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RICHARD L. THOMPSON
NOAA/NWS Sorm Prediction Center, Norman, Oklahoma
(Manuscript received 18 December 1996, in final form 9 September 1997)

ABSTRACT

A conceptual model for sustained low-level mesocyclonesistested as atornado forecast tool with observations
and forecasts from the operational Eta Model. In the conceptual model, a balance between low-level storm
inflow and outflow alows the development of a persistent low-level mesocyclone along the rear flank of a
supercell thunderstorm, owing largely to the strength of the midlevel storm-relative winds. The present work
draws on this conceptual model to identify preferred ranges of low- (model surface level), middle- (500 mb),
and upper-level (250-mb) storm-relative wind speeds for 131 supercells, from gridded Eta Model fields. The
observations reveal that the 500-mb storm-relative wind speed has a distinct lower bound of approximately 8
m s* for the tornadic supercells, while differences between surface-level and 250-mb storm-relative wind speeds
for tornadic and nontornadic supercells are much less pronounced. The storm-relative wind speeds are also
compared to the bulk Richardson number shear for the purpose of discriminating between tornadic and non-
tornadic supercells. Test results of storm-relative wind speed at the Eta Model surface level and at 500 mb,
derived from gridded Eta forecast fields, demonstrate skill in distinguishing tornadic and nontornadic supercells

in daily forecast operations at the Storm Prediction Center.

1. Introduction

Prediction of tornadoes has presented a great chal-
lenge to meteorologists since the inception of modern
severe thunderstorm forecasting. Pioneering efforts of
the Air Weather Service in the late 1940s and early
1950s led to a methodology of forecasting tornadoes
(e.g., Fawbush et al. 1951) based on a checklist of pa-
rameters to diagnose atmospheric stability and wind
structure, much of which remains in use today. Later
work in the 1950s focused on so-called proximity
soundings to reveal thermodynamic characteristics of
the tornadic thunderstorm environment (Fawbush and
Miller 1952, 1954; Beebe 1958), such asthe Miller type-
| “loaded gun” sounding (not shown). These studies
led to analyses of vertical wind profiles in proximity to
tornadic thunderstorms (e.g., Darkow 1969; Darkow and
Fowler 1971), as well as to understanding the charac-
teristics of environmental storm-relative winds associ-
ated with tornadic and nontornadic severe thunder-
storms (Maddox 1976).

Severe thunderstorm research conducted during re-
cent years has refined our understanding of the rela-
tionships between supercell thunderstorms (those with
persistent mesocyclones) and the ambient vertical wind
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shear. Theoretical studies (Davies-Jones 1984; Lilly
1986) have demonstrated the relationship between low-
level (approximately 0—2 or 0—3 km above ground level)
storm-relative helicity (hereafter SRH) and midlevel
(approximately 3—-6 km above ground level) mesocy-
clones in supercell thunderstorms. Other theoretical
studies (e.g., Rotunno and Klemp 1985) and numerical
modeling (e.g., Weisman and Klemp 1982, 1984) have
revealed the link between supercells and vertical shear
from the low to midlevels. SRH has been used routinely
as a tornado forecast tool (Davies-Jones et al. 1990)
since the early 1990s, though SRH more accurately
identifies supercell environments (Brooks et al. 1993).
A combination of convective available potential energy
(CAPE) and SRH has also served as a tornado forecast
tool (Johns et al. 1993), via the energy—helicity index
[EHI; Hart and Korotky (1991); Davies (1993)]. The
bulk Richardson number (BRN, Weisman and Klemp
1982) shear has also been used effectively to identify
supercell environments (e.g., Weisman and Klemp 1982,
1984, 1986; Droegemeier et al. 1993, hereafter DLD93;
Jahn and Droegemeier 1996). More recently, the shear
term from the BRN has been applied to numerical me-
soscale model forecasts with the goal of discriminating
between tornadic and nontornadic thunderstorm envi-
ronments (Weisman and Klemp 1982; Stensrud et al.
1997, hereafter SCB97). In the BRN denominator, as
calculated by SCB97, U, is defined as the magnitude
of the difference between the 0—6-km density-weighted
mean wind and the density-weighted mean wind in the
lowest 0.5 km:
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BRN shear = 0.5(U,,)>.

Numerical simulations of supercells have begun to
elucidate processes rel evant to supercell tornadogenesis,
and the Verification of the Origins of Rotation in Tor-
nadoes Experiment (VORTEX; Rasmussen et al. 1994)
has provided detailed measurements near and within
tornadic supercells. Significant contributions to under-
standing tornadogenesis have been presented by Klemp
and Rotunno (1983), Rotunno and Klemp (1985),
Klemp (1987), Wicker and Wilhelmson (1995), and
Wicker (1996), among others. These studies emphasize
the characteristics of the environmental and storm-in-
duced wind shear profiles, especialy at low levels (e.g.,
0-500 m above ground level). Specifically, low-level
vertical wind shear along the forward flank baroclinic
zone of a supercell, as well as generation of horizontal
baroclinic vorticity, have been linked to the strength of
the low-level mesocyclone. Detailed, high-resolution
observations and forecasts of low-level vertical wind
profiles would be necessary to test these conceptual
models in forecast operations, but such data are gen-
erally unavailable to operational meteorologists. The
present study focuses on another conceptual model for
sustained low-level mesocyclones with tornadic super-
cells proposed by Davies-Jones and Brooks (1993). This
conceptual model focuses on the importance of the
storm-relative midlevel winds to create a balance be-
tween low-level storm inflow (DLD93) and low-level
outflow near the rear flank of a supercell thunderstorm.
The strength of the low-level outflow along the rear
flank of a supercell is modulated by the tendency for
precipitation to advect downwind from the mesocyclone
or become wrapped around the storm updraft. At one
extreme, weak storm-relative winds in the midlevels
allow a large amount of precipitation to wrap around
the mesocyclone within a supercell thunderstorm, lead-
ing to the generation of excessive rain-cooled outflow
along the rear flank of the supercell. This rain-cooled
air often *‘undercuts’ the midlevel mesocyclone and
disrupts the low-level mesocyclone and the production
of long-lived or multiple supercell tornadoes. At the
other extreme, excessive storm-relative wind speeds in
the midlevels remove too much precipitation downwind
from the midlevel mesocyclone, which inhibits the de-
velopment of rain-cooled outflow along the rear flank
of asupercell. Thisrain-cooled downdraft along the rear
flank of the storm is associated with baroclinic vorticity
generation and may ultimately serve as a source for
vertical vorticity near the ground for the low-level me-
socyclone. Therefore, low-level vorticity production is
limited if little rain-cooled outflow is present along the
rear flank of a supercell. Between these extremes a bal-
ance can exist between the production of vertical vor-
ticity in the downdraft along the rear flank and the ten-
dency for this downdraft to undercut the supercell in
thelow levels. It isimplied by Davies-Jones and Brooks
(1993) that supercells producing multiple and/or long-
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lived tornadoes fall in this middle range where the rear
flank downdraft is pronounced and balanced by storm
inflow. Such a supercell structure appears to favor the
repeated production of tornadoes.

The present work follows that of Davies-Jones and
Brooks (1993), Brooks et al. (1994a, hereafter BDW94)
and Brooks et al. (1994b, hereafter BDC94). Consid-
eration of storm inflow and middle-/upper-level storm-
relative wind speeds appears to provide amore complete
picture of the environment favoring supercellswith sus-
tained low-level mesocyclones and tornadoes than do
BRN, SRH, or EHI, which are more specifically asso-
ciated with midlevel mesocyclones. A methodology of
documenting analyses and testing forecasts of storm-
relative wind speedsin the low, middle, and upper levels
is developed using output from the Eta Model (Black
1994) over the conterminous United States. Results of
the 22-month period of study are presented with a dis-
cussion of applicability to operational forecasting of tor-
nadic supercells.

2. Data and methodology

The 80-km horizontal resolution **early’” Eta Model
run was chosen to test the storm-relative conceptual
model for tornadic supercells. These forecast data are
widely available to National Weather Service field of-
fices through the Personal Computer-based Gridded In-
teractive Display and Diagnostic System (PCGRIDDS;
Zubrick and Thaler 1993). The horizontal resolution of
the Eta Model changed to 48 km in October 1995, al-
though the PCGRIDDS display resolution remained un-
changed. Eighty-one of the 131 supercell casesoccurred
after the EtaModel resol ution change, but thisresolution
change in the Eta Model did not have a noticeable im-
pact on the PCGRIDDS diagnoses or forecasts of storm-
relative wind speed. Eta Model storm-relative (hereafter
SR) wind speeds were evaluated for both tornadic and
nontornadic supercells; SR wind speeds were cal cul ated
from Eta Model initial hour PCGRIDDS data based on
observed supercell motions. Given the many problems
associated with choosing proximity soundings (see
BDC94) and with data availability, the Eta initial hour
analyses were used in lieu of soundings to diagnose SR
wind speeds. Based on the results of this diagnostic
assessment of supercellsfrom 1995 and 1996, Eta M od-
el forecasts of SR wind speeds were evaluated for a
subset of supercell cases from 1995. Eta Model forecast
datawere not available for many of the 1996 cases, thus
limiting the forecast evaluation to 1995 cases.

The low-, middle-, and upper-level SR wind speeds
were defined in terms of available terrain following sur-
faces or pressure levels in PCGRIDDS. Low-level in-
flow was set at the Eta Model surface level (located 15
mb ‘‘above’” the model ground, hereafter referred to as
the surface level), while midlevel relative wind speed
was calculated at 500 mb. These are crude approxi-
mationsto 0—2-km inflow (DLD93) and 2-9-km relative
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Fic. 1. Geographic plot of approximate model gridpoint locations for supercells in this study. Solid squares
denote supercells with multiple or long-lived tornado reports, and each X represents a nontornadic supercell.

flow (BDC94), limited by the coarse vertical resolution
of the Eta Model PCGRIDDS data. The anvil-level rel-
ative wind speed (Rasmussen and Straka 1998, hereafter
RS) was calculated at 250 mb. Anvil-level relative flow
may be important to precipitation efficiency and rainfall
distribution in supercells. Storm-relative winds near the
anvil may largely determine whether developing pre-
cipitation particlesform and fall out near the main storm
updraft or are advected downwind in the anvil (RS).
Additionally, the BRN shear was modified to fit the
PCGRIDDS data. The 0-6- and 0-0.5-km density-
weighted mean winds of the BRN shear were replaced
with the Eta surface-level to 400-mb density-weighted
mean wind and the surface-level wind, respectively.

Tornadic and nontornadic supercell cases were col-
lected for the 22-month period beginning in November
1994 and ending in August 1996. To be considered, the
following criteria must have been met.

1) To be called a supercell, a **storm” must have dis-
played Weather Surveillance Radar-1988 Doppler
(WSR-88D) reflectivity (e.g., hook echo and weak
echo region) and velocity signatures (WSR-88D me-
socyclone algorithm) associated with supercells (af-
ter Browning 1964; Lemon 1977; Doswell and Bur-
gess 1993). Radar data were augmented by Storm
Data descriptions, and video or eyewitness reports
when available.

2) The supercell must have occurred within 3 h of an
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EtaModel initialization (i.e., between 0900 and 1500
or 2100 and 0300 UTC).

3) PCGRIDDS data were available for the Eta Model
initialization.

Actual storm motion was calculated from radar re-
flectivity mosaics by tracking the reflectivity centroid
for 1 h, centered on the times of tornado report(s) or
the most pronounced radar signatures if nontornadic.
This storm motion was then used to cal cul ate the storm-
relative wind speed for the surface level, 500 mb, and
250 mb with the initial hour Eta Model winds for the
closest grid point to the supercell.

Locations of model grid points associated with 131
supercell cases are depicted in Fig. 1. A mgjority of the
supercells occurred across the central and southern
Great Plains, with the greatest concentration near the
Texas—Oklahoma border. The prevalence of southern
plains supercellsin this database representsthe tendency
for plains supercells to occur during the data collection
time in this study (viz., 2100-0300 UTC). Some su-
percells over the high plains developed too late in the
evening to be considered, and a few supercells east of
the Mississippi River dissipated prior to 2100 UTC.
Only four supercells in this study occurred during the
morning time period (0900-1500 UTC). Not surpris-
ingly, the majority of the southern plains supercells oc-
curred from April to June, while most of the supercells
from Colorado to Minnesota occurred during June and
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July. The supercells affecting the gulf coast and south-
east Atlantic coast areas occurred during the cool season
from late October to mid-April.

Storm Data was the preferred source for tornado re-
ports, although Storm Data was not yet available for
the 1996 cases. Thus, the Storm Prediction Center
Rough Log of severe weather reports became a substi-
tute. Several difficulties were encountered in distin-
guishing between tornadic and nontornadic supercells,
as well as supercell and nonsupercell tornadoes. The
latter were addressed by assuming tornadoes were su-
percellular only if a storm was identified as a supercell
15 min prior to the first tornado report with the storm.
This check does not guarantee a particular tornado was
indeed supercellular. However, this criterion reduces the
chance of falsely identifying a nonsupercell tornado as
supercellular, namely when radar signatures similar to
a supercell evolve simultaneously with a nonsupercell
tornado (Wakimoto and Wilson 1989). Also, a supercell
cannot be classified as nontornadic with complete cer-
tainty. Darkness, remote areas, and a lack of damage
can all preclude atornado from being reported. Doswell
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FiG. 2. Scatterplots of SR wind speed (m s *) and BRN shear (m?
s2) for the tornadic and nontornadic groupings of supercells. The
solid squares are for tornadic supercells, and X's for nontornadic
supercells. 500-mb SR wind speed is labeled on the ordinate of each
graph, with surface-level SR wind speed (@), 250-mb SR wind speed
(b), or BRN shear (c) on the abscissa, respectively.

and Burgess (1988) discuss many issues related to the
quality of tornado reports in Storm Data.

Twenty of the supercells in this study produced a
single tornado, with the tornadoes described as being
“brief’”” or as producing no damage. Classifying super-
cells as tornadic based on such reports seemed an in-
adequate means of testing a conceptual model for sus-
tained low-level mesocyclones. To more clearly infer
the influence of SR wind speed in sustaining low-level
mesocyclones and associated tornadoes, supercellswere
classified as tornadic when the indication was unam-
biguous. For this study, a supercell was designated tor-
nadic on the basis of multiple tornado reports and/or the
occurrence of a long-lived (>15 min) tornado. Super-
cells with only a single brief/weak tornado were in-
cluded in the nontornadic category since the conceptual
model does not preclude a brief tornado without along-
lived mesocyclone in the low levels.

3. Results of SR flow diagnostic evaluation

The SR wind magnitudes were calculated for the sur-
face level, 500 mb, and 250 mb for the tornadic and
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TABLE 1. Summary of mean values and standard deviations (STD)
of the surface-level (SFC), 500- and 250-mb SR wind speeds (m s),
and BRN shear (m? s72) for the three groupings of supercells. Values
in parentheses indicate the number of supercells in each group.

Tornadic (69) Nontornadic (62)
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m s-*. Figure 2a displays a clear lower bound to the
500-mb SR wind magnitude for the tornadic cases, with
all but one of the 69 cases exhibiting 500-mb SR wind
speeds greater than 8 m s~*. A lower bound to SR sur-
face level wind speed is not as apparent as with the 500-

Mean STD Mean STD mb SR wind speeds, though most of the values range

(ms?) (ms™) (ms™) (ms) from 8 to 22 m s~*. The mean low- and midlevel SR
SFC 13.9 4.4 142 3.9 wind speeds with the tornadic supercells agree favorably
500 mb 137 4.4 9.9 4.3 with the 0-1-km (~surface level) and 5-6-km (~500
250 mb 221 8.0 19.8 8.9 mb) SR mean speeds for F2 or greater tornado proximity
BRN shear 548 m2s?2 27.7m?s?2 421m?s? 250 m?s2

nontornadic supercells. Scatter diagrams of the SR wind
speeds and BRN shear are presented in Figs. 2a—.

a. Surface-level and 500-mb SR wind speeds

The surface-level SR wind speed plots are similar for
the tornadic and nontornadic supercells, but important
differences stand out at 500 mb. Figure 2a shows a
similar clustering of nontornadic values to that of the
tornadic supercells at the surface, with substantial over-
lap between the two groups at 500 mb. The range of
surface-level SR wind speeds is very similar for both
the tornadic and nontornadic storms, with mean values
near 14 m s—* for each group. However, the mean values
of 500-mb SR wind speed are 13.7 m s~* for the tornadic
cases, and 9.9 m st for the nontornadic supercells, as
depicted in Table 1. The standard deviations of the 500-
mb SR wind speeds for the tornadic and nontornadic
supercells are 4.4 and 4.3 m s¢, respectively. Consid-
ering the difference in the means of 3.8 m s~* between
the tornadic and nontornadic supercells and the standard
deviations near 4.4 m s*, one might consider the dif-
ferences between the two samplesto be statistically sig-
nificant. Indeed, a t test reveals that the difference in
the means is statistically significant at the 99% confi-
dence level.

A categorization of SR wind speeds with the tornadic
and nontornadic supercells is shown in Table 2. It is
noteworthy that 61% (38 of 62) of the nontornadic su-
percells were associated with 500-mb SR wind speeds
less than 10 m s—¢, while 81% (56 of 69) of the tornadic
supercells were associated with greater than 10 m s*
500-mb SR wind speeds. Also, 87% (60 of 69) of the
tornadic cases are clustered in the range from 8 to 19

soundings from Kerr and Darkow (1996), as well as
with the estimated storm-relative winds at the surface
and 500 mb from Maddox (1976; see Maddox’s Figs.
8, 9, and 11).

The analysis suggests that 500-mb SR wind speed
best differentiates between the tornadic and nontornadic
supercells in this study. It is also important to note that
while all of the tornadic supercells were associated with
500-mb SR wind speed of 7.9 m s~* or greater, several
of the nontornadic storms also had comparable midlevel
SR wind speedsto the tornadic cases. This suggests 500-
mb SR wind speed of 8 m s~ or greater is a hecessary,
but not sufficient, condition for tornadic supercells(refer
to Fig. 2a).

b. SR wind speeds at 250 mb

The 250-mb SR wind speeds cover a similar range
of values for both the nontornadic and tornadic super-
cells (Fig. 2b). At 250 mb, SR wind magnitudes are
well distributed between a lower bound around 8 m s*
and an apparent upper bound near 35 m s~ (Fig. 2b).
The apparent upper bound to the 250-mb SR wind speed
may be meaningful in terms of its effect on precipitation
efficiency and rainfall distribution in a supercell (RS).
However, the upper bound in this sample may simply
reflect the approximate climatological maximum 250-
mb wind speed in which supercells occur in the United
States. The large range of 250-mb SR wind speeds does
imply that a wide variation of supercell structures can
support the development of tornadoes, from ‘“ heavy pre-
cipitation” supercells (Doswell et al. 1990b) associated
with weak anvil-level relative winds, to “‘low precipi-
tation” supercells (Bluestein and Parks 1983) associated
with strong anvil-level relative wind speeds. In the case
of the heavy-precipitation supercell, precipitation par-
ticles form and fall out near the main updraft of the

TaBLE 2. Categorical distributions of SR wind speed for the surface level (SFC), 500 mb, 250 mb, and BRN shear for the tornadic and
nontornadic supercells. Numeric values represent percentage of total cases in each group within each category.

Tornadic (69)

Nontornadic (62)

<10ms?t 10-25m st >25mst >35ms?! <10ms? 10-25m st >25ms?!t >35mst
SFC 0.19 0.81 — — 0.13 0.87 — —
500 mb 0.16 0.81 0.03 — 0.61 0.37 0.02 —
250 mb 0.06 0.56 0.38 0.03 0.16 0.57 0.27 0.03
<25 m?s? 25-100 m? s2 >100 m? s2 <25m?s2 25-100 m*s 2  >100 m? s2
BRN shear  0.09 0.85 0.06 0.32 0.65 0.03
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supercell due to weak anvil-level relative winds. The
author speculates that the opposite can occur with some
supercells tending toward the low-precipitation end of
the spectrum where strong anvil-level relative winds
remove developing precipitation particles downwind
from the main updraft, much as speculated by Branick
and Doswell (1992) concerning the 13 March 1990 su-
percell tornado outbreak.

¢. BRN shear versus 500-mb SR wind speed

A comparison of 500-mb SR wind speeds to the BRN
shear for the tornadic and nontornadic supercellsis dis-
played in Fig. 2c. The BRN shear displays an approx-
imate lower bound for the tornadic supercells near 25
m?2 s-2, and only 6% of the values are greater than 100
m?2 s-2. This range of BRN shear values from 25 to 100
m?2 s-2 isin general agreement with the range of values
proposed by SCB97 for tornadic storms. BRN shear
magnitudes for the nontornadic supercells were gener-
aly less than with the tornadic supercells, with a clus-
tering of values from about 20-50 m? s-2 (Fig. 2c). The
lower BRN shear values reflect the weaker environ-
mental wind shear associated with the nontornadic su-
percells, but arelatively large percentage (39%) of non-
tornadic cases still exceed the lower bound of 40 m?
s 2 used by SCB97 to forecast tornadic supercells.

Care must be given in interpreting differences in the
BRN shear valuesfrom different numerical models[e.g.,
Eta vs the fourth-generation Pennsylvania State Uni-
versity—-NCAR Mesoscale Model (MM4) used by
SCB97]. The BRN shear term is sensitive to low-level
winds and, in turn, sensitive to the boundary layer pa-
rameterization. Also, the vertical resolution of the Eta
PCGRIDDS data available for this study is coarser than
the MM4 model and can introduce errorsin BRN shear
calculations. One might expect a general increase in
500-mb SR wind speed with increasing BRN shear since
BRN shear depends largely on midlevel wind speed.
However, the stronger vertical wind shear associated
with larger BRN shear values often contributes to a
faster storm motion; thus, the relationship between BRN
shear and 500-mb SR wind speed is not necessarily
straightforward. Figure 2c shows only a slight tendency
for SR wind speed at 500 mb to increase as BRN shear
increases (linear correlation coefficient of 0.30 for the
tornadic supercells and 0.44 for combined tornadic and
nontornadic). Therefore, caution is advised when using
the methodology of SCB97 where BRN shear serves as
a surrogate for midlevel SR wind speed. However, 500-
mb SR wind speeds (for this dataset) are generally 8 m
st or greater for BRN shear values greater than 25 m?
s2; thus, BRN shear may also have value as a supercell
tornado forecast parameter.

4. Prognostic evaluation of the storm-relative
conceptual model

Two basic forecast parameters were evaluated with
the EtaModel PCGRIDDS data using vector differences
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with an estimated storm motion: SR wind speed at the
model surface level and SR wind speed at 500 mb. The
parameters of surface-level and 500-mb SR wind speed
were combined with an arbitrary CAPE threshold of
500 J kg~* in PCGRIDDS to delineate areas favorable
for supercellswith sustained low-level mesocylonesand
associated tornadoes. Using the location of the closest
grid point to each tornadic and ** nontornadic’ supercell,
SR wind speeds were calculated for the 24- and 12-h
forecasts valid at the time of the initial hour analysis
(0000 UTC in 127 of 131 cases).

The lower limits of favorable surface-level and 500-
mb SR wind speed for tornadic supercells were defined
as 8 m s~ based on results of the diagnostic evaluation
(section 3). Though surface-level SR wind speed does
not appear to discriminate between tornadic and non-
tornadic supercells, the lower bound near 8 m st isstill
important for supercells in general (see scatterplots and
Tables 1 and 2). Gridpoint forecast errors were also
compiled for the tornadic and nontornadic samples. Er-
rors were based on comparisons between the 24- and
12-h forecasts with the verifying SR wind speeds de-
rived from Eta 0-h analyses and observed storm mo-
tions. Additionally, initial hour *‘forecast errors’ were
calculated by taking the difference between initial hour
Eta SR wind speeds based on an assumed deviant storm
motion and SR speeds using the observed storm motions.

An estimated storm motion is necessary when ex-
amining forecasts of SR wind speeds and processes re-
lated to supercell tornadogenesis, and an assumed de-
viant motion isrelevant since this SR technique assumes
the presence of a supercell. Forecasting supercellsis a
somewhat different problem than identifying the poten-
tial for tornadic supercells, and a detailed discussion on
some problems with forecasting supercells based on
storm-relative shear parameters can be found in Weis-
man (1996). To determine storm motion a priori, a mo-
tion of 30° right and 75% of the 1000-500-mb mean
wind speed is assumed (after Maddox 1976). For the
high plains (defined as west of 100°W longitude), the
EtaModel 1000-mb and 850-mb winds are basically the
same, so storm motion estimates for this region were
based on the 850—400-mb mean wind. This assumed
motion of the supercells can be in error when the wind
profile does not lie in the upper-right quadrant of the
hodograph, as discussed by Weisman and Klemp (1986)
and Weisman (1996). For example, Weisman and Klemp
(1986) present various wind profiles and associated
storm motions (refer to their Fig. 15.16). In part b of
the figure (with a wind profile in the lower portions of
the hodograph), the rightward supercell motion is ac-
tually faster than the mean wind, similar to aleft mov-
ing (anticyclonic) supercell with a wind profile in the
upper-right portion of the hodograph.

5. Results of SR flow forecast test

Forecast data were collected and analyzed for Janu-
ary—-December of 1995. The diagnostic assessment led
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Fic. 3. Eta Model 12-h forecast valid 0000 UTC 19 May 1995.
Solid contours (with bold |abels) are SR wind speed (kt) at the surface
level, and dashed contours (with italic labels) are SR wind speed at
500 mb. Only the 15-, 20-, 30-, and 40-kt SR wind speed contours
are displayed for both the surface and 500 mb. The stippled area is
the overlap of 15-kt (~8 m s*) SR wind speeds at the surface and
500 mb, only in the region of CAPE greater than 500 J kg—*. The
approximate location of the tornadic supercell(s) used in the diag-
nostic assessment is marked by a T.

to the proposed SR wind speed guidelines for tornadic
supercells, namely, the lower bounds to surface-level
and 500-mb SR wind speed of 8 m s*. Figure 3 is an
example of the forecast output with 8 m s=* (~15 kt)
lower bounds valid at 0000 UTC 19 May 1995, and data
are displayed in knots for consistency with observed
and forecast data available to National Weather Service
meteorologists. A significant tornado outbreak was in
progress from Kentucky to northern Alabama at the val-
id time of this forecast. The supercell used in this study
produced violent (F4 damage) tornadoes in northern Al-
abama, in an area of nearly 15 m s~* (~30 kt) forecast
surface and 500-mb SR wind speeds. The SR wind
speeds associated with this storm are well within the
distribution of values associated with tornadic supercells
(refer to Fig. 2a). Another case of long-lived, violent
tornadoes (F4 damage) occurred across the eastern Tex-
as panhandle during the afternoon and evening hours of
8 June 1995, and the 12-h SR wind speed forecast valid
at 0000 UTC 9 June 1995 is depicted in Fig. 4. These
tornadic supercells were well within the forecast overlap
area of SR wind speeds and CAPE. Both cases also met
the criteria for tornadic supercellsin 0-h analyses using
the assumed and observed storm motions (not shown).
On a note of caution, the 8 June 1995 case illustrates
amore general problem with the verification of forecasts
of rare events. Prior to the violent tornado-producing
storms, a nontornadic supercell existed well within the
forecast tornadic region. This SR forecast technique ap-
pears to be best suited to forecasting the *‘worst’” event
in a region, where tornadic storms are worse than non-
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FiG. 4. Eta 12-h forecast valid 0000 UTC 8 June 1995. Conven-
tions are the same as in Fig. 3.

tornadic storms, but does not ensure all storms in a
region will be tornadic.

The 21 July 1995 and 23 July 1995 cases (Figs. 5
and 6, respectively) are forecasts for less ** synoptically
evident” (see Johns and Doswell 1992) events than the
two previous examples. During the evening hours of 21
July 1995, several supercells produced 14 tornadoes (8
resulted in F1-F2 damage) in the vicinity of Minne-
apolis, Minnesota. The large-scale pattern consisted of
1520 m st (~30-40 kt) westerly 500-mb flow and
weak (5-7 m s ) surface to 850-mb flow from the
southwest over Minnesota at 1200 UTC 21 July 1995,
and observed CAPE (lifting the ** most unstable parcel”’
in the lowest 70 mb) less than 100 J kg=*. The Eta
Model run that morning forecast destabilization during
the day over Minnesota, as well as an increase in low-

Fic. 5. Eta 12-h forecast valid 0000 UTC 21 July 1995. Conven-
tions are the same as in Fig. 3.
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FiG. 6. Eta 12-h forecast valid 0000 UTC 24 July 1995. Conven-
tions are the same as in Fig. 3.

level wind speeds to about 10 m s~* (~20 kt). Though
the described conditions are not normally considered
““synoptically evident” for supercell tornadoes, SR wind
speed forecasts from the Eta Model more clearly iden-
tified potential for tornadoes (see Fig. 5), assuming su-
percells devel oped.

An example of asubtle supercell tornado forecast case
(23 July 1995) is given in Fig. 6, which consisted of
several tornadic supercells near a convective outflow
boundary from the eastern Texas panhandle to the south-
west corner of Oklahoma. The 12-h forecast shows suf-
ficient inflow for sustained tornadic supercellsover parts
of southern and southwest Oklahoma, but not as far
northwest as the eastern Texas panhandle (Fig. 6). How-
ever, wind profiles from Frederick, Oklahoma, and Am-
arillo, Texas (not shown), indicated greater than 12 m
st (~25 kt) surface SR wind speeds over the eastern
Texas panhandle, along and immediately north of an
outflow boundary left by convection the previous night.
The mesoscale nature of the outflow boundary may ex-
plain why the larger-scale Eta Model analyses were un-
ableto provide sufficient detail to diagnose the influence
of this boundary on low-level SR winds.

Forecast statistics were computed for 51 of the 1995
supercell cases (28 tornadic, 23 nontornadic) included
in the diagnostic assessment, based on availability of
24- and 12-h PCGRIDDS forecast data for the initial
hour analysis time. The forecast was for tornadic su-
percells (as described in section 2) when surface-level
and 500-mb SR wind speeds were forecast to be greater
than 8 m st in the 24- and 12-h forecasts at the location
of the observed supercell. Forecasts were considered
nontornadic when at least one of the surface-level or
500-mb SR wind speeds remained <8 m s for either
the 12- or 24-h forecast. Verifying observations were
classified as either ‘“‘tornadic’” (multiple and/or long-
lived tornadoes) or “‘nontornadic” (includes supercells
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TaBLE 3. Contingency table for the combined 24- and 12-h Eta
Model wind speed forecasts for the 1995 supercells used in the di-
agnostic assessment: Y represents tornadic supercells, N represents
nontornadic supercells, POD is the probability of detection, FAR is
the false alarm ratio, and CSl is the critical success index.

Observed
Y N Sum
Y 24 13 37 POD 0.86
Forecast N 4 10 14 FAR 0.35
Sum 28 23 51 CSl 0.59

with a single brief/weak tornado). Results of this fore-
cast test are presented in a contingency table (Table 3,
after Doswell et al. 1990a).

The 8 m s* thresholds resulted in a probability of
detection for tornadic supercells of 85% (24 of 28) in
the present study. The false alarm ratio for the 1995
forecast test was 35% (13 of 37), which combines with
the 85% probability of detection to yield a 0.59 critical
success index. More sophisticated measures of forecast
skill, such as the true skill statistic and Heidke score
[both near 0.30 for this forecast test; see Doswell et al.
(1990a)] applied to rare event forecasting, take into ac-
count correct forecasts that arise purely by chance. The
verification in this study differs from Doswell et al.
(1990a) in that numerous correct forecasts of no tornadic
supercells are not included (since the SR technique is
only relevant when supercells occur), thus the Heidke
score and true skill score are quite similar.

Forecast error statistics

Error statistics were compiled for the 1995 forecast
cases included in the diagnostic evaluation. Storm-rel-
ative wind speed and CAPE (most unstable parcel in
lowest 70 mb) forecasts for the subset of 51 supercells
(28 tornadic, 23 nontornadic) from 1995 were cal cul ated
at the same grid points used in the diagnostic eval uation.
Storm-relative wind speeds, based on the initial hour
Eta wind analyses and observed storm motions, and
CAPE were subtracted from 24-, 12-, and initial hour
forecasts based on the assumed storm motion 30° to the
right and 75% of the 1000-500-mb mean wind (850—
400-mb mean wind for the high plains region). In ad-
dition, magnitude (i.e., percent of 1000-500-mb mean
speed) and direction errors were calculated at each su-
percell grid point by comparing the assumed motion
with the observed storm motion.

Error statistics are summarized in Table 4. Storm-
relative wind speed forecasts at 500 mb displayed only
small negative biases for the entire group of tornadic
and nontornadic supercells, with mean errors near —2.0
m s*. The entire forecast dataset shows no significant
bias for surface-level SR wind speed. A few biases be-
come more apparent when considering tornadic and
nontornadic cases separately. For the tornadic super-
cells, surface-level SR wind speed was on average ov-
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TABLE 4. Mean and mean absolute (abs) gridpoint forecast errors of SR wind speed for the 51 supercell cases (ALL) from 1995, as well
as separate groupings of tornadic (TORN) and nontornadic (NON) supercells. Observed SR wind speeds are subtracted from the initial hour,
12-, and 24-h forecasts (FO0, F12, F24) valid within 3 h of each supercell, where positive values are overforecasts (too strong) and negative
values are underforecasts (too weak). The SR wind speed errors for the surface level (SFC), 500, and 250 mb are in m s%, and CAPE
forecast errors are in J kg=*. Total numbers of supercells in each grouping are in parentheses.

FOO F12 F24

(51) (28) (23)

ALL TORN NON ALL TORN NON ALL TORN NON
SFC -0.3 14 —23 -0.1 15 —20 0.2 15 -14
Abs 34 34 34 4.4 4.9 3.6 4.4 51 34
500 -1.0 -17 -0.1 —2.6 -3.0 -21 -17 -31 -0.1
Abs 2.8 2.9 2.6 3.6 3.8 3.3 4.2 3.0 3.6
250 -0.2 -11 0.9 0.6 0.4 0.8 -04 0.1 -0.9
Abs 2.8 2.8 2.7 53 4.6 6.3 5.9 5.9 6.0
CAPE 27 —63 136 -10 —176 193
Abs 484 548 405 640 735 524

erforecast by 1-2 m s, while it was underforecast by
roughly the same degree for the nontornadic storms.
Opposite hiases were noted at 500 mb, with a slight
tendency to underforecast SR speed in the tornadic
cases, and no clear bias with the nontornadic cases.
Overall, no significant bias was noted in forecasts of
250 mb SR wind speed. Finally, forecasts of CAPE
displayed noteworthy biases in that CAPE was over-
forecast by almost 200 Jkg—* at 24 h for the nontornadic
storms and underforecast by almost 200 J kg~* for the
tornadic storms. This bias in CAPE forecasts should be
an important consideration when applying SR wind
speed forecasts. Specifically, EtaModel forecastsduring
the period of this study had a tendency to underforecast
CAPE in association with tornadic supercells, which

typically led to an underestimate of the northern and
eastern extent of the supercell tornado threat areaduring
cool season events. Additionally, 12-h CAPE forecasts
were less than 1500 J kg—* for 55% of the tornadic
supercells and 45% of the nontornadic supercells from
the 1995 subset. Such modest forecast CAPE values
could lead the unwary forecaster to underestimate the
threat of supercellsin the first place.

Standard deviations of forecast errors ranged from
near 4 m s * at the surface and 500 mb to 89 m s*
at 250 mb. Absolute error distributions for the 24-,
12-, and 0O-h forecasts are presented in Fig. 7. These
standard deviations are large compared to the mean er-
rors, owing to errors of opposite sign tending to cancel
one another. Mean absolute errors are somewhat larger

(@) 24 hour FORECAST ERRORS

SFC and 500 mb SR wind speed

(b) 12 hour FORECAST ERRORS

SFC and 500 mb SR wind speed

0.00-2.49

5.00-7.49

0.00-2.49 5.00-7.49

error (m/s) error (m/s)

7) SFCNON W sFcTorRN [ s00NON B sooTorN 7} sFcNON I srkctorN T ] 500NON 500 TORN
(© Initial hour "FORECAST" ERRORS () 24 and 12 hour FORECAST ERRORS
SFC and 500 mb SR wind speed CAPE
1 %};‘m‘i.w--f l:l %N | |

0.00-2.49 2.50-4.99 5.00-7.49 7.50-9.99 >10.0 0-499 500-999 1000-1499 1500-1999 > 2000

error (m/s) error (J/kg)
%) sFC NON B sFcTORN T ] 500NON 500 TORN 7] 24 NON B raatorRn § F12NON B Fi2TORN

Fic. 7. Categorical distributions of absolute SR wind speed forecast errors for the surface level and 500 mb for the (a) 24-h forecast, (b)
12-h forecast, and (c) initial hour ““‘forecast” (based on assumed motion). CAPE forecast errors at 24 and 12 h are displayed in (d).
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than the mean errors, with values ranging from 3.5 to
5.0 m st at the surface and 500 mb for the 12- and 24-
h forecasts. The standard deviations and mean absolute
errors for the surface-level and 500-mb SR wind speed
forecasts are large enough to warrant concern when ap-
plying the Eta SR wind speed forecasts to supercell
tornado forecasting. The standard deviation of about 4
m st in forecast errors at 500 mb is comparable to the
difference in the mean between the 500-mb SR wind
speeds for the tornadic and nontornadic supercells. Op-
erational forecasters must be wary of such forecast er-
rors and pay particular attention to model forecast
trends.

Magnitude and direction errors revealed several bi-
ases inherent to the assumed storm motion in this study.
The tornadic supercells closely matched the assumed
motion, with a mean deviation of 31° to the right and
a speed 82% of the 1000—-500-mb mean wind. However,
the mean nontornadic supercell motion was faster
(119% of the 1000-500-mb mean speed) and more to
the right (37°). The faster and more deviant rightward
motion of the nontornadic storms explains the tendency
to underestimate surface-level SR wind speed. It appears
the Eta Model tended to underforecast 500-mb wind
speeds, which supports the tendency of 500-mb SR wind
speeds to be underforecast for the tornadic supercells.
Though no significant bias was noted in 500-mb SR
wind speed forecasts for the nontornadic supercells, it
appears likely that the observed faster storm motions
were generally offset by stronger than forecast 500-mb
wind speeds.

6. Discussion

Of the three SR parameters examined, the 500-mb
SR wind speed distinguished the tornadic supercells
most successfully. A sharp lower bound to the 500-mb
SR wind speed is apparent in Fig. 2a (~8 m s°1), with
a less defined upper bound near 19 m s~*. The apparent
upper bound to the 500-mb SR wind speed may rep-
resent a general upper limit for sustained supercells, but
the number of casesin the upper range of SR wind speed
istoo small to clearly confirm or refute this possibility.
Storm-relative wind speeds at the surface and 250 mb
span very similar ranges of values for both the tornadic
and nontornadic supercells, respectively. The 250-mb
SR wind speed does exhibit alower cutoff near 8 ms*
and an apparent upper limit near 35 m st for the tor-
nadic cases (Fig. 2b), while the SR surface-level wind
speeds range primarily from 8 to 22 m s for the tor-
nadic cases. Very little difference is apparent between
the mean values and ranges of surface-level SR wind
speed for the tornadic and nontornadic cases, unlike the
500-mb SR wind speed where mean values for the tor-
nadic storms are nearly 4 m st greater than the non-
tornadic supercells. These data suggests the 500-mb SR
wind speed is the most effective mandatory-level SR
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parameter (of those tested) in distinguishing between
tornadic and nontornadic supercells.

Colquhoun and Riley (1996) found the surface to 600-
mb shear magnitude to be the parameter best correlated
to tornado *‘intensity”’ (F-scale damage rating) in their
tornado proximity sounding database. Similar to the
BRN shear, the surface to 600-mb shear is even more
heavily influenced by midlevel wind speeds.

It is important to note that substantial overlap exists
between the SR wind speeds for the tornadic and non-
tornadic supercells. The 500-mb SR wind speeds for
many of the nontornadic supercells fall well within the
cluster of SR wind speeds associated with the tornadic
supercells, meaning the SR conceptual model does not
guarantee a supercell will produce tornadoes. On the
other hand, weak 500-mb SR wind speed (<8 m s1)
seems to preclude all but a brief and/or weak tornado
with a supercell.

The surface-level SR wind speed was relatively weak
(<10 m s1) for about 20% of the tornadic supercells
(refer to Fig. 2a and Table 2). Possible explanations for
this weakness include poor Eta analyses or mesoscale
features noted in surface data that could have enhanced
storm inflow. For example, at |least three supercells pro-
duced several F4 tornadoes in western lowa during the
evening of 27 May 1995. The Eta analysis of surface-
level SR wind speed (not shown) yielded values less
than 7 m st for these storms, while substitution of
actual surface observations resulted in inflow greater
than 10 m s *. In addition, nearby profilers and the
velocity azimuth display wind profiles from the WSR-
88D at Des Moines, lowa (not shown), both detected
stronger low-level winds than indicated by the Eta anal-
ysis.

A better approach to forecasting low-level SR wind
speed will come through layer averaging of SR wind
speeds using higher-resolution model output (such asin
the April 1996 release of PCGRIDDS). Other improve-
ments can result from more accurate storm motion es-
timates.

7. Operational forecast applications

Based on diagnostic and forecast results from late
1994 through summer 1996, the Eta Model SR wind
speed forecast scheme exhibits skill in identifying and
forecasting large-scale environments that favor super-
cell tornadoes. Important aspects of the forecasts are
consistency in the forecast areas from one model run to
the next, and trends in the SR wind speed forecast areas.
For 85% of the 1995 forecast cases where tornadic
storms were observed, areas of sufficient (>8 m s1)
SR wind speed overlap for the surface and 500 mb were
clearly maintained from the 24- to 12-h forecasts. No
major systematic problems were noted in forecasts of
the SR wind speeds, though forecast error statistics sug-
gest a dlight tendency for this technique and the Eta
Model to underforecast 500-mb SR wind speed for the
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tornadic cases and surface-level SR wind speed for the
nontornadic cases, while there is a slight tendency to
overforecast surface-level SR wind speed for the tor-
nadic storms. The forecaster should be especially aware
of supercell tornado potential when 500-mb SR wind
speed is forecast to be sufficient (>8 m s~*), and storm
inflow can be enhanced by mesoscal e processes (outflow
boundaries, mesolows, etc.).

Though SR wind speed forecasts enable reliable fore-
casts of supercell tornado potential, several other im-
portant factors must be considered when utilizing the
PCGRIDDS output.

1) Assess the validity of the model forecast prior to
any detailed analysis of forecast data.

2) Assess the potential for supercell thunderstorms,
without which the present SR wind speed technique
isirrelevant.

3) Examine the spatial relationships of the various pa-
rameters, especially the surface-level and 500-mb SR
wind speeds. Cases were documented where the
regions of 8 m st or greater surface and 500-mb
SR wind speeds were not forecast to be in phase
(overlapping), but the two regions satifisfying the
wind speed criterion were in close proximity. Be
wary of the scenario where a well-defined area of
sufficient surface SR wind speed is positioned ad-
jacent to a region of sufficient 500-mb SR wind
speed, and an axis of large CAPE islocated between
the favorable SR wind speed areas. Minor inaccu-
raciesin the model forecast, always a concern on the
mesoscale, can mask favorable parameter juxtapo-
sition.

4) Consider the tempora evolution of the SR wind
speed areas. Several events were documented where
the SR wind speeds were not forecast to be in phase
at the beginning of a supercell tornado episode, but
juxtapositioning of parameters increased with time.

5) Verify the storm motion estimate when examining
numerical model output. Once a storm develops, a
simple check of storm motions from radar data can
quickly alert aforecaster when SR wind speeds may
vary substantially from an Eta Model PCGRIDDS
forecast.

6) Verify model CAPE forecasts by any available
means. Areas forecast to have favorable SR wind
speeds, but not supercells, may change.

7) Always remember that other processes contribute to
supercell tornadogenesis. The PCGRIDDS analyses
can account only for processes resolved by the Eta
Model, and the proposed ‘‘thresholds” of SR wind
speed in the PCGRIDDS output are not infallible
magic numbers.

Consideration of forecast and observed storm-rela-
tive shear profiles could also lend confidence or en-
courage scrutiny in the tornado warning process, es-
pecially for warnings based primarily on WSR-88D im-
agery and algorithm output. It is suspected that the SR
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wind speed forecasts could help forecasters determine
whether or not supercell tornadoes are a major threat
with a given scenario. However, it is unclear that the
SR conceptual model can enable a forecaster to distin-
guish between a particular tornadic or nontornadic su-
percell in warning operations. The SR conceptual model
and forecasts may best help forecasters distinguish be-
tween situations when supercell tornadoesaremorelike-
ly and tornado warnings should be considered seriously
for any supercells that develop, or when supercells are
more likely to be nontornadic and severe thunderstorm
warnings may be more appropriate.

8. Conclusions

A conceptual model for sustained low-level meso-
cyclones with tornadic supercells (after Davies-Jones
and Brooks 1993, BDC94, and BDW94) was tested us-
ing observations and forecasts with the Eta Model. Su-
percell motions from radar imagery and Etainitial anal-
yses provided a diagnostic assessment of surface-level,
500-, and 250-mb SR wind speeds with both tornadic
and nontornadic supercells. These observations yielded
a well-defined lower bound to the 500-mb SR wind
speed (~8 m s*) with tornadic supercells. Storm-rel-
ative wind speeds at the surface and 250 mb were quite
similar in the mean between the tornadic and nontor-
nadic supercells. The diagnostic eval uation suggeststhat
500-mb SR wind speed best discriminates between tor-
nadic and nontornadic supercells, and highlights the in-
termediate range of 500-mb SR wind speed (roughly 7—
10 m s7*) where supercells tend to transition from non-
tornadic to tornadic with increasing SR wind speeds.
BRN shear was also examined in comparison to 500-
mb SR wind speed as a discriminator between tornadic
and nontornadic supercells. Though 500-mb SR wind
speed demonstrated a sharper lower bound for the tor-
nadic supercells in this study, BRN shear magnitudes
were substantially larger for the tornadic versus non-
tornadic supercells. Both forecast 500-mb SR wind
speed and BRN shear appear to have value as supercell
tornado forecast parameters.

Storm-relative wind speed forecasts from
PCGRIDDS analyses of Eta Model data have aso
shown skill in dilineating areas of supercell tornado
potential. The forecast test utilized a lower bound of 8
m s~* of surface and 500-mb SR wind speed, determined
through the diagnostic evaluation. Forecast areas using
the 8 m s* lower bounds, applied to 51 of the 1995
supercell cases, captured 85% (24 of 28) of the tornadic
supercells, with a false alarm ratio of 35% (13 of 37).
The most important single finding is the 8 m s~ lower
bound to the 500-mb SR wind speed, which represents
a necessary, but not sufficient, condition for tornadic
supercells. The observationsin this study, aswell asthe
forecast statistics, suggest the conceptual model for tor-
nadic supercells from Davies-Jones and Brooks (1993),
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DLD93, BDC94, and BDW94 has application for op-
erational forecasts.

The original PCGRIDDS technique has been modi-
fied to calculate layer average SR wind speed with the
new version of PCGRIDDS released in April 1996, and
informal evaluations suggest the layer average quanti-
ties are consistent with (and perhaps superior to) the
mandatory-level parameters. The PCGRIDDS ‘* macro”
used in this study, and updated versions, can be down-
|loaded from the Storm Prediction Center home page on
the World Wide Web (http://www.nssl.ou.edu/~spc).
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