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Abstract:

As its title implies, this study is an attempt to isolate and analyze various socio-economic implications
of weather Control, with specific attention, directed toward regent efforts to scientifically induce
precipitation in Montana The openihg chapter contains a brief account of the extensiveness of cloud
"seeding operations In Montana and other western states. Local developments are analyzed in some
detail to expose the kinds of organizational and operational difficulties which are likely to be
encountered by. agricultural, producers planning rain-increase programs.

The format of the study is intended to conform to what are considered to be. logical, research
procedures in professional, investigations, and rational decision-making processes at the managerial
level. The chapters are independent to the extent that important information relating to particular
aspects of rain increasing can be secured without perusal of the entire manuscript. However, a
simultaneous recognition of potentialities and limitations of rain increasing requires perspective of
technological, climatic, economic, and social factors affecting the success of operations.

In Part III, fundamental precipitation processes are described to explain why rainfall is not always
adequate under apparently favorable atmospheric conditions. The results of the General Electric
Company’s Project Cirrus and a research program conducted by a Canadian group are then reviewed to
compare the effectiveness of dry ice and silver iodide as artificial nucleating agents. A second reason
for studying basic meteorological principles is to determine the natural circumstances which constitute
seeding opportunities.

An effort is made in Part IV to obtain, for single localities, a rough indication of the probability of
receptive weather conditions prevailing during periods when rain-increase operations would ordinarily
be desired by farmers and ranchers. Probabilities are comparatively expressed as gross seeding
potentials which have been based on areal rainfall variations characteristic of eight major weather types
affecting Montana during the growing season.

Part V conceptually defines the relationship of rain increasing to economic decisions of farm firms and
seeding firms= It further specifies how induced rainfall should be used to benefit these two producer
groups, and society as well.

Secondary only to technical and climatic requirements for successful seeding programs is proper
knowledge of the broad issues involved in planning operations, conducting them, and then assessing
results= In Part VI, treatment is given major legal and evaluative controversies evolving from
commercial seeding activities= Suggested approaches and solutions to these problems are enumerated
as they might apply to Montana institutions. The final section develops an argument for postppning
conclusions concerning cloud seeding effectiveness until complete and reliable evaluations are
produced=
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Abstract
As its tltle 1mp11es9 this study is an attempt to 1solate and analyze
various socio-economic. 1mp11cat10ns of weather control, with speciflc
attention directed toward recent efforts to 501ent1f1cally induce precipi-
tation in Montana. The openihg chapter contains a brief account of the
extensiveness of ¢loud seedlng operations in Montana’ and other western

stateso, Local developments are analyzed in some detall to expose the kinds
of organlzatlonal and_operational dlfflcultles whlch are likely to be
encountetred by agrlcultural producers planning ralnalncrease programs,.

. The format of the study is intended to conform to what are considered
t6 be logical research procedures in professional investigations, and
ratlonal de01slon—mak1ng procéesses at the managerial level., The chapters
are 1ndependent to the extent that important information relating to
particular aspects of rain 1ncrea31ng can be secured without pérusal of
the entire manuscript.. Howeverg a simultaneous recognition of potentla-.
lities and limitations of rain increasing réquires perspective of techno=
logical, cl:.matic9 economic, and social factors affecting the success of
operations, ) .

In Part III, fundamental precipitation processes are described to
explain why rainfall is not always adequate under apparently favorable
atmospheric conditions. The results of the General Electric Company’s
Project Cirrus and a research program conducted by a Canadian group are
then reviewed to compare the effectiveness of dry ice and silver iodide as
artificial nucleating agents. A second reason for studying basic meteoro-=
logical principles is to determine the natural circumstances which consti-
tute seeding opportunities.

. An effort is made in Part IV to obtain, for single localities, a rough
indication of the probablllty of receptive weather conditions prevailing
during periods when rain-incréase operations would ordinarily be desited
by farmers and ranchers. Probabilities ate comparatively expressed as
gross seeding potentials which have been based on areal rainfall variations
characteristic of eight major weather types affecting Montana during the
growing season,

Part V conceptually defines the relationship of rain increasing to
economic¢ decisions of farm firms and Seeding firms. It.furthér specifies
how induced Fainfall should be used to benefit these two producer groups,
and society as well,

Secondary only to technical and climatic requirements for successful
seeding program$ is proper knowledgé of the broad issues invéelved in
planning operatlons9 conducting them, and then assessing results. In Part
VI, treatment is given major legal and evaluative controversies evolving
from commercial seedlng activitiés., Suggested appxoaches and sélutions to _
these problems are enumerated as they might apply to Mohtana institutions,
The final section develops an argument for postponing conclusions concerning
cloud seeding effectiveness until complete and reliable evaluations are
produceds :
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PART I
INTRODUCTION AND THE PROBLEM SETTING
Introduction
Current interest in weather control as a new frﬁntier in agriculﬁﬁral
development was aroused early in 1946, Whilefgtudying the problem of |
aircraft icing, Schaefer observed an apparent ghy§ical'property of solid
carbon dioxide (dry ice) which converted super-cooled waterﬂdroplets to ice.
crystals. Thg transformation was thought té be associated with normal
precipitation-forming processes. 1/ Schaefer’'s observations were'checked_
and verified in a series of 1aborat6§§ aﬂa?field tests conducted by the
Genera; Electric Company, under the auspices of interested‘aéencies in the
armed services.' Subsequent studies have been~c$rried on within the United

States Weather Bureau, by other research groups in the United States, and

’ &\..J( o
by various foreign investigators.. These-later studies have been concerned

with finding the methods by which cloud modification can best be achieved,
w

©

and the atmospheric conditions which must prevail to get beneficial -and
significant results. _ . :
Programs of pas;p research into the technicalities of weather control
have revealed a.nUﬁber of possible applic;tions that can proVe useful to
Agriculture. Apart from the prime objective of increasing precipitation;

there is'also promise of the ability to decrease rainfall, moderate its

L/ For an interesting account of Sghaefer's early work and General Electric
Company experiments, see "Project girrus==The Story of Cloud Seeding",
General Electric Review, November 1950,

o,
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2

g -
B




Lo 2
intensity, control evaporation, suppress hail-activity, and arrest the
developmenf of incipient lightning storms.

When it became evident that the crystallizing reaction of carbon
dioxide might be duplicated with more stable agents, the modification of
clouds over wide regions became feasible. g/ Industrxy and agricultﬁre have
both recognized the potential benefits to be derived from increasing
precipitation, As a result, commercial activity in weather control has
become widespread. Though the extent of these operations is not definitely
known, it is estimated that at least 500 million acres of western crop and .
range lands were under contract for cloud seeding in 1951, §/ This acreage
represents twelve times the total area of farm land included in existing
irrigation -projects. Over the United States, unit acre assessments to
cover seeding costs have averaged one cent for grazing lands and fifteen
cents for cultivated lands. i/ While the majority of seeding programs have
been designed to increase rainfail in moisturé-deficient areas, some have
been initiated for specific purpeses of decreasing rainfall, suppressing
hail, and regulating forest humidity. ‘Utilities inter@sted in hydroelectric
power generation have conducted cléud seeding with intentions of increasing

~runoff and snowpack in resevoir and drainage areas. A seeding project

designed to control forest fires was conducted in Tillamook County, Oregon,

(cont. po 4)

g/ The common agent used in large-scale seeding is silver iodide, a salt
with a crystalline structure very gimilar to that of dry ice.

§/ Ray Mitten, "Rain Making Becomes a Science--and a Problem®, Nations
Business, Vol. 42, No., 3, March 1954, p. 34,

4/ 1bide; p. 35.
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- 4
from August through October, 1951. Similar projects have been carried on
throughout Pacific coast states, but mainly in California.

The firs} sizeable agricultural acreage to come under seeding was an
area in south-central Washington. 1In 1950, an estimated 100 thousand acres
of wheat land near Prosse¥ received 190 per cent of usual summex rainfall.
The large depértufe from normal was attributed to cloud seeding in the
area. Interest in the agricultural applications of weather modification

became general over the western states during 1951 and 1952. (See Figure 1).

Projects and Association Activities in Montana 5/

Though some interest in rain increasing was evident in Montana in 1950,
no cloud seeding projects were underway until. the following season.
Agricultural programs have usually been initiated by local residents inter-
ested in securing projects for their communities. Following contact with
representatives of commercial concerns, associations have bgen organized
and legaliy constituted as non-profit, noncapital=stock corporations spon-
soring research. In some cases; actual opefatiOns were preceded by climatic
surveys of geographic areas to be included. g/ Only one seeding fixm con=-
ducted such preliminary studies. The following paragraphs Summarize the

activities of respective associations, noting the extent of their projects,

and listing special problems encountered. Z/ )
{cont. p. 8)

5/ Relevant data were secured from association officials and supplemented
To some extent with infoxrmation known to the writer,

9/ Surveys were to indicate whether Seediné was likely to be successful,
considering local features and climatic histories of the areas served.

7/ 1951-1953 operational areas are mapped in Figure 2. Accompanying data
are provided in Tables I and II.
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Project Histories

The first association incorporated under Montana statutes was the

Three Rivers Weather Research Corporation. This group was formed in

January 1951, and planned seeding operations for Jefferson, Beaverhead,
éallatin9 Broadwater, and Madison counties. In negotiations with a
Qolorado firm, cost of seeding the area for the period April 15 through
September was quoted at $42,500.00. Seeding began when $22,500,00 was paid.
Two additional payments of $10,000,00 were to be paid June 1 and at the ené
of the contract period. The association succeeded in raising the down pay-
ment only, with ¢onﬁributions coming from appréximately 300 farm operators
in the five counties. Members weré asked to contribute fifteen ceénts an
acre for érop land and three cents for pastures. Because- the summér-of
1951 was abnormally dry in the region, the operation was mot successful.
Though seeding equipment was in place throughout the operational pe_riod9
few opportunities arose for utilizing it.

Tﬁe association planned no program for 1952; and disbanded in 1953,
following payment of $2600,00 as a final settlement on the Origiﬁal con-
tract. Association officials and members were not pleased with the results
of the project. Favorable response to cloud seeding was not general; and
;fficers attributed part of the difficulty in securing adequate funds to
religious sentiment against weather control activities. Officials also
¢oncludéd that contracts specifying fixed fees a¥eé not a satisfaétory form
of agreement.

-

The most extensive agricultural cloud seeding projects in Montana have

been supported by the High Line Rain Increasing Association. Also
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igco;po;ateq;in early 1951, this association sponsored seé@ing operations
covering Hill, Liberty, and Toole counties; and parts of G%gcier, ééndera,
Choteau, and Cascade counties. The assessment in these areéas was tén cents
per acre of cultivated land, and five cents per acre of éréziné land. The
association was successful in raising $40,000.00 to fimaricé operations for
the period May through September. Ah estimated 500 ranchers partipip;ted
in 1951 and in_the season following. The operational area was shmaller in
1952, coveriné only Hill, Liberty, and Toole counties. ThHe program was
curtailed because of finané¢ial difficulties, but the assééiétion paid _
$26,000,00 for a limited operation. Contributing members feel that pro-
grams should continue for at least several years, and that costs should be
equitably distributed by county-wide mill levies. The association has
attempted to secure passage of legislation authorizing counties to make
such asséssments°

Cited as additional obstacles to securing adequate financing were
skepticismy; and the withdrawal of pledges after seeding was underway.
Also, ranchers in the area have been disappointed by the apparent failure
of seeding to prevent hail storms. Hail suppression was an extra benefit
they had hoped to derive from financing rain incxeasing. The association
remains active, but did not conduct opexrations in 1953. Officials hoped
new interest could be arouééd if a perfermance contract governed payment
to the contractor. However, plans for a 1953 operation failed to materia-
lize,

The Northeast Montana Rain Increase Association was organized at

Poplai‘in 1951, It was to sponsor cloud seeding operations for Roosevelt,
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She;idaﬁ, l?ar_miels9 and Richland counties. A program was planned for May
through August9 with a harvest interruption scheduled for the early weeks
in the last month. Contributions were received from nearly 700 farm
operators in the area, A few townspeople also made contributions. Indi-
vidual acreage assessments were eleven cents for ciop land and five cents
for grazing land controiled by fhe subscriber. The fee of the contracting
concern was to be $31,000.00. The association succeeded in raising eighty
per cent of this amount. Midway in the course of operations the group
separately employed a contractor who practiced aircraft seeding methods, in
contrast to the originally hired concern which used ground equipment. As a

whole, ranchers were not satisfied with the accomplishments of their asso-

ciation. It was inactivated at the completion of the 1951 operation.

In June 1951, the Central Montana Weather ImprovementiAssociation was
incorporated at Lewistown., This group ﬁIanhéd June through August sgeding
for Fergus, Judith Basin, and Petroleum countiesQ Approximately one-third
of the stipulated fee of $42,000.00 was raised. Operations ceased when
the balance became overdue. Subscriptions were received from an estimated
400 farm operators in the three counties. The common assessment was ten
cents for fa¥m land and tﬁo,cents for grazing land.

Association officialg.report that voluntary subscription is not a~
satisfactory method of raising necessary funds for rain-increase programs,
though response to cloud seeding was geneéally favorable. Among ranchers
welcoming establishment of the project there were many not inclined to
offer their financial suppoxrt. They hoped to capitalize on the inability

of contractors to "target’ rainfall with preciszion. The assumption was
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that all operators in the general area would be recipients of rainfall
increases. The association remains active, but since 1951 has hot engaged
in any seeding.
In May 19519 Custer, Rosebud, Garfield, and Fallon counties were

included in a_seeding project organized by the Southeastern Montana Weather

Improvement Association. Aside from minor harvesting interruptions, seeding

was carried on from May through September at a cost of $49,000.00. Payment
from ranchers was based on assessments of ten cents an acre for cropland
holdings, and two cents for range.

In 1952, operations were limited to Rosebud and Custer counties.

' Because the association obtained a contract based on performance conditions,

cost for seeding the two counties came to only $2000.00. Finances were
raised on the basis of a general one cent per acre rate, with relatively
few ranchers contributing.

Operations were further curtailed in terms of area in 1953, with a
program planned for Custer county only. The association paid $7500.00 to
a California concern for an operation running from May through September.
Texms, 0f the contract provided that lump sums of $250.00 would be paid when-
ever precipitation in the county averaged .25 inch in a twenty-four hour
period. Required readings wexe taken'at‘four official Weather Bureau
recording stations. The association has been pleased with the service
rendered under performance contracts, but nevertheless, expresses concern
over difficulty in raising funds.

Powder River county has been included in a seeding project which

extended into Montana from Wyoming. In April 1951, the Powder River Weather
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Research Corporation was o;ganiiedvunder Wyoming laws, The_primary member-

ship was drawn froﬁ Sheridan, Jbﬁnson; and Campbell counties in Wyoming.
Portions of Converse, Crook, Weston, and Niobrara counties were also in the
project area, which tptéleé over 16 million acres. Cloud seeding was con-
ducted from April_thréugh September, at a cost of $93,500.00, The entire
amount was raised, with PoWder River county in Montana contributing an
unknown proportion. Subseduent operations have not included Powder River
county.

An industrial cloud séeding operation indirectly invoiving agricul -
tural groups_in Montana ‘wa8 announced in September 1951 by the Bonqgviile
Power Administration, a government hydroelectric utility administering
federal power plants in the Pacific Northwest. |

The immediate problem was an acute shortage of available power for
industries and metrgpolitan~centers in Washington and Oregon. During the'm
summer of 1951, pre-operational surveys of Columbia River tributaries indi-
cated that maintenance of winter flow in the Columbia would provide a
360,000 kw, addition to the federal power pool in the Northwest. §/ Cloud
seeding was considered ;s a means of achieving increased runoff in the
watershed areas of ;daho and Montanaj; particularly in the Flathead,ﬂPend
Oreille, and Clark Fork drainageés.

The project was officially appzoved in mid-September and operations
were conducted primarily in the Pend Oreille region. Operations were

suspended in October. Farmers in the Flathead valley of Montana had

8/ Great Falls (Montana) Tribune, July 30, 195l.
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raised objections tq,thé'operatiph, expressing the fear that cloud seeding
would prolong a perioa of late and heavy summer rains delaying harvesting
in western Montana. The extent to whidh operational decisions were
influenced by farmer opposition is not known; however, seeding originally

planned to continue through December was not resumed.

Description of General Problems

In surveying rain increasing programs conducted to date in Montana,
two important facts stand out as possibly comprising a problem situation.
(1) Financing of projects has been very difficult, and (2) operations have
almost entirely ceased. However, financial reverses and decline in interest
are not problems in themselves, but merely represent a current condition.
Economic mqtives have led to establishment of individual seeding projects.
Technological and psychological factors have then determined the success of
and relative response to each respective program. The importance of these
underlying factors should be understood before attempting to ekplain current
difficulties,

The present status of rain increasing as an effective means of weather
control is one of doubt and uncertainty. ‘Doubt persists because of tradi=-
tional skepticism in regard to human efforts to control weather; and thel
supposed inabili%y of commercial opefators to produce tangible results.
Uncertainty prevails because some operations have apparently been very
successful, but no exact means have been discovered for segregating induced
rainfall from that which might have fallen if the weather were left undis-
turbed. Until precise évaluation methods are developed, precipitation

increases can be only dubiously attributed to cloud seeding.

~
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. Should the efficacy of cloud seeding be eventually disproved, no pro-
blem will exist for agricultural producers other than the formality of
éliminating commercial activity entirely. On the other hand; if ¢loud
seeding is definitely demonstrated to be effective, a wholé series of
economic and social implications will arisé. Economic problems will be
concerned with production effects 6f rainfall inCreéses9 reorganization of
enterprises; and revision of production planss SociQIOQical problems will
range from those related to organized supervision of operations to suggested l
measurés for maximizing social benéfits.

Associations surviving disappointing ope;ations have come to recognize
the limitations of weather ¢ontrol; and are mindful of controversies that
have affected thé success of past operations, both in Montana and other
states. Limitations and controversies are examined in later sections,
Meanwhile, attention can be given to the major factors which have limited
producer response, and those which might account. for the abandonment of
most programs in Montana. It is difficult to attach special significance
to all factors that might conceivably have affectéd the success of rain
'increasing programs. No doubt, sevéral sources of difficulty are purely
physical; with technical deficiencies underlying the failure of contractors
to produce results equivalent to the expectations of subscribers. Many
supporters have been lost because original programs were thought to be
opérational failures. Analysis of operations is beyond the scope of this
study, however. The major points to be considered in reférence to the
present situation can be grouped in three classes: (1) Psychological atti-

tudes, (2) Costs of participitation, and (3) Fear of legal involvement.
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Psychological Attitudes

Mental ‘sets’ associated with distrust of novel and untriéd innova-
tions in technology are influencing thé response of farm people to programs
aimed at increasing rainfall. Inhabitants of the Great Plains have, at -
times in the past, been'moved through desperation to putvfaith in any
suggested means for errcoming weather problems. Among various suggestions
have been pseudo-scientific techniques ostensibly capable of increasing
rainfall, g/ Failure of previous attempts to exercise control over weather
phenomena had led many people to conclude that all such activity is futile.
In defining a concept of regionalism based on "fiats®’ of nature, Gillette

remarks that the economic endeavors and cultures of social groups are

largely dictafed by the natural environment. lg/ Gillette assents to what
he terms partial controls over nature; i.e., irrigation, consexvation
practices, etc., but regrefs that man will never be capable of directly
controlling weather, Substantial numbers of farm operétors in the Plains
region (and elsewhere) have similarly accepted periodic rainfall deficiency
or other weather adversities as ungovernable laws of naturé or God. So long
as the efficacy of cloud seeding remains unproved beyond reasonable doubt,
deeply entrenched skeﬁticism will present a serious obstacle to securing_A_"
general support of cloud seeding progréms° Religious disappwoval:.would per-
sist regardless of scientific proof; and must be regarded as unlikely to be

completely overcome.

9/ N, F. Thomas, "Rainmaking Sixty Years Ago", Dakota Faxmer, Oct. 7, 1951.

10/ J. M. Gillette, North Dakota Weather and the Rural Economy, Bulletin
No. 11, Department of Sociology and Anthropology, University of North
-Dakota, p. 8, May 1948,
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Costs of Participation

Individual Contributions

The specific level of acreage assessments has not been critical in

. securing adequate operating funds. By comparison with various insurancé
premiums (crop,. hail, fire, etc.), farmers have considered cloud seeding
costs to be almost negligible. Operators have been disposed to either
accept the charges without compromise; or refuse to participate. The cost
decision almost invariably. has reflected: individual opinion as to the
probable success of seeding.

The non=profit legal status of associations permits members to write
off seeding fees as contributions to research. The speculative nature of
weather control might encourage the belief that exclusion of such costs
from production schedules would be reasonables Economically speaking,
however, there is no distinction between direct costs of productign and
voluntary suppoxt of research; since both &are borne with rational intentions,
i. e.y increased production, efficient production, improvement of competitive
position.

Seeding costs to farmers are fixed and joint whére equal assessmeﬁt
rates prevail for all classes of land and fixed-fee contracts are in effeéto
Where seeding firms must fulfill certain performance conditions to qualify
for incentive payments or ‘bonuses’ excesses over minimum payments would
represenf variable co§ts; because output levels would presumably vary with

.increments of increased rainfall. Minimum or retainer fees would constitute

fixed cost in any caseo

T v, 7;';
Tnimp
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Rate differentials for crop and range l§nds_assist somewhat in
separating costs and benefits for the single farm firm and areas. However,
the allocations cannot be completely determinate if not all farm operators
subscribe to programs. .Where non-participants receive collateral benefits
by reason of location within a project, association membeis are bearing an
unnécessary portion of social costse.

Should cloud seeding programs extend over long.periods; individual
farm operators should weigh requests for funds against thé probability of
their area receiving any benefit. The climatic character of some sections
can preclude receipt of significant rainfall increases. Operators in such
areas should realize that costly seeding projects would then be unwarranted.
In view of high improbability of benefit, éﬁy contributions, however
trivial; could not be justified economically,

Part IV includes a climatic survey of the state which might assist
individuals somewhat in estimating whether cloud-seéding holds promise for
all areaéo Thé information given is merely suggested as a tentative basis
for detexmining comparative success of seeding operatiéns in particular

sections,

Aggregate Payments

While individual contributions toward rain increasing do not‘appear‘to
be more than nominal, aggregate payments represent substantial sums, and
have made collection difficult where response is lacking. The level of
aggregate payments ié important in relaﬁing costs to expected benefits on
an areal basis. It also assists when attempts are made to perceive the

pricing policies of practitioners.
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.In Montana, cloud seeding firms have oféen quoted fees with an emphasi§
on establishing projects and securing contracts, rather than limiting operaw
tions to the most promising areas. To further this policy, associations
ﬁave been encouraged to distribute costs among as large a membership as
possible. On some occasions, contractors have agreed to greatly enlarge
target areas at no additional cost to associations. Such inducemehts have
done little to overcome reluctance of uninterested potential subscribers.
Conclusions drawn might be that an unusually large proportion.of costs
incurred by seeding concerns are fixed, or that some seeding charges include
returns to the seeder greater than the estimated value of the services would
indicate,

The fact that many producers do not wish to participate, regardless of
costy, can be attributed to the factors listed under attitudes, or to dis-
like of promotional practices employed by some concerns and adopted by ever-
enthusiastic association officials.

Alternative explanations of policies of contractors involve other
aspects of pricing. Sizeable reductions in fees have been made from those
quoted in preliminary negetiations or from costs of similar operations. It
might be concluded that contractors have been willing to operate below aver-
age total cost temporarily, with intentions of establishing their positien
in the field, and/or increasing the demand for their services. Initial
demand for the services of cloud seeding concerns presumably was created
when potentialities of weather modification were publicized.

Several seeding concerns have been active in Montana, all entering

simultaneously. The competitive relationship of these firms has acquired
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characteristics of a partial oligopoly. Each firm has recognized that
changes in their pricing policies would cause reaﬁtions on the part of
competitors. Complete oligopoly is ruled out on the assumptions that
collusion is legally prohibited, and that no desire exists for maximization
of joint profits. Demand for cloud seeding services is not inelastic enough
to permit manipulation of fees in respect to the sales schedule.

Initially, (1951 season), seeding firms may have set their fees within
a range-~the lower limit covering estimated total costs of ‘operating® a
project, and the maximum representing an approximation of the average
revenue schedule. If all firms followed this procedure, the level of fees
should have become somewhat uniform and customary, with the kink peculiar
to oligopoly average revenue curves esfablisﬁed at this level, 1In the 1952
season; individual reductions from 1951 fees resulted in general rate
reductions, but no increased demand for seeding services was noted. If
‘fees for all seeding concerns planning to operate in 1952 had increased or
remained at 1951 levels, quite likely no seeding projects would haye been
organized. As the situation developed in 1952 and 1953, it became apparent
that associations'were not willing to negetiaté.solely on the basis of a

stated fee for a firm's services.

Contractual Conditions

Had first operations been considered successful, associations would
probably have remgined satisfied with fixed-fee contracts. When expected
rainfall increases failed to materialize, however, associations realized
;hgy_we&e bearing .almost all risk of failures, Contractors were affected

because successful operations are necessary for retaining and acquiring
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clients. The majority of associations planning 1952 operations weuld not
agree to pay fixed fees; either in advance; or By installment)and most
seeding firms were not prepared to offer their services with guarantees of
specific results. The outcome was that only two projects were organized.

Operating agreements now in ¢ffect in Montana and other states require
that certain performance conditions be met by seeding firms. Under this
type of contract, rainfall received in target areas must equal or exceed
specified amounts or averages; .othexrwise no payment;=or minimum payment, is
made. The minimum presumably helps defray eperating costs. Compensation is
allowed if precipitation i$ in excess of the base figure. In the event
rainfall is greater than the bése by a relatively wide margin, maximum or
'bonus® payments are called for. Many variations of performance contracts
have been suggested, with all of them adjusting fees to rainfall actually
received.

Performance contracts take into account the real possibility of rain-
fall not being sufficient to produce an abundant, or even a normal crop,
regardless of rain increasing efforts. Howéver, cloud seeding should not
be evaluated solely in terms of contract fulfillment because the inability
of contractors to qualify for payment does not necessarily imply failure of
the operation. From a technical standpoint, the project might be considered

quite successful if the season was abnormally dry. ll/ The assumption is

ll/ To illustrate: Precipitation for the contract period may have béen
only 80 per cent of normal, with cloud seeding in progress. The séeding
fizm would not be entitled to payment if the base were set at normal (or
median), It would be incorrect to assume, however; that modification had
failed to affect rainfall to any appreciable extent. Without cloud seeding,
precipitation might have fallen below noxmal by more than 20 per cent.
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made that modification attempts must be coincident with natural storm
activity; in which case, the potential for substantially increasing rainfall
is dependent upon the frequency of seeding opportunities.

There is reason for believing that either form of operating contract
could be ﬁade applicable to varying climatic conditions in tﬁis statgo On
the basis of leng term records, fiked fees could reflect the probability of
favorable seeding conditions occurring in the area concerned. Efficiency
of seeding would be assumed, given desirable weather circumstances.
Performance contracts are indifectly based on similar climatic limitations,
though seeding efficiency is not taken for granted,

A suggested method for detexmining seeding potentials in various sec-
tions of Montana is developed in Part IV. The study is applicable to group
decisions as well as those that are the responsibility of individual farm
operators. Also, a relativé indication of the extént to which rainfall
could be affected in various localities is necessary for preliminary
economic and social studies., Total cost of possible state-wide programs

might be apportioned on the basis of climatic diffeé@nces between various

geographical regions,

Fear gi Legal Involvement

Actions of associations andaproducer response have undoubtedly been
influenced by legal factors. Poﬁular impressions of weather control
largely revolve about spectacular results, complete failures, and various
legal controversies. In 1951 the Asseociated Press reported an impending
controversy between wheat and irrigation farmers in central Washingtons

Press accounts of such disputes have led many Montana ranchers to conclude
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that their support of rain increasing projects might lead to similar compli-
cations here.

The incident referred to was regorted in March, 1951?‘12/ The stdry
announced the intention of 6500 soft-fruit, hay, and bean farmers to organ-
izec with the‘purpose of preventing adjacent wheat areas from receiving any
precipitation whatever. ié/ The contentions were that cherry crops would
be damaged by untimely rains, and that both fruit and bean harvesting would
be handicapped if seeding operations were sucéessfulq The cherry growers
employed a seeding firm that was to prevent rain from April 1 through
October 15, lﬁ/ Incidents of this nature have led to misinfoxmed public
thinking in regard to rain increasing. More often than not, conflicts have
resulted from lack of consideration for probliems of other groups in organizing
stages, rather than irresponsible.operations; Resolution of différences
should be possible withouf resort to preventative oﬁerations or litigation.

Conflicting interest has not been acute among agricultural éroups
sponsoring seeding activities in Montana. Previous mention was made of
the objections ranchers in the Flathead valley raised to the proposed
Bonneville project in western Montana and Idaho. Though complete agreement
was not reached, Bonneville administrators andffepresentatives of the con-
tractor met with the ranchers, and corrected many misconceptions concerning

objectives and operational plans.

12/ AP, Pasco (Washington), March 26, 195Ll..

li/ Sunshine Unlimited was the official name of the organization.

14/ The techniques for increasing and decreasing rainfall are identical.
To prevent rain, an attempt is made to ‘overseed® clouds, rather than furnish
optimum concentrations of silver iodide nucleis
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From the viewpoint of individuals and a;séciaxion§9 two. types..of.
grievances could result from sponsoring rain=increase programs. First,
there is the oft-quoted possibility of depriving others of precipitation
they would receive if weather were allowed to take its own course. The
second type includes allegations of property damage or other harmful

-effects which might result from tampering with weather processes. In
Montana, many farm operators see promise in rain increasing, but have with-
held their support because of these unresolved legal issues.

In regard to grievances of the first type, contractors deny that down-
wind areas are °robbed’ of moisture because of cloud seeding. lé/ They
contend that under natural conditions, approximately one per cent of
precipitable water reaches the earth. Seeding might release an additional
one per cent; thus leaving 98 per cent of the total, which (through mixing)
should be sufficient for generating further activity. Such statements méy"
be correct, but the issue still remains; even among professional meteorolo-
gists. The question should accordingly be examined for legal implications.

If the supply of atmospheric moisture is limited (in a practical sense),
individuals or associations may be required to justify their attempts to
secure additional rainfall. Where increases could be obtained only at the
expense of adjacent or distant regions, special operating restrictions may
be in order. Ranchers would then be'facing old water problems in a new
form. It appears that there are few authoritative precedents for determining

entitlement to atmospheric moisture. The doctrines of riparianism and

lé/ “Can We Make It Rain?"; Farm Quarterly, Summer, 1952, p. 37.
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appropriation, while conoting_some reference, cannot be applied to uncon-
-fined water. Oddly enough, concepts supporting claims to sub-surface water
may be somewhat relevant. As in the case of underground water, however,
information regarding definite sources is very inadequate.

Professionéi dissent is apparent in ré;pect to the second category of
grievances also. The majority of contractors deny thaf modification can
result in damages to clients and third persons, although many seeding firms
carry insurance which covers éosts of possible legal actions arising from
their activities, |

Damage may be in the form of unwanted rainfall in other areas, or
excesses for the target area. Farmers pa}ing for the seeding could thém-
- selves suffer if operations were too sﬁcces_sfulo Usual agreements which
commit ranchers to finance association activities do not state which party
may be liable for damages. One associationﬁin Montana, however, has speci-
fically refused to assume any liébility for excess amounts of rainfall. lé/
Seeding firms cannot be held liable unless there is evidence of nonprofes-
sional or negligent supervision. ‘Such proof would be‘extremely difficult
to establish; and meanwhile, injd;ed outsiders might bring action against'
associations or members.

Various legal imﬁlications have been described in this section to
illustrate their importance for individual ranchers, sponsoring groups, and
others concerned with the operation of weather control programs. Legalities

have certainly affected present thinking in respect to many questions, and

lé/ See Section 4 of Agreement in Appendix B,
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have given rise to several disputes. The major implications brought out
here are discussed further in Part VI, along with other controversial aspects.
The later section reviews some suggested approaches to legal problems, with

emphasis on those relating to rights and liabilities of farm operators.
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PART II
METHODOLOGY

Broadly speaking, agricultural implications of weather control are
separable into two principal categories. First, there are those amenable
to economic interpretation; and second, those requiring sociological
examination and criticism. Economic implications arise directly from
prospective additional moisture available for crop and forage production,
Sociologicalaspects relate to the anticipated degree of social progress
permitted by increased efficiency in economic endeavors. Perhaps also
involved is a political mandate for concerted action to bring about the
realizationSof both econpmic and social benefits.

Part I was concerned with introducing several economic and social pro-
blems as they have been encountered by farm operators seeking to appropriate
rain increasing to the dual objectives of raising the lével‘of farm income
and reducing income Qariation caused by climatic uncertainty. Actual cloud
seeding opérations were reviewed to illustrate the potential scope of rain
increasing and the kinds of difficuities likely to be encountered in its

-generai application to weather problems in semi-arid areas. The psychologi-
cal, cost, and legal factors described in‘Pért I largeiy account for the

current status of rain increasing and its attendant controversies,

The Problem Situation

" The Problem Setting

The present rain increasing situation in Montana and other western
states is characterized by doubt, confusion, and uncertainty--both in the

minds of farm operators and those who deal With agricultural problems@
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Because many projects have been termed unsuccessful, many participating
ranchers and prqfessional agriculturists doubt that cloud sgeding is as
effective as its proponents have claimed it to be. This doubt is added to
that already in evidence'with the large proportion of farm operators who
never supported projects from the begin.ning°

The situation is confused for several reasons. Programs have not
always been well planned; with the consequence that organization, financing,
and actual operations have beén haphazard. Undue haste in getting programs
underway has not encouraged the proper consideration of basic technical and
climatic limitations to the probable sﬁccess of operations. The possibility
of inopportune weather conditions persisting has not always been presented
+to associations and their members, Failure to realize expected benefits has
then led to the blanket assumption that cloud seeding is totally unproductive.

Confusion exists also with respect to apparently successful programs.
Where significant departures above normal rainfall have occurred, criti?s
contend that the increase would ordinarily have been received in the absence
of cloud seeding. In situations of this kind the individual farm operator
is faced witﬁ a paradox. If rainfall has exceeded normally received amounts,
he is inclined to”accept as substantiated the claims of contractors that
the increase can be attributed to cloud seeding ac’givi'tyo On the other
hand, he cannot be certain that the'statements of critics are incorrect
because he cannot quantitatively ésseés results for himself.

A farm operator has two alternatives if he is doubtful of the success
of a completed operation; First, he can decline to offer further support

pending proof of the effectiveness of cloud seeding; or he can continue his
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support. There may be two reasons for doing the latter. The action might
be knowingly taken as a contribution to an experiment, or with the hope
that successive attempts will yield more results, (assuming operations
suffered from unavoidable climatic conditions). The provision of evalua-
tive data would not modify these alternatives but would certainly make
choices easier and more deliberate. Most disappointed ranchers in Montana
have selected the first alternative as the easiest way out of the dilemma,'
though_thef still concede that rain increasing has interesting possibilities.
Ranchers continuing their support of operations have of course accepted the
second alternative, but have relieved themselves of some risk by securing
agreements based on performance conditions.

Doubt and confusion surrounding the weather control issue make theL
;osition of the farm operator uncertain in two respects. First, it has not
yet been determined whether his financial support of past programs has beén
profitableo- At best, his estimafes of programs success can only be quali-
tative and very subjective. The absencé of impartial evaluations of past
programs is also cause for the second and more important element of uncer-
tainty. Wﬁere evaluations are lacking, the‘farmer has no guide for making
decisions relevant té the continuance of seeding programs. Here again he
must rely éntirely on his own judgement plus whatever information isnsupplied
by commercial concerns. Actually, sponsors of projects are in the same
position now as they were when thé possibilities of cloud seeding were first
made known to them. At that time they supported programs with the expecta-
tion that evaluations upon which.to base future decisions would soon be

forthcoming. However, after several years of cloud seeding activity in
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Montana'and other areas of the country, no generally accepted conclusions
regarding effects have been reached..

If induced aqd naturally occurring p£ecipitatioq could be segregatéd,
the problem of evaluating rain-increase operations would be.comparativel§
simple. The fact that both are produced under essentially similar atmos-
pheric conditions prohibits absolute judgements of the effectiveness of
various seeding agents and the success claims of contractors. Evaluations
conducted to date have attempted to isolate rainfall inerementé statistically,
usually by comparing target area precipitation to that received at selected
control stations. Though some of these studies are quite impressive, none
haé been generally accepted. Disputes concern operational methods, statis-
tical procedures, and the assumptions that weather phenomena are or are not
the resultants of chance conditions. Such wide disagreement in the scientific
area has created complex problems for economic groups interested in the
application of weather control. Several methods of evaluation are described

in Part VI to illustrate these points.

The Problem Statement

The outstanding problem in regard to rain increasing in Montana is the
same problem cufrently confronéing agricultural producers elsewhere, and
can be summed very briefly 'in the form of two questions. The first is
closely related to project evaIUaéions and the second implies a decision-
making process.

1.) wWith respect to completed operations, have supporters of rain

increasing programs received any.return on their investment?
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2.) 1In reéard to question 1 and in view of the contentious nature of
weather control, is continued support of programs justified? If so, on what
basis?

The necessity for considering alternative organizational forms for
implementing programs is important also but is presently less controvérsial
than the two questions listed and depends to a great extent on the answers

to them.

Problem Analysis

An affirmative answer to the first major question necessarily requires
rather complete knowledge of the efficacy of weather modification techniques.
Such knowledge would make it possible to determine whether rainfall increﬁses
were actually received or not. It would also assist in measuring the eco-
nomic worth of rainfall increments in terms of higher income levels or
reduced variability in income err long periods. In the absence of increases
it has sometimes been argued that seeding firms are entitled to compensation
for attempting to increase precipitation. There are probably a few farm
operators who agree with this contention. Unfortunately, however, any éatis-
faction derived from knowing that someone was working with “the problem of
rainfall deficiency represents a psychic return impossible to measure in
economic terms, '

A negative reply to question 1 would either imply that projects havg
been complete failures, or that any indrea;es recei;ed have been inconse-
quential, Apparently, this is the view taken by ranchers discontinuing
programs and disbanding associations. For them it is not a matter of being-

correct in assuming operational failure, but rather of basing decisions on
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available information. Where information is incomplete, QUestionable, or
controversialjnd decision can accurafely reflect well-considered judgements.,
The conclusion drawn here in regafd to the first question is that

attempts to answer it on the basis of available evidence would be, ill-
advised. Even though hypotheses could be fgrmulatéd and tested by analyzing
past operations, there are not sufficient data available to support irrefut-
able conclusions. With disagreement so evident among those intimately
associated with the scientific aspects of the problem, and with evaluations
so limited in application, critical examination of single projects is
almost impossible. Consequently, no answer to qhestion 1 will be sought in
this study. There will, however, be an attempt to set up certain criteria
for determining when ;ainfall increases would be economically significant,

LAnswers to the second major question are also difficult to defend,
although they are less debatable in some respects. A positive attitude,
probably not much more than a value judgement, would conditionally justify
rain=increase programs for farm operators if there was an awareness of crit-
ical limitations and the possibility that cloud éeeding could gventually be
proved ineffective. This is probably the conclusion reached by ranchers
currently supporting active projects. Along with other pérticipants, they
no doubt Have been keenly disappointed with rain increasing programs, and
yet have known that logically consistent judgements cannot be based on
single cases or a very limited number of cases. Pérhaps they feel that the
awaiting of inviolate proof and early abandonment of projects will not
serve their interests any more than will premature'and unqualified acceptance

of weather modification. Ranchers taking these views likely favor the




- 32 =
coptinuance of programs for at least several seasons with the hope that
complete informgtion will become available. Also, there may be intentions
of benefiting from continuing progress in seeding téchnologyﬁor the possible
onset of a series of climatic condifions uniquely favorable for increésing
rainfall,

The above coﬂsiderations lend some weight to arguments for continued
producer support of rain inéreasing, but they should not be construed .as
warranting the indefinite extension of unsuccessful opera\tionsc Least of
all are they cogent reasons for expecting that economic benefits should
immediately accrue from cloud seeding activity.

As with question 1, there will be no attempt in this study to form and
defend an opinion as to whether farm operators should avaii themselves of
the §ervices of cloud seeding firms. This particular decision is the pre-
rogative and responsibility of managers themselves. However, farmers and
ranchers undoubtédly would welcome any information that woéuld assist in
future deliberations or in judging whether decisions to discontinue past
programs were wisé., The extension of information relevant to the problem
situation described in previous paragraphs (why it exists and how it might

be improved) is one objective of this study. A second objective is the

-developmént of methods for estimating economic potentialities of sustained

cloud seeding and the setting up of c¢riteria for an optimal distribution of

-econdmic beénefits.,

The Research Problem

With respect to the objective of mitigating the doubt and uncertainty

characterizing the ‘'presént day® problem in weather control, the research
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problem is essentially an educational one., It involves the selection and
dissemination of information that will séfve best in removing (or at least
explaining) the underlying causes of indecision'pléguing farm operators.
The fact that the problem situation is composed of social as well as econo-
mic factors requires exploration into evaluating techniques and policy
aspects of weather control, both of which are highly controvers‘;al° Fortun-
ately, these major controversies are grounded in the same causes of disagree-
ment as to economic feasibility. (Is rain increasing really effective?
Who will benefit and who might be harmed?) Reliable physical data would
throw light on both sets of factors.

The development of methods'for analyzing the economic consequences of
induced rainfall involves much more than the mere collection and distribu-
tion of data. The research problem in this case is the construction of a
suitable theoretical framework within which maximizing or minimizing
principles can be appliéd to economic questions facing farm firms, seeding
firms, or society. In regard to research in agricultural economics, such
a model should be adaptable to three types of studies: 1.) determining the
optimum use of rainfall increases as a production factor in various agricul-
tural enterprises, 2.) outlining the extent to which existing resource
use, i.e.y, land utilization, might be changed because of new alternative
factor combinations; and 3.) comparing the inter-area differences in 1 and

"readjustments in 2.

Research Hypotheses

Hypotheses relating to the first research problem have been formulated

and tested in the initial phase of this study. Given the problem of why -
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interest in rain increasing waned so quickly in Montana, the tentative
solution was that farm operators and associations were concerned about
apparent inefficiencies in operational techniques; means of financing, or

various psychological and legal factors. This belief was substantiated by

‘the replies of survey subjects to appropriate questions and by additive

comments, The educational problem is essentially mechanical and its
attempted solution can be combined with the protedure for constructing
economic models.

The major hypotheses formulated in regard to the analytical problem '
are that no economic indicators would prove reliable unless derived
directly from technical and climatic relationshipss; and that wheré usable
data are lacking, it is necessary to delve into the subject matter of
other disciplines, viz., meteorology and climatology. These physical’
sciences already have an important relationship to.agriculture. Heady
admits that agricultural economics, particularly its production phases,
would have little content if it were not able to dfaw data for input-
output relations, production possibilities, substitution ratios, and scale
or size relationships from technical sciences., i/ These are the kinds of
data not at the disposal of economists desiring to work with weather control
problems, |

A secondary hypothesis, concerning thg best procedure for getting

needed physicai data, concerns the weather-type approach to climatic and

l/ Earl. O. Heady, Economics of Agricultural Production and Resource Use,

Prentice~Hall Inc., New York, 1952, p. 13.
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economic problems in raim increasing. This hypothesis is elaborated upon

in the section on Climatology (Part IV.)

The Research Method

The simultaneous achievement of the two objectives of this study
’represents a problem in applied agricultural economics and rural sociology
that requires excursions into other social sciences*and some physical
sciences. The survey (a case study) of recent rain-ing;ease programs in'
Montana revealed that the process of proéucer decision-making was psycho-
logical as well as economic, and probably more so. The motives of farm
operators in supporting programs can be explained as'weil in terms of
securing a more pleasant sociological environment as in realizing the fin-
ancial returns of increased or stabilized production. Where a single
producer is concerned, the achievement of economic ‘means’ ﬁo sociological
‘ends’ greatly depends on whether he prefers to remain a so-called
’individualist® and have complete freedom in conducting programs (even down
to running his own qloud seeding generator), or allow his objectives to be
reconciled with those of neighboring farmérs and other societal groups.
Ihter-farm problems in weather control for the most part afe problems in
community cooperations consequently, the acceptance of rain increasing as a
new production technique involves both economic and sociologicéi considera-
tions. 1If legal aspects are as important to decisions as they appear to be,
elements of political science must also be”injected into problem solutions.

Described as concisely as possible, the plan of this study is as

follows: The technology of weather modification and climatological
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principles are combined to determine what rain increasing programs can
achieve with present techniques and resources. An-economic section specifies
how rainfall increments should be utilized to benefit farm firms and society.
The final chapter, on social issues, first describes how producer choices
could be limited by existing institutional factors or newer expressions of
group values in the form of regulatory legislation. The study concludes
with an argument for postponing any judgements of the actual effectiveness

of cloud seeding until complete and reliable evaluations are produced.
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PART III

TECHNOLOGY

Introduction

.To see the economic potentialities of rain increasing in their proper
" perspective requires at least cursory knowledge of the physical processes
involved and the scieﬁtific techniques employed in commercial operations. B
Groups interested in the application of weather modification-;o their pafti—
cular problems are little concerned with mechanisms underlying the forma-
tion qf precipitation or in the specific techniques designed to control
these processes, However, participants too often have been familiarized
with promising poséibilities of rain iﬁcreasing wiihout being aware of the
practicable limits to the use of cloud seeding techniques., The originally
prevalent assumption that rain increase programs could not be anything bpt
successful has led to dissatisfaction with the accomplishments of associ-i
ﬁtions and.contractors alike, If ranchers could plan programs with refer-
ence to technical limitations as well as possibilities, considerably less
disappointment would follow,

A detailed knowledge of Meteorelogy as it is applied in scientific
rain induction is not essential to the recognitien of critical limits to
successful weather control., The information presented here is not iﬁtended
to completely cover technical aspects, though it should suffice in over-
coming misconceptions of the manner in which cloud seeding techniques

are being applied. In this and the follwoing section, technology and
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climatology are integrated in arriving at some general conclusions regarding

expectancy of economic benefits in Montana. .

The Meteorological Background of Weather Modification

Precipitation Theories

Before listing important research findings whi?h relate directly to
the local problem it may be helpful to briefly recount basic theories of_
the causes of precipitation and why it does not always occur under condi-
tions thought to be favorabiea Three méjor theories thus far advanced have
been designated the ice cry§ta1 process, the vapor-pressure differential
process, and the salt nuclei process.,

The most widely accepted theory of precipitation formation was pro-
posed in 1933 by Bergeron, who suggested that rain resulted from the
inital formation of snow in the upper parts of clouds, l/ Acgording to
Bergeron, if ice crystals, water vapor, and water droplets co-exist in a
cloudy; an equilibrium can be maintained only bé a preferential growth of
ice crystals at the expense of water droplets in its vicinity. Given Suffi=
cient moisture, snow particles eventually form from ice crystals and pro-
ceed to fall, If reaching the freezing level, they melt and leave the cloud
as rain. Whether the precipitation reaches the earth or is evaporated
depends primarily on the size of the raindrops or snowflakes, relative humi-
dity, and the air temperature between the c¢loud base and the ground.

A second credible theory, similar to Bergeron's, has been advanced by

Petterssen, who does not assume that rain must necessarily be preceded by

L/ Berry, Bollay, and Beers, Handbook of Meteorology, McGraw=Hill Book
Company, New York, 1945, p. 260,
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the formation of snow, g/ Petterssen aftributes the development of rain-
drops to diffefential vapor pressures_ between water droplets of varying
temperatures. As in the Bergeron process, differences in vapor pressure
lead to preferential growth, though of cold droplets at the expense of
relatively Warmer ones. The bresence of ice crystals is not considered
essential for the reaction to continue.

The salt nuclei theory-explains the formation of natural rainfall in
warmer latitucies° Though Bergeron’s process is considered operative even
in tropical regions, the salt nuclei theory refers specifically to rain
formation in warm clouds, Accprding to this explanation, certain forms of
hygroscopic nuclei present in the atmosphere attract water vapor and %hen
enlarge by coalescence with smaller droplets encountered while falling
through the cloud. §/

The three theories are over-simplified here, but:they do suggest (parf
ticularly Bergeron's) possibilities of iﬁtiating or accelerating precipita-
tion, The major factors contributing to supercooling of air-borne moisture
are thought to be lack of turbulence and a shortage of agents which ordin-
arily serve as necessary nuclei for ice crystals and water droplets. The
object of weather modification is the provision of optimum concentrations
of effective nuclei, Natﬁral and-artificial nuclei are classified into
three groups corresponding to modes and temperature ranges of reaction. .

Included are condensation, sublimation, and freezing nuclei. Each

g/ Sverre Petterssen, Weather Analysis and Forecasting, McGraw-Hill Book
Company, New York, 1940, p. 46,

g/ Berry, et, al.y po 261,
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have special functioﬁé in natural or induced precipitation

processes, 4/

Condensation Nuclei

. Condensation nuclei become active when atmosphefig air is cooled below
the dew poiht° g/ The number of watef droplets'forming depends on the
concentration of the nuclei previous to cooling. Sources of condensation
nuclei are industrial and forest fire smokes aé well as some kinds of salt
pgrticles coming from the' oceans, These nuclei are generally abundant,
though at times the atmosphere may be deficient in them at high elevations.
It should be emphasized that condensation nuclei serve only as cen}ers of

water droplets that can remain liquid at temperatures warmer than -38.5° C,

because 390 C., is the lower 1limit of supercooling.

Sublimation Nuclei and the Use of Silver Iodide

Certain kinds of submicroscopic dust particles and chemical salts can
act as sublimation nuclei. They possess properties of inducing the direct
conversion of water vapor to ice crystals without ‘the intermediate formation
9f liquid droplets. Natural sublimation nuclei begin to be effective at
=129 C., Below this point there is wide variation in thée effectiveness of

different soil particles. Schaefer has found the most effective types of

4/ as early as 1949, Schaefer émphasized the importance of dlstlngu1sh1ng
The relationships 6f various kinds 6f nuclei to weather control. See
Vincent J. Schaefer, "Economic Aspects of Experimental Meteorology;* Pro=
ceédings of thé United Nations Scientifi¢ Conferéence on the Conservation
and Utilization of Resources, Vol. IV, Water Resources, U. N, Department
of Economié Affairs, New York, 1951, p. 4. :

5/ Dew point is defined as thé minimum temperature at which water contained
in the air can exist as a vapor.
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seil nuclei to be clays and volcanic residues. The results of these_sd&l
studies are shown in abbreviated .form in Figure 3. Samples from this area
are compared with artificial seeding agents. 1

A question generally raised in reference to soil nuclei is the reason
for drought persis%ing when wind eroision presumably carries large quantities
of effective dust into the atmosphere. Schaefer explains this puzzling
phenomenon by stating that prevailing air and cloud temperatures in drought
regions are often too high to permit deposition of ice on dust particles, g/
Even with the presence of effective nuclei and‘extremely low temperatures,
the absolute humidity under drought conditions may be such that sufficient
mositure for precipitation is lacking. Schaefer indicates, however, that
dust nuclei are responsible for creating cirrus (high altitude) clouds. Z/
Subsequent weéther effects are felt because cirrus formations enlarge and
settle into lower layers of the atmosphere where their ice cryétals "seed?’
other clouds. Many local thunqerstorms are thought to be generated in this
manner,

The Great Plains region and areas adjacent to the continental Divide
are-prolific sources of sublimatioa nuclei, Wind erosion and strong verti-
cal movements of alr characteristic of prairie regions accouﬁt for the trans-
portation of dust nuclei to distant areas. Schaefer illustrates this by

pointing to dust bowl" days when soil from the western states was deposited

Q/ Schaefer9 "The Occurrence of Ice-Crystal Nuclei in the Free Atmosphere,"
Final Report No..RL=566, Project Cirrus, General Electric Research Laboratory,
Schenectady, New York, July9 1951, po. L 1800

7/ Ibides p. 196.
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in noticeable quantities with rain and snow on the Eastern seaboard.
Because of the random nature of erosion and convéction on the Great Plains,
the concentration of sublimation nuclei in the eastern United States varies
considerably. Schaefer atrributes exceedingly low counts over thé eastern
states in the winter of 1949 to heavy snow depths in western areas which.
held Qind erosion to a minimﬁma

Becausé dust nuclei are effective only at comparatively low tempera=
tures, they do not influence weather as much as their abundancy would indi-
cate, Schaefer emphasizes thé importance of this limitation by concludings
"It is obvious tha; if sublimation nuclei active at 0° C. were common in the
atmosphere at high concentration, the form of many cloud systems would be
profoundly modified. Supercooled clouds would become virtually non-exist-
ent," §/

Chemical agents intended to supplement naturally occurring sublimation
nuclei become active at temperatures a few degrees below freezing. Most
chemical salts capable of producing the necessary reactions are metallic
iodides. Vonnegut in 1946 pointed out thé unique suitability of silver
jodide for cloud seeding because its crystalline structure is very similar
to that 6f ice crystalsa(g/ Another advantage of the salt is that nuclei
formed from it do not melt or evaporate; consequently they can remain in

the atmosphere for rela@ively long periods. This maKes it possible for them
l (cont. po 44)

8/ Ibide, po 202,

2/ Irving Langmuir, Fir$t Quarterly Progress Report, Project Cirrus, General
Elec¢tric Research Laboratory, Schenectady, New York, July 1947, p. ll.
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to be carried long distances from their point of origin, and later to_become
active when encountering sqpercooled water droplets. Delayed reactions
form the basis for fearing harmful effects of weather control.

Two’ important doubts have been raised in connection with the actual
effectiveness of silver iodide. The first of these is that the crystal is
susceptible to photoloysis, or deterioration upon exposure to sunlight.

‘The second is uncertainty as to whether the nuclei infect the proper regions
- of clouds, 19/ Some studies of the first problem have been made, with most
evidence indicating that deterioration is not acute undér conditions when
silver idoide is usually released, Humidity is apparently a controlling
.factor in the degree of photolysis. $chaefer’suggests that if the deacti-
vating problem does exist, it can be overcome by sdpplying excess quantities
of crystals. ii/ The likelihood of nuclei reaching the proper regions of
‘clouds is largely dependent on weather conditions and methods of dispersing
seeding agents. The question underlies the standing argument of airpraft
versus ground seeding, -

"Because of its chemical stability and ease of dispersion, silver iodide
is particularly adapted to large-scale cloud séeding from ground levels.
Cenerators have been constructed which are extremely efficient in producing
prodigous quantities of crystals. The équipment is designed to vaporize
silver iodide dissolved or impregnated in various fuels. Common fuels are

foundry coke, butane, and propane.

lQ/ These doubts are expressed in a statement 1ssued by the American Meteoro-
Togical Societys released May 1, 1953, Boston, Massachusetts.

11/ Schaefer, Final Report No. RL-785 Project Cirrus, General Electric
Research Laboratory, Schenectady, New York9 March™ 1953, p. 34.
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Two general operational procedures involve the use of silver iodide.
The first might be termed °frontal!? seeding, and the second is commonly known
as 'advance air mass seeding'., The frontal method involves the use of gener-
ating equipment located at ground levels so that ascénding nuclei encounter
cloud systems covering or likely to pass over operating zones, i%/ The
equipment is positioned at various locations surrounding seeded or “targgt”
areas. Operations are conducted in reference to synoptic conditions pre-
vailing or shortly expected to prevail.

‘Alr mass seeding itself can take two forms., In the first instance,
ground equipment is operated with intentions of saturating the general area
with nuclei. Convective activity is relied on to bring about the assimila-
tion of silver iodide into cloud forms present or developing in the course
of the day. Companies employing aircraft seeding methods practice the
second form of air mass seeding. lﬁ/ Silver iodide is dispersed from planes
in such a manner that all clouds developing early in the day are provided
sufficient quantities of nuclei. The expectation is that clouds thus
seeded will be ready to precipitate immediatély upon reaching critical
temperatures. Advocates contend that aircraft seeding allows a degree of ]
precision unobtainable with ground equipment. Principal objections to aire

craft seeding are that opepatiohs must be restricted to local areas and

12/ Irving P. Krick, “Snow Pack Increases in the Colorado Rockies by Artifi-
cial Nucleation,® 19th Proceedings of Western Snow Conference, Victoria, B.Co,
April 1951, p. 108,

13/ C. S. Barnes, "Précipitation Contrcl,” 18th Proceedlngs of Western Snow
Conference9 Boulder City, Nev., April 1950, p. 7l.
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daylight hours; and that flying is usually hazardous under conditions most
favorable for seeding. Cranted that aircraft operations are successful,
there remains the doubt of whether the increases in precipitation obtained
are significant, Some work on these questions has been done in Canada. It

is reviewed later.

Freezing Nuclei and the Use of Dry Ice

Freezing and condensation nuclei are similar in that both cén react
directly with water droplets. The difference is that freezing nuclei go a
step farther fhan condensatipn by inducing the crystallization of dropletﬁ
they encounter., As with sublimation forms, they become active at tempera-
tures slightly below freezing. Special kinds of sublimation nuclei can
also act as freezing nuclei, lﬂ/

Strictly speaking, carbon dioxide (dry ice) does not yield freezing
nuclei. It is described here because iﬁs reaction is one of crystallizing
any supercooled water suspended in the atmosphere. Its extremely low tem-
perature (-780 C.) is responsible for immsdiate chilling of water vapor
encountered, by an effect similar to that produced with sublimation nuclei.
The crystals thus produced multiply by a sort of chain reaction and can
often modify an entire supercooled cloud in a matter of minutes, lg/ Undgr
certain temperature conditions, silver iodide can also intiate chain reac-

tions. Commercial operators often ascribe their release of precipitation

to "triggering® effects of cloud seeding agents,

14/ op. cit., Schaefer, Report No. RL-785, p. 72.

15/ 1Ibide, po 73.
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Various methods have been devised for injecting dry ice into clouds,
Experiments Havg been conducted using aircraft, ballons and flares, Where
dry ice is used in commerzcial operations, however, it is always dispersed

from aircraft flying above or .through the clouds to be inoculated.

Reseaxrch Conclusions

Many investigatiens have sought to determine the technical feasibility
of weather control. Though a large part of the work has been carried on in
the United States, numerous foreign countries have also conducted reseg;ch.
programs., Canada, Australia, South Africa, Spain, and Israzl are particui
larly interested in rain increasing as it might be applied to their parti-
cular problems,

The remainder of this section is a summarization of rgsearch conclu-
sions, Those selected relate directly to prospective ;ainzincrease programs
in Montana, Findings in regard to ‘the effectiveness of silver iodide and
dry ice are coembined to assist in estimating potential benefits to be derived
from both méthods. However, the ensuing climatic study is predicated on
the §eeding of major weather systems with silver iodide., Though favorable
conditions for dry ice seeding are somewhat similar to those required for
large scale operations, it is felt that a climatic study can be more useful

if related to an operating method in general use.

Project Cirrus

Following Schaefer's original observation of the crystallizing property
of dry ice (page 1), the U, S, Army Signal Corps and the Office of Naval

Research under took the extended series of laboratory, field, and flight
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experiments which later took the code name Project gigggéo The_program
continued from February 1947 to October 1952, with technical supervision
and assistance provided by the General Electric Company.

Project‘gigigg is important to Agriculture for two reasons. First,
all currently-practiced rain increasing techniques were initially developed
and tested under the program. A second contribution was that in the éourse
of field experiments, special attention was given to the applications that
would prove useful to agricultural producers. Also, experimenters soon
recognized and were impressed by apparent limitations to successful rain 3
increasing. These limitatiops will follow the listing of promising conclu-
sions reached.,

On ﬁhe basis of numerous léboratory and field studies conducted during
the five-year period of active reéea:ch under the Project Cirrus program,

the following conclusions were felt to be Justified, 16/

1. Super cooled clouds can be modlfled by dry ice and/br silver iodide
seeding.

2o Nuclei are of primary importance in the initial stages of the devel-
‘opment of precipitation. The concentration of effective condensation and/
or ice nuclei, together with the liquid-water content, the altitude of the
base of the cloud, the height of the freezing level, the turbulence within
the cloud, and the vertical thickness of the cloud, are all interrelated and
must be considered if a proper understanding of cloud reactions is to be
expected,

3, Since it has been demonstrated that localized effects due to seeding
operations in areas up to 500 square miles are easily produced in unstable
cloud systems, it seems reasonable to expect that widespread effects could
be initiated with equal effectiveness,

16/ Vincent J. Schaefer, Final Report No., RL-785, Project Cirrus, Part I.
Laboratory, Field and Flight Experiments, General Electric Research Labor=
atory, Schenectady9 New York, March 19539 p. 153,
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. 4, Experimental flights under a carefully controlled operational
procedure have.been agccomplished with all cloud types and at altitudes
ranging from a ‘few thousand feet to more than 30,000 feet, Dry ice and
silver iodide seedings in clear air and in cumulus and stratus cloud types
have shown that, under conditions that océur frequently, positive reactions
may be expected with each specific situation.,

] 5.. The effects of seeding operations in the atmosphere range from
the formation of snow areas in previously cloud-free air to the removal or.
further stabilization of stratus clouds and the initiation of the precipi-
tation cycle in cumulus clouds. '

6. Since our results indicate that an effective precipitation cycle
may be induced in cumulus clouds having tops below 25,000 feety, it follows
that hail and lightning storms might be prevented by the judicious seeding
of cumulus clouds in cloud breeding regions,

7. The complexity of the mechanisms for the development of an effec-
tive precipitation cycle is obvious. New Mexico studies have shown that
under some conditions; too many ice crystals develop following the inocu-
lation of small cumulus clouds with foreign=particle ice nuclei from dust
storms. The resulting precipitation elements evaporate in the dry air
before reaching the ground.

At other times, the lack of a sufficient concentration of ice nuclei
permits the ¢louds to grow so high that the upper layers form ice crystals
spontaneously. These crystals are so small that their falling velocity
is negligible. As a result, they rarely reach the lower levels of the
cloud to produce a seeding effect., Plumes of ice crystals, often hundreds
of miles long, stream from the tops of such clouds and give visual evidence
of the relative inefficiency of the precipitation process., This latter
condition is the dominant one in many regions which receive marginal amounts
of rain, :

8. Information is now available so that sseding techniques could be
designed as followss

a. To clear a solid overcast -of supercooled clouds.

b. To produce a snow area in air supersaturated with respect to ice.

c. To initiate or prevent precipitation from orographic cumulus clouds.

Economic implications of the foregoing conclusions are not difficult
to foresee, If effects of cloud séeding include formation of snow areas. )
stabilization of clouds, hail suppression, and precipitation control, both

individual and aggregate agricultural production could be affected signifi-

cantly. Most weather modification programs conducted thus far have had as
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objectives the increasing.of rainfali or suppression of hail. From the
conclusions above it can be seen that there are other beneficial applica-
tions that have received too little attention. The possibility of snow
areas (cirrus clguds).forming was previously listed by Schaefer as a facto?
in the indirect seeding of thunderstorms. The stabilization of cloud decks
holds promise for reducing ebaporation losses, |

The third conclusion listed above implicitly refers to large-scale

seeding with silver iodide. Langmuir has intensively studied seeding effects

felt in areas far from the point of generation. When silver iodide was
released in New Mexico according to a_fixed schedule (Tuesdays), periodic-
ities in weather were noted (Saturdays) in the Eastern states. Langmuir
has concluded that relatively small amounts of silver iodide released at
strategic locations can exert powerful igfluen@es over very large regions.
His elaﬁorations were published in a separate report. The comments are
indicative of the potential magnitude of weather control possibilities, for
Agriculture and other segments of the economy as well.

1. The existence of w1despread effects of seeding proves
that it shoudl be possible at low cost to modify, and within
limits, to control the general synoptic weather patterns over
whole continents.,

2o A perhaps more important conclusion is that weather is
not definitely determinate. It depends in large part and essen=- .
tially upon meteorological events that originate from small and
unpredictable beginnings, such as the location and concentration
of freezing nuclei that may set off chain reactions.

3. Therefore, it is now and in the future will continue
to be inherently impossible t6 make exact forecasts of weather.
It will be easier to make the weather than to forecast it., It
should, however; be possible to increase thé accuracy of estimates
of probable weather for limited forecast periods.
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4. If seeding schedules are not well planned, floods or
droughts may be produced. The harmful effects in both cases
come from too long a continuation of rainy or dry weather, A
simple remedy lies in planned diversification of seeding
schedules, so that any given type of weather does not continue
for more than a few weeks at a time.

5. -Although widespread modification of weather by
seeding has been proved, its mechanism is not yet understood,
The situation is much like that in the germ theory of
disease. We know that diseases may be produced by single
bacteriay but we do not yet understand essential elements
in the mechanisms such as the actions of toxins, antibodies,
etc, il/

Langmuir’s correlation study was climactic in that the implications of
according it scientific credence are very great. Until the results were
published; weather control was a comparatively passive issue ameng
meteorologists, Criticisms of Langmuir's interpretations of the observed
periodicities in weather are the basis of the opposition®s arguments,
Critics contend that the noticeable effects on Eastern weather produced by
cloud seeding in New Mexico have historical duplicates in natural weather
sequences, l§/ ‘Lanémuirfs findings can be seen in better perspective if
the limits noted in his first conclusion are described in reference to
Montana conditions, Professional agreement on three major barriers to
complete precipitation control is universal enough to permit their listing

as boundaries to expectancy of economic benefit in this area.

17/ Irving Langmuir, Final Report No. RL-783, Project Ci:'rrus9 Part II,
Analysis of the Effects of Periodic Seeding of the Atmosphere with Silver
Todide, General Electric Research Laboratory, Schenectady, New York, May
1953, pp. 339-340,

lg/-The Landsberg Committee, “Precipitation Control," Science, Vol. 113,
February 16, 1951, p. 189, ’
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1. The basic physical determinants of weather and climate are
unchangeable, Such global features as atmospheric circulation, ‘temperature
2ohe§9 and moisture sources are fixed over' the earth. Langmuir agrees that
large scale seeding effects could be operative only within these existing
meteorological cons%antso . |

2, Although it may be possible to less?n the severity of drought by
taking advantage of local storm activity, re-orientation of stable and
complex drought patterns is not for$eeable. Schaefer describes drought as
a condition where a stable and complex weather pattern persists for rela-
tively long periods. Drought is usually accompanied by cloudless skies or
by clouds of smali vertical and horizontal dimensions. Thick layers of
dry air and strong inversions impede cloud development, 19/

3. Certain timely weather conditions can render infeasible most forms
of weather control. It has been demonstrated that some type; of clouds are
not suitable for modification, either because of their size or internaln
characteristics. Seeding likely results in dissipgtion rather than fur=
ther development., This limitation is represented by fair weather clouds

developing under normal weather circumstances and is relatively frequent

during summer months.

Canadian Experiments with Dry Ice

. A second major research program concerned with rain increasing was

established in Canada in 1948, This study extended into 1949 and was

-

‘19/ Schaefer, "Economic Aspects of Experimental Meteorology,™ Proceedings
of the United Nations Scientific Conference on the Conservation and
Utilization of Resources, Vol. IV, Water Resource59 U.N. Department of
Economic Affairs, New York, 1951, p. 22,
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sponsored by the Canadian National Research Council and other governmental
departments, gg/_ The Canadians £ested theories and techniques that had.
thus far been developed under Project Cirrus. The purpoée of the project
was to determine the feasibility of applying rain induction to Canadian
agricultural, water power, and forestry problems, Tests were conducted
over various regions of Canada, using exclusively the dry ice seeding
techniques of Schaefer,

The Canadian experiments a#e interesting in that they indicate the
possible benefits to be expected from localized seeding operations utilizing
dry ice. One important limitation to the tests admittedly was lack of
suitable means for measuring induced rainfall. It was thought that seeded
clouds responded quite favorably, however,

The Canadians made fifty-nine seéding flights in the course of their

program and worked with both supercooled and non-$upercogled clouds.
' Although over half the tests were non-selective (clouds randémly chosen),
modification or precipitation occured 76 per cent of Lhe time, with pre-
cipitation reaching the ground in 24 ber cent of the cases, Three cases of
heavy rates of rainfall occurrsd (over o6 inches per hour), The overall
results of the Canadian expeiiments,are summarized and explained in Table III,

The Canadian experiments verify Schaefer's statement that success in

cloud seeding is a function of cloud size and relative humidity. In the

20/ John L. Orr, et, al., “Canadian Experiments_on_Induced Precipitation,"
Proceedings of the United Nations Scientific Conference on theé Conservation
and Utilization of Resources, Vol. IV, Water Resources, U. N, Department of
Economic Affairs, New York, 195l. p. 24,
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tests described above, the percentage of success was found to increase
directly withs (a) increases in supercooled depth of clouds, (b) increases
in relative humidity of the surrounding atmospheregu(c) decreases in the
altitude of cloud bases, and (d) decreases in cloud-top temperature. Modi-
fication success reached 100 per cent if the depth of gupercooling exceeded
4,000 feet or if the cloud-top temperature fell below =12° C, EL/ Cloud
depfh also determined whgther precipitation reached the ground, once B
released, A cloud depth-altitude of base ratio greater than .75 was con-
sidered necessary foxr precipitation to reach the earth.

Final appraisal of test results in&ica%ed to this group that the d&y
ice technique is useful but subject to several limitations:

1, Induced precipitation can only supplement natural rainfall in any
particular locality.

2, It is extremely difficult to direct induced rainfall to any
particular small area because of thé random nature of cioudso 22/

3. There is no control over the rate of release of éiecipitation with
the dry ice method,

4, Since induced rainfall is strictly local it cannot be expected to
affect the general character of any aif mass and therefore its effectiveness
may be offset by subsequént evaporation. Precipitation in the form of snow

may be more efficient because of reduced evaporation loss.
' : ‘ (conts p.56)

gi/ It will be remembered that this is fhé,températﬁre at Whicb natural
sublimation nuclei become effective as crystallizing agents. See po °

22/ This factor was cause for disappointment with rain increasing operations
in northeastern Montana, Participants were dismayed when seeded clouds were
observed to rélease precipitation over the lands of non-members.
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. 5. There has been no evidence that self-sustaining storms could result
from dry ice seeding.

_According to the Canadian study, the usefulness of supplementary
induced moisture is critically dependent on its timing with respect to the
growth cycle of particular crops. Thé qualification would surely abply to
incréases obtained with the silver iodide method als6. For induced rainfall
to be of benefit teo an individual rancher, it woﬁld be necessary to direct
a minimum useful amount to his property, and if possible, to avoid excessive
rates of rainfall, Under these conditions, locaiized operations with dry
ice would be beneficial.

The climatic feasibility of conducting cloud seeding operations(dry
ice or silver iodide) is apparently contingent upon a supply of suitable

clouds. A major differenée in the two seeding methods is that while dry

ice can be effective locally, silvér iodide dispersed at distant locations
can assist in bring moisture=laden clouds into a broject area. Silver
iodide has been used to "overseed’ clouds developing on the windward sides
of mountains. Instead of precipitating at normal elevations they pass
ridges and act as holding resevoirs that subsequeritly can release their
precipitation elsewhere. Because of the widespread effects of silver
iodide, self-sustaining stoxms might be initiateds At any particular time,
the general prevailing weather pattern evidently determines whether cloud
séeding operations would be feasible in a génerél region as the state of
Montana. Then there is the question of variations in the wéather pattern
at different locations within such an area. A suggested approach to these

problems is described in the following section,
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PART IV
CLIMATOLOGY

_Langmuir has stated that two_separate conditions must be fulfilled for
heavy natural rain to occﬁr in supercooled clouds. First, effective nuclei
must be present in adequaté quantitiess and second, surrounding weather
circumstances must be favorables L/ The conditions are also applicable to
artificially induced precipitation, since weather modification strives t9
duplicaté optimum natural circumstances which favor the release of preci-
pitation,

Though sufficient nuclei can be provided quite efficiently with
existing seeding techniques; the requirement for a suitable atmosphe:ic‘
environment cannot be met so easily, However efficient the technology of
rain increasing might be, its successful application remains subject ’co.~
the natural course of weathér events. It might be possible through con-
sistently successful weather control to modify weather pattérns to some
extent and in a sense create the conditions for further improvement; but
as it was stated in the last ssction, basic detéxminants of climate are ~
uncontrollable, Qlimate then is the area in which the most critical ;imi=
tatiSns of rain increasing reside. Furthermdfe9 if it can be assumed that
the usefulness of supplementaxry rainfall is specific to particular applica-
tions; crops; and areas, then tlimatic factors how influencing production

must enter into any economic analysis of weather control,

L/ Irving Langmuir, "Progress in Cloud Modification by Projéct Cirrus,®
Occasional Report No. 21, Project Cirrus, General Electric Research Labora-
tory, Schenectady, New York, January 1950, p. 12,
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A climatic critique of weatper control serves two useful purposes.
Firsty, it forces re-appraisal of the potentialities of rain increasing with

respect to climatic barriers precluding or limiting chances of success. A

second and positive purpose is that climatic characteristics are useful keys

to long run economic benefits which might accrue from successful rain
increasing. These dual objectives are consistent with the interests of
Montana agriculture because weather risks and uncertainties perenially con=
front ag;icultural producers, and are the major determinants of crop yields,
Even with proper soil, proper tillage, and proper seed, weather conditions
largely determine the crops that will or will ngt grow, mature, and ripen
in a given locality. The climatic elements comprising these conditions are
numerous, of which precipitation amount and variability are probably the
most important. To see how Langmuir®’s second condition applies to rain
increasing activities in Montana, it is necessary to define a favorable
synoptic situation in realistic terms, and then determine for individual
areas the probébility of such situations occurring duriné the calendar pér=

iods when seeding operations would ordinarily be planned.

Seeding Opportunities and Seeding Potentials

In lay terminology, the synoptic situation can be described as the
general view of weather prevailing at a given time over a specified area.
To meteorologists however, the_synoptic situation is represented by a com-

plex of meteorological elements and atmospheric conditions existing simul-

taneously over an extended region, Synoptic weather maps exhibit the mean

values of one or more elements (air temperature, dew-point temperature, cloud
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forms, humidity, wind direction, etco) at a number of poiﬁts during a
selected time interxval.

A synoptic situation conducive to rain increasing would exist where
atmospheric conditions favored precipitation, but where sufficient concen- |,
trations of sublimation or freezing nuclei were lacking., The time interval
during which the provision of additional nuélei might initiate or intensify
precipitation cycles‘would pose a seeding opportunity.

A_generai requirement for success in cloud seeding is that operations
must be conducted when natural storms are in progress or impending. Though
the requirement is valid for determining the feasibility of operations, it
must be abandoned whén approximations are made of the rainfall increases
that might be obtained., This is because success in cloud seeding is not
proportionately related to rainfall that can occur where no seeding takes
place. Where adequate quantities of nuclei are present énd synoptic condi=-
tions right; it is reasonable to ekpect that &aximum precipitation should
result, If there is real dander in overseeding, attempts to increase faina
fall under such circumstances might get the opposite result. At the other
extreme is the case where natural storm activity might be so weak (given
adequate nucléi) that effécts of seeding would be negligible.

In réality, the relationship between natural storm activity and
induced precipitation is'probably disporportionately direct up to an
optimum set of circumstances, beyond which negative or possibly deleterious
results w&uld be expected. An ideal seeding opportunity would be presgﬂted .
where atmospheric conditions for précipitation were uniquely favorable--

with critical nuclei concentrations.  Limited injections of artificial
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nuclei could then initiate and intensify the precipitation cycle so that
miximum rainfall would result, If ideal opportunities were identifiable?
cloud seeding could be much more deliberate, and the evaluation of opera-
tions would be greatly simpl.{fied° Because knowledge of precise atmospheric
conditions existing or likely to exist is lacking, commerical cloud seeding
operations cannot be compleéely controlled and selective., This does not
imply that cloud seeding must be indiscriminate, but that operating pro-
cedures cannot be specialized to achieve best results with the various
synoptic situations considered favorable for modification,

If comparable rainfall increases are not to be expected from every
seeding operation, climatological and economic analyées are rendered more
complicated. Estimated returns from induced precipitation are not solely
dependent on the relative frequency of seeding oppsrtunities, but are also
contingent on the existing climate and the amenability of differént weathex
situations to modification. Analyses can be somewhat simplified if a dis-
tinction is drawn between what has been labeled a seeding ‘oppoxtunity’,
and what would constitute seeding °potential’., The formér can bé expressed
in meteorological terms and the latter in ‘climatological terms: Economic
connotations are even more divergent.

Seeding 'opportunities® arise whenever receptive synoptic situations
\developg and exist as léng as the situations prevail. Contractors view
them as opportunities to perform, and train their organizations to quickly
recognize oxr forecast s&ch conditions and conduct seeding operations
accordingly. A similax approath to méteorological variablées is taken by

" crop spraying fimms, particulaxly those employing aircraft in their
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‘operations. To apply spray materials effectively, they must consider such
elements as visibility, humidity, temperature, and drift. These firms do
not attach much importance to the persistence of unfavorable conditions,
since their operations are usually subject tQ:Qg;y_shg;t poétponementso
Cloud seeding firms are in less advantageous positions,however, in that
the relative frequency of seeding opportunities indirectly determines their
qualification for performance payments,

Seeding "potential®, on the other hand, refers to the probable effects
(qualitative or quantitative) of cloud seeding on the seasonal amount and
distribution of rainfall in particular areas. For single localities,
seeding potential is dictated by such variables as the existing climatic
: enviror;ment9 the frequency of seeding opportunities, their timing, their
sequence, and the e#pected success of cloud seeding under each favorable
set of weather circumstances. The immediate use of such indexes is in pre-
dicting the influence of sustainea cloud seeding on the normal precipita=
tion regimes® in various climatic sections of Montana., Ultimately, they
would sexrve as predictors of socio-economic adjustments and transitions.

Simultaneous consideration of the many variables associated with
seeding potentials is virtually impossible with the use of readily available
climatological information. Conventional sources of data iist mean values
of precipitation, temperature, and evaporation., -Valuable as this informa-
tion may be in describing the climatic status quo, it is not descriptive of
the evolutionary oxr dynamic aspecfs‘of weather, These aspects have singular
importance in weather control operations, and should therefore be considered

primary factors in climatic analyses of related problems. If the association
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between common elements (precipitation9 temperature) and others (pressure,.
air-mass characteristics) comprising the synoptic situation were known,
frequency distributions of seeding opportunities could be determined from
usual records with relative ease. Where these relationships are not known,
however, an alternative analytical technique must be substituted. The pro-
cedure adopted here in the derivation of comparative seeding potentials is
admittedly very imperfect, and is suggested only as a tentative approach to

the problem of determining the economic worth of prospective rainfall in-

creases.

Seéding Potentials and Problem Requirements

An application of climatological principles fo rain-increase problems
is not unusually involved. One complication is the reciprocal relationship
of weather and weather control technology. That is, weather conditions
dictate whether seeding can be practiced; and operations in turn might
affect weather conditions in other areas., However, this feature does not
restrict the use of climatic data if the technology of cloud seeding is
assumed to be unchanging, and continued dependence on natural weather
circumstances is recognized. The main difficulty is in selecting data that
accurately portray the influence of single variables as weil as the influ-
ence of combinations of variables, In its operational aspect; weather
control primérily concerns farm operators and cloud seeding firms,

.Related research,; therefore, should be oriented toward serving the interests

of both these groupss
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. In oqtlining,climatqlogicai_analysesg Landsberyg sets up four classes
of problems in applied climatology. These include (1) designs and specifi-
cations, (2) location and operation of a facility or equipment, (farm§~and
industrial plants), (3) planning of an operation, and (4) relations between
climate and biological processes, g/ Problems peculiar to rain increasing
are likely to fall in any of these groups, thoucgh ranchers are immedigfely
concerned with those in the third and fourth categories. Problems con=-
fronting seeding firms are concentrated in the first three groups.

Though decisions to sponsor rain increasing programs are based on
estﬁmated production increases (category 4), ranchers face the management
decisions of "if' and "when" to engage seeding firms, If, in cooperative
organizationg9 interested groups preferred to seed clouds thémselves, their
decisions would be influenced by a third question of 'how' to perform the
operation, .Organizational and planning decisions come undér the third
problem heading. After assessing the consequences of their participation
(category 4), participants ﬁight then desire to make economic adjustments.
Planning then reverts to the third category, but the emphasis is on
farm operations rather than cloud seeding operations, If rain-increase
programs were consistently successful, preblems involving the location of

economic activity (category 2) might become important. This kind of problem

is illustrated by changed land=use patterns,

g/‘Héimut E, Landsbeigg “Aﬁplied Climatolog&“s'Coﬁpendium‘gi Meieorglogy
American Meteorological Society, Boston, Massachusetts, 1951, p. 979,
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For seeding firms, problems in the first categoiy mainly concezn the
maintenance of stationary ground equipment, 'Bebapse of‘prolonged exposure
to the elements, the design of nuclei generators must be weathér=resistan£
and . functional. The climate of seeding locations is undoubtedly a
factor in the deterioration and depreciation of cloud seeding equipment,

-With respect to the second class of problemss‘seediqg firms utilize
climatic data to determine the areas in which demand for their services
should be greatest. A simila: use is in determining the feasibility of
initiating operations in particular areas, i.e., ﬁhether sgeding opportuni-
ties are likely to be frequent, .

| Most problems confronting contractors probably fall in Landsberg’s
third class., The planning and supervision of seeding operations requires
an extensive knowledge of climatology, meteofology and rain induction
principles. This knowledge is indispensable in deciding 'where’;, ‘how’,
and °‘when’ to attempt modification. Reliable seeding fizms recognize the
importance of this information by maintaining research and forecast c¢enters.

Because most current.problems in rain increasing involve operational
planning, seeding potentials should compoSitel? représent the many weather
elements that influence the activities of ranchers and seeding contractors.
Thé variability 6f weather further requires that these potentiais consider
the range of variation in climatic data., An allowance for variation also
recogpizes that ranchers do not view rain increasing attempts with equal
sympathy or hope., Overly-o6ptimistic producers méy prematurely institute

major adjustments, while those viewing cloud seeding with relative pessimism
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are likely to be unprepared for neceésary adjustments,

The technique for deriving tentative and adjuétable estimates of the
long run effects of cloud seéding must sort out the variablés to be con=
sidered, and then re=combine them in a form that suggests answers to pertin-
ent problems., Principal factors-aré the normal variations in cliﬁate among
dissimilar climatic areas, and variations in the probable improvement
resulting from rainfall increases. Where many variables arée known to be
operativé, Landsbérg suggests that they be placed-in threé major paraménters. §/
He lists these parameters as (1) Climate, composed of weather elements oF
combinations of weather elements, (2) Space, consisting of the surface of
the earth or layers of the atmosphére; and (3) Time, comprising thé series
and chronological séquénce of wéather observations., These paraméters can
appear as $imple or compleg—éleméntsg depending on the nature of the pro-
blem. In other words, the climatic factor may’ihvolve averagé precipitation
only, or it may require including average précipitation, evaporation; and
wind velécitiesa Space can mean a single point, several points, or an entire
area, Time mgy enter only in the restricted sense that a specific time
interval is covered by the data; or if more complex, that thé weather ele-
ments described are changing seéularlya

Referring to Landsberg's préblem classification, it can be seéen that
weather control planning problems are not as complicated as rélated biologi-
cal problems. Agronomic studies of climateé usually attempt to establish

correlations between various weather factors and crop yieldss New correlations

3/ Tbid. p. 981,




= 66 =
based on calculated or observed rainfall increases would only be a first
step in estimating the effects of sustained cloud seeding-on crop yields,
Thorough and systematic analyses'would require the inclusion of secondary
influences of controlled weather on plant growth, i.e., lowered temperatures,
de;reased evaporation, redistributed or attenuated rainfall.

In estimating prospective rainfall increases, the factor of climate
must be an orderl§ conglomeration of the weather elements and physical pzo-
cesses involved in the formation of precipitation. Such a parameter is
described in the next section. In this study, the parameter of space con-
forms to the state of Montana, the geographic problem area., The relatiop
of time is not complex because cumula%ive effects of weather are not con-
sidered for the moment., The time factor is simplified furthef by limiting

observations to periodic intervals (usual contract perieds).

The Weather-Type Approach to Rain-Increase Problems

A useful device for solving economic problems where the climatic para-
meter must compositely represeﬁt many weather variables is the classifica-
tion of general weatﬁér conditions into series of weather types. Weather
Lypes are synoptic composites of observations describing pressure, temper-
ature, precipitation, or other weather elements. Catalogues of types have
for some years had an application in the field of extended (2-7 days) fore-
casting. More recently they have been suggested as a means of dealing with -
problems related to weather control,

"Objective® forecasting attempts to 'type’ impending weather and then
predict subseéuent conditions over the area in question. The procedure

essentially involves initial forecasting of a specific type, followed by a
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prediction of rainfall and temperature variations based on the past perfor-
mance of the pattern. Prediction of types entails an assumption that current
weather conditions are likely to have historical replicas or *analogues®.
Where the system is riéidly practiced, analogues of prevailing patterns
-are selected from indexed map files and used as guides. Weather conditions
usually following replicas constitute the present ’r:orecast°

An admitted shortcoming of the file method of forecasting is the
de-emphasis of weather dynamics. This difficuliy is corrected by supple=
menting analogues with separate pattern classifications based on relative
conformity }o ideal types. Ideal types are theoretical models constructedﬂ
around semi-permanent (moving or developing in predictable manner) circula-
tion or pressure features., Though they can be classified with respect to
any number of features, they usually denote a period of time cﬁaracterized”
by cextain locati&hs and orientations of the Pacific anticyclone (a persis-
teﬁt high-pressure region), the Aleutian cyclone (the Aleutian Low), or the
tragectorles of storm centers and outbreaks of polar air.

The extensmve use of weather types in forecasting has encouraged their
adoption in studies of climate., In climatology, however, their application
has usually been confined to classification of single climatic elements.
Landsberg has catalogued types solely with reference to airfmass charactéra
istics, and calculated their seascnal frequencies for central Pennsylvania, i/

His system is nearly synonymous with recognized classifications based on

4/ Helmut E. Landsberg, Physical Climatology, Pennsylvania State College,
School of Mineral Industries, 1944, p. 172,
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the origin of particular air-masses. The classes are not genuine types in
the usual sense because they contain only a single variable. Conversely,
types that represent moré than one variable are sometimes to6 genéralized
to allow_detailed treatment and description of_éidglé climatic elements,

In climatological studies, the best usé of weather types might be in
representing variations. Where predictabie variations are associated with
types it seems that large seasonal or annual variations in precipitation
(or temperature) could be attributed to variations in the frequency of
deviating typess Areal variations in precipitation might possibly be as B
well represented with weathér type frequencies as with comparative preéip=
itation data, Because most systems of weather typing consider rainfall
variations under changing sets of weather conditions, the method is
appropriate for determining the possibilities of weather modification.

Where weather types are used to evaluate the effectiveness of rain ~
increasing attempts, natural variatiéns peculiar to individual types are
compared with variations occurring when the type is subjected to modifica-
tion, or cloud séeding, Woodbridge and Decker have classified frontal sys=
tems originating off the Pacific coast with réspect to the location of a
specific pressure contour and resulting precipitation throughout Oregon. g/

Thirteen of thesé types were further divided according to the percentage

of the fronts observed to be °wet® or'dry’'. The criterion for labeling a

g/ D: D. Woodbridge, and F. W. Decker, “Weather-Typing Applied to Summer
Frontal Rains in Oregon", Bulletin of the American Meteorological Society,
Vol. 34, No., 3, January 1953; p. 28.
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front wet oxr ary was the percentage of weather stations receiving precipi-
tation within three climatological areas.

Woodbridge and Decker concluded that undér weather conditions of cer-
tain types, no precipitation is_to be expected at some stations., A few
typés left practically all Oregon stations without any precipitatiéno
’Others apparéntly set the circumstances for large deviations abové normal
rainfall. They further conclude that such classifications should assist in
evaluating claims of success in cloud seeding. It was implied that if
frontal passages usually surrendering little precipitation are observed to
yield (with cloud séeding) abnormally heavy amounts, the effectiveness of
rain increasing may bé verifieds | |

The technique employed in Ofegon is not ¢onsidered adaptable to this
study because the t&pés correspond only to that area. Howevér, certain
weather-type frequency data that describe nationwide weather movements will
be utilized. Since seeding poténtialé are partially dependent on the pro-
bability of favorable types occurring, these data will be particularly use-
ful, A more comprehensive system of typing that underlies the derivation

of Montana seeding poténtials i déscribed in the following paragraphs.

TWeather Types and Séeding Potential -

A system of weather-typing embodying several semi-permanent circulation
features was developed at the California Institute of Technoiogy immediately
prior to World War II., Krick, RUChg\and‘associates classified a numpber of
general weéather types aCCording to the iocatibn.and orientation of the

Pacific anticyclone, and from these types predicted subsequent weather
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conditions across the United States. g[ Although the Pacific High is the
principal identifying feature (reference cell), the position and extent of
the Aleutian low is another indicator of major frontal developments. The
classification also delineates types on the basis of characteristic storm
trajectories and polar outbreaks,

In the Calif&rnia system; weather conditions typical of North America
and adjacent Pacific areas are cataloguedminto'eight composite types. Them
.composites are sub-classified into thirty-six ideal types that reflect sea=

sonal insolation variations énd resultant changes in the general circulation.
Ideal types have a lifetime in any given region of approximately six days,
although they may require'about ten days to cross the entire continent,
With the passagé of respectivg types; individual areas of the country can
expgct normal precipitation or temperatures, or specified departures from
six-day norms. Single types are further broken into patterns of synoptic
conditions expectea to prevail during each phase. Phases are approximately
cene day in length, and show the most probable location of frontal systems
and storm centeré as pressure contours move across the country. Large-
_scale seeding with silver iodide would presumably be practiced within
storm areas, or applied to promising fronts expected to penetrate projects,

Eight of the ideal California types are subjects of this study. Those

selected ‘predominantly occur from June through September. This period
’ (conto Po 72)

6/ The method hereafter will be referred to as "the California system",
Although a revised classification more adapted to forecasting was later
developed, the original is considered adequate for this study., Source:
Synoptic Weather Types of North America, Meteorology Department, California
Institute of Technology, December 1943,
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foughly corresponds to usual_contract periods of rain increasing operations
in Montana. Frequency data borrowed from the Oregon study cover the same
interval, but extend from 1917 to 1949, Table IV contains duration data
and comparative average warm-season frequencies of the eight selected types.
Sample representations of,the ideal types are mapped in Appendix C with
brief descriptions of associated weather conditions in Montana.

An assignment of Oregon frequencies to California types cannot be pre-
cise because of non=conformities in the two classifications. The 571 fronts
of Pacific origin have been arbitrarily distributed equally among seven
types. The remaining 47 are definitely associated with Type Dy which shows
all northern states influenced by Canadian fronts. -

Elliott has separated the California types into meridional and zonal
categories and applies the‘distinction to all systems of pressure typing. Z/ )
Extremes in each group are diagrammed and explained in Figure 4. Those
represented are models of'wintér conditions, The summer counterpart of
Type D is illustrated in Appendix C,

Alfrequency study of Pacific and Canadian cyclohes (iows) crossing
Montana was performed by Reitz in i937° g/ For the period 1923-1929, it
was found that the north Pacific Coast was,the-souxce regioh of 28 per cent
of th? major storms moving across the state in the course of one year.

Forty-two per cent originated in Canada, and the remainder followed unusual

7/ R. D, Elliott, “"Extended=Range Forecasting by Weather Types," Compendium
of Meteorology, American Meteorological Society, 1951, p. 835.

a/ L. Ho Reitz, Crop Regions in Montana as Related to Envzronmental Factors,
Bulletin No. 340, Montana Agricultural Experiment Statmn9 Bozeman, 1937,
ps 37, .
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Derivation of Seeding Potentials

In £hié study, the method for deriving gross seeding potentials has
followed six procedural steps. They are outlined and summarized below,

1, A preliminary climatic classification based on general dissimilar-
ities,

2, Consideration of warm=season variations in the areal distribution
of non=induced precipitation.

3. The relating of natural variability to the probable success of cloud
seeding,

40, The relating of probable success to the comparative frequency of
respective Synoptic types.

5, Calculation of seeding potentials,

6. A climatic reclassification based on seeding potentials.

The original classification separated the state into four areas
corresponding to récognized climatic differences. The geographic division
was not accompanied by an hypothesis that seeding poténtials would be greater
in any one region, although it was presumed ?hat the potentials would vary
considerably among the areas, It was thought that potentials might be a
function of eélevation.,

Area I included that portion 6f thé state lying west of the continental
Divide, which is known to be under the modifying influénce of the Pacific
Ocean, Area II includes those sections east of the Divide with a general
elevation of 5000 feet above sea level., This area éncompasses most of the
mountainous southwest portion and higher levels on the eastern slope of the

main range of the Rockies. Placed in the same class was an isclated sector

-
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in_southern Mon}@ana..fpxming an éxtension of the Big Horn range of northern
Wyoming. The remaindgr,gf the state (general elevation under 5000 feet)
was divided at the fqrty?SQVQnéh parallel. Areas Ii;“andw;v lie north and
south of the parallel, respectively. The principal reason for making_this
separation was that southeastgrn Montana is rather frequently influenced
‘by air masses of Gulf origin,

Variability in the areal distribution of natural rainfall wasé deter-
mined by tabiuilating for single stations average precipitation anomalies
(deviations) experienced with the passage of each weather type listed in
Table IV. For Montana; average deviations.range frém #:6 inch to =.3 inche
Data were secured by accurately retracing type anomaly maps (examples in
Appendix C) and then tabulating vélges (in some cases mid-values) of iso-
deviates as the departures from six-day noims, No quantitiés were listed
if rainfall was normal for the type period.

To rglate variability to cloud seeding success.required the assumption
that rain=increase attempts must be coincident with at least mild storm
ac£ivity; and that denerally speaking, the chances of obtaining s;gnificant
increases should bebdmé greater with intense natural activity. The relation-
ship was established by arbitrarily coriverting type anomalies to seeding
factors. Negative depaxtures were assigned a factor of O, since it was
presumed that few or no seeding opportunities would arise whilé the type
prevailed. Notmals were considered to present somé opportunities for modi-
fication and were aésighed a factor of 1. Positive ahomalies were translated

into higher factors (2 for .15 inch, 3 for .45 inch),
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) IQM§QQition_to_jddging whether the pievalence of a specific weather
consider, in terms of probabilities, the relative frquency of the type
during usual operational periods, Thi$ waé‘acqomplished by combining
seeding factors and assumed frequencies (Column 3, Table IV) to obtain
weighted factors.

The finai calculation resulting in gross seeding potentials'invblved
the addition of weighted seéeding factors, and their division by the total
number of fronts invading Montana during the period covered by the }rea
quency study of Woodbridge aﬂd Decker.

Expressed as a simple formulas

Sum (Seeding factors X Comparatlve seasonal frequency)n(g)
Total fronts (618)

= Potential

Interpretation and Evaluation of Potentials

Mathematically, gross séeding potentials are merély averages of seeding
factors. They can be thought of as indexes in the sensé that a value of 100
would either indicate that all weather types presented seeding opportunitie§9
~or that those unreceptive to seeding would be offset by more frequent favor-
able ongs. Since the eight types studied represent aimOst all sets of
synoptic circumstances likely to develop during the growing season, their
total effects should account for natural rainfall. Those types characterized
by positive deviations contribute more to seasonal averages than those
résulting in norms or negative departurés., Indexes gréatex than 100 indi-
cate that most types are contributory®. Potentials under 100 reflect the

seasonal incidence of fewer seeding opportunities, but do not necessarily
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preclude the feasibility of conducting seeding operations, i.e., several
types might be highly conducive to modification. 10/

The greatest weakness in the foregoing method of deriving potentials
is that yearly variations_in type frequencies have not beén considered.
While deviations characteristic qf"eaqh type have beep noted; comparative
frequencies are in terms of a long-time avgrage‘klgl7el949)o If types were
used in evaluation studies, their actgal,ffeQuéhcies during operating
periods would be yifally_impprtant factors, N

Anpther majgr_weakness“is_in”ﬁherassumptipn that contribgﬁqry types
would be most condugcive to ;ainuiqpregsing operations. Whether such
patterns actually are meteorologically susceptible to modification might
be a subject of professional debate, A third shprtg&ming,is the_Qmissignkh
of type sequences. Where contributory types were .successive, rain increas-
ing in a relatively shért period might be highly effective and set the
conditions for additional increases aﬁd moré natural rainfall. li/ With
these faults undermining the validity of calculations, potentials should
not be considered more than qualitative approximations of cloud seeding

success,

ig/ Alzada, the station with the lowest potential (39), was found to have a
seeding factor of 2 under conditions of Typé As Rain increasing success in
such areas would crltlcally hlnge upon eff1c1ent operat:.ons9 accurate forec

butory types.

11/ Type D has a marked tendency to occur in pairs, and for some stations is
a contr¥ibutory type. Extended precipitation periods can have a conditioning
effect on thé atmosphere that tends to prolong actlvz.ty° Seée Langmuir,

ps 49, conclusion 4.
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Tests of Classifications

jIhenbeliefkthat”pqtentialshwogid vary_between qlima§iq areas_originally

delineated was justifiedo: A variance_analysis showed the variance among
areas. to be thirty-nine times as large as the variance between stations
within each area, An F test indicated that the difference is significant_
at the ,001 level of probability, meaning there is less than one chance in
a_thousand the difference can be attributed to random variations, Area
means, dispersions, and results of the énalysis are summarized in Table V.

... Gross seeding potentials for“the 143. stations have been plotted in
Figure 5. The map should be self-explanatory, although actual potentials"
for individual localities are listed in Appendix D. A test of the mapping
procedure was called for to meéasure the effect of allowing the potentials
of some stations to be masked by includihg them in areas with a different
range of values. A second variance analysis set up as groups (a climafic
reclassification) the seven ¢olor ranges of Figure 5. It was found that
the vapiatioﬁ among these groups was also greater than the variation between
stations‘within each group, -the difference again being significant at the
-001 lével. The results of the second analysis are also shown in Table V.
Statistical validity of the mapping procudure enablés the approximation of

unlisted potentials directly from the map without danger of great érror.
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PART V
ECONOMIC ANALYSIS

Introduction - ) 1

Before proceéding with a discussion of ecénomic questions, it might.be
well to briefly restate the sécond purposé of this study., This was_des=
cribed in Part II as thé application of theoretical principles to produc-
tion probléms fac¢ing farm firmé, and to a lesser extent those problems
confronting seeding firms. Froﬁ a welfare standpoint; a thixrd group might
be included, viz:9 society in general, whose task is_essentialli one of
ensiiring that some soclal progress is derived from weather control.

Eéonomié ahalysis ¢an ébhf:ibute‘to the solution of rain-increase pro-
bleiis in three ways. With regard to utilizing available data for input-
output decisions, it estsblishés the theoretical framework for making pre-
operational choices; i.é., should farmers support ptrograms or not? Secondly,
economic evaluatioris of completed operations can guide future participating
decigions and operations. Thirdlyy; it assists in economic, forecasting.

For instance, if émpirical evidence indicated that.outputand net income

had been measurably increased bécause of the receipt of induced rainfall,
producers would féel justified to inaugurate or continue seeding programs.
Theory could then point out new alternative factor combinations. Knowledgde
of additional alternatives in turn would help explain and possibly predict
both short and long run transitions. Shifts could occur in land use or the
employment of othér factors, depending of course on the usual conditions

governing input réplacement and substitution,
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-In the following discussion, farm_and seeding firms are presumed to
act rationally in weighing economic decisions. Principal non-economic fac=-_
tors controlling their behavior have been treated in Parts I and VI. Farmers
and contractors are in analaggus_poéitipns in that both must make three
basic choices common to all enterpreneurs. These are given as which pro=
ductive enterprise to select, what level of production to sustain, and which
techniques or factors to employ. Both are presumed to be adhering to the
profit maxim by equating marginal cost_and marginal revenue with minimum
resource outlays. However, farm and seeding firms do occupy disparate
institutional settings. For ahalytical expediency, agricultural units are
generally considered to function in a purély competitive environment, and
will bé so cénsidered hére. Consistent with the judgeﬁent_arrived at in
Part I, seeding firm$ are assumed to operate in an economic atmosphexre of
imperfect competition; i.e.; oligopoly. Foér this reason, the actions of

each will be analyzed Sseparately,

Econoifics of the Farm Firm

Rainfall as a Factor of Production

In brief, the management decisien of whether to support rain increasing
activities is the result of an estimate of prospective rainfall increases,
followed by a comparison of money returns with the cost of realizing them.
Applying. the profit maximization principle, the farm opérator, or for that
matter any other interested entrepreneur, would presumably”pu?chase rainfall
incréments if cosés did not exceed the additions to revenué allowed by

greater output. The theoretical basis of this decision can be seen in
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clearer perspective if ?ﬁinféllsuaWQQQAcher inputs, is considered a
variable factor in the production functioh.

Hypothetical production curves are graphed in Figure 6-1, next page;
where the total physical product (TPP;) curve simulates a regression line
between output, in this case yield, and amount of, received rainfall; whether
whether it be the gift of nature or induced. Averagé and marginal quantities
are shown in the diagram as APPj and MPP; . ,At the point where TPP; begins
to descend, total product is at a maximumy, indicating that unneeded units
of precipitation will detract from yield. 1In a practical sense, such a
level of Qgtput_is achieved in bumper harvests, where an 6ptimpm quantiﬁy
of ideally-distributed ra{nfail has been received. Grop failure attrib-
utable to drought can be similarly represented, with yields failing to rise
much above the X axis., It is assumed that a minimum useful quantitylof
precipitation is necessary for any amount of product; conséquently, the
regression liné exténds from this minimum (qp) rather than from the origin.

A unique characteristic of rainfall inputs is that they aré variable,
but not subject to deliberate variation b; producers (at least before the
advent of cloud seeding). -Figuré 6-1 shows specific output levels attain-
able with givén quantities of precipitation. There is no question in the
minds of farmers as to the quantity 6f rainfall desired, yet thexé is stroﬁg
doubt if whether climatic conditions will allow it to be received, Taken as
& single input with an unchanging price, a demand curve could be constructed
for rainfall, the lower limit signified by the point wheré average aﬁdn

makrginal product coincide, and the upper limit set at zero marginal product

(qq and g on graph),
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. The 'motive of ranchers in supporting projects_is to_gain assurance
that, adequate moistuze will be received. If the assumption that rain
increaging attempts must be coincident with natural storminess is valid,
the functional effect of contzolled cloud seeding on production would B
simply be a moré frequent attainéﬁntHOf.bpximum output. Because Figure 6-1
merely expresses a physical inpu,tnoutputmrelationéhip9 no movements or
changes in slope of product lines would result.

There is an incidental benefit of rain increasing, however, that might
actually re-position product curves. This is the so-called 'spreading' or
attenuating effect of cloud seeding. Where TPP] expresses an histqrigél;
relationship between observed rainfall and yields, erosional and evapora-
tion losses are reflected in the regression., Should the moderation of
precipitation be demonstrated; the rélationship would be better represented
as TPP2. The benefit to producers of'improved precipitation effectiveness
would be an easier achievement of optimum output. The demand range would
be slightly altered in that average and marginal product could be equated
with fewer rainfall increments.

With respect to the prbducér problem of enterprise selection, a series
of curves simi;ar to those of Eigure 6-1 could be conétructgd for each
crop worthy of consideratiQno Hydrophylic products, i.e. corn, are known
to require greater minimums that q . Transitions would ultimately pivot on
the opportunity costs of not engaging in newly-profitable enterprises.

Another use of product or regression éu;ves is for measuring cloud
seeding benefits, Correlations are the vehicle for translating rainfall

increases into output units that can be given a quantitative market value,
(cont. p. 86)
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If it were shown that rainfall in target areas had been increased from g,
to qg5 the value of the seeding would be the monetary differenge“begweeé
Pa and Py. 1In economic as in meteorological investigations, however, it is
essential to know what quantities of rainfall had been actually induced.

The third producer decision likely to be influenced by rain increasing
relates to factor demand and alternative ways of éombining inputs. If
faimers can competitively purchase cloud seeding services in any amount,
the equilibrium position in terms of factor purchasing is at the point where
input price (whéﬁher it be for inches of rainfall, acres, or stated contract
péripds)his covered by the value of the marginal product (qu in Figure 6@2)1
‘Stated more practically; the farmer should be interested in purchasing rain-
fall as long as acréageé assessments did not exceed the market value of per-
acre yield increases, Should allotéd fees rise above this level (32)5 seeding
services would be priées'out of his market, since thé demand schedule don
not include c¢limatically-probable rainfall, Assured quantities aré repre-
sented by qp, with the relevant demand curve extending from this point up
to its intersection with VMP and thence downward to the intersection with
MFC,. TFee reductions would project the demand curve downward to MFCgz, out-
wardly evidencing program exténsions or enlargement of target areas,

In the long run, producers have an added pfoblem of achieving the
least=cost combination of all factors, considering relative prices and
output contributions. This optimuih is achieved when marginal product-
marginal cost ratios are equal for all imputs used, Figute 6=3 illustrates
such an ideal equilibrium, with values along the X axis designating rain-

fall, and ordinate vlaués representing some sort of integral unit for all
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othér factorss Thé volume of QutputlSﬁstéinednwiihHYérigd;Qropbrtionsﬂofn
the_ compared inputs is represented by the indifference curve Ij. As_drawn
hére, the curve implies twe properties 6f précipitation in arid agricultural
production, The relatively steep portion of the line above point E deriotes
a Very narrow substitution range of other factors for rainfall. Q; gives
the practicable limit to the Feplacement 6f rainfall, with qg speéifying_a
critical amount. about which yields vary considerablys In_ thé Great Plains,
qc Would roughly corréspond to lorig-térii average annual precipitation.
Pronounced ¢oncavity of I; above E shows a very rapid decline in the marginal
raté of substitution &s other factors, i.e., fefti;izef9 are given prefevence.
With limited expenditurés and known price raties (diagenal 0y cutting both
axes); the least-cost combination for output I, is reached at point Es
Additional évidence of the requisite nature of rainfall is provided
by antié;paﬁing_the reactions of producers to input pricé changses, In
Figure 6-3, a price decline for factors othér than rainfall cotild have two
results. The saving could be utilized By increasing consumption 6f the
cheapened factors (équilibriuﬁ at E"); or would allow increasing thé scale
_of operations to réach a hew output level, I5. In the first caseé, compara=
tively few (§s-qc) rainfall inputs could be replaced, If the saving were
devoted to expanding operations$, the least-cost combination aibhg I5 OCCurs
at point Ep, increasing rainfall usé from g, to qj. A rightward deviation
. of the scale line (S) from point E déemonstrates that rainfall has high price
elasticity as well as outlay elasticitys From this analysis it ¢an be cone
cluded that most agricultural inpﬁts aré 'inferior’ when compared with

precipitation.
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Risk-Uncertainty Aspects of Weather Control.

In varying degree, risk and uncertainty characterize all forms of
economic activity, being especially apparent in unrggulated systems, They
are primary factors und?xlying_a_perennial.pxoblemwof western agricultural
producerss that of achieving income stability. Risk and uncertainty are
rooted in consumption patterns as well as production peculiarities, For.
individual industries, many price and cost variations are associated with
_unforseen changes in consumer preferences or dispgsablauinqpmeo . Production
variations arige from the very nature of processes themselves; or from
external factors_as weather which control thé processes.

, Knight_differgntiétes risk and uncertainty by drawing analogies with
degrees of knowledge. 1/ These are termed certainty, risk, and uncertainty.
If an _event is certain as to time of in¢idence andhmagniﬁude,“eptrepreneu?s
having knowledge of it can piepare and act accordingly. If complete know=
ledge is lacking, but the likelihood of”ocqurrehpe can be stated in_ texns
of probabilities, the situation is described as risky.  On the other hand,
uncértainty is immeasurable and results from knowing little about even the
probabilities of an eveént occurring. Knight further remarks tbat whilé the
practical connotation of risk is the prospéct of a loss, uncertainty refers
to a possible failuré of managemént to realize gains, given otherwise
favorable conditions, ‘Aithough'there are crude attempts to place some

weather adversities in the category of risks (€alculable on the basis of

l/ F, Ho Knight, Risk, Uncertainty and Profit. (Seventh Edltlon, New Yorks
Houghton Mifflin Company9 1921) po 233,
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empi}icai _daté)9 weather in general is a variable of uncertainty, becguge
risk ganyapplymgnly,to_gomp;etelyninsqrable“1Qs$es£y-In_unqe;tain situa~
tions, producers are left to their own discretionary actions, usually.
achieving protection by flexible organization (a form of heaging) or other
internal cushions.

Johnson notes that five factors create uncertainty for farm
operators, These are‘iisted ass (1) imperfect knowledge abouﬁ p;odpq74
tion methods, (2) changes in production methods, (3) incomplete informa-
tion_pertaining to prices and price flugtuatibns,.(4) unpredictable actions
of personalities associated with the farm businéss, and (5) imperfect know-
ledge of institutions and institutional cbanges affecting agricultuzre, g/
Where so many variables influence production decisions, it is evident why
producers cannot easily gauge the consequences of alternative courses of
action. _In semi-arid regionsy; a sixth factor can‘easily be added to Johnson's
classifications that pertaiging to the unpredictable character of weather,

Even if it were possible to remove such economic variables as price
and cost fluctuations from the uncertainty problem, income instability
would persist because of random yield variations traced to weather elements,
particularly the element of rainfall. The significance of the moisture
factor in farming was portrayed in the firgtﬂthree diagrams of Figure 6.

An impression of rainfall criticality in dry-land areas can be had by

g/ Glenn L. Johnson, "Haﬁaling problemsnof Risk and Uncertainty in Farm
Management Analysis"%, Journal of Farm Economic$, Vol. XXXIV, No. 5, (Dec.
1952) p. 816,




) - 90 -
referring to Figure 6-4. Production curves here are drawn to showla
functional relationship between two inputs other than rainfall, Assuming
knowh factor prices, the proportionate outlay line 0, .is tangent to I; at
point E. 1, is the level of output that could be achieved if the two
factors were concertedly allowed to exert their maximum effect on production.
However, a singular feature of agriculture is that only rarely does output
actually coincide with I Rainfall variability itself implies that I; and
12 would more accurately be represented by a range of output, shown between

the dotted production contours. Ascension from one production contour to

another is probably even more difficult because of the magnified influence

" of weather., Below-average rainfall accompanied by heavy investment or

indebtedness has been known to disastrously affect the liquidity positions
of many farm firms,

Superficially, it appears that rain increasing should be an ideal
medium for coping with uncertainty by dampening yearly variations in rain-
falle It is.even hoped that weather control will remove chance of complete
crop failure, Unfortunately, the presént state of rain increasing technology
suggests that this is not the case. Adherence to the postulate that cloud
seeding success is directly, though disproportionately, related to natural
stoxrm activity (see p. 59) leads to the conclusion that rain increasing in
regions of variable climate might actually intensify the amplitude of
variations about long-term averages. Cloud seeding would be most successful
in peak years, with trouéhs of cycles little affected (assuming that preci-

pitation in wet seasons is not already at a maximum). Under these conditions,
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weather control could not be expected to significantly contract the range
of uncertainty shown in Figure 6-4.

If rain increasing can do_little toward ;emoving climatic_ ‘causes’ of
uncertainty, it can nevertheless simplify the gﬁplication of remedial
measures to mitigate the ‘*problem®, The factor that makes thé édvantqges
of asset storing and flexible organization so difficult to p:épagate is
that,wet and dry years exhibit a tendency to follow in sequence rather than
alternate. 1In series of favorable years, many pxoducers_ére'&isppsed to
let down their guard and_devote income surpluses to securing returns to
scale, even at the danger of not discﬁarging outstandingvindebtedhessa The
consequence is that a series of relatively dry (not necessarily drought)
years easily bankrupts over-extended operators, making them subjects of
costly public assistance programsot

Perhaps one of the greatest benefits to be derived from successful
weather control programs is that more xpserves could be laid aside in high
rainfall years for stabilizing income during periods of low rainfall,
Producers inclined to provide for lean years might then rely more heavily
on such devices as rotated storage or cash saving, and depend less on the
problematic receipt of credit aid., Few organizations would then become

immediate casualties of low yields.

Economics of Seeding Firms
The principal reason for analyzing seeding concerns separately is not
that their economic objectives are greatly different from those of agri-

cultural units (both are motivated by profit expectations), but that they
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progeed differently in adjusting output and mobilizing, reésources, Where
ranchers cannot manipulate product prices, seeding firms apparently can
and have. Where farmers_ reed .bot be concerned with the immediate reactions
of their neighbozrs to_management1décisionsgAseéding“firmﬁgmu$§_se;iougly
reckon with the actions and reactions of their competitors, especially
those involving the pricing of services. The present oligopolistic rglafm
tionship of rain increasing contractors evolved quite rapidly from a near
monopoly situation in which one or two firms were reaping the benefits ofma
previously unexploited markét, and enjoying abnormal_prof;ts° Such condif
tions charactéeristically encourage the entrance of profit-seeking, market-
sharing competitors into the field, with the conséquénce that all firis.
must then approach normal equilibrium, or operate closer to minimum average
costs

This analysis is not ¢oncerned with the eventﬁal outcome of intense
rivalry between contractors except to note thaj: weather control appeﬁa‘r's' to
be a line of endeavor in which there are significant economiés in scale.
A relatively large proportion of fixed costs in the-form of skilled labor,
generating equipment, requirements for research and forecasting facilities,
etc.; suggests an extensive yet specialized organization capablé of profi-
tably functioning within a widely dispersed market. The scale of optimum
efficiency is probably largé enough in comparison with potential clientele
and technical operating requirements to péimit the survival of only a few
efficient firms. These factors alone indicate that elements of imperfect

competition will pe¥vade the industry for some time to come.
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In_the analysis of farm firms, rainfall was considered to be a variable
input entering into agricultural productive processes. It can similarly be _
an_appropriate focal point for discussions of seeding firms; though it should
then be considered an intermediate product made available to farming enﬁers
prises for their subsequent use in further prnggtipgo__A$ a product it _
represents an important variable for contractors, who must decide how much
should be marketed and what techniques most efficiently induce réinfallq
In view of the probabilities currently attached to cloud seeding, the first
decision might bé defined more accurately as'hdwvmﬁch could be profitably

be placed on the market,

Rainfall as a Product

The production of rainfall from cloud seeding is graphically represented
in Figure 7-2; page 95. . A‘conveniént standard of comparison is taken to
be a hypothetical; functional relationship between accumulated units of
rainfall réceived ovef project aréeas and hours of cloud seedihg practiced -
within a specified time intérval. The unknown importance of other meteoro-
logical variables functioning makes impossible the exact derivation of
respective product curves. However, almost universal applicabi;ity of the
law of diminishing physical productivity suggests that beyond a certain
point (31)9 cloud seeding will aecrease rainfall. TPP is drawn with the
assumption that optimum Auclei cohcentrations are generated in each synoptic
situation affording opportunities for seeding. The effect 6f consistent
"overséeding’ during opérational périods might bé that TPP would pass

thiough the origin, then indicating rainfall decréases rather than increases
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(TPP-).  Depicting the simultaneous attenuation of rainfall is more diffi-
cult. In this case; hours ofwséedingishpuld be compgr@d_withisgmeimeaggre
of rainfall dispersion. Possible standards are decreases in average pre-
cipitation intensity (inches per hour from“s,ingle_storm_tYpes)9 or seasonal
increases in obsexvations of below-usual intensity. Figure 7-1 relates
hours of seediﬁg to detractions from average precipitation received per
stormy day. The TPP_curve takes a form similar to that in Figure 7-2, but
zero magnitude on the Y axis now denotes am historical aveiage of rainy-day
precipitation. It will be noted that ordin:te'values__are”nega‘tiveo Getting
efficiency gains into product terms is another distiﬁct problem, likely i
requiring reversion t6 a type of correlation measure as TPPo in Figure 6-1.

To maximizZe profits; seeding firms as well as farmers must produce in
quantities sufficient to equate marginal costs and mérginal revenue,
Theoretically, price should be set at a level whexre the necessary volume
of output coincides with the needs and capabilities of clients. Figure 8
defines the equilibrium position (E) of a typical seeding firm. Curve D
signifies quantities of rainfall farmers would buy at different'prices pex
unit, and corrésponds to the relevant ségment of the factor demand curve
of Figure 6-2; The presence of the kink in D was explained in the opening
chapter (pp. 18<19). Concepts illustrated in the diagram (Figure 8) apply
to relations with imdividual farmers, single weather improvement associa-
tions, or all associations, since cost and revenue schedules can be selected

with reference to the particular clients served and the necessary scope of

operations.
(cont. p. 96)
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The managerial process of selecting the most productive inputs and
seeding techniques is basically, the same for seeding firms as with ranchers.
The least=cost or optimum combination of labor, materials, etc., is achieved
when the ratios of marginal productivity to marginal factor cost are equal
for all inputs used. One consequence of the kink in D is a possible
failure of contractors to adjust prices in response to cost variations.
also profitably lower prices and increase profits, but are afraid to do so
begause they fear similar price reductions by competitors. Conversely, an
industry-wide rise in the cost of inputs, or new expense items, i.€.y
license fees imposed by several statesy, may result in a movement of the
kink (or current general price) up the schedule to the extent that prices
to clients would be increased at the same time contractors moved out of

relatively unprofitable areas.

Risk-Uncertainty Problems of Seeding Firms

When intexrpreting the reactions of‘agricultural producers to rain-
increase programs, many observers are prone to conclude that all risk and
uncertainty involved in ‘the economic promulgation of weather control has
déevolved upon or been unethically transferred to participants. However, if
a risk-uncertainty frame of reference is fitted to problems of seeding firms,
it becomes evidént that these concexns operate under as great or greater
uncertainty stress tham do the economic units interested in their product.
Cloud séeding operations are no less subject to weather and climate variables

than farming enterprises; for just as minimum useful amount$ of precipitation
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are necessary for successful agricultural production, certain favorable _
weather conditions must seasonally develop for contractors to be of service
tq‘thei;;clieptso Also, it is erroneous to assume that agriculture is
much more affected by periodic fluctuationé in the general level of busi-
ness activity. |
| Uncertainty manifests itself to contractors in]two forms which db not
usually concern farm operators. The first of these is doubt on the part of
one firm in regard to the reactions of competitors to their policies, a
characteristic feature of oligopoly. The second is imperfect knowledge of
where to set price, an uncertainty problem common to all firms engaged in
monopolistic- competition. It appears that seeding firms are alsg susceptible
to a special risk factor not affecting agriculture. While farmers can
ordinarily market their output at the current price and simultaneously com-
plete transactions, seeding firms must establish selling relationshipg and
gain assurance of payment througﬁ the medium of contracts, As in other
businesses, contracts can often be in default, It should be rélatively
simple to determine whether failure to pay was the result of assumed non-
performance or deficitsg‘but adjustments to the conditions might be very
difficult,

It has been argued that participants are not obligated to pay for
unireceived increases. This cohtention is relevant only to performance con-
tracts unfulfilled by contractors. The argument is not valid in the case
of fixed-fee contracts because there is-too much danger that results are
subjectively measured by association members. If subscribers are not

dramatically impressed with an operation (even assuming they are not led
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to, expect dramatic results), they are apt to unjustly discount the value of
more subtle benefits. _Incidentally, a policy of willfully misrepresenting

possibilities of weather control can only be explained in terms of a con-

and short=run profits.

Figure 8 also illustrates a seeding firm's retrogression from an
initially profitable equilibxium to a situation in which it is no longer
feasible to attempt operations. The diagram explains the evolution of the
current rain increasing situation in mahy“western stateso~hIwo magnitudes
are measured on_the X axisj quantity refers to premised increases, and
percentages refer to the proportion of contributors considering programs
successful, The two ranges of values on X are required to introduce a
supposed relationship between estimates- of program success and effective
demand.,, Curve D is the demand schedule originally catered to.,  Price and
coé£ variables are on the Y axis. Price applies to promised units of rain-
fall. The first aggregate fee, or contract price, is encloésed by OP; x 0Q;.
Unit price is OPj.

If operations prove to be 100 per cent successful (in the minds of
subscribers), the firm can expect a contract renewal and continued equili-
brium at point E (assuming no changes in costs). On the other hand, if a
significant group of subscribers, say 50 per cent of the membership, does
not believe results were significant, collection of final contract install-
meptshbecomes a problem. The firm may secure payment of only one-half the
fee, represented by the area OP2 x OQ1. When discussing new contracts,

associations may want to bargain on the basis of what was collected the
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previous season (Pz) because their members®’ demand schedules only comprise_
an effective demand of D's In order to achieve a new equilibrium (E')9 the
firm must strive to lower its operating costs to MC!',

If a second operation is also considered a failure by some subscribers,
the firm will again encounter collection difficulties, and in the following
seasony demand will accordingly have fallen to D". The net effect of
successive failures, be they assumed or proved, is that seeding firms are
forced to achieve °retrenching' equilibria. Continuation of the process
evehtually drives firms out of the industry entirely, or at least out of
some areas. This tendency‘toward extinction can be arrested or reversed
only by operations being successful beyond the expectations of remaining
subscribers and the public. Attraction or re-attraction of clients would
then raisé demand curves - to former levels and allow contractors to regain

the advantages of scale.

Welfare Implications

As in technological investigations, é social criticism of weather
control must proceed on the basis of qualifying assumptions. This brief
review of welfare aspects of rain increasing rests upon its general
acceptance as an effectivé production technique. Acceptance implies
diversions of labor and capital to a weather modification industry in
addition to the horizontal transference of reséurces within agriculture,
In view of exiétihg circumstances, the assumption may reflect unwarranteg
positivisms However, the relating of economics to concepts of social, pro- -
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rain_increasing rather than, deliberating on the question of technical
effectivengss, If rain increasing is demeonstrated to have but_minor
economic importance, then no significant social problems will be presented.
This reservation facilitates an impersonal economic analysis of forseeable
welfare problems. e )

In its broad sense, welfare economics concerns the attainment of such
goals as optigum consumption and production patterns, or ideal income
distribution-~through institutional manipulations. An institutional
interpretaﬁion_ofw§liocation problems, particularly those involving product
allocations, is described in the finalvchépter (Part VI). The problem of
resource allocation, involving elements of distribution théory, can be
defined cohceptually with equations representing a so-called normative
equilibrium. 1In asserting the interests of society, these equations apply
equally to farm and seeding firms.

Where resources are commanded by contractors, it would be desirable
that they be bought and sold in purely competitive markets., In this case,
the supply of an input is reprééented by average cost; and firm demand
schedules are synonomous with the market value of marginal products.
Contractors would then be purchasing inputs in much the same manner as
ranchers. The specific quantity of an input desiied would be detexmined by
a contractor equating industry marginal factor cost with this individual
value of marginal products Under these conditions, firms would be wanting
just enough of a resource for its revenue contribution to cover average
purchasing costs. Farmers would gain bécause the cost to them of induced

rainfall would not exceed the marginal costs of firms producing it.
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_If these are criteria for social equilibrium, it becomes clear that
the present oligopolistic relationship of weather modification congerns
precludes optimum resource use, Though contractors hay competitively buy
many needed inputs, non-competitive output policies of the industry at large
make it inexpedient for them to buy in guantities that would equalize
average factor cost with value of marginal product. This is bécause their
output ig,geargd to less than infinitely elastic demand; while schedules of
agricultural units do not imply price concessionss _Monopsonigtic_glgmeﬁts
in factor markets would be even moiéﬁdisturbing, sincé steeper marginal
cost curves would tend to directly restrict production.

.. In the more realistic case of multiple resource use, an ideal combina=
tion would be where (still assuming‘oligopo;y) marginal value products of
all factors were propoxrtionate to what their average cost would be-in a
competitive market. In other words, marginal productivitiés of resources
used in cloud seeding should be no less than what they wére in prévious
uses, If all contractors maximized resource efficiency (assuming a given
resource supply), total benefits of rain inCréasing would simultaneously
bé maximized., Furthermore, the scale of seéding firms would be comparable,
indicating optimum éperating efficiency as well.

For the interests éf farmers, contractorsg; and the public to coincide,
desired commodities (whéat or rainfall) should be producéd in correct pro-
portions. This would occur only if marginal revenues (simply price for
farmers) of both producing groups corresponded with an increment of
social gain, and marginal costs reflected a social expense (resource deéple=

tion). This does not imply that the interests of farmers and contractors
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§hgu1d_belsubvegtedwto,thpge of the public on all occasions, In some_
instances, discrepancies between private profit and social gain can be__
attributed to public apathy or outright unwillingness to share social costs.

An example of social inconsistency has cropped up in Montana, where
some ranchers have hoped to get rainfall increases without sharing in _
program costs.- SPCh attitudes make seeding“cdstsrof participants unneces-
sarily burdensome, and greater #han real costs to the agricultural community.
Benefits are correspondingly less than those accriing to the public. The
equitable corzegtion.of such situations would suggest compulsory cost
sharing. Conversely, public disapproval of programs can be traced to a
fear that §ocia1 costs would éxceed apparent benefits, Claims to direct
and inc¢idental benefits of rain increasing pose special problems for
Society to resolve through its judiciary. They are examined in the

following chapter.
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PART VI

CONTROVERSIAL ASPECTS

Legalities

In striving to reach higher output levels or inciease efficiency, the
entrepreneur is often confronted with problems outside the management area
and beyond his personal control. Many of these external factors are
social in character; generally presenting issues which demand mature nego=
tiation and eventual compromise., An outstanding examplé 6f such a factor
in agricultural development has been the rapid extension of ifrigatiOn
farming into almost every aréa in the West, _When ;t became evident that" ]
climatic moisture deficiencies could be offset by irrigating, the employ-
ment of water resources quickly reached the point where supplies iere
inadequate for all intended uses. In c’onéeque‘ncy9 a special body of law
has evolved to define procédures for allo¢ating scarce water resourcés
among diverse interests. A similar problem faces agritultural préducers
interested in weather control, and it is not entirely associated with the
water supply as such.

It was noted in Part I that fear of legal involvement has conditioned
the attitudes of many Montanha ranchers towérd rain-increase programs. AlSo
noted was the absénce of .evaluative infgr@ationa=contributing to the uncers
tainty surrounding past program$ and a genéfral reluctance to continue thém.
The discussion in this section does not offer concrete solutions to these
difficulties, but attempts to enumerate some interpretations and approaches
to .legal problems, as well as déscribe the factors which make evaluation

of rain increasing so complex.
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The relationship of the two kinds of problems is_ indicated by an apparent
hesitancy to_resolve legal issues without $ufficient‘p¢oof of man's ability

to harness natural weather processes. Most preliminary‘legal analyses have

- concluded with the recommendation that experimentation be allowed to proceed

until sufficient technical data aré availablé to'permit the formulation of
specific¢ policies, _Ihé urgency of the immediate situation is witnessed by
the fact that,farmers“néeding additional water have not waited for legal ‘
authorization to embark on $eeding programs.

To explore legal ramifications without restraint, it is advisable to
témporarily ignore the conténtions of,commefiCal interests thai cloud
seeding doés not deprive anyone of rightful rainfall,\ahd has- no adverse
Reffe;:tso_ The veracity of these staﬁements’is undoubtedly a question of
fact; but as yet the facts have ﬂottbaen‘determineda Consequently, it
should be assumed that atmospheric moisture might be a 9epletab1e resource,
and that apprehensions of undésirable features of Wéathér control may be
justified.

The objection of Flathead Valley ranchers to the proposed Bonneville
project has been  the only instance of ihtéraéioup conflict in Méntagaé
Nonethéless, if the effectiveness of cloud seeding is éventually coénceded,
a host of legal controversiés could complicate agricultural prbgraméo

In this discussion, anticipated legal problems are ¢lassed in three
broad groups. They concexn (1) eﬁtitlémen£ to atmospheri¢ moisture and
in¢reased sn:face water, (2) 1iabi1i£y of associations and contractors for
pbééible‘harmful effects, and (33 governmental intervention. The applica-.
bility of existing Mohtana statutes to these‘problemes is emphasized.

L
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Atmospheric and Increased Surface Waters

General Considerations

A question that should be raised immediately’in reference to water
rights in weather is this: "Does ownership refer to éir-borne moisture or
to that deposited on the earth as a result of weather modification?" The
question is exceedingly important because the two forms of occurrence aré
clearly not the same, each representing watgr in separate stages of it§-
hydrologic cycle. The intended effect of cloud seeding is the transfor-
mation of atmospheric moisture from the vapor phase to the solid (snow) and
liquid (rain) phases so that the supply of water available for economic
pursuits islincreased. Successful rain increasing can add to water supplies
in streams, underground reservoirs,. and directly on crop lanas, although
much of the additional rainfall on grop; and ranges would be evaporated or
transpired long before becoming incorporated in watercourses or ﬁndergrpund
storage. In the case of water retained and utilized by crops, the question
of entitlement is largely one of ownership of atmospheric moisture and
rights to practice weather modification. Eptitlement to increases in stream
flow is different matter.

Wiel legally distinguishes terrestiial waters as having definite or
indefinite form. l/ Definite waters are those confined to surface or
underground watercourses. Examples are lakes; rivers, man-made reservoirs,

and subterranean streams. The indgfinite class includes unconfined or

1/ Samuel C. Wiel, Water nghts in the Western States, Bancroft-Whltney Coay
San Francisco, 1911, pe 1o
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diffused surface and undérground waters., Wiel's distinction would place
atmospheric moisture in the indefinite class. However, the separation of
received increases cannot be as specific because induced precipitation
mingles with both definite and indefinite waters. It is the lack of know-
ledge about weather processes and the difficulty of tracing rainfall
increases that make weather control legalities appear so complex. Until
such time as the effects of modification are proven, legal problems will
continue to arise., Meanwhile, interim appro;ches to adjudication must
follow the same lines of reasoning for apportiéning naturally-occurring’
water supplies., Claims for personal injury or property damage can be argued
under present statutes once proof can be established,

In thé succeeding paragraphs, concepts historically developed for
establishing rights to water will be individually reViewea, with their
rélevancy to rain increaéing noted. The appropriation doctrine is

systematically re-interpreted because it prevails in Montana water law.

The Riparian Doctrine

The classic riparian do#irine accords to each ownexr of land contiguous
‘to a stream the right to make whatever use of the water he requires for
domestic purposes and the watering of livestock. The riparian owner can
extend his use to irrigation or other ecénomic purposes provided the appli-
cation is reasonably consistfent with similar uses by all other owners
adjacent to the same stream.’

In its primitive form, the riparian doctrine equally entitled all
adjoining owners to an undiminished and unpolluted water supply. Strict:

compliance would haﬁe forbidden all uses., Brooks applies-the primitive




- 107 =
riparian law to weather control because of uncertainty.'g/ In place of the
natural flow of streams is visualized an endless flow of atmospheric
moisture pontained in clouds. If the flow is disturbed by wgather modifi-
cation, some property holders will péesumably suffer because all land is
riparian to the atmosphere. As with surface streams, primitive riparian
law applied to weafher would prohibit diversions and controls, including
experimentation.

Brooks extends the ripariah principle of reasonable use to rain in-
creasing by presuming no need for fulfilling natural uses unless water is
generally scarce. - Where restrictions are in force, the right of a farmer
to take rainfall increases for crops should take precedence over the desire
fo raise the level of a lake for amusement purposes. Requirement; of popu-~
lation centers are not mentioned. It would seem that municipal needs con-
stitute a natural use that should hold priority over agricultural uses,
particularly since Brooks cites as a controlling principle promotion of the
use which fulfills the most critical needs, or provides the greatest
general benefit to the community.

Although the riparian doctrine was early rgpudiated in Montana
ﬂBannack Statutes, 1865), vague support for an atmospher?c counterpart can

be found in the Uniform State Law for Aeronautics. §/ Section 601 of Title

15 asserts state sovereignty in the spacé above lands and waters, subject

s

2/ E. P, Brooks, "Legal Aspects of Rainmaking", California Law Review,
37-114 (1949) p. 116,

3/ Revised Codes of Montana, Annotated, Vol. 1 (1947) (1-601), p. 347,
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only to the exercise of federal police power or rights of eminent domain.
Section 602 supports the ‘ad coelum® doctrine of individual ownerghip of
air objects by reading: ®The ownership of the .space above the lands and
waters of this state is declared to be vésted in the several owners of the
surface beneath, subject to the right of flight." ﬂ/

”Principal flaws in the practical application of riparianism to weathir
control appear to relate to concepts of private propertys One group con-
tends that riparian theories of rights in clouds are wholly inconsistent
with traditional principles défining propertys g/.'Under the civil law,
property is segregated into two classesi private and common. Common propgrty
includes the air, oceans, running water, and wild animals. Necessary con-
ditions for private property are occupaﬂ;y, proximitys and control. This
group does not conceive the occupancy of clouds, and contends that even if
it were possible; its scope would bé narrow, becausé clouds continually move
and dissipate. .

Neither is the proximity of ¢louds to land considered a basis for
riparan anership because thé water contained in them is common property
that can be owned by the first person taking possession. It is admitted
thaE while farmers are entitled to naturally-occurring precipitation, this
right does not extend to moisture that has 9ot yet fallen., In other words,

farmers use rain, but only after they have it.

ﬂ/ The "ad coelum® principle dates from early common law and implies that
“he who owns the surface owns all air above it".

g/ Stanford Law Review, Vol. 1,(November 1948), p. 225,
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_ With respéct to the third qualificéatibn, it is argued that the_element
of legal control is lacking until clouds areé directly over the lands in
question. According to this viéw, farmers o6r other economié¢ groups could
assert no property rights in weather beyond thé bouridaries of surface
holdings. If this were the case, landowners might find themselves in a
curious situation where their effort$ to seéure additional rainfall by
séeding in outlying areas were forbidden by théir own riparian rights.
Under these circumstances, cloud seéding opérations WOqld.be;bonfined to
very local areas and probably limited to aircraft techniques.

In summarys the riparian doctrine-is inadequaté for solving legal pro-
blems in weather control because of threé faults. First, the analogy of
atmospheric flow and stréams is false bécause ¢louds are not confined to
regular channels. A second shortcoming is the inherent prohibition against
seeding over areas other than those to be benefited. Thirdly, the riparian
doctrine does not providé for the equitable distribution of raihfal;
ificreases that might find their way into natuial.watercaurseso Where
upland watersheds were seeded to supplement irrigation supplies, Sponsoring
farmers would surely and vigorously opposé exclusive claims of riparian
landowners to the increases. It was theé néed for diversion of water to non-
riparian lands that helped cause the rejection of riparianism in semi-arid
states, <Considering its many inconsistencies with presently accepted rules
for water aIlocation‘in the Wests,the_fiparian doctrine will prbbably not

be applied to weather control problems.

The Appropriation Doctrine

A second doctrine governing rights to the use of water in watercourses
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gives to the first user the right to continue his use so long as it is
beneficial. Furthermore, the prior appropriator can use the entire supply.
if it is necessary for his beneficial purposes. Surpluses are available to
later appropriators ip_the‘prder_of”their priorities in time,, .

_With_cgrtain :evisioﬁsg‘appropriatiVé.p;inciplés imight be applied to
rain-increase problems. Provisions for nghfriparian diversions, diminution,
time priority, and beneficial useé all have some relevancy to_weather control,
particularly in regard to expected Changeskin_§Urface“water“supp;ié55
Rights to atmospheric moisture and legal authorization to practice weather
modification would be more difficult‘to determine,

One approach, suggested by Ball, would modify the appropriatién doctrine
so that the entire atmosphere would constitute a body of diffused (SUSpénded)
water. g/ By compliance with statutes, an gppropriafor could abtain a
“right to the use of the atmosphere™ supérior to that of late:'applicants;h
The right wouid be conclusive against all but the police power and eminent
domain. This interpretation 'is in accord with the contention that clouds are
comnon property that can become private when appropriated. Theré have been

.
several attempts to lay claim to clouds under this reasoning. Huffman cites
the appropriation claim of a Nevada rancher to 1000 cubic feet per second of
water from all élouds passing over his (%he’rancherﬁs) property. Z/ The

claim was made under statuté providing that “The water of all sources of

6/ Ball,. "Shaping the Law of Weather Gontrol" Yale Law Journal Vol. 58
11949) p. 224, N ;

7/ Roy E. Huffman, Irrigation Development and PUbllC Water Policys, Ronald
Press Co., New York, (1953)9 pPo 330
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water supply within the boundaries of this state (Nevada), whether above or
below the surface of the ground, belongs to the'public and can be appropriated
by them." 8/

Ball does not discuss provisions for diyersiqn of_ atmospheric moisture,
nor does he define what uses of such moisture should be considered most
beneficial. In these respects his atmospheric doctrine is reminiscent of
the original_surface doctrine. In Montana‘s territorial days, the only.
condition for a valid appropriation was a completed ditch for some useful
or beneficial purpose. Since 1885, however, there have been two methods
for appropriating waters first, by complying with the customs of early
settlers (completed ditch and a useful purpose); and second, by complying
with the terms of statutes (posting of notices, filing, construction, etc.).
More recent fegulations concern procedures for adjudicating individual
rights to water, and plicies adopted with regard to interstate and federal
water resource programs. Though these statutes were framed in reference to
natural water problems, they nevertheless have some bearing on the kinds of
difficulties currently posed by widespread weather control operations. For
this reason principal provisions of the Montana water code will be listed,
with brief comments on their possible relatiénsﬁip to agricultural cloud

seeding programs. 2/

§/ Nevada Compiled Laws, (7890),

2/ Provisions are excerpted from the Revised Codes of Montana, Anhotated,
Vol. 7. References preceding the items identify specific sections and
clauses,
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89-801. What waters may be appropriated The ‘right to the use of the
unapproprlated water of any stream, river, ravine, coulee, spring, lake9

or other natural source of water may be acquired by appropriation, and

an appropriator may impound flood, Seepage, and waste waters in a reservoir
and thereby appropriate the same.

This provision is very similar to the Nevada statute under which an _
appropriation claim to atmospheri¢ moisturé was made., In Montana, however,
title to natural sources of water rests in the State; and not with the _
public. A citizen can own only a right to the use of wate¥ to the extent
of his legitimaté neéds, It could be supposed that landowners do not own
clouds, but might acquire a right to seed them in any area for their sub-
sequent benefit. Whether an appropriative right to the airspace overlying
property would forbid others to seed in the immediate area is a ponderable
question.

89-802, Appropriation must be for a usefulipurpose

No statutes apply hereo‘ The general rule has been for courts to défer-
mine beneficial purposes by questioning the appropriatqr's iﬁﬁentions_and”
the circumstances sufrounding his diversion. The use of water for irriga-
tion has never ‘been questioned; but other economic and recreational uses
have at times been considered ugeful also. In addition, contemplated use
. is as acceptable as actual use, provided that diversionary facilities are
completed.

Similar reasoning could apply to weather modification, since the pur-
pose of cloud seeding is nothing more than an increased water suppiy avail~
able for existing usés. In regard to contemplated use, farmers would be

authorized to conduct winter seeding projects over relatively distant drainage
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areas even though the water contained in heavier snowpacks could not be
utilized until the following growing season,

89-803. Change of point of diversion The person entitled to the use of
water may change the point of diversion if others are not thereby injured.

This would permit se?diﬁg operations in the most desirable areas; i.e.y
high elevations and_cloud-breéding regions. It could élso legalize the |
taking of proven increases out of streams, if the diversiong could be
effected with the approval of those controlling property through which new_
or enlarged ditches and flumes must need péss° Additional support could be
vimplied in the sdqqeeding_provisiéno
89-»804a Reclaiming of diverted water The water appropriated may be turned

into the channel of another stream and mingled with its watérs and then
reclaimed.

If the atmosphere is considered a resérvoir (Ball), rainfall increases
could be directed toward efficient catchment basins and later reclaimed.
Where runoff was extraordinarily excessive in target areas, the desire for
reclaiming coula be quite strong.

89-807. Priority As between appropriators, the one first in time is first
in right.

This notable feature of the appropriation doctrine could be enforced,
albeit with some difficulty. However, undue emphasis on time priority in
weather rights could prévent the realization of many desirable benefits.

For society to realize maximum returns from weather control, priority should
perhaps be allocated in a somewhat different fashion. Rainfall increases
VUSed to supplement irrigation supplies would no doubt contribute more to

the social product than increases accumulated in lakes. Also, some regulation

might be needed where controversies were simply a matter of weather control

T
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versus no weather control., Hére it would bé a question of prospective addi-

tions to theé socisl prodiuct 6f1 éne hand, and possible detractions on thé other.

To properly exploit wéather confrol, a dual systém 6f priority might
devised. As betweéen similar uses time priority would stili holds As
between diverse interests, however, priority would be granted to whichever
use was cohsidered to be the more sécially valuable. Undér such an arrange-
ment, the more benéficial uses could legally usurp time priorities of those
less desirables,

89-808. Appropriation by the United States The government of the United

States may, by and through the Secretary of Interlor, appropriate the
iwaters of ‘streams or lakes in thé same manner as individual appropriators.

This type of provision could authorize fedéral participation (without
eminent domain proceedings) in rain increasing activities within state
boundaries, and allow federal appropriation of stréam flow increaseéss

89-810. Notice of appropriation Any person hereafter de$irifng to appropri-
ate the waters of a river, stream, etc., or other natural source of supply
cohcerning which there has not beén an adjudication of thé right to use the
waters must post a notice in writing o o o oy stating therein: Theé quantity
of water claimedy the purpose for which it is claimed and the place of
intended use, means of diversion and date.

-Most criticisms of the appropriation doctrine do not concern its basic
concepts, but are leveled at statutory procedures for completing claims,
In nearly all states suppérting the doctrine, a valid-appropriation requires
intent to apply to a beneficial use, the diveérsion from a natUrél channelg
and an actual appropriation.to a useful industry. By describing techniques
and operating plans for incréasing rainfall, farmers might feel or contend
that the requirement for stating the means of diversioh had béen met. It

is argued, however, that while ranchers could lay ¢laim to a specific amount

174
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of atmospheric moisture; and state its intended use, they have no means of
channelling or ¢ontrolling its fall. ;Q/ A similar attitude toward appropri-

ation is taken by Brooks, who concéives a ¢loud to be an object floating by

instead of an intégral part of the airstream, 11/ The only practical way
for a farmer to gain legal control (appropriate) of clouds is by causing
théem to ﬁrecipitate when immediately ovetrhead. (Brooks seriously compares
c¢loud seeding to shooting duckss)

89-815., Adjudication of claimé In any action héreafter comménced for the
protection of rights acqu1red to watér under the laws of the states o o oy

the Court may in oéne judgement settle the relative priorities and Fights
of all parties to such actions

Eventual proof of the effectivenss of weather ¢ontrol and corres-
ponding influences on areal moisture balances will almost certainly require
determination of the relative rights of écondmic groups to engage in rain
increasing aétivitieso
89-846, Appropriation of waters for usé out of staté None of the waters
of the staté of Montana shall evetr be approprlated, diverted, impounded; or
otherwise restrained or controlled while within the state for usé outside
the boundaries there6f, éxcept pursuant to a petitién to and an ac¢t of the
legislative assembly of Montana pérmitting such actions

The pétential importance of‘thié provigion is illustrated in recent
législétién conCééning the promotion and fegulation of rain increasing in
other states., Wyoming was first to specifically assSert its sovereignty in
atmospheric moisture. In Section 1 of the Wyoming act: “It is hereby
declared that the state 6f Wyoming élaims ité soveréign right to the use
for its residents and best interests the moiSture contained in the clouds

lg/ ops cit. Stanford Law Réview, p. 50,

11/ op. cit. Brooks, p. 116
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and atmosphere within its sovereign state boupdarieso" lg[ The Colorado
Weather Control Act declares "that the State of Colorado claims the right
to all moisture suspended in the atmosphere which would fall so as to be-
éome part of the natural streams of Colorado, for use in accordance with
its laws; and also the prior right to increase precipitation by artificial .
means for use in Colorado without material damage to others." li/.

Enforced laws of this nature would prohibt the location of seeding
equipment outside the state to be benefited. Since weather (like surface
streams) is notoriously disrespectful of political boundaries, such prohi-
bitigns would severly limit the extensiveness of commercial operations, and
in some instances render them irﬁpracticable° Colorado foresaw the implica-
tions of undue restraint and implies a willingness to reciprocate by provi-
ding in a subsequent sections "Weather control operations may not be carried
on in Colorado for the purpose of affecting weather in any other state which
prohibits such operations to bg,qarried on in that state for the benefit of
Colorado or its inhabitants.® iﬁ/

Conciliation of the issues arising between states would probably take
the form of regulating atmospheric water supplies in the public interest.
Such control would be indispensable if the econemic feasibility of rain
‘increasing were demonstrated, with their stringency dependent on the relative

success of cloud seeding among areas. ‘A desirable policy would provide for

12/ Session Laws of Wyoming, Enrolled Act No. 53, (1951).

13/ House Bill No, 251, State of Colorado (1951).

14/ Ibid. Section 13.
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the fulfillment of essential needs and the balancing of reasonable uses.

In interstate compacts Felating to irrigation and municipal devaloﬁﬁeﬁt

of water supplies, the federal govérnment has invoked & rule of ‘equitable
apportionment' and urged cc‘iopepg"cipn° A similar attitude would likely be
taken toward regional weathér control problémss,

to propose their adéption for dealing with weather coritrol. At the tiﬁe

of their enactment there was not thé slightest expéctation they should ration
water rights in weather. However, there i§ oné principle in Montana water
rain increasings This rule states that "a person who, by his own exexrtions,
creates a new and indepeéendént sourcé of watér supply which would not othér-
wise have flowéd into a stream, the waters of which have been appropriated,

has the prior fight to use the water to thé extent 6f the incredse." lé/

Indefinité Waters and Correlative Rights

Water right concepts most comparable to atmospheric moisturé aré those
relating to so-calléd diffuse surface and pércolating Subéurface waters,
The principallsimilarity is that rélatively little is knoWwn about the -
origins of ground watér afnd rainfalls A failure t6 recognize theé interde-
pendence of soutces has historically resulted in disputes ovér underground
waters. A 51m11ar lack of knowledge currently complicatés rain increasing

controversies. To completé thé parallelism, it could be assuméd that

15/ Geor¥ge Y. Patten, "Water Rights in Montana", Rocky Mountaln Law Rev1ew9
Vol, 28-2, (December 1950) p. 165,

e
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atmospheric water suppliQS'aré as exhaustible as_surface or underground
supplies, though the methods of gaining access and diverting are very
different..

Rights to the use of percolating waters in various western states are
subject to several px;inc’ip_les,of_law° These alternatives will be outlihed
with brief cémpariséns_ to rain increasing probleéms.

“The earliest princ¢iple recognized was thé English rule of absolute .
ownership, under which a landowner is privileged to extract water from his
land in any quantity that suits his cdnveniencég_regardléss of the effect
upon the Watér supply on his neighbor’s lands Landownérs in Montana cén
appropriate any water:under their property, provided theére is no malicious
intent, If the English rule extended to the atmosphere, all landowners
could practice weather modification. A damaging effect of the concept has“
been the over-development of ground water to the point whexe recharges can-
not maintain thé supply. Indiscriminate and widespread attempts to increase
rainfall areé similarly feared because they might Upset natural processes to
the extent that deficient areas would receive less precipitation than if
weather were left alone. *

Another ground watex princigle is called the American rule of reasonable
ﬁseo This allows the landowner to withdraw water from his land, but re-
quires his use to bear a reasoqable relationship to the use of overlyingd
land. The rule has been invoked in some areas to restrict the sale of larde
quantities of water for use at other points. Applied to weathér control,
the principle would entitle a landowner to increases he could gét,tq his

property, but would forbid the sale of increases retained in watercourses.




































































































