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A!3STP.ACT 

Hnili'al.l en.ta col lcc tc f'ror. a f b :ccl nctworl~ :!.n r.orthcaGt ern 

Col orado durlns three s eacons (1950-62 ) incluc.lcd the cctinatcu i r::pact cncrc;y, 

. duration of hailfo.ll , r10£t co:.non E:tone size , r. ,ro:i.!:mra stone nize , O.."ld 

mn,fucr o... stones per :iqunrc i nc.. . T"ncsc be.s i c do. ta, X , o.J.on5 wi th 

t he t rancfor=:iations ; l n X, - /x, ~ff. , and 1/x , \ TCYe anulyzcd by 

cor.;pth,cr c echod.s to cictcr,dne 11. ch pt:l.!'o.:.ctcrs coul d be :med in a ntutis 

t i cal ann.ly::iln of hail ::n.4):;ircr.s on expcriv.cnt . The e;a:::.-na diotribut i on 

function vo.s fitt :xl to the h::l.ilfall chta By t .:c · .ct .. od of nn.ximu.":1 l ikeli 

hood . A chi- :.qua.rc: good.nc..,s of f'i t tcs t ;·!aZ V!)pli2c... to t h~ c!uta, and one 

t r ansforn..1.t::.cn ,:a:. t cs tcrl ucinc a s ~crucntial a.--u1lyciG technicme . 

All pa:::·ar, t~rs e::-:ccpt i r.!pa c t cncr(Y and nur., e r of h::d ls tone::: p::!:c 

cqu~c inch were cli.":'linatcd f 1• 0.!'. the statir,ticul anr.ly~is been.use of bia::; , 

non-ho;;:o0cnc i ty, 0r ~p~rs:i. t y of cw:1.!)les . Tra.nsfor1w.tions ·which p roduced 

t h e r.1inir'.1U.7 nea..11 coefficient of varin.ti.r.,:i ,:ere l ogarith:-:1 of iri .... )act cnerc;y 

{ ln E) and ~41.,::-,.rc r oot of the nw..bcr of' stone::; per ::;quo.re inch ( ~ ) • 

I t wo.s dctcra i r.c t. c.t a -:;D.!'GCt- con vrol a..':lo.ly::; is -.,J.6 !1ot f eo.sfble f'or the 

o.nulysis of h~l :::upp.czGion c.::pc:d r-.cnt . A p;;r_o<l. of 3 to 5 years is bc

l icvccl nccescnry t o clct.el'.!t chanccn of 10 to 25 percent in the hail :parru::c -

t ern . The o:ur,;::o. dis cribution f'tmction f itted only the dnta. Fron 

t he rc ::mlts it ,;a.., concl uded. th::-.t. a SC( ucntfo.l o.n<1ly s i :; test alone cou d 

not adc uat~J.y ern.l ".tc thv c ffcctivcncns of o. hail nodifico.t ion e>:pcrir.,cnt . 



I-IA.II.FALL DA'.D,. FR0.-1 A IX!:."'D IT::T,lORK FOR THt EVALUATIOH 

OF A 

1. I ntro<luctS.:,n 

Dcve::00--2ncnt of tccl.niquc~ f or cloud~. ificutlcn by cloud ~ccd n3 

hn.s l ed t c. a vnric t cf' u.ttc:-!'i;?t'" at ·.:eo.~hcr ,,.o ific:?.tio., i.icll\din: p,:ecip:1.t

a.tic. inc:i::cn.~ 1
, hu .. r ico.ne notlifica ti.en , f cG cli:-;ric:-:::~l, a.~a. :-..il su17p:::c:::n ·on . 

The ne..~u- ~ ·:x:-iD.lJility of .. i:::tcorol o.3ic0.l phcno::.cnon i3 sucn thc.t clcte t .on 

of m::y Gr..:::J.l ch:m:3e 1;1.l i c,, ,~is,.1t hc.vc b e:cn cffcet~d o.rtific i~ly i z difficult . 

This dif-.l!Culty is ·n~roo.scd w t h the variability of t .c !,!··ceot·olo::;lcal 

phcno:::c:10, bci 1~ conGi tlercu, e.ric: li:~-3 to fruGt:re.tion for c a:::;ec; in vhich 

hi~1 vo.ri cc or; 1 o-,; frequcncicr: c.. occu.Yrcncc co; .i~ i nc to ·c:ii.t.irc cxcens i ve 

pcrioc.::; or ti!:1~ t o fu~o.w valid conclWi i o:::iG concerning the effect::; of r:otlifJ.co.-

tion a.ttc:-: ~, ,. 
~v • 

Thenc dlf ficultic~ 2'""-c f\.u't 1or cc::-:?OtU1(.Cc1 ror evaluation of o.ttcl':!)ts 

of hail st;.,prcccion ccr:.t:.!:c of ~ lc<:l:. of ~ :'.\..sic C::..i.ta. on .,he atu~e e.'1cl c 1~.r:lc-

J2hl:. ~')f!.l)::?r :,:::·c~cnt.s u 1);.-0-:::c ~ur for the cvD.luation of hail ~U:).:. rcz:sio:, 

usin;; <late on ho.:tlfcll5 f or thre::! scn!;o.1s ( 19.S0-196?. ) fror. the fixc<'l hall 

nchro!·k ~cro.1.,etl i 1 nc::rt;.1~a~tc!' 1 CoJ.o:r.'.l 1o by Color2.clo ..ito.tc U:iivc-r.,lcy . 

E:-c~ir..o:t ten of hc::.c c nt . i-ov.!.c o~ n i nnid1t into r:on~ of the p: · n.Lc.il 

vhich ,.'.LlQ t be u.sed i n ti ~ d~sic~1 of a ,ai l :r::.o<J.ificc.-tion c}.- r;r Jent; ar:c 

p olntr~ ou1 t ,e proolc;::.c _:1,~crc:c t. in 8.! d :re( uir{:r:.C?Y'.;5 of a n to.ti!lticul c.n"'.lysis 

it·Resenrch oup::,'.)ortcd by th<J Aw~.osp'!:li::ric Sci ence ::; Proc;rm:1, ITationa.l ccicmcc 

Founcl:.i.tiot , HSr:' Grr;.nt, G-23706 . 

- "I . 



2. Ba.de u tt'\ 

F:r(j!:i infcrr.:at:!.oa on ha.ilf'o.11& obtained fro:a the Col orudo Sto.te 

Unin::!r::ity net :or:-: :.ec Schl,:!ITTencr "'nd Jc;mincs 1960 , Schl cu.Gc:;cr 1961a, 

and Schlcuscner r.nd Gro.nt 19Glb . •rnc fo l lm:ir.c; dn t u were dc::ri ·vcd c.>1cl pre

pared f or co11;putc:- nn,:1ly::;is : 

"'> 
f t-1".J per ft"'" 

Duratic!l of hail.full, 4'in1.tcc 

Most C(,U-:!0:1 stor.c size ( c:odcd ) 

H<:"..:-.:i::-,ui:1 s t.one size ( codecl ) 

Fron the po.ssi··c hail indlcator:, : 
.., 

I mpact e!·~crc:r, ft-lb p er f .... 

?l Y;1uer of stor:cs p "'r nqm.rc i n-:::h fo:::· 

( co<lcu ) 

1 - 6 
2 - 6 

3 - G 

4 
,, 

- 0 

E 
C 

])¾-

lll ,. - u 

N2-6 

N3-6 
Nli- -6 

z ed rron th~ vie1-, oint of attcr-;p-

t inc to i c.cntii'y para:-i~te:r:.; : :d1ich , on the bas c of -physical n~n.~onine, 

mi ght c chon0ec. if clo:..:.d !JCec1ln0 were cf:::'ec '- vc in r::oa.i~'icution O- ho.il. 

3. Tra.nsfor ca tlonc of Dasie .1.Jata 

Tr.::..n:.forr:nti::--ns ;:e ·e n.:pp_icd to th..:i b:1.sic c tn , to attenpt to pro-

duce a. rainleut. ~bsolutc diGpc:n,ion of tuc inc,lvirlu.,11 co~.fficicntn of vnx io.tion 

a.bout the ;;:00..'1 co ~ff.i.cient of v~rio.tio. (r. 1 Cv 
1
-c ,1 ) . In a.Ldition to the 

ba::;il: ob:::;ervati0::1s , X , 

{(·D ,-,a:. rc:·,ovc 1 fron i\u·th~!' r.,10.lysi.s b ccr.u::;c of cxccsn ve oir-1,'.:;. Nost 
coop-rr.to_ r. rcl/o ·ted D in 5 to 10 r:::h u l c i ncrc.::1cuts . 



c ons ideration ,ms gi·,cn t o en.ch of t he follmrine -tr ur cfor ,J:>.t i on s , ·hich 

were ap::, l led t o cacli of t he olJ::-;crrc. tiono : 

l:1 X, -,Jx; 5}_/x- and 1/x 
Th~ s2l e ctcd t ran.D:fort,n.tions were l n X for .... 

C 

-/i. f or l·:G , !-t< , N
1

_6 , :i ,2_6, n5_6, ~d n4_6 • T'ne vah ;,"" of t he ·.c3.!l, 

s t a...'1dD.r:.. c..cvin.ti n , o.nd tr.~ nt1.t-:t1)Cr of so.r.-rpl e::; 'W'.:'..~ detc minca f o:r c n.r;h t.r~"1S 

f o:r:-.:icd. hail p~o.:.:etcr ce t plus cu sctc by ·,:o.rs , nonthc ei:tl e;coero.phi c 

l occtio.as . The tranr.fo •. ::a.ticn:., decrc::!.se<l t he vo.rio.ncc of the :par~.:cte_ s 

ccnsiu.cro.b l y bat the cco ~ficicn t. of vario.tio:1 con tinucu to be grco.t.cr ti, an 

unity· ~o~t ca5c~ . 

4. Tes tc o:_ l o;-::cccncity of D1;.to. 

Th- variables n.n' t r o...sfo1r.,ctl varic.oler. ,-:ere tcctc b 1:en.n~ 0!1 n.'1 F 

t est -::or ho:.10;:;o.ncl ty ::?:.1ons y cnr::: and :l.'7:ons r.o:::thc by o. one W"Y an.1 yci s of 

Fron thc~e o.~:al_y::;0s (T,. bJ.e 1) it ·wD.S detcr.:iincd that t h'"' h;y7?ot.h0sis 

of ho.::ccc city r-,.:-~on;::; ycar!3 f :r- ln E
1 

~ - , -y1T
1

_
6 

, a :r-,tl - /i I
2

_'6 n.,..,jt be 

r ej ected . The h:':)-ot..l .,in of hc,::o...,e:nei t' a....._..:ons r::ont!,c ::-.lJ.!;t al:::o be :::-e j cctr:a 

for -/f{c anJ ~ . On th1 .c ba;:;i:, ancl si. cc -/Xi. (not lis t~cl _r._ 

Table 1) vas r:.:o:·c.! vnr iabl.c ' ·hc~11 - /C-f, the !1m·o.::.ctcrr: -JfE , -..jfJ. c:.c.1 

--/H , 2- CJ 
were rejected f:i·o!:i furt:1er :.i.."lo.ly:.;is . r,n "' \ ,-.-,.)(i+ ' ... , • .l- ,. of' 'no -,v-,e- -"' 1.· +y -.1~- u..:tl l,.J1,;,_ \..,,.J \.J - .. . cV"._, .. . - v 

a:-:ionc y-cw.:s fo::: L--i .u . 
l. 

1;hcn u~:Ln,:; do.to. f l'Of.l all of the h o. i nctuorl: ,m .... 

r e j ~c t cd. \7h ercn.s :he. u::;lnt:; o.1ly cl.1.'.;n fro:., the ·vc n t t :!.'i:'.l-'1C c of tac nc-:,,o:rk 

it could not b ,;) ::e,jc c tccl. T'nc hypotucc:!.s of ho:::o::;cn~ity "'-10 !1c y en:::-::; e.!Y' 

c:onth::; for J.n E , o.nd -/IL could not be j.'C j cctci:l . Th ... pru-a:-.:cter ~ 
C .)- :, 

-/n3-6 o.n<l. "·ere r cjcctccl fro:n f~·thcr n.n~ ,·::;ic due to l ow :'re-

c;_ucncics o-;.' o ci::u~::.:c;1ec . 

Tl:.c r el.Jal 1int; r,'--' ..,s o ... pa:-a::K.: tc:r::i , cons l s tin~ of 

( 
-4- • re va.ir,c 

1n E. , 
l. 

1.n E , ".1erc s.r0i tra.1·:Uy di vl,1c. j_nto ct:.b ::ict::; f:ron e::i.::;t to •~'8 Gt aw !n.~seta 
C 

f ret, nor.,h to co:tth . '.I.1.1c 1 ypo·~hc ::; i ::; of ho:::ose r.city e;-;onr; eo.::it-west suo::e ts 

c1.nd narth-::outh .:;u'l.:::cts cou <:1 not be rejected; con::;cqu-'.'.!n tly it '11:!S c.ec i cd 

t o ndd n 60 r.il~ :1or" h - so · t h l in _ of i 1. ,ic2..tor ::; t' OU£:h t he ;rcct hulf c_ t he 

nct,io::1: fo!· the 1'.)63 ceo.co . . . 



Parru::ctcr 

ln E F 
C 

d.f 

1..'1 E. F 
l. 

df 

-,fiE F 
tlf 

-/nl-6 1-' 
df 

-ff;z_5 F 
d.f 

~ 1'' -: / 
;)-0 ~ -f' 

0. .... 

-fi ·1•-6 li' ... 
df 

I 

l n E. F 
l. df 

(wwt 1 

t ri~.nGle:) 

TABL.'S 1 

F Tc~t Recult~ for Sigr1ificancc o~ Di forc~ccs 

Between Pa:!.·c:.!~ tcr Sub;:;ct!: 

k nonr, 
y cnr., 

ti::.~O:lG 
t!Ontr.::; Between c~st a..rid west, Between north o.ncl ~outh 

60 .,..., 
Q_ 62 60 61 62 

0 sr:: 0.34 l: .. 00-r* 2. ('6* 1.72 3.9:;.-x-r.- 2.59 2 . Tr-:r..:-
(2::9") ) ( 2xl01:;_) ( I, . ·;_i2l~) (4x5ol~ ) (4:-:283 ) (3x~61) (3x340) (3,502) 

5. 7G*-:." 0.7~ Lil 9. 52-~:~ 1.63 1.16 4.13* 1.38 
(~;-:761 ) ( ,.,,,,,,~) t.. ..- .. 4.oV ( 2x91 ) (2x275) (2x328 ) ( 2:--1~9 ) {2v'"'?" ) ... "'-c...-G (2 .. 425 ) 

51 .00-~--- 19 . (-0x--i.-
( 2:-:11[{) ) ( 2::-:1095 ) 

I~. 20~· 12 .90-:8{- 1 51.0-)~ 1.30 1.15 
( 2xr(57 ) ( 2x'717) ( b:lll ) (1:<l:)~) ( lxli5..> ) 

18 .55-!a 2.6'.) 4 . O-M- !1- • !~•c 2.73 
(2x5G5) ( 2:-:571) ( lx74) (lxl52 ) (J.Y.362 ) 

1 .18 o.48 0.24 5.70-1 o.ot~ 
( "-r".131) '-" '7' .... c. ( 2x223 ) ( 1.Y.15 ) (L'<59) ( b:160 ) 

3,17"* 
( 2:i:57) 1;0'.i'ES : 

* Sic lficunt at 0.05 l evel 
~:-:• SlG,1ificnnt ri.t O. 01 l evel 

1 . 28 
(2xl~o3) 



. 5. Ef-fcct cf Size of Sar.:plinc Arca on Varinoility cf Pare...'nctc.r::. 

The cocfficie:::rt of variation 1,-0.s cor:;putcd as a function of E&"'!j?ling 

m-cn for the 3 rc.::::aininG hlll p o.rarr.ctcrs . (:B'ieuren 1, 2 P-'1d 3) Fron these 

co.r;::yutations it WJ.S tletcrr:tlned tha t the ve.:da.,ce of t he hail parar:-,ctcr r. vould 

b e cha.r1Gl.'.!d very ll ttlc if only bo.lf of the so.:~linc area · wo.s UDcd. For 

SOL"IC of the hall pc.1·01;18tero, a reduction in snr;pli:-ic; nrca produced c. dccrcnse 

in vario.nce . Fro.:1 thccc result::; and tho re::mlts of the ho:::1oceneity t e::;t~ en 

l n E
1 

i t \-,'c\S concluded that the size of the car:rpli!!c; area con.lcl be reduced, 

au.d the ca.st hn.lf of the inclico.tor nct;rork .. ms abnn O?!ed prior to the 'pccin

nine of the 1963 nca:::on . 

6. Tc:::ts foT !Torr.1~.l:l ty of Pa.r&: .ctcrs 

The - fff
1 

c , ln E. a"'ld ]_'rl E datn nets a...."'ld subsets by year::; , vi• - o 1 C 

were tested :for 1 orr::.t-..lity . I n ncl)..rly all sets n.nd sub;:;ct::: th ..... data ·rrerc 

hiehly sl-:C",1cd richt , with the lnn:tosin ra...,.cinc f ... on: l cptc1:urtic to iso

kurtlc to plat~•;-::urtic , (FiQlrC::l 4, 5 L\i7C. G). 

7. Tes ts for Inr~c-pendencc of Obsc:.·vat onn 

Cor:;.~c10.ti0!1 coefficients ,:_re co;:'l)utcd between cc1:t2.in con'binations 

of the huil pn,r[:..,,ctcrs avcro..c;cd over one 1·egicn versus the parar:icters avernc;ccl 

o•.rcr other reclcns :9proxinatcly 25 1u.lcs a;;ay . T'nc i·cm.u.t r.; :i.nc icn.te no 

CorrcJ.atio:1 coefficients wre alzo co: ;>Ute for the hf'.il pO.!.'c..!-::eterc 

1n E
1 

c.nd -.fir
1

_6 b_t,-:ecn CG.ch dented i nclico.tor and i t:; ncic;hbo1• (anrl 

ncn.n cf ne· chbor"') locc. te apprc:d1~"tely 2 n.ncl 4 :aiJ.cr.; a 'way . Althoug.11 the 

con·eln.tio!'l. co1.~fficicnts were all l ees thnn O. 50 7 t 1c hypothesis of depen

dence could not be rcjcctc. (T~ble 2) . 

8 . Tes tc to :.-;ti:.nt.c the Period of Ti:::e Re:a,ui:r-ed to De tect Sea.le Chunzc s in the 

Cor:;putaticns ~;c:rc r:10.clc to cstir:::at.c the period of ti:r:1e r equired to 

obtain sibnificc.n".: differences i.n the b.D.il pura;.:~ctcrc , ns:m:-.1.inc vuricus zcn.le. 

c..½o.."'lccs in th po.ra:: ctcrs (Appe:::1clix A) . The Ge co:,:pu "at ions n::;su'ie tha.t 

negative rcportc of ho.il oc,~UJ.Tence can be e,::: i~·a tned in t hose c!\scc in whlch 



TABLE 2 

nuc.ibcr ot Si3nifi n.'1t anc1 Non - :: 5nifico..n t Corrclationt; 

Bet'\-1een a Dent ed Hr.il L'1d1cato1· and 

itz Hci[J1)or (iki0hbors ) Located 2(4 ) Hiles Away 

Correl atior~ 
2 Miles li Hiles 

ns 
s 
S* 

:Ne5.c 1born 

0 

4 

12 

14 
4 

6 

13 

3 
a 

note : NS c: No "ic;nificn.nt·corrclation (0 .05 l evel) 

S ::: SiGnifici:u1t co~rclation (0.05 t o O.Ol l evel ) 

Ei* = Ei0nif:.co...'1t corrclc.tion (0 . 01 l evel) 

16 

3 

5 



co.'.np l ete lmil SllJ.)prcs::.ion mir:;ht be .:!.ttail.cd, that all ha.il-producinG ctorr:10 

·would h uve been su.'::>jectcd to a noC!i fico.t:i.on trer.tncnt durlng the period o 

l -5 }by to 3l J uly, a.11cl tha t the e.¥ero.cc nw!lbcr of h a il s ru.rplcs 1-lill rer:~in 

conntant . I t ~a...v :::,e noted that "succc8s " in a. ho.il :notlifica.tion c.:perir.1cnt 

'\i.rou.ld increaae difficulty of statintlcal unnlysin ... ccuu.::;e of o.n increanc in 

zero v2.lue., . 

When these t hl·ee ( queatio:1able) a:;z1.-~.l) tionc are !::ndc , a :period of 3 to 

5 yc.irn is estL-::c.tc· to detect c;cnle chn:,c;c:; of 10 to 25 pe:rcc::1t in the ho.il 

p.e.ro.netcr::i . (Tables U , A2, c.,'1cl A.3 ) 

9. Ge.r.1:1a Distribution Pu.rar1ctcrs 

Unr tley E.m:1 Lci;ish (1959) h ::i.vc reported fi ttini; a two-puru..1"tcr cc.::;:r,a 

d istributi on f't.t.'1ct:ton to non-~ero rah1.all dnto. . The first step in fitti ns 

the Gn.t· .. c. d stributio:1 ru.--ic tion to tue duta is to estimate the dict~· :i.bution 

paro.::!ctcrs, The no::;t cffic .. ent nethocl fo'!" e:ctir,'.n.ting the:;e distribut ion 

pura:::ct.cr:::; is the 1:.et .od of .,axfrru:-1 li}: lihoorl. 1-!t.1.J:ir::lli-:1 li}~cllhood c!1tfro.tcr:. 

t'.rC ol;)ta.incd. by diffcT2nti.n.~inc the likclihooc function a n cquatinc tl c c,c
rivutivc to ?.cro . Crccnwoo and Duro.:.1d (1960) h ave Jolvc c.1 the c o:-,1:plcx equations 

volvcs a lc;:;o.rithr:1. of the c.1o.ta, i t cnn 'c u:::;cd c nly with ato. that are 

o ·co.tcr til<' . ..rl zero . To clininntc zcyo valuc n i'ro1., the 01.Jcc:-,'ccl ha l dr.tn. , 

which ~ e either posit::.vc or zero, 0.01 ~m.~ uducd. to each dato. s x:,plc , 

11hc cnrnu <.li$t rilrnt.Lon function ,1-=is fitted to the followin0 data : 

Bi. , l n E
1

, ln E
1 

f or (E. > 1), .lfJ r_ , E.ft[;,-,,. , nnd -~1-;. 
1 - o - - b - o 

G r.!f.1tl. d.lstributio::1 parnmc- .:.crs for t ,ci:;c data o.rc c;ivcn in TA.ble 3. 

10 . Tc:::t for Goo~ncss of Fit 

A chi - sq_1..:.nre eocclncs::; of fit test W:J.S u::;c to co!~l)are the di:::tri;:,u

tion of tl-:c h tLlfall u tn. to a t1:.co!'etica..l co.:-·::-m. aistr .ioution . 

I n applyi.'1e thin tcct, bo mdu:dcs were :::clectccl such thut the m:.~1bcr 

or cx!)cctcl1 v.:llucn cxccc led 5 in en.ch ca.tccory . I t is pcn:1ir,r.iblc to s et 

bounr a.:· e r. in any den ire .10.nr,f.!r , prov:.de:d. one is not i nfluence by the 

ob::;ervc . frc uc::--1c.leo . I n applyir,g t l. s test D."1 attc:.--:pt ;.ms r:iacle to o';) tc.in 



TABLE 3 

Grui?:lm Distributio!1 P.::.r nr10 tcrs for I ailfall Dt:>.ta 

Data 

Ei 
l n E

1 
l n Ei 

}ll-6 

-/i-rl-6 

.95x-/ I~l-6 

.9ox~ 

.85x-jKl-G 

75v-n=--• .... v.i.111-6 

1.05x-/ n1_6 

l.25Y..--/ .tfl-6 

~/1!1 r:. - o 

{.E. >1) 
l. 

Go.i.:l!;la Parru .. c t crs 

She.pe Para.'Ueter, 1 Seo.l e Parn.r:;eter, 

0.82ll 16 .1 fl12 

0. 9292 2.053 
3 .5488 0 .60'{0 

1.1507 2.7071 

4.2209 0.3727 

l► . 2210 o.:;5a 

4 . 2209 0.3354 

4.2210 0.3168 

4 . 2210 0.2795 

l~. 2210 0.3913 

4 . 2210 o.4659 

9. 2925 0.1421 

~ 



TADLE 11-

Cell Ilo1..u1daries a.nd Chi-Gquo.rc Values for the Goodncsc of Fit Test 0.1. Hn.ilfull D.:-. to. 

Type o-t: Cell Bou.11c:.n.rics Calculated 
Du.ta ..., ; ~)!-,. 

Cell l Cell 2 Cell 3 Cell 4 Cell 5 Cell G Cell 7 

n 0 .00-1_. ?()-)HE- l. :)0- 2 . 70 2 .70-3 . 90 3 .90-6.70 G. 70-13 . lO l;Ll0- 25 . l.O 25.10- 400 .1 122.1 ~-.1. 

E. 
l. 

0.00-1.30 1.30-2 .70 2 . 70-3 .90 ;»90-7 -50 7 . 5()-lli .10 11~ . 10-25 . 1 25 .1 -3,30.l 56 .J. 

ln Ei 0 .00-0.61 o. Gl-1.01 1.01-1. 26 1. 2G-1 . 51 1 . 51-1.86 1.86- 3 . l.6 3 .46- 6 .01 208 .6 

1n E 
i 

0 .00- 2 . li-l 2,1t1-2 .9i 2 .91-3 . 21 3 .21-3 .71 3 .71-3 .91 3 -91- 4.71 4.71- 5 . 91 96 .9 

l.11 E. (E:.>l) 0.00-0.79 0.79 - 1.01 1 .01-1 .26 1.26-1.51 1. 51-1.86 l . 6- 3 .06 3 .06- 6 .01 7G .7 
l. ,J. 

Nl-G 0.00-0 .61 O.Gl-1.01 1.01-1. 51 1.51- 2 . 51. 2. 51-4 . 51 4.51- 9 .01 9.01- 4-1 . 51 28 .0 

-/ {1-6 0 .00-077 0.77-1.01 1.01-1. 26 1.26-1.51 1.51-1.86 1.86- 3 .01 3 ,01- 6 .01 18. 5 

-I i -G 0.00-0.79 0 . 79-1.01 l.01-1. 26 1. 2 .. .1-1. 51 l. . 51-1.86 1.86- ,5.06 3.oG- 6 .01 6.5 

• For 4 dogrccc 01' :f'rcc:,:,m and o. .05 probability l evel, tho to.buJ.o.tcd x2 value is 9.5. 
H Cell 'bou.ndnl·ios are inclucivc on tho largor value, (i.e. o .oo -~ ,-cell l i 1.90) . 

Rcmn:rl-~s 

2nd .un on .. . 
E. 

l. 

2nd Run on 
ln E 

i 

2nd Ru.'1 on 

-~ l-



ca t e ori es \rhich contained npr,rmdratcly t he sarJe m.1.raber of' obscrva.tions . 

I t i o believ"'d that in .,... i nz t hin iethod it ro.s not ;pos!Jible to coo. letely 

elimi nate t .e i !'lfl ucucc or the obGerved f re(.!.tt n iec . Thi n fa.c t or produced e 

s light erfect o. th" calculated va l ues o:f chi- squc.rc . J udicious s l cct i on of 

bomd.c-u-ics r u.c t he chi- s uru.-e v u_ i n all co.!Jes , o ut 0;1ly for t he ~ 

t a did it ai'f(..-ct t · aecision ~ t o t he go ··mes:.; of f it . The b o-.mdaries 

used end t re r ee;ults obt"iucd with t his t cGt are ,recentc i n Tabl e 1~. 

I f t he e . d:i.ztrlbution. fv.nct_on a co..u..s.tcly :fi ttcd t he 001, rved 

dn:w., t .. en t he :probe.bill t y of ootu:in t~g a c hi- Dqt.T.O.l~e val ue l ess tun..11 9 .1.~9 i s 

0.95 w'it 4 degrees oi' f recdo.r;i . Si nce on y t he ~ data. produced a chi

s qun..re v uc l ess tho.n 9 ) }9 , it ,r.'.18 concl uo.ec.l that t he c;c.::ll2Jo. dictribut.ion did 

not c un.tel y :fit E
1 

, l n E
1 

o.nu l n 1 (Ei > 1), but t t t his diotri bu 

t ion :fu.-iction o.i.d rov-ldc a m- inru. .fi t for ~ "'ta . 

11. Se ucnti 

Stat :J.stical tc:::ts s nc f-3 Stule!lt I c t , F , o.ncl x set an a l e cl 

f or e null h::,T,othc:::c.s (tn,e I error-) c.nd n nu:::JDcr o:t Saffipl cn 1d J..et:3 t.he 

t3 l evel for n o:i::~cif"lc ultcrnntive bypot.:c::;cs (type II error ) f~~ vherc i t 

J:J.n.y . In t he SC 1..1.::mtiDJ. ol,11 the a d p l evelfJ m oet. -. 

t he o'":Jzervationz r~ t cotcd seg_uentit-J.l~ . Hitll c ;ich ,...n obscrvat · on one of 

t h I o o·,rlng "'C_cions _s r 2a.chcd. : (1 ) o.ccc t th by:pothes s , (2 ) reject 

t he hyr-od1esis , nna. (3 ) c ontinue t he exy,crlr.1""nt by taki:1c; o.n a.dc.livi~J o'b:::cr-

vo.tion. The e:.-:pcrin.:.ent c ontinues 

r ej ectc . 

til t he ' t~1ecis i ::; ei thcr CCCJh,C~l or 

I n t he ::.eq,ucntial enalybio t est. , i f the dintri bution f'l1..'1ctio-..i _r 

conni derati on 1:ru:; tuo r>0-rt1.r'cters , i t i o cce~::;c__,_ - to e5.tllcr t ent n composit e 

hygothcsis , or t o re .ucc i t t o a. Gin l e l>i;y:r.1cYth~~is by sm...in.3 one of t he 

:pe.rar~ters constant . I t r::ay be s .. 10;~ both t.h(!oretica.l.ly (Appendix: B) l'-tld 

expcrioen .., ly ·that sc.. c c an;;ed date. , . .ainta ru; a conztant sha]?C J...aranetcr 

(Table 3 ). The ref o_ c , e. sic e hy_po: .c::;ls can oe ru:;e vh~n a scclc ch:1.'1.CC 

data is co:u:;id.crcd (E.;ec Thor:1 1957, E {!. W2..lo. 191~7 ) . 

Scqu.cntif'..l c111~-sis t cGti ng i n -olvcn lott ·n0 e. cur.: ativc fu.t""lction. 

of t he data. ~2..i!lst t h~ n" be of o"vs rv-ut oru.i O.!l Ehow--n di "zro.r.irl!a icc.lly 



I n t his t est tl"'..e..unum and ndnir:-:UI!l vnlt:cs (from t he r e j ection nd 

o.cce.:ptunce lines ) cor:t.·es ndinc to each observation a.re com 1:..red with t he 

accu.m.llntcd. vru..ue of t he do.ta. . I f t he cunn.tlo..tive ve.J.uc r e no between 

t hcze l imits t : e tent continues . i·lhen t he cunulative vaJ.ue exceeds the I:i.D.Xi 

t:1.um V" ue th,.. hypo;;. ais i s r e j ected with robability C! o::f' a tyJ.;. I err or . 

I :f t he cumulutj_yc ·value bcconcs l cf.ic them t ,.c minir.:um vD.l u.e t he l.j'T>Othcsis is 

eccepted with .:. o :J..bil i ty f3 of a t e II error r The slo ,c of tP.c rejection 

and o.ccepk.l.1c _ l inen o.n t he differc-ncc bet rccn -d.z:run and r:u.nir:.:.um va.l uco 

are f unctior..n OJ. t he b.y}?o-thc::.is being t ented nn t he a and. ~ l evcl.8 s el ec

t ed . 

I n s el ecting vo.lu_s f'o:r a and f> , e conomic con.oi dcrutiorn:; (cost 

of sec ·ng v mus :potential benefit ) SUC",Gcot t .~ cstrb1-is cent of a l ow rob

e.bill ty of error for t y-_pe I cn·ors (rcj ect:i.ne a t rue hypothcnin ) vlth a hirr er 

pro'b~biJ.ity of error for t oo tJr-pc II crrorG (ccccptin~ a f aln b.y:potleGin ). 

Results of t he Gequcntin.J. ~aly~is t c::;t i ndico.te t mt i f the GO,U1D. 

dis t ribution 1\mc •ion fi to t he -./Ii
1 

~ ta, e. 5 p.crccnt sea.le cha.il,g- vith a 
-o 

d ~ both O . 01 vo c req_u:i.re 752 o servt>.tions to obtain e.cce1)t or .reject 

decision . 'J:he r~suJ.t:3 c•-. cu nted f or ot .e:r- sc e c. cn.3~::. vi th var ous a e.n. 

~ ~lu.co ure r~s~ntcc i n Table. 5. 

12. Concl usio; ~ 

1. .Fron t 1e 9 ho.ilfull parer..eter:::i crivcd fr "J elate. on ho.:i.lfn.lls collected 

b the Color~do Stat~ U!livernit "' · 1 n twor: , 6 ,er e netcc fo uzc 
I 

i n uny sta~ictical o.no.J.yr;io of hail ~cxlificatiou cccuse of biuo , non-

hQ:!o..:;enei ty bct;r~~ yeo:i.'.., , or sr,D.:-ci ty o ... s mJ lee . The r emn.ilLJ.16 r.c.raI:1~-

t ers Were E c' 
2. Th t ra.nsfor-i:::ationr.: \Thich r1roduc 

1n Ei, nd • 

th~ ..'..nin.UCT I: I Cv. -C I arc 1n E 
1 V C ' 

3. A no~ -s~., t~ e;:tcw::;ion o_ t he .... ~ 1 i ndicc.~or network c.. be n:."\d.c , o.nd 

t he cazt t-..o.l..f of t he network cnn ':) a an one vl thout signific~ntly 

effectins t e at.ati::;tice .. l riro 1-ties of tho i ndicator c.lnta . 

4. T'nc h pot!lc ::: ::; of c:pcn cncc bet'lrcen udjucent indicators r.pac,:;d 2 to 4 

mile.., c,r.m.~t; cannot b r ejected, c en t ho"..1.zi1 the corrc tion coef'i'icicnts 

c1---re l csn than O. 50. 



5. A ~riod of .3 to 5 years iG ectfr.atcd to be rcq_ulrccl to d "k~t sca._e 

chan~cc o:f 10 to 25 r..crccnt in t he hnil r,o.rar-.c t er::::. t hat t:1ight ::;c e.ccou

pli::ued by r.-:odificutiou attei:1 ts . TI0~1cvcr 1 t h r e o.rc ract icu dif

ficult · cs i nvolvccl in a.tto.ining t he comlitio:10 O.G !} UJ::ed in t he analys is , 

on · 0:1· t llc mo;:;t diffi cult being t he pro l c:::1 of hJ.ndl in.g zero value;; if 

CO!ll l e:te h .il ou_1,p:ces .., i on ,.;ere t o be attD.incd . 

6. Lack of s isnificm1t corr·c l etion bct;;ccn o.d j acc t o.rens i ndic:1t.cs t he.t a 

t nr et- control ann.lysir. 1::; n::,t f ca.zible fo_ c t .. c r::1:oting t o detect si 1i

f ica11t chU!1gcn t ho.t i:::i.c;ht r esult f1·on a h1J.i l r.K>di:ficl:!.tion cxr-~ri . .c:i-t . 

7. Of the d"'.ta colic ted an:.l t !le t :ranofo:-r-2.t i o::-i:c; ~tudied , only t he -/u
1

_6 
dutu can be f itted by a c~ar .. :a di::;tributio fu.>1c t ioa .. d it provides only 

a r.·n.rclna.l f it . 

8. "he seq_uc tial E>..n:::.ly.r;is tect alone could not o.clequa.tely evo..luate t he 

e :!'fectivenc cG or t his h~11 r:::ocll ficution cx1)Crir:em, . 

9. F\trt..½cz- wo k is pr~Gen t ly bein.3 done t o develop proce u...---cs uo-;:, dcp2ndent 

on a f'ixea. network for .... n~l· ::; :!. s of effects v hich rr.J.ieht be? prodt' ce<l. in o. 

hail iodificution e:xrcri r::ent . 



I 
,' 

: 

TABLE 5 

Il\mb,-~r of Ol.>serv$.tio:iD Required in a liy1)0thctical CC!:ie to Rec.ch 

an Accept or Re ject I:ecision Usi ne; n se~ucntio.l Ano.l yuis Test and. 

~ Jiuj_lf2.ll Data . T:icsc RcsUlts \;ere Obtuincd E:qx:rir:1cnto.lly 

by Asm.tni ng Certain I ru.licutetl ChQnge s were Arn,l icd to a ll of t he Date . 

T'J1JC of Tyre of Al pha 
Data. Chcnec Bctc.. 

Uo. of Obs . 
Rc q_uired Dec i s ion 

-/Nl-6 
c: :-1 
-,J /J sco.le decrease 0.01 0.05 405 Acce1}t 

-/irl-6 l ei;~ "Co.le dccre~c 0.01 0 .. 05 135 Accer,t 

-%,6 1-
r;, 5''! .:.:.. i) sea.le decreace 0.01 0.05 36 Accept 

~ 5'"! /.J sec.le decreanc 0. 01 0.01 752 Acce1Jt 

~ 10}~ sco.le a.ccrca.Ge 0.01 0.01 11~1 Accept 
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Appendix A 

The folio-dine eque.tion entiL'iatcz t he nur.:.bcr of repl ic:i.tio s r cquireC 

to o"otain sic,nifi,~u.nt r coultn .it a :pcrticulnr p:rnba.bility l ev1,.; l. 

r >2 
cr 2 

( bin) (t )-~ + t C , 

a 

where 

r == r e ·J.icr.tions rcg_m.rcd . 

a = po:ful!'.'.:.ion s tc..nu.ard deviation . 

tl ::. pOJ?u.lo. ti on cccn . 

E> = sec.l e c h3.U,3e • 

t == value of stu r,nte ' t o.t i.ie;nif:i.cn.ncc l evel p . 
p 

t ::: 
G 

v~luc of ctudcnts ' t e.t sieni:ficnnce l evel 2(1-p ) 

for a tvo- tml ed tcct . 

U:::; ing t he n2Jovc e(!.uctio nnd a::rnu.r.un13 va:douz scale c h.nn[;CS e.nd 

SiQlificc.ncc l evel s , of rc!)lic 1.tionz r equired to obw.in cien:tfi -

ca.n.t i·esults for J.n Ei , ln Ee o.nd -i/il;_6 were co".:l:puted c :id ru-e rircccn

tcd i n To.hleo Al , A2. o..."1c.1 3. 



The :f ollo~ri ,, proof' sho'..tn t hat fo_ f;cc.J.c-c'hru1Scd daw. , t he shnpe 

paro:.uetcr , 7 , o-r the grui.:;n. diztribution :!'unctio r ermnn conn-writ . The 

gm:rot). distribution hns a :pr obability :functio.:1 v.ven by t 1:e equati on 

(1) 

The 1:1a..'dl:!um li clihood octin.::i.ten O- p , t he cccue . ranetar, end. r , 
t he shape :paro.':1 er nre 

d 

-vhere x i s t he mean of 

f or 

1 = [1 + (1 + 1i.A/3)½y4 

~ = x/-, 
x ' s and 

i 
n 

- 1 \ A= l og X - - L l oc x. 
n i ;l 1 

= l og ( r_ x. / n)- 1 l oG P (x1 ) 
. 1 J. n J.:: 

ow O.SS V;..•- that a eamma difitrlbution al" o fits 

X 1 
:: X {1 ❖ di ) i i 

where di i s ...,o__ scale or non--sc c cho.n5c and d
1 

> - l • 

Substitutin~ (7) i n to (5) 

vhcre 

n 1 r · 
+ - I X n '--· i i =l 

n n 

(2 ) 

(3) 

(4) 

(5) 

(6 ) 

(7) 

(8 ) 

(9) 

C l n.M X + lO't. 1 + ~ X d / -- 1· 
--u ... i =l i i i=-i 

(10 ) 



and since 

(11) 

e.nd 

l og P [xi (1 -t· di)] = l og P (x1 ) + lo~ P (1 + di) ~ (12) 

coosequently s ubstituting (lo), (ll), ~nd (12) i nto (8) 

A'= l og x + l og 1 + - L x d ... · 1oz P (x ) - l og P (1 + di) • I 1 ~ l J 1 
- 11 i i n i n 

Let 

ll X = 

= l og (1 + ~.1-~ ~ x d I -1 
l o P (1 + d1 ) , 

n x f.;l i 1 n '-' 

(13) 

(14) 

t hen su"ostitutin r,- (4 ) end. (14) i nto (13) gives 

an 

d 

A'= A+ e (15) 
No1r suosti tut._ (15 ) i nto (2 ) an (3) gives 

r' - ti+ {l+l~ (A+o.)/3)1j;4 (A + n ) 

For d1 ~ d, a con.ctant 
n 

i oe f 1 + 1
_ L xi d ) = 1oz (1 + d) 

\ n x i ==l 

n 
l ) log (1 + d ) = 103 (1 + d) 
n £;1 

(16) 

(17) 

(18) 

(19) 

rcfore , suoct tut· n~ {18) and (19) into (1 ) 

a= O • (20) 

And finally su"u::;t tuting (20 ) i nto (16) yields t 1e result : 

1• ~ 1 {21) 
~• = x (1 + d )/-, • {22 ) 

' _, r i n:enta.l t e~ts (cee Table 3) \rcr fied thcs~ res:rnlto fo (u
1
" d d'.l.tv.. 
-o 

Th.. 6 ..a:pe 1:arn..i-:ctcr, V , -~ nc con~tnnt fo_ t h scale chn.n0ed nta Jile 

t he sc r.-..".rer.etcr, f3 , aricd o.s c; '"'i"estcd. in equo.tion (22 ) above . 



and since 

(ll) 

and 

l og P [ x1 (1 + di)] = l og P (x1 ) + l og P (1 + d1 ) , (12) 

consequently su s·t;i tutir1o (10) , (11), and (12) into ( 8) 

A'= loe;x+ l 1 + -:: l. xi e1 .. -n l og P (x ) - - l og P (1 + d1 ) • I 1 !: l l 1 
n x i=l 1 n 

Let n 

a = l oc; [1 + n\i. ~. 1 d1) - ! l og P (1 + d1 ) , 
1=1 

t hen subr;tituting (t~) and (14) into (13) gives 

(15) 

(14) 

A'= A+ u (15) 

and 

01.r substitute (15) i nto (2) en (3) gives 

For 

-,• = l1+ (1+4 (A +e.)/3)2j;1~ (A +n) 

' ' ( .. J. I), \ 
t:>' = x/..,' = x + - ) . x d.}/7' 

n i=l i J. 

l.og 

, o. conntant 
n 

[l + 1_ L xi d) = l o.3 (1 + d ) 
n X 1=1 

n 
1 f l oe (1 + cl ) = l o (1 + d ) 
n i =l 

t her~fore , s · s ti tut 1. z (18) "' d (19 ) nto (11~ ) 

And f'inru.ly su'uGtitutine (20 ) i nto (16) yields t ll<;.: r,:;,;sult : 

1' %:: ., 

P' = x (1 + d)/, . 

(16) 

(17) 

(18) 

(19) 

{20 ) 

(21 ) 

(22 ) 

Expcrir::,~ntal t ests (ccc 1"cble 3 ) verified t hese r esult.r; fo (a~_6 a.ato. . 

The s "'! 1->aro.:nctor , v , rer...3.i,1cd co11ntant for the s c e ch..'"L"l[;ed uta r1ilc 

t he sc , ;para. -.. .. er, 13 , varied a.s suce;eDtcd i n e, u:1tio. (~-2 ) e. ove. 
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