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ABSTRACT

This study tests hypothetical correspondences between size of severe hail, WSR-88D derived verticaly in-
tegrated liquid water (VIL), and an array of thermodynamic variables derived from computationally modified
sounding analyses. In addition, these associations are documented for normalized VIL using various sounding
parameters, and statistical predictive value is assigned to the various VIL-based and sounding variables. The
database was gathered from Weather Service Radar-1988 Doppler (WSR-88D) units nationwide from cases
identified during real-time operations and consists of over 400 hail events, each associated with a radar-observed
VIL value and a modified observational sounding.

Some parameters are found to increase in the mean with larger hail-size categories. Specific hail size, however,
varies widely across the spectra of VIL, thermodynamic sounding variables, and combinations thereof, with only
a few exceptions. No operationally useful parameters of value in hail-size prediction were discovered in the
database of VIL and thermodynamic sounding data. These largely antihypothetical findings are compared with
hail forecasting and warning techniques devel oped in the WSR-88D era—few in humber and mostly regionalized
and informal in nature—and with more widespread and empirical forecasting assumptions involving many of

the same variables.

1. Introduction

Large hail can cause both serious bodily injury and
immense economic losses. This was recently exempli-
fied by the “Mayfest’” hailstorm, the most expensive
thunderstorm event in U.S. history (NCDC 1995), where
hail up to 114 mm (4 in.) in diameter contributed to
over $2 billion in damage in Fort Worth, Texas, along
with 109 hail-related injuries. Given its destructive po-
tential, it is important to have the capability to forecast
and issue timely warnings for severe hail, particularly
for those caseswhere hail ismuch larger than marginally
severe criteria (‘'dime size,”” 19 mm or 0.75 in. in di-
ameter).

Hail forecasts and warnings have remained quite chal -
lenging, particularly with respect to hail-size determi-
nation, in an era of otherwise greatly increased under-
standing of severe local storm processes. In our oper-
ational experience, most methods of radar-based diag-
nosis and prediction of hail severity with radar have
been informa and/or highly empirical—sometimes
merely “‘rules of thumb’” with little or no quantitative
substantiation such as ‘“‘vertically integrated liquid
(VIL) of the day,” where VIL associated with initia
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severe hail reportsin aregion is used as a threshold for
warning on subsequent storms. These factors may be
partly due to a paucity of formal research specifically
dealing with forecasting hail size, relative to the supply
of studies on other severe local storm phenomena such
astornadoes, since the operational advent of the Weather
Surveillance Radar-1988 Doppler (WSR-88D). One
promising tool, an algorithm incorporating velocity data
to compute upper-level storm outflow, was formulated
by Witt and Nelson (1991). In that study, a relatively
small sample size (21 days of severe thunderstorm
cases) yielded large statistical correlations between al-
gorithmic parameters and maximum reported hail size;
but storm-top divergence has not yet been distributed,
explicitly applied, or verified through field testing on a
national, operational basis.

VIL has been used as an indicator of storm severity
for over 25 years, since research leading to the original
formal publication of a VIL calculation by Greene and
Clark (1972). As they stated,

Hail may also produce fictitious values of liquid water
due to enhanced radar return. However, this may be ben-
eficial as an indicator of the severity of the storm.

Their work, based on 10-cm wavelength Weather Sur-
veillance Radar-1957 (WSR-57) data, was the forerun-
ner of the WSR-88D VIL algorithm, whose operational
characteristics are described by NOAA (1991).
Sounding data was incorporated with storm traits
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from the WSR-57 by Wagenmaker (1992) for successful
prediction of the existence of hail; however, the accom-
panying attempt to distinguish between severe and sub-
severe hail in 67 thunderstorms yielded inconclusive
results. In the same study, Wagenmaker advocated VIL
normalization with respect to measures of the convec-
tive environment in order to mitigate the susceptibility
of VIL to climatological variances. A comparable but
independently developed hypothesis was a significant
motivation for a large part of our work. Adjustment of
VIL data, in some physically meaningful way, for en-
vironmental conditions producing and maintaining thun-
derstorms, should aid in diagnosing and forecasting se-
verity of hail.

In asimilar vein, Amburn and Wolf (1997, hereafter
AW97) normalized VIL in 185 severe hail events and
36 nonsevere ones, using radar-estimated storm top to
incorporate convective character. That effort yielded
“VIL density,” aratio of VIL to radar-estimated storm
top that generally correlated well with hail size in the
northeastern Oklahoma—northwestern Arkansas region.
The relative value of VIL density versus VIL aone for
inferring the presence of severe hail is in doubt, how-
ever, based on someillustrationsin AW97. For example,
from both the Fig. 2 scattergram in AW97 and their
Table 1, similar probabilities of detection and false-
alarm rates for severe hail may be inferred with a min-
imum VIL of 38 kg m~2 aswith aminimum VIL density
of 3.5 g m=3. Further, no nonsevere hail events were
observed when VIL surpassed 43 kg m~2, regardless of
the height of the echo top.

The reliability of VIL density in other areas of the
country is uncertain as well, because of several factors:
inherent imprecision of the WSR-88D storm-top esti-
mations (NOAA 1991), differencesin hail climatology,
and (indirectly) large regional variances of the perfor-
mance of the WSR-88D severe weather probability
(SWP) algorithm (Jendrowski 1988), which primarily
utilizes VIL fieldsin individual thunderstorms. Accord-
ingly, mixed results have been obtained from local stud-
ieson VIL density outside the Tulsa, Oklahoma, region.
Roeseler and Wood (1997), for example, noted similar
VIL density values for a small sample of subsevere hail
events (13 mm or 0.5 in.) as for those that were at the
severe threshold. On the other hand, Turner and Gon-
sowski (1997) found patterns over northwestern Kansas
similar to those in AW97 but offset to slightly larger
hail sizes.

On a local scale, Billet et al. (1997) developed a
logistic regression model to establish a binary (yes/no)
predictor of hail severity with a combination of VIL,
freezing level, and low-level storm inflow. They aso
developed adetailed multiple regression equationto pre-
dict maximum hail size, but its results were not prom-
ising. The present study is much larger in spatial scale
and attempts to determine the reliability of several pa-
rameters, including VIL and sounding variables as pre-
dictors of hail sizes across the spectrum of severe hail—
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parameters heretofore used principally in empirical fash-
ion among forecasters. Our multiple linear regression
analysis to predict maximum hail diameter, though less
thorough than Billet et al. (1997), corroborates their
findings.

2. Data and methodology
a. Hail reports and radar data

VIL information was gathered for each of 426 severe
hail events in the conterminous United States during
1996 (mapped in Fig. 1). These consisted of reports
collected near real time, in the Storm Prediction Center
(SPC) operational environment, as time and data avail-
ability permitted. Reports were obtained from warnings,
severe weather statements, or local storm reports (LSR),
issued by local National Weather Service (NWS) offices.
It is noted that there can be reliability deficiencies with
such preliminary reports. Initial size reports may not
agree in some cases with **final” Sorm Data lists due
to post-LSR revision. Further, and perhaps more sig-
nificantly for the purpose of scientific evaluation, they
are subject to several types of biases in storm-spotter
observations and in NWS verification procedures, as
noted by Wagenmaker (1992), AW97, and Roeseler and
Wood (1997).

The database was made large in geographic coverage
(national) and time (coverage of all seasons through a
full year) in order to incorporate a broad spectrum of
hailstorm environments. This wide scope was also in-
tended to smooth away possible regional biasesin VIL
analogous to those of SWP algorithms, into which VIL
is input.

Generaly, VIL values were obtained from the WSR-
88D site nearest to the location of each severe hail re-
port, unless 1) data from the closest WSR-88D was
unavailable, or 2) the hail report occurred within a
WSR-88Ds *‘ cone of silence,” roughly 25 km in radius
from the radar site (NOAA 1991), where volume scans
are often too shallow with respect to thunderstorm depth
to yield representative VIL output. This exclusion was
made regardless of volume coverage pattern (V CP), but
was especially important to the cases where VCP 21
was employed (a majority of those in our database for
which VCP information is available) because of its rel-
atively large gaps between sweeps close to the antenna.
In such cases, VIL was taken from the closest available
WSR-88D that scanned the thunderstorm within aradial
range of 25-230 km (the outer bound of available VIL).
VIL valueswere obtained from the 16-level graphic VIL
product in one of the following ways. 1) If the core
associated with the hail report obviously contained the
greatest VIL within radar range (as judged by its having
the highest color level on the full-scale display), the
“MAX = xx"" value was used for optimal precision,
where xx is the peak VIL calculated by the algorithm.
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Fic. 1. Map of al severe hail events used, illustrating their distribution across the
conterminous United States.

2) Otherwise, the closest integer value to median VIL,
within the displayed color level, was used.

Still more refinement was necessary in order to filter
unreliable data. In a few instances, no echo passed
across a county containing a hail report; such events
were altogether discarded. Also, approximately 30
eventsoccurred for which the displayed VIL value could
not exceed 80 kg m—2, due to a software incompatibility
between a WSR-88D radar product generator and the
principal user processor at SPC. These were also excised
from the study due to unknown maximum VIL.

The VIL used for each event was typically the largest
value occurring in the thunderstorm producing hail over
the report location, within one volume scan before or
after the time of the report. In about 70 events, report
times corresponded poorly with the passage of the thun-
derstorm echo over the report location; in some, the
difference between reported hail time and echo passage
was as great as an hour. In each such event, the stated
hail time was revised to match echo passage, and the
VIL value used was the largest from within one volume
scan before or after the closest approach of the echo
centroid to the report location. In the handful of cases
where there were multiple hail reports within the afore-
mentioned three-volume scan time frame, the largest
reported hail size was used.

b. Sounding analyses

Sounding data were modified and analyzed using a
new version of the SHARP Workstation program orig-
inally prepared for DOS computers by Hart and Korotky
(1991) and since updated for operational use at SPC on
a UNIX platform. Importantly, the UNIX version of

SHARP incorporates a virtual temperature correction,
ideally rendering derived stability parameters such as
convective available potentia energy (CAPE) more
physically meaningful and representative than those
based upon customary computations (Doswell and Ras-
mussen 1994).

Rawinsonde observations were sel ected based on data
availability, spatial and temporal proximity to hail
events, and a subjective judgment of observational rep-
resentativeness of the storm environment. The latter cri-
terion was the most critical and difficult to regulate, in
light of the air mass sampling problems with “‘prox-
imity”” soundings near tornadic supercells discussed by
Brooks et al. (1994). For example, a sounding that was
relatively closein spaceto ahail event but waslaunched
either behind a dryline or in cold, stable convective
outflow was rejected as unrepresentative of the air mass
available to the hail-spawning thunderstorm updraft. In-
stead, the next nearest sounding was chosen for modi-
fication: a sounding located farther from the event but
upstream with respect to the low-level inflow layer and
in a convectively unstable air mass.

Unless the hail-producing thunderstorm was appar-
ently rooted in an elevated layer of convectiveinstability
and inflow (above arelatively stable near-surfacelayer),
each sounding was then modified for observed surface
temperature and dewpoint in the inflow region nearest
to the storm. Occasionally, this resulted in specification
of physically unreasonable conditions immediately
above the modified surface. These required further mod-
ification (e.g., smoothing to eliminate a dry-adiabatic
thermal lapse rate in a saturated layer or a shallow au-
toconvectively unstable layer). In most cases where the
thunderstorm was not surfacebased, modification of sur-
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THERMODYNAMIC PARAMETERS
MOST UNSTABLE PARCEL

LPL: 976mb  33C/ 23C 91F/ 73F
CAPE: 3872 J/kg L -7C @ 500mb
BFZL: 461 J/kg Limin: -10C @ 300mb
CINH: -1 J/kg CAP: 0C@ 831mb
LEVEL PRES HGT(AGL) TEMP
LCL 844mb 4938ft
LFC 831mb 53671t 20C
EL 122mb 504 80ft -73C
MPL 70mb 61174t
Precip Water: 2.12in  Mean RH: 54 %
Mean Q: 16.4 g/kg Mean LRH: 59 %
Top of Moist Layer: M/M

16 C / 6.1 C/km
29 C / 6.5 C/km

700-500mb Lapse Rate:
850-500mb Lapse Rate:

Total Totals: 47  K-index: 36
SWEAT Index: 218 Max Temp: 95 F
ThetaE Diff: 47 Conv Temp: 95 F
FRZ Level: 15553 ft WBZ Level: 14577 ft

face temperature and dewpoint yielded no change in
convective instability and was not necessary. The lifted
parcel used was the most unstable in the lowest 300
mb, based on recommendations by Doswell and Ras-
mussen (1994). While there is no way to unambiguously

LS Wﬂ\«%@ (A

Fic. 2. (@) Sample skew T-logp plot of a modified sounding for
one of the hail events in the database. Shaded area represents CAPE.
(b) Derived thermodynamic output from the skew T—logp plot shown
in Fig. 2., including CAPE, EL, MPL, FRZ, and WBZ.

establish that the modified soundings adequately de-
picted storm-scale environmental settings, we believe
these methods yiel ded the most representative soundings
possible in an operational setting. An example of these
soundings and derived output is depicted in Fig. 2.
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¢. Parametric comparative methods and hypotheses

Reported hail sizes were compared with VIL, several
thermodynamic sounding parameters, and VIL normal-
ized by thermodynamic variables. In the operational
warning setting, severe hail is predicted using VIL
through various local adaptations of the “VIL of the
day’ (Paxton and Shepherd 1993), the VILs associated
with the first few hail reports, and/or VIL density. In
particular, use of VIL density values as warning criteria
appears to be spreading beyond its area of origin despite
aforementioned uncertainties about interregional vari-
ability and despite several major faultsin the WSR-88D
storm-top estimation routine (NOAA 1991). In empir-
ical and informal fashion, CAPE, wet-bulb zero level
(WBZ), and freezing level (FRZ) have also been used
for several years to forecast hail. We tested their cor-
relation with hail size, both on average and as predictors,
independent of VIL. Finally, VIL was normalized with
respect to several thermodynamic variables related to
depth and strength of the convective updraft, in an effort
to incorporate influences of the near-storm environment
into usage of the WSR-88D for evaluation of storm
severity. Intheseregards, severa hypothesesweretested
on a national scale.

1) Though reflectivity input into VIL is limited to 55
dBZ (Witt 1990), larger VIL can indirectly indicate
hail since it is associated with greater water massin
the cloud and a more intense updraft, given an en-
vironment favorable for large hail, which is obvi-
ously present in cases where severe hail reaches the
surface.

2) Ratios of VIL to equilibrium level (VIL/EL), VIL
to maximum parcel level (VIL/MPL, analogous to
VIL density), and VIL to convective cloud depth
(VIL/CCD) correspond to larger hail. [Here, CCD
was defined as the difference between MPL and level
of free convection (LFC).] If established, this could
be used to predict largest hail sizes associated with
specific values or ranges of VIL, based on forecast
soundings from numerical guidance, in time frames
out to 2 days (48 h) or more.

3) Lower levels of FRZ and WBZ should be associated
with larger hail, since hailstone exposure to melting
temperatures would ideally begin lower in descent
and occur at a slower rate. Kitzmiller and Breiden-
bach (1993) noted greater potential for large hail
with reduced freezing level in the warm season over
relatively densely populated portions of the central
and southern plains.

4) CAPE, CCD, EL, and MPL may relate to hail size,
each being commonly used operationally as an in-
dicator of updraft strength or convective instability.

5) Higher values of CAPE density (defined here as
CAPE/CCD) should, as a physical measure of moist
convective updraft acceleration, be associated with
larger hail size.
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These hypotheses incorporated a number of hail fore-
casting techniques commonly employed by the NWS,
as well as a few of our own, all of which had not yet
been quantitatively tested on a national scale.

3. Analytic results

Due to the discontinuities in sample size for specific
hailstone diameters across the spectrum of reported hail
events, hail-size ranges were used for the purpose of
evaluating associations to hail severity of both VIL
alone and thermodynamically adjusted VIL. For these
comparisons, the hail-size spectrum was arbitrarily bro-
ken down into bins by reported hail size. The hail-size
ranges used here were from dime to just under quarter
size(0.75-0.99in., or 19-251 mm), quarter to just under
golf ball size (1-1.74 in., or 254—442 mm), golf ball to
just under baseball size (1.75-2.74in., or 445-696 mm),
and baseball size and larger (at or above 2.75 in. or 699
mm).

[Two caveats regarding ground truth should be men-
tioned here. First, hail-size reports in the NWS at the
time of the data collection were most often given in
severe weather reports by comparison to common ob-
jects and not specific measurements. Subsequently in
the SPC logs, they were converted to sizes customarily
associated with those objects. Second, even with the
proliferation of storm spotters and chasers that often
increases observational resolution in the path of many
severe thunderstorms, sampling may still be inadequate
to consistently represent hail-fall character when con-
sidering the great storm-scale variability in hail param-
eters (Morgan and Towery 1975).]

Average VIL, VIL/EL, and VIL/MPL each increased
with hail-size range (Fig. 3). Those averages, however,
do not reveal a predictive association because they do
not represent the ranges of magnitudes of each variable
for a given hail size, as depicted in the VIL-related
scatter diagrams of Fig. 4. Similar scatterplot patterns
appeared for thermodynamic sounding variables that
were not combined with VIL (Fig. 5). They illustrate a
much wider variation in all variables for hail up to golf
ball size than for the largest and most potentially de-
structive hailstones; however, some clearer associations
are apparent on the low end of most dataset variables.
For example, no hail size larger than 2 in. (508 mm)
was accompanied by a VIL under 50 kg m-2, VIL/EL
less than 40 X 10-* kg m=3, VIL/MPL below 35 X
10-* kg m=3, CCD less than 10* m, or FRZ below 2800
m (Figs. 4 and 5). No baseball size (2.75 in. or 762
mm) hailstones were reported in association with mod-
ified CAPE less than 1300 m? s-2. Such associations
indicate a decreased likelihood of the largest, most de-
structive hail with low-end values of those parameters
but provide no insight whatsoever about associations of
high-end VIL values with hail size. Moreover, caution
should be used in translating these low-end VIL and
thermodynamic-variable findings to operational warn-
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FiG. 3. () Graph showing mean VIL increasing with larger hail
size ranges. (b) Graph showing mean VIL/EL ratio increasing with
larger hail-size ranges. (c) Graph showing mean VIL/MPL ratio in-
creasing with larger hail-size ranges.

WEATHER AND FORECASTING

VoLuME 13

ing use because they do not cover the unknown risk of
any anomalous events that were not captured in our
dataset.

In general, little can be inferred about the upper
bounds of any of the VIL-based or wholly thermody-
namic variables when compared to hail size, in dis-
agreement with our hypotheses. For example, WBZ and
FRZ associated with very large (baseball sizeand larger)
hail were clustered close to the middle of the spectra of
those associated with marginally severe (dimeto quarter
size) hail (Figs. 5d,€). Particularly notable wasthe close
similarity between VIL-versus-hail-size comparisons
and those using normalized VIL, suggesting little value
nationally to incorporating environmental thermody-
namics, as presently available, into VIL examination.
This indication contradicts not only our hypothesis
about the importance of VIL normalization, but it also
counters smaller-scale results, such as those associated
with VIL density, that indicated its value as a warning
tool on aregional basis.

Statistical measures were then applied to the scatter-
plot data. Ambiguous results appeared when any of the
parametersin our set (VIL, VIL/EL, VIL/MPL, CAPE,
CCD, WBZ, FRZ, CAPE density, etc.) were tested as
possible hail-size predictors. For sounding-based pa-
rameters, the results should apply best to storm-scale
predictions (on the order of 10® km?). Using a least
squares best fit, none of them was associated with a
correlation coefficient higher than 0.17. Considering
Fig. 4a, a straight line is a poor fit to the wide range of
VIL values associated with the hail sizes less than 2 in.
(508 mm), causing the poor correlation coefficient. To
further illustrate the weak predictive relationships of our
VIL and sounding datato hail size, amultipleregression
analysisyielded mean errors of 0.7 in. (178 mm) among
the full suite (6) of variables. Again, these results cor-
roborate the more detailed and regional-scale statistical
analyses conducted by Billet et al. (1997). Contrary to
our hypotheses, these results suggest that, at least on a
super-regional scale, many of the parameters most com-
monly used to predict hail severity are practically use-
less.

4. Conclusions and recommendations

A crucial finding in our work wasthat on anationwide
basis, commonly used hail predictors showed little or
no skill in predicting hail size. In order to effectively
develop techniques for such forecasts, it is clear that
regional variances in hail data quality and assimilation,
aswell asin the utility of VIL, must be examined thor-
oughly for methods of bias minimization. Although it
performed similarly to other predictors in our dataset,
the poor correlation coefficients and large predictive er-
rors indicate that VIL should not be used alone to warn
for hail size. In the same vein, and because of the char-
acteristic coarseness of radar-derived storm-top esti-
mates, great caution should be exercised with similar

Unauthenticated | Downloaded 12/01/23 04:41 AM UTC



JUNE 1998

(a)
100

80

60

40

VIL (kg m*)

20

0]
in. 0 1 2 3 4 5
mm: 0 254 508 762 1016 1270

REPORTED HAIL SIZE

(c)
60

50 y

E
240

10*

30

VIL/MPL
)
(=]

in. O 1 2 3 4 5
254 508 762 1016 1270

REPORTED HAIL SIZE

'y
E-Y

—
[
.
o

—
o

O N B2 O 0

. VIL / Cape Density (kg s m®)

1 2 3 4 5
2.54 5.08 7.62 10.16 127

REPORTED HAIL SIZE

oo

o =
32

use of VIL density outside the southern plains, as well
as with other VIL-based tools such as SWP or cell
trends.

Furthermore, none of the following should be used
specifically as a hail severity forecasting tool: VIL,
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Fic. 4. Scatter diagram of the hail reports (plotted in black dots),
comparing reported hail size with (a) associated VIL, (b) ratio of VIL
to EL, (c) ratio of VIL to MPL, (d) ratio of VIL to CCD, and (e)
ratio of VIL to CAPE density.

CAPE, MPL, EL, CCD, WBZ, FRZ, or various com-
binations thereof—until local or regional methods of
formally demonstrated statistical significance are de-
vised that are also shown to be unambiguously adapt-
able to different parts of the country. Part of such an
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effort must involve interregional standardization of
methods for real-time gathering and subsequent verifi-
cation of severe hail events in a way that data from
office to office is consistently, accurately, and precisely
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Fic. 5. Scatter diagram of the hail reports (plotted in black dots),
comparing reported hail size with associated parameters derived from
modified soundings. (a) CAPE, (b) CCD, (c) CAPE/CCD or CAPE
density, (d) WBZ, and (e) FRZ.

collected. Once formulated and successfully tested, any
such flexible hail forecasting technique (of national util-
ity and common physical basis) can then be applied not
only at individual NWS offices, but for SPC national
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convective outlooks, mesoscale forecast discussions,
and severe weather watches.

Based on inconclusive associations between hail se-
verity and purely thermodynamic sounding predictors,
it is clear that future research into technique develop-
ment for hail forecasting should necessarily incorporate
kinematic influences to some degree, whether national
or regional in scope. This could include parameters such
as bulk Richardson number (BRN), BRN shear, storm-
relative (SR) helicity and various layer averages of SR
flow (Thompson 1998). These parameters are each used
operationally to forecast potential for supercellsin gen-
eral and, in the case of SR flow, tornadic supercellsin
particular. Because kinematically enhanced vertical
pressure gradient forces lead to vertical storm-scale ac-
celerations beyond those associated with buoyancy
alone (as commonly denoted by CAPE), they may be
useful on at least aregional basis in forecasting size of
hail associated with rotating thunderstorms, either alone
or in combination with VIL and thermodynamic vari-
ables.

There may aso be some value in testing for associ-
ations between downdraft CAPE (DCAPE, as conceived
by Emanuel 1994 and computed by Gilmore and Wicker
1998 for determining supercell character) and hall
size—a capability that available software did not allow
in our study. Our results with updraft CAPE indicate
that DCAPE may also work poorly as a predictor on a
national basis, but its regional applicability to hail fore-
casting is yet unknown.

These and other yet untested or undiscovered param-
eters should be tested for operational reliability in fore-
casting large hail eventswith the goal of greater advance
notification of the potential for destructive hail, further
mitigating its economic and personal -safety peril. To be
optimally useful, any hail-size forecasting scheme must
incorporate environmental thermodynamic and kine-
matic information accessible before an event. Future
research in this area should involve not only balloon
soundings, but profilers, velocity-azimuth display wind
data, satellite sounding data, and surface observations.
Any methods exhibiting skill in those areas may be
applied to situationally adjusted numerical model fore-
cast soundings in order to formulate large-hail fore-
casting techniques applicable to temporal domains as
large and far in advance as SPC convective outlooks.
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