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This sonclusion is supported by alterrative estdrmates of
taract rainfall derived from objective analysis of control
station rainfall cdata,
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1980 in accordance witn changes in - ’
target area’ . e e e oe e e e e e .S 11

Values Of PTS; averacec all

amcunts at Bishop's stati hose

averaced ‘ror cihiertive 2 rici-

pcints Tre time peric com-

putations was 20 June t Loust oo 11¢
Tdtal precipitation’ (V*) at'éac.‘cﬁ the

target stations for the .actuszl seedel, '
period in seeded years-ard June, July T
nd hugust in unseedid vears- . o.o. 0 o.e. .0 L8l

‘Tctal precipitation (mr\‘at eact. cf the

taraet. Std i1cs for.the unseeuec uer;uU

“used by B;shop';n seeded vears aﬂd‘f ' U
April, May, Septernber. and Octoker fbr '
unseejgd_yeafs' S A
Tctal preéi;itaticn (mm) at each of the

contrcl stations .for the actual segded .
period in seeded vears and June, July,

and Aucust in unsecded veals ... . . R -
Total pré:;clfatloﬂ (mr) at.each of the

cortrol stations for the uhseeded period -
used by Bishop ir seeded vears and April,

Ma, .Sep tember, and October fcr unseeded . ,
VEETS v . e . Te e e e e e 1z1
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CHAPTER 1}
- INTRODUCTION

~ The ¢kject of this research werk wasz to

~ ' | . . . k" )

,a“a’;ze the results cf wéathér'modificaticn,bg cloud seed-
’ing<in‘SQUthern'Alberta. The operations were carried cut’
for the purpcse 0of 'increasing rair, ucb neré é¢ by farmers

~dirn this dry region;'iSilver iodidé (AgI) was dispersed as.
the seedinc acent tﬁmar s the’ cloud bases b\ cround—based_
genérat@rs. The details of” *he operat onc Mlll Lc OlJE“'iﬁ

“due ccurse.

l.l.w-Operational Cloud Seedinc

Cloud seec1nc is the most 1mpcrta“t aspeﬁt cf'

weather moaiiication ang gS'unée:taken_for the purpcSe‘Cf

stimulatrng'preéipitatipn,Adissipatingiéloud“or foc and

wn
Q2
[
w
o+
o
(]

uprressing hail. .By;definitioh,‘clouc seei ot

b

ntroduction of very small sclid particies ir.a supercooled
‘cloud in order to increase artif:icially the rur.er of.ice

nuiclei upcn which s:pér:ooled,wate;%tan'ffeezé to. form

ice crystals. Once ice crystals ncé supercotled watery

"droplets are both}pfesent ihgthe.s:e-ed.éloud, tbe Berce“'n4

Firdeisen mechanism of rain formation. is triggered."Theh



‘e

equilibrium water vapor pressure over the surface of a
.supercooled water droplet is considerably hiager than’ that

guvetr an ice crystal at the same temperature, because watcr.
.'\r’. ) E o - \_' . ) / , . )
melecules can escape more easily from liauid water than

they can from ice. Consequently, as the ice crystal is
exposed to a vapor pressure hicher than the one determinca

- «

al
£

\

by the temperature, water vapcr will deposit updn. it a

freeze. As a result, the ice particles will crow rapidls
by condensation and may reach-a size of cne or two milli-

v

meters during the course of an hourn. Crystals of this size,

i .

“

on fzlling through the cloud and meltinc, may reach the

cround as drizzle drops. JNear the 0°C isotherrm,; the

N 2

crystals tend to acgrecate tc form snowflakes whaclh,

mans

then melt to forr much larcer raindrops.

[

The corncentration ¢f natural 1ice nuclél in the

atmcsphere 1s very small and occasicnally it i& lescs than
that reguired fcr efficient iritiation .cof the Eorceron-

Findeisen process kriefly described above. .When this is
the case, it should be possible in principle tc induce a
cloud to rain by seedinc it with artificial ice nuclel that

.

“will cause ice to apgear:s This 1f the scientific basis oI
‘the rainmaking. experiments that have peer carried out ir
the past.

\

Scien+tific cloud seeding cates from the time cf
discoveries made by a group cf American scientists in 194¢
(see Section 1.2) who demonstrated that spraving some sort

/ V N . ) ’ ' ’ ) . - . Lt



of solid tiny particles inside some c¢louds results in
precipitation frdm the cloud. After the discoveries, sone

of .the first cloud seedino operaticns performed by the
i . .
public were carried out by crop dusters who experimented

in cloud seeding-on their own or in service to a farm

group. Within several years, a more svstematic cloud’

¢1ng as sma.l pravate firms and in-

£
o

seeding came 1int:e

dividuals possessing scientific knowledge in the field of

S
i

meteorology .and c¢loud physics started commercial seedirnc
for a variety of clierts.

Private cloud seeding activity in the United States

T

has beern carried con at 4 mederately uniform level since tre
early 1¢30's. The 30 or sc arnnual projects during the

. . . ’
\

1950's and 1960

5
D
n

~

™
hd
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T
-
[oN
b
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{
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clearing, were mostly

carrieéd out by five firme, having cn thelir staff people

sri1lled ir metecrclcgov-and clcud physics. Amonc thesc

m

loug seedinc firms, menticn shculd be made of the company

8]

-

i 1% the western tnited.States by Dr. Irving Kraick,

0

forme
fbrmgr head of tée Department of:Metécrclogy a;~th§.

‘Californié Institute of'fechndlccv;~ After Krick left tﬁe
vcepartﬂent,‘ﬁis company cafried out some ;eeainc”prcjeéts*

©, Califcrnira, 1n Mexice,

' L S ]
for ranchers in San Dieco Count:

N

for the Salt River Valley wdter users 1in Arizona 1n

0

arn y
1948 and 1949. 1In 1950, Krack formed the Water Resources
Development Ccrporation in Denver and began cloud seeding

over the Great Plairs and elsewhere in the West, and also

’
‘
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other countries, including Canada.

oo S

ecdi:

The of t of clcud o for the purposc

increasine rain s st1ill controversial. Although c

seeding b ad all over the world ¢ince 1946, its

flvan

~r
[

cloud seedinc experim

aboard a light aircraft,y
ice pellets (sclid ,
- Ne:

‘ ?ﬁ]. t
re Mountains, ci ﬁéﬁmern Massachu
) ; % v

setts. The res
!‘5,‘41 WA ) '

Berkshi

a

e dropmed abcut 1.5 kg of dry

“to a superccocled cloud near .

<

of

loud

acceptance as beins effective 1s far from unanarcus. The
crthustasr of the late 20's and early 50': had beon eridod
L4

when some ol ad scoduns prograns did not ach iove e

stated purrosc of stimulating precipitation. On the other

.

‘hand, there are many farmers and othors who farmly el v
in-cleoud secdine as @ mears OI rain inoreasc The lit-
erature related to the prastice of cleoud secdine s Tull

c? articles describing cases whore a rain increase has

. N N L

Leon reported as well as cascs Of Sloud oo dino with o
‘ircrease at all. However, the infreasc in rairnfall 18 not
cormesiered as. substantial and, Ly ostrme people intercstold

in the matter, i1 attributed to the larue variabriaty of
clirmzate and precipitaticen patterns.
"1.Z. Scraefer's Experiments

Nincent J. 3 meker o6 the Irvino

Laromul cun at th ercral Electric Resezrct poratiryics
Largmulr crc t the G ral EI tri Resexrch Labcrat

the

ult



was spoectacular, for within {ive minutes or so, the super-

cooled stratocunulus had turnced into snowflakes. S These

fell down  for  abkcut 00 ro below  the ol ad basc
and anto dryoair before chanaing phasce.by sublimation.

Durinc half a century before Schacfor's ompey o=

ment, other scierntiets like Aalfred Lother Weacner, Tor
BOr teron and walter Pincdoisern were involwvel noorescarch oon

the rmatter of phisics of clouds and precyy oo oation (Wegenoer

of ¢+udics, they care .to the conclusicn that importarnt

|
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1
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o
N
s
[
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O
M
"
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m

tmosrher wc, includinc precipitaticn from clouds

"eometimes ocour Or fail to cocuar becatuse of the arundance

o, of LCewgﬁkm;hc raclei 1n the
. o C .

- - . o v )
vy oscarcity, resuoctavaelsy
Sn
" A -
- Pt 3 - + - i -~ - - | o -+ -
atmosphere and that the 1ice rnucliar might Lo supplied arty

o - < - -~ A 1 A s £ ey
wostrer modificztacon existed pracr to 1946 ard Schaeler
took the first gter + cross the barrier separating. thoor

8y
1
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o
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=
t
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Cne dav in July 1946, some months prior to hais

[N
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'++, Schaefer was conducting experiments or

ioicr of supercocled water droplets 1n & Cold rod.
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rature = T desirsd value, e
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I~ crdée

-

dec1ded tc add to the charber a large rpiece of dry' ice

4
o

1

which has a surface temperature of about -78°C. - Wher the

¢r ice pellets were drcopped 1

3.

the box, immed.iately a

it
s

311 ©f countless small ice cryvstals appearéd along 2tg



path.  OFserving the phernomenon, Schaefor was gquich Lo

realize that the froezine of the supercooled droploets wae
cadsed byothe extromely 1o .

tat he had dLiucovercd an offectave means to

nucleate supcercooled clouds,

Schacfer's disosvery and succeos Tulooloug v
4
CMLOeYiment Lyouoht to the avtorticorn of the solentifid
< v | [ e R CF 1 " . .-
COMmun Lt the Thact that ary oo had poeorn iy otow Ve
oy ~ . a; T . . P 41
carl oy irnoarttermprts te modify cloude (Veraart 19310, I

!
August W Verasrt had SéLuLJ clouds usirna dry ice.  Evi-
dently somo credit iz oddue to Veraart for having the anga
tc ouse dry o ice, Lot mezt oo Jduge to Sonaofor c
Clsccwored the use of Gr Loo Indopenderntly and rroved
its effectiveness Ly oa scrics of related laborators ard
ficli pessurements,
Ir acdd.tion to fﬁc use cfodry ico, Scﬁaof;r
found that arn cordirary scwing recdle Cr cthoer ckhnelte,
first cocled toc a terperature of "abcut —30°C, and the:

3 T — ~r ~~ ~ v ~ - —~ 1 —_
intrclducec Lnto.oa cold bow chambor containirng a clouwd ¢
.. . R N
supercozlied dronlets, would have the same results as Jid
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rlace, the dry 1ce lowers the temperature 1in the Lo

.~
akbcut -40°C znc, in the second place, the snow crvstals
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“rm. This is because in the absence of ice

nuclei, "for pure water droplets, homcocencous freezinc



docs not ovour o untal o temper Lbure of abodt =ahia s

roached” (Rogers 1970) At thase tenpr ratares, the o

Present , thevoorow tog sy ononase o at Ui emenne ofooy
cocloea Thowsd o water des thae Bororero-in T

Ly e CRpCY IRt AN A ST G SIIES SRV SR S SRS
to Lo soatiefactor., the follow.nr o oroaoaas FUes : Lr
¢ oooing cut o into ol free striophiore Lo wee owioothior Ly
sotoshe latoratory results could booren b o, Gohacte oy
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alrends mentiined.  Wholo Bchacier wac Tluairo oaloit,
AT ALY wiE. wat omom o tie exnorirorntoand 1;stbx1h~ o
ol Irooothe . control t?MuZACf Lo Gonoeral Electric
Latcratoriocs, He Ffor he Vsaw b fall
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cculd be modified” (Battan 1949).  In the months which
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followsd, the esyerirent was repeateld rany times with

SUlCess.,

1.3. Silver TIodiZg as Seeli:ng holLrnt
In 1946 Bernard Vonregut -~oined the team of

-

Lancmuir and Schaefer at the Ceneral Elec

t
kY
b
]
s}
48]
n
@
9]
=
(]

O
[t
Q)
)
-

ir. short

[
W
O
Lt
[8Y)
rt
@]
M
b
o
[142]
-3
o
t
M
o
2]
ot
m
w3
m
n
rt
85
AN
b
b
v
s
(1

menticned befzre, dry ice to :Ic

-
0
M
(@]
o))
]

1
3]
oy
M

ey
=
[
mn
t
o8
b—
™"
O
th

v



t hee

n

cuen

1.0,

ler o
turee,

LU

14

1oy
tempere

|99

1

el
See

Py

T
U
1

—

N

il
vels

RSN
+

-
cla

v
b

at

as

bR
’ —
LRV ]

Y

B
-

+

with

-
A

i

F)

L0 OW

i
e

.
J
?

RS

ey

inmern

Isha

IS

€ ML

'y

Raal

.
v

4+
Nt}

Lo o

O

4
e

§ .
3
3
o
Ls

3

0

5]
>
W
re

L
re
S

9]




‘impregnated<w#th silver iodide or ihjecting-dcetohe in
whichAgI ie‘dissolved ihto a Bot fléme, é single giaﬁ of
AgIl produced more than 1012 nuclei at a temperature of
abdutv-lO°C; the lower the,temperature,‘the greaﬁer the

number of nuclei. . 9’

'Ih'l948 superccoled clouds were seeded'in'the
free d&mcsphere using airbcrne generators of‘siIGErliodide

N

designed by Vonnegut and installed'on anrairplane.' The

results we;e simila; to ‘those of Schaefer'evdry}ice‘ekper*
~ments, with‘holee;cut'iﬁ‘the scpercooled clouds and snow- -

flakes observed fall;ng-from the cleared‘areae. For the
;experimehters, enthusiasm renchigh anixspmg'of‘them,"

- . ‘ > . _
pa:ticulaxly Langmui;,‘spoke cf Fhe possibiligg offered
by a small quen%ity pf silver iodidE'tG modify the weathe

over the entire United States.

+ The discovery of ice nucleating properties. of

L .
AgI by Vonnegut rhade the modificaticn of large volumes of

dupercooled clouds economically feasible. The fact that

:

the AgI‘partlcles could be released from_cround based
-

generators to seed clouds reduced the coct of ‘the Qpe*aziiy/

remarkaolx .as compared to seedlng b} alrborne generators /> K\

-

o

.r"The cosgiof operatlng a'generagor on the grodnd Qas on
SZ.bO,tbeB.QO per.hOUr in 1948, while the cost of opef tl:c
anjeirplaﬁe‘wasiof'the order of $25.00 pef houx!" (Dehéis
19803.' As soonias'the ?atents were commerc1aligeéﬂbe1he

General Electric Company, several-individuals and ccrpora—_



tions undertook tﬁe*bUsinesé of

/

Thelr customers 1ncluded«ma1nl}

iand ranchers and b” ng@ almost

’surface la A’ was unoer contrdct'

o

1commerciéI cloud'seedinc.

-assoc1atlons of farmer

10% of the Lnlted States

to clcud seedlng flrms and

the aCtl\ltleS started in several forelcn COUEtfiES as

well, 1ﬂcluu1rc Canaca



CHRPTER 2. ;. o ‘

Ty

: » '« CLOUD SEEDING IN ALBERTZ.

N

1 h

Cormercial seeding operaticns in Czarmada tock place
fcr the fiYst time in the. scuthwest part of Manitoka. The
0 : ‘ L © ' L
Water. Resources Development Corporation, based,in Dernver,

Colorado, uncertook in_1953} through a Canadian afiiliate,

-

to carry out the operations and the seeding pericd externicd

- B . » ' \ . R, -
from Mav 1 tc Aucust € of the safe year. In \N9%4 the same
. N A ' . \\

N

j¢4]

RN

- L < s . o S L
orgar.ization undertock cloud seédinc not only in Manitob

but ir .southeastern Saskatchewan as well, . For &anitoba‘
P .

%3
vy

orerations ran from May 22 to Aucust 11, 1954 and for fask-
atchewan frerm May 1 to AZucust 7 cf the same vear.

Two years later, irn July 1956, commercial cloud

' seeding operations started in the .southern recion cf Rlkerts

.

. and -the area's farmers had the Irvinc P. Krick Asscciates

*.of Canada urnder contract for seedinc activities.

w7

\

o~y
RO - 04

Almost all.of Zlberta's farmlards have exper:

damages. due to hailfall at one time or another. - But the

- -1Q

»

< heaviest and most consistent hailfalls-occur.in.a regiorn

)

calledsthe Alberta Hail Belt. This, recion consists..of ¢
s . R . B )

¢

11 - -
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strip of lané some 100 to 130 km wide and abcut 400 km long.

This strip runs from the provincial capital of Edmontoen in.

a south-southeasterly (SSE) direction; this arca includes.

2

Cal

1
4

ary, with Lethhridce located.at the southérn end of

N .

the hail kelt. Breeding in the mountains and foothills cf

. o

the Rcocckies, hail s*crms generally move eastwayds in the
. . R . . / . -

iirectiorn cof the hail rzelt, where they cause & grear armcunt
of darage to crops. X

The scutherr one-third of the hail relt cevers
the area of interest for the presenrt work. This part ex-
perienced its highest crop losses in. 1943 and 1966, witr

- H ‘ 4 ’ .

darmeoes' estimated at 20 to Z23% for each c¢f these twoc vcars
Tre damage “C Crcius was abou*r 15% irn 1934 and in 190D TwWe

ever, the averace loss for +the 'while belt is abolt €%,
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robakbility cf 66%. Thren *the proba-—

bility falls off irn the month cof Aucust and by the end cf

T September, the hail seasocn is effectively cver. Statistics

from the Alierta Hail Insurance Board show that for tre

eight-year feriod of 196l to 1968, averace annual losses to

b
2

crops are estimated at 4.1%. On the other hand, statistics

from RElberta Department of Agriculture (Puilication Series
853, Edmontcn: ADA, 1968) shcw that during this same
périqd {(1961-1968) tre anrual value of field Crops grown

'

on some sixteeri million acres in the entire province



L

averaged aboat $563 million. ~Thus, for the whole of
" Alberta, damage due to hail- would be 4.1% of the abcv
camount and it represents over'S23 million’ (Peterser 1972).

Now, if 1nsteﬂd o‘ 4.r% of the province-wide annual darazc

1

{u

. was equal to thatﬁgf the hail belt, i.e., 8%, tre to ot 3

loss mou‘~ amount tc akbcut $46 million. The abcocve estimates

Gz nct 1nclude losses to other properties such as Zu~lcin:

f
"

egulprent, gardens, .and lawns ir both urkan arid rural areze.

2.2. The Incegtion of Alberta Weather Modifitation |

! Cocperative

s

Farmers who have suffered hail damace triec.to

(%

acin

.

.02 wavs ofor

3]
ol

the effecte.of hailfalls con their
. :rcial situatien. As a first‘step,’under the.Mu:ieipal

‘He . Irsurance Act, .uall 1n5hrance aoarcs were es*ahllsheﬂ

zs czrly as 19l9l' T ien 1r 1938 the Alberta Ha11 Ins ~Ce

.

Ecarc wés set ur as. a prov’r“e wide OIGaan”thﬂ a’lewlng'

-

farmers te eever their erep lcsses through’ine ra“ce
policieeﬂ ‘és a seeona,erep{'some Alberta'farmera ootec 55f
the weather moelflca+1on\apprcaeu:in the ‘mid l9aﬁfef*3jh4§¢
aperoechecame to-farrers' mlncsb ter.tre experrme re'ceﬁ%_.
éheteé’by Lengmuir.an§’SeF cfer and the. dlscover“'effééif’;
by Bernard.VoAneéﬁf."iﬁ 1952.a5:inquiry abont'the.articies}
reléped rojweather modl 1catlo whlcn appeared in Americ i

magazines.was.made by_ the Carbon Local of the Farmers'tizxn

of Alberta. T*er in 195 a'meetin was oroarlzed 'the

[



Drumheller Agricultural Society to disQUSS hail suppression.

This resulted in the formation Qf'the«Kneehill,Hail,ﬁuppfes—

1956'an0ther associat@ﬁn;fér;;

sion'Association. In early
. . LR ,}.
1)

y

. hall supyressuan was Lormeu ln the County .of Mountairm Vue\

: Abo:t-lOOO farmers QL.tha Kneeklll and. Mo”ﬁteiﬂiViéw
Municipal districts cathered in~May‘l956<and,decidéd to
.sponscr a cloucd-seeding pro g rar.. Acc#rd'.gly, with &

h:dget'of“$30,000 cdmmercial clobd seeding for the purpose .

.of 11 S”pprQSSlOn was begdn on JLl» 20; 195¢ . The con-

r

“tractor For the operaplon was the Irv¢ng P. Krick Associ

iates.of Carada Lté. Thus cloud seeding.activities start ed

e

"in the Pravihce of Alberta.. Later- on,’the‘COUnt;es_of
Wheztland anéd Rocky View formed two associarions ‘similar

"to.the two above. In 1964 the four associations merged
Alberta Weather Modification. Cocoperative Lirited (AWMC).

2.3. ‘AQMC}S Cioqd_Soeding'Pfdgram'ﬁl956-l§68) , o

Coﬁrerc1él cloal Sqﬁdlnd és ;5é AWMC (or it§
“fpunding éssocvat¢o*s bc ore, 1964) étaftéd”;n‘i956gan4
céﬁfiﬁﬁed'until 1968 for»a;perloéjdf 13 ;éafé, 'in the
.;f;rst.year.the target was chosen'as a strip,qf land some  
'éO'kﬁ Qide;énd‘72:kh lthv”éxtending eastward fronm DldspuLj
and_érbuné generét@r$ thy'Qeré.uSea>tb disperse éilVer
iod;éé'infphe‘clouﬁs.' ih.the'folloWiﬁé vears ground

generators were gradually- supgplemented by aircraft, and in
. PN ,‘ . . N
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qtﬁéiearly l96éﬂs AgI waé"réléasedgéiﬁpitanééusl; both-fgéﬁ
gfouhd and ffom éx:'(PéEefsen‘l972). .Tﬁe'Cogt.of‘the_
 ope§étiOn5"Qas'carried‘by‘farmer CIienﬁsfaldné withqgﬁ a
.grant. from anyvgovérﬁmenﬁfééehcyLﬂ That. is why the AWMC was
,ﬁc§ é5ie to‘éeeé contihuouSly the samé taf§et“érea.idr'thc

entire 13-vear period and the target surface varied in

=,

-woth size and shape durinc the seeding years.  In the

3

becinning, funcds .necessary to. financé the operations were’
raised through -voluntary paymerts by farmers, but in later
"vears funds were collected throuch a special tax in.the

~four counties ‘involved .in weather modification. Due-tc the

O
S
3
O
n
b
+
b
b

on of-a croup called the Rate Pavers Prctective

- Assccistion the cloud ‘seedinc operaticns were suspended

2.4. Clcud Seedirg Years Covered by this Study

Aftgr:a:suépénsién:whichllastédve;gﬁt.ye;fg{ ;:
.:loﬁdnééeéingAproqréhﬁférfqnli 6he_§eaf w§5 ¢arr1e§.éu£1ii'
isoﬁﬁhéfn Alberta‘in.1977 finéﬁcéd‘by:thg férﬁérsAof thé
AAWMC.“;Subseqﬁéhtlj[.thé'Albérta'bépartment?gfvAgrigﬁlfuLé-
begéh ﬁd %1nance a éeﬁieé.of‘éloud.sgedingbop;rgtiqns with
silver 1odiéé'in Soutbg:n'ﬁibértéQ» Tb¢ progrémvéta:té§ ?n

the summer of 1980 and has been repeated each summer since
its beginning. :

. . . '
'On-Jurie 16, 1977 at the convention of Unifarm

District 12 in the Town of'anCahl farmerslclaiméd that



'raiﬁfall and grdpfy;elds_have been inc;eased and.ha;l

' damagé‘feduced ih'£he éixfyeaf brogra% from'h§63 to 19¢8
(Bishop 1977). Asra'rééulf} onée more,“fhndé dmodhting.té
_SSOKQOO'were_raiéedffdr’ﬁﬁe‘pﬁrpqgemof Eloud se?diﬁg to
inc:éase rain'énd §hé_AWM§~hi;ed,IrVihé-Krick Assbfiaies
.of Cahada'to'perfprm_thg ppérations:- Cohée;uenﬁly, clouj‘uJ

o0

- seediny 1n southern Alberta started on July 6 and ended or
August 17, .1977 for a period of six wéeks.r Fig.. 2.1l shows
the irregular shape bf'the’target arca which covered an arsa

of approximately 13,000 km? (3.2 miiliép.acres)._ Thirty-six
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Fig. 2.1. "Map of the 1977 cround gererator ‘cloud Seééing
: ‘tarcet- area. (Source: BRishop, J.T., 1977.)



‘ground generators were uséd, out of which 1l werc locaﬁéd
inside the target and the 25 remaining outside the taract
arca. The generators altougether Qerevoperated a total of
,1382 hours, dispersing a tctal mass of over 25 kg of
.silver iodide 1nto-£heagtmosphere. |

Cafter the summer of l9?7,cioud seeding by ground

generators was suspended for twe consecutive years. Ther,

.at the request of the farmers, a grant of $100,000 was.

v

made by the Alberta Department of Agriculture in Mav of

. 1980, ehabling the Alberta Weathér Modificaticn Cooperative

to carry out a cloud seeding proaram by arcund generatcers
(B_shop 1980). ‘As a resalt the.operations becan on Mav 2%
4 .

‘and ended, after three months, on August 29, 1980 .coverinc

e A A
al oo

.21cn acres). F

=
(2
bt

fo

an area of about 9300 km® (2.3
" shows the seeded area which is located in scuthern Albertz
between Calgary and Lethbridge. Thirty-six cenerators

were used in and around the target area which operated
for a total of 2089 hours and dispersed some 38 ka of .-

' siiver iodide. - .
) Durlﬂé‘early'l981 the Alberta Department Qf

Agriculturé §sked the- Alberta Rgséarcﬁ Council to evaluate
the weather‘médification teéhniquesﬂused Ly Irving P..Kricg

P

organization (Alberta Research Council 1981). Ccnseguentl:
a three—yeaf program ‘has been scheduled to seed clouds by
~ ground generators in the summers cf 1981, '82 and '83.

The target area, located southeast. of Calgary, has been
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the same for

.Ipcaﬁioh or

tarcet area
which covers
acres) : ~Und

the 1.P. Fkri

seeding Cpera

20 June and
cf Si'gencra
tc dclivef S
Clcuds._ The

tre tarzet a

LR T -
42 5 32 rin
rass ¢f appr

aticns were

cperaticnal

Rucust 19¢2.

averace cf a

released by

4

40 days of ¢t

Courcil 1982

‘the above three vears and did not chance

dimension with years. Fig. 2.3 shows the

for the threc years of 1981, '82, and '83

ar ared of about 14,000 ke (3.5 rillion
¢r contract. with the nlberta Rescarch Council

ck Assoclates of CaraZa carried cut all the

[}

—

| £20

alel
Cr

cr the threo vears of the

—
0.
o
= .
N
—
O
[
[e]]
n
[l
m
[oN)

ling operations started on
ercded on 21 Auagust 1981, irnclucive. & total
tors of the coke and arc types werce deple

1lver iodide artificial nuclei to the target

cerneratcrs, scattered inside and outeside cf

rea, operated fcr 5 tctai cf 3612 T, averaoin
cf Creratlon per generctcr, dispersine a totz
ck¥imately €1 ko of AQIAlﬁ.thC Z1r Tr¢e <rer-
carried cut cn 4% dave out of €3 davs 0f the

1582, the second vear cf the vrcaram, the

seedin¢ pericd extended

th
~
3

orm 27 June tc 1w

A network cf 88 cenerators cof ccke and arc
eploved at €6 sites 1nAan5‘ rounc the tarcet
ercrators ran for a totzl of 3624 h with ar
Imost 41 'h per urnit. The total mass of Acl
the cround generators was nearly

he 6l-dav contract per:od (Zlberta Research

) .
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THe summer of 1983 was the last scason of the

e

ground cencvrator assessnent project undertaken by the

Albeorta Rescarch Council. For 1983 fthe erftional per el

secan on 2 June and ended on 19 AuguNl

period of €1 days. Ninetv-twe ground cénerators wert

deploved at 69 diffcrent sites in and cut cf-the tarcet

I'he generators cof coke and are toupes were operated

for a total £ 4390 K, averaging 47 h 4C mir per cenerator.

Durinc the 37 days of the 6l-day centract period a tctal

rass of approximately 39 kg cf silver i1odide was emitted

to seel the clouds (Alberta Rescarch Council 19E3).

-
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ENZLUSTION OF T IONG
Shertly after Sghaefcr's SUCGLSS(Z} yx}tYlﬁwﬁf?
on clioud seedirna, it appearcd that a tecinigue for irn-
“reasinc precipatation from clouds was within the arass
cf mankind. By the early 19%C's, a rumber of corrmercial
cloud seedino corranies hal been formed.  They were ab Lo
to ccocrnvince farrers and other ;espie in need of watcr thot
they coulc brinc mere rair or’ sncw by meansg ¢ cloud
seedinc.  Some°cloud seedlrns oxporiments, as in Pro-est
Cirrus 1n ~pril 1947 (Langmuir 1961), and in Pre-est Swe-
fire in November 19%¢ (Finzl Report of the hdvisor:
Corrittee cn weather Contrcl 1957, Vel. II, pp. 199),
have prcduced vg;;yspriking visual results, lexzving littic
doubt that pretlpiiéticn was produced art:ificially Fcr
) .
instance, trails of snow have beern seen after supercoclced
stratus clcud cecks were seecded frorm abcove and this
Chservatic- secmed te prceye that clcoud scedinc had an
effect. However, the precipitatlicon produced from such
clouds after seedinc 1s normally light and often does nce

reach the ground to contr

o £

I

precipitation. Ther

LPTLER

ibute signi

L RLEULTH OFJ CLOUD SERL

=
Qivae vach o

to the
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excludes thin clouds and it nearly alwa;s 1nvolves the .

s-Vs,

seeding cof deeper or more exten51ve cloud systems wherc
the observation cf visual effects is not a‘Sufficiently
accurate measure of the results. Clearly, ‘alternative

reliable evaluaticn methods were needed.

3.1. Physical Evaluatiorn of Cloud Seeding

'As the early wave of optimism concerning the cloud

e

seeding resu 2its began to pea} the AmeriCan Meteoroleogical

‘

Society (AMS) formed a comnlttee on cloud physics and.

weather moo;flcatlon (Bvers 1974).' The.committee, decryv-

“~ing the clalws of spectacular results, advocatec cauticus

optimism by pcinting out the need'forvmore knowledge ot

t

cloud behavior, a better understanding of cloud physics

2

- ’ . ' L ) i . X . . . :
and the physical prpcesses invelved in precipitation, an
’ ! . , Y S . S
a more careful statxstlcalhévaluataon. vIn.snort,‘tbe
T w

AMS, backec by a number of COncerned scientists,- leaned

mcre towards a scientific physical_evaluation cf cloud

.

seeding raﬁherithap to analyses of the amount of precipita-

AR

tion reaching the ground::

\ Meanwhile, a:number of investigators have soucht

to determine the effectsof cloud seedinc by making use

of more objective SEnsors than'their own eyes. Devices
whlck have been used for the purpose of phv51ca1 evaluz
tion 1nclude the cloud condensatlon nuclei - (CCN) . counter

the ice nuclei (IN) counter, deviCes,for'sampling cdouc

-~
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droplets and repllcatlng the formg of ice crystals, racar

r .

sets to trac% preclpltatlon packets released b} seeding,

and spec1al dev1ces to collect prec1 1tatlon sar les \
(Ruskiz and Scott 1974, _Hessv‘l‘974). B

. Ln.active research prograr on the ghysics and
< o¢ R AR

chemistry'of cloud syvstems for the purpcse of intensify-

O]
0

‘ing and 1 mpT O'Lng cloud seeding effects has beer gcin

on ﬁor‘mahy years in Llberta. The Alberta Hail Project .
(AHP) 1s a weather moceclcatlon proqram of the Government

cf Alberta, fundedymainly by the Alberta Department of

W

horiculture. The AEP cloud seedinc experirmerts becarn 1n

1974 under the direction of the Alberta Weather Modifica-

o

—

2 ir Novermber 1972, In Af

(D

tiorn Boarc which was. fcrrme
1986, full responsibility of AKP was transferred tc tle

Llberta Research Council (ARC 1980). The project's/m

]
IR o

oY)

taroet ared extends over 4&,000 km? and 15 centered on

v
-~

/‘
the radar site located &t the Reé Dee* Incqstr al Airpcrt,

i

'alwoct halfwa, between Edmontcen and Calcar“

5

1

3.2. Precipitatiocn Reaching the Ground

; o - . :
- When a cloud system is treated with silver iocid

or other seedinc acents (dry ice or salt cor water crcps)

for the purpose cf precipitation ernrancement, the seged.nc

'compéhy and its customers expect rain or snow to fall..

"In the case of no precipitation, the conclusion is gu 1chlg

—~
o

,reached:"seeclAu ‘had no effect. ~When prec;pitationvis‘
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opserved reaching“thé ground, the problem of agsessment

arises., Physigai“ev;luétion deais with the processes

which take-pléce aioft, Hhside'thé cloud ;tsglf, and dc
S /v . .

. not arswer the guestion that usgally'cbncerns peorle the

most; i.e., did the seediﬁé increase thc Fotal amogﬁ§'cf o

\

precipitation reachirg the cround shortly after the

w0
o
®
{2
™
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V9]
*J
jen)
jo3]
9]
+
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(o8]
rt
t
®
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chiel it o) aiter the'weathéf“proce
procduced any result diffefent fro& what would have cccurrecd
natufflly irn tre absence of the modificaticr.-effort?
Aftc;.ali, the precipitition*tﬂét reached the ground as

‘@ raindrop or snowflake fcrmed around, an Agl particle

o

might otherwise have come down in a raindrcyp or srnowilak

O
1
)
g
—
£

formed around a-natural clay particle! The zuesti

pe answercd bevornd-doubt 1f an accirate method cf precipita-

tion predicticn for a givern ,time anc a c¢iven place werd

availakle. Ther cre would ke akle tc compare the observed

¢t
}.J
O
)

precipita

fcllowing the seedinc with the predicticn

.

cf what would hrave happened 1f nature had taken 1its

norrmal course without any human intervention. Urnficrtun-

lately, metecrclcgical theory and krnowledae ¢f weather

rrocesses and cloud physics do not permit us to make a

sufficiently accurate predictior for a mearningful eccrm-

parison.

The main difficulty in evaluating the seecing

effects stems from the tremencous variability of weather

PR R . ) e
phenomena, especiallv preCipitation. 'Usually a typical



. . ] [
““cloud seeding prograr could produce effects which are

“
'

.smaller than the natural background . variations ‘of the

,

;precip 1+atlo“; "the search’ for seedinc effects is a

. search for a weak sicrnal in the presence of random rnoise,

. . . , .
fa \ £h) . T
ahd tr&ﬁﬁffects car only be estlmated." (Dennis 1980).
The variable nature of rainfall s farmiliar to
everyone. Rainfall changes from one place to ancther and

this.is particularly true in the case of thunderstcrms arnd

showers. ‘Such storrms ma, be only a few kilometers in
diameter with the result that a torrential cownpour .can
occur in ore part cf a town, -while some other part cf it

This behavigr cf
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nearkty enijovs a-cl
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cult and terms such ag "scattered showers' or
thurnders«orms" arecfcterr-used in predicticons. By thesk

term

n

the weatherpersorn dces not mean that different part

-¢f the forecast area will recéive rain- at d;fferent hours

i 'the day so t .at wheérn, the day is over, eacd -r part of

the ground has its share c¢f ?rec;plta*lcr.A He /'she means

\
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trikbcted cver the
forecast area, one here, cne there, and in most placesg,
ro rarmfzll at all. In acddition tc the Syatlc¢ varia-

ior.e of precipitaticr., there are variations in trne dura-

tion ard time of occurrence of rain and sncow which are mcst

striking in thunderstorms. Sometines they becin and ernc

in a'matter of minutes. Orn some dars a shower brings

N



bar el§,é sprinkle and .on ‘other days,
fall-in an hourf ‘The amOQﬁtjof pf

._may

t ] cround var1€5 from wee} to week,

ar centpry td cénturyu'iTh@

:tQ:ye o EVen t is‘#h§

'tion'bf cloud ééedlnc éxberlmé rts i qot”'; eas: f%sk_a nd’
'dhé'should a¢m; 'S bear CIn m;uc these éc?cruﬁn;.var; tiorss
o£ ?recipitation_“h;le.ésseésinélthe :'s leg? éif@é we
aré}pot éﬁle tc?us forecath andg are facec Mlth Ol.fl Gl
prchlems of aifféll'yarégbilitg;twe reso;t_ﬁo‘the‘féc%—
ricues cf statistics,@fiﬁh‘alLoQ Q$ to £acfle thé evalua-

’

month

N
B

to I.cm of rain

ecipitation reacrinz
‘to month, .year

 thé éValUé%

N

ticn of rainmaking experiments - in a guantitative way .
2.3, Evaluzt.on of Operational Cloud Seelinc

Considerinc the prckilem of preC1C itdticn varia-

. . .
il1iss rtioned in the prev.ous section, 1t is irnevitalkble

that the evaluators of a cloud seeding prograrn shculd turs
to statistics. Through comparisons of seeded and unscedcl
cloudé, ore car. try to show that the beravicr cf treatec
clouds 1s clezarly outside the rance cof ratural occurrernces
Trere are s“veval pl=nc cor designs for evaluation of the
amcunt of rain falling on a predetcrmired land surface
area called the target. L
3.3.1. Target- Onl” Desigrn ’ '

This desigr. involves a sinclie are2 in which tro



expected rain 1is tc fall.

"target" which. is assumed

N

~ rain gauges to peasure pre

pericd 1is over, the averaag
computed ahd the result is

normal preci H

pltatiorn in th
period. The exilstence of

L] .
departure from the normal

decrease  in

.

‘r

"Th:s method was in use fcor

sSOoCnh

critics pqinted.b;t t
seeé;ng, one rusv expect p
about half <he time. ‘

Lncther wz cf ev
c¢f Tarcet-Orn. Design. is .
Randorizytion is,i process

3

to decide objectively a

treat an experirentzl unit
a procedure must be set up-

is nmade,

eguivalent procedure). .

the target 1s recarded as
flipped; wher it ccmes urn

if it comes up tails, the

tion allows orne toc select

summer, fcr instance) ard

heads, the unlt is -seeded, wh:

The éréa is_desigrated as tho
tozbe adequ;telyvsahpléd by
cﬁpitatién; Whén.the secdin
€& rainf;ll in the téréet 1$

compared withvtﬁc lorno-term

area. for the see

¢ target dinc
an;, positive or.recative
would sicrnify an increase or

v

resgectively (McDoralc 19¢°

i

a few ye

ars aroungd 1
hat ever in thre

csitive departures

whzch allcows.the exyper

without—rclas whether cr

0

it fcr seediric, the cein.is

-
-
h

urit is rcoct seeced. Randomiza-
for-the same time period (one

for the sam¢ target area one s¢

ey

-
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seeded clouds systems and cre set of unseedcd cloud

systems. By comparing the amourt of rairnfall from the

seeded units to that of the unseeded ones, the effects cf

the cloud seeding experiments can be evaluated. Howegver,

0]

this method of evaluaticn fails to cetect small and

ate-effécts of seeciﬁq-"sinfe the sicrnal ray be ﬁaskéd

the ncise c¢f large'natﬁralvvarlaLil;t; ;n‘prc:ipltatié*

:(Srier 1954).

3.3.2.  Target—C©ntrc1 Desicn

) This design'inyolvéé a single ﬁargct area éhd

(cr mcre)'neérbfhaféa désignéted as thé "ccntrel." The
. . o , : . : . ‘} . :

tarcet area is the one over whlch_éldujs are seeded and

in whlchthe‘rainndUe>tb seeding is ex;écted'to.fall.

Rair gaﬁges must be suﬁf;c;entfin numbef’iﬁ the taréet

trhat the recorded rainfalls irndicate the real distribut

1
[}

mousy -

Voo
L

93]

[

§Z the precipitaticn in the target. ~The ‘contrcl arez is

N

the orie which is nct seeded. arnd 1n whicth precipitaticr

i
%

falls naturally. The contrcl area i1s chosen close to

e

O

the target so that beth areas have similar types of
weather. Wher natural rainfall is high in the ‘targ

-1t should be hich in the control area toc, and when

5

e

(@&

o
con

in the target, it should be low in the cortrol. 1In other

words, it 1s hichly desirable that in Ldth areas the -

ratural rainféli be well correlated. ' In choosing the

‘control, carée should be taken to avcicé all contamin



sc that the 'seeding agent particles

do not irflucrce the

clouds cver the control area. This could be done by

sclecting the co

from the tarcet. It is also impcortant that the

o mawirizo o the cocrrelat

and ccrwrcl arex
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itatign, One canfattompt o she
arcet 1 rticher J(or lower) the

The average rzirnfall in the tarcot are
» . g
spootiiled seedling pericd 1s computed on the Las

ave similar elevations and exposures to proevail.:
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Th:s method of evaluaticn makes use

that, durinc an Cp

s}

ece _ved RT.(Target

rnd the control area reccived R

Rain)% of its own normal for. the same period.
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aLin) s of its

g, the tarcet 1is expected to receive as

ts normzl &s the control did,

i.

e., RCE.



Thus the change in t

1s expressed by

or ¢, respect
centave, 1s . egqual to

b ern increased b ab
faller without se®ai
The use of
ticon eZfects 1s risx
control ratic cannct

limit" (Der:ris 198C
tarcet and contrcl a
egual to zero, which

the -

araet

value

ively
- RT - RC
P U
R
C.
cs, if R. = T3%, B
’ ’ RT . ) 1 L
Roo s i}
= == Oor %,
70 !
C .
or ccnciudes that th
out 7% over that whi
na.
rat:10s in assessing
©anc can be misleac
be less than -zerc,

) . Whern the compute

1

reas are ecual, then

means seedinc had n

rairfall following the
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ccnsider the case where the contrcl reccives very little
or no rain at all and the target receives some medsuralbl
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As the taract and costrol arclo arce asgu
have simila; weathor patterne, the cxpected value of
RT/RC’is qen@rall; Jroester tharn ore, and b oxadt value

cepends on the underloing dostraibutions ¢f precipivatyo:n

o both areas.
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Tre historaical regression method hos Leorn. in wid
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for the porica ;s MAoWn And The Computed viluc

e dsod as a "predictoon ol the target predlpiltatacr.
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that a departore of the tdrzoot rainfall f:cr the Mire-
ciction" 1= ofl; trie pluy of Cchance (Thom 19°7).
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period for noyvears. (prefoerably 20 vears or more) . Thie

results in a set of n pairs of valuee.

- Un oa scatter diacram, find o point for each
paly Ly plotting the centrol values alona the abscicsa

and the tarcot values alcno the ordirate.

croo line througly the scuatcored

b

- Draw the rearesg

e ) ‘
peints. The equaticn of the line 1s ¢f +he form

e

whore Y 1s the estimate ¢f rainfall 1n the target, » .
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The revression Tane 1s allustrated an Fio. 3.1 whe ro

Fistorival control ranfall s Yeproesentoed on the x»-—om oo

Jndothat of the tuaraet on the y-axis.
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values of target

tivnal information
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September, and October.

...' J , . . C
In addition to years with cloud seeding, the

‘ﬂ"

method considers also:a number of years without any clouc:

seeding fcor the purpose of copgparison. The "seeded"
_period in” such’'yvears is taken to be the same as that in

)] N ’
truly seeded years.

The methcd 1s based on the assumptiorn that in
the presence of seeding, real or fictitious, the ratic ol
the tarcet average precipitation "estimate" for a seeded

period to the contrcl. observed average precipitation for

et

A9

‘the same seeded period is equal to the ratic of the tar

observed averace precipitatior for an unseecded pericd tc

the control observed averace precipitation fcr the sare

unseeded period. The assumed eguality cf the ratios

enatles one to compute an estimatecd value or "prediction"
for the target for.the seedecd period. .

The success of a cloud seeding procran is calcu-

. - O , "-_ - ) ‘-_ - -;
lated by subtractinc the precicted value from the observed

-
-

target rainfall for the seeced pericd. The increase i's

oftenvexgressed in terms cf percentage. ‘'For more detail,-
. . , !

the reader is referred tc Chapter 4.
' PR .

‘ : -

3.5. Method of Objective Analysis

4

|
; { ,

The process of'transforming'theidata observed and
_ o | - _ o
plotted on a map at irregularly spécgc observation stations

into data at the points of a recularly agranged gric, . -«
. M , R - - ,‘ . -

s
@



superiiposed on the map and having a constant grid lenath :

is referred to ds "objective. analysis." The purpose cf
4

N

the cbjective aralysis is to replace the classical geo-
. -

: ~cal map on which rainfall (or any other meteorc-:

(Y

logical variable) data are pldtted at the location cf each

cbserving staticn with a crid on which each grid peoint

represents a computed rainfall value. For a higher decree
'of:OQjectivity"a:d accura@@, the grid point values are

.computed by rurning a computer program.

y
A

The method of okjective analysis to evaludate the

results of a cloud seedir. experiment inveolves the tarcet:

area and a contrcl area, preferakbly surrcunding the tarcet,

it focusses on the seeded period only. Fig. 3.2 shcws

©

o]

an

[
]

-a schemat mar of the tarcet ané contrcl area over which

"a grid is superpcsed. =

v N 3 « f

The computer prograr is run the first-time with

input data consisting%hf the control area rainfell data

ancd those of scme stations‘located_outsidﬁ tut in the

vicinity '0f the contrcl area limit! The inclusion of these
: ’

lattgf‘stationé Gata allow interpolation’at the gfid p:inté
which are near the control area limit. . These first run
input;data:do'not include the target rainfall data. From
'thé'grid which igs the outpﬁt of the rug, a "prediétion”

qf the3ave;age farget precipitation for the seeded pericc.
is calcdlSth by ave}ag;ng gri§"pi?nt values within the

target area. Then the program is run a second time wit™h
) s . .



Fig. 3.2. Schematic rerresentation cof thé target and
_control areas and’'a grié superimposed on the
regional mag. Tre area inside the irner
circle shows the target and the area retweern
the two circles the contrcl area. The outer
thick lines show the lirits of the regional
map. The observation stations are not showr.
, , :
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the same input data as above to which the tarcet data

o
It
(a4}

added. From the resulting arid of this seccnd rurn an

"oObserved" averaged ‘tarcet preciritation for the cseeded

- )
periocd is easily computed. The effect of cloud seeding

P4

operations cr the target is ther est'imated by

the "precdicted" value from the "oiserved" value. TFcr more

d€tail the reader is referred to Charter 4.

3.6. Statistical Tests Used for Evalugticrs
: 3 ’

= = - - ~ -1 - - TS e £ —~ -
tarcet area and -the large rnatural varizbilizy c¢f precipitz-
Ticn preverntse crne Iror TEMING an accurate assessment of
clcud seeding experirments and 1t 1S necessayy L2 rescrt

deterrmine 1in terms cf proharility whether cr.not clservel

N 2]
differences between twc sarples signifs that the popula-
:7tions‘sam;3¢i are therselves rezlly cifferent Statisticfzal
tésts éﬁatlé us to fi:d cit whetrer the criservel Gifier- Oy
_eﬁées are within the rance which coculd éasily cocur b
chance or'whetherfthey are so larce that they iriicaze
that the twoﬂgamples zre likely frcm twc_d}ﬂfercnt popula=

tiens. " The chcice 0ol & test to be applied tc a sample
cepends orn the assumptions cone can make about the popula-

, tiorn; i.e., assumpticns about the shape ©

th

distributicr

gl

’

g



of the popﬁiatiojiés Qeil»as its mean aﬁd Varianfqlwhich
are the poguiatioh'p;raméters;‘ HoweveL; Fhere are
_éépuiaﬁioné, sucﬁ as rainfal}? whic;; as\We.shall see,

have no P"ou" distribpﬁion“and welﬁave nd‘ihformatio;%y

about their parameters. - Nevertheles$, the technigues

tistics allow us to apply some SyEC 1al tests to

e
th
o]

st

.samples. drawr. from such populatiohs.

3.€.1. The Distributidn cof Ralﬁfa}l

SuppCrt. thils point, some precsipitation catz Icr Hicn River,
loerta, which i1s-located in thé target area was used.
‘The selection Qf~High Rive* tc 1llustrate the fcint is

based on -the fact. hat it as beEn ysed by Bishop.in each

Lo

vear ¢f the 13~;éar‘period-gove:édfb; This calculatiorns

O

3

S

an & becatse the data for ‘EHis stat Care contirucu
CTHad'wqﬁchosen,athher-statio: meeting the sare criteriz,
we .would havel reacned theé-save conclusion.’

,
tr*uuL‘C"-c: fellots

(n

Takle 3.1 shows the ffegué cy "ai

[eh
v
;J

S Jely 19&2-~ 11y rainfall: data which aré'llsted'in'the'

A

July 1982 iSsué'of'the:Monthly‘Recdrdﬁpukliéne

(),

5y - )

Atﬂuspherlc EFVerﬁm€”t Se*v*ce T S



Table 3.1. Frequency cof observations of daily precipita

' tion for..different ranges of rainfall, irn
millimeters, for the month of July 19€2 at
High River, Alberta. .

o

Rainfall : . o . . ‘

‘range -1 1-2 2-3 3-4 . '4-3 35-6 6-7 F-8 8 Total
(rum) :

Davs cb- S N o ) SRR
Sesved 25, 1 2 1 0 0 11 0 21

out 'of T a . L
31 - . < L . _ e -

th (D
o ()

ey
—_

o

The frequency valuyes listed in Takle'3.1 ind:icsa

trhat the ¢»

44

wress of the.freguency distrilutiorn is
particularly acute in the case of daily précipitaticn

arourts at & civen point Or recording staticon. In a cas

thi1s, most ohscrlations are clustered near zero (nc
rrggiNitation) while the remaining observations fcorrm ‘a

M . »

,‘
)

lorng tail extendinc-toc larger amcunts. Fio! 3.3 which :

u

a plot’of'the data listed in Takle 3.1, shokﬁ}thé skewre

- . . Bl

raphically.

9!
[
m
¢t
=
[
T
o
-+
)
O

3

N

‘Hw‘
-0

Takle 3.2 shows the recormputed total wvainfall

tre seecded period of each vear as selected by Bishop:

and corresponding to High-River alone, 'i.e,, mot: for the:

3

ertire tarcet. The time rperiad is, of course, from 1871

‘ . ,

to 1983, | P Lo e

ct

h
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-Takle 3.2. Total rainfall for thc seeded period of e
‘ yvear from 1971 .tco 1983,. in millimeters,
Higk River, Ahlberta. R

Totsl Rairfdll (rxf’

1971 o 1eie0

- 1972 . 179,
: 1973 ) S 21303 //Z

1674 o 17E.

ro

1975 o 1E1.3

. r.\). .

1983 - - ic2.

Tarle 3.3 lists the freguency drstributiorn

- aa

St

a.giver in Taktle 3.2 over the 13-year tire period.-



Table 3.3. Frequency distribution of total rainfall ‘
-~ amcuhts for the seeded period at High River,
Alberta, as listed in Table 3.2. '

‘
v

Rainfall ranage Times okserved out Freguenc:.

(mm) .of 13 Coe ' {f2

—

  8© S 100 .oy 8
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i  TEe déta'ofufabie 3;3>iﬁdi:ate £h$p £hé'ifféq;f:

' ;l§f1£fﬂcf théughaéé &f the“frEQué:cf‘@istfibgtioﬁvis
 pérticuiafly noﬁiéeabl¢ wbeﬁ cree éoﬁSidéréifotal;ra;nféll

émoahté'for a givéé périqd:téuCh as éeedéd‘ﬁériqdj-at ;l-“

civern point during.a number of years.  -Fic. 3.4 is the
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to a toxthbook on ostatistaios (c.b., Sieagel 1976, Wil

Thie test was proposed by Frank Wilcoxarn |
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(walpcle arnd Myers (197€). 1 1s uscd to test tog o
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0

Arranae the N

1n ascendina

obacrvations of the cond

rder of merical values.

vation. In the

]
)
i
~

[
-

-+
—
o

(1derntrcal Abservations) Letweern two Or morc
elements, w0 185100 to cach element of the til
2 rark which is tho mean €I the Ianss cerhat o th
clermernts would have 1if they were JdistinoLieha
Sum ur the ranks corresponiing to tac ny obse
ti1ons of the smaller sarple and let this sum
w .
l .
Svur our tne ranks correspeonding Tl tne T CLEE
+-cns of tne larger sarmgle anc let This Sur U
W
; - N ’ L.
F~r each of the samples CONpute “y {: = 1,0)
trhe following formula .
(n .~ 1)
u W n =
1 1 1 2
This we find u, and u, cCrresponaind £ on,oar
L L i
respectively.
Les u be the smal.ler cf u, and U~ teg. - T
19w, v ou, and u = u 1fa (ST
1 2 2 1 2

Cnoose.a level

taken as 5% Or

o
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\

or 0.025 for a two-tailed test.. It is uggful to
. . \ ' P

remind the reader that 'the level of si@nificance

is defined as the probability. (in %) of wrongly

rejecting the hypothesis H_. when this latter is

A el . O . ) -
actually t¥ue. 1In the language of statisticians,
Cp S DU A o »
the level of significance 5 is the prchability ci

0y . ' . J ’

committing a type 1 error.

Knowinc u, nl,;nzxénd », look at the statistical

tables deSi%&ed for use with the3w1Lcoxéh‘Tﬁol
Sample  (or Wilcoxon Rank-Sum) Tésﬁﬁ};Theée tableg

are given in textbooks on statistics.

There are two cases to consider“ (Walpole and

‘Myers 1978): - ‘ ‘ \x K
A: if . 8 £

n, or -the value c¢f u, computec above,
and for Ny and fiy the table gives a probability
value which we call -. Now if - > 7, the null

'hypotheéls_HO'is accepted and the two populatiors
- by o | L ‘
are not sicnificantly different. On the contrary,

~if ozow o, HO is rejected in favor of the alternative

»

hypothesis Hl. o 5

B: if né > 9, for the selected level of sig-
nificance . and n, and n2,‘the table gives &’

value which we call U. Ncw we compare. the

value of u as computed above with the value
2 as Wi .

. 0f- U given by the tablez® Tf U < u, 'the null.

hypothesis Hoﬁis éccégﬁed, ~On the contrary,



if U v ou, Ho'is rejected in favor of the

s alternative H

-

1

3,6.2.2. The Sign Test

w . N

The Sign Test, as 1ts  name indicates, uses plus

) .

and minus sigqgfasvdps data,jéther‘than rumerical wvalues
The test is app ~licable to the case of two related sa fples

drawn from two populations whlch are assumed to be con-

e

tinuous’over the sample space. The Slgn Test doés ﬁot
make any -assumptions akout the'distributions of -the two

populatibﬁs. The only requirement..is that each elerment

of ‘one cf the -samples akes & pair with one element of

the other sample. The differen

9]

e betweer. the Lwe elements
of each pair is then computed and the sicns &f these
dlfﬁefences constitute the data for tne Sign Test which

1;lapplied as described belcw “(Siecle 1956, sWalpole and

e:s,l9§8f._' .

My

N
<

.

1. Consider a‘flrst samplke cf n elements an: write

& ~

’ down the numerical value of each elemen L. .

.

2. CCﬁc1cer a secong samgle, alsc of size n, anl’

. . 2. N . .
SQWn the numerigal value oF each slemert

p

.  -sample so that‘bqe elemernt of each pair is placec

- @’ t . . . .

on toé of the other.-

‘e

¢ “ ot



.-

3. Subtyact ex®h element of the sécodd ﬁamplélfro@Vi”'

i

the corresponding elément of the. {irst. sample, .

.

. T . C
These differencés are'either positive or-nmedative’

P \ . .o s N . '

cor simply egual tc zero. ' If N pairs show nd

O’-.

ifference (= 0), ‘they.are to ke dropped &nd the. .
., .nurber of cifferences is recduced to (n = 'XN)j.

. 4. Affix the proper. (+) or (=) sigr to each differ=
., .ence according to whether it is pgsitive: ¢r. -
negative. . . R
- ’ ’ ' e 1 ’ . o S
@ N . AL i
‘ S S . C
5. Let r_watid r_ be the nuriér of plus signs and
that c¢f tke minus sicrs, .respettiveély, Chserved’
in the set of differences. - ) '
. : ‘o . f R ‘
et the stafistic r ke the smaller <f v  and t_; "

Choose. tge level of significance,’ Vv

U
o
=
L

for One-Tailed Test and -. =-Q;O2ieforHTw¢4?adl&5j

Test.. (For more detail aboxt :, see’'thé Wilgoxer
' Eyg-Saxple Test.) -

° 2

'”Z&L ¥rowing r arnd n (supposinc N = (), look at +*heé " -
. . f X . . . » . :« =

statistical tabkle cesigmed for use with Sicn.Tecst.

'( The table cgives for r anc n a prchakility value.-

i p} I <

(%) which weqcall c.

K 9..If - : :;.ﬁhe null hypothesis HO is rejec?éa‘in

favor of the alternative hypothesis Hl' On ‘the:
- - . . SN o . Co
W R



Vo .
;

=

' . . e - . .'4‘
-contrary, if - > 4, then Hj is;aC@%pteq and it is

concluded that the twa populations are not siag- -

mific-ntly different.

. . '
\ - N

.6.2.3. The Wilccxon Matchecd-Pairs Signed-FRanks Test °

' - v
. .

. o . .

This test, like the Sign Test, considgrs two,
samp

: ‘. ! - - . S S
‘1t a known probability funZtion.. Both saﬁplesfare;cf

“ - N
N . . . - ol

He same size m and the steps to use the Wilcoxor Matchecd-

; N . . c e .

airs Sigred-Rankgs

est up tc Step 4. The LEra“rﬂﬁc. teys, beginnirc w

=3

FI A

v

-~

Step 5 are descri?ec bclbw (Sweoel 1956}

«

right and to eac. elewe“t of the set ‘so arrang

Lt

o inétahcéjfa alfference o‘f(ézl‘is
f'locat 5;to th@ left Qf‘éithé:“(*éy'bf_(¢4)ﬁ

. \

est aié‘exactly.theisamé_aéwinf81g%

oF

es érawn from two different populations which. do not .

.

. affix the same"sign ;t ha bef“ e_Léimg arré:geé,'

€. Rssion a fank of l 2, 3,.....n tofthe elements .

of the arranced set. of aif ferences,_from‘Iéft

' the right;; In the case of tles ( fférgnces'p

qual value) between two or more elements, ‘we

“assign to each elemedt;of,the;@ie~a rank which -

- .. would -have if threre were. no tie.

Jis ﬁhé~héaﬁ'of {he“raﬁksfihét ;hese.eléménts,fj



L S |
T AfEis to each rank theg}‘@ 0f.the c01r85f“*;;n@f

'Qlementgofpthe'arranqéﬁ;set. AThejréader‘is

reminded that differences egual to zero have

3

D been- dropped. from the.analysis. . . o o

1
o

5. Let T¥ aﬁd“T;’be\khe-shm'df-theifanks with plis

sian and‘shm“ the rank’s m1*ﬁ;ﬁ1nu$“sagn,

-,.réspecéxvérfpﬁf

e
3

S0
3

/9. Lét. the.statistic-T be the smaller .of T_

+l,if.T¥ ";T;_an& T = T;;‘if.T; ST

T = 7
10 Cnoose the evel of 51ur1Llcance ,;éy.ﬁ = C.03 .
- for a QnefTalled;Test ahd."i'O;C25'£Cr'aQTwCF*

"Tailed Test.. =7~ . -

11, Krowing. . ahd”the,uuAper GL-pai:S n gssuming no -

,lookvat_tbe.statistrcal takle

o
}_4
13
n
)

0

SN
(O
=
R
®
o)

;Qﬂ*‘;
(J)'

_g.ed.fdryuseﬁwiqh the Wilcoxon Matchec-Pairs

‘_'Signed—Ranks'Aest aﬁ }fiﬁd'phe corresponding
. , L E ,-4 : .

lue 'wA.La,)'l Me Call t

.

\

,'m

0

12,0 Tf Tt the.pull h po;n651s H ;s'feﬁeCted iﬁ
ayor of *’e:"terrat ve hy pOtthlS Pl O* the

}'CQ;traryQ'ﬂf T f‘t,.tne null F omtﬂesws H is

\

‘accepted‘éné,t¢c two prulatlc S ar net sijzlfi*~

~cantly’ @ ;Ffetentff
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uSO THER\ ALPEP*A

In recent }ear: Several édu¢tions'#hd cqnfl;sié:s

fion

.:auo it the effect vewess o‘ claou -seedi:g wif? 511ver~idﬁid@ !

. . . . . . ’ . N -
(AcI releaseﬂ b\ grouwu ce“er Lors £or the Hur OSc;OLfraln¥ 

fall,e:hancemeht‘ln SOutHEIx Alberta Hav. bee" pu:l.s'ég'hy

J.Tf‘Elsho , Resedrck Dlreptor of the Aluartﬁ neati;ﬁ}

MoGificaticn COprera;;ve‘{E;Shc;r.1977,"l930;‘lQB})l )

fo.evaulatloi ¢t

,'(7_

 $hé-a§el?Sis CEKEAIEUE”QSéiA#T'Elg}Q
“épssibié'rainféii chawces in t.e t;r et area ;S'ihé‘ﬁf
‘iﬁeﬁhod'u;tricutec tclthe méﬁbe*s o*_the Reyiéwlgoérq:éf

-;%e J9arna1 Qf Weathé; oaL¢: i£ éi_desfr-béé.iﬁ sé;tidﬁ

3. .For converience, we will call this’

W
FaN
e}
h
0
-
o
"y
¢t
]
[t

s < - ) . . -

Tre Gpigét-pf this Rele apt er is’ tf darrg'o@t a re-

‘.ahal;315 o‘ ra n all data using thé.same térgef ardinjtl 1
. R . . " . s ] . ", R
”area,'statiohs anc,the‘same seéded"awd unseed o peril ‘ﬁs'a

. B

ey 7

’,BlShOy dia. Thé‘rainfail'data‘uséd were‘cowp¢led fr %;%Y
»ca;l‘ and montkl\ values llsted in t“e VOhtblv heather

Retords, publlshed b\ ‘the Atméspheﬁic Envircnment Serﬁ?cgi

\

Tt

'(AES) df[thg Canadién‘povernmént .The" tecnl».de“c

- 56



'éﬁalﬁafi¢ﬁ is théiBis55pvmé£h9d‘apdhihé.périéd G;Cf wﬁich"
the anal éls i éerﬁormed beéins;in 19 l and end s in 198?.
Durl Yot tbls 13—\ear perlod as e\'lai“ej in. Chapter 2

tloud seeding eXperiments tf gr ‘ﬁd basgd‘genéfétérs werE;

condi.- 'Qﬁ in-trhe summers of five vears only (1977-and 1980-

1963). Tn the rena1ning cight years (1971-197¢ ang 1a7¢-

L1979y - ding W3S‘carried.out‘ahd'for the pufppseigf

compar. @ we SUppose that'during‘these_years'a'"‘*ct t;:u:?
clOu&.suc; T was perfcrmed{ In Bishop's evaluaticrn, trhe. 7

t

o

'S:éi; ,period varied from year to year or - frop. aroup cf .-

\ F]

yéafS‘tC arcup of vears.. In this chaptér ve shall alsc’

-carry cout a reanalysis cof the rainfa 11 data using & constant

n
4
[}
£
b
o3
0
Ty
(M.
[
)
O
[@]
o+
T
s
G
[
()
¥
@)
j
s
.t
-
D
[
(O9]
|
m
)
=
el
0]
=
o
O
=3
'_J
n
(@]
O
o3
93]
ct
o8]
1
P

‘se€eding per:iod was selecteld to Lo 20 Jurme to 19 Auvust,.

i“cl;bive,.wh;:h correspcnds‘to.the-1nterval'gf clcud -seec-
irg ‘experiments conductec LY tkc Ll er¥s Résearchn Ccouncil S

ir southern. Alberta (1981-1983). The uphseeded period in

‘

Eishogp's Cvaluj*l"*k chancéd over the years.and'ng'c:iﬁer;i,
were defined as to Row the Unséeded period shculd be select-
ed or whén’it-Shogldgstart.and end. We shall alsc exarmine

,how thls 1ac¥ o‘ Selectlon criteriarfcr the unseeded .-
perlods afFects the Valldlt“ o* the Eishop méthodu‘ ArTrc-
prlate stat15t1Cal tests Mlll be ap;llec to thc resu lts of:

the ev*luations‘as ‘soon as they‘appear'uc seé . 1f th

. '

possikble changes in\térget'éfeavfaihfgll are statistically

significant. ‘Finally, the results of objective analys:s
m _ v . ‘ T . ‘ I
~of rainfall data will ‘be at the end of this.chapter.

"



4.2,-'Thé'Eishep‘Method: s

; ‘. This method invclves the target area-and'a cortrol’

drea and a seeded period and an- unseeded period. The cIgul

v

seeding experiments withfgrodud generatcrs were periorrod

over the target and cur ing the seeded period. The unseedcd

perioQ was’split'intc\pre- ancd post-seegding periods. an

tfﬁ,

€,

.o

sur. ¢f the ralbﬁalls 0 these two components was taken to

,
g

pPrecigitation.

y -

In any vear, with actual or "fictiticus" ‘seed:inz,

ro- . . ) .

.. =. average rairfall fcr all available AES stations in

H

'%hﬁ tarcet area during the unseeded perioc.

ﬁCC = averace rainfall fcr all ava;lable LKES staticre ir

‘ the contrel area é¢urind the ;nseeded prericd.

iCS .;Aaveragé rainiz11 ih’thg_co;t;ol area durinc the
seeled pef;c; fer al; AES stations used tc com;uté

ﬁethoduaséumész

ce” o
= average ra*n“’ll "expected" in the targe ot area

ok

il

-]

98}

tr
l

'during the seedeu period. R, . wag calculated ti

’ TSE
. ¥ . Bishcn's methbdl'” - : : o

ll'act all v.‘

v

ol
[

«averagé»ral"'°¢l

-3
[0F]
O

»

observed" in the tarcec
érea du rlrc the seedec pericd for-all AES staticns
used to cemppteARTC. o o

The“, as mentioned ih Section 3.4, Chapter 3, the Bishof

Lot



ing had

£
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o

[vY)

-tar

wn
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i
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.

[t

)

e

1t}
i

o))

-Now,‘t

.

he expected value R

ol
i

WW
i

)
~

es .‘f,- C

ool

I
¥

o)

TSE CS.

- , N ' ‘

" PR + N "

was the "preiicticn"

.

t rairfall durirg the seeded period as :¥ cloud

8

no effect at'all. 'But for tle. experimenters

TS

was evaluated as a percertace

and the evaluaticn parametecr E(:) 15 civen bu:

3

[N

I
E = JJ00 - —=— = 100 -
&

m
I
o]
O
()

.
{
|
e
“

.-

farmers, cloud seeding experiments -are suppesed to inc
precipitation in the target and the value of RTSq,'def
was expected t& be larzer than PTQE because. see
umed tc be effective. The pcssible increasé (o

I1f cloud seedirc was effective in the target arc

nc that the control area was unzffected), t

Lo



expects: significant positive averadge valucs of E in years

with "actual scdding® -and values ¢f 'E that are not sigrif.-

cantly. different from zéro in years with "fictiticus ceec-

,2"oi.e., vears during which no ¢loud seceding experirerts

in

n

. wére conducted. After .a set of E-valuds i's calcouluted for .
a correspondina set ¢f vears with either real cr '

seedina, apprcpriate statdistical tests should i uscd ¢

TN,

e

ive an‘taccouant of the significince of E-valuce of the yoor:
D o ’ ’ - '

(2
™

in which cloud seeding .actually took place . . We h3V€ tS

some of, these tosts in this chapter.

»
4,3, Re-computaticon of E-values by theBExgrer Methcod
N . ]
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The seecsd period )10 he.pre-~seeding and post-,

seedinc perigds were the same-for all cf the & unscecleld

v

vears where "fictiticus" . seeding ‘tock rlace from 1 June £

3@ August of each vear; the pre-seeiing pericd was chosern
from 1 april to 317 May and the post-geeding frorm 1 Septerrer

&)
3

to 31 Cctober. As far as the seede: yéarswerebonccrnei,

T f

these periods "were screwhat varaizable. Tarle 4.1 lists the

a
[

Péginning ard the end of .these time pericds for eac

wn
N
M
[N
]
p

\
v

-evear -for both the target and centrcl area, as given by
‘Bishop, as well as the nurbers cf cays of their durations.
i s . - T ‘ o - . :
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The results of re

[

—

raints

15 thely e r wore omot tie
r wather for’the taroet “rea or for i
Ple 4.0 and Table 4.3 show the roass
s used an cach vear and thoelr nurlor for
rni the Contrci arca, regpestiveln,
bers of rain reygyt;nq SFJt;cns S
have o larg;r*var;aL;lit with Ve Lrse Y
¢t. There were 3% stations inviived in
: .-
but rnever were all “i»s;ﬁt:c;s 1rooan
Tarle 4.4 shows the numbers.cf stat.ons )
1n the Lonract area and Ln o the cornorol o
- : ) , K
. X
7 lomrputatlons ‘
votardget .area statlon afd ever:; cc:ﬁrcl -
in the cormgpudtiations, the total rainfjll
cZed period, as well as fcor the unseedcd
cr from 1971 to 19£83 1s listed in arpro-
:He abpencix. Mavina use of tho data.cust .
cn cf‘tie tarcet and CCﬁthiréféif, L he
fof seeded and for unseedcd periods wa
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- Table 4.4. Numbers of .rainfall stations used in the .
- ' - calculation of the evaluation parameter E
. as selected by . J. Bishop for each year.

.Nurber cf rainfall stations

" Mean

Year Treatment | -
- ‘ o Target - Cortrol
B .
1. 1977 Seeding L 19 22
T2, 1980 v . 10 17
3. 1981 " . 17 - 14
4. 1982 " ol (g 15
5. 1983 . - 20 16
Mean " 17 17
6. BFLITL 4 20 16
1. dev2 19 ‘16
8. 20973, 18 - 23
g, MhiggTy "~ LT 23, 23
‘10, ,1975. v 20 25
11, 1976 " - 19 20
12+ .1978 " E HE:) 21
13, 1979 v 17 . 22

N
ba




T : . . C Co 1
+ N y . ) . L ‘ ) s . U .

., .Table 4.5. Target and control area averace rainfalls (mrm)

e fr seeded and unsecded periods of each vear.

£y
/‘

' +

LT | '~ Target area Cortrcl arca

el ca | : Rrso 7 Brp cs cu
.0 Year &l Treatment ‘

4

« Tie e Ca
- ol - [P A
. Seeded - - Seedec A
} oA Se ea . sSeclcl
pericc - Y. o pericu
. . Y . peY

od * per;o;

6€3.9  LET.
156.9  1&7.
L7612 242
D780 e 217,
?ﬁf98.7kw g7

l}—‘-I»“‘

O
NaN
e T
o
Nan
Ja

116

Ly
'L’:

[IGE N 1

5900 24.2
38.7 44.20 149.
3 561 93,3 ... 1%4.7
0 19.6 1§4.2 11C.€
1973 4 62.9 202.2 0 167.¢
SRR B U - e G "o 203\2 ,.103.5  19¢.9
‘127 197¢ " 204.3% 256.7 ’*ﬂlJ.4
S k3. @9ty " N 1068 103.8° - ,108.1
' 1

T y — i —— —
v o Mear . " 155, 151.8 1527 146.5
4 ’ s
’ o
Ko :
? ) )
N ) v\,‘/‘. . ‘l
v ¢ i

‘making use cf theé datacentered in Tarle 4.4 .bv the eguaticn

. . - o . . . ' ,‘ * . Y A
1n the seeded period I cue;tg;seerl*" ;sacqmputec WEInT
v . 3 . ) . 5 ) _ ' . i {@ . )

fror Taple 4.4 and the abole R%Sr v*“ue &3 ggg»wyéw

 :~,-&



eguation

ool

Irs = Rpgo ™ Rrgp

Trnen the evaluation parameter E(%) is found for each wcar
using the formula

Reso 1

— [l

E = 100
s

Tre results cf tre recalculat:ons are listed ir Table 4.7 .

\ 3 (mm), R
TSGC " TTSE .
the evaluation pararmeter E(:i) for each sceded

g

(mr) , I.. (¢o),

P = £(z
Year Areatmen CTSC I, -
(Teble 4.4) 1°F B R
1. 1977 Seedinz - £4.4 55.6- + £.8 +1¢
2. 1980 " 152.¢C 134.9 +17.1 +13
3. 1%&1 - v S 93.7 76.2  +17.5 +13
4. 1982 . v 94.3 €8.6  +25.7 +36
5. 1983 " © 118.0 75.0 +43.0 +2 77
Mean® - " ' 104.5 62.1 224 +27
€. 1971 ©No.Seedinc 144.8 . 115.2 +29 .6 + ¢
7. 1972 " 136.7 128.¢ +10.1 + &
8. 1973 " 156.1 172.4  =1€.3 -17
9. 1974 - v 119.¢ 15C.4 -30.8 -2¢
16, 1975 " 162.9 1€2.8 + 0.1 C
11. 1876 =~ " . 205.2 226,04 =21 .20 -.9
12. 71978 Tre 204 .4 217.6  -13-.2.. - €
13. 1979 . \ . 108.8 93.0 8 +17

+1%.

=
©
&Y
3
—
(WA
[(GA]
bt
b
n
o
(@9
I
)
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+
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Values ¢of E as cormputed by Bishop for cach v

cf the period covered by th.s study have been published

W
(Exshop 1984). Our calculations{&@We produced somewh.*
A

fcrent E values as listed in the last column o Tab
For purposes of compariscrn, the results ¢f Lotk calceul

arc shown irn Takle 4.7

[

Takle 4.7 Ly B
! ]
& Sluati / E
A Evaluatlcn PArameter E(
} j‘fﬂ haal il
Year Treatment Pub] o ot T o )
. ¢ uL L ls - ~2 o~ ey s
Bistr & Pe-omp .
»._»",‘EI
@&
. A
1. 1977 Seedinrc : +62 +1¢€
Z. 1983 " ~17 +13
3. 1981 - o +22 ~23
4. 1982 S +2z +2&
S.01983 ' +37 ~57
Mean " +37 Y : 29
- - 3 . } :
€. 1971 No Seedirn : +20 . +26
7.01972 " +1¢C + 8
6. 1973 " + 4 -.C
9. 0 1974 " -14. ~20
16 1975 " -3 0
11, 197¢ " -17 - G
12. 1978 " -1 -
13. 1979 P +14 ~37




4.3.3. Statistical Significance of the Recompated D's

In Secticr 4.2 the evaluation parancter E (%) 1%

aciven as
R...
/ TS0

. =

Rrsp

Because ¢f the presence of the ratio (R . 5. )X

the A
oo Trsptr S0
gtatistic E tends to have a skewed distribution; ite
rminamurn possible value is =100y, when Rwé< = {0, ani its
1o

1niin it as R
, TSE

A
Trhis fact implies that fcr this analvsis the average valae

maximur. value ar
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0
oI
©
n
o

b

+

1
b
+

goes to zerc.

: - - e et . ~ ) -2 -
0of E will nct recessarily bLe clicse to zerc ard, therefcre,

the median ¢f the set of I-ralueg 1s a hettery measure oOF
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cerntral tendercy thar, the ~ean valuo of the sarple T
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appropriat

b

vears should be tested w_oth

-y rank test (Smith 1924)

P

f&stcd in the

s
o
oy
rt
]
A

o
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]

n

ar

m

The recorputed E

' ~ : . -
abtle 4.¢.% e car consider the E-vealues forothe fove
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1
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(03
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£'s and the remaininu L-vilues fcr eig unseedel voars G
- - . ) o I ! : R
a sarmvle from a norolation of urnscelel E's. S As tho Tw
sariles are cof different size, the Wilcoxern Twe-Samrle
Test car Le used . to test whother Oor not their populdatior
et
e e v - 3 - T - -
are sranificantys Jiffcrent, .o, whethor the null hooo
.
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In order to perform this test, we followed the sters given

in Section 3.6.2.1

1.

o

nl‘=’5 elements of the smaller sample are (sco
Table 4.6): 16, 13, 23, 38, 57.

n, = 8 elements of the larcer sample are (sce
Takle 4.¢): 2¢, 8, -10, =20, 0, -9, ~-¢, 17.

Beth sarmibiles are corbined in one.sct ci N elements

(N =n, + n, =5 + 8 = 13), where the clements of

’

the smaller sample are underlined 1€, 13, 23, 3¢
’ ."_/'\;%"; -10, =20, 0, -9, -6, 177

The ascending numerical values are: =20, -10, -9,

-6, 0, 8, 13, 16, 17, 23, 26, 38, 57.

The assitned ranks are showr under each elerent:

[
to
~
W)
L
-
n
~
(@)
1
~
\O
~
bt
(@]
—
j
—
[}
—
w

The cur ¢f the ranks for the smaller sarple wy o F 50,
I'ne sam ¢l the ranks fcr the large sarnle w., = 41

-

+
=
\
ro

1]
w
N

o
i
5
|
3
3
P
—
~
(3]
n
Ut

2 2 2 2
Let tle statisztic u be egual to the sraller of Uy
and u,, i.e%¥, u = u, = I,
- 'i “«
Tne level cf significance . = 0,03 for cre-tailed

and = 0,025 for two-ta:led test. The E valuecs

1n Table 4.6 are either posit:ive (seeded E larcer)

cr necgative (seeded E smaller), depending on vears.

Tris fact sugoests that a two-tailed test should be

.

25, However, "the mportance of

N + - — .

LR 4 Wit : U

n
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CL L -

l?abfé'Q,SL

”*Target and- cortrol area ‘average rai

N

nialls (rm)k

79

\ for seeded an® unseeded periods of each vear,
LSan a constant set of 6 stations in the

. tarcet area and a constant set of 12 staticns

in the control area. a
T / SN '1)

\ ».f .Target.ArE%h Contrcl Area
T TR TR R .~
Year * .Treatnent ’ TSP ‘,’TL s CS. _Ct

r i . S A3 Un-= e Un-
Seeded Seecec .
. - Seecea seeced
period period L
. . »pe(rlod ) . o perioac
1. 1477 Seedlna 0 68.6 1165.4 - £4.9  1pe.3
2. 1980 " ©155.4 0 170.2 .ql49.6 163.2
S3. 1981, " ¢ 103.4 © 236.1 n89;p* 244.9
4. les2 . - TS 90.€ - 191.5 . .88.8 211.4
5. 1983, By 1172 73.4°.7104.5 e 8324
Medn | \" 167.0 0 171.73 99.4.  173.¢
€.71971 No.sSeeding 149.1..7°130.8 © 122.1}  14C.0-

7.0,1972 T Size.9 -158.6 0 136.8 L 179.0

6. 1973 o« v 139.9 . 103.0  130.9 . 8l.6
9. 1974 . o S 1132.3 “L§9J2 127.1 0 1291
100 1975 " 015842 167,20 0 215.4 1 244.3
11. 1976 " v229.3 111.9 . 208.3 = 9¢.°
12. 1978 " © 23858 293.0 0 201.4 . 230.1
13. 1979 A 126.5 118.6  110.3 - 11%.-
. 'hean>{, oo 162.8  139.3  136.6 s .8

oy



B ’ " : N .iA | . - /

\

S L ~

- R ] . e 7 L. .
Eishop. Therefigre, the . sigrnificance of ﬁ;ﬁ seeded E-value
S

of Table 4.9 was statisticall’ tested. As in Secticn 4.2,

#

ir this case, there are two samples of different size
SRR :
which sugcgest the use-of the Wilceoxon Two-Sample Test Iin

o

»

the previcus case, the test was described in detail *o aid

the reader. Here, however, a condensed sumfiary is pre-
4 . N

. \ L. / . )
sentec. The seeded E-values are uncerlined so that the. -

' -

can be distinguished from the unséecded ores. -

~Takle'4.9. Rrse (mm), Ing (mm) land.}: (%) based on a
constant set of 6 stations in the tarcet ard
a constant set of 12 ‘stat.ons in the c¢ontrel
aYea. - o
o Ppso 0 Bpgp o, Ipg E)
Year dreatment raple 4.8) 0 - = : (Rounded)
o ' ; oA : -
1. 71977 Seeding €8.6 64.3 +4.,3 + 7
2. 1380 o 155.4 155.6 - 0.2 0(-)
3. 1981 ot o 103.4 N 93.4 +10.0 . +11
4. 1982 . ‘ 90.6 - 80.8 +. 9.8 +12
5. l9§§ " . 117.2 92.0 +22.2 +27
-— — N X — N
Mean " 107.0 \x‘ 97.2 9.8 11
€. 1971 Nc seeding. 149.1 11356 +33.5 / +31 -~
T 1972 " ' ~126.9 . 119.0 + 7.4+ 7
&. 1973 ’ " 139.9 *164.9 -25.0 -1z
oL 1974 v 132.3 157.€  -25.3 -16
=10, « 1975 ' " 139.2 14e 0% +12.7 + 9
110 1976 " 229.3 258.3 ‘—2975 ‘ -11
12, 1978 o 238.8 "237.7 + 1/1 1
13. 1979 o S12¢€.5 113.8  +12/.7 +11
Year v le2.8 163.9 -A.2 4=
/
o : //’

n

(]

pr———N



”»

"5 elements of =zceded E's:aré: 7, 0, ll,'lé, 27.

3
I}

s
f

8 élements of unseeded E's are: 31; 7, =15, —16,' e

9, =11, 1, 11. :
Cogblined sample: 7, 0, 11;‘12, 27,31, 7, -15, -1l¢,
9, =11, 1; 11. o ¥

Increasing E's: ~ -1€, =15, -11, 0, 1, 7, 7, 9,42, 14,

. 12, 27, "31. ' o
Rarks: 1, 2, 3, 4, 5, €.5, v, 8, 9.5, 9.7, 11, 12, 13.
wir= 4+ 6.5 4 9.5 + 11 + 12 = 43
Wy = 1 4+ 2+ 3+ 5+ 6.5+ 8+ 9.5+ 13 = 48

U, = w.,-=-n, (n. + 1)/2 = 28

1 1 - 1 /2
- N .
U, = w, - n n, + 1)/2 =12 -
2 2 2 ( 2 )
U= u, = 12, (the smaller cof ul.and us) .
. v “« “~
The level cf gicnificance, = 0.035 for cne-tailed tecsx
anrd = 0.025 fcr two-tailed test.,
JFor v = 12, ny = 5, mis = &, tfic xarles cive = 0.142.
‘ S ). . s
As = C.142 v = 0.05 and N=/00142 v 0 = 0023, tre
'~ ‘ . -
null hrpothesis HC 1s acceprted and the popula-
L

Corsecuently, fof a constant set of stations in ¢

the tarcget area and a constant set of stations in the con-
L e L) .
trol area, no statistically sigrificant Zd:7ference was

4

focund in the evaluation parameter E between seeded and

[t4]
[oF)

nseed
AN

vears.

£
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4.5. Caiculatian*of
v o ’
and a Con§tant

Unseeded Period Usirc Bishop

Stations

L4 .

Durina the
varied frorm bs
Q )

"fictitious" seedincs.

r

fu

»
4.3, tﬁe seeded periocd vear Lo ,

ve

_Thg starti

E-values for a Constant  Sceded Peri

s

nc anz

82

‘\.

s -

re-corputation ¢f E-values 1n Sectizn™

ending. dates of the seedirc cperations as listed b Bishorn
were shown in Table 4.1. Eased on Table 4:1, the rurber
. . ) . A
‘of davys comprisinc the seeded period involved in Eishor's
. . | [ .
calculatiors for each vear is civen in Table 4.10. How-
~
ever, the duraticr cf the seeded period ¢f vears with
, A .. ; . 5 ®
"fictitious" seedinc w3§f92 davs..
F
\
Tarle 4.1C Lencth (cars) ofF sa;dei Tvericds in each vear
- oo, 77 - - N P a
fcr which seedinc operaticre were corducted
1
Seedec vears 77 80 61 g2 83
Seaginc 2 ime Cavs 43 93 £1* 61 €1

The larce differencd in nurber of davs makince up
periods in the first two. seeded vears arcse from
that ir 1977 the cost cf the creraticns was paid

i

(Eishop.

op 1977); while in 1960, the A

7

e

.

thrcuch a crant frorm the
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on
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cperat
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Departmeht of Agriculﬁure (Eishop '1960). However, fr

1981 to 1983 the 1

[ ™
constant becaus

ongth -of the seeded period was(&gpt\

Council as the organizinc and supervising bodwv.

(@)

. . A\\
- For a proper evaluation of cloud weedirng exper.-
of [ ‘ - ¢ ‘
ments, carrred out se cf increasind rain ir
the tarcget, it wcul desirable to pericrr the

m.

oper=ti

or

hd 1

in scuthern Alberta.
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varied fror year to vear in.Bi

secticon, an u
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the re

C
Jds

¢ \ _ ) :
‘ | N
‘sidered The only exception is 1980, where tlhe preseeding
v‘ . . . ) M . . . . v
period, beglnnlng 1 May, ended on 28 May, inclpsive, for

maining 3 da‘s wvere secedeM. The selec tion of MQ ):

Sectember. allows an unseeded erloc which, 1in matter cf

L]

durati

months

seede

P

geeded

the con

. . : ‘..
used @ each area and their nurbers,sare exactly the sare

as use

on, is equalvto the Serected seeded period. The
’ . w 4 ‘ . )
ci June and Aucust were not selected for the,.were

0]

partly in some other:
\

almost entirelv in 1980 an

ur

yvears.

,

Ir the present computations the target area <”ﬁ§§,

' AN
2trol area, as well as the rain reportinc staticrns

0

S by ' Bishcp and detailed in Section 4.3. .The meth=d

luaticn is, ¢f course, the Bishcp Method and the .

s F.., E R R R I.., and E(%) stand fcrwt
7o’ tcut Yes’ Trse’ frsof frst <

me guantities as defined in Sedétion 4.2. :

Fesults c¢f Ccrmputations

Usinc the RES data, the averace rzinfall ‘or

and for unseeded periods in the tarcet and in the

1 areas were talculated fcor each vear and the results

ot Cow““+at ohs are listed in Table 4.11.

R

A

The data of Takle 4.11 were used ¢ comp.te.

the average rainfall exre: ed" in the target area

S?’
d;rlno the seeded period and ITS’ the increase (or decrezse)
in rainfall in the target for the seeged period as well as
the evaluation parameter E(%) with forrmulas given in

I N
i

v



Table 4.11.

Tarcet -and control area ‘averaceyrainfalls
(mr) for seeded and unseeded periods. The
seeded period has a’ constart length of 61
davs for each vear.

&

Tarcet Area - Contrcl Areca

Rese Rov Fee el

wiser™, Treatment X y
. : .+ Un- . Urn-
Secied cecded Seedec cecdos
. Ul . - S SRGLLINN
-] b CY 1O R
per.cd period PERLACC e ia
1977 Scoding g8.7 91 . 8 121.¢
1980 " : 9. 13 9 138.2
1981 - 14 7 14€.7
1 5 1

. 1982
1982

BN NI S

St 94.

3
noo 93.8
3
" 118.¢C

~PRY S

O I 00 0O
[o ol ® AN NIV SN ¢ 3]
~1 O W (RS

[PURR ORI SSN S (N

g

[V -
‘o

w0

Na}
o
(]
—
(@]
o
(@3]
[e o]

N
[a ]
}—
)._J

.
(oA

&, 1971 NC secdinc 49.2 T3.e 4E.3 £E3.8
T. 1972 " 162.2 ac.o 1069.7 111.4
5. 1973 " . £z.¢ 4.9 &5.,7 1C.7
9. 1%73 " 114.1 73.E& 84 .7 T2.¢
1¢.. 19°7¢ " 91.C 133.¢ 84.3 123.4
1 197¢ " . 1388 T4l 148.8 5503
12 197¢ " Y- 1482 176.8 140.4 167.7
13 1979 " 49.1 46 .0 £3.6 S5€ . C
Mearn " 97.7  90.¢6 90.7 £6.9
o .
Section 4.2.° Trhe results ¢f such calculaticns are SECWh
ir. Table 4.12.
¢

entered in the last column of Table 4.12.

*gﬁiiéi\fifﬁific~nce cf E-values listec in

.

.

E-values invelved in this case are thcse

Cnce more therc



&0
’ \ >
Rainfall amounts (mm) and ov"luatiow parareter
E(%) for a constant assumed sceding period of
20 June to 19 MUGJCt

J1>Tab1c 4

R R I E(7)
Year Treatment TS0 TSR rs e
(Table 4.11) (Fruracd
1. 1977 Seedinc 8&. 7 €7.1  +21.¢ 432
2. 1980 " 95, 3 88.0  + 7.3 + €
3.0 1981 al 03¢ 74,43 +19.4 20
4. 1982 " , 94.3 S7.1 . +37.2 S0
5. 1983 " . 118.0 72.9 - +43.1 +e
Mean " 98 . 0 71.9  +26.2 +359
) | -,
% 1971 No seedina 49.2 42.6  + 6.6 +17
7. 1672 " 105.2 88.6  +1€.6 410
8. 1973 " F7.9 6€1.¢ + 4.3 + 7
9., 1974 " 114.1 85.7. +28.4 +33
10. 1975 " 91,0 92.9 - 1.9 -2
11, 197¢ " 156, 9 199.9 =41.0 -2
12, 197¢ " 146.2 148,00 - 0L T
13. 1979 " 361 52.02 - 3.1 - <
Mean " 97.7 96,4 -1.3 + 6

are sarcles cf size 3

fu
n1

, . _ /
.2 size 8 drawn frem the seeded ani

unseeceC'E populatiors, respectively. s the T amples are
»of dlfferent‘size, ﬁhq.ﬁilcoxon Two-Sarple Test was arrlic.
to test tre statistical significance cf the seeded -
vzlues The different steps for aprlicatisn cf trhe Wil-
coxorn Two-Samcle Test are ver, In Section 3.6.2.1 In

the lists cf data to follow, “he elecments belonaging tc tirc
seecded sarple. (which is the smaller sam;lei are unczrlircd.
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of unseedec¢ I's are: 15, 19, 7,.33, -
~6.
32, 8, 26, gé{ 62, 15, 19, 7, 33, -2
—Q. ,
=21, =6, =2,1, 7, &, 15, 19, 26, 32,
€5,
r‘4r :1 él 7/ 81 2/ 1;2! lll _2_r 1_3_-
S 4 - T 4+ 7+ 8 4+ 11 = a1
.t 1y/2 = 3¢
5 * 1)/ =5 ' ‘
sralier of ;l and a.,)
Gn:ificarce, 0= 65CZ for o:e—tallc;,:es
C.025 for two-tailed tes+
» Ty = 6, the stat;ét;c:l tatles cive
5.0
= 0.5 and = (¢.01¢ = 0,025, ++x¢
Id .
Cthesis HO is rejected in favor of the
hycqthesh?}H ard the populaticns ¢

rt

by



3.6, E-values for Constant Sote of Statics with Coron irumye
' L . B

—

Data and Constant Secded Poeriod and o Conetant U=

' L

sceaed Periad
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m
M
3
T
F
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3

4.3 1t was pointod oot £hat o ene seolo

as well a5 the unsceded periods varicd fror ear to vear
?

ard that the saime was trae for tle rf;-r:L;a sttt ’
“5€d ard tnesry total nurrers. For conegrsterncy, 1t seorg
rezstnalle tCc consider clerents whish GC not ororoe wi
timc. When this condition 1s fulfilled, a comparisor of
E-- ochtained for differert vears shoull bLe more meoar-
inziul. In this seci:ion, a constant set of  gtiticre -
G orconstant set of 12 grtaticns were usod ar v Tarcet o
corntrel grias, respectivelt. ALl the statione 1rocleond “
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b le 30713, Averdde ramnfall n the taraet ard o the

corntrol areas for sceded and o urseoded
periode.  Six stations with conmtinuous dat o
were uscd an the tuaraet, arnd 12 statione
with continucous data 1n the control arca.
The seedeld anl unsveded ;wx"i Qs werce krept
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seeded E4Va1ues ape underlined.

[ ’

' f

ny .= 5 elements ' of seeded E's are: 49, 7, 25, 74, -15.

. " . 4
n, = 8 elements of unseeded, E's are: 31, 7, -15, -1,
. ] A )

9, -11, 1, 11. °

Combined samb;e:. 49, 7. %, 74, -13, 31, 7, -13, -1,
9, -11, 1, 11,
Increasing E's: . -16, -13, -15, -11, ¢, 1, 7, 811,
o omiwas |
éahgs: 1, 2.5j‘g;;,-5> é,“6,x7;'§, 9p*;g; 11, 12, 13.

Wi = 2.5 4 5+ 10 + 12 + 13 = 42.5

¢

Wy =1 + 2.5 4 47+ 6 + 7 4 8 + 9+ 11 = 4.5
u1 = W1~"»“1 (nl 4‘;)/2 = .27.5
Uy = W, - ony (né + 1)/2 = 12i5 N
u%;”u2‘='12.5 (t@e_sma}ler‘bf_ul and u,)
-+ The level.of sighificance,.a‘= 0.05 for ;;e—téiled_test
and x'¥ 0.0QE for two;taifegytest. v .

.

cr-u =11, n, =5, n, =8, the statistical takbles cive

Rs - = 0.16 = 0.05 and = 0.16 » v = 0.025, the
nall hirpothesis B is accepted and trhe two
A AL o ’ .
pcpulations are not significantly different fror

ore another.

»

g Cohsequently, when the seeded and unseeded
periods were nct changing with years and a constant set

0of sektions with continucus data was used in the tarcet
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v
¢

area and another one in the control area, the test showed

‘that E-values were not significantly different.

4.7. The Selection of the Unseeded Feriod Lffects the

E-values

It was peointed out previouslvy

1

, o : N o S o L
in which cloud seeding expériments were carried cut, the

seedec ard unseeded periods as selected bv Bishop fcr ni

cormputaticns varied from yvear to vear. The variabilitw of

the seeded pericid is, of course, explained b the fact

O

that in & part:cular sgeled year, seedincg experinérnts were
hveically started and terrirated cro fixed dates arnd the
s .

preriod were listed in Takle =.10.  However, the vartabilit:

I8

[

s

'J

o]
1

cf the unseeded pericd fror vear to'vear remains une:mn

€C and.the Eishop Mcthod does not define criteria accordi-

inc to which the unseeded per:od is ‘selected.’ Tatble 4.1,
which 1is based on Takle 4.1 o® Section 4.3 anc ‘procduced

.

€re Ior converience, shows the number of dav s inveolved

in preseecdi:s and in pcst-seedinc per:od s theolir

n
v
0

well

oy

N

tctals which rerresent the unseeded period in each se€ece

I3

ar as used by Bishop in 'his évaluations. S,
' ‘ ¥

Lo
B



Table 4.15. Durations cf Fre-seedind, seecinc, ard post-
' seeding pericds in secied vears’accordine to
\ Eishop.(1 977, 1980-83),. - ‘

. 4

\

Seeded year - 771980 1981 1962 1963

Nurber ¢f dovs ¢f pre-seeding 6t 28 &2 g0 =C
period .
» - £ A .. . f .} -
Nurmrcer of davs ¢f post-ceceling . N - - -
- . - 43 63 71 72 2

Nunber of da;s o tlre seeded .
Takl ' )

per ‘1ca (freom Takle 4.10)
. o .
[y ' ~
o Table 5.12 srowe that the pre-geedinc and post-
seedinT peri1cds were never cf the same duraticrn Eowever,

-+
)
oY)
ot
@]
b
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o
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O
in
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U‘)
®
M
(o7
;_a
L
D
(]
[
e
Q
[oF
Q
3
M
b
n
rte
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3
ke
+
gl
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ot
O
th
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[

[ 3
w
m.
o
t
Q

stert ari enc the unseeéei'*er;od”on,the Zztesg ¢f

s choicé. Because of tb 'la rge variability of pre-

-

cipitation, esgecially ‘in th e case of tnuncer sterms,

(\

‘increasing or decreasing'the_lenqth cf the unSeeded ol uhlete!

bra few dars cr a few weeks ucu’“ chance the amount of

or that cf E_.. orveventually both values. .As R, and

)

(@)
p

SO

3
ct

are inveclved in the‘computation ¢f the evaluaticr



ct

parameter E(%), the results so obtained would be differer

from those reached if the duration of +he unseeded periocd

did nct change.

-

\ To illustrate this pcint, in this section, arn

. i

ursceded period which becins ané encs cn the same dates

.
a

for all 13 vears was selected. These two dates are the ‘ﬂ';

sar¢ as chosern kv Bishop in his evaluation ¢f the 1577

cloud seeding exgeriments. For each vear, the pre-seedirc

rerioc started on 1 Mz and ended Og/£>é Zate listed in

.

Tarle 4.1 and similarly the rost-seedirc period kecarn or

the date listed in .Takle 4.1 and ended on 30 Septerber.

\

.
Lsed by Bishop and listed in Tayle 4.1.

are the same as ir. Section 4.3.

the ursecded period, as explairncd above. New values of

Q
(o8

anc¢ R. . were cocmpute The amcurnts oI R and R

<o not chance, for the seecded pericd did not. ch

Table 4.5, Secticn 4.3.2). The results are shown ir -

i

Makincg use.of the data erntered in Takble 4.1¢6,
thej"expecteé" average rainfall in the tarcet for the

‘seeded period, ﬁTSﬁ,‘the precipitaticn increase irn the
L r - ) . .



:Table‘4.l6.

!

‘Tre amounts of R

TU

»an unsceded period

30 September for a

are the same as 1i

- and R

Y6

were conputed for

Cu
beginning 1 May and encing

and R

llle’years. cs

sted in Table 4.5,

garget'z_ea Cont Yo
R, R R R
. | - TED Tt cs C
Year Trea<ment :
: : ~ : . - .- '
. : 4 n- L. Ur-
o Seeded T Seecel .-
. , .. 'seedec .1 seeded
per.od S pericd T
, - period rericd
1. 1977 Seedinc - 64.4 163.2 63.9 1E7.%
2. logr S : 122 .0 137.3  156.9 12002
3. 1981 R 1 93.7 21406 S 76,2 208 .7
4. 1982 "o " .94.3  1lez.4 78,0 1EC.F
3. 1983 " : . 118.0. 62.9 98.7 81l.°
_' ¢ - _

. Mear " ' 104.5 1 149.1 95.7 161 .8
6. 1971 'c seedinc 134.8°  .73.¢ A6 .4 £3.6
T 18720 "o S I38.7 5C.C 149 .: 111 .4
€. 1973 " 13001 54.9 136.7 0.7
9. 1¢74. " 115.¢ . 3. 11C.¢ Tz

0. 1475 " 1€2.9 13:2.¢ ‘167 .8 Tzz.4
11. 1976 " - 205.2 4.4 196.9 2.3
12, 1978 . " 2064 .4 176.8 215.4 167 .7
13. . 1979 " 10e.¢8 46.0 108 .2 2

. a . .

Mean- " - 155.1 90.7 1z2.7 Ll
target, Ifs, and the ‘evaliztion parameter E(r) were calcu-
lated by Eishor llethod arnd +the results are shown in-Table.



,‘Table 4.17.

I

R and E-values are comwuted using an
TSE' “TS mEREE ?
unseeded period startina on 1 May and endina
30 September of alll vears. .
\ ‘ Row- Roco - 1 E(%
Ycar. Treatment TS0 TSF TS )
X% cmer - A R .
- ST (Takle 4.16) (Rourde )
\ , -
1. 1877 Seec:ind 64.4 ° 55.6€ + 8.8 +16
2. 1957 " 152.¢ 142.1 + 6.9 + €
3. 19881 " 93.7 9.1 +14.,¢€ +18
4. 16982 " 194.3 Tl.4  +22.9 +22
5. 1983 " 116.0 7.0 +42.0 +12
Mean " 164.5 g2.0 -19.4 +22 .4
6. 1971 No seeding 144.8 162.2 +42.¢ +42
T.0 1972 " 13g.7 1z20.8 +17.9 +17
§. 1973 " 12¢.1 211.4 =32.3 ~2€
9. 1974 " . 119.6 112.1  + 7.5 +
10, 1972 " 1£2.9 18504 -21.% -12
11 197¢ " A 2022 204,09 =297 -23
12. 1978 : 20404 2271 =Z2.% -1C
13. 1979 " 108 ¢ 8.8 +2C.0 +23
Mean - 12201 l64.0 - E.9 + 2
J
4.7.2 Statistical Sigrificance of E-values Listed in
Takle 417
Ir ction 4.3.3 it was statisticalll shown that
the recomputed/ E-values ccrrespondira to seedeld vears are
si¢riificantly /different from those cf the vears with

"fictiticus"

that the tim

8]
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-

se ng

s}

aré space conditions which gave rise to E-

-1

+

[

is useful to remincd the reader

—

values cf Sdéction 4.3 are the same as those for E-values

|y
A




cf Section 4.7 except that' in Scction 4

period starts and ends on cdates wh. 'k

’

all years, while in Section 4.3 these

yvear tc vear.

to see whether or not the E-values of

-~

. /!

t

are the

hooun

sda

cdates varied
The E-values of Section 4.7 will

the seeced vezrs =

seeded

me for
fror

be teste

‘significantly diffdrent from those of the unsecdeld vearc.
o : o 5. ' -
Like the cases already studied, there arc twe samiles cf
cifferent size and acair the Wilcomcn Twc-sarple Test wil
be pericrred ani the seeded E's are underlired. .
i, = 5 clements of seeded E's are: 1€, 6, 18, 22, Zt.
n2 = B elexénﬁs ctf uhseedeé E's ére: 42, 15, =-2¢, 7,
-12, =22, -10Q0, 23
Cort:ined sarmple: 16, €, 18, 32, 5, 42, 1%, -2e, 7,
-12, =22, -IG, 22.
Increasins E's: =26, =23, -12, -1C, €5 7, 13, if, L_(
23, 32, 42, s5.
Panks: .1, 2, 3, 4, 5, €6, 7, &, 9, 10, 11, 12, 13,
Wi =+ &+ 9+ 1] £ 1302 40
W, =W, - om) (n + 1)/2 = 31
Uy =, - Y () f 1)/2 =9,
u =.u2 = 9b(the'Smalleriof.ul ajé;u2) 
4T“e‘lévgl @f S;;i;ficancé; = 0.0> for cne~tailed tecs
’ and = 0.025 for twofta;ied test
For u = 9, r = 5, n, ; 8;»thé tablés'give 5= 0.064.
BS ©.= (.0E4 - x = 0.05 and » = 0.064  ai= 0.02%, the
ﬁuil b”oothésié»HobiéwacLeptéd_a;d_t}; :

9¢&

et
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populations are not significantly difcrent.

-

- N .
Cconsecuently, when the unsceded period sStarted o-

;@ ¢iven day and ended on another civen day in every vear

"

the l3-vear time interval, the resulting E-values for
seeded years were nct sicniflcantly diffcrent frorm thoso

for unseeded vears., ’

Regardine the Selectiin of the Unseecded

. /

Tre Ciffcrence hetween the set cf E-values ct
Secticn 4.3.2 and that of Secticn 4.7.1 ircdicates the

iTrorrance cof the leragth of the unsaeded)p’r;oc anc tre

—

[

<

arount of precipitation reachina thne tarcet ard the corsr-l

areas curing trhie pericod, 1.e., R ard RF, There- 18 nc
- - - - -

In Secticn 4.2 the evaluaticn porameter E

rescltine from Eishop's Method was civen by
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'Fig. 4.1. The objective analysid grid positioned gn a

map showing southern Alberta, western _—

T Saskatchewan,” northern Montana and socuth--

' eastgrn Eritish Columbia. ~
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Takle 4.18. Number of rain repcrtincg stations uysed in. thre
. objective analvsis for each vear, listed for
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4.10. Statistical Significance of E-values
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0f R and R are of the same size; i.e., of sizec
TSO TSE Lz8i ‘

n =5, the Sian Test and alsc the Wilcoxon Matched-Pairs

Sicned-Ranks Test are aprropriate. The Gifferent steps tc

~
. .

perform these tests are explained inm Sections 3.6.2.2 and

3.6.2.3.

4.11.1. Applicatvicr cf the Sign Tez:

[

‘For each vear, the value cf R and tiat cf R
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ferr a pair and there were 3 pairs for seeced vears. The
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n

test is performecé a fcllows usirg rairnfall amounts lics+ed

in Takle 4,19,
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Since 7 - .0.15 > 2 =_0.¢ SR = 0.025, trhe null
hypothesis is accepted and:the populaticns were ..
not significantly different.

"
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Conseguently, the results obtained by the method-of
cbjective analysis show that cloud seeding experirent
fac no significant effect on rainfall amcunts in the tarcet

or control areac.

]

-~

4.11.2. applicaticn of the Wilcoxon. Matched-Pairs Sigred-

.

)

The first few cters ©f this test are the sare as

"y
(4

in the case of the Sigrn Test. From the lire where the

cifferences are calculated, the two tests are perforred

—
3
[97)

b
[I2Y
vy
[

rent wavs and the steps are as follows:

!
ool

TSO ~ TTSET ' .

-Increasincg absclute value cf &: 6.7, -£.9, 1z2.7,

+
wy.T =1+ 2.+ 4 = 7
", fa ’— . ) ) .
T = T_ = 7, (the smaller of T, and T_).
cao= C.05 and . = 0.025 for one-tailed and two-taziled
£ respectivel .
. , , k
“" For 1= 0.05 and n = 5, the statistical tables cive
t = 1 ané for . = 0.025 anc 2 = 5, t = 0.
Since . = 7 -t =1 and T t = C, the null hypcthesis.

Ho is accepted and the pcpulaticns were rot sic-

Bl

nificantly different.



The test leads to the conclusicn trhiat the resulte cormputed
by the method cf okjective analyveis show that cloud se

experiments carried out i southerr I

bt
la)
a
o+
(W)
o
Y
[oN)
=1
@]
n
o
Q2
1
-
ey
-
§

cant effect cn rainfall amcunts in the tarcet or contrcl
areas.
4.12. Ccmrarison of R as Computel L DLcoctive Analoclrs

with R_.,. Corruted for a Constant Secding Per:ol
S50 -
In Section 4.0.1 & constant seedinc period beginrin
, , G

C T - - - M = 2 = A - = SR

20 June and ending 1Y Rucust was cornsidered and R, was
TSC

—~ - - - < - —~ ey - - 3 ~ —~ <
JOmputed Icr each vexr Ly simply averacinc all rainfall

b - B '
amzunts Ior the targes stzilons which were selected. b-
Brsncu. Fcr the method of cliective artivsis the seeded

v

oy T - ~ ~ - N [N ~ S - - v
perici was alsc sglecteld tc e 20 Jure throuzn 19 AUCUET
R a - S sy 4 ~ v R RS - o~ ~ v - - ve= ~ = -7 - -
and e~ Wwat SOOI Uteld o SR - LU T LNT VZLILUESsS CEaLilu

TS - - T .
/ —

T 3 - AN K 3 v e ‘ < v e ~
lated by computer. Thesc two values cf E cormuted

TS

r
+
5
D
o
I
th
™
[t
M
3
o+
R
M
t
T
(@)
2
n
v
H
[
w
c
Ke)
e}

Osec to rerresent the sanmo
ticrn cihserved cver the entire tarcet surface. Wr:le R
ot Secticr 2.2.1 result: from the contriburion cf &
rumber of selettedystat;ons, R 5 ¢iven by cobjective
analvsis arises frorm thg‘contriL:t;on ¢f a large rurber
~of stations. In order to see whether or rnct the two
methicds of computation were in agreement with each other,

- \
v

statistical tests were applied to their results. 'The
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results are shown in Table 4.20. Since the samyples are

of the same size (n = 13), and since both values of Rméh

for the same vear form a pair, the arrropriate nonpara-
moctric tests are the Sign Test and the Wilcoxor Mat-hed-

- .

“Pair. Sicnéd-Ranks Tecst.

Table 4.20; the remaining steps of the Si1cn
i

.. Test are as follows:

r = r = ] (tresmaller of ¥ and r )

- + p—
= 0.03 for one-tailed test and = 0.022 feor

For n =13 and r =1, the statistical tailes
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B - Applicaticon cof

— et
Ranks Test
, i
Pairs cf R sti

T80 €

shewn in Table 4.0
that there is oril
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sz lute
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T = 8%
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T = 6
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The results of the Si
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Pair

mn

v
19

red-Fanks Test
twe methods of computing B
from each other,

A

showr in Takle 4.20 were r
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Tr& cridpoint averacges cho

G correspeoniing

Wilcoxcn Matched-Paire

mates and their difference ar

T d's stows '

3 G G —n o

ot 1979 and tho rank cf ite
/ N

4 Trhe remairnins sterz 5 tr

S
.

-1 —_ £ - [aal

ailler cof x+ ara 7))

Glleld test and = 0,025 for
— 19 [P = + —_~— " = Teo
= 123, tre stavictical tables

- COT e T 2 3

r ¢ = 0 [ [ DN, - 1J, the
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ag tc the conclusicr that tre

vield results which di1ffc
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'

ather small fcr the seeded ve

uld represent mcre accuratc

[

"Sioned

H

altrhouch the magnitude cf the differerc
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estimates’of the true areal farget mean because they were
derived from values distributed unifcrmly in space over the
target, whereas the station averages came from a ncn-
uniform spatial distrikution of values. However, this has

not Lkeen demonstrated.
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interva (1971-1983) were selected for the target ‘anc fcor

the control areas, the resultinc E-values for. seeded vears
. - ) ’ - . Lo ¢

were not significantly differert from thcse for unseeded

years. ‘ L

The indivicual E-values for seedgd and urnseecded

years, as well as their meanrs, were fourd toc be sercgi

13}

t. cHanges in the duration of the seeded periccé and
L '

of. the unseeded periodﬂ'anc_also tc changes irn th

“aticons Gsed.. s ' ' ‘ ’ oy

n

The evaluaticn parameter E for seeded vears com-.
puted by the Bishop Method using estimates of tarcet
' - . -~ ) ~ . ) . - i ~
observed rainfalls and tarcet predicted rainfalls fcr tre

per!od 20 June - 19 Emucist derived frcem citective zrmalvy

- s yeis,
were hot‘éign;ficantl;*éiffcrert from those for unseeded
yéaréﬁ"' . ‘ | .

Be:ézse-of the larce rnaturzl variab;Lit;vof rre-

AN

N v

cipltation, “the sizes c¢f the samgles ¢f seeded ears and

unseeded years were much too small to detect possifle smhll

-
= [/

ffects due to seeding.. Therefore, it is nct easy to
- N . X

Py

eci

[OF)

€ ccnclusively whether or not cloud sseeding from cround

cenerators in 1977 anc 1980-63 had an effect on rainfall

-

amounts in the target area located _in southern Rlierta.

concluded that if such an effect
'8 ' .

- . \ B il .
rred, 1t was very muth less than the 30 to 40 percertc

)

Bishop. The precisicn of the results

However, 1t can be
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increase claimec bv
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was severely limited by lach cf randoxikation in experi-
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mantal desigrn, the small size of the sample of seeced years,

and the year-to-year variations in seeded periods and the

populations of‘target and control rainfall stations.

5.4. Recormendations
NC reason was found toor ctothe evaluztion pro-
B T - . ;4 N UL N - o R o e
cecure used b Elshop rut it is concluded that, 1n ueing

ccecdure, it is essential that the selection of

as distinct fror @ possiiile contrel area- ra:nfzll
decrezse~Zue tc cloud geeding, thern the evaluation rrocelure

4+ - X
Catlioneg.

1
0
«)
O
i
t
!
O
mn

directly proporticnal to the ratic of mean coh:rol e
rainfall fcr the unseeded period tc the mearn tarde+!area’

. . R
: RtC/RTC' TRisS

i

ratic is mot consgtant with time and its numerical valud

crances with a chance in the duraticn of the unseeded

3

- . -
B

different unseeded period selections in the evaluation .

-
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until the day when a ccnvirncing scluticn is fourd +o the
problem. It 1s stroncly stressed that more and rore re-
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searcnh on the phirsics, the Chemistry’, the vertical extent,

the u

cdraf+t velocity, the concentration cof supercccled
droglets of the cloudd, and the optiral temperature

necessars for tre action cf silver iodide particles is
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