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) A method of collecting dequential samnlos of fadling higil was
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. . . . .
develaped gnd ased durine thel =ummers: of 1975 - o1 1971, I'he cole
. ! " . v . B .
* : R . k L. . o
| . D iindan e R E
' lectors were mgsh' screens andl had colleet ine AapeRtures of 0,75
. : o : | ; 1)
. - R . - , L . ! : .
and- Q.58 w7 reapectively, hd icollected Lailstonps wore sStored in
S L ‘ . - o - : 1 L
;polvethylene bhottles, -plastic WWeakers o plastic Hyors, 'he col-
o ‘ a4 : S | Lo
,l' . ) i .: . . I‘ -
. . ) . Y . - N i . : . [ .
lTectors were operated {rom vank! work i neIn_coninn@tion withithe
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' \herta Hail Project.  Samples|\were obtained fromhree “tarms, in
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1975 andl«ix storms in 1974, ' Lo .
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Several moethods of analyzibic the cal'lectoif hajil<stonebl flan
L : M . . i - o ! i
. . . . { . N i . N o
' hailbstone numbers and size didtbibutjons werd evaluptoed,, ! MPhe anost
. : S S . ‘ . o N )
commonly uscd teehni jue-was to\count andd mvuinrw.manully photo-
. B , (L ] iy - ] ?’\2’\,
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- : o | . ok . o ' -
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greater extént I'rom those
i . :

'@frdmfhnjlpnds, and ditfferent tol o
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obtained from photographs of. thi il lying on the ground, —

The rresulting size distribhitions could be described by Heveral- | . N

density functions or distributien |[functions. An exponential ™
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densdity function. b
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were also
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tom—normal distribution was obtained
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'nr\t (\] ¥ 5 for the 1971 hailstone\w orénter than or cqunl
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CHAPTER 1. ;o INTROLECTION, . S0 - -
oy c . I ( L . . B
' = f. :
R ! ] : ‘ -
' Durin~ the summers.of 1 475 Hnd 1971 the anthor was emnloyed
. i . - , : oo . R . :
by br. K, P, of i University of Alberta fo assist in o o
P . K A . : . . o .
4 . .. a | .
the operation of various . field.experiments performed. in con— - o
B ' T . / r'4 ’ L o \ ;
R s : ‘ . Ny . s iyl ? : SR T N
Junction-witl the Alberts Jail Project (ALINAD). Fhe woryk pre~«<:- N
. ) ) - ) [,. e : . . - / ) ) ) -
sented here vésulted from the sequential hail sampling experinment;
- A . . i ey . . . . e .
’ pp{% ormed. durine the two summners, Fhis dnvestigation covers
R i / Ce ; : .o :
three nmain avens:’ - - A ’
: N . . : - ' - [ R s .

Y ! - g . - : v . ~

1.0 the size dictributions of the .('r)l',lotétmvl‘}:."\1'] samnles s s e
- L ] | ) - . 3 o - . . . L

o

2. 0 the time=varving prepeirtiecs, of the de
N A N < A oa e .

ntial s

.0 redel Yihs the "hail fall using the varadmeters of (e colloatrek

. o ) &§3 R ; . L '."_';".\‘ : ;
Chadl . samples. - o0, ’ : . T ' i oot

“Because the internsl’ st ructnre of the collected” sample was B e

i ) ' - L s
not determined, whetter or not the collectod. Darticles” werg
-ac {_?t'zﬂ Fly hailsteoncs® alad remaimedgiandeteraineds  Forithis, st S EAA N L
R L g - N . g S I
the anthor applics the word i l" to preeipitat Pon. @eneicting
. C . . oL . . : . N

of froren water-and disrceeards the differences hetwoen Lol -

frozen raindrops-oand eraupel.. This aeproacli therefore sidest ey
sthe question of whether hail Stones =wnaller Sthan, O, % cnin Wdia=n 0

e

cmetoer actu s necur, S : L s

Tol o Sivze Bistrifigtion s o

Several ottt ot o hoers Tean n TG G e e hes (e wdvag di -
o .

P uTT e o i o bR edent  cd bl re YAl S an T G e s b orevalont
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The mean (]i«‘tr‘i‘.n’.ti‘oh‘ Tor the

storm /v;qs_ f'our‘];l Lco be - o C f

- . ‘ - -042D JD Lt T
SNy = e s S

. . . : e X o oo R . .
Log-normal cdisiribhutions dre gl-o appliecd to.hdil collections.

. i

Wree aad. Teane (10753) wive log-normal distribhation= for.a ..

- N . i . - . ‘ -
7. . . Sy, N . - .
s=ample~of hi 1l=to m‘\é}‘ talveg fram 2 A1 herta, hai Fstorms ia, the
sumunr of 1969, Sinces they werevmainly interexted jn the =hape
"’- . ] . A N . [ . . 1_ " * :.,‘ ‘ ‘._; '<- S - . ,
Sfeatnres of the hailStones, thei risamnle consisted mainly of
Large hailatones.  In their paper; cthey alsolpresentied the=data
: \ . oo . S / o : i T o -
nsed in Douglas ' exionential distributions in’ a -Jog-normal JJorm,
. - ‘-q‘_ . . . = N ‘ . '... ‘ : ‘,__ o p
v Another “di stripution encountered in, the Tditerature is a "
. . . . - . R C. - - 2 - ot | N
- 7 RN B ) . : - . ‘ . .
power law distribution of the form : R : .
. 2 , - ¥ S A '_.'x . 1 . \ )
- i cmm)y =kD : (1)
N =K . . .
- g, ‘ S \ - : S : !
AT \ :
" L 1 ,.’ A .
where .0 : L T ) IR e e,
. ~ . B ; . . N 3 . . . . 8
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1.2 Rime-varying Propertics

Althouglh hailfall ehiracteri stics: chanire grdatly, w ith tine,
some authers (List ot. al,, 10685 Charlton and Lint, " 1972) model
o D S e TR ' SR ORI E -
CChatlstaorms as steady ctate. phenoncnne’ boretas ((1205) recopnize s

Sthe prob)om ISR I ion of «ize i}iSix‘i?':uHQh,::; MMlhe magjors

seource offcrror b= likely. to Tice.in the o

Smmption. that | theVsive

“diztributiaon reuains Jdavariant Lhroushowut flie period of hajl falt., -

“Suceh indariance’is most anlike RPN

CWEITiams and Dot las (19670 report’ the ob=erved differonces
Tin thred paranctors:s rain/hii) Ssequenge, o curn

nee of ke

havlyoaad con trmmity of..hail, “Because thedreresults were de= Do -
B R e T N I ey e ey T et e R :
Digred-Trom Albhorta lail SStudices CALL 41%) arlecardoréeportd,: they o - -
Cowere able te examine spatial va riations. as welkT-as tine vamiationa:

RN o Y

Poll (1G71) di scusses Lhe' Q!l;in;z‘.cf'ifz!x h Uime and space of six ‘

“hail parameténs d cduce d,ffrénf '.U_,}."}‘.-\A'S‘"}_l,(’}]'.;]"'\. 'r::..'ir'd “data.- TNis rezvlts -1‘. SRR o

“apply cto-thelentire history of a. +idi Istorm rather: than Dein-- .
Testricted to-one point, so his-conclu=ionsvde npot relate dir- -

s ‘-

' - Voo R . J c,

ectly to thik =tudy, - He concludes that "ooaalberta hailstormg., o

-

.

. ~ . ] ) ; . \ 1 T e .
s ’ - - »‘ " . ’ ’ . I‘ - ‘,A v, .. : 3 N : . . N “ ) RN . . . L
seemto be most intease in ‘their Youtly, bheoaning hore andmorer R :
: R - - . U RN [ R ) . . L R LA

dissipated ax they. pass! miditdle ame!, - - i T T T AN -
N R EIPT : . L . . . T 1 . . * .

Ulbrich (I0710 derivod the t9 raraget onrs, Z\ and N yoefoancy - L g
' R ey S ~ o ' Y 4 0 - - S : :

i

- . . . S ,
v . B

v \ - ’

> SR
: . - - . . A . S - . T

. : . . . . 3 . T - A
cAassuned expoagntinlodistribatio® alonz with the haxdman dianmetor
B oL . " . oo ° .. oo, ) * T '._ : Tl e b -

. . i : i A ) .
from” Doppler radar spectra,of falline hail.’ !le.states thint~the -
e - o T .o N : SRR

\ , 1

total hailstene co ncentration feor’ alkl <izes. decrensdd from 7.

TOQCG m+ to 1¢ m and:the median' dia~teter *increa<ed® Froma. abont
CLY et oto cabeut L0V em durina-~ anericd of johxervition of R + -
: - - o - - - . s . . v P - . A
: . ) - 7 N N PR 4
T ~ ‘o = . / . -
- - =, - - e .
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minutes. Nith‘reg&rd_to[\ and H‘, he says ''...the temporadrii
. g . LN J‘ . . .
behavior oﬂ«d and A implies u size dlqtrlbutlon whlcn 5rddu§lLJ

broadens Lg hallnton 5 of larger‘d‘umetgrs undwfox whichfthe[
. ; o : . . 7 Y o
number of omdlle t ulumetcr stonesy,

i

is decreasing.'' .
A'seQthtiﬁl'h&il samplinu-e_pcriment similar .in concept’
“to ‘the one reported in £his work was performed,’by Federer and |
Waldvegel. (19757 in ;zjwifi'(..el‘]anq. They

Sl v i PR E _
passage bf':everuJ huLl LEJLS during théir ccllecting. | Lneir

were abie’ to detect'qhé’

- results bhowithsti TOT*&nfciponcdtial distribution showed an

. et - . . L
"hall f'”y occarrencc WS, Inxluonced b meltlng“ana'evaporatlon
“ - : T t

~

VOf'b e” mlcrcp“jolcs. Une of tne prOpPrt

; . . S ) . . Lo s

increasing tréhd,ﬂdbinxftdqgcouxée of Lhelstorm.

| .

‘ . ‘ . . L
Ulﬁﬂ“f et. a;. (19/&) resenu a, flme~ﬂchenuent moiel of &
P

P R - Sl

héil—bedrihﬁ ‘cloud, in'dhicﬁ théy=staté3 V...a uteddy btatc f S

7 et

(R

. ; ;
. - L !

Qésu@pﬁiqniis{apﬁrdpriétpVuﬁtilutn¢-forﬁationfoﬂ dll 1n the. cLodd

«
Iw e S N T R S SN : .

The—muﬁelfa uqes,éxppngntial—raindrop and hailstogélgi2¢hdis—’

- . ’ N B ’x' : g - €
. ; . k ; . F Y

WdS d‘Verthdl -
* . 7 { BRI "‘- :« NG '; e ™ .
prollle of he lL coqcontrdtlox 15 d idi ulqn éf time. This * o
i ] . . ‘ AT : L ‘ S /\ . o,
‘butputjshowad ﬁhhtithé'iaitiql hail fiux;was'SmaLl}° se to &

. N o - . e h \

T S O R SR .
.maxrmum,\pbqn mccreascd tc a ‘dGilhimuwmy -The ftime ‘ot ithe maxim
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N ~7 /.
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termb.;out rst haif -of tne hRadistornm,
SR . S N e
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llfequco it can bé compared with the hmail -
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CCHAPEYR 2 FPTELD CPERATICNS

-
' .

¢ P = N

- Thé ‘sedquential sampling ox ;io;?i mept was. planned to operate
in ¢ oh'j‘unct ien wi'th o wmohile .photorra phy Vehicle operatod by
Sthe University of Albeitd i n cooperation with the Al berta Hail.

~Project. ( ALLAPY T The sampling. experiment ran during the sumniers

ciof ‘,11\()"’1?'-.) g{nd»w-l ‘)7 l..7 An .'«'l_(',‘(‘:O.LH‘“lt; of the hail ‘photogra ph}}l experiment

) - .‘3 ) - K s . . ) R L L ) ] . S ‘
shas: been. piven by JLozowsKi.eg. al..( 19735). e oo o '
N . toe N o . . R i B . .

" The truck u<ed.dufrin g the sudmer of 1 975 was a irented vehicle.

and modi ficatio fis-to it ,were-not- permitted, Consequently, the
‘sampd g daqud pment. was, of a very makeshift nathre . The ¢ateher

: - R oy e T -
consisted of' a vy ton’mesh suspended about - 70- ¢m-abové. the ground:

" by a il ighit thL‘é,ll tubing frame (Firato 1), The nylon -mesh had

b'opqning‘k of about C.3

¢m. -The relatively large ‘mesh .siZe was.

select®d to 1) ow ‘rainte drain ‘thro arh quiékly.. Yo hai ' was .

ever. ob so.rvc_d”i to pass t h.‘roug‘:‘l.] th,é ‘net “The ne't 't ape red “to A "
spout in the -center with. an m'"il‘f,ice diamefer ‘of 5 cm..  Since’ any’
hail "approaching  that ~diameter would have destroyed the net, the

L

spout was:considercd large“eniotah to accomodate most of the' hail™

expected to he encaun tered.’ "The . spouf fu el led intol the "can-
‘tainers M%éd for .&to race, which will Be deswe riteld tater., = The ™

";7 - o I R C RN B Lo "‘5, . o LN .
‘arca of ‘the-collecting ajic rture was ©.735 m™; -The ‘slope of the

" collecting surface was faﬁbT&Af[d;,5th0“éhfﬁdéé'Hdindﬁheld‘Hn

4

- resul.ti rig:'-"s Tack=-

'“ft,b_"néi on by the lehtoft he .s‘p(‘)-ut anly:. . The

ness of tlie nett ng. preventod any  signi ficant bonneihg of. the, -~

- i

' : ) . - : 6 ey Voo o : E— .

% . B ST R T, e L . S . R . . .
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FIGURE 1. The 197) ueguentl«.u. aripling ecuio—
“ment. In the- foregsround is the” collupsibie hail
catcher. Jeiow tne catener are

nveval.pu;yeunylene
bottles Ortalnlhr cooled hexune uuLJ'tu-lcla_tha’

colﬁ%cted_udllat *u2s. . Lo tre left of the, picture-

‘is the styrofoam: box whlch.s<ores” 'efsumu;e cotties
‘whlle in transit. anp iarge ‘wnite box! alln 1n the
back of the an Lb dn extxa {ree-er cnest cuo;eu'
by dry 1ce. : Lo B S
- VP - . . .
. . . /-
< - L \,vk/
. i - ) “a
l}”‘ v



\s‘
< B
impacting hail.  This catcelier was col Japsible and was carricd
; . o . RN e
along onc.wall of the van., ' When a stop was made for sampline or
photography, 1t was set up in a Cnnvvn;ﬁnt spot near the truck,
Sampling courlq bemin within 50 seconds gf stopping the truck.,

Yo'spbcinl ef fart wﬁsxyudv to level the catcher, but it was.
o . » . ° \ . T, . .

prnﬂnh]&‘wjihfﬁ

dégrees of horizontal in all sampling . situations.,
Yol oy : oo . : . WL . . .

. galn 1074 the, fniversity was supplied with its -own trocic.to-

o . . YO\ - . . S e " g ,

[

which modjficqtﬁnns\iduld be made.,” - The hail ‘catcher ‘'was "per- -

rnen't v wounted on the roofl of the van, with the spout leading

2)Y.7 A similar nvlon mesh whs uséd,but™ -
Co e T St

to the. intoﬁfdﬁ.(Fiaur(

\

‘wiih_§1iqhtlyflnr%érLﬁpo'inQS»(C.7 cm) and with a Ervntor'per—

£ : ST L. o S o . -
centajre of the nmetting fMiNed «n. . This; material was Fess dess |

itable ﬁﬁnh‘Lpnt u'sed thb b ‘-

“opening sy

~

oL c - - '
time,  Récausze of the permanaent
Strm . L ar L

. ’ B ) i v ‘ o . R _Q~‘- L ; _‘»4\_\.:
the net had to be strétched tighthy- to prevent sagging.on.the ! N

roof andt accumulation of hail nrodn<_th¢ spout.  Consequently, -

o .‘,A‘, i . . . ) . . _" '. o . . ) .
c1n order’ ito.-preyvent the hailstones from houncing out, the net was -
. ""'_» T o, R . N . ' .t._ - T B T
. EX¥YENn a.steeper >]opo}\\Thewurea.of the catcher apertuf?'Wa§_
O.58 m~ and-ilt stood I m abowe the ropf of the vian . and m” ,
e B : ix\w;” - o Sl oo e
above thercrounyl.,  The net 1¢dato d.7.5 cmPopening ip the-roof o
and thoen to-a*i]lpaf}np gate which could dircct "the hail to
. Co : 3 Lot . C ’ ', * co \
either one of t¥o.tontainews. _This rate. permittedithe rapid’ |
changing ©f the gample containers at accurately ‘controlled D
. '. § ' ,/ o - . - B - [ ) -+ -
times., o * ) B o T o e
Varieus means were used for. storins the samples.. The most
E - o oo 3 A\ -

cvious Near with reéspectito the - - '.‘u

mounting of the new catcher, Co
- . ‘ h

o'ahd-nﬁon-urQa,‘blt it was the hest-available at ‘the..
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FIGUxE 2. . The 19724 sesuential hadl sémpling AT
equipnent.  The tO1n pultU Taun ishows the ail "";at'cherf‘-
_Rermane Xd'txj meunted un’t e rool of thg van.y The lowe
pnoto;bzm,,h ._.n:,ws tne.interler equluiment seen 'tq»uu;,n t
door on the riyht side cff the van. ~t the "top of the ,
?:
. .y S
p’r‘otobruz.n is the tener draln.witn twlC out ;utv. Helow
D
g

cé

the. cl%cx is a galcroph ne_'to the tape recor‘ue‘.v -Un the

‘leftuside of the dperway is an eLE}CtI‘lC freezer. . Lfne

other equiprment relates to, the hail chotoy fapny and air
. . a kY N

sw‘z.p;lnb' equipment. N . S -
~ . -..‘\— ' - w LI . . . n B v ‘
, V(}
5 > T .
. M \ o - .
pn Y N
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CArequent )ty used method was to collect Ehe hail inm 250 wl ‘poly -

v
\

ethylene’ bottles containine hexane cooled well bhelow the freczine

‘ \ - EI .
X

point of water by diry ice, This method of collection shonld

i

very rapidly ‘freevze any' liguid waoter in the hailot one therveby /
- . . ' : , Ty

. . - \ ‘
> . . P . . . LY !
preserving the erystal structure and overall —mass of the hail-
coostone. TThis Yquenching ‘of the Viquid gater distinenished the

spongy jce of the hailstene by transformina’ liquid. portions

Anto dce with many  fine haidvlike .bubbles (1 nieht and " Knipfmht,
TTO6R) . A few problems woere. encontered with this method:
Rain, water s alsgo collecoted o long with ‘the hai 1l in spite of o R
"7 the holes in. the mesh of . the catchier, and ‘the rain and “havi I tend
Lo frecze into alsingle mAsSs of ice at the bottom of the bottle.' ,
“In a heavy shower, the bottle would [iTY up in about 10 Leconds,
Lileaving insuficient time for' patting on the Tid and storing. .
the bottle hefore i mstalling-anether., . The hexane evaporates |

. 'r}'{pi dl N ooand L/i‘nA spite’of tj oht. sealing of the bottl esy thoy

’n

-

were frequently dricil.out when neceded. This méthod was varied . - -
o - - X N ) N . RIS o .
by . using 100 m) plastié beakers. with cardboard 14 ds “supplied

. . . . . oo . / b . - - B - . - - ~
by ALIAP. . These were better than the botties because of their : -
incréasdéd capacity and qudck lid ope ration, but the 1ids did o
> . : . R . o - < - ~ . M “
, . - . e 0T . . L : - e PR .
not al overy welllh and «pi IBR? re. was cowmmon, 'or sowme storms , ] v
) . et o - . - ’ o e .
. S . <L S { AT - N
tnectably that Jof T# Aurgst 1G7 1) .plastic’bars were used. They
" .. . ’ ~ : /
. L - . - N R . B _ i — . '3
Chad avlanco cirpacity, bat the spongy. ice was not quenched, and
TR RN R ) o : - - :
L : . . o Co : I - ~ N > ‘
collected raingnter tended to medt the Hailstones. An rattempt . , .
R s B . -
. S et e e T . R - .
was made fo Hcparate therain from the hai 1 in the beakers by, - . .
rnserting sjquares of ‘metal screeh in e beakers at the surface , T
- R . , . . - . . . - ihd - . N R
- e . ! ! , LN . .
- ‘ ’ A . ~ " Ty . \ ,
~ 2 . ~ . 2 - 4 ! 1



of the hexane, The ddea was (hat the hail wonld collect on the'
. S N :

.
-

cosereen, while the rain would =ink to the bhotd om of the bheakor
. , . N N .
. . . K . . . . . .
and .displace the hexane up over the hail, Unfortunately it did

not work that wav. | The rainwater adhered to the suarface of (he
. . . ' . . N . . .
hiv lT-tones, amd the refalt was o frdzen nass with g prece of
. ' z . !
screen imbhodded ipo i,
: ) o .
In both vbars, s oweres stored o oa styrofomn box

‘ . . . )
. . - .. |

cooled with. dry dce and_ with o capacitly of abont O.) m In

‘ > . D P ‘ . ‘, . ) » X .
¢ M1970 the yan was also cquipped with an clectric. Freezer that Y

was used i the capacity of the box was excoecoded,

\ a . L 3 )
Althouch both catchers were successful. in collecting scgij-
,‘9" - . + ; ) . . . SN o .. . "

. 3 = . . i . v e a ' ) N ° ) . -
cuentiall samiles, they had various di<Advantages, © The 1973
- " - . - * N _' ’ !

system wak simple and relatively faoolproof, but inconveniént -

id 4

\ o and- uncomfortabTe to- operate. The 1971 system Ll lowed; better

_ ' N NN & Lo
P ctiming fand faster operation, [H_lt,"‘tfh(‘ greater complexity n-
“croasedithe chante of mecharical breakdown. The 1975 ney,

could be scen,in op(,-rr'it-i}vn" and interestineg hajlstones, as well \

5

. ; ) o o i - - 3 y . . .
.. as incipiedt, trouble could be observed.. The 1971 net was hid- .

0" ’

5

¢en- from view, and could hecome’, Dlucecd 'up or tern without the

e

; ' - Lo T 1
operator gduwédiatdly becoming, aware of it.  The 1073 svstem re-

. vy . - '

"quired /Y stntionary opcrating lodation, while the 1671 systeomn

. . A |
(',oul(/l be operafted wi

he the van in motion. ' ' C
SN L | - - ‘ B . o C )
A - = The timing of the =dAmlie was" deone by wristwatch in 1973,

.

, whil e “in 107, A cl o_g_k" was iostalded neéar the output of the
catcher. The tiwepicces were svnchrenized eve ry few hours
o B . . . ..‘f—: - . |

\5"1'1"11 th.e-_ ’c_:’]bck: at ALIAP by means of radio time. ch(‘cl\’s.(\\ .

- s - . - - . . o A



2

Fhe contoaners, were ol nomhier od o the sampbioge U rme
and nambors were vecarded on oo Lape recorder, hetape records
crobrohe downcian tew Comer, with o reonlt 1nge bosos of the data,
The tape were sabsequently teancerihed for Iater reference,

| | :

Fable 1o compares the (wo v,

N N . : R a
FaBiy 1. Comparison of the two sequential swunpl ing o5 ome.

, | ! | s .

Dia
e«

et o , Portable,

collapsible

neter ot;
h holes (mm) N 5.0

Areca. of collecting

aperture (7)) : 0.75
Height of collecting . . .
aperture above ecround (m) v 0.7

~ \‘ 7
Maximum diameter of collectable T
hailstone (cm) ‘ 5.0
Time requirdd fto
switch contaidiners (s) : 5.

< . . - ~
Minimum possible <iamiilinge
time for one container-(g) ‘ 15
. - B

. : ) \ "
Numbern of sampling .diavs - .6
Number of zamples collected i 58

-\

Permanently
mounted

0,58 R

- 0.1

\ . _ : : :4



he covmntange velire e, g

topether waith

the mabia b

o

coanp e

divected Yoto arcea-. of hich pradar
the ALITAVE vadar.., I 1970 the va
radio for monytorane {he cotmin g o
and thearr cont voller, o The proced
the Tn-traction, ot thy b e
unt il the Storm wa s an s Peht, s
wan determmined by {he oboervahioe

the precipitation shatt, c"luugi structure,

Vhouat GUGCO iy Jer were covored

—— - \J
durine 1973 and 12,030 1, 1971,
arce summarized an Tahte 2.
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urrrnge the
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o o : T ‘ )
holding the hailstones botween the [ inadrs melted them sig-

B ' a . ! ‘ !
! 4 } . ’
y
wo -
= .\

. | n

CHAPTER 3. MUTHOBS OF ANALY ST’ ,
N - - ‘\\

The analyveis of the hwi]stnhos"wns.cafriod out ‘in the coly
roaoms ‘of - the Departa@nts o £ \ed hanical and Civil Fraineering ,
of ‘the Univvi%ity'of‘ﬁlhorld._ The secucential Samples ' that were

used In the anmalvsis are listed in. Appendix 3. The primary.
! . : . L * . . . . t -

objective  of the analvsis was. te mea<uarce: the numbers and ex-

. : CQ : S D .

y v

terdal dimensicns of the hailstonts in.cach sample. . Several
S - ° . S L
methods were emploved ihjpcﬁforminc‘thoko‘mnwsubomvﬁts;

"The. first attempt to‘dctermine_tho“siz¢ df@tributipﬁs'cnh;

4

sisted of measuring each hailstone individually. . llowever,

o &

.
.

. Lo ' ) ' - oo S
nificantly ard the very loarege nuabers to bHe processed made this

~mothdd_»niyo impractical. _ s o o - .
- The-next attempt consbhsted of phatocraphing each samplés
3 E ) ; A i g . . . LT - B

spread dut. on a dark background, and connting ‘and méasurige thes =

imaces.. On the Surcestion of Geoflf Strope Corivgta

O S T A
‘C“I_‘ff.n.n}xrz €Aty
¥ . o : . . s ; CL T, -

.

.-

~

e S e . : : : . T : - - e :
‘the facilities of the Department of Computxng'SCJonceﬂwero uscd -

The- processed sidnal  woas uzed: to rccdﬂstrucﬁzthé photoecraph .en
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Pa i< -the ynnsity of air, .
‘ : . \ , -3 ,
Vaglnes uscd in this work woere F Oure yrem 09 - aRL o
-2 N - ‘ o S -5 -3
sec s LD = 005, and Pa. - 1,05 x 10 cooem o, \ccordiner to
) A ¥ . : .

Strvons (private commimication) theeo ape "representative” Falues

. ‘ B A . ‘ . .
yfor Central Alberta, Fhis equation as~umes soherical’ honmorencons
haillstones: The concentration distribution=s at thr rround for
v s : ) o ’ ) ¢
¢ach 'samale are ojven in thpendix’ 5. 0 The results for individual
’ ' l N - »
. _ -~ ) i . . 3
“wramnl e s Y11l he considered in Chapter 1. i . - ' . .
. . . . , .
N ‘ R - ~ 3 i N . - . .
, AN exponentaal distribution of hail concentrati-n with =izo
Lo o : . . o
for a severe storm in "nzxiand was found by Ludlam and Hacklin
~ . . o .
i - . _ . i . . -
(]/05’.‘)) s who estimated size spectra from-nhotorrashs of hiil'lvine
' i ' « 7 -7 - R

- N - :
-on the sround following the ;tdmn. “Their equation for the'

H ‘ -

L - = ) . L - L <
sconcentration di \tr‘]hlltlon Jn thownr at ocround 1om

o a WSD L ! .
: N(D) 406 S T

' N . . -~

' / ; .
Bcc:"mﬁe -tho 111\11 tones may have melted on the cround before being -

. , .
Y pho t;of:l‘aphc-d,'.'_t(‘-nrli".,nq' to redude the proportion of smal ler hail-
. . . L, ‘.\‘ “. L 2 ;’ cy . - o

. . % A . L. I . ) ~
stoncs, this equatiédn mav have a flatter skope than the .true valuc.
g .\ N - k) .o N Lo . !

N .o H L . . -

. - . ' . : ; . L
, Douglas (15365) also 'gi\'os an- exponential sise disgtribution \
A . . - . .
' '. S s - Yo ;
for hcnl\to aes col]octod i seyeral Alberta hailstorms. . lig
A B . .o - L e - o
) { N ! . : R . . . - ..
. sampling t(‘(‘.hniq’pos, howewyer,. tended to ‘emphasize the larceT
-, ' I W - Q . ~ -
- ' \‘ t s ’ g v
N _ - e &
5 N o -
. . - 1!



hailatones in o samp e,

. N -

2,03 ¢m )

- s
.

Conewequentiy, the stope he derivedd,

mav - be wmaller than the actual value which
. d \

occenrred an his samplbine "geca-ion~,

v

ey
\
L

/
“{
t.2 Lopg-normal Distribitions
. N -
Another di<tribhution uwced to descerihe collect lons of par-
ticles s the lorXagarmg] distribation, oiven "!y,\': v ’
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B y P - i = . . v, - ,\_ 3 ) . =
‘ . L .- : - st . e I o 4 i RS l‘
‘the parametoers of the loe-normnal distri bation. most closely » N
approximated by fhe data points. Table 8. ives the results of
v . : e e Y . e L N -
the -—calcilqtions. The table. shows that the sloped afe nnt o o DR
: R - R - o s PR .
constant. llccording to List cts al. (1972), a constant ~slope v,
I T BRI i R R ‘
means a constant standarpd d,cw,‘i\at.ion of “the- samples. Y This jLl= PR
] ; ] . . LA . . ST X R .
~ . e - . : R : e -
ustrates the lhck. of  similafity among the samples from-eacly . .
~ .' ' i Y ) ‘.."L Ny ST '
location, ds will o bHe shown in Chapter s i, tlie standard deviatioh -
o . . e . ' :' o } T o ' R SN
calso o varies . during a hallfall. The two samples with thce closest” 7
‘ 3 e T .- ° . O 7 PR : *
S : S B f T ' "‘7.4- i ' . Wt : i R . N
fit to-a lox-nornal distribotian ‘(mi‘ni'm/um variande - from a log~ - 2 T
' BT S . : , ’ Yo LT o~ o . a'b -~ - ELa . . =
nar:zal distribution) are . that of 9 July and the scecond. sampling
- . ) - : E Y . : . Loy s
. e - . . . . f . . »1 . o g :
E S : . . ) i . . = ' [
locavtion ‘of 18 jugusti 1971, Cn thege two oeccasions,s rather’ =
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: . N . . L
) . N, e .
9 July 1971 Iarpe quantitics of Tainwater were caollected along
‘ L ‘ R

with the hail, and on 18 Ausust 19716 the catcher net was, torny °
~ o ) ' . o
Collected rainwater would melt. the collected bailstones. slightly,

Swith the smaller hailstones the most affected. The torn c¢atclier

T : : : - o :
ncet. cshould not have had any eoffect on the. sive distributiony
. § N \ : . , A ’
fince all sizes should huave heen moroe or-less cqually lost,
. T . ’ . - -
‘- o
. Q-
\ - @ i S
N -
, . . b
. . ;
o . L . - S . : v‘ RS ’
1.3 Power Law Distributions : o
v . ) ' ‘ ° . . . L ... ° : ) v " .
some authors (ITribarne and de Pena, 1962;.and Stalakvelidze,
- - i . . ©
o, 1967) . cumrest that the size distribution of hail in a*wtorm
ochevs a power. Taw of theé formy . .
‘ .. . AR ! . . ;
' «
© -
C (D) =kD | e
. I3 3 : ) - : . .
L )
; ’ : ° . . " . S . ] — 3
 \N)qre Ce /ﬁ/ln o . _ o R e . Lo
c(r) - isthe concentration per m’.in the diameter. inter-
‘ val D-§D to D ‘ o o
- o . S R T e
Do dis the diameter-of the hail.‘in em *
P . o =
B k-and . Oy are. constants. : : .f/f
- . . N . . . °

This distribution is net a cumulative distribution lYike the
- ' S L - R ‘ R - -
‘previous onés;'hut4n,ﬂonsity.functicn, Sulakvelidze has sug-.-
gested ' a value of 3 for ot'.  Some values of k and o~ Tfor

o . : : : - - ° : -
Pquation 21 are given in the literature, Auer (1972) gives:

o



{ ) |

'\ ! ) b ‘
;“3 L . 4 ';34  ‘ - (22)

o Co=bhelzDT

° for hail and graupel Trom a éonvective clou

A ’ ) }

-

d avstem over the

Migh Plainss  Auer and Marwitz (1972) cive

C: 614 5~[>“35i‘ T (23)
Sfor hail and grauvel in. the air near a’ tiunderstorm undraft,
Power law distributions were fitted to the calculated. con-
centrations usj ng a least squarés method. 'he results are miven.
) \ 1. R N o . 0 : ) . . .

ins Tahle 9, the concentration for . cach size increment has beoen

,d‘iv.ide(l'h_.\" the total .'Co_ncontx"atinn, so that k is less than 1.

This procedure allows a comdarison of the calculated variance to

. : S . : -
o that f‘or" t_hc»otlror distrihutions,

The resultsg indicate that the.'pt)‘.\'er‘ilaw does, not describe’

“the storm ‘.cz{x'!)';)]es‘ very vell, since the variance js about twice

as large as for a log-noruwal distribution, \ls0, the slopes
differ greatly from the Sulakvelidie val ue of 3. Figurc 11 % .
showvs a _]ucﬁg-lo,g‘ plot for the samples of 1974. . On this. graph,
those hailstones. wi th a 'diameter ‘greater than about ‘1 em mateh

a’'distribution of the type’

~3
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quite well, -Kppnront]y,'thc'diseropuncics from thiis distribut i'on
are causcd by the smaller hailstones, Frnowiap thil, thie least -

§qhnrps‘wbrc.rocnlénlhlod using subscts of the, samiples With some

of the smaller hditstones eliminated, * Table 9 sho vs tht results

- )
of the caleulations on thewe trancated samnplog,
. . ' . .
These Kesults are more oncnurwginﬂ., e slopes Tor the
: S s S .
: ’ [ . .

individual storms tend to be both darcer and smallbr than 3,

@

The larpe "averamed sample of 1971 has the ~lope ¢losest to 3,
succesting that. & - 3 is reasoenable. I'n tho"caﬁfs‘whofo the-.

smaller hhi]stonos_wrp necllected, the variance of the sample
frem™a power law distribution is also rediiced, as shown ‘in

" Table 9,
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CHAPTER 5. 'F]\HT—\’\H\’fVC PROPERTTES

. ! A

The detailed study of the time-varying. propertiecs ofe
hailfalls will be based mainly on three storm sampleé sets,

\

v

. - o,
The storms were subjectively judmed to be of different sever-'. ¢

ities, based on the crbteria of hail amount, 'hail size, duration

of haiifall, and whether rain was falling with-the hail. The

presence of rain durine a hailfall may. indicatel that some of

the small hail prodoced by the storm melted hefore reaching the

ground, = The three storms selected occurred on 9 July” 1671, a
: (4 ) :

"wealk™ storm; 210 June- 1974, a 'moderate' storm; .and 18 Aucust

1971, a-"sevire" storm, The information for other storm samplés
) \ I

o

o -

is - included in Appendices 3 and 3. .

N '

5.1 Vnrintdonlof Size Diétrihutionﬁ‘wjﬁh Time. . e

J ' ' <.

'.Sihce\hnilstohes of differing size ncnorglly haVe'diffoﬁcnt

terminal velocities, the measured values of pumber flux and

concentration in thé air at ground level are not the saime as ﬁhoso.
. . ‘ . : . : : . ° .

.

: . S . : : R . E o
aloft. 1In addition, vertical shear of the horizontal: wind will
/ ' ' :

cause horizontal sorting of hailstones according to size. -For a
stationary storm, 1f all ﬁho hailstopes originated at one point
. - . - ) A } . N .
and one time, the larrcest Narlstones would reach the ground first,
followed by the smaller oncs. . If the production of the 'hail
. . - " " B o

continues with no change-in the initial spectrum,.then cventually:

thO haf1 size distribution between the storm and the ground wild

51



v

become homogeneocus. If this ?QQrm now moves over a point cn the
Sea?
ground, the initial hail collected at this point will consist par—

.tially of small hall as well as the large hail collected in the

case of a stationary storm. Thus, the sequential sanples for u

moving storm may have an excess of small hallstones at the first of

.

-the sampling pericd compared to the sequential swiples from a

stationary stovm. 1his result could be modified 1f different

assunptions atout® the hailstone distribution within the storm are made.

Figures 12, 15 and 14 show the hailstone size spectra at

P
.

pround level a5 a function of vime for each of the three storms.
Using these, an attempt was mud0 to dctect the sorting of the

hail by size. The hailrfall of 9 July 19"4 (rliuxe‘Wa) at the

sampling site =Onsisted ol two events.. Yhe hniifail e an with

. . . ¢ '

a fairf& narrow size spectrum in the first two minutes, which

.. \. ) - .
broadened in the next two minates,  dhe hadl had almést ceased
by the‘third sample, from five to six mingtes. In the fourth
‘s&mble iﬁtcrval, from seven to glth minuﬂés, the nail haa
'stéfted_again, Qith'anpthe; narrow spccffum. It then @iﬁinishgd
in intensity for the final time, while the spectrum rcmaincdv
quite nérréw. ‘ .f  .

The hail concontrdvlon of 2% June 19/4 (blhure 1))(4
'contlnuoublv decreusl“b in each SdMDllnb perlod ' Thg beginning
xof the h&lliall was net collccteq, whicn may cxblain the
absencc of a'pefiod.of:increasinr hail concentration. The flrbt
sample had the bro&uebt rdnbe of lecu, as. well as the greatest:
.conocqtrathn{ The lar;est hailstones. those greé;er than about

1.0 cm o in dlameter, cecased lailing the sconest, dlsappedrlnb

largely after theffirst sample interVQl. The smdllest hail re—

\

v
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. . K . )
mained the most conctant in concentration thrburhout the sampling

¢

period, Because of the lesser regquivenent= of updrafts and

Ligquid water requived for its prowth, small hail can et expeceted

) ) ' )
to have a oreater area of orvirin.

'be hailfall of ¥ Anpust 1971 §s shown in Pigare 1V, In

this <torm, the hailfall heean with hail cmaller thon 1,0 cm,

v

]

f N . . . .\ . ©
There wax’an abrupt drop in the concentration of the small hail

as the lTareer (up to 2.0 c¢cm) haitstones heman to arrive, e
.. . TR . . . o,
targest hatl come durfing the poeriod from 9 winutes 20 scconds to
- —re

1O minutes, which altmost coincidcés with the createst concentration

A S

of all hoil, Phe smaltlest and larse~t hail ‘s‘t.()])p(\(l falling

N between 10 migutes and 10 ainutes 20 .\(‘c-on-’d:\‘, with, the inter-

o

mediate sizes continuing to the end of the shower with a

reduced concentration.

Of the*three storm samaples, the one of ¥ Angus=t, 1071

showed the ereatest cevidence of hail =ize sorting by the -
horisontal wind. Fhe storm moved quite rapidly, with a speed

: . ‘ =1 ) T s oo
. of abont 1€ m s °, [he storm of 21! June 1974 had a similar

.vel(SCity. but the absence in the record of the first part of

the hailfall makes it impossible to know whether there was "an
, L s
abundance of smaltl Lail in it also,

5.2 Variation of Gther Paramecters with Time : .

- The onsc',t time of hailfall at the col]bctin;: sites-was

- estimated from the tape transcripts.

-

f\_,v,,/’
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. o -
\ ! . I3 e
R IR €7 W July 1971 the hail-hegan approximate] Y 2 minutes after
N ‘ o - . )
'\ .‘ . | - ‘ . ’ : N . N . : .
\ beoinning samplinge, During the f4irst 2 minutes of samplies o,
N - : : i N g .
. : ‘ ‘ ‘
! . /§nin was falling, ' ST
Cn 21 June 1971 the hailfall fteean 1.5 mifdintes hefore
sampling wax startoed., ’ -
. o .
Cn 18 Aupust. 1079 the hailfall beean at thoe saie time as
. . - g n s '
. ‘ L \
the sampling,
'Hyo&snmp]os were not of the same duraticn because the
usual practice was to ecollect a sample sufficient to i1l mest of
- R : - . ! . 5
a samplo”conkninor. Phe sampling™intervals were therefore E
,"v X ' . ! . e .
i adjusted-according tothe rate of precivitation.,
v : . S . . oL . = :
The errors indicated by the brrBr bars in- the. following
graphs come from. three wources, - * .
1. Theae is a .possible]l hercent ror in-ibe measurbaoent of
e ) ) R P s . | b_ . ’ " ’ . o . k / ~
S the coffective arca. of) the hajl catcher-aperfrtare, U TL is - e ot
~felt that-losses due to Bouncing yod. throudh ‘the mo<h holes/
prohbably C&ntrihutbd'nslmost.s'ﬁomcont»orrqr in the number.
2. Timing errors woere introduced: by approximate  switch isney
e o R Yot L
times and dinaceurate clocks.,  Yor short samples of o
duration-of abont 15 wcconds, the Jsaxymamoerror I's.oabouts
IR L 5 percent S : s e A :

CErrorsin o measuring the ssizes and - numbers of hailstdnes
varied: with the quality. of the sample, . Thesge uncertaintiecs .
ranged from ‘gréater than 160 percent for some of the

I /

les of 90 ~taly 1971 to 5 percent for” some samples  {rom

1% ,

Slngust o197 These -values were dori vied from r'(‘po;’.l ted

analyvsds of  the .sdve safiples, ST o - e i o

- Dt , . S N
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The time variation of hailfall flux density (number of ,
. . o . . .
hailstones per unit area per unit time) s shown iu igure 15,

. "I‘h(e' Lol ll'mv ing !'on tures can be secen:
1. The point *(llux»r:‘e;t jon of hailfall varied from 6 minutes to . .
‘1.7‘.'75 m‘inut[\s.‘ ’.\I‘l of these values are less than the mmJ;xi
"\';1 lvuo of about 00 i nates r'éipozrt od' by Pell- (l 97 l’) U ibel 1's
L : . Vi

value came from hailcard informations Although the small.

number of hailtstorms considdred here is probably not asignificant:

sample, Sthe. present reosults sucscst that- one sheuld investi-
pley sthe | : v ‘

smatel the possxibility that hailfall durations are’ over-

c.cti:n‘z'_Ltyd?’dn,h:‘ni]cnr‘dé. o h . B

7 2. 7 The hailTall ocewrsy in bursts.  Two bursts, .at ahout 5

AR Comiountes and Jeeminutes after "tlie heginning of sampli ngoare
July 19741, '

X

1te promient on
oo , , <

Mhe number flux'of the hailfall may vary by a factor of . S

“ten dur‘i'n,”.'_ the  {ime of heavy" hailfall . Heavy Had lfall
‘here ro f.v('*r*s. to number fluxels gt‘b:ifﬁr than 10 hailstones
G 5 : . ' ‘ L

o= 5
m. 7 Mine e

Figure. 16 sliows the mass fflux of ice as a function of *time,.

 Hesults for the storm-of 0 July 1974 arve not. included, because
sthe’ Yarge amounts.of ‘collect cd- rainvater obscured the mass

measurenents. oo The maxima and/minima ocecur at the. same times as
those in Figure 15, hot the relative ma%ima and “minima are nol as

extreme as’ those for the nufbér flux-variations. -Since the size
distribution & such that tije number of hailstones decronscs as
Lo their diameter or miss increasces, the greatest - contributions to
variations annamber flux will come {rom small hadi lstones, which:

‘
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° : o ‘ends of Jthe graphs indicate that the subsequent
samvles were o sizll tnat contamination by
_tollected rainwater made mass measurenents ‘invalid.
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N €
wi:ll cause amnll cr o changes in mass flux. .
Tieare 17 >}1nzys the variation of the mean and median dia-
meters of the samplles, with time. The variation of the two:
. / ¢ -
paramoters is similar., Fhe mean diameter inereases (6o minx-—-
. . j . ‘
mum daving the Hailfall, then deecren .os. o =ece whether these
peaks corredponft to thaose of naunber Tlux, the two variables,
number” {lux and mean diameter; wer™ corvrrelated and the resul ts
are given insTable 10,
. L , . L ~ .
. DATE O S0y R
. . : v S o 2 :
. Q July197.4. N . =002 Do
221 June 1971 - L0059
18 Auegust 14971 -+ 0,0

3

number flax anod

TABLL 10, Correlation coefficient. R . between
. mean diancter for three Zets of st orm samndles,

e . i N .

There is no-evident. correlation between. Lthe namber fldx- and mean

hailstone diameter fiom these .three examples, A aqualitative

PN - . . . . . . . . o N o . ‘ - : ’
comparison of the two praphs (Figures 13 and 17) reveals that

the greatest discrepancies beltween . the two variadles occurs at’

the end of the harlfall, bwhc-n_ the number fluxes are small. The .-
. X : s e : s . . ‘-

Cfirst 1.5 minutes of hailfall ‘on 2.4 June 1974 were not collcected,
so 1he 'lvii;j;l-x' corvelation in that casce r::z)}"ixi_(ijc:lt.é that the two

Y

viriables correlate -well during the more intense middle por--

E;.:’(’ti;()‘hrs of a h:\jl}‘:lll.
The hypothesmis that the ~n,umbc'r’ flux i corre] ato(lg\;ith the

CLotmax taium had
PR . . ¥ L ; : .

I'stonge dinmeter of a ::mn;i_‘] ¢ was alse testeoed, The
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' CTTMEAUTER BEGINNING SAMPLING (minutes)

24 JUNE 1974

(com)
o

DT AMTPED

i

% '

| . : - S 1
S A e
: TIME AFTER BEGINNING. SCIPLING (ninutes)

A~

18 AUGUST 1071

¢ ‘—

A —— R 10 T '1$v 20
' TTIME AFTER BEGTNNING SAMPLING (minutes)

FIGURE 17, ° Mean and median diamoter vs time, . The solid
i o Tine indicates mean diametor, The dashed
Line dndichtesw median diameter.
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results are eciven in Table L.,

DATE O S niLe ! . R

0. 8%
0.70
0,71

9 July 1971,
. 20 June 19071
‘ T8 Aupust 1671 e

).

bHetween number flux and

STARLE 1 TCorrelatien coefficicnt: It
. { k . ] > y
o Tor three sets of storm samnloes.,

maxim i\m diameter
Y | .
N

4
v .

- 4 v. N " " . .
These results indicate a favorable correlatio n, sugcsecesting that

the conditions for large hail may be related to thosoe Wor, larese

quantitices - of hail,

Y

. : N . .
Figure 18 shows tlic change in tho variance of the number

: flux with timne, defimed

Since the varitance is

. . : . ) . a o N .
measure of the deviation of the saunle

here Lo ho'zy

t

distribuotion from an

exponential digtribution,

a Jow variance indicates that the hail -

»

fall is approaching «aan exponential distril. The graphs®

show a variance minimum.at the ‘times of {he 1 flux maxinaum,

Jf reductions in number flux are dué in part - to digpersion of

»

‘hailstones by the winds belew a storm cell, “then periods of
greater number flux would corre s=pond to storm samnleés less,

Atur‘b(“d from the actnal di’sty‘i‘mti_(»n‘w-it,hin ,ltho.-‘st.orr..lp 1f -fhe

sive distribation of hail within the hailstorm is cxponential,

then the variance of the distribution at the cvound weuld be
smaller for greatoer number flux, ‘a% observed,

. . B . - H
Figure 19 shows the variation with time of

hatlstone

chncentration, given thy “guation 17, e features of the graph

arc similar to those of Fisurc 15, but the  maxima and minima:

di s~ -
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of the ho&fnfjttin:.oxponontjﬁ] distribution
for concentration measurement s, The error

bars indicate accurulated crreors in collection

cand analysis,
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|

arce o motre prominoent, this is a consedguence of the concentralion

, .
hedog o fuanction of the terminnl velocity of the hailstones.

. y - -5 - . .

NDouglas (1961) gpivesn N 3200 m em for his exponentinl
O ‘ .

distribution for 67 hail sample=s collected from 1958 to 1961,

)

For small wamilen, the present results show that N can vary
: . T o

N

"either way by, up to a factor of Len,

Ulbrich (1671) derived the two parametoer s and ¥, of an
. h . L ! O .

J\.:A.\.:Hlll(‘(l (‘\[v(w‘n(}'nt ial distriinition alone with the mn\‘in‘.vnh <!i.;xmut(_‘l‘
I?x'mn. the Doppler radar H[)(‘(".‘P\I‘m of fatlling hail. Hix use of

a voert i(‘nl‘l‘\' point ing r.;n'i;\r' imnlicd A osampling volune extending
over (h(\' (-:‘M,iro depth of the storm, I"'ip_;m'v ;’()‘..\:‘hm\'x the tennoral

changes, of these parameters in a hailstorm on 10 Auecust 1066,
{ i

AN

. f\, and N decrease with time, while the waNimum diameter

increases, Some of the values wiven for A and N are con- ¢
. o )
1 : .

siderably larger than tho<e found in the p'x.“o sent ‘work and in the
A % ' . - e s : ’
Titerature (Douelas, 19G1; and Vtlas, 1967), 'his discrepancy

seems to be caused *by the rain also meas=ured in the Boppler
: \ v »

speetrum,  Ulbrich states that , the total hailstone concentration

o T b _3 L e

. ' . - ‘ - : .
Tor all size= docreas=es from 1000 m to 10 m and he median

diameter increases from abeut 0.1 ¢m to 1.0 e¢m durine the

por‘j'od of observation from 1502:39 to 1511:00,; " Vith regard to

A andoN y he says "...the. temporal behavior of N and A
. o N . o ,

impliecs a size distribution which oradually broadens to hail-

) o P o
stone="of Jorger diamcter and for whi ¢l the nuaber of smaller
. . . <
diameter; stones is decreasing, '
Another time variation study of the paramecters N and A

N

was performed by Tederer and "Ualdvorsed (1973) feor a hail=storm in

GO
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as obscerved by Toannlor radar, (F'roa . Ulbrich,
1071) - : , I



Lwlleertand on 6 July 1975, They interpreted their results Lo

Bl

show the porcapge of b odifferent hail celbls, cach lasting tor

’

to 5 omrinutes.  abt the beginning of each cell, mainly Lforge hal l-

stones were found, and smaller hadlstones at the end of the

patisnge of coch hail cell.  lao thot ctorm, the mumbesr Plux ond
o |

moedian dianeter did o not incx‘v:::;\\c simid tencously toward the cente:

.

of the hailtall, contrasted witL the recuats of this study in
ripures 1% and 17.  Their results indicate that A shoved an

increasing trend during, the poooage ot the four hail cells,

5.5 Statistical eignificunte
Joss and dindldvo,el (190Y) costinated the sample gize re—
quired to unake a jood estrmate of the parameters of an expo—

nential distribution of precipitation varticles. Their study

applied to three cases of rainfall — drisuzie, widespread rain,

and thunderstorm rain.  ‘they determined the product of the sampling
arca A and the ssmpling time t theat was required to approximale

either the precipitation rute h or the radar reflectivity 4 to
the desired accuracy. .n\'—;. an examnple, to find an n Qr 4 vuluel
with a probability. of 99 percent which deviates less than 10
percent from the mean value, asuumini; a \~J‘idc:3‘,')l'e(ld rain

- -1 . : : C o ' 2
of 1 mm hour 4 the . product At had to be at lewst 1.5 ms.
Their technique was adapted to hail, using precinitation
. , ll N
rates from 1.0 to 120.0 = hr -, v{rucn correspond te mass fluxes
B @ . i . .

O



€y

Gl
L
“
S O
of 17 to 1700 o m RN . Phe worat coe cample o this, Warlk
) oy
ooapprostaately o 1O cecond ample o over an oarca of 0050 e in
A precipatation rate o 1oem hre . Far thic roomnlineg caey, Che
exponentaal dicteabhation paraaebers eat bmated From the ample
would he within 5 pereent of the mean valoue 95 percent of the.
f e, Other voastee shaonld sive cven he(ter estimat o, I'he
-~ N N
, . ' v . .
conclu ton o that, according to the Joss: and Saldvopel eriterion,

the comapline  Cime - od ja thic exnorinent e Pone cnourh fo

rive noefal ot inate . of gt stribhat jon aramie t e,
! ; I




CHATER 6, ATLSH T senth NG

I the concentration <ize soecttum ol hail ot the prouand

o R .

ts known e o fanction ol Lime, the concentration which occurred

B s al upper levels can then be inferved hy oxtrapold af T bachwards
g AT .
) e Lo S . . . T
bt et pne . e upver concentrations will boe moditicd by horisodtal
) A v ' : --.
coe and
. . . L
- ‘of “the hailstones, a= well as by the differential smotion. of \
hailetones of varyine siyes with respect to the oir, ) \s
" i
} \
A simple two-dinmensional wedel was develope:d to detlermine |
i ; i |
the previons concentrations of the hail shoples o The aodel ‘1
usced the hail concentratians at the ecround calculated from the
segquential sample= u~iny "uation 17. he upper air concentrat-
ions can be ovaluated comnletely only if the rround concentrations
ave known for any points. Several assumptions were made to
siaplify the treatment of the modifying processes mentioned
2 &
aboyoe. .
. n The hallstones were assumed neither to orow nor Lo elt.
- . : ) - -
g I'hi ?z}‘t catirely unrcaszonable <ince there can be
N . < ) ’ . 3 . . - Al
no freezing level, and, for hailstdiies with o
0} N - . . . PPN
a wreater than about 005 cmy, wmelting will not be siecnif-
i . . . . -
icant, ’
_ .
) ™
R
' 7C 5
: .
b w . - )ﬁ
i w ! ‘}'\?
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P ' Voo~

I~ AY
The hrilstones: were uutuﬂed to idll at tlheir terminal veloc—

ity relative to the air. _The tcrminaL veLocity is cstimuted by

fnquution 10. ‘;no Hir ccnblty wab ¢a&exn1nou jrom the hyuro tatic'

l

cquat}éﬁ k‘n‘i,\,he 119“' ;Mw cqu&tlwn, Eﬁuumlﬂb a constant L_pbe
rate: . - ° . ‘
& <Z» o AL L (2)
E — ' EN o R .
E A A .
| | R Tera S |
— . -J —_ R § -"“\‘ . - '7 c: ) -
: . - E
wher R <
,0,\(7_\ is the alr density at z . Y
/3» is‘théJair density at the surfuce ' T e o
W;A “ iz the air temperuature st the surface
r‘ " . is theé lapse rute
. N e . N * .
2 ip the altitude above -the surface
A is theé acceleration of gravity .
S F%;, is the specific gas conStant tor dry air. SR
The following v -+ . were used in the.model:‘-T5f' ' (7.‘1 D
. . B [ . ] .

,'fz<; 1405;x_107? g'cm—f,, uhanb tuche

- ° -
‘values, .the frce ing le.el occurs a».dbout S l &m qbove tnc
éurfuée.g R U .
o o o . oL \ Ya .
g i o A‘J"- '." B . . - N \ T
Let the 'copcentration of hallstones‘WLthkdlameter b atiun,

P

altitude z at a horizontnlfdist;nce,froh the s&mn&ln& blte X

I N . :
“be CL,xz,t)70 1ne colTeand bdupic",COonhpond to C(D OgO t ), R

‘where t. iz the s )lo tx c., The mo”-l thcn c«l%u ates u(U,x 24t
e T T S (. ‘ . S
" for otuer'values of Xy 2, and th T - . -
. ‘_.:Vf' - 0‘. s . B c . - . N
v .ok R S R & T



The smodel beyins with tue hailitone concentration for. the

~,

the gfound — U(ui

where

5
e X. (O
L
. - 0
i .
. tf R thg

At the colliéction

— T&. = the
pe = the
& ] a
/O. . = 7 the
Ts .
. 57 =~ .

&rc thcn culcu*dteﬁ bv DUUJthH 2).

;

uir~c nd1t1 15 ullous'the

2

Jof =z falling hailstone at

X. v 2. 440
'.l' l, 1 k]

AR

cin

midpoint of the last mi

_surtace tempdrature

surfzce pressure.

surfacc air density.

E
3

nute of sazpling.

smallest diameter intervael calculated frow the last suw

site tre: atmosphere is described by

ple. ncar

The‘upper-air_conditions
lnls nqowledbe of unaor

c“~culdLlun of tv" tcr 1nal/ve1001ty

&“n u*tltuﬂc Z us lnb DqutlUn 18, A

fixed tlme sten’ of 1. mln”te 1& UQCd to. eytranolate tne concen—

tratlons b"CkWhId in® tlme and ” spdce in a Lngxanglnn fashionds -

This tlmc &*ﬂp was cnoben to curr» spond t6 the sampling Lnterv&l

used for zost of_the collucted §amples.
. R . ST RO

‘movenient of a hailstone with

computed in the;fqllbwing WY B,

- waE assumed to aove w1tn the air vcloc1ty with By

‘ground.

where q.is‘the'w;ﬁﬁ_ﬁhear,

N (Z) = =z

<@ T

nence the hOIlAOntﬂl specd ‘of a

'
Il

.y

i
.
~.

Vectors

e

0y

.
hailestone is,giVen'by

L

-

- e R O S
dlameter D at’ an altitude

“representing
g

rr
Ve

o

wers

i

'pect to the

(26)

The form of ©N is given in Figurs 21

In the horlaontdl t‘e hall tone

.

~the

\
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\}

-f[‘nls (‘qu ttion was ev;

In the vertical directiaon, the hailstones were assumed to 1]
with thediv terminal velocity with
; .

respect Lo ‘the air.  The
assumed updraflt profile is shown in Fipure 21, with the maxinum
| g ;

R | .
Fhpdraft velocity approximately
. - ] ‘ - .
b

cilual to the terminal
colledted hailstone
P .

the Tarpest Then thor,.\'ox‘t, i'ce,\l‘ velocity of
a hajlstonme wi th

1 . . .
: - 9 . -
rrg.\"wct to the around s given

CWlz) '\/T(D 25 “Vu(z)

by.

5

,whér"o vV (z)
u

is thvl np(h aft velocity at z. \’v(7:) will be hee-
i L X . . '
: . . 1 - P . . o
ative for hail \LonA\ Fallbing wi th respect to the ground Then
during. a small tim(‘!\ step dt near an altitude =, -a_hailstone with
diameter. D will be

o' gm]‘)(‘od th(‘ ol ]0\\'i1)?{

J2s WD) gt
gx= [Ve(Da)agt T -

distances:’

Then 17 the concentilation at oenc ‘point CED,x,7,4) is known, the
concentration: at :mqthc-r point ‘at ;m,o;lr‘}ic_\rjftimg'j“ ltj—é't, can
‘he” dotor.mno:i Ly o

O xﬁ;x 2afeit-dt) =

OngRONPIT I

(29)

(szﬂ VV(Z)\'
P )

7

]Lﬁif.@d at 1 crid of [)6]’11{

v s separjated: by
< 1 ) . N ° ; . :
-

[PEREOURERRARS

velocity of



first minute, and

t

7.diffcrebtvsize$, tﬁ&}'”lll faldl elsewherc.
. Lo v

thirty 1LOO = irdtervals in the horivontzal, unad rfirty 200 m intervals

in the vertical.

the updraft profiie and the wind shewr ure approximations to
.. . ’ .
the coudivions whicn could havegprevailed on 18 aupust 1974 at tiie
‘ K i R :
sampling site and timed "ne wind shepr wuas approxxma}ed 'rom the

storm velocity at 10,000 u as observed by the ALMAP r"“ar Ine

updraf't profile was made ;ymmetrlcal, with a maxinum velocity

“y . -

approximately equal. to the terminad vclocity of thne largest cgilectod

1Y

‘hailstone. Both the wind shedr and the unurdAL veloc1ty profilé

would have been mpre:compilcatmd in thc renl storm. The samvle

hallstonss were prouped into size cateyorifes 0.5 cumowide und all the

‘hailstones within a size catejpory werce assused Lo fall witnh tne ter—

sinal velocity of & sphere. with the average diaméter for that

o

category.. The éomputéd'cuu;entrations'forkﬁho.jd minutes of model

time sre skown in Figure 22. ‘f'ne concentrutions were computeéd buck=—

. wards in time, so ‘that the cunuiative errors are greatest for “the

decrease as time.progresscs.  ‘ihe shmpling'sitp

is in the lower rignt nand corner. -All times are MU,
The-modgl‘is-limiteu-in that “the concentrations calculated

represent ronly hail that fell at: tihe campling site, Othcr nail-
_ _ . T ) : ) :

i
H

stones may be at the same point-in Space and tlmc, but; if Luey nave
» RS X . . R

.‘_/.

~ ' [ . . . R . . ' . .
.Un%‘icaturc ol the resu'ts_ls mne two Sepuratle areas ol con-.

£ : b - . <

Accntr(tlon maxima at 18:15 arld lbklé.f The upper repion would

1 I' - . | .
conqﬂst,of nailstoucs thht are part 1§lLJ upocrtud by the Uudlﬂi»-
Thcy 11xst moVe 1nto the area deylctod in Fig are 2% at uoout thc

level of tne‘uparait NuVl“um and ru%lvwlth a velocity of 5 m.s . -

!
2l .
i B

i s - . - . . ) A

H
i
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Tsolines of hail stone concentration produced by the hailfall.
model above - and upstream of a hail sauplineg <site.,  The
’ :~ ’ . ’ \ ¢ . ‘ - ‘ . . g ) . ' » )
samples nsed in the model: were collected on IR Augustt 1974
heminning at 18:10 IDTY "The isolines are at approximately
lorarithmic intervials and enclose "arens of concentration
. . . -3 ,
“in hailstones m 7, e .
C
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with respect to the pground.  Spcause of tiae lar e Cerminnl velovaly
and the Uh“Al}» CLHICUILLIVKLILJH, this iﬁL)Luth{ areun  Leems to consist
.01' lar,e hallidtones.  Ag :,‘c‘”cn in i"i;;ure- 1, large hadll ferl inm L'nc‘
lhtcr-stu“cu of this ﬁailfuiL. . Zhe cxintcn;c ot locid greas of

concentration maxima may be detected in another way. SXabiining

the concentrations at the. ) km Level, it sy be geer thatl the

concentration at tine be italig time of lo:wd in 1w ~.  Thik
. . ‘ _ 4 : -4
concentration increises to 2 o 7wt 10312, tuen saduenly to 0O m

-5

at 18:15, " The concentration decreases to 10 7 at 16:7%, then

increases o, z2ln tc 20 m “at 1d:1%.  Chis concentration i madn-
tarned until about T0:18, when thne concentraniion beping diminishing

to O at 1o:ah. Tnese regions of “Local concentration wmaxima may
o .. X v, ) . . 5
te the result of the passage of nore than one nail cell.

Another festure i the obielfvation tiat nail which falls at a

poirt comes from a regron of greater herizental extent in the upper
. . ) B . © ) .

: - . e ¥ , Lo ) . ’ Lot
levels. In this example, “tne coliccted hailstones extend over a alo—

I

tance of aovbut 1 um norizontally at the 5 km level at 15:16. Uhis

N

point ie relevant to compuring hail measured on the pround with

radar measureticnits aloft,
P

Yhe model is principally limited by not having a mechanisz

for the growtn or melting of narl. nnother imrovement might Le

to use exponentizl distributions as the inpat, rotner tnun tne
experizental results. Tnis would give smoother concentration
fields . at the expense of greater deviations from the real 5it~—

<

uation.



AT T SUUOIARYOAND DO MO TON S

7.1 Srommey .

CThe ficeld oncrations of the' scquential sampliong experiment
were largely snccesaful. Seqquential hatl samples were collected
in lh‘t‘(‘(" hatlstorms in ‘l‘)T.'? and six in 1971, ir;(ii('_ntin;: an
improveanent in hailstorm Auﬁpling ability partially due to
jnqrvnxvdfvxporiﬂnco. The best results woro‘qbtninod thA one

person was able to devote most of his time to the sample collect-

'

ion, Collection of rainwater wﬁ&x@ho bigeest (Jdifficulty with the

cquipment, bhut Cor the most severes storms, thi& problem wag

I ~.

reduced, The large mesh size of the catcher netting did not

appear to Lo a maijor tactor in the' non-capture of hail. Record-
ing data on tnpc'cnqxod trouble on a few occasions.

«

The analysis techniques were less successful. The manual

1 14

“method of counting and measaring photogrnphs'of,hnilatonos

gives usefual roéults, Uut is tediogs; The computerized line
‘scanning system is woftﬁuch faster wﬁén.ull the necessary photo-
eraphic steps are inclgdod,bnnd ig suffors from large calibrat-

ion crrors., Attenpts at analyzing the internal striuctures of

the hailstones wero handicapped-hy the small hailstone sizes,
) - . N ' ~
s

@]



and by oo donadequate hail:atone ceetioning method, Phe biandoaw
n=sed for sectionin: could be used only . on hatrl:tones Tarper than

abount boem o in digweter, and the coarse teeth produced a rouph
, A ' o

surface, .

The wive dictribution studics indicated that the hail wans

crnentaially exponeatially dictributed with Sise, with the Jdeprce
N

of it decreasinge for smaller sizes, The dividing point ror the

accurate description hy an expoonential dictribation is at abouat
a diameter of 0.5 ¢my correapondineg to the MANORS definition of
hail. The exponential distribntion of the «totwl hail sample

W iven s by

—_0. 00 .
i P - RS RN St N A
N(D) D9ITY )
where D i in cm, For samnles from the individual storms, the
e . ) : . - -1 s -1
coeflficienat of the exponent varicd from 1,08 cm to S5.83 cmr .

Log-normal distributions .alse appreoximate the obscrved =izo

.
cspectra of hail but with -deviations for both laree and =small
i ’ . : ge o an

2 .
* i . .
diameters of hailstones, About 65 percent of the measured
. ‘ ) 7 L.
particles were leoss.than 0,5 em in diameter, The log-normal

distributions wereoalse approximated by straight 1i nes, and the

—~

sltopes of these lines showed variation from 2.28 to 7.34.

Power law distributions best fit the expected size dis-
tribution of ‘
' L o o :

C(b) = kD , ‘ - (353)
whien  the sample considered :\\‘hs dimited to hail stones with
diamcters greater than about 1.0 -cm.  Vhen the smaller hai lstones

were inclhuded, the exponent tended to.hiave a value around 1.5,
.l . ‘

1
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Yo Liwe—-dencnacnt Sludy aid nol persnt ,cnerallizations Lo be

O
iicte aboat Yolling, hail, because of the amall Lnumber ot storm

sangles studied.  dowever, thteresting . deductions can be WLriie oo the

basde of thin dimited informati on. Lt woa round that the | reat-

[$Y

et o valuen 0! haddstone naner Flux, and pean bsllotone alameter

. —_— .
tendea o voeuy tn tan w vale Of o onoagtall ot o pornt.  Huaber

Sluses ane concontrations gt the prouna reschlied noaximum values of

o

_> _- o .

about 1000 hellistones m % min und JuOU haadstones o T. 0 Yhese ndinbeo.
- . . . O )
oy show o variation of o tor of ten from one samplo to the next,

SO the 1nslanlalicols values wmay be ceniuderybly higner than tne
. " ’ .
vilues piven Dor 1 ominule avero,,ct.  THe sire disitritution of tne

»

nall s most nearl® exocnesatin during the times of _restest haile

stope fluxe Yhe cnnnges of the size distributicn of the fallLug—hﬁfT////

vith time -ay be partly due to the sorting of the hail with rcupect

to size by the vertical shear of the horizontal wind.
" . . . : :
+ The rncdeliling of the u; per o level concentration of the hail

i

samples vins limilted by tne simplicity of the model. It snowed that
[

for the perticular Ciave wmodesled, the corlected nallstones nay have

i
©

come froea amore tnan one distinet storm region. Itecaiso showed that
RS \

. L - L - ’v. -0 )
naxl 4t a peint on the , round mway noave grrived rrom @ regicn of
b - e o il

‘wreater horizontal extent at upper levels. ’ I ‘

\
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oL Hecommendat jon:
oo oaly majgor mproveacent necded for the threld operatiion

O the csperiment ds gome method of Separatange ol from the
w0 v

W

vaein. Vlot oof cftort has heen dovoted Lo 1., probhlem by tge

. v \

auther and by the ;H‘r‘:\n’nn("'l alt AL bt no catidractory uiv.ng)lv “

cluataon b heen oand, Veentrafose oy o work, Lot Tl oeems

5

obloem, 11 the

npngces o arigdy cdmhliacated tor Sach a0 o saimle
; o n, ; . i
.

. / .
person, concerned wifth operatineg the samp e sovaten st doevot e

A laree paet ol his time Lo ofher matter., then an automatijc

sample container o RUeher wonld he a na.oidl feature., 't the gices

of the hiad are the only dintperost, then the experiment coqld .
) . . . - ' 0 I .

he considerably wimp i ricd by makiaer the photocaphs of the hail

1

in the fieldy: his photosraphing a dark backeroand that has been
D b e C . ’ .

: v PR o . . _ _
left ot intho hailfall a known tide. Svaecwmenanr (1079) used
] ] Gy .' . ) i .o ",‘ . . - ‘ . Lo R @ .\

A similar method for swraupell Far infernal analyvsis, the hai |~ )
. . P . . L . - . oy - . -
stones will haves tohe collected, Federer and Yaldvoprel (1073) —
vive a brief ddscription of a bhailstone spectromcter used to -
tcollect “seqquential samples in Switzertand, .

, ! -

Vor-tho'nnnlysiiwhf size distributions of Coi]octcd hail,

. . . ‘ ! 1. . . °
the rreatest improvement would be tolcnrroct]y'cai1brnte the

0, H
computer line scanning system,  The problems of the svstem that
were mentioned in Chanter 3 could he reduced hy'usipg samnle / ~
N : , ‘- - 1 °
sizes consisting of fewer hailstones., These smaller samples /'f Sy
- - . / !

would be representative Ffuctionn.of‘lhﬂfcollcctod‘ﬁnmploga
\lternatively, the collectéd sample Cohld-hc divided into sub-
ssamples, cach- b7 which would bhe analyzed and-then added t

oo,
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Cgpethér., - A foléyisiéh”cqmerauéourd'be ukodv{ogpﬁbﬂogﬁaph the. -

A F

-ﬁailkéambLCS,hnd.tHe,rcéulting 1"nal fcd dlrectly Jnto the

‘“bomhuteh; thcrebv e]]mlnnt1ng con 1dcrnble m01s0 and pFOCCSSing

—~~

Vthatghajiétnﬁg-numbcr'figx and. méan diamcﬁcblMuy-cdrfclhté
S wel] oq]y'durfngf{hc.moét_jnionSQVhhil?n]lf  Although thexo 1s‘J
nobroagdnifnfzﬁwp pnranetors.to be Cdnstnnt]b corrolqtod‘
STt R IR e SR : _ R ,
throunhout A hallfnll,thoro‘mdv:ex1qt corrolnt)ons f@r part of

4

v

o

TIn order to c]arxf) Lhc po1nt a1%cd 1n Chapter S ap6uL:

the tlme—depcndcnt DFODUFtIJS of fhlllnw hlll more.séquehtial

. R C S e
tbrm.sam)]of bh%ﬁ]d be sxudled Thc threc cnso »sthdicd were.
'subjcctivc]y.ijKéd to: coﬂer a 4%@ ! npe of qtnrm qever:tlc:\

f

but porbaps Lhoy wefo nnt meprebentdtlve4of thd full dlveréltv_

. ! ) ~ N B
\“yof ha1]storms.‘ Fhe' ar11t10n~w1th tJmc of tme orrc]apiphj
3 ,/ g w.{ J T
coofficicnts amongﬂvnfious paramptors»shouldAhc'studicd in
Sleerent mene various i W : 11D e S -

Te

greater: detail, .l na‘rticulzir-.‘ .t was suggested in Chapter 5

the t]me.:

» vAf Lo e e R U R
e ""Th?;model df.falliqg'hn;],nOst rrowth and melting N

e S B T LI L PN
. processes 1nc1udod‘1n_1ts equationss.

.and may "he dvxylab]c from mob]]e rﬁdlosondc %onndlngQ.,‘The-

'i°ﬁ§tiﬁeiy;;a'sétjoffquUéntial'Sdmples*Cbu]dyBéﬂéb{aihéd'ffdm

Sa , . - : ) . ) @

5Hodéi'usC$ tbe haJ]fa]l at“onq:point only;'so’av

'hca]jstJngalucs\of aqiual,uppér'lévol cbncdhtratidns;'iAlterA'

T addition, a-more

dcbﬂjlédT vind Qtructur ﬂdhd Lempdrhtufg‘pfofiléyghduidﬁbc’used,

o P
h A

eqtlmate of the

.arcél cxtent of tle fad]cn ha11 con]d be used to calculatc more:.ﬁ

~N o o

& -

many pointsyt o - Ve
' TR ‘ : :
: NN .

BT
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~r R !
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\Ana]ysué of other hnllstnne parametors,‘such as nx;sr N

N L . ~ . . o . ! ) "l T
i\TdtIOG, sdffncc rouWhth. and {ptornal :tructulc Wil] 
N B . \.- R . .

donond larpe]v oh tho dvallqb]lit) of ﬁ‘qult‘hiﬂ nmpFoTcdn--”

L -~ R . »

-f.51st1ng ofilangc;‘well prgscnvod hall toncq.‘ Ne surements of thé.
. . N ) - o . . | N ) ‘4\:', '.

R R ‘ ' - 1 L . ‘
surface roﬁghnéSsland»aki% fﬂti0s wou]d onub]o better ésbimntbs-

of_drng eoofricionts ns.wo]l as an ovaluatlon of the fw(tors A
PR N . N . - : . - e / : “_ . .
_usod in thc’h&nt tran<f0r‘oquatlon 'uScd in'tho studylof mo]tingi
. ' ’ s ’\ : . - et , »
‘hn)]stonc< The.nnaqgsis_of thc intepnnl Qtructurc of Lho ha11—-
e : . ;. . . .l \\ S R - i TR R
stoncg may make )t pPos slblo to dotcrm]nc tho grdwth onv1ronmcnt
uof tho haJlstoncc hut thut “111 depcnd on: tho aVa]lﬂblllt) of
N - . : v . . - >
';EUitnble ba)]stonoq nnd qnalv 1@ onu1pmcnt Lo PR I
EEN T, . ] ‘ o e o : l . - .
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L ;m

Vv

' VQELOUS'ﬁrdhlcms'ufrqcted thq,collthibn of - the ‘sequenitial

s

suMplesi thorohy qffcct1ng thq nnd]vsog, Thc.troub]cs”Weréﬁthc

o . . . i B - T “ o~
. N - @ N : . '
iy . . . . . . | .

fo]]ow1ng OHOQ.

1., 4'23'Angust 1973.‘ . Rain ynﬁ}éofloctcd along 'with hail in ;“*\\’
AT A R A - . I TR AU
,scvérnl.oI;HhO‘samp]os, cnusfnn some moltiﬁg;nnd refreezing of -
~the ko])oc%dd‘hhilhtonos;> Ph]s/would Alter the ‘sample distrib=

. - '

\" L - ., . ‘. . L S R . A
“ution leaving. mallor hdJ]QtOHCQ overall ‘and-fowcr smitll " hail=

N i o v. -' _'~' . ’ .
“stoncswthun was nctUhlly thc case. R .

-

oo : N S e el o
27 27 \uguat ] S Vcry soIt wet.hni%;w&s,co]]oeth;, A

-

L . 0 ‘ S o . .
 which was fqulte Frupllc in, tor\re. Consequontlv,»thcrc:whs5u:

.lot of hallqtono cthp]nr and fro:t 1n»thg'auulyzgd’shmplos;w

" T . N ) . cole Ty
‘ . . . . i

 fThe afrect on.tho dlsfrlhutlon wpuld.bc‘to'prodUcé an exééss Qf
mqll hall%tono%.. 137"f ’4:;”. ,in;’_fv B ;”.\ ,~.' D :’ S

2
. A

-3g‘ 24_June:1974. The Sdmpllnb lOCdthﬂ was. on - the edbe of. th R
 storm and nb samples were. obtalned Irom ‘the arqd-a{_thd morst
Jlntensc han]fall,, Consoquonply, théq@of]e?téd éambidéfmdy{ﬁaQé

“

froproqehtcd ha]]gtonos wma}éér'fhdn aVo ‘aze for that utorm;~-.ﬂf;: -

”fﬁd;vf 2_July 1071.’_~jThe7iimfhg éf_tho.samhles~was no£ rccord0d}f7

'H6WOVOr, clnco the totnl tlmo’of <amp]1ng was: rccorucd as. l . S 5

593m1nuto for four qamplcq Qach wns assumcd tO‘be 15 SCCOndS L6hé.’:
_5,f =9'uulv~1971. ' ,uamp]Jurr took’ placo in: Lhe f1na] qtdgcq bf

the ha1]<torm._ ic qamplcq colrocted con<1 sted mo«tlb of rnlnuatcr_*

1 which mc]tcd thc hailstones to Somb ext;nt and spoiléd-wnv“ n%s'bi
‘m5a56remcnts; ‘Théhrc%ultlng dJstr1hut10n wou]d bavc be;n ﬁ}tered aéf;‘$%
. 4 ' v N - . .
A]n a €agh1nn aym]]nr to thnt for.°3 \uguqt 1973 _:'_Jf lf;, ..
;G;_\ ]9 \ugust 1974 .};?hq‘catphgr.ngt_WHS‘torn.byé{héAiérgejl




\ . . . ! '/f o)
. . ‘ '
" ' " ) IS o o :
: L . . i . ) R . .
o . - ! ' ) f) .
i hail. _ The rips '\v(.‘ro T8O lar[:c tlmt par‘tl(‘ul‘u‘ sive catcp‘ ries
~were proRably not- p‘ro I‘or‘cnt.j:ll 1y ]oxt Lhr‘ourh th(‘ h()l’cs: ih-' the,
. C S N e . ©
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P D The problem of the melting of a hailstone as it falls

v §

“below the frecying level has been, considered by several authors

B .

S (Massan, 1956 .'\n({' Fist and: Dussault,1957),  Mason (1956)

-fmaves the result that oo particle with a radius of less than

ahont 0.1 cm would Mmelt: completely on falling from a freesiagg
Jevel at 1 km above ground level. in air with a lapse rate of
-1

6.5 C km™ ", " : Lo . ‘ ‘ -

‘Al (;onipr‘(‘hc nsive treatment of the heat transfer hv:%n i
hailst 0&0 “andtits wenvironment s given by List and Dussault
Qr1967). - For"a hailstone, there are fouwm sources and sinks of

heat', .described by the . following expressions.

‘i. : "H»ont . source from Uw _I'r(*‘eéing of _:1écrotod’<'\ga‘tb’r._ = o
< ‘,.x . » ‘ o . » o '
20 Heat ksbjin_k to \".'alr"m the accreted cloud dro 1»c‘t,s. :
Qe = ~0.18DvEW: DR, ‘C—CJ_‘(TQ‘TK‘D' C(a2)

3.7 . "lleat sink' by cvabor‘nt@oh, condensatioinnd sublimation.

.

Ky

) L L . L L . o
, QES = - Ch'x% ch_tTl-\ Re N D Con = v 59( * (A3)
IR S -'fl?:’:té-fof‘.f_&o;\t transfer hotwe‘-enka--hai]’ston'of.;;nd/its o
A éhvi.ronn.\cnt by «condiuc\:t_ivo‘n' and ‘convection,
0 Qe = 68 BKRED (ToTa)s X o
e . \CC . . ‘ C . ’ - o
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kitnematie vinconity ot air
collection efficiency of tho hailstone for -

drops
b -~

free lAil|ni(| water ('Hll‘(‘l')'l of the air

mirjor axie- diametoer ;»l‘ the hatlbstone Coyemoamed
spherical )

Peyvnolds number : ' .
Fatent heat of fusion ot the deposit temperature

fraction of accrceted water which frecrex

‘

——d! . R . A .
Cw 15 the . spech fre heat of water averaged over the {om-
perature rance T te T
. : d a -
o Jis the deposit steady state temperature .
. T ¥
Tp\ is the air temperature )
C.l,l is the latent hent of (‘vapo_r';ltjon or sublimation -
e is the roucrhness factor
Dw& is the diffusivity of water:vapor in air ) o
C sm is the saturation vapor pressure over the hailstane
. ' ‘ >\ " ’
‘Ca. . iwmthe partial gbressuare of water vapor in ambient air
e 0 . o o
. . N\ - RE o RN . -
5 1s the" surface ratio of gpheroid to a sphere .
V /X is’ the hedt transfer factor flor a spheroid - -
- \ . ! .
\.( isethe therma¥ conductivity: of "air.
. e - " -
T . EE R L P
Yhen these equations are applied to melting,- a few chahges
- . . L A . . .
are rcequired. The deposit t_e_mpé‘rat’ux‘e . 'I‘d remains constant at
- . .. ) . )
. — - o~ SR S . - f Pt BN
0C. Becausc- any ‘water drops that arc sShed will b(\.Why the
‘- N - . . A N : - - N

hailstone, Rguation- A2 becomes
. v N
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whivre \/\/; o the free Tigquid water prodoaced 1o the wvake of

the haitatone by its meltjne, 'he collection ctiicicney in thyy”

0

Cop ety rv;ir'vuvnt:-; the diversence of the water droplet = and 'waler

- O

vapor in/the wake of the hailotone and e approximately equal
to 1.

For a «teady state the suameof the heat sourcess and sioky

» . "_\
s zero, or ’ . !

<] — . : .
This formulation neeleots the heat required to raise the tom-
. ’ ) . :

perature of the iiterior of the hailstone to 0O C. Vheno Fquations

A3, AV, A5 and A6 are substituted into Equaption A7, the thermo-
¢

dynamic «taté¢ 'of a hailsfone below the freezing level can be

~ R

“deseribed by (List and Dussault, 1967) ' LA

- i . To-Ta * C i Dwo. Tﬂ‘«q (Gsu Co o p k
. 1.6 k( ) 33 ‘ ’ ) = \/\/; é
-62785 vbls

%ere . : ’ 3 ) ! ‘.
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where | 1 the Tapse tate sassamed constant at ¢.5 C km .
. * o
yand T is. the surface air temperatyre,
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Usine the above cquat iond,
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the nass melted from a hailstone i A time interval JT I
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