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Abstract

Measurements of hail at the ground using a horizontal
styrofoam impact surface have been used to evaluate the
effect of cloud seeding on the mass of hail by the iutional
Hail Research Experiment (NHRE). These point measurements
of hail at the ground might usefully be augmented by
weather radar measurements. In particular, radar can be
used to interpolate between the point gsround instruments
and an overall integrated picture of the hail character-
istics can be obtained. But in order to check the inter-
polation by comparing specific values taken from a square
foot on the ground to a volume of atmosphere measured by
radar which is on the order of a cubic kilometer substan-
tlal assumptions about hail trajectories need to be made.
The numerous interrelated parameters associated with fall-
ing hail that enter this problem lend themselves readily

dynamic simulation by computer. A simple model of hail
iling Tfrom cloud base being intercepted by a horizontal
urface 1s presented with modular complexities such as
horl:ontal and vertical wind fields, initial particle size
distributions, melting and particle generation in the vol-
23323 and their contributions evaluated. The aim of
sizlz<ion is =2 determine the effect of sampling a

3 ‘) portion of the area of the hailfall
under the various influences. Processes such as size sort-
o windis affect the validity of surface measure-
area is too small. Limited theoreti-
ited at this time with field-senerated
ng boundary conditions and primary inputs.
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truction of crops in this country by hail

annual loss from hail totalled more
lars and that figure is still rising.
vat tne proolem, the liational Science Foundation,

nter for Atmospheric Research (NCAR),

ugn tne lational ©
SLAT Lational Hail Fesearch fxperiment (NHRE)
137 ecnanizms anl to determine the feasi-
cility o u t“ne damaging effects of hail by cloud
seeding Be xall storms are highly complex and ill-
defined sys+* 1ro1lring a number of microphysical and

AJﬂLmlCd_ rr , “ney are very difficult to cztudy in
aztail. Tae employs numerous data-gatnering systems
to aid its unierstanding of severe storms. Weather radar,
research aircraft, and surface precipitation instruments
all contribute iadependent measurements of storm character-
i 3. Tet, even the most advanced instruments suffer
from limitations sucn as their small sampling area compared
to the encrmous extent of storms and their spatial varia-
bility of nzilfall. In order to develop measuring systenms
wnicn are sensitive to possivly small effects of ing,

a great deal must be cnown about the natural precipitation
processes and atout instrument capabilities. Cpatial vari-
ability of hailfall as meacured at the ground is of major
concern %o this precentation since it is there that the
damaging effect of nail iz felt.

Hail Instrumentation - The Hail;n

surement system presently used consizts
primarily ~f an array of impact-sensitive hailpads, examples
of which are zoown in Figure 1. The pad consists of a foil-
covered styrofoam pad which retains an impression of a hail
impact on its surface. Through calibration, the measurement
of tae dimencions of a dent yiellds the size of a hailstone
from waich a time integrated hailstone size distribution is
calculated. By making assumptions about the shape, hard-
ness, density and composition of the stones, as well as th:
spatial variability of hailfall and wind effects, such

The grouni mea

* This research was performed as part of the llational Hail Research Experimcnt, managed by the National
Research and sponsored by the Weather Modification Program, Research Applications Direc

losses to the agricultural community.

Figure 1 NHRE hailpads shown with aluminum fcil coverings
and circle template used for digitizing indenta-
tions. Dents are highlighted by roller painting
the surface.
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parameters as total impact momentum, energy and mass can

be derived (1). The assumptions are substantial, however,
and affect the accuracy of the derived parameters. Actual
measurcment of such hail characteristics as impact angle
and direct measuremcents of energy or momentum are consider-
ably better, but costs are greatly increased (2).

Figure 2 NHRE surface precipitation network. Numbers iden-
tify instrument locations. Densely instrumented
core is the experimental target area. Scale is
in kilometers.
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In spite of the advances in instrumentation, there
rer.ains a substantial question about the adequacy of
sunpling area of most systems for the direcl measurement
of hail. Figure 2 illustrates the arrangement of the
NHRE's surface hail instrumenlalion in and around the
“target area" located in Northeast Colorado. Wilhin the
densely-instrumented target area, spacing is approximately
one instrument every two kilometers. In the bufrfer area,
it is one-fifth that density. Each instrument samples
roughly one-tenth of a square meter. This results in a
sampling ratio of 5 x 10° A study of the spatial varia-
tion of hail in 1573 (3) y1elded figure 3. Vithin a square
mile were placed 90 hailpads and hail "cubes,'" the latter
designed to measure hail size distributions and to give an
estimate of wind effects. The figure shows a 10-fold var-
iation over the square mile in the number of stones per
square meter measured. Similar variations were found
between adjacent pads. It was concluded that even this
dense network was inadequate to confidently measure hail
patterns due to the exireme varisvility of the hail.

13
[ 000

)
O
S

S
5

Distribution of the total number of hailstones
per square meter from one square mile, 21 May
1973. Dots represent instrument locations.

Figure 3

Changnon (4) has indicated that on the average, a
hail "streak' has dimensions 2 km by 7 km and can have
many smaller "cores" of high intensity hail within it.
Thus, a nailfall generally covers a large area in very
non-uniform patterns. The combined measuring requirements
of large extent and high sampling density appear to present
insurmountable obstacles for adequate measurement of hail
at the ground. There are, however, complementary measure-
ments of hail using radar that can be implemented. Com-
puter simulation can help determine optimum sampling
density and extent of a network of surface instruments.
It is *tne complementary employment of three systems, radar,
surface network and computer model, which is the subject
of this paper.

The Research Radar

Recent developments in the area of weather radars have
provided the first quantitative representation of the three-
dimensional structure of flow patterns within a storm.

Using a system developed by the liational Oceanic and Atmos-
pheric Administration's (IIOAA) Wave Propagation Laboratory
(WPL), scientists scan a storm with two S-band Doppler
radars simultaneously. This coplanar scan allows subse-
quent derivation of three-dimensional Doppler spectra in
the intersection of the two beams (5).
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Figure 4 schematically represents the coplanar scan
scheme nnd shows that the data reduces to (u,v,w) compon-
ents of air motion in addition to reflectivity factor at
about 1/2 km grid points. Reflectivity factor is a number
repro sentative of the number concentrations of water and

ice particles in the radar illuminated volume. Using the
reflectivities and assumptions about the mean particle
fall velocity which will be discussed later, three-dimen-
sional components of air motion can be derived from the
Doppler velocities of the two radars. From the air motions
large scale size sorting of particles in a storm can be
studied and trajectories of particles falling through the

air flow field can be predicted. These studies will pro-
vide a link between the observed particle concentrations in
the cloud and the neasured precipitation at the ground.
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Schematic representation of dual Doppler radar
coplanar scan. The illuminated volume (inset)
shows three-dimensional air velocities at grid
points from the radars (u , v (U, v,y W
and an interpolated value w1t%1n %he volume
(u', v', w').

Figure k4
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Mathematical Modeling

To bridge the gap between radar measurements and the
surface precipitation measurements requires knowledge of or
predictions for the trajectories of different size particles
under the influence of air motions. Predictions have been
obtained by construction of a kinematic model of particles
falling from cloud base to ground through measured air flow
fields. 1In the model, the particles move in response to the
air motion and gravity and also shrink in size due to melt-
ing and evaporation. At the surface such parameters as
final stone size, traverse time, and angle, velocity, momen-
tum and energy of impact are calculated. The positions cal-
culated at the surface predict the final arrangement of the
precipitation particles which have been measured by the
surface instrument network.

The Model

Initial conditions: Particles passing through the
horizontal plane at cloud base enter the system with an
initial position and size. From the radar reflectivity
factors measured at cloud base, an exponential particle size
distribution at each grid point can be deduced. The data
from the dual Doppler radars includes both reflectivity fac-
tors and estimates of mean particle fall velocities as cal-
culated from an empirical relationship derived by Joss and
Waldvogle (6).

<> = 2.627107 (1)
where: <v> = the mean Doppler velocity (m/sec)
Z = the reflectivity factor in m® m



Frog the mean velocity the median particle diameter can be
estimated from eguations presented by Atlas, Srivastava and
Sekhon (7).

The mean Doppler Velocity is defined by:
o ! t
<v> = [ vZ (v) dv/foo 7 (v)av (2)
nv o v

where: <v> = mean Doppler velocity (m/sec)
v = particle fall velocity (m/sec)(see below)

1
Zv(v) = Doppler spectrum corresgonding to the radar
reflectivity factor (mm®/m?®) (m/sec)”!

by definition:
.
i (vav = ND(D)DsdD (3)

where: ND(D) = No e No and A are parameters of

the exponential particle size distribution

D = particle diameter (cm)

Using the relationship from Gunn and Kinzer (8):

-¢D
- _ 6
v al 6.2 e (h)
where: v = fall velocity cm/sec
a, = 965
a, = 1030

and integrating equation (2) results in:
<v> = 965 - 1030 [A/(A+6)]7 (em/sec) (5)

from which the slope of the exponential particle size dis-
tribution A is calculated. Then, from the definition of the
reflectivity factor Z:

-AD

7= ;Iof“’ e % pap (6)

Assuming an exponential size distribution as above and inte-
grating yields the ezponential intercept Ho;

n = 27/\7 (1)
z

O

A lengthy discussion of the assumptions and error
sources involved in the previous derivation is beyond the
scope of this presentation. It is important to note, how-
ever, that in the presence of hail, equaticn (1) may be in
error somewhat. The effect of this is lessened somewhat by
the small exponent in (1). Empirical equations similar to
these are nov being developed for situations where hail is
present. The initial conditions are defined at grid points
with 0.5 km spacing at cloud base; particle size distri-
butions are generated at these points.

A realistic spatial distribution of particles at cloud
base is not the only initial condition system which can be
applied to the model. Simpler initial conditions can be
used to determine the effects of the flow fields and the
microphysics on particle trajectories. For instance, par-
ticles of the same size can be introduced into different
parts of the storm and the effect of initial position on
their relative final positions noted. Similarly, particles
of different sizes can be introduced at the same point and
the effect of size sorting studied. Two examples of model
output, discussed later, used such simple initial condi-
tions.

Forces: A particle moves under the influence of
gravity and drag while falling unhindered through the
atmosphere. The combination of gravity and drag forces
determines the terminal velocity a particle of a given
size, shape, mass and composition will attain in free fall.
Nearly all hailstones and raindrops falling through the
atmosphere will be in the Newton's flow range defined by
the following equation from McCabe and Smith (9):
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UL = Log DP(DJ-D) : (8)
ioCy e
where U, = terminal velocity (em sec™!)
g = acceleration of gravity = 960.16 (cm sec ?)
Dp = particle diameter (cm)
Pp = particle density = .91(g cm ’) for ice;

1 (g cm ?) for water
¢ = drag coefficient (v .%i for spheres)
o = air density (g cm ?)
The density of moist air from the CRC Handbook of Physics

(10) varies with pressure and temperature in the following
manner :

p = .001293 (273.13) (P - 3783 e) (9)
T T60
where: p = density of moist air (g cm °)
T = temperature (°K)
P = atmospheric pressure (mm Hg)
e = vapor pressure (mm Hg)

From Hess (11) the vapor pressure is calculated as follows:

RH-P
(P - 1+RH) (10)
e
s

RH = atmospheric relative humidty * .0l

(1)
n

P = atmospheric pressure (bars)

& = saturation vapor pressure (bars)

From Murray (12):

ey = 6.1078x10"° exp [17.269 T (11)
\ 37.3 +T
where: es = saturation vapor pressure (vars)
T = atmospheric temperature (°C)

The particles are assumed to instantaneously assume the
speea of horizontal and vertical air motions. This is
reasonable for currents of a size which could significantly
affect the direction of fall of the particle. Pressure,
temperature and humidity profiles for a particular day are
obtained from rawinsonde data near the area of interest.
The atmosphere below cloud base is assumed to be unaffected
by previous cooling and humidification by falling precipi-
tation. The hailstones are assumed to be smooth, hard
spheres of constant, .91 g/cm‘3 and homogeneous density.

Melting and Evaporation: Mason (13) shows that a hail-
stone which falls from frozen regions in a cloud into the
warmer air below shrinks by melting and shedding water from
its surface according to the following equation:

1
dr _fL x Re? \
at 8L, pr (LV D (pv - o) KT, - T’) (12)
£ p
where: r = particle radius (cm)
t = time (sec)
= ventilation factor (for spheres = .68)
R, = Reynolds number =(2 rUtD)
T
p = viscosity of air
- 416.16 ) T
= 2 4 .1 P N
1.8325x10 (T ¥ 120. (296.16 ) (poise)

L. = iaten. ueat ol fusion = 79.7 (cal g ') at 0°C
Py = particle density (g em ) = .91 for ice

LV = latent heat of vaporization (cal g ')

= 597.3 - .566 T (with T in °C)



D = diffusivity of water in nir

T 1.81 3999)
I C T ONTY P

with T in °K, P in mb (em?® sce™l)
P, = saturation vupor density at 0°C

= L.k x 107 (g em™?)

air density (g em ?)

K = thermal conductivity = 3478y (cal em ' sec !
°K™') with p in poise

TS = temperature at surface of stone = 73.10"K

T = ambient temperature (°K)

Once a melting stone reaches Smm diameter the melting shed-
ding process is replaced by an evaporation process. This
transition point is based on observations which show rela-
tively few natural raindrops larger than 5 mm diameter.

The evaporation equation from Mason (13) is:

dr _ 0(1+I~‘Re'
dt

4)
ro, OJTRTD;L\ (13)
RKT? De,
/

O = subsaturation of the atmosphere

EH P -
(eS(RH—l)+P/

with RH = relative humidity of atmosphere

where:

(x.01)
P = atmospheric pressure (bars)
F = ventilation factor = .23
R = specific gas constant for water = .11033
(cal g=! °x )
e, = saturation vapor pressure (cal cm-a)

Air Motions: The three-dimensional air flow fields
which have been derived from the dual Doppler radar data
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Vector diagram from dual Doppler radars 28 July
1973 storm. Shown is an X-Z plot of two-dimen-
sional flow fields in an east-west orientation.
Vector lengths shown at lower right correspond
to Sm/sec. Axes are in meters.
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move the particles in three dimensions as they fall. The
assumption i1s made that the particle accelerates to the
speed of the air motion instantaneously. The Doppler data
consists of cartesinn components of air velocity (u,v,w).
Overall storm motion is included in the data and must be

allowedd for. The velocity components are presented at
carlesian grid points relative to the radar origin (a point
half way between Lhe two radars) with a tvpical spacing of
500 m.  Figure 5 shows u-w wind vectors on an X-Z plane

taken through i storm of interest. The length of the
veotor is proportional to its magnitude. The entire grid
is ascumwed Lo have been pencerated at the same time even
though a sweep sequence may take two to three minutes.
Each swreep is assigned a time at the start of the scan. A
three-dimensional linear interpolation scheme is used to
derive u', v', and w' components at points other than grid
points (see figure 4). For values between scans, the last
known scequence is used until it is replaced by a new scan.
Interpolation in the time domain yields misleading results
because of the variable scan patterns used. No attempt is
made to smooth or filter the data prior to interpolation
since the grid values are pre-filtered in the data reduc-
tion and the grid is coarse relative to scales of turbu-
lence which are of interest.

The Differential Equations: Four linear, first order
ordinary differential equations describe the trajectory of
a falling particle:

% = U(X,Y,Z,t) (14)
%% = V(X,Y,Z,t) (15)
at _ - (16)
ar = M(XY,Z,t) U,

gf = Expressed in eq. (11), (12)

where: X,Y,2 = cartesian position variables (m)

t = time (sec)

. -1
U,V,W = cartesian velocity variables (m sec™ ')
North, East and up directions are
assumed positive.

u = terminal fall velocity (m sec ')

r = particle radius (cm)

The Integration Scheme: The method chosen for digital
integration of these equations is the Adams-Moulton 4th
order predictor-corrector method. It was chosen for its
stability even though the equations tend to be very tame.
The variable time step allows for very efficient integra-
tion.

Output Parameters: The output from the simulation
consists of digital time-position data, final impact para-
meters, and a three-dimensional mapping of the trajectory.
The impact parameters are the particle size, its position
relative to its origin, its traverse time, the impact
angle, velocity, momentum and energy and its phase (solid
or liquid). Impact velocity is simply the vector sum of
the final velocity components. The impact momentum and
energy are given by:

P =My (17)
and
E,_ = 4M V2 (18)
=
where: P = momentum (nt-sec)
11 = mass (g)
V= resultant velocity (m sec ')

kinetic energy (Joules x 10 )

#w

The impact angle (measured from the vertical) is:



HAILST@NE TRAJECTORIES (RXES [N M)
(19) . r q%&

A sample three-dimensional map of trajectories is shown in
figure 8. All axes are in meters and the numbers near each
trace indicate the particle number corresponding to digital
output which is summarized in Table 1. If the particle has
melted during its fall, a note to that effect is included
with the digital output. ﬂ 2000]
The Computer: The simulation is run on a Control Data
Corporation 7600 computer belonging to NCAR. The program
uses 45,000 words of memory and one trajectory plots in
about three seconds CPU time. The graphical output is photo-
graphed by microfilm camera attached to the system.

IV T ay

28 July 1973: On 28 July 1973 in the NHRE target area | { 1000l

of Northeast Colorado, a storm was observed by dual-Doppler

radars for ten minutes during its mature stages. Figure 6

shows contoured radar reflectivities of the storm at 1718

MDT when the first scan sequence was taken. The figure also

shows ten-minute positions of the centroid of maximum re-

flectivity tracking to the southeast. Other measuring

systems also produced information about the storm. A rawin-

sonde balloon was launched at 16:20 MDT from Sterling, 1000

Colorado, fifteen miles south of the storm. From the sound- '

ing, height-dependent temperature, pressure and humidity of 0.0

the undisturbed atmosphere are applied to the model for ‘: 900

calculations of particle melting and evaporation. Under the -1000. u.v .

storm, precipitation gauges measured up to 3 cm of rain as

the storm passed giving timed records of the actual rain- Figure 7

fall rates. trajectories of five particles released at 2z =
2400 m (cloud base) and falling through dual

Doppler radar-generated air flow fields. Axes

are in meters, origin corresponds to the location

of raingauge 364 in the NHRE network. Each dot

corresponds to a one-second position. Particle

sizes are 0.5, 1.0, 1.5, 2.0, 2.5 cm radius with

the larger particles falling closer to the origin.

X

Three-dimensional computer-generated plot of

1645
HAILSTONE TRAJECT@RIES (AXES IN M)
T 3000.
' M
[aN]
r 20004
ELEVATION 1.9°
TIME 1720 MODT
DATE 28 JULY 1973
INTERVALS 20,25,30,35,40,45 Db Z
Figure 6 Radar contoured reflectivity factors of 28 July F 10004
1973 storm at 1720 MDT. Contour levels, radar
beam elevation and time data are shown. The
vorder outlines the target area boundery (see
Figure 2). Hatch marks trace the centroid of
maximum reflectivity at ten-minute intervals
from 1645 to 1745 MDT.
1000. / .0 L
Evaluation of the radar reflectivitie§ ipdicates that 0.0 ‘ A 7 X
little hail was present in this storm. This is borne'out ' 2 » b o s Yo.
by the ground hail sensors which recorded only spo?adlc -1000. .
amounts of small hail. Other case studies, now being ana-
i i i d should lend to a
Lyzed, contaln Mo it nais o R rajectert Figure 8 Three-dimensional computer-generated plot of

trajectories of twenty-five 0.5 cm radius par-

more intensive study of hailstone trajectories.
ticles released at 1/L4 km intervals at cloud

p put: jllustrate the capabilities of the :
modelsicol:xgzzlzz ofTielative particle trajectories are base. Axes are in meters: ‘Each gothcorrez-

d as figures T and 8. Figure T illustrates the ponds to a one-second p051§10n4an he n@y er§
e ting on five particles of different initial below each trajectory termination point ilentify
effect O el t the same point through the air motion the particle and correspon@ to a set of computa-
sizes that farl Trof 1 ° tions presented on the digital output.

field measured on 28 July 1973 starting at 1718 MDT.
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Figure 8 shows the paths of 25 particles initially 1 cm
diameter falling from a 1 km square area. All the particles
had melted by the time they reached the ground. Travel
times from cloud base (2400 m) to the ground varied from
191 seconds to 215 seconds and the sizes of particles hil-
ting the ground varied from .42 to .50 cm diametcr as shown
in Table 1. Trajectories ofthe particles shows strong flow
from east to west and some north-south divergence. Some
particles traveled nearly a kilometer laterally during their
fall of 2.4 km, though impact angles which relfect only local
mean air motions vary from 2 to 34 degrees lrom the verticul.

The model volume was placed in the storm over a ground
raingauge which recorded about 75 mm/hr rainfall rate for
the period of interest.

The line of data in Table 1 with an asterisk shows that
the particle which most nearly hit the raingauge, located
at the origin, started 1/2 km to the east at cloud base.
This indicates that for 1 cm diameter particles which contri-
buted to the measured precipitation, the cloud-base origin
was 500 m east and somewhat north of the instrument.

Discussion

The sample output presented above illustrates the
cupubilities of the model. Comprehensive results are not
yet available. In process is a calculation of particle
size Jdistribution parameters from radar reflectivities
measured al cloud base. Using the distributions calculated
ul grid points and broken into discrete size categories,
trajectories of particles generated in the 300 meter space
surrounding each grid point are being traced. The number
to Lhat computed for the size range at

ol particles equul

its origin are assigned to each trajectory and the result
is a theoretical spatial size distribution of particles at
the ground. The generated spatial distribution is then
relatcd in time to ground measurements of precipitation.
Minally, using empirical relations between precipitation
rate and reflectivity factor and measured precipitation
rates, verifications of measured reflectivity factors are
made. The aim of this analysis is to establish the effec~
tiveness of using radar reflectivity measurements to pre-
dict precipitation intensity at the ground by interpolating
between surface measurements.

Radius Traverse X Y Impact Impact Impact Impact Final
Time Angle Velocity Mamentum Energy State
Initial Final Initial Final 1Initial Final Initial Final
(cm) (cm) (sec) (m) (m) (m) (m) (m) (m) (Deg) (m/sec) (Nt-sec) (Joules) (M=melted)
.5 25 191 0.0 -609.2 0.0 196.5 2400. 0.0 6 10.4 6.32x10-4 3.25x10-3 M
1.0 .6 118 0.0 -360.2 0.0 117.2 2400. 0.0 6 16.3 1.368)(10_21.108)(10—l
1.5 1.2 92 0.0 -283.7 0.0 93.6 2400. 0.0 6 23.2 1.65)(10-1 1.91x10°
2.0 1.8 79 0.0 -247.3 0.0 80.6 2400. 0.0 6 28.0 6.08)(10_1 8.49x10°
2.5 2.3 71 0.0 -224.4 0.0 73.4 2400. 0.0 6 31.8 1.51x10° 2.&1)(10'1
.5 23 204 -500. -937.2 -500. -348.8 2400. 0.0 2 10.1 5.b6x10'4 2.75)(10—3 M
.5 23 203 -250. -729.0 -500. -374.5 2400. 0.0 15 10.2 4.94x107% 2.52x107> M
.5 25 196 -0.0 -393.1 -500. -400.9 2400. 0.0 27 11.6 7.32x10—A ls.Zln(lO-3 M
.5 25 199 250. - 47.2 -500. -452.2 2400. 0.0 31 12.1 7‘75x10_4 4.69x10‘3 M
.5 .21 212 500. 273.4 -500. -455.7 2400. 0.0 32 11.1 A.OleO-A 2.23x10_3 M
.5 .23 194 -500. -1018.9 -250. - 30.4 2400. 0.0 12 10.3 5.59x10_4 2.87x10_3 M
.5 .22 197 -250. -855.5 -250. - 33.3 2400. 0.0 11 9.8 4.09x10-A 2.01x10—3 M
.5 .24 190 0.0 -626.1 -250. - 63.1 2400. 0.0 1 10.3 6.15x10_4 3.15)(10_3 M
.5 .23 194 250. -293.1 -250. -134.7 2400. 0.0 24 10.9 5.64x10-4 31.08x10_3 M
.5 .24 197 500. 109.0 -250. -193.2 2400. 0.0 34 12.2 6.93x10_6 l;.'72x10-3 M
.5 .24 193 -500. -983.0 0.0 188.0 2400. 0.0 13 10.4 5.82x10~4 3.02)(10_3 M
.5 .24 194 -250. -804.3 0.0 210.3  2400. 0.0 13 10.4 5.94x107% 3.10x107° M
.5 .25 191 0.0 -609.2 0.0 196.5 2400. 0.0 6 10.4 6.55x10_4 3.4lx10_3 M
.5 .25 191 250. -350.5 0.0 165.6 2400. 0.0 9 10.5 6.64x10—4 3.147}(10_3 M
.5 .25 190 500. 18.0 0.0 80.7 2400. 0.0 28 11.7 7.50x10_6 la.&OxlO_3 M x
.5 .23 203 -500. -838.0 250. 368.5 2400. 0.0 11 10.0 lo.79x10_4 2 41x10~3 M
.5 .23 203 -250. -683.9 250.  410.3  2400. 0.0 10 10,1 4.97x107% 2.50x1073 M
.5 .24 197 0.0 -509.8  250.  440.0  2400. 0.0 7 10.2  5.78x10™% 2.95x107° M
.5 .24 196 250. -311.9 250. 440.9 2400. 0.0 2 10.2 5.78x107% 2.94x1073 M
.5 .22 196 500. - 50.0 250. 394.0  2400. 0.0 12 10.0 9.61x10™* 2.31x10 M
.5 .23 215  -500. -714.2 500. 558.8  2400. 0.0 7 10.0  4.87x107% 2.43x1073 M
.5 .22 213 -250. -546.8 500. 622.9  2400. 0.0 8 9.9 4.56x107% 2.26x1073 M
.5 .24 204 0.0 -376.6 500. 670.0 2400. 0.0 9 10.3 6.04)(10_4 3.12x10—3
.5 .23 205 250.  -194.6  500.  699.5  2400. 0.0 10 10,0 4.80x107% 2.41x107°
.5 .23 200 500. 18.6  500.  695.6  2400. 0.0 5 10.0  4.95x10°% 2.47x1073 M
Table 1 Summary of sample data giving impact parameters and digital end points of trajectories corresponding to figures 7 and 8.



Using the spatial distribution of precipitation in-
tensity generated by the model, an analysis of spatial
variance of the precipitation relative to point measure-
ments from a hypothetical network of instruments of varying
sizes and numbers density is being performed. The result
of this analysis is to determine an acceptable sampling
area of a particular storm which will then help determine
the optimum instrument sampling size and network extent
and density.

Analysis of a storm with confirmed hail present will
supply more useful information than the present case.
Nonetheless, the analysis techniques employed will not
change and this case provides a good check of the method
since rain is generally a more well-behaved system than
hail.
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