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Abstract. A series of observations inside an Alberta hailstorm was made with the
T----2-,~-~-~m~red research aircraft during the summer of I985, as part of the Alberta Hail
Project. An analysis of some of the characteristics of the hail size distributions
in relation to other T-28 measurements showed many features similar to past T-28
observations. Most of the hail observed was falling through the -17°C penetration
level, even in the updrafts. A preliminary assessment of the hail growth mechanisms
in this storm shows that most of the hailstones were in a dry growth regime at the
penetration level, but likely in wet growth lower down in the storm. Recirculation
of hydrometeors probably played a significant role in the hail development.

1. INTRODUCTION
Past studies of cloud turrets (feeder clouds

or new growth) surrounding Alberta hailstorms and
of the accompanying hailfall distribution pat-
terns on the ground suggest that the turrets
represent a major source of hailstone embryos for
the storms (e.g., Krauss and Marwitz, 1984). 
the feeder clouds are the major source of embryos
for a natural hailstorm, then it follows that a
seeding treatment designed to intervene in the
hail process should be applied to that cloud
region. This was the basis for hailstorm seeding
experiments during the last few years of the
Alberta H~il Project (English, 1986; Humphries
et al., 1987).

Accordingly, controlled cloud seeding
experiments involving three aircraft, radar, and
ground-based sampling systems were conducted in
the summer of 1985 in an attempt to confirm
whether the clouds in the new growth zone are the
ma.~or source of embryos, as well as to document
the effects of seeding with an ice nucleant in
those clouds. Plans called for cloud physics
measurements by a Conquest research aircraft to
identify and Follow the initial grbwth and move-
ment of ensembles of precipitation particles
originating in the new growth zone. The armored
T-28 research aircraft (Johnson and Smith, 1980)
was to document the continued growth of the par-
ticles into hailstones by penetrating through the
feeder clouds and on into the main part of the
hailstorm. The radar observations and time-
resolved hailstone samples collected at the
ground would provide further information about
the evolution of the hailstones. The magnetic-
particle tracer technique described by Knight
et al. (1986) was also tried in an effort 
obtain further information about hailstone
embryo sources and trajectories.

A storm which occurred on 11 July 1985
provided the best data for a detailed analysis
effort. Unfortunately, funds supporting the
Alberta Hail Project were sharpl~ cut not long
after the end of the I985 season, so no such
analysis effort could be completed. Neverthe-
less, the four penetrations made by the T-28
provided a data set which permits a preliminary.

assessment of the hail growth processes in this
storm. The purpose of this paper is to describe
some of the measurements by the T-2R in the
context of inferences about the hail growth
mechanisms. Oleskiw and English (1986) have
also discussed this storm.

2, BRIEF DESCRIPTION OF THE STORM
A representative sounding and hodograph from

Red Deer, Alberta, are shown in Fig. 1. Cloud
base conditions are estimated to be near the LCL,
at a temperature of about +8°C and corresponding
to a potential wet bulb temperature of 20°C.

100

200

300

400

I~J
~. 500

600

700

800
900

1000

Fig. I: Rawinsonde from Red Deer, Alberta at
2000 ~DT on II 3uly 1985 plotted on skew T-log
P diagram. The LCL is located near +8°C and
735 hPa and is associated with a wet-bulb poten-
tial temperature of 2~°C. The hodograph shown in
the inset (wind components in m/s, heights in km)
was derived from winds taken four hours earlier
than the sounding plotted because of missing wind
data at the later time. The storm motion is
¯ indicated by the X.
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This indicates some negative thermal buoyancy in
the updraft region at cloud base, with the level
of free convection located near the 655 hPa
level. The environmental wind shear from the
estimated cloud base to the indicated top of the
positive energy area was about 5.5 x I0- ~ s-I,
while the sub-cloud environmental winds were weak
and veered about 150° below the LCL. The
hodograph is quite similar to that shown by
Krauss and Marwitz (1984), except that the wind
shear is somewhat stronger in this case.

The storm of interest Formed well north of
Red Deer and init@ally moved in a southerly
direction, but then during the mature stage
followed a path from west to east while producing
up to walnut-sized hail. Its movement at about
14 m s-l was well to the right of the mid-level
winds, and it laid down a continuous hailswath
over 200 km long. The storm was under study by
project aircraft for over three hours, lonq
enough For Four different seeding treatments
(including a placebo) to be applied in a ran-
domized sequence (hleskiw and English, 1986).
Although the radar data have not been analyzed in
great detail, the echo tops were around 11 km and
the storm persistently had maximum reflectivity
values >60 dRZ during the time of the research
mission. A low elevation angle PPI represen-
tation oF the storm near the time o~ the first
T-28 penetration is shown in Fig. 2. It was
Fairly isolated with no visually distinct feeder
clouds associated with the storm, according to
personnel in the research aircragt. However,
there were ~ersistent cumulus towers qrowing on
the south and west sides o~ the main storm, near
the cloud-base feed-in area. Some of these
towers extended 5-10 km from the parent cell and
m~ght be classified as feeder cells, although
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FicJ. 2: Plan position in~a~o~ p~ot a~ G.9°
from the S-band Alberta radar near the t~me o~ the
f~rst T-2@ penetration. Contours o~ equivalent
radar reflect~vity (dBZ) are labeled and the
triangles represent reflect~vit~es 15-~0 d~Z. The
tic marks on the axes are at 1-km intervals from
the center of the plot located at 335~/83 km.

further analysis is required to verify that. The
storm can best be classified as havi~g very weak
evolution (~oote and Frank, 19R3), a~d orobably
had enough features to be called a "su~ercell."

3. SUMMARY OF T-28 PENETRATIONS
The T-2R made four penetrations mf this

storm; Table I shows the times of the penetra-
tions and some of the pertinent observations
from each. There was a break of amproximately
30 minutes in the penetration sequence because
of heavy icing encountered during the first two
penetrations. The penetrations were all made at
roughly the same average temperature of about
-17°C, which correspon.~s to an altit~de eF about
6.2 km MSL.

TABLE 1

Summary of ¥-~B Penetration Data ~r~m. 11 ~a]y 1985.
(Values are maxima~ni~ima observed fer e~ch penetration)

VERTICAL
TIMES DRAFTS HAIL

(~OT) (km) ~ -i~/sT- (-~]~~ ,~-~c’,..-~F (r-s) Cg/m3)

1 182942 ]83243 18.1 3~I ]5 -]0 ~.4 15 8 12

2 183746 184135 2~.9 3~9 6 -]l 2.0 l~ 39 l~

3 ]91421 191723 18.2 328 11 -13 3.0 L1 9 9

4 192040 192303 14.3 3~B 16 -~i 2,9 18 11 5

*Based on an assumed density ~? o,g q cm"~.

The Conquest also made numero~s penetrations
about 1.5 km below the T-28, through Iow-
reFlectivity regions along the so~th side of the
storm (Oleskiw and English, 1986). The initial
seeding treatment (using dry ice aE a "low" rate
of 100 g km-L) began at I~38, durin~ the second
T-2@ penetration of the stor(~. The second
treatment (using dry ice at a "hiqh" rate of
1 kq km-I) began at 1927, during the final T-28
penetration. ~ecause of this timing, the T-2~
observations can add ~ittle to the ~leskiw and
English discussion of the seedinq experiments,
except for a more complete description of the
storm initial conditions.

The larqest observed hailstone sizes were
>4 cm on each T-f8 penetration. ~o$h the tem-
peratures and equivalent potential %empe~atures
(@p ~ 33h K) were several de,!rees lower than
woOl,i be expected from an adiabatic ascent. This
is in Fairly qood agreement with the ¢lomd liquid
water concentrations (LWC); the pea~s tended 
be aSout 60-70~ of adiabatic, accmraing to measure-
ments From a Forward Scatterin~ Smectrometer Probe
(FSSP) carried on the T-28. A substantial amount
of mixing may have occurred, becamse there were
no dist(nct regions of high equivalent potential
temperatures in the updrafts as are often found
in other T-28 observations (e.g., qmsil et al.,

The lengths of the penetrations (L), the
peak vertical win.~ ,$elocities, and the turbulence
values are quite tyDical of other T-_P.~ penetra-
tions in active hailstorms. The vertical
velocities were similar on a’l penetrations,
except that the updrafts were v?ea~.er on
Penetration 2. The hailstone number CNT) and
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Fig. 3: Plot of T-28 data for Penetration I on
II July 1985, made from southeast to northwest.
Upper ~anel: Equivalent hail mass concentration
- g m- (dash-dot), hailstone number concentra-
tion - m-3 (solid); middle panel: FSSP liquid
water concentration - g m’3; lower panel: Kopp
vertical wind velocity - m s-z (solid), tur-
bulence - cm2/~ s -z (dash-dot). The time scale
can be converted to an approximate distance scale
using the nominal T-28 flight speed of 5 km/min.

1833

mass (WH) concentrations represent maxima
obtained over 5-s time periods for each penetra-
tion. Penetration 2, at a time when the updrafts
were relatively weak, exhibited the largest hail
amounts; there was also a substantial amount of
cloud water in the downdraft re~ion on that
penetration.

Figure 3 shows a sample plot of several
variables for Penetration I, which is mostly
typical of the other penetrations. Included
are plots of the 5-s hail mass and number
concentrations along with FSSP cloud water con-
centration, vertical wind, and turbulence at
l-s intervals. The LWC peaks exceed 2 g m-~

through most of the updraft; the Conquest
observed similar values at a lower altitude
(4.6 km). The turbulent eddy dissipation rate
exceeded I0 cm2/~ s-~ over a substantial portion
of the penetration. The radar data have not been
analyzed with speciFic regard to the T-2~
penetrations, so the exact orientation of these
observations with respect to the reflectivity
structure as shown by Oleskiw and English (Ig86)
is not known.

Figure 4 shows a typical cloud droplet size
distribution averaged over a 5-s time period near
the middle of the updraft region shown in Fiq. 3.
The presence of large droplets is unusual in High
Plains thunderstorms, but was quite ¯ common in
this storm.

4. HAIL OBSERVATIONS
A detailed analysis of the T-2R data gathered

on 11 July was accomplished. Of special interest
are the observations of hailstones from the
Institute of Atmospheric Sciences (IAS) laser
shadowgraph hail spectrometer (Jansen, 1~81).
This instrument operates on the same basic
principles as the probes described by Knollenberg
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~ig. 4: Typical cloud droplet size distribution
fro~ an FSSP, observed near the middle of the
updraft region shown in Fig. 3. Inset shows
total droplet concentration (~T), LWC,
temperature (T), and altitude (ALT).

(1981) and provides both "one-dimensio~al"
particle size distributions and two-dimensional
¯ images (see Appendix).

4.1 Uailstone Size nistributions
T-6-~Z-~-i~-~i~F6-n-~--g~-#~-t~e l-O Port ion

of the hail spectrometer have been summarized for
each penetration on !I July (Fig. 5) for the
times when hail was present during the penetra-
tion. In Penetration I (Fig. 5A), reasonable
images up to about 4 cm in size were also
observed so that one can be confident that
particles that large were present. Some of the
4-and 5-cm hailstone counts could be questionable
due to the broken-up nature of some of the very
large particle imag~s;.however, a "slow:particle
detection" feature in the I-~ channel is designed
to reject such events. In any event, the total
concentrations of hailstones are not affected
very much by the counts of large stones (because
the high concentrations of small stones dominate
that calculation).

The hailstones do not conform exactly to
exponential size distributions, which would
appear as straight lines on these semi-log plots.
However, the pronounced kink at about 1.5 cm
diameter noted in the plots by Smith and Jansen
(1982) is not evident here. No attempt was made
to fit any curve to the distributions.

The times shown in the insets of Fig. 5
indicate the times when hail was observed during
each penetration. The hail was continuous during
that entire period, althouqh the concentrations
fluctuated a great deal within the interval. The
time interval in Fig. 5A corresponds to a hail
region approximately 9 km across, which is a
relatively large region of continuous hail in
comparison to past T-28 oSservations. The hail
regions on subsequent penetrations were even
wider.

The largest region of hail, about 14 km
across, occurred during Penetration 3 (Fig. 5C),
although more hailstones were found in
Penetration 2. Thus, the average total number
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Fig. 5: Composite hailstone size distribution for each oenetration on !I ,July 1985 ~r:],~ ’~"~ ,,,y,:i,:, ,-"
hail spectrometer. Inset indicates time when hail was observed and averaqes for tota! concentration (N!-),
equivalent hail mass concentration (IWC), temperature (T), and altitude (ALT) for that period, ~rdinate
has units of m-3 mm-~ of size interval. A, ~, C, D correspond to penetrations I-4, respectively.

concentration (NT) and equivalent ice mass
concentration (IWC) were greatest in Penetration 
No specific physical reasons for the higher values
are known, but the flight track for Penetration 2
carried the aircraft through higher reflectivity
regions north and east of the strong updraft
region. The coexistence of significant hail and
supercooled cloud water in a moderate downdraft on
that penetration may have signified an enhanced
growth environment at the time. Penetrations 3
and 4 had size distributions that were more
similar to those found in Penetration I.

The mass concentrations were calculated
assuming that the particles had a density of
~.~ q cm-~, leading to average IW~ values ranging
between about I-3 q m"3. These mass concentra-
tions are somewhat higher than those found by
other invest~qators (e.g., Heymsfield, Ig78). 
the average, HeymsField’s calculations result in
hailstone masses 2~-30% lower than those obtained
assuming a constant density of o.g. The dif-
ferences are even greater for the smaller sizes,
where Heymsfield’s method may be more correct
because the observed densities there are
typically lower than 0.9 g cm-~ (Knight and
Heymsfield, 1983).

4.2 Hail Locations
Hailstone size distributions were also

determined I:or 5-s time periods for each

penetration. Frown these distributions, values of
NT and IWC have been calculated as a function of
time (see Fig. 3) to permit an analysis of the
locations o~ the hail in relation te some of the
other T-28 measurements. The o~served locations
of the hail may be related partly to the path of
the T-28 through the storm, because the penetra-
tions did not pass through e~ac%ly the same
portion of the storm in each case.

In Penetration 1, the largest amounts of hail
were Found near the edges of ~he ~pdraft region
and in the adjacent downdraft regions. This
is similar to the common situation iq other
hailstorms of the High Plains (e.~., San4, 1976).
There was some hail throuqhout nearly the entire
LWC region, which in turn extende4 well beyond
the updraft. The subsequent oenetrations tended
not to show larger amounts of hail near the
updraft edqes, but the coe×~s~ence Of hail and
supercooled cloud water was typfcal of all the
penetrations. On Penetration ~, most of the ha~l
was in a downdraft containing u~ to 2 g m-~ of
cloud liquid.

5. HAIL GROWTH ~OCESSES
The observations discussed in the foregoing

section indicate that the hailstones encountered
were still growing, because they were predomi-
nantly found in regions with s~percooled cloud
water. In fact, when one compares the mass of
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hail which was accreting cloud liquid to the total
mass of hail found in each penetration, nearly
100% of the hail was still in a favorable growth
environment when encountered by the T-28.

No ~oppler data were available in this project,
so it was only possible to study hailstone trajec-
tories in this storm by examining the fine-scale
reflectivity patterns (as in Oleskiw and English,
1986). Their findings suggest parcel trajectories
that would carry particles from cumulus turrets
on the south edge of the storm right through the
regions of the storm penetrated by the T-28.
However, information about the vertical motions
is limited.

A simple comparison of hailstone terminal
velocities (Vt) with the vertical winds from the
T-f8 measure~ents provides useful information
about vertical hailstone motions in the cloud.
The comparison was accomplished by determining
which of the observed hailstones were rising or
falling in the vertical-wind environment measured
by the T-?B. Figure 6 shows a plot of the largest
hail size observed in each 5-s time period during
Penetration I, as well as the maximum-sized hail-
stone that would .~ust be balanced in the vertical
wind field at that time. Whenever the "balance"
curve (dashed) exceeds the maximum hail size
observed, all the observed hail is rising in the
updraft; when it is below the maximum-size curve,
only the hailstones smaller than the sizes indi-
cated by the "balance" curve are rising. In all
other locations, all the hail is descending in
downdraft air. Overall, the region of rising
hail (which, of course, is located in the updraft
region - compare with Fig. 3) is very small
compared to the total amount of observed hail.
However, even in the updraft region there are
hailstones which are descending, except for a
small region near 1831MDT in the plot.
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Fig. 6: Distribution of hail sizes vs. time for
5-s time periods for Penetration I on 11 July 1985.
Solid line shows maximum-sized hail, while dashed
line shows maximum-sized hail that would just be
balanced in the observed updrafts.

In terms of mass of hail, the amount rising
was small for alT-~6~ penetrations, ranging from
<1% on Penetration 2 to a maximum of about ?~% on
Penetration 4. In other words, while most of the
hail was growing when observed (because of its
coexistence with cloud liquid water), most of it
was also descending, even in the updrafts at the
T-28 penetration altitudes.

The comparisons in the preceding paragraphs
should be considered estimates because in
comparing calculated terminal velocities and\
vertical winds from the T-2~ data, we are dealing
with quantities involving substantial uncer-
tainties. Knight and Heymsfield (1983) made
calculations of Vt for hailstones falling near
the ground and HeymsField (1978) developed a set
of empirical equations for various tyDes and
sizes of hydrometeors. Some models of particle
growth have used a variable-density technique
for dealing with particle terminal velocities
in 9oppler flow fields (e.g., HeymsField, 1982;
Foote, 1984). hther numerical investigations
(Musil, lg70; Dennis and ~usil, 1973; Melson,
Ig~3) have assumed a hailstone density of about
~.g q cm-~ for calculating terminal velocities
for hailstones greater than 1 cm diameter. This
results in terminal velocities substantially
greater than those reported by the other inves-.
tigators. However, precise calculations are
not possible because little is known about the
terminal velocities of actual hailstones in
atmosoheric free fail, especially at mid-storm
levels. Because at least some observations tend
to show lower terminal velocities, especially for
the smaller hydrometeors, and knowledge of the
subject is limited anyway, we used the Heymsfield
(1978) empirical equations for estimating t.
This contrasEs with the assumption of a Fixed
density used in calculating the hail mass
concentrations, and is intended to produce con-
servative estimates of the terminal velocities.
I? a hailstone density of O.g g cm-3 had been
assumed, the regions of rising hail would have
been even smaller than shown in Fig. 6. Kopp
(1995) discusses the uncertainties in the
vertical-wind calculations.

Although the hailstones found in downdraft
regions will continue to grow as long as they
coexist with supercooled liquid water, the hail
(along with the smaller ice hydrometeors) will
likely deplete the liquid rather quickly in those
regions. Depletion calculations have not been
made with this data set, but the depletion
equations used by HeymsField and Musil (1987)
suggest that it could be accomplished in something
of the order of two minutes in the downdraft
reqions. Evaporation effects are unknown, but
would only accomplish the depletion Faster.

Most of the hailstones in the downdraft
regions therefore were probably nearing the end
of their growth cycle, as the updraft appeared
to be essentially vertical. Those found in or
at the edges of the updraft regions would have
the best opportunity to continue growing because
~here was an ample supply of cloud liquid that
was continually being replenished. There is a
strong suggestion in these data that a substan-
tial amount of hail growth had occurred at
altitudes above the T-% since many hailstones
were already very large when observed by the
T-~8.
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Fig. 7_: Sample oF ?.)-C images near the middle of the updraft reqion (~ _1~%?,i I’4~-r! shown ira Fig.
Vertical bars approximately I mm long.

5.9_ Hailstone Growth Regime and Embryo Sources
T h--e- ’-q-r-o~.Zt-~i- T~O-d-~s- -o-~-~-I~-e--h Ti’l’s ~O-i~-.s- -o~s-~e- ~-v-e-d-

in this storm were investigated by computinq the
wet and dry growth rates -for a wide variety of
hailstone sizes, cloud liquid water concentra-
tions, and temperatures. The calculations of dry
and wet growth regimes follow the work by ,~usil
(lg70) and .,3ennis and Husil (lg73). Small 
particles were also considered in these calcula-
tions and were found to be an important factor.
~ sample of the particles measured with a 2,0-C
probe near the middle of the updraft region in
Fig. 3 is shown in Fig. 7. They range From
hundreds of micrometers to several millimeters
in size. The related mass concentrations are
unknown, but I g m-s was taken as a typical value
(Knight and Squires, 1982) for the growth-regime
investigation. The presence oF small ,ice par-
ticles allows the hailstones to remain in a dry
growth regime somewhat longer than would other-
wise he, because the accreted ice tends to keep
the hailstones cooler.

Zigure B is a sample plot showing the
boundaries between dry and wet growth regimes
for conditions near those found on 11 July. The
area to the left of each curve indicates the dry

50
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3O

2O
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I115 ~ C ~7o C (lg m-~)

1 2 3 4 5 6

LWC(gm-~

Fi~. 8: Plot showing boundary between regions of
dry a’n~ wet growth of hailstones, for tempera-
tures of -17°C with an I~C of I g m-~ and -5°C
with no ice. ~ry growth region is to left of
boundary, wet growth region to right. ~rea
enclosed hy dashed line defines appro×imate
region of most of the hailstone observations
with the T-2S on 11 July 1985.
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qrowth region amd t~ ,~.’e~ to the c-i~ht, the wet
growth reqion for t~le cmrres~ond]~ conditions.
The dashed line o,~tim~5 ~"~e aporoxi:nate reqion
of the bulk oF the ~l~sto~,~ observatiors on
1.1 July.

The vast maj,_qriLy o-; t%e observed hai]st,~nes
gall within the d,~ g,ro~,~th ~egi~e, ~h:c~ is not
surprisinq cnnsiderin.~ ~h~ ~ow tenperat~]res of
the T-2~ penet~a[ioms. ~m E~e ha~]s~oq~s Fall,
however, they !ikelLr i~(re~se so~ewIla~ in size
and the dry/wet ~ro~,iE~ ~.z~mdary also ~o~,es [o
the left (as s~g~es~,l I)# ~he curwe f~r -5%
in Fig. 8). T~um, Ic~e- ~m the cTc,~d, the wet
growth process s~o~;]d 3e ~cEive, ar~ co~ld
produce raindr~os bj~ ~,e~aimg. ~ ~escending
hailstones were foumd ]m %Ne u~dtaf~ regions,
the shed drops c<~u!,~ ~r.mvide a s~um~e of
frozen-drop embryos for ~bseq~en~ Ne~Is~ene
development. Thim he~ ’Neon note4 a~ a signi~i-
cant embryo sot~rce im et. ~ees~ s~me >~ia’~ ~lains
hailstorms (e.g., Pamrams.eq and l[e.~’msField, 1987).

The ~resent ca7c~"aL:imqm canaol, s.~y anything
about the possible dmwe’.oe.cen~ or erbr~ms ~n
other regions of ~£ cTm,j.~. The o~servations’
reported by Oles"r,i~ ~qd E~q7ish (~9£6). showed
embryo-size ice #ar~ic7es a~pearin~ "o,,~er down
in cumulus t~rre~s cm t~e Seutherm £~l~e of the
storm. ~,!illimeter-si~m~ particles a~peared so
quickly that it seem~ 7i’:<m~#~ the% ~.~te geaerated
in a di£ferent par%..m: ~m stor~m, t~e observed
storm-relative ~,~in~s am~ ~h.e fine-scale reflec-

particles coul
part of the store ~c a,¢:~ ms haiq e~hryos. This
and ~he sheddin~l p#oce.ss cc~ld thePefore p#ovide
a combination of g~e~nel ~r4 frezem-4~op o~bryos,
through reci PCL[q at i
he specified in

F rozen-d too e,,~
the melting oF "q.ail! mmce ~ has Fallen below
the melting level, eit~ re{irculatfon of t~e
resulting drops irate [Ne ,.~,~raft (e.g., Heymsgield
and ’ljelmfelt, IgS.~. ~# -is not l:qm,~n w~ether the
embryos in this stomn ~.~e-e mredominantly graupel
or frozen drops; ~o~h tWme~ have ~)een loan4 iq
hailstones from o~he.m
However, it ap~eems t~mt so~e t,#pe eF recirculation
mechanism must 5e imwmlwmd in either ~ase, since it
is unlikely that ~u~:h o# t"~e ha~l o#serwed by the
T-~£ could be deve~eed i~ a single simple
up-and-down traje



Further investigation of the embryo question
is necessary and it is planned to explore this
with the aid of comparisons of T-28 and other
observations with numerical cloud model output.
The approach will be similar to that accomolished
by Kubesh et al. (1988) for a storm 
southeastern Montana.

6. SUMMARY OF RESULTS
The data gathered by the T-?8 on 11 July I885

provided valuable in situ observations from an
isolated Alberta hailstorm. This permitted an
analysis of some of the characteristics of the
hailstone distributions in this storm in
relation to other T-28 measurements. These
characteristics, as well as the vertical winds
and cloud LWC, were generally similar to past
observations by the T-28 in other High Plains
storms. However, hail was observed over larger
regions of each penetration on I]. July than is
usual in other locations where the T-28 has
operated. The data also included the first 2-D
images of hailstones from the hail spectroqeter
in flight.

Even though the analysis of the data is
incomplete, a preli~nina~v assessment of the hail
qrowth mechanisms in this storm has been made.
The hail was almost always found in relatively
high concentrations of supercooled cloud water,
on the order of I-2 g m-3, indicatinq that the
bail was still qrowinq at Khe time of obser-
vation. ~ost of the observed hailstones at the
-17% level were qrowinq in a dry qrowth reqime,
as well as descending in the cloud. A wet growth
process was likely active lower in the storm.
There are strong indications that the hail
achieved a substantial portion of its growth
above the T-2~ altitudes. Recirculation of par-
ticles p-ol)ably played a siqni=~cant role in the
hail ~echanis~ because it is unlikely that the
hail sizes observed by the T-2~ could have
resulted From a single trip through the cloud.
It is not known what role the cumulus towers to
the southwest :nay have played in providinq hail
embryos For this storm.

Addir. ional work is necessary to combine the
FSSP, ?F)-C probe, foil impactor, and hail
spectrometer data in order to examine the total
hyd:-o,,~eteor spectra measured by the T-28 in this
s~orm. Further information about the hail mecha-
nis~ could then be obtained by makiqg co,nparisons
between the ai.~craft observations and ~he results
of 2~) time-dependent model simu!atioqs for both
bu!k water and hail-ca~e~ory microphysics (e.~.,
~arley, 1987). Detailed analysis of the radar
history of this storm woul,i also aid in such an
invest igat ~on.
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APPENDIX: IMAGING CAPABILITY

For iTlany yea~’s, the hail spec~ro,~leter aboard
the T-?8 has provi,led one-dime;~sioqal size data,
,vith 1.4 size categories ranging frown about
0.5-5 cm in dia~leb~r. Altao,jgh these data have
been useful and oF aoparent good qualit.F, there
have often been guestions aSout the very large
particles observed ~.ILlri~lq ~he T.-~ peneEra~ions
(Smith eE el., IggO). The pos’;i:)ili~y of con-
t a:Ti nat ion due to ice frag~lerli:S shedding ~ro~n
leading edges o~ ~he a~cra~t .~ing or ~he ~or~ard
,)ortion of Ehe sl)ectro,leter could qo~ readily 
discounted.

To help resolve these que,;~ions, an iinaqing
system working in COrljuncLion With the
categorization sche,~e ~as devel:)oefl. The imaqer
scans the a:’ray of .~4 ~aser-illu,~i~at,H Ohoto-
tra,Isistors every !O lJS whenever a shadOvl
present in the ar.-~y, t’qerehy Oroduci~l~ an iqage
slice For aSout every ,;~i!limeter og
travel. (qnl v every other sensor i,~ the I-~
array is scanned, so the ima~le resolution across
the array is aho:~t I.~ mm.~ The resu!tan~ 54--hit
slice is c~,q,~resse,] in~o a IG-bit ~ord a~l,i stored
in a 5u~fer orior E<) being recor,Jed on .~aqnet~c
tape.

"),Jri,~g the sun,net ,)i ~ 1985, images
significant hail ~_nc,)ant..=rs ;.~ere oStai;led For
the f~rs~ time. Several b{~f~ers of images Fro,,]
the hail spectro,,leter durinq PeneS:ration
(,-,1831 ’,~9T) on 11 .July are sho~m in ~ig. ~I.
Good i,qages are readily apparent, some a~; large

extre,nely large ~,nage,; which ~ay 5e a result
shedding Fro,n ~he Forwar,i portion of ~he hail
specEro~qeter. ~’~osE 9g ~hes~) appear to he causing
a :la~a over~low proble.~, so ~ha[: [:he images
appear partially broken up. ~ "slow-particle
detection" Feature in the I-9 channel should

IN THE HAIL SPECTROMETER

reject sucll images Fro,,~ being c,,)unLed. ,A weal<
inter::littent detector is a!s~ evi.-!en~, .~s i,~i-
catch i)y the nearly COrlt iouo,]~ s i,.]~al occ.~r~iag
at times near the ~i.-l"lle of so,he buffers.
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