoes, some of them quite
large, near McLean, Texas (Figs. 3 and 4). The EL-
DORA scanned this supercell (‘‘the McLean storm’’)
from before the formation of the first tornado until well
into the life of the fourth. Because convective clouds
were absent to the south of the storm (Fig. 2), the Electra
crew was able to obtain pseudo-dual-Doppler1 (Jorgen-
sen et al. 1996; Dowell et al. 1997) measurements at
close range every 5–6 min by flying east–west-oriented
legs to the south of the updraft.

Since the pseudo-dual-Doppler analyses of the Mc-
Lean supercell are the first to document the cyclic for-
mation of tornadoes at close range, we have taken ad-
vantage of this unique opportunity to evaluate the ex-
isting conceptual models of cyclic vortex formation in

1 Although the ELDORA is composed of two radars, we still refer
to the data as ‘‘pseudo-dual-Doppler’’ since the synthesis involves
observations that were collected from a single platform.

light of the new observations. In Part I of this study,
we focus on qualitative aspects of the McLean storm,
especially the morphology of the gust front and updraft
in the tornadic region of the storm. We begin in section
2 by describing in more detail the case we have selected
for intensive study. In section 3 and in an appendix, we
describe the method used to synthesize the wind field
from the ELDORA data and discuss what features could
be resolved. In section 4, we compare the process of
cyclic tornadogenesis depicted in our analyses to the
prevailing conceptual models of cyclic tornadogenesis.
Concluding comments are found in section 5. The quan-
titative analysis of cyclic tornado formation, mainte-
nance, and dissipation is found in Dowell and Bluestein
(2002, Part II of this paper).

2. The 8 June 1995 dataset

During the afternoon of 8 June 1995, storms formed
progressively from north to south near the dryline in
the Texas Panhandle (Fig. 2). VORTEX teams initially
targeted a supercell in the eastern Oklahoma panhandle.
However, when it became clear at 2200 UTC (all times
hereafter given in UTC) that the initial storm was weak-
ening, the teams focused their attention on tornadic
storms farther south in the eastern Texas Panhandle.

First echoes on the lowest sweep of the Amarillo,
Texas, Weather Surveillance Radar-1988 Doppler
(WSR-88D) of the eventual target storm, hereafter de-
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FIG. 3. Tornado tracks and local road network near McLean, TX,
with approximate beginning and ending times (UTC on 8 and 9 Jun
1995) of the visible tornado condensation funnels. The numbers in
parentheses are maximum edited ground-relative ELDORA single-
Doppler wind speeds (m s21) below 2 km AGL in the tornadoes,
during each aircraft pass.

noted the McLean storm, appeared approximately 12
km east of Silverton, Texas, at 2050 (not shown). The
storm grew in size and intensity as it moved to the
northeast. An instrumented National Oceanic and At-
mospheric Administration (NOAA) P-3 aircraft and the
NCAR Electra aircraft arrived after 2230, before the
storm began to produce a family of at least five tor-
nadoes (Figs. 3 and 4). By this time, the McLean storm
was a large, high-reflectivity cell with a narrow ap-
pendage (Forbes 1981) on the southwest side (Fig. 5a).
As was typical of the storms studied by Forbes (1981),
the appearance of the first appendage on the southwest
side of the storm at 2210 (not shown) preceded the
formation of the first tornado by over 40 min.

Although the storm may be considered an isolated
supercell, evidence from WSR-88D images of reflectiv-
ity (Fig. 5) indicates that this characterization is overly
simplified. At 2247, a new low-level reflectivity feature
appeared south of the McLean storm (Fig. 5b). This
new feature (cell B) merged into the larger core of the
main cell (A) (Figs. 5b–e) during the genesis of tornado
1. Raw ELDORA scans at 2249 (not shown) indicated

neither reflectivity nor velocity characteristics of an ac-
tive updraft with cell B. Apparently, the life cycle of
the updraft that produced the precipitation was brief.
Fallout of precipitation that had formed aloft was re-
sponsible for the increase in low-level reflectivity in cell
B after 2249 (Figs. 5b–d).

After 2300, a trailing region of reflectivity began to
develop southwest of the tornadic region (Figs. 5e–g),
giving the storm an elongated appearance on its south-
west side (Fig. 5f). In Part II of this paper, we will
discuss the possibility of the interaction of cells along
the flanking line with the main storm cell.

Other cells to the west and northwest of the McLean
storm during much of its life (Fig. 5) organized into a
companion supercell shortly before 0000 (Fig. 5i). The
companion storm produced brief, weak tornadoes (R.
Satkus 1995, personal communication). A third super-
cell (not shown) formed just east of the McLean storm
and produced an F4 tornado near Allison, Texas, around
0100. Neither the companion storm nor the Allison
storm is a focus of this study.

The ELDORA system scanned the McLean storm
from an altitude of approximately 500 m AGL until
0015, when the pilots of the Electra aborted the mission
after encountering extreme turbulence. For our study,
we utilized primarily the data collected by the ELDORA
during 17 east–west-oriented flight legs. [The center
times of the aircraft passes are 2236, 2242, 2248, 2254,
2259, 2306, 2313, 2318, 2325, 2331, 2338, 2345, 2351,
2356, 0003, 0009, and 0015 (incomplete).] However,
we also used in situ data from the P-3 aircraft and mo-
bile-mesonet surface data (Straka et al. 1996) collected
when ground teams arrived during the mature stage of
tornado 4.

Our estimates of the times of the tornadoes (Fig. 3)
are from video documentation. Tornadoes 3 and 5 were
narrow and brief (Figs. 4c and 4d); the others (especially
tornado 4) were large (with condensation funnels ex-
ceeding 700 m in width in each case) and long lived
(Figs. 4a, 4b, and 4d). Tornado 4 was obscured by rain
after 0030, so we know little about its late evolution.
The Amarillo, Texas, National Weather Service (NWS)
office rated the damage (Fujita 1981) in tornadoes 3 and
5 as F0, tornadoes 1 and 2 as F2, and tornado 4 as F42

(NCDC 1995). The maximum low-level (below 2 km
AGL) Doppler wind measurements by the ELDORA in
the first two significant tornadoes (Fig. 3) lie within the
range of wind speeds Fujita (1981) associated with F2
damage. The wind speed of 92 m s21 in tornado 4 (Fig.
3) is at the threshold between wind speeds associated
with F3 and F4 tornadoes. A more detailed comparison
of wind speeds to damage ratings is not possible for
this case for several reasons. First, relatively few homes
were affected by the McLean storm tornadoes. Second,

2 R. Wakimoto (1995, personal communication) based on an ex-
haustive ground and aerial survey, rated the damage of tornado 4 as
F5.
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FIG. 4. Video frames of the McLean storm tornadoes. (a) Tornado 1 to west-northwest at 2302 UTC.
(Copyright 1995 by B. Haynie.) (b) Tornado 2 to northwest at 2312 UTC. (Copyright 1995 by B. Haynie.)
(c) Tornado 3 to northwest at 2321 UTC. (Copyright 1995 by B. Haynie.) Tornado 2 (not visible in this
image) was to the left of tornado 3 from this viewing location. (d) Tornado 4 (left) and tornado 5 funnel
cloud (right) to west at 0008 UTC. (VORTEX video by C. Kaufman.)

the ELDORA measurements within ;500 m of the sur-
face are contaminated by ground clutter. Third, features
in the wind field on scales of a few 100 m or less are
not resolved in the ELDORA data.

Ground teams were not in position to obtain an en-
vironmental sounding near the McLean storm. We have
combined data from multiple sources to estimate the
environmental conditions south of the updraft of the
mature storm (Fig. 6). The surface observations are from
mobile-mesonet vehicles (Straka et al. 1996) that were
25 km south-southeast of the updraft at 2350. The ob-
servations between 0.5 and 3.5 km AGL are in situ
measurements collected from the P-3 while it descended
during a turn approximately 30 km south of the updraft
at 2240. Thermodynamic measurements at upper levels
(i.e., above 3.5 km AGL) are from a sounding at 2300
from Amarillo, Texas, which is 110 km west of McLean.
To estimate the upper-level winds, we computed the
mean wind at each grid level in a pseudo-dual-Doppler
analysis of ELDORA data collected 60 km east-north-
east of the storm at 2225. Although features in the

sounding at the interfaces between data types could be
related to spatial and temporal variability of the envi-
ronment, we note that in a region of data overlap be-
tween 2.0 and 3.5 km AGL, the ELDORA wind (Am-
arillo temperature) measurements were within 4 m s21

(1 K) of those obtained from the P-3. Since the low-
and mid-level wind measurements were collected within
30 km of a mature updraft, the profile may have been
modified by the storm itself (Dowell and Bluestein
1997; Markowski et al. 1998; Weisman et al. 1998).

An unusually high surface dewpoint (228–238C) for
the Texas Panhandle in early June contributed to a very
high value of CAPE of 5380 J kg21 (Fig. 6). The bulk
Richardson number was 36, which is in the range that
supports simulated supercells (Weisman and Klemp
1982, 1984). Particularly noteworthy in the wind profile
is the high magnitude of the vertical shear of the hor-
izontal wind (0.8 3 1022 s21) from 3 m to 3 km AGL.
In addition, the hodograph indicates a significant change
in direction of the shear vector from near the surface
to above the boundary layer (Wicker 1996). Since there
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FIG. 5. Reflectivity factor (dBZe, with scale shown on the right) at 0.58 elevation angle from the Amarillo,
TX, WSR-88D on 8 Jun 1995. The storm was approximately 100 km east of the radar site. If a tornado
was observed at the time of the image, then this is noted in parentheses after the time: (a) 2238, (b) 2247,
(c) 2252 (tornado 1), (d) 2257 (tornado 1), (e) 2307 (tornado 1), (f ) 2317 (tornado 2), (g) 2327, (h) 2342
(tornado 4), and (i) 2357 UTC (tornado 4).

is a large vertical distance between the mesonet obser-
vation at 3 m and the lowest P-3 measurement at 500
m AGL, we examined Doppler measurements from the
ELDORA in order to resolve better the shape of the
low-level hodograph. Pseudo-dual-Doppler wind syn-
theses from clear air data within 3 km of the flight track
were possible for levels as low as 50 m AGL. The
hodograph that was derived from ELDORA data ;15
km south-southeast of the main storm updraft at 2259
indicates stronger low-level winds (Marwitz and Bur-
gess 1994) than those observed during the more distant
P-3 descent (Fig. 6b). There is evidence of a turn in the
hodograph toward the origin below 200 m AGL. At
2259, most of the decrease in the boundary layer wind
speed toward zero at the ground apparently occurred
within the lowest 50 m.

3. Pseudo-dual-Doppler analysis

Fore and aft scanning by the two antennas in the
ELDORA allows one to collect pseudo-dual-Doppler
(Jorgensen et al. 1996; Dowell et al. 1997) data with a
between-beam angle of 358–408 (Wakimoto et al. 1996).
The radar transmits at two different pulse-repetition fre-
quencies (Sirmans et al. 1976), giving an effective un-
ambiguous velocity (678.7 m s21) suitable for the study
of severe convection (Wakimoto et al. 1996). For typical
Electra flight speeds (120 m s21) and antenna rotation
rates (1338 s21) during convective-mode scanning, the
along-flight-track spacing between consecutive sweeps
is ;300 m. This spacing is comparable to the beam-
width, which was 160–470 m at ranges of 5–15 km to
the McLean tornadoes.
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FIG. 6. Environmental conditions near the McLean storm. (a) Estimated sounding (details given in the text) ;30 km south of the McLean
storm updraft at 2300 UTC 8 Jun 1995. Temperatures (T ) and dewpoints (Td) (bottom) are in 8C, pressures (left) are in mb, and heights
(right) are in km AGL. The heavy line on the sounding is a pseudoadiabatic ascent curve for a parcel with the mean properties of the lowest
500 m of the sounding. CAPE (computed based on virtual temperature without condensate loading) is 5380 J kg 21. Wind barbs and flags
represent 10 kt (ø5 m s21) and 50 kt (ø25 m s21), respectively. (b) Hodograph corresponding to the sounding in (a) (dark line) and
hodograph synthesized from ELDORA clear air data near the flight track 15 km south-southeast of the McLean storm updraft at 2259 UTC
(gray line). The rings are at 5 m s21 intervals. Heights are in km AGL. Mean storm motion is indicated by the X in the hodograph.

We describe the variational method used to analyze
the ELDORA pseudo-dual-Doppler measurements in
the appendix. The wind syntheses resolve features as
small as 2–3 km in width/height every 5–6 min. We
refer the reader to Doviak et al. (1976), Ray et al. (1980,
1985), Jorgensen et al. (1983), Hildebrand and Mueller
(1985), Ray and Stephenson (1990), and Wakimoto et
al. (1998) for general discussions of errors in ground-
based and airborne dual-Doppler analyses. Perhaps the
primary challenge in diagnosing tornadogenesis with
the ELDORA data is the lack of measurements near the
surface. For typical ranges to the tornadoes in this par-
ticular case, we determined that the winds below ap-
proximately 500 m AGL were contaminated by ground
clutter. As described in the appendix, we specified 500
m as the lowest level in the grid and assumed that di-
vergence measurements at that level were representative
of the entire layer below. The lack of wind measure-
ments near the surface represents a significant source
of error owing to the typical presence of strong velocity
gradients in both the horizontal and vertical in supercell
and tornado boundary layers (Lewellen 1993; Wurman
et al. 1996; Dowell and Bluestein 1997). Other sources
of uncertainty for this particular case relate to temporal
sampling. Storm evolution between the times of the fore
and aft measurements at a particular point introduces
error into the analysis. At ranges of 5–15 km, the ob-
servations are separated in time by 30–90 s. In addition,
the 5–6-min time between consecutive pseudo-dual-

Doppler volumes makes it difficult to follow the evo-
lution of individual storm features.

In this paper, we focus primarily on the relationship
of the tornadoes to the parent storm. To determine the
locations of the tornadoes for the figures, we identified
the locations (relative to the dual-Doppler grid origin)
of the tornado signatures in the raw ELDORA scans.
Tornadoes are associated with strong cyclonic shear in
Doppler velocity (e.g., Fig. 7a) and weak-echo holes in
reflectivity (Fig. 8) (Fujita 1981; Wakimoto et al. 1996).
(As discussed in the appendix, centrifuging of scatterers
by the tornadoes, which likely produced the observed
minima in reflectivity, could be an additional source of
error in the wind synthesis.) Bounded weak-echo re-
gions associated with updrafts in the McLean storm
were sometimes as narrow as those of the tornadoes
(not shown), but the updraft signatures were distin-
guishable from the tornado signatures by the lack of
sharp cyclonic shear. The tornado signatures extended
from the surface to over 13 km AGL (e.g., Fig. 8b) in
some cases. We also verified the locations of the radar
signatures against known points of damage at the
ground.

In the case of tornado 4 at 0003, which the radar
scanned from a range of 5 km, the dual-Doppler analysis
indicates a vorticity maximum 0.5 km north-northwest
of the tornadic shear signature (Burgess et al. 1975) in
the single-Doppler winds (Fig. 7a). The broader-scale
wind pattern was apparently asymmetric about the tor-
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FIG. 7. Vertical vorticity (shading at intervals of 0.01 s21) in the pseudo-dual-Doppler analyses at 0.5 km AGL. The x and y distances
(km) are relative to McLean. The approximate location of the center of tornado 4 is indicated by the letter T. (a) The edited radial velocity
values (m s21) from the fore radar at 0003 UTC 9 Jun 1995. The radar was scanning toward the northwest while the plane flew west-
southwest. Positive (negative) values indicate flow away from (toward) the radar. (b) The horizontal velocity component from the southeast
(m s21) in the pseudo-dual-Doppler analysis at 0003 UTC 9 Jun 1995. (c) The edited radial velocity values (m s 21) from the aft radar at
0009 UTC 9 Jun 1995. The radar was scanning toward the northwest while the plane flew east-northeast. (d) The horizontal velocity
component from the southeast (m s21) in the pseudo-dual-Doppler analysis at 0009 UTC 9 Jun 1995.

nado. At most of the other times for this case, the re-
solved vorticity maxima were closer to the locations of
the tornadoes. The high wind speeds in the raw data (68
m s21 outbound and 54 m s21 inbound in Fig. 7a) are
not discernible in the dual-Doppler synthesis (Fig. 7b).

At some of the other times during the life of tornado
4 (e.g., 0009), the distance between the locations of the

peak inbound and outbound radial velocities was greater
(Fig. 7c). Although the peak velocity magnitudes were
not as high as at the previous time (Fig. 7a), there had
been a significant increase in the areal coverage of high
wind speeds (e.g., the large area of outbound velocities
greater than 20 m s21 in Fig. 7c). The dual-Doppler
analysis (Fig. 7d) thus indicates stronger winds and
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FIG. 8. Edited scans of reflectivity factor (dBZe, scale indicated at bottom of each image) by the ELDORA. The roughly cone-shaped
scans have been projected onto a flat surface; the beam orientations at low levels are indicated. The range rings are at 5-km intervals, and
the radar is located at the center of the rings. The locations of reflectivity minima associated with tornado 4 are indicated by arrows. (a)
Scan by the fore radar at 2344:06 UTC. The slice through the tornado at midlevels is approximately vertical. (b) Scan by the aft radar at
2345:55 UTC. Since both the ELDORA sweep and the tornado are tilted at upper levels, the slice is nearly perpendicular to the axis of the
tornado.

higher values of vorticity than at the previous time (Fig.
7b). The dual-Doppler syntheses may be used to eval-
uate the strength of the flow in the vicinity of the tornado
on scales of 2–3 km or more but should not be used to
evaluate tornado intensity. Although tornado-scale in-
formation present in some of the close scans of the large
tornadoes is removed by the objective analysis and wind
synthesis, the use of the spatially and temporally uni-
form wind retrieval method allows for an unambiguous
assessment of the evolution of the larger-scale features
(Trapp and Doswell 2000).

4. Comparison to conceptual models

a. Low-level wind and temperature

1) BACKGROUND

Usage of terms such as ‘‘mesocyclone’’ and ‘‘tornado
cyclone’’ is inconsistent in previous descriptions of low-
level vortices in supercells. In this section, we will adhere
to the convention that mesocyclones refer to vortices that
are 2–10 km wide (Glickman 2000, 484–485). Agee et
al. (1976) suggested that some supercell mesocyclones
(called tornado cyclones in the original text) contain mul-
tiple long-lived sub-mesocyclone-scale vortices (1–3 km
wide, termed mini tornado cyclones) that revolve more
than once about the mesocyclone center. In their concep-
tual model, a tornado forms when the sub-mesocyclone-
scale vortex strengthens in the warm sector of the larger-
scale circulation, and the tornado dissipates when the par-
ent vortex passes through the region of cold storm outflow.
Agee et al. (1976) developed this conceptual model in

order to explain cycloidal tornado tracks in the ‘‘super-
outbreak’’ of 3 April 1974.

In the Burgess et al. (1982) description of storm struc-
ture, the broad region of cyclonic swirl in the storm
(which may be up to 20 km wide) contains one or more
embedded regions of approximately solid-body rotation
(termed mesocyclone cores in the text) (Fig. 1). Since
these embedded vortices were 4–6 km wide in the ob-
servations, we will apply the term mesocyclones in the
discussion below. In their extensive dataset of single-
Doppler radar observations, Burgess et al. (1982) found
that 24% of supercells developed more than one me-
socyclone. The mesocyclones observed on radar were
often associated with tornadoes.

The Burgess et al. (1982) conceptual model for low-
level evolution in cyclic supercells (Fig. 1) builds on
earlier explanations by Lemon and Doswell (1979).
During the mature stage of the first tornado, a gust front
wraps cyclonically about the right side of the tornado
(where directions described are relative to a viewer
looking in the direction toward which the tornado’s par-
ent storm is moving). Eventually the rear-flank gust
front wraps around far enough to form an occlusion with
the forward-flank gust front. The supply of warm en-
vironmental air to the mesocyclone is cut off, and the
occluded mesocyclone turns to the left and weakens.
The occluded vortex eventually dissipates completely,
rather than strengthening again at a later time as in the
Agee et al. (1976) model.

While the first low-level mesocyclone dissipates, a
second mesocyclone develops rapidly in the region of
strong convergence at the occlusion point of the storm-
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FIG. 9. Horizontal wind (vectors), vertical vorticity (contours at
intervals of 0.01 s21; negative values are contoured with dashed
lines), and reflectivity factor (shading) at 0.5 km AGL. The horizontal
motion of the dominant low-level vortex (U and V, lower left) has
been subtracted from the total wind. Gust fronts (defined as wind
shift lines, with or without baroclinic zones) are marked with heavy
black lines (dashed for weak/retreating gust fronts). Tornado locations
(T labels), nontornadic vorticity maximum locations (V labels), and
tornado tracks (swaths of short line segments) are also indicated: (a)
2242, (b) 2248, (c) 2259, (d) 2306, (e) 2313, (f ) 2318, (g) 2325, (h)
2338, and (i) 0003 UTC.

scale boundaries (Fig. 1). Unlike the first low-level me-
socyclone, which formed rather slowly following mid-
level mesocyclogenesis, the new mesocyclone forms
rapidly and simultaneously over a large depth because
it is in a region that is rich in vertical vorticity (i.e.,
within the broad region of cyclonic swirl). The new
mesocyclone, which may be associated with a tornado,
becomes dominant until its associated gust fronts oc-
clude and the next vortex cycle is initiated in a similar
manner.

Visual observations support some aspects of the Bur-
gess et al. (1982) conceptual model. Rasmussen et al.
(1982) and Jensen et al. (1983) observed gust front surg-
es ahead (to the east) of existing tornadoes and noted
that the new tornado began to form near this location
(Bluestein et al. 1988) when the surge slowed. The se-
quence of events in the Burgess et al. (1982) model also
resembles that in the numerical thunderstorm simulation

by Adlerman et al. (1999). A noteworthy difference is
that ambient vertical vorticity was not necessary for
cyclic vortex formation in the simulations; instead, new
vortices formed in a manner similar to that of the first
vortex. Another difference is in the gust front structure.
Burgess et al. (1982) specifically described the boundary
along the forward flank (extending eastward from the
vortex) as a wind discontinuity (Fig. 1). However, nei-
ther the recent numerical simulation by Adlerman et al.
(1999) nor earlier simulations (e.g., Rotunno and Klemp
1985) indicated a prominent wind shift along the for-
ward flank. Instead, the authors of the numerical sim-
ulation studies defined the gust front structure in terms
of the temperature field. In the simulations, the low-
level baroclinic zone was roughly north–south oriented
both north and south of the mesocyclone, was curved
(S shaped) in the mesocyclone region, and was generally
sharpest just behind the rear-flank wind shift.
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FIG. 10. Horizontal vortex-relative wind (vectors) and vertical velocity (shading and contours; negative values are contoured with dashed
lines), at 0.5 km AGL (left) and 4.0 km AGL (right). The contour intervals for vertical velocity are 1.5 and 8.0 m s 21 at 0.5 and 4.0 km
AGL, respectively. Other labels, etc., are as in Fig. 9 or as described in the text: (a) 2259 UTC, (b) 2313 UTC, 14 min after previous panel,
(c) 2318 UTC, 5 min after previous panel, (d) 2325 UTC, 7 min after previous panel, (e) 2338 UTC, 13 min after previous panel, and (f )
0009 UTC, 31 min after previous panel.



NOVEMBER 2002 2637D O W E L L A N D B L U E S T E I N

FIG. 10. (Continued )
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FIG. 11. As in Fig. 9, but at 4.0 km AGL: (a) 2259 and (b) 2313 UTC.

2) OBSERVATIONS OF THE MCLEAN STORM

In the descriptions of the McLean storm, we will use
phrases such as ‘‘resolved vorticity maxima’’ to describe
the vortices in the pseudo-dual-Doppler analyses that
appear to be larger than tornadoes. The resolved vor-
ticity maxima (regions where vertical vorticity exceeds
0.01 s21) are 1–3 km wide (e.g., Fig. 7). This size is
slightly smaller than what is typically associated with
a mesocyclone (2–10 km wide) (Glickman 2000, 484–
485) but larger than what is typically associated with a
tornado (1 km or narrower) (Fujita 1981). Evidence in
most of the raw ELDORA observations indicates that
the actual vortices (identified by their couplets of local
maxima and minima in radial velocity) are significantly
narrower than the width of the vorticity maxima in the
dual-Doppler syntheses (e.g., Fig. 7a).

For the comparison of our analyses to features in the
conceptual models, we will rely on many analyses at
500 m AGL (e.g., Fig. 9), the approximate lowest level
with pseudo-dual-Doppler data uncontaminated by
ground clutter. The horizontal winds depicted in Figs.
9–11 are relative to the motion of the dominant low-
level vortex at the time of each analysis. Since there
were turns in the tracks of the vortices (Fig. 3), the
reference-frame motion changes from one time to the
next. This choice of reference frame allows one to in-
terpret better the kinematic features in the vicinity of
the vortices but could make it more difficult for one to
evaluate the evolution of flow characteristics away from
the vortices.

In general, the analyses of the McLean storm are
qualitatively consistent with the Burgess et al. (1982)

model in terms of rear-flank gust front behavior and the
relative locations of vortices. The notation in the figures
(e.g., Fig. 9) is consistent with that in Burgess et al.’s
(1982) diagram (Fig. 1); that is, ‘‘gust front’’ symbols
identify features in the wind field. (Since few temper-
ature measurements are available in this case, we are
able to identify wind shifts more easily than baroclinic
zones.) We generally analyzed the rear-flank gust front
along lines of low-level convergence, that is, through
relative maxima of low-level upward motion (Fig. 10).
In regions of neutral vertical motion where we have
indicated a continuous gust front, we identified weak
wind shifts (not associated with significant upward mo-
tion), and we also considered the location of the gust
front at the previous and next analysis times. For ex-
ample, the portion of the rear-flank gust front to the
southwest of vortex 2 (V2) at 2259 is drawn through a
narrow region of updraft (Fig. 10a). The location of this
subtle portion of the boundary is also consistent with
the earlier location of the bow in the gust front (Fig.
9b). The dashed nature of the line at 2259 (Figs. 9c and
10a) indicates that this portion of the boundary is weak
and could be retreating (i.e., there is rearward vortex-
relative flow on each side of the boundary). The analysis
of the location of forward-flank boundaries is more sub-
jective. In Figs. 9 and 10, we have noted with dashed
lines subtle boundaries, when present, along the forward
flank, generally to the north and northeast of the vor-
ticity maxima.

Analyses from the first three aircraft passes near the
storm (examples from the second and third passes shown
in Figs. 9a and 9b) indicate an intense low-level cir-
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culation (V1), which we have identified as pretornadic.
Although a definitive classification of a low-level vortex
as either tornadic or nontornadic is not always possible,
we note that vortex 1 was associated with a visible
condensation funnel, Doppler wind speeds in excess of
35 m s21, and damage near the surface only after 2250.

As the pretornadic vorticity maximum intensified, a
local region of increased westerly momentum developed
to the south and east of the vorticity maximum (Figs.
9a and 9b), producing a bulge in the gust front. Although
the bulge in the gust front was weakening/retreating at
2259, cyclonic shear and curvature were increasing near
the gust front 3–4 km east and east-northeast of tornado
1 (Fig. 9c). The first step of cyclic vortexgenesis had
begun; V2 marks the new region of weak vertical vor-
ticity that would later be associated with tornado 2.

Vortex 2 was a much more prominent feature by the
time of the next aircraft pass (Fig. 9d); the circulation
was within 4 min of producing a visible condensation
funnel. The new vortex was beginning to produce a new
bulge in the gust front (Figs. 9d and 9e). Tornado 1 was
beginning to turn to the left and become separated from
the main rear gust front (Fig. 9d).

At 2313, the ropelike tornado 1 was within the trailing
precipitation region (Figs. 9e and 5f). The resolved vor-
ticity maximum in the dual-Doppler analysis is narrow
and weak (Fig. 9e). Several kilometers to its northeast,
the magnitude of vorticity had increased in the flow
surrounding the incipient tornado 2. With a strong vor-
tex and a nearby bulge in the rear gust front, the wind
field in the tornadic region resembled that observed ear-
lier (Figs. 9c and 9e). Cyclonic curvature in the flow
(labeled V4) was increasing near the gust front east of
tornado 2 (Fig. 9e). One may even trace the new feature
back to the previous pass (near x 5 22.5, y 5 29 in
Fig. 9d).

Earlier, the formative stage of V2 was characterized
by increasing values of circulation with height (as in-
dicated by a larger region with vertical vorticity greater
than 0.02 s21 at 4.0 km AGL than at 0.5 km in Figs.
9c and 11a). The new vorticity maximum V4 was es-
pecially more prominent aloft than at low levels (Figs.
9e and 11b). The increase in vorticity with height rep-
resents a minor departure from the Burgess et al. (1982)
model, in which new vortices grow rather uniformly
with height. As had also been the case earlier during
the transition from tornado 1 to tornado 2 (Fig. 11a),
the ;5 km scale mesocyclonic flow at 4 km AGL was
subdivided into a concentrated vortex associated with
the existing tornado and a broader developing vorticity
maximum to its east (Fig. 11b).

Low-level rotation increased with time in the newest
vortex (Figs. 9e–h), which later tightened into the large
F4 tornado 4 (Figs. 3 and 4d). Although we have labeled
the vorticity maximum V4 to associate it with tornado
4, it apparently also was associated with the brief tor-
nado 3 (Figs. 3 and 4c). This tornado occurred while
the Electra aircraft was turning around after the pass at

2318. There is no evidence of a tornado signature in
reflectivity and radial velocity in the raw ELDORA data
at 2318 and 2325. Therefore, we can say little about
this tornado other than to note that visually it appeared
to be a feature along the gust front southeast of the main
center of rotation in the cloud base, and it was too small
and/or short lived to be detected.

Like the first tornado, tornado 2 weakened, became
separated from the main gust front, and dissipated within
heavy precipitation along the rear flank (Figs. 9f and
9g). Since there is no evidence of reintensification of
either posttornadic vorticity maximum, the analyses of
the McLean storm are inconsistent with the Agee et al.
(1976) model. The pattern of tornadogenesis resembles
that in the Burgess et al. (1982) model (Fig. 1), in which
new vorticity maxima form to the east of mature ones
and dissipating vortices move northwestward. However,
the resolved vorticity maxima in this case are smaller
than those in the radar observations (4–6 km wide)
examined by Burgess et al. The apparent difference in
size may be partly related to the difference in ranges of
the observations. The Burgess et al. dataset included
targets up to 150 km from the radar.

The cyclic formation of large tornadoes ended with
Tornado 4, the strongest and longest-lived tornado of
the group (Fig. 3). As at earlier times, there was cyclonic
vorticity .0.01 s21 near the bow in the gust front to
the northeast and east of the tornado (Figs. 9h and 9i).
Although Tornado 5 (Fig. 4d) was apparently too small
and/or weak to have a clear signature in the ELDORA
data, it may have been associated with the secondary
local maximum in vorticity near the gust front at 0003
(near x 5 12.5, y 5 18 in Fig. 9i). However, in general,
the vorticity near the gust front during Tornado 4 tended
to be distributed along an arc rather than in discrete,
growing disturbances.

In the Burgess et al. (1982) model, the next meso-
cyclone in a series forms at an occlusion point between
the wrapping rear-flank gust front and the gust front
extending to the east along the forward flank (Fig. 1).
In contrast, the pseudo-dual-Doppler analyses at 500 m
AGL indicate a gradual turning of the winds, rather than
a distinct wind shift, to the east of the rear-flank gust
front in the regions where vortices 2 and 4 formed (Figs.
9c, 9e, 10a, and 10b). Although an elongated region of
upward motion is indicated extending southeastward
from near V2 at 2259 (Fig. 10a), this feature could be
considered spurious since it was near the edge of the
data-coverage region, and it was not present at the pre-
vious or the next time (not shown). Forward-flank wind
shifts, when present at all, tended to be weak and gen-
erally extended to the north or northeast from the dom-
inant vorticity maximum (e.g., Figs. 9a–c and 9e–g).
Although the location of new vorticity maxima with
respect to the rear-flank gust front is consistent with the
Burgess et al. (1982) model, the lack of a strong low-
level wind shift along the forward flank is more con-
sistent with the results of numerical simulations (e.g.,
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FIG. 12. Mobile-mesonet observations (courtesy of P. Markowski)
at 0017 UTC 9 Jun 1995. Storm-relative (ground relative) winds are
indicated in black (gray). Storm motion is (U 5 7 m s21, V 5 8 m
s21). Full wind barbs represent 5 m s21. The positions of the mobile-
mesonet observations are based on time-to-space conversion over a
5-min period. Temperature (upper number) and dewpoint (lower num-
ber) are in 8C. The location of tornado 4 is labeled T.

Adlerman et al. 1999). In Part II of this paper, we will
discuss the formation of new vorticity maxima in more
detail.

In situ measurements near the surface are available
during the mature stage of tornado 4 (Fig. 12). Wind
speeds at 3 m AGL (approximately 10 m s21) were
generally significantly less than at 500 m AGL (ap-
proximately 25 m s21) (Fig. 9). Compared to that in
supercell simulations (e.g., Rotunno and Klemp 1985),
the low-level temperature field at 0017 (Fig. 12) and
later times was unusual. In particular, the air southwest
of the tornado behind the rear-flank gust front was not
cool, but instead was of approximately the same tem-
perature as the inflow from the near environment (Fig.
12). Direct measurements in other cases since 1994 sup-
port previous observations (e.g., Rasmussen et al. 1982)
that a lack of cold air in this region may be quite com-
mon for developing and mature supercell tornadoes
(Markowski et al. 2000).

b. Updraft characteristics

1) BACKGROUND

Although the traditional model of a supercell involves
a single updraft (Browning 1964), observational studies
(e.g., Weaver and Nelson 1982) have established the
existence of multiple updrafts in some storms with su-
percell characteristics. Analyses of radar observations
of supercells have included efforts to classify the prop-
agation of the storm (i.e., the motion of the storm rel-
ative to the mean wind) as either continuous or discrete
(Marwitz 1972; Lemon 1976; Weaver and Nelson 1982).
In the former case, the mature stage of the storm is
characterized by a long-lived quasi-steady main updraft.

In the latter case, the storm (i.e., the persistent, orga-
nized process that produces severe weather) is main-
tained by a series of relatively short-lived updrafts.

Previous conceptual models of cyclic low-level vor-
tex formation in supercells involve discrete propagation
of the main updraft (Lemon and Doswell 1979; Klemp
1987; Adlerman et al. 1999). In these models, strong
low-level rotation wraps cold outflow around the up-
draft, cutting off the updraft from potentially buoyant
low-level air. This leads to the demise of the main up-
draft and, eventually, the vortex associated with it. How-
ever, the storm may persist if outflow from the mature
cell initiates the formation of a new updraft nearby. If
conditions remain favorable for the formation of low-
level rotation within successive updrafts, then a family
of vortices may be produced.

Complexities in storm structure can make it difficult
to classify storm propagation as either continuous or
discrete. Since finescale observations tend to reveal fi-
nescale features, the classification may be affected by
the resolution of the observations (Battan 1980; Adler-
man and Droegemeier 2000). Furthermore, the char-
acteristics of the updraft may differ over the depth of
the storm (Nelson and Braham 1975; Adlerman et al.
1999). Purely continuous or discrete propagation may
be extremes within a spectrum of storm behaviors eval-
uated in terms of updraft structure and steadiness.

Since we are primarily interested in low- and midlevel
processes in tornadogenesis studies, we will focus on
the characteristics of the updraft within several kilo-
meters of the ground. In the numerical simulation of a
cyclic storm by Adlerman et al. (1999), the gust front
surge associated with the intensifying low-level rotation
initiated downshear updraft development. The contig-
uous midlevel updraft region contained two local ver-
tical velocity maxima of approximately the same mag-
nitude and size; one maximum was associated with the
initial updraft, and the other was associated with the
new downshear development. After examining the re-
sults of additional simulations, Adlerman and Droege-
meier (2000) noted that the apparent midlevel updraft
characteristics depended on the distance between the
low-level mesocyclone and the bow in the rear gust
front. When the separation was large, two distinct up-
draft centers developed with downdraft in between. For
small separation, the updraft appeared more continuous,
although it contained two inner maxima during the pe-
riod of low-level occlusion.

2) OBSERVATIONS OF THE MCLEAN STORM

The vertical-velocity fields in the McLean storm were
rather unsteady during the tornadic stage, and the anal-
yses indicate multiple significant updrafts (Fig. 10). We
have identified the ‘‘main updraft’’ (labeled with the
letter M in Fig. 10) as the vertical velocity maximum
that was typically closest to the tornadoes, greatest in
magnitude, and largest in horizontal extent. Throughout
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FIG. 13. Schematic at low levels of cyclic supercell tornadogenesis.
(left) Circles and thick lines indicate vortices and wind shifts, re-
spectively. Tornado tracks are shaded. (right) Shading indicates up-
draft, and the spotted pattern indicates downdraft. The time between
successive tornadoes (2Dt) is ;20 min.

the cyclic stage of the storm, other updrafts formed and
dissipated near the main updraft. Perhaps the most sig-
nificant of these were the trailing updrafts that formed
to the southwest of the main updraft after 2300 (Fig.
10b). With time, the trailing updrafts consolidated into
a miniature line that merged into the south side of the
main updraft (Figs. 10b–e). Afterward, during the life
of tornado 4, the main updraft aloft again became round-
er and more isolated (Fig. 10f).

Tornadoes tended to be located southwest or west of
the main updraft maximum (Figs. 10a, 10b, and 10f),
while new vorticity maxima tended to form along the
east side of the updraft (Figs. 10a and 10b). When new
vortices were forming, a conspicuous second updraft
center (Adlerman et al. 1999) did not develop within
the updraft region aloft (Figs. 10a and 10b). The ob-
served updraft evolution is more consistent with that in
simulations (Adlerman and Droegemeier 2000) in which
the gust front does not surge far ahead of the existing
tornado and main updraft.

For the temporal and spatial scales resolved in the
wind syntheses, the main updraft appeared be a contin-
uous feature during the tornadic stage. Some of the anal-
yses do, however, indicate secondary updraft maxima
(labeled with the letter S in Figs. 10b–d) near the tor-
nadoes. We favor an interpretation of ‘‘shedding’’ (Ad-
lerman and Droegemeier 2000) or ‘‘separation’’ of the
vortex and a portion of the updraft from the main up-
draft. The updraft portion that is shed is considerably
smaller than the original main updraft region. For ex-
ample, the analysis indicates a small vertical velocity
maximum just north of tornado 2 (S in Fig. 10c and at
0.5 km AGL in Fig. 10d) during the period when the
distance of tornado 2 from the center of the main updraft
was increasing. Earlier, the weakening tornado 1 was
also associated with an updraft maximum that was
smaller and weaker than the main updraft (Fig. 10b),
but the interpretation is complicated by the general un-
steadiness of the vertical velocity field to the southwest
of the main updraft. In contrast to what is implied in
previous conceptual models of the cyclic formation of
vortices in supercells (Lemon and Doswell 1979; Klemp
1987), the formation of outflow around a strong vortex
did not appear to isolate most of the main updraft from
low-level air from the environment. Throughout the tor-
nadic stage, low-level outflow did not surge ahead of
the location of the updraft aloft. If the surface mea-
surements of temperature behind the gust front at 0017
(Fig. 12) are representative of earlier times, then the air
that was wrapped beneath the updraft by the low-level
circulations was not cold.

c. Modified conceptual model

Our schematic of low-level evolution in a cyclic storm
(Fig. 13) is reminiscent of the original diagram by Bur-
gess et al. (1982, Fig. 1). We have added a depiction
of low-level updrafts and downdrafts and have also in-

cluded a few minor modifications motivated by this case
study. A subtle difference in our diagram is that the two
tornadoes move to the left relative to the storm track
for the entire time, rather than just at the end, for reasons
to be discussed in Part II.

A new vorticity maximum forms near the rear-flank
gust front, ahead and to the right (i.e., to the east in this
case of a northeastward moving storm) of the tornado
(time t0 in Fig. 13). At this stage, the vorticity in the
new local maximum increases in magnitude with height.
The vorticity maximum does not necessarily form at an
occlusion point between rear-flank and forward-flank
gust fronts. Wind shifts along the forward flank, when
present, may be very weak. Furthermore, the low-level
‘‘gust fronts’’ may be purely kinematic features that are
not supported by a low-level cold pool.

The existing tornado loses its connection with the
main gust front, and a small portion of updraft separates
from the main updraft (time t0 1 Dt in Fig. 13). Both
the tornado and small updraft region move rearward
relative to the storm-scale updraft and eventually dis-
sipate. Meanwhile, the new low-level vorticity maxi-
mum strengthens, and it begins to control the movement
of the gust front. Air sweeps around the right side of
the vorticity maximum, producing a new bulge in the
gust front.

By the time the new vortex has reached tornadic in-
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tensity (time t0 1 2Dt in Fig. 13), yet another vorticity
maximum has begun to form near the new bow-shaped
portion of the gust front. Vorticity typically decreases
with height from low levels to midlevels in the vorticity
maximum associated with the tornado but increases with
height in the newest vorticity maximum. The evolution
of the vorticity profiles in the McLean storm will be
discussed in more detail in Part II.

One complete cycle is included in Fig. 13; several
cycles may occur in some storms. The time between
successive tornadoes (2Dt) was less than 20 min in the
McLean storm (Fig. 3). This time is relatively fast com-
pared to that in some numerical simulations of cyclic
storms (Adlerman et al. 1999) but is not unusual (e.g.,
Jensen et al. 1983).

5. Conclusions

The pseudo-dual-Doppler syntheses of the ELDORA
data from 8 June 1995 are sufficient for depicting re-
lationships among the tornadoes, rear-flank gust front,
and parent updraft every 5–6 min. The relative locations
of the tornadoes and the rear-flank gust front in the
McLean storm were consistent with those in traditional
conceptual models of tornadic supercells (Lemon and
Doswell 1979; Burgess et al. 1982; Adlerman et al.
1999). The tornadoes themselves are not resolved in the
wind fields synthesized from the dual-Doppler data, but
the three largest tornadoes in the McLean storm are
associated with prominent vorticity maxima in the syn-
thesized wind fields. New vorticity maxima formed near
bulges in the rear-flank gust front to the east of existing
tornadoes.

Since the time interval (5–6 min) between aircraft
passes is relatively long, uncertainty is introduced into
the interpretation of storm evolution. Even though the
main updraft in the McLean storm had an unsteady
shape initially and was often flanked by other updrafts
to its southwest and west, there is a single identifiable
main updraft at each analysis time after 2242. To the
degree to which the time sampling permits assessment,
the main updraft appeared to be a continuous feature.
In contrast, dissipation of a substantial portion of the
main updraft, and reformation of a new main updraft
elsewhere, are elements of previous conceptual models
of supercells during the transition stage between suc-
cessive tornadoes (Lemon and Doswell 1979; Klemp
1987). In the McLean storm, a tornado, once formed,
was able to persist up to several kilometers away from
the parent updraft (e.g., Fig. 10b). In the cases of both
tornado 1 and 2, a small portion of the updraft separated
from the main updraft when the tornado moved rear-
ward.

In the simulation by Adlerman et al. (1999), the rear-
flank gust front, which was supported by a strong low-
level cold pool, moved several kilometers ahead of the
original updraft aloft. The new downshear updraft at
midlevels, which had its roots along the rear-flank gust

front, was initially tilted. The formation of the next low-
level vortex in the series did not occur until the low-
level outflow weakened, and the new updraft became
more erect. In contrast, the rear-flank gust front in the
McLean storm did not move beyond the updraft aloft,
and, at least during the mature stage of tornado 4, there
was no relatively cold air behind it. When outflow is
weak and the gust front remains beneath the updraft
aloft, a storm may be able to produce tornadoes rela-
tively frequently since there is no intermediate time re-
quired for the updraft to re-form and reorganize.

A number of questions arise from the qualitative pre-
sentation thus far: What was the source of vertical vor-
ticity in the tornadoes? Why did the cyclic formation
of large tornadoes end with tornado 4? Questions such
as these will be addressed in Part II of this study.

Although we are hesitant to make general conclusions
from only one case, the type of storm observed on 8
June 1995 near McLean, Texas, nevertheless may be
common during tornado outbreaks. We await high-res-
olution measurements in other cyclic storms for com-
parison. An informal survey of other cases revealed
more examples of intense, long-lived tornadoes that
were preceded by a series of shorter-lived tornadoes.
For example, the storm that produced a long-lived tor-
nado with F5 damage in Oklahoma City on 3 May 1999
had earlier produced eight shorter-lived tornadoes (Spe-
heger et al. 2002). For future work, we propose com-
piling a more detailed climatology of cases with long-
lived tornadoes (i.e., cases with tornadoes that last ;1
h). The climatology could be used to address the fol-
lowing questions: What fraction of long-lived tornadoes
are preceded by a series of short-lived tornadoes? Are
the environmental conditions of storms with long-lived
tornadoes similar? The sensitivity of low-level vortex
longevity to the environmental conditions could be ex-
plored with a series of numerical simulation experi-
ments.
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APPENDIX

Pseudo-Dual-Doppler Wind Synthesis

a. Preprocessing of data

Before synthesizing the pseudo-dual-Doppler wind,
we edited the raw ELDORA radar data with the SOLO
(Nettleton et al. 1993; Oye et al. 1995) software package
developed at NCAR. SOLO removes the aircraft motion
component from the radial velocities (Lee et al. 1994)
during data conversion and then allows the user to
‘‘edit’’ the data. Editing involves unfolding aliased ra-
dial velocities and removing reflectivity and velocity
data that are not representative of the storm and its
environment (e.g., data contaminated as a result of
ground clutter and range folding). Since the effective
Nyquist velocity interval is so large (nearly 680 m s21)
with dual pulse repetition frequency (PRF) scanning by
the ELDORA, velocities were folded in only a few lo-
cations. A disadvantage of the dual-PRF technique is
that it results in velocity ‘‘speckles.’’ If the velocity
estimate associated with either of the PRFs is in error
by a few meters per second, then the categorization
algorithm associates these measurements with a velocity
much different from the true velocity (Sirmans et al.
1976). Since only a small fraction of the velocity es-
timates were speckled (fewer than 5%), we opted to
remove them rather than to attempt to correct them sub-
jectively. We did not remove all the speckles in the
turbulent region above 10 km AGL in and near the top
of the updraft, except in the data from one aircraft pass.
Since a comparison of two dual-Doppler wind syntheses
of these data, one with and the other without the upper-
level speckles deleted, revealed negligible differences
in the derived vertical velocities below 6 km, we did
not attempt to remove all the upper-level speckles from
the other data.

b. Interpolation of data

The resolution of the ELDORA data depends on the
along-track data spacing (;300 m) and the beamwidth
(310–470 m for typical ranges of 10–15 km to the Mc-
Lean storm updraft and tornadoes). If we assume that

the maximum sampling dimension is 470 m and that a
minimum of six independent points is necessary to re-
solve a feature (Carbone et al. 1985), then it follows
that features narrower than 2800 m will be poorly re-
solved. We selected horizontal and vertical grid spacings
of 400 and 500 m, respectively, for the interpolation of
raw data to Cartesian grids. The radius of influence for
the Cressman (1959) weighting scheme in the REOR-
DER software (Oye et al. 1995) was 800 m.

c. Reference frame

One of the assumptions inherent in traditional dual-
Doppler analysis is stationarity of the wind field. For
nonsimultaneous observations, Gal-Chen (1982)
showed that this condition is violated the least when the
Doppler wind data are analyzed in a moving reference
frame in which the storm is most steady. Gal-Chen’s
variational method for determining the motion of the
optimal reference frame is formulated for radars at fixed
sites. Since airborne radars do not scan from fixed lo-
cations, we defined the variational problem in terms of
the Cartesian wind components rather than the radial
velocities (Gal-Chen 1982), as follows:

2 2 2
]u9 ]y9 ]w9

(4)J (U , V ) 5 1 1 dRs s s E 1 2 1 2 1 2[ ]]t9 ]t9 ]t9(4)R

5 minimum, (A.1)

where (Us, Vs) is the optimal horizontal storm transla-
tion velocity for the wind synthesis, R (4) is a bounded
region in time and space, and primes refer to quantities
in the moving frame (e.g., ]u9/]t9 5 ]u/]t 1 Us]u/]x 1
Vs]u/]y). The solution of (A.1) is complicated by the
dependence of the Cartesian wind components (from
the dual-Doppler wind synthesis) on Us and Vs. We used
an iterative approach (Gal-Chen 1982; Matejka 2002)
with the following steps to determine Us and Vs and
synthesize the wind field:

1) Interpolate the raw observations to a Cartesian grid
with REORDER.

2) Synthesize the Cartesian wind components u, y, and
w with the procedure described below.

3) If the specified number of iterations has been exe-
cuted, then end the procedure. Otherwise, solve the
variational problem (A.1) for Us and Vs (Gal-Chen
1982).

4) Adjust the locations of the observations (i.e., the
gridded observations from step 1) according to the
new estimates of Us and Vs. Then, interpolate these
irregularly spaced observations back to a regular
grid.

5) Repeat the procedure beginning at step 2.

For the analyses of the ELDORA data of the McLean
storm, we determined (Us, Vs) for the center volume in
each set of three consecutive dual-Doppler volumes. The
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initial interpolation of the raw data to Cartesian grids
(step 1) included a correction for translation, but the
values of Us and Vs had to be prespecified as input to
the REORDER software. We estimated the motion (U,
V) (Figs. 9 and 10) of the dominant low-level vortex
during each aircraft pass and provided these values,
which represent a first guess of (Us, Vs), as input to
REORDER. Then, we executed the iterative procedure
described above to refine the estimates of (Us, Vs). We
attempted to incorporate the entire reference-frame al-
gorithm directly into the REORDER objective analysis
software but were unsuccessful. Therefore, the wind
synthesis procedure involved two Cressman interpola-
tions (steps 1 and 4); the second interpolation was in
the horizontal only. The application of two Cressman
interpolations with a larger radius of influence (800 m)
than the mean data spacing (400 m) resulted in relatively
smooth wind fields. For example, the amplitudes of fea-
tures with wavelengths of 4Dx (1600 m) were damped
by approximately 50% by each Cressman interpolation
(Trapp and Doswell 2000). No other explicit filtering
was used in the wind synthesis procedure.

Gal-Chen (1982) described a solution of (A.1) when
R (4) encompasses the entire moving domain. During the
analysis of the ELDORA data, we experimented with a
method that allows (Us, Vs) to vary in space (Dowell
and Bluestein 1999). The motivation for this approach
was that the motion of individual features changed with
time, and different features within the domain moved
at different characteristic velocities. For example, al-
though the mean storm motion was toward the northeast,
tornado 1 turned toward the northwest (Fig. 3). Tornado
2 also moved northwest, although the trailing gust front
was advancing eastward in a storm-relative sense (Fig.
9).

For the analyses presented in this paper, we computed
local reference frame motions by solving (A.1) within
3-km-wide cubes centered around each grid point during
each of five iterations of the overall procedure. The
choices of the parameters were based on tests of the
procedure on numerically simulated airborne radar data.
For simulated observations of both colliding low-level
cold pools and thunderstorms (including supercell and
multicell storms) (Dowell and Bluestein 1999), the best
results were obtained when the local subdomains were
5–10 times as wide as the grid spacing (i.e., comparable
in size to the smallest resolvable scale). Furthermore,
three to six iterations of the procedure for estimating
the reference-frame motion and synthesizing the wind
field produced the most accurate results. Additional it-
erations either provided no additional benefit or resulted
in eventual divergence of the solution. Convergence of
the iterative procedure is guaranteed neither for the case
of the uniform nor the nonuniform reference frame, es-
pecially for typical airborne scanning geometry (Ma-
tejka 2002). In all tests, including those both with and
without noise added to the simulated observations, the
use of a nonuniform reference frame over a uniform

moving reference frame resulted in minor improvement
of the synthesized wind fields. The magnitude of the
decrease in the rms errors of the synthesized velocities
ranged from 5% to 13% and depended on the magni-
tudes of the radial velocity errors, the locations of the
radars, the time lags between fore and aft scans, the
times required to collect entire volumes, and the char-
acteristics of the simulated phenomena.

For the ELDORA data centered at 2313, the proce-
dure for determining the motion of the reference frame
converged on values of (Us 5 3 m s21, Vs 5 8 m s21)
when the translation velocity was required to be uniform
within the domain (Fig. A1a). These values are repre-
sentative of overall storm motion. When the translation
velocity was non-uniform, the results indicated more
appropriate motion toward the northwest in the vicinity
of tornadoes 1 and 2 (Fig. A1b). Despite the differences
in the moving reference frames, the differences in the
synthesized vertical velocities are relatively minor and
would probably not affect qualitative interpretation of
the analyses. If the reference-frame algorithms could be
applied directly to the raw data, rather than previously
gridded data as in step 4, then the differences between
the two results could be more significant.

The Euler–Lagrange equations of (A.1) are a set of
two equations and two unknowns (Us and Vs) (Gal-Chen
1982). The coefficients of the unknown variables in
these equations are integrals over space and time of the
spatial derivatives of the Cartesian wind components.
A region with weak gradients requires special treatment
because the determinant of the coefficient matrix is rel-
atively small there. We have implemented a procedure
that forces the solution toward (Us 5 0, Vs 5 0) when
the determinant of the system approaches zero.

Our work with the use of nonuniform moving ref-
erence frames is preliminary. In future experiments with
this technique, we would prefer to avoid two interpo-
lations (steps 1 and 4 in the algorithm) by incorporating
the reference-frame algorithm directly into software that
interpolates raw ELDORA data to a grid. Sensitivity to
the first guess (U, V) could be avoided, and the maxi-
mum possible improvement in the results could poten-
tially be obtained. In addition, a new formulation of the
cost function by Matejka (2002) may lead to more robust
procedures for determining Us and Vs.

d. Wind synthesis

1) SOLUTION OF THE VARIATIONAL FORMULATION

For the wind synthesis, we used a variational method
with weak constraints like that proposed originally by
Gamache (1997). The solution for the three unknown
velocity components [u(x, y, z), y(x, y, z), w(x, y, z)] is
that which yields a minimum in the following func-
tional:
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FIG. A1. Horizontal translation velocity (Us, Vs) of moving reference frame (vectors) and vertical velocity (shading and contours; negative
values are contoured with dashed lines) at 2.0 km AGL at 2313 UTC. The contour interval for vertical velocity is 6.0 m s 21. Other labels
are as in Fig. 9: (a) uniform translation velocity (Us 5 3 m s21, Vs 5 8 m s21) and (b) nonuniform translation velocity.

(1) (1) (1) (1) 2J 5 [c u 1 c y 1 c (w 1 w ) 2 y ]d EEE 1 2 3 t r5
(3)R

(2) (2) (2) (2) 21 [c u 1 c y 1 c (w 1 w ) 2 y ]1 2 3 t r

2
]u ]y ]w

1 b 1 1 2 kw dx dy dz1 2 6]x ]y ]z

5 minimum, (A.2)

where b is a prespecified weight, k 5 2](ln )/]z, (z)r r
is the base-state density, R (3) is a bounded 3D region,
y r denotes a radial velocity measurement, and the su-
perscripts identify the radar number. (In this case, 1 and
2 refer to the fore and aft radars, respectively.) The wind
field thus satisfies both the observations and the an-
elastic mass continuity equation in a least squares sense
over the domain. Our experiments with numerically sim-
ulated radar data indicate than when significant random
errors (;1 m s21) are present in the measurements, the
solution to (A.2) is more accurate than that from tra-
ditional methods (e.g., Armijo 1969; Brandes 1977), in
which the observations are satisfied exactly. In addition,
there is no restriction on radar elevation angles (Ga-
mache 1997) in the solution of (A.2) as in other tra-
ditional Cartestian methods (Ray et al. 1985).

The c coefficients in Eq. (A.2), which relate the Car-
tesian wind components to the projection of the velocity
in the direction of the radar beam, are given below in
earth-relative coordinates:

c 5 sina cose, (A.3)1

c 5 cosa cose, and (A.4)2

c 5 sine, (A.5)3

where a is the azimuth angle (measured clockwise from
due north) and e is the elevation angle (measured up-
ward from horizontal). To estimate the precipitation fall
speed wt, we used an empirical relationship based on
the reflectivity factor:

 0.4
r 0 (0.70 2 0.35Z ), if Z . 2 dBZdB dB e1 2w 5 rt (A.6)

0, otherwise,

where ZdB is the reflectivity factor in dBZe, wt is in
meters per second, and the values are adjusted for the
base-state air density (Foote and duToit 1969). We de-
veloped the empirical relationship (A.6) specifically for
the 8 June 1995 ELDORA data by investigating radial
velocity measurements in precipitation directly above
the flight track. Since these data were collected in a
variety of locations away from the major updraft and
downdraft regions of the storm, we assumed that the
mean vertical air velocity of the samples was zero when
fitting equation (A.6) to the data. If a storm is steady
between the times of the fore and aft samples, then the
dual-Doppler measurements above the flight track pro-
vide a direct estimate of the scatterer vertical velocity.
For the observed values of reflectivity, the values of wt

from (A.6) are up to 80% larger than those from the
Joss and Waldvogel (1970) empirical equation. This
may indicate that the measurements in the regions of
high reflectivity in the McLean storm were dominated
more by large drops and/or hail relative to the mea-
surements in the storms considered by Joss and Wald-
vogel.

A number of options were available for the solution
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of (A.2). Gamache (1997) and Gao et al. (1999) used
conjugate gradient methods to obtain values of the wind
components that produced a minimum in the cost func-
tion. Shapiro and Mewes (1999) obtained a direct so-
lution by expressing the Euler–Lagrange equations of
(A.2) in a cylindrical (coplane) coordinate system. For
convenience, we chose instead to work in Cartesian co-
ordinates. We derived the three Euler–Lagrange equa-
tions associated with (A.2) by taking the variation of Jd

with respect to each Cartesian wind component and re-
quiring each variation to be zero. Although the three
equations are coupled in the unknowns u, y, and w, we
were able to obtain solutions by iteration. A drawback
of the iterative approach is that it is possible for the
winds to converge on a local minimum, rather than on
the global minimum, in the cost function (Shapiro and
Mewes 1999). For the datasets in this study, we found
that the final solution was rather insensitive to the first
guess. We initialized the iterative procedures by pro-
jecting the coplanar dual-Doppler velocity onto the Car-
tesian components at each grid point. Inherent in this
method is the initial guess that the velocity component
normal to the common plane of the observations is zero.

We are unaware of a quantitative method for deter-
mining the optimum weight b in (A.2) for a dataset with
unknown measurement errors. To provide guidance in
the choice of b, we tested the wind synthesis method
on numerically simulated radar data (Dowell and Blue-
stein 1999) with random radial velocity measurement
errors having a standard deviation of 1–2 m s21. Based
on this test, we chose 5 500 m for the pseudo-Ïb
dual-Doppler analyses discussed in this paper. The so-
lution of the variational problem (A.2) satisfies the ob-
servations approximately rather than exactly. For the
given choice of b, the mean value of | c1u 1 c2y 1
c3(w 1 wt) 2 y r | for the analyses of the McLean storm
was 0.5 m s21.

2) BOUNDARY CONDITIONS

In the derivation of the Euler–Lagrange equations,
we used the following boundary conditions: 1) w 5 0
at both the surface and the top of the storm, and 2)
continuity is satisfied exactly at the lateral boundaries
of the domain. In most of the grid columns, we defined
the top of the storm as 12 km AGL (the mean height
of the McLean storm’s anvil). However, in columns
where the high-reflectivity region extended above 12
km (e.g., in overshooting thunderstorm tops), we de-
fined the top of the storm as the highest level where the
reflectivity factor exceeded 20 dBZ. Errors in the upper
boundary condition for w are likely significant (;10 m
s21). However, we believe it is preferable to incorporate
this physical constraint into the synthesis (even with its
anticipated error) in order to eliminate the larger prob-
lems with w associated with accumulation of errors in
the divergence estimates.

Since radar data near the surface that were contam-

inated by ground clutter were deleted during the editing
step, the lower boundary condition was problematic as
well. The height of the lowest uncontaminated data
varies with range but is approximately 500 m AGL for
the more distant (range ;15 km) observations of the
tornadoes. For the dual-Doppler wind syntheses, we as-
sumed that the horizontal divergence estimate at z 5
500 m was representative of the layer below. Since the
magnitude of convergence is not necessarily uniform
with height in the boundary layer in and near a supercell
(Dowell and Bluestein 1997), the lack of measurements
near the surface presents a real challenge in synthesizing
low-level vertical velocities. This source of error is like-
ly to be especially significant near tornadoes, which tend
to have very shallow low-level inflow (Lewellen 1993;
Wurman et al. 1996).

3) CENTRIFUGING EFFECTS

Tornadoes in the McLean storm and in other super-
cells observed by the ELDORA during VORTEX (Wak-
imoto et al. 1996) were associated with weak-echo holes
in reflectivity (Fig. 8). The observed reflectivity patterns
probably resulted from centrifuging of scatterers by the
tornadoes (Dowell et al. 2001). The discrepancy be-
tween the air motion and the motion of centrifuged pre-
cipitation and/or debris is a source of error in the wind
synthesis. The magnitude of the error associated with
centrifuging is a function of the intensity of the vortex,
the characteristics of the targets producing backscattered
radiation, and the sampling characteristics of the radar
beam (Dowell et al. 2001). If the dominant scatterers
were large (1 mm) drops of rain, then the estimates of
divergence in the resolved vortices in this case may have
been 0.002–0.01 s21 too high. Without knowing the
characteristics of the distribution of scatterers, we are
unable to correct for this error.

4) HOLE-FILLING PROCEDURE

Dual-Doppler observations do not completely fill the
analysis domains. To keep the wind synthesis simple,
we filled the holes in the data with velocity components
that satisfied the centered finite-difference forms of the
2-D Laplace equations:

2 2 2 2] u ] u ] y ] y
1 5 0, 1 5 0,

2 2 2 2]x ]y ]x ]y

2 2] w ] w
1 5 0. (A.7)

2 2]x ]y

This method of filling minimizes the introduction of
horizontal divergence in the data voids (Ellis 1997).
After completing the variational dual-Doppler synthesis,
we discarded these values that were created artificially.
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