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ABSTFACT

.h attemptiﬂg te study hailstgne. aerodynapics either
experimeetally- of theoreticélly, se?eral approxima*tions are
freqﬁently made, regular skapes, such as spheroids, may be
assumed ard models may be constraired to have fever’degrees
\of reedom than in free- fall In order ‘to avoid meking eny
of these _approximations in this study, ha11<haﬁts vere

sought out’ and natutal hailstones  were photoqra?hed under

free-fall conditions near the ground., - ., o @i

fhis‘{hesis deseribes the teeﬁniéﬁes ufed to photograpﬁ
hail ‘uging . a 'étereo camera* psir and strob;;cop{ca
illumiration. It'¢e8crdbes the methods used to extract data
°ffoh-film and te determine accurate velccities from a pair

0f stereo photqgraphst" N o -

These,,methode aré -applied @o‘ tvo case s*udles, the
principel one being a.haiis to-m which occurred on. August 7,
u_197u‘\rear to Ponoka, Alber*a, the other be*ng on August 18,
_1974 near to Sprucevlev Alberta, The resultS"shou that.
mach  of' the hail- fell faster than uould be expected for'
' spher01dal stores fall1nq in-a steady orlentatron with their
minor axle vertlcal Thls eugges*s tkat many of the stoues,
vere tumbl1nq and- thav haxlstone shape nay bé an ilportant

] S . £

.factor in dete;m*nirg fall’ velocibies.



Finally recommendations , are made for modifying the

apparatus wused so as to improve “he quality and quantity of

data which ¢an be colleéﬁed, with a view to observing $n

detail the-rotation of tumbling hailstones. '
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time, $30-40 million,

Chapter 1. LEZEQDQQIIQ!; ,
? ' . _
1.1 The General *Problenm, ’

-

. .

Despite a uade variety of research in recent years, our

know;edgerof hail is far frog complete. 1As noted by Mason

(1971,p.332), hailstoras octur nmost frequen;ly in the

’

. continental interiors of niddle laultudes. The occurrence

' .
of hall, partlcularly of large s}ones,:is usually associated

vith the occurrence of thurders*orms, but small ha11 may

fall from clouds of lesser proportions (Hacon, 197T p.332).
‘ \ ., - '
"he study of this phenomenon has been found to be very

‘important owing te the .severity of the damage. caused in some

areas by the large ha11Sto'ms vhich regularly occur there,

Hojflu and Sunmers (1972) es+1mated that in Alberta alone

%ho annual ,d;aln on the econony through hail was, ‘at that

[\.

%hile nmary éontlnental thundetstorns have hail

‘assoc;ated vxth then, thd hail generally reaches the ground

in only a shall a:ea, coupared to ‘the area traversed by the

storm. ' Consequently it vas‘}reported by ‘Shands (19““),

i

.worklng ‘in thd State"of"ibwa, thai,' although a sindle

<<<<<

\'statvon observexhhail on only 1 in 12 thunderstorn days, the

hall- hunderstorn tatio for the wholé state vas nearly one- 

in tvo. ‘

In sidl] afﬁlfctéﬁ_qréas nuch'iof& has been done to try

o T

l'(i - A*f“'>f j.)1f “



N
» . ° .
to establish the overall patter" of hailstorm activity both

-

Clth. respect to <*“ime and place (see e.qg. )Douglas and

Hitschfeld_ (1959), Held ~J1974)). There have also been

¢ a

several efforts to defermine the surface coverage of hail
. \ .

\ 4 -

associated with a particular thunderstcra in a krown

synopfic situation (e.g. Paul, 1973).

[
’ +

. [/
If significant relief is to be obtained from storas

N
damage in the future, there must be . advances in accurate

forecasting ard also in man's ability to control or nodi~

3

. storms. In order that there can be significant improvenments

in these fields, a greater understanding is required of both

A4

the macrophisics and the microphysics of these storms, .

, On the macroséale, storm development and progress have

been traced in many instances using both photographic and

S N - -~

radar techniques (Warner, 1973). These st&dies provide

information concerning the overall st ructure-ot a 'storm arnd .

“he developnent of the active cells vithin it. Hovever,' it

4’ only recently that there has been the computational

e

Progress required to produce rumerical 'models cqpible"ofa 

sinulating deep cumulpniqbus_ifcon'ecti ,  (Miller and

pe‘arc’e, f%”u) o’ ‘é . | ,. ‘. ‘ -

e,

Lt ¥ : . . ’ % .
For.a‘ponpkete,undgrstanding of these storm systeas an -

&

appréCiation “of the microphysxcs is essnntial. nuch‘uork‘_

. renalns to be done in otder to deteru*ne uith accuracy the
-processek }nvolved in the grovth and fall of nost typegkof

 precip1tatibn., In particular, in oraer that sat*sfactoty

1



informatidn about the’

é

growvth %cdels can be developed,‘it i§'necessary to obtain an .-

LY

accurate accourt of the dymimics of hailstones, graupel,

snowflakes and raindrops.

I
v

»

1.2 2ips of this Study.

Several workers have produce® descriptions of “the

~kirenatics of a falling ?ailstone on the basis of

theoretical studies of the aerodynamics of idealised - bodies
- I

and - measured aerodynamic parameters of such bodies (e.g.
b 3 . .

List et al, 1973). There havf also been measurements nmade

of the fallspeed, in the atmosphere, of hailstone modelg

(Poos, 1972; ,Rbos and Carte, 1973), but so far there have

" not -been successful observations of natiral.hailstones in

free-fall \which could lead’ to any of the s theoretical
. . . \ . # .
treatments being verified or refuted.

.
' o ’ L4

The .pdijgfe of this study is to attempt to piovide'the

-~ »

hecessa:y infgrmation on . hajilstone kinematic by direct

observation of natural hailstones in free-fall, usinq a

’

stereo-photographic technique- t¢ record three-dimensional

haiiggbne /trajgctories. A similar

-

. . N 9 .
teghnique has been wused. by "Sasyo (1971) ' to= study slow-

falling 'snbwflakes, Previous authors have Jcontentrated"

,their_studies onylargé hail vhereas, ir this Jstudy, the

discussion is of small hail, .By internatiénal ugréelenﬁ
. ' - i B , )
(Atmospheric Fnvironment setyice of Canada,"571; p.33) hail

is precipitation consisting of.'bglls' 6( ice each with a’

f

® R N B Y
- .



: o ~
maximum diameter greater than 5 mm; smaller solid -

precipitation of this +type is called ice pellets or snow
pellets. For the purposes of this stuydy hail and\éce or
snow pellets are $considered together as a single

precipitation form and referred to as ‘hail.

\
It was hoped that the kinematic information, thus.
obtained, would be sufficiently detailed to allow a useful

comparison to be made with previous theoretical results,

There have been a variety of approaches.to the problenm
of hailstone aerodynamics. One of ;Hﬁ‘ earl¥fst useful
discussions on the subiect is that of Bilham and -

' = .
Reif‘(1937),- who produced calculations determining the
. [ . NN

terminal ‘ve;oc'ities of large hailéto;;es by, equating the drag-
‘of an ice sphere to its weith. The drag is cus*omarily
expréssed ir a form which relates it to the cross-sectional
area of the body perpendicular té the flow (wD2/4) agd'the
dynamié pressure of the free streag flowv (Qthzy. bividing
the -drag by thé product.ofvthese quantities yields thelnon-
di@ensional ﬁaramete;;'cglied' the drag cbeftiCien£q (Cy) e
Using the drag _coeffigignt: the drag ;udl veight can‘bej

equated ‘as follows:
' ‘ o »

HrD GV s i Dey o



¥
or .
> = —2; _,e“ ..2__ '
\/ e €a Co D -(2)

whece &, €, V, Cp are respeétively the diameter, dens%t‘ Ay
términal ‘'velocity and drag coefficient of the spherical
hailstone, @. is the air density and g is the acceleration
" due to gravity; Tt should be noted that modernki?niention,
used by all subsequent authors, defines Coe to have *wice the
Qa;ue‘of the C, used in lequation (M. Bilham and Relf
dedhceg that in nature t;;re shculd be arn upper linit to the
Ydiameter of a hailstone (approx. 13 ¢cm), at.khich the
fallspeed incre;seé greatly upon becoming supercritical and
hence could md longer be balanced by a realistic updraft.,
That 1is the diameter vhich corresponds to the transition
from laminar io‘jturbulent airflow ih the boundary layer

'about the hailstone (a Reynolds number of. approxinatély

- 3x19% for smooth spheres).

An important advanée' in the theofy of Hailstoné

_ forﬁation vas soon made by Schumann (1938), vho produced the
first. really quantitatlve _treatment of hailstone grovth;
;Ignoring the early stages of grouth, he assuned a: hailstone
.to grow as a spherlcal particle by sweepinq. up all the
Asupercooled ,water droplets lying in i*# fﬁiipath. He did
_reallze that the qrowth rate bf a bailstone uould be lilited
by the rate at vhlch it can dissipate :h latent heat ofl

_ fusion, and made allovance for this. Subsequently, lore

détailéd' calculations "’ byA Ludlat (1350), sulnarized by



»

Masor (1971,p.351), showed how fast freezing cof moisture on
the surface of a stone, alternating with periods when the
liquid vater collected by the stone 1is not completely

.
frozen, due to.ambien?'canditions of fallspgéd, temperature
aﬁd air. liquid water c;ntent, can give rise to the opion—

" like CLeaf;ppaque layer J structure coamonly  found in
hailstones. Experiment;l verification of this work was
provided .hy List (i§59b) who carried out vind-tunnel

4

investigations of the_'grow;h of hailstones in simulated

atmoépheriébconditio.’. coT

After avconsidetab;e amouht and.Variety_of experinental‘.
work (described in section 1.4), 'undertake by severai
wvorkers, List et a1'(1973)-producédﬂa nqhérical simulation
~of a possibhle mode of fali of spheroidal hailstones, ;Uied-
tunnel measurements of static drag, lift and tdrques veré'
nade for smooth oblate spheroids and the appropriate values
vere then inserted 1nto the equations of notioﬁ,l the'
resuiting equationé being—§6iv§d nﬂnerically.  Tke numerjcal
simulation vas initiated with a spher01d having a .vertical =
- wipor -axis and 1nves*1gated the effect of a varying initialv
pertu'batlon applieg so as to cause o;cillation vhich
bsequeutly .anpllfled to tunbliuq. This‘aodel;uas set upx
- }iq accordance- vith previoqs obsetvations by Kﬁié%t' and .

-anﬁhi (1070) :thét' rotdtion about a horlzontal lajor atis,

_ yas a funda-ental node of lotion, and it ptedicts in” dctail

" a p0551b1e fall pattern. N

6‘,’,.0
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Th? numerical simulatior approach was éxtended by Kry
and List (1974) who considered the pOSSlbllltleS of splnnrng
abhout a miror axis with glmultaneous symmetrlcal gyr?tlon.
They analysed -the free-fall behaviour of oblate"spheroids
which»arewﬁree to spin about the minor axis, with special

attention to +hose amotions thought to be s{gnificant for

hailstones;. .

1.4 Previous Ezsésri;-.gm.l. ¥ork,

in ‘addition to the theoretical work discussed in
section 1.3 there has en a large amount of experimental

if work'uhich has contributed to our knowledge of the dynamics

of hailstones and of otherffalling bodjes. (

¢

)

Analysis ofg the bubbla~§Qd crystal strocturé.and-the'
isotobicﬁ coﬁposition of a ‘ bailstone  Can ' qive much
information about the vertical conponent of the trajectory
of a hallstone in a stori cell durinq its grovth (Hacklin
'etj al, 1970). Hossop (1971) stuﬁied the surtace structu:e
of - r*egular hailbtones to try. and ‘derive an- explanation for

their shapes. . | e L i v

' The analysis of hailutone sthcture. 'ikiio 'providin§,
r corroborative evidence -&sl.to' the accuracy of theories of

“hailstone aerodynanics, .cannot prove these tbeorias,. so
.0

- *hodthors have used hai‘stone lodels rather than aotual

hails*ones rqﬁ these studies {e.g.’ xoos,v1972 Roon andf'l

-

dlrec* Etuey of ‘e fall of stoﬁes 'is necessory., uan; ;f
by, .



' rqrber moulding,

,hawlstones, *he flrst najor advance on ﬂhe vork‘ of

nay be approxilated by spheres.'ﬂ"f°,~ : :“f“ir_r i,._,!

Carte, 1973) ard this makes instrumentation easier, as study

of ‘the methods used quickly shows. It also nmakes

exberiments -much more repeatable than if actual hailstones '
~are used. For some purposés 'idealised' models have been

JSed,, while for other vexperineﬂts the - modeTs have been

»

replicas, with respect to surface features, of large

_hdilstones wvhich have been collected previously. Methods

for makirg ‘'such - replica models are \ discussed by
’ .

~\Ca§$e (1971), ihe principal method*beinq that of siliédné

P i3

t

With regard to the detern1nat1on of the aerodyIanics of

B1lhal

énd Relf dgd ‘not come until Llst (19<9a) published: the

L3

ragults of hlS vlnd tunnel lnvestlgations, although separate.
‘relevant vork had been under vay on. ~other faIlinq bodies.'
r Slnce,_ at that tlme, exlsting hail theories in.nathenatical'

}form proceeded from the- assunption that hailstones could .be
:represented as s;»Bth spheres, vhlch they ure in naturo in a

n*norlty of cases, ‘List carried out vind resistance tosts 1n"l

,./

4. w*vd-tunnel to dete*ninc; for} varrous hailstones and'-.

*nodels of qraupel,rthe inportarce of deviations trol Bilha-r

and “Relf's.(1937) theoretical assqppt;ons thatrhillstoqog L

v

. .

In a rater tank, tnese hazlstone nodels all tcll at: anf7l

1

N

-

P

r'orientation for vhich their speod ot tall vas. a linilul.'fr :

benparing this fall-speed vith that of idetl slooth sthtosn R



-,/// ' ’ | ’
havirg the same mass and density, differences of between 30%
and S0% resulted. As these 'stones.‘vere' smooth it was
suggested that greater deviatidns could odcur in hature,
However the grow{h rate was, littlé different from that
previouély obtained by Schdnann‘ (1938) because the
product of fall-speed and cross-sectional area vas
approx%pately the éame for'Spheres.and for ’Hheée‘ hailstone
models, This daintained growth rate.coupled vith slover
fall-Speed indicated that dature' can produce lafger- dnq
‘heavier hdilstoﬁeS’thanbprevioqs_theoggtical‘considerations
had indicated. | | | |
’) ~F6:~h;ilstones fdlling~in‘the free atmosphere,. thesé
results vere soon'coafirmed by Macklin and Ludlam (1961) vho .
droppe ~ large ar*ificial hazls*ones containinq metal foilA
ifron alloons and then’ folloved thedAtrajectory of.'gach
fdlling stone. using dhlock;follpvvtadag.. Iﬁ'thii.vqf fhéy
- found that, oﬁinq‘to tKe different' dtag,. their hailstones' '

' fell 15-20% sore slovly than spheres of the sane lass.f‘

ndre recently Roos (1972), nsinq theodolites, tracked

| replicas of a giant hailstone dropped fron a helicoptez.ﬂ
5

.confined lainly to one side. Bobs vas abl; to dednco ita;

" The - original stonc ueighed 766 g and had larqn spikes;.j'f

terninal velocity to be about 47 ls“‘ ’ Pran this tree-fall ;:“

experilent .and f;op vind—tupnel investigntioaau itv

'deternined vfhat{-hi§\}° oscillutioas occur ed. tio Stonod-f7ﬂ

renained at tn oriéntation snch that thc apiky fﬁc- "'ﬁ_; :

’ ..
- N . . . - e R
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never downwards, i.e. the spikes alvays terded to trail,
. .
L
Poos and Carte (1973) carried out a series of
’f experiments, both in a, v8rtical wvind~tunnel' and in free
‘fall, to determine the aerodyhanic properties and fall

chqractéristics of replica» models of ten non-spherical
hailstones voryinq io --A;s from 1 g to 766 g. They
developed an - enplrlcal formula to find the tern1na1 velocity
(V in ms-1) from the mass (m in g) for the larger irreqular
‘ stOnés;qni:i};/' .‘f S s - | o \
T Ve Ome e
. 2 - | |

f Thqg‘also feported that a single brotubétance, or;>

L

seéveral lﬁboplaﬁar* ones,'-tended to" remain - near to the
hotlzontal plane durng free fall,  For: several of these

stones there Vas ro*ation about a Vertical minor axis, and
L 4
tor those wlth a sinqle hor*zontal spike thote vas rotation

"about the horizontal axis along the»spike also. oscillation

»

-

about a horlzontal axis vas. also collon.

®
2

| The tendency for a non-spherlcal stone to keep its
“najot axis horizontal qnd for tunblinq to occur ‘on’ ocI;slontj;dj
“ vas observed. earlietl-by vKnlght .nduxxnigbt (1970) vhilo

’ﬂlvatt pting to fill a. hnilstohe lodol 1n free*tall vitb thn .'-
'}

holp of a sky-diver.- %'[_fj , 'fﬂf»yf .'“;3;, » ;‘ ;ff'”’7éﬁzf
, | 'List _-apq Schenenaue: (1971) stq‘[od d"’ftll '
ﬂ;/" characberiﬁtics of snoiflake and gtanpol shnpid nodolt 1n a ;'ﬁ

) e . C coite . . o [
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water tank and observed that at low Reyrolds numbers there

tends to be steady motion but as Re increases, pitchipg sets,

in and finally ‘the particle is subjected to contimﬁgﬁs_
tumbling as it falls, This lasg observdtion,'in pdrticular,
indicates that it aight be benefiCialfmto consider the
progress in the study of‘other bodies rith respecg to their
‘ﬁfree fall characteristics, in the hope that these studies
.mAy prove to be rela*ed to the problens facing us in the

field of hailstone aerodynanics.

" In thetearly.1950's vork’waf done by Snith'(1953) to -
deternine the freée-fall characteristics of an‘aircraftés' |
jettisbnable nose 'séctien;_ observihg that vsteady-statel'
tuabling is " coplanar notioﬁ,‘ he analysed tunbling and
,autorotation of the nose cone in question, considerinq nost'
of the static and dynalic effects vhich could influencg that
body. He del berately neglected wind fluctuations that layx
‘Se important in nany cases of hailstone tunbling for they~-?
-.ay .tause the 1nitia1 perturbations to t;e’body's steady\ii
efall which, he observef, may canse the oﬁset of -oscillation

.

Qr. tunbling..' He . conleﬁts that net lOlents, either drivinq

.‘\' .

There have been tuo nore recent studies vhich iadicute'

"Vsole o£ the ei‘ects of vind petturhations., iillatth aud E

- or dalpinq, can be induced by the notioa of the body itself._:‘t

!nlou (1969) and Pichtl (1971) carried ont studios of thelfx’c

'aecodynnn c effects of finctuations in the flov Ahbnt};lfi

~ spheres. These studies shoved ‘the sort bf fb:ces uhicifif
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-

could be expected to act Hon small bodies as a resuit df
% airstrean %luc;uations. In fhs study of wind sensors[
Fichtl'negléctéd the effect of sslfiinduced aerodynamic 1ift
" forces sS)ch day -not- be. negligible for flatter bodies,

incldding many -hailstones, o \ : s .

LN

Hiiharth, Hawk and }arvey (1964) , studying the free-
fall ¢ of iscs, made sohe_:observations wvhich are of
particular ‘intesest | in | pﬁe ' light of List and
SChedenauer3si(1971) ‘later _pbseryagions. * Slowly falling
dissslih a vater‘tank uers obsesvéd to havs - stable wmotion
and a steady vake vhen they were in the lov Reynolds number

“range (Re<100) correspond;ng to a steady vake behind a fized
disc in a fluid s+teal. , In” the Reynolds humber “}qe
(100<Re<2000 approx,) vhere a statlona‘y disc in an airflow
sﬁedsddis 1nct vortlces, a free-fallinq dlSC has ; sililar_"

.wdke aﬁd oscxllation of the disc sets in. At highér
Reynolds nunbers tunbling occurs. Por a-fullér description

*
of ~;he fornation of these ‘uakos, in the case of a fixed

[ 4

| obstrqgtxon, see Goldsg;in (1938,p 556).: In this casc it

.

vas certain that the‘pressure fluctuation caused by vo:;

.fsheddinq was'~*he drﬁ‘ 8y force giving B tise . to

s the di ', ¢ B i o :
$ }e ics an encc, n apprbpriate.ct 8y “’ ;

~-¥oscillation
‘bling' . y B . - e g . 7 Ui . - ‘f‘.*ﬂ o’
" ’ T o ' ‘ e o . - v . . . ‘L',..‘.;"(;‘ ‘_7

rurther studies- of the fall‘ patterns of idealilﬁd,,
paf!icles, in particulat discs and ohlato sphcro&dt, uero g

g car*:ed out by striuqhau at al (1969)q _ Thoy dcsctibo 1n
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detail the various fall patterns for their models and again
stress the categorlzatlon agcording'_to Reynolds number
regimey p01nt1ng out that the steadiness of a falling

lpa?ticle 1s dependent upon. the direcfional stability of the
resultant of the pressure forces 1n the vake, vith the nost'
non- spher1cal shapes and high Reynolds number causing the

resultant force to be least stable.

"A-_mére recent study by Saith (1971) has sought to
explain the auto-rotatory motion of a free viné.' The
~rotation rate 'is rélated to the Strouhal dunbeg-uhich ié
‘ 9ffec£ively a measure §f'v§ke stability (Goldétein,'193é).

y : - . | ,
This accululation of observational evidence' enabled the -
'numer;cal nodelling, nentloned Lin section .1.3, to be‘
'dndertakeﬁ; It also provides prldlctions for the fall
‘patterns of real. hail§tones, provided the nodels studied are

good approxlmations to natbral hailstones. So ﬁar'there 'do

{

not seeg, to hame been any reportl of observattanx of Qhe ;
fall patterns of natural hailstones in’ thc atlosphore. ////—j

' .
ce

1.5 Zal;smn, Im‘-%‘m? ﬁ

- Kn ilportant paraleter deterniuinq the 1lpact energy of

'f  hail (which is relevant to studies of hail da-uge), and alto'

one of the easiest to dete:nine frc- observation, 1s tho

) '

terllbal velocity. A variéty of authors have daterilncd.

fron theory or: abservation, torlulae cennoctinq tetiinal

f  velocity to hailstone size vhich have nat been prcviously

-
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verified by studies ' of . rfatural hail, It is therefore

relevant to retord some of these formulae, for conparison

with the results obtained in this study.

.
l.

Termlnal velocity (V) is related to hailstone diameter
(D) for a spherlcaj hallstone by, equating drag and veight as

Bilham and Re1f1f~b37) dld. Thls gives, in modern notatlon,
!

"  71; L e a [) ’ L (2)+
. \Vfw 3 e~ .

Howvever the draJ coefficient and hailstone den51ty are not
> L[]

generally knonn /uhile for non-sPherical stones D is not

.always vell qe?‘ned, so most authors have sought simpler .

emplnpcal rﬁlatlonshlps. - For |use with aﬁy par*icular air
densi*y, the najorlty of authors in this field have favoured

a formula of “he forn. o : o
o Va - S | . ().
N V- ¢ : - . I

vhere V is the tersinal velocity in mg=1, c'is a constant,

and D s éoné typlcal hailstone dilension in .Ch, Bj'

-

considerinq XOrlulae Ain this forl it is. nerely neCessary to
V‘Q

conpa*e the values of the constant, c, obtained by different,

R Y \ i . , . ,

N

vriggrs. T

weQenei‘(1§1ﬁ),_ vorking fron o silplified dyninic

i

théori,‘ dﬁ% perhaps tho'fitst to suqqest a relatiouship ot‘

i .
hifforn qiven. }Be favoured a. value of c of 8 . toEDuse at

the thface,\and of 1“ 45 for nse' qt a height of N 3 kn. i'
, ' Bilhan and quf (1937) conneni‘that a value of 1¢ 1 vould bo_:-

1 . . A . X . . Y e T
SR _ , S )
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appropriate to the case of a spherical hailstone of pure ice

. vt
at *he surface,

List (1959a) presented a graphical illustration of how
¢ varied according to particle shape, for hailstones and
graupe}Q For his solutions, c lay within the Epproxinate

: ) . ¢
range 6.4 to 15. More recent workers have tended to favour

the higher Valugs of ¢this range; Douglas (1964), when
calculating ha%if;zze distrubutiéns, chose the value 16,2

while Roos and carte (1973) claimed 12.4 to 'be an average

,for 1arge 1rregu1ar hailstones, with 15 more appropriate for
- .
spherical bodles.

‘Strong (1974), studying 'hailfall at the surface in-

¢

Central 1Alberta, the area used for the field study of this‘

project, accepted Co=0.60 as a mean drag coefficient fcr

spherical ‘hailstones falllng in  the area. The resultinq

veloc*ty diameter relatxon, vhich he ‘presents graphically,

1s very closely matched by

It can be seen that while there is fair unaniiity abént-

the general forl of the forlula, there is little agreelent

[T

|,.3-~-57f D* W

about, the value of ¢ to be used to characterize natural

hailstones. | | '}“ ,
‘ e c . o ' . i ' ‘-



Chapter 2, . THEZ FIEZLD EXPERIMENT,

2.1 The Aifns of the Field Work;

In order to »investigate the motion‘- of natural
hailstones it isvdesirable to carry outvone's observational
program in the tield; preferably in an ared with a high
incidence of hail. The study'déscribed here wvas carried out
i: Central Alberta, .in 'coopefation vith the Alberta Hail

Project (ALHAP), by Dr, B. P. Lozowski and three graduate

students;;including the author.

The purpose of *he work vas to obtain stereographic
photographs of hail 1in free-fall from which details of
hails:Zne kinematics" dpuld be determined.™ The analysis of
the films obtained was to become the work whlch is reported

in this thesis.

The filﬁ_' records vere. obtained using a wmobile
phctographic‘unit vhich could be located in'aa ~hailstoram.
The d951gn and operation of that unit iill be discussed in

e "

'th is chapter.
(22 Qeemiim of she &xne;izenh : o,

Tﬁe Alberta Hail Project vas origixated in 1970 as ' the

"enlarged successor to Alberta Hail Studies uhich v§s fotled:

in 1956 as-a result of concern over heavy aqricultaral;,'

.;osses and enthusiastic :eteorological research intetest idf_

o
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r
ALHAP is concerned with the investigation of

.;mxiny aspects pf Rlberta hailstorms, and in particu{ar the

;g 90231b1e reduction of crop damage by seeding potential hail-
i y

oA “ ' » .
.i hea 1qg clouds wyith Silver 1Todide. The project area is

-

ﬁsrbn!’ 22 000 ‘square miles in extent and 1lies between

'gonton ard Calgary, centred on an operational base at Red
. . Yoo .
Indus:rial Airport, an air base about eleven kilometres

L hvest of Rked Deer,

¥
iy weptoyen va »
;?be mobile unit employed was .a medfum size van,
4
normally with a crew of two to operate the equipment as vell
as to share the responsibilities of driver and navigator.

in additionj to the cameré.'systbu, the van carried a

hdilcatcher for collec+1nq";§nad sequentlal sasples, a
- . ‘ « . e .
freezer, a 3kw A, cC. generatq:, ard rad1os for connudication

" with the°cloud seedlnq alrcxaf‘ iﬁd ‘the ﬂLH)P radar control

H . :
*

room, Radlo commuﬂ*ca*lon allowed cons*a“t 'nonitorlnq of
éto:m cell locatlons and nove@ents, thus qreatly increasing

the chances of paesitiohing the 'van in the path of a

sigrificant stors cell. °

The cameras. vwere nounted clOSG tgb‘;ﬂé fldor,;
*aopro\nlately twvo feet from the s‘de of the w ,a'nd‘\'ﬂox:e'
e p01nted _tg' look  out through a sliding .side dggt,uhile the

iehicle vas stopped- (Plates 1,2), A ba.kdrop consisting of

two' ganels. each about 1. 5 . h%%r nnd ﬁﬂ »i‘vide, iouitcd.at

138° to each other, was set up om tﬁ# q'ound 0.8 . from the

side of_tpe van. The vehlcle was . pointed into the vind so
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v
4
‘

 Plate 1, Horizental viev of camera arrangement, shovinq

 cameras and strobes, vith backdrop displacod, and totatod by
180° .

/



19

D

Plate 2, Camera a:§angelént; "as seen fros above 'thq'
backdrop wvhich is in position. S ‘ e

‘. e - - '
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that hailstones falling between the backdrop and the opeh
door could be recorded on film, with a .minim;n, number
ricochetinrg off the van or ,the backdrop; and iqto the field
of view of the cameras. . ‘ : -
' .
In order to provide. protécti&n frop - dust, ﬂngd aéh'
shock, vhich are significant on cbuntry roads, the canerﬁs
and lighting equipment were mounted in two foam rubber.
insulated'boxes with removable upper sections and dust-tight
vseais{ - To avoid excesstve obtical distortion, the only
protéction afforded tﬁe. cameras during the photdgraphy,
‘other than 'that.proviﬁed by the walls and roof of the van,
wvas the . p“ov1§!on of an ultraviolet fllter over each ‘lens.
This arrangement aFforded adequate protection against hail
provided that the van vas pointed into . the wind,
Nevertheless, rain usuélly ‘blev in.thtbudh thé opén éide
- door, ahd occasionally itkdrehched the cameras. The canmeras -

‘vere battery opera‘ed but pover for the llqhts vas provzdedf

by the gasollne generator.

The photog:aphic ar:angenent'vhict vas usédv iﬂitiaily

:'consisted ‘of a high-speed 16 ll cine canera vith a half~’
n}tfofed backdtop. The details and cpetation of this setup,'

" are dlscussed hy. Lozovski et al (1975).: One of the lajorjtt
i.difflcu1t1es of the systen vas that it p*odnced a very snall

{ilaqe s;ze,for ha;lstones-on f;ll,'uhiqh;»qade .qunntitativo
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7
analysis of the film difficult., 7In order L0 overcome this,

and lesser p: act*cal dlfflcultwes, ‘the systen tbat vas used
for the present study consisted of two motor-driven 35ma SLR
cameras, broviding stereo photography without the use of a

mirror, and using stroboscopic illumination.
\.

he cameras used were Canon F;1's vith.28‘mm vide-angle -
lenses, These lenses have a di\ﬁonal viéding angle of 750
compared to the standa‘d 50 mm lens's 469 (Suzukl, 1973) ..
*he caleras wer? rounted near the floor of the van, one
netre apart 'S0 as to be looklng at the backdrop at an anglev
of 39.29 to each other. This arrdngene%} 1s'§hovn.in Plates.
1 and 2 and a plan viev ‘of the geone;ry is given in
'Figure t. In this diagram, which shows how the -eqniplent'.
ﬂa$ set up uAder ideal condltions, A and B are the centres.
of ‘he filn frames of the tvo cameras and AO,-~BO are the
optic ‘axes of - ‘the caneras, where vo isf their point of
'-1ntersec*1on vhich lies on the spxne of the backdrop and can‘i
'.be readlly 1dentif1ed by a lark rade -on the spine. :hq
ibackdrop consisted of tvo vooden- panels faced vith black
velvet and with a 10cu square grid of vhite co;d' tixed 'infd‘
front of the velvet. Due to ground condit ons; the‘btckdnopﬁ

vas seldon perfectly positioned in ptactice' this ‘is

B uninportant as,the vertical-'vns' given by fa, plulb linel

suspended in front of the backdrop and tha position ot the 3” 

| _optic axis 4bn any photograph can be taken to be the N

-intersectlon of the diagonals of that trane. The lcthods

°v,used to Co-pensate for other departutes froo thQ doslgncd,
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acrangement (such as +the van being parked on a slope) are

’

discussed in Chapter 3,

The illumination neceQSary to obtain instantaneous
hailstone images uasi supplied by two Generai Radio
StroboLume ligut units which vere mounted between ‘the two
camergs}. ‘The strobes were slaved and fired at a nominal 70
flashes uer second, the actual flash rate,, on calibration,
being 70,2 AflaShes uer second. This flash rate was.

independeut of the power output of the geuerator.

’

The cameras were operated at a framing frequency of one'
~or tvo per second, vith a shutter speed of 1/;' oF 1715 s
depending’ on the conditious.;' The £ilm advance notorS'of
- both caneJ;s vere synchron*zed te. a single taner ~which’
ensured that the cameras vere takinq virtuglly sxnultaneous
photqgraphs although i; did not ensure that: both -shutters
‘vere . released precxsely éinulianeeuslf. i Exact shuttef'
| synchrogtzation vas nqt gererally critical as intease ilaqes ;“

arising’ fron strobe flashes vill be sinultanecus on' iboth“

’filns.

‘u.In_ order to avola significant i-age blurrinq for a‘ )

- typical falling hailstone an cxposute {iln of losa thanu__ﬁ

"1_100Jﬂs 13 'rcquired. and 1n ordqr to obtuiu note thuu tvoi‘ 

vsuccessive ilages of the sahe» huilatons A llnshing rate}f

1a:greatet thnn 20}per second vould bo needed. ?h-se criteriu n

'53{are eftectively -et using the sttobes, as ti.ir tla:boa have;f'

L ) fan exposure tin of 12 }cs, beiag the tiu tot *’-‘vuch tbe»

: RN
,”.. T
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light intensity is greater tkan one third of its peak value,
. ’ ¢
and a" repetition rate of 70.2 per second. For analysis

there is the added convenience that_suécessive images of a
singleu hailstone are on the samé;photogriphic frame. Osing
this system, however, nseful films vere only obiaired vhen
the strobe illumiration was Suff1c1ently intense compared to
thg" amblent daylighF to produce images that vere much more
intensé than the streaks produced by the hailstones under
the continﬂous:gnbient light;ng.  It wvas cbnvenient to have
a little ambiént lightiﬁq as this 'prdddced~'faint streaks
connectirg the sharp images, thus 1dent1fy1ng the successive
p051tlons of a sin;I;\Fallstone unanbiguously._ Under briqht'
condltlons +only: the streaks vere observed, An exalple of
Ithe most useful film vhich vas obtalned is shovn in Plate 3.
One d*avback of this nultlple exposurei_teChnique is tha;
“although . hailstone images are éhérp _ih.outlihe,-ihén in
foéhs,‘thEy 1ack surfécé'ﬂetail.f | . ’
Tri-x (noo Asn) negative f*inV Qas.”uséd in 33 foot;
;lengths, giving 250 exgysures and .a continnons filninq tine 
" of 125 to 250 S; thougb it vwas ¢gneFally fired'.in-:shprg/'\

2

bursts,qt abovt 10 to 15,5.\[

Hhile photbgraphy ,y@é under uny, tbe haf1 f&llinq at  o

"'.A-the base cf the backdrop vas ccllcctod in a savdust-fillodfal:

.”;f(box., Generally the stones collected, dven over a iiante at »'

» f“inaividua1 ia

;<f"le$s, vere toolnuuercns and sinilar in struc%uts to perlit- h

chiag vith iaages on thc fills and thil'ﬁ5 



- a.,pia-teif'a,.- 'y sah le of . the hail tﬂl. PR T
y caneta l.on Auqnst 1, 197#. o

. Frame 37‘*akep
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‘ .
limited the usefulness of this exercise to the comparison of

, :
the statistical parameters of the film images to those of

the collected stones.:

2.4 Film Data Collected,

F%Tming vas undertaken in several hailstoras, durin§
July.dnd.August 1974, producing hail of ail; sizes up to

" golfball. . Much of the fili taken was capable of yielding
some useful infarmation but only on 8 ~days wgre good
exposures" with- sharp hallstone images obtained‘B'On 4 of

these days the fllns shov good multiple images (generally 4

1uages pe‘ stone) for several stones.

The pqst extensive fiin'Adhta obtained vas that.of
'Auqust_?(_ wpiCh ;shovs. many distinct iuitiple 'hailstohé
inagés connected - by f;int streaks. The l;gust"7 data
 cons‘s*s‘o£~a continuous sequence of 65 franes, shot duting
a storn” producing pea-size hail. at a- 10cation a fev amiles

:ﬁizest of Ponoka (NE quarter, 'section i2 ~toynship 43,
range 28 vest of the ath leridian). o :l‘ - ; .
The iargest §511 y§iéh‘v£s'observad ahd'fii;ed-oécﬁrfed'
. on '.Anqust- ‘1§;Jf That sﬁo:;'.uas inte~cepted at thtce'»
' Iocation% ::.neqr Sprﬁéeviev(ff Bovden d *orrinqtnn“
_f;tespectivély. Thériatgeétnhéil vas valnut-sﬂze at the firsﬁ'
‘:gnd h*rd locations and golfball-sizo at the second.;"
'fnnfortunately th*s storn vas interc:pted undet sufficientlygu‘

bright conditions to render uuch of tha tiln ovorexposoﬁ._'i t
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.

short lerg*+h of film shoved clear omultiple images and this

vas studied along with the August 7 data.

In view of the wealth of data, it was decided “to
concentrate the analysis on the film from the Rugust 7

storm,
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3.1 The Measured Parameters,

In the course of this study the characteristics of
'nailstones vhicn ¥ere under observation wvere size, shape,
ternlnal veloclty and rotation rate in free fall. Shape and
orotation rate, for any stone for which skarp inaggs vefe
available on fiin,‘could be deterpined by direct observation
of the projected filu. The dinensions‘of‘hailstoneshdnd
their trajecfories could be accuraiely detennined by laking
quantltatlve neasurelents of the dimensions and posxtlons of
successive images of the stonesvon filn;. The gpethods by
vhich thls three-dlnen51onal infornation is- obtained fronm
‘the pho ographic data are described in the following

sections-of this chapter, as no previous report of this

" theory ha_w ked ont in general has.béen-fonnd.

3.2 Belatid ,;ziln Irages and Qbject Besitions.

AES

| ‘} _ent, for subsequent calculatign&, to"
- consider all e-di-ensionally specified positions  af.
:hailstdnesr if ; right handed coordinate system vith the'f\
positive 2 di
Caneniently dned, for the case uhere tho calera syztgl

"va~. set up precisely as designed (Pi@ure 1), as hnving tho

oW

-sl

origin at 0, the point ot intersection of the optic axcs of'

the canetas, and the positive Y-axis nlodq the horizontal'd~

lon vertically dovnvards. Such a systel is
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line 01, In‘order to interpret ‘fils ctaken under field
conditions it is necessary to consider the more general case
vhere the .tvo cameras were not necessarily directed’
hprizontally or even at the same inclination to the
Jirizontal, and the two optic axes did not intersgpt. These

problems are discussed inléections 3.4 ard 3‘*.5.Q For this
general case, a coordinate sys%em is defined wvhere the
origin, O, 1lies on the optic axisg of camera A at the point -
vhere this is intersected by a vertical plang-containing the
optic axis of camera B, .The Y-axis lies-alcng the vertical
'projecfion of the optic axis of ‘camera A onto’thé;horizongdl
plane thiough os‘the Z-axis is vértiéal (positive downvards)
and hence. the positive X-axis points horizohtafly to the
right, as viewed by camera A, 1t iS-chvenient to designate
'meaéurelents ﬂ?dé in this :eference'fréueibf.<the ‘subécript
‘a' and measdrements_uade in a sinilar frame attached'toithef
‘optic axis of camera B by the subscript 'b*, ﬁoveier; up_to
section 3.3 the subsbripts‘are onitted since the discussion
abpliés equaily validly to éithef f:alé'so long as the two

;syStens (a,b)_are trgatéd'independehtiy. -

.In ofde: to reiate the-cootdinatés.of aﬂ image point on
fil.; to the.coo:dinhtes of.thg co:reépondinq poinﬁ in spﬁce
Sedt i's necessary to .Copsiﬁer' ;htee -rel‘ted .tecfﬁnthgr.~'

coordinate 'systess, Xrz, Xeyege ahd‘.i“!"i"?fisthovn in
Pigure iQ; ‘ The’ XYz systen is the reterence frame defined”

above. The X"!"Z" systeu has. the sale o'igin and x-azis, as

{the XYz systcn but is rotated about the l-axis throuqh an

T
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systeas,

4
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'éQIAtionship of spatial and ,tiinA-codtdinato
3 T g ‘ , - » .
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angle ¥ 50 that the®"-axis lies along the optic axis qf

the camera.. The X'Y'Z' system is defined such that the X'Z'

£

“plane is the camera f*lm‘plane, its orig?n, 0', lies on

the optic axis of the camera and* the 2'-axis 1is the

“intersection of the film plane vwith the plane contairing

both the optfc axis and the trfue vertical (the 2-axis), The
¢ ’ '

other points of importance marked in Figure 2 are the camera
lens's modes of admission (Na) and- emergence (Ne), an
arbitrarily situated object, S, and itslfiin image, Ss', S
is at the point defined by the coordinates (x,Y,z) or

(x",y",2") and S* is at (x*,0,2'). The distance 0'Ne is_

called D' and ONa is called D", ; ey .

Mack, and Martin (1939) presented "the geonetticalo

’expressions relatinq to the magnification of a ca-era lens

ané\fron these we have the folloving rela*ionships,-

XX (6) -
‘ . . DM‘».%M L
e . -—_'_ = "Z" . (1’ *
o, ‘ o | D D ‘-‘_s" : '

14

It is also evident, by considerlnq a rotation of axosﬁmajlutf

0X, <that' the XYZ and R & LA franes haie their tispcctivo

coordinates for the point $ related as tollov:, B
L] (‘* A .
(J‘
’ o '
v A . SN . | S
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i

pe = X A (8)

<
i

* = ycos¥ -z sm¥ o

)
»

Zz = %SQ\Y‘*ZcosY .(10)-

r's

Combining these two sets of equations we get the desired

relationships between fila. coordinates and spatial

éoordinates:
, v
x'=_x D (11)
0"-5cos‘& +25n¥
2 (4 sin¥ +2 cos¥) D | (12),

D”-' r.osx + 2 %n \‘
P T |
In order tq solve equations 11 and 12 for x and z it is
hecessary to know y; this is found by using data from both
films of ghe stereo pair. The method is discussed in

section 3:0.

other authdrs have ‘manageds to. obt@in. théir desired
1nfornat’on from a sinqle canéra either by restricting theit .
studies to totion in  two dilensions (Quick, 197&) ‘or by.
'detefyininq .y -troi the density, 'as ' measured by a .
,iicfedensi£01§ter, of_ _the p&rticla's : ilaqe ‘oﬁ ‘fiii“
f(Canno;, 19?4). rhe latter lethod provides tvo diffotent'
valués.‘ﬂét j' vhich is Ca problel that lonld be a setions_
-dravback in ‘a study of particla kinenotics but which caa - be

1

easily ouercole vhen studying Only particlc sizcs sincc tho-
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tvo values of y correspond to, locations that are out of
focus on opposite sides of the wvell-focussed volume. When a
focussing correction 1is made, the dimensions of images at

- both locgtions are the sane,

o
Ld

«3 Projection and Measurement of Film Images,

In-order to use measurements made from the film it .is
necessary to know +he value .of D' and D". In order to
célculate_ D", i* 1is also ﬁecessary to deteraine the
separation distance, c, of the lens nodé51Ne, Na, D' was

calculated using the lens forlula:

l | | EEEENTE
o0 v F | |

vhere u is the distance from Na to the point at which thé
‘lens is-sharély focussed and f is the focal length' of ~tﬁe
lens. ~ This yielded ‘5!31.13 inches =28;7 nR, for
" u=46 inches, the distance at vhich both the,~leﬁses voref'
focuséed ~during " the field eiée:ilent. : Thouqh‘fthg

.néasuréleht of u nay be slightly out it ,is certiihly
accurate to . vithin £4 _incheg:v the érror‘vhich}vould”bi
Tequired to alter D'fai the aécuracy quoted, In'.orddf‘_to
deterline e a gt1§ of measured spacing vas'phdtdgriphoJ at

-a known diatance frOl'the' fila plane, but 'uiih D'v'kepf.ﬁ”
cénst@nt; and the rcsultant grid spacinqs ‘on till ‘were

neasured. Denotinq the distance ttOn the qrid to the flll .

.. .
. .

'plane by S vc hnve . . C s

0
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D'-u = S-D-c (1)

and inserting this in equation 6 (since ¥ =0, for this case)
ve can solve for c. This'gives c=1.69 inches =42,9 nn.

.

In order to measure the film image coordinates (x',z')
the films vere projected on to. a- glass s?reen using a
Fecordak €-1 35 anm Film Reader. This allowved magnification
of up to 20 times the-original film size. The distortion of
"the picture due to the camera and projector leoses vas vory.
small, the noxinun error, from this oause,'.in a positioh
measurerent being 1 6%. *gls vas deterlined by leasurinq'
the varlatmons, over the fleld of view, in the spacing of a
square grid projected by the‘>£ill reader,A and - thon
projectlng. using the same reader, a photograph of a square
grid, .tqken-_using one of the caleras-nsedffor the field
study. Errors froi fhis eadse vere'kept teo- tiues SIQ110t’
by arranging the projection so as to avoid using the extrole

- A

corners of the projection scroon.

' “he coordinates of the appa:ont contres of hailatonci |

',‘1|ages vere taken»as heing liduay betveen tho cxtrcnos (both -

‘ horizontally and vbrtically) of tho 11090. other lothods of
'det*ning the centre\vould be unlikola to rodnc. tho orrororf.

vinvolved. - tho cooFdinatos of tho hailstoao contros voror'

‘_:easured by placinq d transparent ovorlay vith a 0.1 inclif”

’

) grid over the scroon.\ Thi: qvid vas controd tor convcnionc.iﬂ7
, \ 2

S
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a* a mark on the backdrop (appearing in every frame) which
was near the origin, 0'. The gqgrid was aligned vith the
direction of the 2'-axis, defined, for any soqueoce of
photos,. by the mean direction of the plumb line in the
sequence, It oas necessary to take the mean plumb line
position as the instantaneous position ;of the plunb line
varied from picture to picture, oscillating through a snalll
angle about a'uell defined mean position. The posit;on of
the '"origin, ‘o','the centre of the photo-fraie vas noted as
the point of.intersection of thé‘diagopals.f The coordinates
vhich vere .noasu;ed off the  qrid Sln-,zu.,‘ uereﬂ hence
readily ,refofredjfo the optic axis. \Th?selcoordinates vere
measured to -an accuracy of 0.02 inch., The true fila
coordinatgs; .x1,i'; as . used in equations 11~and 12, afe
‘ sinply ‘the§é measured vaiues (x;' z"'f: divided bff the
Ahagnzfication ratio of the ptojector.'.’ho leasntelent ertot‘

in x',z' is hence 0. 001 inch (0.025 ll).

’
T

'3;4.911§211:4§n'a:.Ihxhs:ﬁiisnsinnal ngilaznﬁs‘:nﬁisicnp;
otﬂor to .detet-ine the spatial coordinntos of nn’ .

point, such as . a hailstono's applront ccnttc.. it ii o

'necessa:y to noasuro tho tiln coordihatcs ot tho qypatoat -

| :n‘centros of cotrosponding 1lld‘8 Ol 5°th ‘11" oz . '*;?v .

x‘°) z.'). ?hese tvo appa:tnt oont:os loy~nbt bo ptocisoly
" the sa-e point in ‘spage and ollovanco !ot this is lodq
lator. It is also nQCossary to considor tht rolctialahip 6!

the’ tuo rote:oucc ftaucs x‘! z ana x‘!\:‘ as shoui, !ot

n.,
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geteral case, in Figure 3. The origin of the X, Y,Z, franme
is at O; the/origin of the X‘sz‘:frale, as it was discussed
in éection‘3.2, is at the point wmarked R, Aovever, ‘the
x;Y\Z axes havo been translated vertically by\a distanco
RO, vhlch v1ll be denoted by d} so0 that both reference
frames now have a coamon or*gin at 0. The onlj alteration
this ﬁakes to the equatlons already derived is that vhere z,

appears it is replaced by z‘-d.

"The 'baseline', defined tO'be the seoaratlonl or the
nodes of adn1551on (Na) of the lenses of the two caleras, is
assuped to nake an angle X vith a-horizontal plane.' Tho-
'obtic axes are tilted by Y and ‘31 vith:respectl io' ;heir :
vertical projections onto the horizontal plane, the Yo and\
Y, gxes.- These axes ‘are sepgrated by an anqleﬁ ! and !. l
' ”nake anqles _°h and o, with the vertical projection of the -

| baseline onto the hotizontal plane. lll thcsn PlrlICtCtl:”
A”are constants for any particular situation,_ 1... E tor ono."-

. filnzng sequence,;and, thonqh thny vill be dotorninod 1atot,_f

‘rnay be qssuned at this staqc to be klOtn conltants.

Wieh. ";ti§7-.t11- coordinatol i(x;',‘ﬂg;})rfi‘?.’ z")i5:
vletsurablt, it 1. tov possiblc to dbtctnl:c tho spattai'}
.coorainates,. (x., y., 2.) or 1:\. y‘, z,), or l puttlcnln:ﬁﬁ:

. hailstono i-ago. Tho coordinatop 13 thq ttp !tulot. ‘t' ‘.‘;fﬁ

'r'h'. &:o rel;tcd. throuqh-:otytioa ahout tho conion 3-1:1:.;ii

' ‘by the . oqn.tiona,



‘rigu:o 3. Mhtiouh%p ot tpatul nh:uuet !:qm. g
o cThe triangle OAB defines a horizontnl 91“6 Uhil& 030
'._'__::'..’ud Bu. are .11 wﬂ.iml lihu. SR ;

. % . ey K PRI - N S . St *
(A e L Thed - . .
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. ' 15
%e =y sinB ot E cos P o

1

Yo = Yy o3P =Xy simf | (16) .

Substituting D, /COS ¥, fof D." vhere D, is tﬁe.length OA in
Figure 3, ané‘sipilarly-substituting D, /cos ¥, - for  D\",' ve
héie, ftqn equ&tions 111, 12, four'QQuatidns ;e;ating film
‘Goordirates and spatiai.coordinates, Noting that D' is the

same for both cameras, these are -

.."x" = —x‘ DI

&/¢9$xs “S. cos Yo ’Zﬁsm\‘. . (1.1‘)‘ .
(\ﬂg sw\ YL *+ 2o COS Yc\ D : '." . (12&)' '
: D /‘05 7-. Yoo cosY 2, \’., :
! o E

D\. /Gu Yc. "&b cos ,b ’<‘ “) “"y\v | -
. S:&- % e XS
B va ey

' *,,zquattons 11a, 12., 11b. 125. 15 anc 6 nro ;1-n1tunoo|s B

"fflinonr equaticus in thn 6. nnknovn:,jx;. :‘o l., x‘. y; talr
nnd hqacc thoy caa In aolnd to gtn th onﬂu

v '~_"'coordinttu iu tctu ot thc cntttn“ ul tﬂmﬁl




39

quantities, The solutions providing (Xar Yas Za) are given

by

RQ*SQ( ¢

0 S\tn XQ + 1'. ‘\’.os X.

Ta. * S‘, (D‘ C-Of“o. - 2.' s\'.n\':j'

D ‘bnYa + 2, (ong

2; Dn/cos, Ya )

(17)

wvhere qu z E___c; z;{‘x; Sin [3 4 coy p:(D'CosYk - 2; S*'—“Yb)}
=De = ¥ |
Su s 20 s ¥ (6 s Al con T ersB)

41-1: us“‘..(o (osY\,cosB -xu SW‘B)
+$b D cojp - O'D $WB s Xh

/

To's % sim Ya feosB Gty - Bt ) i 8

-~

.‘ "S z. QAOsY., *1._{'!,‘m¥g D tos Y} : (18)

-»l‘..(‘i‘?t-‘,""”;x‘ﬁ';’“.'ff ot *f\f /2 ag.

,'rhe solutions providing (xv y\,, z\,) tto qinn b}i L

Cmed




Y
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vhere Rh - P_;_ x, {x; ‘s.,‘... ) +cos B (zk sc...Y‘-D' cos ‘6'.)}
‘ ® .

ws Y,

+D x.) D |
Sb -2 $LAY (D ?“')& xb U’s\‘h wsﬁ)

o x\. cos ¥, (D cos Yo cos B - xusw\ B)
~x, D cos B =D D s P cos ¥Ya

sG]
: ‘ | : - '44:

o * T Difeny o (:.,.4) {2l s, -D usn} e
' D Som Xb + 2.. <o ‘l\, o

xb = (LS" Sw Xb* (z\-d) ‘”. Y‘) x" /z; | '. . .(22) .

.quingll ‘easﬁrelants ‘of' the pos*tions of thiv :

,'silultaneohs *""a_‘ ‘and % ilages of a linqle hailstono and“

“Sinq eguation 17 to evaluate z, and eqnation 20 to euluatc';._
z‘, the values or z. ahd z‘ should be iﬁentical, to vithin-
the errors of neasurenont vhich are discussbd latcr in thisntf
SQCtioa' This Pr°'£d°’ an °bﬂoctivo lcthod of dotctnintnqil{

which photographic iiagoa dré truovpaits co:tospondinq to L

: single hailstouo.i Gn ang photoqtaph. tucc-ssivn 1nagqs ot a‘i{

single stonc cnn qonorally‘ho it&ntiﬁiqd by taint counoctinqwi7

Lo streaks causod by continuoas alblcat lightiOQﬂ It 1' th" f:

f‘irlY silplc to ltgsute “the’ coordinatos on. a trano t:oa£7”

o eithdr canora of snccttsivo photaqraphit 1l19.l Of tl‘ ""3 5¥
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]

stone, and generally this can be done for several stones in
the same frame, The next step 1is to pair the image
coordinates of each stone fron‘an ‘a' frame, in turn, with
those of each s*one from the simultaneous 'b' frame and, for

each image pair calculaté z, and z,. For most of these

o
pairings =z

and 2z, will not be equal but for a few (a
maximum Of one per .Stone) ve have z,=z,, to wvithin an
acceptable error.. These may be expected to be true pairs of

o ' . v
1naqes of the sare stone.‘ The acceptable difference between

L

z, and z,_ was taken as 1 ce. This allows for diSérepencies

o

~

that. nay arise dne to neasurenent erroii of up to 0,02 inch

,(0 05 cn) vin the neasured filn coordin
|

resultant _errors up to 0,15 c» iq the-spatial'coqrdinates,

es (x"',z"'), giving

 and an error of sinilarfnagnitude arislﬁb, for nqn-Sphérical
stonés, 'frdn’ the apparent centre hoinq at a sliqﬁtly
'dszerent apat:l.al wnition for different vieving anqles.r
_Tbe_acceptable differeuce of 1'ca is . alao sutficient to -
B dliou ~for slight discrepancies 1n coordinate calculations
'arisinq frol errors in calculating thc calora orientatiou'
'parauoterg- (‘991’3«?‘”¢‘ distnnceg) as thgsc:discrcponcios

-mére 'Iiss"thinilo 2 ¢, This t critciiﬁiz appe;rod _tb -

*.'.successfnlly select ttue pairinqs and to tliainlto 1ncorr0ct ]

'pairinqs . gﬁf’ uost pairings that VOtc ;rujoctod haa a}':
‘ditforonctmof far grn(tlr than 1 cl botvncl 7 and t‘
v'addition, nst of th p*iuqn tht nrt acctpt-d as true " |

"~'&vere pairingn that atnncd prubablc frou vi:ual 1nsptcti°‘ °£r

s ",i.the photer‘ph'. \~ ‘

‘.
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312 Calculation 9.2 samézg Orieptatiop Pagameterss

In order to uéé the method discussed in section 3.4 to

determine spatiy inates, it is necessary to evaluate

the changeable pj ich wvere taken as constants in

2. These are De s Dy, B. Oa 0 Ku .

deriving eqgy tie

and d. Th in the parameters, from one fila

sequence to se from the van having been parked

‘on ground of gradient on each occasion. A smaller

variation arq ause . each camera vas wmounted by a

conventional. ¢  1§npin§ screv, and hénce. could rotate
giigh;ly ‘abou‘ rquasi-horizontqi aiié, lying parallel to
its filuiplane;' %ffect ﬁroducedAfarthér iatiatiqns' in
1N ;nd- Y5 and e d ngn-ieta. It is possible that the.

caleris-vould ai  ; é*slightly oving to their wmountings

being 'Spring' fdr'j;'ckiabsorption;

Qe

Conéiderinq_}

»

\xpntai‘friaﬁglq OAD.in rigﬁfc‘3} it
can be seen that | ' -

‘D = (@3

»Uhun thc cantra 1onses' nodos are nt th. aalo lavo! nnd 1n
| __the contiguration of riqum 1, the'cpantion ot th luuqc'i '
1nodes ot udlissicn, la ooy, iﬁ 95‘3 cl. rhc tllt ot th.l?

vam, 8E;w, is inclndcd 1n the calculationo 1n ordor to

.‘"

- TN . = 3, L. ) : . - - s -



43
!

evaluate the distance AB (Pigure 3) in a particular instance
. e

since it gives us

ﬂB = 953 cos % | -(25)'

It is nov seen that the changeable paraseters, D,, D, B,
Yoo XL, andvd, can \\be expressed in teras of d ‘and the
six angle's o(.‘\\ oy, ﬁ ' \6’._ R Xb and Y. , Since D, is a
function of o, 3 and ¥ and D"is a function of ., B
and ¥, . The six angles are not independent since

ot X ¢ B=1800,

1In ofdér to determine the values of the anglés,
equations 17, 18 _addA 19 wvere used, ‘to‘ deteraine the-
coordingte5"0£7strinq crossiné pdintsvon the backdrop gridt,
6rid point -éootdinates, for several neighbouringfpoints on
thg backdrop iérg qgasnréd f:on'>,stef§Q eaif of ffales fréi‘
~the fila seqﬂence under study. Bach of the angles . \, ﬂ’., 
% &, X‘» vas varied in turn over a physically ro;_ nable_'
range and, for each set of 6alues, equ\tions 1:, 18 and‘ 19
vere ' nsed to evaluate the qrid point COOrdihatPs and hcnceﬂ
' the grid point specxng (vhich vas 10 cl).\ The. vilues of tho.

\ .
, angles vhich lininised the errors in. eval \ting the gtid o

;po1nt spacing-vere selec*ed, *he valun of 4 :asathdn“choson'*
‘.56{ as to lininise thn diffctence betveen z‘ g\lzb for the
"points uhich had bcen usnd to dnternine tho ngles, ). rh&t

' the -sclcctod parale rers p:ovided a_s;all diftcrOnco botv.on,

._‘x‘ and z; for poiata avay from the f   drop, vns chcckod by'

'*,ﬁ'leasurinq the- positions of bailstone 1laqcs vhich col%d bo~-

"y
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paired Anambiguously, such as-the images of a stone which
had ricocheted off the side of the van, The canmera
orientation parameters thus obtained for the cases studied-

‘ﬂqbi‘

Once these- paraneters have 'been determined for a

are'-given in Table 1,

particular film sequence, equations 17, 18, 19 and 20 mayvyg '
used to identify true pairs of hailstone inagés, and
determine the spatial coordinafes of the successiie'ilaQes
of these hailstones,‘for all frases in that sequence, ‘Once
these spatiai coordinatés.,have bee; obtained, it |is
copvenient to uork entirely in the 'a! fraie aﬁd d:op the
subscript 'a' so that the quantlties calculatéd as X, Yau

bl

z; vill nov be referred to as X, Yo z.v}

2.6 Calcula®ion ‘of Hailsione Qimg:\;iszgh ! o :

. It is necessary in a';*udy of’ this na*ure to knov the
sizes, and the shapes, of the hailstones for vhich data is
’collected. lpart from a qnalitatlée observation of shape,
the‘ neasurelents used in this study~nr9 the iax;lpn and
sinimun dianeters (this terl beinq déod  §yn$hyions1y~ with
'd;nensions') ,-visible to the canara fron . whose tiln 
ieasurelents are made (generally 'a')Q 'rhe ratio § these
values givn a uasure | of . the non-circnlarity *thq
hailstone inaqe, avd the values thunsalvos givo the ﬂst |

o/

B _'j'_'!?s:_r‘j each ‘$Q“Qi.‘,:°f~,"hicy_wgnllbigugu3  spatial

!"



“Table 1,
¢ S ’
Camera orientation parameters for selected film sequences.

Paranmeter. _ . Film sequence.
T August 7 August 18
’ ola . 70.89° 70,80
Ky | _ 70,207 : 69.00
- * 39,00 qo.w
Y. | -1. 40 0,19
2. 00 0.70 |
" Ye 5.00 2,50
q L:en 117 ca
AB T cn "95.2 ca
Do - 181.2 ca 137.7 ca
o; o '1u;.5' cn 139.3 ca
B+ - 1820 ‘ca 137.7 ‘ca
:Db"‘.'ﬁ _ ..J 1825 cn 139.3 c»
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coordinates‘have been obtained, the major and minor apparent
diameters (i.e. the greatest and least dimensions visible
to 'the camera) of an inage on the 'a' frame are peasured,
and‘fron these the corresponding dimensions of the stone can
be calculated, If all points in the camera's field of view
‘;ere perfectly in focus'simulténeously then we would simply
ha;e - z

J 2 é_; (D: ‘-L,& cot\’.}'» (. (26)
vhere & 'ié the hailstone diameter and ' is the diameter
measured on the film. However, the sizé of the pbofoqraphic
image of a hailstone is increased by the 'dialetef of the
‘circle of confusion', 3vhich has a nor-zerov value for ali
points not at the distance from the lens at vhich ‘the 1¢ns_
is perfectly focussed (Mack and Martin, 1939). The ciréic-

of confusion (i.e. the amount by which any leasu:éd fils

diameter is too great) is given by

C :Q_'_i - D' "';

(c_»_) S (27
\f : .

,vhere D' and f xthc focal lcngth of the 1cns) are as botoro,
u=D_ "-cos)‘ . and ‘a is the diameter of the lons npottuu.
51nce the lens's f-pumber is sinply f/a und the lonsol vcro»
'used at their maximus aperture (qivon by f/3 5) ., oqnation 27

~

‘baco-es, for the lenses used in this st\dy,

L I

S

In prlctiCC it may be that iuagc intonsity dtops qttv[.

P Y



suff1c1ently touards the edge of an image to cause only a
portion of the calculated circle of confusion, say b
(0<p<1), to be in fact observed. Applying this as a
correction to equation 26 ve QEt an expression fér'a

hailstone's diameter (d) in teras of measured parameters:

§ = (8 -pc) /o B (29 .

“Por a large sanple of halls»ones it should be possible
‘to detegnine p by chosivg the value which qives a stone siza
~distribution, from the files, which nmost closely matches
that deteriined independently from a sample of hailstones

collected at the tine of the flllinq.

2.1 Desermination of Terninal Yelegitiesa

The calculations discussed in the preceeding spctions
provide .coordlnates of hailstone images at equal time
intefvals of 142 IS,vthQ time petveeh successive strpbo.
:flashes. © Pros this dqta.'the vertical . andl hdtitontqll
.gonponqnts -of th§ lh;ilstonilé‘ velocity nay bo-ltoadily

deterained, '_' o ; ' - ‘

Beinq iutorcsted'-in terlinll vclocitios,lit is tittt
_necessa:y to elillnate thoso stones vhich : &ti. ctlllf
- accelorating, such .as .fho stonbs vhich appett to. havo '
;‘hounced off the roof‘of the van. this is te&dlly done as'

the vertical spacing of their ilaqes incrcasos ionotoniclllyl'

vith tile.
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For +he remaining hailstones, mean velqcity components
and deviations from the mean, both in the vertical and
horizontal,' are derived by calculating the mean coaponent
- for each 1/70.2 s interval between successive hailstone
inaggs. For example, if thé.nean vertical fallspeed and its
RNS varfiation are desired for a stone producing four images
-on filn,.uhich ve denote by subscripts, thex are given as
follows, where coordinates are §n ce and speeds in as-t,
Héan vertical fallspeedbs ﬁ, = 0.762(: ;i‘)/3

aﬁs'variation = [ (v, ~v,) 24 (v, =w, )10(v -V, )11/3]

vhere v; = 0,702 (2, ~2,) |
v, = 0.702(z,~z,) ’
vy = 0.702(z,-%,). = .

3
. Similar calculations produce the mean horlzontal conponent:.

A

of the stome's velocity, and deviations froms that sean. In

‘practlce use vas orly lade of the lean velocity_nelsurelents

_ as the RNS variation uas of the sane ordot of laqnitudo, and- ’

S0 probably 1arqely due to, -easutnlont etrors.

;3;5 Thg m °f Batation Mtss.
| >
"It was originally hoped thatgi dotti;od quantitctch

study of rotation rates conld be nado -by obscrvinq the

| '-otion : of indlvidual snrfaco. tcaturos of . nach ltoao.

aowever. the fill obtniqod £t0l the tlold cxporilont vas; B

a taken under such 1iqhting conditions that sartnco fontntns

vere not visiblc on stones and ovon distinct lobcs U‘t'j";1 
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often difficult to identify on successive images,
/ |
The only direct observations’of rotation that could be

made vere the apparent ghahge in orientation of non-
spherical stones in successive loéations, and the variation
in the vidth of continuous fallstreaks due to the vrotation
of on-sphericai stones, This',-ethdd depends on a Stpne
being distinctly noﬁ-sphetica1~ih order that its.tdtation or

oscillatiop can be observed. directly and so 1little difect

L

inforaation can be obtained in this vay about near#sphbtiéql:

s*qnes ot '§thes vhich have an axis of rotational symmetry

which is also their axis of rotation.
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Chapter 4 RESULTS.

4:1 Hailstene Sigze Distribution.

In order to detersine the dimensions of the haibétonéé;
vhich vere observed in free<fall, it wvas necessary to
determine the portion of‘the circle of coﬁfﬁsion vhich'!ts
observed in each hailstone ilage, as described 1n section
3.6, This vas done. by conparing the size distribution of
_the hailstone images measured from the fill of ‘August 7 vith'
the size distributioa of A sample of hailstones -collected
over a five -inute period during vhich filming laatcd tor
30 ;ecoldsf o This' si;e _d;:tribntion V.vag\ ‘ssasured
:independently.; | ' R .

_;;' in the tenainder of tbis discussion, lngnct 7,.197u’  -
-;was the main case under stndy, datn for 55 stonqs hning :
.leasufed on fill.- iha:e appropriatc, rotorcnce 18 llso ntdc-

'ito the fill data collectcd on Auqnat 18, conlistiaq oﬁ,‘

successive position coordinatos fo: tho S stoncl vhich v‘rc“;_*

..identifiod." It should aqain bo notod thntrtho ttilstono:5
L.7beinq discussoﬂ horo ltc slqllnt than tboot d1ICBIl0‘ by”l

) -ost provious authora. rho-$ stonos of tho‘iuqunt 10 lliyli;3ff

 and u2 ot tbo StOhQS 1n tho lnquct 7 annplq v.ro trnc ha11 “‘ N

'  (i.e.n thoy h&d a laxtlnn dianotc: grcatt: thtﬁ 5 ll). ;-!39}5;§ 

"’roiaininq 13 stouos phactrod on laqnst T voro Len pcllota.;#ﬁi:

. the a-nllc: stenoq vnrc probahly net -aov ptllcts bocl!li ligﬁ?}“

‘f{snlplo ot tho ctonoc gollgct.q 13@;§1‘ i.".‘ lpy‘;tnd t‘ 50??:ﬁf‘

SfJi-nJ.’fsjAJFSJ?'”
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entirely ice pellets; i.e. they did not bave the low

density characteristics of snov pellets.

~Since no stones with a maximum dianeter (dianetet being‘f
taken as any linenr dinension) greater than 1.0 ca vere'
identified on the August 7 fills, the frequency distribution
of maxisum diameters in 1 am 1ntg:vgls, up to this lilit.
'vas déq,r-ined. The independent saipie of stbues vaé épread
on a‘ﬂknk qloth | alonq vitﬁ a> sCale; and photoqtaphed.
ueasurenénts of hailstone dianetets ‘vere pmade fron this
'photograph. Size disttibutions, for ten ditferent valuos of
P, the propértion of the circle of “confusion alloved fot,‘

' fnon 0.1 to 1. 0. vere calculat!d fros the. data laaautcd offA-

/
/ .

:'the filas of Auqust 7 using eqnatiou 29.

Each 'ot these calcnlatod sizée disttibntions ‘gad
co-pqted in turnv vith the indopondent sanplo using a chi-
'.,squared test., As both sanples vere 8lt11, fot us- vith this"

' test, and voro not nocassarily clos- onauqh to a no:nal.

o distributiqn for _the test to bo roligblo. thc best. tit v;s‘f7n;

‘ ‘signif1cant at. a~10v01 ot 1.:: than 1!. Thq ttst did :hovis
guu the best fit vas obtain.d for p-o.s. fien Vnuoﬂng for"f

603 Lof the cizcly o of confusion being’ visible on the toages

».f.-ot put ot tocaq atonc:.a stncc- littlo coafiaoacn cct bcjf P

4:5p11¢¢d dn thil choiCO ot p, 1@ 1' 1!port¢ut to tll' lec!lltﬂﬁ'f”%

f‘ ig£ th‘ errors tknt vcnxd ltil‘ :ro- a: 1lcott.ct choich o!f{;i?ﬂ

: .:lk .' R TR R P

S . R T T P R
pe . . | R T N R AR
* S Lt . . s RSN . * . R . P *
. . N Vo P T H Ll . .. . Loy
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of p vas used so that equation 29 becomes

(é' - 06 c\ u}/D' .Q?).

v}o
It is llkely that any ‘error in this calculated volue for p
could result in considerable errors.in leasured,huilstono
diaueterS'for images that are far outv of focus. Houover,
for most of the. stones observed in this study, ‘the naxilunA'
error in. dianeter leasurelent due to- this cause vas less
~than 1 ul, vith 0. 4 mm being typical.- Por exalple, if tho ,
laxi-ul error vere made in the choice of P (l.e. if p=Q),
dma-eters vould only be in error by 1 ll for stones tor:
wh;ch the calculated dianeter of the circlo of confusion vas .
qreater tban 1. 7 nn, and there werc only 12 such stonos. 1f
jthe evaluation of P vas in error by 0.2 thon. tho typical
error- in observed hoilstone dialeters fton this Cause vould

be 0 2 mm. Though p nay be a function of tbo radiuc of tho

circle of confusion, rathet than a constont as chosen horo,”"x_

' there vas no ncthod availablo to tost this rlliahly in this'

Cll.-

Thu hailqtonu :1:0 disttibution obtai:od trou tho fllu;l;_ 

"ndlta. uith p-o.s, Ls shovn as a histoqtuu in riqur- L gloan_ff?

»'Vﬂvith tht dictribution obtlinod trou e ghotqqrugh ot t“]* :

- 1udopondont annplo. rbo cuuulutivu diattihution cl:v!l fo:fffk"

_'*q7gho sane cuals aro shova in riquto s. 1&0 dittoruneuo iu}fff”
*7”i“dotuil bctvoon thu tuo diat:ihution- tro pou:ibly Cuo toﬂf7f"

ff~short toru va:iutioar in thc distribution lurinq thd tis-[?gﬁg

| 7f;;tukon to colldet th. iudtp‘ldﬂlt lﬂlPl'c ‘1‘°' t“
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' ' \
samples wvere collected over different time intervalk. Tkis
. \ - ‘
possibility enhances the “viev that consideration of the
.

possible errors due to an erroneous p wmay be more

.significant than the evaluation of p itself,

The possible error in measuring the dimensions of
'hailétone images off projected filas is 0.01 inch which
corresponds}to an error, at the distance of fhe EackdrOp, of
0.53mm in the calculated ﬁa}lsione dinens{on. Combined with
jthe'errbr~in thé evalnatidn éf_p this qives'a'possible error
of 0.75 mm in hAilstone diiensions; It is unlikely {hgt
actual efrors are this large since the larger of the aboﬁl
‘errors is evaluated for hailstones at the distance of the'
backdrop vhere such errors are’ greatest. However. for
stones neérer to the calera than the in-focus reg}on,-as the
error due to neasurelent of fill dinensions docreases, the
error due to an incortect choice of P increases and. so the

conposite arror lay re-ain approxilately constant. Por thfs|

reason- the est;nated error .71n; calculatcd hailstono.l'

diieusxons 1s taken fb be the sase - tor all dnta points.

uost of the hailstonc 110903 vore distinctly obsctvcd-A’f‘

to be non-sphcrical, ‘the -ost connon shapos approxilatinq to:

concs and cllipsoids. rhe nea-urouont thnt ‘vas lld. to tnko}.'

“. account of varlation in Shlp. vas the a.ii ratio. tho tattof 7’f

ot the lininun and latinnl lnasurcd dialntuxs (ag 11,,‘x; ~

dlnqnsions) of a hailstono., 'rhc -nxiluu c;ror 1u thic!

'1) quantity uas typically 25! ds thot. ral c nnxilul Q!tOt ot¢ _';f

§ -
. .
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0.75 am in the measurement of each dfSmeter and, for the
Rugust 7 sample, the mean minimum diameter wvas 4.6 am while

the mean maximum diameter was 6.3 ma. This gives a mean

.axis‘fatio of 0.73.

"
’,.
/

O 4,2 MAccuracy of Fallspeed Neasurements,

/. The ajor part of this study is concerned with the

o%se?vation of hailstone fall velocities, and the accuracy
of ihe Tesulting eeasurelents is discussed in this section.

Eachoconponen* of the fall veloci‘y can be leasured with the
t

Usane accuracy, as thls is dependent only on the flash rate
’oi %he strobe lighting, and the error in measuring the
cdoidinetes of successive hailstone images.

K \

e Since the strobe flash rate vas found to be constent to
Y

' better than 0 1% and independent of genetntor speed .or pover

Y (

? qp*put errors from this sonrce were. iqnored and ‘the flash
o ;eté e' tnken to be preciﬁely the leasuted valne of 70.

: ]
fha hes per second.

a,"
-

L 4

| ﬂ‘] “ ’ .
B »1e--that “the

' ‘Por non-spherical stonee it 13

-Ym‘pé}:ent centre ot a stone 1neqe ie ot the thne centre ot

,‘q%. 'en error ot 0.02 inch 1n vnhasurinq ’t tlle

p ’Lobtdinatea of an ilage could arise fron thls canae. rhe

Eftin coord&nLtes of kY qiven point \could bo neaaured to

e Ihﬂathin ‘a fu:ther o.oz 1nch. This :esults in a poesihle |
o Arror of 0.06 1nch in -oasnrinq the tiln coo:dinetee ot l

‘: 1deifiletone's lf;ﬁe" *_;ro: points 1n space neet the hnckd:qp
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this corresponds to a possibie opatial error of 2.2 -A. The
ymaximua posoibie error in measuriog the separation of
successive hailstone inages'{s thus 4.4 ma. In calculating
falispéeds from successive images there is thus a possible
error of 0.3‘m5‘li However.neasutenents'of the mean value

- of " fall velocity components wvere generally taken froam four
sucoessive hailstone images separated by taree'. tine
intorvals, each of 1u.2 as. Fof these calculations, the
error in a velocity determination is 'redqced to 0.1 as-t,
Therefore the -ajot error in reiating fallsPeed,GG stone
size'is in. the measureament oi;ihe.hailstone size vhere, for
smaller stonos,.ertorslof up-to 15% may be expected.

ror.hailstones that were not cohtinuousiy'acceleratiag,j
the 'effor in fallspeed measurement’ is of the sane order of
laqni*ude as obsetved velocity variations. Therefore it is
not possible to calculate accurately the fallspeed

'fluctuations froa the data obtained Ain this study.

Theipossible errors in the measured -and calculated’
parameters relating to the hailstone images under stndy are

o } ]

T /sunla:ised in Table 2.

4.3 nm,zmn mnmm_ntm: Bnn !slmini ,
The vind having a do.inant influonco ‘on tho hotizbntali.

- conponants " of a hailstone's lotion, tho:a conponantu.

'neasurod for several stonos durinq a short pa:iod of . tilo, -

i“reflect the short terl variations in thc vind. hccordinqu'}1



Table 2.

Probable raximum errors

in hailstone dimensions and fallspeeds.

Quantity,
‘Hailstone diameter

- due to .measuring
" film images

- due %o incorrect .
allowance for circle
confusion

- composite.
Hailstone axis ratio
Haiistone image location
Hailsione inage‘separation
 '€1dCity-COlpOn0nt

3

258

Error.

0455 mm

0.20 mm

I

2.2.ll‘

4.4 mp

0.1 ms-t

0.75 -am

58
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‘ b
{

measurgs of the mian And fluctuating parts of the Morizontal
velocitf comeonenté‘of the hailstones are measures of the
corresponding properties of the wind. These horizontal
velocity components were much larger than the horizontal

components +that could be induced by tumbling so if the

latter are present they are masked.

Por the Hhailstones observed on August 7 the mean
horizontal component of velocity wvas 1.3 ms=! with most of
thebhailstonéﬁ having a horizonhtal velocity conponent within

$0.,3 ms~! of that value, Por August 18 the horizontal

veiocity component vés mseasured to be 7.0¢1.5 as—t, Though

this latter measurement is based on a gnall'dgx@ sampple, it

9 Q.

is supported by the observation: that in eaeh fili frame froa
Uthhr hailstones vere identifi!ﬁ there vere several
‘approxinatfly parallel streaks, vith images similarly spaced

. to those that vere measured, 1ndicat1nq that many wmore

-

stones had ‘siniiar horizontal velocities, Hovever, the

-y

_s;dnes giving nost of;gthgse streaks did ot §ive

fiw

identifiable images on both filas.

%

ﬂ;- Ihs !suisal cmng of Isninu !slszsnx..

Au:hors -in the past haveAconcentratod-thcitvattoniipn-
~on obiﬂining in’ elp;ticil Vrelaticnship  between ffi‘
' represeatative diameter of hailstonoc' tnd their terainal
velocities (e.g. Roos and Cartc, 1973). In ordot to

co-pare thJ'tesults of this study vith prgvious tqsnlts, tho .

oo A3
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relationship between the vertical compornent of the measured

velocity and the maximum observed diameter fog the

g

hailstones of August 7 will be illustrated,

Other authors'  tersminal fall velocity data are
preserted in Figure 6 which is adapted from Auer (1972).
This data for graupel and hail extends over a gre%éer size
range than the data in this‘stﬁdyu However, this is.not all
natural hail data as it includes the results of theoretical.
studies and experiments on models. The :Z;sﬁgelents
presented in FPigure 6 were made at.a'dround elevation of
7000 feet MSL (c., 2130 m). The c:rve shovn along vith this
data is not a fit to the data but is given by equation 2
with e.$0.99 kg‘r-J (corresponding to a standard ainospherg
at the elevation given aﬁoie) and - Vith +Cy=0.6 and.ié
included fbrﬁéonparisén. Similar curves are inclhded in.
- subsequent graphs. for comparison with the data obtained in
this S£udy. Bhe draé'coefficient v§1ﬁe pf ‘0;6 vas cthén
(after Roos and carte, 1973; Strong, 1978) because the

theory providiné equation 2 assumes hailstones to be -
[ ) 1 - ) < .

1

spheres, Sidbth spherés~ h#vt dfaq»coeffiqiehts-ofua?out

o;aénwheteas hailstone drag cééfficient# vill bd'iqiiqh;;y
| gréht#t .dué td 'the  stohes"hoing !touqh qnd} in_g§n§tnl;:;
siiqhtly?fIAttenédAcdlpar9d7t§'5ph0:§s; C‘ao;é‘igityqfdtbrt
'.éhésenhas a -general vilne fér hailstoncs'gﬁoQthit GonAknotf

‘ haqhsshrily ;pbiii to the stoncs‘éf any pnrticulnr-sglplo,i

- Figure 6gsuovs'iya£ eguation 2 providcbza.rongh §dt£nnts (ottll”

‘hailstone. fallspeeds  though  farther factors aust be = -
!‘ i . . .

—~
5 -
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" considered in order to obtain an accurate estinateL Five of

the data sets illnstrated-in Figure 6 consisted of spherical
hail; the/sixth consisted of conioal graupel and hnil.

'In Pigune 7 the vertical component of the terainal
velocity is plotted against the wmaximum diameter of the
hailstones, with appropriate error .bars as described in
sectionoAu;1 and u.é, ?or comparison, the plottéd curve vas
obtained using equation 2 with e.= 1,09 kga=3 (corresponding
to the ambient pressure of 912 ab and tenporature»of 19 Cf
and vith C,=0.6 (after Roos and Carté, 1973: ‘Stnono, i970).
Since the obse;védstones vere aéparently_conpoSed_of solid
ice their density vns_ taken to be 0,89 gcm—3, - This
illustrates‘ that this‘ fornnla is wuseful for most of the
haxlstones observed, provided that velocity errors of 2 as-t

are acceptable. Where V is in ms-1, p im cm, and o, in

kge-=3, equation 2 becones

‘which, for the conditions of August 7, roducos to

) : y"‘.‘
\/ - {js,‘s [) ‘
a result close to that cnlculatod by sttonq (197“) tor -oan

conditions in Contral Albortn. rhis cxprosslon givos only

the ‘verticnl conponont of the totlinnl volocity. tlo

| hoxizontal co.ponent hovovor, being dotcrlinod by tho uind,-ﬁ'

‘_can} also be siqnificant in contribnting to the total iwpact,

».anorqy ot nallstonos. L

32,

=1y? (D/Q..) SRR Y
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oIt should be notegd, 'hovéer, gyatA the velocities
measured in this study were measured relative to the ground
. and not relative to the surrounding air. Por a &allinq body
to achieve its terminal velocity it must reach a stable'sode
of motion invqlving.the \surroundinq. air, As ‘there vere
unmeasured fluctuations in the vertical vind field 1£ 15‘
'dnlixely}that the hailstones under study iere precisely . at
| their terminal velocities but errors due to this should be
snali, 'If.the observed hailstones had been seriqusly avay
fros a stable mode of motion then measurable variations in
theirvfallspeeds}be:veeh successive image paifs'shouid~‘have_
been ob#erved, vhereas for these stﬁées.tke RHNS variatioi in

vertical ielocity,ias‘typically'iess}thaﬁ'0.1'ns‘i.

The ‘eéuivalent‘ ddtax'frOl ‘tﬁe- Auguét 18 Salpli is
plotted infrigure é;-On'tpa§ day the"pressuro .uaan899 b
ahd 'tﬁe tenpératnre vas v22‘c éiiing an - ait density‘df
1. 0Q:l§l‘3 Por both tiles under study the teaperatude andrv

"preésure readinqs vere interpolatod nsing the hontly teports
| frow Benhold and Rocky aountain Housa._ nsinq these reports;)‘
it vas necessary to assnne thnt prcssute and tonpdritu:0f~

"tied lin“’lY g& sPlcé 'and tiln.- ?hoth this s not a4 -

valid assunption it uas unlikcly to yicld an erronoonl vclnoifqﬁ?‘

o for the air density as a pres:nre chango af 9 lb or’ QR:LJJ

"‘V‘QQ.pergturq chtnqo of 3 C (not togothnt) vould be t'ﬂﬂlr'54’n 

R £
g .

 rigure § -‘#'ﬂ,dica,_t.‘i _£_h¢~ tvhofq';it-_"d- (again € =0.6) s mot -

T
.

SR
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S nspheroidt .ra—aocdsontca (Liat ot tl. 1913).
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/
a gooaifit for vthe date, and that a hiéher neen drag
coefficient a;pliesv to these stones. Noting that it {is
related here to the maximua dieneter, a drag coefficient of
0.9 would' provide a better'fit. Thie aay be because.the
stones vere a diffetent shape fron those ot August 7; it
could also be because fever stones uere tumbling, 'The
- latter p0551b111ty 1s discussed in section 4.5, It -should
be noted,Ahovever, that this is too small a sample to allow .

‘definite conclusions to be drawn.

4.3 Lnal;§i§ of ls:&ii;( ha&ién;_"

In the. pfev1ons section, an empirical relation tor the

ve:tzcal fallspeed of a .hailstone was presented vithout ,

consideration of the detailed notion of the hailstone.~ The
“ evidence relatinq to the details of the vetticel lotion v1114

’onov be discussed.,

oy S ‘ : :
It is convenient to considet the -otiou of a hnilstone"

° .

"in conparison to thnt ot an oblate epheroid, a shape close‘

'.to those coanonly found among heilston’a.. rhongh nore thln B

jf'h.1: of the stones in the lngust 7 sanple vere conicol ie 1: e

_:fat present difficult to consider these Jhapoe tepetete y, as

L)

’.ffz_uo record hts been tound in the lﬁt’tature of ctudiel. £ thehﬂ.ff

.,..( e

'-dotailed aerodynalics ot conicnl bodies tt ‘Pptcptilt.Vf

'e;*’7°°14" n“lhﬂr'._; vhereas "u:etul s‘udiea o£ cblatef?'

Z"’*;ff;;;tpr%hoﬂésphnricnl’P@#ieéi,tqnbti°i137*§¢§!!‘-'577ftﬁ372
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ihefe 'volule' is the 'volume ' of the body, ‘area\ys its
cross-sectional area normal to its lotion, and C, is dg¢fined
in teras of the cross-section normal ;5 the flovw, The
orientation of the body is. inpoftant'as this determines both
the ‘area‘’ and the drag coefficient (C,) of the body. 'nost
calculations of drag coefficient of freely falling bodies
.GSSUIQ that ‘the maximunm area is presented to the flow. If -

drag coeff1c1en5§ based on this convention are used, then

for an oblate sq.froid, equation 332beco-es

-

.‘\/;.’) c e N D o ;ﬁ-~ (2,
| 3 e <, S |

vhere D is now the‘ninor axis of“the\ epheroid,irsinCQ the

ratio ‘volu-e:areai “has the value . of Dx2/3. 5, Rooa andk.,

Catce (1973) su99est a dtag coetficient of 0. 50 to 0 55 ’tor -

Arough sphe'es,& the precise valne dependinq on'*ho size ot‘«‘

Z*he touqhness elelents. iind-tunnel studies at Re-ﬂx10’ .of .
Y ,

oblateA sphe:oid ot axis :atio 0.67 (List ot 11, 1973*7 |

\'o Lozovski, personal connunication) qavo u drug coctficinnt,:fV'

j-undistutbed flou), ot 0.602. rhosc studics also shov thaef;fv

) '",it “the oblate spheroid ic,tu-blinq ahcnt a najor lxis,_nnd="‘&

‘ “ifit8 cto,s.s’!;ioual atqa is ussun:d to bo conztant, tho dtcg o

'5°°"f*“1‘“‘ ‘PP=°vrint- to its aeair -otzon- vill n- n.stn-ffY}

“f’ror an obcillatigg spheroid tho q'an dxag confticicat liilgff;
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lie between thest extreme values. The velocity curves
(given‘ by eQuation 2) corresponding‘ to these extreae
conditions.itumbling spheroid of axis ratio 0.67, sohere,
and steady spheroid of axis ratio\ 0:67) are plotted in
Pigure 9 along with the data points for the August 7 salple,
" identified - according to the axis ratio of the hailstones.
‘For clarity the egrror bars have been oamitted; their
naqnitude can be seen by couparlson with Pigure 7. The data
for Augnst 18 is sinrlarly plotted in Plgure'10. Hailstone
. fallspeeds-'arc being compared to the fallsq|’gs.o£ oblate
Soheroids. Eqnetioo,z i:plieslthat'the relevahc ‘dinension"
to COneider is the linor axls 80 the hailstone dilension"

' plotted is the nihinﬂl dianeter. ,

If the quoted draq coefficients are representafive of
the' hailstones nnder study then the disvribution of data_
_points vith respect to the curves in Pigure 9 indicates that,
.‘the lajori y of these hailstones vere not fallinq in a
'.steady orientation.a‘ They _were \eitrer tunblinq or .

© 6escillating: through large angles. It s u‘nmuly that the

latter | situation eould ‘be, laintaine& -vithout - tunbling ,“'

7‘5qptting in.',rho hypothesis that the hailstoncs are tnlbling :
fis further supported by obsertations froa the data fill-—;.

‘7Snccescivo 1saqes\ of ' otones are otton ;t 41££erontf ;

- ;olorientetioas end coutinuoua tall sttoaks va:y 1n wi&th, bethffef

- 1ndieating an oacillatlng or tuoblinq hody. Iu tﬁl’klgllt 7'{é4
'~rj;;ssulp1e th-:o vore 18 stonet :ilt: uere 1deat1t1¢d

~dotinitely tulhling o;‘ °.cilllt ""“‘”__!ri ﬁQtt“ ’.I
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“Figure .11 with the same curves as in Pigure 9, This shows

-

’tbn} #ost of the stones that wvere definitely tumnling had

'fallspeede compatible with the theoretical values for

tumbling bodies. For most of the other stones it was not
Possible to tell, by ohserving the filn, ehether thef vere
tumbling or not, but if the hypothesis tnat hailstones with
low drag coefficients areltunbling is correct fheanigure 9
suggests that sone of them vwere. Pigure 10 seess to

indicate that most of the stones observed on August 18 fell

[}

in a steady orientation, hovever this is too small a sample

from vhich to drav definite conclusions.

Other possibilities giving rise to th. observed

velocity distribution sust  be considered. Variations in

hailstone ‘density would change the fallspeed. It may be;

thag_thoee fevw stones, observed on Augu 7, that fell auch

slower than -expected Were snow pellets or graupel of low

- density, tBougH it is unlikely that these would 'not have

lelted coapletely. If stones are melting in fall and bave"

.vbt’sunfaées this may reduce their ' drgg coefficients and.

thereby cause the stones to fall faster t%iz otheruise. It
is possible that the fastest falling stones ere falling in

a streamlined ori"tation (linor axis horizontal) thouqh

this is generally considered to be en unstable orientation :

vhich could not be. laintained for long periods.f Syetenntic .

differences in the vertical varia;ion of "_vind’ and'ﬁ;'

tenperetnre ~ (and . bence melting rate) aight canse the‘_q

:‘ differences in velocity distribution bqtveen the tvo eelples
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 that are comwon in graupel and small hail. .
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though it is likely that other factdrs such as hailstone
shape are npre 1mportant. It is probable that hailstone

shape has a greater influenceé on fallspeed than has hitherto

been realised and investigation of that requires®a nmore

extensive detajled study than has so far been possible.-

L)

Before any quantitative coament can be made regarding

rotation. rates, it is necessary that modifications be nmade
to the experiment to improve the accuracy. of the
seasurements and the resolution ot the fill imagegy these

vill be discussed in Chg{ter 5. -It vdhkd also be helpful if

studies wvere undertaken in a vind-tunnpel to determine hov

drag coefficidnt varies vith angle of attack for bodies

o

other than oblate spheroids, in partf&ulaf conical foras .
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Chapter 2. CONCLUSIONS,
e

5.1 Sumpiry of Results, T

The results of the main case study (August 7) show that
a reasonable relationv to deteraine the mean terainal

velocity of a hailstone is given by
. | "
V =13.9 (b/e)

vhere D is 'tra hailstone's saximum dialéter.' For the

31,

majority of the stones studied this gave fall velocities to'
within 10%. Hovever, lgoking at the results in detail, it
vas shown in Chapter 4 that l:ny hailstones fell faster tham
the calculatedl terpinal velocitf of an oblate sphetoid of
axis rdtio 0.67 wvith the sdl; ‘minimum dimension, ,fhlilnq.
,uith' its wminor. axis ~veitigal. This could have happened
'beéansg the hailstbnes had lover dtag cootficionts, vhili.i

saintaining ‘he saue orient:tion the spheroid, hnt thil

is unlikely as the lcasutelcnts of. draq cocfticiontl for
spheroids vorg ‘made on lpoth sodels, VSphcroidt tiﬁh
‘,ﬁiffcfyng,a;is tctios ve diftdrcnt drig-cécttiéi‘ézlf"fht-
'dtaq? cocfticidni; ‘tor tho stahle oriontntion boinq highot:
»tgnn.fot :phgrétfand ‘those for rotatinq lphoroids boiuq_s
gdnexg}ly:~ loss . than fof :pbbqps. : !hc dittdroncc £| 

'ltailiﬁi;ds

 sthd11y

conld arisc if t&cﬁ Qﬁi;stqnoa vqt& - falling
ith thtik u(lor ;,it@louiioltnl, tlnn :o&kcllqﬁ
colyarod to th- stlblt'lphcrot&. blt :ono v'rn

) (4
obscrvoga ;n :ghis.<oricnt@tinn and: }qunilﬁ Carte (1973),

'thcit dra
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studying hailstone nodels, have observed that this is not a
.preferred orientation, The most likely explanation, which
is supported by observations of 18 . stones that .vere
identified as tumbling, i& that the hailstones were
osciila&ing or tusbling in frge-f&ll. This would decrease
their drag, compared to that prevailing when thei;'lipor
axes are vertical. it is ihought that in amany cases the
hailstones Svere dnderqoigg‘continuéus rotation duriﬁg free~
. fall; as osciliations throqqh large angles ﬁduld 1ikély' be
fequir;d to produce;-the fallspeeds obser;éﬂ, angles of
attack of 60° or qreater "being neaded in order for .an: oblato
spheroid's drag coefficient to be snallet than a sphere's,

"As coamented in section n’.s, it is likely th'a_t*lils.t'onc"

shtpe has a great influénce on fall velocity; Nore lccurato'
X predlctive equations for £a11 velocity will need é; 1nc1u60‘
;factors 'other than those already cohsidered, such as shape -
‘and the effects of -elting. The dotcrnination ot these -
Veffect 1 require~ dotailed and. individual stndyeof thc.

_tall of nahy more stgpes than hnv1 baen 1nclndcd 1n any'

previous siagle study. o,

_— . . e -

. The rotution or oscfllatién tatos caanot be dototlinoag
procisnly vithynt titthor . prcrtlcatal - studic‘ ° bo&agl
uudort;kon.f It nay bn possibl. to dotorlino rotltiqp ratoc 
o by lcaunrinq thc troqnoncy of vaxiatioas 11‘ ftll-strnnk. |
»';ggdths cataod by tunblinq ttoats bqp to ﬂn.thio accutctolyikvjf7
| it vould bo acsirabxo to. :hqrpcn ts. 1ocuhp£tg cf tho,“ff

v‘f,gathas (discussod in soction 5.3). It vould tlso bo ls.tlli,f’

L%

. .. -
o e
: e T . e +, PR
S RN .
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if a vind-tunnel investigation vere carried out to determine
the drag coefficients, .at varying angles of attack, for
conicdl bodies at Reyrolds nuabers apéropriate to hail.
This would allov the shape of a hailstone to be iaken inte
account in attemptin@ to explain its fall pdttern, raxh;t
‘.than conbaring all experimental results to the theorerical
results for oblate spheroids, Probaﬁly the most ilportani
contribution in .this field isito\be sade by further direct
6bser§ations of matural hail in fred-fall using apparatus
akin to that used in this'study. Certdin lodificafions are
| required in order to ilprove the guality and the quantity ot

| the data collected, and these are discussed ih this ch&ptc:.

5.223:: be collssted,

L In order to raduce the errors . 15 tho qoasurclent ot
hailstone di-ensions 'and positions fro. photographl, it 1!
desirable to incroaSe the depth of field of th‘ cuncras.

thereby reducing the circle of confusion tor any 11190. l

proccdnre for doinq this is descrihod in section S 3.1 It 1: o

~1ano dcqirabln to be ;bio to ;nontity surtac- ttnturon ot

hailstonﬁc, ‘80 g)at. a quantitativc stndy of rotatloutl

"dlotion sy be nadc. npd to 1ac:onsc the nuaber ot hnilj!f?f
| tor 'hich Lngqcn appntr o8 tho !11:: ot tatt cmuoran fﬂﬁft.. .

- last 1nptovoncnts aro 1;:9011 dopcadﬁnt ot lb&. eoatlbllgilc

angu.g. e o '

A z

rhtrq cﬁi q tog additic:nl laalnttloatl thnt it IO!ll

- _."..‘_.
. e~" ‘_ . B

T
. e . . : .
. '.fu PR ADUREE S - I P A
: PN DN R e R T L T, :
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be useful to make at the time of each filliogﬁ; in,ordor to
simplify the analysis, described in Chobéot;“'j, the
. orientation of each canera. should bo neasnrod,'uSing a
spirit le;el tO'dorerpine the‘horiionialu ‘sin;o air'density
must be deferlined in order to .calculate the .theoretical
relations between reloc}fy and hailstone Hdilension for
_conparisoo vitﬁ measured fall velocities, (it would be
convenient if temperature and pressure vere recorded at the
time and 1ocation-3¥:;llllnq.. Uessoring thesn parauotoro

»

vould be silpler and more accurate than interpolation froi |

hourly repofts at neighbouring stations.-

5.3 :nrs;a_ Tocusing ndusmns; .
In-ordcr to iaprove rhersharpooss of the }11i '1-§§-s,
the caleras should be opcrotod at a slollor oporture. An i
aporture ot f/16, rathor t\pn £/3. 5,‘ voulé docroale tho7‘
dianetor o!; the circlqﬂsof, confusion for c11 iloqos by a
factor of 8.8, incrcasinq the dopth ot ticld uithin vhich :
innqot can !c conoidcrod to bo ioll-tocnosod by a factor ot:-~
anproxilatoly 7. rho Altrooso 1: oporturo uill incjgodv tho}7

\ -ttoct ot dittnction bnt thil snouu not prougc uy

k grobloi as poinzt upoutqd on fill b,y 10 ,n 'hocld .tm bo |
rosolv;bln. rho tocullinq lnptovolonﬂ shOnld h.lp Q&.o to o

‘ko hoihtoho nrttoo tuturu uoati.!hbh. 'u -,:‘---:__:tho
@czuu 18 th cuorq .w:uu «'ﬁl “‘“: "ﬁ‘an’“
S dacident m u. m-. it vin be namtﬂ to. “"? f‘“‘*’
n# tnu no rr£-x l'ﬂ “t! ‘esed 1‘ “1' :

e

'-“ é-'-='=-'i:,. \ e
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sufficient contrast is obtainable it may not be nece;sury to
use £11- that “is . 4.6 tiwes faster, ilplied hy! the
decrease . in aperture., ;v'suffiCient filn speed lay be
achieved be usi a film with a ﬁaster ratinng. "Iltotd
HPS, 800 AS}) /but probably sufficient speed nay bo obtained :5'

by forced processing of "'ri-x. Hovever this . voulf produce a

more gralny image ‘than prgvfously.

- It is thouqht that surtace features vill be loro easily |
identified if the only illuninat on of the- photoqruphic |
fteld is from the stroboscopes, and if continuous 119htinq

is ellninated, since diffuse and continuous anbi‘nt ‘1ight

‘ .tJnds to elininate tho, shadov‘ nocossety fot thq

.:(_identificatién of texture. Very faini. contiauons ligbtinq

may be F desirable.in ordor to’ ptoduco taj.ut “m‘hﬁ.

conncctinq successiv§ Luag.s ef a sinqle h;ilntons. hnt the

| k-ajority of uubient 1ight conid be. boaoticiully oxcludad.. f,

.ukrhe halance botuoen sttoboscopic and coutiuuoul illnlinatipa S
:roquizod to qivo tha nost useful Llagos on tko cholcu lel
'vill h.vo to be dctqrutncd oxpottnoutnlly b’fotl botaq loda
in a ticld ptoqralanx 1ho blacktng of aabtoii 1&0‘!&&;

':"f_could ﬁo acconplm.ﬂ hy placinq ict«n to tho sidu af tn

f{?ﬁ]'bnctirepn whiet ucull ttau ll.l to bo lithnt-:-l°'l"f 1'
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- hailst?ntt- passing througb uo tuu ot ﬂn voul.d be

79
5.4 Structural Wedificatigns.

The analysis of the films would be sinplified if the
camera »noﬁﬁtinqs ‘vere nodified’ éo as .tb prevent the
}possibility of a cdleta rotating siightly about.the‘aiis of |
.its‘léuntinglbolt,,and.glso‘if the nohﬁt;ngs vere'fixed tb'a_
cénnoni'base’ to prevent their ioviﬁg indepeﬁdqntly.of éqph

other. .This base should . be mounted in a shock-free manner,

“ such- as sitting on a bed of'fdan;rnbhet,'to pfotocf the

cameras in trénsit.

-

;f photogtaphy is to be catricd out vithin a dark-nod

shaft. as suggested abpve, it vonld be tcasonable to lount

~ this shaft: vithin the van, thereby rodncinq tho tilc ~taken

, A

: ':fo sqi ng ,;he photogtaphic eqnipnnt once a sitn has bun

choscn, A 1 n! hole in tho root of ‘the van (vhich could bt
donred vhen not 1n nso) should ullit sufﬂc:l.ut luil to

provide a siqnificant 's;lplo. ;ﬂTﬁgfv tottl unphc: pt f"

dlctelsed,\ but th- up:ong coaditiou lhoﬂd 1ncrqau th

n:cpo:tian ﬂut 1: nmntnuy photoqtlpbcl\ \ * alle
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| reaoval of the rain ahdfhail falling tﬂrough the sh;ft. The
intermediate working section should have the cameras ang
stroboscopes lounted on ‘a ledge.set b*ck from the shaft, in
a 51111ar construction to that used by Sasyo (1971)._ The
" shaft should still containq a plulb-liné:£0’i§eniify the

-vettical.

Though it would filplif} the analysis if the optic axes

‘of the caneras vere parallel (and for this thcy could be

o placed closer to each other than prcviously) or at right

angles, I think it vould be noSt bcneficial to have . both

'oinc axes in .a horizontal plano and scparatod by an
v' appropriate angle to -axilisc the volnnc of apacc lying f;
the field of viev ot both ca-orcs, vithln the shatt.v It tho

‘optic axes vere at right lnglcs to .Qch othot the. ttlultant .

N

dinensions Jf the apparntns vould ‘be 1n¢onvcniently llrgo L

  £0: ttansportation. rar exalple 1: th. shaft to be vtclod

~ conpletdly by bOth cnnnrt"‘ had ;5t' cro'l-soctinn , Q:f

y

. __1 5 ®x i 5 n, : nch cucu nonld luu to ho ph«‘i 15 a
7ftlU¢er’°' tho shgft anﬁ 80 tho eonpltto appnrutul ﬁfuid ho  ;1

1]“-’3.}!»;’- X 3.25 -. aovm: lt thc cucru are qoporatoa hy

1 5 ‘ .f‘ u. ”uc .gu qzi at ts.u “to" uch oﬂm:. »na -
1'h4i'ano volun-v cln bc vi’tté vhilo thn nit:all 41-91313n-fo!:‘”

’

4
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that +he shorfer. side of each camera's filas frame |is
horizontal, For the ‘diuehsions used, the area viihin,the
_field’of view of ‘"both cameras can be cogpletely *'in focus'
at f/16;fthat is, the diameter of the cirole.of confnsion is

. . | . e
everyvhere smaller than 30 mm, which is the diameter

i regarded as acceptable by'the lens manufacturer.

'-:.;.nmumm., S
The iezhods ased in this study to oxotac; ,doto_ froa
fil; proved satisfactory. hovever, if a_study-iovolvinq\
-‘larget alonnts of data voro- nndertaken, sose inptovolontsA.
'-uould be desiéable. I$ vould be convoniont to use-: li
_conpntorizod digiﬁitor to seasure tho coordinates’ of. flll‘u
I iiaqeo{ thouqh this vould probably only antoaato tho "
,'neasnrinq process, an oporator boing reqnirod 1n‘ otdor o
fidontify succossive ilaqos of a sinqlo :tonf.~ It Vould only _
;Q; realistic to- usp a diqitizor ptovidod ﬁhot 1t could be. ":
 used in conjunction vitﬁ projectod fill. ,ﬂthltviso a. vaat ,
 " amount of photographic printinq voold havo to bo unﬁtrtoﬁ.n.
»'oo;Onco thc Qota is storod in a conputnr-toldohlo !o:n. tlofﬁ;k
i Q.nuyeic ﬁonou uod i uu otndy vonld ‘be ntiqfactoxy X
Aof;ﬂxto: tho cnxcoxotion of ap:tit; coor&inltcn oa& dinonoiohs of f}}
;;f{:h‘ilﬁtO b$m,'> : . R T I S DR SR
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