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PHI;FACE TO VOLUME II

'Ihis is the second annual report of Project Skywater, Volume I
summaries the historical development, present activities and future
plans of the Atmospheric Water Resources Program. Volume II con-
tains reports describing the fiscal year 1968 activities of the Project
Skywater contractors.

Some of the reports were reproduced exactly as received from the
contractors. Others, because of their length, were summarized by
personnel of the Office of Atmospheric Water kesources. lhe con­
tractors have not reviewed the surlUllaries, but in almost all cases
the sunullaries consist of essentially verbatim extracts from the con­
tractor reports. 'l11e Bureau of Reclamation summaries are identified
as such on the cover sheet of each report.

Several research programs \\'ere started late in the fiscal year.
Reports of the activities of these programs have not been included
in this voltnne. '1he contractors involved are Colorado State Uni­
versity (one contract to investigate diffusion, using a wind tunnel
model, and another contract for planning the Upper Colorado River
pilot project), Vni versity of Denver (cloud physics research), and
the university of t,lichigan (ecology). In addition, reports from
the Soil Conservation Service, Geological Survey and the f'orest
Service have not been included because the primary role of these
groups is providing equipment and data,

Citation of trade names or commercial firms docs not constitute an
official endorsement or approval of the use of such products or firms
by the U.S. Department of the Interior, Uureau of I\eclamation.
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Legal Aspects

of

Weather ~lodification

UNIVERSITY OF ARIZONA

College of Law

This summary, prepared by the Bureau of Reclamation, contains the
introductions to the four interim reports and the swnmary of a
special report concerning legal guidelines for atmospheric water
resources management. The reports themselves cannot easily be
reduced to a size suitable for the Project Skywater Annual Report.





INTRODUCTION

The law, like the atmosphere, stubbornly resists computerization;
yet each has its parameters, and men have chosen the task of defin·
ing them. In the nature of things, elahoration of atmospheric
science theories has preceded description of the legal effects of
their implementation. The time, though, is no,,' ripe for an overall
examination of the law of \~eather modification. The Weather
/·lodification Law Project at The University of Arizona College of
Law is such a study. This is the first interim report from the
study,

The term "\~eather modification," as used in those state statutes
which attempt to define it, and in the regulations of the National
Science Foundation, covers changes in the composition, behavior, or
dynamics of the atmosphere ",'hich are artificially and intentionally
induced. It is customary to think of weather modification as being
on a lesser scale of size and permanence than climate modification.
The primary focus of this study is upon artificial changes in clouds
and fogs and the legal implications of such alterations.

The effects of weather mod i fication may be considered on a temporal
basis; that is they may be divided into those taking place initially
and those that are cumUlative. Artificial weather operations may
also be compartmentalized in light of their geographical impacts.
The Weather ~Iodification Law Project will consider both kinds of
classification of effects.

This report concerns t·he presently existing law of weather modifi­
cation. Its primary division is into a consideration of the legal
prohlems arising from the initial effects of weather modification
ani an exploration of those problems arising from the cumulative
effects of \~eather modification. There is also a recitation of the
state of the art and an inquiry into the complex problems of "legal
cause" that pervade most of the legal questions resulting from
weather moJification,

Two later interim reports "ill delve into questions concerning the
possibilities of adjustment in weather moJification law through
future legislative activities. They "ill be divided upon the basis
of geography. The January report will consider the domestic impact.
both interstate and intrastate, of weather moJification; the April
report will focus upon the international consequences of artificial
weather changes. Both reports will cover the governmental power to
act and possible norms that might be established.

This interim report and the other two are segments of an overall
study of the law of weather modification, They will lead to the
final report \o.'hich will incorporate their substance. llence they
are not intended as complete and final statements concerning the'



areas of law covered. They will be supplemented by closer exami­
nation of many of the problem areas tha~ they raise. Suggestions
ard criticisms are invited. They l'o'ill be taken into consideration
in preparation of the final report. Also the authors contemplate
making changes in light of future inquiry and reflection. There
is an awareness that forecasting the law, or even gUiding its dir<':c­
tion, may be akin in difficulty to forecasting the weather - or in
guiding its direction.

The goals of modern weather modification are to make artificially
and intentionally such changes in the composition, behavior, and
dynamics of the atmosphere as would alter precipitation patterns,
disperse transportation inhibiting fog, suppress hail ard lightning,
and eventually diminish the disastcrous effect of severe storms.
Governmental regulation of activities designed to achieve these
goals is now directly imposed, to greater or lesser extent, in
some 26 states and has been proposed on a federal level. Weather
modification regulation should facilitate efficient use of the
atmosphere as a national resource, provide for equitable distribu­
tion of the benefits thereby derived, and promote fair assessment
of the costs and liabilities.

The Weather ~lodification Law Project at the University of Arizona
College of Law involves an overall examination of the law of weather
modification. In order to conduct the research more efficiently,
the study has been divided into three main areas: The presently
existing law of weather mcxlification, possibilities for future regu­
lation of the domestic consequences of this new technology, and
potential control of its international consequences. The October
interim report concerned the present law; this report relates to
the domestic regulatory possibilities; the March report will involve
the international aspects. In addition to these quarterly reports,
two series of papers are being prepared. The first, which should
be available in February, concerns water resources acquisition and
management problems inherent in weather modification. The secord
will deal with specific liability problems.

This interim report deals initially with the powers of the federal,
state, and local governments to regulate weather modification. It
then considers possible types of regulation and potential agencies
for effectuating governmental controls. Consideration is given to
present patterns for regulation of somewhat analogous activities,
state weather modification statutes, federal weather mo::lification
bills, and proposals for regulation advanced by I~eather modifiers,
governmental agencies, and legal writers. There has been no effort
made, however, to predict or to dictate the future course of regu­
lation. The conclusions reached herein are anI}' tentative.



Very helpful suggestions concerning the first interim report have
been received frolll some of the persons studying it. COllllllents and
criticisms regarding this report are also solicited. They will be
considered in preparation of the final report. In addition the
authors expect to 'make changes in these materials in light of future
inquiry and reflection. Exploration of the intricacies of atmos­
pheric technology is a cOlllplex matter; so. to. is exalllination of
the law that will be applied to it.

Weather respects no international boundaries. ~'en are bound to
respect them. however; and when men alter the ""eather, international
legal complications develop. This report explores them.

International weather relationships will develop in two directions:
Adverse and cooperative. International law itself falls into two
categories: public and private. Large-scale weather modification
will bring about combinations of these. Analysis of the problem is
complicated by the absence of weather modification activity on an
intentionally international scale and the absence of directly
applicable international law.

But, our problems have begun: At one time 80,000 Canadians peti­
tioned their government to put a halt to cloudseeding operations in
New York State. ~lore problellls 10011 ahead: Our Project Lake Effect.
whose goal is to benefit our eastern states by interfering with
storms east-bound across the Great Lakes, may lead us to conclude
we need Canada's cooperation in seeding north of the border. On the
other hand. our efforts to increase runoff in the Colorado River
Basin may bring Mexican claills against us to the increased water
supply.

Similarly, in the private sector. weather modifiers may join genera­
tors across borders. or unilaterally cause weather effects across
borders. with benefit or daaage to governments or to private indi­
viduals. Military applications of weather modification have not
gone unnoticed.

This report proceeds on a statement about public international law,
international types of law such as admiralty and air law which are
potentially applicable to weather modification, and private inter­
national law, then analyzes the types of international weather modi­
fication problems which may come about and international legal
solutions which may be applied - present and future.

A., Study Setting

This fourth quarterly interim report to the Office of Atmospheric
Water Resources of the Bureau of Reclamation by the Weather
~Iodification Law Project at the University of Arizona College of
Law explores questions of the law of indemnity. insurance, and indem­
nification as they relate to precipitation management planning and



activities. Its central theme is protection, through law, of both
private and public interests from financial losses that lIight arise
due to weather modification.

The previous three quarterly interim reports of the Weather
~1odification l.a",· Project have eXaillined the variety of le~al problems
potentially arising from ""cather JDodification activities in the COIll­
plex and far-reaching public, private, and international legal frame­
works of today. 1\,'0 mimeographed sets of papers - one on liabi li ty
issues and the other on analogies between atmospheric and surface
and ground water la", - have also been produced as part of the
University of Arhona College of l.aw's contribution to Project
Skywater. Although these prior materials by their nature neither
attempt in-depth analysis of potential problems nor present guaran­
teed pat solutions, they nevertheless document the cause for interest
in the weather modification community for finding legal security
while exploring this challenging area of science.

As Idth the earlier reports and papers, this document purports only
to examine a few trees in a large forest. The entire contents of
these materials will be totally superseded by this project's final
report to the Bureau of ~eclamation and its booklet for Project
SkY""ater contractors containing legal guidelines for atmospheric
water resources managemen~. And, as with prior papers and reports,
this report is circulated to a lilllited group of weather modifiers,
legal scholars, and governmental officials who are knowledgable con­
cerning the applicable parameters, with the express purpose of solic­
iting frol'll. thelll cOllllllCnts and criticisllls which, eoupled with additional
research and analysis by this project staff, will cont.ribute to
making the final report to the Bureau and the booklet of guidelines
authoritative, ur-to~date documents of benefit. to all concerned.

B. l.egal Setting

Many legal uncertainties confront the weather modifier, just as many
Ineteorological uncertainties confront the lawyer. Certainly, as
""eather modification becomes ever more predictable of result., so
will its legal implications. But even now, sOllIe of the legal uncer­
tainties are theoretical in nature, the practical questions being
whether particular weather modi Hers are immune from liabi Ii ty, or,
if th~y are exposed to the possibility of liability (whatever the
legal theory), how they may protect themselves from financial losses
associated with that liability through insurance or indemnity
agreements.

The public, too, may acquire financial proteetion through insurance,
and in some areas possibly applicable to weather modification, through
indemnity by Government program.



This report explores these matters, cOl'llmencing with a discussion of
iCll1lUnity. to lay the groundwork for determining which classes of
weather lIlooifiers are most exposed to chance of financial loss and
who may be most benefited by insurance or indemnity protection.

Stn+CARY OF GUIDELINES

Planning and Preparation for Weather Modification Activities

Contracts. There are three major kinds of contracts that have legal
significance to participants in Project Skywater: Federal procure­
ment contracts between the Bureau of Reclamation and the weather
mooifiers, indemnification agreements, and liability insurance con­
tracts. In all three instances contractors should become aware of
thier legal rights and obligations under the agreements.

Licensing. Although Federal contractors may be immune from state
licensing, it is sound policy to comply. State agencies have the
necessary forms and applications for professional licenses and
operational permits. The statutes of some states require various
types of advance notice prior to conducting weather modification
operations.

Conducting Weather Modification Activities

Operating Delivery Systems. When conducting weather modification
activities upon government or private lands, obtain pemission froJl
the goverrunental agency involved or the owner of the private lands.
Seeding by aircraft is subject to governllental controls generally
applicable to air flights.

Dispersing Seeding Agents. Although good public relations will
mitigate concern of people over dispersal of silver iodide in the
air, there Ilay be those persons who will sue. They will have a
difficult tilDe establishing to the satisfaction of a court that
the seeding caused measurable damage.

Evaluation of Consequences of Weather Modification Activities

Instrumentation and Evaluation. A person claiming injury resulting
from weather modlhcatlon must establish that he suffered a loss and
that the mcdifier's activities caused it. Difficulty in bearing the
burden of this proof will, as a practical matter, limit the number
of instances when claimants will win lawsuits. In negligence cases
there is the additional burden of proving proximate cause. Under
the proximate cause doctrine, there is no recovery when unforeseeable
intervening causes break the causal chain. Proof of causation may
be !\lade by use of expert and lay witnesses, by physical and statis­
tical evaluation, and by the weather modifier's own records.



Atmospheric Consequences. The atmosphere is essentially an unowned
resource, hence atmospheric property rights are uncertain. For
alleged interference with such rights. a modifier may be sued for
trespass (interference with possession of property). private nuisance
(interference with use of property), negligence (carelessness). and
upon the theory of strict liability, Le., liability for ultrahazar­
dous activity. Outcome of the cases will depend in large part upon
their specific facts. upon whether what has been done fits within
the technical requirements of the theories used.

The weather modifier may protect his activities by using remedies
against interference with his equipment and personnel and inten­
tional interference with his business relations.

A defendant in a legal action will win the lawsuit when he proves
a defense. Among the defenses available to weather modifiers.
depending upon the facts of the case, are consent. immunity.
privilege, aoo waste.

~r:a;dg~~ ~~~:e~aan~~~;ssC~~i~~~~~ ;~~~;~~gbi~~~~h~~~~~ec~~:~-
quences of weather modification efforts will usually be able to
prove the flood and the interference with access; they will. however,
have a very difficult time establishing that weather modification
was enough of a causal factor in the flood or blockage to be legally
s igni ficant.

Reporting Consequences of Weather Modification Activities

Contractual, statutory. and administrative requirements stipulate
that weather modifiers must keep records. make various reports. and.
in some states and under some contracts. render evaluations of their
weather modification activities.



the freezing level lifted to over 10,000 feet, and for the majority
of days in February was over 6,000 feet. 111e result ",as substantial
snow melt from latc January, through ~larch, as reflected by stream
flollls for the 11eriOO.

If both target and control groups were approximately the same
elevation. r1:lvision of the analysis would be unnecessary. [;:arly
melt would, in that case, be reflected equally in both areas. How­
ever, two of the three target stations are below 5,000 feet, while
only one of the four control stations is below -this level. Average
elevation of the control group is about WO feet higher than the t;l.rget
group. Thus, target area snolol'pack is over-forecast in a season
such as the past. when IJICI ting and runoff occurs unusually early
at 10000er elevations.

To correct for this, two additional snowcourses, Upper 1l011and Lake.
and Trinkus Lake, are incorporated into the target group, for a
total of five. Average elevation of the revised target group is
nearly equal to the control group, 5,640 feet versus 5,600 feet. Ilis­
torical records of these two additional stations of Harch 1st measure­
ments are not as complete as the other stations, so the historical
sample size is somewhat reduced. It is for this reason these stations
were not used in the 1966-67 analysis_

The decrease in santple size is however, offset by an increase in
correlation between target and control groups. With the previously
used three station target set the correlation coefficient was .827,
""hile the revised fivc-station set yields a coefficient of .868
against the salllC four-station control. Although April 1st data
gives an even higher correlation (1' : .903), it was decided to adhere
to ~larch 1st data for continuity of analysis with the previous year.

The lDOdified analysis indicates an increase in the target area STlOW­

pack water content of 9.3 percent for 1966-67. 3.5 percent for 1967-68,
and a 2 year combined increase of 7.1 percent, ""i th a probability of
.19 that the incz:ase was due to natural variability.

Silver in Snow

Further effort Io"as expended last winter in an attempt to more accurately
delineate the area of seeding effect. A portion of this included
the collection of snow samples in and around the target area for
silver content analysis. Analysis was conducted by the same agency
as before, the Desert Research Institute (DRI), University of Nevada,
and their analytical methodology was essentially the same as the
p~vious year.

The first set of 25 s'amples was collected in mid-January. An
additional 10 samples were collected in March, and one in April;
this second set was sent to llRI in early April.
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Upon inspection of the data, several disturbing things ;lre <Ipparcnt.
~xluding the five sal:lples taken in the Swan Valley ncar generator
locations, "'here it is probable that SOClC direct Agl "'ashout occured,
all other samples. wi th b'O exceptions, shOloo' concentrations lower
than the 100000est ranked sample from tile 1966·67 season. Both tart:et
and control samples alike ShOh' only background concentrations, and,
equally inportant, the background is approxilll3tely an order of
magnitude less that the previous year. lile ~dian of 20 control
samples taken in 1966-67 is 3.35 x 10- 10 gm/IIlI. while the median
of~11 target and control sal!lflles taken in January 1968, is 1.18 x
10 gm/ml_

'l1'lere are several hypotheses "'hich might explain this difference.
The most direct is the possibility that background concentrations
vary, by the amount observed, from year to rear as a result of
natural causes. If this be the case. comparison of target· control
concentrations within a given year can be made, but year-to-year
concentrations would not be directly comparable because of the high
noise level. This hypothesis is not supported by the results of a
sampling program in the lIeno, Nevada region in 1%6·67, \oo'hich showed
background concentrations of about ]·4 x 10- 11 em/mI. about in line
with the Hungry Horse 1967-68 concentrations (1967). Bowever, Project
Bails".ath in South uakota showed unseeded concentrations as high as
7.1 x 10-10 gm/ml (1967), so the question of absolute background
levels remains an open one.

A second hypothesis is that the collection and/or analytical pro·
cedures were significantly changed from one year to the next. This
possibility is difficult to assess, out a check with the llRl is being
cade.

Turning to the 1967-68 data for single season target-control relation·
ships, we find other difficulties. Two sampling modes were el:lploycd:
freshly fallen new top snow. and core sampling. 'l1'lere is no apparent
difference in silver concentration between the twO nlOdes. nor is
there a significant increase in target area concentrations. TIlis
indicates little or no direct nucleation at any of the sample sites_
There is, however, physical justification why this may indeed be
the case.

Prior to January 11, when the target samples were collected, there
were four periods of general seeding: Uecember 16, January 4,
January 7~8. fond January 9·10. It is certain that snowfall from
lJecember 16th was not sampled, since the ground was clear of snow
at Hungry Horse l)(im on llccenber 24th. Seeding effects from the
operation on January 4th were expected to be confined to that
portion of the target area south of the reservoir, since Idnds from
the surface to 10,000 feet were from the north,,·cst.

Uuring the third seeded period, January 7-8, "'inds in the layer
from surface to 10,000 feet were south to southwest, and the area
of cffect should have extended over the reservoi r area. Ilowever,
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there are tl'O reasons why increases in silver content should not
be expected as tI result of this storll. TIle first is that the front
did not produce heavy aoounts of precipitation. At Hungry Horse Oam,
.14 inch Io'as recorded, tI total of one inch of new snow. Secondly,
between the 8th and the time of sample collection, January 11, tenl­
peratures reached 420 at Ilungry [Jorse lJam, and approximately one­
half inch of rain prior to frontal passage on January 10. My high
concentration of silver in this top sno"" could possibly have been
Io,"ashed down through the older sno,"", distributed throughout the
2-foot pack below, and diluted to near background concentrations.

Effects during the fourth period are more difficult to assess.
frontal passage through the area occured about 0600 on January 10,
and produced locally heavy amounts of precipitation in the mountain
areas. llwtgry Horse Dam reported .93 inch of precipitation in the
24 hours ending at 9 a.m. January 10, Columbia ralls .30 inch, and
Big Mountain (top), 7 inches new snow. From the hourly preci­
pitation record at FCA. it is probable that most or all of this
fell within several hours of frontal passage. Surface winds were
southeast prior to front3l passage, and becalllC light northwest­
northeast directly following. Winds above the subgradient level
were general south""est both pre- and post· frontally , as inferred
from the Spokane sounding. 'Ihe silver iodide plume was defintely
reach in!: FCA for 12 hours prior to frontal passage, so a prefrontal
north"'artl drift, from each generator site, of at least 9 milcs was
certain. l.iirectly after frontal passage, hO\oo'ever, nuclei counts
at FCA quickly dropped to background, suggesting large scale
entrainaent into the cloud structure of the frontal zone. It would
seem that conditions ..-ere very good for producing nucleation over
the reservoir area, yet silver concentration above background were
in fact not observed. Any conclusions at this point, however. should
be approached with caution. All of the prefrontal precipitation
occurred as rain 3t Hungry IJorse l)am, and the samples of new snow
collectcd at IIwtgry liorse uam, Wounded Buck Point, Anna Creek, and
Ham Creek, undoubtedly consisted of postfrontal snO"'fall which
fell after the surf3ce windshift had occurred. It is thus quite
possible that ",hile these sites ",ere affected by nucleated preci­
pitation falling as rain prefrontaHy, and washing into the old
snol'pack, that post-frontal precipitation was not nucleated in this
area, but further south in the Bob ~larshall h'ilderncss area.

The conclusion drawn is thus a limited one, Le., for the storm of
January 10, there is no evidence that post-frontal precipitation
\>'ilich fell on the western side of !Jungry Horse reservoir was the
result of artificial nucleation. In addition, although washout of
silver iodide particles, direct nucleation, or both, ncar the CNG
sites is indicated, resultant silver concentration still is within
the b3Ckground range obtained the provious year.
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Nuclei Climatology

An important factor in the proper design and efficient control of
any cloud seeding project is knowledge of naturally occurring
freezing nuclei concentrations. AccorJingly, provision was made
at the beginning of the project for an investigation of local nuclei
climatology. Results of the first year indicated that, (1) background
concentrations generally agreed \~ith those at other locations in
the western states, (2) extended low level drift of the silver iodide
plume produces high concentrations of artificial nuclei ot considerable
dis tances from the generation source under certain conditions, and
(3) that massive entrainment of the low level plwne probably occurs
at or ncar frontal passage for active syster.lS. All three indications
are further substantiated by data from the past season.

A total of 10 seeded periods \~ere covered, some partially, with
the ice nuclei counter. Increased counts to over 100 times normal
background \~ere observed during 5 of the 10 periods, and strongly
suggest pllUl1e detection. On one other occasion, an increased count
was observed, but was of such short duration, that its significance
is uncertain. Of the five periods mentioned, well defined fronts
passed the airport during two of them, and within a short period of
time the nuclei counts returned to background range.

Uiumal variations in low level stability may result in significant
variations in background concentrations. To check this possibility,
average counts by time of day were determined. Only days in which
the counter functioned continuously for 24 hours were used, and all
periods where there was a possibility of contamination from con­
current or previous seeding were rejected. lJramatic variations are
not apparent, and arc not of sufficient magnitude of justify changes
in generator operation procedures. However, peoks near 0800 and 1900,
\o,'ith lower than average counts between 1000 and 1700, are indicative
of expected patterns. Nighttime cool ing would tend to concentrate
available nuclei through stabilization of the ground layer, with
daytime destabilization through heating reducing concentrations.

A temperature dependence curve \o,'as ohtained from a composite
of data obtained on a number of un seeded days. Although scatter
is quite large, it does appear that the nuclei-temperature relationship
is verified as logarithmic. Average background is about .1 per
liter. 111e number of effective nuclei increases approximately one
order of magnitude for each 50 C of cooling.

Temperature dependence curves \~ere also obtained during several
seeded periods I-Ihen it was thought that the silver iodide plume
was reaching the airport. 'l1lC curve obtained February 2nd Sh01~S

a nuclei concentration at _200 ( more than t\~O order of magnitude
higher than average background. The shape of the curve closely
matches the production curve for I\AI\'('s propane-type silver iodide
generators, as determined by Grant and Steele (1966). II minor
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difference, however, is the telllperature ilt which the effective nuclei
count begins to increase at a lower than logarithlllic rate. lhe
production curve begins to flatten at _130 C, Io,.hile the observed
fl:A nuclei curve appears as logarithmic to _160 C. The significant
aspect of these curves is the sillli lari ty of the telDperature varia­
tion of nuclei per liter in the plur.le to that of the effective
nuclei per gram produced by the generators.

Seeded data obtained on ~larch 28th are not as meaningful. It is
probable that Idthin the tilile taken for the variable temperature
run, about 2 hours, a minor windshi ft or other change in metcoro­
lo£ical conditions, reduced absolute nuclei concentrations at the
sampling point. TIlis would explain the near independence of effec­
tive nuclei on temperature at colder temperatures, and is supported
by the entirely different curve obtained with chariler temperature
increasing dUring the latter hal f of the run.

I\n attempt to relate periods of high counts at FCA during seeded
periods to prevailing stability conditions has not been completely
successful. Fe"" definitive conclusions are to be expected, because
no direct measurements of upper air parameters are lIIaue within
200 miles of r.alispell. An exception is, of course, the tentative
conclusion that post· frontal instability is responsible for con­
centration reduction, presumably through stronger upward transport
of the plwne.

E:QUIP~IF.NT DESIGN ANU CONSTRUCfION

!elemctered Generator and Observing Network

TIle first phase of the planned S-year program provides for complete
systems engineering analysis and uesign of the network, plus con­
struction and installation of three clements in the first year.
Work continues toward fulfillment of the finalized SysteDl Functional
Requirements, enumerated in the following sections.

S2:'stelll Functional Requirements

This part of the specification outlines the functional requirement.s
at each general type of station, and some of t.he overall system
functional capabili tics.

111e base station and control center located at Kalispell shall be
capable of the folloldng functions.

1. Insertion of a I to 4 decimal Jigit couhinat.ion address
and COlNll<1lld instruction by neans of manually operated swi tches.
2. Conversion of a binary coded equivalent of the 3 decilaal
digits to a three frequency audio signal of the return-to-zero
rSK type.
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3. Transmission of the three frequency FSK data group as a frequency
or phase modulated signal over a VIIF communication type radio
transmitter.
4. Reception of a \~lF radio signal of 16, 32, 48, or 64 binary
digits in the form of a frequency shifted return-to-zero three
frequency audio tone, carried on the V1IF carrier frequency as a
frequency or phase modulated signal.
S. Storage of the incoming information in a buffer storage reg­
ister for purposes of printout or retransmission.
6. Parity error check of each group of 16 binary digits received
on an incoming transmission.
7. Teletype printo~t of the day of the year, time of day, inter­
rogated station number, anJ received data stored in the huffer
storage register.

B. Swan Peak Repeator-eNG-Weather Station

'111e equipment located at S\~an Peak shall be capable of the following
general functions:

1. J(eception of a Vllr radio communication of the type described
in 1\.3 above.
2. Storage of the received message in a buffer storage register
capable of holding up to 16 bits of digitally coded data.
3. Retransmission of the stored data on a different frequency
(repeater operation).
4. Execution of certain commands contained in the data if the
first 4 binary digits are the identity code of the S\~an Peak
station.
5. Conversion of various sensed analog variables to a digitally
coded form and storage of these digitally coded variables in a
Duffer storage register.
6. Generation of a error check digi t for each group of 16 binary
digits.
7. Transmission of the contents of the buffer storage register
as a three frequency return¥to¥zcro audio signal frequency or phase
f.lOdulated on a V1JF radio transmitter carrier.
8. Transmission of certain trouble diagnosis messages \'Ihcn called
for by command signals as mentioned in 1.1.4.
9. Audio transmission by usc of a microphone and one or more
manually operated push-to-talk buttons.
10. Standby or monitoring operation shall be done \~ith a mini-
mum current drain. All SId tching and command execution shall be
done with keyed on power initiated by the receipt ion of an incoming
message, or manual pushbutton operation.

C. Ileado..... Creek l~eather Station

'l11e equipment located at I>lcadow Creek shall be capable of the following
general functions:

1. Reception of a VllF radio communication of the type described
in A.3.
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2. Storage of the received DCssage in a buffer storage register
capllhle of holding up to 16 hi ts of digitally coded data.
3. Execution of certain commands contained in the data if the
first 4 binary digits arc the identity code of the ~lcadow

Creek Station.
4. Conversion of various sensed analog variables to a digitally
coded forms and storage of these digitally coded variables in a
buffer storage register.
S. C.cneration of an error check digit for each group of 16 binary
digits.
6. Transmission of the contents of the buffer storage register
as a three frequency or phase modulated on a VHF radio transl!litter
carrier.
7. Transmission of certain trouble diagnosis messages when called
for by conunand signals of the type mentioned in C.3.
8. lwdio transmission by use of a microphone and one or more
manually operated push·to·talk buttons.
9. Standby or IlIOni toring operation 'shall be done wi th a minill'l.ln
current or power drain. All switching and cOllliland execution
shall be done with keyed or power ini tiated by the reception of
an incoming message or raanual pushbutton operation.

The system being built will have functional capabilities beyond
that of just transmitting weather information. It IOIUSt be capable
of causing specified remotely controlled action at the hydromet
station.

Since one of these actions invol ves turning on a Cloud Nucleating
Generator with attendant possible effects on "'cather conditions,
it is desirable that the possibility of inadvertent operation be
made as remote as possible. POI' this reason, a dual frequency keying
signal will. be used to "key" on the selected remote station. Use
of high "Q" filters at the receiving end \..-ill necessitate that these
tones be held on for a period of up to one-half second to insure
detection. nlis long integrating tilllC wi 11 allow fi ltering of
sporadic noise bursts or other undesired signals.

At the completion of the one-half second tone transJllison, addi·
tional binary digits will be transmitted as a three frequency rSK type
of signal. These data will be transmitted at a rate of npproxirnately
250 bits per second and will be stored in a control register at
the remote station.

The selection of the trans.1i tted infomation wi II be made by means
of three thumbwheel switdles at the base station. The first of these
3 digits will select the desired remote hydrolllCt station. The
second digit will select which parail'lCters are involved in the
translllission. After selection of the desired parameter, the third
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digit can be used for further control purposes. 1\11 of the various
operations will not be connected in on the initial equipment, since
many parameters arc not available at the particular stations.

/I standard interrogation signal ""ill occur when the F5K data is all
zeroes (or no FSK data is transmitted). '111is '.... ill result in the
remote hydromet stations transmitting from one to four groups of
meteorological data, each group consisting of 16 binary digits.

Receipt of the groups of 16 binary digits at the base station
Ivi 11 resul t in loadill,!; buffer storage regis ters with the received
informution. From these buffer registers, it is gated out to a
teletype printer. At a later date, it may be transferred out serially
for retransmission, although Bore probably this retransmission
''Iill be done as received Idthout the need for interim storage.

E. lJiagnostic Procedures

Previous experience I.ith equipment used for remote sensing and
telemetering of data has shown that it is very desirable to be
able to partially determine the nature of any trouble \~hich may
occur.

F. !\udio Tone Transmissions

'rhe tentative tones have been selected and manner in which they are
to be used has been Jefinod. TIle tone Iilodules are designated for
possible tone transmission of eight bit parallel alphanumeric infor­
mation. For the present installation, the switches of two tone
channels will be used in parallel for slVitching the FSI( tone carrier.
Since less than eight stations will be on the system for SOr:'IC time,
only five tones will be used, so in effect. a two-out-of-five code
will be used.

TIle tone switches are made up of FET switches operated by compatible
microcircuit gates.
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A. INTRODUCTION

The putpose of this teport is:

1. To SUlllDarize the activities sponsored by the Bureau of Reclamation,

Office of Atmospheric. Watet Resources, in the Hydrology Ptogtam of the

Civil Engineetiug Department at Colorado State University, for the period

July I, 1967 to June 30, 1968, and

2. To focus attention on the major results Ithat may help the

Bureau in planning future programs.

This report only SUllllllsrhes the activities of the program. Mote

complete information is available in already published papers or reports,

,or will be available in future publications. These publicotions ate

listed at the end of the report.

Section B of the report states the two _jOt objectives of the

program and the two functions it serves.

In order to meet the objectives it was necessary and convenient

to divide the overall project into several main catego:des. Section C

describes briefly the major divisions of the project. The reasons for

these divisions and their relation to the objectives of the program are

discussed.

Each of the following four sections Correl>pond to one majot

division of the research effort. Within each of these Seeotions (D

through G) the problems are fotJllulated, the difficulties are assessed,

and the solution that was applied is briefly described. The results

are very succinctly ..entioned in a descriptive canner, teeohnical

formalism and lIIathelll8.Ueoal s)'lIIboliBID being avoided. By juxtaposition

of the fomulation of the problem and of the answers given to date for

each division of effort, the extent of the additional effort needed to

meet the objectives becomea reasonably clear.

B. OVERALL PURPOSE OF PROGRAM

The Colorado State University Hydrology Progtam has twO cleatly

defined objeeotives to serve two complementary functions. The two

objectivea are:



1. The development of a definite technique for evaluating the

results of atmospheric water resources programs by mathematical and

statistical analyses of streamflow record~, and

2. The study of criteria, methods and procedures to be used in

selecting drainage basins suitable for atmospheric water re~ources

programs.

The program is to serve two functions:

1. To "'n$l~er in rheory the unsolved problems in order to meet the

two objectives stated above, and

2. To provide the Bureau of Reclamation with an engineering capa­

bility to apply the theoretical results practic<illy and specifically to

the Bureau's programs in the Central ~lountains Region.

l~ORK DIVISIONS AND RELATION TO OBJECTIVES

The first division in the project centered around the question of

Statistical Evaluation of IITeather Modification Attainments. Actually it

is more accurate to say that this proj ect was not so much concerned

with the statistical evaluation of the attainment as with its statistical

significance. In other words the effort was oriented toward the develop­

ment of a test to accept or reject the null hypothesis at a given sig­

nificance level. The null hypothesis is the hypothesis that the data

samples, corresponding to the periods prior to seeding and during

seeding, belong to one and the same population.

The difficulty in this evaluation can be traced to twa main causes:

(a) The natural variability in the hydrologic cycle far exceeds

the expected range of the increase induced by man, and

(b) The inaccuracy of the measurements may be of the same order

of magnitude as the induced change.

It follows that a statistical technique must in some way eliminate

the natural variability from the observed hydrologic data before a

positive statistical inference can be made with r",gard to the effect of

weather modification. In other words, the failure of a statistical

test to detect a gain may be due either to an actual lack of effect
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of the weather modification operation or to the insensitivity of the

test itself.

Because observed data upon "hich the tests were performed are some­

what in error, there is also a possibility that the statistical inference

deduced from the data is wrong, that is, shows a statistically signifi­

cant change when it flhould not and vice-versa. Therefore, the probability

that errors ill the measurement of the hydrologic data may lead to the

wrong statisticlll inference must be calculated. Naturally, the greater

the error in measurement, the greater the chance for a wrong statistical

inference.

For these reasons the work effort was further divided into two

research areas. One "as concerned l"ith the design of a sharp statisti­

cal test. The second consisted of a study of the type and magnitude of

errors potentially incurred in the measurement and assembly of hydrologic

data [l,2J.

Next the suitability of a basin to atmospheric water reclamation

programs was considered. In the experimental or the large-scale opera­

tional stage of the program, an operational site must be selected.

Simply put, the question to be answered is: What makes one basin more

suitable for a weather modification operation than another?

This question must be immediately qualified. What makes a basin

suitable for differeat purposes? From a water resources point of view

a basin is suitable if it responds to the maximum extent to a precipi­

tation increase. From an evaluation point of view a basin is suitable

if an increase in runoff can be detected in a minimum length of time.

(In addition meteorological suitability must also be defiaed. However,

this criterion was beyond the objective of the progI"am, since the re­

search effort was confined to hydrologiC suitability from the point of

view of evaluation and optimal water yield.) But the criteria defining

such suitability from the twO points of view are not necessarily the same.

Here also the research was divided into two research efforts:

(a) definition of a criterion of suitability for optimal water

yield, and

(b) definition of a criterion of suitability for minimum time

evaluation.

11



The simplest criteria were, respectively, a high specific yield [3J

and a 10.... coefficient of variation for runoff (4}. In practice these

criteria have meaning only if they vary within broad lialits, for other­

wise the selection of basins for weather modification operations would

be made solely on clialtltic and meteorologic considerations. Thus it

was necessary to assess the range of variability of specific yield and

coefficient of variation based on actual hydrologic data. This in turn

led to the develop1llent of an exhaustive hydrologic data system for the

Upper Colorado River Basin. The availability of this data system. is

desirable for IDS.ny other reasons. It serves t ....o functions: support

for research, and developlllent of a capability for systelJlatic operational

planning in that region. However, the first utilization of the data

system has been the systematic computation of specific yield and

coefficient of variation for the entire Upper Colorado River Basin [4}.

Finally it is rather evident that the theoretical definition of a

criterion is not very helpful unless it can be evaluated quantitatively.

It is not sufficient to state that the criterion for suitability of a

basin to ....eather modification is a high specific yield, that is, a high

water yield per uni.t area of basin. One must also be able to determine

this yield, even when the basin is not gaged. Thus work was done to

derive, by a statistical aethod of prediction, equations for specific

yield in tenas of physiographic Characteristics evaluated frOCll maps for

l>asins in the Upper Colorado River Rasiu [3,4].

In Sl.Ll:llllary, the research effort vas divided into several primary

ca[egories ....ith titles as listed bela",:

1. Statistical Methods of Evaluation of Atcainment

2. Suf[ability of Ba8ins for Evaluation

3. Suitability of Basins for Optimal Water Yield

4. Hydrologic Data System

In the following 8ect;i.ons the achievements of each work division

are revie",ed.

12



D. STATISTICAL METHODS OF EVALUATION OF ATIAI~EhlS

One of the objectives of the pI"ogralll was to develop tests to

decide wbetber aT not seeding increased rWlQff in a given target area.

One wants to ascertain with a small probability of error whether or not

the sample of data collected under seeding operations and the sample

of dat.. collected under natural conditions belong to Olle and the same

population. The null hypothesis is the hypothesis that the two samples

belong to the same population.

Primarily because of the nature of the tested variable, e.g., yearly

or seasonal runoff, these tests were developed for the purpose of evaluation

of operational experiments rather than for the purpose of eltploration to

discover under which conditions seeding is or is not effective in in­

creasing runoff alIlOunts.

The tests that were investigated fall under two main categories:

1. Tvo-sample tests (4)

2. Target-control tests (4)

The two-sample (historical sample prior to seeding, sample during

seeding) tests are distressingly inefficient for runoff. This fact had

already been ",ell demonstrated for precipitation by several authors

[6,7]. HoweveI", these simple tests point to the fact that the "size"

18J of the experiment or llIinilllUlll nUlllber of years or seasons to detect a

given increase in runoff varies like the square of the coefficient of

variation of the t.arget basin runoff. In the Upper Colorado River Basin

this coefficient varies frOll 10 to 100%. In the extrellle case the size

of che experi.lllent would vary a hundred fold. Host likely poor chOice

of a target area may entail a penalty of a factor of 5-10.

The target-control tests are much more discriminating. Roughly

speak.ing the use of .1 control makes the target look as though it has an

effective coefficient of variation much smaller than thi! actual one.

The larger the coefficient of correlation between the target and the

control, the smaller the apparent coefficient of variation of the

target. As a result the detectability of a change in the target be­

havior is increased.
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The most valuable test is the target-control conditional Student I s

t-test. This test does not assume that the population regression

parameters for the historical records are known, (there are only 93

stations presently. operating in the Upper Colorado River Basin, out

of 820, that have 30 or more years of record) and it tests the normality

or abnormality of the target, given the behavior of the control, normal

or otherwise.

The power (in the statistical sense, Le., 1 - probability of error

of type II) of the above test was not calculated. However, numerical

experiments performed on actual data show that the test is effective in

detecting an increase in runoff in a relatively few years. Table 1

summarizes the results of various calculations.

In particular Table 1 shows that the runoff data must be corrected

for engineered modifications of the natural flow. This is well demon­

strated by the results of lines 1 and 7. The test fails to detect a

significant increase in runoff after 15 years of operation, when un­

corrected seasonal runoff is used (line 1 of Table 1). The same test

on the other hand shows a highly significant increase after only five

years of operation, when corrected seasonal runoff is used as the test

variable (line 7 of Table 1). It also shows the import.ance of selecting

the proper variable to be tested. Seasonal (March-August) runoff is

much more representative of the effect of seeding than yearly runoff.

With seasonal runoff the size of the experiment is teduced from more

than 15, to 5 years, as is shown by comparison of lines 4 and 6 of

Table 1.

The table also gives the most likely increase in percent. It is

obtained by taking the difference between the mean historical target

value calculated from the historical regression line, and the mean

seeded period target value calculated from the new regression line,

Le., defined over rhe years of seeding only. Borh quantities are

evaluated at the control mean value over both the historical and the

seeded periods.
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Line
number

TABLE 1

RESULTS OF TARGET-CONTROL STUDENT's t-TEST

TARGET: South Fork San Joaquin - near Florence Lake
(GS 11-2300)

CONTROL: Merced River at Pohono Bridge
(GS 11-2665)

Corrected for
Used years Runoff Variable storage
of seedin~ Yearly Seasonal and diversion t Sil':nificance

Most
likely

increase
in %

15 r. No 1.53

~ 2 15 r. No 1.98

8 R Ye, 1.45

15 R Ye, 1.87

4 R Ye, 1.76

5 R y" 2.34 '" '.7
r. Ye, 2.60 ,,,

3.02 99' 10.7

10 R Ye. 2.61 99' 8.2

10 15 R Y" 3.53 99% 10.1

11 15 r. Y" 3.71 99Y

12 16 R Y" 3.74 99Y 10.5

13 16 r. Y" 3.96 99%

Legend: IR means that test is based on the square root of runoff data.



TABLE 1 (continued)

Calculations are based on the data as published by the U. S.

Geological Survey in their water supply papers 1315A, 1735 and yearly

water supply papers for the years 1961-1966. Part of the flow is

diverted from the river above the gaging point through the Ward tunnel

(GS 11-2295). The flow is regulated above the gaging point by the

presence of the Florence Lake dam (GS 11-2296).

Station number Old G. S. number

South Fork San Joaquin 11-064

Florence Lake 11-062

Ward Tunnel 11-063

Merced River 11-124

New G. S. number

11-2300

11-2296

11-2295

11-2665

The question is sometimes raised that the tests may not be valid

because the joint bivariate distribution of the target and control popu­

lations is not normal. For runoff the distribution that best fits the

observed frequencies is usually the normal one [9]. Sometimes the

normal distribution more closely approximates the frequencies when the

data have been first subjected to a square root transformation or a

logarithmic one. Table 2 shows that in practice the outcome is hardly

affected. In statistical tetms one can say that the test is "robust.

E. SUITABILITY OF BASINS FOR EVALUATION

For statistical evaluation of a highly locali:<:ed cloud seeding

experiment probably the most important consideration in the selection

of a basin is the number of years, on the average, that will be required

to detect a significant change, say in runoff, at a given confidence

level. The criterion depends, among other things, on the choice of the

variable selected to test the hypothesis, on the type of statistical

test, and on the design of the experiment. One can define some marginal

criteria to determine the relative suitability of many potential basins

if the type of statistical test and the design of the experiment are

not known a priori or, in other words, the criterion of suitability for

the selected hydrologic variable, e.g., yearly runoff, everything else

16



TABLE 2

INFLUENCE OF DATA TRANSFORMATION ON THE
RESULTS OF THE TARGET-eONTROL CONDITIONAL STUDENT'S t-TEST

TARGET: South Fork. San Joaquin

CONTROL: Merced River at Pohono Bridge

Years of seeding: 15

Years of record prior to lIeeding: 29

Data: Various transformations of seasonal runoff

Target-control conditional t-test results

Type of Transformation ~

Square 3.22
None 3.80
Square root 4.06
Fourth root 4.16
Logarithmic 4.23

Significance

'"'"'"'"'"
TARGET: Mono Creek

CONTROL: Merced River at Pohono Bridge

Type of Transforlll8t1on t-statistic

Square 1.78
Kane 2.08
Square root 2.20
Fourth root 2.25
Logarith&ic 2.29

Values of t for Significance at 95% - 2.02

98%-2.42

99%-2.71

Significance

<95%
95%
95%
95%
95%

being the same. In this particular instance the lIlO$t suitable basins

are the ones that have the lowest coefficient of variation.

This criterion is simple enough that it can be calculated for all

gaged basins in the Upper Colotado River Basin, thereby providf.ng the

means of eliminating II. great number of basins from further consideration,

since the number of years increases as the square of this coefficient.

Figure 1 is a "lap of the Upper Colorado River &.sin showing the areas

for which the coefficient of variation of yearly runoff does not exceed

the value 30% (shaded zones).
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1.0 INTRODUCTION

This annual report to the Bureau of Reclamation covers the work conducted by

The Travelers Research Center, Inc. (THe), on Bureau of Reclamation Contract No.

14-06-0-6569. This report reviews the purpose of the study, perspective, planned

approach, and status of results accomplished.

The purpose of the study Is to assess the potential feasibility (technical, benefit,

cost) of utiliZing the atmospheric water resource (AWR) in the Connecticut River Basin.

This report covers only the first three months (April 1, 1968 through June 30, 1968) of

the work planned for execution over a 15 month period. (April 1, 1968 through June 30,

1969) and therefore the results are fragmentary. The results include:

(a) an Initial qualitative IdentUicatlon that significant cost-benefit

advantages may result from precipitation augmentation over the drainage

basin of the Quabbin Reservoir, a major munIcIpal water resource of

Metropolitan Boston (see Fig. 2-1);

(b) an initial qualitative identification that precipitation augmentation

may yield favorable beneflt--cost consIderations over the ConnecUcut River

Basin for hydroelectric power generation, waste disposal dlltutlon, and

recreation;

(c) the formulation and programming of a simple model to estimate

potential precipitation from artUiciaI nucleation for ''1arge'' areas and

times and associated identification of feasibility of surface or aircraft

seadings; and

(d) an analysis of annual precipitation and the monthly height of the

base of colloidally unstable clouds over the Connecticut RIver Basin.

It is visualized that the development of the atmospheric water resource (AWR)

of a particular region is a broad-scale, multi-year program that Involves field studies,

laboratory studies, systems development, and economic and sOCio-poUttcal studies.

The feaslbiUty of utilizing the atmospheric water resource has several dimensions,

inclUding the technical or system feasibility as well as benefit, cost, political, and

legal considerations. The system feasibility includes considerations of cost effective­

ness, which Includes the capability and reliability of the AWR system. In this context,



reliability is the probability of the AWR system performing its intended function over

a specified time period and for specified environmental conditions.

This initial study is concerned only with an overview of the water resource

problems in the Connecticut River Basin in relation to the impact and the potential

feasibility (technical, benefit, cost) of an AWR system in this area. A study with

similar objectives was reported by Hurley [4] for the Colorado River Basin. The

specific goals of this preliminary study are to:

(a) assess major features of"stress in supply and demand in the

present and planned water resource system, users, and uses that are

relevant to the atmospheric water resource;

(b) identify requirements for and estimate the potential benefits

from" the AWR system for preliminary assessment purposes;

(c) estimate the climatology of precipitation potential and seedable

situations;

(d) assess the potential feasibility of developing the atmospheric

water resource in the Connecticut River Basin.

The results of this preliminary study may be cOnstrued as an initial statement of

requirements for the development of the AWR system for the Connecticut River Basin.

This requirements analysis is not intended to be exhaustive. Rather, the analysis will

explore those situations of potential imbalance between the present and planned water

resources and water user activities that may yield benefit-cost considerations favor­

able to development and operation of the atmospheric water resource of the Connecticut

River Basin. Depending upon the results of this study, it is visualized that the develop­

ment of the atmospheric water resource in the Connecticut River Basin would follow the

overall system development plan of the Bureau of Reclamation [3].



2.0 APPROACH

2.1 Background

The Connecticut River Basin is shown in Fig. 2-1. The total drainage area is

approximately 11,265 square mUes and Includes portions of four New England states­

New Hampshire, Vermont, Massachusetts, and Connecticut-as well as a small portion

of canada. The largest cities in the basin are Hartford (Connecticut) and Springfield

(Massachusetts). The largest mwl.1cipal water facllity is the Quabbin Reservoir, which

is a major part of the municipal water supply for Metropolitan Boston,

The total faBin the Connecticut River Is approximately 2,200 feet over a distance

of approximately 400 miles. The greatest,fali, 1,200 feet, takes place in the first 40

miles,while the fall in the 70-mlle reach of the river In the State of Connecticut is only

appro:dmately 40 feet. The lower 50-miie reach of the river is tidal, with the mean range

during low river stages of approximately three feet at Its mouth and one foot in Hartford.

The river is navigable by ocean going vessels as far upstream as Hartford. Water user

activities of some importance Include water supplies, waste disposal, hydropower,

industrial cooling and process waters, supplemental irrigation, recreation, navigation,

and flood control.

The average annual precipitation over the entire basin is approximately 43 inches,

with a maximum over 50 inches in the higher elevations of the White Mountains of New

Hampshire and a secondary maximum in the southern Green Mountains of Vermont.

The average annual snowfall in the basin varies from less ,than 40 Inches at the lower

elevations of southern portions of the basin to 14 feet or more at the htgher elevations

of the northern portions.

The assessment of potential feasibility of the atmospheric water resource in the

Connecticut River Basin is a multi-dimensional problem that includes:

(a) water resources or supply.

(b) user activities or demand,

(c) water management policies and agreements,

(d) areas or sub-baa Ins, and

(e) time.
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Fig. 2-L The Connecticut River Basin
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The elements of the hydrological cycle that form the major water resources in the

Connccticut Hiver Basin are listed in Table 2-1, Three major subdivisions are indicated

in the table: the atmosphere, the earth's surface, and ground water. Of the various

water user activities indicated in Table 2-2, those with an asterisk are presently esti­

mated to be of major importance and will need to be addressed in this study. The over­

all problem is to assess the imbalances in supply and demand as a function of time and

space within the Connecticut River Basin and to assess the potential benefits to be

derived from enhanccment and management of the atmospheric water resources. In

this regard, one must estimate the potential atmospheric water resource of the

Connecticut River Basin. Of Importance are the volume rate and the cost of developing

and qperating the atmospheric water resource to benefit the present and projected water

user activities of the Connecticut River Basin. A more detailed discussion of this

overall approach is presented In the next section.

2.2 Techr:ical Approach

The detailed approach to assess the potential feasibility of the atmospheric water

resource in the Connecticut River Basin is described with reference to Fig. 2-2. A

major activity (Activity 1) in this study is to analyze the present and future water

resources and water user activities of the Connecticut River Basin. Initially, we will

undertake a broad look at this problem and later analyze alternatives to augment the

water resources where an imbalance is identified in the time evolution of supply and

demand. An independent in-depth study of the water resources and user activities is

well beyond the scope of this investigation. However, studies are underway by a variety

of agencies that provide considerable hackground data. Maximum use is being made

of the studies being undertaken by the Corps of Engineers, the Federal Water Pollution

Control Agency, and the U.S. Geological Survey, and of the studies sponsored or under­

taken by various state agencies, including contractors such as The Travelers Research

Center, Tnc. [1, 2J.

Situations will be studiea for which the atmospheric water resource is potentially

useful. Potential target areas and times will be identified for augmenting atmospheric

water (Activity 2). For selected situations, alternative schemes of augmenting the

water resources of the Connecticut River Basin will be Investigated. Cost and benefit

estimates will be made for potential contenders according to the outline in Activity 3.
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TABLE 2-1
WATER RESOURCES

Atmosphere

Earth's surface
Natural flows

Overland flow
Stream or channel flow

Storages
Lakes
Estuaries
Reservoirs
Managed snow pack

Diversions
Desalinization
Reuse

Ground water

TABLE 2-2
WATER USER ACTIVITIES

Water supply*
Municipal
Industrial
Private

Flood controI*

Hydropower*

Navigation

Irrigation

Waste disposaI*
Water quality
Pollution dilution

Recreation*
Fishing
Boating
Swimming
Skiing

* Presently estimated to be of major
importance.
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'The potential atmospheric water resource of the Connecticut RIver Basin is

estimated in Activity 4. The approach includes the formulation of a model and the

execution of this model to estimate the potential atmospheric water resource. The water

resource supply and demand analysis will identify target areas and times of the year for

which it is estimated that the atmospheric water resource may be of value in the water

resources picture In the Connecticut River Basin. For the target areas and times

identified, the potential water resource model will be used to estimate the volume rate

of the AWR supply. Consideration will be given to the statistical time variation of the

atmospheric water resource. A block diagram of a simple precipitation potential

model is given in Fig. 2-3. The model Is based essentially upon the gross statistical

evidence presented by the National Academy of Sciences [5] (Le., precipitation

increases of target vs. control areas of approximately 10-20% may result from the

release of colloidal instability in convectively unstable clouds artificially nucleated

with silver iodide). While it is recognized that this represents a hypothesis that has

not yet been tested or verified In the Connecticut River Basin, nevertheless, it does give

a basis for gross estimation for "large" time and area Increments to ascertain whether

this increased amount of precipitation has value to the water users of the Connecticut

River Basin if a delivery system were developed and operated.

For certain target areas and times, then, the usefulness of the atmospheric water

resource will be evaluated in terms of a cost-benefit or cost-effectiveness model

(Activit.y 3). This will lead to a preliminary assessment of the role of the atmospheric

water resource in the Connecticut River Basin (Activity 5). It Is recognized that many

assumptions will have to be made in this assessment of the potential feasibility of the

atmospheric water resource of the Connecticut River Basin. If the results of this study

appear favorable, the next phase of research will undertake studies in greater depth

with fewer assumptions, develop the atmospheric water resource, and demonstrate the

several aspects of system feasibility not the least of which will be the reliability of

utilizing the atmospheric water resource in the Connecticut River Basin.
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Fig. 2-3. Block diagram of possible precipitation potential model.
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3,0 STATUS OF RESULTS

This report covers only the first 3 months of a planned 15-month study, and the

results at this time are fragmentary and must in most cases be considered tentative.

3.1 Overview of Supply and Demand

Benefits from augmented precipitation are viewed in terms of additional storage

and planned use. One may consider both existing and planned structures In relation to

the additional precipitation or more efficJent use of the precipitation. Present water

resource structures have been designed with knowledge of the precipitation climatology.

Augmented use of the atmospheric water resource will modify the precipitation clima­

tology, which can effect the future planning of water resource structures. An overview

of the relevant types of water resources and water user activities are given in Tables

2-1 and 2-2. Information in this section is organized primarily with respect to user

activities.

Contact has heen made with the Corps of Engineers, who are investigating the

demands for surface water resources due to municipal and industrial water users of

the Connecticut River Basin. Projections are being made from 1960 to the year 2020.

The Corps Is studying the Connecticut River Basin in terms of 6 sub-regions.

The Quabbin Reservoir, the main source of water supply for Metropolitan Boston,

has a total capacity of 412 billion gallons at the full reservoir elevation of 530 ft.

During the past eight years, however, it has been filled only to 50% of capacity at

elevation 498 ft ~. With normal rainfall and no increase in the demand of water users,

it will take another 15 years for Quabbin to fill to capacity at elevation of 530 ft.

With the expected increase in demand from the communities served and normal rain­

fall, the reservoir level will increase until 1973 to an elevation of 509.:!: and then the

water level will fall.

In comparison to a safe yield of 330 MGD (million gallons per day) for Quabbln

Reservoir, the existing demand is about 300 MGD. This demand is estimated to

increase to about 400 MGD by the year 1985, 430 MGD by the year 2000, and 500 MGD

by the year 2030. Clearly, precipitation augmentation could be effectively utilized along

with other sources to meet the increased future demand.
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The municipal water supplies for Hartford (Connecticut) and Springfield

(Massachusetts) are also within the Connecticut River Basin. The storage capacity of

present and projected dams Is adequate Cor several years of normal runoff, although

spiUs do occur from the spring streamflow caused by the short melting period oC the

normal winter snowpack. Management of the atmospheric water resource to augment

the water in these reservoirs appears to be most beneficial for a summer season

operation.

There are 94 existing hydroelectric power stations within the Connecticut River

Basin. In addition, 27 potential sites for hydropower are under Investigation. Quite a

few of the existing plants have potential for Increased capacity. Additional Information

will be sought on hydropower management to assist in structuring the benefits (e.g.,

add'itional firm power) that may result from augmented use of the atmospheric water

resource. Projections on demand for power within the Connecticut River Basin show

an increase of 26 times by the year 2020. Although only a smaIi fraction of this

increased power is likely to be hydro-generated power, the demands for coollng waters

for the additional fossil-fueled and nuclear-powered plants will pose major problems

for management of the complex, competitive uses of Connecticut River water.

The Connecticut River and its tributaries are used for waste disposal by both

industries and municipalities. The Federal Water Pollution Control Agency has modeled

the polluUOIl problem and is in the process of estimating the streamfiows reqUired to

assimilate waste effluents suffic1entiy to maintain satisfactory water quaUty. One may,

with this model and several assumptions, estimate the degree of treabnent required for

future industrial development. The major assumptions include estimates of populatlon

and industrial growth, the associated projected effiuent, the water qUality standards,

and streamflow. The streams of the Connecticut River Basin reach their minjmum £low

during the summer. The ablUty of the managed atmospheric water resource to augment

this low stream£low is potentially significant to the ultimate solution of the waste dis­

posal problem of the Connecticut River Basin.

The Connecticut River Basin is utilized for summer as well as winter recreation.

Swimming, fishing, and boating are of importance in the summer when the streams are

at their low now and water quality is least satisfactory. The management of the

atmospheric water resource to augment low streamflow during the summer would
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beneHt recreation. Winter sports, primarily skUng, are of importance in the

Connecticut River Basin. Augmentation of snowpack In local areas would beneHt this

llIdustry. It is anticipated that the estimate of values for recrClltioo may not be accom­

plished with great decision.

3.2 Estimate of the Potential Atmospheric Water Resource

An investigation has been Initiated of the cl!.matology of precipitation of the

Connecticut River Basin. The average. annual precipitation over the basin is shown in

Fig. 3-1. This average is for a 16 year period (1950-1966). Spatial variations In

excess of 100% are to be noted in the annual average between the maximum at Mount

Washington (77") just outside the Connecticut River Basin and the mInimum (- 30")

along the main stem of the Connecticut River to the west of Mount Washington. Second­

ary precipitation maxima tn excess of 50" are to be notcd In the southern Green

Mountains of Vermont and over west-central Connecticut. Note that significant pre­

cipitation variability occurs in time. At many stations, the minimum annual precipita­

tion is less than one half the maximum annual precipitation during the 16-year period.

This is, of course, consIstent wIth the fact that droughts of several consecutive years

have occurred in the Connecticut River Basin during the last decade or two. Considera­

tion of the time variability In water resources is relevant to an estimate of probabUity

that the precipitation or streamflow w1U exceed prescribed values, and the reliability

of the AWR system. The Influence of a managed atmospheric water resoorce on these

probability relationships must be considered if the atmospheric water resoorce can be

managed in conjunction with surface and ground water resources.

A precipitation_ potential model (PPM-ij has been formulated and coded for com­

puter solution along the lines of Fig. 3-2, which is In some respects a simpllfied version

of Fig. 2-3. This model does not include precipitation augmentation due to seeding of a

colloidally unstable cloud system from whieh no preclpUation occurred naturally.

Consideration is being given to a different model that would estimate the potential

precIpitation augmentation from this situation along the lines of the Weinstein-Davis

Model [7J.

The precipitation potential model {PPM-ij tests the height of the base of the

colloidally unstable layer (-4"C to -20"C) that is most applicable to seeding with silver

Iodide. The Albany raob is utilized for this purpose. This information will be used in
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The coefficient of vatiation tanks the various basins as to their

quality of being naturally well Ot pootly regulated. If nothing else is

known this criterion should be considered in the selection of a target.

On the other hand if the design of the experiment calls fot a target aDd

a control, a likely case, since the need for predictor variables is well

recogniz:ed, the criterion must reflect the favorable hydrologic charact­

eristics of the pair rather than the target alone. The favorable pairs

of basins are the oncs for which the quantity (1_p2) C;,T is lowest, where

p is the historical sample coefficient of conelation, and Cv,T is the

target coefficient of correlation. At the 951 confidence level thia

gives:

(1)

For ranking of pllirs of basins the coefficient 4 is irrelevant and

aimilarly the denominator. However, the formula 1s useful to obtain an

estimate of N. Sample calculations have indicated that under actual

seeding conditions equation (1) provides a good estimate of the number of

years needed for significance. Figure 2 illuatrates the variations of

tt with the coefficient of correlat.ion and the coefficient of varilltion

for an asswaed 101 increase due to seed'ing. Calculations wet"e performed

for a few stations in the Upper Colorado River Balin to have an idea of

whit could be expected if seeding operations ycre conducted in the area.

In particular the expected nl1ll.ber of years to detect a 10% increase at

the 95% level of aignificance was calculated. The results are shown in

Table 3.

F. SUITABILITY OF BASINS FOR OPTIMAL WATER YIELD

Whether in the experimental or the large-scale operational stage

of the program, a site for operation muat be selected. Again, simply put,

the question to be answered at the time of decision is: What makea one

basin mot"e suitable for <1' weather modification operation than anothet"?

The ptesent criterion [3,4] for suitability of a basin to weather

modification is a high apecific yield, that is, a high water yield per

unit area of basin.
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TABLE 3

EXPECTED NUMBER OF YEARS TO DETECT A 10% INCREASE AT THE 95% LEVEL 01' SIGNIFICANCE FOR A FE10I PAIRS OF
TARGET-CONTROL STATIONS IN THE UFPER COLORADO RIVER BASIN

TARGET CONT L TARGET-CONTROL PAIR
Years needed

Coef- Years Coet- for Signifi-
USGS fictent of ficient Cllnce at 95%

Station Drainage Elevation of Var1a- Station C~" of Corrc- Confidence
Name ., mf " tion % Name Dr.inallA Record btion % Level

Junction 26 7045 36 Hermosa 172 5 85 14
Creek nea Creek.
Durango, near
Colorado lIermollll.,

Colorado

~ Animas " 9617 27 Hermosa 172 25 90
River at Creek
Howards- near
ville, Hermosa,
Colorado Colorado

Dolores 105 8422 45 ~;~:sa I 172
1

13 98
River
beloW' near
Rico, lIertllOS8,

Colorado Colorado

Roaring 1460 5720 33 COlorado I 4560 I 5. I .,
Fork at River at
Glf!llW'Ood Glenwood
Springs, Springe,
Colorado Colorado

North 41 8400 '0 Fryingpanj '0 I 23 91
Fork River at
Frying- Norrie,
pan near Colorado
Norrie, Colorado



Again the discussion would be academic if specific yield was

essentially uniform throughout the basin. However. this is fat: ft:OllI

being the case. Specific yield varies froot practically zero to a

IUximum around 40 inches.

SpeeHic yield (in inches) has been calculated for all gages in

the Opper Colorado River :&asio. Figure 3 is a map of the Basin show-ing

the areas for "iJ.lch the annual specific yield exceeds 10 inches (shaded

zones).

By overlay of the contour lines of specific yield and coefficient

of variation of a given hydrologic test variable one can delineate regions

that are optimally suited for evaluation and yield augmentation. Figure

4 shows auch regiona (shaded zones), optimality being defined in this

instance as the combination of an annual specific yield in excess of

10 inches and a coefficient of variation less than 30%.

G. HYDROLOGIC DATA SYSTEM

To achieve the objectives of the program, the development of an

efficient hydrologic data system is imperative. It is essential to the

engineering applications following the findingS of. research and it is

essential to research itself since the availability of large quantities

of actual observations is a prerequisite to the reliable application of

the methods of statistics.

The hydrologic data are of two k.inds:

1. Streamflow-. and

2. Precipitation.

The development of a hydrologic data systelll does not consist merely

of collecting data from books and transferring them onto magnetic tapes.

It also involves the transfer of additional information relevant for the

purpose of analysis such 88 a measure of some SOrt of the quality of the

data. It involves a proper organization of the data on the tapes to

permit an efficient retrieval and utilization of the data, as a whole or

in part.
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Principles of Development of the System

The long-range goal for the system is to provide in a convenient

form on magnetic tapes:

1. monthly discharges

2. daily discharges

for every streamgage in the Upper Colorado River Basin, and

3. monthly precipitation

4. daily precipitations

5. hourly precipitations,

for every precipitation gage in the same region.

Such an exhaustive system may not be desirable in the end, but if

it is actually wanted it is good strategy to lay down a general program

of development that is COmprehensive and minimizes the work requirements.

The corner stones of the development of the complete system are the

development of:

1. A monthly discharge tape for all stations, but without additional

information pertaining to accuracy of data or extent of man's activities

through diversion, reservoir storage, etc. (Le. without the so-called

"quality indices"),

2. A monthly precipitation tape for all stations,

3. A daily discharge tape for all stations and with the quality

indices,

4. A new monthly discharge tape obtained from the daily flows tape

and therefore with quality indices for all stations, and

5. An hourly precipitation tape for all stations.

Present Stage of Development

A monthly discharge tape for all stations in the Upper Colorado

River Basin is now available. A check of the proper organization of the

tape and of the correctness of the information was carried by selective

printing of monthly flows for several stations located throughout the

tape. Figures 1, 3 and 4 were drawn on the basis of statistics com­

puted from the monthly flow tape.

The data collection for the monthly precipitation tape is almost com­

plete [4]. The other items are in an embryonic stage [4 J.

29



H. CONCLUSIONS AND RECO~1MENDATIONS

Seatistical tests were developed to detect significance in attain­

ment of increased runoff. One test, the target control conditional

Student's t-test, seems particularly valuable. It appears rather insensi­

tive to even large deviations from normality. It is a "robust" test.

Though its power was not theoretically calculated, it was verified using

actual data.

Additional effort should be directed toward the development of

better tests. The target control conditional Student's t-test is good

enough for the contemplated duration of pilot programs in the Upper

Colorado River Basin (about 5 years) when coupled with a judicious

choice of basin pairs. Nevertheless it was not proved optimal and this

question should be investigated.

It seems that more attention should be given to proper choice of

the variable to be tested in order to maintain proper balance with

further refinements in the tests. Also attention should refocus from

the early insistence in proving significance to the problem of estimation

of the increase and its confidence limits.

Suitability criteria for both large water gain and rapid evaluation

have been developed. Their application to the Upper Colorado River Basin

point to three optimal zones of approximately 30 miles radius, centered

around Red Mountain (half way between Silverton and Ouray), Marble (or

more precisely half way between Marble and Crested Butte) and Vail.

The location of these areas should be further supported by repeating

the procedures on streamflow data, thoroughly corrected back to the natural

values that would have prevailed without man I s intervention. They should

also be supported by studies involving more refined criteria.
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GENERAL

This report covers the period of July 1, 1967 to June 30, 1968 and
sumarizes work described in greater detail in progress reports.
As listed in the work plan, the main objectives of the contract are:
A. Field Coagulation Study, B. Low and ~ledium Output Generators,
and C. Design of Aircraft Generators.

PROGRESS FOR TIlE REPORT PERIOD

A. Field Coagulation Study

An important facet of any cloud modification experiment is to trans­
port the ice nuclei from the source into the cloud in the most effec­
tive manner. The interaction of the nuclei with the atmosphere in
general must be known. However, the objective of this portion of
the contract is focused on how the particles interact among them­
selves over short distances. Coagulation in a source proceeds

rapidly as long as concentration is above about 105 nuclei cm-3.
Such high concentrations (and much higher ones) occur in the vicinity
of the nuclei generators. Therefore, the nuclei concentration in
the first few hundred meters of the plume has to be studied in order
to determine to what extent the coagulation reduces the nuclei number
and provide experimental data for analysis so that the coagulation
effect can be minimized in generator design.

The first method developed for this purpose was lapsed time sequential
plume sampling: An aircraft would carry a number of bottles to be filled
with air samples at various points along the traverse. The contents
of the bottles would have to be analyzed for coagulation effects
after landing by cOWlting the active ice nuclei in a cloud chamber.
Associated with this sample principle were the following problems:

1. Due to the short time in which the aircraft crosses the
plume, the filling of the bottles has to be extremely rapid and
precisely timed. This perhaps can be accomplished by using fast
response solenoid valves associated with special circuitry. The
sampling bottles arc evacuated and lined with a rubber balloon,
which makes transfer of the contents to the cloud chamber positive.

2. During the time between taking the sample ani processing it
the Olunber of nuclei decreases due to coagulation and deposition
to the walls of the container. Obviously it is mandatory to know
these tlW processes in order to meaningfully interpret the nuclei
counts from the point of view of in situ coagulation. (The
solution to this problem Idll be described at the end of this
section.)
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At the time the above sampling technique was at the stage of proto·
type operation on the ground the possibility of employment of Atomic
Absorption Spectrometry in the plume studies was recognized. This
developed in connection with an NSF sponsored project under the
direction of Dr. II. W. Edwards in collaboration ....ith Dr. H. L. Corrin
aiming at the spectroscopic measurement of silvcr ied ide amounts in
air. A feasibility study demonstrated that the crucial problem is
the sensitivity of the method. To date, this is just below needs
(2 PPB silver), but further development by Drs. Edwards and Corrin
is expected, and the tremendous advantage over the first method ­
namely the real time measurement of the concentration - requires that
any advances of this technique be closely watched and evaluated.

In the meantime, the availability of the high volume test stand
(vertical wind tunnel) permitted an alternate method which is more
tractable and economical than lapsed time sequential plume sampling
whose stage of routine operation has been postponcu. The al ter nate
method is discussed below.

The alternate plume coagulation study technique utilizes the vertical
wind tunnel which conhnes the plume and makes it easily accessible
for sampling along its first 2S meters. * The samples can immediately
be processed in the cloud chamber - eliminating storage effects on
the aerosol. The flow characteristics of the ttmne! have only
recently been established, ,",'hereas aerosol concentration gradients
are currently being measured.

~~d;kb:~~l~~e~~~~e~~~~;o~~~~~~i~n:t~~~t~~u~~~~~W~~gt~~ea:~:e
by aircraft. a tethered balloon is used which carries a sampling
device. The latter was developed in two versions, one for high con­
centration - consisting of a bottle ....hich is partially evacuated
prior to sampling to provide the desired saZllple dilution so that
coagulation is controlled. The second type is a 2-liter can whose
top and bottOJll are open to the ambient air until, at sampling time,
their sudden closing traps the sample. At this time the dilution
bottle is operational. The trap sampler is tmder construction, and
the ballooning procedure is being checked out. Since only one sample
at a time can be taken by the balloon, a standard reference sample
has to be taken simultaneously in an identical container located at
the tunnel exit.

With the exception of the Atomic Absorption Spectrometry, all sampling
metheus mentioned require the use of some container, and therefore,
as mentioned earlier, a decay of particles occurs due to coagulation

*Dl1ta to date demonstrate that this distance is critical due to
extremely rapid coagulation rates.
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and to loss to the walls. A time consuming study of these two effects
combined ....as carried out (partly funded by another agency). Hain
parameters were: Tnitial particle concentration, container size and
shape. After filling the container with AgI smoke, small samples
were withdrawn periodically and the nuclei counted in a sllall cloud
chamber. The principal conclusions for present purposes are that
decay curves for a given container arc reasonably ","ell reproducible,

and that below initial concentrations of 105 em -3 log concentration
vs. time resul ted in a linear relationship, at least ..... i thin times
of the order of 100 minutes. Therefore our previously described
sampling procedures arc acceptable as long as we dilute down to

below about 105/cc when taking the sample.

:~~ei~;:~ :~~~;~~n;e~~i~:r:g~:~~a~~~.P~f~h~o~~~~ac~~sg:~~:~~~
for these investigations. Its description and perfoI'1llance will
therefore be found in the following Section B.

B. Low and ~'ediUlll OJtput Generators

The main effort here centered on the development of the USBR generator,
a prototype designed to study various combustion parameters (fuel
type included), and their influence on the nuclei characteristics.

At first, nOHle plugging and buildup of unhurnt material on the
walls was a problem with this medium output (-500 g Agl/h) generator.
After modification, mainly addition of axial air to the original tan­
gential supply, the generator performed reliably and well as charac­
terized by the mass effectiveness versus temperature relationship_
In connection with this, a considerable number of tests were run to
investigate the influence of burn rate and solution concentration
of AgI in Isopropyl3lline (IPA). The results, in comparison with
other AgI smoke producing devices, leads to the conclusion that for
lower tCllperatures (around _20 0 C) the effectiveness is high (com­
parable to other generators, c.g. the Lohse type) for low burn rates,
but decreases with increasing burn rates whereas for highcr tempera­
tures (around _10° C) the mass effectiveness is relatively high even
for high burn rates. It should be noted that the burn rate can be
varied by changing the fuel flow or by changing the AgI concentration
in the fuel, and that future tests will separate these two effects.
A different, and for cloud engineering purposes more important, way
to evaluate the performance is to consider the number of nuclei pro­
duced per unit time instead of per gram AgI: The maximum number of
nuclei/min was produced at a medium burn rate in contrast to the
maximum effectiveness (nuclei/gram) derived at lowest burn rate.

The effect of varying the axial-to-tangential combustion airflow
ratio has becn studied for one set of conditions. Only at the low
axial-to-tangential airflow ratios there is a considerable effect;
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hOI';ever, a large number of tests in this area is necessary to under­
stan! the complex comhustion and AgJ recomhination process because
it is not plausible that the best performance occurs without tangen­
tial air.

As expected from previous generator tests the USBR generator showed
maximLUll effectiveness for the theoretical air-fuel ratio, but it is
remarkable that at least for the temperature of -IS" C there is no
sharp drOpQlt IT) ~·ffc,tiveness for deviations from the stoichiometric
ratio as is observed with other devices. Previous findings (Idth
other nuclei sources) of a favorable influence of quenching air on
the effectiveness could surprisingly not be confirmed at -20" C by
the USUR generator.

One more unusual feature of the USUR generator can be reported:
Using a 3 percent AgI-IPA/IPA Toluene solution the resulting nuclei
change their color from normal yellow to orange to red if, at a solu­
tion flow rate of under 3 gph, the combustion airflo..... is raised ahove
the stoichiometric value to about 1.5. On the other hand, no red
material could be produced with an AgJ-NaJ-Acetone. When exposed
to sunlight the red or orange effluent quickly turns to yellow, but
in the dark the original colors can be preserved.

The red species is by a factor of 2 to 3 less effective than the
regular yello..... one. A previous test at _12" C, Idth a .3 percent
AgJ-JPA solution showed the contrary. (UK not measured - see dis­
cussion below.)

Electron diffraction work by E.!'. Fullam indicated that both colors
AgJ basically are of the same structure, but that the red variety
may contain a trace of some phosphorus compound. Since light destroys
the red color it is, of course, questionable that the electron beam
would not do the same, and therefore some other method has to be
found for further investigation of the interesting phenomenon which
indicates uncxplored potentialities in altering nuclei behavior.

The program specified in the work plan, i.e. varying the parameters
discussed above, was interrupted by the important discovery that
the liquid water content of the cloud has a marked influence upon
the effectiveness. Therefore, before pursuing the generator work,
it was necessary to clarify this ne\~ aspect. This l~ill render future
investigations more meaningful and reliable with respect to natural
conditions in the atmosphere where the liquid water content is a major
variable.

The results obtained to date on liquid water effects indicate that
at cold temperatures (-20" C) the effectiveness does not depend on
the liquid water content (UI'C) but does so strongly at around _10" C,

e.g. increasing the LIVC from .8 g/m3 to 6 g/m3 raises the effective­
ness by almost three orders of magnitude with the major increase
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Fig. 3-1. Sixteen year average annual precipitation over the Connecticut River Basin.
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Fig. 3-2. Block diagram of precipitation potential model PPM-I.
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the calculation of cost to achieve the precipitation augmentation with ground or air­

craft released seeding operations, whichever is appropriate.

The output of PPM-l is an area-time Integrated precipitation. It Is anticipated

that a target area will be a sub-basin of the Connecticut River Basin (e.g., the drainage

basin of the Quabbin Reservoir). The areal precipitation is obtained by approximating

the integral by a summation of precipitation stations weighted by their respective

representative area elements. The Thiessen polygon method [5] is suggested as one

method of estimating the representative area elements. The Thiessen polygon method

approximates the area elements by a simple geometrical approach. The validity of

this approximation is being tested in a pilot study for the Quabbin sub-basin utilizing

the equation. for the hydrologic cycle in which we utili1.e observations of station precipi­

tation, streamflow, and storage to estimate the representative area elements.

1be climatology of the probable height of the base of the colloIdally unstable

layer (-4"C to -2OOC) has been computed for Albany for the 1200Zsoundings. These

results are shown in Fig. 3-3 based on a 5-year data sample (1958-1963). The curves

represent the probability that the height of the -4"<: Isotherm Is higher than the level

indicated for each of the 12 months of the year. It is estimated that diffusIve transports

of nuclei from ground-based generators would have little likel1hood of Intersecting

target volumes with a base in excess of 3 Ian. It would appear that aJrborne nucleation

would be preferred in the summer, while ground-based nucleatIon Is feasible during

the winter over the Connecticut River Basin.
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Months

Fig. 3-3. Probability that height of base of colloidal unstable layer exceeds indicated
height for Albany {P (H 269o>Hj.
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4.0 FUTURE PLANS

The time-phased development plan indicated In Fig. 2-2 .....ill be follO\ved. The

role of the atmospheric water resource in the Connecticut River Basin (Activity 5)

will be assessed. This wlll In essence indicate a requirements statement for the

development and operation of an AWR system for the Connecticut River Basin. The

potential feasibility of the atmospheric .....ater resource in the Connecticut River Basin

will be written as an essay, 80 designated because the estimated precipitation potential

cannot be verU1ed~fnce the approach followed In this phase of work Is designed to

cover only selected aspects of the Connecticut River Basin) and this study is intended

as a preliminary pl:mning study.
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INTRODUCTION

One of the key problems encountered in precipitation modifi­

cation projects has been the evaluation of the results. A logical

expectation in cloud seeding undertaken to stimulate the produc­

tion of surface rainfall is substantial modification of the natu­

ral rainfall rate, that is, the rate that would have occurred in

the given meteorological situation in the absence of artificial

stimulation. Thus, the utilization of rainfall rate measurements

in the verification of seeding effects is highly desirable. How­

ever, this cannot be done until a much better understanding of the

space and time distribution characteristics of rainfall rate under

natural conditions is achieved, and various rate parameters evalu-

ated with respect to their applicability In weather modification

verification.

PURPOSE OF PROGRA14

It is the purpose of this research to undertake a stUdy (1)

to define both the applicablli ty and limitations of rainfall rate

measurements for the verification and quantitative evaluation of

cloud seeding effects on surface rainfall and (2) to determine

the type and density of sampling required to apply such knowledge.

This involves extensive analyses or the space and time character-

is tics of natural rainfall provided by I-minute rainfall amounts

obtained fJ'om a special netw::Jrk of recording t'aingages operated in

central Illinois during the 1951-1954 period.
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NORK PERFORMFJ> DURING PERIOD

During the rirst two months of this contract, primary empha­

sis has been placed upon (I) design and preparation of competeI'

programs to accomplish data analyses needed In the achievement

of the research obJectives, and (2) initiation of con:puter pro­

cessing of the I-minute rainfall data.

The computer program for' perfoI'mlng the first step In the

analyses of area-depth and time distJ'lbution characteristics was

completed, checked, modified slightly, and placed 1n operation.

This program has been designed to provide In a convenient form

(1) time distributions of I-minute rainfall rates at individual

sampling points and for areas of 25. 50, and 100 m1 2, (2) ranking

of the time distribution data, and (3) spatial distributions in

the form of area-depth relations of I-minute rainfall on the

above areas. At the end of June 1968. approximately 25:' of the

47-stonn sample of rainfall rate data had been computer pr'.>cessed.

Advanced analyses involVing various data stratifications and

statistical treatments were initiated.

Preparation of a second computer program was started during

June to perform analyses of the variation of point rainfall rates

with distance in the storms being investigated. Information

obtained will be used in (l) evaluating raingage sampling require­

ments 1n weather modification experiments involving rainfall rate

determinations, and (2) supplementing area-depth analyses of the

spatial characteristics of rainfall rate.



occurring between 0.8 and 3 g/m3 . This measurement "'as made with the
USBR generator and 3 percent AgI-IPA solution burned in the generator. but
a sir.:lilar pattern developed with the use of the insecticide fogger (men­
tioned later) with 3 percent AgI-Acetone. One could assume that at low
temperatures the sublill1ation process is dOlllinant, whereas at higher teM­
perature a nuclei-droplet collision process could be 1Il0re efficient and
therefore would deperd on \'lOre factors than just the cloud temperature.
This problelll demands thorough investigation.

In order to carry this out. a number of modi fications of the isotherDal
cloud chamber became necessary. A lithiU.'ll chloride dew point meter
was installed ,,·hich measures the total water content of challlber cloud
continuously.

Nuclei generator work not impeded by the LI~C effect was the develop­
ment of the remote control equipment for the USBR generator. e.g.
a cam-operated timing device and the replacement of pressurized fuel
tanks by a variable stroke, positive displacement pump. Also. a com­
mercially available, inexpensive insecticide fogger was adapted
(corrosive solutions) for nuclei generator use. A small pulse jet
pressurizes the tanks, and the exhaust ejects the small solution
droplets sprayed into same. The effectiveness curves are remarkably
steep, and again, the dependence on the LWC is evident.

C. Design of Aircraft Generators

Due to the fact that the design of aircraft generators has to base
largely upon the findings of the work with ground generators, especially
phne coagulation effects, no construction has started.

A careful study of existing steady state aircraft generators was
carried out and used as groundwork for a thorough consideration of
the various parameters and operation requirements. Especially power
and weight limitation and aerodynamic properties have to be considered.
tlore important than for a ground generator would be an easy in-flight
output variability,

Further development of air-to-air pyrotechnic seeding devices seems
necessary, and a respective stwy was initiated. In particular, it
is felt that a large number of pyrotechnic Agi pellets can be dis­
tributed over a large area by incorporating them into a multistage
detonating device. Development of this device is being held up pending
approval of the contract office. since this represents a departure
from the work plan.
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CONCWSIQN

In terllls of contract objectives, it has been found that coagulation
is a dOllinant variable in generator design and must be minimized to
optimile a given cloud treatment system. "''hile much work remains,
it.can be stated that this problem is tractable.

The medium output ground based generator developed for these studies
is competitive with other systems at _20· C and is superior than
Wlost at -10° C provided adequate dilution equipment is provided.
This latter statement also applies to equipment presently in use in
the field. Provision for remote operation in the field, another
aspect of the generator development program. has progressed to the
point of installation of remote system components.

Turning to aircraft generators, little was reported since this work
is dependent upon the coagulation study and the ground generator
program.
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I. INTRODOCTION

Ctle of the stated goals of Project Skywater is to determine optimal

methods for significantly increasing, controlling, and redistributing

precipitation so that it falls in places where it can be used most

efficiently. This involves unique and cconplex experimental design and

statistical evaluation problems. New statistical theory and operational

research techniques must be developed in order to handle the data

generated by the growing nUJllber of experiments in this relatively new

research field. The traditional analytical methods of problem solving

are no longer adequate to deal with the ccmplex optimization problems

facing the precipitation management scientist. The system is a very

complex one and there are many complex problems yet to be solved;

however, neither the complexity of the system nor the impurity of

available mathematics relieves the precipitation management scientist

of the necessity of the obligation of dealing with it. The Project

Skywater program. at the Denver Research Institute has made scme progress

in this area and proposes more contributions in the future.
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II. OVERALL OBJECTIVES OF TI-lli PROGRAM

The overall objective and proposed efforts of the research program

are to develop experimental design criteria and statistical methods to

aid in the eValuation of atmospheric water resources programs. More

specific objectives are:

(1) to critically evaluate past weather modification experiments

with emphasis on the research methodology, statistical techni-

ques, and interpretation of findings to determine their

suitability for a particular experiment or for general appli-

cation,

(2) to conduct analyses to determine the effect of individual

parameters such as treatment techniques, terrain factors,

and weather conditions on the reliability and validity of

the results of weather modification experiments,

(3) to develop design criteria for field experiments with special

consideration of the parameters referred to above, and

(4) to develop computer programs and analytical techniques for

evaluating and comparing a wide variety of weather modi fica-

tion experiments.

The overall approach is directed toward developing operations

research techniques for the purpose of optimizing precipitation manage-

ment systems.
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III. ACCOO'LISHMENTS ON TASKS DESCRIBED IN WORK PLA.!.'1

A. Critical evaluation of past weather modification experiments

1. The following pertinent journal and rrlscellaneous articles

were reviewed, for which critical evaluations were reported in monthly

progress reports to the Bureau of Reclamation:

Aeranetric Research Inc. ~ £!. ~ Southern Sierra seeding test
~, 1967.

Anderson, E. A. Developr.1ent and testing of snow pack eners;y balance
equa.tions. ~~~, Vol. 4, No.1, 1968, p. 19-37.

Biswa.s, K. R., Kapoor, R. K., Kanuga, K. K., and Bh. V. Ramana MJrty.
Cloud seeding experiment using cOIllmon salt. Journal of Applied
Meteorology, Vol. 6, OCt., 1967, p. 914-923. -----

Bowen, E. G. Cloud. seeding. Science Journal, August 1967, Vol. 3,
No.8, p. 68-73. ----

Brelsford, Wm. M. and Richard H. Jones. Estir.la.t1ng probabilities.
Monthly~~, Vol., 95, No.8, p. 570-576.

Dennis, A. S., Schock, M. R., Koscie1shi., Al.exander, and P. M. Mielke.

OO~~~.cl~po~e~:f,ei!S~t:~sO~A=~he~~:c~,
South Dakota School of Mines and Technology, Rapid City, South
Dakota.

Dye, J. E. and P. V. Hobbs. i1le influence of enviroD:llenta.l parameters
on the freezing and fl"~ntation of suspended water drops.
Journal £!. Atmospheric~, Vol. 25, Jan. 1968, p. 82-96.

EBA optical snow-rate sensor. Technical report 8ublnitted to the Bureau
- of ReciaiiiatIOrlbY"'E":""BOlla.y Associates, Inc., Santa Barbara., Cal.,

March 196$.

EG&G, Inc., W. E. Howell Associates. A test of certa.in evaluation
designs for cloud seeding experiments. Technical Report No. B-3662 ,
Sept. 19b7:

Henderson, Thomas J. Cloud seeding in the COW1ty of Tulare, California.
Final report, 1963-64 season, Atmospherics Incorporated, ~1a.rch 1965.

Huff, F. A. The effect of natUl'al rainfall variability in verification
of rain modification experiments. Water ResO\lrces Research, Vol. 2,
No.4 (1966), p. 791-801. -------
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Lopez. Manuel E. Cloud seeding trials in the rainy belt of western
Columbia.. ~~~. Vol. 2. No.4, 1966, p. 811-623.

Heyman, Jerzy and E. L. Scott. "Asymptotically optimal tests of composite
hypotheses for randomized experiments with non-contro11ed predictOl'
variab1es. i!..~. Statist. Assoc., '101. 60, 1965, p. 699-721.

Neyman. Jerzy, end E. L. SCott. Rationale of statistical design of a
::,ain stimulation experil:lent. Statistical Laboratory, University of
California, Berkeley. ProceedingS £!~~~ gyaluation
~, Bureau of Reclamation. Denver Federal Center, Oct. 1967.

Neyman. Jerzy and E. L. Scott. "Some outstanding problem.s relating to
rain modification". Proceedings £!~ Fifth Berkeley Symposiwn .2!!
Math. Stat. and Prob., Berkeley and Los Angeles. University of Calif.
PreSs .l966,"""'V01:T

Prikhot ko, G. F. Experimental development of an approximate criterion
possibiUty of inducing artificial cloudS in the Ukraine Socialistic
Republic. Translation No. 612. Office of Engineering Reference.
U. S. Dept. of Interior. Bureau of Reclamation, Denver, Colorado,
1966.

Rodda, John C. Development of rain gauges by Asit K. Bis',fa3 (Sept., 1967).
discussion. Jou.rnal £! the Irrigation ~ Drainage~. (ASCE)
Vol.. 94, lio. lRl, March I9b8.

Sch1eusener, Richard A. A perspective on weather control. Journal of the
Irri6at~on~ Drainage!!!.!. (ASCE), Vol. 94, No. lRl, March 19t8.­
p. 73-7 .

Sch:Di.d, P. end J. C. TtlMlS. Results of a 1arge-scale rain stimulation
experiJ:lent on the southern slopes of the Alps. Archiv fur Meteoro­
~~ unci Biokl1mato1ogie, Series A: Mete'OroI<iic und
Geophysik, Band TIl,' Heft 2-3, 1967.

Scott, William T. Poisson statistics in distributions of coalescing
droplets. ~~~ Atmo~pheric Sciences. 24, No.2, March
1967. p. 221-225·

Simon, W. E. and L. A. Wa1ter. A new technique for determination of
cross-power spectral density with damped oscillators. To be
publ1shed.

Thcmpson, John W. Similar problems in meteorology a.nd psychology.
General Systems, Vo1. 10, 1965, p. 49-60 .
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2. Several docwnents and interim reports from the Park Range

Atmospheric Water Resources ProgrBJll. and other Sk,ywater iJrogralDs were

also reviewed.

B. Analyses conducted

1. !:. re-analysis !2!..~ Kings~ stremf10w data. The results

of the analysis are presented in Technical. Report No. 3 prepared by DRI

for the Bureau of Rec1a.:llation. Three reports relevant to the pr06I'am are

revie...-ed. They are:

(1) Henderson, T. J. Cloud seeding £!!~~ River watershed.

(2) Markovic, R. D.~ evaluation !2!.. weather modifica-

~:~~~~~.

(3) Markovic, R. D. !:. ~!2!:~~£!~

codification ~ ~~ flow~~.

Several statistical analyses are made usine several statistical techniques,

each of Yhich tests a. dif'ferent hypothesis or solves a different problem.

Sane recOllJllendations for future research involving strelllllflow analysis

are presented.

2. ~~ optical~~~. cmly preliminary

results of' this study were accomplished during this reporting period

(FY 1968). The procedure and preliainary results can only be sUl:lll.arized

here. Data. for the Rabbit Ears Pass station (Park Range) for eight

analysis periods from November 1966 to February 1967 were obtained for

six variables. Data ...-ere collected for five minute intervals during
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the analysis periods for (1) snow sensor measurements (.OCll inches

of precipitation), (2) plastic sheet measurements (.001 inches of

precipitation), (3) temperature (nearest whole degree Fehrenheit),

(4) wind speed (miles per hour), (5) wind direction (0-360), and

(6) nuclei count (counts per liter). Preliminary results based upon

the total sample of' observations are shown in Tables 1 and 2. These

preliminary r€sults are based upon the total sample of observations.

Some comments about the results in the two tables are as follows:

(1) One notes (and, of course, this was not unexpected) the

extreme variability, especially in nuclei count, in each of'

the measures with the possible exception of temperature.

(2) The mean amount of precipitation for the plastic sheet is

sliehtly higher than for the snow sensor (this can be tested

for statistical significance).

(3) The .lind direction is primarily from the WSW and at average

rate of 22.92 miles per hour.

(4) The coefficient of correlation between the snO'\; sensor and

the plastic sheet is a respectible .80 (this too can be tested

for significance and confidence limits established).

(5) All the temperature rises there is a slight tendency for precipi-

tation to increase as measured by both the sensor and the plastic

sheet.

(6) All the wind speed increases there is a very slight tendency for

the precipitation to decrease as measured by both the sensor and

the plastic sheet.
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RESULTS TO DATE

It Is much too early In the investigation to present results

of any phase of the research. Any statements made now with re­

spect to behavior trends observed In the time and space distribu­

tions would be premature and subject to later rejection.

PROBLEM AREAS

In the early stages of the research. no problem areas have

developed that need further work before contract objectives can

be ac'hleved. However. such problems could develop In the future

analyses progress.

REPORTS

Appropriate technical reports will be prepared as soon as

the analyses are completed.

m
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Report of E. Dollay Associates, Inc.

INTHOllucrlON

The Cascade Atmospheric l'iater I{csources Progr3J:l is investigating
weather modification techniques for redistributing surplus ""inter
precipitation froc tile west side to the e<l.st slopes of the Cascade
~·lolU1t3ins.

The program \,.as directed ill Phase I (February 2. 1966 - Jlffie 30, 1966) and
Phase II-A (July 1, 1966 - June 3U. 1(67) by the State of Washington.
j',"cather ~Iodification BO<l.rd. and in Phase II-B (July 1. 1967 -
June 30, 1968) by the l>cpartment of Water Resources, State of I~ash~

ington. Field operations, research and physical studies were sub­
contracted to E. Bellay I\Ssociates, Inc .• Battelle North"'es t l.ab~

oratories. University of \Iashington, and tlashington State University.

Phase I results were reported in tile "ieather Hodification Board
lteport No. I, August 1966, Md Phase II-A results ",ere reported in
tile Board Report No.2, September 1967. 'Olis final report describes
E. Bollay Associates, Inc. activities for the total contract period
February 2, 1966 through June 30, 1%8, and includes principal results
described in the InteriJ:1 Progress Heport (period January I, 1968
through JlU1C 30. 1968) subr.li tted to the Ucpartment of liater Resources
by E. Bollay Associates on June 30. 1968.

Field operations were centered at Snoqualmie Pass throughout the
contract period. Radar, radiosonde and rawin data Ifere collected
at Enumclaw during Phase II-A. In Phase II-B, radiosondes were
also collected ut Enumclaloi. but radar observutions were made at
Snoqualmie Pass.

PHASE Il-B (July I, 1967 - June 30. 1968)

The ground precipitation network was expanded with an additional
12 ~'eighing-typc precipitation gages. Nine of these gages wcn::
installed at tile ridge sites, and two along Highway 10 bct"'een Cle
EIUJ:1 and Ellensburg. One Cage ",as sdleduled for Acabilis ''It., out
because of insufficient landing area for the helicopter. the instru­
IilCnt \~as installed at the project office.

Data from the weighing-bucket gages was tabulated on an hourly basis
for analysis periods. Insj"lCctioll of the records from the weighing
bucket cages installed on the ridge sites, revealed that daily and
wnthly totals ",ere gener3lly less than nearby valley stations in
the nen.:orl::. Further analysis betwcen records of the weighing
bucket precipitation gages and storage gages with a large orifice
indicated that there was, on the average, 24 percent less precipitation
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measured by the weighing buckets than the storage gage at the ridge
sites" A similar analysis performed for the valley stations reveal
13 percent more precipitation in the storage gages than the 8-inch
orifice weighing gages. Extreme differences "erc as high as 46
and 37 percent for Salnon La Sac and Elk Ilighway stations. "l11ese
examples indicate the importance of wind in the catch of the gage.
As stated earlier, wind shields were not installed, to avoid capping
by snow; nOI"ever, from these data it is recommended that the valley
stations be equipped with wind shields. I;Tith the ridge stations,
I~ind shields I"ould increase the catch, but Io.'ould increase capping.
1he limitations on moving the instruments to a more sheltered site,
because of the helicopter requirement, docs not give any relief to
the problem.

An alternative I>'ould be complimentary sensors, such as snow pillows,
I>'hich I>'ould give an accurate measurement of total precipitation as
snOh' only. ll'ind shields could then be installed on the precipitation
gages, because capping \\'ould not be a prob lem \,hen rain occurred,
and during snowfall the snow pillol>' would assure a usable record.

Iwdar tracings were plotted against optical snoll' rate sensor data
from the project office station. Five minute average precipitation
thickness was plotted against similar precipitation rate data, in
time sequence. From these data, one cencludes that periods of
precipitation are preceded by an increase in radar precipitation
thickness - as would he expected. To obtain more detailed data of
this type, it is recommended that a recorder be connected to the AGe
voltage of the radar and the range gate automatically swept in
altitude. A continuous recording of the echo intensity versus height
and time could be obtained and related to precipitation profiles
for comparison with data from seeded clouds.

Background counts of ice nuclei \\'ere made at Snoqualmie Pass and
Stampede Pass; these !,JCasurements were coordinated Id th a study that
lJr. P. [lobbs \\'<:IS making at the University of Washington. For com­
parison of data collected by U.S.11.B. personnel at Stampede Pass
lJith that collected by the University of Washington, the digital
printer and lO1icrophone frem the University of Washington unit was
connected by a "y" to the sensor of the Snoqualimie Pass ice nuclei
counter. "l1lreshold levels of the two printers \'Iere then adjusted
until identical counts were received over several sampling periods.

Units lJere generally operated at three temperatures, _100 C, _ISO C,
and _21 0 C. during each observation period. Sampling rate Io:as 10
liters/minute. During observation periods, background counts I,ere
around O.l/liter at _21 0 C.

'Ihree diffusion tests were performed using the icc nuclei counters
to detect artificial j ce nuclei plwnes; two releases were from
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Cryst:11 ~ft. and one near Stampede Pass. A description of these
tcs ts follows.

On April 4, 1968 n AgI generator was operated from Crystal Ht ..
ApprOX1mntcly 1 litcr per hour of a 4 percent acetone solution of
Agl was burned in a \~ashington State generator. Ice nuclei counters
were operated at Snoqualmie Pass and Stampede Pass; sampling rate
was 10 liter/minutes, and chmcr temperature _210 C.

During the seeding time and for two hours thereafter, only back­
ground count, i.e., less than 0.1 nuclei/liter was observed at
the ice nuclei cotmters, indicating that the plu:ne was not intercepted.
Analysis of the surface Idnds at Crystal Ht. and North Bend indicate
the plume may have been carried westerly and \'o'as restricted to the
west side. No upper-air wind data is available in the Snoqualmie
Pass or Stampede Pass area, so it is difficult to estimate the
plUIlle path from Crystal ~ft.

The second diffusion test was also conducted on April 4, 1968 from
Crystal /.It., 0930 to 1500 PST. Ice nuclei counters for this test
were at CIe Elum, Stampede Pass, and the University of Washington
tlObile unit operated at three locations - South end of Lake Keechelus,
Easton, and S miles west of Cle Elum. Again the sampling rate of
the counters was 10 liter/minute at ~210 C. Nuclei counts at all counters
were less than 0.1 nuclei/liter.

tXI this test, an attempt was made to obtain some upper-air wind data
with the radiosonde equipment at EnWllclaw. A temporary azilllJth and
elevation indicator were attached to the GlD-l antenna; "..hile the
radiosonde was tracked, an additional persen read and recorded 3zit'lJth,
elevation and time. Wind vectors were then plotted for one minute
intervals. Unfortunately, due to the faulty oscillator in the
radiosonde receiver, the highest the sounding reached was only
the _60 C level at 11,481 feet /'1St.. Analysis of the sounding does
indicate an inversion from about 3280 to 4900 feet ~ISL, but this
is well below the top of Crystal Nt. at 6800 feet ~ISl. Surface wind
direction at. Crystal and arotmd Snoqualcri.e Pass and St311lpede Pass
was favorable for the plune t.o be di rected over the area of the
ice nuclei counters, as were the lower level, upper-wind directions,
as indicated from tracking the Enumclaw radiosonde. Even the short
sounding shows that for the AgI to be an effective freezing nuclei
on this date, it would have had to reach in excess of 12,000 feet
~1St.. Using measured upper-air ,,'inds below 10,000 feet ~ISL as
representative, and diffusion and fall velocities of 1 meter/second,
Crystal Mt. should have been a fairly good seeding location, 30 to
36 miles from the target area for these conditions.

111e third diffusion test. was conducted from about 1 mile east of
Staopede Pass on April 25, 1968. leo Nuclei counters were operated
at Snoqualmie Pass and Stampede Pass, and the University of tiash­
ington IOObile unit was on the east shore of Lake Kachcs$. Sampling
rate was 10 liter/minute at ~21° C. l>uring this test, and attempt
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was made to generate the plume close enough to one ice nuclei counter
to assure a reasonable opportunity of finding some of the plume.
1he seeding generator ""as operated from 1315 to 1515 PST with a
four percent Agi acetone solution and a rate of 1 liter/hour. Surface
winds at the generating site and hourly wind data for Snoqualmie
Pass and Stampede Pass were recorded. lhe ice nuclei counters at
Snoqualmie Pass and Stampede Pass did not record above background
count of 0.1 nuclei/liter. '111e mobile unit also recorded less than
0.1 nuclei/liter, with the exception of a period from 1536 to 1541 PST
when the count went to about 5 nuclei/liter, This is good evidence
that the mobile genrator did sense part of the plume. The AgI gen­
erator was located on the lee side of Stampede Pass, and the
University of Washington mobile unit was only 6 miles directly
downwind fror.l the generating site. It is likely that, close to
the surface, I.est to northwest flow carried the plume to the south
earlier and later than 1545 PST.

These limitod diffusion tests demonstrated (1) the questionable
nature of any analysis without adequate upper-air wind and'"radio­
sonde data and (2) the need for airborne icc nuclei count data to
determine the vertical distribution of surface-released freezing
nuclei. Future diffusion tests should be occompanied by hourly
upper-air wind soundings, periodic radiosonde ascents, and several
airborne traverses, wost to cast at 10,000 to 14,000 feet ~ISL, to
determine if the vertical displacement of the plume is sufficient
to place it in a favorable environment for accelerated crystal gr01.th.
It is recognized that these steps would require considerable resources
and effort, but unless such an effort is made, it is not possible
to obtain meaningfUl diffusion/activation estimates,
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~eport of Battelle-Northwest

INTROIJUCTION

The objective and scope of perfomance prescribed in the contract
between Battelle-North....'est and the State of Washington involves
research in the development of the atmospheric water resources.
Specifically. this research is directed to....'3rd the design of engineering
techniques for augmenting and redistributing wintertime precipitation
in and across the Cascade ~Iountains of Washington. 11,eso accomplishments
would increase the snowpack and the consequent runoff from moun-
tain watersheds. particularly those draining into the arid. eastern
portion of the State of I'lashineton.

The total research prograa ewraces two major objectives; (1) to
enhance the understanding and detailed knOWledge of precipitation
r.lCchanisms relative to their frequency and contribution to the
total water supply in the area of interest by a program of cocpre­
hensive data analysis; and (2) to develop and provide plans and
specifications for the conduct and evaluation of a field experiment
to test the feasibility of a trans-sky diversion of water across
the Cascade Hountains of Washington.

SlUlImaries of six Research Reports arc included. TIley arc separated
into h'o major categories that represent the primary clement of
program-objective attainment.

I. Data j\nalysis Program. Research Reports I through IV emphasize
the analysis techniques and results related to the physical
measurements segnent of this research.

2. Experimental Design Program. Jtesearch Repots V and VI
describe the research leading to development of experillCntal
design specifications.

DATA A."lALYSIS PROGIWoI

RESEARCH JtEPORT I
RIVER RUNOFF ANAL.YSIS

SUM~lAHY

'Ods report treats the statistical analysis of historical stream­
flow data re1.:ltive to the lx:netration of precipitation to the
eastern side of the Cascade llivide. II considerable body of data
has been accumulated regarding I>"stcrsheds. rivers> and corresponding
sensors encompassing the area from the Olympic Peninsula in Washington
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to the Bi tterroot Range in northern Idaho. All streamflow series
I~ere cxaT:lined for significant correlations and COlTB1\on factors.
using the B~I[)-03~! factor I\nalysis computer program. On the basis
of these considerations, six major streamflOl\' series ill the Cascade
area were selected for further analysis - three on the west and
three on the eastern side of the Cascade Divide, Various regression
lines were constructed and fairly high correlation coefficients \o.'ere
found between east and west streamflows, Residuals or deviations
about these lines were of interest because they are conceivably
influenced by several factors such as measurement error, variations
in seasonal temperatures, and precipitation variations. It was deter­
mined that these residuals directly reflect increased or decreased
precipitation on the eastern (lee) side of the Cascade [{ange. A
principal component analysis I,as carried out on both the three
western streamflow series and the three eastern strcamflOl' series.
In each case, thy first eigenvector and the corresponding eigenvalue
indicated that a simple average of the three streamflow series would
account for 98 percent of the total variability.

RESEARCH REPORT I I
PRECIPITATION N~ALYSIS

Sml1-1ARY

111is report describes the research relating to precipitation dis­
tribution patterns from west to east across the Cascade Range. It
was considered important to determine whether precipi tation data
reflected the same kind of lee side precipitation anomalies detected
in the streamflow data. 'lhrough the use of correlation analyses and
factor analyses, groups of stations were segregated into individual
precipitation regimes and the seasonal effects on the distribution
patterns were observed. Other correlation analyses to investigate
relationships between selected precipitation regimes and stream­
flows clearly indicate that both streamflow and precipitation regres­
sion residuals contain structure over and above random observational
error. 'Olis emphasizes the importance of precipitation in the size
of streamflOl~ regression residuals and also the relatively high quality
of both streamflow and precipitation data.

RESEARCH REPORT I I I
SYNOPTIC ANALYSES OF INE.llVIDUAL

PRECIPITATION EVENTS

SUW·jf<RY

The research effort described in this report provides a basis for
developing a descriptive classification of synoptic meteorological
conditions and the corresponding precipitation patterns. Restrictive
factors that limit the effectiveness of this approach are discussed.
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Analyses of several years of precipitation data have been completed,
and specific years have been classified as either excess (above normal)
or ueficient (considerably less than nomal). Computer programs
have been "..ritten to relate precipitation events to windflow,
J:lOisturc content, stability, vertical velocities, etc.

Precipitation events during the past winter season were exar.lined
by constructing three-dimensional cross section and long-section
;::nalyses. 111esc analyses acre integrated \... ith the ESSA 6 weather
satellite photographs and \;ith the various U.S. \Veather Bureau chart
analyses recei vcd via the national h'eather facsimi Ie neth'ork. "lhese
studies indicate that the predominant feature of the caS tern slope
of the Cascade l'.ange is large scale subsidence and a consequent
decrease in cloudiness and precipitation in the lee of the mountains.

It was observed that areas of high moisture content IIIOved rapidly
through the area of interest in relatively small tongues or cells.
However, the sparseness of t.he present U.S. Weat.her Bureau radio­
sonde network !:lade uetection of sufficient nwrbers of these oois­
ture cells tmlikely and thus prohibited moisture flux studies on
an individual stOI1il basis. Supplemental observations strongly suggest
that a lileasureoents program in the lee side of the mountains could
proVide data that would lead to a deterl:lination of the magnitude of
the subsidence and thus facilitate identification of seedable periods.

RESEARUl Rl:::PORT IV
ONGOING At"iALYSIS Or: CURRENT LWfA

"lbe objective of this research is to process current data with emphasis
on development of new tedmiques for evaluating various experimental
designs for weather modification projects. Initial efforts were
directed toward establishing the pnlsence or absence of a specific
precipitation gradient distribution pattem along the established
line of precipitation recording stations. A distinct distribution
was observed; h~ever, the variability of the distribution was so
large that it would be difficult to observe a change in precipitation
gradient of less than 20 percent under experil!lCntal conditions.

A comparison of the recently established "mountain" and "valley"
precipitation stations was accomplished. 'nlere was a striking
similarity in the precipitation records obtained for both groups
with the exception that the valley stD.tions record greater precipi­
tation amounts than the mountain stations. From these studies, it
was determined that a number of stations contributed redundant data
and should thus be discontinued or relocated to establish a J:lOre
favorable benefit/cost ratio for their operation.
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EXI'ERli'IENTAL DESIGN PRuGIW.1

HESEAROl REPORT V
EXPERHIENTAL IJESIGN PLANS 1\,\'1) SPECIFICATIONS

SUNI'!r'lRY

The objective of this reserach segment is to develop plans and
specifications for a field measurement network, a data collection
and analysis scheme, and an associated cloud treatment technique
for evaluating the feasibility of modifying natural areal precipitation
distributions. 'Ihe entire historical (1029-1966) hourly precipitation
records for each station \~ere analyzed to determine specifications
for defining which precipitation events may be regarded as "seedable"
units. TIlree-dimensional analyses relating precipitation and synoptic
data I'.'ere n:ade to determine appropriate target and control areas,
and hourly and monthly precipitation data were analyzed to determine
the location and type of sensor system to be established in the field
network. Precipitation variability studies were made for selected
hourly precipitation recording stations and for selected Croups of
stations. A new evaluation technique based on precipitation gradient
information was developed and is presented for discussion.

'111is portion of the research program is directed toward development
of plans and specifications for a field measurement network, a data
collection and analysis scheme, and an associated cloud treatment
technique for evaluating the feasibility of modifying natural areal
precipitation distributions; i.e., outlining the design execution,
and evaluation of a weather modification experiment.

The design and evaluation of weather modification experiments has
been given considerable attention by leading statisticans and meteoro­
logists and was the topic of a recent symposium* held in llenver.
Colorado. Even though significant contributions have been made by
these acknOl~led[;ed leaders, there is still general disagreement as
to the effects of seeding supercooled clouds to produce precipitation.
The rapidly changing natural events make it difficult to interpret
statistically the processes necessary for successful lI'eather
modification.

The design of any experiment \~ill in !leneral consist of three parts:

(1) J\ statement of the objectives
(2) A description of the experiment, covering such matters as the

experimental units, the experimental treatments, the size

*Bureau of Heclamation Planning Conference (Project Skywatcr), iJcsign
and Evaluation of Weather t·lodification Experiments, October 11-13,
1967, Denver, Colorado.
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Table 1

Means, standard deviations, and sample sizes

Variable Sample size ~

1. Snow sensor 416 3·59

2. Plastic sheet 423 4.25

3· Temperature 431 20.26

4. Wind speed 368 22·92

5· Wind direction 355 234.02

6. .Nuclei count 308 678.22

Standard

~

3.20

4.10

8.25

15.53

22.35

2221.42

Table 2

Intercorrelation matrix for the six variables*

1.00 .80 .33 -.15 -.10 .02

4D8 .38 -.16 ·09 -.13

416 423 1.00 -.51 .19 -·30

355 362 368 1.00 -.46 .26

355 349 355 355 1.00 ·09

293 300 308 254 241 1.00

*The top half of the matrix shows the correlation and the bottom half
shows the sample size.
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(7) The correlation beh:een temperature and wind speed is -.51

",ilich means that there is a fairly substantial tendency for

the '\lind speed to decrease as the temperature increases.

(8) There is a very slight hint that an increase in snO"ol sensor

n:easurements is asso-:iated with more southerly winds; wherellS,

higher plastic sheet lCeasures are associated with -..resterly to

northerly winds.

(9) Higher wind speeds tend to be associated with a WNW direction.

(10) The nuclei count measure is so unstable that the results are

not reliable. The highest correlation is - .30 with temperature.

This suagests that higher temperatures are associated with

lower nuclei counts.

These results were obtained using a missing data intercorrelation

caaputer prQgr8D..

1. Technical Report No.1, "Fundamental concepts of experimental

design and statistical analysis in weather modification prograr.1S" 'W&.S

prepared to provide background information relative to this task. It

is stated in the report that, "It is because many researcherll in the

field of weather modification have expressed .such a need that this

report has been prepared. It is hoped that it will be of practical use

and will provide the impetus and technical assistance for better designed

field and laboratory experiments in precipitation management with more

appropriate statistical evaluations." The five basic types of research
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designs or loe:ical devices, for conducting an experiment are discussed

as to their advantages and disadv=t~e,;. The author sll!ll'lla!"izes the

experllnento.l design section of the report in the following manner:

Everything we know 0.3 a fnet resulting from observation and
experiment, whether true or false, was discovered by the use
of one or another Of these methods. The use of correct
statistical tools in addition to the use of correct method of
experiJnentaJ. inquiry is a must for satisfactory research. If
an investigator Is a.....ar.e of the fallacies, he CWI interpret his
results accordingly. To be fore.....arned is to be forearmed.

2. In Technical Report No. 5. "~1mization techniques in weather

modification," the problem of design criteria is dealt with to sOIQe extent

in the follO';ing manner:

The technique of optimization in weather modification involves
a sequence of indiVidual optimizations and the optimization of
the various caoponents in an integrated fashion.

Precipitation tllrgeting requires the consideration of the whole
systeJll_ '!he process starts at the place where the precipitation
is desired to fall, then it lllUst be determined where it vould
have to fall fr<lll, where the cloud processes which produced it
would have to begin, and finally the nucleation source required
to treat the clouds in the desired manner. The sequence problem
needs to be solved in both tillle and space coordim.tes.

Large scale systems can be optimized through partial optimiza­
tion of one staee at a time. Dynamic prcgraJrll'ling, a IIl8.thematical
technique often found useful for .making a 8equence of inter­
related decision.s, ;lould seem to be an appropriate optimization
technique for precipit.ation manllgetnent systems. It provides a
syste::natic procedure for determiniD8 the combination of decisions
which maximizes overall effectiveness. It i8 a general type of
approach to problem ccnposition strategy which is the technique
of breaking a structured system down in order to suboptimize
the canponents.

3. We are currently evaluating previous and current work on the

development of matheJl1atical modelS for measuring the econcmic consequences

of 1o'eather modification programs_ Precipitation. runoff, storage and water

utilization models are being investigated.
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Evaluations of beneficial or detrimental effects of weather modifi-

cation prograns generally have included and of'ten have been restricted

to an analysis of precipitation runoff scme diatance downstresm frttl

the actual mcd1fication efforts. Such an approach, while providing

needed documentation of research effects, does not ye1ld sufficient

information on the interaction of the variables that cause the resulting

runoff.

Long rlUlge progrllDLS of weather modification, especially precipitation

augmentation, must be concerned with the overall econaaic gains to:

1. The initial water users

(a) hydro-electric power

(b) municipal and industrial consumption

(c) irrigation

2. The net productivity of an econaaic region as measured by SOlIe

type of input· output anll1ysis.

In order to provide adequate measurements for an input-output analysis,

the direct benefits to the initial users must be reasonably veil established.

To date the work in this area has been very limited. What is needed is s.

model fom that will aJ.low testing of precipitation sensitive variables

within a basin or water shed. At this time, three sequential model forms

are being suggested s.s necessary:

1. precipitation - runoff

2. runoff _ storage

3. storage - utilization

These mcdels would include streamflow synthesis, ground vater storage,
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multi-reservoir storage, and time-dependent demands of the primary users.

Streamflow synthesis has been studied for a number of years. Fiering

(1967) describes a number of approaches that have been proposed. Linsley

is cuxrently working on simulation models that will evaluate the hydrologi­

cal effects of rainfall augmentation.

Ground water management has been evaluated with a systematic approach

by Dracup (1966). Mathematical models that permit sensitivity tests of

system variables are now at least a partial reality.

The office of Water Resources Research is currently funding several

sWdies in the area of econcmic evaluation under risk and uncertainty as

it applies to water resource allocations.

Each of these individual research efforts provides a basic element

in the model forms described above. What is needed is a total system

sensitivity test to determine which of the precipitation variables are

most likely to affect a significant economic gain to the prl.lllary users.

Once the models described above are at least operational it will

then be possible to begin to explore the side-effects of precipitation

augmentation as they modify regional econOlllic stimulators such as

agriculture, electrical pover dependent industries, or the rapidly

growing ski industry located in the center of the proposed modification

D. Development ~ analytical techniques ~~ computer~.

One of the goals of the program is to develop and maintain a library

of modern statistical programs. The follmling two programs are now a

part of this library of statistical programs:
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1. Incomplete data intercorre1ation pr0gJ;'a'll. The primary purpose

of this program is to canpute product moment intercorrelations among up

to 80 variables. any number of which may have missing data.. Means and

standard deviations based on all non-missing values are computed separately

for each variable. The correlation coefficients are computed and rounded

to six places. The program was originally written in FORTRAN, using

single-precision floating-point arithmetic. The basic fonuulas involved

a. Mean:

N

X~f;lXi
N

b. Standard deviation:

Correlation:

where N is always the sample size for complete data, and "'m is the sample

size for nonmissing values of pairs of variables.
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2.~~~modeling~. This canputer prOfP'Wll,

recorded 00 magnetic tape, was received fran the National Institute of

Health duri.n8 september 1967. The prograr.l is a tool to aid in the

lll8.thematical analysis of experimental data by simulation, data fitting,

and Iwdel building. Included in the program is the methodology for the

soluticrl of a -wide variety of model types. The SAA.~ ccmputer program,

consisting of six Chained main programs governed by a. master progra:n,

and more than 150 subroutines, is recorded in FORTRAN IV and FORTRAJt II

card :il!lages. It is stored on a "blocked" tape and each of the several

hundred blOCks has its own internal control statements. Unfortuna.tely

the program is not yet in operation on the DRI system (Burroughs B5500).

Another attempt 'Will be made to use a FORTRAN Compile program that will

convert the FORTRAN card deck directly into a ma.chine language program.

ccnprehensible to the Burroughs canputer, thereby obviating the problems

anticipated in translating. A syntax-generated Compile progra:n ha.s been

obtained by the DR! Canputer Section. UnfortWlately it doesn't york on

large programs at present, but hopefully the program rill be in opera.tion

in the not too distant future.

3. Analysis ~~~~ statistical~~.

These programs are in the process of being developed for the DR! Ccmputer

System.
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IV. TECHNICAL REPORTS AND PAPERS PRESENTED AT PROFESSIONAL MEETINGS

A. Technical report No. 1. Fundamental concepts £f. experimental~
~7~tatistical analysis !!!. weather modification programs. Dec.,

B. Technical report No.2. The role of simulation in precipitation
management research. April; I968.- ----

C. Technical report No.3. Some comments on the statistical evaluation
~ !E.! Killjl;s~ streamflow data. June,l~---

D. Operations~ i!.l.~ modification prOgrams. Operations
Research AroWld the World Meetines, Madrid, New Delhi, Tokyo.

E. Project Sk.ywnter: Research~~ statistical evaluation.
Prepared for presentation at the Bureau of Reclamation's Design and
Evaluation Conference, Denver Federal Center, 11-13 Oct., 1967.

F. ~ application £f. operations~ techniques .!£~ engineer­
~ problems. Prepared for presentation at the ASCE, Colorado
Chapter Meeting, February, 1968.

G. ~~ evaluation .!!!. Project Skywater. Prepared for presenta­
tion at the First National Conference on Weather Modification of
the American Meteorological Society, 28 April - 1 May 1968,
Albany, N. Y.

H. Optimization technigues .!!!.~ modification. Prepared for
presentation at the National Symposium on the Analysis of Water­
RelJource Systems, sponsored by the American Water Resources
AS.$ociation at the University of Denver on 1 July 1968
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I t\l1tOiJUCTI ON

Increases in water supply resultillg frolll weather modification activ­
ities in distinctly orographic areas have been known for 01 number
of years. I(ecognition of this fact has led to the conduct of COIll­
mercial lo'eather modification activities in the Sierra Kevada mountains
of California for the past IS years. lhe water resources in this
area are characterized by storage of runoff reSulting from predom­
inantly winter precipitation for subsequent use during dry portions
of the year. Successful developlllent of theSe resources has taken
the fOI1ll of irrigation systems which h.lVe resulted in an agricul­
tural economy that is unsurpassed in the nation. This type of
resources developJ'ICnt has also resulted in an increasing demand for
water supplies. Part of t11is demand has been satisfied in the past
by usc of weather modification, but the economic importance of
water to the area indicates a desirability to produce greater amounts
and more stable increases.

TIle weather modification activities conducted over the past 18 years
have been able to show increases in annual streamflow from seeded
areas of 5 to 10 percent. '11Ius, a program to investigate \~ays to
increase runoff through weather modification ,,"'hich included proof
of the ability to obtain increases by this means was not needed.
Rather, a program was developed that used the results obtained by
the long-term commercial projects as a basis for efforts to i5lprove
the existing techniques (1). The goal of the program has becolllC
the improvement and expansion of weather rodification efforts in the
Southern Sierra to proVide for the greatest possible increases in
water supply at the least cost.

PROGRESS

The basic approach to the problem involved consideration of the
potential for water supply increase to be derived from storm systems
on a ycar-around basis. The progral:l was designed to provide oper­
ational research toward achieveJ:lent of the goals (2). and ....as organized
to utilize existing technology and equipment as represented by various
commercial organizations on a contract basis. The program design
was bascd on the following fivc interrelated projects which con­
tribute to the overall goal:

1. Sierra Cumulus
2. Sierra Planning
3. Sierra Sensor/Seed
4. Sierra Silver
5. Hydrologic Studies
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Provision for the addition of projects as desirable to accomplish
the goal jo,'as written into the program Jesign. A brief summary of
the activities and results achieved in each project is given below.

A. Sierra Cumulus

Goal; 'Ihe ultimate goals of Sierra Cumulus are:

1. To provide a census of meteorological characteristics and
airmass properties prevalent in the Southern Sierra region
from spring through early autUr.ln. Comparisons are being
made beh'een high potential days and "no Go" days.

2. To develop a method which jo,'i11 aid in determining those
perious ami conditions of high potential for increased
usable \~ater resulting from seeding.

3. To make the above studies and results available within a
3~year period to any qualified person who may desire to under­
take a commercial proj ect in this area.

1he second summer of operations on Project Sierra Cumulus was com­
pleted in 1967. 'Ihis project was initially designed to be completed
within 3 years, anu conducteJ in ttiO phases. Phase I - Pair
Seeding jo,'as completed during 1967. The report Sierra Cumulus Project I ­
Swnmer 1966 (3) discussed the first season's activities. Seeding
Sununer Orographic Cumuli Over the Southern Sierra Hange in Cal1fornia
(4) presented preliminary results from both years to the scientific
conununity attending the 48th Annual ~leeting of the i\rnerican ~!ete­

orological Society.

Phase I - Pal r Seeding

1his phase was designed to investigate the potential supplemental
water supplies \~hich could be obtained from initially non precipitating
orographic cumuli developing over the Southern Sierra. 111e 2 summers
of operation resulted in a total of 43 documented tcst cases conducted
on pairs of dcveloping cumuli. One cumulus turret was randomly chosen
from ~ach pair of cells and seeded \~ith either dry ice or silver iodide.
Details of these operations may be found in (3) and (4).

Several types of analyses were conducted using the 1966 and 1967
pair data. Applying the Chi square test to various categories of
test cases gave high levels of significance in each category. showing
almost beyond doubt that precipitation \~as initiated by the seeding
activities.

A series of correlative diagrams jo,'as drawn to show the relationships
between various meteorologic parameters, aircraft data and cloud
activity. Results from these diagrams indicate that the optimum
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depth for a prospective seeded cloud lies between 5,000 and 12,000
feet, and also that both types o.f nucleant produce good results
from such clouds. Hore detailed' discussions can be found in (4).

Time and space vertical sections, hourly surface llIaps with stream·
line analyses and upper level cha.rts were dr3\<m to depict lIIeteorologic
pa.tterns occurring on test case days. It ""as found that on good
seeding potential days, the upper level winds were southeasterly
in the lower layers, shifting to southerly above and accompanied
by a r:nist layer between 700 and 500 00. Additional information
on the ClCteorologic analyses can be obtained from (4).

Phase II - Area Seeding

As a result of the summer 1966 Sierra Cumulus project, several
high-elevation Sierra subbasins showed indications of having a
high potential for producing sizeable amounts of runoff from summer
stOnllS (5). At the end of that season, it was determined that two
more seasons should complete the \o,'ork necessary to show with a high
level of significance the amounts possible from the area type of
seeding effort.

Considerable effort was devoted to a statistical design for evaluation
of amounts and determination of a suitable summer test basin. 1he
first step in deciding which subbasins would be seeded and which
would act as controls was to analyze historical runoff records for
the high potential basins. 1he production potentials and the stOn!
runoft: relations between the high elevation basins investigated
showed that Bear Creek, in the upper San Joaquin River Basin, would
be a good seeding prospect. Four other basins separated by at
least 15 Jlliles to the north or south would act as controls. ()tce
determination of the basins suitable for use was made, siJll1lated
analyses were conducted using satllple data in order to further check
the feasibility of such operations.

It ""as deteTIllined that in order for each occurrence having an average
increase of 2 acre-feet per square mile to be verified in the
Bear Creek Basin it would take about 2 years of operation to be
significant at the .99 level. The actual number of years necessary
for verification depends on the frequency of runoff occurrences
after the end of snowmelt for an individual year. End of snowmelt
did not take place until September 1, 1967 so the number of test
cases now available after one season is severely restricted.

B. Sierra Planning

Goal: To design a research program which will provide for the
development of a systematic weather modification program capable
of exploiting the knowledge gained in a beneficial manner.
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A project to design and plan the observing and associated data
analysis systems required to determine the changes in the regional
water budget resulting from applying different modes of seeding was
initiated in October 1966. This project utilized subcontract
assistance to provide a detailed study in the fom of an idealized
test program which would encompass a S-year period. In this
manner. it was possible to make use of the experience and knowledge
accumulated by individuals who have been active in this general
area for a number of years.

The plan is considered to be idealized in the sense that it provides
an outline and the background infonnation for a study that can be
accomplished in the time period only if sufficient funding is available
as required for each phase. The plan deals with specific aspects
of the overall problem of water supply in the Southern Sierra Nevada,
and necessarily must be fit into the overall program which considers
the problcm on an annual rather than seasonal basis.

The design consists of eight ''working DOdels" which are utilized
to describe the various mechanisms or processes involved in the
natural rain-producing processes or in the modification of such
processes by artificial means. The eight IIIOdcls have becn designated
as follows:

1. Frontal
2. Convection Bands
3. Convection
4. XZ Plane /.lass Flow
S. XV Plane "lass Flow
6. /tJountain Quantitative Precipitation Forecllst
7. Evaluation Statistics
8. Seeding ~Iodel

TIle conceptual and theoretical basis for each of these models is
described in detail in a report (6) covering this work and will not
be repeated. It should be noted, however. that the mdels are not
complete and ready for testing at this point. Testing and refinelllent
of the various oodels will be required to fully develop thell to
the point where description of the pertinent mechanisms and seeding
effects will be possible. In addition, the success of the plan
depends heavily on the establishment of observing networks both on
the surface and aloft. 1Jc1ay of such instrumentation will seriously
hamper efforts toward observational operations required for veri­
fication of the models; and, hence, prolong the achievement of the
goals.

In sUIllll1ary, it can be stated that an excellent beginning has been
made toward the development of a complete plan for research operations
in the Southern Sierra Nevada. Cbviously. changes and refinements
will be required in the plan. However. since a sound basis for
development is available, work should progress as rapidly as possible
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to\~<lrd utilizing the plan in its entirety. 1I'0rk is currently under
way to provide for re-evaluation and refinement of the models on a
subcontract basis during the summer 1968.

C. Sierra Sensor/Seed

Goal: To provide the measurements and operations required to describe
and evaluate the changes in storm mechanisms resulting from artificial
manipulation.

During the initial planning phases of the overall research program,
it was recognized that a developmental phase would be required for
any project designed to measure the parameters involved in winter
storms in the Southern Sierra Nevada. New techniques and equipment
for research measurements held a great deal of promise for providing
the information required to completely describe the mechanisms
involved in winter storms. However, these new techniques and equipment,
as well as some of the older, more standard methods, were largely
untried under the condi tions experienced with these storms. Thus,
the first phase of operations was designed to test the feasibility
of various operational techniques under actual operating conditions.
This phase of the project was designated Sierra Sensor I.

Testing of five observing systems was proposed for this first year.
These five systems were described in a report (1) and are as follows:

1. Instrumented aircraft capable of in-flight balloon launches
2. Radar including tracking capability
3. Radiosonde
4. Forecast/Analysis facility
S. Ground-sensing network

Specifically, an attempt was made to describe flow patterns over
and near the Sierra barrier by means of multiple rabals, radiosondes,
neutrally buoyant balloon profiles, aircraft observations and standard
Weather Bureau sources. Supplemental airmass infonnation was
obtained from Weather Bureau radiosondes, the surface-sensing net­
work and the instrumented aircraft.

Following selection of the observing systems to be used, an idealized
observing cycle was developed to permit utilization of all five
systems as effectively as possible. Revision and further development
of this cycle became part of the goal of this initial project. 1he
idealized cycle is discussed and presented in detail in the report
which covers Sierra Planning (6).

Numerous operational analyses of each system's performance were
conducted both during the course of the project and following its
completion. 1he first and most significant result of this project
was that the most important single research tool in the operational



program was an operational tracking and surveillance radar. Neither
surface nor aerial measuring profiles could be successful without it.

Aircraft operations during the project provided a great deal of
design information for future operations. Icing layers during
prefrontal conditions restrict aircraft penetrations of the clouds
involving sustained flight in these situations. These same icing
conditions also made the use of superpressure balloons designed to
be launched from aircr.aft and fly at constant al titude levels
infeasible.

It was further shown that proper design of the observing cycle which
provided for the use of suitable alternate airports and which allowed
dim-out ahead of restrictive conditions lo/Ould permit effective
aircraft operations above icing layers. In this manner, the air­
craft could be used as a practical tool for collecting sounding
and cloud top information. Additionally, it was found that data
collection requirements during icing conditions could be partially
achieved by the use of previously established remote, ground, balloon
launching sites. 111is technique provided only 1imi ted coverage
of the total project area, hO\~ever.

Aircraft operations during this initial effort also proved that
cumulus bands associated with postfrontal l~eather conditions could
be penetrated without undue hazard to aircraft or crew members. Thus,
it appeared possible to collect almost unlimited data in a variety
of aircraft attitudes during these weather sequences. It was further
determined during these flights that high-altitude profiles (25,000
to 30,000 feet) did not sho"" sufficient parametric variations to
warrant continued data collection activity at these levels. It was
found that clinD and descent and several shorter vertical maneuvers
would provide IOOre significant infonnation in the form of sounding
than level flight at a constant altitude.

Radar-aircraft wind circles were found useful in establishing ldnd
velocities at selected altitudes. However, a more standardized
and less complicated procedure such as a dropsonde, tracked by radar,
\~as felt to be much less costly and somewhat more accurate. Such
a technique would also release the aircraft for more diversified
activities such as those described above.

Results from the use of the NCAR-Bollay ice-nucleus counter indicated
that concentrations decrease rapidly with distance from industrial
sites in the X-Y plane and also with altitude (7). Except near the
tops of surface radiational inversions where the change in concen­
tration was abrupt, the decreases in both the X-Y and X~Z planes
are geometric. Use of this equipment in aircraft operations was
found to be marginal because of its size and complexity.



The data collected and analyses made were largely concerned with
airmass characteristics. Two case studies were made of storm
systems occurring during the month of ~larch 1967. TIlese studies
utilized aircraft and radiosonde data to prepare both time and
space vertical section analyses during the two periods. Particular
parameters employed in these cross-sectional analyses were:

1. Temperature;
2. ~lixing ratio;
3. Winds;
4. Equivalent potential tempel'ature; and
5. Pressure.

The vertical sections were supplemented with standard surface and
constant pressure analyses for 3-hour intervals using Weather
Bureau data. In addition, detailed analyses of hourly precipitation
rates were conducted to investigate convective band characteristics
for these storms. TIle major conclusions drawn from these studies
involved the requirements for the type, amount, coverage and frequency
of observations necessary to adequately describe the storm mechanisms.
Accuracy of the data also was considered in the analyses.

TIle second season of activity on Sierra Sensor continued toward the
initial goal with additional provision for actual testing of the
concepts provided by the overall program design. Data collected
during this project ,,'as analyzed in various ways including testing
of the models (6) used to describe the storm mechanisms.

lhe observing systems utilized during the 1967-1968 season were
as follows:

1. Tracking radar system composed of:

a. H-33 tracker equipped with transponder receiver. analog
recording system, and photographic recording of surveillance
radar presentation;

b. T-33 tracker with track capability only; and
c. Surveillance radar with I.F.F. capability.

2. Airborne meteorological system with sensors for:

a. Position
b. Temperature
c. Wet-bulb temperature
d. Indicated airspeed
e. Liquid water content
f. Rain rate
g. Time
h. Buoyancy.
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In addition, this system is equipped with cloud seeding devices,
a digital data system, and dropsonde capability.

3. Radiosonde units located at Fresno and Castle Air Force Base

4. Surface sensing network, described in a separate section

5. Forecast/Analysis facility with no major changes from those
during the first year

6. Support equipment including vehicles, two·\~ay conununications,
warehouse/shop facilities and radar crew quarters.

Operations during the 1967·1968 season can best be swnmarized by
use of the observing cycles developed for the project. live basic
cycles were employed to provide for data collection and operations
under different conditions. (;yc1e A was designed to provide for data
collection only, during prefrontal conditions. This cycle had a 6-hour
duration, and could be repeated as many times as was deemed necessary
to provide a continuous picture of these conditions. Cycle B was
designed to provide for both data collection and seeding operations
during postfrontal situations when aircraft operations in and
around convective bands could be accomplished. Cycle B also included
provision for data handling which consisted of card punching, analog
chart reduction and digital data record handling. Field operations
and data handling were combined A\H:R . subcontractor activities.
A report summarizing the activities of the subcontractor and detailing
the data collected has been prepared in the form of three volumes
(8) (9) (10). Volume I which contains a summary of activities is
available for general distribution. Volumes II and III pertaining
to computer programs and data tabulation arc available on request.

Both the development of equipment and techniques and actual portrayal
of the parameters involved in storm mechanisms was attempted. The
analyses conducted utilizing data from Sierra Sensor II was directed
toward verification of the descriptive models proposed under Sierra
Planning. lhe analyses anticipated to contribute to the verification
of the proposed models will be discussed separately below. However,
in most cases only preliminary verification was possible since
all observing systems were not complete enough, and could not provide
all of the input necessary to permit total description by the models.

111e description of fronts as proposed was primarily a synoptic model,
and has not been developed to the point of numerical modelling.
TIle analyses currently under I'.'ay will be used to provide background
information and indicate requirements for additional types of analyses
for this model. Specific types of analyses that contribute to an
understanding of this model are;

1. Time and space vertical sections as derived from radiosonde,
and aircraft sondes
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of the experiment, the experimental material, and the total
operation of the experiment

en An outline of the I:ICthod of analysis of the resul ts"

RESEAROI REPO[n" \' I

INVI;STIGATlm: 01' SPH:rRAL At'lALYSIS
EVALUATION TI;CIINIQUES

$J.R.1tiARY

Snow· sensor data taken from the Cascade Project during 1966-67 were
analyzed to investigate the power of evaluation methods based on
spectral analysis techniques. 'nle basic data for each collection
station consists of 0. series of total precipitation figures on a
2-1/2 min. sampling interval. Such a tilllC series of data will naturally
contain certain frequencies or periodicities. On the 101~ end of the
spectrwn \~ill bo a dominant frequency which represents the average
time lag between storms as they sequentially 113.SS over tho sompling
location. !'eak precipitation rates will occur during the center of
such stOrtlS with oinimal rates in the period beh-een such stOI'lllS.
Un the opposite end of the frequency spectrum will be a high frequency
due to the rnicroturlJUlence in the atnlosphere i~MlCdiotely in the
vicinity of the collection instrument. In general, any such series
of data will contain a gamut of frequencies ranging between these
two ext.remes. One representation of the series is a linear coClbinat.ion
of sinusoidal wave functions of varying alllpli tudes, each accoWlting
for a frequency present in the time series of raw data. If a set
of such series are available for a given collection station, certain
frequencies ....ill tend to repeat in several of the series _ 111e mean
square value of the amplitude (calculated over all the series in
the set) for a fixed frequency measures the average contribution
of that. frequency in all the series of the set. 11le spectrtml of
the tilDe series is just t.his ll'ICall square amplitude function versus
frequency _

With this trigonor:JCtrie model for the precipitation data t.he spectrum
t.ells us what frequencies are most likely to appear in any given
til'ile series of observed precipitation data. With a mathematical
assumption ("stationarity") that guarantees t.he persistence of
distributional properties of data collected at the station of interest,
a single series of precipitation data can be used to estimate the
spectrum for all such series _ Ihe estimate is necessarily quite
crude, being in t.he fonn of a histogram of broad bands of frequencies
as opposed to estimation of the relative weight of each frequency.
111e longer the t.ime series, the better the estimate in t.he sense
that height of the histogram is more precisely determined and the
\'>'idths of the frequency bands ore diminished_
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1be Spectral Approach of the Verification of Increased Precipitation
as a Result of Cloud Seeding

Suppose that the spectral distribution is known at a given sampling
location. Suppose further, that there is a frequency range which is
not very pronOllllced in this spectrur:\. If it is possible to cloud
seed at a frequency in this range, and if the cloud seeding fre­
quency persists through the process leading to precipitation at the
sampling location, then comparison of pre- and post-seeding spectral
es timates at this sampling location r.lay deterliline \~hether or not
the precipitation was enhanced by the seeding. It is important to
realize that the spectral approach only has a chance of success if
the seeding frequency persists through the complex nucleation, trans­
port, and preciIJitation collection phenomena.

Simulation Studies to Determine the Feasibility of Verification of
Cloud Seeding Using Spectral Analysis Techniques

111e literature indicates that simulation studies show that if cloud
seeding induces a 5 percent increase in the average precipitation level,
then a spectral analysis approach to the design and evaluation of
cloud seeding experiments \~ill detect this effect in the precipitation
data. 'Ole following roasoning gives rise to this conclusion. A
spectral estimate is calculated from precipitation time series data
at a given station. Now a frequency not dominant in the estimated
spectrum is induced into the time series raw data. 'rne induced signal
is a deterministic square wave. Now the sample spectrum is recalCUlated.
\'Ihen the induced squaro wave has an amplitude of approximately 5 percent
of the precipitation average, a blip appears in the estimated spec-
trwn which, it is felt, is significant enough to be detected.

It is felt that this is not a realistic \o.'ay to evaluate the feasibility
of the spectral analysis <lpproach. 'lhis conclusion is based on
similar simulation work. It is concluded that the level of the
induced precipitation must be about 30 percent of the average precipitation
rate in order for this induced frequency to be detectable in the
estimatecl spectrum. 111e primary reason for the difference in these
two calculations is the assumption surrounding the model for the
induced signal; i.e., (1) asswning that the induced precipitation
signal is identical to the on-off square wave which represents the
seeding signal, or (2) assuming that this square \~ave undergoes
modification during nucleation, transport, and precipitation prior
to the collection time of the precipitation sample. Without going
into the details of the mathematical modeling, the effect is that
the square wave signal develops a random amplitude distributed about
the cloud seeding rate, and that the time interval between seeding
and arrival of the induced precipitation at the sampling site
randomly varies about some average quantity. This is an attempt
to model the fact that there will be a variable transport time
between seeding and arrival at the sampling station due to variation
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in wind direction and speed, and that there ....'ill be a variation in
the totnl fraction of the induced precipitation "'hich eventually
arrives in the neighborhood of thc sampling station. IHth this
type of ODdcl a 5 percent influx is not detectable in the san:pling spectrum .
•\ 30 percent influx is the smallest .....hich causes a significant blip in
the estimatcd spcctrum.

REPORT Or: Till! U/.;IVEIISITY or ~\'ASlJINCTON

111e Automatic Cloud (;ondensation Nuclei (;ountcr

As described in the r,lOnthly reports the autoT.latic eCN counter devel­
oped by ltadke and Hobbs "'as transported by hclicopt.cr to the Atmospheric
Sciences Research Station on Ht. Ulympus. Washington. 111C instru-
ment WlIS operated at this location from January 30 to I-larch 30. 1968.
during which time a wide variety of meteorological conditions were
experienced. "111e sampling site ,,'as sufficiently good that we now

~:v~ :e~~~~ tb~:e~;~~u~~~C~~~e:o~a~~~i~~n~~~~ra~~:t~fo;C:oa~~~xe
were typical for stormy "-eather with IlCsterly flo,,'. ~Iodified Il'laritime

~~;e~a~O~~da~~~~;ca~~r~~e~m~:oe~~, l:~dc~~!,mo~;~t~~l~yt:~o~o~~r~~~:r~I~~ing
observations that werc made were thosc IoI'hich linked thc ern count with
upWind convectivc activity. TIle CCN count decreased when cUJ:\Ulus clouds
were dcveloping up...dnd, and increased again whcn the clouds dissipated.

In addition to the standard data reJuction, a coll1puter cross~corrclation

study has bcen made of all the parameters that were f.lCasurcd in the
Olympics. On some occasions the CCN concentration shm,'ed n good
correlation with the light scattering coefficient of the air and
the condcnsation nuclei measurement, TIle degree of correlation seem
to depend on ceteorological conditions; heav)' clouds or precipitation
reduce the cross-correlations considerably.

Following the field pror:ram in the Olympics. considerable effort
has been expended in modifying and improving the automatic CCN
counter.

In June and early July we participated in the University of Washing­
ton's forest fire studies at Pack Forest in the R.:linicr National
forest. The (;loud Physics Laboratory Nobi Ie Lab ,,'as stationed
downwind and 1000 feet abovc the level of the fire. the measurements
showed that burning wood products produce copious CCN cffectivc at
I percent supersaturation. but that the particles produced arc
relatively ineffective at 0.2 percent.
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111e Sodium Particle Counter

111e probable iClportance of sea salt particles in prccipit.at.ion
fror.l "'arm clouds has long been recognized. '!he Cloud Nlysics Lab­
oratory built a flal:lC spectrometer to count these chemically dis­
tinct CCK. 111e counter was used during the latter part of the
~It. Olympus ficld program and (:ave cxcellent. results. The concen­
trations of panicles containing sodium could be clearly linked to
wind direction and cloud and precipitation events. In the last
fe...· lI".onths SOIl',c cffort has been expended in makint: this device more
simple to operatc, calibrating it, and improving the data fonnat.

A nephelometcr for r:lCasuring thc light scattering of the air is
being built in the Cloud Physics Laboratory. The machine work has
been completed but the electronic Iwrk is not scheclulecl for completion
until the end of July 1968.

Laboratory and Field Itcscarch Program

Our experimental program during 1968-69 l-'ill continue to emphasize
the measurement of cloud condensation nUClei, although a numbcr of
additional paral:lCters will also bc measured. We plan to build a
slMller version of our automatic cloud condensation nucleu counter
which ...·ill be suitable for usc in an aircraft. We will also carry
our SO/llC developmental work on a superior version of the counter
which uses a oonodlromatic neJ*lelollleter to measure the ext.inction
coefficient of a cloud of droplets. Uuring the past few months
we have built a sensitive device for measuring the concentrations
of sodiUlll particles (presumably NaC!) in the air; we hope to develop
tllis instI1Jlilent to the point. where it can give a continuous read­
out in real tiJ:IC of the sizes and concentrations of salt particles
in the air. Finally, we will attel:lpt to develop an automatic cloud
droplet spectrometer suitable for use from an aircraft.

Using thc instrumcnts described above, and others which are available
cOlllClCrcially, we plan to make sin:v.ltaneous measurements from aircraft
of the concentrations of cloud condensation nuclei, sodium particles,
cloud droplet spectra, and liquid water contents. These measurements
",'ill be made in various synoptic situations over the Pacific Ocean,
along the Pacific Northwest coast, in the Puget Sound region, and
in eastern Washington. We will also investigate the contributions
which forest fires and local paper mills make to the number of con~

densation nuclei in the atmosphere, and the effects that these sources
have on the microstructures of adjacent clouds. 111is program should
yield valuable information concerning the influence of cloud con­
densation nuclei on the development of cloud droplets in different
types of air masses.
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'Jheoretical Program

In order for significant progress to be m.1de in cloud modification
it is essential that much more effort be devoted to the development
of theoretic.11 models in \~hich the effects on precipitation of changing
the microphysical characteristics of clouds (e,g. concentrations of
cloud condensation nuclei and ice nuclei) can be investigated by
numerical methods and then compared with field observations. We
believe that the time is opportune for the development of such a
model for the clouds that form over the Olympic and Cascade I·lountains.
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Interim Report

Environaental Science Services
Adllinistration

This report, prepared by the Bureau of Reclamation, sUltllari:z.es
a nWllber of papers subllitted by ESSA personnel from the Weather
Bureau's Techniques Development Laboratory and the Special Studies
Sranch of the Office of Hydrology.
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STORM PRECIPITATION AND ASSOCIATED METEOROLOGICAL FACTORS
OVER TIiE SNAKE RIVER BASIN ABOVE ,\NATO~E, WASIIINGTO~

ABSTRACT

TIle 31 Illost intense storms over the Snake River Basin above Anatone,
Ifashin~ton, have been studied in relation to the circulation in the
atmosphere be 10"-' the sao-lib level and so~rces and magnitude of moisture.
This report presents t.he results of that investi~ation and a brief
SUllHlary of the results. An attc~t has been lIIaJe to determine the
relative importance of oroRraphy and the convergence mcchanislll within
e<lch storm in rroducin~ precipitation.

SlJ~I~I/IRY OF RESULTS

The nWllber of storms studied do not comrrise a complete sample of
the Illajor storms over the Snake River 8asin, In addition, tilllC did
not perlnit the attempt to compile typical or characteristic storm
patterns which arc responsible for moderate to heavy precipiation
aver the Sn<lke River Basin above Anatone, Washington. Some tenta­
tive conclusions, however, can be made from a limited examination
of this stOTlD sample.

Seasonal Variation

The majority of the stonns occur during the lIlonths from Novell'ber
t.o February (Table I). The lIIonth of ~reatcst frequency of StoTO
occurrence, hO"-'ever, was June with slightly over 20 percent of
the total storm sample. All hut one of the June storms occurred
within the first half of the month, and three of the four ~lay storms
occurred in the second half of the month. The early spring and
the summer IllOnths do not contribute to this series of storms. All
stOTlllS with a basin average precipiation greater than 1.0 inch
occurred durinp; the winter.

Table 1. Months of occurrence of storms producing
moderate to heavy precipitation over the Snake
Ri vcr 8asin above Anatone, l~ashington

JFMAMJJASOND

52 4 7 4 2 2 S

Importance of Conver~ence Mechanislll

An attempt was made in each of the storms to ascertain whether the
precipitation was prirJarily the result of atlllospheric processes,
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convergence, or primarily a result of orographic lifting. Our
techniques for making this distinction are subjective and are not
exact, but thcy providc some useful insight into the relative importance
of the two mechanisms. It must be remendJereu, of course, that
the precipiation in every storm in a mountainous region such as
the Snake River Basin results from a comhination of the two processes.
Table 2 shows the predominant mechanism for each storm, grouped
by the number of standard deviations of the peak observed moisture
above the mean daily value for the storm date. Because the distribution
of moisture values is not normal, having a lower but not an upper
bound, the use of standard deviations based upon a normal distribution
will give values which show greater departures ahove the mean than
is numerically realistic. The use here is merely to provide an
easily computed relative scale to camp are the various storms. One
conclusion that can be dralm from the data presented in Table 2
is the importance of a relatively strong convergence mechanism
when the moisture values are only slightly above the mean values.
As the cxceedence of the moisture over the mean increases it becomes
less necessary to have a strong I.eather system to produce moderate
to heavy precipiation in this region.

Table 2. Predominant cause of precipitation
grouped by exceedence of the mean daily observed
moisture value (3 storms without moisture values)

<2.0 2.0-3.0 >3.0

OCEOCEOCE

1 7 3634 3 1

lhe convergent mechanism is more important in the ,,'arm season than
in the winter. This is shown by the fact that the 15 storms studied
during the period May through September, 13 were considered conver­
gent and only 2 oro.ltraphic. On the other hand, the December through
February storms were considered convergent in only 2 cases with
6 listed as orographic and 4 where orography and convergence played
essentially equal parts.

There appears to be a trend for a seasonal shift in the moisture
source for these storms. For the late fall and winter storms the
primary moisture source is the northern Pacific Ocean from approx­
imately the latitude of California northward. In the early summer
or latc sprinp, storms the moisture source is more varied and tends
to shi ft farther southward and is primari ly off the southern
California coast. Occasionally, the moisture source is even farther
south. ~loisture from the Gulf of Mexico was present in some spring,
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early SUmr.ler and fall storms, but was not found in any of the winter
stonns studied.

SYNOPTIC CLIMATOLOGY OF nil; INTER)IOUNTAIN REGION
OF TIlE I'iEST

INTRODUCTION

Development of the synoptic climatoloJlY of the intermountain region
of the West continued during the past fiscal year, but at a reduced
level of effort. Investiy,ations carried out and completed earlier
have been described briefly in the Interim Reports for the years
1965. 1966, and 1967. A more complete discussion of these results
appears in the following publications:

1. itA Synoptic Climatology of Winter Precipation from 700-Db.
Lows for Intermowltain A.reas of the West." by D. L. Jorgensen.
\1. 11. Klein, and A.. F. Korte. Washington, D.C., U.S.
Department of COI:lmerce. ESSI\. Weather Bureau, Technical Note
4S-TDL-4, ~Iay 1966, 25 pp.

2. "A Synoptic Climatology of Winter Precipitatia:n from 700-ub.
Lows for IntcrJllountain Areas of the West," by D. L. Jorgensen,
W. II. Klein, and 1\. F. Korte. Journal of Applied Meteorology,
Vol. 6, No.5, Octoher 1967, pr. 782-790. (Condensation of
Technical Note 45-TlJL-4 listed above.)

3. "Charts Giving Station Precipitation in the Plateau States
from 700-mb. Lows during \'linter," by D. L. Jorgensen. A. F.
Korte, and J. A. Bunce, .Jr. \~eather Bureau Technical ~lemorandum

WBTH-12. October 1967. 15 pp. and 102 charts.

4. "Relation between Upper Air Laws and IHnter Precipitation in
the Western Plateau States," by 1'1. H. Klein. D. L. Jorxcnsen. and
A. F. Korte. Monthly Weather Review. Vol. 96. No. 3, ~1arch 1968.
pp. 162-168.

5. "Climatological Probabilities of Precipitation for the
ContcrJllinous United States," by D. L. Jorgensen. Weather
Bureau Technical lteport 1'16-5. March 1968, 60 pp.

The studies mentioned in the ahove list bring out the compleXities
of the storm systems responsible for weather in the western part
of the country. The complex stonn characteristics result from
many factors, the two most important of which appear to be, first,
the natural variability of the storm systems themselves (no two
storms are alike), and, second, the added complications contributed
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by the tremendously varied terrain of the intermountain region.
These factors are reflected in relationships givinl!: the distribution
of weather and precipitation associated with the stOI1ll syste/llS.

An additional factor influencin,q the development of a synoptic
climatology for the area is possible variation of storm charac­
teristics with season. It is known, and this is supported by the
accumulated data for the spring season, that upper lows fonn morc
frequently over the western United States in spring than in winter.
Whether or not the greater activity of the atlllospheric circulation
over the area during the spring months is accompanied by a different
relationship between circulation and precipitation, when compared
with winter, can be determined only by a separate investigation of
the data fOr the spring season. If significant differences do not
appear, the data for the two seasons can be combined, thus giVing
a lar&er and therefore more rcpresentati ve salllf'le.

In order t~ investigate possible seasonal differences in the
occurrence and structure of storms, the study is being extended
to include the spring and fall seasons, with SUllllner to be con­
sidered at a later date. These and additional studies which are
being undertaken arc described in the remainder of this report.

Completed Tasks

OuTing the past year the main emphasis has been on completion of
the investigation for the winter season. The paper published in
the Monthly Weather Review entitled ".Relation between Upper Air
Lows and Winter Precipitation in the Western Plateau States"
gives the general relationships between upper lows at the 850-,
700-, 500-, and 3OO-m levels and the associated precipitation
for all stations in the Plateau region for the winter season.
As has been pointed out in previous reports, this approach tends
to average out the oroRraphic effects, leaving, in the main, the
precipitation pattern reflected by the dynamic effects of the
ston'!. When a satisfactory prccipitation record of sufficient
length is available for a particular station, a somewhat more
useful product can be obtained by dealing with each individual
station .separately. This approach results in maintaining both
the orographic and dyna"ic components which Olre operating to
produce precipitation at the station. The phase of the investiga.
tion dealing with precipitation distributions about individual
stations was completed last year for the 700-00 level, and a selec­
tion of stations was analyzed and published under the title "Charts
giving Station Precipitation in the Plateau States from 700-mb
~s durinR Winter." Similar charts for the 850- and SOO-rb
levels are described in the following subsections. With the
addition of these two levels, no further work along these lines
is contemplated for the winter season.
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1. Winter Precipitation at Individual Stations from gSO-rob Lows.

This portion of the investigation was presented at the 49th
Annual Joint ~Jeetin.l; of the American Geophysical Union and the
American Heteorolocicai Society held April 8-11, 1968, at
Washington, D.C.

Earlier studies indicated that greater specification of precip~

itation from tropospheric lows was obtained from the lower levels
of the atmosphere than from higher levels. For the intermountain
region, the SSO-mb level most nearly coincides with the average
surface elevation and therefore could be expected to yield the
best relationship between atmospheric circulation and precipitation.
For this reason, and to 'add to our overall knowledge of the struc­
ture of storms with closed circulations, the 8S0-mb level was
investigated in a manner similar to that already carried out for
the 700-mb level. As in the earlier study, the winter months
of December, January, and February from 19S1 throu.l;h 1964 were
used as dependent data.

The precipitation distribution about each of the 280 stations in
the Plateau area was obtained for the 1,110 lows occurring during
the period of record. This was accomplished by reversing the
computer program so that the station, rather than the upper low,
was placed at the origin of the grid system. The computer then
printed out for each of the 280 stations the number of precipita­
tion and nonprecipitation cases and the average precipitation
amount which occurred in each cell of the grid for each of the
three intensity classes. A selection of 35 stations was made on
the basis of the importance of the station and the completeness
of the precipitation record for which analyses of thc computer
data were carried out. The resulting 105 charts are designed for
operational use.

2. Winter Precipitation at Individual Stations from 500-00 [,O\\'s.

Although precipitation, on the average, appears to be generated
in the lower levels of a system characterized by closed circulation,
it does not necessarily follo,," that the lowest levels are the most
useful from a forecasting standpoint. This problem results from
the greater diffiCUlty experienced in prediction of low level flow.
In the long run, that level will be the most effective operationally
which contains the optimwn combination of predictability of the flow
with a high degree of specification. This optimum combination may
very well depend on the station elevation, the geographic location
of the station, and other factors.

Current numerical prediction methods appear to be most successful
in the middle troposphere, i.e., near the SOO-mb level, with the
highest degree of accuracy attained at this level. Whether or not
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this greater accuracy is sufficient to overcome the loss in specifi­
cation at this level (as compared to the 850-rnb level. for eXaJJple)
can be dctermined only from examination of the coooination of predic­
tion and specification for all levels. If prediction is not involved,
then the problem docs not arise.

As a first stcp toward solution of this rroblem, it is necessary
to detennine how well each level specifies the precipitation.
Therefore, the investigation has been extended to include study of
upper lows at the 500-mb level. Thc Ptecipitation distribution (
about each of the 28Q stations in the area of interest was obtained /
for the 875 lows occurring during the period of record. 'l'his was
accomplished in the same lIIanncr as for thc 850- .and 700-rDb levels,
and results were printed out by cOlllputer. The data have been plotted
and analyzed for the same selection of 35 stations used for the other
2 levels, thus allowing a direct comparison bet\~een levels.

Upon coillpletion of individual station charts for the 8S0- and 500-00
levels, it is planned to issue them in published fom as a
Technical Meoorandlll1l.

Continuing Investigations

Development of it synoptic climatOlogy for thc intennoWltain region
is continuing alonj;l several lines. TI\ese include extension of
the studies already completed to additional seasons of the year, as
well as sevcral new approaches. Thc investigations currently under­
way are as follows:

1. Extension to the spring season of proceduTCs cOlllpleted
for winter

2. Development of monthly normal charts for the 1,000-, 850-,
700-. 500~, and 300-mb levcls

3. Development of regression equations by IlIcans of a screening
technique to predict winter precipitation

4. InvestiJ!8tion of conditional probabilities of precipitation
for short time periods

5. Accumulation of upper-air data on magnetic tape.

These projects are in various stages of planning and developrent, but
all are being actively pursued. They are described in llIore detail in
the following subsections.

1. Extension of Synoptic Climatolc.s;ical Study to Spring Season

In order to extend this investigation to the spring season, upper-air
charts have been examined for the months of March-, April. and May
for each year from 1952 through 1964. The positions and intensities
of closed lows appearing llt the 850-, 700-, and SOO-mb levels have
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been tabulated for this period of record. Precipitation occurring
during the spring months for this SaJ1lC period has been recovered by
the National Weather Records Center frOIll their files at Asheville.
North Carolina, for 157 stations in the intertllOWl.tain area. This
number of stations represents a considerable decrease fro~ the
280 stations used in the earlier studies. This decrease was Illade
as a me<1ns of reducing the effort and expense of recovering and
processing precipitation data. The greater number of cases involving
upper lows durinR the sprinf: season should help in maintaining the
representatives of the data.

As a first step, tabulations involving the 700-mb level have been
forwarded to NlI'RC for processing. The computer will Rive the
general precipitation pattem associated with low centers. as well
as the pattems for individual stations, each for the three inten­
sity classes. When this processing has been completed, analyses
will be lIIade of the resulting printouts, and the results will be
cOlllpared with similar analyses for the winter season.

2. Development of Monthly Normal Charts for Five Atmospheric Levels

Recently acquired upper-air data are being used to generate normal
charts for the 1,000-, 850-, 700-, 500-, and 300-ntl levels. These
data are being obtained on magnetic tape by contract from Litton
Systems, Inc. (see Subsection 5.), through partial support from the
Bureau of Reclamation.

TIle period of record involved is from November 1961 through October
1968, with the normals being derived upon receipt of data for the
succeeding months of the current year. Normals are bcing derived
separately for each of the two observation times per day, OOZ amI
12Z, as well as for the two time periods combined, to give eight
normal charts per month. If diurnal changes are fOlmd negligible,
only the combined periods will be used. Thesc charts are required
in carrying out the synoptic climatological studies described in
Subsection 1. above.

Upon completion of the nona I charts for each of the 12 months,
it is planned to issue them in published fon as a Ifeather Bureau
Technical Report. These charts would fi 11 a pressing need in
the field of meteorology for charts of this nature.

3. Development of Prediction Equations for Winter Precipitation

This investigation involves use of a statistical screening program
on the CDC 6600 computer in Suitland, f.laryland, to derive multiple
regression equations for specifying and predicting precipitation
each day at selected stations. This project was mentioned under
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"Future Plans" carried in InteTCl Report No.3, July 1967, and is
nOt<,' being initiated.

Screening of daily precipitation at 108 stations in the l;onterrninous
United States for the IDonths of Del;clllber, January, and February for
the period of record froID 1964 through 1968 wi 11 be made against 31
meteorologically significant variables. These will include height,
vorticity, and te[;lperature fields at 5 atmospheric levels, dew
point depression fields at 3 levels, and advection of each element
at various levels. The predictors will have values at the beginning
and end of the 12-hour precipitation period. They will be taken
from twice-daily data at 181 grid points obtained frolll Litton SystelllS,
Inc. The predictands (precipitation occurrence) will be divided
into 4 groups of 27 cities each making up the northeast, southeast.
northwest, and southwest portiolls of the country. 111e winter of
1968-69 will be used for testing on independent, prognostic data.

This investigation is a sequel to the study recently published
as Weather Bureau Technical Report No.5 giving the climatological
probability of occurrence of precipitation by months for 6-, 12-,
and 24-hour periods for 108 stations in the United States. The
same data used in this earlier study are being processed again
to give additional information on the occurrence of precipitation
based on recent or existing weather conditions. The study will
investigate the quantitative and qualitative aspects of the occurrence
of precipitation for various time periods depending on the condi tion
that precipitation did or did not occur during a specified prior
period.

The occurrence of precipitation during a given period of tilOle is
an indication of the precipitation producing potential of the existing
atllospheric circulation. Since atllospheric conditions tend to
persist, precipitation is more likely to occur and pemaps be heavier
following a wet period. and sillilarly, is less likely with lighter
alllOlUlts foUowing a dry period. Forecasters have found that persistence
relationships are a substantial aid in making short period forecasts,
and this study will make such country-wide information readily
available to the forecasters.

The results of this investigation will be the conditional proba­
bility of precipitation as .3 function of location, season, time
of day, and prior weather. They are expected to be published either
as part of a forecaster's manual or separately as a Technical ~Iemorandum.
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'!his project involves the extraction of various data fields
from the Fleet Numerical Weather Facility files, These fields
include pressure surfaces at 1,000-, 850-, 700-, 500-, and
300-rob levels, and selected temperature and dewpoint fields,
The period of record includes November 1961 through January 1968
for which the data extraction has been completed, and in addition
the current year which is being completed on a month-to-month
basis,

TIle project is being carried out under contract with Litton
Systems, Inc,
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A SYNOPTIC CLH-1ATOLOGY OF WINTER PRECIPITATION FRffi.1 700-~lB LOWS
FOR INTEW·K)UNTAIN AREAS OF TIlE WEST.!.!

Donald L. JOT.l~ensen, William II. Klein, and August f. Korte

A8~IRACT

A synoptic clilMtoloRY of precipitation resul ting from upper closed
lows is developed for the intermountain area of the I~est for the
winter months of December, January, and February. Precipitation
amounts at about 280 stations for 12-hour periods, centered at
upper-air observation times and expressed as percentages of 7-day
nOrlllal station amounts, are related to the positions of low centers
at the 700-00 level through the use of a moving grid systelll. The
upper l"",s are classified into three intensity categories according
to the departure from normal of the central height. For each
category, the average precipitation amount, extent. and frequency
of occurrence over the area of the grid system are presented. TIle
area of maximum precipitation is found just southeast of the centers
of intense 700-rob lows. As the intensity of the low center decreases,
not only does the frequency of precipitation diminish, but the area
of lUXiJllum frequency also progressively shifts to positions south
and west of the center.

OlARTS GIVING STATION PRECIPITATION IN TIlE PLATEAU
STATES FROM 700-~1l3 LOWS DURING WINTER""

by

Donald L. Jors::ensen, August F. Korte. and James A. Bunce, Jr.

ABSTRACT

Precipitation resulting from 70D-mb low systems during the winter
months has been examined for individual stations in the Plateau
reRion. Marked differences are noted in the frequency with ~hich

precipitation occurs. depending upon the storm intensity and the
relative positions of the upper low systems. Locations of the
cyclonic centers with the heaviest a...olUlts of precipitation and
the his::hest frequencies of occurrence vary from positions directly
over the observing station to positions several hundred miles to
the east, north, and west. Lowest frequencies of occurrence and
lightest amounts arc generally observed when the center passes

I/This paper is a condensation of an earlier technical report
(Jors::ensen et aI., 1966).
-A condensation of this paper was presented at the annual joint
meeting of the Alileriean Meteorological Society and the American
Geophysical Union, Washington. D.C., April 17-20. 1967.
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well to the south of the station. These differences between
stations are explained in terms of geographic location and the
local and broadscale surrounding topography. Use of the derived
resul ts as a forecast aid is illustrated.

RELATION BEtwEEN UPPER AIR l.OWS AND WINTER PRECIPITATION IN TIlE
WESTERN PLATEAU STATES

William II. Klein, Donald L. Jorgensen, and Au~ust F. Korte

ABSTRACT

A comparison is llIade of the relative effectiveness of the cyclonic
circulation pattern at four different tropospheric levels in
specifying winter precipitation over the inteI'll'lOW'ltain area of the
western United States. This is accomplished by developing the
synoptic climatology of precipitation resulting from lows at the
850-, 700-, SOO-, and 300-mb levels. Twelve-hour precipiution
amounts (expressed as a percent of the 7-day normal) at 280 stations
in the Plateau States for 13 years are related to the positions
of nearby low centers through a co~uter system of 1I0vin~ coordinates.
For each level, the upper lows are classified into three intensity
categories according to the departure ITOIII normal of their central
heights. Average precipitation anlOW'lt, distribution, and frequency
of occurrence are then calculated for the area of the grid system.
The dependence of these precipitation characteristics upon the
level, intensity, and location of the upper low is described and
illustrated. The geographical distribution of lows at the four
upper levels and a schematic model of their associated precipitation
are also presented. It is concluded that the effectiveness of upper
lows in producing precipitation generally varies directly with their
intensity and inversely with elevation.

CLIMATOLOGICAL PROIlAIlILITIES OF PRECIPITATION
FOR TIlE CONTEIDHNOUS UNITED STATES

Donald L. Jorgensen

ABSTRACT

Climatological probabilities, as represented by observed frequencies,
have been generated for 6-, 12·, and 24-hour periods for 108 stations
distributed over the conterminous states. A IS-year period of record
was used which included the years 1949 to 1964. The results are
presented in the forti of plotted data with slIOothed topographically
dependent analyses giving 7 charts for each lIonth, for a total of
84 charts.

403



Seasonal and diurnal trends in the observed data arc discussed briefly
in tenns of the synoptic a.nd topographical influences for various
regions of the country. Frel:!uencies of precipitation occurrence
are stTongly influenced in a unique manner by topographic and synoptic
influences. with extreme variability observed in the western states.
Smooth patterns are observed in t.he Great Plains with the pattern
further distorted by the mountains in the East. Seasonal trends
in precipitation occurrence are influenced by the shifting tracks of
cyclonic systems in the fall.winter-spring period, with a tran·
si tion to thunderstorm precipi tat ion durin~ the summer months.

PROnABILITlES OF STATION PRECIPITATION IN mE II'E$TERN
PLATEAU STATES FRGI 8S0·~lB LOWS DURING WINTER-

ABSTRAl..

An earlier study of precipitation from 700-mb lo,,·s for selected
stations in the West.ern Plateau has been extended to include lows
at the SSO-rob level. As in the earlier study. precipitation at
individual stations is shown to vary with the intensity and posi­
tion of the low and with the surrounding topography. The specifi­
cation of the frequency and all'lount of precipitation is compared
for the two levels. At lower latitudes. the effectiveness of the
two levels is similar. but the 850-TDh level is considerably more
effective a.t the higher latitudes. This increase in effectiveness
appears to result froo a greater frequency of closed centers at
lower levels which are associated with open troughs aloft. Use
of the derived charts as forecast aids is described.

METEOROLOGY OF MA.JOll STORMS IN WESTERN COLORAOO
EA5Tt:RN lITAIl

R. L. Weaver

ABSTRACT

The 42 1I0St intense general storms in eastern Utah and ""estern
Colorado since 1899 are studied in relation to the observed or
estimated broadscale upper air circulation patterns and sources
of moisture. The report sUlMlarizes individual analyses of the
storms. Storms are typed by reference to the behavior of the SOO-mb
patterns. The role of upper lows in transporting moisture is emphasized.
Ir.dices arc developed which evaluate storm moisture. temperature. and

*Paper presented at the 49th Annual Joint Meeting of the American
Geophysical Union and American ~leteoroloRical Society. April 8-11,
1968, at Washington. D.C. Conference details are in the Transactions.
AGU, Vol. 49. No.1. Narch 1968.
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influence of topography. '('he relative iYllportance to the precipitation
sequence of peak lIOisture versus proxilllity of upper lows or troughs is
compared. Moisture source regions are related to starn type and season.
Local topostraphic effects arc sur.rnarizcd by upper wind direction. Other
relationships between various factors are discussed.
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2. Surface synoptic and constant level charts as derived from
stanl1ard \'leather Bureuu data '.!nd supplemented by project
observations

3. Precipitation patterns as portrayed by time-lapse photographs
of the survci llance radar

4. Surface precipitation rates as determined from the telemetered
gage network and standard Weather Bureau cooperative stations.

Essentially, the acitivites on this aspect of the project are con~

centrated on the development of preliminary model descriptions.

'lhe initiation of a climatology of convective bands was one goal
of the analysis of data during the current year. 111e analyses which
provides for classification and characterization of the convective
bands are;

1. Time and space vertical sections
2. Surface synoptic and constant level charts
3. Precipitation patterns
4. Precipi tatiOll rates and total amounts
5. Portrayals of aircraft penetrations of the bands
6. Vertical profi les of radar returns from the bands

TIle contribution to the convection model ,...hich has recently been
computerized is again largely preliminary. The verification of
this model requires accurate measurement of vertical winds in addition
to the other parameters. Attempts were made during the 1967-1968
season operations to measure as many of the required parameters in
and around convective cells associated I>ith bands as was possible
with one aircraft. TIle types of analyses which provide background
information for future activities designed to compare predicted versus
measured systems are:

1. Profiles of aircraft penetrations made in and around con­
vective cells

2. Vertical profiles as obtained from radiosondes and Jrop­
sondes

3. Vertical time and space sections

4. Surface hourly. precipitation rates

1he one model scheduled for actual testing during the 1967-1968 project
\~as the X-Z plane J:laSS flow. 'lhis model has been computerized and
project activities were designed to provide the necessary data.
Essentially, testing consisted of prediction of an outflow sounding
over the crest of the mountains on the basis of radiosonde inflo\l'
data observed in the valley on the upwind side.



Ocscriptions of the X-Y plane ross flow are also being atteopted.
Analyses of the changes in pressun alollS a constant potential
temperature surface and changes in potential temperature on a constant
pressure surface arc used as a basis for description of the flolol.
111e particular data sources used for these studies will be:

1. Flow patterns derived from rabal informtion
2. Vertical and horizontal sections obtained from radiosonde

and dropsondc data
3. Constant level portrayals

Ll. Sierra Si 1vcr

Goal: To provide infoITolation regarding diffusion patterns through
silver occurrences in precipitation samples which JIIay be related
to seeding activities up-wind of the observation sites.

Questions of the dispersion of silver .iodide seeding T.klterial arc
basic to any of the studies envisioned. Relative aJiX)unts and areas
affected by seeding materials from various dispensing systelils arc
required to provide insight into the effectiveness of seeding
techniques used. 1he probleQ of evaluation of effectiveness of
seeding does not only revolve around the ability to deteI'lllinc hOl~

to provide seeding materials to the storm systems, but also how to
determine which areas have been affected by comparab Ie concentrations.
It is further recognized that the detection of silver in precipitation
docs not provide conclusive proof of the amounts of silver iodide
which entered into the IJrecipitation process. IJowever, the amounts
of silver in the sample can provide an index of the effectiveness
of dispensing techniques and the amounts of dispersion experienced
in various areas.

Operations during the first year lo,'ere conducted primarily for the
purpose of:

1. ctltaining representative samples froa a variety of locations
and subject to varying DlCteorological conditions with which
comparisons between seeded and unseeded areas could be made.

2. Ueveloping the sample collection and handling techniques
required to provide uncontaminated samples for analysis by
the neutron activation method.

Under this project. the complicated chemical processing involving
ion exchange operations and the actual neutron activation of the
concentrated sample were conducted by the staff of the ()csert Research
Institute. Analyses of the results have been conducted on various
phases of the ,,"ork by the staffs of both Ah'ltk and the lJcsert kcsearch
Institute.
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A total of 45 samples was collected during the first winter season.
In general, the samples were collected immediately follmdng storms.
It appears that single storm samples, collected as soon after the
storm period as possible, provide better information than integrated
samples. Since the movement of silver through the snowpack as the
sno\<o' melts is not adequately kno\lIn, the snow in the integrated sample
may have lost some of its silver content to the ground or snOK layers
beneath the sample ZOlle. TIlUS, even samples composed of snow from
all layers may be subject to silver loss. 111e importallce of this
loss requires that care be taken in obtaining only new snow or snow
from identifiable single layers and in making accurate notes.

'111e maximum concentration of silver found in a Southern Sierra snow
sample \~as 5.2 x 10-10 grams per milliliter. Absolute minimum

~~:~~~:~ai~o~~e a~~e~~~e a~;;f~~~l~o~oe~~~:~n7~~t xtl;~l!~a~~:~: ;:unt
milliliter. 'Ille median concentration \<o'as 318 x 10 Each sample
was accompanied by an error factor \~hich was a combination of transfer
efficiency, contamination from chemicals used and background noise
during activation. l1H'l errors varied from 83 percent to 5.2 percent.

~~n~~~~r~~~~~st~~ I~~;hm~;~~~~~: ~~:~2: ~~~~~r:~r:i~~a;o~h~a:~~mum
detection level of the analysis system.

Preliminary results from analysis of single sample concentrations
indicates that the storm unit of measurement is most usable. There
were three storm periods after which samples were obtained from
both the suspected seeded area and the control basin. rrom these
cases it appears that the effects of seeding can indeed be detected
in the treated area indicated by the larger absolute values of
silver found and also the larger values when compared to the
untreated area.

E. Hydrologic Studies

Goal: To conduct hydrologic investigations for the purpose of
evaluating the effects of artificially induced precipitation and
to provide information required for the design of an effective
program.

A twofold purpose has been established for the hydrologic studies
conducted during the initial 2-year period of operations. 1hese
can be broadly categorized as:

1. Individual studies 11ith objectives directed teward meeting
the general goal of the program.

2. Support studies Idth objectives directed toward meeting the
specific objectives of other projects.
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Hydrologic studies during FY 1968 involved three individual studies
and three support studies. The individual studies were:

1. Sununer hydrOlogy of the high Sierra
2. Regional hydrologic analysis of historical water year data
3. Delta precipitation study

Support studies were:

1. Study basin location
2. Sierra cumulus evaulation
3. Central Sierra project

Sununer hydrology of the high Sierra was a project designed to
study the effect of thundershower activity upon runoff in California's
Sierra Nevada. The time period of analysis was from the end of
snowmelt through the end of the SUllUner period. Quantity and
timing of runoff were estimated with respect to basin physical
characteristics which contribute to production of sUllUner runoff.
Findings of this study were published in a paper given at the
Western SnOl' Conference, Boise, Idaho in April 1967 (6).

TIle activities during FY 1968 were primarily concerned with the
expansion and refinement of these earlier studies. Their goal is
to provide information regarding the potential for runoff from
the basins in order to design cloud seeding operations which pro­
vide the maximum return. Specifically, this study involves the
investigation of runoff as related to physical characteristics and
includes all of the basins on both sides of the Southern Sierra
Nevada barrier. Factors considered in this study include elevation,
vegetative cover, slope and aspect, rate of water use by basin,
direction of barrier, basin size and pertinent meteorological
characteristics. Analyses include:

1. Summer runoff per occurrence in terms of physical basin
characteristics

2. Number of runoff occurrences in terms of physical basin
characteristics

3. Size distribution of occurrences within specified time
periods during summer.

1he regional hydrologic analysis of historical water-year data had
the goal of delineating areas of apparent runoff increase or
decrease in the Sierra Nevada resul ting from weather modification.
TIlis study was designed to investigate the relative trends in run­
off on a regional basis, and develop a better understanding of
the areal extent and. magnitude of the effects of historical weather
modification activities. 'rhe investigation included analysis of
Sierra East Side basins to identify additional control basins, the
effect of West Side seeding on East Side basins and the effect of
previous seeding operations. TIle work required computer operations
invol ving streamflow records for all h'atersheds from the American Pi vcr
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basin south through the Kern River basin for the period from 1925
through 1964. TIle results of these analyses were combined Ioiith the
results obtained from the previous year, and were s\1llil;lariz;ed in the
form of a map shOlo'ing areas of effect. A paper describing this work
"'as presented at the /,merican f~teorological Society's National Con­
ference on \1eather t,lodification in Albany, New York, and the Kestern
Snow Conference. Tahoe, ;,evada, April 1968 (13).

TIle delta precipitation study is intended to analyz;e Sierra Nevada's
""inter precipitation on a stonn-by-storm basis to establish the
relationship between the effects of historical seeding projects
and the meteorological characteristics of the stOn:I5. The approach
to this study involves the use of the computer, and requires the
development of a basic data library in card form. Specifically,
a program has been developed which selects storm periods and pre­
cipitation amounts from the historical record based upon:

I, l)ays with little or no precipitation recorded
2. Time of year
3. ~lctcorological parameters

In addition, the study considers the storm type for each period
selected, whether it was seeded or not and the seeding technique
used. The analysis requires the development of correlations between
precipitation amounts at the target stations, storm characteristics,
seeding and precipitation 3lllounts at a single or Croup of control
stations. This portion of the study is currently under way.

Consideration of the portion of this study involving snowpack data
is virtually the sane as consideration of precipitation gage data
in concept. Ilowever, the concentration of snow courses in the high
Sierra is D..1ch greater than that of daily precipitation gages.
Unfortunately. the frequency of mcasureocnt on snm,' courses does
not permit inspection of individual storms. but only groups of
stonns by mnths. The approach to this study nccessititatcs the
tabulation of differences in IllOnthly sn011pack rncasureDents for the
historical period 1930 ~ 1967. Thc next stcp in the project is
the development of a program to cOl:lpute the precipitation occurring
at control stations during the period between the snow measurements.
It is also necessary to develop predominant storm characteristics
for each such period. Included in the analysis is consideration
of periods of unusual melt based on the temperature records. With
this data it will be possible to develop correlations between
increase in sno""pack at the target, increaSe in precipitation at
control course, predominant storm type, seeding .and snowpack at
the control courses. 111is portion of the study is currently under
way, also.

TIle support study ""hich considered study basin location was directed
toward selection of a study basin for proposed field testing pro­
gr3lr.5. TIlis study involved the following analyses:
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1. Precipitation analysis. '[his analysis considered precipitation
on a monthly basis in an effort to develop measures of monthly
variability from north to south along the range. The objective
\~as to establish areas whieh typified the southern Sierra on the
basis of the number of storms and storm precipitation quantities.
Investigations of data along several transects of the Sierra were
also made.

2. Runoff analysis. In connection with the regional hydrologic
studies, an analysis similar to the precipitation analysis was con­
ducted to identify basins with similar seasonal distrihution and
quantities of runoff. liesuI'ts of the study "'ere used not only to
assist in the selection of a study area, but provide information for
the design of the evaluation model used in the regional hydrologic
study.

Ilydrologic studies "'ere also conducted in direct support of the
Sierra Cumulus Project. Phase II operations of Sierra Cumulus were
designed to determine the amounts of increase in runoff resulting
from cloud seeding efforts. Briefly, the hydrologic studies involved
the comparison of runoff amounts from a high elevation target basin
with the runoff from four other high elevation control basins.
Differences between predicted and observed dai ly hydrographs from
the target basin were correlated with seeding activities and
meteorological conditions. the use of daily hydrographs as a
basis for evaluation required positive identification of the source
of runoff which in turn caused operations to be restricted to the
portion of the I'later-year occurring after the end of snowmelt in the
high Sierra. lhus, the overall evaluation was designed to be con­
ducted during the latter parts of the 1967 and 1968 summer seasons.
Evaluation of the results for the 1967 season has been completed;
however, definite conclusions of the effectiveness of the program
cannot be made until a sufficient number of observations are made,
as previously discussed.

A series of computerized studies were also conducted to assist with
the evaluation of Phase I activities of Sierra Cumulus. lllesc studies
involved use of the data collected regarding the effects of pair
seeding, and resulted in identification of trends and effects
requiring more detailed study. In addition, a brief analysis of
Weather Bureau radar records from Sacramento ,,'as made to determine
if thundershower activity could be identified and located geo­
graphically in the San Joaquin basin. Results of this study indicated
that only exceptionally large buildups could be identified at that
distance, and operator interpretation could negate any statistical
conclusions of significance to the Sierra Cumulus Project.

A study has been conducted to gain background on the hydrology and
meteorology of the proposed test-seeding area in the Stanislaus~

Hokelumne watersheds. All suitable available records of runoff,
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precipitation IDld tCr.lperature frolll the project and surrounding
area arc currently being developed in cOl'!'iputer input form for
further analysis. Precipitation data is being analyzed to establish
variabi Ii ty and predictahil i ty wi thin the proposcd target area on
a stom·by-stono basis. Ilunoff is being analyzcd on a longer time
period.

F. Instrumentation

11le developl;\Cnt of the AI'IHll program is contingent on the ability
to provide satisfactory instnuuentation. Hesults of the overall
progron! are expected to be in the form of designs for field operations
to produce additional water supply \~ithin the time schedule given.
However. basic to each of the projects designed to provide the
results is the assumption that J:leasurcment equiplllCnt is or Io'i II
be made available when needed by the prograill. To date, instrument
acquisition and installation has lagged behind the other aspects
of the program.

SOIllC progress has been r.ladc in the establishment of the necessary
instruncntation during the past 2 years. Radiosonde-receiving
capability and two rehabilitated t·j-33 tracking radars provide adequate
coverage of radiosonde and wind infornation. However, obtaining
the spare parts for these surplus units is becoming a problem of
major proportions. No major changes have been made in these radar
units; however, a major capability has beon added in the form of
the 403 /-tlz transponder interrogation and tracking system. This
system which is portrayed schematically in Figure 10 not only provides
for tracking of balloon or aircraft-carried transponders. but
recei ves and records temperature and humidi ty data from dropsonde
units.

Progress in surface instrumentation has taken the form of the
establislunent of two sensing profiles which extend across the upwind
side of the Southern Sierra. Of particular interest arc the
telelllCtered instrument net~orks in the ""lET" and "1-iYURO/-IET" categories.
Specifically. the Sl»lOP network is desis:ned to provide surface
infomation along a profile extending from ~k>rro Say on the Pacific
Coast to the Sierra Crest at the headwaters of the Kings River.
11lis network consists of a series of seven hygrothermographs sup­
piemented by standard I~eather Bureau si tes in the San-.'Uoaquin Valley
and the Kings telemetry system in the higher portions of the Sierra
Nevada.

It should be noted that the Kings system is a cooperative effort
inVolving ;\I\'ttll. and the (orrs of Engineers. InstrmlCntation to "'.eas­
ure the parameters rcc!uired for weather lJlodification purposes has
been added to snow measurins: equiptlCnt at three different sites_
This is an example of the basic concept of the instrumentation pro­
gra which requires that new installations complcClent rather than
duplicate existing instTUlllents.
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The SCOBAN nct,,'ork which consists of six telemetered precipitation
measuring sites is designed to determine the characteristics of
convective bands by mcans of precipitation amounts and rates. 11\is
network extends from the Sierra Nevada foothills cast of Fresno
west-northwesb:ard to the Coast Range near Pacheco Pass. 11\e infor­
mation obtained from this network is again supplemented by the Kings'
system including the Wishon expcrimental site.

Supplemental information to theso two profiles is provided by a
third transect which has been located across the higher portions
of the ~lcrced-Tuolumne watcrsheds. Ins truJIlcntation in these basins,
which serve as control areas for evaluation of seeding effects in
the Southern Sierra, prescntly consists of storage precipitation
gagcs. Additional sites will be located and installed in thesc
areas which will extend the transect in both elevation and horizontal
range.

Two instrumentation sites that are operated on a cooperative basis
are located at remote, manned sites. A site at Florence Lake in
the San Joaquin basin provides temperature, \~ind and snow crystal
data on a continuous basis, and is operated by employees of the North
Amcrican Weather Consultants. 111e second site is located at Mineral
King in the Kaweah watershed, and provides tempcrature. wind, lnmddi ty
and snow crystal data. This site is operated by employees of the
Disney Corporation.

CONCLUSIONS

1he conclusions drawn from cach of the projects can be swnrnarized
as follows:

1. It is quite clear that precipitation can be initiated from
preViously nonprecipitating, summcr-time, orographic cumuli
locatcd over the high Sierra by seeding based on selectcd. desirable
parameters. 1his factor, combined wi th acti vi ties on an expanded
testing scale during the sumer of 1968, should prOVide the
desired information regarding the amounts of precipitation increase
to be expected from such seeding efforts in the ncar future.

2. A basic design for a seeding test program to serve as a
guide for the experimental program is complete. Revision and
expansion of the design on a continuous basis as new information
becomes available will be required throughout the program.

3. Tcsting of techniqucs and cquipment ,,'ith which to lIleasure
and evaluate ~"inter storm mechanisms has shown SUfficiently
go'od results to ,,'arrant planning for concentrated observing
activities of this nature.

4. Octection of silver in precipitation by neutron activation
has been devcloped to the point where it can be used as an
operational tool in the study of diffusion patterns of seeding
material.
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S. l-Iydrologic studies of streamflow data havc bcen shown to be
an effective tool as a means of detecting wcather modification
cffects in the Sicrra Nevada and providing design cri tcria for
research activi ties.

6. l\1Jilc significant advances have been Blade in instrumentation
of all types in the past 5 years, the nUllber of required
instruoents is inadequate. RCIIOt.ely operated surface sensing
equipment provides satisfactory performance but adequate coverage
of the area of interest is not provided. Radar cquiprent is
mnilll311y adequate. Airborne equipment is satisfactory both
from the standpoint of performance and nlUllbcr of units.

In summary. the overall program in the Sierra Nevada has reached a
stage of development that pen:li.ts the initiation of field experillen­
tat ion on an operational basis to provide for optimization of weather
modification tedmology.
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INTRODUCTION

The Overall Purpose

The overall purpose of the project is to conduct studies to dcvelop
the technology for the management of atmospheric liater resources
in ~tontana.

The immediate procedures to be pursued include (a) determining the
natural characteristics of precipitation over and downwind of the
Bridger Range, (b) detenining the storm charac'teristics of the
area, (c) deteI'llining weather modification techniques and opera­
tional criteria applicable to th.e area, (d) determining the down­
wind effects of winter artificial nucleation over the Bridger Range,
and (e) to install and operate a radar on the Bangtail Ridge in the
Bridger Range to be used as a quantitative tool in cloud analysis.

In implementing these objectives we are proceeding as follows:

1. In the area of the Bridger Range and immediately to the east

(a) Have determined runy of the natural characteristics of
stOI'llS and precipitation.

(b) Are in th.e process of detel'lllining the most feasible
method for seeding and will apply the method in the winter
of 1968-69.

(c) 1~i11 determine and compare the characteristics of seeded
and unseeded storms, and the resul ting precipitation patterns
to determine whether significant differences exist for vari­
ous strati fications based on meteorologic parameters.

2. Statistical techniques are being utilized in the study of
both natural and modified precipitation patterns, and seeding
will be randomized to provide a sound basis for statistical work.
The long-tine period required to collect date for statistical
evaluation of seeding effects is considered a disadvantage of
the method and other more direct methods of evaluating effects
are being sought.

3. The existing "natural laboratory" consisting of Bridger
Range as a site from which the atmosphere can be modified, and
Bangtail Ridge as a site at which the modification effects can
be observed, will be utilized. Efforts will be made to deter­
mine methods of evaluating the effects of cloud seeding which
are directly observable; e.g. by radar.
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The Experimental Area

Terrain in that portion of the experimental area presently being
intensely studied varies from the rocky crags of the Bridger Range
(average elevation 8500 feet ASL) to the semiarid ranch lands of
the Shield's Valley in the east (average elevation 4600 feet ASL).
The mountainous Bangtail Ridge (average elevation 7600 feet ASL)
lies in bet\~een.

The lower slopes of the Bridger Range and most of Banguil Ridge
are timbered, with frequent clearings and meadows. The eastern
slopes of Bangtail Ridge are an area of dry pasture and grain farm4
ing ·... ith a limited area of choice, irrigated bottomland along the
Shield's River.

The entire area, including the most distant gate is Idthin 30 miles
of the campus.

The IllOst frequent storm situation is the paSSage of Pacific Frontal
systems which move into the area on prevailing westerlies and rise
over the Bridger Range. These storms bring frequent moderate amounts
of winter snow, especially to the higher. elevations.

Occasional severe storms which foro in the area bring very cold air
from the northeast upslope against the eastern slopes of the Rockies
and specifically up the eastern slopes of Bangtail Ridge and Bozeman
Pass. While storms of this type are less common, they appear to
bring more snow per stom than Pacific Frontal Stoms, especially
to valley locations.

The area is an excellent one in which to study natural storm and
precipitation regimes, as well as changes which may occur as a
result of attempts to lJIOdify the precipitation. Logistic problems
are less than would be the case for the majority of mountain ranges
in Southwest ~Iontana. Also, the Bridger Range offers a relatively
"sillple case" for study because of its long. rather unifo:rn ridge­
line which lies across the typical west-to-east airflow, and its
relative isolation from upwind and downwind ranges. Travel in the
region in summer is by truck and trailcycle over roads which. vary
frol'll Interstate 90 to little more than game trails. ~1inter travel
is by pickup truck and 4-wheel drive vehicle on the main and second~

ary roads, and by Ski-Doo, skis, and snowshoes when off the roads.

Instrumentation

A network of 21 high resolution weighing gages was operated during
the period November 1,1967 through March 31, 1968 (Figure 1).
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Standard USWB type \o,'eighing gages \~ere modified with a 20-inch­
diameter orifice, large catch pans, and large shells. The modifi­
cation made possible a resolution of O.002-inch water equivalent.
Time could be resolved to plus or minus 5 minutes with the 24-hour
chart rotations used.

A 403-mc radiosonde on loan from USWB was used to obtain a total
of 42 soundings. Data \~ere taken to 400 mbs and included tempera­
tures, moistures, pressures, and computed heights of standard pres­
sure surfaces.

An attempt was made during t·!arch to collect radiation data through
and above storm clouds by attaching a Suomi-type net radiometer to
the sounding ballon and using the radiosonde transmitter to send
radiation data. The equipment functioned satisfactorily on a test
run, but wet "larch snows which would stick to the radiometer poly­
etheleine shields prevented any flights.

A thermograph in a USWB-type shelter was operated at 8500 feet (ASL)
atop the Bridger Range during the 1967-68 winter season.

An ~1~33 radar \~as obtained on loan from NCAR for the \~inter. II
total of 42 I~ind runs "'as made and data \~ere reduced to speed and
direction with a computer program prepared for the Sigma Seven Com­
puter on campus.

A total of 206 PPI scope photographs l'laS taken using a Polaroid
camera. However, lack of an automatic timing device and the per­
formance of duties of higher priority caused the time spacing to
be irregUlar and often too large for use in detailed analytical
work.

Difficulties involved in returning the set to a configuration suit­
able for tracking preclUded the collection of any information prior
to February 1968.

The Analysis Procedures

Climatological Data

Daily precipitation totals for 68 stations in Southwestern Montana
and extreme Northwestern Wyoming were extracted from U$l'iB Climato­
logical Publications for November through ~,larc11 of 1960-61 and
1961-62. The data were placed on punch cards, and a computer pro~

gram was used to sort the data. Surface and upper air charts from
the U$WB Forecasting Center at Great Falls were used to prOVide
daily information on upper winds and surface pressure gradients
for the same period of time. From the combined information an
objective procedure is derived for classifying winter storms.
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RESULTS AND COI"CLUSIONS

Storm Classification in Southwestern ~,jontan3

The Area

The area of concern is that portion of the headwaters of the
:-lissouri River upstre3Jl from Helena. ~Iontana> and the Yellowstone
River upstream from Billings, 1·lontana. It is rugged, lI'IOuntainous
terr3in of Southwestern ~Iontana, and extrelJle Northwestern Wyollling.
Its geographical boundaries can be roughly specified as the area
from 8illings wcst to the continental divide and from a Butte­
8illings line south to the continental divide.

The 68 precipitation stations selected for study were those which
(al lay in the Upper ~lissouri Urainage as specified above and,
(il) had complete records for the two winter periods used. Each
station is either a first order USh'B station, nnd FAA observing
station, or an official USlm climatological station. 1\11 gages
were the nonrecording type with 8-inch-diameter orifices.

The Classification Parameters

The 700-lllb flow was selected because it is the lowest level at which
the large scale features of the hemispheric flo\~ begin to emerge.
Both speed and direction were considered. but no success was achieved
in relating speed to precipitation. Since most precipitation occurs
with westerly flow aloft. neither the 700- nor the SOO·lllb flow provided
an adequate basis for classification alone. although a secondary maxi­
mum of precipitation with 700-lIlb wind directions from 030 to 059 degrees
was apparent.

The J:laximWl\ surface pressure gradient vector was selected because it
provides an objective method of estimating low level flow direction
over rugged terrain. The value of any measured surface wind as an
indicator of low level flow direction in this region is severely
I baited. Both the magnitude and direction of this vector were orig­
inally considered; however, the magnitude was not found to be useful
as a classifying factor for precipitation.

~[aximum surface pressure gradient direction is defined as the direction
from high to low pressure in "'hich the maximum pressure difference can
bii'found over a fixed distance. When considered in the light of the
gradient wind relationship (or simply Buys-Ballot's law), with a rather
severe allowance for friction over the rough terrain, a flow direction
can be approximated.

86



NORTH

Low Pressure

soum

Figure 1

If, as shown in Figure I, the maximum surface pressure gradient
vector is AB, then the ~laximum Surface Pressure Gradient Direction
(hereafter abbreviated ~'SPGD) would be 180 degrees. The gradient
wind direction could be approximated by CD and a severe allOliance
for friction would give an -actual flow direction between the
direction of the pressure gradient and the direction of the gradient
wind. As an approximation, 40 degrees might be added to the ~.lSPGD

to approximate the low level flow direction. I:F could then repre­
sent a reasonable low level flow direction over rugged terrain.

It is not, of course. to be implied that the precipitation process
is explained by these simple parameters. The iIIIportance of nucleation
processes, l:loisture, advection, stability. etc., is recognized.

The Data and Processing

500 lllb, 700 IDb, and surface sectional charts for the months November
through ~larch for the two winters 1960-61 and 1961-62 were selected
from the chart files of the USWB Forecast Center, Great Falls, ~lontana.

These two liinters were selected because complete chart records existed
whereas gaps liere present for other recent winter seasons.

Precipitation measurements for the stations selected were extracted
from the US\qB Climatological Data.

Since precipitation measurements are made at most stations for the
24-hour period ending at 1700 ~'ST (OODOZ), 0500 ~IST (HOOZ) was selected
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as the lIIidtime or representative time for the period. Use of this
single Jlidtime pentlitted the cOlllpletely objective extraction of
data froll charts. Al though this procedure resul ted in a few non­
representative situations (precipitation occurred before or after
0500 1,IST and the data did not represent the situation when precip­
itation was occurring), it was felt that the value of having the
procedure completely objective outweighed this disadvantage. Be­
sides, if the classification depended upon a judgement factor, it
would probably be of minimal value.

700-mb wind direction was extrilcted for Great Falls, ;'lontana, from
each 1200Z (0500 HST) upper air chart for the period and tabulated
by date,

MSPGD was extracted from each 12002 (0500 ~tST) surface sectional
chart over a 240 nautical mile distance centered on 45°00' ~.

1l1030' W. A circular overlay ",ith radius of 120 nautical miles
was divided into 10° increments. It was placed on each chart and
the aagnitude and direction of the rllaxinum surface pressure grad­
ient vector .....ere recorded by date. In r.lost cases the direction
and rnagni tude were im.'1lediatcly apparent from the isobars and the
circular overlay. In a few cases rather careful consideration was
required to determine the direction of a maximum. Whenever the
magnitude of the vector fell at or helot,,' 2 millibars, the case ",as
classified by reference to the surrounding area as simply "high"
or "low" pressure and placed in one of these categories.

Only prccipi tat ion totals of over a trace were extracted for each
date and station and placed on punch cards. A sorting program was
used to obtain sumraations of all stations for each day.

Storm or Precipitation Regille Classification

There is a Marked grouping of precipitation and precipitation days
with 700·lIb wind direction between 240° and 329°. and i>lSPGO between
1800 and 260°. Interpretation of ~ISPGD in tems of low level flow
direction establishes this as what will be temed of the westerly
flow case. The low level flow and the 700-mb flow are generally
in the same direction. As the two tabulations indicate, roughly
one-third of the total precipitation falls on the one-third of the
total precipitation days which are in this category.

There is also a grouping with wider distribution of 700-mb wind
direction, and ~lSPGD bet\~een 300 0 and 059 0 . Interpretation of the
MSPGD in tenns of low level flow direction establishes this as what
will be tenned the northeasterly flolo' case. It is interesting that
in this classification roughly one-third of the total precipitation
falls with 700-mb wind direction outside the 2400 to 3290 zone used
to establish the westerly flow case. As the tabulations indicate.
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42 percent of the total precipitation falls on one-quarter of the
total precipitation days.

Further, there is a grouping favoring a westerly to southwesterly
700-mb flow and ~fSPGD in the category "low." Interpretation of
this in terms of low level flow indicates really no flo\~ direction
and simply lower surface pressure in the study area, relative to
the surrounding region. This is termed the low pressure case. As
indicated, roughly 12 percent of the total precipitation falls on
9 percent of the total precipitation days.

Precipitation in the three categories termed westerly case, north­
easterly case, and low case account for 87 percent of the total
precipitation falling on the area during the two \~inters studied.

Synoptic Types Associated with Classification

With the westerly flow case the surface (low level) flow and the
700-mb flow are approximately from the same direction. Frequently
a Pacific cold front or occlusion will be in the flow, although
this is not a necessity. An upper trough, or simply the flow of
moist, unstable air from the Pacific, will often provide the oppor­
tunity for precipitation. It is not uncommon for this situation
to change to the northeasterly case if (a) the front is moderately
intense and becomes stationary south of ~·lontana or (b) a low forms
in the area or in eastern Montana and a continental polar or artic
airmass moves southward behind the low and becomes stationary in
Hontana.

In the northeasterly flO\~ case easterly, northeasterly, or north­
erly surface flow results either from a marked high pressure to
the north or a low pressure to the south (really the same thing
but often one feature is mo.re conspicuous than the other). The
air flows upslope into and against the eastern slope of the Rockies.
While 700-rob flow (and higher) may be from the \~est, it is fre­
quently from the north or even northeast. There will often be a
frontal boundary through Idaho and Wyoming which may add to the
intensity and duration of the precipitation, but the front is not
essential to the classification. During the deep winter months
of December, January, and February the frontal system may repre­
sent an extreme contrast between artic air and the more moderate
a:l.rmasses to the south or west.

In the low case a trough of low pressure lies oriented from south­
east to northeast. There will usually be a frontal system in the
vicinity of the continental divide. Seven hundred-mb flow will
generally be westerly or slightly south of west and the relation
between frontal orientation and upper flow is quite significant
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in the production of precipitation. Frequently the front will
develop waves which may either remain stable or deepen into major
storms. When there are waves on the front it is quite common for
the situation to oscillate between the low case and the northeast­
erly case as the waves ripple along the front and modify the local
pressure gradients in passing.

Conclusions and Recommendations

During the two winters studied the 700-mb flow and ~lSPGD prOVide
an effective and objective methad of relating precipitation to
synoptic regimes.

The classification method should be tested on a larger sample of
data over a longer period of time.

The classification method should be tested at individual stations
to determine \~hether or not it will isolate various components of
precipitation at individual stations effectively.

The amounts of precipitation related to each storm type should be
further investigated to determine the contribution of each type
to the total over a longer period of time .

.Isohyetal Analysis

An isohyetal analysis of the water equivalent of precipitation
from each of the 29 storms was accomplished. In addition, iso­
lines diagramming the percentage deviation of each station from
the normal for each storm were drawn. These analyses of storm
totals and departures from normal liere quite useful in drawing
conclusions concerning factor analysis.

The westerly storm type generally produces substantial snow in
the mountainous regions but relatively little in the Gallatin and
Shield's Valley. It is also apparent that, on the average, north­
easterly type storms produce more snow per storm at all stations
and substantially more snow at the valley stations. l~owever, the
large snowfall associated with Storm No. 29 makes it questionable
whether this liould hold for a long-term mean.

It seems possible that the vigorous, local ized orographic mecha­
nism of westerly wind flow over the Bridger Range is important in
the westerly case while a more gentle, widespread upslope lifting
resulting from easterly flow is significant with the northeasterly
case.

Isohyetal plots of snowfall totals for IS-minute intervals were
prepared for selected storms in an attempt to isolate sub-storm
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features. Our ,;!onthly Progress Report No. 11, dated December 1,
.1967. discussed a storm \~hich had distinctly different precipita­
tion patterns before and after a frontal passage. lIol>cver. we
have been generally unsuccessful in attempting to define any sub­
storm features based on precipitation data.

The ability to objectively define substorm features would llave
substantial importance in evaluation of seeding effects. There­
fore, it is intended to continue searching for such features using
information in addition to precipitation data; e.g. radar PPJ data.

Precipitation Gage Network Evaluation

In order to evaluate the effects of artificial nucleation on pre­
cipitation. it is obviously necessary to measure the precipitation
with adequate accuracy.

The difficulties of accomplishing this at even a single point are
considerable. Probably the best measure of point snowfall can be
obtained \~i th a snowboard set flush wi th the snowpack surface.
Even here substantial errors are possible if redistribution of
the snow by wind action occurs.

The ~ISU program uses chiefly shielded weighing gages to measure
snowfall. Such gages are generally subject to greater catch errors
than snowboards, largely due to wind action. However. the diffi­
culties of oversnow travel in mountainous terrain preclude per­
storm sampling of more than a few snowhoards. lienee, gages whieh
can be serviced as infrequently as once per several days are a
necessity. The time distribution of snowfall obtained by weigh­
ing gages is, of course, a point in their favor.

We have attempted to locate each of our gages in a position where
wind effects would be minimal while still maintaining an approxi­
mate constant areal spacing and reasonable accessibility. Ob­
viously. some compromising was necessary.

The Factor Analysis of Storm Precipitation Totals

Factor analysis l'ias applied to 29 storms. using the total precipi­
tation measured at each of the 21 gages for each 29 storms as in­
put data, and considering the storms to be the independent varia­
bles. The computer programs used in the analysis were similar to
those described by Cooley and Lohnes (1962).

This type of analysis extracts several mutually independent factors
from the input data in a completely objective manner. rhe "load­
ing" of each factor for each storm is calculated. The loading is
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an indication of the relative importance of the factor in account­
ing for the observed precipitation distribution of a particular
storm. Of course, the factors can be considered in terms of pre­
cipitation distribution only because of the nature of the data
herein considered. The analysis is concerned only with a matrix
of numbers, in this case formed by total storm precipitation meas­
urements at 21 points for 29 particular storms. The factors are
extracted from the matrix in such a manner as to be orthogonal.

It should be noted that the magnitude of the loading indicates
the importance of a factor, rather than the sign which results
from the mathematical procedure or rotation. However, a change
of sign within the loadings for a particular factor does mean an
opposite effect; e.g. if a positive loading is associated with
increased precipitation, a negative loading for the same factor
at another station indicates decreased precipitation. The deci­
sion as to whether a given sign is associated with an increasing
or decreasing effect must be part of the physical interpretation
of a factor.

After factors are derived, physical explanations can be searched
for. It should be noted that a particular factor (distribution)
may be caused by complex interactions of many physical mechanisms.
Nevertheless, factor analysis provides an objective exploratory
tool which we bolieve has substantial potential in the study of
storm characteristics. ~!oreover, it offers a means of objective
storm classification, based on observed precipitation distribu­
tions. If this means of classification can be related to physi­
cal parameters we (a) can increase our knowledge of storm charac­
teristics and mechanisms, and (b) can possibly use the method to
study seeding effects. For example, let us assume that a particu­
lar set of physical parameters is closely associated with a par­
ticular factor. A storm with this set of parameters which is
seeded may have high loading with a different factor (distribution)
giving an indication of the effect of seeding on precipitation
distribution.

Factors I and 6 have high loadings (value \~ithout sign greater
than.7) for several storms while no other factor has for more
than three storms. We, therefore, examined the physical charac­
teristics of these two storm groups in an attempt to isolate phy­
sical parameters associated with these factors. It appears that
factors 1 and 6 together generally represent the precipitation
distributions associated with westerly type storms.

Factor 1

Significant snowfall in the Gallatin Valley.
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b. Snowfall amounts at gages I and 19 on the south end of the
Bridger Range similar to remainder of Bridger-Bangtail area.

c. Snowfall amounts at gage 3 are at least two times and often
several tillles greater than that at neighboring gages.

d. Snowfall amounts in the Shield's Valley ranging from zero
to significant.

Factor 6

Little or no snowfall in the Gallatin Valley.

b. Snowfall amounts at gages No. I and 19 on the south end
of the Bridger Range relatively low for the Bridger-Bangtail
area.

c. Snowfall amounts in the Shield's Valley range from zero to
significant.

It was attempted to relate factors 1 and 6 with available synoptic
upper air data such as stability, \~ind velocity, 500 mb (apprOXi­
mately cloud top) temperature and moisture but consistent relation­
ships could not be found.

nlC Gage as the Indepcndent Variable

The total precipitation at each of the 21 gages in our network
for each of 29 storms has also been subjected to factor analysis
considering the gages to be the independent variables. Precipita­
tion totals were considered for each of three groupings:

Eight northeasterly case storms;

b. Twelve westerly case storns; and

All 29 storms.

The following information was calculated:

a. The nUl1lber of factors necessary to explain 96 percent of
the variance* in the input data matrix.

b. The amount of the varianc:e explained by each factor.

The loadings for each factor at each gage.

*Note that variance is not herein used in the conventional sense,
but represents the mean-square reduction as pointed out by Stidd
(1967).
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It .is to be emphasized that relating physical mechanisms to the
purely statistical results of factor analysis is an uncertain
process and it is quite possible that more than one interpreta­
tion can exist * * * or that no interpretation can exist. It is
also possihle that no physical mechanism can be identified 1;lith
a specific factor or that the factor is a composite effect of
several physical mechanisms and can not be identified. Ho\~ever,

if the factors can consistently be identified, the technique pro­
vides a powerful tool for the analysis and study of storm mecha­
nisms and the variations of areal precipitation patterns.

Empirical Eigenvectors of ~ion Rates During
the ,'.Iarch 17-18, 1968 }torms

In recent years eigenvectors have become used more and more in
describing patterns or arrays of data in the meteorological field.
Stidd (1967) and Kutzbach (1967) mentioned the \~ide diversity of
application of eigenvectors in meteorology as used by different
invest igators. In this study eigenvectors are used in exploring
the patterns of precipitation rates during the passage of a winter
storm in the Bridger Range area. The ultimate purpose is to deter­
mine the possibility of applying the method in detecting changes
in the precipitation patterns which might be caused by cloud
seeding.

'1118 storm ,,'111cl1 passed the I~ridgcr Range from ~Iarch 17 to 18, 1968,
Has used in this study. The characteristics and other pertinent
information of this storm are described elsewhere in Appendices 5
and 6 of our Interim Report dated June 30, 1968. The IS-minute
precipitation rates from 1400][ ~larch 17 to l400H ,~larch 18, \\'ere
arbitrarily subdivided into four 6-hourly periods. Thus, periods
I, II, III, and IV are, respectively, 1400H-20001I,\larch 17; 20001l­
0200H >larch 17-18; 020011-0800l1 ~'{arch 18; and 0800fl-1400H Harch 18.

Por each period, computations were carried out to obtain the
eigenvalues and eigenvectors. The computer program subroutine
used was described in Cooley and Lohnes (1962). The individual
and cumulative percent of variance accounted for by the eigen­
vectors associated with the largest eigenvalues were also deter­
mined. In this manner, it \~as determined that only the first few
eigenvectors were needed to approximate the original observat ions.
The eigenvector multipliers were then computed from the reduced
number of eigenvectors. For a detailed description of the com­
putation, the reader is referred to Stidd (1967),

The time variation of the first five eigenvectors for each period
\\'as plotted. An examination of the graphs reveals that there is
a considerable variation of each eigenvector ,,'ithin a 6-hour period
l'ihen considered at IS-minute intervals. The patterns for the
various eigenvectors also show considerable differences. 1I0wever,
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there seems to an indication that the pattern of one eigenvector
for one period could be analogous to a pattern of an eigenvector
in another period. To test the analogy objectively and numerically,
the method and criterion due to Grimmer (1963) was used in this
study.

In the computation of the eigenvectors, the orthogonality of the
transformation matrix was implied. Thus, any pair of eigenvectors
for anyone period are orthogonal and orthonommal. The inner pro­
duct, therefore, of an eigenvector multiplied with itself or with
another eigenvector would be unity and zero respectively, for a
given period. Rut for pairs \1hich do not belong to the same period
no such property must hold. The inner product of any two pairs
of eigenvectors from different periods may be an index of analogy.
According to Grimmer (1963), such pairs having an inner product of
0.9 or more are identical whereas a value of 0.7 indicates a sim­
ilarity of a high order. The first five eigenvectors of Period I
were systematically compared \1ith the first five eigenvectors of
the other periods.

Prom the analysis, two things become apparent. First, the degree
of resemblance of the eigenvector patterns between Period I and
the other three periods differ. Rut there is no indication that
the farther removed a period is from Period I the lesser the degree
of resemblance of an eigenvector to said period. Secondly, it
can be seen that a physical factor may have a dominant effect in
one period but may be overshad0l1ed by another factor in a differ­
ent period.

An implication of the analysis suggests a very important approach
in detecting the effect of seeding on the precipitation pattern.
If seeding is an important factor, it might be identified as an
eigenvector pattern. This pattern should persist during storm
periods \o,'hen seeding is effective. Thus, its importance during
the different periods could be assessed by determining the vari­
ance explained by that physical factor for individual periods.

Precipitation rates at each gage for t\o,'O storms \o,'ere subjected to
harmonic analysis using a standard computer program. First har­
monics "'ere plotted in terms of the time of the occurrence of the
maximum amplitude of the harmonic at each station. Harmonics
other than the first were IIOt considered because they were never
found to be significant at more than a few gage sites.

The first harmonic suggests a generally east-to-west movement of
the occurrence of highest precipitation intensity, with possibly
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higher speeds in the valleys and slower speeds over the more rug­
ged terrian of the Bridger-Bangtail area. However, this is based
on limited data and must be considered as conjecture.

The apparent motions of the first harmonics on the meso-scale
represented by the precipitation network leads to some interest-
ing speculations. It might be expected that the mechanism caus-
ing the period of generally highest precipitation rates would be
carried along and/or partially caused by the airflow at some levels.
Such mechanisms could include upslope motion, convergence due to
flow into narrO\~ing mountain valleys, orographic lifting, frontal
lifting, and the movement of convective calls or bands, In the
~larch 17-18 case, the movement of the first harmonic seems to be
in general agreement with the airflow. HOI,ever, in the !>:ovemher 22-23
storm, \~inds at 700 mb and above \~ere from west to north as measured
at Great Falls, 130 miles north of our network. We would not expect
the \~inds over our neth'orks to be markedly different in direction.

Surface winds at the Belgrade airport were I>'esterly to northwesterly
during the period.

Time of passage of the first harmonic did closely coincide I>'ith
the frontal passage (ahout 2100 ~IST) as determined by surface
barograph traces in the area, However, the apparent direction of
motion was opposite or perpendicular to the direction of airflol>'
at all levels. \~e can only state that this case points out the
complexities of winter storms in mountainous terrain.

It is intended that harmonic analysis he applied to other storms
to determine if it can be a useful tool to track the main "pulse"
of a storm. If so, it may aid in understanding the complex pre­
cipitation mechanisms involved. Also, it might lead to a means
of stratifying storms for evaluation of seeding effects.

Reports and Papers Produced '.Jnder Contract No. 14-06-tJ-6144.
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CLOUD PtlYSICS AND WL:,\TIIER MODIFICATION TEOINIQUES

Wave Cloud Exneriments

A. Purpose and Design

A lenticular cloud forms generally from air which is closely follow·
ing streamline flow; the cloud itself is often nonturbulent and the

. fluctuations of cloud parameters arc lower by one or two orders of
magnitude than in lIlOst other types of clouds. The lenticular
cloud, therefore, can serve as a laboratory where the cloud prop­
erties are near adiabatic and depend only on position within the
cloud. The foUm.ing experiments with wave clouds appear especially
attractive:

I. To relate the comlensation nucleus spectrum to the cloud
droplet spectrum measured by the fonnvar replicator.

2. To relate the natural ice crystal concentration to measure­
ments of the freezing nucleus spectrun upwind of the cloud.

3. To measure the change of cloud droplet spectra by condensa­
tion following a streamline within the cloud.

4. To measure ice crystal growth rate following a streamline in
non seeded and (where appropriate) seeded clouds.

S. To observe crystal habit and rate of mass increase at dif­
ferent ter.tperatures in nature.

These arc fund:nnental problems in our understanding of precipita­
tion mechanisms. Their solution could lead to ne.... or better tech­
niques for cloud modification. Answers to these apparently simple
questions have not yet been obtained which are adequate for engi.
neering planning.

Other basic problems are concerned with the t.ransition of ice
crystals grO\oling from the vapor to graupel particles gr~ing by
accretion of supercooled wate'r drops. These events begin to happen
in nature as drops and ice crystals gro",' in the deeper clouds which
occur, for example. with the close approach of a frontal system.
These clouds arc usually rather turbulent, but in any case. the
phenomena of particle formation and early growth discussed above
would strongly influence later developments. This second stage of
growth where accretion becomes iRlportant does not occur in lentic­
ular clouds. but fortunately it is 81llCnable to laboratory simula­
tion. Work which relates to this stage is described later.
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B. Results

TIle attractive opportunities presented by the wave clouds have
proved, for the present, too difficult to utlize. The major rea­
sons for this are: first, no aircraft has been available which
could operate flexibly at wave cloud levels; and second, there are
sti 11 very serious prohlems connected with the formvar particle sam­
pler. The Beechcraft C-45 has a service ceiling of 16,000 feet;
wave clouds typically occur in the region from 25,000 to 30,000 feet;
and the few that do occur at 100~er levels are usually turbulent;
and so, useless for the proposed experiment. Despite the inade­
quate ceiling of the C·4S, it has penetrated wave clouds many times
at altitudes up to 32,000 feet, using the lift of the wave. At
such heights it has practically no operational flexibility, so that
very few results have been obtained regarding the physical processes
occurring in these clouds. It has, however, been possible to make
use of such flights to test and develop instrumentation.

TIle formvar replicator has been found to present a nwnber of prob­
lems; yet, for the study of the ice phase, no alternative is as yet
available. lI'ork directed at the solutiOll of these problems will be
described later.

Aside from these two aspects, progress has been made in developing
approaches to making some of the kinds of measurements which would
be noeded to attack the basic cloud physics problems (1. to 5.
listed in A. above). As preViously mentioned, any utilization of
the wave clouds for these purposes would demand good knowledge of
the three dimensional windflow through and around the cloud.

Two methods to determine the Idnd field have been devised. One
method involves radar tracking of chaff. Allowance has been made
for the known fall speed of the chaff, and the radar outputs were
so arranged that the path of an air particle which was originally
at the drop point was traced on a vertical plane parallel to the
horizontal wind vector. A brief description of the technique was
given by the Desert Research Institute (1967). By this method,
one is able to track air motions inside as well as outside the wave
cloud. Theory and observation both indicate that riming of the
chaff in the cloud were so slight as to have no appreciable influ­
ence on its fall speed.

Another method of measuring the motion of the air uses a smoke
marker. 111e development and use of this technique has been
described by Nielsen aIHI Berry (1968). While this method cannot
be used to trace in-cloud air motions, it does make it possible to
estimate the turbulence of the air, which would be important to
observe in some investigations. For example, if seeding agents
were to be dispersed upldnd of the cloud and allowed to flow into
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it in order to measure their efficiency under natural cloud condi­
tions. it ....ould be necessary to know how rapidly the seeding agent
....ould spread out. If it disperses rapidly be(:ause of a high level
of general turbulence, the output of the generator ....ould need to
be increased above that which would be necessary when the pluoe
spreads slowly. Conversely, if, on a day ....hen the flow is quite
laJllinar. too much seeding material ....ere used, the result would be
that the cloud would be overseeded within the narrow plume. The
saturation ratio of the air in the plume would then fall below
unity (with respect to water) and it would not be possible to
interpret reliably the observed behavior of the seeding agent. A
brief exploration into another interesting area of application of
the smoke technique - 10.... level convection - has been described by
Berry (1968a).

Theoretical Studies of Droplet Collection

A. Purpose and Design

In the absence of ice, precipitation can forlll a result of ~he dif­
fering sizes and fall speeds of cloud droplets. The process is
somehwat affected by Brownian motion. but is basically gravitational.
Until Telford (1955) pointed out the illtpOrtance of the stochastic
element in such collection processes, however, it was impossible
to reconci Ie observations of the time taken for rain to form in
tropical shower clouds (order 20 min.) with theory, which, with
realistic assumptions about the rain-forming clouds, predicted 1
to '2 hours formation time.

Berry (1967) has carried out the most extensive calculations so
far made of the consequences of stochastic collection and, as a
part of Project Skywater, has used this general body of computa­
tions to attack two problellS of i81111.ediate practical importance ­
the illlplications of stochastic theory with regard to the possibil­
ity of IIOdifying wal1l cloud processes. and with regard to the rate
at which the radar reflectivity of a warn cloud grows. The latter
is ittportant becaus.e radar echo intensity is by far the Illost easily
and comonly lilCasurcd property of precipi tating clouds. so that
opportunities could be found to test the validity of the collection
theory quantitatively, and thus improve it.

B. Results

Just as the modification of cold clouds depends on influoncing a
sensitive nucleation process (the fonnation of ice). so the possi.
bility of Illodifying·wann clouds would appear to hinge on our being
able to influence a nucleation process (the initial fonnation of
the cloud droplets froo the vapor). It seems that it may be prac­
ticable to modify this process by introducing additional condensa­
tion nuclei into the air. for example.
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Berry (1968b) has used the stochastic collection calculations car­
ried out earlier to examine the rate at which the liquid water which
is present in the form of cloud droplets is converted over into the
liquid water in the form of incipient rain drops by coalescence. lie
found that this rate is very sensitive to the concentration of drop­
lets per unit volume and to the dispersion of the droplet sizes re­
sulting from the initial condensation process. In fact, the rate
of conversion can vary by orders of magnitude. This indicates that,
given an adequate understanding of the condensation process and a
suitable technology, there is great potential for modifying warm
clouds by changing the nature and number of condensation nuclei.

The same general body of calculations has been applied to study
how the radar reflectivity of a warm cloud would increase as a
result of coalescence processes. The result found was that the
rate of increase of the mean mass of the droplets present in a
cloud depends only on the liquid water content, and that the radar
reflectivity is proportional to the product of this means mass and
the liquid water content (Berry, J968c). If, therefore, the lat­
ter is known or can be estimated, as is often the case, observation
of the radar reflectivity would make it possible to follow in time
and increase of the mean droplet mass, and so check the existing
collection theory.

The basic calculations leading to the results described ahove had
been made possible by the cooperation of the National Center for
Atmospheric Research, which kindly made its pOl~erful C.D.C. 6600
computer available. As is always very desirable with complex
numerical calculations, they had been guided and checked at sev­
eral points by analytical investigations. So far, analytical sol­
utions have been possible only for special cases of the general
problem, but this sufficed to serve the purpose of checking the
numerical calculations. This work has been reported by Scott
(1967a, b, c, d).

~lultip1ication and Accretion Growth of Particles

A. Purpose and Design

These recently begun studies have been aimed at gaining a better
knOldedge of certain phenomena which have been observed to occur in
the laboratory and which seem certain to influence the course of
events in deep clouds where coalescence growth becomes important.
These phenomena can hardly fail to influence precipi tation effi­
ciency in either natural or seeded clouds. It is not possible to
observe these microscale events in the field and the only way to
proceed is to examine them in the laboratory so that we can under­
stand them well enough to be able to predict the physical condi­
tions under which they can be expected to become important in
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clouds. Because of the higher probability that t.hey may strongly
influence precipitation efficiency in suitahle circumstances. the
following phenor.k::na were selected for study:

1. Droplet IWltiplication due to illlf'act of a drop on a liqUid
surface, and

2. Ice crystal multiplication caused by the bursting of air
rejected from solution dUring drop-freezing.

B. Results

l. llroplet Multiplication

up to now, the major effort in t.his area has been in building
apparatus which can produce, at accurately timed intervals, single
water drops ranging in size from raindrops down to very large
cloud drops. This apparatus has been used in t.he study of the
impaction of drops on liquid layers of different thicknesses as a
prelude to a study of their interaction with falling graupel and
hailstones. It. is to be used also to study drop behavior on strik­
ing sampling surfaces.

Considerable effort has been expended to construct a modified version
of Lane's (l947) apparatus to produce uniform drops in the range of
diameter 600 iJ. to 2,000 IJ. at intervals from a few seconds to some tens
of seconds. '!he air flow was made inteTllittent in order to reduce
its influence on the drop after it was released. The water ....as care­
fUlly filtered and its flow rate accurately regulated. The air pulses
....ere produced by opening a solenoid valve for a hundredth of a second.
The drops produced in this way were collected in a si licone fluid and
Deasured; their diameters had standard deviations of about 1 percent.
The apparatus is adequate for the intended use in respect not only to
droplet uniformity but also in respect to accuracy of tillling and ability
to consistently hit a small target. The final design of this device is
fully described by Riel and Hallett (1969).

2. Ice Crystal Multiplicatj..E!!..

It has been known for some years that the concentrations of
crystals observed in clouds are too high to be readily explained
in teTms of atmospheric ice nuclei. One possible cause of this
discrepancy is the multiplication of icc crystals in various ways.
One of the likeliest causes of ice crystal multiplication is the
bursting of the bubbles which are always formed as drops freeze.

lXily a few exploratory experiments have been marle so far. lee
crystals were grown in a pyrex glass tube ....hich was slowly lowered
over a period of 8 to 30 hours into a brine bath at _20 0 C. Bubble
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formation was examined either by subsequent sectioning of the ice
or by time lapse photography in situ. An appropriate optical
sys tern submerged in the cooling fluid enab les photographs to be
taken from outside the system.

Studies were made using: (a) distilled water in equilibrium with
air at 20" C (at Reno where the ambient pressure is about 850 mb),
containing 20 ml of air with N.T.P. per ml of water; (b) distilled
water degassed to a content of 8 ml at N. T. P. per ml of water by
boiling.

It was found that, at the ice water interface growth rates so far
examined, the bubbles were in the form of long threads, the length
decreasing and the diameter increasing as the growth rate increases;
there is also a tendency for the concentration of threads to
decrease. 11\ese results contrast with the observations made by
Carte (1961) of the nucleation of nearly spherical bubbles at high
growth velocities. He found also that the bubble concentration
increased with increase of interface growth velocity.

REFERENCES

Berry, E. X. (1967), Cloud Droplet Growth by Collection, Jour.
Atmos. Sci., 24(6), 688-701.

Berry, E. X. (1968a), Convective !'-lotion as Indicated by Smoke
Tracers, Desert Research Institute, Reno, Project Report No.8,
August 1968

Berry, E. X. (1968b). Modification of the Warm Rain Process,
Proceedings, First National Conference on Weather !'-'odification,
April 28-!'-lay 1. 1968, Albany

Berry, E. X. (1968c), Radar Reflectivity. Liquid Water, and the
"lean "'oss Desert Research Institute, Reno, Preprint No. 63

Carte, A. E. (1961), Air Bubbles in Ice, Proe. Phys. Soc., 77,
757-768 -

Desert Research Institute (1967), "Aircraft Instrumentation,"
Progress Report No. 7 (Bureau of Reclamation Contract
No. 06-D-5995-l966), January 1967, page 3

Lane, W. R. (1947), "'icroburette for Producing Small Liquid Drops
of Known Size. J. Sci. Inst., ~, 98-101

Magarvey. R. and Taylor, B. (1956), Apparatus for Production of
Large Water Drops, Rev. Se. Inst., Q, 944-947

lOG



Mason, B. J., Jayaratne, 0, 11'., and lqoods, J. D. (1963), Improved
Vibrating Capillary Device for Producing Uniform Water Droplets
of 15-500 radius. J. Sci. Inst., iQ., 247-249

Nielsen, K. to'. and Berry, E. X. (1968), Development and Use of an
Airborne SllIOke Narker System for AtJllospheric Research. Desert
Research Institute, Reno, Physical Sciences Technical Report No.3

Riel, K. and Hallett. J. (1969), An Apparatus for the Production
of Uniform Sized Water Drops at Desired Time Intervals, Submitted
for publication to Rev. of Sci. Inst.

Ryley, D. J. and Wood, ~l. R. (1963), Construction and Operating
Characteristics of a New Vibrating Capillary Atomizer, J. Sci.
Inst., .!Q., 303-305

Scott, W. T. (l967a), On the Connection Between the Telford and
Kinetic-equation Approach to Droplet Coalescence Theory, Desert
Research Institute, Reno. Project Report No. 3

Scott, W. T. (l967b), An Extension of Telford's Calculations on
Cloud Droplet Coalescence, Part I. Desert Research Institute,
Reno, Project Report No.4

Scott, 1'1. T. (l967c), Analytical Studies of Cloud Droplet
Coalescence. Desert Research Institute, Reno, Project Report No.5

Scott, W. T. (l967d), Poisson Statistics in Distributions of
Coalescing Droplets, J. Atmos. Sciences, ~, 221-225

Telford. J. W. (l955), A New Aspect of Coalescence Theory. J. Met,
g, 436.

107



INSTR1NENTATION Am) DATA SYSTHIS

A. Purpose and Design

Among the difficulties encountered in the attempts to make usc of
the wave clouds for physical investigations are those associated
with the formvar continuous replicator. These investigations can­
not be undertaken unless the collection efficiency of the sampler
is known, and the repl ication process is sufficielltly reproducib Ie
and well understood.

B. Results

1. Collection Efficiency

The cloud sampler of Squires and Gillespie (1952) was available
for comparison with the replicator. This device made possible a
very direct approach to the problem. HQIo,'cvcr, the many problems
associated with the simultaneous use of two samplers (accurate
synchronization, personnel-carrying, and ceiling limitations of the
aircraft) had the result that only three apparently satisfactory
comparisons were achieved. Of these, two gave results which seem
plausible, and one gave results l~hich seem obviously incorrect. A
careful reinvestigation of this case has failed to reveal the
cause of the apparent problem and, in view of the operational dif­
ficulties mentioned above, no further attempts have been made along
these lines.

The second "wave cloud" method relies on the apparently plausible
assumption that the droplet concentration per gram of air in a
laminar lenticular cloud is constant along the wind. In the
absence of turbulent mixing, no droplets would be evaporated as a
result of the entrainment of dry air; since the droplets in these
clouds are quite small, the effects of fallout in moving the drop­
let population relative to the air is negligible (total relative
displacement of the order 2m), and the effect of coalescence in
reducing the droplet concentration is likely to be small also.
TIlUS. provided a cloud is laminar and there is no ice present, the
very simple model of a constant concentration population of drop­
lets growing as they move along a streamline from the forming edge
to the apex to the \~ave, and then becoming smaller, is probably
close to the truth. This approach to the problem, due to Berry.
has been described in detailed by Reinhardt (1968).

The experimentally deduced values do not resemble very closely
those for any simple geometric shape. The likeliest cause of
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inaccuracy in the values found is that, even if droplet nur:tber is
conserved along a streamline, it may well vary frail one streamline
to another due to the vertical gradients of the parameters which
influence initial drop fonnation at the leading edge, and hence
the droplet concentration.

In the third, surface approach the required relative velocity was
achieved by using a bigh-speed car with a skilled racing driver. The
instn.tl'llent being studied is carri,ed on a boom extending sideways.
A cloud of droplets of measured size and concentration is enclosed
in the box and the car driven so that the aluminum foil is broken
and the instruments exposed momentarily to the known cloud.

These devices have been built and tested. Preliminary indications
have been obtained from r.Je.:l.surelllents of spheres that tbe measured
collection efficiencies are comparable with the theoretical values
found by LangmUir and Blodgett (1946).

2. Replication

The process of replication obviously depends on layer depth, and
also on the degree to which the surface has begun to harden at the
moment of replication, and this itself lllUSt depend on the tempera­
ture and ventilation of the film surface, neither of which are
easy to control in a reproducible manner. Both pump and nozzle
have been redesigned and a visually unifom layer can now be
deposited under flight conditions.

By means of interferometric photography, details of the structure
of the replicas of both drops and crystals have been studied.
While sOlIe of the particles have been cOlDflletely enclosed and,
after evaporating, have left behind a hollow shell, others were
not fully enclosed by the fOI'1llvar and the only ioprint left is an
indentation in the surface.

The investigat~on of illpact and replication of drops and crystals
is clearly a difficult problem. The droplet-producing apparatus
has so far been used for only a few experiments. They are, how­
ever, of sOIlle interest, being elementary prototypes of experimen­
tation which will help to resolve impact and replication problems.
Since there is so great a range of possib Ie conditions _ kinds of
sampling surfaces, velocity of impact, and size of impacting
particle, for example - an extensive series of well-planned experi­
ments will be needed.

The following observations have been made so far:

ONpS of diameter 200011 were allowed to fall from a tower,
reaching about 60 percent of terminal velocity, to impact on a
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water layer of depth beh.'een 2.0 and 10.0 11111. The resulting
interaction was studied by high-speed photography. It was
found, for example, that with shallow layers the CTO\o'n only
was present. With increasing depth, the central jet becare
more dominant. When the liquid ),'8S about 6 JlIJI deep, the cen­
tral jet fOIllled a separate drop which was thrown to a height of
26 ClII, while with a deep layer, the height reached )"as only
3.5 CID. At cloud drop sizes, the behavior is completely dif­
ferent frol:l that described above. In another experiment it
was found that. when 200u diameter droplets illlpacted on a ....ater
surface at terminal velocity, they often bounced several times
before coalescing; on the other hand, 60u diameter drops con­
sistently penetrated the surface uneventfully, despite their
much lower teI1llinal velocity.

Development of a Smoke Marker Technigue

A. Purpose and Design

In connection with the wave cloud experiments, a visual method was
desirable in order to check the results of radar chaff drops for
wind measurements and also to give a direct indication of the level
of turbulence of the air in which the wave clouds form.

B. Results

The U.S. Forest Service smoke /Darker technique was adapted to the
C-45 aneraft as described by Nielsen and Berry (1968). Figure 2
shows how this smoke trail behaved as it approached a wave cloud,
tilting upwards towards the cloud, but spreading very slightly
(if at all) beyond the extent to which it was dispersed by the tur­
bulence of the aircraft wake.

Another very siDlple experir.x!nt was undertaken with the aiD. of find­
ing out whether this technique could be applied to the study of
convecti ve flow patterns near the ground in the hope that this
technique could prove useful in studying the dispersion of the
aerosol from a seeding generator. The results were encouraging,
and have been described by Berry (1968).

Data Processing

A. Purpose and Design

Data processing techniques were developed during the preceding con­
tract period for use in the South Dakota and Flagstaff Projects of
sununer, 1966. The same techniques ,",'ere intended to facilitate the
conduct of the wave cloud experiments.
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B. Results

At Flagstaff, in July and August 1966, parameters rleasured on the
C-45 ai rcraft were telemetered to the ground and were displayed as
meter readings and recorded as a digital output. By JDeans of a
sllall data processing type computer (PDP 8). the vector velocity
of the aircraft through the air was subtracted from its vector
velocity with respect to the ground to give instantaneous wind
velocities along the path of the aircraft. These were displayed
directly in graphical form. In this manner, the scientists in
charge had available, in real time, data in a form which could be
used for making operational decisions for the conduct of the flight.
The techniques used have been described by Chisholm (1966a. 1966b.
1967) .

Unfortunately. the operational and instnnental difficulties which
were encountered in the attellpt to carry out physical experioents
in the wave clouds prevented the application and further develop­
lllCnt of the very promising data processing techniques described
above.

Comparison of Snow Gages

A. Purpose and Design

The observational network installed for the observation of precip­
itation profiles in the lee of the Sierra Nevada {see
included a variety of types of gages and presented an opportunity
to compare their performance.

B. Results

An analysis of their behavior (Klieforth and Rogers. 1968) has
shown that, in strong winds. gages near the ground collect much
drifting snow and so overestimate precipitation. while those
lOOunted SOlle feet above the groW1d underestillate precipitation as
a result of losses due to wind-caused swirl. As is ..ell known.
heated tipping bucket-type gages suffer serious evaporation losses
in light precipitation and their overall efficiency appears to
vary from 9S percent at the best down to 20 percent in strong winds.

Obvervations before and after the installation of Nipher screens
indicates that while these devices slightly increase the catch.
serious swirl losses still occur in strong winds.
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OPERATIONAL AOAPTATIOO IlliSEAROI PROJECTS

The Elko Project

A. Purpose and Design

This project was designed in 1962 as a long-teITI statistical experi­
ment in the use of ground seeding to increase winter snowpack on
the oountains near Elko. 1he design of the experiment has been
described by North AJl"erican Weather Consultants (1963). and synoptic
situations leading to precipitation have been discussed by Strojie
(1968). Some 20 ground generators were placed in two north-south
lines, the westeITU:lOst being about 30 miles upwind of the two tar­
get areas. One target lay well to the north. the other to the
south of Elko. The effect of seeding was to be detected and meas­
ured by seeding randomly either the north or the south area through
a particular storm period, the unseedcd area being to gage the
natural snowfall in the area due to the storm. The experiment was
originally planned to ron until 75 test storms had been seeded and
no statistical analysis was to be undertaken until the experiment
had been completed. So far, 58 tests have been made. However, in
view of serious doubts which have arisen about the efficiency of
the experimental design, it was decided to begin an interim sta­
tistical analysis based on the existing 58 tests.

B. Preliminary Results

The final results of this analysis arc not yet available, but pre"
liminary resul ts indicate:

1. Prima facie, there has been a slight increase in precipita­
tion in the target areas as a result of seeding.

2. The prilla facie result is not statistically significant and
could weU be due to chance. influences.

3. The originally planned 75 te~ts would not be enough to
achieve acceptable levels of statistical significance.

\~ith the cooperation of the National Center for Atmospheric Research,
BOUlder, Colorado, two flights were made to measure ice nucleus
concentrations with the object of finding out whether the expec­
tations with regard to the transport of the aerosol were grossly
in error. For operational reasons, these flights had to be made
in generally fine (VFR) weather with scattered snow showers,
instead of in storm conditions. The first flight in the vicinity
of the close-in line of generators indicated that the aerosol
IIIOved toward the target as expected from synoptic considerations,
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but passed over the target snow gages at a level belo,,' tnat of the
cloud base in a typical storm. In such a case, the aerosol could
have no effect on precipitation until it passed beyond the gages.
For the second flight, AgI generators at a greater distance (the
more westerly line) behind un orographic carrier were turned on.
Nuclei COlmts indicated that the aerosol moved north up the valley
near the surface without crossing the intervening barrier until it
had passed far beyond the point where higher level southwest flow
could possibly carry the aerosol into the target area. Thcse two
flights were, of course, too fell' to give a good idea of the aver­
age result. furthermore. the results might have been quite differ­
ent in a period of stormy weather.

Warburton's technique for analyzing snow samples for the presence
of minute quantities of silver consistently found that the silver
content of snow falling in a seeded area is much higher than else­
where. In most cases, however, samples of snow obtained frolll the
target areas near Elko in various ways contained concentrations of
silver (of about 10-11 g 01-1) which were typical of an unseeded
rather than a seeded area. In only 7 cases out of 59 was there
any indication of an influence due to seeding.

It seems clear that the "targetting" efficiency of this experiment
is quite low, a1H.l if this is so, it can hardly be expected to pro­
duce clear evidence of significant increases in precipitation in a
reasonable munber of years.

REFI:RENCES

Strojie, w. F. (1968), Notes on Elko County (Nevada) Weather,
Desert Research Institute, Reno, Physical Sciences Technical
Report No. 5

Weather Consultants (1963), Nevada Atmospheric Research Project,
North American Weather Consultants, Santa Barbara, Field
Operations Report No. 6-71.

PRECI PITATION A..'lD STREAMFLOW ANALYSIS

~alysis of Precipitation for Silver

Effective methods have long been sought for the identification of
trace amounts of seeding materials in precipitation. The value of
such a techniquc is obvious; it can give independent evidence of
the degree of success achieved in the "targetting" of seeding
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plUlllcs. In any cloud seeding ficld expcrilllCnt. this is a crucial
probleDl which sometillles in thc past has bccn given littlc attention
because no cconomically feasible method of studying it had been
developed.

Silver iodide is by far the most frequently used seeding material,
and a tedmiCJuc to detect (or, preferably, measure) trace concen­
trations of silver would be a long step towards solving the prob­
lem uiscussed above. By the beginning of the contract period,
techniques for the determination of traces of silver by neutron
activation analysis had becn developed and were ready for field
use (Warburton and Young, 1968a).

B. Results

With the perfection of the teclmique, a wide range of applications
opened up. Work carried out in the contract period (July 1966 to
June 1968) include<i the following;

1. Analysis of snow and rain saJ;l(1les for silver

a. Background silver concentration
b. TIle Elko Project
c. Cooperative experiments
d. Seeding projects of other groups

2. Comparisons between the neutron activtation method and two
other trace analysis techniques which have high sensitivity fot
silver.

3. Laboratory tracer studies 011 the design of a sequential
precipitation sampler.

4. llllprovcment and monitoring of silver analysis IIcthods.

The resul ts obtained in these areas of work are discussed in turn
below:

1. Analysis of Rain and Snow Samples for Silver

Table I sUlmIarizes tne results and conclusions from analyscs of
precipitation samples from three different areas. For llIore
detailed information see Warburton and 'toung (1968c).
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Tabl.~

Silver Concentrations in Snow (gm ml- l )

Reno-Mt. Rose Elko Proje~~~ fo.:.£J2...J~J~£.lorad.£)_

1967-68 concentra- Background not yet Background not yet
tion range well knO\~n well known

1.9 x 10-12 to UnseedeJ concen- Range of concentra-
1.9 x 10-11 trations tion

Range 4 x 10-12 to 7 x 10-12 to
1. 3 x 10-11 1.1 x 10-9

(130 samples with
measured values)

90 percent of Seeded samples Wi thout sub tracting
samples range

10-12 to
out the wlseeded

2.5 x 10-12 to 5 x samples from this
7 x 10-12 1.46 x 10- 10 group of 130

4/13 seeded samples 65 percent of all
contained samples contained

Ag > background Ag > backgrowld
(Reno) (Reno)

2/4 were outside
target areas

Ilence; Hence; lienee;

Background 25 percent success At least 65-percent
average is

10-12
with targeting success with

about 4 x targeting

2. Comparison of Analysis Method!!.

In cooperation with the laboratory of E. l30Ilay Associates at
Boulder, Colorado, comparisons have been made between the results
fOlUld from the neutron activation technique and those obt.ained
at Boulder by atomic absorption methods, using a set of snow
samples collect.ed during t.he Co-op 1 Experiment which were
divided into two halves, one for analysis in Boulder and one
for Reno. The results confirmed the result found earlier in
connection with a National Science Foundatioll research project
aimed at the use of trace analysis methods in the study of fun­
damental cloud processes; namely, atomic absorption spectro­
photometry is a reliable technique for trace silver determina­
tions in snow. TIle results were in good agreement wi th those
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obtained by neutron activation analysis. lon~exchange enrich­
lltent was used for the NAA and solvent extraction enrichment for
atOlllic absorption. The .ethods in use at Boulder are somewhat
less sensitive by a factor of about 10, so that atomic absorp­
tion, as used at present. does not measure background concentra­
tions of a few tiaes 10- 11 gm Illl- l . lfuen the sartples were from

~l~:tge: ~:e~o~ijdg~o:~~t)e~h:i~~::l~~n~~~~r~~~o~~oo~a~~;:~:ries
were in very good agreement. Out of 26 such samples which were
compared, 85 percent of the results agreed within a factor of
better than 3 to 1. In 4 samples, one order of magnitude differ­
ences were found. In 3 of these, AA Rave the higher value; in the
other, NAA was higher. At these extremely low concentrations, the
differences may have been real, as such differences could easily
have been caused by contamination of one or other of the samples
in the handling procedures. The sensitivity of these tech.niques
is such that it is iJllperative that all possible sources of
silver conta-ination be scrupulously avoided (see Warburton and
Young, 1968e).

3. Trace Studies Related to Design of a Sequential Precipitation

~

A.t the request of the Office of Atmospheric \Vater Resources of
the Bureau of Reclamation, some earlier studies of plastic films
were extended. Various films were evaluated for their absorp­
tions properties as well as theiT trace chemical content and
sensitivity in capturing and handling precipitation samples.
This work was undertaken for the purpose of assisting Meteorology
Research, Inc., in the design of a sequential precipi tation sam­
pler which could automatically obtain successive satllples of
precipitation and store thell in polyethylene containers for later
analysis for trace constituents.

More than six plastic fil_s ....ere tested for their tendency to con­
taminate a precipitation sample with elements which would confuse
or invalidate later analysis for silver. It was found that con­
tuination with alWlinum was a difficulty with some fillis. However,
either parafilm or polyethyelene is satisfactory for the purpose,
the fomer being some....hat preferable.

Testing was also carried out on a prototype sequential sampler.
Rcconunendations were made to eliminate the cross-contamination
of successive samples which was occurring in the prototype due
both to the takeup of silver and carryover of silver-containing
water on the various plastic surfaces nnd in tubing through which
the sample passed to the polyethylene containers.
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4. Improvement and Monitoring of Silver Analysis ~ethods

During the contract period. several laboratory studies were per­
fonned and modifications and improvements made in the silver
analysis procedures.

Effects of Change in Concentration of NH4CNS.

b. pH Effects on Ion-Exchange Efficiencies.

IYater Puri fication Studies.

d. Computer Analysis Procedures.

Reproducibil ity Studies.

f. Studies on Apparent Changes in Standards.

Tracing of Ice Nuclei in Snow

A. Purpose and Design

The silver analysis technique described earlier has proved very
useful in understanding flore about field cloud seeding experiments
as. for example, in the Elko Experiment described later. Uowever.
the presence of silver in snow sample does not prove that the seed­
ing caused or helped to cause the snowfall. A more refined analysis
of events would be possible if the artificial nucleus could be located
in the snow crystal. A study of the structure of the crystal will
then reveal what role, if any, it played in the nucleation of the ice
crystal.

Two procedures designed to locate the nucleus have been eXaIlined:

1. Autoradiography
2. Fluorescent tracers

B. Results

1. Autoradiography

Exploratory work was undertaken to determine whether it was pos­
sible to detect one or several silver iodide particles in a snow­
flake, with the object of refining the kinds of diagnosis which
could be useful in the design and improvement of seeding experiments.
Such a method, which would in effect detect the presence of 10- 14 g
of silver iodide lI'ould be vastly more sensitive than the bulk anal·
ysis of samples, II'hich can detect silver only if the total mass

.present exceeds 10-9 gill. Clearly. improvement by a factor of lOS
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in uitilllate sensitivity could be extremely useful in an appropriately
designed cloud seeding experillent. A description of t~is work has
been given by Warburton (1966).

2. Fluorescent Tracers

In order to be able to detect a nucleus in a crystal by its fluo­
rescence, it must be large enough to be detectable. The first part
of the task was to build a generator capable of producing such
nuclei.

A small generator has been built in which a lO-percent solution of
phloroglucinol in methanol is atomized by a jet of compressed air
to form droplets of average diameter around 4 microns; on evapora­
tion of the solvent, a particle of diameter about 2 microns is pro­
duced (Hoffer and Perthel, 1968). These are found to be effective
nuclei at teClperatures colder than -6° C. If the particles are
rendered fluorescent by the incorporation of a suitable dye, they
are easy to observe by means of a microscope. Attempts to achieve
this by incorporating fluorescein in the sprayed solution were
not encouraging because the fluorescein strongly decreased the
nucleating abi lity of the particles.

Measurements of Precipitation Profiles

A. ~ose and nesign

Studies were initiated in 1966 in order to obtain background infor­
mation which would permit a, more penetrating analysis of an area­
type cloud seeding experiment in the Sierra. The observational
network consisted of 26 cans and boards, and 5 recording gages in
July 1966; it had increased to 45 cans and boards and 13 recording
gages by June 1968. No such project is now planned, the whole
effort in field weather lllOdification experiJlents being concentrated
on the Elleo Project.

B. Results

The synoptic-scale setting of the storms. which gave rise to these
precipitation profiles has been considered. The analysis of t.he
relationships between profile and synoptic types has only just
begun.
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Generally. New England can be accurately viewed as a ''water rich"
area. Natural water sources have been on the whole adequate for a
full range of. users. Even at this time in the 20th century. when
the population of the area is at all-time high and the profusion
of water~using equipment both in the hOllle and in industry is steadily
increasing. the region's water supply sources are available in suf­
ficient quality and quantity. Perhaps there is no better indica­
tion of this ·situation than the continued reliance on a legal system
based on riparian rights and the common Im~ governing the use and
abuse of water resources.

In some "water-poor" states, particularly in the \~eatern and south~

western parts of the United States, the riparian system was never
adopted and -in others it was quickly replaced by the more efficient
and less tolerl1J1t appropriation system of water law and water use
allocation. However, New England's water supply is apparently
large enough, despite dr3lllatic increases in demand, to allow the
continuation of the riparian system.

However, valid an asseSSllent t;.his my be of the New England water
supply situation. there is some question that it will remain valid
in the future. As Edward A. Ackennan has pointed out:

The si:z:e of the expected population growth of the United States
in the next 20 years and the expected location of the Nation's
people by 1975 are such that water problems of major proportion
may be forecast . .!!

It is safe to assume that ·New England will share in the nation's
growth and the region's growth will be accompanied by an increase
in the demand for water. Whether these increases in population
and der.land will be of such magnitude to reqUire a regular program
of precipitation augmentation, however. is not clear. The New
England River Basins Commission has just recently started a COIl­
prehensive study to determine the region's probable water supply
needs into the next century. Certainly the results of this effort
will be of considerable interest to all concerned with water
resources use and development.

However, even in the absence of long-range water d~mand forecasts.
water resource officials in the region view precipitation Ilanage­
ment to be of only minor significance in any program to increase
the region's water supply. Inadequate precipitation is not usually
a major problem. The problems are related to how man stores.
distributes, and uses precipitation after it falls. ~Iore than one
official contacted during this study stated that New England's
natural supply of water was lIIOre than adequate for the probable
needs of the future. Those water supply shortages that do occur

l/Edward A. Ackenlan. "Design Study for. Economic Analysis of Weather
Modification," Final Report, Advisory COlDIDittee on Weather Control,
Vol. II (Washington: Government Printing Office. 1957). p. 236.
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can be traced to the absence of suitable storage facilities, inef­
ficient distribution facilities, an archaic and unrealistic legal
system and/or pollution. Until these problems and inadequacies are
removed or corrected, there is little reason for increasing precip­
itation in the area.

The region's natural supply of water is depleted in some areas by
man-caused pollution. Over the past fe\~ years, concerted efforts
have been made to clean-up polluted streams and to prohibit the
creation of new sources of pollution. These programs include not
only interstate streams and rivers, but also interior lakes and
ponds. Ilowever, the job is trUly a massive one and the response
of public agencies is often limited by inadequate funding. Never­
theless, expanded programs of pollution control and prevention are
viewed as essential to the success of any effort to increase the
supply of useable water in the region.

On the other hand, precipitation management or rainmaking, as most
of those contacted prefer to call it, is vicwed \<Ii th little intcrest
and even some skepticism. Of the six New England states, three
have had some experience with cloud seeding within their boundaries.
In each case, the operations were carried out to alleviate drought
conditions. particularly harmful to agricultural and forestry
interests. In each case, the appropriate state government took some
part either in initiating the operation or in providing some degree
of supervision or regulation.

Sewell and Day, interviewing a larger sample composed of non farmers
as well as farmers in Canada as well as the United States found
that residents of humid areas expressed more doubt concerning the
utility of cloud seeding than those residing in more arid areas.
A similar relationship was reported in response to the question
of governmental involvment in such activities. Those who expressed
less confidence in the utility of cloud seeding were also less
convinced that Government should be involved in such activities.

However, there was general agreement no matter where the respondent
resided or what his occupation \<las that improvements in weather
forecasting would be of greater usc than advances in cloud seed­
ing technology.21 People in New England, historically a "wet"
region, quite probably hold attitudes similar to those found by
Sewell and Day in the more humid areas included in their study.
Certainly the small number of cases where cloud seeding was carried
out and the evcn smallcr number of state statutes relating in any
way to cloud seeding support this assessment.

2/W. R. Derrick Sewell and J. C. Day, "Precipitation of Possibilities
of Weather Modification and Attitudes Towards Government Involvement,"
Human Dimensions ~ Weather ~lodification, pp. 336 ft.
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Nevertheless. these contacted in the course of this study raised
some questions related to precipitation management which might
indicate possible uses for the technology in the region. For
example, the need for improved. long-range weather forecasting was
indicated. If "dry" years could be forecast far enough in advance,
then attempts to increase precipitation from winter and spring
stonas might well be 1ll3de. Questions much like the following were
raised:

Why in 1959 did western Europe experience onc of the finest
SUDlllcrs of the century, in 1960 onc of the worst and in
1962-1963 break all records for persistent winter cold since
observations began?'y

with improvements in the accuracy of long-range forecasting.
periods of less than normal precipitation might be predicted and
selected cloud seeding operations conducted under favorable rather
than crisis conditions. Under such conditions, cloud seeding might
well prove its usefulness as a successful tool in forestalling the
effects of unusually low precipitation levels.

It ""as also stated that while officials in the New England region
might not be involved in precipitation management operations. they
would be interested in the results of similar efforts in other
parts of the nation and they would be concerned about the effects
of such efforts on New England's economy and climate.

These are sOlDe of the thoughts and questions which are expressed
on the topic of cloud seeding in New England. They indicate SOClC
skepticism, a mi Id curiousity and some possible ideas about cloud
seeding in the region - its possible applications. its utility,
and perhaps some clue to the degree of public support such opera­
tions might receive. The reactions to cloud seeding appear to be
limited by the belief that cloud seeding technology is still in
its rudiJ:lentary staRes of development "and that the region's water
needs can be met morc efficiently by other llethods. The chief con­
cerns of resourco officials can be stated as two questions:

1. How can we better store, distribute. and use the region's
natural ....ater supplies?

2. How can we better understand and predict the forces which
influence weather systems, including precipitation levels,
active in the region over a significant period of time?

Cloud seeding is a last resort, a technique to use when everything
else has been tried and failed. It will quite likely remain as

3/R. C. Sutchffe, "'eather and Climate (New York: W. 1'.'. Norton and
Co., Inc .• 1966). p-:-rss:----
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such until other improvements - in facilities and. in institutions ­
arc carried out.

A progr:m of social science research in NC\oI En~land, therefore,
should focus to a great extent on the larger questions of IlIan and
environment, on the influence of .... eather in shaping the attitudes
and institutions of society. It should focus on questions which
are already very real, not those which arc predicated on technolog­
ical advances yet to be fUlly defined.

HOlo·ever, a progru for social science research should also recog­
nize that field experimentation is an important asset if a new
technology is to he improved and tested. Since precipitation man­
agement may in fact have some beneficial applications Idthin a
"water-rich" region such as New England. an effort should be made
to provide the proper social environment for meaningfUl cloud seed­
ing experiments. Also, since cloud seeding has been carried out
under the sponsorship of Government in three states and since cloud
seeding may quite probably be tried again, under crisis conditions,
efforts should be initiated to deal effectively with those problems
which marred previous cloud seeding operations in order to avoid
their repitition in the future.
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liver increasing delllsnds on our water resources have resulted from
the gr",,'inR and varied use of water. The need for water to support
our expanding progress is I113gnificd when we look closely at the
vital role water has played in the development of our industrial,
agricultural, and domestic complex. If the Uni ted States is to
maintain its way of life and satisfy the aooitions of her people
in this changing l'o'Orld, then it is iutperative that the nation so
control its water resources that these values can be enhanced and
protected.

Runoff in the Rio Grande for the past several years has been so low
that the \~ater shortage now seems almost normal. TIle average flow
for the Rio Grande for the to-year period. 1945 to 1954, WOlS about
two-thirds that of the previous 10 years. This condition has not
materially chOlnged 'during the period 1955 through 1965. If it is
to be assUllled that streamflow is going to be average, it also can
be assUllled that it will be short. Several years of beloll normal
precipitation. along with rOlpid increases in water requirecents.
arc responsible for the current shortOlge.

The importance of WOlter resources aUp:lentation for our survival is
self-evident. Foremost ac.ong the methods of Imter resources aug­
mentation is the ~odification of weather for increased rrecipitation
and, therefore, runoff. In fact. a successful project of this sort
in the Rio Grande basin would be a blessing I~hen viewed in the light
of previous droughts. Further, the results obtained in this field
progrtlm will be applicable to silnilar areas in the ariJ southwest.

This report summarizes the research activi tios and results for the
period July 1. 1967, through June 30, 1968. ·Ib.e New ~lexico project
is physically situated within the Jemez and Sierra Nacillliento
Mountain ranges ncar Cuba, New ;'lexico.

The primary purpose of the New ;'lexico engineering reseOlrch program
is to develOp and usc precipitation augncntatioll and management
procedures to increase the quantity of celestial waters that can
be contained and used for beneficial purposes within the Iho Grande
basin. In addition, the technology developed in this specific
basin can be integrated with the technologies developed from other
research projects 11ithin '.'Project Sky,,"'ater" to allow the creation
of a national program to enhance the nation's total wator resources.
TIle region offers the opportunity to develop techniques for precipi­
tatioll tlugrnenttltion IYhere wtlter supplies arc very critical and IdlCre
the physical constraints enhance the probability of a successful
program. TIle drain~ge basin is very well defined and contains
approximately 350 square miles. l1Jc climate,· hydrology. geography,
and logistics arc very unique in the I\'~'W ;'lexico program.
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A research and experimental program to objectively manage precipi~

tation augmentation frOl:l winter orographic snow storms must include
the following components:

a. A statistical design that will determine the experimental
units, and procedures for data collection and analysis.

b. A scientific study of the meteorological parameters to deter­
mine treatibility of natural storm systems.

An adequate treatment delivery and measurement system.

d. An adequate terrestrial precipitation measurement system.

o. Adequate support facilities, such as transportation, communi­
cations, radar, radiosonde releasing and tracking, and emergency
shelters.

f. Cooperative I.;ork agreements with other state and governmental
agencies (U.S. Forest Service, U.S. Soil Conservation Service,
U.S. Atomic Energy Corporation, U.S. Geological Survey, New ~jexico

Engineers Office, New ~lexico Fish and Game Department).

g. A good public relationship \'l'ith the citizens of the experi­
mental area and its environs. \

h. A comprehensive analysis system to evaluate data within a
reasonab Ie time.

i. Sufficient funds and personnel to adequately complete the
experimental program within a reasonable timo.

The New ~lexico Project has been involved in the development and
implementation of each of these components. 'lhe amount of effort
expanded has been limited by a lack of scientific personnel
(meteorologists), transportation facilities, procipitation and icc
nuclei measuring equipment, and finances.

lhe specific area of field experimentation is located within the
Jemez and Siorra Naciemiento I·lountain Ranges in the Rio Grande River
basin. The activities of the personnel and the research results
are summarized as follows:

Field year 1968 was used to plan and initiate the field research
program. The initial \'iork Plans were based upon a contract funding
of SllO,OOO and a hope that both personnel and equipment could be
obtained. The funds were cut to $90,000 early in 1963 and then
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restored in mid-tolay to the original amount. As 3 result, the
purchase of a cOJlllllunication s)'stelil and a radiosonde receiver system
was delayed until after the winter 1aC3SUrel:'lCnt season was over.

All adr.tinistrative and field employees were obtained except a
meteorologist. Several applicants fur the position were evaluated.
however, none were found .suitable for a field research program.
The project needed the services of one or more meteorologists to
assist in planning the field operations, evaluating the atmospheric
data and making the weather forecasts.

The statistical design requires the use of precipitation data from
both a target area and a control area. The Mt. Taylor target area
was not instrtllJ.cnted during the FY 1968. Insufficient funds were
available for telcmetered precipitation stations. !In alternative
of using a field technician and a ski-doo to service the three stations
every 10 days has been under study.

Detailed analysis of historical storm systems passing through the
experimental area has been completed. Surface l~eather ~laps and
500 and 700 mb information from the U. S. Weather Bureau's "Daily
l~eather ~laps" have been used with Daily l~eather Forecasts from the
Forecast 8ranch of the White Sands Missile Range Facilities in the
analysis.

The types of frontal systelllS have been discussed with respect to
both the frequency of occurrence and their iqJortancc to the JCJ:IeZ
experimental area. Frontal systems that advect I:loisture into the
experimental area from the Gulf have produced the r:Jajor precipitation
stoTJllS .

Vertical time cross-sections for the weather of FY 1968 were prepared.
Temperatures, pressures, freezing levels, precipitable water. and
500-700 mb heights and winds were presented for each starn.

Personal observations of weather during storms were very valuable
in the analysis of data.

Stonns are very complex and have proven difficult to categorize.
They are made up of a series of components which interact and Make
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weather forecasting very di fficult. The science of forecasting h;J.s
grown considerably in recent years. The important variables and
their ranges have been well defined. TIle variables utilized by the
New ~lexico personnel for the expcrilllClltal research project are;

Direction of stOTIII JlK)velllent

b. AmolUlt of precipitable water avai"lable

c. Temperature, wind field, press.ure and heights at. 400, SOD,
and 700 m levels

d. Freezing level relative to ground level

Bottom and top elevations of storm system

f. General SOD-lID synoptic map of the entire Unit.ed States.

rive nuclei generators were designed, fahricated, ond successfully
used in the target area. 'll1e units use a 2 percent AgI-Acetone solution
in conjunction with Do pressurized propane systeln. Special care had
to be cxercised with the syringe injection component. Purging followed
by routine cleansing was required. A unit was taken to Prof. Steele's
laboratory at Colorado State lhlivcrsity for calibration. A calibration
curve was obtained; however, its precision was not as good as desired.
Actual field "seeding" was liaited to a series of sh.ort-tir.lC diffusion
studies.

Nuclei Counter _- Diffusion Study

An NCAR-Type acoustical nuclei counter was delivered to the project
office in las Cnlces, New ~lexico in January 1968. Insufficient
directions for assembly. missing parts and no directions for opera­
tion of the counter delayed its actual use for three ....eeks. A
separat.e port.able power supply was purchased so the unit could be
used for diffusion studies within the target area.

'1110 counter was used in il "Special Diffusion Study" on February 27-28,
1968. Satisfactory results were obtained from the study.
Concentration levels of AgI nuclei in the target area at three
points \~ere measured. '111e response of the counter to a pulsing
of the generators was excellent. A complete plume analysis was not
performed due to the lack of an over-sno,," vehicle.

11\e Icc Crystal Replicator was received and used in february 1!J6&.
Roads that l~ere not passable wi.thout over-snow vehicles prevented
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the crew froD! reaching areas wi thin the target areas where the teCl­
peratures were _80 C. The results of the replicas wcre unsatisfactory.

Terrestrial ~leasureJ.1ellt System

The Soil Conservation Service has measured 9 of 12 snow courses in
the target area and its environs. Road 103 (additional three snow
courses) is impassable in midwinter without the use of an over­
snow vehicle. A snow cat was purchased after the winter season was
over.

Project personnel installed and serviced 15 precipitation stations
within the experimental area. TIle sites \~ere selected to present
a grid system at variable elevations. Precipitation stations were
not installed in the ~Jt. Taylor control area. Precipitation data
for the period of measurement (January 4 to '-larch 20, 1968) can be
SWilCari~ed as follows:

a. Precipitation of 6.53 inches fell at Blue Bird ~~sa, a 10'"
of 2.22 inches fell at Telephone Canyon No.3, with 311 average
of 4.32 inches for the experimental area.

b. Nine ston,lS passed over the experimental area.

c. Twenty-two days had a recorded precipitation greater than
0.01 inches.

d. Forty-nine "seednble units" \~cre identified.

e. nle maximum intensity of precipitntioll was 0.48 inches
per hour at Clear Creek and was recorded on February 14, 1968.

f. The stoms were generally spread over the entire 3rea,
but wcre not of unifoI'lll intensity nor duration.

Project personnel installed 31lu serviced two ~m.I r·iechanical Weather
Stations at Blue Bird ~k:sa and Rock Creek ~lesa. The predominant
wind direction for the areas J:leasured was west to southwest and
the ran~e in tClllperature was from - 20 0 F to 57 0 F for the period
i~(jvc~'lber 17. 1967, to "pri 1 8, 1968.

TIle project used tl~O 4-wheel drive anu one 2-wheel drive vehicles
for transportation into the experimental 3rea. TIlis arrangement
was uns3tisfactory because 3n over-snow vehicle was needed for the
period of January 1 - ~larch 15 in the deep interior of the target
area. An agreement was made to utilize a SCS snol\'-cat. lIowover.
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the vehicle was delivered after the winter season had ended. The
vehicles rented fron the Physical Science Laboratory had frequent
breakdowns that interrupted field activities.

A radio communication system was approved by the Federal Communications
Commission and the New ~lexico [)cpartment of Radio Communications for
use in the experimental area. Specifications \"ere submitted to
commercial suppliers, bids h'ere opened, however, the purchase l.as
delayed until June 1968.

A field office was located at Cuba, New Hexico to provide a cen­
tralized control for field activities. House trailers were located
in Cuba, La Cueva and on rarest Service Road 103 for routino use.
Emergency shelters and supplies have been located on Blue Bird ~lesa,

Fenton Lake, Red Top ~Iountaill and Cerro Pelado Peak.

A Wilcox 890 Series Radar and van was located on Cuba ",losa. It is
a manual tracking unit with a relatively short range for snow storm
systems. TIle unit was modified to utilize a camera for pictures of
the PPI scope. The unit with its attendant camera, the two MRI weather
stations and the daily weather log has proven very valuable in con~

junction with the forecasts from the U.S. Weather Bureau in
Albuquerque in es~ablishing and recognizing "seedable units."

Personnel from the following organizations were cooperative an
helpful in the establishment of the research program:

a. Office of Atmospheric Water Resources, Bureau of Reclamation,
Denver, Colorado.

b. U.S. Forest Service, Rangers in the experimental area and
Administrators in Santa Fe, Now Mexico.

c. U.S. Soil Conservation Service, Snow Survey Supervisor at
Colorado State University and Administrators at Albuquerque,
Ne\~ ~lexico.

d. TIle Physical Science Laboratory Administrators, Engineers
and Technicians, New l-1exico State University, Las Cruces, New Mexico.

e. U.S. Geological Survey, Surface Water Branch, Santa Fe,
New Nexico.

f. U.S. Weather Bureau Office, Albuquerque, New Mexico.

g. White Sands ~lissile Range, Weather Forecast Branch, White
Sands Missile Range, New ~lexico.

134



ANNUAL REPORT

February 1 through June 30, 1968

to

Bureau of Reclamation

Department of Interior

Richard M. Schotland
New York University
Geophysical Sciences La.boratory

135





I. Purpose of the Program

The spatial distribution of atmospheric water vapor is a basic

parameter in weather modification studies. Normally this information

is obtained by means of instrumented aircraft or radiosondes. Both

of these techniques are of limited value when as is often the case it

is necessary to monitor on a continuous basis a specific region of

the atmosphere. For this reason it would be desirable to develop

a ground based system which could perform such studies. Theoretical

and experimental investigations carried out at New York University

over th.e past years have indicated that spectroscopic measurements

utilizing a ruby laser system could be used in this application. One

of the objects of this program is to develop an optical radar suitable

for field studies of atmospheric water vapor.

A second objective of the program is to develop a method t:>

differentiate between cloud particles in the liquid and ices phases

using a ground based laser radar systeIn. In this applicaticn a COIn­

parison will be Inade of depolarization ratios in the back scattered

laser return as a function of the shape and size of the cloud elements.

The back scattered radiation from spherically symmetrical and uni­

form elem.ents such as cloud droplets retain the polarization of the

incident energy while the energy returned froIn non symmetrical

ice crystals will be partially depolarized.
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ll. Discussion o( Work Undertaken During the Reporting Period

Za Introduction

In the conventional spectroscopic method (or determining a

water vapor profile one essentially studies the attenuation of a nearly

monochromatic beam of light whose wavelength corrcspondlJ to an

absorption line of water vapor. The distribution of the gas along

the optical path is determined by observing the differential absorp­

tion which occurs as the distance between the source and the detector

is varied. The spectroscopic method can be applied to the atmos­

phere via optical radar by utilizing as an energy source the molecular

and particulat.e back scatter which occurs when a pulse of light is pro­

jected into the atrrlOsphcre.

If a receiver is located adjacent to the source of the light

pulse. then the time history of the detected energy can be interpreted

in terms of the spatial distribution of the water vapor and other atten­

uating constituents. A schematic diagram of such a system is shown

in Figure 1.

The rapid development of the pulsed ruby laser has provided

an energy source suitable for the study of water vapor. This laser

oscillates at approxintately 6943 AO at a temperature of 300K and

can be thermally tuned through the range 6934 to 6950 AO (Abella

and Cummins. 1961). This spectral region includes several moder­

ately intense lines of the 6981 A~ band of water vapor. The output
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of the laser when operated in the IQ switched' mode is of the order

of 20 nanoseconds in time or 3 effective meters in space. The beam

divergence of the laser is approximately 5 milliradians and this value

may be reduced by suitable optics.

An analysis has been performed of the operation of the Lidar

(laser radar) spectrometer. A transfer equation was developed and

evaluat.ed which related the received power to that which was trans­

mitted as a function of altitude of the Lidar pulse. The results of

this calculation have been used in a signal to noise study of the system

as a function of the system parameters. The results of this work

indicate that it is probable that a transportable lidar spectrometer

can be constructed which will measure the spatial distribution of

water vapor in the first four kilometers of the atmosphere.

2b Lidar System Design

The basic concept followed in the design of the Lidar (laser

radar) spectrometer is that the system be a portable package which

will yield in a. real time the sp3.tial distribution of water vapor. Real

time means in this context that the computing functions will be per­

fonned during the tilne interval between the puleing of the ruby laser.

Portable means that the system will be mounted in a van and require

no external sources of power.

A block diagram of the system is given in Figure 2. The

major elements are as follows:
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1. Ruby Laser Pockel cell '0 switch'.

2. Etalon control unit.

3. Optical collector (lTlirror and predetection filter).

4. Detector.

5. Data handling system (computer).

ill Problem Areas Remaining

1. Optimization of the lidar detector system.

2. Servo control of the frequency stabilizing etalon.

3. Design of data recording system.

4. Experimental analysis of ice crystal depolarization pro­

perties.

140



Figure 1. Schematic of Lidar Spectrometer
(Beam divergence exaggerated)
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HYDROlOGIC BEHAVIOR OF SELECTED WATERSHEDS
HI THE llORTHERN APPALACHIAll REGIOH

I.~

The obje:;Uves of this proje:;t are to :;ondu:;t research in, and to
develop a derinite proce:1u:e for pre:1icting hydrologic behavior of
.....atersheds in the northe::-n appalachian regions including the iT:lpact of
the application of precipi'tation modification techniques.

SUMMARY OF METHODS AND PROCEDURES

A. Select sever'll ·..atershe:1s that as a group are generally
representative of ....atershe:1s in the ridge and ve.lley region
of the north~rn half of the Ap;palachian UOWltains.
Collect and analyze hydrol:>gic, climatic, physiographic and other
pertinent data for the selected watersheds.

B. utilize Il1ld modify certain existir.g mathematical ....atershed models
suitable for simulating a ....ide range of hydro-meteorological
conditions and effects for the s"'lected ....atersheds; prepare the
necessary computer programs and process input data; and subject
the mcdels to sensitivity ana.lyais to determine the degree of
accuracty needed on inputs to achieve accurate model output.

C. Utilize model tc simulate ....atershed behavior for a "ide range
of historic and synthesized precipitation events using both
natural and estimat!';d modified precipitation data.

D. I'lake generalizEd :preliminary plannjng estimates on 1le.ter supply
augment.ation in selec'ted ri ver basins ot' the northern Appalachian
Regbns, 1lith estimates for augmentat.ion possibilities during
low !lov periods.

A. Selection ot' Watersheds for St.udY

Streamnov data coll~cted and pUblished by the U. S. Geological Survey
t'or watersheds in the upper Appalachian Mountain region and streamflow data
for experimental "atersheds operated by the U. S. Forest Service will be
used to search out possible suitable ....atersheds for· use in this study,

Initial criteria established tor suitable watersheds are as follovs:

1. Watersheds under 100 sq. mi. in area,
2. Streamflow monitored by 8. wa.ter-·level recorder,
3. A stable stage_discharge rela.tionship for the entire period

ofre:;ord,
4. Minimum or no et'fect of ice on wint~r months' record,
5. Published record shOUld be rated "excellent" whiCh indicates that,

in general, the error in the daily records is less than 5 percent,
6. No regulation or diversion of runoff on the watershed,



7. Minlnum leng"h of' rec?rd of 15 years and pref'erably longer,
8. Relativtoly s>;able land-use ?n the watershed for the period of

re~Gr:i,

9. O,..:od t,o exc~llen" pre.:oj,pitation records for the ....atershed.

Afcer a site inspection of the potential watersheds is completed,
final sele:tion of the ....atenneds to be used in the study w111 be made.
All necessary hydrol.::gLc, cEl:latic, and physiographic data will then be
collected.

Streamfl?w re:o:ds from the sele:led watersheds will be compared with
regional n:reamfl·;Iw chara~,'_er!stics to 1etermine representativeness.

B. Models to be Utilized

In this model (.fig. 1) the .·at,ershed is divided in 5 storages which form a
cascade, chat is 'the out:flew ouc of one scm'age bee ones inflow or supp~ for
the next. The stcrages are ,;paced according to the slope on the catchment and
each storage is a lumped representation of cat.chment properties like soil
textural class, veget.ation, land use, etc. which can be associated with the
slope of thE storage. The o';tput of the ID;ldel is a hydrograph with ordinates
at appropr~ate 'tins l:lt",r'/a,ls.

O,,:'pU"'S sU:h ;'5 fl::ds :a:. be gen~ra:ed by using real time data. For
eX8.l'Irple, e. ~er'~!. or f:Lcd$~ar; be obtained by means of random sampling
l,hrouiYl freq:uenqt distribut.lcn functi~ns tor the magnitudes of the major
chW"lging fact::'rs of the 5tQrm pr~::luc;'ng system, like time distribution of
rainfall intensi'tieo. stcrl'! durat~Qns, soil mo~sture content, etc. It a
suitable l,ai:r:fall -im::".mt is used problem cat.chment it is also possible
to assign a proba1:il1ty t: ~he value of the generated flood series.
Theref.cre tohe l1I<..:le1 has the to show peak rates and hydrographs
fo~ a vari,;ty of inl'uts.

2. n,B. Raphae';'.,!.larkov Chain M::-del

'I'he main ccn"er:l of this model (Fig. 2) is t.he relationship between
preclpitatbn and ..he resultant runoff fr:Jm a system of watersheds. By
"runo~f" ~n1y that pcrt.ion of t.he total :flow is considered which appears
as the surface run-;.ff due to <oxcee" precipitation.

Various meth"'Jds ha',e been pnposed and developed in hydrograph analysis,
incl·lding the UfiH hydrcgraph analysis, the synthe"tic unit hydrograph method,
the dimensionlHd hydrognph m,;thod, etc. Here, the problem of predicting
the resultant r,Jpcff d'.l'" to a rain Storm or a series of rain storms passing
ever an interconn",cted system of watersheds was dealt with using a probability
theory methodology. In add.Ltlon, the developed model gives th... rinal pro­
portions or the perc",n"ages of wat.er goi"g into t.he categories of evapo_
tranepirlltion. deep ground see~age. and surfece flow.

It was assumed that <Ill the precipitation water was lost from the system
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throU&h one of three wa;ys: evapotranspiration, seepa,ge to ground, and surface
nov. It vas also I!U>sumed tbat prior knowledge of the evapotranspiration
coeffie1ent or some fUnctio:! of it, seep«,ge coefficbmt or its fUnction and
the surface nov coefficient or SOI::e fUnction of it exists or can be estimated
on a regional basis. '!bese ~oetticients determine the C1aUDt of vater that
evaporates. the amount which seeps into tbe ground, &lid that which is aV&1l.able
as surface nov. 'nle:y are the transfer coefficient. w!:lich go.em the nov
of water through a watershed or through the vhole system of vatersheds.

The model treated these initial. or direct coefficient. as transitiOll
probabilities. The:y were set up in the form of a SQ.uare III&trix. Given
the three v~s through whIch all the water Val lost, that is. 8iven
l'!vapotranspiration, seepage and the surface flOW', if the intl'!rconnected
s:ystem of watersheds had m watersheds, then the _trix would be .. (m + 3) x
(m + 3) IQ.Ua.re IIW.trix consisting of tbl'!llI!! various trans:fer coefficienta.

The IIIOdel. is a discrete tillll'! p&:remeter absorbing Markov ch&1n witb
evaporation, seepage and .u:rt'ace nov &I the three absorbing .tates. nus
_ant that the volw::e of vater which entered the aystea vas eventually
absorbed into oce of these three states.

'1'he (a + 3) x (a + 3) _trill: vas raised to T&ri.ous powers UDtil all
the entries in a portio:! of it approach zero. '!bese powers represent a
transitlon from one t1Jse period 'to &lother. A math8lllll.tical lIIllll.ipu.lation of
these powers and thel:r entries gives e model. which can conveniently be used
to generate the resultant outputs given the input fUnc1;iOfls. In this w~,

output tlydrographs for the s:ystem can be gene:rated. The lIIO<lel can also be
used to give the total response behavior of the system.

Thus. it vas assUIIled that, theoretically. the hydrologic phenomenon
of su:rfacl'! now due to ralnfBJ.l would approach that of an absorbing Markov
chll1n with certain abao:rbing statea in the bo(ly of the chain. The
prereQ.uiaites for a prediction with a Markov Chain are (1) a given starting
state alJ,d (2) the probabilities of transferring tbe procel8 from one state
to another in a given ti_ period. Silll11arly. for II. surface flow estimation
in hydrology. tbe various tran.fer coefficient. o:r prob8ll11.itiea could be
estime.ted and a starting .tate could be specified, The 0Il1y" diN'ieul.ty
that ari.e. here is due to the fact that these tra.nsfer coetttcients ae,y not
n=a1n coastant tor the eIltire t1Jse interval in a hydrologic eyel.e UDder
stud;y. TlIis...,. be due to the varying sol1 aoisture conditions. varying
precipitations and vary1na: e11Jll.ate.

To make soae provision for thi•• the tralJ,s1'er coefficients vill be
est1Jllated as an averaas of various proportions for the total t1lse period
eonaide:red for the stud¥. The total. rainfall. and the total surface flev
attributed to this rainfall will be est1Jllated fram regional data. A
sophisticated eQ.uation sbmring the relationship between the rainfall. and
the surfae.e flev could be worked out to give considel'!I;tion to toil
conditions and the other p~dca.l characteristics of the b8llin. This would
have :rsqui:red an ilDJllense amount of time. Hl'!nce. an enginee:ring apprO!l;ch to
the problem ot estimating will be followed in carrying out this pilot study.

Figure 3 shows hev$o river basin'a hydrologic behavior would be
si.mul.ated by the lllOdel.
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3. Stanford Watershed Model

The Stanford Watershed Model is a mathematical representation of the
hydrologic cycle developed to simulate watershed behavior. It was designed
to produce a continuous runoff hydrograph :from inputs of cHJl1atological
data and watershed parameters such as surface characteristics, soil moisture
storage and retention properties, groundwater storage and discharge
characteristics, and channel configuration.

The major input data are precipitation and potential evapotranspiration.
Calculations begin from a k.rloom or assumed soil mOisture cortdition and
continue until all input data is exhausted. Precipitation is stored in
three zones. These are the upper and lower soil moisture storage zones and
groundwater storage. The upper and lower soil moisture zones control over­
land flow, infiltration, interflow, and inflOW to groundwater storage.
The upper zone simulates the initial watershed response to rainfall,
particularly smalJ. storms. The lower zone controls watershed response
to large major storms by" controlling longer term infiltration rates.
Groundwater storage supplies controls the base flow to strewn Channels.
Evaporation and transporation IIlail' occur from all three storage zones.

The total che,nnel inflow from overlanc1 flow, interflow, aud groundwater
enters the chW'lnel system silllUlation and emerges as a s)'llthesizec1 continuous
byc1rograph of outflow from the watershed.

C. Sendtivity Analysh

When the three models have beeo adapted to an Appalschie.n watershed,
sensitivity studies will then be made. The purpose of these studies will
be to eValuate the respoose sensitivity" or each of these models to the various
required hydrologic inputs. particularly" the precipitation parameter.

The aim of these investigation!!. is to determine the accuracy" and
e:fficiency 0:: each of the models in terms of their ability to predict the
downstre8.JII hydrograph resulting frOlll the various precipitation inputs.
The stUdies will si.mulate high flow and low flow conditions in the water­
shed systems. It is hoped tha:l; !ill evaluation can be m.a.de as to the best
model for prediction for Ii. given set of' watershed conditi0ns.

The possibility of a combination and a synthesis of the models will
be conSidered. hJ it is high1¥ posslble that each model will have
strengths that the others do not -have, an a.ttempt to 'cOlllbine the streogths
of each into a single effective Appalachian model will be made. However.
developing a new model goes beyond the scope of this initial project.

The basic bench· mark for evaluation will. be the actual streamfl.ow
data for the .watershed sy"stem. Each model will be tested to see how
accurately it can resp:Jnd,to the recorded hy"dr,ologic input over time.
An e'{aluation will then be made as to the efficiency of, each model, wi-th
respect to time.and ltlOney, in producing its response. With this type-of
informatioq. the search for an .optimal modeling technique ce.n be started.
Studies will then be made using an assortment of synthesized possible
inputs to the modeled system.
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D. Application of \'atershed Model to Other Larger Regional Watersheds

Based on the information gained from the sensitivity analysis one of
the models "'ill be selected for uSe in making some preliminary planning
estiT.'.ates on water supply augr.lentation in the stUdy watersheds and also on
other regional watersheds. Initially only the study watersheds "'ill be
utihzed. llo·..ever, ..athin the limits of tine and funding tilis will be
expanded to larger watershedS and river basins in the northern Appalachian
region.

SOIlle rather naive assw.lptions will be applied to ",eather modification
potentials since there is not a suitable seedability analysis for this
region. At this time it is anticipated that the approach will be to aSSUllle
varying preclpitation increases of 5, 10, 15 and 20 percent, etc. These
increases will be distribut-ed in different areal patterns over the watershed.
These Increases \l111 be applled to historic situations that Would initially
appear to have sOrJe seeding potential. The nwnber of such historIc
situations covered and the areas involved would again depend on the tine
and funding avaIlable. It is currently anticipated that the "C\lI'lIulus
~~odel" (Davis and ~Ieinstein) Or sane modification thereof will be used
to select events with sone SEeding potential. However, before any fino
decisions are made on the use of this !!lodel, the \latersheds must first
be analyzed.

These stUdies \lill not consider the cases 'When snow is present
on the grcund<

WORK ACCOMPLISHED DURHlG THE PERIOD APRIL I TO JUNE 30 1968

A. Watershed Sei."'ct!on

Six watersheds \lere selected in the Appalachian !4ountain region of
Central Pennsylvania. (Fig ~). Hydrclogic, clinatic, physiographic, and
land-use data \lere collected for each watershed fro:n published U.S.G.S.
streW'!low records, t·opographic maps, and field inspection. These data
are SUllll'l&.rized In Tables 1 to 5. Table 1 lists the six potential
study watersheds. Table 2 gives pertinent data available on the surrounding
larger basl-ns of which the study areas are sub-\latersheds. Table 3 presents
the physical characteristlcs of the study \latersheds. To determine the
representativeness of the selected watersheds, streamflow characteristics
of the six study watersheds \lere compared vith average regional streamflO\l
characteristics (Tables 4 and 5).

B. Watershed Model Modification and Adaptlon

The Hiemstra Model has been mOdified to improve the infiltration portion
of the r.todel and to adopt it to the Northern Appalachian region. The progrwn
is no'" ready to operate on the University lB.\! MOdel 67 co<nputer. The Leading
Ridge experimental watershed has been selected for initial hydrograph
simulahon because the watershed h;lS been under intensive study during the
past nIne years and hydrologic and climatic records are readily available

The Raphael-],larkov Chain Mod",l criginally developed at the Pennsylvania
State University has also been modified and adapted to t_he ne\l IR\! 360 Model
67 conputer and is 1I0W in operation. This model will be used later in the
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litlldy to syr.thetlae hydrcgraphs tor tlle watershed. syst.e.::l on tbe Vest Branch of
tbe S".lJi(i.Uet.iUlrta. River.

'the Hie.lll6trs-Rapbael ltybrid Kadel. From Nlsearcll to date, a comblIl&tiOll
~!' t.h'!' abo"Je (.\/'o ~ls appe_", posl;ible and potentl&1ly U5ef'ul. On the
basi(; ':Jf prelim11ULry resulte the Hieastra .:>del appears 'to ,atbta.etorl1¥
port-ray the hydrologic behavior of snaJ..l watersheds and prov14e1 NlUOIlab1¥
acclU'lLte hydrelogic output parame'ters. 'l'hestl outputs. in tllnl, can be used
as inputs to the Raphael model lIhieb vas developed originally to 4eal with
larger buin!! and complex watershed systems.
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V. CElfERAL OO~S

Since this report covers only the first three .l*)Dths or the cootract period.
only the very prelimiIlery work has been accm::pl.1IIIe4. Due to tllis there aN
neither positive or negl.tive results Il.S or June )0, 1968.

One potentill.l problell area hll.S recently been note4. 'l'hi. is the conversion
::>£ the StllJltcrd liatershed 1t:ldel to the Penn State Cocputer. A detailed study
ot ttU'5 h c',lrrently undervay.

lio repona or publhbed papers have been issued on this resee.reh. other
than required by the contract.
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1. INTRODUCTION

'l'he purpose of this report is to sUJ:llliarize prOi',l"ess achievea by
the Institute of Atll'lOspheric Sciences under Project Skywater during
the period 1 July 1967 to 30 June 19£8. I1esu1ts to 30 June 1961 were
sumr.arized in the Institute's P.eport 67-4, vhich ·...as incorporatea in
Volwr.e 2 of t3e Project Skywater 1967 annual report.

The work under Project Sk~'\Ia.ter durinF fiscal year 19;";8 was
directed again toward tbe developr.lent of neans to increese rainfall
from the cunuliform clouds characteristic of the northern Great Plains
during the stu:'!tl.er months.

The work performed durine the period and the results obtained are
outlined briefly in the follovine section. Probler.:. areas that need
further work before the contract objectives can be achieved are dis­
cussed in Section 3.

'The reports published and papers presented by Institute staff
members during the year are given in the Appendix.

2. THE YEAR'S ....ORK

The year's work vas carried out under the overaJ.l direction of
Dr. Richard A. Schleusener, director of the Institute, with the
assistance of J8IT.es :j. SilJ'll'_ons, amunistrative officer.

The scientific and techl!icl'.l starr l!Ierbers were organized in four
~roups for their research work. Dr. liarold Orville> with the assistance
of several graduate students> pursued his research on cu::lulus dyn8Jr.ics
using coroputer a::<>dels. A cloud physics laboratory was Q!>erated by
Dr. Briant L. Davis and John A. Donnan. A Meteorological analysis
group headed by Dr. Arnett S. Dennis undertook an analysis of all cloud
seeding experiments and cloud penetration data obtained by the Institute un
to the fall of 1967. Hembers of this group also handled the day-to-d~

conduct of the various field experinents (Fig. 1). The radar and
instrumentation group, headed by Dr. Paul L. Smith, n:aintained all radar
and aircraft instrumentation and assUl":led respon3ibility for incorporating
new equipment. including a PDP-8 computer, into the Institute '5 research
program.

2.2 C\lJ'Iulus Dynarr.ics

The t'Wo-dicensional numerical model of a cumulus cloud developiJ:lC'
over e. ridge was improved further durin( the yee.r. The r.,ost notable

167



-:-~~~;~~"'-'~-
: PROJ~G.T•••• .(

.." \

~ tEAST;'-VER 'ROJEC~
<~ ,~

-----------.-------- ~-----~. -. ,
'\ '.

Figure 1. Map showing locations or 1"ield proJects.

Figure 2. Fields of lIlotiOD, temperature, and moisture in and around
numerical. cloudE. Dashed lines show stream function in 1112 sec- 1 ; solid
lines sho,", tefllperature deviation from a base state in °C; dash-cot lines
are isohumes in glIl kg-I. The slanted lines depict the cloud (100% rela­
ti ve humid! ty) and the dots depict all rainwater content equal to or
greater than 2.5 x 10- 5• Total tilne of heatir.g and evaporation in minutes
is shovn in the upper riRht-hand corner.
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change was the incorporation of a preci:pi tation process. This was
c.one usin[; parameterized conversion factors to a.ccount for the coales­
cence of clouo. drO!llcts into rainc.rops a,no. the accretion of cloud
water to existinG raindrops. The results confirm that the fOIT.lation
of precipita_tion in cunulus clouds affects their (O;rowth and dissipation.
'fhe principal effects nre the formation of a ciowndraft in the unsaturated
rainfilled air beneath and to tile side of the cloud, and the creation
of rainfall at the ground if the evaporation of raindrops is slow enough.

Other features added to the model allow the mountain slopes to
be heated at different rates, simUlating shady and sunny slopes. Also,
any clowis formed may cast shado..:s ,rhich affect the resulting motion,
particularly if the shadows fallon the mountain slODes. 'fhe inter­
action of cloud with the under~'ing terrain through ~hadow and rainfall
processes is perhaps more important to further cloud development than
the internal effects of precipitation.

The computations are carried out on the CDc-66oo computer at the
!~ational Center for Atmospheric Research. A CRT display of the outline
of clouds and precipitation areas provides time-lapse pictures of the
grOwth of the numerical clouds (Fig. 2). Subsequent viewing of the
displa¥ is proving usefUl in clarif~,.ing the behavior of cumulus clouds
under varJing envirorunental cono.itions.

In addition to the meteorological studies, a number of investigations
have been made into possible sources of eITor in the numerical model.
The problem of impli~it diffusion, which is inherent in many numerical
cloud models, is the subject of a note recently accepted for publication
in the Journal of the Atmosnheric Sciences.

2.3 Cloud Physics Laboratory

Activities in the cloud physics laboratory centered around a
wind tunnel/cloud chambers facility and a nucleation studies facility.

'l'he cold chambers and associated fog and aerosol production
assemblies for the wind tunnel/cloud chambers facility were constructed
and placed in operation during the year (Fig. 3).

In the original design, the optical/photographic systen for the
facility 11M to consist of an NP-3 Polaroid Land Camera mounted on a
lens-prism arrangement. Although some pictures '",ere obtained to
lllagnificatioml of 150 power, the insertion of the fi·:tm pack threw the
crystal image out of focus and resuJ.tec. in low quality photographs.
Fu::-ther research resulted in the adoption of the !hkon luI'1[ system,
which permits focusing and vie\~ing of the crystals in a through-the-Iens
s~'sten. Five such i<ikon systems have been purchased and satisfactor,{
photographs have been obtained. Some problems which occurred in the film­
advance syster.l have been resolved by replacing the original film tracks
wi th 'I'eflon tracks.
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Figure 3. Interior of cold chamber facility.

Upper center: Clear plastic foe; generator and fog injection manifold.
Lett: Five cold chambers • ..,ith fog injection and film advance syster.lS.
Center; t-tovahle photographic system.

.:~
.. ,1._

--~ -"'--
"0' .... ,t,o ,.'

'Y~:~~'

Figure 4. Technician Janet Wood operating air preparation
system in nucleation studies faCility.
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The original testing of the optical system ....as carried out in
conjunction ... i th testing of the P'Jrotechnic devices. We have found that
the flo-'" pattern is as expected. the saIl'pling tubes are operational,
ar.d the filters seem to be as effective as specified by the manufacturer.
However, there are minor problell:s involvin~ rapid clog~ing of the filter
and consequent reduction of the flow rate. A pressure gaUf':e hAS been
1I'.ounted in the filter ch8l:lber to detent1ne \l'hen the filt.er should be
replaced.

Six basic research studies were carried on usinp: the nucleation
studies facility (f<'ig. 4). These will nOW' be de::;cribed separately.

(1) The effect of defonr..ation on the nucleatin~

ability of silver iodide, covellite, anc kaolinite.

A considerable amount of time was put into a stU<l.V of defolT.'ed­
undefonr.ed pairs of the above ::lucleants in an optical cold charr.ber,
at constant saturation ratio and temperature. It was observed for all
three compounds that the tirr.e-dependent nucleatlnr. ability for th~

deformed material was much higher than for the undeforrr.ed material.
\~e feel that the effect here is due to the stored strain enere.Y from
the crushing process, which introduces dislocations and an elastic
homogeneous strain into the sareple. A coreprehensive report describing
this process and the sources of energy involved is being prepared at
the present til!le.

(2) Additional data on the freezinf/: and suhlination
thresholds as determined at high initial super­
saturations in the x-ray cloud chamber.

By successive injection of clean lI'Oist air and lI\Oist cir contain!n@:
conc.ensation nuclei at 5° intervals froc -2OC to -8OC, ....e vere able
to ooserve chanp:es in cloud density. cloud dissipation rates, and ice
fo:n::ation that depict the positicn of both t.he homogeneous freezing a."Id
(we believe) hou.ogeneous sublimation thresholds.

(3) The effect of silver iodide nuclei on the freezing
or pure water end of dilute iiaCl solutions.

This study "'e.& carried out usinp; the optical systen' in It manner
similar to the deformation experiments, the freezin; of solutions and
pure water being carried out by pairs under identical conditions. We
have observed that the presence of dilute (.007 molal) solutions,
such as would be expected by salt seeo.in~ in cumulus clouds. have little
effect upon the supercooling and subsequent freezing. 'l'he results of
this study are being publishec. in the Proceedin/?s of the South Dakota
Academy of Science.
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(II) lin analysis of the cubic and hexar-onal p;,ases
in silver iodide ag£ref:'.ates.

II short study involvin(" the determination of a calibration curve
to calculate the ratio of cubic to hexap:onal in silver iodide
rdxtures w~s carried out during this year. encour.tered SOF.Le unique
prooleF..s because of the softness of silver iodide, and the formation
of the cubic phase during r,rindinF. II relatively sinple technique
was devised, however, to provide a relatively accurate and reproducible
method for the analysis. The results have been sub~itted to the
!!£1E'~-2!...!J..P.P.!j.~CrYsta1-l.-0..f~.p~_ for possible publication.

(5) Eesearch carried out at the Yellowstone
Pield Expedition (YFRE-8).

Durin;;: the one-week stay at Yellowstone, one of the members of
the Cloud Physics Laboratory suspended srr.all ice pellets on a tripod
down'\dnd from supercooled vapors of some of the geysers in the
Yello·.rstone Park. The ice particles were susper.<icd in a Manner to
permit rotation by the wind, and ice growth was recorded by sectioning
and Formvar replication. fe number of interesting structures were
formed during growth of the ice pellets, which are believed to have
forrr.ed in a manner similar to those observed in hailstones.

(C) A small aJrount of time ,,'as taken durinf the
year to revise the compressibilit;T Rnd elastic
constant analysis of silver iodide.

Large uncertainties discovered in the initial data precluded
pUblication of the cOr.tpliance data so that only the cor.tpressibility
data have been submitted for publication. The manuscript has been
accepted b~r the ::!E~al of GeoT)hysiE.!:.~~cl',.and will appear late
this year.

2.4 j',eteorological An~~

Personnel of this group were involved with the completion of the
1967 seeding experill'.ents, the analysis of the resultant data durinr: the
winter months, and the resumption of seeding experin:ents for the summer
of 19613. Preoaration of short-range weather forecasts, the organization
of informatio~ for debriefinp: sessions, and the compilation of rainfall
data on uunch cards were involved in addition to the actual field
operatio;s.

:··luch activity centered about the Rapid Project, a randOI:lized
crossover experiment near Rapid City involvinr: silver iodide seedir..g of
cumulus clouds by aircraft operating below cloud base (Fig. 1). Alexander
Koscielski acted as project If.eteorologist. A total of thirty test cases
·.rere logged on the Rapid Project during 1967, brinping the total number
of test cases to sixty-seven. The rainfall observations for the two
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years were ana!.vzed on the School's c~uter usinv covariance analJ'sis.
multilinear re{7ession, and rant. tests. The various tests yielded
COl!l?80tible results. The fincinrs. vaich were presented to the 196£1
annual l:Ieetint of the Ar.eriean j~et.eoroloBieal Society and published
in the Institute's Report 68-5, were as follows:

1. Cloud seeCine tends to incree.se aversee rainfall in the
seeded target on da,vs with south...·esterl,v-!"lov aloft, with
the results beine; /!lOre clear-cut on days with isolated
shovers than on do.ys with "'idesprea.d stO!T.!S.

2. Results are inconclusive for dayG with northwesterl..v-flow
aloft.

3. Seeding effects are not uni form throuWJout the tar("et areas.

11. ';here is sc:ue evidence of a d,ynazric seeding effect, possibly
due to release seeding of latent heat, in the lee or the
Black Jalls.

Fieure 5 shows the re:nuts of the t.'ilcoxon test applied to north­
south rainfall differences on days with southvesterly flOW' during the
tvo seasons. Positive test statistics are 1ndicative of rer.:ions ....here
rainfall tended to be heavier on north··seed dnys. It is seen that there
is a E'cneral tendency for rainfall to be heavier in the north target
area on north-seed days and in t.he south area on south-Geed da,ys, but a
reverse effect is noted in the southwestern ends of the tc.rget areas,
which extend into the Black Hills.

Precipi tation data from 1966 and 1?67 were subjected to factor
anclysis far" insiFhts into rainfall d1:;tributions in the lla?id City area,
but the cata stm.nle is too small to give stable facto.rs vhen the data
are stratified ~cording to vin6. direction and other meteorological
par8Jtetcrs.

The Rapid Project W88 resW!:ed on 15 Hay 1958. The Baron seeding
aircraft again vas used ;lith a Lohse generator and a rack carr:-ling
fourteen pyrotechnic flares n;ounted on each vinr. '.?he Rapid City area
experience6. a cool late spring, and only eiF.ht test cases had been
declared up to 30 June. :Iany of these were dry days (vith less than
0.70 inches precipitable ....ater) and therefore not favorable to significant
shower development. Results for the 19GB test cases haye not yet been
incorporated into the analysis.

Durinf\: 1967 e randomhed salt-seedinr; experiment was carried out on
isolated CUl!'.ulus clouds. Tventy-two test clouds were observed, of ..,hieh
thirteen vere actuall~' seeded. Seedinl'< vas carried out by dispensinF
finely ground soditm: chloride in the updraft belo.... cloud base. An ir.stru­
1I".ented a.1rcraft made penetrations of the test cloud at the -5C level at
roughly five-Ildnute intervals fro!:! five Il'.inutes before seedinr to 30
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minutes af'teI"lofard. '!'he seedi:lg aircraft remained belov cloud base to
estilULte precipitation intensity. The results itere analyzed by
Martin R. Schock as e. thesis topic. The liMited saD:tlle did not urovid
conclusive evidence that salt-s~eding had an effect ~n precipitation
processes. The search for predictors of !>recipitation develop:llent and of
ot::J.er aspects of cloud behavior lee. to the use of regression techniques to
screen vcrious cloud parameters !"ecorded on the first pass at -5C for
their prediction value. It vas found that posi ti ve correlations among
updraft speed, temperature excess and liquid ....ater content vithin a cloud
are among the strongest indicators of continued cloUd growth and pre­
cipito.tion development. Earlier, John II. Hirsch and Carol Lundy Schock,
in &.study of cloud penetration data obtained in 1965 and 1966, had
found such positive correlations to be characteristic of young cUlllulus
clouds. Their results viII appear shortly in the Journal of An"Dlied
~~eteorology .

':'he results of a Slw.ll.er of field observations at Huron, South Dakota
in 1961 (the East River ProJect) ....ere submitted in a report by & .... in I.
Bo-.fd. The diurnal rainfall regime at Huron shows a double lI:&XimU.lll, the
!!lOre pronounced in the early morning and a secondary one in 'the afternoon.
Warm, non-precipitating cumulus clouds are Com:Don in that area during the
afternoon hours, suggesting that salt-seeding experin:ents might prove
fruitfuL

On 15 May 1968 the Grand ~iver Project vas activated at Lemrr.on,
South Dakota, covering Perkins and Corson Counties (Fig. 1). This is a
cooperative project, sponsored only in part by Project Sk;yvater.
Edwin I. Boyd is acting as manager of the project and Ma.rtin R. Schock as
project meteorologist. The project is designed to study the effects of
heavy seedine using pyrotechnic devices upon precipitation patterns. Up
to 30 June> operations had been conducted on 22 days and 811 hours of
flight til:le logged. Data were being collected from a network of
approximately 100 raingauges and 300 hailpads.

All rainfall data from the Rapid and Grand River Projects ·..ere
edi te<i. and added to our punch card decks as received.

2.5 Rac.ar and Ir;stru:r:entation

:'lost of the \lork carriee. out by this group centered around tile
Institute's radar facility east of Hapid City. Two cooplete flike-
Ajax systems, including t ....o S-band and four X-band sets, were operated
during the Su.!l'1lllers of 1961 and 1968 in support of the Rapid Project and
other progra.'l1s beine carried on in the area. The application of each of
the six sets ·..as described in the last annual report. An N-33 radar
system was also installed at the rac.ar site. 'l'he :<1-33 3-cm tracking radar
will be used ""ith a modified receiver to track balloons equipped with
403-r""c trar'.sponders. Ue planned to use the '·1-33 10-cm radar in con­
Ju:lction ....ith 2.Il F'PS-6 antenna to eather quantitative precipitation echo
intensity do.ta. However, atte!!:pts to !:late the '·!-33 to the FPS-6 antenna



have been unsuccessful so far. 'The profiler device, first used for
logging radar data in 1967, was modified durin" the winter to drive a
PDP-8 computer as well as the oscillofraph. 'J'his required the addition of
circui ts to the profiler to provide a larger output sienal. A complete
calibration procedure for the profilcr radar systerr. was developed, so
that absolute values of radar reflectivi ty can now be deterll'ined fron
the profiler The receiver calibration ',;as carried out daUX
during the field program, and the other radar par~eters were
measured frec:.uently.

Perhans the tost notable achievement of the grouJ? during the year
was the acquisition of a PDP-8 conputer and its incorporation into the
radar syster.; (Fip:. 6). 'l'he purpose of this addition is to increase our
ability to record and analyze profiler data. Before the computer could
be used, many "systefi:" prop;rams and subroutines had to be written. The
effort required for this preliminary programrninp: sienificantly reduced
the tiP.'e available for developin(!; real-tirr.e analysis pror:rams. However,
SOf':e of these programs are near COl1rpletion and will be ready for use on
future occasions.

Approximatel.v 80 percent of the profiler data for the 1968 Rapid
Project has been stored, via the computer, on nall:netic tarw.. The
analysis of this data should proceed much more rapidly than in previous
years ,,-hen the data had to be manually dieitized from oscUloE:raph chart
paper.

Fip;ure 6. Research e~ineer James Boardman with PDP-8
computer at radar facility.
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The cOl':puter system, in ger..eral. appears to be quite flexible in
the sen~e that it is capable of performir..g several types of analysis
of the data and also in that it has already proved to be useful for
other tasl:s not directly involveC. 'olith the data. An eXeJ:IPle is the
role it pltl'Jec. in speeding u~ the procedure for calibrating the prafHer.
~:e expect that the PDP-8 'olin play an increasingly significant
role in our field operations as time goes by.

Other improverr:ents made at the radar facility ourint.': the year
included the installation of a time-code generator, a ne.... intercom system,
and a burglar alarm, and the construction of a storage, building.
'fhe time code generator and associated remote display units enabled us
to synchroni ze all operations and more accuratelJ.' correlate time-lapse
FPI pictures ....ith other data taken at the same time.

During the winter of 1967-1968, the Al·lS-3 instrument packa.1e
used in the leased Piper Apache aircraft was completely rebuilt. This
permitted a considerable reduction in the space requireQents for the
AMS-3 in the aircraft cabin.

An APS-3 X-band radar mounted in a house trailer was croerated as
part ot the East River Project at Huron, South De.kota in th~ SU!:llller of
1967. Considerable overhaul work vas done on this system during the
winter. It was used on the Grand River Project at Le:wnon during the
sU'luner of 1968. An additional indicator Vlls provided so that time­
lapse pbotogrnphs could be obtained vi thout interfering with the use
of the radar as an operational tool.

l'!iscellaneous activities carried out during the year included th~

6.evelopmcnt of a failur~-reporti1l8 system, and a survey of U. S. Bureau
of Reclamation contractors regarding their spare-parts problem.

3. PROBLE>t AREAS

There are a number of problec areas that need further study before
the objective of ir:creased rainfall in the northern Great Plains can be
achieved on a routine basis. Only four of them. but toW" which we con­
sider of :najor importance. will be touched on here.

(1) Clerification of the role of precipi tatton
in th~ dynamics of cumulus clouds.

The idea that accUJ:allating precipitation inside a cumulus cloud
could act as a brake on the updraft received widespread acceptance
following its publication in The Thunderstorm in 19119. One numerical
cloud model developed recently at the University of Chicago pulsates
in direct response to the precipitation brake.
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Preli~inary results obtained. here durins: the past year suggest that
the precipitation brake is not the cio:ninant factor in the tildng of the
developlf.ent of nelo' cells, although it has some effect. This problel:l can
only be sol veo with further use of cOOlputer Models.

(2) Increased understanding of oesoscale syst=.

OUr work durir.g the past three SlZl:ll:ers has shO'oin us that precipi tation
patterns near the Black lIil15 are stro~ly influenced by mesoscale circula­
tions. These circulations are typically considerably larger than the
Rapid Project target areas of 100 square miles each, so that ve are some­
times trying to modify one part of a mesosystem and lellve another part
(expected to pass over the control area) unaffected. We probably are
not succeeding in the latter objective; this may account for the reverse
seeding effect near the edge of the Black Hills ....hich vas referred to
in Subsection 2.4 above. It appears that Wlderstanding of the mesoscale
systems will require computer modeling of the circulation over the
Black liills. A start in this direction is being made by one of our
graduate students.

(3) Standardization and qual! ty control of seeding
devices and mon! taring of their output.

Results from our cloud physics laboratory and elsevhere shOW' that
the effectiveness of seeding agents varies considerably Io'ith degree ot
contamination and vi th ar:Ibient conCi tions. The quenching rate is of
major iI:lporta":lce in deteI"l!lining the output of silver iodide generators.

The n:oni toring of the output of seeding devices is UlIusually
difficult when they are Dounted on aircraft. This problem is being
considered in our cloud physics laboratory but no t.ardvare has been
c!eveloped so far.

(4) Development of a n:ethod to t::onitor rainfall over
large areas in real ti:ne.

Despi te the uncertainties in the Z-R relationship (bet....een
reflectivity am1 rainfall rate), ....e consider radar to be the most
promising tool for this purpose. It viII be necessary to use S-band equip­
ment rather than X-band to avoid e.ttenuation. Because radar sets generate
much inforr.:tation, it is ctsential that efficient means be devised to
co:noress a.nd store the data. He have selected the profiler followed by a
PDP-8 as the most efficient system to achieve this end. :.luch work remains
to be done in converting to S-band radars, standardizinC calibration
procedures for the radar sets and profiler, !lnd developing software
(programs) to enp.ble the PDP-8 to analyze the data collected and present
meaningful output to the project If.eteorologist.
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It appears that the establishc:.ent of a randomized pilot project
would provide a focus which would help tovard solutions of problem
areas (2), (3), and (4). Such projects are called for in Project
Skywater planning docurr:ents as an i=ediate step betveen experilten'tal

~~dr~~~~i~~~P:~:c~dt:u~i;~t~~~J::t:~~:~n;~;V:a:i~ar~~~e~ea
to detemine effects ot seeding on me!losystems. It vould also function
as an outdoor laboratory in which further engineering work could be
done on seeding devices, weather radars, and data processing systems.



APPEI-1DIX

LIS'l' O!" REPORTS A:m PAH:RS PREPARED UlmER PROJEC'f SKYWATEH

1 July 1967 to 30 June 1968

Submitted to Bureau of Reclamation

1. Dennis. A. S •• 1967: Interim Re):)ort on Research Activities and
Results Under Project Sky'..ater from 1 July 1966 to
30 June 1967. R 61-4

2. Dennis. A. S., A. f.oscielski. and C. L. Hartzell, 1968: Rapid
Project Report for 1967. R 68-5

3. Boyd, E.!., 1968: fl.nal,vsis of 1961 East River Project Data.
R 68-8

PaDers Presented a.t Meetings or Published

4. Davis, B. L., 1968: Ice crystal sizes and settling velocities
determined with an x-ra~r diffraction cloud chamber.
The Norelco Reporter. ~, 17-21.

5. Dennis. fl.. S., 1961: Outline of design 'Orinciples and data
rel!uirements for field programs in ,reather modification.
Presented at Conference on Design and Evaluation of l{eather
140dification Experiments, Denver Federal Center, Denver.
Colorado, 11-13 October 1961.

6. Dennis. A. S •• 1967: Evidence of singularities in ra.diosonde data
for Rapid City, South Dakota. Quart. J. Rov. Meteor. Soc.,
.21, 522-521.

7. Dennis. A. S., and A. Koscie1ski. 1968: l;'vidence of rainfall increases
in randomi zed seeding of convective clouds. Presented at
48th Annual Neeting of the AMB, San Francisco, 29 January -
1 February 1968.

8. Hirsch. J. H.• and C. A. Lundy. 1968: Cumulus cloud characteristics
over western South Dakota. Presented at the 48th Annual
~'leeting of the Al'lS, San Francisco, 29 January - 1 February 1968.

9. Koscielski, A., and A. S. Dennin. 1968: A randomized seeding experiment
in South Dakota. Presented at First National Conference on
tleather f.1odification, J\lbany, New York, 28 April - 1 j,lay 1968
[pp. 47-54 of Conference Proceeo.ings J.
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10. Koscielski, A., 1967: The Black Hills tornado of 23 July 1966.
P:-esented at Conference on Seve:-e Local Storms, St. Louis,
Missouri, 19-20 October 1967 (pp. 226-228 of Conference
Proceedings 1.

11. Koscielski, A., 1967: The Black Hills tornado on 23 July 1966 in
South Dakota. Weathe:r-.ise,~, 272-275.

12. Orville, H. D., 1967: Computer modeling and experiJ!lental design.
Presented at Conference on Design and Evaluation of Weather
t·todification Experiments, Denver Federal Center, Denver,
Colorado, 11-13 Oc'toher 1967.

13. Orville, H. D., 1967: The effects of shady slopes on the initiation
of cumulus clouds - A numerical exoeriment. Presented at the
Conference on Numerical Prediction-, Monterey, California,
31 October - 3 November 1967.

14. Orville, H. D., 1968: Recovery of the pressure field in mesoscale
numerical 1l10dels. Presented at the 48th Annual Meeting of
the AMS, San Francisco, 29 January - 1 February 1968.

15. Orville, Il. D., 1968: AlI!bient wind effects on the initiation and
development of cumulus clouds over mountains. J. Atrnos.
Sci., &, 385-403. ----

16. Simmons, J. N., and J. H. Hirsch, 1967: Rapid recall of data from
field experiments in ..eather modification. Presented at
Conf'erence on Severe Local Stonns, St. Louis. t-lissouri,
19-20 October 1967 [~. 65-68 of Conference Proceedings].

17. Schleusener, R. A., 1967: Evolution of uses of cloud-seeding
technology. Froc. AJr:.er. Soc. Civil Ens·, 21, (IR3) 187-197.

18. Schleusener, R. A., 1968: A uerspective on "'eather control. Proc.
Amer. Soc. Civil Efl.g. ,-~, (IRl) 13-18. --

19. Schleusener, R. A., 1968: liailffl.11 damage suppression by cloud
seec.ing - A revie\( of recent experience. Presented at the
first National Conference on Weather Modification, Albany,
New YorK, 29 April - 1 I'fay 1968 [pp. 484-493 of Conference
Proceedings] •

20. Wood, J. ~1., e,nd D. N. Blair, 1968: Supercooling of droplets of
·"tater and dilute NaC1 solutions with and without A,gI nuclei.
Presented to South Dakota Acade~ of Sciences, Huron,
South Dakota, 26-28 April 1968.

As of 30 JWle 1968, approxir.lately ten papers "'ere in press or Wldergoing
reviev.
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A. Activities Carried Out or In Progress

Activities of the research are in the following categories;
(1) Flight Program; (2) Analysis of Data; (3) Theoretical Nodels;
(4) Cloud 'lodifying Substances; (5) Logistics of Seeding. Progress
on each of these is described in the following paragraphs.

1. Flight Program

TIle Beech Queen Air airplane of the National Center for Atmospheric
Research was assigned to Texas A&~l for meteorological flights
during the month of ~lay 1968. The airplane, flown by NCAR pilots
and with all fliglit, instrtU:lentation, and preliminary data reduc­
tion costs paid by NCAR, was used for measurements related to
other research projects at Texas A&~l University as well as for
penetrations through wann clouds for the Bureau of Reclamation
project. ~Iowever, no opportunity was missed to penetrate l'iarm
clouds when they existed, especially when near the rain-initiation
stage. A total of 25 flights were made over southeast and south­
central Texas Itith a total data acquisition time of approximately
S6 hours. Clouds were penetrated on 13 of the flights.

The NCAR instTUlIentation perfortlled as expected and wi th a marked
illlprovement over similar flights the previous year. Recorded on
lIagnetic tape for digital processing at !'4CAR were tellperature, dew
point, static pressure, true air speed, liquid-water content, aircraft
heading, time counts, on-off tillles of ancillary equipment, etc.
Precipitation particles were collected for counting and sizing by
the Brown foil sampler. Direct radio communication ....as maintained
between the aircraft and the base station at the Department of
I.leteorology radar control. By means of a transponder beacon supplied
by Texas MM, the aircraft l'ias displayed on the radarscope at all
times. ~leteorological observations by the scientist on board, flight
data, instrument checks, remarks, and narrative were recorded on an
audiotape recorder. The aircraft also was equipped with YOR~I)~1E

for position checks. Two cameras, one looking forward and the other
to the side, took tillle-lapse pictures throughout each flight.

The Texas A&M dual-frequency radars (10 cm and 3 cm) functioned
without interruption during the flights, obtaining precise data on
the location and development of echoes. Characteristically the warm
clouds produced radar returns in those cases where even the smallest
precipitation droplets appeared on the windscreen of the aircraft.
Scope photography was obtained for all radar coverage.

Upon completion of the flights, the month of June has been spent in
assembling flight records as rapidly as they come off the computer
at NCAR, Ulaking enlargements of the microfilm of data plots for ease

18S



of analysis, transcribing the voice records, examining for errors,
and arranging the material for evaluation and analysis.

2. Analysis of Data

Ouring the period of this report the data frolll the flights were barely
beconling available for analysis, so there is practically nothing to
report as yet. About 66 individual clouds ""ere penetrated, with
multiple traverses (up to six) successfully completed through about
75 percent of them.. Other penetrations through stratocumulus cloud
areas, one more aspect of cloud convection, provide supplementary
data for the cumulus cloud studies.

The flight program was highly successful in that it has provided
many well documented cases of wann clouds. The flight meteorologists
often observed that incipient raindrops, and even larger water par­
ticles, \Jere plentiful in the upper portions of clouds ",'ith tops
1000 ft or more below the freezing level. The collections from the
foil sampler support the tentative conclusion that such clouds may
produce precipitation. ~Ioreover these clouds, reaching only to
12,000 ft or so, appear to have considerable structure and circulation.

3. Theoretical ~lodels

Or. Das has been working on the completion of two papers on models
of precipitating convective clouds, papers started before this proj­
ect began. When dealing with a population of droplets it is found
that larger supersaturations than previously supposed can exist in
the updraft while the dO"''Tldraft is characterized by undersaturated
conditions. New computations on collision-coalescence of drops by
Davis and Sartor. Berry, Shafrir, \!,'alshaw, and others indicate that
these processes proceed J:a1ch more easily than fomerly thought.
Ilocking's 19-micron lower lillit has been pushed to smaller sizes and
although their collection efficiencies are low, the smaller drops
play an iClportant role because they are so numerous. Calculations
based on the new data will llIOre easily explain warm-cloud rain and
give us a new model to work on.

4. Cloud ~Iodifying Substances

Only preliminary thinking on this subject has been carried out, the
main thrust in this area being considered for a later phase of the
research.

S. Logistics of Seeding

A.ctivity in this area ";ill come in a later phase of the project.
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I. INTRODUCTION

The Sloriss weather modification experiment "Crossversuch Ill" cov-

ers seven summer seasons from 1957 to 1953. Its purpose was to tellt

the feasibility of suppressing hail by cloud seeding with silver io-

dide released from ground generators. The experimental procedure to-

gether with delineation of target area and location of generators and

rain gages is described and displayed in Appendix I and its figure 1.

Evaluation of hail ftequency indicated that for the entire target area

hail occurred on 38 days out of 145 seeded days and on 23 days out of

147 unseeded days, while duration, areal extent and intensi"ty were not

significantly changed by seeding (Schmid, 1967). Precipitation amounts

were also recorded at a number of rain gauges in the target area, so

that this experiment also yields a wealth of data suitable for study­

ing rhe precipitation effects of seeding because the lIIethod of seeding

was basically the same as is generally used in the attempt to modify

the amount of precipitation. Evaluation of the precipitation effects

has been carried out by Schmid in Svitzerland and by Neyman and Scott

at the University of California Statistical Laboratory in Berkeley.

In their analysis of the results of this experiJlleflt Ne".an and

Scott (1957) stratified the data accordiflg to the forecaster who made

the prediction each day that the following day was suitable for inclu-

sion in the experiment. They found that on experimental days selected

by forecaster Ambrosetti a large positive seeding effect, highly sig-

ntficant, was in~icated while on days chosen by Zenone the apparent

effect was negative, though at less significance. Ne".an suggested

that these two meteorologists had correctly although unconsciously
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distinguished, at least in part, the conditions under which seeding

increases (decreases) rain, and that analysis of the Pleteorological

factors associated with the situations selected by each \/'ould enable

identification of these conditions. At his requeSt \Je undertook to

ascertain whether there \Jas any difference in Deteorological condi-

tions to which these r.tarked differences in effects of seeding could

be due. More generally, our attempt has been to identify conditions

under which seeding produced increases (decreases) in precipitation

in this particular experiment.

A trip to Switzerland to gain background information regarding

conduct of the experiments and to arrange for the }o<ln of weather maps

and other meteorological data pertaining to the period of the experi-

mEmts was made by the principal investigator in the SUllll!ler of 1966.

The maps and other data arrived at UCLA in Septell'lher 1966. The trip

and initial research work ...·as carried out under the previous contract,

nUlllber 14-06-D-S986, which covers the period June 1966 to January 1967.

A new agreement, covering the period February 1967 to September 1968

provided for the continuation of the research. The important find­

ings of our investigation are contained in two papers. One, which is

titled "The Meteorological Factors Associated with the Precipitation

Effects of the Swiss Hail Suppression Project," was presented at the

First National Confirence on Weather Modification of the American

Meteorological Society in Albany, New York, April 28 - May 1, 19&8

<lnd has been accepted for publication in the Journal of Applied Mete-

oralogy. It is rl!produc:ed here in Appendix I of this report. The

other, titled "Influc:nce of Atmospheric Stability Layers on the Effect

of Ground-8ased Cloud Seeding, 11. Hypothesis in Explanation" was
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presented at. the meeting of the National A'cadellly of Sciences in April

1968 and published in its Proceedinga in June 1968. It constitutes

Appendix II of this report.

II. SUM>IARY OF PROCEDURES Al>1l RESULTS

The principal results of. our investigation are presented in de-

tail in the two appendices. In this section the methods used will be

reviewed and a brief sUrnr.'lary of some other results will be presented.

Some references to upper air data will be lIlade; unless otheNise iden­

tified the data are those for Hilan, Italy, the station nearest the

targl!.t area, for noon CCT of the experilnenu.l day.

Initially we were concerned about the use of post-facto analysis.

Suppose the data are examined from ·ten standpoints, and a positive re-

lationshlp is found in one of them with a significance level of one in

ten that it could occur by chance. Does this relationship have any

expectation of validity, or should it be rejected as just the chance

occurrence which is to be anticipated? To avoid this dilellllll4l and pro-

vide an independent sample with \l'hich to check any finding we initial-

ly divided the experiraental days into two separate groups by randol!l

selection, with the intention of reserving one of them and carrying

out the analysis with the other. It was found, hOlolever, that strat-

Hying the data using JUSt one-half the total population led to very

small numbers and very low significance levels, so that the process

of dividing the population appeared to be self-defeating and was aban-

doned.

In approaching the problC1ll of identifying the conditions under

which seeding appeared to produce increalles in amounts of rain and



those in which it appeared to produce decreases, we were guided by

the ways in which seeding with silver iodide from ground generators

might be expected to work.

First of all, the question of the transport of the nucleant to

the cloud, and the effect of the concentrations resulting from various

rates of transfer and various conditions must be considered. To be

effective in any way over the target area the silver iodide smoke must

be transported into the clouds forming there. This involved firstly

the horizontal transport from the generators to the target, and sec­

ondly the upward transport into the cloud. The target area was over

the southern Alps, and the generators largely in the southern part and

to the south of it. Southerly winds generally tended to carry the

silver iodide toward the target and to blow upslope, carrying the nu­

cleant aloft to levels where it could be effective, whereas northerly

winds tended to do the opposite. Thus the effects of seeding should

be most prominent on days with southerly flow.

It should be noted that the southerly lJind days, for lJhich seed-

ing effects might be expected to occur from the standpoint of trans­

port of AgI reaching suitable locations in high enough concentrations,

are also the days on which precipitation amounts should be expected to

be large, both because of the lifting of air by the mountains and be­

cause southerly winds occur generally in advance of approaching cy­

clonic systems or fronts, whereas days with northerly flolJ would tend

to have little or no precipitation. Seeding would have no effect if

clouds did not develop or extend sufficiently high to be supercooled.

We defined a set of days adverse to seeding as characterized by the

following:
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1. Days with ~5 over the target area having a direction between

Nt.! and E sector, where ~5 is the weighted mean wind at 500 mb for

Milan, Payerne, and Munich.

2. Days of fair weather, i.e., with at most scattered clouds.

3. Days with top of significant cloud layer over southern Alps

slope lower than the DoC isotherm. Significant cloud layer is cloud

layer covering one-half or more of, the sky.

4. Days with highest cloud top (including isolated Cb or Cs)

over Alps below 6,000 m.

Days with one or more of these characteristics are also days most un-

favorable to natural precipitation development. The mean rainfall

over the entire target area of 57 such days was only 1.54 rum as com-

pared to 13.61 rum for all other experimental days.

Representing by AS' ~ tbe days forecast by Ambrosetti on which

seeding did and did not take place, and similarly ZS' ZN for Zenone

and TS ' TN for all other forecasters, the distribution of days with

at least one of tliese four characteristics among the forecasters was

as follows:

's
13 14 10

Note that 13 out of a total of 17 such days picked by Zenone were

chosen by the random selection process to be seeded. Thus it is to

be expected that Zenone' s seeded days would be deficient in precip-

itation. With tnis group of days removed, the apparent negative seed-

ing effect associated with Zenone loses any significance.



Of course the question may be raised, could the great excess of

seeded days with conditions unfavorable to precipitation among the

days forecast by Zenone be the result of the seeding'? \</hile this pos-

sibility cannot be demonstrably excluded, the tre_ndous scale of the

atmospheric systens governing the flow patterns aloft over Central

Europe, as represented by ~5' suggests that it is most unlikely tha.t

these patterns ....ere materially influenced by the introduction of rel-

atively small amounts of silver iodide over a small area. With re-

spect to the fair days and days with clouds at ....arm temperatures, the

fact that the ....ay silver iodide is expected to have an influence is

by action in pre-existing cold clouds speaks against its being respon-

sible for the absence of such clouds.

The question of relative concentrations is considered to sOllIe ex-

tent in Appendix II. The interpretation is made there that the rate

of emission of silver iodide frorn the ground generators vas inadequate

to produce an effect on days with unli.lllited upvard mixing, but on days

vith inversions at Milan the silver iodide vas kept concentrated below

the inversion and transported upward in adequate concentrations at the

slopes of the Alps into the clouds forming there. The data showed a

large, highly significant, apparent increase attributable to seeding

on days with inversions and a smaller decrease at a level of signifi-

canee below the usual acceptable margin on days with small vertical

stability.

Neyman and his colleagues in a recent paper indicate that in

spite of the low significance level the decrease on days of "uninhib-

ited updrafts" may be real because silllilar statistics were found for

rainfall at stations at large distances down....ind of the target. If
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the decrease is real the above explanation, that dilution under con-

dit10ns of unlilllited vertical mixing was too great for any effect,

must be replaced by so:ne mechanism which leads to a decrease for SlII8ll

concentrations and an increase for large concentrations of ice nuclei.

No plausible explanation has occurred to us.

In addition to the direct effect the silver iodide might have in

initiating precipitation by the three-phase process in supercooled

clouds earlier than would take place naturally, the release of latent

heat by the freezing of the liquid drops could affect the buoyancy of

the cloud and thereby enhance the vertical development of the cloud.

As an indication of the magnitude of the effect, consider a cloud in

which the liquid water content is 1 gJfI/m
3

and the subcooled layer is

at 500 mb with a temperature of -SoC. The phase change of droplets

into ice would release 320 joules/m
3

• enough to raise the temperature

of the cloudy air 0.5°C.

We considered that if the teI:lperature structure was already un-

stable the added buoyancy would have little effect; if it was suffi-

ciently stable the release of heat would be insufficient to produce

instability and vertical motions; but for an intermediate range of

lapse rates the seeding would produce an effect which might be reflect-

ed in the alllount of precipitation resulting from the convection. The

measures of stability used are described in AppendiX I. To decrease

the "noise" due to the influence of other factors the stability effect

was examined for experimental days with southerly sao mb winds on

which rain actually fell. Table 7 of Appendix I shows the results,

indicating that the hypothesis put forward is partially verified.
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A destabilization index was computed in the attempt to allow for

the variation of stability with time due to advection at various lev-

els. It did not result in improvement of the stability relationships.

The dependence of precipitation on moisture variables such as

dew point depression at 850 mb and total precipitable water was in-

vestigated. It was found that any influence of available moisture or

initial closeness to saturation on the seeding effect was completely

overshadowed by the effect of atmospheric motions, particularly in

the upper air. For example the mean total precipitable water (in

gm cm-
2

) for 77 days with ~5 northerly was 2.4 and for 54 days with

~5 southerly and ~ 40 kts was 2.7. only slightly more. yet the mean

rainfall over the entire target area for the former group was 1.97 rom

but for the strong southerly wind group was 22.11 mm. more than 11

times the former. This also is in agreement with synoptic experience.

It is the prevailing dynamic process tather than the amount of water

substance currently available that controls the amount of precipita-

tion. As long as a strong southerly wind exists, moisture will be

continuously brought in from the Mediterranean Sea. lifted along the

slopes of the Alps, producing condensation and precipitation.

III. CONCLUSIONS

The conclusions indicated by the data are presented in Appendix I

and Appendix II. In the present section some views resulting from the

experience of attempting to analyze the meteorological conditions

which produced certain statistical results will be presented.

At best post-facto analysis of this kind will give rise to hy-

potheses which should be the subject of new experiments. In order
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that these hypotheses be sufficiently explicit, data concerning the

various parameters such as natural and artificial nuclei concentra-

tions and temperature structure over the target are required. Thus

the mechanisms postulated in Appendix II in explanation of the effect

of stable layers on the apparent effect of seeding remain speculative

without measurements of these quantities.

Furthermore, it would be desirable that the explanations or hy-

potheses offered for testing be quantitative, in order to provide a

guide for the procedures used in further experiments. However, until

now no one has established a coordinat:ed theory of precipitation which

would enable estimation of the number and sizes of condensation nuclei

and of ice nuclei effective at various temperatures which would lead

to maximum preCipitation for a given distribution of temperature, hu-

midity and vertical velocity. There have been some attempts in this

direction, among them that of Chao and Tin (1963), who found that for

some fairly general conditions an ice nucleus concentration of 1.2S x

IOS/m3 would be necessary for maximum precipitation efficiency. This

is about 10
3

times the usual measured values of the natural ice nucle-

us effective even at -20 Q C. To supply the optimum concentration esti-

mated necessary with a moderate rising motion, a rate of about 115 AgI

nuclei/m
3

sec reaching the sub cooled cloud layer is required to obtain

maximum precipitation efficiency. Unless the meteorological conditions

are most favorable for the upward transport of AgI nuclei, such an op-

timum rate would not be achieved with the generator capacity used in

Grossversuch III. If these estimates are correct, for this type of

cloud seeding experiments using 20 ground AgI generators for covering

a target area of about 10
3

km
2

, underseeding is much more likely to

197



occur than overseeding. Unless the meteorological conditions are ex­

tremely favorable the concentrations of silver iodide crystals in the

supercooled cloud lIould be less than the optimum value, especially in

consideration of the attrition due to photolysis. In favorable con­

ditions this would lead to an increase in precipitation, in usual con­

ditions to no effect, but under conditions in which the earlier initi­

ation of the ice phase would prevent the cloud frOlll developing to as

great depth and intensity of circulation as would occur naturally, a

decrease might result.

For weather modifications which depend specifically on overseed­

ing, such as hail suppression, it would appear thllt needing with

ground generators is impractical, and it is desirable to use methods

of introducing the nucleating agent directly iMo the cloud with lit­

tle opportunity for dilution and photolytic attrition. Use of air-

craft or, as applied by the Soviet hail suppression activities, ar-

tillery shells directed by radar, appears indispensible.

Precipitation decrease likewise seelaS favored by overseeding such

as can be obtained by seeding fro:ll aircraft. Thus, Neyman and Scott

(1967) classified known rain stimulation experiments according to the

indicated effect of seeding given in the original report. Among 10

cloud seeding experiments unambiguously indicating decrease in rain­

fall with seeding, 9 employed airborne AgI generators (SCUD also used

ground generators). It seems reasonable to infer that overseeding is

best achieved by aircraft dispensing AgI nuclei while flying directly

into the subcoole.d portion of the cloud or a short distance upwind.

If one had an explicit quantitative theory for the effect of par­

ticular dosages of se.eding agent administered in particular ways under
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particular conditions one could render specific the above very general

and highly speculative inferences.

Similarly if one could lIIake definite quantitative forecasts of

the amount of natural precipitation ""hich ""ould occur under given II\E'-

teorological conditions the effect of introduction of artificial nu-

cleants could be readily evaluated.

The predominant feature of the distribution of daily precipita-

tion in mid-latitudes is its high variability. For example, the mean

rainfall on experimenul days in Zone 3 of the target are ",as 12.63 9Il

but the variance ""as 547 1I1lIl
2

. This great natural variability in the

precipitation process is largely controlled by the dynaaic processes

detenllining the motions of air currents which give rise to the general

conditions for the formation of clouds and precipitation. The large

scale motion field exerts control not only over rainfall over wide

areas associated with frontal passages and cyclonic circulations but

also on cumulus scale processes by creating conditions favorable or

unfavorable for the development of convection. The fact that we found

rainfall amount in the target area and the effect of seeding was great-

ly dependent on the 500 lib vind field at Milan as shown in Tables 3

and 4 of Appendix I. demoostrates clearly the control exerted by the

synoptic scale motion together with the effect of terrain on the pre-

cipitation formation. By using large scale meteorological conditions

as predictors the variability of the precipitation could be reduced

and the evaluation of a cloud seeding experiment made less uncertain.

However, within the framework of the large scale control, the

growth of an ensemble of precipitation elements including individual

clol.ld circulations and the phase change of water substance and
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collision coalescence of droplets depends on the variability of up-

drafts and the in-cloud local disttibutions of supersaturation, drop-

let concentrations, etc. These in turn are subject to the influence

of sl!lollll scale turbulence eleoents both of cloud scale and within the

clouds. Under apparent identical meteorological conditions as repre­

sented by measurements of wind, pressure, telllperature, etc. at grid

points spaced of the order of 200 km apart and at significant and 11180­

datory levels in the vertical it is entirely possible that on one day

any ten square kilometer area within the larger grid might experience

heavy rain 101hile on another day no rainfall would occur there. Only

average precipitation over large areas could be expected to be suffi-

clently well determined by large scale 101eather conditions, and this

only to the extent that sOllIe account could be taken of the effect of

81llaller scale fluctuations.

IoproveDent of meteorological predictions are required for opti­

IIIUIII evaluation of weather modification eJ:periments. However, full use

of present prediction techniques would lead to DOre effective experi­

lIlE'ntation than has been carried out until nov.

For future experilllents it is urged that the seeding operations be

accompanied by extensive r.\easurements. including natural ice nuclei

concentrations at various levels before and upwind of the seeding op­

eration, concentrations of artificial nucleants at various levels and

positions over the target and dOWTI101ind of it during the operations.

vertical temperature and wind structure over the target before, during,

and after the operations. positions and liquid and ice content of

clouds over the target before and during the operations, etc. With

such measurements and with predictions based on them and on the large
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scale meteorological situations much more can be learned regarding the

processes at work and the results of the artificial treatment.
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APPENllIX I

THE METEOROLOGICAL FACTORS ASSOCIATED WITH THE
PRECIPITAtION EFFECTS OF THE SWISS HAIL SUPPRESSION PROJECT

H. Neiburger and Ho-Ch1h Chin
Department of Meteorology, UCLA

During 1957-63 a randomized experiment to test the efficacy of cloud

seeding to suppress hail in the southern Alps was conducted using ground­

based silver iodide generators. While the results from the standpoint of

hail suppression were negative, there appears ro have been a defin~te over­

all effect in increased precipitation on days with seeding. Further,

Neyman and Scott discovered that the precipitation effect was strongly pos­

itive on days selected for the experiment by one forecaster, and somewhat

rlegative on those selected by another. This paper is an attempt to identify

the factors responsible for this difference.

An analysis of the meteorological conditions associated with the exper­

iment showed that in general the conditions favoring convective precipita­

tion, namely, southerly flow and upper-level instability, were also asso­

ciated with positive seeding effects. To some extent the difference between

forecasters referred to above was due to accidental differences 1n the ran­

dom selection of seeding opportunities among ca5es of southerly and norther­

ly flow. Not all the difference was explained in this way.

The conditions favoring large alDounts of precipLtstion and large seed­

ing effects were studied. For instance, the eltperimental days were typed

according to surface pressure pattern, and in two of tbe weather types

strong positive seeding effects were present.

Tbe necessity of caution in attributing to seeding differences which

might be due to other factors is discussed 1n the light of the possibility

of the process of random selection producing unequal samples from meteoro­

logical types having widely different physical characteristics.
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APPENDIX II

INFLUENCE OF AnlOSPHERIC STABILITY LAYERS ON
TIiE EFFECf OF GROUND-BASED CLOUD Sl:EOING, II

IlYPOT!IESES IN EXPLANATION

By ~Iorris Neiburger and l/o·01ih Chin

This paper examines SOl':le questions raised by the relationship between
stable layers and seeding effects disclosed in an analysis of data
from the Swiss hail-suppression experiment. Among these are the
following: (1) Can AgI reach levels where the temperature is lower
than _4 0 C on days \~ith 100~~Iying warn stable layers? (2) Why is
there a large increase due to seeding on such days and no significant
change on days ....ith no stable layer?

Theoretical considerations and available observations in mountain
terrain indicate that surface heating over the plain may destabilize
only that layer below the inversion. On the mountain slope the
heating will eliminate the inversion along the slope, creating a
channel through which convection will carry l1ir from belo'" the inver­
sion. The increase in precipitation on these days seems to be due
to increased concentrations of AgI reaching the clouds, due to the
channeling. On days without the stable layer, the AgI is diffused
and the clouds are greatly underseeded.
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FINAL TECHNICAL REPORT
Period: July 1967 - June IS. 1968

The Project Objective

The objective of the Wasatch Weather Modification Project is to assess
the relative effectiveness and the practicability of selected procedures
for increasing the water supply. from precipitation over the Wasatch
~Iountains. by cloud seeding. All Project activities have heen directed
to....ard the fulfillment of this ultimate goal.

The accomplishment of this objective requires:

a. The development and subsequent application of kno.... ledge of
the natural precipitation processes. patterns. and characteristics
of the experimental area.

b. The evaluation of cloud seeding activities through comparisons
between natural and seeded precipitation patterns and characteris­
tics. both frOlll the tir.te and space viewpoints.

c. The assessment of the availability. usability. and importance
of artificially induced increases in precipitation to communities.
who are or will becOflle dependent upon Wasatch ~Iountain precipitation
for their water supplies and/or hydroelectric power.

There are several reasons ....hy the Wasatch Mountains offer high poten­
tial for the practical increase of precipitation through cloud seeding.

a. '('he abrupt rise of the nearly north-south oriented, almost
continuous Wasatch Range results in significant and recognizable
orographic increases in the precipitation fro.. "'inter storms
crossing the l1asatch Mountains. The resul t of this topographic
influence. accompanied by the fact that most precipitation produc­
tive "storms" approach frOlll a ",esterly direction is that:

(1) The amount of natural precipitation is sufficient so that
relatively small, artificially induced increases would be
significant and measurable.

(2) It is physically reasonable to expect that it may he
possible to get nucleating materials into the effective por­
tions of clouds from ground-based generators.

b. Additional water supply is of growing importance to the relevant
water and power dependent cODUJluni ties.

The experimental area includes important headwater regions.
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d. A large fraction of artificially induced increases in snowpack
would be stored naturally for summer usc.

TIle Experimental Plan

In sUllUllary. the assesslllent of the "relative effectiveness" is to be
based prillarily upon: differences in the precipitation amounts recorded
at: target and control stations; each of selected stations during seeded
and unseeded stOl1llS. However, evidence of di fferences between space
and time precipitation patterns and characteristics of seeded and
unseeded stOTJlls. ,,'hich is not 3JlIenabie to statistical testing is also
to be examined and interpreted.

Current plans call for the simultaneous operation of two generators,
at moderately hiRh altitudes. The general idea is that a target area
which is limited to the region estimated to be occupied hy the plumes
of both generators is a more reliable assumption than a target area
assumed for a single generator. The desirable horizontal distance
between generators. and the required generator output are both under
consideration. The site selection is, of course, somewhat controlled
by the spacing of favorahle natural conditions and site authorization
problems, However. it is also necessary to consider the resulting
particle densities at different distances downwind as a function of
generator outputs and spacing.

In an effort to provide additional information for the decisions con­
cerning generator output and spacing, a small study is in progress
....hich relates horizontal and vertical dispersion rates, wind speed,
the horizontal and vertical diffusion angle. generator output and
spacing, and particle density, plume ,,'idth, and height at given
distances downwind.

II COllputer program has been written and debugged that allm.'s for
vertical as lo'ell as horizontal diffusion, and it calculates particle
densities, plume widths, and heights at selected distances down.... ind.
under the assumed conditions. The calculations assUllle an elliptical
half-cone, bounded on the bottom hy a flat plane. The axes of the
ellipse are determined by the rate of horizontal and vertical
diffusion. The computed volume, at a given distance downwind, assumes
a thickness equal to the distance traveled by the wind in one second.

The Statistical O~

The statistical analysis will he applied to comparisons between the
precipitation amounts at target and control stations and to compari­
sons between precipitation amounts from seeded and unseeded storms,
each of several stations. Thus the following quantitive comparisons
have been planned:
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("-r - Be) vs (AU - BU)

b. A.r vs AU

where A refers to any specific station, B refers to any other specific
station, T indicates that the station is within the target area,
C indicates that the station is in the control area during the same
period that the cOlllpared station ,",'as in the target area, and U indi­
cates a Jr.easurement for a period "..hen there was no seeding.

The comparison (A.r - BC) vs (AU - BU) is to be made for each reasonable

pair of stations, The purpose of the comparison CAC - AU) is to test

the assumption that the AC values have been properly designated as

"control" raeasurelllents,

The statistical plan is still under consideration. It lIlay be necessary
to incorporate a normalizin!! procedure, although the first cOllparison
(AT - BC) vs (Au - BU) effectively does the same thing.

Significance tests are to be applied, In general, therl~ will be more
unseeded storms than seeded storms for each comparison. 1t is doubtful
if a Gaussian assumption for these differences can be justified,
Consequently, the selected tests probably will be nonparametric. Since
the final selection of the test is not urgent. the project has arranged
for the one-fifth time services of an applied statistician (Or, David
tthite) during FY69. He will assist in the selection of the specific:
test, or tests, to be applied. No matter which test is to be applied,
it is certain that the experiments must be stratified on the basis of
concurrent synoptic-thermodynamic stability - vertical temperature
structure - humidity-trajectory conditions.

The Tentative Seeding Data Collection Plan

Stoms are to be classified as seedable or unseedable, \'Iork on the
details of the definition of a "seedable" storn is in progress.
Although this definition is not yet completed, it is highly probable
that the following criteria will be included.

a. Temperatures \~ithin those portions of the clouds in which
seeding from the project's generators is considered to be a
reasonable possibility will be between -So and _24 0 C, inclusively.

b. Precipitation is forecast to occur naturally, at least at higher
elevations.
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c. The forecast effective wind speed is no greater than 15 mps.
The method of determining the effective wind speed has not yet
been selected. This wind speed limitation has been selected because
of the loss efficiency of the can-type precipitation collection
device, especially in snow, even Ifith an Alter shield. It is
recognized that high Io:ind speeds l!\3.y present the most favorable
circumstances for seeding from ground-based generators. Ho.....ever,
from the experimental vieo,q>oint, there is no reason for seeding
if you can't get reliable measurements of the results.

d. The forecast trajectory will be such that at least three
stations are expected to be within the target area.

Once a seedable storm is forecast, the decision to seed or not seed
will be made on a random, totally objective basis. Climatological
studies suggest that it is not unreasonable to expect 30 seedable
storms in even a dry season. A single ston was arbitrarily defined
as a period of precipitation during which there were no precipi ta­
tionless periods of IIlOre than 4 continuous hours.

The selection of the proper experillental unit is a perplexing problem.
A stOrJI itself is not always, if ever, really a single experimental
unit, insofar as this project's approach is concerned. Frontal
storms are obvious examples. However, this premise is equally true
for storms with changing trajectories within an air mass, since
orographic effects must be influenced by the direction of flow rela­
tive to mountain orientation. Days are obviously arbitrary units of
convenience, which rarely exactly coincide with periods of the desired
quasi-homogeneity in the dynamics of a storm.

In brief, the statistical plan is to mathematically examine the
differences between two series of values, each series of which was
collected under given control circumstances, which are under test,
such as at a seeded station, an unseeded station on a seeding day,
or an unseeded station on a day without seeding activities. In order
for these tests to be valid ..nth a realistic nUllber of replications,
other controls, which are not being tested, must also be exerted.
Thus, grouping by natural precipitation periods is highly desirable.

The Precipitation Heasurement System

The heart of the project's cloud seeding evaluation program is the
netl..-ork of telernetering precipitation gages that has been developed
under the direction of Utah State University. The entire telemetering
system (the transducer·, the receiving transmitting unit, the trans­
lator, and the Automatic Readout Console (ARC) were designed by project
personnel. The fabrication of the trans lator and the Automatic Readout
Console* and the field installations of the Translator, the Cable, and

*In previous docUJllents this unit has been called the Terminal Readout
Station (TRS).
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the Remote Stations all have been accomplished by project personnel.
In the installation of the Remote Stations I the project had the bene­
fit of the active cooperation of the U.S. Soil Conservation Service,
wi th the U. S. Forest Service cooperation in site authorization.

The bulk of the project's effort thus far has gone tOl.'ard the develop­
ment of this network, FY 1967 and FY 1968 were primarily fabrication,
installation, check-out, debugging periods. The status of the system
is now such that "''e expect a significant portion of the 1968-69 winter
to be devoted to stOI'1ll case studies, Idth the teleJ:letering network
providing data for determining time and space precipitation patterns,
both for seeded and unseeded storms,

The Telemetering System

The Telemetering Precipitation Network System is made up of the
following four major components:

a. The Automatic Readout Console (ARC) at the Utah Water Research
Laboratory. This is also called the TeTJRinal Readout Station (TRS).
A separate report providing the technical details of this component
is in preparation,

b, The Cable carries the messages between the Automatic Readout
consore-anathe ~lt. Logan Translator. There are 27 quarter-mile
sections in each of two, four-wire cables. The second cable is
to be used for backup in the event of failure. Provisions have
also been oade for an electronic backup, for the unlikely event
that both cables fail.

c. The ~lt. Logan Translator. This translator relays the infomation
from the Automatlc Readout Console to the Remote Telemetering
Stations and vice versa. One additional relay is tentatively planned
for FY69.

d. The Remote (sensing-reporting) Telelletering Stations. Since
a separate report is in preparation, the dlScusslon of the details
of this unit will be brief and sotlle""hat general. These stations
are essentially all the same except that 70-inch capacity cans
are used at SOlie sites and 36-inch capacity cans at others. Each
installation includes:

(1) The Support Assembly on which the precipitation collection­
weighing system is mounted. This may be either a tower or a
2-1/2-inch (diameter) galvanized iron pipe.

(2) A Standard Can-tyPe Precipitation Collector, either 70­
or 36-inch capacity with an 8-inch orifice. These cans are
Alter shielded.
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(3) The Weighing Transducer. The collecting can is supported
by three springs. As precipitation is added the springs are
compressed causing an iron bar to be further inserted into an
inductance coil. This change is reflected in a change in audio
frequency, which is telea:etered to the Translator. )!odifications
of the transducers design, as a step towart! elimating response
to temperature changes. is under active consideration.

(4) The ~lectronics Housing. This is a cylindrical can, ",hich
is sunk into the ground. It reduces the variability of the
temperature environment of the electronics. and protects the
unit from rain. snow, animals (including humans). etc.

(5) The Electronics Unit, which is capable of both receiving
and sending signals.

(6) An Antenna,

Although some of the components of the telemetering system are
extremely complicated, the general principle of operation is quite
simple. The Terminal Readout Station interrogates a Remote Station,
The query is carried by the Cable to the ~lt. Logan Translator, which
electronically transmits the message. The appropriate Remote
Station responds, if it is able to do so, with an electromagnetic
frequency which is received by the Translator. This signal is
then converted and sent via the Cable to the Automatic Readout
Console. where it is printed out on adding machine tape.

The station interrogation order is quasi-permanently prograt1l!led
into the Automatic Readout Console. Ho....ever. stations can be omitted
from this order at the discretion of the operator. Once the stations
to be queried have been selected and the s.... itch turned on. the
Automatic Readout Console ..-ill automatically interrogate the stations
in turn until all have been queried, It will then return illllediately
to the first station, repeating the cycle over and over until the
switch is turned off. If, during a cycle, a station does not respond,
it is automatically queried three times. If there is still no
response, the next station is automatically interrogated.

The data printout is in systems units, ei ther ~lectromagnetic periods
or frequencies. These printed values are punched and computer con­
verted to precipitation values. The appropriate programs have been
written and debugged,

As of June 15. 1968. complete stations have been installed at 38 sites.
The support assemblies, electronics housing, and antennas are installed
at another three. Twenty-seven of these are 70-inch capacity stations
and 14 are 36- inch capacity stations.
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Seedin,g Operations

On April 2, 1968, a silver iodide generator was operated for 2 hours
at a site near ~lantua, Utah. The prim.ary purpose of this activity
was to gain experience in the field operation of silver iodide gen­
erators. The test has been scheduled for a longer period, but IIi nor
probleMS forced premature tentination of the operation. The telem­
etering precipitation system was operated during this period, and
15 radar pictures were taken.

The silver iodide generator was again operated at the sante site for
a 24-hour period beginning at noon on April 16th. The telemetering
precipitation measurement systel'll was operated throughout this period,
and radar pictures were taken at 15 minute intervals from 1:45 p. m.
to midnight on the 16th.

The data from these two efforts have not yet bcen analyzed.

Silvcr in Precipitation Samples

TIle Utah State University group has been looking into two distinctly
different approachcs to the quantification of very lo\<' concentrations
of silver in precipitation samples. One of these. the colorimetric
approach, depends upon the relationship of the depth of the color
of certain dyes to the silver concentration of the tested water.
Or. Harvey Millar has directed this effort. The other approach is
through the use of the Perkin-Elmer, model 303 1\t0000ic Absorption
Spectrollleter under the direction of Profcssor Joel E. Fletcher.

TIle Colorimetric ~lethod. A literature survey indicated that the
colorimetric method proposed by Palacios is probably the most sen­
sitive of all of the reported methods for the quantification of
very low concentrations of silver in water (Millar, 1968). Palacios,
using p-dimethylbenzylidcne-rhodanine as a dye, applied this tech­
nique to appropriately prepared spots on filter paper. This work
prOVides the foundation for the Wasatch Weather Modification Project
investigations into the potential of the colorimetric methods.
Several departures, showing varying degrees of promise, have been
studied.

The Tag Method

After filter paper "'as SUitably treated with the rhodanine compound
it was cut into suitable small pieces, called tags, which were 1- x
3/4-inch on a side. One was put into each of several one-liter
standard silver solution samples and allowed to react for several
hours. The tags werc then removed and allowed to air dry, and the
reflectance data were obtained on the rlB spectrophotometer.
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This method has proved to be the most encouraging procedure tried
to date. Results were consistently obtained down to a dilution of
10-10. Therefore, more sample of standard silver solutions ,,'ere
made up, separately using river water, snow water, and deionized
tap water. Test ,resul ts on these samples were all good. None of
them contained impurities that would interfere with this method.
A set of standard silver solutions containing sodium iodide in the
amount of one part per million were made up. Tests on these samples
indicated that this relative amount. of sodium iodide may interfere
with this technique. Then, for no obvious reasons, the rhodanine
compound suddenly lost its sensitivity to changes in silver con­
centrations in dilutions below 10-6 . The solid rhodanine compound
as tested in dimethylformamide or dimethylsufoxide no longer per­
formed as it had been doing.

Some of the problems is to find a means of prolonging the shelf
life of the compound. Several procedures seem promising, and should
be pursued immediately. 1£ none can be found, a simplified system
will have to be generated for periodically checking the activity
level of the compound. The maintenance of this system would be
tedious, but not overwhelming. The important factor is that the
effects of chemical aging have been recognized.

Drying the Chemically Treated Tags

It has been found that the sensitivity of the rhodanine compounds
(dimethyl, diethyl and 3-propyl) is influenced by the conditions
under which the tags are dried. An increase of sensitivity of
from one to three orders of magnitude .can be effected by drying
the tags under the right conditions.

Reproducibility by the Tag ~Iethod

Attention has been directed primarily to developing those conditions
which would extend the sensitivity of the method to the extreme
dilutions required. Therefore, not much time has been available
for specifically testing the reproductibility of results. Indeed,
until a method shows sufficient promise, extensive reproducibility
testing is not justified. However, many experiments have been made
with only slight variat.ions and therefore give an insight into
reproducibility. With a compound \~hose shelf life is not expended
and under a given standardized procedure, reproducibility, using
the Tag Method, appears to be quite accept.able.

~:~~gb;~~ ~::~u;:~h~~q~~l~~~~n~a:sb~~: ~:V~~~ridg~~md~~e~i~~~~e~;;ations
milliliter of solut.ion. The next. step is to t.est for reproducibility
under the specific conditions which have produced this high degree
of refinement. It is also necessary to learn more about the influence
of sodium iodide on this technique. Dr. Millar suspect.s that sodium
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iodide may wash out earlier in the plume path. If so, it would not
be present in the samples under inspection during silver iodide
plume studies.

There are still several variations that can be studied in the attempt
to extend sensitivity. Obviously, each extension of the sensitivity
beyond the 10- 11 level, will increase the reliability of the measure­
ments at this level, since the improvement would no doubt result
in a steepening of the calibration curve in the 10- 11 region.

Advantages of the Tag !-lethod

This method, once fUlly developed has several attractions:

a. Other than a suitable spectrophotometer, expensive equipment
is not required.

b. The method lends itself to the procedure of runnin~ several
samples at one time. Constant detailed attention is not neces­
sary during most of the procedure. One person should be able
to run 80 to 100 samples per week.

c. A person with a suitable analytical chemical background (a
technician) could easily be trained to perform the tests.

d. The work could be done in the ficld.

The Atomic Absorption Spectrometer Technique

The emphasis in this effort has been on the development of an inex­
pensive and rapid technique for determining silver concentrations
that can be accompl ished by a technician. Among other considerations,
special attention has been paid to avoiding extensive concentrating
activities. Since a report on the technique (Fletcher, 1968) was
previously submitted to the Bureau of Reclamation, only the sub­
sequent studies wi 11 be included in this document.

The following quote from an internal Project Memorandum by Professor
Joel E. Fletcher on "Detection of Silver in Water Solutions by
Atomic Absorption" illustrates his position with respect to the
USU capability for quantifyin,lt the silver content of precipitation
water by this technique.

"It has been noted for some time that certain organic solvents enhance
the sensitivity of an atomic absorption system to metals. Among
the better of these are ethyl propionate and ethyl butyrate.

"If a liater solution in an amorphous polyethylene container is
acidulated to a pH of 3.2, with acetic acid, absorption of silver



becomes very slllali. If sao IlIl of this solution is extracted ~dth

5 11I1 of a 0.025 percent solution of diphenyl thio carbazone in ethyl
butyrate, and aspirated into the atolllic absorption spectrometer, a
series of readings versus silver concentration, similar to the attached,
may be obtained.

''Nost waters can be measured satisfactorily by merely adding the
chelate solution to the acidulated liater solution, shaking, allowing
to stand 3-5 minutes, and dipping the aspirator tube in the clark­
colored solution floating on the water sample. Certain waters cause
the chelate solution to form jells. When this occurs, it is necessary
to separate the chelate solution from the water and add 2 ml of ace­
tone before aspirating the chelate.

''The extraction concentrates the silver about 30 fold and the enchanc­
ing agent about doubles that again.

"The method is rapid and simple, and the reagents are relatively
inexpensive, costing less that 10 cents per sample. The rigid con­
trol needed lo:hen ....ater alone was the solvent can be relaxed to the
extent that a good technician could make the deterJI.ination with
normal supervision."

From Professor Fletcher's diagram it may be noted that there is a
difference of nine counts between the 10- 11 and 10- 12 concentra­
tions, and of six counts between the 10- 12 and 10- 13 concentrations.
These large differences in the DCR-l readings for successive orders
of magnitude suggest a considerable resolution capability.

Background Nuclei Studies

The Wasatch iI'eather ~lodification Project faces a some",-hat unique
background nuclei problem. The abruptness of the west side of the
nearly north-south, nearly continuous Wasatch Front, is expected
to playa prominent part in the transport of cloud seeding materials
into clouds, as well as in the precipitation production processcs.
The salllc transport capability probably will apply to the heavy
accumulation of contaminants, artificial and natural, just to the
west of this range.

There are several sources of nuclei, both icc-forming and hygroscopic,
which may affect the results of the project's experimental endeavors.
These sources are all within a few miles, to the ,,'est, of the Wasatch
Front.

The Great Salt Lake, the salt flats, and salt processing plants
are all possible sources of hygroscopic nuclei. Do these release
a sufficient number of large hygroscopic nuclei to significantly
affect precipitation processes? Flights in an out of the two jet­
airports may also add significant hygroscopic nuclei to the area.
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The largest open pit copper mine in the world and the accompanyinll
smelters are just to the west of the I\'asatch Front. Are t.here also
significant. amounts of silver and lead, and are there iodides from
the salt sources with which these metals could comhine?

In addit.ion, there are the steel mills, the refineries, and the
automobiles, with the major highway nearly paralleling the ran,l!e
and only a short distance away. Salt Lake City, ORden, BrighUi
City, and several villages and to,,-ns in between, lie very close
to the 1Il0untains. Wi 11 the burning of leaded ~asolines contribute
active nuclei, especially in cooperation ,,-i,th any iodides that.
might be released from the salt areas? I',bat arc the effects of
all of these other contaminants?

There is also some question of possible effects from deliberate
seeding in Nevada and California. However, surely these effects
must be miniscale in comparison with probable contributions from
the immediately adjacent highly contaminated areas.

To date, the only real activity on this phase has been the partial
collection of a bibliography on "Inadvertent Cloud Seeding by Air
Pollution." More work has been planned, but unfortunately sufficient
funds have not yet become available to carry out this critically
important assignment.

REFERENCES

Auer, Jr., August H., Veal, Donald L., and Marwin, John D., 1968.
"PIUJ:Ie Tracking Studies Associated with Orographic and Convective
Situations," Proceedings, First National Conference on Weather
Modification, American Meteorological Society, Albany, New York,
April 28-May I, 1968, p. 404-413.

Chadwick, Duane G., 1968. USU Relllote Total Precipitation Tele..!!.:i:
Station, Logan, Utah: Utah Water Research Laboratory, July 1968.

l::11iott, Robert D., 1966. "Effect.s of Seeding on the Energy of
Systems," Journal of Applied ~leteorology, Vol. 5, No.5, Oct. 1966,
p. 663-668.

Elliott, Robert D., 1967. "Evaluation Parameters," Proceedings;
SkYlfatcr Conference II, Atmospheric \~ater Resources Program,
Denver, Colorado, Oct. 11-13, 1967, p. 55·107.

ElIiot.t, Robert D., 1968. "Design of an Orographic Cloud Seeding
Test Program," Proceedings, First Nat.ional Conference on Weather
1-1odification, AmerJ.can Neteorological Society, Albany, New York,
April 28-~lay I, 1968, p. 423-432.

219



Fletcher, Joel E. and mIlar, H. C., 1968. AtomiC Absorption as an
Index of the Silver Concentration in Precipitation. L.ogan, Utah:
Utah Water Research Laboratory, January, 1968.

van der Hall, C. J., 1951. "Interessante resultaten van enkele
kinderb.. l1onwe<!strijden," Hemel en Dampkring, Vol 49, No.6, 1951,
p. 112-113.

Israelsen, C. Earl, 1967. Reliahi I i ty of Can-Type Precipi tation
Gage Measurements: A Statc-of-the-Science-Study. Logan,~

Utah Water Research Laboratory, July, 1967.

Kurtyka, J. C., 1953. "Precipitation ~lcasurements Study," Illinois
Water Survey Report, Invest. 20, State \'later Survey.l>iv., U~
Ill., 1953.

mIlar, II. C., and Fletcher, Joel L, 1968. IJetermination of Silver
P-OilllcthylaJlinobenzylidenerhodanine Dissolved in l>imethyl:---­
formamide as a Chromophore: Reaction Carned Out on Fil ter Paper,
Part 1. Logan, Utah: Utah Water Research Laboratory, January, 1968.

Palacios, E. 1963. AUJIlento de la sensibilidad de la reacdon del
ion plata con la p-dilllethil3lllino benciliden-rhodanina en el sol vente
dimethilfomamida. Review of Faculty of Farmacology, University of
Central Veneauela, 4 (9): 179-184.

Seigel, Sidney, 1956. Nonparametric Statistics for the Behavioral
Sciences, New York: McCraw-liliI Book Company, Inc., 1956,
pp. 116-127.

Utah Water Research Laboratory, 1967. Annual Report: I July, 1966
to 30 June, 1967, L.ogan, Utah, August, 1967.

Publications, Papers, and Reports, by Staff ~!elllbers

Publications

Fletcher, Joel E., Ioiith Burgy, R. H., and Sharp, A. L., 1967.
"Watershed ~1anagement," Chapter 58, Irrigation of Agricultural
Lands - ~lOnograph Eleven. American SOcity of A.gronomy. pr. 1084-1104.

Fletcher, Joel E., October 13, 1967. "Weather Modification." Science,
Vol. 158, No. 3798, pp. 276-277.

Fletcher, Joel E., with Farmer, Eugene, March 1968. "Frequency
Properties of Storms A.long with Wasatch Front." Bulletin of the
American ~leteorological Society, Vol. 49, No. I,~-

220



Reynolds, George I'i., ~1ay 1968. "A Summary of the Wasatch I~eather

Modification Project." Proceedings of the Skywater Conference IV.
Denver, Colorado. pp. 24-26.

Fletcher, Joel E., ~larch 1968. "Frequency Properties of Storms
Alonl!: the Wasatch Front." Joint Conference on Fire Weather,
American ~.Ieteorological Society and Society of American Foresters.
salt Lake City, Utah.

Reynolds, George W., ~Iay 1968. "A SUIIlIIIary of the Wasatch h'eather
~·Iodification Project." Sky..'atcr Conference IV. Denver, Colorado.

Wasatch \~eather rbiification Project Reports

Chadwick, Duane G., (Ready for publication). "USC Remote Total
Precipi tation Telemetry Station."

Fletcher, Joel E.• and r"illar, II. C., January 1968. "Atomic Absorp­
tion as an Index of the Silver Concentration in Precipitation."

Israelsen, C. Earl, 1967. "Reliability of Can-Type Precipitation
Gage Measurements." Technical Report No.2.

Millar, H. C., and Fletcher, Joel E., January 1968. "Determination
of Silver Using P-Dill.ethyla"inobenzylidenerhodanine Dissolved in
OilllethylfortllaJllide as a Chromophore."

Reynolds, George W., and Chadwick, Ouane G., 1967. "The Reliability
of USU Telemetered Precipitation Data - 1." Technical Report No.3.

Schiffman, Jay D., and Fletcher, Joel E., 1967. "Brief Abstracts of
So!:Ie Papers on Seeding Agents." Technical Report No. 1.

221





UNIVERSITY OF WY(»UNG

NAllJRAL RESOURCES RESEARUJ INSTlTIlTE

ANNUAL REPORT

July I, 1967 to June 30, 1968

AllK>SPllERIC WATER RESWRCES RESEARQl

Bureau of Rec1allation

Contract No. 14-06-D-6002 (July I, 1966)

August 1968

BUREAU OF RECLAMATION SUM.\lARY

223





INTRODUCTION

During the past two decades, interest in the development in \~ater

resources has increased considerably by both the private sector and
most governmental agencies. ~tany alternatives to the problem have
been pursued by a variety of groups. One alternative to the problem
of water resources is the exploration and development of the atmosphere
which is of great interest to the Atmospheric Resources Research
group of the University of Wyoming. The overall objectives of the
Atmospheric Resources Research program sponsored by the Bureau of
Reclamation is to develOp effective and usefully beneficial precipi­
tation management techniques; or more specifically, to develop sound
snowpack augmentation procedures wi til special er.1phasis on orographic
clouds. In order to fulfill this overall goal, the Natural Resources
Research Institute has developed the Elk Mountain Water Resources (X)ser­
vatory as an outdoor natural laboratory in which the cap cloud is being
used to delineate and study the important cloud processes as well
as determine the potential yield by the augmentation techniques
considered.

RE$EARClt ACTIVITIES

A systematic approach to a precipitation management program has been
developed utilizing the Elk ~!ountain Water Resources Observatory and
the associated orographic cap cloud. This approach involves monitoring
and evaluating salient parameters for the (a) environment (0) airflow
(c) nucleation and growth (d) precipitation and (e) development of
the not readily available instrumentation required to accomplish
items (a) thru (c). The environmental studies involve determining
as completely as possible the environmental factors such as temper­
ature, humidity, background cloud and ice nuclei, thennodynamic
stabilities, etc., in which the cap cloud occurs. 111e airflow studies
are necessary to determine tho mass flow characteris tics in order to
insure delivery of nucleating material to the cloud, determine the
moisture and airflux into the cloud, and deteminc the cloud particle
trajectories. Detailed studies of this kind are necessary to make
the laboratory more effective, but will also be useful in determining
to what degree the airflow for a given area must be described to be
reasonably sure nucleating material of specified concentrations will
be delivered to the clouds. The nucleation and growth of cloud
particles within the cap cloud has been studied under both treated
and natural condi tions. 1hese studies invol ve the determination of
the droplet spectra and concentrations, liquid water content (Ll;'C),
supersaturations with respect to icc, ice crystal population and
types, ratios of ice crystals to ice nuclei, snowfall rate, etc.
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The evaluation of the precipitation frolA the cap cloud under both
treated and natural conditions in very difficult at best. the usc
of conventional sensors such as snow pil101~S and snow courses has
not been sufficiently sensitive to detect precipitation changes on
the tilllC scale under consideri:ltion (hours). 1I00.'ever, some progress
has been made using such methods as calculating the amount of "",ater
changing from the liquid to the ice phase and a systematic study of
the icc crystals,

RESULTS

'l11C studies conducted to date by the Atmospheric Resources Research
group has produced the following results in each of the categories
considered.

A. Envi ronlllent

During the past 2 years, data has been obtained ".hich define, pre~

liminarily at least, th6se meteorological conditions which spawn the
orographic clouds on \'iyOliling's higher mountains. Analysis of the
available data has tentatively identified those weather systems
which produce the isolated cap cloud. The formation of cap clouds
generally occurs when short waves, at the SOO·nn level, pass to the
cast of the area. These short waves may be those of the classical
sense, easily distinguished by wind shear lines and/or pressure height
falls. uften times, these small disturbances can be very difficult
to detect when imbedded in the "'esterly flow. Continuously tracking
these short \~aves and monitoring microbarograph traces often provide
the only meAns of detection. However, keen synoptic analysis coupled
with local barometric pressure changes at the surface provide acceptable
operational forecasts. Cap cloud formation is generally observed
when the trough line of these short ",aves is located at an average
distance of 65 nautical miles downstream and cap cloud dissipation
tyPically occurs when the trough line passes 265 nautical Ili.les down~

stream. Rising pressure, measured by the microbarograph traces at
the Elk Mountain (bservatory following the passage of the short ",ave
trough, always accompany cap cloud duration and averages 3.5 millibar
through the lifetime of the cloud. A return to steady or falling
pressure heralds the dissipation of the cap cloud. OCcasionally,
when the 500·1lD short wave trough is located over the barrier, with
an apparent surface front appearing slightly to the west, a cap cloud
will develop which graduaUy merges into a general snow situation
with the passing of the apparent surface frontal system. llowcvcr,
after the departure of the frontal zone precipi tat ion activi ty, the
classical cap cloud situation once again sets in to continuo until
such time as the upper trough moves beyond the critical distance downstream.

,11ere is a tendency for the short wave troughs to move through the
area in the early morning hours, thereby providing cap clouds by
sunrise which, on the average, continue until 1700 and rarely dissipate
before 1300.
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B. Airflow

lhe characteristics of the silver iodide plur.te from an acetone Renerator
have been observed 3I1d parameterized in tenns of tCr.lperature lapse
rate and horizontal angle of diffusion. In addition. the ratios of
the traveling speed of the AgI nuclei to the mean wind speed in the
transporting layer have been determined. Analysis of the available
data suggests that the horizontal angle of dispersion is independent
of thc speed of the transporting wind. A completc dcscription of
the experiment can be found in Auer ct. al. (1968). !.inited measure­
ments of the vertical diffusion of t~plume at [;lk ~:Ountain at
distances of 10 kill downwind from the generator reveal that the tops
of the plUlJle are between 300 and 450 meters above the terrain and
that thcy arc detected at the higher elevations only during conditions
of superadiabatic lapse rates.

A two-dimensional numerical model for the airflow ovcr a mountain
has been developed. The model \ias empirically obtained by select­
ing functions which are physically reasonable and quantitatively
predict the airflow and cloud as observe\! in the natural laboratory.
The observed input functions are the upwind temperature. moisture
and wind soundings plus cloud base height, and cloud top height.
Utilizing this information. one can calculate the height from which
the air lIl.lst rise to form the observed cloud base and cloud top. 'Ihe
following assUlllptions were made in constructing the numerical model.

1. The air at the cloud base continues to rise to the crest of
the oountain.

2. The nodal line is obtained by assuming the aqJlitude of the
rising air decreases linearly Io'ith height.

3. The air begins rising along a function (A sin 8) which extends
vertically from the base of the mountain (8 = 0) upwind to the
nodal line (8 .. 11/2). TIle amplitude (A) was arbitrarily selected
to be the' height of the nodal line minus the height of the up",ind
plains. Since no cap cloud was observed to extend out over the
upwind plains during the 1967-68 season. all Il'\Odels were run with
the saCle amplitude. J[OI~ever. the amplitude could easily be doubled
or tripled to predict cap clouds which do extend over the upwind plains.

4. The air ceases to rise along a function (A/2 sin 8) which
extends vertically from the crest of the mountain (8 = 0) upwind
to the nodal line (()= "/2). The amplitude (Al2) is one-half the
height of the nodal line minus the height of the upwind plains.
Such an amplitude was selected since it translates the cloud peak
upwind of the mountain crest and also begins cascading the air
down the lee slopes. both of which are normally observed during cap
cloud situations on Elk ~lountain.

227



5. The air is assumed to flo..' along a function (RB sin '1') where
B is the vertical distance from the cloud hase source to the
mountain, R is 1.0 at the cloud base source height and decreases
linearly to 0.0 at the nodal line, 'I' '" 1r/2 along the sine
function (A sin (j) extending from the hase of the mountain
and Ip '" ~/2 along the sine functions (fl/2 sin (j) extending
from the crest of the mountain.

6. The vertical velocity field is predicted hy multiplying the
slope of the airflow function (~ (RB sin 'I'll times the up,,'ind
horizontal velocity at that .heigEt. The mean vertical velocity
field was thus preJicteJ for compansons Idth the mean vertical
velocity field as observed by the aircraft and superpressure
balloon systems. ~loisture was accounted for in the model using
standard moist thermodynamic equations.

Results indicate that the cloud base and cloud tops are closely repro­
duced and the adiahatic liquid water concentration (LI';C) field is in
close agreement with the UK observed at the Observatory.

The vertical airflux, as observed at various levels upll'ind of the
MOuntain by tho aircraft, Io/as obtained by analyzing the vertical
velocity field. Tho vertical airflux for the levels observed by
the aircraft system ....·ore calculated utiliting the numerical airflow
model by assuming that the airflux nO'flllal to the airflo'" was 5 km
wide and by integrating the vertical velocities over the areas which
the model predicted. The 5 km Io:idth was selected in order to fit
the available data to the model. This 5 km ..... idth is also physically

• reasonable since the 9,500 feet msl contour is approximately 5 km wide.
The aircraft vertical airflux and the model vertical airflux appear
to be related within a factor of two. The value of the airfluxes
over Elk /-lountain are approximately one order of magnitude below that
observed for large thunderstorms and hailstorms (Auer and 11arwitz, 1968).

The airflow program is now sufficiently adequate to permit superposition
of the observed sno....• crystals upon the airfIo..' field and grow the
snow crystals by diffusion and accretion in reverse. 'nle ice crystal
generation field will thus be determined.

C. Nucleation and (;roh'th

'J1"le cloud's physical parameters \,'hich describe the ambient cap cloud
have been identified and categorized; these parameters are r.lOnitored
during seeding operations to test for the response to a given treatment.

i';~e;e:~ ~;~~g~~u~~o~~e1~~c~:; ~i~~~r~~ ~~~g~: ~~~maa~~~~l .~~ i~r
individual background spectra (51 hours of sampling). The values
of the spectrum have been corrected for the counting deficiency of
the NCAR counter rate computer discussed in the instrumentation
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section. 111e spectrum is essentially exponential at the \~armer

temperatures; and the background ice nuclei concentrations increases
by one order of maj1;nitude per (i°C cooling. The average concentration
of ice nuclei active at -zooe is 0.9 per 1iter.

Kumai (1961) reported that a solid particle was found at the center
of all but one percent of the 271 snOl,· crystals of various types in
his study. Ice nuclei spectra from crushed samples of Wyoming and
Alberta bentonite (Vali. 1968) bear a close resemhlance to the observed
background spectrum suggesting the investigation of bentoni te as a
possible source of background ice nuclei in the Elk ~Iountain area.

It is necessary \~hen conducting scedinj1; experiments to know the
background icc nuclei spectra. A nomogram rclatinj1; the concentrations
of the detectable J\~I nuclei (active at -ZOoC \;ithin the NCAR chamber
at the Observatory) to the active concentrations of !\gl nuclei at
any given cloud temperature was prepared for the University of
Wyoming silver iodide generator. \\'hich was calibrated by the Colorado
State University generator testing laboratory. Unless the Agi con­
centrations \;ithin the plume detected (~20°C) at the Observatory
exceed 20/liter. the true concentrations of ./lgl nuclei active at a
cap cloud temperature of -IOoC are only equal to or less than the
average background concentration of 0.03/1 iter.

While conducting an experiment lolithin the Elk Mountain Water I~esources

Observatory on February I, 1968. considerable ice nuclei contamination
was observed in the Saratoga valley. The general area of the con­
tamination was mapped using the l\CAR ice nucleus counter ooboard
the NRRI T\~in Beech aircraft. Seeding activity had been conducted
throughout the previous day near Steamboat Springs. Colorado. Analysis
of the available data suggests that this silver iodide \dlich \~as

released approximately 50 miles south of Elk ~,lountain crossed the
Park range into the Walden valley, then drained north into the
Saratoga valley.

Comparison of the amount of silver iodide released with that detected
near Saratoga, \~yoming, indicates that the silver iodide had deactivated
about one-half order of magnitude per hour after exposure to sunlight
for 6-8 hours. This is also in general agreement with the findings of
St. Louis and Steele (1968).

Using average values of plume dimensions, transport speeds, and gen­
erator nuclei output; the calculated concentration of Ap,I nuclei
within the core of the plume, assuming uniform dispersion, is near
4s0/liter. This corresponds quite well with the average direct
measurements of ISO/liter for a 30 minute nuclei travel time. This
ratio of observed concentration to the calculated concentration docs
not seem to support the current thinking of photo deactivation rates
of two order of magnitude per hour (Smith~, 1956, Fletcher,
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1962; and ~.lacCready, 1967) for ,\gl; hO"'ever, our ratio docs agree
nicely wi th St. Louis and Steele (1968) who reported decay rates
of 6-£01d pcr hOllr in lahoratory cxperimcnts.

For eight out of nine occasions during the period of 12 hours prior
to the passage of the short or long \~ave, background ice nuclei
concentrations I.'ere observed to he increased hy several factors.

~~r_~~S~P~;,c~~~e~n~~~~::s;~ ~~ea n~~: ~i o~~~~c~~r~:~~~~u~~t~~a~~~ater.
Several hours after the onset of precipitation (i f any), the back­
ground icc nuclei concentrations !'>ere ohserved to return to their
previous values. Further study is being planned to determine if the
increase in concentration might be attributable to upwind seeding
activities during l"eather regimes accompanying these short I'aves.

~1easurements of cloud nuclei (nuclei active in the condensation
process at supersaturations below 3 percent) ,,'ere also taken at
the Elk ~·lountain Observatory by using an improved thermal diffusion
chamber constructed by the "'atural Resources Research Institute.

Values of cloud droplet sizes and concentrations were obtained by
means of the cloud droplet replicator device described in the instru­
mentation section. For natural (untreated) cap clouds, the average
droplet concentrations is 250/cc with a medium droplet diameter of
7.8/1 and a mean droplet diameter of 8.6/1. Assuming a cloud nuclei­
to-droplet ratio of unity. the average activating supersaturation
was on the order of 0.45 percent for the cap cloud.

;\ close scrutiny of the prevailing ice crystal climatology I.'ithin
the cap cloud was begun during the 1967-68 season. Icc crystal
replication \,;as accomplished through the use of a formvar-type
continuous ice crystal replicator; the crystals lI'ere then classified
according to ~lagono and Lee (1966). Icc crystals were sampled in
unmodified cap clouds as well as those seeded with silver iodide.
The ohserved icc crystal types correspond quite well with the
classifications according to the formation temperature at water
saturation regimes observed by ~lagono and Lee.

The cap cloud offers an ideal opportunity to study the ice crystal­
ice nuclei concentration ratio because of the small vertical tem­
perature variations (30C to 6oC). Through the use of the continuous
ice crystal replicator and the NCAR icc nucleus counter, comparisons
\~ere made of the ratio bc!lo.'een the concentrations of ice nuclei and
icc crystals during both seeded and nons ceded conditions. Tentative
conclusions suggest that the ratio is a function of the ice crystal
types (i.e., formation temperatures). Such a relationship has heen
recently implied by Koenig (1968) whereby the process of mechanical
fracturing lTIay be the principal mechanism of ice multiplication in
clouds, so that glaciation should occur most rapiJly at temperatures
and supersaturations at which fragile, dendritic crystals are formed.
The data obtained in the Elk Mountain experiment for formation
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telllperatures near _17°C indicate ice crystal concentrations exceed
the ice nuclei concentrations by three orders of magnitude for the
nonseeded cases; this is in general agreelllent wi th ~k>ssop, et. al.,
(1967) who found ice crystal concentrations three orders of magnitude
higher than would be expected from estimates of ice nuclei concentrations
active near _17°C. Results from the Elk ~iountain research also reveal
that for the seeded cases at _17°C, only 30 times more crystals ""ere
found than ice nuclei; for -lOoC during nonseeded cases, the ice crystal
concentrations exceeded ice nuclei concentrations by a factor of 30.

It is interesting to note that naturally occurring crystals were
found in all cap clouds without exception, even those as warm as
_5°C. Because of the common frequency of cloud temperature regimes
favorable for hexagonal plate ice crystals, this crystal type was
1Il0st prevalent and exhibited an average size of ISOlJdiameter.
Assuming the observed crystals began growth at their minimum formation
temperature at the leading edge of the cloud and transported by the
observed wind, the observed crystal sizes were in agreement with
those predicted froD! classical diffusional growth equations. Hexagonal
crystals of maximut'l diaJlleter of less than 350 JJ. ",·ere never observed
to exhibit any rillle droplets, while one millimeter hexagonal crystals
(very rare) exhibited moderate to heavy riming conditions. Plain
dendritic crystals ranging bet""een 2 and 4 millimeters diameter were
found to be extremely selective in the sizes of accreted water drop­
lets. In all cases, the lower size threshold of the treated ...:ater
droplets was 16lldiameter; sizes up to 241lwere also observed.
Typically, 125 such droplets were accreted on the lightly rimed
crystal. Since the cloud droplet spectra within the cap clouds is
such that the droplets of diameters greater than 161l0ccur in very
small concentrations, the predicted threshold of drop size for
accretion growth appears to be consistent. These results are pre-
sented in Marwitz and Auer (1968). ).

Throughout the 1967-68 season. numerous samples of accreted rime ice
","ere tested for their density. The results of these direct measure­
ments taken by illlDersing the rime ice samples in nethanol (specific
gravity 0.80) and olive oil (specific gravity 0.92) indicate that
the average density of the rime ice is near 0.90 g/ClIl 3 . This value

~=l~~; ~~a:g~~:~e;;c:~t~t~~~~i~: :a~~~~;a;~~~2~i~~0t~~~~~l~~::r::~~~ty
which simulated cap cloud riming conditions similar to those encountered
atop Elk ~Iountain.

D. Prccipi tat ion

The determination of the precipitation from the cap cloud is necessary
to evaluate the efficiencies of both the natural and treated conditions
under various meteorological conditions. Because of the severe
environment encountered within the Elk ~Iountain Water Resources
Observatory, the determination of the precipitation is very difficult.
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The precipitation climatology or monthly behavior of the precipitation
patterns has been observed by standard pressure snow pillows. This
data, however, is not useful for evaluating the response of the
cap cloud under various treatments when a relatively short experimental
turn around time is used.

The natural ice forming efficiency of the cap cloud was evaluated
by defining the ratio of the water content of· ice (Iwe) to the total
adiabatic water content of the cloud (LWe~) from the base of the
cloud to the sampling altitude. The liquld water content of the
cloud (LWC) was estimated from both droplet distributions and rime
ice accretion rates. As previously mentioned, all cap clouds exhibited
some naturally occuring ice crystals; however, the typical value
of the mC·LWCa ratio was 0.2 for the unmodified cap cloud. Preliminary
data from a limited number of cases indicates that under the proper
conditions of temperature and liquid water content this ratio may
be increased to 0.8 or greater during cloud treatment with known
amounts of AgI nuclei.

Accretional growth appears to be the most efficient mechanism of
removing large amounts of liquid water from the clouds. During
periods with snowfall of moderately to heavily rimed ice crystals
or graupel, the III'C-LWCa ratio increases naturally to as high as
0.85. It "'ould thus seem that a desirable method for optimizing the
precipitation process would be to artificially initiate graupel
embryos and capitalize on the accretional gl'owth mechanisms. The
mechanisms of such processes are being actively investigated.

E. Instrumentation

The design and development of instrumentation necessary to make the
desired physical measurements have been an important part of the
Atmospheric Resources Research program at the University of wyoming.

Investigations by Auer and Veal (1968) suggested that the ice nucleus
counter could not be operated at temperatures wanner than _lOoe because
of the weak cloud structure and inadequate ice crystal growth rates
within the chamber during such warm temperatures. Other Elk
~lountain studies indicated that a fraction of cloud droplets between
8 - 151-1 diameter within the cloud chamber ....·ere apparently freezing
at temperatures colder than _320e, following Fletcher (1962). Such
droplet freezing seriously hinders the validi ty of the true freezing
nuclei spectrum at temperatures below _300C. Therefore, it is
recommended that the NCAR ice nucleus counter be operated only between
_lODe as a warm threshold and _30oC as the colder limit.

A cloud nuclei counter based on Twomey's thermal diffusion principle
was developed during the 1966-67 operational season. During the
1967-68 season this unit "'as improved considerably by modifying the
light source and the differential thermometer. In addition, the counter
was compared with other similar instruments at the International
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Instrumentation Workshop for Atmospheric Nuclei held in Lannelllezan,
France in September 1967. The results of this cOlllparison suggested
that the portable University of Wyoming cloud nuclei counter yields
cloud nuclei concentrations remarkably compatible with the Il'.ore
sophisticated laboratory instruments.

" liquid water droplet replicating device ,,'as developed in order to
monitor the droplet spectrum before. during and after treatment. The
device developed uses soot··coated glass slides which are exposed to
the airstream for a known period of time. In addition, the behavior
of the airstream through which the slide passes is also known. This
enables the experimenter to accurately determine the volume samp~ed.

The slide exposure is measured using a light source, a field effect
transistor. and associated timing electronics.

The instrUlllentation group of the Natural Resources Research Institute
has developed a digital data acquisition systell which is especially
sui ted for airborne research. It is a versatile, high resolution
system lotdch records input data on one-half inch IBM conpatible
I113gnetic tape. The aircraft operational paraIleters presently being
recorded are heading, indicated airspeed. pressure altitude, manifold
pressure. VOR azilluth. and ['tIE position; the presently recorded
meteorological parameters are temperature; humidity. NCAR ice nucleus
counter, vertical acceleration. together "'i th time (month. day. hour.
minute. second). The heading and temperature transducers ....ere
developed by the NRRI instrumentation group and were reported on
by Weeks (1967a) and Weeks (l967b). In addition to the above para­
meters. the system is also capable of recording 10 separate coded
events for the pilot. meteorologist, and operating technician.

The system uses a magnetic tape Digi-Data ORS-1420-V-200 which
records at a lOll: densi ty of 200 bpi at a rate of 100 characters
per second. The recorder generates the odd parity bit and has a
parity echo check capability. The unit uses all silicon semiconductors
and has +12-volt logic levels compatible with the Amelco high noise
immunity logic used in the digital data acquisition system.

A cooplete description of the digital data acquisition system can
be found in Knowlton and Veal (1968).

V. REPORTS

The following reports were presented or published during the reporting
period (July I, 1967 through June 30, 1968) in support of the Bureau
of Reclamation sponsored research as well as other activities.

Published Reports

Auer, Jr .• A. H., 1967: A cumulus cloud design for continental
airnoss regimes. Journal de Recherches AtlDospheriques, 3(3).
91-100.
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Research Institute Information Circular No. 51, University of
lqyoming, Laramie, Wyoming.
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Proceedings of the First National Conference on Weather iolodi­
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LARGE SCALE DYNAMIC EFFECTS OF CLOUD SEEDING

ANNUAL REPORT

nHRODUCTION

On April 15, 1966, Aerometric Research Inc. entered into Contract

Number 14-06-D-5963 with the U. S. Department of Interior, Bureau of

Reclamation, Office of Atmospheric Water Resources Research, to conduct

research into the large scale dynamic effects of cloud seeding. A number

of investigators have reported on the possibility of large scale increases

in precipitation in areas some distance downwind from the intended area of

effect.

One of the earliest reports on this poSSibility occurred in an eval­

uation made by North American Weather Consultants (1956) of five years of

conunercial seeding operations in the Southern Cascades in Oregon. In

this report an analysis of the precipitation patterns indicated an in­

crease in precipitation over the target area and also a higher percentage

of average increase some 60 to 100 miles downwind from"the target.

Another case of apparent dowm~ind effects of seeding was reported by

Dr. Roscoe Braham (1965) of the University of Chicago in a paper presented

at the 244th National Meeting of the American Neteorological Society on

cloud physics and severe local stonns in Reno on October 18-22, 1965. In

this paper, Dr. Brnham presented the results of a \\'€ather radar
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precipitation analysis of the randomized cloud seeding project White Top

in Hissouri, which showed clearly that substantial positive effects

occurred along the aerial seeding line and downwind there from up to a

distance of some forty miles. Beyond this there appeared a slightly

negative effect, but at a still greater distance dCJ'o>'llwind there was again

a positive effect. Dr. Braham stated that he considered the overall effect

to be dynamic in character; that is, that the seeding actually produced a

meso-scale wave pattern as one of its essential features.

Another .report on downwind effects of cloud seeding ,,'as recently

released by Brier (1966). In this paper several commercial cloud seeding

projects in Eastern United States were studied and statistically signifi­

cant increases were detected between 125 and 145 miles downwind from thl:!

center of the target area.

A recent translation of a Russian publication by Litvinov (1967)

indicated that aerial seeding in Western. USSR had produced increases in

precipitation in a 30 'km square and also in another square of equal size

some 30 km dm.'i1wind.

At the first National Conference on Weather Modification held in

Albany, New York from April 28 through Hay I, 1968, three papers were

presented which further documented the existence of downwind effects of

cloud seeding operations. The first paper WiJS presented by E. G. Bowen

and covered Adderley's (1968) work showing large downwind effects in

AustriJlia. A paper by Brown and Elliott (1968) showed evidence of pre­

e ipitation increases downwind from four long-duration operational
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seeding projects in western United States. Hannaford and Williams (1968)

found similar :results by basing their evaluation on streamflow records.

The purpose of this current study is to determine what mechanism con­

trols the occurrence of increases in precipit<Jtion in areas downwind from

the intended target areas. The importance of understanding and eventually

contrOlling this effect is evident when we consider that our prelimin<lry

findings indicate that the downwind effect appears to be larger than the

primary e frect and is spread over a larger area than the original target.

By proper use of this tool, it may be possible to increase the water yield

of a given storm by an order of magnitude over the current methods of

di:rect nucleation over a watershed.

APPROACH

During the first phase of this contract we performed 1:I statistical

analysis on the precipitation patterns downwind from four long duration

operational seeding projects in the western United States. The results of

this analysis "''ere reported on in the First Annual Report (1967). All

four of the projects studied showed precipitation patterns suggesting a

dm."llwind effect and three of the four projects exhibited marked similari­

ties. A composite analysis was made of the three similar projects. In

order to construct a compOSite pattern, it was necessary to select a

common point to act as a reference so that the various project areas

could be superimposed. The centroid of JigI generator operl:!tions was

selected as a logical common point for the three project areas. The aver­

age precipitation during seeded storms and unseeded storms at each point
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on a grid was then averaged for all three projects and a composite seed/

unseed ratio computed.

Tlle pattern produced by this analysis is shown in Figure L IIlIlIEdi­

ately downwind from the centroid of generator operati.ons, an average target

area is depicted. The absence of high seed/unseed ratios within this com­

posite target area is due. to the lack of precipitation gages witllin the

actual targets. Independent evaluations of the individual seeding projects

showed increases in snowpack and nmoff during the seeding programs. Approx­

imately 100 miles downwind from the centroid of generator operations is a

well developed area of high seed/unseed ratios oriented perpendicular to

the mean 700 mb •.'ind direction. A second well marked high area occurs about

270 miles downwind and is also lOCated on the mean 700 rob wind direction

radiaL The patterns seen in Figure 1 quite strongly suggest that a per­

sistent downwind increase is occurring during operational cloud seeding

programs.

With the extension of this contract for a l2-month period beginning

January 1, 1968, we were able to shift our attention to a downwind analysis

of past randomized cloud seeding projects in order to refine our under­

standing of when and how these downwind effects occur. Two well-designed

randomized projects were selected for analysis. The first project W<JS

known as the Santa Barbara Weather Modification Project and was operated

from 1957 through 1960. Seeding actually took place in two adjacent

counties, Santa Barbara and Ventura, in Southern California. In 1957 J

Santa Barbara County was the only seeded area. In 1958, Santa Barbara
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continued to be seeded on a random basis but Ventura County was seeded at

every opportunity. In 1959 and 1960, the seeding in both counties was

factorially randomized.

The observation unit for this project was a l2-hour period from 0900

to 2100 or 2100 to 0900. Since many storms overlapped these arbitrary

time periods, only those clirr.atological stations reporting hourly preci­

pitation could be used in the downwind ·analysis. The precipitation period

was then time lagged across the area of interest to insure comparable pre­

cipitation periods. A total of 82 hourly precipitation stations within

the area studied were available for analysis. A control area composed of

seven precip stations northwest of Santa Barbara County was selected to

sensitize the statistical tests. i\ double ratio was then computed for

each precip station on the base map. The ratio was determined by:

R = ;
us

Double ratio

where :

Ts Average preeip during seeded storms at an individual station

Tns Average precip during non-seeded storms at the same station

Cns Average precip during non-seeded storms in the control area

C
s

Average precip during seeded storms in the control area

If there is no effect from seeding at an inuividual station, the ratio

should be near L o. The double ratio map comparing the storms when Santa

Barbara County was seeded and those stOIlll6 witll no seeding is seen in
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Figure 2. An interesting pattern is evident in this figure with high

ratios in the western edge of the target area indicating there was pro­

bably a considerable low level drift of AgI from the southeast before

entrainment and direct nucleation occurred. A second area of high ratios

is evident in the Taft area about 80 miles downwind from the target area

maximum. This second high area is located in the San Joaquin Valley to

the lee of the Coast Mountain Range. Two additional high ratio areas

appear on the west side of the Sierra Nevada Mountain Range. One center

is near Tehachapi and one just east of Fresno. A Mann-Whitney U test

was made to determine if the distribution of the seeded storms was signi-

ficantly different from the unseeded storms. Only the precipitation sta­

tion in the western edge of the target was significant at the 5% leveL

However, several stations in the San Joaquin Valley approached the 5%

significance leveL

Another randomized cloud seeding project analyzed for dOlIDwind effects

was the Nevada Atmospheric Research Project (NARP). This project is lo­

cated in northeast Nevada and has been in operation each winter season

since 1961-62, however, the first year of this program was operated as a

one-target rilndomized seeding experiment. The project design was changed

at the start of the 1962-63 season to a two-target, randomized cross-over

program and has continued to operate in this manner through the 1967-68

The storms chosen for our downwind analysis ,",'ere therefor", chosen

from the 1963-68 period.
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The design of the randomized cross-over program may be sunmaruC!d

as follOlo18. Two target areas were selected and instrumented. One target

was located about 50 miles north of Elko, Nevada in the Jarbidge Mountains

and the other target area Io.'as about 20 milC!s southeast of Elko in the Ruby

Mountains. Each target was 20 miles square. The operational procedure

required North American Weather Consultants, the operating company, to

select an 18-hour period with seeding conditions favorable in both areas.

This infonr.ation was relayed to the Desert Research Institute (ORI) of

the University of Nevada where a random decision was made to seed either

A Target or D Tcn-get. If the stonn extended beyond the 18-hour period,

no seeding was permitted for six hOUIS before calling for another seeding

period. A restriction on the wind flow patterns permissible during seed-

iog operations eliminated the contamination of one target area while seed-

iog the other target area.

The area covered in our downwind analysis of this project area ex-

tended from 112° to 117° W. longitude and from 39° to 44° N. latitude,

or over 80,000 square miles. Due to the small nLnber of hourly precipi-

tation stations in this area, it was necessary to use all available pre-

cipitation records and eliminate those stonos which were not clearly

defined as to starting and ending times. A total of 133 gages were 8uit-

able for analysis. Calculations comparing the effect at each precipita-

tion station when A target is seeded and when D target is seeded were

analyzed for the NilRP project area. A ratio was computed using the

formula

A-B
R = A + jj
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where :

A Average station precipitation when target A is seeded

B Average station precipitation when target B is seeded

The ratio found in this manner can be easily converted to a percent­

age increase Idth a negative sign if effected more by B target seeding

and a positive sign if effected more by A target seeding. These percent­

age values were then plotted on a base map and analyzed. Since the ana­

yais of these data is still underway I the results to date are only tenta­

tive. However, the first estimate of the area of effect from each seeding

area is very interesting and the patterns are shown in Figure 3. T]lere

appears to be a crescent-shaped area of effect extending from each target

area to the northeast and southeast and another high area in the center

of the crescent approximately 150 miles east of eaell target. This pattern

is remarkably similar to the classic disturbed fluid flow produced when an

obstruction is placed in a moving stream of water. Since one of our ori­

ginal hypotheses to explain' the downwind effect phenomena was a dynamic

response to a seeding-produced disturbance in the air flow over a barrier,

this evidence lends credence to this theory.

The extension of the A area of effect to the northwest of the A tar-

get may be due to a low-level channeling of AgI on the '''est side of the

mountains. The orographic barrier in target A is broken by severill Oilrrow

valleys which could .cause an extended low-level drift of AgI while the B

target area is characterized by a single abrupt mountain ridge ending at

the north end of the target. Any low-level AgI in this area would pro­

bably not be carried any great distance northl"ard.
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During the 1967-68 ..'inter season, Aerornetric Research Inc.'s

affiliate company, North American Weather Consultants, has been conducting

a randomized seeding project in Santa Barbara County under .contract to

the U. S. Navy. The seeding mode used on this project was pyrotechnic

devices burned at a 4000 foot ridge line locatiou northwest of Santa l3ar­

bara. The observation unit was a convective band embedded in a synoptic­

scale system as detected by weather radar and an upwind network of tele­

metered precipitation gages. The bands ..'ere then tracked through the

target area by a dense network of recording precipitation gages. A con­

trol area ",as designated and double ratios were computed comparing the

precipitation at each station during seeded and unseeded bands and the

control precipitation during unseeded and seeded bands. In order to test

whether seeding on a band basi,? could be used to detect downwind effects,

an analysis was started on the history of the bands after they moved down­

wind from the target area. Since only the existi.ng recording raingage

records could be used in this study, the coverage was less than adequate

but, nevertheless, some interesting patterns were suggested. The primary

area of effect of the pyrotechnic seeding appeared in the form of a north­

west-southeast line about 25 miles downwind from the seeding site. Deyond

this line the double ratios decreased to about 1.0 (no seeding effect)

and then increased again in the San Joaquin Valley about 70 miles downwind

from the seeding site. This was followed by a return to ratios near 1.0

again.

While the sample size was small, ten· seeded bands and <:,leven unseeded

bands, the possi.bility of detecting a downwind effect on a band basis
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poses some intcresting questions. For example, we do not kllow what

mechanism could cause a convective band to be amplified by seeding then

return to a normal amount of activity and then regenerate into a more

active band again.

CONCLUSIONS

During the course of this contract, Aerometric Research Inc. has

conducted a thorough investigation into the downwind effects of cloud

seeding. We have analyzed precipitation patterns and associated meteoro-

logical conditions downwind from four long-term operational seeding pro­

jects and three research projects. We believe that the results of thi.s

study} together with the work of other investigators} has shown a re-

lationship exists between seeding operations and the precipitation patterns

over extended areas downwind from the primary target areas. The importance

of tmderstanding this phenomena and being able to exploit it for the pro-

duction of extra water supplies is quite evident.

We ha~ not been able to isolate the mechanism cOfltrolling the down­

wind effect by making "post hoc" analyses of past seeding projects. We

have been able to list various hypotheses but the supporting evidence is

either lacking or contradictory. The variables which We are interested

in are not available in the downwind areas since the projects studied

were not designed to test for downwind effects.

In order to develop an understanding of the extended area effects

of cloud seeding I it will be necessary to start a field program specifi­

cally designed to provide the inputs into our various hypotheses. The
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statistical study being made under this contract is providing much infor­

mation as to what must be measured and in what areas our study should be

concentrated.

Reports Published:

In April, 1968, Mr. Keith Brown and Mr. Robert Elliott presented a

paper covering the results of this study at the First National Conference

on Weather Modification sponsored by the American Meteorological Society

at the State University of New York at Albany. A summary of this work is

included in the Proceedings of this conference.
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INTRODUCTION

The main objective of the work under t.his contract is t.o evaluat.e
the effect of exposure to the warm cloud base upon t.he seeding
effectiveness of silver iodide. In tenns of practical weat.her
lIIodificat.ion it is a comparison betl"een seeding froll the ground and
seeding from aircraft Idth respect to effectiveness and efficiency.

This objective continues frol!l the precedinR Contract No. 14-06-D-5957.
In the course of that II-ork it becaBle apparent that the state of the
art did not provide the information required for the proper definition
of the objective in terms of testing conditions and criteria of
merit. Part of the effort was t.herefore given to the acquisition
of such information. This effort has continued as a secondary
objective under the present contract.

A great deal of thought and study has been given to the application
of results to the weather modi fication program and its problems
more generally than the specific scope of the contract. It is a
matter of course that the work under this contract should be placed
in its conte... t ",-ithin the ",-eather modification program. A brief
discussion of this subject is presented in Section 4 of this report.
The testing conditions and the criteria of merit for the \<lork under
this contract are valid more generally, and a proposal has been
submitted for their development for the testing of seeding agents
and equipment for dissemination.

f\. crucial issue in laboratory work is the simulation of the partinent
conditions in natural clouds during seeding. This issue has been
approached along two avenues, namely the identification of pertinent
conditions in the laboratory, and the checking of laboratory results
by experiments in natural clouds at ground level. The latter approach
has been exploratory so far, but we hope to give it extensive effort
in the future.

f\. peculiar aspect of the simulation problem is that the concentration
of seeding particles should be slIIall enough as compared to the con­
centration of supersaturated (condensable) water vapor. In order
to promote precipitation. as contrasted t.o dissipation, the con­
centration of seeding particles should be so small tlHlt the particles
do not compete with one another for the condensahle vapor. This
means that the experiments should be conducted with virtually single
particles. On the other hand, the actual supersaturation in clouds
to be seeded. ",·hich is determined by the dynamics of the updraft
and the kinetics of the cloud processes, appear!; as one of the most
important quantities in practical cloud seedinR, which needs deter­
mination in natural clouds to be seeded and simulation in laboratory
e ...periments.
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The work under this contract has been conducted under three tasks;

1. Investigation of the effect of exposure to the warm cloud
base upon the seeding effectiveness of ART.
2. Exploratory experiments in natural clouds.
3. Further experiments with AgI in the expansion chamber.

The state of the contract is that tasks 2 and 3 have been completed,
and that task I is in proj1;ress. Task 2 "..as reported in a special
report, a summary of which is in the process of publication. Task 3
was reported in a special report, and a summary has been prepared for
publication. Task I is expected to reach a reasonable degree of com­
ph'tion by the end of the current contract period.

The personnel activc!y engaged in this Io.'ork are Dr. T. G. OKe Berg,
principal investigator, ~lr. Thomas A. Gaukler and 1·lr. Robert L. j\lcDonald,
project engineers, and t,lrs. lIrte Vaughan and ~1iss Joyce E. Clutter,
laboratory technicians.

I. Investigation of the effect of exposure to the warm cloud base
upon the seeding effectiveness of AgI.

The experience gained under the preceding contracts led to the design
of an experiment, in which a charged single AgI particle is first
suspended under conditions simulating those at the cloud base and
then transferred to suspension under conditions simulating those at
the seeding level. The apparatus contains two suspension chambers
with ring-shaped electrodes. They are connected by a vertical tube,
through Io.'hich particles in transfer from the lower to the upper
chamber are guided by the ac field from two pairs of rods in the
wall of the tube. The two suspension chambers are part of a flo\~

system, throuRh Khich cooled air is flolo.'ing. The air is cooled
first in a heat exchanger and then further in the flow system
itself by means of cooling coils around ducts and tubing.

The main difficulty in the construction and operation of this apparatus
is to simulate cloud conditions between the t\W suspension chambers.
We have found that this cannot be achieved by means of cooling coils
or by means of a cooling jacket around the intermediate tube. lI'e
have therefore made a cold box that encloses the part of the apparatus
above a level at 12 inches below the 10\o,'er suspension chamber.
The cold box has the outer dimensions 2 x 2 x 3 feet. It is lined
with 2-inch styrofoam sheet. It is cooled by 60 feet of 3lB-inch
copper tubing connected to a refrigerator. A fan at the top of
the box provides stirring of the air and a fairly uniform temperature
distribution. Without stirring the air at the higher suspension
level is 100 to 120 warmer than at the lo"..er suspension level.
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The cooling and temperature distribution problems derive basically
from the fact that it is not possible to use a metal cylinder
around ring-shaped electrodes for suspension. This is a lllatter
of field distribution. But electrical insulators arc also thennal
insulators, and cooling of the insulating wall below and above the
suspension chamber does not control the temperature in the suspension
chamber. This situation is rartially improved by the air current
through the suspension chamber, but the outside air temperature
should preferably be equal to or lower than the interior air tem­
perature at the upper, colder, suspension chamber. Since AgI becomes
effective at -SoC this means that the temperature in the box should
be below -SoC.

To the main purpose at hand, the observation of ice formation, it
suffices that the interior air temperature <It the upper suspension
level is -SoC is slightly lo....-er, and that there is no colder lower
level. In order to study growth of an ice particle, it is desirable
to have lower temperatures at the upper suspension level, but it
is not necessary to prevent lo....er temperatures at lower levels so
long as supersaturated ....ater vapor is available at the upper sus­
pension level.

Recent studies of strongly charged water droplets have convinced
us that they retain their temperature regardless of the temperature
of the surrounding air. This suhject is briefly discussed in
Section 4. However, weakly charged droplets containing A[:I do freeze.
It is therefore necessary to use w-eakly charged AgI particles and
to support them partially by an air curront, using the field
essentially for their horizontal confinement. This ....'as done success­
fully in the experiments at Rabbit Ears Pass.

2. Exploratory experiments in natural clouds.

The special report on this subject has been prepared ("Exploratory
Experiments in Clouds at Ground Level at Rabbit Ears Pass, foebruary 1968,"
T. G. Owe Berg, T. A. Gaukler and Joyce E. Clutter, ~lareh 1968). The
abstract is given here.

ABSTRACT

EqUipment of the type used in previous laboratory investigations
was installed in a trailer and taken to Rabbit Ears Pass at Steam­
boat Springs for observations in natural clouds at ground level.
The equipment included devices for the sampling of the cloud with
respect to ice particles, and the suspension of such particles in
a nonuniform ac field ",ith or without a supporting vertical air
current. The suspended particles were observed visually in scattered
light and by photography in shadow illumination through the micro­
scope at magnifications of IS and 20, respectively. Observations
,"ere extended over periods up to 2 hours ""hile the particle was
hec\d in it~ natural cnviroru:lent. The ice particles observed bett.'een.
-2 and -7 were all hexagonal, or agglomerates of such hexagons,
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the hexagons being 15 P. along the diagonal. Some such particles

~'~3ee~~;~;~m~h~~r~~'i~fo~ ~~~r~~m~oo;~~~ ::t~~a~ff~~et~~d::s~~nded
droplets studied previously in the laboratory. Other such particles
had smaller or much smaller charges. Both positively and negatively
charged particles \'Iere observed, their relative abundances varying
from one occasion, or one cloud, to another. TIle highly charged
suspended particles collided and coalesced readily with other
particles. No other mechanism of gro....'th \\'3S observed. Occasionally,
small, approximately 2/1, ice particles were observed. They were
apparently uncharged.

High-speed photography studies were made of the formation of con­
densate clouds in an expansion chamber at various temperatures
down to -So Idth air from the cloud in the expansion chamher. TIle
condensate cloud was sparce. The droplets ....·ere of uniform size,
approximately 6 p., the same as with laboratory air.

3. Further experiments with AgI in the expansion chamher.

The special report on this suhject has also been prepared ("Experi~

ments with Silver Iodide Smoke in the Expansion Chamber," T. G. O\~e Berg,
T. A. GaukIer, and Urte Vaughan, July 1968). The abstract is given
here.

ABSTRACT

Condensation and ice formation in an expansion chamber were studied
at temperatures down to _lOoe. Nucleation was effected by laboratory
air k'ith and lI:ithout addition of silver iodide smoke. Plots were
obtained of the number of droplets and the droplet diameter against
the time after the start of the expansion.

At a high concentration of nuclei and a low concentration of con­
densable vapor the nuclei compete for the vapor. Some nuclei arc
ineffective for the lack of vapor to operate on, and the condensate
droplets are small because there is not enough vapor for their
growth. AgI particles form ice from the vapor by way of condensation.
At a high concentration of AgI and a 10\1' concentration of condensable
vapor some AgI particles appear to be ineffective merely for the
lack of vapor. In nature and under normal seeding conditions the
concentration of nuclei is 10l~. and the vapor concentration is high;
there is then no such interference among particles. This case" is
better simulated in experiments ....'ith single particles.

The remainder of the contract period will be devoted to the first
task. The apparatus will be completed, and observations will be
made with a single Ag! particle under the conditions at the seeding
level after exposure to the condition~ at the cloud base. The
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observations l>'ill include icc formation and growth. The main vari­
ables arc temperature, degree of supersaturation. and abundance of
condensation nuclei.

Applications to Weather Modification

Our experilllents l<o'ith the expansion chamber, the cold ch8lllber, and
the suspension chamber show that AgI fonns ice fro. water vapor on
the conditions that the vapor is supersaturated with respect to
liquid water, and that the temperature is below ~SoC. The AgI par­
ticle acts first as a condensation nucleus and then as a freezing
nucleus. The sallie experiments show that collisions between AgI
particles and water droplets are extremely rare, unless the \'''ater
droplets are highly charged. The initiation of freezing of super­
cooled cloud droplets by AgI particles should be correspondingly
rare. Thus, it may be concluded, the main direct seeding effect
is the interaction of AgI particles with supersaturated water vapor,

It follo\'ls from these observations that a necessary condition for
the glaciation of a cloud by seeding Idth flgI is that the cloud
contain supersaturated water vapor. This in turn requires the
supply of \'later vapor by way of an updraft, as in a cumulus cloud
during its fomation. Seeding in the dissipating stage could not
be effective since the updraft is lacking. Seeding in the inter­
mediate mature stage would be less effective than in the formative
stage. Seeding through the side of a cloud "'ould be less effective
than through the base because the air entering the cloud from the
side is conparatively dry. Also, the cloud I:\Ust be tall enough
to permit enough cooling of the water vapor in the updraft. These
conclusions seem to be in fair agreement with practical cloud seeding
experience.

Unfortunately. the state of the art does not permit the pursuit of
these conclusions further than to qualitative generalities. There
is a voluminous literature on the aerodynanlics and thennodynanics
of clouds, but the mathematical treatment 13cks a basis of empirical
knowledge of the rates of the processes involved. Reference may
be IUde to Newton on this subject. However, a few more specific,
although speculative, comments on the kinetics of the unit processes
may be offered here.

It is generally bclieved, probably correctly, that satuation pre­
vails at the cloud base, and that condensation nuclei are abundant
enough to prevent supersaturation at the cloud base, Thus, condensate
oJroplcts and saturated vapor are carried from the cloud base by the
updraft. As the air and the water vapor in the updraft proceed
upward. thcy are cooleoJ by expansion and by mixing Io:ith the cloud
air. Their temperature is also affected by exchangc \~ith the liquid
phase. The teJ;Jperature of the liquid phase is determined by conden­
sation. evaporation. and heat exchange with the adjacent air. It
is thus detenlined by the relative rates of these three processes
and also by the temperature and hWllidity of the air in the updraft.
Little is known about these quantities.
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TIle degree of supersaturation or, rather, the rate of production of
supersaturated, i.e. condensable, vapor determines the rate of for­
mation of ice by A.ltl and the rates of grol<·th of the liquid droplets
and the ice particles. A high concentration of ;\g[ particles as
compared to the concentration of condensable vapor causes overseeding
and dissipation of the cloud. Thus, no, or a very slight, super­
satuation in a region, where AgI is introduced, leads to no effect
of the AgI or to oversecding. It appears that the seeding is most
effective when the degree of supersaturation is high at the seeding
level. It also appears that the rate of, growth of the ice crystals
is greater, and thereby that the effective mass of the seeding is
greater, the greater is the rate of increase of the degree of
supersaturation above the seeJinR level. In the study of cloud seeding
one may therfore not assume that the rate processes arc infinitely
rapid, and that there .is equilibrium between liquid \o,'ater and
\I'ater vapor \~ith respect to temperature and vapor pressure at all
times, Indeed, the deviation from equilibrium is essential to the
seeding.

h'e have studied these rate processes under this contract and under
other contracts. 111e work has revealed the complexity of the pro­
cesses. Generally applicable data were not obtained because the
rates depend so much upon the experimental conditions that general­
ization is hardly possible.

The temperature of charged \~ater droplets was studied under our
contract with National Science Foundation, and a special report
on this work has been prepared. Kinser and (;unn found that a
falling drop takes the temperature of the \o,'et bulb . .'\lty found
that a drop on a capillary takes the temperature of the dewpoint.
It is a matter of course that a drop that does not evaporate or grow
by condensation ta'kes the temperature of the surrounding air. We
have found that charged droplets retain the initial temperature,
regardless of the temperature of the surrounding air. Thus, a
100 /l droplet of a suspension of AgI in IYater, corresponding to
10- 3 moles per liter, did not freeze in 2 minutes when inserted
at an initial temperature close to OOC in the suspension chamber
held at _20 0 e. Such a droplet should freeze at -SoC. Recent obser­
vations have shown that cloud droplets may be as strongly charged as
the ones used in these experiments.

It appears thus that charged cloud droplets may be carried up to
levels of low temperatures and retain their temperature until they
have evaporated. They then supply vapor to the cloud much faster
then the theory of Kinzer and Gunn would suggest, and growth of
cold droplets and ice particles \~ould be correspondingly rapid.

On the other hand, it appears that small condensate droplets, say
5 to 10 Il, formed in an expansion char.lbcr take the temperature of
the vapor from ....·hich they are formed. As already pointed out a
drop that does not evaporate or grow by condensation takes the
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teMperature of the air. Thus, with AgI smoke in the expansion chamber
the condensate droplets freeze below -SoC, ,,'hich is the threshold
for ice formation by AgI generally accepted on the basis of obser­
vations under other cirCUl'lstances. One l!l3.y therefore expect ne\\'
condensate droplets to form and to grow at the expense of old
condensate droplets.

It follows froJ!l these speculations that condensation should suffice
to cause grollo'"th, and that glaciation is' not necessary. ;\s a matter
of fact, rain falls from wan!! clouds in the tropics. 11o"'ever,
those clouds are generally much taller than those farther north,
and it appears therefore that the growth of liquid condensate drop.
lets is slower than that of icc particles.

Ionization of the air and electrification of the narticulates in
the updraft may be decisive in nucleation and gro;"th. They may also
have a role in the heat balance. Little information is available on
this subject.

The discussion just presented is necessarily speCUlative, simply
for the lack of data. It is clear, however, that nothing better
than speculations can be presented until the kinetics of the pertinent
processes is k.nown. Some of the quantities are admittedly very
difficult to measure in natural clouds and some, e.g. droplet tem­
peratures, cannot be measured at all at the present state of the
art. This should not deter but rather challenge research. It
appears that such a task should be conducted as a combination of
observations in natural clouds and in the laboratory.
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ABSTRACT

This report describes the results of the Park Range Atmospheric
I~ater Resources Program for the period July I, 1967 to June 30, 1968.
The program is centered at Steamboat Springs, Colorado, began
experimental work in November 1964, is operated for the Bureau
of Reclamation by E. Bollay Associates, Inc., a subsidiary of EG&G,
Inc., and has as its objective to develop the technology of weather
modification for water resources augmentation by treatment of winter
orographic precip~tation. .

High lights of the report are;

a. A numerical model .....hich simulates the air flow over an oro­
graphic barrier and computes the precipitation rates due to the
orographic lift has been applied to the Park Range experiment.
A simple but practical crystal gro\lth-precipitation fallout
nomogram has been constructed from the model calculations and
has been used to indentify the optimum seeding altitude and
range from the target in terms of measurable meteorological
parameters.

b. Conditions favorable for cloud seeding in the Park Range
target area have been identified in tel1llS of measureable envi­
ronmental parameters. Seedable, highly productive precipitation
periods last only a short time during the traverse of a weather
system ovtn' the area. Unde]';' these situations the optimum growth
level (T 2 _ISO C) is at lS-18,OOO ft /-ISL. Analysis of past data
for the area shows that ~the most productive precipitation periods
average about 200 hours per season. The relllaining precipitation
falls during another 800 hours when telllperatures are relatively
cold and precipitation rates are low. These characteristics of
the cloud conditions have significant implications in the COII\­
promises between operational complexity, reliability and the
yield/cost determinations.

c. Analysis of Ag in snow samples, ice nuclei concentrations and
precipitation rate have been used to understand the effects of the
seeding pulse. Spectrum analysis techniques have been applied to
the data but have not been able to directly identify seeding results.
Detailed studies of individual cases have isolated lIlally of the inherent
problems related to detection of the periodic seeding pulse. For
example, inversion conditions have limited the number of seeding hours
in which the plu1l)e could he transported to the proper lOCation ill the
cloud. This variability of the nuclei transport and dispersion, as
well as the nonlinear precipitation reaction time, has made the pulse
seeding evaluation more complex than was originally anticipated. These
results clearly show that cloud seeding operations in mountainous
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terrain are complicated and must be controlled carefully if proper
resul ts are to be obtained.

d. Several independent evaluations suggest possible do\~nwind

(50 miles) seeding effects caused by the Emerald ~lountain seeding
tests. Since the short-term pulse seeding (I cph) is usually
smeared with distance of travel, one can consider the downwind
plume to be nearly continuous during the operations period. Thus
small increases in precipitation dOl'inwind of Park Range appears
consistent \~ith current understanding of the plume movement.

e. Diffusuion tests have been used to develop prediction esti­
mates of nuclei plume transport and dispersion. The seeding
phases have been measured in terms of nuclei concentrations in
the target area. Analysis of the diffusion studies have pointed
out the complexities to be dealt with in establishing proper
generator sites.

f. In vi(n~ of the complexity of monitoring ground released pulses,
several airborne seeding tests were performed. Preliminary results
show that the seeding pulse can be identified and follOl~ed through
airborne nuclei tracking. Furthermore, several cases show good
correlations with snow rate in the target area. There still exists,
ho\~ever, considerahle complexity in the determination of release
patterns, seeding rates and monitoring of cloud response time.
It is clear that the lag time between soeding pulses must be at
least the order of 2 hours for proper experimental resul ts.

g. Techniques have been applied, utilizing quantitative radar
measurements, to identify the precipitation trajectories and to
monitor changes in precipitation intensities during intervals
when clouds are influenced by the seeding pulse.

INTRODUCTION

The Park Range Atmospheric Water Resources Program, located ncar
Steamboat Springs, Colorado, has been operated for the Bureau of
[{cclamation by L Bollay Associates, Inc., for 4 years. This re­
port describes the results of FY68 (JUly I, 1967 to June 30, 1968)
operations under Contract No. 14-06-D-5640.

The basic purpose of the Park Range Program is to test the effec­
tiveness of winter-time cloud seeding and to develop the technology
for optimizing precipitation in the Upper Colorado River Basin. The
goal has been to obtain useful information concerning artificial cloud
nucleation effects in as short a time as possible. It is inllerent in
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such an approach that pcrtinent measurements be made frequently with
a relatively dense network, and be supported by detailed analyses.

Mswers have been sought to the following major questions:

a. Under what metcorological conditions is artificial nucleation
(seeding) of clouds effective?

b. Under what meteorological conditions will artificial nuclei
be transported from n given generator location into super-cooled
clouds over a given target area?

c. To \~hat extent do artificial ice nuclei participate in ice
crystal formation, and how is this participation reflected in
precipitation falling on the target area?

d. l'/hat combination of operating criteria techniques and equip­
raent ....ill produce thc maximum increase in annual precipitation
for the least cOSt?

To answer these questions, experimcntal seeding tests have been
conducted along \~ith research studics which emphasiz:e nUl'lcrical
modelling, ice nuclei generation, diffusion analyscs, precipitation
dynamics, and evaluation precedures.

Experimental Design

The underlying premise of the Park Range experiment is that winter­
time precipitation (November-April), falling from storm systems
lAoving through the area, is not totally efficient in snow production
due to a lac!:. of ice-forming nuclei. Since appropriate cloud seeding
techniques are capable of increasing the numbcr of ice-forming
nuclei, it is expected that important increascs in winter snow
pack can be obtained in this area. However, the susceptibility of
the clouds to seeding is highly variable and experilllental studies are
needed to derive the necessary criteria for optillizing the precipita­
tion production.

The basic design of the experiment involves the injection of a
pulse of artificial nuclei into the atmosphere and the measurement
of the influence which the nuclei have on the precipitation rate
across a target area. By replicating the pulsing cycle, it is
possible to obtain several seed/no-seed tests for each storm period;
thus increasing the number of test units nvailable for a given
season.

An instrumented network, two radars, and aircraft are used to monitor
the test area. The available data are analyzed as case studies to
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provide sequential information about the transport of the nuclei
to the cloud level, the development and growth of ice crystals and
the eventual fallout of snow on the test area. The time series
of precipitation rates are also analyzed using standard power
spectTUJll procedures.

EIllphasis has been placed on the pulsed seeding technique 50 that
a large nUJIber of experimental test periods may be obtained
covering various environmental conditions.

The pulsing technique further provides information about the non-
I inear reaction time of the cloud systems which have been injected
with seeding lI'Iaterials. This gives additional insight as to the
delivery methods necessary to optimize winter-time precipitation.

Numerical /.lodelling

Application of :-lurnorical Mod7~

In recent years considerable success has been achieved in the sim­
ulation of cloud and precipitation processes using high-speed com­
puters. The advantages of applying numerical studies to experi­
mental cloud seeding projects comes from the ability to stratify
the various processes and to study their sensitivities in terms of
the influence on precipitation. Furthermore, it is possible to
simulate the r.lOdification technique which is being tested and to
estimate the I:lagnitude of the influence. F.valuation of the experi­
ment is facilitated by the comparison of model predictions with
pertinent observations.

A simple, but practical model has been developed during FY68 for
use in Park Range. The lIodel computes the vert ical cOll.ponent of
the airflow across the orographic barrier, the condensation rate,
the conversion of condensed water into ice crystals, and the pre­
cipitation rate across the mountain profile. The primary application
of the model in the Park Range experiment will be to stratify the
pulsed seedin~ periods and to compare the predicted paral!leters
with observations, Nomograms have been constructed using the
same micro-physical relations as those presented in the model.
The nomograms are used in planning the seeding operations and in
the concurrent analysis at the field site,

The two-dimensional mountain airflow can be represented mathema­
tically to an acceptable level of precision, and t.he vertical velo­
cities can, in turn, be used in models of the condensation process.

During the winter season, the bulk of the orographically produced
condensation goes into the formation of snail supercooled droplets.
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Unless there are adequate numbers of ice embryos which can convert
the supercooled water to crystals, lar$!:e enough to descend to the
mountain ridge, the condensed water will be transported across
the lIlountain ridge and eV:lporate on the lee side. Thus, the cloud
physics problem in mountain precipitation revolves around the
problem of extracting the condensed water into hydrorneteor form
before the ;lir transports the l!laterial to the re~ion of descending
Illation and subsequent evaporation.

With the assumption that ice crystals form, their growth by diffusion
and accretion can be modeled and the fall velocity and advected
distance can he computed. Often there are insufficient ice nuclei
present to glaciate subcooled clouds. Also there is a critical
ice-to-water ratio for which the cloud can become glaciated. This
ratio, which varies with vertical Illation, temperature and crys;tal
type is basic to the understanding of optimWll seeding of winter
clouds.

The model indicates that for clouds of ·lSo C and SO cm sec- l Updraft,
about SO crystals per liter are needed for optimum glaciation.
Generally speaking, this is one to tlo"O orders greater than natural
nucleus concentrations. 11e conclude then that the supply rate of
natural systems exceeds the extraction rate in the temperature
range of _50 to _25 0 C; hence, proper cloud seedin~ treatment should
produce significant increases in s,nowfall.

A key question to be ans\~ered is, what are the proper freezin~

nucleus concentrations to be added hy cloud seeding to optimumly
glaciate the cloud system? Using a mathematical realtionship we
can obtain the proper number of ice embryos. To this we must add
the air flux and generator efficiency in order to obtain th.e seeding
rate. Air flux is detemined by knowing wind speed and cloud cross­
sectional area. Generator production rates of nuclei are highly a
function of temperature.

For typical conditions, concentration of 10-100 crystals per liter
can be produced with a few grams of AgI per minute. Obviously,
if the lIIaterial is to be released from ground based generators,
seeding amounts must be increased due to the dilution by diffusion
as the plumes move from ground to cloud.

General Environmental Conditions

The climatological frequency of winter (Nov9I\pr) precipitation over
the Park Range by 24-hour period is about 45 percent. Precipitation
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events are frequently near 12 hours in length but may range from
I to 2 hours to as much as 48 hours and t:1e result is approximately
1,000 hours of measurable precipitation per winter season.

Large scale upper air patterns which produce the II'lOst persistent
periods of frequent snow are:

a. A low to moderate amplitude long "'ave ridge just off the
iVest coast with an ill-defined long wave trough east of the
~Iississippi River. nlis gives over-extended ,,'ave length and
allows short wave troughs (\'ihien arriv'e at 30 to 48 hour
intervals) to amplify as they approach the Continental Divide.

b. A very high amplitude long wave ridge extending from the
central Gulf of Alaska southward with strong moist north­
northwesterly flow over the Park Hange, Very fast-moving
short wave troughs (arriving at 20 to 30 hour intervals)
intensify and decelerate slightly as they begin to curve
more easterly <lot the latitude of the Park Range.

These two patterns can result in very large snowfalls due to the
duration of precipitation conditions.

Seedabil ity Cd teria

In order to develop seeding technology to the point where precipitation
can be optimized or to stratify data for analysis from indiscriminant
seeding, a set of conditions of seedability is required. For opera­
tional optimized seeding, these conditions must be predictable or at
least readily recognizable in concurrent time.

The conditions of seedability (seedability criteria) established in
this section are primarily theoretical and the oethodology is suffi­
ciently general to be applied to other geographical areas using
synoptic scale data in order to select feasible altitudes of ground
generator sites amI/or to establish the most feasihle node of seeding
(ground, aircraft. etc.) when planning a seedinR: progr3Jp.

From a seeding evaluation viewpoint, seedability criteria must
delineate:

a. Targeting limits (wind and stability criteria through the
seeding diffusion envelope).

b. The quantity of 11ater becoming available for potential precip­
itation per unit time.

The percentage efficiency of the natural precipitation process.
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d. The conditions to which the seeding agent is exposed in it!'
travel to the activation temperature region.

To set targeting limits (criterion l), the geometry of the target
area, the relative location of generators, and the local three·
dimensional diffusion characteristics must be considered.

The amount of water becoming available for potential precipitation
per unit time (criterion 2) is primarily dependent upon the tem­
perature of the saturated air column, the vertical velocity within
the colunm, and the airmass transport speed (horizontal) across
the target area.

The percent efficiency of the natural precipitation process
(criterion 3) is dependent upon the number of natural ice nuclei
which become active within the super-cooled cloud column. The
number of active ice nuclei, in turn, is dependent upon the coldest
temperature \~ithin the cloud (usually at cloud tOp).

The importance of conditions to \~hich the see"ding agent is exposed
in its travel to the activation temperature region (criterion 4)
is pointed out by St. Amand, et. al. (1968).

According to St. Amand, et. al. (1968) dissolution of the seeding
material may occur if the material is exposed to tellperatures
>-4~ c. They have also reported that contact nucleation or conden­
sation followed by freezing are the dominant nucleation processes
frolll -4~ C to -12.5~ C. while the sublimation process takes over
below -12.5~ C. Thus. it would be helpful to know the climatolog­
ical frequency of the occurrence of exposure temperatures> _4 0 C and
between -4~ and -12.5~ c.

Figure IS represents an overlay to be used with environmental temperature­
humidity soundings on pseudo-adiabatic charts. The first step in using
the chart is to overlay the chart on a pseudc.-adiabatic diagram contain­
ing a vertical sounding of existing teJllperature·hur.lidity curves.

Then select the mode of seeding to be employed as follows;

3. If any portion of the saturated air column (cloud layer) reaches
belo11 -24~ C, DO NOT~

b. If the saturated column intercepts the -15~ C isotherm within
either the seedable or highly seedl1ble from Mt. Ilarris region,
SEED FRQ,\l ~!T. IIARRIS provided no inversion exists between 650 mb
and ;"It. Harris altitude.

c. If the saturated column intersects the -IS~ C isotherm within
the airborne seedable zone, SEED FRC»oI AIRCRAFT OR OTIlER ~IE:'JIS OF
AIRBORNE DISPERSAL, preferably at or above the altitude of the
·""K"""Clsothcn. -
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d. If an inversion exists "between ~It. !lards altitude and 650 mb,
00 AIRBORNE SEEDING.

e. Also, if the wind direction target limits for ground-based
seeding are exceeded, 00 AIRBORNE SEEDING regardless of tempera­
ture indications from the overlay.

~'uclei Delivery and Transport

Description of the diffusive transport of nucleating materials
continues. to be a major factor in evaluating the effects of
artificial nucleation. A series rdesign!ltcd naisy Series) of
diffusion tests has been carried out during the course of the Park
Range experiment. Fifty-five ground releases have been tracked
in the Park Range area since the beginning of the program. A very
large percentage of the tests indicated trapping or very slow
vertical diffusion. This was true also of most of the ~It. Ilarris
tests, as well as the Emerald tests.

A cOIIlplicated inversion structure is often present to ahout half
of the major ridge height above the valley floor. This stable
tellperature stratification severely complicates the dispersal
pattern nnd often hampers or stops the vertical di ffusion from
even fairly high terrain ground releases.

Under conditions of neutral temperature stratification, vcrtical
diffusion can he very rapid and large. In contrast, small devia-
tions from neutral stratification tend to inhibit the vertical diffusion
of an aerosol.

In summary, it is significant that the spread of a high airborne
release in I'IOUntainous terrain under ncar neutral conditions is
reasonably well predicted by standard diffusion equations. This
spread is typically 7 kill at 40 kll from the release site. Further
tests are needed to confil1ll the predictions of the equations during
condi tions of stable stratification.

:wmerous tests I,'ere conducted under similar conditions using
dropp::Jble vertical line releases. Hot/ever, difficulty was encoun­
tered in tracking such a small release \o'i th the slow response at
the nuclei counter. The data that was collected indicated that
within 15·20 km from the point of release these instantaneous columns
had to diffuse to about 6 km in diameter. Again, these values are
in general agreement with the diffusion predicted from the standard
diffusion equations for neutral conditions.

Replica Analysis

Crystal replicas were collected through the season in conjunction
",ith each of the snow sample collections.
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To correlate crystal types and cloud conditions, crystal types
observed within an hour after a radiosonde launch were tabulated
along with the inferred cloud top and base temperatues. from these
temperatures, predicted crystal types "ere tabulated, the prediction
being based on the following crystal type-temperature relation:

Needles
Plates
Dendrites
Plates
Columns

-SO to _7 0 C
-So to _12 0 C
_12 0 to _19 0 C
_18 0 to _21 0 C
_19 0 to ~26° C

The following summarizes the results of the replica analysis:

a. There is usually a greater variety of predicted crystal forms
than is observed. (This excludes spatial and irregular forms for
which no predictions were made.)

b. Dendritic forms occur in most sampling intervals. Quite often
crystals forming at some intermediate temperature are absent ,~hile

those predicted to form at temperatures both warmer and colder
than the observed temperature interval are present.

c. Observed crystal types, which are included in a particular
temperature range, can be excluded from the same range by another
observation. for instance, in one analysis period, coJumns were
observed to fall \~hen cloud temperature was between _11 0 and _150 C.
In another analysis period they did not form with cloud temperatures
of -11 0 to _17 0 C.

Time Series Analysis

The data for the 1967-68 winter season consisted of 25 analysis periods.
This section is concerned with the time series analysis of the precipi­
tation rate data from the optical snow-rate sensor net"'ork. The data
was reduced by punching instantaneous 2-1/2 min values of precipitation
rate on cards for all available stations. The pOlier spectra of these
data liere obtained using the NCAR computer. In addition, the ice
nuclei count data measured during these analysis periods were similarly
reduced to card form at 2-1/2 min intervals and analyzed ,,'ith a com­
puter program that evaluates the power spectrum and the lag cross­
correlation coefficients between the time series of ice-nuclei count
and the corresponding time series of precipitation-rate from each
station in the network, and the coherence between these time series
pairs. This analysis was done for all data for the season.

All of the available nuclei count data were run Idth all available
precipitation rate data for all nctlwrk stations for the 1067-68
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season seeded analysis periods. For the most part, these cross­
correlation coefficients turned out to be disappointingly low
«0.2) with some expections.

Time series analysis of precipitation rate records using a pulsed
input function from a ground generator does not yield completely
unambiguous results on the effect of orographic seeding. It does
under certain conditions provide useful results when interpreted
in the light of measurements of other physical parameters relevant
to the processes involved. The cross correlation coefficients of
precipitation rate and ground measured free air nuclei counts are,
as a rule, very low and useful only in special cases. The complex
processes involved from the input of a ground generator to precipi­
tation falling at a ground location severely complicate the inter­
pretation of these correlations.

Precipitation Gage and Snow Course Data

Precipitation data from a series of weighing bucket gages in target
and nearby areas were collected for the FY67 and FY68 winter seasons;
these data give storm total precipitation and are useful for com­
parisons with snow course and snowboard data.

The target area extends from about 10 miles northeast to 10 miles
southeast of the Emerald Mountain seeding site. Since there is a
wide range of transport wind velocities during seeding tests, there
will be times when one end of the target area is being seeded while
the opposite end is unaffected. Ratios of precipitation data, from
gage at either end of the target area, were plotted against prevail­
ing wind direction for these periods. Because there is a natural
variation of ratios with wind direction which acts in the same way
as a positive seeding effect, it was necessary to take into account
the wind speed and a model of AgI plume trajectory to obtain a
potentially useful evaluation technique.

The data chosen for ratio formation were 4-hour totals from weighing
buckets during the 83 periods for which ~lt. Harris upper-air winds
and Emerald ~lountain 100 ft tower winds were available. The plume
trajectory model assumed that it takes 40 minutes from release time
for adequate vertical diffusion of the AgI, subsequent crystal
growth, and fallqut as precipitation; and that the Mt. Harris
11 ,000 ft ~lSL \~ind and the Emerald ~lountain 100 ft. tower wind exert
equal influences on the trajectory of the seeding material.

The 4-hour vector averages of the respective Mt. l1arris and Emerald
Mountain winds were computed and averaged; the 40 minute travel
from Emerald Mountain (plotted in polar coordinates) then described
the probable location of greatest seeding effect. At each of these
points, the ratio of Rabbit Ears to Buffalo Pass 4-hour precipita­
tion was plotted. As expected, the ratio increased as the wind
veered from SW to NW.
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In an attempt to separate seeding effects from natural effects,
two and three nautical mile radius circles were drawn about Rabbit
Ears and Buffalo Pass, respectively, and the mean ratios within
these circles were compared to the mean ratios of the remaining
occurrences in the direction sector from which the circle was cut.

Statistical testing of the results for significance indicated a
positive (sign) seeding effect within the Rabbit Ears circle sig­
nificant at the IS percent level and withln the Buffalo Pass circle
6ignificant at the 5 percent level. Assuming that the values of

L~ which were found for the areas outside the test circle,
B.P.

but still in the proper direction sector, represent the natural
unseeded precipitation ratio, and computing the average precipita­
tion rates for each sample, the average seeding-produced precipita­
tion rates were computed as (a) Buffalo Pass circle, 0.018 in. hr- l
(82 percent increase over natural) and (b) Rabbit Ears circle
0.003 in. hr- l , (20 percent increase over natural). Since weighing
bucket data generally underestimates the amount of precipitation,
computed percentage values are more apt to be realistic than abso­
lute rate values.

The larger computed percentage increases at Buffalo Pass may be
evidence of (1) a more inefficient natural precipitation process
under conditions of warm southwesterly flow aloft, (2) the artificial
snowfall by precipitation initiation in the warmer lower layers or
(3) insufficient data to obtain a true estimat~ of the quantitative

seeding effect. The large difference betweenL~:~: and ~L~:~:

values suggest that significant snowfall (of the order of 0.015 in.
hr- l ) may be produced by seeding when only light snOI'..fall (0.003
to 0.006 in. hr- l ) is occurring in the unseeded area. Thus, the
period of significant snOI'.fall may be prolonged by the -seeding.

The analysis of the April 1 snow course data indicates slight de­
creases in the Park Range target area, and possible slight increases
on the Medicine Bow ~lountains - about SO miles from the seeding site.
The results are not statistically significant, and the only 'valid
conclusion is that the seeding operations in the Park Range area for
the past three winter seasons have not produced effects (1) consist­
ently of the same sign and/or (2) of the order of 100 percent in the
primary target area or on the next major downwind orographic barrier.
This conclusion is strengthened by normalized (to Buffalo Pass) target
area seasonal snowpack values, which shows a great internal consistency.

Snow Sample Silver Analysis

During the FY68 winter season, 781 snow samples were collected in the
course of regular network operations. Most of them were analyzed by

280



an atomic absorption spectrophotometer - AAS - (for Ag mass) and by
the drop frcezing technique (for AgI particle detection). Samples ",'cre
gathered at regUlar time intervals (usually 15 minutcs), analyzed, and
the results correlated with other data, such as seeding times, wind,
and ice-nuclei concentrations.

Two factors are illlportant in this type of work; (1) cleanliness,
especially as it applies to silver, and (2) keepin~ the sample
frozen until just before analysis. The first is self-evident "'hen
one considers that the background level of silver in snow is of the
order of 10-10 to 10-11 g ml-l (E. Bollay Associates, 1965,
Warburton and YounR, 1967). And if the sno'" sample melts, the
AgI particles will dissolve, allowing the Ag+ ions to migrate to
the walls of the container, where they hecOllle attached and unavailable
for either type of analysis.

Snow saMples were collected for AAS analysis at the ridge stations
soon after each analysis period. in many storm periods, the wind
veered during the period and spread seeding aRcnt from one end of
the ridge to the other. nesul ts from the few cases in which the
winds were more or less constant in direction throughout the period
suggest that the silver iodide can he transported to proper clouds
heights.

The range of mass concentration values found in the Park Range
target area agreee with those (1 x 10- 10 to 5 x 10-9 g ml- l ) found
by ""arburton and Young (1967) in other areas where seeding with
silver iodide is being done.

An additional method of detecting silver is the method of drop
freezing. The objective of the drop freezing technique is to
determine whether AgI particles are present in snow sample. It is
presumed that a higher percentage of drops formed from melt water
will freeze at a given supercooled temperature than if no AgI
particles were prescnt. Immediately after the snow sample is
weighed, a few grams are removed and melted in a small paper cup.
As soon as the last of the snow melts, a disposable pipet is used
to I!lake fifty 4 n:l drops on a sheet of clear, plastic film ""hich
is then placed on a cold stage.

The cold stage apparatus consists of a thermoelectric cooling unit
resting in a cirCUlating ice hath. Attached to the top of the
cooling unit is a manifold-type copper plate which is 3/16 in, thick
with 3/32 in. holes drilled on 1/4 in. centers. The holes are connected
by a series of channels to a vacuum pump which is turned on when
the thin plastic sheet is in place. In this way, good thermal
contact is made between the cold stage and the drop's plastic sup-
port. A thennocouple is taped to the plastic to monitor the tem­
perature which decreases quite rapidly to the plate telllperature.
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A cover is then placed over the unit to reduce surface temperature
variations.

The drops are left supercooled (or frozen) for 3 Ilinutes, and then
the nUllber frozen is counted. It is generally easy to tell which
drops have frozen, but on occasion they IlUlSt be viewed through
crossed Polaroid sheets. When a record of the number is desired,
the camera is used.

It was hoped that results of the drop freezing could be correlated
with the mass concentration of silver in the sample, as determined
by the atomic absorption spectrophotometer. A scattergraJIl was con­
strocted, but reveals no clear relationship between the two. The
data were stratified in a number of ways, but with the same negative
results.
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INTRODUCTION

The effects of weather modification can be expected to change the
finite quantity of moisture which arrives in the dowT\lofind area
beyond any particular primary target. This study of climatological
records examines the difference between uJ""'ind and dOlo'llwind pre­
cipitation alJIOunts in and to the east of the mountainous terrain
of Colorado.

Availability of precipitation data in the mountainous areas of
Colorado is rather limited. A set of 12 oountainous stations.
haVing a reasonably long record, has been used in this study. The
corresponding set of 12 stations located in eastern Colorado rep­
resent the plains area and tend to be concentrated where wheat is
grown.

To avoid influences of weather modification projects only historical
precipitation records through 1960 were used for this comparative
study.

West to East Station Pairs

As part of this study 12 pairs of stations almost directly on a
west-to-east line across the state, were examined to deterJlline
whether or not they reached their extreme precipitation amounts
during the same month or during the same storms. The three highest
(out. of approximately 30) values of monthly precipitation for each
lIIOunt.ainous st.ation were checked against. t.he corresponding pre­
cipit.at.ion at. a paired stat.ion in the plains. Following an exam­
ination of the highest. decile of values at lIOuntain stat.ions, t.he
procedure was reversed. Each plains station checked was t.reated
as an independent variable and t.he corresponding precipit.at.ion
ataOunt for the paired mountainous st.at.ion was examined.

Corresponding relat.ionships between precipitation aJ:IOlmts at each
paired set of lIount.ainous and plains st.ations were considered for
all 12 months. When the months were groupecl into seasonal periods
significant relationships appeared. During the winter months of
November through "larch \~hen the mountain stations received monthly
precipitation amounts in the highest one-tenth percentile, the
corresponding precipitation amounts received at the paired plains
stations was below t}le long-term average. During the spring and
summer months"""liI'gh values at mountainous stations were matched by
corresponding high values at plains stations.

When the precipitation amounts for pairs of stations were compared
during the winter months, starting with the highest decile of values
at plains st.ations, the relationships were found to be quite varied.
This was partially due to the leverage of very small additional
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precipitation ;mounts causing large changes in the position of a
particular lIonth in the total historical array of monthly amounts
at plains stat.ions. \\'hen test.s were made, start.ing wit.h t.he
lowest. oont.hly precipit.ation amount.s, a close relat.ionship was
~ When t.he combino:&t.ion of air masses over Colorado remained
dry for a whole month, both t.he plains and the mountainous stat.ions
suffered in having low precipitation amounts.

Extreme I-lonths in Nountains Versus Plains by Set.s of
Twelve St.at.ions

Some of the most significant. information obtained from st.udying the
pairs of stations applied to winter mont.hs. It. "'as decided t.hat.
the evidence could be more conclusive if t.he same relationship
could be shown when the pairs of stations were grouped into larger
sets.

The plus abnormalities ranged frolll 347 percent to 131 percent. of the
IllUltist.at.ion monthly normal. The largest abnormalit.y occurred in
December 1951 when the 12 lllOunt.ain st.at.ions received a t.ot.al precip­
itation amount of 78.23 inches as compared t.o the noraal 12-station
t.otal for Decenber of only 22.63 inches. In all cases studied t.he
set of plains stations recorded below normal precipit.ation.

The analysis of historical precipitation data illustrates conclusively
that instances of~~ amotmts of prtlcipit.ation in mount.ainous
stat.ions are not joined wIth similar high abnormalities in the
plains stations in the eastern part of Colorado.

When one st.art.s with high amounts in the plains stations as t.he
independent variable it. is not conclusive t.hat. t.here will be a
high corresponding amount. of precipit.at.ion in t.he mountainous sta­
tions. There is some indicat.ion that if t.he plains st.at.ions receive
a~~ abnormal amount of precipitation the synopt.ic weather
pat.terns WIll be sufficiently large scale, and the moist.ure content
of the atmosphere will be high enough over a broad area to permit.
above nOI1llal amount.s in the lllOunt.ains also. BOIo'ever, when t.he
plains stat.ions receive only llIoderate plus amount.s of precipit.at.ion
the IIICdlanisms which furnishes this type of precipitation do not
also carry their influence int.o t.he mountainous terrain.

Significant Synoptic Patterns

The most important synoptic weather patterns capable of producing
plus anomalies of precipit.ation in Colorado can be ident.ified as
follows:

1. West to east movement. of upper level troughs.
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2. West to east 1I0vement of surface low centers throup:h lllOun­
tainous Colorado followed by north to south movement of cold
fronts across Colorado's eastern plains.
3. Semistationary polar fronts astride the Rocky Mountain
Range. .
4. Moisture surges from wan portion of the Pacific Ocean.
S. Low pressure centers originating in New Mexico and south­
eastern Colorado.
6. Summer showers,

The upper troughs that move from west to east tend to affect only
the high mountain stations. The convergence in the trough is
accompanied by topographic lift on the west slope producing preci­
pitation only at the higher elevations. These troughs extend
southward from stonn centers moving from west to east across
Wyoming and Montana near the surface,

When a large synoptic 10'oll-pressure center moves froll west to east
through Colorado in winter precipitation occurs initially at the
high-level stations as convergence takes place toward the center
of the low-pressure area. When the low cent.er ]:(loves east of COlorado,
deepening often takes place and cold air is brought from the north
across eastern Colorado, Nebraska and Kansas with corresponding
upslope motion from northeast toward southwest near the surface in
eastern Colorado. The cold front lifts the modified and relatively
dry marine air mass to release a limited amount of moisture at the
plains stations. During the first 3 days of this storm, while
the lowest pressure remains over or west of the Continental Divide,
preCipitation is limited to mountainQus stations. When the center
moves further east and the frontal boundary has been pushed from
northeast Colorado toward the mountains small quantit.ies of pre­
cipitation are released at nearly all the plains stations.

A selllistationary polar front astride t.he Rocky ~tountains is a
weather pattern that occurs fairly frequently in winter. A broad
frontal boundary is developed between large artic high-pressure
cells over the plains and competing cells of high pressure over
the Great Basin. The long zone of convergence is generally oriented
along the mountain range from northwestern Montana southeastward
into New Mexico. In this weather situation mOlmtainous stations
receive small amounts of precipitation at a time when most plains
stations are completely cloudless. These semistationary polar
fronts often die out in place and cannot be traced as mOVing away
from the mountains.

During the fall months and more rarely in winter synoptic patterns
can develop which carry "large surges of moisture from the warm
Pacific t.oward the northeast and over the Colorado Rockies. Some
of these stonas, particularly those which were fOI'l!lCrly hurricanes.
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are capable of releasing very large amounts of precipitation at
both the mountainous and plains stations. The average frequency
of these stonns is less than one per year.

During the spring months of April and ~lay there is a strong tendency
for cyclogensis in the northern part of New ~~xico and southern
Colorado. When a low-pressure center developes in southern Colorado,
Northern New ~lexico or the Four Corner area, subsequent precipitation
is often generated at Illany of the plains _stations. If the center
should form as far west as northeastern Arizona it may move toward
the northeast and generate precipitation in both Mountainous and
plains areas. If it forms in New Mexico or southeastern Colorado
there are two major alternate paths which it will follow. If the
path taken is toward the north northeast all plains stations in
eastern Colorado will be affected. lJowever, if the newly formed
storm center moves toward the east northeast, only stations in
southeastern Colorado will be affected. The rapid increase in
monthly precipitation amounts at the plains stations during April
and i'Jay as compared \~ith February and ~Jarch are primarily due to
this type of weather sequence. SUll1lner rain showers are the rule
for both mountains and plains in July amI August. Greater avail­
ability of moisture over eastern Colorado ill the 101>0r levels of
the atmosphere permits occasional development of v~ry heavy thunder
stonns. Evaporation rates arc quite high during these same months.
Moisture which returns rapidly to the atmosphere through evapora­
tion cannot contribute to runoff and be collected in tile reservoirs
within the Upper Colorauo River Basin.
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A TEST OF CERTAIN EVALUATION DESIGNS

FOR CLOUO-SEEDING EXPERIMENTS

[;. G. and G., Inc.

w. E. Ilowell Associates

An Element of SysteJll Development Division

This report was extracted by the Bureau of Reclallation froa the
Final Report of Contract No. 14-06-0-5962. Most of the work was
performed prior to FY 1968, but is reported here for conplcteness.
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A striking characteristics of the science of weather modification
ever since its emergence in 1946 has been the existence of vigorous
disagreement over the explanations advanced for various observed
phenomena and over the validity of the inferences and deductions
drawn from thero. l~hi Ie this rapidly expanding science has displayed
its vitality in a r.ultiplicity of new discoveries. investigation
of the questions they pose has been seriously hampered by failure
to resolve sOJ:le of the oldest and JllOst fundamental disputes regarding
the effect of seeding on individual clouds and individual $torms.

It now appears virtually certain that cloud seeding by certain
techniques works very well in some storms, is relatively ineffective
as often applied to it large proportion of storms. and may sometimes
accomplish the opposite of its intended purpose. The question that
exists today is: what is the response to cloud seeding by a given
technique in a given ...·eather situation? It is qUi te ....ithin the
realm of probability that in a given weather situation one seeding
technique may be appropriate for increasing precipitation and
another seeding technique lIay be appropriate for diminishing it.

~lost evaluation procedures heretofore in use lack the power to
deal with these questions because they are based on lumping together
"unsuccessful" seeding events with "successful" ones, as they can~

not distinguish between these, and because they are based on the
questionable prelaise that relationships developed from some his­
torical period will apply unchanged to a current experilllCnt.

One of the conceptual difficulties with which evaluation has had
to contend is the fact that weather is basically a nonstationary
process in the statistical sense; that is .....hen we draw successive
samples (in the form of successive sets of observations) of a
weather occurrence we cannot assume that these samples arc all
drawn from the same parent population. Further. Wallis (1965) has
shown that when the functional relationships between variables are
unknown, predictive equations based on one sample of data. even
one exhibiting a high degree of correlation. may break down ....hen
applied to another sample drawn even frolll the salle population.
While the random alternation of seeded with unseeded occurrences
has been recommended in specific recognition of this problem,
this treatment is palliative and inefficient; it reduced the inter­
ference of time-trends with the application of the classical methods
but does not overcome the inherent obstacle.

~Iost of these difficulties lIay be circumvented if the target
precipitation estillation can be based on the sallie saQple of data
that describes the cloud-seeding experillCnt itself. If such a
scheme could be devised. the objectionable use of historical data

293



would be eliminated. Further, if such a scheme could be based
upon a physical unit, such as a "stonn," it is possible that the
duration of the experimental time necessary for performance of a
reliable test of seeding hypotheses may be considerably shortened.

Wadsworth (1951) made stochastic trials of a plane-fitting method
utilizing a square grid containing nine rain gages located 15 miles
apart in which two of the gages were defined as target and the rest
as control. It was shown that an estimate of natural precipitation
arrived at in this manner has a smaller error of estimate than
that yielded by the customary target-control procedure, and thus
may provide the basis for a more powerful test of the seeding
hypothesis. The question of the applicability of the method to
actual rain gage networks consisting of increased nwnbers of gages
and large target areas remained open.

The objective of the present research is to develop and test on
a storm-by-storm basis, through realistic simulation, an evaluation
idea originally proposed by Wadsworth (op cit): that if a contour
map of precipitation depth from a given storm can be satisfactorily
approxir:J.ated by a simple geometrical surface over a limited region
embracing the target, then artificial influences should show up
as significant departures from this surface. In practical terms,
the aim is to develop a predicting method in which estimates of
storm rainfall over a target are based on the geometry of the
precipitation in a nearby control during the same stonn so that
in essence each storm furnishes its 01'0'0 control. When applied to
real seeded data, the technique should permit a reasonably con­
fident distinction to be made between those storms which were sus­
ceptible to seeuing influence and those which were not. In the
pursuit of these objectives the investigation covers such subjects
as: transformation and normalization of natural precipitation data,
the development of specific test-variates, the size and shapes of
applicable target and control regions, the types of storms and rain
gage networks for which the technique might prove satisfactory,
and a stochastic test of the power of the method in detecting real
precipitation increases using various seeding-effect models.

The Hodel

The application of the method of target precipitation estimation
proposed by Wadsworth involves the fitting of a geometrical sur­
face by the method of least squares to the precipitation contours
of a nearby control area which embraces the target. An estimate
of the target precipitation is obtained by extending the surface
over the target. This estimate is then compared with the actual
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target precipitation and a suitable test-variate is used to estiClate
the probability that the observed difference could be expected
by chance alone.

Before computer simulations of actual seeding could be i~lemented,

considerable data processing and nUlaerous prelilllinary studies on
UIlseeded data were required to answer questions as to types of net­

'works for which the method .....ould prove feasible and optimal size
of target and control regions to usc in the stochastic tests.
In addition, certain assumptions had to be made concerning the
physical shape of the field of observations and the hypothetical
seeding plume.

In determining the shapes of the target and control regions efforts
were made to achieve a balance between considerations of practical
application on the one hand and computational simplicity on the
other. Because target rainfall estimation is based on the geometry
of the precipitation in the control area, it is advantageous to
have the control embrace the target as much as possible. It was
originally planned to eonsider the field of observations in the fonn
of a circular area of which a certain sector would be designated
as the target and the rest as control. Seeding ""ould be done from
the center of the circle and the target sector would be defined by
the seeding plume according to the particular wind direction of
the given storm.

This model was later modified to conform more closely to actual
seedillg practices in which the target remains fixed and the seeding
point (SP) is dependent upon wind direction. The target was selected
as a circle of specified radius with the seeding done some distance
directly upwind. Skilled targeting of the seeding was assumed so
that the target was covered precisely each time. Thus, the hypothetical
seeding plume. with a "diffusion angle" was specified to extend
linearly dowm.'ind from the SP so that the .plUllle ''boundaries'' were
tangent to the target circle. The control zone was defined to be
bounded on the inside by the pll8lle and on the outside by a specified
distance fro.. the center of the target. Gages outside the target
but beneath the pluoe were considered to be cont3r.linated and
therefore were not included in the plane-fitting process. For a
frrst try the value of 8 was taken to be 60 degrees and the SP
was located 19 km upwind from the target.

After several tests, includinR the study of the optimum target and
control sites (presented later in this report), it .....as decided to
bring the modcl into even further conformity with actual seeding
experience and at the samc time increase the proximity of the con­
trol tonc to that of the target so as to gain additional accuracy
in target prediction. To accomplish this, the shapc of the seeding
plume was IlIOdified so that it no longer spread linearly with dis­
tance downwind but bccamc rather semielliptical in shape, being
much narrCl""cr do",'nwind than in the previous model. In addition,
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gages between the SP and the target. previously considered within
the plume. were now considered in the control tone. Such a con­
figuration conforms more closely with actual lIleasurements of effective
plume shapes from point sources. Further. the new model makes
some provision of the lag bet!o'een time of secdin~ and tillle of any
resulting precipitation increases (Leonov, 1966) since the SP is
still some distance upwind from the tar~et. As in the previous model
the SP was assumed to be located 10 kill directly upwind frolll the
target.

During the course of the study under the current contract, the
predictors used were sir.tply the j!.cographical positions (x- and
y-coordinates) of the target gages and it was also assur.ted that
as a fi rst approximation the true predicting hypersurface could be
approximated by a plane surface.

The basic available data consisted of several years of daily pre­
cipitation amounts frem three rain gage networks. In addition.
daily synoptic maps and upper-level wind data presented in the
Northern lIemis.phere Daily Tabulations published by the Weather
Bureau. ESSA, Department of Commerce was used.

The largest network covered approximately 28,500 km2 of thc moun·
tainous portions of eastern New York State and southwestern Ne,,·
England. It contains 39 rain gages for an average density of one
per each 73 k1ll2. The data comprised 21 years of winter observa­
tions, October through March, 1945-1966. The precipitation data
were kindly provided by Dr. Glenn Brier of ESSA. Upper air data
for this network were taken primari ly from the Albany sounoings>
but soundings from New York City and Pittsburgh were also occasionally
useo.

A second network, operateo in southern Illinois by the Illinois

~~~~~i:;t~:4~~r~:~.o;a~a~~~ys~:;~e~:r~;i~~e ~~r~~n~:~~~r:; ~~;:~
for a density of about one per each 29 km2 . lhe data avai lab Ie.
provided by the Survey. consisted of 5 years of summer preci­
pitation observations for the months of June through August, 1960­
1964. Upper air data for this network were taken from the soundings
at Peoria. Illinois.

The third network, operated by the Southern Plains Watershed
Research Centcr of the Department of Agriculture, is located in
the gently rolling hill country of the Washita River watershed in
central Oklahoma. This network has by far the greatest gage density.
comprising 185 gages in an area of approximately 2,900 km2 for a
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density of one gage per each 16 k1ll2 . The data, provided by the
Center, consisted of 4 years of both summer and winter precipi­
tation observlI.tions from October 1961 throu~h December 1965. Upper
air data were obtained from the Oklahoma City soundings.

Nonnalization of Precipitation Data

The development of the IIlOst sensitive test-variate requires the
use of a variate which is approximately normal. The distribution
of natural rainfall is highly skewed, especially when amounts for
periods of short duration are considered, and therefore it is
desirable to find a function which will reduce the skewness. yet
which does not entail a great deal of labor when large amounts
of data have to be processed.

Such a transformation function has been found and the development
was presented in Scientific Report No.1 (Lopez and Nason. 1967).
Since the development is somewhat involved. the reader is referred
to that report for details. Briefly, it was found that a gamma
distribution fits fairly well those rainfall series that have been
truncated at some arbitrary point near the low end of the spec­
trum. In any series (whether truncated or not) which can be
approximated by a gallDa distribution, a suitable fractional power
transformation will yield a new transformed series such that its
cumulative nonnalized distribution is for all practical purposes
identical with the equiprobable nonnal cumulative distribution
of the original series. It has been found that it is sufficiently
accurate to use a cubc·root transformation for all shape para­
metcrs down to 1.5, that for between 1.5 and 0.5 a fourth
root is satisfactory. and that a fifth root is adequate for as
low as 0.3.

It \ll8.y be noted that whi Ie no transformation can reduce raw rain­
fall data to perfect normality, a suitable fractional power
transformation will reduce the data to very satisfactory approx­
imation to the normal distribution. In addition, the removal
of any definite geometric pattern from the control rainfall con­
tributes further to the nonnalization of the residuals.

Operations on Unseeded Data and Selection of Target
and Control Sizes

Data from all three networks were used in preliminary studies to
obtain some indication of the ability of the plane-fitting method
to predict natural target precipitation under various conditions
in the absence of seeding. Tests werc run using random selections
of storms frolll both the Albany and ""ash ita networks.

It soon became evident that a network with a 1m.' and irregUlar
gage density. although not necessarily without value for routine
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application of the method, would handicap the explorations for
selecting acceptable target and control sizes as well as the
stochastic tests of target augmentation. For this reason use of
the Albany network was postponed. Since the Illinois network
included only SUl:lller-type stonns and is both smaller in area
and lower in gage density than the 11ashita network, the Washita
network was selected for the determination of the target and con­
trol sizes to be used in the stochastic tests and also for the
tests themselves.

A randolll sample of storms (both sUJlUller and ",inter) from the Washita
data was then selected and tests were continued on each stOTQl by
varying both the target and control sites in a stepwise manner.
The best normalizing transformation for the Washita network was
found to be the fifth root. Target sizes were varied in steps
of 5 krn and from 5 to 15 km in radius, while control widths were
similarly varied in steps of 5 km in width from 5 km to 30 km.
At each step, a target prediction was made and its success was
gaged by comparing the absolute value of the relative errors
committed in making the prediction. Values of the modified test­
variate were also computed at each step to gain an insight as to
how such a variate would hehave in natural conditions. The
modified variate was used here for computational convenience.

Results of the tests on the Washita network indicated that the
variability of SWllDer rainfall is sufficiently great that a simple
plane predicting surface is handicapped when the target area is
of sizable dililCnsions. On the other hand, winter storms (here
defined as stOI'llS occuring in the period frolll October through
March) appeared, in general. to be amenable to satisfactory tar­
get prediction. Therefore. the investigation for the best target
and control sizes was concentrated on the winter data since it
appeared to offer the greatest potential for targets of practical
size when using a first-order surface approximation.

As a result of the study on wint.er data of the Washit.a network,
it was found that for all t.he targets used the lowest absolute
error in the predict.ions occurred with the smallest cont.rol ring
used around the target, t.hat the distribution of the absolute
errors increased as the ring was enlarged, alld t.hat a circular
target of lO-km radius surrounded by a lO-km control ring afforded
the highest relative accuracy in target prediction.

Modifications of the target-control geometry were made and tested.
The tests indicated that the modifications do not change appreciably
the results of the target-control size study. Although the dif­
ferences between the 5- and the lO-km targets were small, the lO-km
target together with the IO-klll wide control (modified) were
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chosen in preference to the smaller tarr.et to provide the field
of observations for the stochastic tests as being more in conson­
ance with a realistic.operation. The target and entire control
(without plume) thus defined contained 14 and 39 gages, respectively.

Stochastic Operations

In order to determine the power of a geometrical surface· fitting
method in detecting real target rainfall increases and to esti­
mate stochastically the length of til1le (in terms of number of
storms) necessary to achieve a particular level of significance,
tests were conducted in which the natural target precipitation
data ....ere augmented in a stepwise lIIanner according to certain
seeding-effect models. At each level of increase the value of
the tcst·variate was calculated for each storm on the basis of
the predicted target precipitation.

Two seeding-effect models were considered for the stochastic tests.
In both models it was assUlllCd that seeding is a scale effect so
that, for a Jtiven stOnll and level of stochastic increase. the
precipitation of each target gage is increased by the same percent­
age. This is different from the method used by Wadsworth in
which he added the same precipitation amount to every gage. The
first model is a conventional one in which it is assumed that,
for a gi ven leve I of augmentation, the target precipitation is
increased by the SatllC factor in all of the s811lple storms. In
the second 'Jodel it is assuJllCd that, for a given level of aUgJllenta­
tion, thc target precipitation is increased by an amount that
varies from storm to storm according to an exponential distri­
bution, the mean and standard deviation of which equals the level
of auglllentation. This distribution reflects more accurately
present-day concepts of the effect of cloud seeding in that an
average positive effect, if present, is likely to be due to larger­
than-average increases in a few favorable occasions accompanied
by sIl\31Ier-than-a.verage increases in most other cases.

The levels of augmentation employed in the tests were, in terms
of percent values: 1, 2, S, 10, 20, 30, 50. For each level,
precipitation predictions were Clade both for the mean target
gage position and for each individual target gage. Values of
the test-variates were then cOlllputed accordingly. Plane surfaces
were fitted to the tar~et data as well as the control so that,
in the future, a comparison might be made between the two to
determine, if possible, any significant lack of homogeneity.

The results of the stochastic tests as applied to the available
sample, for both a constant and an exponential seeding-effect
model, are presented in Fig. I and Fig. 2. respectively. The
curves in theSe figures show the probabilities of rejecting the
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null hypothesis (unseedable), given various seeding increases
and different significance levels. The curves have been smoothed
somewhat since these probabilities can only be approximated.
TIle probability .of rejecting the null hypothesis and thus labeling
a given storm as seedable, at each level of "seedability," (target
increase) is given by the percentage of storms for which the test­
variate exceeded the critical point corresponding to the selected
significance level.

To take an example, Fig. I indicates that if by some mechanism
the precipitation of all storms were increased by 30 percent,
the test-variate resulting from storm-by-storm application of
the plane-fitting method ....ill exceed 1. 711 for about one-half
of all such storms thus rejecting the null hypothesis (no aug­
mentation) for these storms at the O.OS significance level.

The values of the test-variate (Student's "t") and their combined
probability of occurrence from Fisher's method have been
tabulated. The results of the combinations are given in terms
of strings of storms necessary to reach significance at the 0.05
level of significance when the storms are taken in order of natural
occurrence. Each time significance is aChieved, the string is
started anew. The cumulative total combined probability of
the entire sample taken as one single lU\broken string is given
along with the partial cumulative combined probability for each
string. It is from the tabulations of the test-variate that
Fig. 1 and 2 were derived.

Sorting of Seedable from Unseedable Storms

Seeding as conducted with present-day techniques is probably very
effective only under especially selective conditions, so that
the distribution of the seeding effect is likely to be quite
skew, with large increases much more infrequent than smaller ones.
Therefore, the primary aim of the present study has been to develop
a tool which will permit successful seeding operations to be
identified with a useful degree of reliability on a storm-by-
storm basis. The identification need not be perfect in order
to be useful. If it leads to recognition of the salient charac­
teristics of storms (or portions of storms) susceptible to seeding
or contributes to illuminating intuitions, it will have greatly
outperformed current evaluation techniques based on target-control
regressions. The aim of future field work will not be to prove
beyond a reasonable doubt that a given storm was increased by
seeding but to sort StOt;ffiS into susceptible versus unsusceptible
groups for synoptic study, comparison of different seeding tech­
niques, etc., and our concern will be for the overall correctness
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of this sorting. The plane-fitting IllCthod provides an objective
basis for such sorting.

Although the main advantage of an evaluation based on a geolDCtrical
approach lies in its ahility to analyze the data on a storll1-by­
stOI1ll basis independent of historical data, the technique can.
like any other evaulation schelJ:C, be appl ied. as a sequential test
to replicated experiments, the results of which may be coabined
into one grand test. In fact, since this technique has shollln a
reasonable probability of detecting a "real seeding effect on only
one given experiment, it should prove quite polllerful as a sequential
test.

"'Te have estimated the power by applying the two postulated seeding­
effect models to consecutive storms in the available sample, and
then computin,l!; the probability of combined simultaneous occur­
rence of the reSUlting discrepancies from the target using
Fisher's method which assumes independence between successive
events. This assumption was found to be justifiable in our sample.

The results show that if either seeding-effect model operates
only a relatively short string of storms is needed to reach
significance at the 0.05 level, even for precipitation increases
averaging as little as 5 percent. The average length of the
string of storms needed to reach signifh.....nce ranged from a low
of less than 2 for a SO-percent constant increase model to 25 for
a 5-percent average increase if the seeding-effect model follows
a stochastic exponential distribution. The average length of the
strings needed for various levels of increases and for the two
models used is presented in Table 1.

Table 1. Average length of string of storns needed to
reach significance at the 0.05 level.

Seeding Increase Model
Distribut.ion
Constant
Exponential

Average Increase in Percent
510 203050

25 7.1 3.0 2.0 1.5
25 7.1 3.1 2.5 2.1

No confidence bands are included wit.h these estimates because
these results are only indicative until more is known about the
real shape of the seeding-effect. distribution. However, the
exercise was undertaken to analyze, in the light of reasonable
assumptions, if the technique had a reasonable chance of success.
In this respect, the answer is affirmative.

We wish again to emphasize, in view of recent experiences with
cloud seeding, and especially in the light of recent numerical
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simulation studies (Davis, 1966). that one of the most important
needs today in evaluating cloud-seeding experiments is a reason-
able power to select, on a stonn-by-storm basis, cases ",here
seeding can be considered effective. A storm-by-storm evaluation
should also be capable of discriminating not only between susceptible
and unsusceptible storms but between different seeding techniques,
since in practice the latter is really part of the null hypothesis.
For instance, it might well tum out that seeding is JDUch 1D0re
effective if conducted during certain periods of the storm. The
suggested geometrical approach can easily be adapted to cope with
such temporal subdivisions of the data.
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SUMMARY

This report describes two programs: (I) a study to identify
critical areas in weather modification deserving strong emphasis in the
future, a:r>d (Z) the third year of the Arizona Weather Modification
Research Program.

The work on identifying cdtical areas covered five subjects: warm
cloud modification, microphysics of ice phase clouds, cloud dynamics,
treatment potential, and instrumentation. Concerning the warm clouds, it
is concluded that precipitation increases and decreases on an operational
basis are possible now with adaptations of existing technology. Emphasis
should be given to refinement of the simplified, time-dependent, numerical
warm-cumulus model, use of the model with a definitive field experirrlent,
and studies of dhect methods of altering cloud dynamics. For the warm

cloud modification, microphysics and cloud dynamics, the emphasis is
on upgrading the nume rical models which provide a quantitative tool for
further research developnlents, and for aiding in the design and conduct
of field studies and operational programs. In the instrumentation area, it
is found that techniques now exist for ITIaking most of the desired measure­
ments, and the main attention required is on a systems approach to data
collection with careful attention to data handling.

The Arizona Prograln had four Inain elements: a randomized
experiment in the seeding of isolated cumulus clouds, a microphysics
investigation of the glaciation and hydrometeor development of seeded and
unseeded clouds, a study of the numerical modeling of winter orographic
storms, and an investigation of the organization of mesoscale convective
systems by seeding.

The randomized seeding experiment was designed, conducted, and
evaluated with the aid of a simple, steady-state numerical cloud model
with paratnctcrized microphysics and dynamic factors. Evaluation was
on the basis of observations of cloud height, precipitation duration, and

precipitation magnitude as ascertained by radar. There were 10 seeded
and 11 control clouds. An average height increase of about 6000 feet was
found by three evaluation methods: (I) from the data alone, comparing
the average of all seeded cases with the average of all control cases, (Z)
finding that the numedcal model agreed with the control cloud data and
using it to estimate controls for the 10 seeded clouds, and (3) finding that
the tnodel agreed with both the control and seeded cloud height data
(assuming glaciation at _Z5C for control and _8e for seeded), and making
all calculations by the model for the doud population studied. The first
two methods permit estiInation of the significance level of the average
increase in height (> 96 percent by Student's t-test). Similarly, by the
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first and third methods, precipitation duration was found to be increased
about one ~third, and the amount of precipitation doubled.

in the microphysics study, the research aircraft made repeated
penetrations at the _Be level of unsccded clouds and clouds which were
strongly seeded. In contrast to the unseeded clouds, the seeded clouds
glaciated completely, with the glaciation appearing to help the dynamic
growth of the cloud while inhibiting growth of hydrometeors after the
glaciation was near 100 percent. The microphysics study supported the
basis of the numerical model for cloud growth due to glaciation, but
suggested (as expected) that the seeding was far from optimum for maxi­
mizing precipitation.

Numerical models of winter orographic stOTlns were studied as a
start toward applying the cloud modeling techniques to other situations.
Two examples of Simple models were considered in the study.

Six randomized trials of the seeding of mesoscale convective storm
systems were conducted to help build the background for the development
of numerical modeling and observational techniques for future quantitative
experiments on modifying these large systems.
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I. INTRODUCTION

For FY 1968, the main MRI work for PROJECT SKYWATER was
the third and final year of the Arizona Weather Modification Research
Program (Contract No. 14_06_0_5589). In June of 1968, a new three­
year program (Contract No. 14-06-0-6581) was initiated to carryon this
work. The other major project during FY 1968 was a study to identify
critical areas in weather modification deserving added enlphasis in the
future (Contract No. 14_06_D_6447). The remaining work during the past
year was the developm.ent of several instruments to be used at FlagstaH
on Co-op II in August 1968 __ sequential collectors of rainfall samples
for subsequent analysis by neutron activation, and a fast_respon8e
airborne continuous ice nuclei counter.

The study to identify critical areas in weather modification is
reviewed in the next chapter. The balance of this t'epot't is devoted to a
8utntnary of the Arizona progratn.

II. IDENTIFYING CRITICAL AREAS IN WEATHER MODIFICATION

As the promise of weather nlodiHcation grows, the Held also grows
in complexity. The primary cOinponents of the Held __ the basic physical
concepts, numerical modeling, seeding techniques and operations, field
observations, evaluation __ all these are interlinked, all are involved at
various phases of research and operations, and all represent increasingly
complex subjects.

To aid in the orderly and eHicient developm.ent of this field toward
operational goals, there is the need to assess the present situation and,
from this perspective, look toward the areas which will require stt'ong
emphasis in the future. Areas for emphasis include critical factors on
which the technical concepts are based. special developm.ents which
might advance the field at a more rapid pace, and gaps which, if left
unfilled, would slow down progress in the Held.

This study, under Contract No. 14-06-0-6447, was initiated for the
purpose of identifying areas for special emphasis in certain of the subjects
related to weather modification. The subjects chosen were primarily those
which were deem~d of great importance but which had not already been
treated specifically elsewhere such as in the Skywater Conference series
conducted by the Bureau of Reclamation. There were five subjects dis­
cussed -- warm cloud modification, microphysics of icc phase clouds,
cloud dynamics, treatment potential, and instrumentation. Each study
involved a brief review of the present state_of_the_art in the field, and
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an assessment of some of the critical areas on which the orderly
development of the field iri the next few years would depend. The overall
perspective for judgment of the critical aspects assUlTIcd the objectives
of weather modification to be manipulation of the precipitation process
for net economic benefits.

In the treatment of warm cloud modification, microphysics, and
cloud dynalUics, considerable emphasis is laid on nUlTIerical modeling of
the phenomena involved. These constitute the background on which the
m.ain, ...apid advances in these a ...eas must be built.

A. Warm Cloud Modification

The warm cloud modification study has shown th... ough physical
concepts, numerical modeling, and somc limited field data that
introduction of salt aerosols into clouds can result in significant
(> 10 percent increase or decrease) precipitation alterations. There
is some lirrlited evidlolnce frOITl field ITlodification experiments which
supports the conclusion. A theoretical modeling experiment indi_
cates that, in certain circumstances, far larger increases can be
obtained if the diameter of the cloud could be increased by a
relatively small amount.

Microphysics modeling computations show that there exists
a value of droplet size __ about 40-microns diameter __ which is
critical for starting the development of raindrops. In typical clouds,
smaller particles grow by coalescence rather slowly, while larger
ones grow rather rapidly. Precipitation modification is created by
introducing salt particles into air entering the cwnulus cloud base.
Particles yielding droplets larger than 40 microns serve as raindrop
embryos and augment precipitation. Alternatively, nwnerous smaller
particles can distribute the water into small droplets and inhibit or
delay the precipitation. NUlTIerical techniques are shown which
model each element of the precipitation development cycle, from
the natural or artificial condensation nuclei distributions and hydro­
meteor development in the time and moisture scale of a currmlus
cloud. The calculations are put into a practical perspective by
attempts to estimate total rainfall modification over an area based
on observed cloud size-duration statistics.

The growth of the hydrometeors to raindrops is a time­
dependent process and must occur within the normal Ufe cycle of the
cloud. The steady-state cumulus model which was suitable for the
Aril;ona Program Is not appropriate to examine the time required
for the raindrop_size particles to develop. The model used in the
study was a time -dependent model developed by Weinstein (1968)
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together with a parameterized representation of the coalescence
process suggested by Berry (1968). Figure 1 is an exalTlplc of the
output of this model. The initial cloud drop size distributions
refer to maritime cumulus clouds with relatively small numbers
of drops per unit volume. For the sounding of Fig. 1 but with a
smaller cloud radius (l km instead of L 6 krnJ, the height reaches
only 3.6 lun as cOlTlpared to 8. 4 lun, and the cloud yields only one­
sixth as much rainfall. The e!fects of altering the initial cloud
drop size distribution to represent seeding were calculated and
showed the increases or decreases in precipitation of 10_lS percent.

The strong effect from increasing cloud size suggests that a
direct cloul;l dynamic modification approach deserves attention.
Calculations of the buoyancy created by carbon black in sunlight
lead to the conclusion that this may be useful in augmenting cloud
base size in some lTI~rine atmosphere situations.

Generating techniques for the production of salt aerosols
already exist, and enough modeling has been accomplished to suggest
that definitive seeding results can be obtained. The greatest needs
are for (a) a definitive set of field experiments based on the time­
dependent numerical model, (b) obtaining background information
on naturally occurring condensation nuclei (including those inad_
vertently produced by pollution), and (e) getting more data on the
number vs. size distributions of populations of warm clouds as a
function of location and synoptic conditions. In a more exploratory
vein. further exa!TIination of techniques for direct modification of
cloud dynamics may subsequently prove valuable.

B. Microphysical Problems

A detailed model of the ice growth phase as it operates in
natural clouds is urgently needed. The present techniques for !TIodify­
ing cloud systems are based on the control of the ice growth process
and a quantitative !TIodel is required to explore the effects of seeding
under a variety of environment conditions. It will be only through
such a model that concepts for optimizing the seeding for various cloud
types can be developed and appropriate seeding experiments designed.

An attempt was made in this study to formulate the framework
of an ice -phase model using currently available information. The
first purpose of the study has been to identify the areas where the
present state of knowledge is inadequate togive the degree of under­
standing required. Secondly, an attempt was made to conduct
sensitivity studies on the basic input parameters to determine those
factors of greatest importance in controlling the mass growth rate of
ice.

30$'



Sounding Data
San Juan,Puerto Rico
October 1964_1966

Radius = 1.6 krn
Do;;; 0.534
No ;;; 65 droplets/cITl3

Isolincs of
Hydrometeor Water

g
~4

:f

00 10 15 20

,,0'
6,-0":;"0.

25 30 35
TiITle (rrlin)

40 45 50 55 60

Fig. 1. TIME_HEIGHT PLOT OF TIME_DEPENDENT MODEL SOLUTION FOR 1,6 km
RADIUS CLOUD IN AVERAGE PUERTO RICO SOUNDING



The principal ice growth mechanisms are recognized to be:

1. Growth by sublimation from the vapor state
2. Growth by riming or accretion with supercooled cloud droplets
3. Aggregation or clumping of ice crystab.

Primary attention in the past has been given to sublimation
growlh. In spite of this, there are numerous complexities such as
changes in growth habit with temperature which cannot be adequately
modeled on a quantitative basis. In addition, various key experi~

mental data such as fall velocity and densities for large crystal
shes have not yet been determined. In the case of riming, further
data on collection eHiciencies, terminal velocities of ice particles,
and experimental verifications of riming rates are needed. Observa­
tional data on aggregation of ice crystals are very litnitcd and
adequate models for describing the process do not exist. In
particular. the effects of electrical charges on promoting aggregation
are a large unknown area.

In spite of these limitations, a coherent ice growth model
through the sublimation and riIning stages was constructed. The
model perlTIits exploration of the growth rate under various conditions
of liquid water and updraft velocity. It was concluded from the model
calculations that riming was a significant'factor in the formation of
precipitation in clouds with liquid water contents of O. 3 g/m3 or more.
As the. liquid water content increases above this value, growth by
riming becoITles increasingly important relative to sublimation growth.

An additional problem currently in the ice microphysics area
is the apparent discrepancies which exist between ice nuclei counts
and the occurrence of ice in clouds. In both natural and artificially
seeded clouds, evidence is accumulating of larger nUlllbe~s of ice
crystals at warm temperatures in the cloud than can be accounted for
by the nuclei observations. Explanations related to drop freezing
and possible ice multiplication have been offered. but considerable
work i.n this area is required.

C. Cloud DynalTIics

A general review of cloud dynamics models was presented
beginning with the steady-state versions which have been used
successfully at FlagstalI. This model has evolved into a time­
dependent, one-dimensional model in which it is possible to examinc
the time history of the cloud development. Two-dimensional cloud
Inodels, the need for mesoscale modeling. and preliminary attempts
to model orographic winter storms are discussed.
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The current state of dynamical modeling in wea.ther modi­
fication is that simple, one-dimensional models have been developed
and used on an operational basis to describe the response of
individual clouds to seeding effects. The models are greatly silnpli­
fied compared to the real atmosphere and some aspects of the
process are parameterized in a crude manner. The models, even
in their simple form, have proved invaluable for designing and
evaluating field experiments. In addition, the computational time
is short enough so that results can be obtained for a large nwnber
of enviroronental parameters. The two-dimensional models require
much longer computational time and are not presently suited for
operational use where a large number of calculations with a variety
of input parameters are required. It appears that the two_
dimensional models lTIay be particularly useful as research tools
to improve the parameterization which must be applied to the one_
dimensional models. Orographic, winter models are in an
exploratory stage and should be available for operational use in the
near future. Mesoscale modeling offers the greatest developmental
challenge in the area of lTIodeling. The concepts are not yet clearly
in mind and the computational prOblems will be complex, but the
value received frolTI the models will be great.

An important aspect of weather lTIodification for the Bureau
of Reclamation is the possible downwind cffect of seeding. The
microphysics effect, through transport of nuclei, is straightforward,
but the possible dyna!nic effects of wakes and waves on a hundred­
!nile downwind scale is complex and not well understood. It will only
be through quantitative modeling of the downwind effect that a
satisfactory understanding of the phenomenon will be achieved.

D. Treatment Potential

Further growth in the field of weather :modification requires a
better understanding of the potential for :modification treatrrlent.
Methods are required for the recognition of modification opportunities
through a wide range of possible environ:ment conditions. TCInpera_
ture stability, horizontal cloud size, cloud depth, cxistence of
supercooled water, nuclei concentrations, and the occurrence of
natural precipitation are likely to exert an influence on the potential.
It is desirable that the syste:m for defining the potential involve only
those para:meters which are routinely :measured by regular weather
reporting stations so that clilnatological evaluations of potential can
be :made. It :may turn out, however, that unIncasured variables
such as ice nuclei counts or cloud dimensions are needed for a
proper assessment.
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Two significant steps to':lard evaluation of treatment potential
have been taken with the use of cloud models to explore cumulus
seeding potential and with the work of Grant, ChappeU,and Mielke
(1968) for winter storms. Particularly lacking, at present, is the
analysis of modification potential for doud systems larger than
can be treated with one generator unit. Also reqUired is a means
for relating cloud populations to synoptic parameters. Implicit in
the need (or treatment potential analyses are more detailed sub­
synoptic studies o( storm envirot1ITlent conditions in areas where
modification operations might be conducted.

E. Instrumentation Problems

The principal instrumentation problem required for further
progress in weather modification is the acquisition and processing
of increasingly large amounts o( data, primarily on a real_tilne
basis. Most o( the individual variables needed can be measured by
one or more methods, but the measurements characteristically
require great difficulty, expense, and laborious data reduction.
Techniques for solving this problem. exist but have not been applied
extensively in weather modification due to high, initial equiJ:lllent
costs,

Two major problem. areas are discussed which provide the
fram.ework for instrumentation problems in weather m.odification:

I, Data Systems, Data Handling, and Data Display for
Evaluation Purposes and for Real-Time Decision Making

2. Obtaining Dynamics and Microphysics Information in
Storm Conditions.

Additional instrumentation problems of a new nature include
snow measurement, use of doppler radar, remote probing, and
measurement of Illesoscale wind fields,

F. Reports

Reper.ts prepared under Contract No. l4_0o_D_6447 include:

1. "Areas for Emphasis in Microphysics, Cloud Dynamics,
Seeding Potential, and Instrumentation" by T. B. Smith,
·P. B. MacCready, Jr., D. M. Takeuchi, S. Hozaki, and
C.-W. Chien, June 1968,

2. "Analysis of Warm Cloud Modification Potential" by T. B.
Smith. P. B. MacCready, Jr., and S. Hozaki. June 1968.
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III. INTRODUCTION TO THE ARIZONA PROGRAM

The Arizona Weather Modification Program under the sponsorship
of the Bureau of Reclamation was initiated by Meteorology Research, Inc.,
in the spring of 1965, The program was a successor to a series of
studies performed at Flagstaff by MRI and the affiliated Atmospheric
Research Group under AEC, NSF, U. S. Army, and U. S. Forest Service
sponsorship during the past decade.

The goal of the program is to develop and demonstrate quantitative
engineering techniques for cloud seeding for augmentation of precipitation
on a scale that can produce econOinic benefit when applied to various
locations. The initial phases of this goal have now been achieved in the
FY 1968 program, which featured:

Development and field use of a numerical model of cumulus
cloud evolution, culminating in a randomized project which
demonstrated large and useful modifications of cells by
seeding.

Exploratory trials of the seeding of major storm systems,
which suggest that major beneficial modifications resulted.

Utilization and demonstration of improved techniques for
conducting quantitative field programs, in a manner aimed
both at obtaining understanding of the basic physical prin_
ciples involved and coping with the complexity and scope of
field programs and their associated data-handling needs.
Special emphasis was given to techniques in project control
and real-time cOlllputing.

The main effort of the 1967 summer season was a randOinized
experiment on the seeding of isolated cumulus clouds. In addition, some
case study investigations of microphysics factors within the clouds were
carried out together with exploratory seeding and observations of meso­
scale stonn systems. A small part of the effort during the year was
devoted to applying the Flagstaff-developed methodology to winter
situations where some of the modeling and observational techniques are
similar.

IV. PROGRAM APPROACH

The overall goals of the Arizona Program are:

1. To develop operational techniques for the modification of isolated
cumulus clouds,

2. To explore and develop ITlethods for the organization and ITlodifica­

tion of :mesoscale cloud systems.
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The FY 1968 Arizona Program has demonstrated that operational
techniques are already available for the seeding of isolated cumulus
cloud,. It is also evident, however, that the technique is not fully
optimized and continued evolvelllent in the technology can be expected for
some time to come. The priJnary arms for the Arizona Program. in this
regard are to develop more detailed microphysics representations of the
seeding effects and to use these and other data to improve the numerical
cloud modeling.

The mesoscale studies are at a much eal"lier stage where exploratory
studies, field observations, and a conceptual basis for the seeding are
required. These studies, .wiil then evolve into a nu:merical model to provide
a quantitative framework for the design and evaluation of field experiments.
Although the mesoscale portion of the program is still in a developmental
era, its importance is great and the potential for economic benefits far
exceeds the results which can be expected from isolated cloud seeding.

V. COURSE OF EVENTS

The Arizona Program under Bureau of Reclamation sponsorship
began in the spring of 1965 with preparations for a small summer field
operation at Flagstaff. The aim of the first year was to explore the initial
engineering of the massive seeding of large convective storms and the
development of physical evaluation techniques for the seeding. During the
following winter, analytical work on the summer program continued and a
brief winter program was conducted at Flagstaff.

Preparations were made for an enlarged program in the su:mmel" of
1966. The Aztec aircraft was heavily instrumented, and the radar and
ground network was expanded. The 1966 operation laid strong emphasis
on numerical modeling, on data handling, and, as far as was feasible, on
real-time evaluation. The seeding was performed in a variety of methods
from the air and from the ground. The 1966 program featured use of the
computer model in the field, and helped to crystallize the conceptual view
of seeding effects into semi-quantitative terms and provide a basis for
judging the effects compared to a calculated version of what should have
happened without seeding.

The knowledge gained during the summer of 1966 was formalized
into the experimental design for 1967 which involved the randomized
seeding of pairs of simple CUTnulus clouds. The field operations were
simplified to concentrate on this rando:mized seeding program. Only one
type of seeding was used (airborne, acetone-AgI generators), and
relatively little effort was devoted to the development of observational
techniques. The 1967 prograIn also carried along the exploratory
investigation of the seeding of mesoscale cloud systems; the mesoscale
work had comprised a part of the MRI Flagstaff studies each year of the



of the field program since 1962 when attention was first focused on the
"convective wake" which sometimes organizes and helps to develop
stOrlns downwind of the isolated peaks.

VI. REPORTS AND PAPERS

It has become customary to issue the final reports in the Arizona
Program in two volumes; one containing a general summary of the program
and the other including detailed research reports. For FY 1968, these
two volumes were entitled:

I. Arhona Weather Modification Research Program, Final Report for
FY 196& by the Staff of MRI, Dr. Paul B. MacCready, Jr., Program
Director.

2. Arizona Weather Modification Research Program, Research Reports
for FY 1968, by the Staff of MRI, Dr, Paul B, MacCready, Jr.,
Program Director,

The research reports volume contains the folloWing individual
reports where the numbering system follows in sequence from the report
series published in earlier years:

Research Report
XIII. Isolated Cumulus Cloud Modification, by A. I. Weinstein

and P. B. MacCready, Jr.

XlV. Aircraft Investigation of Microphysics Factors in Natural
and Seeded Clouds, by D. M. Takeuchi

XV. Modeling of Ol'ogl"aphic Storms, by C,_W. Chien

XVI. Mesoscale Convective Systems, by L. G. Davis.

Several articles related to this pl'ogralTl have been published in
journals during FY 1968:

MacCready, P. B., Jr., and R. G. BaughlTlan, "The Glaciation of an
AgI Seeded Cumulus Cloud," J. Appl. Meteor., February, 1968.
This work was sponsored by the U. S. Forest Servi<.:e, but was
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based on the measurements with the aircraft instrumented partially
with Bureau of Reclamation support.

Fukuta, N., "An Airborne Generator of Metaldehyde Smoke," J. Appl.
Meteor., December 1967(this is based on Research Reports V and XI).

MacCready, P. B., Jr., and D. M. Takeuchi, "Precipitation
Initiation Mechanisms and Droplet Characteristics of Some Convec­
tive Cumulus Cloud Cores," J. Appl. Meteor., August 1968. This
involved primarily Army Electronics Com.m.and support, with some
help from the National Science Foundation, and was finished as part
o! the present program.

MRI personnel have contributed to all four of the Skywater
conferences:

At Skywater I, Nucleation Conference, July 10_12, 1967, Dr. N.
Fukuta presented a "Review of Physics of lee Nucleation and Its Application
to Weather Modification." The preparation of the review was sponsored
by a separate Bureau of Reclamation contract with MRI.

For Skywater II, Conference on Progr;un Design, October 12_13,
1967, Dr. P. B. MacCready, Jr., presented a paper "Designing Programs
Involving Convective Clouds," which covered both the sort of supercooled
clouds at Flagstaff and warm clouds which are morc important at some
other locations.

At Skywater III, Conference on Production and Delivery of Cloud
Nucleating Materials, February 14_16, 1968, Dr. N. Fukuta presented a
paper "Production of Organic Nucleants," and T. R. Mee made a presenta_
tion on "Airbol"I'lC Seeding,"

At Skywater IV, Conference on Optimization of Operational Weather
Modification, May 21_22, 1968, Drs. P. B. Maceready, Jr., and T. B.
Smith presented a paper "Role of the Arizona Weather Modification
Research Progranl in Developing Operational Weather Modification."

VIL RANDOMIZED SEEDING OF ISOLATED CLOUDS

The sim.ple num.erical m.odel experiments at Flagstaff in 1966
illustrated the m.ain features of the use of such models in seeding sensi·
tivity studies, in the selection of clouds for treatment in the field, and in
evaluation. The m.odel subsequently was improved and employed in the
design of the field experiment for the 1967 program. The cloud selection
procedure, the seeding procedure, and the observational program. were
all determ.ined by the model. To obtain statistical significance for the
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results, the experiment was randomized. Only one kind of seeding was
employed so as to keep the number of variables as small as possible.
The airborne seeding was designed to assure that the seeding lTIaterial
entered the cloud where and when desired, and to give a strong likelihood
of causing as large a dynalTIic effect as possible. The main progralTI
emphasis was on relating cloud top height to seeding, with secondary
objectives on how the seeding altered the rainJall duration and amount.
In comparison to the height predictions and observations. the precipitation
aspects of the 1TI0del and the rainfall measurements are 1TI0re complex
and difficult and would be expected to show more variation between pre_
diction and observation.

Cloud top heights of the test clouds were measured by radar and
visually. Duration of rainfall from the cloud was observed by radar
measurements at the cloud base. Rainfall was estimated from the radar
reflectivity by assumptions of the Marshall_Palmer distribution, and
the total rainfall was fou:nd by integrating the precipitation at the base
throughout thc duration of the rain. These three observed para:meters
were subsequently related to predicted values which were obtained from
the comp'lter cloud model.

Figure 2 is an example of the sort of data obtained on a typical day.
Time _height plots are given for rainfall (from radar reflectivity) and
visual tops. On the figure, FE denotes the first 3-cm radar echo. RT
moans radar top, and VT indicates visual top. The blocks listing
computer predictions are seen to be in good agreement with observations.
The effect of seeding on cloud growth for the seeded case is quite
dramatic. At the appropriate time and location, glaciation and strong
development occurred, and the precipitation grew stronger and longer
lasting. In Fig. 2, it is evident that natural precipitation has started at
about 1047, before the seeding could be expected to have much effect.
The ability of seeding to produce effects even when there is natural rain
superimposed and the ability of the model to work in such a circumstance,
augurs well for eventually being able to treat a more complex cloud
systtm in a semi-quantitative manner.

On 1l days, a total of 21 test clouds were studied, 10 seeded and U
unseeded. On nine of the days, there was a seeded and unseeded pair. An
effort was made to select the same radius cloud for both clouds in a pair
on one day (and to pick a radius which would permit obvious effects from
seeding), but this was generally not possible.

There were three basic treatments of the data. First, the observa.­
tions were considered alone, with no involvement of the model. This was
done for all cases together, then all cases on paired days (only since the
seeded and unseedcd populations should be in betfer agreement then), and
finally the daily pairs were themselves e-xamined. The second treatment
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was to adjust the numeric:al model for unseeded cases empirically to fit
the data for the unseeded c:ases. and then usc this model to predict for
the seeded cases what the unseeded results would have been. The third
treatment was to tailor the model to both the unseeded and seeded data
and then use the model predictions as a guide to clarify the magnitude of
seeding effects.

The first treatment. based only on observations. shows effects most
simply and with fewest assumptions, but involves the lumping together of
data having wide variations of conditions (radii, enviro:runents). Thus the
magnitudes of effects may be Wlrealistic, but the validity of the existence
of effects can be shown to be significant. The seeded clouds had signifi_
cantly higher visual tops (1900 ft), higher radar tops (5900 it), longer
durations (10 min), and larger rainfall (2.0 mm). The respective per­
centage increases. assuming 13,000-ft cloud bases, were 63, 47, 39, and
16 percent. Statistical significance was determined by the t-test and
found to be 99, 96, 9l, and 81 percent, respectively.

The second treatment which used the model to help quantify th\J
amount of the seeding effect for varying conditions should ITlore accurately
give ITlagnitudes and also yield satisfying statistical validity. The third
treatm.ent used all the experimental data to derive the most accurate
predictive model -- but the model validity can only be established later
when the model is applied to independent data. It is interesting to note that
all three treatments tend to show comparable magnitudes for the seeding
effects.

The most realistic impression of the validity of the model in repre­
senting the 1961 data can be obtained by looking at the scatter diagram of
predicted vs. observed cloud-top height which is represented in Fig. 3.
Both seeded and unseeded clouds are shown in the figure. Note that the
best_fit line fits both the seeded and control data in spite of the fact that a
rather crude seeding effect assumption has been used for the seeded clouds.
The best-fit line for the height prediction can be taken as the line parallel
to the 45- line, and 462 ft higher (for the accuracy desired here, the 462
ft can be neglected). The correlation coefficient in Fig. 3 is R = 0.88,
and the RMS error is 3,341 ct.

In similar plots for precipitation amounts and durations, the correla­
tion coefficients were R = 0.89 and O. 76, respectively, around the linear
regression lines. In the case of precipitation amounts, the slope of the
best-fit line was 0.7, indicating that the model calculates approximately
44 percent more rain than is being observed.
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Comparing the relationship between predicted and observed
duration of rainfall at cloud base, the correlation of O. 76 indicates that
the model has a fair degree of skill in predictions of duration. The
slope of the "eyeball" best_fit line through the origin (about Z. Zl is in
qualitative agreement w~ the slope of the regression line for total
rainfall; predicting rainfall too high means predicting the hydrorneteor
velocity too high also, which corresponds to predicting duration too
low.

In summary, the model has proved useful in describing the increase
in cloud top height and increases in rainfall amount and duration in spite
of a consistent bias error in amounts and duration. The results of the
1967 program indicate a promising future for the evaluation of field
experinlents through the use of computer models.

VITI. MICROPHYSICS INVESTIGATIONS

Physical investigations of cloud interiors have been made at Flagstaff
over a period of years to obtain data on rnicrophysical phenomena. The
aim has been to learn about the growth of hydrometeors and the develop­
ment of glaciation in seeded and unseeded clouds. These are vital inputs
into nwnerical models and quantitative experiments. The basic instru­
ments are the Continuous Particle Collector (CPC), the Continuous
Hydrometeor Sam.pler (CHS). and the liquid water content (LWG) meter.

In FY 1968, two microphysics investigations were undertaken. One
was a reevaluation of the pyrotechnic seeding event which had been
reported by Takeuchi in Research Report IX, "Case Study of Vertical-Fall
Pyrotechnic AgI Generators," issued in FY 1967. It was felt that a tTIore
complete analysis of the CPC record would provide m.ore quantitative
information on the glaciation effects of seeding. The other microphysics
investigation was the probing of clouds at the end of the 1967 field season
at Flagstaff.

The 1967 field study involved two seeded clouds and two unseeded
clouds during the period August 9_11. Three clouds wel"e probed by the
Aztec at about a constant level. In one case, there were seventeen
sequential penetrations. The fourth cloud was probed sequentially at
decreasing height. The differences between seeded and unseeded clouds
were quite evident. Figures 4 and 5 give a sample of the results for a
seeded case on August 10. This cloud was not especially large or vigorous,
and care 1Tlust be exercised in extrapolating the observations to other
situations.

Figure 4 shows selected passes at about the -7C level. Initially,
before the seeding material has reached that level, there is no glaciation
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in the cloud. Subsequently, strong glaciation is noted (Pass 6). with
the LWC being low where the ice count NT is highest. On Pass 8, the
glaciation is complete at both doud edges, but simultaneously there is
a stronger-than-ever core of high liquid water content. This is a time
of rapid rise of the radar top. The implication is that the buoyancy
from glaciation, perhaps aided by the slowing of evaporative cooling at
the cloud edges from glaciation, has helped generate a new surge of
upcurrent. The reservoir of glaciation at the edges and the seeding
material in portions of the upcurrent subsequently glaciate this new,
organized core completely, but earlier this core represented a healthy
growth region for hydrometeors.

Figure 5 further examines the time history of the hydrometeor
development situation. The total ice concentration quickly l"ises to about
IOlliter (averaged across the cloud) and remains at that level. At the
start of glaciation. there is about I g/m3 of LWC, but after the surge of
Pass 8, this rapidly is removed by glaciation until, 20 min after the
glaciation stat"ts, thet"e is no LWC left at all. Figure 5 shows the develop­
ment of hydrolIleteors larger than I nun and 2 mlIl. Their growth is
abruptly shut off as the LWC drops.

In comparison to thi!l !leaded case, unseeded cases show that the
LWC exists in fairly good amounts for much longer periods, with the
growth of hydrometeors continuing all the time.

There may be important implications of such observations on the
development of seeding techniques, even though the obset"vations represent
only a few cases. The glaciation of the seeded doud apparently stimulated
cloud growth (predicted by the nUIllerical model, and evidenced in Pass 8
of Fig. 4), and quickly started hydrometeor davelopment at a particular
time, but the seeding "turned off" the hydrornatcor development rather
abruptly after a short time. The seeding of August 10 was perhaps
optimwn for maximizing the height increase but not optiInum for maximiz­
ing the precipitation. The biggest dynamic effect would arise from
complete glaciation but such glaciation would inhibit hydrometeor
development.

The benefits of seeding would be greater if a better compromise
between the conflicting microphysics and dynamic efforts were made.
The best seeding technique will likely involve varying the nuclei concen~

trations with time, presumably using high concentrations early to get the
dynamic effect started, but low concentrations later so as not to inhibit
hydrometeor growth. If the envirorunental stability is very slight. even
weak concenttations will produce large dynamics eHects; gt"eater stability
will necessitate more glaciation for producing dynamic effects; very
great stability negates dyn,unic effects and so ice concentrations should
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be optimized solely {or hydrometeor development. Such considerations
will depend in a complex manner on cloud size and environmental con_
siderations, and so it can be seen that numerical modeling w-ith accurate
microphysics treatment w-ill be helpful for the development of truly
efficient seeding techniques.

The microphysics study also examined the relation betw-een the
number of ice particles observed in the cloud and the number expected by
calculations based on laboratory calibrations of the generators. The
experiment is crude, but nevertheless is accurate enough to suggest
questions which need further study. The observed crystals w-ere equal to
or few-cr by two orders of magnitude than the predicted counts. The situa­
tion is confused in that other studies in different locations or w-ith different
seeding methods have 80metimes given substantially different results.

An evaluation of the CPC data for the 1965 seeding case (Research
Report IX) showed that lO~o crystals were found in a portion of the cloud
compared to an expected number of nuclei of about lO~. The same dis_
crepancy has been noted and discussed by MacCrcady and Baughman (1968)
in the seeding ot small convective clouds in Montana w-ith an acetone-type
AgI genel:"ator released under the cloud. It has been noted by Mossop,et a1. ,
(1967) for natural clouds, where on occasion the observed crystal concen·
trations greatly exceeded the measured ice nuclei concentrations.

FroIn the 1967 data and a more detailed analysis of the 1965 data
and a summary of other available information, the situation regarding the
relation of nuclei counts to ice crystals can be summarized as follow-s in
the next two paragraphs.

There are large differences to be expected in ice crystal counts,
depending on generators, application techniques, and the cloud and meteoro­
logical conditions. Knowledge is building up from theory and laboratory
studies about how particular ice nuclei should act to initiate freezing in
various circumstances (sec Proceedings of Skywater Conferences I and III,
and St. Amand, et al., 1968). The field observations referred to here are
sometimes consistent with explanations of how generators should glaciate
clouds, but in other cases observations apparently cannot be explained by
existing concepts. To advance this subject, Inore systematic field ooserva­
tions arc desirable, especially field measurements in simple conditions
which can be correlated directly with laboratory observations.

The microphysics probing of 1967 can be contrasted to the assump­
tions of the numerical model. Although the details are very different, the
overall assumptions prove to be not too bad considering the gross para·
meterization utilized in the model. In the unseeded cloud, a hydrometeor
development mechanism is operating, and the cloud droplets are
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restrictions on development and management objectives. In view of
this, it was decided to shift uevelopment planning from a yearly
basis to a unified 5 year basis. Funds obligated in 1 year
will, under the 5 year plan, be used in part for design amI
construction of eqUipment to be placed in operation the following
year. 1his avoids crash~type operations where system components
may function inefficiently because of insufficient lead tilile for
pre tes ting and installation.

It \~as stated in the project design study that the most accurate
and efficient uelivery system would be one employing high level,
remote, si I ver iodide generators, ei ther wholly or in part. lhese
would be located at points on the Swan and Hission ranges upwind
from the target area. '010 changeover to 5 year planning has
made engineering and construction of three clements of the proposed
system possible in the current yoar, and installation of these is
scheduled in several months.

EVALUATION

Basic parameters available for direct evaluation of seeding effective~

ness arc snowpack water content and streamflow, with supplemental
use of silver in snow data. Only a single precipitation gage exists
within the entire target area, and its reliability is not good.

Two streamflow methods of evaluation, as developed in the report
of last year, will be used "hen pertinent data becomes availahle.
Vat a necessary for the objective forecast of January to July runoff
Idll be acquired in August, and water year runoff data for the stream­
flow regression analysis will not be acquired before October. Pub­
lished snowpack water content measurements made by cooperating
agencies and distrihuted by the Soil Conservation Service arc used
in the foUol,ing evaluation.

Sno\\'pack Water Content

A standard regression analysis of I.larch 1st sllol,pack was presented
in the 1966-67 report. Four snow courses immediately west of the
target area were selected as control, while target stations included
two valley courses and one moun tain course. 'l1,e abnorr.\al character
of the 1967~68 winter has necessitated some revision in the target
stations to account for an early runoff peak due to above normal
temperatures in January, February, and ~Iarch.

111e ESSA I'ieather Bureau station at the Flathead County Airport
reported average temperatures in the period January 13th to
January 31st 5.70 F above normal, February 7.40 F above normal, and
Narch 7.30 F above normal. There I,ere 22 days in February in which
the maximum temperature was above freeZing, and on every day in
~jarch the maximum temperature I'as above freezing. Late in January
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PERFOJU.IA.'fCE OF lIN A1l>IOSPIIERIC I~'\TER RESOURCES RI;SEARQl
PROGIWI W nlE HUNGRY HORSE AREA, :,;oNTANA

1967-68 Season

I~lERHI REPORT

INTRODUCTION

'/he Hungry Horse project, begun in the fall of 1966, is onc of the
first "operational adaptation research projects" undertaken as part
of the Bureau of Reclamation I s Atmospheric Water Resources Program
(1967). 1bis report covers, in preliminary form, the second year
of operations.

High economic yields may be realized from small increases in pre­
cipitation over a drainage basin upstream froll! a large number of
hydroelectric plants. Water released from Hungry Horse reservoir.
for exmple, generates power at 18 aownstrcam sites before finally
reaching sea level. Upon consideration of typical increases expected
froQ efficiently managed programs of precipitation augncntation,
conservative estimates of benefit-cost ratios range upwards of ten
to one for this region. In an exceptionally dry year. even a 1 percent
increase. substantially below that expected, may result in a benefit­
cost ratio of this order, lhe dry water year 1965-66 gave impetus
for immediate development of such a program.

With support from Bonneville Power Administration (BPA) , principle
beneficiary of the project, the Bureau of Reclamation in 1966 issued
a contract to design an optiwm atmospheric water resources program
in the Hungry Horse area. 111e final report to this study was sub­
mitted by North American ,",'eather Consultants (NAI';C) to the Bureau
of Reclamation in Septcniler 1966 (1966). A contract "as negotiated
for the initial year by Noveniler 10. 1966. and operation status was
achieved shortly thereafter.

As originally designed. the project had IlllIltiple objectives of both
applied research and operational natures. These are emmerated in
the Hungry Horse interim final report of 1967 as a part of the
Bureau's basic philosophy of water resources development. However,
funding difficulties in the initial year necessitated a major revision
in research objectives to more modest ones, and in this, the second
year. additional research cutbacks have been necessary.

Regardless, a major stride fOTlol'ard in overall planning was made.
Normally, project funding for a given year cannot be expected until
that season is well advanced. Although operations were begun by
HAKC early in Decellber 1967. with no contracturally assured rein­
burscment at that time. funds "ere not legally obligated until mid­
January 1968. lhis type of situation. of course. imposes severe
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4. Spurious Natural Nuclei
5. Transport and Diffusion of Seeding Material
6. Warm Cloud Effects
7. Ice-Ice Coalescence.
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XI. CONCLUSIONS AND RECOMMENDATIONS

To summal:"ize the FY 1968 Al:"izona Program. the randomized
seeding program was successful in showing distinct seeding effects and
in dcmonstrating the use of the simple numerical model in program
design and evaluation. The microphysics investigation gave new clues
as to the effects of seeding on glaciation and on hydrometeor development
and provided a basis for considerations about optimizing the seeding in
the future. Thc numerical model developnlent for orographic storms
suggests that the next stage of the model development will bring the model
to a point where it can be used effectively in the design and evaluation of
Held experirnents.

The isolated cumulus prograIIl should receive strong program
etnphasis in the coming year particularly in regard to maximizing precipi­
tation, but diIninishing eHort will be required thereafter. SOIne outputs
of the prograIn seem ready for operational application in limited cases
even now, and more generally applicable techniques can be foreseen in
the near future. Thus the program should include SOInC attention to the
potential of such treatments in various locations so that real operational
application can be made as soon as the methodology justified it.

The mesoscale seeding program should constitute the main effort
at Flag6taH in the future, comprising about half of the program in FY
1969 and inct"easing as the isolated cumulus program diminishes. In
the summer of 1968, exploratory observation and seeding of mesoscale
systems should be carried out, with emphasis on initial organization of
the system as well as its subsequent propagation. There are extensive
data in the Flagstaff files which pertain to the mesoscale problem but
which have not been analyzed with respect to the problem. The next
phase of the program should make full use of these data in establishing
the characteristics of the mesoscale systems. By the summer of 1969,
there should be available a preliminary model around which to build a
basic experimental design. The following year should see the model and
the observational techniqucs sufficiently advanced to justify a major field
experiment. drawing on the resources of various cooperative groups.

Thcre are secondary programs which are of considerable importance
in achieving the two principal objectives. as well as representing critical
factors in other weather modi~ication programs.

The following items will receive continued attention in the future:

1. Ice Phase Model
Z. Nucleation Effectiveness
3. Elfectiveness of Other Seeding Agents
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Fig. 6. PARTICLE TRAJECTORIES AND PRECIPITATION
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x. WINTER STORM STUDIES

The techniques involved in studying and manipulating summer
convective storms can also be applied to winter storms. This program,
therefore, has included adapting techniques used at Flagstaff in the
summer to winter conditions. In FY 1968, a very brief winter field
investigation was carried out near the MRI Altadena offices, and the
study and development of computer modeling appropriate for orographic
winter storm 1T1Odification was investigated.

The underlying physical concepts fot' orographic flow modeling are
discussed: size scales, stable vs. unstable storms, upwind and downwind
steady-state flows, superposition of convective effects, hydrometeor
development, seeding effects, etc. Two particular, simple models are
presented with Sanlp!e computed results. The simpler model uses the
wave flow method of Queney (1948) and superimposes parameterized
microphysics but omits the feedback of thermodynamical factors onto the
flow, A computational example is shown in 1'"ig. 6. The more advanced
model is based on Myers' (1962) formulation of windward slope flow and
does include crude thermodynamic feedbacks into the Claw pattern,

Two main points emerged from the 1968 winter field program, one
operational and one meteorological. Operationally, the Altadena area
(Los Angeles areal proved to be more difficult than anticipated for con­
ducting flight operations. This was due to Air Traffic Control regulations
necessitated by the heavy traffic in this region, Flights associated with
storms proved to be possible, but traverses across the mountains at
desired locations, altitudes, and times were not possible.

The meteorological point pertained to the large number of natural
ice crystals found distributed through a great vertical depth. The
research flight took place around 1600 PST on March 12, in the pre­
frontal stratus layer of a weak cold front. The clouds extended from
12,500 it (-5C) to an estimated 21, 000 it (_31C), and no precipitation was
observed from the bases. The airplane spiraled up 15 miles southwest
of Mt. Wilson, reaching 22, 000 ft. The Cloud Particle Collector showed
liquid droplets through the main cloud layer frolT) 12.500 it to 15,000 ft
in concenttations of about IO/cm;:l with liquid water content about o. 025
g/m~ while above that height the concentration was only of the order of
O. 01/cm3

. For the entire depth from i2, 500 ft to 22, 000 ft, the ice
crystal situation wasnwively constant, with crystal and crystal cluster
concentrations averaging O. I/cma (laO/liter), and there were some large
particles present at about O. 06/liter, with sizes to 1.15 rom. Such
natural concentrations are high at the warm temperatures, but not unex­
pected at the colder temperatures. If such concentrations were naturally
caused also in the more active portions of the storm, there would be little
benefit to alterations which lhe cloud seeder could make.
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In the 1967 SUITllner program, the exploratory mesoscale investi~

gation was conducted on six days. After the randomized seeding program
was finished for the day and when there was a ITIoderately strong
thunderstorlTl in the area, the observer in the seeding airplane would
select two regions into which he felt the storITI could be grown by seeding.
By flipping a coin, the project controller at the radar site would select
one of these two areas, and the seeding would cOITIITIence. The seeding
method was to concentrate on the upcurrent and inflow parts of the storm
over 01' leading to the specified region. The evaluation consisted of
observing on the PPI radar scope how the total storITI evolved, using
also SOITIe radar top data from a 3-cm tracking set.

Of the six cases, in two instances the storm did seem to grow into
the selected area in preference to the area which was not selected. One
other case could be terITIed marginally successful, while the other three
were inappropriate for the study. In one case the whole storm system
was collapsing and continued its general collapse, in the other cases the
winds had been misinterpreted 180· during the selection process. In one
of the cases, the stonn developed subsequently to dominate much of
Arizona and could conceivably have represented a chain reaction.
There were no negative cases. Because the observational data were so
sparse, the selection process so un-rigorous, and the seeding technique
so varied, the evaluation of these mesoscale trials cannot be quantitative.
Considerable analysis effort did go into the evaluation, but the data
proved inadequate to substantiate specific conclusions. The program
nevertheless did serve the vital need of helping to strengthen the con­
ceptual basis of the modification of mesoscale storITIS and gave experience
in the seeding and observational requirements which are invaluable for
planning subsequent programs.

It is a prilnary goal of the future work at Flagstaff to get the lTleso_
scale seeding techniques to an acceptable operational level. The key to
this is to develop a nwnericalll10del which can adequately treat the
dOITIinant factors and be used to design the quantitative experiment, to
formulate seeding tactics, and to help with the evaluation of results. The
successful development and application of such a 1l10del will depend upon
an adequate observational network. The crude exploratory trials
described here are helpful in stiITIulating and clarifying thoughts on
observational and modeling procedures. Although it is hoped that even­
tually the seeding operations for such storms will prove to be simple, it
is more likely that the seeding will have to be done in a careful manner,
taking into account the details of convergence into specific cells, the
relative location of precipitation, and the details of the wind shear.
Considerable skill will probably be needed to perll1it the storll1 to extract
the lTlaximum benefit froll1 the environment. The observational setup
required may be extensive, and there would be an associated need for
real_time handling and display of the data and of cOITIputer model outputs.



unglacia.ted (at least at the -eC level of measurement); in the seeded cloud,
the supercooled water at _8C is pretty much removed in time by glaciation.
The actual glaciation during seeding is obviously not a steady-state
complete freezing at -BC, but rather a time_dependent glaciation which
eventually goes to even much warmer temperatures. In swnmary. as
both models and field e)Cperiments get mOre refined. the combined effects
of nucleation. crystal growth rate, and the diffusion and transport of
glaciation in the motions of a real convective cloud will all be considered
in developing Inodels and interpreting field data; for the crude approxima_
tions involved in the 1967 randoInized study, the microphysics investigation
showed the ITlain concepts in the parameterized model were reasonable.

IX. MESOSCALE SEEDING

A primary aim of the Arizona Weather Modification Research
Program has been to develop seeding concepts for total convective storm
systems. Such systems contribute far more total water to ITlost areas
than do the small, isolated cumulus clouds, and so the seeding of these
large systems can be of far more economic importance than the seeding
of individual clouds. These considerations have been presented in the
Final Report for FY 1965, 1966, and 1967, and in Research Report III,
Traveling Mesoscale Systems, by Davis.

There are two separate aiIns of a mesoscale modification program
which can be considered. First, the modification can aim at organizing
the mesoscale system eadier than accomplished by nature or under
environmental conditions when nature cannot perform the organization at
alL Second. organized systems may be" modified to produce larger or
longer duration storms than would occur naturally. Implicit in the
organizing of lTlesoscale systems is the concept that the storm becomes
self-perpetuating to sOlTle degree. At a certain scale, the convergence
pattern and interaction between cells makes the systclTl capable of self_
generation. Seeding can help with the organization, and also modify the
dynamics and microphysics of an already organized storm. The dynamics
effect might be accomplished, for example. by accumulating heat over a
large area, due to seeding, in contrast to the localized, vigorous updrafts
produced by seeding of individual cells. The key to this type of develop_
ment will be learning to manipulate the heat sources produced by seeding
into a configuration so that organized updraft motions will result on a
broad scale. Computer models will ultimately be of great benefit in
exploring the various possibilities for producing this type of organization.
An alternative approach is the organization by seeding of the relative
positions of updraft and downdraft areas and interactions between the cells
of the systelTl. Again, numerical ITlodeling must be employed in these
complex systems if seeding techniques and evaluation methods are to be
developed to a satisfactory level.
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