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A series of observations inside an Alberta hailstorm was made with the

T-28 armored research aircraft during the summer of 1985, 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.
Tevel, even in the updrafts.

Most of the hail observed was falling through the -17°C penetration
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 Tikely in wet growth Tower down in the storm,

Recirculation

of hydrometeors probably played a significant role in the hail development.

1. INTRODUCTION

Past studies of cloud turrets (feeder cTouds
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.qg., Krauss and Marwitz, 1984). If
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 Tast few years of the
Alberta Hail 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
maior 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 fonquest research aircraft to
identify and follow the initial growth 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 to
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 sharply cut not long
after the end of the 1985 season, s0 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
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assassment of the hail growth processes in this
storm. The purpose of this paper is to describe
some of the measurements by the T-28 in the
context of inferences about the hail growth
mechanisms, 0Nleskiw and English (1986) have
also discussed this storm.

2. BRIEF DESCRIPTION OF THE STORM

A representative sounding and hodograph from
Red Neer, Alberta, are shown in Fig. 1. Cloud
hase 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.
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Fig. 1: Rawinsonde from Red Deer, Alberta at
2000 MDT on 11 July 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 20°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.




This indicates some negative thermal buoyancy in
the updraft region at cloud base, with the level
of free convection Tocated near the 655 hPa
Tevel. The environmental wind shear from the
estimated cloud hase to the indicated tog of the
positive enerqy area was about 5.5 x 103 s-1,

while the sub-cloud environmental winds were weak

and veered ahout 150° below the LCL. The
hodograph is quite similar to that shown hy
Krauss and Marwitz (1984), except that the wind
shear is somewhat stronger in this case.

The storm of interest formed well north of
Red Neer and initially 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, Tts movement at about
14 m s-! was well to the right of the mid-level
winds, and it laid down a continuous hailswath
over 200 km Tong. The storm was under study by
nroject aircraft for over three hours, long
enough for four different seeding treatments
(including a placebo) to be applied in a ran-
domized sequence (NTeskiw and Fnglish, 1986).
Although the radar data have not heen analyzed in
great detail, the echo tops were around 11 km and
the storm persistently had maximum reflectivity
values >A0 dR7 during the time of the research
mission. A Tow elevation angle PPI represen-
tation of the storm near the time of 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 aircraft. However,
there were persistent cumulus towers growing on
the south and west sides of the main storm, near
the cloud-hase feed-in araa. Some of these
towers extended 5-10 km from the parent cell and
night be classified as feeder cells, although
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Fig. 2: Plan position indicator plot at 0.9°

from the S-band Alberta radar near the time of the
first T-28 penetration. Contours of equivalent
radar reflectivity (dBZ) are labeled and the
triangles represent reflectivities 15-20 dRZ. The
tic marks on the axes are at l-km intervals from
the center of the plot Tocated at 335°/83 km.
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further analysis is required to verify that. The
storm can hest he classified as having very weak
evolution (“oote and Frank, 1983), and orobably
had enough features to he called a "supercell."

3. SUMMARY OF T-28 PENETRATIONS

The T-28 made four penetrations of this
storm; Table 1 shows the times of the penetra-
tions and some of the pertinent ohservations
from each. There was a break of approximately
30 minutes in the penetration sequence hecause
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 corresponds to an altitude of about
6.2 km MSL.

[_ TABLE 1
Surmary of T-28 Penetration Data frem 11 July 1985,
(Values are maxima/minina observed for each penetration)
.......... ; - -
VERTICAL
TIMES DRAFTS HAIL
Pen TTn - Wk L. 9 N D MG TRR W W
(¥nT) (km) TR (m/s) lem?) (73] o3y Tymm)
1 182942 183243 18.1 331 15 -19 2.4 15 8 12
4 183746 184135 22.2 329 6 -1 2.0 12 3 12
3 191421 191723 18.2 328 13 -13 3.0 11 9 9
4 192040 192303 14.3 328 16 -2l 2.9 10 n 5

*Based on an assumed density of 0.9 g cm~3,

The Conquest also made numerous onenetrations
about 1.5 km below the T-28, through low-
reflectivity regions along the saouth side of the
storm (Oleskiw and English, 1986). The initial
seeding treatment {using dry ice at a "low" rate
of 100 g km~1) began at 1838, Aduring the second
T-28 penetration of the storn. The second
treatment (using dry ice at a "high" rate of
1 kg km=1) began at 1922, during the final T-28
nenetration. BRecause of this timing, the T-28
ohservations can add Tittle to the 0Teskiw and
English discussion of the seeding experiments,
except for a more complete descrintion of the
storm initial conditions.

The Targest observed hailstone sizes were
>4 ¢ on each T-28 penetration. Roth the tem-
peratures and equivalent potential tamperatures
(ep ~ 330 K) were several deqrees lower than
would he expected from an adiabatic asceat. This
is in fairly qood agreement with the c¢loud liguid
water concentrations (LWC); the peaks tended to
he ahout A0-70% of adiabatic, according to measure-
ments from a Forward Scattering Soectrometer Probe
(FSSP) carried on the T-28. A substantial amount
of mixing may have occurred, because there were
no distinct regions of high equivalent potential
temperatures in the updrafts as are often found
in other T-28 observations (e.g., Musil et al.,
1986).

The Tengths of the penetrations (L)}, the
peak vertical wind velocities, and the turbulence
values are quitz tyoical of other T7-28 penetra-
tions in active hailstorms. The vertical
velocities wer2 similar on a’1 peneirations,
except that the updrafts were weaker on
Penetration 2. The hailstone nuriber [Nt) and
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Fig, 3: Plot of T-28 data for Penetration 1 on
11 July 1985, made from southeast to northwest.,
Upper panel: Equivalent hail mass concentration
- g m~3 (dash-dot), hailstone number concentra-
tion - m=3 (solid); middle panel: FSSP Tiquid
water concentration - g m=3; Tower panel: Xopp
vertical wind velocity - m s-! (solid), tur-
bulence - cm2/3 s-! (dash-dot). The time scale
can be converted to an approximate distance scale
using the nominal T-28 flight speed of § km/min.
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mass (Wy) concentrations represent maxima
obtained over 5-s time periods for each penetra-
tion. Penetration 2, at a time when the updrafts
were relativaly weak, exhihited the largest hail
amounts; there was also a substantial amount of
cloud water in the downdraft region on that
penetration.

Figure 3 shows a sample plot of several
variables for Penetration 1, which is mostly
typical of the other penetrations. Tncluded
are plots of the 5-s hail mass and number
concentrations along with FSSP cloud water con-
centration, vertical wind, and turbulence at
1-s iintervals. The LUC peaks exceed 2 g m=3
through most of the updraft; the Conquest
observed similar values at a lower altitude
(4.6 km). The turbulent eddy dissipation rate
exceeded 10 cm?/3 s-1 over a substantial portion
of the penetration. The radar data have not been
analyzed with specific regard to the T-28
penetrations, so the exact orientation of these
observations with respect to the reflectivity
structure as shown by Oleskiw and Fnglish (1986)
is not known.

Figure 4 shows a typical cloud droplet size
distribution averaged over a 5-s5 time period near
the middle of the updraft region shown in Fig. 3.
The presence of large droplets is unusual in High
Plains thunderstorms, hut was quite common in
this storm.

4, HAIL OBSERYATIONS

A detailed analysis of the T-28 data gathered
on 11 July was accomplished. O0Of special interest
are the observations of hailstones from the
Institute of Atmospheric Sciences (IAS) laser
shadowgraoh hail spectrometer (Jansen, 1981).
This instrument operates on the same basic
principles as the probes described by Knollenberg
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Fig. 4: Typical cloud droplet size distribution

froim an FSSP, observed near the middle of the
undraft region shown in Fig. 3. Inset shows
total droplet concentration (NT), LWC,
temperature (T), and altitude {ALT).

(1981) and provides both "one-dimensional®
particle size distributions and two-dimensional
images (see Appendix).

4.1 Hajlstone Size Distributions

The size distributions from the 1-D portion
of the hail spectrometer have been summarized for
each penetration on 11 July (Fig. 5) for the
times when hail was present during the penetra-
tion. 1In Penetration 1 (Fig. 5A), reasonable
images up to about 4 c¢m in size were also
observed so that one can be confident that
narticles 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 images; however, a "slow-particle
detection" feature in the 1-D channel is designed
to reject such events. 1In any event, the total
concentrations of hailstones are not affected
very much by the counts of Targe 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, although 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 Targe region of continuous hail in
comparison to past T-28 observations. 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 nurber
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Fig. 5: Composite hailstone size distribution for each penetration on 11 July 1985 frmy 5% ancsjen »f

hail spectrometer., Inset indicates time when hail was ohserved and avzraqes for total concentration (NT),
equivalent hail mass concentration (I4C), temperature (T), and altitude (ALT) for that pariod. Ordinate
has units of m=3 mn~! of size interval. A, B, C, D corraespond to penetrations 1-4, respectively.

concentration (NT) and equivalent ice mass penetration. From these distributions, values of

concentration (IWC) were greatest in Penetration 2. NT and IWC have been calculated as a function of

No specific physical reasons for the higher values time (see Fig. 3) to permit an analysis of the

are known, but the flight track for Penetration 2 Tocations of the hail in relation to some of the

carried the aircraft through higher reflectivity other T-28 measurements. The observed locations

regions north and east of the strong updraft of the hail may he related partly to the path of

region. The coexistence of significant hail and the T-28 through the storm, because the penetra-

supercooled cloud water in a moderate downdraft on tions did not nass through exactly the same

that penetration may have signified an enhanced portion of the storm in each case,

growth environment at the time. Penetrations 3

and 4 had size distributions that were more In Penetration 1, the largest amounts of hail

similar to those found in Penetration 1. were found near the edges of the undraft region
and in the adjacent downdraft regions. This

The mass concentrations were calculated is similar to the common situation in other )

assuming that the particles had a density of hailstorms of the High Plains {(e.q., Sand, 1976).

n.9 q cm=3, leading to average IMC values ranging There was some hail throughout nearly the entire

between about 1-3 q m~3. These mass concentra- LWC region, which in turn extended well beyond

tions are somewhat higher than those found by the updraft. The subsequent penetrations tended

other investigators (e.q., Heymsfield, 1978). On not to show larger amounts of hail near the

the average, Heymsfield's calculations result in updraft edges, but the coexistence of hail and

hailstone masses 20-30% Tower than those obtained supercooled cloud water was typical of all the

assuming a constant density of 0.9. The dif- . penetrations. Nn Penetration 2, most of the hail

ferences are even greater for the smaller sizes, was in a downdraft containing up to 2 g m~3 of

where Heymsfield's method may be more correct cloud Tiquid.

because the observed densities there are

typically Tower than 0.9 g cm=3 (Knight and 5. HAIL GROWTH PROCESSES

Heymsfield, 1983). The observations discussed in the foregoing
saction indicate that the hailstones encountered

4.2 Hail Locations were still growing, hecause they were predomi-

Hailstone size distributions were also nantly found in regions with supercooled cloud
determined for 5-s time periods for each 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.

5.1 Hailstone Motions

No Noppler 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 (V¢) with the vertical winds from the
T-28 measurements 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-28., Fiqure 6 shows a plot of the Targest
hail size observed in each 5-s time period during
Penetration 1, as well as the maximum-sized hail-
stone that would just 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 1831 MDT in the plot.
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Fig. 6: Distribution of hail sizes vs. time for
G-s time periods for Penetration 1 on 11 July 1985.
Solid line shows maximum-sized hail, while dashed
1ine shows maximum-sized hail that would just be
balanced in the observed updrafts.
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In terms of mass of hail, the amount rising
was small for all the pnenetrations, ranging from
<1% on Penetration 2 to a maximum of about 20% on
Penetration 4. TIn other words, while most of the
hail was growing when observed (hecause of its
coexistence with cloud Tiquid 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 valocities and’
vertical winds from the 7-28 data, we are dealing
with quantities involving substantial uncer-
tainties. Xnight and Heymsfield (1983) made
calculations of V¢ for hailstones falling near
the ground and Heymsfield (1978) developed a set
of empirical equations for various types and
sizes of hydrometeors. Some models of particle
growth have used a variable-density technique
for dealing with particle terminal velocities
in Doppler flow fields (e.q., Heymsfield, 1982;
Foote, 1984). Nther numerical investigations
(Musil, 1979; Dennis and Musil, 1973; Nelson,
1983) have assumed a hailstone density of about
0.9 q cm=3 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 nossihle because little is known about the
terminal velocities of actual hailstones in
atmosoheric free fall, especially at mid-storm
Tevels. Because at least some observations tend
to show Tower terminal velocities, especially for
the smaller hydrometeors, and knowledge of the
subject is Timited anyway, we used the Heymsfield
(1978) empirical equations for estimating V¢.
This contrasts with the assumption of a fixed
density used in calculating the nhail mass
concentrations, and is intended to produce con-
servative estimates of the terminal velocities.
1f a hailstone density of 0.9 g cm~3 had been
assumed, the regions of rising hail would have
been even smallar than shown in Fig. 6. Kopp
(19%5) 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
1ikely deplete the Tiquid rather quickly in those
regions. Depletion calculations have not been
made with this data set, but the depoletion
equations used by Heymsfield and Musil (1982)
suggest that it could be accomplished in something
of the order of two minutes in the downdraft
reqgions. Evaporation effects are unknown, hut
would oanly 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
there was an ample supply of cloud Tiquid that
was continually being replenished. There is a
strong suqggestion in these data that a substan-
tial amount of hail growth had occurred at
altitudes ahove the T-28 since many hailstones
werg alraady very Targe when observed by the
T-28.
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Fig. 7:

VYertical bars approximately 1 mm Tong.

5.2 Hailstone Growth Regime and Embryo Sources

The qrowth modes of the hailstones observed
in this storm were investigated by computing the
wet and drv growth rates for a wide variety of
hailstone sizes, cloud Viquid water concentra-
tions, and temperatures. The calculations of dry
and wet growth regimes follow the work by Musil
(1970) and Dennis and Musil (1973). Small dce
particles were also considered in these calcula-
tions and were found to he an important factor.
A sample of the particles measured with a 2D-C
probe near the middle of tne undraft 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 1 g m=3 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 nailstones cooler.

Figure 8 is a sample plot showing the
boundaries hetween dry and wet qrowth regimes
for conditions near those found on 11 July. The
area to the left of each curve indicates the dry

—17°C(1gm—9

diameter{mm)

N e —————

LWC (gm™)

Fig. 8: Plot showing boundary between regions of
dry and wet q”owth of hailstones, for tempera-
tures of -=17°C with an TWC of 1 g a~3 and -5°C
with no ice. Dry growth region is to left of
boundary, wet growth region to right. Area
enclosed by dashed line defines anproximate
region of most of the hailstone observations

with the T-28 on 11 July 1985.

Sample of 2D-C images near the middle of the updraft reqion (~ 1831

70

AT shown in Fig. 3.

growth region ant the area to the right, the wet
arowth reqion for the cormesponding conditions,
The dashed line nut™ imas &he aporoxina=e region
of the bulk of the hailstore ohservatiors on

11 July.

The vast majority 0 the observed hailstones
fall within the dry agrodth regime, whch s not
surprising cnnsiderinm #he low tenperatyres of
the 7-28 penehratio s the hailstones Fall,
however, they 1|K=1r 11c” ase somewhat in size
and the dry/wet growt™ bhzuadary also moves bo
the Teft (as suggested by the curve for -5°C
in Fig. 8). Thus, lome~ i1 the ¢Toad, the wet
growth process shou!ls 2e zctive, ard could
produce raindrocs hw» srerdding. 4&s descending
hailstones were found im the updraft regions,
the shed drops could aoevida a source of
frozen-drop embrvos far subsequens azilstone
development. This hes hween noted as a signifi-
cant embryo source in gt ‘east sore High Plains
hailstorms (e.g., PasrJyssen and Heymsfiald, 1987).

The nresent calcu"atims cannct say anvthing
about the possihle dews'ogprent of erhryos in
other reqions of the cleud. The obhservations’
reported by Olestiw znd Frglish (1996} showed
embryo-size ica particles appearing “ouer down
in curulus turrets om t'we southerr adge of the
storn. Millimeter—sized particles anpeared so
quickly that 1% seew Tikaly ther ware generated
in a different part »° the storm. The observed
storm-relative winds 2m4 the fine-scale reflec-
tivity nattern enalysis saowvad thal these
narticles could be Erzasportad ‘into the maia
part of the storr bc ac¢t as hai! 2rhryes. This
and the shedding prosass could therafare provide
a combination of greanel ard frozea-drop embryos,
through recirculatioa processes which cannot yet
he specified in detail,

Frozen-drop enbrrss <ould also result from
the meTting of %ail aomce it has Fallan helow
the melting level, witw macirculatinn of the
resulting drops inte the updraft {e.g., Heymsfield
and Hjelmfelt, 1934, It s not Xnown =<hether the
embryos in this storm we~2 predominantly graupel
or frozen drops; bota tyass have heen found in

hailstones from ctfes Xlhes~ta storms {Xnight, 1981).
However, it appasgrs that some tvpe of recirculation
since it

mechanism must e inrwolwad in either case,
is unlikely that -mch of the hail chserved by the
T-28 could be develozed in a single simple

un-and-down trajectory.



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
observatinons with numerical cloud model output.
The approach will be similar to that accomplished
hy Kubesh et al. (1988) for a storm in
southeastern Montana.

6. SUMMARY OF RESULTS

The data gathered by the T-28 on 11 July 1985
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 LNC, 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 11 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 spectrometer
in flight.

Even though the analysis of the data is
incomplete, a preliminary assessment of the nail
growth mechanisms in this storm has been made.
The hail was almost always found in relatively
high concentrations of sunercooled cloud water,
on the order of 1-2 g m~3, indicating that the
hail was still growing at the time of obser-
vation, Most of the observed hailstones at the
-17°C Tevel wera growing in a dry growth regime,
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-28 altitudes. Recirculation of par-
ticles probably played a significant role in the
hail mechanisn because it is unlikely that the
hail sizes observed by the T-28 could have
resulted from a single trip through the cloud.
It is not known what role the curwulus towers to
the southwest may have played in oroviding hail
embryos for this storm.

Additional work is necessary to combine the
FSSP, 2n-C probe, foil impactor, and hail
spectrometar data in order to examine the total
hydrometeor spectra measured by the T-28 in this
storn, Further information about the hail mecha-
nism could then be obtained hy making comparisons
hetween the ain~craft observations and the results
of 29 time-dependent model simulations for hoth
hulk water and hail-category microvhysics {e.q.,
Farley, 1987). DNetailed analysis of the radar
history of this storm would also aid in such an
investigation.
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APPENDIX:

For many yezars, the hail spectrometer aboard
the T-?8 has providad one-dimansional size data,
4ith 14 size catagories ranging from about
0.5=5 cm in dianetar. Although these data have
heen useful and of anparent good quatity, there
have often been quastions about the very large
narticles abserved during the T-28 penetrations
(Smith et al., 1980). The possibvility of con-
tanination duo to ice fragments shedding “rom
Teading edges of the ai~craft wing or the forward
nortinn of the spectrometer could aob readily he
discounted.

To help resolve thesa questionsg, an inaging
system working in coajunction with the 1-9
categorization scheme was leveinoed., The imaaer
scans the array of A1 laser-illumisated nho;|—
transistoars avery 19 us whenavar a shadow s
present in the arcay, therchy oroducing an i
slice for about avary Aillimeter of aircraft
traval.  (Inly avary other sensor ia tha 1-D
arrdy is scannad, so the inmaae resalution across
the array is abod’t 1.8 mm.)  Tre rasultant 54-hit
sVice is comnressed into a 18-bit word and stored
in a huffaer orioe to being recorded on magnaiic
tane.

nag?

he sdmmer of 1985, images of
ancudntars were obtainad for
the first time., Savaral bhuffars of images From
the hail spechroaeter during Peneiration 1
(~1831 "MT) on 11 July are shown in “ig. Al.
Good images are readily apparent, some as large
as 2-3 ¢m in diameker, Also avidant are some
extreanly larde imagas which may e a result of
shedding from the forward portion of the nail
spectrometer. Most of thesa appear Lo he causing

ring t
si;n ficant hail

a data overflow probles, so thali tie images
appear partially brokea up. A\ "slow-particle

detaction" Feabure in the 1-) channel should

IMAGING CAPABILITY
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IN THE HAIL SPECTROMETER

reject such images Frod being countad. A weak

intermittent detactor is alsay evident, as iadi-
catad by the nearly continuous siqral accur~ing

at times neas vhe aid1ie of some hyffars,

_4

anerally, the spactrometer performed wa

in \Thﬁr 4, but image data of consistentiy JsawYE
quatity wera net obhtained. ™Many of tre ¢harac-

taristics of wa|1>f0nn iz distribytiong ara
by the 1-7 norting 0F the
br o Adata., Following thess initial
di®ications have hacn 0 Lo the
ator imaging elactronics, Hah 10
in sizable hail mavae vell Heen nado

Fig. Al: Dump of several i7Mage buffars Froa hail
spachromeler hotw en 133111-133123 MDT on
11 July 1935, Width of array {vertica® bhars)
about 12 cm. {A) Image > 3 ca <didneter;
(R) Shed brokes-up image; {2) Neak iaternittent
dinde mal€inction.



