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- ABSTRACT

With the financial backing of Alberta Hail Studies, a study

was undertaken to determine the feaaibility of using a simple hail

mdetector; called a.hailpad, to measure Alberta hailfall and thereby

help in eualuating hail auppresaion efforts. This hailpad consisted

of a styrofoam pad covered with aluminum foil, -

The study considéra theories of hailstone dynamica, the ohoice

~ of hailpad materials, calibration, error analysis, and wind effecta.

Because of the tediouanesa of detailed hand‘analyais, a reasonably

accurate estimation procedure 1s described‘and'the posaibility of

_completely automated,analysea using digital picture proceaaingimethoda

is discussed.

Knovn characteristics of Alberta hailstorma and resulta

N

from previoua U.S. studies using hailpada are carefully considered

\

in designing the hailpad nerwork._»Ihe final network conaiated,of

P

272 stations. maintained by farmer volunteers, with an average atation

'spacing of 2. 6 milea. Results from 17 hailstorms ddring 1973 indicate

that a maximum spacing of about 3 milea i8 necessary to adequately
Q

evaluate the pattern of damaging hailfalla.},Several denae netuorka

vith hailpad spacing of 25 mile were establiahed in order to teat

‘the areal repreaentativeneas of a aingle tnilpad‘ These sampled tuo :

hailstorms and demonatrated the existence oﬁ imall—acale apatial

vatiationa in hailfall amounting to changes in impact energy of an .'
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order of magnitude or more across distances of one mile or less.

LY
A total of 761 hail-dented hailpads were collected from a

two-month period. Hailpad measurements for three hailstorms are
rrdiscussed in some detail, including the major'damaging hailstorm of -;
August 16th; 1973, . | .
helations between hailfall and per cent crop damage{are'
suggested, including critical_values of impact emergy of about 50 J m 2

-

‘for negligible'damage, and 450 J m 2 for total crop loss. When measur-

.ing the vertical partition of impact energy, the useful range of A
sensitivity.of the hailpad is found . to lie between 107! f 2 x 103 Jm 2,

Maps displaying smooth contours of impact energy for each /storm date

are presented.

‘Hail suppression is considered and a suggestion for its
: evaluation using hailpads is made.’ It is shown that such evaluation
should include the measurement of rainfall. The impoitance of measur-

ing minor as well as major hailfalls is emphasized. Finally, o o

recommendations for future hailpad projects are«outlined including

4.4

9[’

checks, hailpad spacings of three miles or 1ess, more dense network

studies, and careful consideration of hailpad analysfi techniques.~
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CHAPTER 1

[ k]

INTRODUCTION

"Wonst stonm 1 have ever seen. Finst stones came grom
the south, Largen stones §inst. Second bursl came '
from nonthwest - smatller stones, then some big ones
Laten on; 100 pen cent (crop) damage, dents in carn's
noof, hailpad smashed, Wind agter hail was very -
strong, from nonthwest. ALso heavy rain gon about

an hout.” +eevevesseses . C. Repas, August 16, 19731.

1.1 Bacggrouﬁd |
Thé-southern half of Alberta is one\of\the most haiiéprone‘
regions in the world. An average of 67 hail days océur\from May to

~

Sepﬁeﬁbet, including 56 of the 92 da§é of June through'Aué;Et\(§pmme:§
and Paul, ;567). These hailfalls éause an annﬁal avefage ¢iop iﬁé;\;£\\
more than $22 milliop (Summe:s.and QOjtiw; 1951; ﬁojtiw Eﬁd Summefs;
1972). N R

Concern over such heavy‘ag;icultural lossés aﬁd enthﬁsi#atic
meteorologicgl research 1nteresi in sevéré sﬁorms,led to.ége formation_
‘of the Alberta Hail Studies (ALHAS) P;pject 1n‘l956. The tgak of ﬁhe
project was to 1nves£igaté all aspects of Albefta haiistofms, and to'
éésggénd design’meana to rédﬁcg\;rop dém#ge_ijgeeding potential haii—_

bearing .clouds with Silver Iodide.

-

1Dates_afterquotes of farmers refer to storm dates.

B ]
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. B
&,

7 ALHAs<chose a main project areamin Central AlbertaPcompgiqingj“ |
roughly 22 000 square miles between Edmonton and Calgary. Typicel."mmMMAw
damaging hailswaths1 in Alberta are only 2-5 miles wide (Summers and
Wojtiw, 1971). Therefore; in order&tolhave an observing networh of
sufficient density to resolye hailfall patterns, ALHAS has had to
rely on meteorologically untrained volunteer observers, Thus, an'
objective means of measuring hailfall, both: for climatological studies
and for evaluating hail suppression efforts, has so far been lacking.
A hail detector, consisting of apieceof styrofoam, one foot
square, one inch thick, 4@3 covered with household aluminum foil, had
been’developed and usedr;I;h moderate success by Schleusener and
| Jennings (1960), and by Decker and Calvin (1961). This 'hailpad' records
dents made by impacting'hailstones. Its low cost permitted a large net~

s

'work with the required density to. adequately measure’ hailfall._

R

Early in 1973, J. H, Renick (personal communication) suggested
that an investigation ‘was necessary to determine the feasibility of

using such hailpads in the ALHAS program, and that'this project in

return could make an ideal topic for the author's H.Sc. thesis. The
hailpad's ability to discriminate "hail or no hail' had been assured
by the previous studies so that the main interest of ALHAS was in the
: hailpad's ability to measure hailfhll intensity and to help find .

meaningful relationships between hailfall and crop damsge. 1f such

>

,relations could be established, then one might have an indirect means
of measuring the physical effects of hail suppression from measure—

ments of cropvdsmage alone. . - :

-
¥
.

lA hailswath is. defined (Thompson and Summers, 1970) ag an elongsted :
cluster of at least 10 hail reports which are temporally coherent.

v
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hailpad project and discussea the feasibility of using hailpads for

measuring Albertd hailfalﬁ and assessing hail sup ression.
| 1.2 cCauses and Effects of Hail o Q?
. Thqre are five most favourable (though not essential) con—
rditions for the occurrence of hail n Albertad. These are all inter-
‘ related but can be recognized individually as:
(1) unstable‘airvfrom the ground to high levels (at least

..+ 500 mb);

[

(2) a moderate southwesterly flow at 500 mb, preferably

with some cooling, | ' . »
. (3) a southeaste;iy.flow at low ;eyels, preferebly with

warm air edvection; -. | '

(4)‘low;ieve1 moisture,'though usualiy a dry environment :
at higher 1evels;v | | |

(5) some triggering mechanism, usually a synoptic-scale
system such as a frontal wave,'cold front, 109, etc. Orographic
lift, due to (3), might also provide the instigation. |
Further diacussion of the above conditions can be found elsewhere, such
as in Longley and Thompson (1965),- or Thompson and Summers (1970)._'
These conditions combine sufficiently often in Alberta during summer
to produce the intenae multicell and supercell storms degcribed by

s

Renick (1971), Marwitz (1972), Chisholm and Renick (1972), Chiaholm

S

and Engliah (1934), and(othere.

vy

Crop damage resulting from hailstorms has- been well- :

\ documented (Schleusener, 1968 Changnon and Barron, 1971- Changnon,

°



1971b; Summers and ijtiw, 1971; Wojtiw and Summers, 1972; Wojtiw and

_ TRenick, 1973) Of the $22 million annual crop loss in Alberta (1961—70
average), about 50 per cent occurs during the 4 worst-days, while 80
per cent is concentrated into the 12 worst days. Damage is also far
from being uniformly distributed spatially, gsince these heaviest hail-
falls are usually contained within relatively small areas of 50 to 500

square miles. Yearly crop damage amounts have varied from a low of

$10.6 millionwin 1964, to a high of '$57.9 million in 1966, reflecting:

‘the annual variaPility in hailfall. ' : ‘ \ s
Figure 1 (after WOjtiw and Summers, 1972) demonstrates thdv ' M
distribution of annual loss to risk (L/R) ratio1 in Southern Alberta '/a

'for the period 1938‘71. This map is also the only indicator of long—
. term hailfall distribution, since - hail insurance statistics are avail~'
able for at least 20 years prior to adequate physical data on hailfall.‘

Two major areas of crop damage due to. hail are prominent; one just

northwest of Red Deer, the other between Red Deer and Calgary.‘ These
‘are included 44 the ALHAS project area for cloud-seeding operations . -

- and were also considered ‘in the hailpad network set-up. ALHAS opera-

3

tions are centered at CFB Penhold, an air base about seven miles
southwestbof‘Red Deer. Cos ‘\{ ]

'-L 3 Previous Alberta Hail Data Sources

‘Since ALHAS came into being, the main source of hailfall

data has been volunteer‘reports from»farmers which are either mailed

-

1 The L/R ratio, expressed as a percentage, is defined as the value
“of claims paid out (loss) divided by-the amount of ‘insurance written
‘(risk) v 7 ‘

N
N
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* AVERAG_E_LOSS/RIS}Q .

g W 16-20%

> 20%

N

‘? :
1938-1971 N

20 0 20 40 - 60 l .
" L .—'..v
MILES -

' The regional distribution of the average L/R ratio for
1972).

Figure 1. !
K . the period 1938—1971 (after‘Wojtiv and Summers,

2



in on hail feport cards, or solicited by telephone purveya.afgqr each
storm. More than 50,000 of these reports had been collected by the
end of 1972. A copy of the 1973 hail réport card, used in conjunction
with the hailpads, is attached to the inside front cover of this thesis.

The format of questions on these reports is improved each
year. Nevertheless, the data acquired can never be totally objective,
since farméréfgnd even meteorological observers will differ ovef what
is meant by the various size categoriesl. Then too, many of the
smallest (and uéuélly most common size) hailstones melt quickly on
impact and are nou regurted. Another difficulty is that observers
tend to see mainly the largest stones and thereby over-estimate the
most common size. These same failingggrave been discussed by Changnon
(1971a)., |

Between 10 and 20 hail reports per 100 square miles are
obtained for each hailswath (Renick, 1972), so that lack of quality

i

ig’compensated somewhat by quantity. However, with wide variations

il

in population density, even quantity is not a congistent faetor, and

e w
-l

_one must be careful not to use the number of hail reports for a given
storm as an indicator of storm size or intensity. ‘;u spott} the hail
repdri‘cargs need to be supplemented by~ubjective data based un ‘
physical measurements. | ‘ |

One such supplementaty data source is weather radar, which

is under continual improvement with ALHAS. It has been utilized not

lﬂa;l gizes are reported in terms of familiar objects; viz., shot, .
, ‘grape, walnut, golfball, and greater than golfball. ALHAS [AS (Wojtiw.

and Renick, 1973) have defined the mean diameters of these to be 0.2,

0.8, 1.6, 2.4, 4 0, and. 6 0 cm respectively. .



onlyvto give advance indication of potential hail-producing clouds for

seeding, but even to estimate hail sizes once chcy form-(Bafge;-i§72’; o

) *
Some advances have been made in using the radar to detect effects of

cloud-seeding (Summers and Renick, 1971), Other data sources inclﬁde
the colléction of ﬁail and rainAsamples by farmers and by mobile samp-
'ling vehicles from ALHAS for physical and chemical analyses. Air-

craft reconnaissance and cloud phofography have confirmza some of'the

'

‘theory concerning cumulus cloud dynamics (e.g., Warner et a 73).
.o ] ’ r
- . In spite of all these data sources, accurate equipment for

3 ﬁeasuting hailfall intensity has been lacking. This, of course, is N

where the hailpad comes in.

4

. Al " //.'
1.4 The Hailpad Concept and Previous Studies 7/

The aluminum foil and styrofoam combinagﬁé;. the haiipa&i
reé;rds hail dents,fhe diameters of which can be-r;lated directly to
the hailstone diameters. éuch hail-dented hailpads could be analyzed
simply to answer the question whether Hail occurred or nof; ;ut a
more detailed analysis‘éan yield information 6n (i) numbers, (11)
sizes, (iii) mass, (iv) impact mbmentum; (v) impact energy, and
(?i) the per cent area of ground covered by hail.

Parameters (iii) to (vi)-are.dependent on hailstone,digneter}
Therefore, hail dents can be used directly to deduce hg;lfall inteﬁsity
per unit area in‘terms of ice mass, momentum, and energy.

.- Schleusener and Jennings (1960)-cai1brated ;heir hailpad«
in terms of dent area to measure impact energy as a measure of hail
intensity. Using a rough estimat;on pfocedure, they sdggestea that -

©
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~even & 100 per cent error in total impact energy would be acceptable =
in view of the sever;I orders of/ magnitude range of energies possible,
Decker and Calvin (1961) developed a hailpad independently
of Schleusener and Jennings and published results on dent sizes and
hardness for a storm on September ldtﬁ, 1959 in Oregon. Hoat ef their
hailpad hents,were judged to have been made by soft hailstones in vies
.;f such dents having a splashed appearance. In contrast, Schleusener
Jeﬁd Jesnings estimated that less then.lo per cent of their ﬁet}stonss .
were soft. , ' .
Hagen and Butchthker;(l967) used hailpad data to ettenptl )
an evaluation of haii suppression over North Dakota. They concluded
that seeding 'probably' suppressed 'some'.of the hail. A rough relation
between impact energy and‘per cent crop damage was suggested. Butch-
baker (1968) extended the previous hailpad study for another hail season
but concluded that hail suppression did not show any significant success.
Seeding had not been randomized, but rather was conducted by using one
large target area compared with five smsller control areas
Schleusener (1968) gsve some hailpad resultsvfor the
Shadehill and Rapid Projects in South Dakota. Ratios oF: bgu :ansct B
energy to rain amounts on seed days over the target sreas,were lover\\\\\\\

than on unseeded days over the control areas, susgesting suppression

success. He pointed out, however, the need fpr randomized experiments

P-4
lard
.

to confirm these results. o :

' Changnon (1969) showed hailpad results from ssversi Illinois.
hailstorna -and discovered 'hailstreaks', about 1 nile wide and 5 niles
lona.within larger 'hailswaths'!'. His group also tested hnilstools,

consisting-of a circular hailps& attached to the top of a solid
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cylindrical upright hailpad, to record angles of impact. Curved sur-

'faces have Q;ﬁceA55é;7fddhd diffié&ig toﬂé;iiSf;g;&;;bs;;i;:g An

automatic recording hailgauge based onm' the ballistic pendulun-principli @

was also-devi(ed. Its cost is prohib#tive for extenlive.u-e. however,

while sgfferiné from false astarts duébto wind. bifds, etc, Work on

this gauge is continuing. -

Changnon and Towery (1972) presented more #esults for the

g!ha:'.lpa_cl. hailstool, and hailgauge. While esthbliahigs better 11‘1:?

of accuracy, their data suggests that one squa;e foot is a minimum

suitable size for hailpads. The data includes distributions of hail

size, energy ranges, and hailstreak dimeﬁ;ionl. '

- . Newton and Wilke (1973) introduced another haii indicator

employing a curved surface, but with the same inherent calibration
problem menFioggd Thbovg. . - : S '

Miller and Cain (i973) examined four years of North Dakota
hailpad data from randomized hail suppression prbgraﬁa. These showed
no significant decrease in impact energy on seed dayé. Since each
year's hailpad data had been analyzed by a different pfraon; all of . -
the hailpads were to be re-analyzed later by one peraqﬁ to check con-

sistency. 'This problem will be discussed with reggrd’to the Alberta
hailpads later. : - | ) coe .
Morgan and Tow;ry (i974)-reported 6n results‘fron_an -
_extremely dense hailpad network of one qguafe nile;,iaiqtainéd in '
ﬁebraska in 1973. éome very‘interesting results ve#e obtaig;d, con-
" curring with those of this 1973 Alberta project,;ana so‘ﬁiii be
discussed in more detail later. . g ;. -

P! s

A4
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1.5 Bacgground on Hail Suggrenion'r " | " - L

Since hailpad results \On the ovaluntion .of hnil -ugpreuion

have been mentioned, it would be Helpful at: this atage to htf!fls

review some hail suppteuion theory. S

The fundenental idea is to reduce crop damge by ruducing

i

the size of. hailetonee. To accomplish this, one must increasé the
number of hail enbryos competing for the water supply available for - _
hail production (Mason, 1956), the total mass of which is assumed to
remain constant. The Silver Iodide cryatal hae ,a molecular strueture
similar to that of ice, so that it is used as a seeding ageq’t to

promote freezing of supercoo'lied cloud water, resulting in wany small

L)

hailstones in place of fewerlarge ones, Although chia thay incipase .

\.

total ice mass, the hailfall intensﬁy ot 1mpact‘ e@tgy, oan at:lll be "

reduced in the folloving wvay. . T .

! 33

'I?he impact energy e, for a hai.l.st:one of mags m, diameter
. ¢

D and t:erminal velocity \I\Lr falling straight “down '1s
L 2 -

» —

For N such hailstones, the tota_l ene}gy E. is

7' "z. _ l z ) i | )
' /
where M Nm .the total 1ce mass, vhich is usually assumed to r-in

congtant under seeding Since W-,- > & Dk, and moCD' we ue t!nc s »

E °(M D" N D’ This means that in order to decrease toul i.epect

- ' Y
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energy by a factor of Sesay, while maintaining hd-constant,-we must-
also decrease the hailstone dian;ters by pghe same factor. In doing
‘chis, hJ nmet be increased S} a factor of 125, The goal for most
suppression eXperiments is to acnieve a factor increase in haif§cone
numbers of more than 160. |

If hail demnge is more closely related to inpact momentum, ,
then the same decrease in heiistone diameter to 1/5, reduces total
momentum to about 1/2. v'In the case that-damage may possibly be direcrly
proportional to the total hail mass, then the same deductions lead to
no net potential change fn damage, so long as the total ice mass re-

mains constant.‘

Such eventualities do not"destroy the concept, however, as
total 1ice migb, imbact momentum;.and impact energy would be reduced
copsiderebly by the melcing of hailstcnes during‘fall below the 0°C

“level. For if smaller hailstones are"formed, then a greater total ice

¢

surface is exposed for heat exchange. For hailstones‘of diameters
' <2.5 cm, melting has been shown to be significant (Mason, 1956' Ludlam

1958). More details of this process will be discussed’ with‘the results

later.

Nl

1.6 The 1973 Alberta Hailpad- Project’

Two main hailpad networks were set up by the author as
shown in Figure 2. These networks will henceforth be referred to as
the Southern Network (sonth of Penhqld),,where most cloud-geeding was
carriedfbut, andlfhe Northern Networkﬁinorth of Penhole), where oniy

occasiouai seeding was done (the singleLStorm'experiments).
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Five dense networks (1 hailpad»pér .04 square'miles)l,'inr' DR
dicated by the letters K, W, X, Y, % on Figure 2, were operated during
August for t:hé purpose of testing haw‘répreéentative one ha'ilpa‘d could
“be. Five meso-méteorological statioﬁs provihed addition;1 datgtkn
winds, rainfallﬂ temperature, and humidity.

'Since\tﬁere aré many pitfalls and sources of .error in the
theory, callbration, network -design, and analysis of hailpads, these
four items will be discussed carefully at length, before the 1973 hat}-

| pad results are presented.

i

™

1English units will be used when referring to the land silirvey system

(see Appendix I).
\



2.1

CHAPTER II
THEORY
"Hadatonu quite hard.”
cecsesss Lonne Chandlm, Ju&y 5, 1973.
"Stones were very hard and centres were very clean.

They bounced nearly 8 feet after hitting the ground.”
R Luue Hak‘e’ Augu.b't 16" 19730

Assumptions

The hailpad was calibrated by dropping steel and glass spherea

from heights which simulated the impact énergy of hailstones of the :

same size. The justification for this procedure will become-clear in ..

this chapter.t>1n order ‘to perform any calibration, however, a number

of simplifying assumptions-firat had to be made. ‘The validity of each

K : ;

of these assumptions will now be examined.

~

(1) Sphericity
It is assumed that hailetones are approximately spherical,'

though not necessarily smooth, with diameter, D. 'Thus, an elongated’

dent on a hailpad was supposed due to a wind~-blown spherical hail— ‘

stone ‘and the minor axis of the elliptic dent was taken to be the

.‘.dent diameter. This suppoeition can lead to a elight undereetimate

of bailstone size and will be discussed further later.
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o Summers and wOjtiv (1971) estimated that 72 per cent of the '
| hail of Central Alberta in 1969 was essentially spherical. Similarly,
Schleusener and Jennings (1960) estimated that 75 per cent of the

hsilstone samples'taken in Northeastern Colorado in 1959 approximsted :
-spheres. Furthermore, the dents on-hailpads.collected by_them‘nnd:’
also by this author'suggested thet the impacting hailstones'were lergely;
spheres, .or at worst, slightly oblate spheroids, since when winds were .

,light, most dents were roughly circular.

(2)  Constant drsg coefficient

The drag‘coefficient, C for alx hailstones in free-fall

D’
. msy be agproximated”by a mesn.veluejof 0.60. : . e
_‘ The drag'coefficient is not . constant, being}; function of -
the Reynolds number, Re, which is itself a function of the sphere 8
velocity, diameter, and the viscosity and density of the medium through .
which_it is falling. Numergus measurementsv(e.g., Hoerner,v1965) have
;shown‘that_for a'smooth4sphere, CD is .45 + .03 overvthe_keynolds -
number range 103 to 2 x7105, .At this.latter,'critical' value of Re, .
ch decreeses shsrply to 0.1 because of the onset of turbulence vithin
the sphere's boundsry 1;yer. ‘Figure 3 shows the relation betwqgn drag -
coefficient and Reynolds numbers for smooth spheres and hsilst:ones.:ixl
o ‘Because of surface roughness.and'leck of‘sphericity_the drag"ﬁ
,l‘coefficient'for hailstones.within the range of Reynoldsinumhers de- |
nicted.is slightly higher than for smooth spheres, though the critical :
olds number has aboutfthe same-vslue.(List; 1959; Mschlin'and y \
Ludlan, 19613 Bailey and Macklin, 1968; Roos and Carte, 1973). 'l"here-'.'iv'
fore, before fixing a single value for the drag coefficient of haiL-“-“-
‘stones, it is important to know whether the critical Reynolds number o

will be exceeded in nature.__J
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"The Reynolds number is defined as the ratio of inertia

forces to yiscous forces, or, S s «;»Q—u-fﬁeled,MMWnca

Rg: v_—.u_l?_@ o .(3')'%"-"

where. Ll 1s the velocity relative to the medium,of a sphere of
diameter [) falling through a-medium of kinematic viscosity Y), or of
density ﬂi and dynamic viscosity/ﬂl Table 1 ghows values of
Reynolds numbers calculated from Equation 3‘for hailstones of diamete{s
_ «25, 1.0, and 3.0 inches for various combinations of pressure and
temperature,as taken from a- typical temperature ‘sounding of a hail

'day‘in Central Alberta. Values of viscosity were extrapolated from

CRC Tables (Weast l973), the densities were calculated from the

T AR

equation of state for dry air, and the hailstone velocities are

-derived from a later equation (8) for. terminal velocity.

T

"w..

" One can ‘agsume from Table 1 that falling hailstones probably1
do not achieve the critical Re (i e., 20. by the table), though indrare

events, large spherical hailstones (D > 3 in) may. It is,interesting

a

(circumference 44 cm, mass 766 - gm, Ludlum, 1971), Roos (1972) found
that the critical Reynolds number was not attained. '

Even so, the drag: coefficient ﬁor hailstones wilI still be :
’ i
quite variable, depending on shape, surfacefroughness, snd orientation
/

to the flow. Some recent measurements of drag coefficientb of hail-- -
/ Co

/

was used, which in itself assumes that Re < critical Re.--

1 ) N * “ ) . - -

Lrnis’ assumption is not exactly valid since in calculating CD"-Gi/‘
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stones and hailstone models, in uhat is thought to be tb 'ir natural

orientation to the flow, are also plotted on Figure ‘30

_critical Reynolds number, the values’ for hailstones have been’measured
to vary from'.47 to .75, with‘\\\increasing with surface roughness and
oblateness. : The mean value of C for the hailstone values of Figure 3

’is .59, while for the hailstone ‘models of Roos and Carte (1973) the
mean is .58. With this in mind, three different calibrations of the

| hailpads were performed assuming c = .50, .60 and .70. We shall see
that only slight differences in’ calibre*ion were evident.. Final single

values for'the'drag coefficient of smooth spheres and hailstones were

chosen to be'r45-nnd .60,'respectively. |

(3) Hailstone density .

Hailstones in Alberta were assumed to have a density p, of
50 89'3 cmf3. This was verified by examination of density measurements
on Alberta hail samples (ALHAS, 1970-71) Values varied from .86 to f
92 g cm 3, with both mean and median of .89 g cm 3, .

(4) Surface air densitz

- The density of alr, n,> near - the ‘ground during Central
' Alberta hailstorms was, assumed to be 1.05 x 10 "3 g cn 3, the density
of dry air at 890 mb and 22°C. This figure was arrived at by inspecting~
station pressures and temperatures prior to hail during 1972. The
hailstorms of 1973 in Central Alberta later yielded a mean:air-density'
'.of1o7x103gcn3. | R

(5) Constant density layers

The density of air may be considered constant over small

.height changes of the order of 50 meters or leﬁ) This assumption

R . . . 7 "‘-
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per cent, At any rate, once'leaving the cloud, a hails

20

‘was for purposes of calibration of the hailpeds and for snbsequent

a.

~ver1f1cf%ion. It is valid, since the maximum chans; in air demsity

which could naturally occur in 50 meters is less than 0.2 per cent of

1.05x 10 3 g cm 3,

(6) Melting and accret;gg

Neither melting nor aécreeion of water droplets significantlz_ku__ﬂﬂ
effects the terminal velocity of a hailstone at the ground. Hailstone
terminal'velocity is aéproached.witnin the first 50 meters of fall
from rest (Figurelld; Chapter III). This yelocity adjusts rapidly

(decreases) during fall to compensate for any changes in air denslty,-

viscosity, or nnss'(due to melting or accretion).' Melting can be

significant for a 3-5 km fall (Mason, 1956; Ludlam, 1958; Macklin,

,1963; List and Duseault, 1967),'but’not for-SO meters, ‘McDonald

and Orville (1962) estimated that by accretion of supercooled drops

in cumulus with a very high liquid water content, momentum transfer

will lower the terminal.yelocity of large hailstones by only a few

quickly assume its natural terminal veloclty;

’

@) Hailﬁtone hardness

It was assumed that hailstones were hard and would not

| shatter (or splatter) on impact. Summers (1966) showed that of all

7the volunteer hail reports from Central Alberta in 1965, only 31-40

per cent indicated 'some" aoft hail~occurr1ng during July and . August‘--

‘the figure was slightly higher (45 per cent) for June. Schleneener'

- and Jennings (1960) indicated that 90 per centnof,the hailstones

of northeasterﬁ”éolorado'in 1959 were hard. Inspection of the 1973

;;//eﬁiil;;ds of‘thls study_euggeste a figure at'lenst as high, dents from

.2



goft hailstones having a charecteristic splattered appearance.

.

(8) Hailstone bounce

Hailstones which imnacted a second time afterla bounce
made neingible contribution to the total inpsct energy or momentum .
on the. hailpad. Conversations with fsrmers during the 1973 hail
season 1ndicated tha; hard hailstones’impacting.on a 'hard' surface,
will on occasion bounce six feet or more, During calibrstion- 3
verification experiments in a 10—storey atsirwell (Chapter III),
some artificial hailstones, attaining 85—97 per cent of terminal

B velocity, were observed to bounce 3-6 feet off the hard roor. On.

t

striking a more flexible surface such ss,cardboard or the‘hsilpad

~

itself, bounces could usually be estimated in inches or fractions

of an inch. | ' R
The percentage of hsilstones which impact on the hailpad

L3

after bouncing o

e ground, however, is like1$~to be small and
hecause‘their .
fraction of .t

\-

effect. - Never eless, because of the possibility of bounces, the

T original values, ‘it is reasonable to neglect the

1973 hailpads were deliberately installed on either grass or soft

21

ground (such as in a vegetable garden), 8o that bounces were minimized

v

But this introduced another ‘source of error. since lack" of time, man-

power, and finsncisl resources precluded the use of any form of : hail-

pad stand. Thus, a small amount of impact energy is absorbed by the .

soft underlying surface, giving slightly smsller dents. This effect R

will be discussed in Chapter III. -

B«



(9) Densltx differences

e ~Density~diéferences*between*ice‘ tnd"th'e“‘ife"el "hnn’l‘ghii B
spheres used for calibrations, produced no apparent errors in the- _ )
calibrations when drop heights were used which simulated the :lmpact
energy of hailstones of equivalent diameter. Initial testa using steel
and ice spheres of the same diameter indicated no differences in hsil-
pad dent size or shape,

(10) Rain dents | ‘ ‘ o , .
The field project anaiyses proved that \;ery light dents on

hailpads made by rain drops were casily distinguished from hail dents.

.

2.2 Derivation of Equations'
| Amed with the above assumptions, we will. now proceed to &
derive the equations necessary for the calibration of the hailpads.
“In Figure 4 we consider a sphere/ of mass M, diameter D, and density
f falling with a velocity W, and ecceleration a. through air of
density ,; which exerts a drag force FD ,» On the sphere in ’the

A ]

oppbsite- direction.

oo
. .» . - FD . . . . . ! . -
o - Figure 4. Forces |acting on a -
‘ sphere falling freely -
mg

For this simple model, the equation Bt | mot:l.on for the sphere, .

neglecting buoyancy, may be written as

f'ma::: ,""_‘ %t! = m9 " F o (4)/
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NOTE: The negative sign appears on the L.H.s. of Equation 4 beceuu',,c;.,
Wis considered to be negative vhen g;;%c;eg dqyuwe:dl,__mﬂg,mmhmﬁ;,_wriftii.

The drag force is fouxid empiricelly to be related to the air -

and heiletone parameters by . .
. Fo':%"AKCD{&W‘ O

where /A is the cross-sectional’ etee of the body projected nornal to
ey <
the air-stream, and <:° ie the drag coefficient between the eir and

the body. The drag coefficient is generally a function of Ehe Reynolde

number (see Figure 3). Thus, for a sphere where .

A= 11_0‘ m= %’f e

we may write Equation 4§ as .
- ' ' z.‘ . * N
-] =t L= — . (7)
-a _‘Md.t =g - 3Gy |
For convenience, let | _ .
A o S (7&)
, ‘H" D 4 - R
Fquation 7 immediately yields the terminal velocity W -'u,r.,.
. 4 . . - - ‘- i i

»

which is achieved’when‘the net forces ecting.on the sphere are zeto.

L
e

ce, '-Q-:..O""‘: 9 __A WT’--

- “ o . -, B

.

( C We=(§ ) ( ‘ D)

‘,r_,_\‘



other parametera of Equation 8 being held constant, _'_J

. )
‘.
. - - .
. “

| A
We now have the terminal velocity expressed in terms of [) s the

[

At any moment during fall, the kinetic ehergy EE, of the

sphere can be derived ueing Equations 2 and 6 as
v . y ,
—q4fD\ 2 .
F= — W, ) .
while the momentum1 (:), in

Q=lgpjw o em

On impact (subscript I) at terminal velocity, Equations 8, 9,

| EI: (%)D* - (10) -5‘ |
N QI_ 1’—‘&‘&)‘13"" e

¢

and 9a yield
and

.One should now be able to drop hailstonds of knoun sizes onto

/ P

a bailpad, and from the correspgﬁding dent aizes, establish aimple

relations between dent. diameter and the parameters of bailetone ‘size,

mass, impact energy, and impact momentum. But this presupposea that

H

- the dropped hailstonea attain or nearly attain terminal velocity. ‘Can

such velocities be achdeved to make calibration practical uains hail— '~"

stones or iee spheres? To answer t\is, we need to derive an equation .

L h
o

for drop-heights. From gquations 7 and™8 we have

v

» .‘/9 ' ! Y P .
;The standard physics notation for momentum is P. Q is used here to "
avoid confusion with-pressure and/ofdensity. - = . e



Equation 11 is}to be'integratedvtrom»a small height h, (small enough

to cqﬁsidgr the air density constant over the range of integration) )
dbwn:to an artitr;ry referente ievel,vz = (, not necessarily at

ground level. Before doing this,we note that we are invoking severai

of the assumptions of section 2. 1 in particular, sphericity, constant
drag coefficient, cpnstant hailstppe densaty, gnd constant air density
_éver small height changes.. We are als;Aneglectiﬁg the fact that for

a Short.periodrfollowing t = 0, ke &< 103 such that C ié~not constant.,

All assumptions become valid, however, shortly after t = (0, - With

this in ﬁind we can carry out the integration of Equation 11 arriving

-“il(w%)

Ay
R S

o v \:'I

.
Il

W

1.5 2 DU
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where we have let = =~ ™

- f ""‘% ' a3

which is the fraction of terminal velocity attained.

<>

2.3 Calibration Design

The practicality of calibrating hailpads with real hailstones
can now be determined. (For example, suppose one wishes .to drop a
2-cm hailstone from a height from ﬁhich it will attain 95 per cent of
‘terminal velocity (equivalent to 90 per cent of terminal impact energy
by Equa;ion 1), |

_Choosing P, = '1.05 x 1073 g en™3,

- CD = .60,

‘ and p = .89 g em”3,
lthen by Equation 12, the required drop-height is ﬁ = 43,3 meters.

It should be clear that such drop-heights are out of the
quesg;on since even a large hailpad would be difficult to hit, while

=

one would have to be concerned also with drafts. and cross-winds. -A‘
reesonable:elterna;ive wh;ch other authors (Schleusener and Jennings,
1960; Changnon;01969f have also chosen, is to simulate a hailstone 8
impact energy with denser smooth spheres (glass and/or steel) of the
same diameter. Drop-heights for such spheres are much lower because
the fraction of terminal velocity, f, will be much lower. ' 4
Using the subscript 's! to identiﬁy the parameters of the

h

'simulating sphere » then from Equation 9,

E,=%(’P’Wf =T ¢ w,

W

L]

L 2
. \

€
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Since .we require that ‘D, = D, then

s . . - N - - ' . . . - v ,v ..
A

-— : ’ 14
If we wished to calibrate the hailpad by simulating a hail-

stone's impact momentum instead, then we get from Equation 9a,

W= w,

Knowing the theoretical terminal velocity of the simulating

sphere, W&S from'quation 8, then by Equation 13, to simulate impact

»

energy;.

W ‘)'/z We o |
’CS’W;"‘A('& Wes. @
or to simulate impact momentum,

'fs:?l’:' %}T} L O aw

~ .

The drop-heights are then calculated by Equation 12; 1i.e.,

,hs =‘—‘¥§é In(i "fsz) : »

(16)

. It was assuﬁed that ‘the drag coefficient for the simulatlng
shpefe, CD;’ was that of a'smpoth sphere as sho?n in Figure 3, i.e.,
CﬁS f ;45 + ,03. This is valid'only:in'the'range 6f4Réyﬁolds numbgrs,'
103.to 2 x 105. We shall examine this furthéf in Chaﬁter'III to see
if the criterion is violated in the case o£ the . simulating spheres.
Fornthe_preéent, let”ué agsume that this drag coeffiéienﬁ is vglidL
| From tﬁé foregoing equations? tablés of dfop-heights ﬁere
compufed foi‘combinations‘of different hailgﬁone htag coefficien:; of



g 28
. -

1

45 to .75 in increments of -.05 and different air~densities of

1.02 x 1073, 1.05 x 1073, 1 085 x 10 3, and 1. 12 x 1073 g cm 3. The“'”“““‘”:'

air densities are typical of Central Alberta on hail days. The ‘drop

heights vsried lirtle for changes in air density, go that a single

A’x.value of 1.05 x 1073 g cm "3 was eventually chosen. The resulting

'teples'with drhg coefficients of .50, .60, and .70 can be found in

the Appendix II (Tables Al, A2, and A3, respectively).

2.4 The Hailstone—Hailpad Collision

The immediate goaltof calibrsting the hailpad is to establish -
a relation‘between the dent size and the size of the hailstone which
made it; Before deriving an empirical relation, one should look at a
| simple model~to see what form this relation will assume. Figure 5 then,
is a simplification of a. vertically-falling spherical hailstone, of
" radius RH’ which has just impacted withqut bouncing on a’ hsilpad and -

caused a dent of radius RD’ and depth d.

Figure 5. -Theiﬂeilstone—ﬂeilpad Collision
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It is assumed that the elastic limit ‘of “the hailpad material -

18 'eicee;de‘d"v;:ﬁeaany‘ﬁaiﬁcope“‘impéécs';" i.e., t’hé’dént’”ie 'noﬁ;r‘e'ailléﬁE'"“'”""'""'"

- and dOes'not change shape or size later. Thus the dent: parametera ‘are
solely determined by the hailstone size, _shape, and impact velocity.‘
We can .therefore write the volume V of the dent in Figure 5 as the .

_ volume of the spherical cap, or from -geometry,

\/=-—1Td (3R d) J-11wl(3Ru+ﬂ') " ?1*’,'.

from which

tyd D lrd D L
: “where _ DH and D, are the hailstone and dent diameters.
It is reasonable to assume. that the dent volume may be pro-

portional to the kinet:ic energy absorbed by the styrofoam (confimed

| 'by t:he calibration results presented later) Hence, for no bouncing, ,
E éf -q# D H & V ’ or, D x V ‘,_‘
Ve may negleet d in Equation 18 (to a fw order approximation)

such that | ‘ d -— DEz
S . 4

Substituting "this into ,Equ,ation 17,



. "v-

::» DH = (cgnstant)/D*/s o (19)

an almost linear relation, the same reault obtained by Lozowaki (1974)

' x! ‘ This approximate linearity is. most likely to break down as

i

hailstone diameters approach the styrofoam thickness (one inch in

r

this project), at which- point these.hailstones start breaking (rather |
than crushing) the styrofoam. An empirical relation will still be '

valid, however, up to the point where the hailstone passes through the g
'hailpad i. e., approximately where the hailstone radins equals the

‘hailpad thickness (two-inch diameter hailstones)
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WALE the west uundom are Amuhed Hulpad i
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beveeeres MAS. Zolememch‘)H .

- 3.1 The Choice of Hailpad Materials
The styrofoam padding and the aluminum foil covering of the

hailpad both absorb a portion of the hail impact: energy. The foil

absorbs. most of ‘the energy of small shot-aize hailstones, wh:lle the

relative energy absorption by the styrofoam increases with hailstone

size.- For grape-size and larger hailstones, most absorption is by the

e -

| styrofoam and one must even be concerned with energy absorption by the
B surface underlying the hailpad. , This last effect is/a f.ield project
problem which will be discussed 1ater._‘ These and factors such as L
water absorption and dent resilience of the styrofoam and aluminum i

‘ foil strength, meant that the combination had to be carefully choﬁ

~ after many tests and calibrations, and that this combinatipn could not

_be altered later without fnrther calibration. . e % -:
_ | ~Utility and availability quickly narrowed the choice to two o

] ypes or styrofoam used in building insulatioh, and three types of |

aluminum foil.v Some particulars on thEse materials are given :l.n ‘l‘able 2."/',';:‘_
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3.1 The Ghoice of Hailpad ‘Materials - |

‘ | - The styrofoam padding and the aluminum foil cover’}g of ‘the
hailpad both absorb a portion of the hail impact energy. Tbe foil
'absorbs most of thg energy of small shot-gize hailstones, while the
relative energy absorption by the: styrofoam increases with hailatone
size. For grape—size and larger hailstones, most absorption is by the o
vstyrofoam and one must even be concerned with energy absorption by the
'surface underlying the hailpad. - This last effect is’ a field project .A
problem which will be discussed later. These and factors such as |
:water absorption and dent resilience of the styrofoam and aluminum ~
foil strength, meant that the combination had to be carefully hhn!’m

- after many tests and calibrations, and that this combinaii.ion cou.l&not'
“be altered later without further calibration."r '_;f "d}iﬁa‘-d .

Utility and availability quickly narrowed the choice to two

types of styrofoam used in building insulation, and three types. of ‘

' aluminum foil. Some partieulars on these materials are given in '.l’able 2.' _
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' Table 2. Available types of styrofoam and aluminum foil
tested for-hailpsd construction. DR

w

o L : Average . Maximum
Brand Name ; Length & " Compressive . Water
and Manu- Width* Thiékness** Density* Modulus* Absorption*
facturer (ft) (4n) - (1b ££73) (b-1n”2) (X by vol.)

Styrofoam' o : : SR . R o
*FR, 8x2. 1 .19 . 1000 o 0,25
DOW Chem. , ;- o - o
Styrofoam ' - o S _ _ .
 Foilrapp, 25 x 1% 0007 NARAE D NA M
‘Foilrapp o : ; - :
Ltd.: .

QL

Reynolds Wrap, 25 x 1.5 .0010 NA - NA NA
Reynolds Co. Lo , S T
Can. . . ) A '.“ ) . E ) oo
ALCOA, - - 25 x1,5 .0010 Na ' NA NA
Alum. Co. of - ' -
America

« *Manufacturer 8 values, Dow - (1972)
**Values measured by author. -
. kk*Not applicable. . B &’

. Some material tests ./ . - . I .

_Density checks on several.samples of Styrbfoam *FR’gave mean

" values of ,029 g cm™3 (1.83 1b fr™ Y, close to the manufacturer 8

, values. Buoyancy in the air was considered to be negligible.
The compressive modulus will determine the rate of styro-‘
foam crushing as a sphere impacts on a hailpad. Although-no attempt

was made to measure the compressive modulus, the manufacturer 8 value

LS

| for Styrofoam *SM may be an overestimate relative to ‘the *FR" type

‘(depending on what SAE standard wss used), since smaller dents were )
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measured on the *SM type for equivalent spbere sizes and drop~heights,¢ o

“and the *SM type 1s . a denser material. ‘

©

The water absorption of styrofoamvwas checked for two reasons.

~

-

First, in order to see vhether.dent sizes were affected by such absorp- -
tion, two dented hailpads (*FR type) were submerged,in’water overnight,f

" There were no detectable differences between dent siaes-before and

f after. The‘second reason isvthat any significant-water absorption'

" will-affect dent sizes on impact. Two more Styrofoam *FR pads were '
soaked in Vater. The increases in mass (and density) after aoaking

and wiping off excess sutface water were 16 and 34 per cent. These

\
. represent water absorption increases by volume of-

and 1 per cent
- respectively, about four times the given specification. Spher
dropped on these uncovered wet pads yielded dent diameters 3 to 10 T~

per cent smaller than those on uncovered dry pads.

Styrofoam choice B

A comparison of dent sizes on. both styrofoam types is given
in Table 3.v The values weye obtained by using steel balls to simulate
" the impact energy of hailstones for which the drop-heights are given
in Table A2 (Appendix II) There were 12 trials: for each’ dent diameter, )
and the standard deviation for dent diameters was between .005 and
.020 1in. B S
For spheres of diameters < .5 in, the simiIaiity of defit . sizes
between the two styrofoam types suggests to the author that the aluminun,‘
foil absorbs much of the impact energy. For spheres of .5 to 1. 5. in, the -
; dent diameters on the denser, smooth surface *SM type are noticeably |
| ,smaller: Here, it would seem that the spheres have enough momentum . to

overcome the foil resistsnce, and most of the energy becomes ahsorbedr,c,



Table 3.  Comparison of dent dismeters on two different
styrofoam types, covered with- Reynolds Wrap
aluminum foil, - The drop heights (Table A2)
"assume a drag coefficient for hailstones of =~~~ T o7
.60, for a smooth sphere of .45, and an airi '
. density of, 1.05 x 1073 g cem™3,

Sphere Diameters (1n) ,0.25 - 375 0.50 0.75 1.00 1.50 2,00

——

-

Styrofoam Surface Average Dent Diameters (in)*

Type Structure
" #FR . cellular .10 .21 .33 .55 . .82 1.43 1.98
ASM dense, 12 .22 .33 .49 .76 145 1.96

smooth

»

 *With regard to the units and accuracy of dent messurements in
this dissertation, see Appendix I.

-
-

by the styrofoam. Hence, dents are smaller for the denser *SM type..

Spheres 3>1 5 'in, have enough momentum to start bresking through the

lﬁeam and significant differences in dent sizes between styrofoam types

i

" were not observed.

"

The surface of the Styrofoam *SM. type, however, wvas found

lto be qdite resilient; so much so, that haﬁing dropped a sphere:of'

‘one~inch diameter or. 1ess, the styrofoam dent all but P o
within hours. When this occurred, the foil dent was also distorted. R
- For exsmple, the average dent diameter- for the .75-in sphere of
HTable 3 dEcreased from .49 to .40 in by the next day.v The *FR type
- did not- suffer from this drawback. For this reason, the Styr\foan o
*FR type was chosen.for the 1973 hsilpads.-»Hereafter, unless othifé\\\\\\\; :

wise specified, the mention of styrofoam, foam, hailpad, or pad, will ™

imply the *FR type. -



B Aluminum foil choice R / S
" One may ask why the styrofoam should be covered with sluminum

» foil at all, since one mnst then consider the hailstone impacts to |

be shared between both materials, lhere are three reasons for the

aluminum covering:’ (i) Although‘the'water absorption properties of

the styrofoam are‘low, the cellular surface structure'tends to collect - )
water, so that when rain and hail occur together; the compressive

modulus (and rate of crushing) of an uncovered hailpad will change

somewhat near the surface, thereby inValidating the calibrations.

With the aluminum foil covering, this problem is alleviated unless

the ‘hailpad becomes immersed in ground,water. (ii) Tests. showed that
'one-week exposure to sunlight of uncovered pads changed the chemical and i
physical proPerties pf ‘the styrofoam in such a way as to significantly re- _
'duce its density near the surface, This resulted in larger dent sizes.
Extreme heat would probably cause Some of this effect alqo. The

‘bright aluminum foil acts as a reflector for both.x (iii) The rough

“and cellularxsurface of the Styrofoam *FR made it impossible to detect

all dents from sphere diameters of '<3/8 in (i €., shot and pea size) .
 This was borne out later while analyzing hailpads from which the foil

had ‘been torn by wind or birds. MEasuring small dents was certainly

not a problem when the hailpads were foil-covered for even rain dents

cOuld then be distinguished o
. During the aetual'field project, other reasons for thevfoil,g

s

e’

1Preliminary tests for the l97k hailpads indicate that sanding the .
surface of styrofoam *FR may alleviate this problem somewhat.. -

.



covering.ﬁere realized: bird pecks, eagily distinguished from hafl

dents on the. foil ‘sometimes could éf”bE“diffsrenttatsdswifh—ths“foii““;f“m—
off, though undoubtedly, the birds sttractiqn to the hailpads was '
due, in part, to the bright reflection from the foil. Finally. some
small animalu, particularly dogs, were prone to relieve themselves
on the hailpads, and in cases where the foil had previously been torn,
the effect was similar to that of sunlight,
‘Thus, some form of coveringlfor the styrofoam aﬁpeared
.necessary. Painting the styrofoam'might‘be an diternative, but this
project stayed witH’aluminum foil as used by others. o
The choice of aluminup foil was based on (a) resistance to
‘tearing on hailstone impact, since minor tears would be magnified.by
winds, and (b) cost. Table 4 compares dent diameters for the three |

‘J/%
different aluminum foils. For this test, the. drop—heihhts of Table Al.

Appendir iI; weré used. The dent diameters are an_sverage of 12~

trials each, for'which the standerd deviations raried from .005 to

.020 in, 0

Hailstones striking the two heavier grades of aluminum foil

did dot4penetrate as deeply. This results in smaller dent sizes and '
"'greater'resistshce to tesring. Forothe light~weight Foilvrapp brand.

a steel sphere of 9/16-inch diameter tore the foil Withﬂa large

number of impacts stretching the foil, even 1/2~inch gspheres caused

®tears. The heavier brands absorbed many impacts before even spheres S

of one-inch diameter or larger started to make small tears, and thnn //

only at the bottom of the dent. The ALCOA brand, however, was avail-

able only from a scientific supply company, and was nore than four

\
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‘Table 4, Comparison of dent di.metars uning tﬂree different
brands of aluminum foil ‘on'Styrofoam #FR.. The

- -drop~heights (Table- Al}—anaume a drag- coefficicn:

for hailstones of .50, for a smooth sphere of .45.

and an air density of 1. 05, x 10 3 gem™d

+

Sphere Diameters (in) . 1/4 3/8 - 1/2  9/16" 5/8. 3/4 .
Aluminum Measured\ o , - LT : ? T :
Foil Brand  Thickness ‘ + Dept Dlameters (1n) -
(in) ’ '

Foilrapp .0007 A5 0 .27 . .38 .46 520 168
~ ALCOA .0010 L1 .22 .36 .40 46 .59
Reynolds Wrap ..0010 iz . 26, w36 4D g ST

L 1] -

°

times the cost of the househola Reyholds Wrap, with no significant

differences in quality between the two,, Therefo:e, the Reynoldé wrap.

being readily available at who]}esa.‘l.e or retail stores, was chosen

for the\hailpads. !

3.2 Calibration for Vertically—Falligg Hailstones

The simulation grobigg

Two more problems had to be resolved before the final

X
~ca11bration could be perfotmed' (1)'What errors result-fron uains
' spheres of different density (see assumption 9, Section 2 1) to

simulate hailstone impacts, aince it was shogh (Section 2. 3) that

it is not possible to use’ hailstones aloné for the calibrationt

(ii) Are real hailstone 1ﬁpa4ts best simulated by 1npact youantun

R . A , * 0
or impact energy? ‘ L : R
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To anawer»these questions, preiiminary calibrations were
.performed for both momentum_similation‘and energ& simulation of hail-
atones. To do this, thegdrOp-heights of Table Al, Appendix II.(assum-
p = ,50) were applied using hoth steel and glass‘spheres._ In
addition, ice spheres of average :iameters +55 An,’ .74 in, and 85 in,‘

ing C

were dropped from a height of 34 5 meters (a 10-storey stairwell) onto
" a hailpad. From this height, these ice spheres should theoretically
achieve 97, 94, and 92 per cent reapectively of terminal velocity.

Figure 6 shows the relations obtained between dent diameters and

43

," sphere diameters_for these'experiments. ;The straight‘lines are linear

approximations'obtained by a leastpsquares method, which did not

»..'v- ke

include any of the ice sphere data.

°

For momentum simulation, Figure 6(a), there are three

. relatiops, one each for steel, glass, and ice. For energy simulation,

" Figure 6(b), although some scatter appears, only one relation is evi- o

dent and all points, ice included, lie approximately on the same

-

line. Thg reason for the differences between (a) and (b) is plain

if one accepts the reasoning of Lozowski (1974) He showed that the

1

dént depth and diameter for the type of s%yrofoam used are functions

-

of the kinetic enérgy and the diameter ‘of the sphere alone, but not of _

“ the momentum and sphere diameter_alone. In the latter csse, another

vvariaBle is required suchvas sphere density. Figure 6 is verification -

o

for this, since in 6(b), a11 spheres with the same diameter and the same

'energy made - approximately the same dent size, whereas the spheres of _
'Figure 6(a) had different energies (but the same momentum) and produced

different dent sizes. ‘Also, if the ice spheres had impacted with

terminal velocity, then the spread betveen the relationsefor momentum -

. .
. . . . .
s
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simulation would be greater, while the scatter for emergy simulation
would be less. ' : :

As a check to see how.the assumption of a constant drag .
o - .

coefficient for smooth spheres . (,45) affect calibration, approximate
Reynolds numBers for.ﬁhe impacting stee13and‘glass spheres were com~
puted (from Equations 3, 15, and 153).7nThese Reynolds numbers, aloné

with the corresponding drag ¢9éffic1eﬁts from Figure 3, are shown in

Table 5.

1

Table 5. Reynolds nuﬁbers, Re (x 1073, on impact for the
. steel and glass hailstone simulation spheres of
Figure 6, and the corresponding drag coefficients,

CDS,,from Figure 3.

‘ ' Diameter (in) .25.., , .50 o7 | ©1.00 )
Simulation : . - — - -
of Impact Sphere Re Cpo - Re Cyo Re-_‘v.‘s Be . Cg
‘Momentum. steel  0.52 .56 1.40 .43 2.70 .41 4,00 . .41
Momentum  glass  1.56 .42 4.37 .41 8.10 .42 12,40 .42
Energy steel . 1.48 .43 4.22 41 7.80 .42 12,00 .42
Energy . glass 2.63 42 ~7.40 .41 13.50 .42 20.90 .44

) . .“.““ : . -

Table 5 suggests thaﬁ_a sligﬁ;ly lower value of drag co-
efficient for smooth spheres (CDS - .ﬁ251f}%ﬁihi‘iaygwpegﬁ.ngre '
. ’ U . ) LS9 ',.; : .
accurate for diameters less than Qné inch. The values of drag co-

1

1The final calibrétion (usiﬂﬁ'cbs = .43) had alréady beén,pgrformed
when this aspect was inspected, and resultant errors were found
to be negligible. o ' S

C

T



o

efficient in Table 5 may account for some of thﬁ scatter in Figure 6. - :
Calibration uncertainties due to this effect will be discussed in .

Section 3.3, . . .

Final calibrations ' ‘ ‘ai

S

' Although the range of drag coefficients for hailstones in

free—fall 18 .47 to .73 under normal conditions, a final single value'
had to be chosen. Figure 7 shows how the terminal velocity of hail-
stones vary over this range of drag coefficient whiLe Figure 8 gives
the variation of impact energy over the same range. The differencea
in terminal velocity and impact energy between hailstones with C = .60

and,those with higher or 1ower drag coefficients (under normal conditions),
are a maximu; of about 5 per cent and 10 per cent respectively for hail- _{'
stone diameters < 1.5 em. For such diameters, these différences are'not
considered.to,he'serious.‘ Furthermore, ahout~90 per cent of the hail;
stones of\Central Alberta_have dismeters < 1.5 cm (Paul, 1967). More.
important perhaps, 1s the fact that_overallisamnling errors should-be
virtually’smodthed out by sheer;numbers, since for a given hailstone,'drag»
coefficients will hev>v .60 forfsome hailstones, and < .60-for otherBI{

| In'order é%}check on other possible variations due to thisf:
range of drag coefficient, calibrations were performed for CD ',.50,‘
.60, and 70,,using Tables Al, A2 and A3 of Appendix XL Figure 9
displays the resulting relations between dent diameter (DD) and sphere."
(or hailstone) diameter (DH) . The curves_were smoothed by_a»least
sguares second»order polynomial, using a method'of'kuo (1972).,'A‘

‘e
e

1It is assumed that the measurements‘hf hailstone drag coefficients

. are typical of hailstones in nature. Otherwige, most could have
o CD < .50, or. CD > ,70 for example. o
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HAILSTONE DIAM.(IN.)<

’ Figur'e 9. Dent diameter vs. hailstone diameter for drag coefficients

- second order polynomisl was used instead of a linear fit since th:l‘.s’

AAAAA “D

1.60.

s [ L
L4 ad - T

: 2. 80 1,00 L2

0.60

0,40,

%o oz 0w o o Lo - Leg .,_,‘t".uo..'
e DENT DIAM. (IR S

W,

of .5, .6, and .7. Plotted points are the original data

for. CD .60. >

4
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‘

follows from the discussion of the collision process. (Section 2, 4),

regarding sphere diameters kl inch. The small curvature also sgrees

with the result of I..ozowski (1974) that DH o D45, 'I‘he calibration

/ S

data points for C .60 are also plottsd onto the graph while all of '



s

el el b C»s

the data for" the three ourveeappear in 'Teble“ A4 ‘of Appen‘dix II.

The equations for the three curves of Figure 9 are:

DH = "' 08 DD +1 oq DD + 14’ (for ¢y rSO)_ .h '(20)"

 DH=-.09DD 4+ 1.1t DD, + 15 o ey 0 @
DH::"'ZH-‘ DD:+130 DD1+ .13 (for oD - .70)" ,. .('22) -

-

3. 3 Calibration Errors

The assumptions made in order to calibrate the hailpads

~

oreate uncert‘ainties in the analys_is of hailpad_ data fron hailetorme.
AlthOugh no drastie'\_erro;r edUrces have been noted eo far, 'it‘ ‘seemsv ‘
logical e't tllis point vto-sunnnarize_vthe uncertaint'ies,. vhich are of ;
two_.types.", | o |

Errors due to choosing physical constante

First, we look at the relative uncertaintiesl in a heiléf '

- 'stone s terminal velocity (\Mr) and :meact energy (E,), due to
. the assumptions for hailstone density (L), air density (f¢ ), and

drag coefficients (C, and C“ ). By Equations 8, 10, and 16, we . SR

have for a given hailstone,

]'Eor treatment of ert‘or analysis and the calculation of relative un- ‘.
certainties, see Baird (1962) for example. : v :

44
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 where DD is_tﬁe dent diameter produced by a hailstone of diemeter DH. -
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e ,-=,~,»\'~7‘=c.wm-:. :

Furthermore, EI ‘ potential &ergy atwhﬁ) - mg h; . if we neglect vl

u)ﬂ‘- )

any frictional ‘loss of energy to the air. Therefore,
d

E 0( Cos " and W-r°( Co“’/f j

Table 6 now summarizes the uncertainties. , o 4

-

_Table 6. Uncertainties in the calculated valuea of terminal
. velocity (or impact ‘momentum) and impact energy, .-

" due to the calibration assumptions for p, o ’"CD’
. .and C

DS’ -
‘Normal for Hail Conditions Max., effect on calculations of
Assumed Expected Fractional: ‘Terminal Vel.  Impact . ‘
Parameter Value Variation Vardiation - or_Momentum ‘Energy‘”
R o I , L
P - 0.89 +.03 "+ 3% o *1.5% + 6% !
: g cm™3 . : , S
p,  +00105 - £.00007 s+ F3.5% CF T
gem? S .
cy .60 . 10 7% . ST FIX
Cps 45 £.04. 20T FeST X8
Maximum combined o L Le. - -
‘effects of } Pr Pgr Cp» and Cpg : _*18 2 3 392

It should be emphasized that the combined uncertainties
represent the maximum error, due to theee assumptions, for a singlev:
'hailstone. When considering say, the total impact energy of severall
hundred to several thousand hailstones, then combined random errors f'

in p, CD’ and C DS tend to .cancel out; i.e., the final error in the _

LR

"mean of N measurements of a quantity, each with error E, is Bf -



(Spiegel 1961)‘ For example, some of the hailstones may have a - :

"density of .86 g cm 3 due to trapped air bubblea, while others may be

almost pure ice, say a density of .91 g em™3, A systematic error )

is possible of course,where all the hailstones from a given portion

~of a storm have density > .89 g em 3, But, the greatest source of

actual error here in fact, may be.the air: density, epending on howu

close it is to the assumed value. ‘ Co ‘ i

Errors from operationsl problems /} 6

- Two operational problems'may leadvto'additional errors uhen

the calibratioﬁ is enployed The first of these involves the absorp- o

-tion of impact energy by the surface underlying the hailpaa This

'surface may be considered to act in somewhat the same fashion as a’

:“surface, but the absorption can be: significant for larger sizes.

- the’ calibrations used we;

'a hard surface'such as that pro

spring. As previously mentioned the hailpads of this project were

nailed to the ground, mostly on bare earth, sometimes on softer, more

:energy—absorbent, low-cut grass.

For‘very small hailstones, energy'is absorbed mainly by‘the%

%saluminum foil. and results are. therefore not affected by the underlying

Table 7 gives: calibration results for three sphere sizes with hailpads

placed on various surfaceb :
{ .
The importsnce of using one- type of underlying surface is

: inmedia‘ obvious from Table 7. Differences between grass and soft

earth, the condit onsg for this 1973 project, are negligible, although

those performed‘on-the tile floor, since -

| by a stand had been anticipated.

Thus, hailstone sizes quoted in the resul may be 5-10 per cent too _'

'low, meaning energy valuesg(where EI a D“)'could’he\gp~40vpet cent too

.
\\\

~

“o
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Table 7. Hailpad dent variations caused by different

underlying surfaces.'

47 .

;75M;“”m_,,n

for 8 trials each

Sphere diameter (in) | .50 625
Mass ratio, hailstone/hailpad. 1,32 “ 2.5% 4,3%
- Terminal Velocity (m's™1). . 15.3° - 17.1 18.8
“TYPE OF UNDERLYING SURFACE DENT DIAMETER (IN)
Lying on: : N ‘
Tile floor (May, 1973) .33 IR 1 55
' Tile floor (July, 1974)% .35 .46 .58
. Clip ed onto l-inch plywood, Ca 1 .
1-ftg, and nailed on post - _ +36 fés'* 37
Lying on conerete ® 35 .45 .57
Nailed onto: ' S S
Damp, loose sand .33 .43 .53
Soft earth (veg. garden) 34 S W4h2 <51
Law-cut grass .33 W42 .50
Maximum standard deviation 015 | .023”

. 0021 ' o' .

*The second ‘calibration on ‘the tile floor employed~hailpads from
the previous year. Some aging process 1is suspected which may have
- gslightly decreased the surface density of the atyrofoam giving the

larger dent sizes.

low. The use of a single type of hailpad St%fd may give slightly

BN

%\\

- ®

‘more uniform results, but.most error here can be eliminated simply

!

., by using the proper calibration data.

The second operational error aource cannot be handled as

easily. This is the problem of wind-blown hailatones, to which.we

:shall now give special consideration.

—-—



- of this hailstone.

3.4‘ Calibration for Wind-Blown ﬂailsfones

| A major hailpad Eroblem o '
Up to this point, the discussion has implied that hailstones

in nature fall straight down, i.e., without any wind effectg., Such an_

assumption would be tbtally unrealistic, While.voiunteer reports ofteh

indicate little or no wind during a hailfall observationa of winds in

excess of 40 mph (> 18 m s'l) during hail have frequently been re-

Consider a simple model of a hailstone of mass m and’ diameter

,,;alling'with terminal.velocity Wi;@in a horizontal wind, WH" It

18 aéé%hed that the horizontal velocity component of the hailstome

équals the wind speed: Figure 10 describes the velocity cor _gpents

WH(.EH) " - o l

‘Figure 10. A hailstone
falling in a
wind.

""- ’ '.(En) —

The total i_mpgct, ener_gy’l EIT’ is given by = ..

CEx= %m(w +WT) B ,‘”’

where B - o
WH%‘WT‘taAG; e

1Henceforth we shall call. Ep = -mWT and EH - ;-mw 2 the vertical and

o

e
L
) s
\‘ .

horizontal 'partitions respectively of energy., : S 0'

. s

L 3
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It is quite pos’sible to have Err - SEI H e.g., if
Wi = 50 aph = 2235 67!, ana D = .25%n, for which ”
’wr- 10.83m s ’1", then EIT > S EI This means that the
. contribution of wind‘togthe total ‘impact energy can_be quite sig—lf
. pificahtL | . | ‘ |

N . " " _ .
Non~circular dents

The added horizontal velocity component results in a‘greater
impact energy than for the same hailetone without. .any wind, and there~
fore tends to make an elliptical deﬁt of larger area on a hailpad. The
minor axia_diameter:of'this‘elliptical dent, because of the-larger impact,
euergy;pshould beva close approximation to.the diameter of a.circulAr demt
made by the same hailstone without any wind In other words, it.ia hypothe~
sized that the minor axis measurement yields a measure of the vertical
component of impact energy,’EITOnly, and not of the total energy, IT

To validate this approximation, hailpads were calibrated at

-various impact angles, 80 that the minok .and major ‘dent axes could be e
related to-sphere.diameters." -

The method

1f we were interested only in. the total impact energy, E,.. -

then hailpads would have to be calibrated by simulating the total

PTaNy

impact energy corresponding to various size hailstones and various L 1_4*,
-wind speeds. This would imvolve varying the angle of impact and the .

emergy aimultaneoﬁaly,-a,tsme—copsumimg prdceaal. 'Then, hailpad

1Although time-consuming, this aspect of hailpad calibrations shou d .
be :done in order to, accurately measure hailfall occurring with high
winds, - The calibrations for wind~blown hailstones presented here '
_ghould be conaidered only as preliminary work. ‘ .

“\ LI

‘ . TP SERET S o N _
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~anelyais would be complicated by heving to measure both minor and mejor o

¢

.axes, and poaeibly impact angI!a as well. , ) o B ;

<

- Instead, the procedure followed wee to calibrate hailpads for

N .A-

measuring the vertical partition of energy only, i.e., by changing the

. angle of‘impact for a givenvephere diameter while holding the energy.

,D'*’
.minox axesg and thoee to the right are the major axes. As only six trieis

constant; In this case, the same tables of drop-heights could ba ueed

as for vertie}lly—falling hailstones. Hailpads were, inclined at angles -

of 15 ’ 30 » 65 R 60 ’ and 75° ’ and assuming a hailstone drag coefficient

of .60, the drop-heights (of Table AZ) were meeeured‘from the approx-

Ex 3

imafé point of impact on the pad;.as‘ip Figure 11, : o
.\-“. ..... - am oy
. . - N ’ ! , . .%‘
ho( | Figure'll. The drop-heights
S . S} o or calibrating -~ |
7, » S heilpads for wind- ,
' -~ blown heiletones.

The final relations between dent axes and heiietone diameters

for given impact angles are shown in Figure:lz. Onee agein,'thezdata

‘have been smoothed by;the leastAequaree seeond‘order oolyqomieliapprox- o

imation mentionéd eerlier. The'b°-curve of course,'is the cdrve for«

.

Ve .60 in Figure 9. The curves to ‘the left of this represent -the

£, it

'\were performed for each dent, he etandard deviationa o£ dent)meesure—

ments varied from +005 upto .085 inéh Hence*‘at amali hailstone

diameters some of the smoothed curves of Figure 12 cross.‘ . ;" .- \:‘
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P Analysis erpors due to winds

Since onlythe vertical partition bf impact energi‘is BT

-~ ‘ o
‘simulated in Figure-12, the dent axes are therefore underestimates RIs

‘ l v,

of the dents which would occur for such impact angles in a real eventu
1 Q ,"
For.. impact angles up to 45 in Figurg 12, the minor axis does notl ;

v

differ too drastically from’ the dent, diameter of a vertically—falﬁang -

. 14 [} . . '
" hailstone with the same - energy (the 0% curve) In fact, if ‘U’
g {

; total impact energy for a given haiIg;one size and ‘wind speed

w B

concluded that the maximum error in hailstone siza resulting from the f

estimation procedure would occur for ‘small hailstones in n}gh winds’/

?‘ e . V‘-" Lari

»(an uncertaié%y ~ + lSnper cint) The uncertainty 1s greatest for

,\_~

small hailstones because in a given wind theximpact angle is greatest

ffor these, Maximum errors of +5 per gfnt in hailstone sizes were |
17;, ‘f . o /9

estimated for large.hailstones (D ~ l inch) An erroﬁfof 15 per cent

in hailstone diameter would amount, to an error of 60 per cent in the )

,hailstone 8 impact energy. .

e
///When the minor dent axis from a windqblown hailstone is

assumed representative ofrthe true hailstone diameter, errors will
' - R / . -

usually be overestimateéfﬁccording to the above trials. The estimatedl

uncertainties impl@ a maximum error of _.10 inch in hailstone diameter.
) AX‘W, K )

oy

Such an error is not serious in view of the\fact that dents on hail-

7V

2%

»pads from the‘field projecﬁ‘could only bq,measured to _.05 inch.

A‘ The advantage in using the foregoing estimation procedure

. 1}

for wind-blown hailstones, is that the total analysis time is at{

. - Y “ L ¥ 9 v

-
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i

iswr‘h ' (l)g‘y dropping small ice spheres of known diameters down

e
$

least.cut in half, simce only one axis of each dent must be measured.

In other words, little lost, something gained. O

3
k)
“

3.5 Calibration'Verification o -

Final calibratic's fonnﬂfrtically-falling hailstones were
;_ vprified in two ways.'
a lO-storey stJirwell (34. S m), achieving more than 90 per cent of
heir thebretical terminal velocity. Resultant hailpad dent sizes were -
compared with those made by the steel simulation spheres._
| (2) By dropping larger iCe spheres and real hailstones of
f gnown diaméter in the same stairwell, and recording their velocity

on photographic film just befj%e impact. The dendved impact velocities

N

were then compared with those /obtained by Equations 8, 12, and 13.
_Samples of the ice Lphere;'made for these two expd&iments
both yielded mean densities Zﬁ,o 89 g cm- 3; thus closely simulating

thévdensity of real hailstodes (Section 2,1). ‘ L , ‘o'
» ~ ~ Equations 8 12, and 13 give‘the terminal velocity, drop~
height, and -fraction of tefminal velocity for a given hailstone dia-'

. meter, density, drag coefficient, and air density. For assumed real-

D -
fractions of terminal velocity attained gor various drop—heights and

_ istic’ cénditions (p = .89 g cm 3, C. = .60, and p. = .00105 g ca 73,

hailstone diameters &ere plotted. The results are shown in Figure 13,

. Ly
- ~

v‘i N Dent siz3 vetification

t
T
To recap the ice sphere results of Figure 6, ice spheres

. of diameters {with standard deviations of measurements in parentheses)

55( 02) in, .74( 02) in, and 85( 03)aiqIP wgre dropped in the stair-

fl - . Y - 5 “‘___ - . . .

4
g
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- 55

well onto large hailpads, resulting. in dent sizes (standard devia-

' tions in patentheses) of .36(.04) in, .54(.04) in, and 64( 04) in,

- respectively.

spheres 1is shown_#n Figure 14.

A cpmparison of these dents with those of - the steel

If one allows for a small dent size 

reduction (since iméacts were 3-8 per cent short of terminal velocity),

then the curve for C

1,60

- .60 is a reasonable approximation.’

-+

1.40

i
T

1.20
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+
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Calibratio; verification,fbr-ve:éiéallykfalling hailstones.
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o
Photo verification '

/

In/this experiment, ice spheres of diameters 82( 03) in
and l 21( 03) in were dropped in two trials, their impacts being -

recorded by high—speed photography with a 16mm cine ‘camera operating
-

at 500-frames s . A gridded mirror systommptovided accurate three-

4

dimensional positioning of the hailstones with,respect_to_ths_sgfffff':

Details ,of this system are. described by Lozowski et al. (1974) Im-

pa% velg;ities were calculated by. fellow student, Myron Oleskiw, for ,:

774
those ice spheres which fell within the camera 8 field of view.

\

The physical conditions for this experiment,were as follows:
- s . R S ‘ \
drop-height, h = 34.5 meters; T

—

pressure at impact level, P = 930 mb;

~air temperature at impact level T = §§SOK' .

w

':air density at impact level (calculated for dry air),
pa = 1, 098 X 10 -3 g cm ; | |

acceleration due to gravity, valid at 53N (Weast, 1973),

g = 9é1 3 cm-sfz; : 8 s T -

measured density of ice spheres, p =0.89 g cm 3, " : g'

assumed drag coefficient for hailstones, ,= 0.60.

Approximately two dozen ice spheres of each gize were dropped;;

[

With a total of 12 useable ones appedGQng on film after deleting those

- which" obviously had been obstructed during fall (high impact angles

and low impact velocities, combined with rapid spinning), Table 8 is

i 2 comparison between the theoretical anq.peasured values of the’impact 3‘;

s

AN

Oy

\7 . »\“\.\
’velocities for statistical samples of the two ice sphere sizes.



. _ . o .

Table' 8% Photo—verification of the hailpad calibration ~-a,
comparison of theoretical and measured impact
velocities of ice spheres dropped ina stairqell"
34.5 meters high, Values in parentheses are v

standard deviations of meagagements. S e ﬂﬁﬁ
Mean Mean Veloc¢ities (m s’lj : Values derived from Mean
Ice Sphere = THEORETICAL PHOTOGRAPHIC  Photog. I?Qact Velocitiee
Diam. (cm) Terminal Idpact Impact WT(m s ') CD
2.08 (.05) ~19.2% " 17.6 17.8 (.3) . 19.3 - 0.59
3.07 (.07) ~  23.3% - 19.7 20.3'(.65 - ,_23.9. ‘ - 0.57
*If ghe value of air density, 1.05 x 10 ~3 g cm 3, \been assumed

‘(as used Blsewhere in this dissertation) instead of th megsured value,
then these values of terminal velocity would be 19.6 and 23.8 n s =1,
respectively.

, . . ) e e !

For the few samples used in this experiment, the theoreticcl
- and measured values of impact velocity agreed within the standard i
deviati f measurement. Measured values were slightly hfkher,

Gwl”possibly Eecause the . artificial hginqtones used had smoother surfaces

.
e

_than those found in nature.
| Although these hailstones were dry\duning fall having been
kept at dry ice temperature prior to dropping, current literature on
N hailstone dynamics does not suggest any significant differences in
~ drag coefficients between wet and dry hailstone surfaces,‘except - —
A:near the critical Reynolds number which is not. applicable here -{see
Sectidn_2.1). ' | | ) . _
: From'theiderived values of}drag coefficientriu Table 8, it
‘appears‘that tné”assumedvqonstant Value of .60 for this.elusive |

'parameter was a reasonable-assumption. . v ' ot
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CHAPTERHEV
HAILPAD NETWORK DﬁSIGNiAND‘IN§TALLATIONS' . .
 WUnable to estimate alf the damage done; bring mone
‘ ha&lpadb'" ;......T Houund SMLth Juty 23, 1973.
"The stomnm appealted 2o l:.evolve over here and hailed -~ P
- about four times." .. Roy Johnwn, Juby 23, 1973.. ’
“ -
4.1 Network Design
-, ‘yﬁé .‘_ S}nce this was the first attempt to objectively measure
’W%Aiberta hailfe&l on a re:;onably 1arge scale, designing the network
was one of the ;bjectives of the project. This~inc1uded. considera-
tion'of‘thewdensity and pattern of theahailpad stetidns. For”the | |
1973 network these questions were handled first in a qualitative : : -
fashion, then ﬁompared with the. quantitative results by other re- ’3
'searchers, primarily the studies outlined in Chapter I.

Practical considerations ‘ ‘ . .

For the 1973 ﬁailned'project'the foliowing factgrs bere '
considere&: . , : _dféykf . o "\\ e
(i),Manpowér and vehiele:"Full-time manpgwericonsisrgd;nf/tne

.authnr and one summer student aseistant&using née;yehiéiet.‘uany;of:
the dey-to:day station operatione were undert;ken by‘farming peonie' l
 who volunteered to look after the'éhanging of hailpads after initial _

.installetions."

°
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i

(11) Cost: Costs were minimized by the simple design‘of‘ﬁhe hail-

‘o

pad itself and by installation with two six~inoh spikes intJ!the

i

. ground. The cost per hailpad for materials (styrofoam, aluminum foil,

tape and spikes) was approximately 25 cents. _‘. 7 .Ej

(.

(111) Area of coversge: Two networks were established, o%e in the?ﬁ

-’ T ke :
area of operational cloud—seeding for hail suppression south of Penhold,)_

1

v e

the other in the area~of single storm experiments .north of- Penhold. g;

In addition, ‘the networks were to be within the useful radar range

L.
JA \ »

of' Penhold (about 100 miles), but outside the range of ground clutter

(about 10 mi1es) ) ' . "’ : i }

“ t

(iv) Accessibilityigp hailpad sites by road.

~ (v) Areas of known high hail frequency (as indicated Iy Figure 1).

(vi) Stetion density. Colorado data in 1959 (Schleusener and
Jennings, 1960) showed'thst hailpads located‘two miles or mo e»npart
correlated with a coefficient. of less than 6 5. Changnon (1 695

suggested that at 1east one observation cite per square mile was

. y
nécessary to adéquately meaqare the areal extent of damaging il _ i'

in Illinois.. Supporting thigprequirement Changnon (19703) and

\

Changnon and Towery (1972) determined the average dimensions of a .

'hailstreak' within a 'hailswath' to be 1.1 miles wide and 4 to 5

P
By

miles long. .It was suggested (P.W, Summers and J H Renick %efﬂgﬁﬁl :

[y

PP

communication) that Alberta hailswaths were better defined than in g

IllinoiS'where freezing levels are generally h%gher; hence h ils;ones ’

at ground-level are‘oerhaps smaller and oc?ur less fiequently. I}
Alberts,»a typical ‘damaging' hailswath is two to five miles wide ‘

P N

" (Summers ‘and Wojtiw, 1971); hence, hail detéetors“should be no more .



’

- recorded on adjacent hailpads‘a couple ofbnilee apart o

than five milea apart even if one only wishes to establish whether or .

S

not hail oecurred. On the other hand, values of impact energy will

,range over several orders of magnitude. Therefore, if impact energies-

200 per cent, this may not be too critical.

w

'Network'plan_

Given the above factors, it was decided 'to make‘ ‘each networlt
six townshipsl long by four townshipa wide (orv36 miles x 24 miles =
864 mizieach), Both networks would be oriented west to east, the
predoninant direction'of notion of Albertd hailstorms (Thompson, 1966;
Paul 1967) Hailpad station density was planned to be one per 10

square miles, giving a mean station spacing2 of 3. 4 miles and requiring

" a total of 173 hailpad stations for the two networks.

" This plan included gridding of the‘ stations in checkerboard

fashion in order to make optimum use of the‘station apacing. The

4

.gridding was only partially successful however, sinée volunteer opera—.‘

tors‘were not always available at .the desired locatione.'

4

Acquiring volunteers

Requests for volunteer hailpa%épperators were 1nc1uded in
Alberta Hail Studies' pre-hail-season mailinge.to farmers in May.

'These mailings normally include business repiy hail report cards,

-and appeals are,made to save haillsamples. The request for bailpad

1For an explanation of Alberta's land survey system, see Appendix 1.

2Mean spacing, , of either hailpad sites or hailstones on the ground

has been calculaged in this dissertation by the formula, S = 2A
(Lozowski, personal communication) where N is the o P 7§§
number in area A. v \ , , e
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volunteers was directed specifically at"fsrms vheretsome form of.hail
insyrance would likely be takenlout. This was emphasized so that later
comparisons could be made with insurance statistics on ¢rop damage.
Most farms have livestock to help offset losses in poor seasons. while

large. farms often consist of several scattered holdings, reducing the

-risk of complete bankruptcy in case of a major hail disaster. Thus

many farmers play the ogds with hail damage and do not take out any
hail insurance for which premiums may be as high as 20 per cent of

crop value:fSummers and Wojtiw, 1971). Hence, of an anticipated 500

‘or more: volunteers, only 65 had replied by June 7th, with many of these

outside: the planned network areas.

A follow-up two-week operation of telephone solicitations,

' however, produced several hundred volunteers althOugh this operation

. '?‘,3’
gt

delayed the start of hailpad installations. N oy
\ . .

-
4

N
N

4,2 The Hailpad Field .Project

- . —
- - Installations

Each farmer volunteer (or, as was usually the case, his wife)

£

"was initially given eight hailpads, four six-inch spikes, a number of

ALHAS hail report cards with spaces for hailpad number.and an instruction

csrd Samples of the hail report card and the instruction card are .

attached to the inside front cover of this dissertatign. "”L#ﬂﬂ_;iw;;;i;ﬁ_-w—~ -

Operators were instructed to install thg)hailpad at a well-

'

l eﬁgpsed location on bare ground or low-cut grass by,inserting two spikes'

uthrough opposite corners of the hailpad.‘ One ed’% of the hailpad was

'labelled to face north, 80 that wind direction during hail could be

~inferred." The site was always chosen in consultation with the operatorm _

>
’

5 "
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.. planned networks. However, thrg

. western end of the northern netwd

In most cases this was in_ the vegetable garden,which was convenient for

the operator, was usually well-egposed, ‘and was the leastdlikely-loca-“

?

The directions for pad changes and re~
]

tion for accidental damage.
cording information can be found on the instruction card. L
Installations commenced on June 20th and were completed by
July 13th. In the mearitime, adequate (though'incomplete) hailpad data
were recorded for five storns; on June 25th, Jume 29th, July Sth, and
July 6th in the Sguthern Network, and on July 4th in the Northern

Network. e e N

The resulting main networks

Because of unforeseen delays,”three}townships Qith.relatively

low hail frequency were deleted from thevnortheast corners of the

R
A-townships were added to the

&k to cover an apparent 'hail alley'

near the tOWUgOf Rocky Mountain House.

Thus the final network specifications were: in the?Southetn

“‘-v Vo

-; Network 152 stations in 783 miz,-an average station qensity of one per

5 mi2 and a linear spacing of 2 4 miles“ the Northern Networktgbef

& 7 ‘
'cause‘of the two large,lakes and a sparcity of farms in some areas, . -

°

csntained only 120 stations in 837 miz, or one in 7 mi? and a linear

““=1spacing of 2.8 miles. The detailed lay-out of the hailpad stations

N of both networks has already been displayed in Figure 2. (Chapter I).

Network servicing

‘ During the sunmer; at least'one extra trip was made to each
N
station to replenish supplies and pick up used hailpads. Occssional

contacts were also made by telephone, Finsl retrieval of all hailpads

commenced August, 28th snd this was completed by September Sth. Records

P
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o . _ ,
of 12 more.storms were obtained during the 1 1/2—month period of com -

plete operations (July 13th ta August 27th) for a total of 17 storms.

A

Several other minor storms Jere also recorded but at -only one to three

y

stations per storm. o B .

1

Dense networks ' ‘ )

- 1 -

The representativeness of one hailpad in six square niies
(the average density) must at‘least be questioned. Aaéeoon as problems
with the main networks were resolved, severalidense hailpad networka s
were set up (August lst to 4th). One of these in the Nortnern Network
'consisted of one land section (1 mi2) with 25 hailpads spaced one-
quarter mile‘apart. ‘In the Southern Network, four quarter—eectioﬁa
were instrunented_with 9 hailpads eech,'again spaced one quarter nile
apart. The locations for these five dense networks were chosen on the
. basis of (a) climatologically-frequent hailfall, and (b) local hail -
knowledge acquired from the farmers during the early part of the
summer. These locations are shown in Figure 2,

" Thé denee networks'were~maintained by the author with checks

at least weekly for four weeks. Regular hailpad stations were also

ey

located at each dense network 80 that frequent contact with these 4
operators provided ample notice of any oEcurrence of hail or rain. v \
The northern dense network, designated DNX, recorded'a'severe hailﬁ

storm on August 16th, and a lesafsevere-one on Auguat»23rd. The

V 14
jsouthern dense networks, designated DNK DNW, DNY and DNZ, also re- -
”Jcorded the August 23rd hailstorm. The data from these v - discussed

in detail later, o . -
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Other hailpad dgerationa P ‘ . o v

v
1

-

_év

Five meso-meteorological stations consisting of recording

, ‘tipping-bucket raingauges, wet and dry bulb thermometers, and wind
-anemometers were set up with extra help from ALHAS personnel at B
locations indicated in Figure 2, Unfortunately, it was necessary
to use two~week recorders on these with the result that data resolution
on the charts was difficult for certain crucial periods, d.e., during
hail and heavy rainfall

Several mobile ‘hailpad operations were cerried out. For.

_ these, radio communication with radar operations allowed hailp;d
installatiOns ju)t prior to hailfall. These data augmented regular -
.network data, but more importantly, they provided sequential records
of hailfall as well as variations in hailpad records over smaller
distances than in the dense networks (e e hailpads placed on opposite.

sides of a road). . B o

A 273td regular “hailpad station_maintained in distant Edmontdn“

(by the author's wife) also provided sequential and fine spatial resolution -

of halfall. - - L

Field problems n oy

A number of potential problems arose during the summer., These

'will be mentioned here before discussing the analysis of and final results.

from the hailpads. SRS A CT
i) Since the hailpads were.being nailed' onto "the ground, proper
- 1%}
exposure became a key question. :Poor exposure in wind becsuse of

Bl

buildings, trees, fences, or’ even aﬁhigh crop or tall grass, could .«

have greatly distorted the fipal,results. Usually;there was_no_such -
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exposure problem at any of the atations in the two regular networka. . .
A fed difficultiee arose when'aetting up the‘dsnae networka, however;
where 1/4-mile spacing was desired. 1In these'inatancea, the hailpads . . v

Oy ’ '
i were installed so that'they were exposed best to the nor thwest quadrant,

i'

~gince most hail in Central Alberta is sail to fall with a west to north- '
L ~

west wind, if any. :-The extent to which this became a source of error -~
oo . . C

will be discussed later. \'

£ \

ii) Keeping hailpad sites away from the main tracks of farm

<

‘ vehicles, animals, and people was. not usually a problem, and when dam- ]

age did occur, operators had been;aaked to replace the haf%pada. In
! ;‘)\)
the dense networks where it was occasione}ly necesaary to place a L

> .

ilpad. in a pasture, it was, without exception, deatroyed by thedﬁ -
' an als, T ) - :
iii§ Birds, particularly nagpiea, occasipnally damaged hailpada by , '.ﬁd

¢

pecking them,mndoubtedly attractcd by t:be bright aluminum foil cover-‘
\ : ;

\f ing. Overall this was a minor problem because unIess the foil was
% \ndbsequently torn off by the wind*or hail "the pecks were eaaiiy

\\ distinguished from denta. This problem appeared to be confined to
certain areas, mainly in the SOuEQern Network. AQ. e ' n
\i iv) One probleﬁ which could not be solvedwﬁith the manpower a;d

" e, K3

vehicle available{gas that*of ﬁqeping a conatant quality spntrol check)

on operating sites. Thete,ggﬂ’ a, few caaes vheréd hailpads were left .
uz

"unchanged for two. to four weeka. In most of theae ‘cases no hail had *
occurred anyway. and the hailpads were found to weather veID' Neverﬁ -
theless, a small numben ofqaailpqda had to be discounted from final

. '3 ‘ o '
resulta because they were exposed to more than one hailfall, or else e

&
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» the operator had failed to note dates and time of hail installation

s/

snd removal and/or that of the hailfall As this venture depended sc’

”

/heavily on volunteer efforts by the- farmers, one cannot but” be amazedg«,
'/
!,
that ‘80 feq‘fsilings did result. In Aﬂy,event”, mlpad changing at

. )
such stations improved noticeably after &he mid-summer visits, suggest-—

£ &

' ing that. ‘communication '\and public relations are :!ipor_tant aspects of . 41.,

) . I‘-: : v_“‘,‘l"' . ' . B -7 . e J/-
'this type of operatidfé\ . Y ‘ ‘ Loe ' ' B

v) This raises the problem of different hailfalls several ‘hours -

or 'even minutes apart.’ The author has no illusions that hailpads are
A

'

v able to sequentially separate such hailfalls._ Some hailpad operators
e \J“

dutifully changed hailpads 'immediately' following a hailfall. One i

~lady produced tbree der ted a‘nailpa.ds from oqe 6 : te period. 2 It is

R
more than likely, Lot most did not do this, : one3 expect

. . PO
e . v R

‘ e 3 o C . 3 )
volunteers to do .80, The_,' gfore, it was decide to a_ ’toger resu_lts B }
. ‘ g ﬂ ';"_‘ ; ) . : »
“a . from: two hailpads or more{ -} the tima separati’bn was«thre ourd or .
T e ‘v “ ,“"\..‘ . . T o L
hat less.? 'l'hese ca’%es numbered fever thanfhzri’f 'a dozen o
. R - ‘o ;‘;‘. ERT -2 . . B ", , “’ R . R
’ 4.3 LHa,ilpad Returns L . k o T :
o M ST o S i '

v\i

B The degree of "cooperation received from ‘the \folunteer hailpad

6,;

' operators was gratifying, to say the least.v Table- 9 is a samnnary of

- hailpAd retums by towuship, with no, breakdown’by range.' Several

<~

details of this table are worthy of discussion. - o_v o

¢

2 | L Volunteer reliabilitz o o -

L XY

Qf more than 2500 ﬁxailpads delivered to the volunteers, less -

»,wthan 7. per cent were unaccounted for by the suxmner 8 end, although a
Y

- figure -of 20 or 25 per cent had been snticipated._ Much of the 7 per :

L}
N

L cent can be attributed to difficulties in finding peop}e hoﬁle during ,

R
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= weather occurred and the hailpad was undamaged or else the operator S

e .
U ‘ , . e, Y A o
- : v R LBl ,gg@w‘_"sfﬁgf
. the brief final collection period. o - RS 3'1 @"
) Tl i i . A
4% .  Hail frequency . : ‘ R - e
@ . ' . R 4L T
7 ‘Moge: than 70 per, fent of the hailpads deliveréd ﬁwere u?ed‘v . S
| g
| ).

of these, 62 hail-dented Qéds were col’fe?ted about %8 per cent- of « 7
‘the used hailpads. This latter figure is higher than had been éxpected, s
j especia]rly ‘in- view of the fact %t thednumber of hail days during )
.‘:“"1973 in Central Alberta was .below normal (Meheriuk 1974). This

" refleet.s the fact that-a large proportion of these hailpads were

T "w o G,
dented by- very small and/or very few hailstones normally not observed YT
e .. ' - &

"' 'L- O
vis Ty -w@ly when some of it occurs with heavy rdin or d)f

Eher hailpad investigators concur in this. observat on

S S -
ey N

» ¢ * ’ - . g -
- N 0

*
(Changnon, d971a, Mogan and To‘?ry,o 19@7 ‘ fga;,

¢
% wb The perc,entage of haiblddented hailpads incréaseﬁ northward

3

N from 25 per m‘c 1Q%Tomship 3& to a msximum of 53 per cent in Qil‘oémship 5.‘
41; Although it is&thnpting to do so, this cannot be: ‘&ken by itself’t ' . L

as evidence for h,ail suppressiod sﬁccege, since not al“l storms“in the '

-

Southern Network were* seeded _while tm the’ ﬁwrthern Ne“twork were,., '

e -

A this trend is due to having a relatively high density . ,' N )

b3

' of hailpad- tationswin the southeastern portion of’ the Southern Net- .
9 Q ' I ’
N Wbrk (Figure 2) where, ironically, very little hail 'bécurred in 1973..
. 9 . i
Rain dents ‘ ‘ ’ .l;; AR v~ :

e

As stated earlier, rain dents are, easily distinguished from_ -

g - ’

hail dents. On the average, hailpads were’ exposed for eight' days* " ‘g o e
o . \,-k“
some less because of hail or other damage, -some longer because no' v ‘

-

‘ % e
"forgot to change it on time. Table 9 shows that there were very few .

8-day periods at" point locationsg in Central Alberta when precipitation
. ] e

Ce

¢
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4

- of some form did npg}qecur.' F y-:hrégtper cent of these periods

$>

"

received rain only, 38 per gent had hail and rein,'andéﬁnly 9 ber cent

wer® dry. - ;,‘, ‘4 o .r  S | T
. Othg£ hailpad returns '
Aroes ) !
N e dense networks;ﬁieldgd 83 hail—dented pads from two hail

days in Augdst. Eleven dented hailpads resulted from three mobile opera-da

N tion days, while the Edmonton site produced five hail—dente&’pads.,

g Table 10. = Summary of hailpad ret:;?s for densegﬁetworks, mobile -

kS

Table 10 summarizes these returns and the 1973 season totale,including'

761 hail-dented pads.

T : o
v N k v 1 .

‘and Edmonton operations¥ and the 1973 summer cotals.‘

3. . . . )
' . B . e, toe b . 25 RE B .
- ~" . e . . E . ) . [E B X W s pe)

L F

= x;
e : T ‘ e S e
& ey _%.‘.. | L ;. “Hailpads C¥¥Yected . Hatipadss 2
. 7' “Hailpads Hail" §ERain Damagedior no  Unaccounted. °
Operatior Delivered/Used Dents Only Hnil or; Rain " for* ~Md
— Ly . ﬂ-L » : v I .
- 3‘“ - . vl“' N — L L ) ; ) )
DNK (Southern) ~ 11 /11 '~ 8 ~ 0 _ - 3 % 0. . e
DNW (Southerm) ' 11 /11 ° 8" 0 A5 BEE ERR S
'DNY (Southern) -10 /10 . -9 0 fié‘ o 0
. DNZ,(SQgthernlﬁy' o A‘/ 9 \ 8 Q_' 0 e‘ 1
DNX (Northern) 52 /-52 " 50 A 2 0
L ° . : ol ?‘ | S .
— ) . . RS . .
_TOTALS - 93/ 93 83 0 8 - . 2
puobue' « - 1s/15. 11 4 0O . 0
' Bimomtén- ' 16 /16 5 A1 . 0 )
. . oL ! g v “ - ) .J» T n -
* ' Totals from - O
e Retwomks -, 23/ Tee g6z o3 e 169
?1973'Summer , ‘ a . . R g o 3
Hailpad Totals A - 2073/ 1890 761 B 4 .1;:??15; AL

A v v, .. , . ‘. . y"-,Ls . ‘ A,_.ﬂ.,.
‘Kf:gaghe\gumber.of hailpads collected unused is not included in thése columns



CHAPTER V
) Y . .
.. . HAILPAD ANALYSIS |

p C ) . ; A

» "A éaw hailstones fell about the time nain stanted.. =~ ..~ °
o hail was ten minutes Laten. There wad a minute '~ °
’06 two stnong gusts of wind as hail started, but
moAt 06 the time® wU’ldA were Light."

& -30:..0000. JOh.n 'W Julay 4 1973. .
we r
M"Was unable to get a Aample on no/teé on stoxm as. -
AT was an eLectrical stonm and 1 wouldn't get up." T
 C.H. T)zauzman Asgust 2, 1973. e
‘ ﬁbl Procedure S LT Cgm o ¥
- '.'ﬁﬂl R Hailpad dent diameters are rqlatedy '2 fipn 21 to hail-

.'_ stone d&aﬁetqﬁs, from which‘the other . 11 parameters of 1ce maas.

momentum, and energy are derived ' The protedure used to obtain such

information foll&bﬁw c »/ '; ' ‘;" - . »;K\
‘ B y . ! L ais ) _ A . v ' T
<E> 'The,largegt dents are carefullj'measured and counted first.

For the smaller dents which are less important in the overall impact
- . ' . ) P . : * » - A. . . v
enérgy, a subjective estimatiqnmirocedure is applied. However, ifmtﬁisﬁ

Y R ] . ) . . . . - \ .
i<§ procedure'is Z?tried out in an'organized %ashion, then with praCtice,.

two analysts houl@ be dble to produce consistent hailpad results..

. v
~

Random AnalySis

Hailpads were chosen at random for analysis, the sorting py
r?%{**étdtnidﬁté*and land location being done onIy after all analyses had

been completed This was beneficial in that deliberate or inadvertent

. ; S N
.~ 10 ., N

v



;ffscanned for the maximum dent diameter and thiz viﬁye was imprinted on

storm,was then avoided. The randomizing also had some psychological

,first, ‘then working on down to the ‘%{lest. Most“ dé‘nts have ridgé g0

' fore were first maximized’by the author; 1. e., a11®?761) hailpads were

. .
' &
bias, resulting from similarly-dented adjacent hailpads from the same

.

bénefit of reducing boredom._' o o

) Maximuﬁ dent sizes . .
" . : = L

Dent’ measurehents were initiated by coun%épg the lﬁggest sizes';

u' “‘o X
that interpreting the edges of dents can be confusing at first. Since

the hand analyses were pefformeddby several’ péﬁbe, the hailpfds there—

[4
<

5
4
3
1

B

..the h‘&lpad $he purpose in this was to place an accurate upper’ bound
o h

i individual analyst s iﬁterpoldtion. The maxnmizing thus helped to: 4o

.reduce minor variations in measurement techniques and to create a "’

vu' :ﬁl. s,
on* the measurgments,which would serve as a point of referenct for Eh§

! “-—

& .

v,

o

7”trend towards unifo?nity of the dent size spectrum for each hailpad.

especiaigg'sgnce the bigger sizes often contribute a larger proportion

of total mass, impact epergy, and impacg momentum eVen when their

; numbers are relatively small Although this is a form of . deliberate

. - . " overlays v

',overlays for the hailpad One had. imprinted circles of diameters<0 1

bias, (because df ‘the dent ridges) the same weighting is apblied to ‘5%7”
: Yoo o o %@ © e

X

all hailpads.

¢
R )
\ .

The analysis4procedure involﬁed{the'use of;two transparent

‘to 1.0 inch at .l—inch intervals, and 1 0 to.2.0 inches at .25~inch i

l

intervals, DentS'were estimated to the nearest 05 inch, interpolating

RS .

tw‘!ﬁiienths on the overlay. Dents greater than one inch were

) usually measured by_ruler also. The number of each size was recorded

L]
7
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- o Figure 15. The hailpad
RIS S . £ ‘
- 3 : '~ overlay used in
SR e the counting and
& o o B *estimation
. ,122 - h T e ?rocedure.’ T
A A A R D . “”"j*u. [ ' L '
N TN BT xd . s
‘ i V‘% . a2 t ¢ - . . 1,7 -~ ‘( ¢ -
9 a v l......-. . v 2 . .
‘-. I3 ~
“ E:u ‘\ 0 2 N ' r ‘ Ry ¢V <]
ol g oﬂ N T Y & a
gLy Number estimatfon : .'a;,ag. : ¢ :
o /8‘ R ;‘., A C. . T e . 1 .
. ° . Hail dent numbers ranged from 1 to 8000 on the 19@ hailpads\. .
. »_1‘2'; . v _' .
;t,;l Counting several thopsand dents on a hailpad would be a formidable
Ce task if each were meqpured end cougﬁgd individually. Therefore, ‘an
approximate bd% reasonably accurate- method of estimating numbers was -
R’
. ; )
de\(,ised. ) . . 'A ’ . . . PR - .
B, SR N . \ " E
With the quuared' overlay fixed,on the hailpad,systematic -
counting of one size at a time commenced on the inside (9-in2) square, ]
2 . 1

" then proc@eded to the remainder,of the 36-in? squere, then-to the

100-in? square, and finished on the hailpad's outside;one—inch edge.~

'v\

r

If at the end of one of these counting stages, the accumulated count

' this point the appropriate multiplication factor (161 4, or Y,44) was
Vo

’ C K '_¢ - . . -
: 1 . . ~o
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: - . 73
. o L , x,;s"‘?w ] . ‘ :
o . » '* ) ' o ‘l. N 1 ‘ :
* % l l

dﬁhplied tb estimate Ehe @Lunt per square foot However, .dent diameters

. 1

area)
Brcrren ctiors ms mie's st mitigte

Ac erted effort was made’to measure o¢casional multiple

_dents; 1.é,, small dente\withig\lerger ones. All’dents were marked

on the _overlay as they were~cnunted‘ using differen merkings and pene
{

T‘ with ¢olored water-soluble ink for each. size,in- ca' of a pause during

;VA A

“Tit‘ the anaiysis. The. overlay could be wiped clean afte ard and used on »

IS
]

the next hailpad D

~—,

Pl

\'7&&.

o T &

IS

if exceeding 2000.

'~>‘ - : .

gpality control

.ing q&}é:ents on a‘numberkof hailpads. On co'paring with earlier
estimates;jdifferences for a given size were almos always less than
10 per cent,with much of this being explained by th% choice bétween
vadjacent sizes ‘e. g., a dent diame}er of .30, inch might‘be interpreted as

25 or .35 inch To minimize error therefore most hailpads with severll

hundred or more dents were aﬁalyzed aﬁ least twice, usually by different 'j
_ e ‘ )

-_analysts,and the counts were averaged., hpart from using the same
- : ! - &



maximum size, all repeats were performed without knowledge o{R?revioua

"

results. If the 9-inch? area only was used for a count, the hailpad

was always re-analyzed. If differences in any numbers then exceeded
10 per cent, the count was repeated again. The average of all analyses ‘
) ) - ‘_u .l w}\‘ .

AR Y

a of a hailpad was adopted.

Three_partétimerassistants—were employed»bvdfl

in thé a alyses. Each one spent seweral days repeat;\§

A

about 10 hailpads until their approach produced consisby

w

: A
results. Nevertheless, more than 65. #e;afent of the hailpads were

analyzed by the author, including 390 original analyses and 110 repeats.
The analysis commenced in mid-September and was completed in
mid—January. Several months later, a few randomly chosen hailpads vere

. f

)Ealyzed yet again., Total values of impact energy differed from the

. previously measured values by leps than 5 per cent for all casesﬂk :
. . | e o\,
. ! v ) 4 .
, 5.2 'Final Data v . ' BT . T p &

Total values of hail parageters were computed for eacli hail-
pad. At the same time, since little work had been done oreviouely on
‘ accuratt determination of the size spectrum of hailstones, it was con-—

sidered useful to subdivide the “:ta according to *the conventional
. . - é

hailstone'stae categories; i.e., shot, pea, grape, walnut, golfball,

andjé.é°lf§é11' - ;'»".‘“'.‘ . . L \» o
Size categories B T ;‘{‘ ,‘ !
qr e ::In order to convert the quantitative size distqﬁbutions . S
gbtained rgm thg hailgad analyges iﬁto ‘the above descriptive cate-

' gories, appropriate size intervals for the categories were determined

~ . . .
-~ » ‘ [ : R -
. . " ) ‘ . R M -,
. ‘ o . : . Lt :
LY : Y . . ' . : s
PR IR - P L. . Y : . N M
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Since ALHAS had previously defined only mean diameters for these cate3 ,

' f ' gories, uppenﬂ.pd lower limits were based on volume medians of the mean

“'diameters.

..
s

~ dent diamétfy ‘ntervals (to the nearest .05 inch) via Equation 21. T?eg)

intervals for both hailstone and dent diameter are shown in Table 11, %
M‘,,.

- These size intervals closely approximate those suggested by Paul (1967;

»1968). e e o a v
Table 11. Upper and lower boundaries for hail diameters L
-, and the corresponding dent diameters for the . =~ -’
descriptive hail size categqgies reported by : -
Alberta volunteer observers.. o, © o
. ) o N % "

: - [ : Dent Diameter Intervals - -
Observer - ALHAS Mien Hailstone and Den ameter In .
Hail Size Diameter (cm)' - *" Hailstome (cm) - : Dent(in).

a Shot . gw 0.2 o =< 0.6 505
S & 1?' - "b;h T 0.6 - 1.2, - < ,10 --.30
. v . . & N . _ S B ,- ,
e - . 16T ad-20 . .35 - .60
TR N g, - ST ok
Walnut 206 . _v2,1.- 3.2 . .65 - 1. 10 pe
Y N . . . . 4
Golfball 4.0 C . 33-52 1.15 - 2. 00 fiﬂ
> Golfball 6.0 " S o>5.20 0 L - > 0o /
E . _ . oo y
. - [l . . ‘?— Y %
.. o L &
Y 'g T O& . S - - ;
I - ' ‘, ] ’
Computations 'y o ”ﬂ”@‘  J_' o “th -
N ‘AD ‘ N g

as derived from thé dents,were carried out on the University of Alberta
~.~n'-t¢

A

IBM 360/67 computer. A sample of ‘the type of output‘obfained apnears A

in Appendix LII Later, hailpad analyses were sorted by storm date and ?'

]
\
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Errors of* estimation

Errors result from (1) actual counting,' (11) ‘the dent diameter

measurements, and (111) the estimation procedure.

Counting errors ‘will usually result in underestimates of
put'nbers .partly because off unrecognized multiple ‘dents where ‘large num-
bers and large haillstones are involved .and partly because the analygs.
will miss a few (though this number is usually negligible), yet he?ﬂ

will never, 1f the overlay is properly i’iked and markéd count thg}%

same dent twice. L Counts.of shot-size dents may tend to be over

‘.)

not because he counts some twice, butsbecause some of these dent 'hre

made by chips off'v'l ger ’hailstones on impactl. But 'where such large

-t ‘c'

-1t has already been mentioned that e‘?rrors in the dent diameter

| measurements are a- maximum of ...05 inches Errors from the estimation

~a

procedure are simpl;‘ s@mplWrrors,sitce counts,,,are B""ing made for.

areas smaller than d. 2 Such sampling errors are similar to those
% .4 Q{‘ .
“estimated by Changnon (1969) and thangnon and Towery (1972), v?here \

N

variouo size sensing shrfaces were used except that in the curren.t RS

‘-study, the smal,d.er sensing surface apﬁlied only to. the smaller and less
’ .

impor tant sizes . -
R

v oo - A summary of uncertainties due to these measurement errors
i , %

appears in Table 124 'I'he uncertaimtieg of this analysis t;_echnique are. -

w \ »'5’1. ) ) - \J,._.

-0 T : L”f‘ u’:r ot é" . ) .
.l’rhis effect‘-has,'been obsewed@ring'hailfal’ls& L CT e
v.,; . ‘-' °. R . N ‘T'\Va ) o >.:_ .. o .



. ‘Fable 12, Summary of . experimental errors due to the analysia

° technique.
‘ . - . A Uncertainty for .
- ‘ ;_ - Individual Hail Number of a Total. Impact
Error Source Sizes (in) Given Size . ‘Energy
- Real counts . .. NA -~ 5%
Dént diameter* . *.05 ;gm,gioz
. : , . »
Estimated counts : NA +104 i
Combihediuntertainty .057 1252 -

*This error is partially self—compensating for the total impact energy s
,,,,, -on a hailpad, since a dent not counted as one size is' incl ed in the

"number of the ‘next smallest or largest size. : ;
R 'ﬁ‘ .. )

no greater than t ose brought about by the éhoice of physical cgnstants
& ] /
(Table 6) or byuége measutement of°dent diameters of wihd-blown haii— >

stones’ (Table 8)
4 ...;/ .Q‘ to . .I“ - "
v ‘ I ] Q:";) R ‘ o
H . 6 . - \' -.E'f; '

5 3, Complete Automation oﬁ Hailpéﬁ éqglxsis ;_4;-; . 'f LT - \fd

;jé On the averaﬁg,.hailpads require 15 minutes to(analyze, T
excluding time required for punching computer cards, etc., This timc- Caay

2

— »

! - r

cohsuming aspect of,analysis was brOught toithe attention of Dr, W. A. ,

T { L/ h
Davis ‘of: the Computing Science Department sr;ths Univers}ty Alberta.,,
LA
g A graduate student, Tsang (1974) was assigneﬂ the task of d&eloping ’-‘.". .

/o
1

- a digital picture pzoceséing method for méasuring ssh counting dent Ve

{ A 7

sizes 6n hailpads. Some results of hiﬁ work are shbwn in Figut!?16
e o AR ; B

[ s

3 . . -

"

13



Aluminnm foildcovered hailpad
. (#1192). The long dark -band
is used later to calculate

1

'~ siZes

P Y

‘

~f‘(c)aDigitized binar matgix
© . pictyre, output of (a) with

© . . boxes.enclosing ‘matrix. dent *

' regions binary regioﬁb ’

rempved in this Photo.'.f

L oma

\picture procgssing (af

a
(b) Picture ‘of hailpfi;if:;ég/jgr
1arge steel spher s
~  foil “removed, styrofoam dinked
by roller to emphasize dentd; ‘§ﬁ;

black spots are ace dental
ink blotches.f

CLm

3
(d)\Digitized version'of (b)

£ 2

aa in (c)
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, ever, the computer is easily programmed to print out statistics pn dent
. W

}‘atratéhes% as on hailpade#1192:in Figure 16(a), crjated numerous shadow -

v, effects which confused ﬂhe digital prbcessing,maki

' values. Using four such combinations 6n the BﬁﬂF hailpa%r($ll92),

*

» . ‘79_

. V) : o ,
. v ' ! ) \
Equipment for this system includee a televisiodJcamera mounted

_about three feet from the hailpsd which scans the hailpad andedigitized -

the infoxmation into A multi—grey-Ievel picture matrix./ A PDP-9 com- o

»

puter processes the digif/;ed picture transforming it into a binq:y
picture matrix by the ué% of a specified threshold grey 1eve1 In . .-f.

Figure 16‘(c) and (d) are the binary picture matricés of (a) and (b),

i

but with the binarf representatio%: of the hail indeqtatipns replaced J .

¢ L]

by rectangular boundariés tangent to the binaryoregions. These bound-'

.I

aries aré only approximate, and at this writing, do not accurately

N

display elongated dents and pairs of touching dents for example5 ,owﬁu"i'
Q Y] ( -~ -

i

sizes, impact energxg etc. Wt ;',{.'} .iv ST e ‘, N
PR 3& ‘\ ’ "’”' re ..
3pe highly-reflective &1uminum foil w th\many wrinkles and

. e
, .
L
- . A n,s
[
R .

o ’ "‘*,{a

g it neéessa&y to;

'u

try various combiuations of illumination and grey-ievel threshold £~"-'.

;t' ¢ . ~’,'_ G e v "
alues of impact energy1 were 7 2, 18 9, 47. 4 and 80. 7 J m 3 as comr

r -
pared with the !and-analyzed total o% 204 6 J m2. .Tsang' 8 max

cT oy,
value resultscfrom picture enhanoement to_igprove thevoverall ontrast
&' o B

...... g ‘,.:4,




B0
foam inked wi;h a roIler (Figure 1 (b)). With less of an illumination
problem two experiments on this pad using different grey-level thresh-
old valueézxjelded impact-energy values oé 61.9 and 72.3 J m 2, as
compared with 187.5 J m 2 for the hand’hhalyzed‘version.' These are
relative errors of -67 per cent and -61’per cent. A problem Qhen

removing the aluminum foil, however, is that most dgnts of.diémeters'i
4,30 inch (corresponding\go-shot and pea size hail) d{é/not show up ”
on the styrofoam, even when the pad‘was inked. Unless this.problen
can be surmouﬁtedl,'émall dents will still have to be measured magually. -
Mast errors in-this system were of twé‘sources, both of whiéh
led to underestimates of impact energy. First, many small dents were
gissed, partly becﬁuse ':;f the above problem vwith uncovered pads, bug
also bec;usé there appeared to be some déntAreéolution,problem in the
system., Secondly, most dent sizes were underestimated, especially.on
the foil-covered haiipéd. The reason for this is not obvious, but it
appears to result ftOP shadows across dents caused b& the use of oblique
lighting. , |
1In spite of these difficulties, vith>furthqf refinements this
analysis system has the potentialvto make én,eitensive and'mére &ense
hailpad network a practical means for evaluation of hailfalls, since
the whole process requires only EPreg to five minutes per hailpad; *

-

5.4 Hailpad Estimation of Winds

The problem of hailpad calibration for wind-blown hailstones

has already been discussed in Chapter III. A major proﬁlém in the field

lPrel:lminaty 1974 tests by ALHAS indicate that sanding the styrofoam
..surface will alleviate some of this problem.

E]

P
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is how to effectively measure wind speed and direction during the few
minutes chat hail is falling, since the hail may not neceasarily fall
with the strongest eurfacerwinds. Paul (1968) gave a mean duration at
a point for Alberta hailfalls of 10 minutes. It is difficult to
accurately measure wind in the field with-a recordi{g‘hnembmetei and
still keep the recor! 4n phase with hailfall durations of 10 minutes
or less. Volunteer hail reports received by ALHAS indicate winds as. .
light, moderate, strong or severe, but it is doubtful whether oﬁse:vers‘
always estimafe this wind Just as hail 1s falling.  Wind direction is
not a request on the volunteer reports. B
Previo;s haiipad wind estimdtes

»

Wind directions during hailfall were determined from hailpads

by Schleusener and Jennings (1960) and by Ghangnon (1969) Changnon
also used the hailstool (see Chapter I) to measure vercical angles of
impact. More regently, Morgan and Towery (1974) used hailcubes (see
Chapter i) on a ohe square mile network in Ne%raska in 1973 and ob-
tained estimates of wind speeds hnd directions during hailfall, Since-
vﬁailpads had five exposed surfaces in the A%berta project (albeit, four
of which were odly 1 inch x 12 inches each), the adthor has made apbrox;
imate determinations of wind speed during hailfall in addition to wind
direction.

Wind direction

a

Visual inspection of a hailpad reveals windﬁdirection during
the hail,as long as winds had exceeded 3 msg ! (> 7 mph), the hailpad
was nét badly damagéd,phd the orientation of the pad with respect to
true north was known (usually fixed by reference to nearby fences and t

" /

roads whifh run north-south and. east-west) The orientgtion of the

J .

L
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major axes of elliptical dente is the wind orientation but not direction ‘

(since there is an ambiguity of 180° ). The true direction is then re-
vealed by dents on one or two edges of the hailpad. If winds are lessi

than 3 m s 1, vertical impact angles are less than 10° and cannot be

reliably read. 'Also, the two dent axes will be approximately the same,

Wind speed
Hailpad de’termination of wind speed during hailfall is moi:e

<

difficult. The verticc‘l';- :ngle of impact of the hailstones must first
be known. This ca:(@e d:rived from the aulea of the streak—like dents
made by hailstones/\/p:cﬁng on the vertical edges of the pad. ‘Winds
" must be strong enough (> 3 m s 1) to cause these streaks, while hailpad
edges must be undamaged and well-—exposed. Also, one must be cettain
that the hailpad was installed 'rea’sonably level in order to obtain the
horizontal component of the hailstone velocity. |
Figure 17 schematically illustrates (a) a hailstone falling
with te‘rminal velocity WT, while moving horizontally with the wind
speed ™ -ﬁﬂ’ ar:d (b) dent streaks which the hailstpnes make on the lmil—

pad edges.

Assuming that the streaks corresponding. to ct and ﬁi vere

\\'*made by similar hailstones, thenol and ﬁ 4 can be considered to be

components of the vertical impact angles 6 and.~

N

There is no simple way (with just one. hailpad) of determining vhat
hailstone diameters make each ‘of the angles o(i 6 {° If we suppose,

however, that there is some average size hailstone which has an average

T



e T other. a and B repregent means. .
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Q'n\ WH H%‘“ jH

o3 TE -
(&) =hmwr) Er=EtEy -
-%mwz

(a) - e )

Figure 17. (a) . A hailstone of mass m, terminal velocity * T moving
horizontally with a wind W W has total :lmpact energy

2 2
EIT -m(W + W ).

(b) Two edges of a hailpad with dent streak angles
31,02, ssess ON One edSE, 81, 82, L T Y On the

- . . /

terminalv velocity Wl" -then we canireaisdonably aseme that two sljxch
hail_stdnes make streak angles & and 6 on the two hailpad edges.
Hence, the average of the °(i. aod éi (usually 4-8 ost‘.r:t-zaks per edge
are clearly visible) will approximate OCand p 'l‘hese “crude assump—
tions do not stray far from reality, since large hgilstones (> .8 1inch)
mutilate the hailpad edge and” eat\mot be uged, while small ones (< .3
inch) rarely make visible etreake ';

The remainder of the problem 15 one of geometry,and it ccn

be shown (using spherical polar coordinates) that in Figure 17(b), the

vertical angle of impact is given by:
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\d"

2 . w( . ) . .

“ e tan [(tan ot+tan 6)] | 26).

Substituting this into Equation 25 and re—erranging terms, the horizon-

tal wind speed is given by:

7' WH [M (‘tan °<;+tdn"6)] - - '<§7> V

where we have also approx:lnated W-r (ZEIM )/2. , Where Exand

"1,, are respectively the hailpad't:ot;als of verticalaimpact enetgy and

ice mags over all sizes.

Accuracy
Takiné the. required 'precau;:lons,the hailpad-inferred wind

"directions are believed accurat'ex'wr]lﬁ points of the compass. - Since

in almost ‘all cases, impact angles will be measured from streaks made
by hail dimeters of about .3 to .8 inch, for which terminal velocities

vary from 12 to 19 ms } then Equation 27 should give wind 3peeda

- accurate to almost 5 m s ! (about 10 mph)

of course. the hailcube as nsed by Morgan and Towery (1974)’

would give better results (at more cost' and more effort), since one -

could ‘theoreticallj' measure the vhailstone-dimneter D e which made each

angle a, or B The method described, h'owever, though a rough and .

ready one, accords far more confidence in the wind speed obtained tban

“

that estimatéd by a volunteer using ears and eyes as instruments.
Not all of the 761 hailpads were analyzed for Wwinds because

-of the leck of time and manpower. But sonezgresnl_ts, where nearby wind

“1gbund as high as 22 m 81,

In a few instances, ﬁ'f wvas as-low as-

1
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/. - ' : ., J l‘
.. -anemometer data were available for comparison, verify the validity . /.f e

of the approach described. These will pe discussed in Chapter vi.

-



CHAPTER VI
RESULTS

"A most ztejuuﬁyutg stonm. 1i kept going back and
forth over the house for four houns. 1 was too
{rightened to get up and Look."

/"" " essssesss Anna Jensen, July 23, 1973.

"A_few as big as gotgbatts. Heavy wind at finst;
en noth&ng '
m; coo Ms. E. Giltund, August 16, 1973,

"Had was too 80§t and L«.ght 2o cause any damage."”
Mis. M. Radfond, August 73, 1973.

Four typical hail-dented hailpads from this 1973 study are

shown in the photograpﬁs of Figure 18. A summary qf'data for all 761

hailpeds appedrsJkLAppendixege_,"_\

6.1 Comparative Summary of the Two Main Networks -
. The major hailswaths of 1973 in Centrel Alberta (as derived

- from hail card reports) are shown in Figure 19 (after Meheriuk, 1974).

F,
AL vadd

The t&o hailpad netvorks were favourably located forwmbst’of these
storms, most of which tracked from west to east.’ Sevetel hailswaths
.of only small hail were also vell sampled. |

A total of 17 hailstorms struck the two networks. These are

A
&

. ubmarized in Table 13, showing the maximum and mean values of several

g6
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" HAILPAD #2651, Site G76; 16/Aug/73. HAILPAD #1656, Site Gl; 16/Aug/73.
DH(max) = 2.0 cm; HH = 160 g m=2; .Dn(ma:é- 2.0 cm; H.H = 1458 g m'z_;
Ef =21 Jm2; 'wind SW/light. E; = 164 J m~2; Wind Calm. '

HATLPAD #2621, D.N. X10; 16/Aug/73. HAILPAD #2003, Site Q4; 24/Aug/73.

- . - -2, - .. = -2
Du(max) 3.8 cm; )&1 5256 g m %3 DH(max) 1.3 cm; HH 2860 g m™<;
E; = 9937 m~2; Wind W/56 mph, E, = 1827 m~2; Wind NNE/light.

’
o = 52°,

A ]

Figure 18. Four 1973 hail-dented hailpads with measured values of
maximum hail size, hgil mass, impact energy, and wind.
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Figure 19. The major hailswaths (with walnut or larger hail.) of
: 1973 in Central Alberta, (aﬁsff Meheriuk, 1974),

¢
A

parameters for each storm. It must be emﬁha’sized here that these
values repreaen;: only the hail which fell on the nen_mrks, and that in
several cases, much more damaging hail occurred outside (June 29 being
a good example).

’ The mean values were based on the \m'mbet of hail-dented
hailpads only, rather than on all of the pads exposed throughout the

-

network, while eiach pad had equal weight :I.n the averaging Aluo ta:ln



89

ey

00z vzr TOIRT 2

vzt

a!!.l

. 141 (X%
] 98201 TS L9v s supxYR YI0A39K
— i
- €12 9L z6¢ 4¢Ad 18° T 5 Y6V 06L1 yT LT ‘8w 6
8°9€ @ T°€T L91 61 80Z€ Lg* ST T €IS - 6LOY € €z ‘Snv g
81T €°sTz  T9ST T9LT 98201 86°1 'S - 8EL SESS 99 91 *8Bny ¢
v'8s 9°01 82 88T 625 - 88° €1 144 S8 91 % °Sny 9
z°62 L°€9 €2y 08 0S6€ 02°1 e'e TS r11x4 L9 T0/10 *8nv ¢
81 6°1% oSy L1s S6S€ (11 34 €S€E v641 st €z LInr ¢
TUee 0°02 <6 19¢ VALa ¢ 9L* AN | Ley TEET (1] 81 AInfr €
(AR 661 06 9z¢ TL91 16° 9°1 €ze €821 € ST &Inr T
L6T . L9 6EY 0%¢ 800€ 0z°'1 '€ Lze - egEl B ¢ %0 100 T
- N tYHOMISN NUFHIHON
. e . . N suzou pue
9°92 1A 06L1 108 8YTLT %6 Le <08 1864 892 wuyxwm ya0m38N
LI v*42 €6 8hy 0£91 08* 9°1 85 5591 91 Lz *8nv 6
A0 SRS N3 S AL (8L 0982 %8 . €°T 196 9092 61 4z 8y g
9°%t :*  B'E 66LE Y1 L€ 182 8LZ1 4S €z *8av ¢
Wy Ny
90z > TN 89TL1 11 S°T 6Ll 1861 g§  €z/TT L1vr 9
L1z - 6y zog SL* 11 o 892 9T ST 4&10r §
1°s 9°0y 0vET €L €1 8L6 08¢ 92 90 &Tnr ¥
6°¢ L1 £€0T L €1 06 ETLT €2 s0 £Inr €
L°9S € €€ Y182 €L” S'1 8L0T.  809Y Ltz 6z eunr g
1°0¢ 1°ST €96 <6 8'1 1

10T, 0SET (A% §T sunp

. $YOMIAN NYARLNOS

ofITRd # ~_ (W)

8SEH ~ &81suz 3oedul ,ww du.

D

ugoR  WNUIXER

ueay mnmyxey  spediiey —

ped Iad
(wd) ‘weTq °xX®¥W

ped 19d sauo03ls 3o °OoN
=TFeYy jo °“ON

——

*€/67 *gz IsnBny 03 gz 8unf {papn{ouf jou BIEp
. Niom3au 2su2p “siyiomidu ped(fey ujew OA3 3yl 103 d3ep Aq syiemsTiey BIIAQTV (T 3JO L1emmng ‘€1 °oTqel



90

amounts (which could have been measured or just estimated) wvere avail- .

able at only 40 per cent of chqhhai}gq§rsitea. so that the mass ratios

of rain to hail are based on Qaluea only at those sites. The following

facts from Table 13 are worth pointing out:

(1) Rain mass outweighed hail mass in these hnil;torns by a factor of
20-25. Huchlof this rain, however, may have resulted from the larger
synoptic—-scale systgm involved, sipce most volunteers do not chcck‘tnin

amounts until all precipitation has ended (personal communication with

farmers). '

. (2) The Southern ﬁetwork, where 'most' cloud seeding was carried out,
{ecéiveQ on the average, almost twice as many hailstones per unit areal
(about 800 ft 2) as the Northern Network, but maximum sizes tended to
be‘émaller. - '

(3) Average hail mass per.unit'area (where hail occurred) was about
the same in both networks, but the Southern Netwofk received a greater
ratio of water mass to Me mass (27 to 20).

(4) The mean impact energy for the N;rthern Network was about 50 per
cent higher than.that for the Southern Network, & result of similar

average hail masses, but relatively larger hailstones in the Northern,

Network.

It is tempting to use thg data of Table 13 to consider ths
implications of hailhsuppressiod. One must be cautious, however, since
not all of the Southern Network storms were seeded, nor were all the
Northern Netwo;k storms left unseeded. - In fact, the mere oninsibn of
data from the storm of August 16 from the Northern Network, drops the.

mean 1n§§ct energy below that of the Southern Network. The evaluation

of hail suppression will therefore be given linited treatment in a



later discussion. . ‘ , . ;‘ e

6.2 Hailfall and Crop Damage
. Sensitivity-of the hailpad

One of the major reasons for interest in the hailpad 1is to
physically relate hailfall paranetar to crop damage. Previous

A\ 4

attempts by ALHAS to do this have lie’ on the calculation of impact
‘energy from the information on hﬁilatone size and spar.i’ng given on the
volunteer hail report cards. The volunteer reports, however, tend to
overestimate hail size and numbers in moderate to severe hailstorms,
and underestimate the smaller storms. This conclusion rests on com—
parisons of hailpad data with a volunteer's hail card report at the
sape time and location. Another example} of this is in the range‘ of
kalues of hnpaci energy that Wojtiw and Renick (1973) obtained from
hail cards namely 10 2 to 105 J m 2. Om the other hand, the range
of sensitivity of the hailpad in 1973 was 10~! J m™2, representing
only 5 shoi size hailgtones on a hailpad, to 2 x 103 J n‘?; represent-»
-ing the whole spe;ﬁmn of hail sizes up to golfball and larger. This
maximum valué resulted in shattered vehicle windows and holes in some
barn roofs. Moreover, hail impacting with an energy of only 107! J l'z,_v,,
'Qould unlikely be seen on the ground after impact, even by the most 3
trained observer, while 105 J m 2 would result in the gromdm-'
more than covered by golfball and larger tm#latonu only, a most tﬂl--
likely situation. Thus the extremes of 10 2 and 10° J m 2 do not

appear to be realistic.



Scatter ;ragho
Many ha{l-dented heilped- qpre eccoqpenied by ‘the volunteer

hail ropor: card1 vhich eleo unually included the farner 8 Qatinate of

crop damage.’ The various heil parameters were coupered with these

%
rough eatimatesz of par cent c:op danage. Figure 20 ebovs the reletion

"v-

with impact energy, though considetable'ec;tter is qvident “Other

graphs of crop demage vs. impac: nomentun, haillnaes, and max{mum hail-

stoge size, showed as much or nore variation.

+ 2 ’\:

. There are sevetal reasons fot the ecetter in thene relationl..

-
.t

(1) Bscinates of crop danage are made by farmera vithin hour.

_of hail occurrences, often before they can properly alaesq da-age, in’

order to prepare prompt hail reporta.

Te

In addition, because of lack of dgte. Figure 20 doea not takeJinto
account | - L |
,‘ (Z)Zdiffetent erep.typeéa,

-.(3) the time. 1n';he growing season, i, |

(4) different 6011 ty]:ed, | e : A

(5) local climetic differences. S ) : 5

(6) different ierning nethodn,

-

and ) (7) differences in hailfall other tban inpact energy.-

(8) It is quite poesible thab _the far-er s dannge eati-nte ‘

is not repreaentative of dannge at the hqilpadid!ep, but ac anoth‘t :

[

1Huch of the l4ght hailfall on hailpads. goes unnobiced by the fer-er,'
so that a hail report card vas often niasins - ¥

2Crop insurance statistics by land location vere not avlilablc ia
time for this dissertation. 5 . . . S

- 4

3The -njor crop types in the hailpad nec-an areas vere berluy; oete
and rape. , L .

—— N

A}

N4
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location on his farm. It could als

his farm. N

Critical value of impact

94
o be an average estimate for all of

energy.

On this sgatter graph the

" H

_ impact .energy above whtﬁﬂ/crop dama

with better damage assessment, an.e
»

fe appeate to be a critical value of
ge-is always 100 per cent. Thus,

xponential type curve could probably

be drawn to approximate the’ energy-damage relation, stopping abruptly

at t:he 100 per cent crop damage lin
lie arodnd 450 J m 2. re 1s als

value, below which damfffe Ds neglig
Py
one to be able to measure). This 1

of the large scatter, a straight-11

_promise. Better relations must inc
) bo

damage.

B . is interesting to note

about 1800 shot size hailstones hit

gsectional area on the ground of abo

e. This critical value appears to
o some basis for setting’a minimum
ible (i.e., not enough d;;ZEe for
ies mnear 50 Jm 2 so ﬁhat in view
ne relation is a reasonable com-

lude more accurate estimates of crop

that 50 J m 2 could result from
ting a hailpad, covering a cross—

ut 35 per cent of the pad area, or,‘

by about 10 grape size hailstones which will cover an area of <5 per

cent of the area of a hailpad. Hen
they fall with little or mo wind, b
(D < .20 inch), while there are not

Damage and total' impact

ce, neither will do much damage if |
ecause the shot sizes arg;too small

enough of the grape size stoneé.;

energy 5 ‘ - .

The only extensive wind information avgilable wae3the\approx4

imation given by volunteers on the
(0-10 mph), moderate (10-25 mph), 8
mph). Using values of 2.25, 7.85,

for the means of these estimates, '

hail report cards; i.e., 113h£
troks (25-40 mph), and severe (40 '
14.5, and 20.1 m 8 “1 respectively

total' values of impact energy were



=

computed and plotted-~-against crop d?mage estimates. Because of the
uncertainties of the wind information, gca;ter was;not significantly

~ improved. Also, since wind»estimates were availaﬁle for only about
50 per cent of the hailpad d‘ta, totgl energy values ;te‘not'iﬁciﬁded'
in the data summaries.

Tab;e 14 gi;es auggesteg critica1 va1ue3 for negligible
démage and 106 per cent damage for several hail parameters, all based
on the scatter graphs. It is inceresting to note that a linear
f‘relation between total impact energy ahd per cent crop damage given'
by Hagen and Butchbaker (1967), aléo suggests a critical value for
100 per cent damage of about 800 J m 2. _

* /

Table 1l4. Suggested critical values of hail_parameters for
negligible and 100 per cent crop damage.

' ' . ‘Critical Value , Critical Value

. for Negligible for 100%
Parameter Damage (S 5%) Damage
Hail Mass (kg m™2) | S 0.5 - 4.5
Impact Momentum (kg m 8”1 n72) ) 10 . 60
Impact Energy (J m~2) 50 * - | - 450
'TOTAL Impact Energy (J-m—2) 75 _ 800

*.Significant damage (2 10 per cent) probably starts around 100 J m™2,

3
< -
e i b
A o
W

Although it has been shown that the hailpad is sensitive to

values of 1m§§ctJenergyl between 0.1 and 2000 J m 2, the main range of

: lAt values near 2000 J m 2, the hailpad begins to break up.
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interest, 1nsofar as’ ‘most crop damage is concerned, is between 50 and
450 J m 2, This is also the moat accurate range for the hailpad, since
it lies above values-where very smhll and very few dents might be 7 |

Buspect, ‘and below values whére multiple dents might become plentifnl

\

and lead to underestimates. \

Distributions of energy values_in Illinois, North Dakota

\

e

and Central Alberta

. In Table 15 the distribution of act energy for the 761 hail-
pads of the Alberta network is compared with those found in North

Dakota in 1966 (Hagen and Butchbaker,‘1967), din T 1~ 48 in 1971-72

-

Table 15. Comparison of hail intensity distributions in Centrel
- Alberta, North Dakota (Hagen and Butchbaker, 1967),
and Illinois ( Changnon and Towery, 1972)

Range of Number of - = Per Cent of Total Number of Hailpads

Impact Energy Hailpads Central Alta. No. Dakota  Illinois
(J mw2) in Range  (a) 1973 (b) 1966  (c) 1971-72
0.1 - 50 514 - 67.5 - - ;;
. /
50.1 - 100 . 105 " 13.8 _ =
100.1 - 146 - 46 el o= =
0.1- 146 665 87.4 83.0 - 75.2
146.1 - 292 4L 5.4 8.7 9.2
292.1- 450 15 2.0 3.7 - :
o - | - » 13
450.1 - 1000 33 43 4.0

v
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(Changnon and Towery,‘1972)1. The unusual energy‘intervals'reeult'from )
the conversion‘of units from £t 1b £t 2 as used in the, comparative

‘studies. ‘_‘ S T ' ) S o P

| When Tables 14 and 15 are compared, ig‘vould,appear that
ahout.68 per_cent of the hailfalls recorded in Central-Alberta caueed
negligible damage'in 1973. Eighty-one per cent were in the nil tq_
light damage class (100 m ~2), while 27 per cent were in the critical
region of 50—450 Jm 2 (a relatively small range of values where a.
small change either way in the hailfall pattern means the difference be~

tween nil or complete damage) . More than 5 per cent of the hailfalls

would appear to be 100 per cent wipehouts (> 450 Jm 2). ‘ L | .

» On comparison with the other»etudiea, Centralelberta re-
- . o i
ceived a greater percentage of light hailfalls'With 87.4 per cent being

<146 I m 2 (10 £t 1b £t°2) compared with 83.0° per cent for North

\
Dakota, and 75.2 per cent in Illinois. The higher percentage in Alberta
. . . T i \\
~may be a real climatological difference, or it may mean that a mbre\z

.
..
.

- sensitive combination of styrofoam and aluminum foil was used The T

minimum value in Hagen and Butchbaker s data was 5 J m 2 ( 34 £t 1b
Qtft 2y, compared with 0.1 J m 2 for both Illinois (Changnon, 1969) and
B Albérta.data. | : ; ' .
ﬁetwork‘dimenaions_for.the three.networks under comparison,
' along withihailpadiieturns are‘sho;n inLTable'16r This table éives a
rough idea of hail incidence in the three areas. ‘Centraerlberta--

© yielded a return of 2.4 hailpade er site per season for the main B
networks, cOmpared with 2.1 for North Dakota and 2, .0 for Illinoie.

N .
. . . ¢

Lchangnon's (1969) and Changnod and Towery s (1972) published values of

e

impact energy were a factor of 10? too low (personal communication), and

‘hencé have been corrected by this factor.
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Tablellﬁ. Compatison of hailpad Hetworks and hail-dented hAilpad mhﬁ yﬁf
' returns in Alberta (1973), North Dakota (1966). and e
Illinois (1971-72) SO

';‘@ #

, wgﬁw~~-mffeémWWWm@;;m_mﬁmﬂMMH;_;_;
Number Coverage',Nmmber.of  Number,
o of Hailpad Areg  Hail-dented per Site ¢
. Network . 'Sites (m12) Hallpads  per Season Refarks
Central Albertak* 272 1629 662 2.4 - Main Net-.
o 3 ‘"55 . works only
North Dakdta 155 | 2400 319 2.1 Area
- : ' approx.
) | , | |
Illinoj.s* 232 ¢ 800 913 2.0

*-Includes two yeats of data inc)luyding dense networks.
*k Daca for two months only, JuRe 20 - August 27.

6.3° mgact Energy Analysis of Hﬂilswaths

Armed with a general understanding of the relation between ;
degree of crop damage and hailfall 1ntensity, individual hailswaths can
now beadiscussed in more detsil. o

Pregaration of mags .' e o BN

‘ Values of impact energy Were plotted on network mapshfot

each hail day, and isopletha were drawn for 0, 25, 50, 150. 200, 400,

and 800 J m -2, For energiea > 800 Im 2, gradients wern,ﬁbund co be too _11";

high for resolution with the Btat1°n spacing of 2.4 to 2 8 miles. Com- ;_;J‘:

tour smoothins was minimal, and pever at the expenae of violating a

-

station value of impact energy.

P



o

Theqzerq ('hail or no hail') contour was
: 3 p
by the many hailpad returne havapg nothing more than \rain dents. Two

other important contoura areQJOﬁ Ja 2 considered to \usually delineate

/ ! o
7 where 'aignificant' crap loaaes start, and the 4000 m \ contour (close

&

endhgh to the euggested cri;ical value of 450), which shOuld enclose

,Areas of almost complete crop losses. Regione enclosed by this contour
a
are shaded for emphaais on all main network mapa.

Tﬁe,hailstorms of August 16 and August 23724 will be dis-
cussed in some detail, as more data, including that of the dense net-

]

uorks,‘were availaBle for these. Inpact energy maps for the other 14

hail days of this study appear in chronological order with brief .
descriptive notes in Appendix v, - | '
August 16 ‘ '

The meteorological conditions for this storm were typical

of severe Aloerta hailstorms; i;e.,~an.un9table'temperature lapse rate,

a southwesterly flow at 500 mb with slight cooling, a light southeasterly_ .

flow at -low levels, strong surface heating, lowﬁlevelvmoisture remain-

ing from morning stratus, and to trigger the instability, a frontal

wave and cold front which intensified over.southeaeternjBritish Columbiazd

‘during the morning. Tﬁe wave and cold front are clearly.evident in the

e cloud-cover satellite photo of Figure 21. o ~a”: o

—
o

This system spawned two major groups of thunderstprm cella S

4

~ southwest of Rocky Mbuntain House, which subsequently;trackedvnorthH‘
eastward as depicted-in the hailewath map of Figure 19. .Two'resulting
hailswaths gave the pattern of impact energy shown in- Figure 22. Hail

Abegan falling during the early evening of the 16th, and continued until

ey \ :

after nidnight, lasting more. than 20 minutes at some locations.

-~



Figﬁre 21.

August 16, 1973
_ th a wave in British
. Columbia, about 5-6 hours before the first reported

Satellité cloud4photo of 1927 GMT,‘
showing a strong baroclinic zone wi

hail occurred in Central Alberta. Photo, courtesy of
University of Alberta Meteorology Division. Computer

~program for latitude and longitude gridding by Dennis

Qracheski.
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The first of these hailstorms all but missed the Northexrn
hailpad Network, but the second, following a path about 10 miles
further southeast, was well-documented by hailpads, and the center of

it passed directly over Dense Network 'X' DNX. From the relation of

‘impact energy and crop damage, 1t would appear that the second storm . . .
4

alone, which was the smaller of the two, could have cdused 100 per
cent crop damage to at least 40 square miles in the main network.
Because the 800 J m 2 contour encloses DNX, it appears as 1f all the
energy vaiues of this land section are > 800 J m 2, The gradient of
energy, however, is too great to put confidence in this inference. |

" pense network 'X', August 16

, The fine-scale featurea of DNX appear in Figure 23, portray-
ing both values (upper right of site symbol) and contours of impact
energy, and also the number of golfball and larger_size hailstones per
hailpad (in parentheses below the symbol). " The most noticeable

aspect of this map "is the wide va.}ation in impact energy, from 441 to
1956 J m 2, with 12 of the values less than 800 J m 2. The mean and
standard deviation of all 27 values are 879 and 401 J m 2 respectively.
A transparent overlay of the topographical features for Figure 23 is |
céntsined in a pocket on the inside back cover. This overlay also shows
gite numbers. |

The energy value at Site Xl (hailpad #2525) on August 16 vas

Vthe highest recorded value of’ all 1973 data, making it uorthy of

special mention, although information from 1t contains more uncertainty

than other values as this hailpad had.been ghattered and the-foil‘torn

" to shreds. It was pieced together'like a jigsaw puzzle, and dents were

measured on the styrofoam gurface, a task requiring more than 8 hours

e . . . R

1027
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Dense Network X'
Sect. 8/T42/R02

1200 -

Koo

PARAMETER:

Impact Energy (J m-2)

- = (for ALL hail sizes)

16, 1973

DATE: _August

Time & Dur.: 10:45 P4/20 min. §td.Dey.:40L J m |

Mean: 879 J m”

2

-2

- LEGEND
®  Dense Network Hailpod Site
A teguisr Natwork Hailpod
O Meso- Met... Scj-qap;

SCAtEI. ‘ /
I L o

i
‘4Mm_

Figure 23.

-,

Pattern of impact energy for 'all hail sizes' over the
northern dense network, DNK, on August 16, 1973,

‘% . n
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of continuous work. Because dent diameters < .30 irtch (all lﬁo: and
pea sizes) do not all ghow up.on the styrofoam, these were averaged
from the four surrounding hailph&s, H77, X2, X9, and X10. This i€ not
éonaideted aerioha since the reiative contribution of these was on%y
6.5 per cent of the total ﬁ‘,s.cc”“.n'er'gy on X1, The effect of't:'a'l'c}uigfg
measurements from the a;ytofonm rather than the foil, probably is a
eL&ght underestimate of 1mpact energy, and if this is done often enough,
the hailpad should be calibrated accordingly.

émall pileces of several other hailpads were also brokén off ‘
during this storm, but all were accounted for; Several others had
holes completely thrbugh the‘styrofbam, bdt such occurrences were rare
and only ﬁ;ppened with hailstone diameters > 4 cm.

Bécause 6flsome mutilated pads such as these, great care had .
to be taken in analyzing the August 16th hailpads. A further problem
resulted because man§ hailstones impacted at 40 to 60 deggees from the
vertical in winds > 40 mph (indicated at mesé-méteorological Site G73,
at several climatologic#l stacions,'and by.the hail report c&rds). - Thus,
all of the dense network pads ;egg,analyzedvby the author, randomly and
at different times to avoid biaa; All qf tﬁe main~network hailpads of .
this storm were also analyzed by, or carefully checked by the aﬁfhor.

The original intention for the dense nétwofks was to tgit
the representativeness of a hailpad for a large area (1 ft2 per 6 mi?),
In'view'of this, it is reasonable to ask whether the pattern of Figure.
22 18 due to large hailstones tahdomly gitting some hailpads but not
others. vThisw;puld éut the repr;aentativqness and therefore usefulnsss

‘of the hailpad in doubt. Indeed, the pattern of golfball and larger -

hailstones whose contribution to total impact energy ranges as high as

t
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49 per cenﬁ (iit.. X1 and 877) appears to suggest just thi‘. -

This problem was investigated further by examining the energy

pattern of various ranges of the hailstone size spactrun, Figure 24

dieplays the energy pattern over DNX, but #xcludes golfball and larger

sizes, while Pigure 25 is the pattern without any walnut or larger size

-

hailstones. Patterns of both impact energy and hail ﬁa-n over DNX on
August 16 were 1napécted for all size ranges, including shot and pea ¥
sizes al&&p, grape a}ze. and so on. Throughout‘thiﬁ éizc lpectruq, th;
hailfall patterns were basically th; same as in x1gutéo 23-25, with a
section centre minimm, and maxima near the soutﬁea:t. southwest, and
northwest corners of the seqfion. ‘

Having discoﬁnted o;e possible cause for the fine;ocalo
pattern, ‘the next step might b; to suspect an exposurg.ptoblcn. espe-
cially since the hail fell at 40-60 degree angles from the vertical, A
quick logk at the tdpographical features of DNX (overlay, back cover
pockét). quickly discourages this notion aldo, since the large region
of minimum energy, for example, occurs in an open field. In fact,
© were exp;;;}e a problem at all, then some high values such as at
Sites G73 and xzo, might even be suspected of being oligbtly lov becnuse
of lines of trees just to the west. It is reasonably aLrtain then,
that’ this pattern ;s a result of fiﬁe—scale featuree of the hailfall

Concerning hailpad representativenese, we note :hat idﬁivi&-
ual values of energy on this one square nile, varied by morxe than s
factor of 2 from the.mean. Thus, even with one mile’ spacing, erroxs

of more than 200 per cent are possible. ) /
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August 23 and 24 Southern Network

4

The August 23rd hailstorm was an excep@idb for the summer

in that it. was the only one not following the usual west to east track
of most Alberta hailstorma lnstead‘*ﬂeveloping northwest of Calgary
during mld-afternoon‘(Flgure 19), it moved north-northwest across
parts of both hailpad networks, — N
" Over the Southern Network (Figure 26), hail was confined
mainly to the western edge, except for a minor swath in the eastern
_portionl, while damaging hail occurred on the northwest corner of the
network, and likely west of there, between 1700 and 1800 MDT.
Two smaller hailswathfwresulted from bagically the same :
synoptic system some 10-15 hours Iéter on the 24th, as shown in Figure
27. The most southerly of these two storms occurred between 0400 and
0600 MDT but ended halfway into the network. The second, occurring
between 0700 and 0900 MDT, moved east-northeast, barely skirting DNZ
and DNW by only 1/2 to 1 mile, theae already having recorded hail on.
. the previous evening. Ihese hailpads, aerviced'by the autﬁor, were.not
removed until two days later, However,‘due tofthe timely changea of the
" main network- hailpads between the two storms by the volunteer opera-
‘tors, an analysis problem was avoided since it was then known -that
the dense network hailpads had not recorded two storms For the main -
networks, since volunteers had been told early in the summer that hail-

pad operations would cease on August 20th, half a dozen or 8o hailpads

were left unchanged between the storms of August 23rd and 24th. Mlssins

o -

. v ) ‘,l‘ . . .
. - 5 \
1The minor hailfall occurred at about the same time as that in the
western part-of the network, at about 1800 MDT. .
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Figure 27. Pattern of :meact: energy (Jm 2) over the Southern
Network, August 24, 1973.
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and confused data did therefore create some problems for these two

" main network analyses.

Southern dense networks, August 23

The impact energypatternsacross the dense networks‘QRk;;'
DNY, DNZ, and DNW in Figure 28, do not appear to ‘have the isolated
regions of maximum and minimum energy that were obseqved over'DNx
on August 16th. In this case, the maximum of the large-scale map
kFigure726) is well northwest of the dense networks, and the dense
networks exhibit instead a gradient of energy increasing from south-
east to northwest. Some pads in these networks were destroyed by graz-
ing animals. A minor exposure problem befell the three most south- -
easterly hailpads of DNY, which were sheltered by trees in a south-'
»southeast wind of about 10 mph. Hence, the trough of relatively low °
values in_the centre of Figure 28 is probably over-pronounced, though
the trough does enist, even on the lérge—scale pattern. |

August 23, Northern Network

. | v
As the August 23rd storm approached Rocky Mountain House

(Figure 19) it may have split, as one cell or group_of cells is known_
to have tracked northwest from there, while the pattern of impact
energy, Figure 29, shows a ridging of contours towsrds‘the northeast,
and suggests a second ridging out of this one towards the north or
northwest. Note that an energy ‘maximum is eentered just southwest ofb“

DNX once more. -
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Dense Network 'X' August 23'

With this maximum of the main network pattern occurring near
DNX much as it did a week earlier, the pattern of Figure 30 1s similar
~ to that of Figure 23._ The August 23rd ‘map suggests thst the main energy.;‘;
" peak (apparently more than 200, J m - 2) océurred southwest of the dense .
network But in addition, a secondary eak (> 175 J m,z) appears in
the centre of the land section. Note. J:at with the same (hailpad-‘
_inferred) wind directions (west to west-northwest though not nearly 80 K
strong), the energy pattern is the reverse of the previous week, i 2,, 8.
maximum on the 23rd where ‘there was a minimum on the 16th., This indicates
once again that poor hailpad exposure is not ‘a significant factor in
these patterns. It 1is also noteworthy that on August 23rd energy values
differed by almost two orders of magnitude across about one mile, from .
-, htol9%Jm -2 (Sites X22 and X5). | '

7

6.4 Other Hailpad Results of this Stugz

<

i Hailswath dimensions and network deaigg
L ' f‘ Dimensions of hailfall coverage were examined primarily to

'help aolve problems of future network design. The 1973 networks were
.too small to. yield any adequate data on hailswath length, but the '

width of’many swaths could_be measured._ The distances between energy

} ima were alsofmeasured and’mean.distances ere obtained for each map,.
Table 17 presents a summary of this study.gj' o

| An average spacing hetween maxima of 12 4 miles implies that
-station spacing should be,no more than half that distance, or 6 miles,
'in order to resolve the geperal hailfall pattern.. This would dete t - the

| area of coverage of most Alberta hailswaths, which were from 5 to ZO
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- Table 17. Dimensions of 1973 hailpad network hailswaths. Averaéa
" dimensions. wvere taken for each map, then extremes and: ,
means for the aaason were calculated from these avetages. ,

i

Max ‘width + Maximum vtidth Average Distance

- Width 1insidd 100 J m~2 inside 400 J-m~2. .. Bétween .. . .. .. ..
(miles) ContQur.(mi) . ‘Contour (mi) ~ Maxima (mi)
Minimum 5.0 . 0.0 00 So10
Maximum© 20 19.0% 45 . . 15
\ (Aug. 16) - (Aug. 16) (Aug. 16)
22 T , '
‘Mean - 10.0 P33 2000 T 126
© (whenm 100 ~ (when 400 :
J n".%_ occurs)  J m 2 occurs)

* w:_ldth’acr-oss two sq_at-h_s which could not be eas.ily separated.

g
_f
;

>

'miles wide in this study. But since damaging hail usually occurs

within a path about 3 miles wide (as suggested by Table 18), then

spacings <3 miles are required in order to sample damaging hail.

4
Moreover, the dense network data shows tﬁat a spacing of about 1/4
ol

—_— ’
cTwer A
b

mile is required t:o distinguish the fine-scale pattern. L

(R
.t

. The mean width for damaging mu (100 J m 2) of 3 milea/,
vincidentally. concurs with the 2-5 miles given by Sumers and Woj tiw
(1971) Finally, the fact that the average distance between hailfall
maxima along a; swath varied from only 10 to 15 miles for all hail~ |
“swaths may be significant, for if auch figures could be verified with
more data, then 1t would suggest limits on. the speed and lifetine of

damaging hail cells. R e
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The effect of increasing station spacing

In the Northern Network, 120 hailpad siteej(exeludiné the
- dense network) gave a mean snacing of 2.8 miles.' The effect of de-
'creasing atation density was testedvon the Auguet 16th storm. Deleting :
"every second hailpad site, impact energy maps were drawn fot 60 hail-
pads (a mean spacing of 4.0 miles), then for 30 hailpads (a mean spdcing -
of 5.7 miles), and finally, with only 15 hailpads (a mean spacing of
8.0 mile;), the latter of which 1s shown in Figure 31.

‘ | The main- pattern was still evident with 4.0-mile epacing.'
With 5. 7-mile spacing, a rough general pattern still survived but with
.only the maxima southwest of Rirhey aqg north of Rocky Mountain House
showing up (Figure ‘22). Other detail~ were lost. With 8. O-mile

-

spacing, the pattern was completely distorted, as Figure 31 shows.

T 1T ] H 1
] ' - e
TTT T
L
AUGUST{ 16. 1973
s - l
N 2
i ]
H:
’ ‘'
. Dlackiaide
I 8 I S
- )
:;
y 1 3o P (1 o W x
NENEAN AN SN Tt 1 *'1-‘.1

Figure 31.. bietotted pattern of impact energy_(ﬁ ~2) over the North-' _t
. T ern Network on August 16, 1973, enalyze using only 15
“hailpads, giving an average station sp. ng of 3 nilee..; .

o

2 ' T
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There is another undesirable effect of changing the station
density ?%;of comparing data from networks of,nifferent densitiee.
Table 18 1llnstratea the effect.‘ Here, the’mean of 79 values of -
impact energy from the Augnet 23rd'storm was taken, ' Means and standard
deviations both decreased when the number of ‘;ations was reduced at ‘
’ random to 1/2 of the original number and again when reduced to 1/3 the

original number.

Table 18. The effect on. impact ‘energy of changing station density; -
an example using data from the hailstorm of August 23,

Southern Network.b
\

Number " Mean Impact Energy Standard
of Hailpads (J m~2) Deviation (J m'z).
79 | 35,2 L 95.3
40 L X 29.8

26 . 24.3 27.0

" Causes of obgerved hailfall patterns

Two scales of impact emergy variation have been noted in .
"these results. On the large-scale pattein there is a distance of 10-15

miles between energy maxima along a swidth; on the fine-scale pattern,

<«

- this distance ts 1/2-1 mile, though the latcer is apparent (in this :

: study) only in the vicinity of gne.large—scale maxima.
The now-familiar theory of:the formation of new coniective

'celis on the right flpnk of an existing thunderetoiml, is anplaueible -

<
L aoa

Iyewton and Katz (1958), Browning (1964), Remick (1971), or Chisholm -
‘and English (1973). , ' .
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) \
explanation for the large-scale,pattern. For, given an auarage lifo-
time for an average aize thunderstorm celZ/of ‘30 minutes, and typical
- gpeeds for .such systems of 20~30 mph, then-one should expect an average
distance between hailfall maxima of 10—15 miles as -noted above. A good .

example of this ia provideﬁ/py Figure 22 for August 16th. - One. cell,

indicated by the energy maximum east-northeast of Rocky Mountain House,‘bm.riu

appears to taper off to the east. Then a new cell probably builds up,
continues northeastward, and results in the next maximum near Dense'
- Network 'X'. | o ,
| The fine-scale maxima are not-as easily explained, but are
probably the result of the very turbulent nature of such storms: Also,
secondary maxima of radar reflectivity, called segments. have been
observed within single cells (Barge, 1974, personal communication),’ and -
these may be related to the fine-scale maxima noted'here; in other
. words, geveral concentrations of hail occur within a cell., Morga and
"Towery (1974) observed the same type of maxima occurring within a
similar dense hailpad network operated by the Illinois State Water
Survey in Nebraska in 1973, and -G, G. Goyer (personal communication,
1974) has referred to these as 'hail-cores' Changnon and Barron
(1971) noted semi-circular areas of crop loss ranging from 100-500 feet
in diameter, which are undoubtedly due to this scale of hailfall. ot
 There would also appear to‘Be-a connection with the frequent'reports,
at leastein Alberta, of more than one 'burst' of hail. Tnese'lead
to the point hailfalls‘ described by Pell (1971)

The important observation is that there are at least two

scales of hailfall, and one should be careful not to confuse then. .

Kl
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Sampling errors and hailfall rate
The dense networks have ehown that the hailpad can record a

e

hédlfall sample which is ropresentetive enough to describe patterns

crosa hundrede of feet, probably the finest scale of variation of
impoftance. The problem of whether a hailpad records 4, 5,. or 6 hail-
stones of one size on a hailpad, vhen, say, ao average of S ft “2 are
falling, is almost irrelevant when so many others, both smaller and
larger, are also being recorded.

Nevertheless, during a mobile hailpad operation and also at
the Edmonton hailpad site, several tests were performed using two or
more HailpadS‘g 20 feet apart. ’Og;courae, a hailpad could have
been halved or quartered and results on each section coﬁpared, but
other studies (e.g., Changnon, 1969) suggest that 1 ft2 is a minimm  °
‘size for adequate sampling.. A few measurements of hhilfall rate were
also taken during rhese tests. o
During the August 23rd storm, paira of hailpads were sat out
| on opposite sides of a road (about 18~ feet -apart) at two locatioah 1/6\
',mile apert, prior to the hailfall At a third location, 1/4 mile still
further on, three other pads were set out next to each other, one prior
to the hailfall, the second two minutes after the start, and the third *
‘four‘minutea after the start. The duretion of the‘yadifall was 13.5
minutes. Table 19 shows some of the res‘ult&..‘ |

| The -difference between hailpads in Set #1 (abdut" 6 per_cen: in
AimbaCt energy>; and between hailpads in Set #2 (about'O.l oer~cent in
impact energy) are due to a combination of real hailfall differences,

sampling error, and estimation error. Maximum gradients of impact energy

gl

measured over the dense networks," suggest that energy differences acrose

4
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Table-19. Mobile experiment, August 3{2 at land location NE 13/T38/ -
R4/WS. MHailpid Set #1 18 fleat apart, Sat #2 18 feet apart,

42 and 1/4 mile south of Set #1. Set #3 side by side and 1/2
mile south of Set #1. Hailfall duration, 13.5 minutes.
I‘W‘ 5
Impact

No. Hailstones (ft~? - Maximum Mass Ener
Hailpad Set SHOT PEA GRAPE TOTALS Diam.(cm) (g m™2) @ ‘

n, T, " Omin. 385 230 6 621 16 T 722
265 221 8 w6 15 848 61.9
#2, T, = 0 min. 255 253 6 514 1.5 8227 62.9 |
| 250 216 5 47 166 797  63.0%
#3, T = Omin. 260 23 9 503 . 1.6 952 80.4
T=T +2 260 258 6 524 1.5 936 74.2
TeT +4 200 19 8 404 1.5 746 61.5

"% On this hailpad, the average stone size within each category was
somewhat bigger, so. that it had a slightly larger energy than its

neighbour. ' s
,o .

18 feet. should usually be less chan 3 pef cent, Hence, most ofﬂtheFG per

cent difference can be attributed to sampling and estimation error. s

The timed hailfall on Set #3 suggests that the hail connnnced
with mainly small stones, with most of the mass (about 80 per cent)

after the first four minutes. Only about 2 per cent of the ﬁail mass
. ‘ ‘ \ ,

'fell in the first two minutes. | / T

¢ Most other mobile operations were not 8§o successful in
finding hail, except on July 23rd when several timed hailpad QXposurea
gave hail energy flux rates as high as 1000 AR min but only for

a minute or so.
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Edmonton does™not lie vithin the main hail belt Alb tn,
and only two light hailfalls vere recorded at the Edmonton site in ’
1973. Two hailpads, about 20 feet npnrt. rqtotded hail on Ausuet dth,
The first pad, to test its weathering durability. had been exposed for
over two months, and recotded 16. 0 Jm 2 on this date, no other hnil
—having occurred.  The second, exposed only a few daye,urecpgded'ther
game hailfall as 16. 7 Jm 2, No significant difference is evident to
suggest major hailpad weathering effects, spatial differences across:
.20 feet, or errors due to sampling or measurement.
Three hailpads were used to measure hailfall rate again on
September 11th at Edmonton. The hail ;lasted 10 minutes. Resulto are
ﬂdisplayed in Table 20. Here we see that about 75 per cent of the‘total
hail mass fell in the first 2 minutes, compared with only 2 per cent in
the first 2 minuteségf the August 23rd .test (Table 19). Less than 1 .
per cent of the mass fell in the final half of the hail period. In
the first 2 minutes the flux of impact emergy was 32 J m 2 min-l ‘
compared to only 3 J m 2 min ! during the first 2 minutes of the August
23rd test. Although duration and total impact energy were of the
same magnitude in both tests,/;he order of hailfall events was complete-

1y different. ' It would seem that few generalizations can be made about

.
.or

hailfall rates.

<
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Tghlé 20. Hail from a 10 minute hailfall in Edmonton, September
= 11, 1973.

4

.t ‘

Ce
S -
!

Hatlpad  Time Out No. hailstomes (£t~2) Hail Mass Impact Energy o

Number (Té'- 0 min.) SHOT ~PE4 TOTAL ;‘ (;_m’z); @ 2y
| 2596 T,  ges. 512 1377 - 1401 . ' 83.6

2744- T+ 2min. . 275 86 361 338 20.2°

2745 T+ Smin. 16 0 16 .10 0.4

¥ind eetimatee

Wind:speeds were extracted from heiipadtdata alone, according
to the grocedurehdescribed in Section 5.4: Table ;1 shOws the mean
winds, as well as both vettical and horizontal partitions of impact
,»energy‘for the 27 hailpad sites of DNX on August 16 and 23. Com- |
parisons with the mean anemometer wind (at Site G73) and local estimetes
are shown. The comparisons indicate that the hailpad method of ‘

obtaining wind speeds and directions ig at least worthwhile, in the

.absence of more reliable data. ) \

- Winds at the individual hailpad sites of DNX for August 16th
are piotted on Figure 32. The isotachs hayegﬁeen'analyzed and they
maxi&um?vind cores are shown as.broed errows, Adjacent to this is
Figure 33, showing the total impact energy, EIT + EH as derived
from these hailpad—inferred winds. Two or three main bands of strong-
eSt winds are evident, perhaps tracing the path along which maxinnm

downdrafts occurred. These wind cores and the 'tbtal' energy pattern

concur, while the litter pattern is also basically unchanged from that -

j - of



Table 21. Mean winds gnd extremes extracted from hailpads,
comparison with anemometer wind and farmer-volunteered
estimates, and the partitions of mean impact energy,
-for Dense Network 'X' on August 16 and 23, 1973,

Range of Mean . Mean l-hr Farmer ,Mean.Partitiqné of
Impact Hailpad Anemometer Estim- Impact Energy (J m~2)
Angle . Wind & Wind ates Verti~ Horiz-

Date ) Range (mph) (mph) , (mph) cal ontal Total
- j ] o o

Aug, 16 . 40-61 Wat 53 . W at 40% >40 879 1134 2013

. (33-77) ) g -

Aug. 23 24-55 'WNW at 22 (**) at 18 10-25 88 . 8 96"
' C (10-33) . - :

“

* The one~Hour average was extracted from the anemograph by a tech-
nician and the actual record subsequently destroyed; hence, gusts during
the hour are unknown. Hailpad values- at the anemometer site and at
nearby Site X20 were 37 and 47 mph, respectively.

ok Wind direction recorder inoperative at this time, -

ﬂ\‘\ . . . ' ) . -
R

RS

i of the vertical partiéion alone (Fiéute'23).

- With finer detail 6n wind structure (perhaps ﬁy using thé
hailcubes of Morgan and waery; 1974),';he influence of large stanaé
of trees and other obstacles would likely bec;Le more evident,
Although the'wind estimates havevan qncertainty of about.ld‘mph,
errorg will be almost the»séme fpr all ﬁailpads for a given hgilfall

/ . - ' . . . -
' over this small an area; i.e., there woyld be little errorzin thp
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'pattern of winds. It is interesting that the hailpad wind'estimate'at3‘.

the anemometer gsite was 37 mph, while the nexgphlosest hailpad, at
Site X%O, gave. 47 mph, both close to;the 1-hour anemometervaverage
"iial‘de of 40 mph., B '

The ‘case of August 16th demonstrates howhimportant’a role
wind can play in crop damage, for total energies were. three times the
vertical partition of energy. Fortunately, -the patterns of wind.sneed
and total energy were quite similar, and this is believed to be the
rule. This fact is perhaps not surprising if one assumes that the
largest concentrations of hail probably are associated with the greatest
downdrafts, and therefore the strongest horizontal outflow,’or winds.

In attempting to form a- relation between crop damagerand‘
hailfall parameters, one must now realize that allowances must alao‘
_be made. for angles of impact. Surely, a standing crpp must be more
susceptible to damage from hailstones impacting at 40 to 60 degrees o
»(as on August 16th) than it is for vertically-falling hailatones.' :
Thus, one more parameter is added to the growing list of ‘crop ‘damage
variablesl,

:Hailstone size distributions

Few objective measurements of hail size distributions have o
. been made. Table 22 gives the total and average number of hailstones

per pad for each of the six Alberta size categories, and their relative ,

frequencies, for the 761 hailpads of 1973.' The per cent contribution ’

of. each size category to impact energies is derived using Equation . 10 . b

v

1Crop damage indirectly related to hail could also be caused by witids
alone, rain-water run-off, or freezing due to hail on the ground; three
additional variables. oo :

<



'lfabi'e 22. Hail size distributions ‘and the mean per cent ;
: contribution to impact energy for all hailstones-“‘
‘c; measured on 761 hailpads in 1973. ' '

* Totals 324,146 155,204 4,888 654 ' 73 1. 484,966
Ayera 4/9:; | e L ‘ : ‘ o
uaugadp 425 203 6 1 <4 < 6%
% Prequency < 66.8 - 32.0 - 1.0° 0.1 .015 .0002 100
Average Enerdy 339 38,7 19.5 13.2 1L.4 0.5 . 952

per pad @ m )

‘Z Coqtribution R \ ; Con A e . .

cm for-

and assuming mean diameters of f495; .8y 1.6, 2. 4, 4.0, and.5.
'shot, pea, grape, walnut, golfball, and greater than golfball, resp t-

~ dvely. The ralue of .495 is the only size within the shot size category

' detected by the hailpad (dents < .05 inch), while only one hailstone
greater than golfball size was recorded (5 2 cm) On.the average, we’
see that almost 75 per cent of the impact energy is due to grape size -

P

or smaller hailstones. - _ _ 6’ )
! ' A more eaeily obtainable distribution from volunteer reporte.
'in Alberta is that of 'maximum' hailstone sizes._ Figure 34 ‘ghows the
.distribution of maximum hail sizes as recorded by the 761 hailpads.

| vTable 23 summarizes this by size category,‘and compares the per cent :
frequencies with thoee~obtained by‘Peul (1967)vusing-the ALHAS‘hail_
report‘card‘data:of‘1957¥6§; S ' |
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Table 23. \Maximmm hail size distribution for the 761 hailpads

qi 1973, and ‘comparison with information from
lunteer hail report cards of 1957-66 (Paul, 1967)

T ~v.~°\mm . _ PR

_SHOT . PEA GRAPE WALNUT GOLFBALL SGOLE - TOTALS

No. hailpads = 34 so4 158 38 26 1 761

HATLEAD 4.5 66.2 20.8 5.0 a4 0.1 1008
% Frequency . : ‘ ‘ . . e 3
HATL CARD- o4 38,7 33.7- 12.2 4.7 1.3 100% .
% Frequency - SR L " L

Though the hailpad,gdn general, does notvsamplefthe actual».

maximum size, it will not usually be far Fff Thus, the earliet state—‘"
. ment that volunteer reports tend to overestimate maximumihail sizes
'from large storms, and underestimate maximum hail size from smaller
storms, 1is suggested here, for the hail card data shows higher fre— ‘f
‘quencies of maximum sizes for both the smallest (shot) and largest fu

(> golfball) storms. . It is suggested that since most of thé (small) kk
‘~-hail from small hailfalls melts almost immediately upon impact, it o
would be natural for an observer to often assume shot to be the largest
size, although pea. might have’ fallen also. On the other hand when ;f d;
crop losses are suffered because of large hail, there is a natural
-tendency to subconsciously overestimate the maximum size, although
;:not really by much, as Table 23 shows.‘ Similar conclusions about
volunteer*estimates have been made by others (e.g., Changnon, 1971b). .;%%

N

Y

Wz
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'?f_6 5 A Means for Hail Suppression Evaluation
| The.discussion of this 1973 hailpad data would be incomplete
' without some particular reference to - hail suppression evaluation.
- In 1973, operstional clqa‘rseeding was. c;rried out in the area south

- of Penhold, which encompasses the Southern Hailpad Network, while only

' :single storm type seeding experiments were performed over the Northern
_Network. .This 1atter type of seeding makes evaluation difficult, sincﬂi,
vthe effects of cloud seeding are probably felt\only over a small area. -
Because of this, many hail researchers (Goyen, 1971' Lovell, 1972) have
- expressed the view that hail suppression should be efficiently randomr
ized, using the same area for both target and control.

‘ It would be interesting to. compare seeded. and unseeded storms
to- see if any believable conclusions can be made.. At this writing;*thed“'
author had no way of deciding which areas were affected by segding
»Consequently, each storm date was simply labelled as 'seeded' if 50
or more Silver Iodide’ flares1 had been dropped' otherwise, the storm>
:was termed 'unseeded' Schleusener (1968) suggested a seeding rate of

2000 g hr fﬁfor effective hail suppression. It is not - known whether

‘Alberta seeding rates conform to this. -

' Using the.above criterion, of the 17 hailstorms recorded by .
the hailpads, .geven were seeded’ These occurred on June 25, June 29’i
- July 5, July 6, a nd July 22/23 over the Southern Network, and July 23
and’ August 16 over the Northern Network. MEan values of several para-
A_meters, for both the seeded and unseeded storms, are digplayed in lé_”‘5

_,vAQ ﬁf

" Table 24. -

lFor details on these flares and’ the method of seedini ’Qee Summers
(1972) . o SRR . ‘
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'Table 24, COmparison of mean hail parameters for seeded and
' ‘ unseeded heiletorms ' . ‘ . :

Lo . » Impact ‘MEAN
No.. No. Hail- Average Mean: Heil Mbmentum Impact WATER/ICE
Hail- stonmes ~ Maximom Mass . (kg m s Energ{ .RATIO’
pads. (ft72) Size(cm) (g m 2) m2)- (J m’ )

..... .M“IM.M,L;HHN

seeded 304 ~ 817 . 1.20 1067 135  93.0 16,0

Unseeded 321 421 | 1.02- - 495 ©5i9 36,6 - 25.7

L4

- The unseeded storms would appear to have yielded smaller -
maximum hail sizes, and lower values of impact momentum and‘impact

1 o ,

energy. - Similarly, the mean mass ratio of water to ice (the Bum. of

‘ rain masses divided by the sum of ice masses) is higher ‘for the un- o

seeded storms. There are three suggested possible explanations for

these undesirable trends.

-

i) that seeding was confined mainly to the most‘potentially o
dangerous storms, resulting in biased data in Table 24"

ii) that the seeding was working in reverse, producing more

/
/

 hail at the grou nd instead of water, hence ‘more total ice maess_
111) that the seeding was doing its job of producing smaller .
stones, most of which melted during fall reaching the ground éﬁ rain!

‘

and leaving no hailpad record of hail, therefore biased data in

“Table 24.
The first possibility may be psrtially valid, since the finsll;@

decision to seed or not ‘was based,on rader reflectivity, i.e., if radar-;

AR

indicated potential hail, then seeding was undettaken.
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For the second possibility, although no proof has‘yet.been :
produced tovshow that seeding‘produces more ice mass, this may be thel
result 1if insufficient embryos are created to use up a11 of the avail-

“able water. In this discussion, we shall disregard this possibility.

- ‘-The validity of the third proposal appears “to be of considershle"-

prsctical importance._'lt has been shown (Mason;-1956; ludlan;»1953) ‘
that hailstones‘of initial dismeters less than 1.5 cm will,melt com-
"pletely.when falling 5 km belou the freezing leyell, Yet,'for'a 4;4-
'cm hailstone, Ludlam calculated s diameter of 4,0 cmuat‘the ground,
- with the fractional chsnge in.dianeter due to melting decreasing still ‘
more ‘with larger initial sizes. Since the larger stones do not melt
relatively as fast, then one should not expect higher water/ice mass/
ratios from seeded storms, unless the areas where rain. only occurs/are

)

also included in the data.

. The author lacked the time necessary to dglve'further into
rainfall data, but such data are available_(using the hail card rain
amountsj and should be investigatedito'resolve at lesstisone of the :
mystery surrounding hsil,suppression evaluation. ‘Without‘such data,
.the figures of Table 24 are,has suggested, biased andiinconclusive, |
vhut may serve as an impetus to convince inuestigators of the importance .

of such e_valuation.

1Values of 3 km and a melt diameter of 1 cm would be more - typical of
. Alberta hailstorms. S : ‘ L%



 CHAPTER VII
N . ' ) . A
, CONCLUSIONS AND RECOMMENDATIONS

’
’

"Main stonm wes nonth of here, Zowarids Rimbey. We
- got the tail end, One and one-half miles nonth it
Looks Like a snow stonm in winter, fiefds alf white."
- _ eesessees Bruce Brown, July 4, 1973.

"There was mone damage §nom wind and run-off than from
hail." ... M. H. Beienbach, August 2, 1973.

7.1 Finding§

ﬁi;h-prOper controls oﬁ hailpad dent estimationé, uniform.
an& unbiased analysés can be performed manuail; énd systématiéally with }
a minimum of tediousneés. Tests Qith several hailpads in close prox-
imity,imply that combined errors due to the analysiérérdéedﬁre described
. herein, and to grrors‘of Sampliég, are almpst negligiﬂle‘(genetally
"<5 per cent in measured valﬁeé of ice mgss‘énd imbact eﬁergy)1L :Err;ré
&ﬁe,to calibratioﬂ assumptioné were aisp'shoﬁn to bé'nggligible; if Q ‘
cgps;éntidfagvcoefficient'for falling'h;iléfonea of .60 was asaumed. |
This w;§<i§tér photd#verifiéd, and it:is expéctéd~thatAfiéldfcali-
bration ﬁests wiii show similar verification. fﬁéiipdﬁ sensitiviéy |

s limited to hailfall with impact emergy between 0.1 and 2000 J m 2,

Lis per cent error can be termed negligible since the values of impsct
energy for a given storm can vary‘over-four or five orders of gagnicude.; :
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This range covers most hsilfslle. however, since the lover vslue

assures no possible crop dsmsge due to hsil, while conplete crop 1oss'

o

is a certainty with the higher Value.

The 1973 hallswaths were found to be 5—20 miles wide, vith

a distance between hsilfslll msxims (when more than‘one msximnm P

occurred) of 10~15 ‘miles. Such heilfalls were adequately described

with an average bailpsd spaéing of 2.6 miles. The dense networks of

‘this study, however, and that of‘ﬂorgan and Towsry (1974), have :
proven the existence of finer-scale variations 1n 11fsil, across'
only hundreds of feet; such variations can. be an ordeh of magnitude }‘t
or more in the:impact energy and can only be resolved wit spacinga of -
) ;/4 mile or less. These variations ‘concur with earlier findings
(Changnon snd Barron,,i971) of smsll—scalevdifferences‘in Crop damage
'due to hsil. | o

. For the 1973 hsilsgaths, such fine—scale features in the
dense networks were apparent only in the vicinity of the 1e§ger—scale
maxima of hailfall suggesting thst the lafEZZEEsle pattern was still
reasonably well-defined with the hsilpad epacings used in the two main
networks (averages of 2.4 and 2 8 miles). Such an observetion requires
,further data and study, since its validity is of prime importance in . . a.,
- network design. One aspect of  this problem which did become clear,
- was that with spacings > 6 miles, resolution of the’ hsilfall psttern

~

becomes seriously distorted

\\

1Only mspswof 1mpacﬁ*energy hsve been shown, but the seme'results hold .
for ice mass and 1mpact momentum; the use of the word 'hailfsll' covers

all three.- e

v
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7?5 The Hailggd as an Instrument for Hail 8322reaoion Eveluition .

The hnilpad could be an important 1nstrument in evaluating ‘..
the suecess of hail suppression. But since hgl;‘supprcsaion endeavours
to create snalllhailatonea, many of ;hich wili melt and oceur as rain
at the ground, a necesaary coun:erpart for ouch evaluation is the rain- '
geuge. In other words, it makes sense to evaluate hajl aupptesaion o
through gome joint rain and hail analysis such as the mass ratio of
the two., There are three ways that one can use such ratios to compare.
seeded and unseeded storms, on;y one of.vhich appears (in the author 8
opinion) to be the correct way. Using set theory notation, with the
set of hail-dented hailpads denoted‘%y 'H', the set of rainfall reports
by 'R', and the hailpad/rain-gauge network by 'N' as in Figure '35, the
" three methods can be summarized as follows: |

i) HNN: Consider rain and hail emounts at all stations
where haiipads recorded hail, comparing the two retios of total water
mass to total ice mass, for seeded‘ and 'unseeded' storms.

11) HUN: Compare the mass‘ratios chroughout the whole hail-
pad network forvseeded and unseeded etorms, including 'zeros’ where
rain and/or hail do mot occur. |

111) (HL)R)f\N. Compare mass, ratios between seeded and un- .
seeded storms within the network, but include data from stations only
“ where rain and/or hail occur; this area will usually be defined by the .

x,

'zero" rainfall cont:our1 within ‘the network; e.g., the shaded area 1n

Figure 35.

;In Alberta,-haii almost always occurs'ﬁith ra;n,~although the re#erse '
is not true. C b . C R

.
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Figure 35. Schematic of hailfall evaluation :
methods.

' | . . -' . . . &‘

The first method which considers information only wvithin .
o

the‘hailswath, is a poor onq, for if small hailstones are aucceasfully_

A3

created by the geeding’ procias, then many of theae will melt during
s «

fall and consequently be exclnded frbm the evaluation. -The dﬁcond
method, where the total amo?nts of hail and rain are divided by the
number of stations in the network, is equally undesirable, since a .

1arge hailstorm may miss all but a portion of the network;,resulting

-

in unrealistically low mean’ values, and thus throwing unnecessary

N
-

variance into the evaluation. For the third method, which takes means’
i : .

over the who;e region of precipitation within the network, a large

hailstorm may still miss most of the sampling network, but at least a

portiOn of the storm would ‘be sampled.

4

This third method appears to be the best approach of the, v“‘-s‘

three for evaluating hail suppression efforts, and the same tdea should
|

’ be applied wheén inspectingzmean hail impact energy, i. e., include those
zero values where rain—only occurs. As implied, ‘the mass ratio of |
water fo ipe wbuld be‘best for direct " evaluation of seedins effects,‘

4\ - . . .
A : 'é“ : , _ . :
R . . < ta L.

Y r s j Y. - B L - rd

£ ?
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but if crop daﬁage must be considered, then impact energies should be

!

usdd.
' - i
7.3 Recommendations:for Future Hailpgd Projects

In addition}to‘the suggestion for hail suppression évaluation,'h

a few simple but desirablerecommendations are in order.

¢

(1) Laboratory calibrations must be performed carefully, with
'duevconsidergtion to the assumed physicalnconstantsl, and oﬂ)the same
type of underlying surface as will be used in the field. Furthérmore,

calibrations should be repeated annua11§ using new mdterials,'ginqe

5

results here indica%e that even styrofoam aging'and expogdfe tb.the

~F

elements may eventually invalidate a calibration.

(2) Field éalibration of hailpads would present final checks

on accuracy. This 1s a difficult task consisfing,ofyéollecting (or

_phbtograbhing) hailstoﬁeS'é;lling on a known area' adjacent ko a hqilgad
-and compariné‘the two results. ‘Unforﬁﬁnately,amOSt sﬁall hailstones
ﬁelt‘almost imﬁe@iateiy on iﬁpact_ Field cal;pration trials are geing-
carried out by E. P._Lozowski ddtiné 1974, wiqp‘some.help from tﬁe»\

o d o ' . -
author,  although results are not available_in'time for this dissert--

ation.

(3) The underlying surface for hailpads should be cbnsiétént,
‘ : 0* ’ .
and hailpads should be well-exposed. Clipping the pad onto 1/2-inch

plywood and attaching thé apparatus to a well-exposed post, would
.virtualiy'eliminate>both problems. ‘In addition, acqideﬁtal damage

_lFor example; it was shown that the values CDS =i.42'ahd Py = ,00107

g cm 3 mightvhaVe;been better choices than the ones assumed.
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AN
/,

by 1ivestock and people would be/éliminated, while changing hailpads

would also be easier and less’ messy (not having to contend with muddy
v
AN

ground) .
(4) Hainads;éhould,be spaced a maximum of'threelmiles apartu
for resolution of the main hailfall patterms, while Chahgnoh's‘(196§)‘
: : : v
suggestion of one-mile spacing %% not unreasonable in view of the
.dense network results. '
(5) Care must be taken in the construction and transportaﬁion
of hailpads, since the aluminum foil becomes scratched and wrinkled

rather easily.. Wrapping pads with foil corners‘in‘towards styrofoam

edges (as depicted in Figure 30) was found to be best.

-

PN e

_Figure 36, Best method to wrap
hailpads with alum-
inum foil.

”Transportation in cardboard boxes with paper sheets between

K

hailpads is desirable.

i
“\

(6) If volunteer help must be relied upon for maintaining

.hailpad sites, then extra emrhagis must be placed on proper hailpad

[ 2

changes (daily checks, recoru;xg times, etc.); this is a public re-
-lations job, for which frequent contact is essential.

(7) Hailpads mugt be exposed at all times, for sequential

+
__pad exposures have shown that 2-80 per cent of the total hail~mass

L3 .
: 1



can fall in the,first two minutes of hailfalls-lasting ten minutes
or‘more._‘In’other words, hauing a volunteer,instail a'hailpad as
soon as.he notices-hail is,inadequate.

‘(8)vMorehstudy with dense_networks,’with a‘maximumnspacing
of 1/4 mile, should be a priority,pin ordeﬁ'to establish whether the
', fineescale variations exist only,-as noted here, in the vicinity of
~ the large-scale naxina | i
| (9) Since the greatest single source of absolute error in
this project was that due to the horizontal wind attempts should be
- made to evaluate the wind field during a_ hailstorm, preferably using
some variation of the hailcube of Morgan and Tower& (1974). Current

anemometers cannot accurately measure the times of wind and hailfall

simultaneously, so that the method of wind extrapolations from hail-

137

pads is a rough, though reasonable substitute. Ideally, at least half

of the hail detectors in a. network should be hailcubes.

(lO) A rain—gauge should be an integral part of every hail-

~pad site, not just an occasional addition, if a thorough evaluation of

hail Suppression is to be carried ou% Rain mass, in this respect, is a

© more important parameter than the wind speed, since the only other
' tequired parameter (for the-suggested method of evaluation) is ice
mass, which can be adequately measured fugm the hailpad without know-

1edge of winds.

(ll) Analysis is one of the most difficult and time—consuming.

tasks fating any hailpad project, mainly because of the tedious work
involved but also because constant checks»ﬁorvuniformity and against

bias should be made. Therefore, the, search for better~methods of

anaiysis must be continued.. An automated method such as the technique

-



described in Chapter v, though perhaps'more ob;ective, must first be

thoroughlyfchecked for accuracy and consistency.

[ IO S,
T - .

7.4 Concluding,Remarks_
| A simple, inexpensive hailpad has been shown to be a very_
- useful instrument for measuring hailfall It measures occurrences not
only of damaging hail but also of those minor ‘hailfalls which other-
wise go unnoticed by the casual observer, either because ‘they occur at
night, in heavy rainfall or simply because the hail is so small that
it melts on impact. Although they are generally of little significance '
for the farmer, It would be folly to consider such minor hailfalls
insignificant, for the production of small hailstones and light hail—
fallshis“the very objective of.hail suppression experiments,.not-to
' mention their significance to hail climatology for describing the
extent of hailswaths.and'overall hail size distributions.

. Hailpad network dimensions and methods of hail suppression .
4 evaluation, both depend on the type of cloud ‘seeding being carriedv

out. Randomized seeding, using the same area for both target and

control appears to be best, since such practice would minimize .

. spurious differences between seeded and unseeded storms resulting

Id

| from topographic and climatic variations, and differences in crop

damage due to varying ccop types, soils, farming methods, and so on.
Finally, evaanting seeding effects on the basis of a few

' years of crop damage’ statistics, is questionable, not only because of

the above variables, but also, ‘and more’ importantly, because of

unknown climatic_cycles. But,‘with randomizedvseeding, thé suggested

o
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L]

‘ rain/hail ﬁethbd of,évéluation may show noticeable ﬁrends-ﬁiqh”eﬁen one
year of hailpad data;‘gg significant hail Quppressioh is being aphieﬁed;

. Any suéﬁ_trends; of course, woﬁld‘havelﬁo be subjected to statistical

~

'signifiééncévtests. .
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o

'"dlameter of a hailstone R

, VElocity | o o

air den31ty (usually glven the value l 05 X 10

,acceleratlon due to grav1ty (981 3 cm s

'LIST OF SYMBOLS
(in order of appearance) . f ‘f;fi‘c_ iﬁa:

>

kinetic energy of a‘hailstoner'

‘ ) L a ,
mass of a'hallstone

'termlnal velocxty of a hallstone‘

number of hallstones
kinetic energy bf N. hailstones
mass of N hallstones of mass m each ‘

drag coefficient of a’ hallstone in. fre#—fall

' - Reynolds number-

kinematic v150051ty
3

gcm3)'

dynamic viscosity .

hailstone'dénsity»(agsumes the value ;89.9 cﬁh3)5'

- fall velocity

net accelerainn -
drag force on a sphere
axis (p051t1ve) upward from the center of earth :

'2’ at 53N)

time A ,'» - o

s N t

'cross sectlonal area of a sphere

arbitrary constant

momentum :
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‘HS (as L
subscrlpt)

?

. RHI,. DH B

<

nn B .
o]

impact energy

impact'momenﬁum-‘

»

(drop-) height
fraction of termlnal velocity

'
spheres (Wg, Wpg. CDS,:etc.):

Cst——.45 _.03

. radius and dlameter of a hallstone

- depth of dent
volume
final error

'horlzontal wind ve1001ty

'”vertlcal angle of 1mpact of a hallstone
-pressure

temperature ' B o

mean spacing

'angles of dent streaks on hallpad edges

average termlnal veloc1ty of all hail 81zes’7'f‘

&k

R

' 7ident1fies~parameters~of~'s;mulatingnef.nﬁm.Ll;)ﬂ‘

-total 1mpact energy (sum of vertlcal and horlz—'
iontal partltlons of energy) ‘

4
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Units , |
mtrmumtsmeuseaﬁmxgmutausdissertatmn,m .
-forafaﬂinstanoeswheréltmcomemmttousemlmhunitafor
length. Iboonfomw;ththelandmrveysystanuseﬁinAlberta,distmm
aregivenmmiles,areasinsquarendlee. _ , |

' Since farmers are familiar with,inches yather than centimeters,
varﬂbecauseﬂesteelsmulationspllerésﬁereadﬂymilablemﬂyin'~
standard English sizes (i.'e.,'diameters‘of 3 in, } in, 1 in, etc.), dent
sizes for both calibrations and hailpad analysis were measured in inches,
'.mtwezecomertedtolullstoredmetersmbothimhesardcentimters
in final ccm;ntatlons Maxmunhail s:.zeswaremtp.xt mcentm\etmsonly.
-2 qoept

' f:)r'mmbers of hallstoneswl'uch are stnwn as counted (ft';z)_. o

' De_nved hail parameters were converted to mtals m

'l‘heDan;annI.%g_Su.rveySystan o
LandareasmAlbertaaredwmdedmtostmilesquarem)shipa,

eachsquarenu.le (or section) bea:gldemnfledbyconsecutiw rwbering
'fmnlto36.Eachsectwnlsfurtherd1v1dedmtoqxnrters ~and desig-
natedassoutheast, swttmst,mtlmst, arximrtheast qaart&-sect.‘lom

mvmslupsarenmberedmrtlmrdfrunthewthparallel,whﬂetherawe

ofatmnshlplsmmberedwestvaxﬂfmnamendmn,ofvdﬁchtheream
wo.mAlberta thefo\xrthneridlanatllmlongiuﬁe, axﬂthefifth |
nerldlanatllmlmgimde Oonvergemeofthemﬁdiansrwsitatad
cettain'coxrectmn'lm,mchttatmtallmmshipsaxesixmﬂes

'a
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square. mus,afamlocatibnis'idenhifiedbqurtar sactionnnber,z
tomshipmmber, rame,axﬂmidian; e¢g.,NE6/42/2/ﬂ§isthenorm- '

s
‘u“" ~

&W ofsectionsinbmmshipn,atrmgeZwestofthefiﬁh

Accuracy of Dent Measuranents

ly

1

Midiﬂn . ) . ) ¥ ‘ ) . ’

L 4

_For the ca.libu:'ation measuranents, dents were interpolatad o )
nea,reﬁt 01 inch,c,andwere believed‘aocurate to +.03 inch Fox tha

-

hailpadaralysxspmcedure dentsminterpolatedonlygoﬂanearestﬂ ‘

."

.05 irnc;h, andvlere beljeved accurate to +.05 inch.
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-3

Table. A4. Hallpad calibration data assumlng Py = 1 05 X 10
g cm =3 ana Cpg ™ -45. Dents were measured on ondkg
1nch thick Styrofoam *FR pads covered with- .0001~
inch Reynolds Wrap aluminum foil.

_ "DENT DIAMETERS (in)
Sphere - - = " v ; -

\Diameter Cp = =50 €, =.60 (Std. Cp = .70

" 1/4 .12 .10 (.007) . .09
3/8 .24 ©o.21 (009 .20
P2 .38 .33 (Lo07) .31
9/16 . .40 .39 (.009) .36

y 5/8 .46 44" . (.009) .41

3/4 .57 .55 " (.011) T .53,
7/8 70 .67 (.019) .64,

- 15/16 - _ - .75 (.014) 72

‘ . AN

1 .83 . .82$\\f.021) 19

1.1/4 1.14 1.09 E\gls), -

11/2 . 1.44 N 1.43  (.023) -
2 ,1.98 (- ) . -

1.99
o a : -
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Hailpad calibration data for w1nd—blown hall-

- Major

Table AS.
stones (hailpads inclined with only vert1ca1 par-
b, titions of 1mpact energy 51mulated) Assumes
¥ p =1.05 X 10 "3 g em™3, c g =.45, and ;= .60.
Dents were measured on one-inch thick. Sgyrofoam
*FR pads covered with .0001-inch Reynolds Wrap
. #
aluminum foil. _ o
. DENT AﬁIS MEASUREMENTS (in) Max
Sphere . . . ! std.
Digmeter Dent Hailpad 1ncl%ned at Angles of Dev.
(in) Axis 15° -30° 45°  60° 759 (in).
3/8 Minor .22 .22 .20!. .20 - .012
Major .25 .27 .28 .31 - .011
> ) ' i o &
1/2 Minor .31 .31 .31 .29 .21 .018
Major .37 .39 .40 .50 .61 .057
. Minor .42 - .40 .39 .36 .29  .020
- Major .47 .50 .54 .72 .86 . .048
k. Minor .50 .50 .49 .46 - .38 .016
3/4k, A _ . | : |
o’ % Major 056 -63 -74 .86 lbo7 . .083
A B I ' ‘

2/8 Minor - <63 .58 .58 .56 .44  .020.
| Major , .70 - .71 °~ .88 1.09 1.30  .065
L Minor 75 .72 .69 . .64 . .51 .038

.88 .90 1.01 1.33 1.8l  .149
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|
o APPENDIX III , = ~
SAMPI.:E OUTPUT OF HAILPAD DATA (2 PAGES)
. ¢ ’ V;! o1 f\.i:'/
(s27) - o ‘
"B AT L PAD AYALYSIS __SHEET -
“‘.".“.“‘...‘..““ﬁ.‘_‘"““““".“‘...

HAILPAD %O.: 1683 STORM DATE/TINT:AUG,2/0~2AN2/?

STATION NO.: J-§1 ANALYST: VS/SLO/AVG

LAND LOCATION: .ST18/39/ 8 DATS OF ANALYSIS: 0T/JAN/T8, . .
OPTRATOR: LARRY DAVID CHECK Ir/wuvv ANALYSIS REPEATED? ___
REMARKS: PAD OUT JUL.25-AUG.2.WIND M. _

< ‘ NO. TTOTAL TOTAL ‘...
DENT HAILSTONE  INPACT  INPACT AAYL- IEPACT  INPACT
DIAN. DIAMPTE® ENZRGY MONENTUM - STONES BNERGY NONENTON
{TH) (IN)  (CM) (ERGS)  (6.CH/SEC) (/SQ.FT) (JOULES) (KG.A/SEC)
0.05 .19 0.50 0.259E 05 o.5¢1z 02 170 0.48 0.09
TOTALS FOR "SHOTP-SIZEZ HAILSTONES,eeeeccosss 170 .08 0.0920
———————————————————————————— aco——--——---o————-———-—_—---;ﬂ----d—---.---
0.10 N.25 0.63 0.699% 05 0.129% 03 60 0.82 0.08
0.15° 0,30 C.77 0.155E 06 0.2592 03 26 0.40 - 0.07
8.20 C.36 0.91 0.301E 06 C.U63E 03 T 1.32 0,20 .
Ci25.. C.41 1.05% C.531E 06 0.761E 03 18 .96 0.1a
8300 - 0.37 1.19 0.8755 06 0.1183 65 - i1 0.96 - 0.13
TOTALS ﬁdn PPEA"-STZE HAILSTONES. eeeessoscss 159 8.06 0.6151
€.35 9,52 1.33 0.136E 07 0.1732 08 7 0.95 L 0.12
0.0 © 0.58 1.47 0,203E 07 0.2662 08 3 1,22 0.15.
0.85 0.63 1.61 0.291% 07.0.3372 08 2 0.58 .07
.50 0.69 1.75 C.476E 07 0.851% 04 3 1.22 0,18 -
0.5 0,78 1.89 0.552F 07 0,5902 04 1 0.55 0.06 /-
TOTALS FOR "GRAPE"-SIZE HATLSTOFES.eecssesss 19 . 8,52 055307
0.65 0.85 2.17  0.9572 07 0.9562 04 1 0.96 . . 0.10
TOTALS FOR "WALNUTW-SIZE HAILSTONES.......o. 1 0.96 0.0956

—rmeeeees - P L e L P L X L X ~—---—f—----—q-———ﬁ---------
"FOTALS EXCLUDING “SHOT"-STZE (PFR SQ.FPT).s.s 179 9.58 1.2813
TOTALS "l‘!LL" SIZES (PFR SQ- FT)..‘...‘._O e® 000 3“9 ) 9.98 1.333“
TOTALS "ALL" SIZFS .4PER SQ.%ETZR)eeeveioes 3757 107.31 183522
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i RS
s
SUMMARY_OF_HATLPAD/HAILCAPD_ (#1683): -
HATLPAD___SHOT PEA  GRADPZ _ WALNUT _ GOLP. __SGOLF___TOTALS
. . . . . ) a-‘\;f
_ NOMBER 170 159 - 190 1 0 0 349
% OF TOT. 48,7 85,6 5.4 0.3 0.0 0.0 100%
LOG(#) . 2.23  2.20 - 1.28 0.0 sees  ewEs 2,50
HAIL AREA 5.08 13.67 5.29 0.57 0.0 0.0 24.61
(SQ.TH.) o
MASS (GN) 9.6 47.0  31.3 4.8 0.0 0.0  92.7
I.E. (J) 0,48 8,06 4.52 0.96 0.0 0.0 9.98
I.POM. 0.0920 9.6151 0.5307 0.0956 0.0 0.0 1.3338
(XG=F /SEC/FT2) . s '
<:> ; PROM OPERATOR™S
HATLPAD __HAILCARD_
1, lgglgggz_gzgg_ggascrrnu’as INDICATED_BY _PAD =
2. NO. HAILSTONES (/SO,FT) EXCLUDING "SHOT"-SIZE... 179 xxne
—-owQ. DER S0, TH, IZYCLUDING WSHOTW-SIZE)..... 1.28 xna
"“N.'Oo/svo,c IN. (EXCLUDIVG"SHOT"S"P?A“) esene s 0-1“ . REns
~--LINFAR SPACING (INCHFTS) -EXCLUDING "SHOT".... .01 )
-~-LINEAR_SPACTSG_EXCLUDING "SHOT"EMPPAM...ess 3,03 )
3, SIZZ(RANGE) OF LARGEST HAIL..coo.(=2.17CH)....

4, STZR(RANGE) FOST CCMMON_HAIL § % OP TOTALseese ‘
5. FST.%_DAMAGE AT opz?;op"s FARM/E_CROP_T(PE... b g
6. INPACT ENERGY (JOULYS PER SQ.METER) cecessceess 107,81 Il

---STZE(RANGE) OF GREATEST CONTRIBUTOR TO I.E. . “ra

--<% CONTRIBUTION TO TOTAL IMPACT ENERGY.ceoe. sens

6A TMPACT MOMENTUM _(RG=H/SEC PEP _SQ.METEP)..yssss__ 14, 35_n X208

7. PER CENT AREA OP PAD. DENTED BY HATL(ALL) cosses 520177 wess

8. PEP CENT APFA OF_GPOUND COVERED BY HAIL:sesss 17.03 sexs
= - THE ERD

W
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Figure Al. Patterh"..of impact energy (J m-z) over the
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installations were not complete at this time.)

T A T R T e
I8 N 0 U5 T 6 A O ONN O 0 O g G R _L 10 S I I 0 A O A IO 00 N G 0 O O 00 0 P O
SR R D L H R |
; ] T T y _‘ - i
11 soumvern 11971 11T ' : ‘]“H‘ HTt
T NETWORK ‘ o 11T, L
_V.4_<H||v”‘IJI . % Bowden}-1-1 JUNE 29, 1973
L. 3-]] x.w.x, Donse Hadpad - S -
vz Network Identbers
[T1I] o0123466me
214 | W NS T W I W
s 1r<'
T heemtaniusduntng
.l
EE
i
17 A
T ;_:
-
| i 13 ) IT T ) = !.1
B 1T 111 | Ll 1 T 1 1

Figure A2. V Pattern of impac't. energy (J m'z) over th? )
Southern Network on ‘June 29th, 1973. gHal}pad
.installations.were not complete at this tln}ef)

O

-



INER

T T

FjRocky
141
L 11
i S BRI e A
! Sylvan Lak 3 1T 11
R =
1 = o
T
K : . 8 ¢ e o o 2y
!
: ' b
1 i i i,

Figure A3. pPattern of impact energy (J‘m-z) ove:fthe
- Northern Network on July 4th, 1973. (Hailpad
installations were not complete at this time.)
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Figure All. Pattern of 1mpact energy (J m~ ) over the
. . Northern Network on August 1- 2nd 1973.
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SUMMARY OF DATA FOR THE 761 HAILPADS

.

OF THIS 1973 ALBERTA STUDY
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