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A PILOT PROJECT OF WEATHER MODIFICATION FOR THE 

SAN JUAN MOUNTAINS OF THE COLORADO RIVER BASIN 

ABSTRACT 

This is the final report on the preparation of a design program to 

apply results from experimental programs for augmenting orographic pre

cipitation to a -Pilot Project that would have the goal of p-roviding ". 

sound scientific and engineering evaluation of precipitation 扣creases

over a large area by operational-type application of cloud seeding 

techniques... ",(Kahan, 1969) . The report describes : (1) the purpose 

of the p-roject; (2) the scientific and technological basis; (3) the 

design constraints; and, (4) the details of the design . The design 

itself includes descrip訌ons of : (1) the experimental hypothesis; (2) the 

site selection; (3) the experimental procedures (randomization. etc . ); 

(4) the data collection requirements; (5) the operations procedures; and, 

(6) the evaluation techniques to be employed . 
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PREFACE 

This is the final report on the design study for a program of 

weather modification adaptation for the Colorado River Basin. It is 

entitled 11A Pilot Project of Weather Modification for the San Juan 區untains

of the Colorado River Basin11. 

While the publication date of this report is February 1974, the basic 

design was developed prior to July 1971. Most aspects of the design 

were completed prior to November 1970. This final report represents a 

summarization of reports, papers, and recommendations, mostly in written 

form, prepared prior to July 1971. Some publication dates shown in this 

report are subsequent to July 1971. These represent dates of actual 

publication for research carried out earlier. 

The appendices to the report include: (1) published reports on 

certain aspects of the studies; (2) a graduate student thesis; (3) a 

1969 interim report on analyses in progress; and, (4) several unpublished 

reports on certain aspects of the studies . 
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A PILOT PROJECT OF WEATHER MODIFICATION 

FOR THE SAN JUAN MOUNTAINS OF SOtITHERN COLORADO 

、－

I. INTRODUCTION 

--4 A sequence of steps for developing and testing a modification technology 
for enhancing precipitation was adopted and described by the Bureau of 
Reclan珥tion in 1966 (Bureau 0£ Reclamation, 1966). This provided for 
a progression of e-fforts from experimental to pilot and finally to fully 
operational projects. The t.erm "operational" for purposes of the planning 
document was used to describe projects for obtaining the benefits of 
an app卫ed technology. The Colorado River Basin Act vi皿ch became law 
in 1968; specifies the Bureau of Reclamation's obligation to develop 
early means of water augmentation . The sequence for the development 
of a precipitation enhancement technology as outlined by the Bureau 
of Reclamation was consistent with the recommendations of the January 
1966 report of..reather and climate modificatioi;i by the National Academy 
af Science (National Academy of Sciences- -Natiotial Research Council, 1966). 
One of that panel's recommended first steps was 11. .. the early establish
ment of several carefully designed, randomized seeding experiments 
planned in such a way as to permit the Assessment of seedability of 
various sto這 types11. As outlined by the Bureau of Reclamation, this type 
of project would represent an experimental type project. In the case 
of the upper Colorado River Basin, such an e:xperimental program had 
been established near Climax, Colorado, by Colorado State University 
in 1960 with the support of the National Science Foundation . This 
project was as recommended by the NAS committee, a carefully designed, 
「andomized seeding experiment, and permitted the assessment of seedability 
of a variety of storm types. By the spring of 1966 the B扛eau of Retlama
tion had eight winter time orogra'J)hic weather modification experiments 
unde「 `ay throughout the mountainous areas of the west-ern states. these 
were located in: (1) the Park Range in northern Colorado; (2) the 
Elk Mountains in southern Wyoming; (3) the Jemez Mountains 0£ northern 
New Mexico; (4) the Wasatch Mountains in northern Utah; (5) the Cascade 
Range in Washington; (6) the central Sierra Mountains in Ca.1ifornia· 
(7) the Bridger Range in Montana; (8) and the Lake Tahoe ar.ea in 
Nevada and California. One purpose of the deliberate spread of projects 
was to study cloud and precipitation modification under various climatolo
gical and terrain conditions and to begin development of a seeding 
technology in the more critical water supply areas . Four of the eight 
experiments were in or immediately adjacent to the upper Colorado River 
Basin . 即en though many questions remain unanswered, the results from 
such experimental pro缸·ams form a sol這 basis for proceeding to pilot
type projects as envisioned in the operati.onal adaptation sequence 
presented in the 1966 Bureau of Reclamation planning document . The 
potential for precipitation augmentation has been demonstrated for some 
areas, under certain weather conditions . 

1 



Pilot projects we-re envisioned as a main focus of the Skywater Prngram 
to furnish technical. and environmental data and to test operational 
可ste呻， procedures, and techniques evolved from p訌or research. Tbe 
delineation of environmental problems and the de.termination of benefit
cost effectiveness were planned as additional key aspects of pilot 
projects . The work to design such a pilot prolect of weather modifica
tion for the Colorado River Basin vtas initiated in 1968. It continued 
concurrently with the various field programs of weather modification 
research during the late 19601s. It W'as originally intended that a 
pilot project wou.ld be initiated starting iP the fall of 1971. Since 
the Colorado River Basin Act (1968) specified a final report to Congress 
by 1977 reporting on various reconnaissance 勺-pe investigations for 
increasing water yields of the Colorado River Basin, the Pilot Project 
was act.ually initiated in t.he fall of 1970 . The basic aspects of the 
design and the preparation for field o-pe:ration were completed by that 
time (Grant, 1970; Grant., 1970; Bureau of Re.clamation, 1970; Hut:ley 
1972) . This teport deseribes the des1gn 7 that was deve1oped for 
the Colorado River Basin Pilot Project prior to its initiation. 

II. p瞬OSE OF THE SAN JUAN PILOT PROJECT 

The purpose of the Pilot Project of weather modification for the Colorado 
River Basin has been stated in a number of ways. This reflects 
the multiple specific goals of the Project. Clearly, the overall goal 
of the Pilot Project is to provide a supportable basis for the Bureau 
of Reclamation to recommend or not recommend an operational cloud 
seeding program as required by the Colorado River Basin Act of 1968 . 
Within this framework the objective includes scientific, economic 
management, ecological, social, and political considerations. These 
are reflected in objectives that have at various times been stated 
in the following ways. 

1. A project 11... to add basic in£orm.ation to the sciences of 
cloud physics and weather modification, and advance technology 
pertinent to the operational aspects of weather modifica-
tion for increasing 啟ater supplies within the Basin". 
(Objective as stated in the contract between the Bureau of 
Reclamation and Colorado State University for the prepara-
己on of tbe design.) 

2. A project "... . to provide sound scientific and engineering 
evaluation of precipitation increases over a large area by 
operational-type application of cloud seeding techniques 
employed and criteria developed through the Climax Colorado 
experiment. The evaluation and analyses of project data also 
furnish a more detailed climatology of natural precipitation 
occorren.ces over mountainous at:eas, 江proved identification 
of precipitation increase dur垃g different seedable conditions 
and its distributions over large mounta;in masses, and an 
accounting of costs involved . The Project will also afford 
the first major opport血ity for assessing social-envirorunental 
problems associated with weather modification operations and 
for appraising technical performance factors". 

-. 
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"These objectives are oriented toward learning definite 
answers of the technological factors and feasibil:i,ty considera
tions involved in producing ls.rge quantities of additional 
stream.flow- in the upper Colorado River Basin . " 

Studies of the associated social and environmental considera
tions will be made i:n conjunction with the Pilot Pr.oject to 
define any problems and suggest means of resolving them . 
Field experiments independent of the Pilot Project in other 
areas of the upper Basin and adjo訌吐ng regions will furnish 
additional climatolog北吐 data and seeding experiences to 
supplement the Pilot Project find1ngs ... " (Kahan, 1969; 
Bureau of Reclamation, Skywater Conference V, 1969) . 

3 . A project'' . . . to produce positive increases in snowtall 
over large areas of the San Juan mountains and to provide 
for sound scientific, enginee豆ng, and econom土c evaluations 
of the precipitation increases in technology used" . (Bureau 
of Reclamation, 1970; Bureau of Reclamation, 1971.) 

4 . A project"... to establish, at a reasonable level of 
confidence, that weather modification i .n tbe Colorado River 
Bas:Ln can produce at least a specific amount of addi,tional 
water at a cost not exceeding a specific figure . The accomplish
ment of this objective requires : 

1. A determination of the most likely amount of water added 
from a specified treatment. 

2 . A determination of the cost of the treatment . 

3. A ver迁icat1onthat a treatment粤巴巴嵒t 1east 
equal to that in paste河）erimenta!75rograms can be 
obtained in a full sc.ale operational program . 

(Bureau of Reclamation, 1969) 

The above constitute different ways of stating the Pilot Project objectives. 
They all apply. Difficulties arise in accomplishing all of the objectives 
simultaneously . Problems related to maintaining strict scientific 
control while still resolving eertain operational questions, introduces 
many diffic.ulties . In some cases compromises are required . 

III. SCIENTIFIC AND TECHNOLOGICAL BASIS FOR THE PILOT PROJECT 

A. The PhysicalBasis for Seeding Orographic Clouds 

Efforts to increase orographic precipita'tion -were started shortly 
after the initial discoveries of Schaefer in 1946 (Schaefer, 1946; 
Schaefer and Langmuir, 1946) that clouds could be artificially 
modified, Shortly after the initial cloud seeding experiments, T. 
Bergeron (1949) made "an ihventory of atmospheric clouds and cloud 
systems" to evaluate their potential for weather modification . He 
concluded ·that''the main possibility for causing considerable arti
ficial rainfall might be found in certain kinds of orographic cloud 
systems". 
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Subsequent research during twenty-three years from 1946 through 1969 
has shown that orographic clouds do in fact have the potential to 
provide one of the most available and manageable cloud sources 
for beneficial weather modif'ication to increase water supplies. 
The greatest effort to develop this -potential has been in the 
western United States. Connnercial groups, such as power and 
irrigation companies took the early initiative. Analyses of 
these seeding programs served as the primary basis for the conclusion 
of the 1957 President's Ad:吐sory Panel on Weather Modification (1957) 
that''the most probable effect of cloud seeding operations in the 
mountains of the west, wa.s a 10-15% increase in precipitation''. 
Indications were that seeding in a number of separate projects 
produced an overall positive effect. Fo-r otbe-r types of clouds 
the indicated potential was not so clear . '!he conclusions 
of tbe Advisory Committee, were, however, sufficiently encouraging 
to stimulate increased support for research. This increased 
research effort, primarily supported by the Federal Government, 
has produced a continually improving basis for realizing the potential 
for obtaining additional water supplies ft:om cloud seeding over 
mountainous areas . Important progress in describing and evaluating 
a physical basis for a usable technology has been made . Carefully 
controlled 訌eld tests have been conducted that show, with a bigh 
degree of confidence, positive increases in precipitation for 
meteorological situations during which a -potential for weather 
modification would be expected . 

The -physical basis for treat.ing col.d ore瓖raphic clouds by seeding 
was presented by Bergeron (1949) and discussed in more detail by 
Ludlam (1955). The orographic induced clouds 吐ong and windward 
of mountain ranges over the western United States, and specif土cally
those over the headwaters of the Colorado River Basin, are fre
quently composed of supercooled liquid droplets. The temperature 
activ-ation spectra of natural ice nuclei is such that the number 
of 逛·tective nuclei may not meet cloud requirements for converting 
the cloud water to ice formed at the warmer cloud temperatures 
and 迫．gher condensation rates . In .such cases snow may not develop, 
or the precipitation process may be inefficient. If artificial 
ice ttuclei can be supplied to an incoming saturated air stream 
far enough upwind of the mountain barrier, a more efficient conver
sion of subeooled cloud water to ice crystals should result in 
increased snowfall , Otherwise, the unconverted cloud water evaporates 
to the lee of the mountain bar'rier. Weather modification potential 
can be represented as a difference be乜een the supply rate of 
condensate as the air stream is lifted over the moun._tain barrier 
and the growth rate of ice in the cloud system which consumes the 
liquid condensate. It can be shown under certain cloud temperature 
conditions that the rate of water consumpt'i.on by ice crystal 
gro吡h is less tban the rate at which condensate becomes available 
to the cloud . Considerable losses of cloud'Water to evaporation on 
the lee side of the. mountain barrier results under these conditions. 
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In other cases, ice growth by vapor deposit1o-nproceeds at a rate 
sufficient t o use cloud water as it condenses. In some weather 
situations , the supply of ice crystals can be so great that particle 
growth;I..s restricted by wat-er availability and fall trajectories 
of the ice crystals relative to the ground may be adversely 
affected. 

These concepts have been specifically tested (Grant and Mielke 
1967; Grant et al, 1968; Chappell, 1970; Jiusto and Holroyd, 1970 
and 1971) and are demonstrated in Figure 1. 
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Curve A in Figure 1 shows the rate at which water can be consumed 
by mountain clouds with various cloud top (500 mb) temperatures 
assuming: (1) clouds with characteristics of those observed near 
Clim邱， Colorado; (2) ice crystal concentrations .comparable to 
concentrations of natural ice nuclei activated at the respective 
temperatures, and; (3) a growth rate of indi吐dual ·crystals 
determined by Chappell (1970) based on the ice diffusional growth 
equations. Curve 13, for comparison, shows the mean rate at which 
condensate becomes available for clouds with various 500 mb 
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temperatures during non-seeded days of the Climax I experiments 
from 1960-1965. Note from Curve A that with j inc1;easing temperatures 
the potential rate c,f consumption of moisture by diffusional growth 
of the crystals rapidly decreases even though the potential condensate 
increases . This is due to the severe limitation in numbers of ice 
cryst吐s available to consume the condensate present. Crossing 
of the available condensate curve and water consumption curve is 
nearly perpendicular. At tempe-ratures colder than tbis intersection 
the potential to grow cloud ice is considerably greater f.han the 
rate at which condensate is formed. Conversely, at temperatures 
warmer than the intersection, condensate becomes available at a 
rate increasingly greater than -the rate at which it can be utilized 
by vapor deposition ta grow cloud ice. crystals . Since ice nuclei 
activated, and tbus.ice crystals formedJ increase by about an order 
of ten for a decrease of 4°C in temperature, the coldest c1oud 
temperature plays a major role in the-number of ice cryst:als 
present. This in turn controls the- consumption rate of cloud 
water and is reflec.ted in the location of Curve A. The coldest 
cloud temperature normally occurs at cloud top and exerts a 
crucial control on the number of active ice nuclei and consequently 
ice crystals. This sho吐d be particularly true in th.e orograp迫e

cloud in 呻ich updraft speeds are low enough to permit the settling 
of ice crystals through the cloud. It should in addition be true for 
専 c.loud in which settling or convection causes a downward transport 
of ice crystals. The 500 mb temperature is used as a reference of 
the cloud top temperature at Climax since the mean elevation of cloud 
top is near this level. The crossover of condensate and consumption 
curves 却 Figure lat -20°C, rather than the appro吐mate -24°C ex
pected from physical considerations, reflects the use of the 500 mb 
level as a cloud tempet:ature index rather than actual cloud top. 
It is emphasized that in these considerations the cloud top tern一

perature, and not necessarily the 500 mb temgerature, is the physically 
important parameter. 

The reality of this treatment can be considered by referring to Curve 
C, Figure 1. This curve shows the average dai.ly precipitation during 
the Climax I expeTiment. on not seeded days as a function of the ob-
S缸:ved 500 mb temperature. At temperatures colder than the inter
section of Curves A and B actual precipitation rates are comparable 
to the amount of cloud water available. Ln contrast1 at temperatures 
warmer than that at the intersection, the amount of condensate 
is considerably in excess of the natur吐 precipitation observed at 
corresponding temperatures. Th土s clearly indicates the absence of 
a precipitation growth process to utilize cloud condensate at a rate 
equal to that at 呻ich it is being fanned. Efforts to describe this 
difference in the rate of precipitation in terms of other cloud 
features have not p:rovided an explanation for this reduced precipita
t ion rate "fo-r the warmer clouds. 

The deviation of the actual -precipitation curve from Curve A at 
near -15°C is believed to reflect a utilization of cloud water by 
other than the diffusional crystal growth process as computed, 
This might represent removal of an additional amount of condensate 
by accreti.en, ice multiplication, or by an even greater ice growth 

，一一－
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rate at these temperatures than the one calculated . In some 
mountain ar臨s such a difference might even reflect a coalescence 
component of cloud water removal . 

The hypothesis that the nat~ral precipitation rate does in fact 
result from a microphysical control is supported by the observed 
precipitation for the randomly-selected seeded days during the 
Climax I experiment. Curve D shows the average precipitation on 
seeded days as a function of the observed 500 mb temperature, The 
observed precipitation for the warmer cases, as well as for the 
colder cases, is now in reasonable agreement with the amount of 
condensate available. 

Similar analyses have been completed for the completely independent 
climax II e河汜「iment (Chappell~ 1970; Mielke, et al, 1971), which 
was carried out from 1965 to 1970 as a replication of the Climax 
I experiment, and for separate, randomized experiments 江 the Wolf 
Creek (Chappell, 1970) and Monarch'Pass areas of southern Colorado. 
The same general featut"es discussed above for Climax I are observed: 
that is, (1) a sharp drop-off in natural pt'ecipitation rates at 
temperatures warmer than the intersection of the condensate and 
consumption curves and, (2) precipitation rates for the seeded 
cases in reasonable agreement with expected condensation rates 
even at the ~armer temperatUTes . 

The above results show that under some temperature conditions 
considerable quantities 0£ orographic cloud water are not used in 
tbe production of precipitation that reaches the ground during 
the relatively short transit time required for a扛 parcels to move 
over a mountain b訌rier (Inefficient natural process and a 
potential for weather modification). Under other conditions, 
namely, colder cloud situations, an efficient transfer of the cloud 
water to precipitation particles should occur (efficient natural 
process and no potential for precipitation increases from weather 
modification). 面ese physical processes are discussed in more 
detail in Appendix A) Part V, A, and in Append垃 B, Parts A and B. 

B. The 卫x~hic Clouds 

1. Chan~ecific Weather Situations 

The analyses of a number of carefull.y designed and conducted 
field expeYiments (Climax I, Climax II, Wolf Cteek, Park Range 
[Rhea et al, 19691) that include randomized seeding of orographic 
clouds provide results that are consistent with those to 
be expected from physical considerations : that is, significantly 
greater and statisticall.y significant amounts of precipitation 
occurred on seeded da'ys with positive modification potential 
and little or no change in precipitation resulted on days 
吐thout modification potential. Increases 扭 precipitation

邱c.eeding 50% have been observed for exper土mental cases 
encompassing the broad range of cloud temperatures for which 
most weather modification potential should exist . For cloud 
top te:可）eratures 却 the range for which the greatest potential 
would be expected, advantages of over 100% have been observed 
for the seeded days . Results of some of the preliminary 
analyses were reported at the Fifth Skywater Conference 
(Grant, L, 0.. 1969; Mielke , P . W., Jr.,, 1969; Chappell, C. F., 1969), 
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Tables I through lV sbo~ the results of more complete analyses 
of the magn.itu.de and signi ficance of the difference between 
the seeded and non-se,eded precipitation for the four experi
ments conducted by Colorado State University. Respectively, 
these present comparisons in precipitation for meteorological 
stratifications based on 500 mb temperature, 700 mb equivalent 
potential tempera氐re (700 9_) and 700 mb wind velocity and direction . 
The 700 rob eq~ivalent potential temperature is not only an 
index of cloud temperature structure, but also reflects the 
moistw:e availability on an e沖erimental day. Moreover it is 
independent of the assumption that cloud top is near 500 mb. 
Wind direction i s presented only for Climax I and Climax 
訌B since this parameter is highly dependent on specific 
sites. The wind flow experimental results fox the other 
experiments show seeding effects s拉1ilar to those observed 
at Climax for directions that would maximize favorable 
orographic clouds. It can be seen from Table I 
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and II that large positive differences in precipitation, which 
are generally statistically significant, occurred on che randomly
selected seeded days in the warmer temperature categories. 
In the colder categories, as would be expected, these advantages 
do not appear. In the coldest categories the seeded days 
generally received less precipitation, suggesting a possible 
decrease for those cases in which an over-abundance of natural 
nuclei would already be available. 

Table III sh唧s the dependence of seeding potential on the 
rate at which condensate is made available. It can be noted 
that the greatest positive advantage for the seeded days 
occurred with a 700 mb wind speed of from l2-l4 m/ sec . It is 
believed that one of the causes for the narrow and distinct 
velocity range to maximize effects was the fixed locatien and 
operation of the generators within a narrow distance -range t o 
the southwest and northwest. The failure to obtain seeding 
effects at the stronger wind speeds is believed to be related 
to the locations from which the seeding was carried out in 
relation to the mountain barrier . The indicated decrease at 
the 缸gher velocities suggests that seeding di.d cause a 
reduction in size and fall velocity of ice crystals to the 
extent that in some cases precipitationt which would have 
reached the mountains under natural conditions, did not fall 
to the surface network before being carried over the mountain 
barrier. Generato't's should probably have been operated from 
closer distances for lighter wind speeds and clearly should 
have at least operated from greater distances for the stronger 
winds. Seeding increases may not be feasible with strong 
winds. 

The importance of wind direc tion can be noted in Table tv. 
Airflow patterns from the. southwest and from the northwest are 
generally normal to the complex orogi:aphy at Climax and conse
quently produce the most marked orographic lifting. 

2. Changes in Tota1 PzeciPitation 

An estimate of the overall change in precipitation that could 
be expected in the Cl~max area ·from weather modification can 
be made by considering changes in precipitation t.o be expected 
for each of the cloud temperature categorizations and the 
frequency of occurrence of those categories . This has been 
done by_ using changes iTI precipitation to be expected within 
the 308° -327°, 295° -307°, and the 281° 一294° equ.ivalent 
potential temperature categories for the combined Climax I 
and Climax IIB experimental units. The frequency o f occurrence 
of the respective categories has been determined from the total 
experimental sample of 623 events. Table V shows t.he estimated 
change in precipitation at Climax for a seeded win ter with 
normal precipitation. 
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TABLE V 

Estimated Changes in Precipitation at Climax for a Seeded Winter Season 
With Normal Precipitation (::14.00 inches) 

A. All events are seeded 

700 mb Equi.valent Percent of ~atural 
Potential T~ Seasons Precin. PreciE · 

308°- 327° 21% 2 . 94" 

295°- 307° 49% 6.86" 

281°- 294° 30% 4.20" 

100% 14.00 

Total Increase= 1.48" = +11% 

B, Onlv favcrable events are seeded 

308°一 327° 21Z 2 臺 94"

295°一 307° 49% 6.8611 

281°- 294° 30Z :. . 20'' 

100% 14 .00 

Total Increase:::: 2. 40" = +17% 

Percentage 
Chan芽

+70% 

+5% 

一 22Z

+70% 

+5% 

See·ded Event 
Preci_eitat ion 

5.00 

7.20 

3.28 

15 . 48" 

5 . 00 

7.20 

4 ' · .,-,J ̀  

16 . ̀ ° 

耳 all cloud ~vents are seeded,appi:-oximately 11% more winter 
time precipitation should occur . 邯en seedability criteria are 
considered, and seeding is conducted only when fa·vorable 
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events occur, the increase in precipitation from seeding should 
amount to about +17%. This is probably representative of 
the potential for precipitation increase in most of the northern 
and central portions of the Colorado River Basin. Nearly as 
much return, around +15%, could be achieved by seeding only 
the events within the wannest temperature category . This 
would require seeding only during the periods when about 21% 
of the natural precipitation is accumulating. 

The change expected from seeding in other areas can be more or less 
than this depending on the relative frequency 0£ the respective 
碌mperatures and on the precipitation efficiency of the natural clouds. 
These parameters can be reasonably evaluated for sites for 呻ich
(1) upper air data is available for estimating the rate of formation 
of condensate and cloud temperature and (2) precipitation data are 
available for e.s'timat._ing the rate. of natural precipitation as a 
function of cloud temperature . A potential overall increase in 
precipitation of over 30% is indica t ed for the San Juan areas using 
this type of analysis even after taking into consideration the 

1, signature" corrections £or removal of cloud water by other than vapor 
deposition processes . The results of the Colorado State University 
Wolf Creek Pass E洱eriment, 吡Lile not specifically designed to opti
mize precipitation evaluation, are consistent with these inter
pretations. 

工 Chanaes in Streamflow 

Careful evaluation of streamflow changes caused by the seeding 
at:e not feasible for the Climax experiment since randomiza-
tion was on a daily basis throughout, and all precipitation 
during the winter accumulates as snow which melts and runs 
off the folio面.ng summer. Seeding carried out on an annual 
basis during the Colorado State University randomized experiment 
in the Wo耳 Creek Pass area provides a basis for estin1ates of 
st.reamflow changes associated with seeding . Figure 2 sho陌S
a comparison of seeded area str:eamflow with that for a control 
area fo-r non-seeded （阻.storical and rando:mly se1ec t ed) and 
seeded (randomly selected) years. It can be noted that th.e 
cor:relation for non-seeded years is very good 灣 r= . 97, and the co一

` efficient of -variation is low, t{: , l. The likelihood of receiving 
actual straamflow observed in t wo of the three randomly selected 
seeded years is low, with p values of less than . OS. The 
third year, while having a some'W'hat higher expectancy, is still 
low. Tbe probability of the streamflow for the combined 
three seeded years equaling or exceeding the observed value 
by chance is very low, p =.005. The observed preci-pit-ation 
excess during seeded years of 18. 9% (228 • 000 A. f.) is in 
reasonable aijreement 吐th the overall change in precipitation 
to be expected. This is parti..cularly true since seeding w-as 
carried out for only about 3/4 of the pe斗od each 元nter during 
which precipitation accumulates to produce the summer.streamflow. 

4 . ClQ1過 See_dingEffects on PreciPitation Intensity and Duration 

An investigation into the nature of the seeding effect at 
Climax indicates that seeding influences the duration of precipita
tion more than its intensity(Appendix G). These effects can be seen 
in Figure 3. The pronounced effect of seedin g upon precipitation 
duration for the warmer cloud systems suggests a threshold of 
cloud microstability in cold orographic clouds that must be 
overcome before precipitation occurs . The natural supply of ice 
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crystals is generally sufficient to overcome this threshold 
for the colder cloud systems. However. this is frequently not 
the case for the warmer cloud systems, and £or these conditions 
seeding appears to overcome clo·ud microstability to produce 
precipitation for many additional hours. The results also · 
indicate t區t oversee.ding elf the coldest cloud systems 
(to cause a deer翠se in precipitation) was present and that 
this also is mainly a duration phenome啤 ． The relatively s画11

contribution to total precipitation change by the precipitation 
intensity chat1,ge component suggests that the efficiency of the 
natural precipitation process is relatively high during precipita
tion occurrences, once the stab.1e cloud microstructure has been 
disrupted . 

These findings have important. implications in th.e design of 
experimental and operational cloud seeding l?rograms. They 
indicate that real emphasis should be placed on cloud seeding, 
rather than on precipitation seeding. 
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pr函pi`tio`｀ ＂＂ ＇.,＂ ＇ I． 卟．u· ~,：,｀ · `L IV'll.,:CII I` ' Hkmh crIuw, \ I" '" ')(J1,em:a1 ;emprr:u urc Pl""vl 、`｀ l u `｀；
a.re camt1Ula l \I`" u a r·JI I, n.! I: '̀ .ul u\ lp 「 a 5 k I1 mpcr;LI\Im imcrvd. 1'"xipiU1 hm 4:IEI `` ｀' 「C1I ) ｀̀ surnl
attl1e tubh ,M Ii呣k , h ,`． 「`4I (` durb1g cx"ErimL·mal <lU\'` 'a,l Ihe to1l11 Ui m;1.` samplc UU.i ,J;" l̀. 

13 



A similar analysis has been made for the Colorado State 
University 而lf Creek Pass experiment . The results are siimilar 
to those found at Climax. Figures 4 and 5 show, (for two separate 
precipitation stations near Wolf Creek Pass, respectively . ) tbe 
seed/no seed ratios for tbe. pt'ec.ipi'tation total, d,,rration, and 
intensities as a.function of 700 mb potential equivalent tempera
ture, Figure 4 is for a station, "Wolf Creel< Pass West11, 4 . 4 miles 
by road (4.0 air miles) west of the summit of Wolf Creek Pass 
at an elevation of 9,510 ft . msl. Figure 5 is for a station 110ne East" 
1. 2 miles east (1. 0 air miles) of the summit of Wolf Greek l'ass 
at an elevation of 10,660 ft . msl. The figures are prepared in the 
same manner as Figure 3 for the_ High Altitude Observatory near Climax . 
The range of temperatures included covers all categories for which 
at least nine events occurred in both the seeded and in the not
seeded samples. It c.an be readily observed at the Wolf Creek West 
site on the up吐nd side of the mountain range (nearer to the cloud 
source) that the increase in duration of snowfall made a far greater 
contribution than precipitation intensity t.o the higher total 
precipitacion amount that occurred on the "seeded" days. The 
contribution of precipitation intensity was of more overall i-mport
ance at''One East" (Figure 5) some 5 miles further from the orographic 
cloud source, but again the greater d1..1ration of precipitatio.n 
on the seeded days made considerably more contribution to the greater 
total precipitation that occurred on the "seed''days. The maximum 
peak at both Wolf Creek West and at Wolf Creek Summit is in the 
temperature range h·om about 311 ° to 316° . This is similar to 
but at a somewhat colder 700 9_ than at Climax. This seems reasonable e 
in view oft.he wetter air masses and lower cloud bases in the San 
Juan area. A distinct additional peak in seeding advantage is 
observed at Wolf Greek West at 700 Be temperature do叩 to 295°K, 
Virtually all of this peak results from a duration effect. There 
were many more hours of precipitation on the seeded days . It is 
believed, that t缸sis a clear indication that tbere were many situa
tions -when, under natural conditions, reloud ice particles were not 
iniciated early enough to produce precipitacion in this upslope 
area of the San Juans. Under the seeded conditions the precipitation 
was initiated early enough to cause many more hours of precipita-
t 土on that reacb~d the mountain slopes in this area. No significant 
decrease in precipitation is observed at Wolf Creek Summit or at 
Wolf Creek East (another station lo.cated some 5. 0 air miles E of 
Wolf Creek Summit) for the overall 700 Be temperature range from 
295° to 310°. There is some indication of less precipitation at 
these stations with 700 8e less_than about 301°K. The advantage 
at Wolf Creek West with 760 9e > 295 K, appears to be a part of an 
overall increased utilization of cloud condensate as it passes over 
the mountain range. At 700 9"'less than about 301 K, redistribu-e 
tion effects may occur that may, while still increasing the 
overall mountain massif precipitation, cause inc「絲ses on the 
upwind slopes at the expense of the dowm吐nd slope . 

Thus, as at Climax, it seems clear that an increase in the 
duration of precipitat土on made the major contribution to the 
increase in precipitation on "seeded" days during Wolf Creek 
Pass experiments. At the waTinest tempet:atures an intensity 
effect appears, however, to be making more of a contribution than 
at Climax . 
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C. Economic Considerations 

Concern and controversy over the availability and quality of the 
limited streamflow from t-he mountains of the Colorado River 
Basin are as serious as any in the nation. Preliminary studies 
indicate that some 2 million acre feet of 四ter might be added an~ually 
to the Colorado River by cloud seeding (Crow, 1967; Grant, 1967; 
Burley, 1968) . Rudel et al (1973), as part of this study, have 
compared weather modification with other proposed means of augmenting 
water supply, and reached the following conclusions: 

1. 咋e benefit/cost ratio varies depending on the place 
of water use. The water which is used in Arizona has a 
tentative benefit/cost ratio ef 13.1 to 1, that us-ed in 
New Mexico of 16 . 3 to 1, and that used in California a 
ratio of 21.3 to 1. 

2 . Compared with other proposed means of augmenting water 
supp1ies1 weather modification appears to be one of the 
11least cost11 alternatives. It is sho'Wll to have d訌:ect
costs of $0 重 91 to $1. 15 per acre foot of vatey; produced. 
Indirect costs of addi_t.ional. snow removal and the l.oss 
of personal income due. to mine closing adds $0.15 to S0.19 
per acre. foot, Extra market costs such as traffic 
delays caused by additional snow on the Continent吐
Divide would increase costs somewhat, about $0. 15. 

3 . A very low proportion of weather modification costs 
12 , q percent, is for capital construction . Thus, the 
program is easily reversible with little loss of sunk 
costs. 

4. Variable costs of operation are but $975 per day. Thus, a 
relatively small increase in daily precipitation, 80 acre 
feet, would cover the direct costs of operation. This is 
important in making daily operating decisions concerning 
go o孓 no-go.

5. Water produced by weather modification is valued at $2 per 
acre foot for power production and at $14 . 50 to $26 . 50 
per acre. foot for irrigation of forage crops. In the long 
run, if th~ additional water is used for higher valued 
fruit and vegetable production, or for domestic and 
industrial purposes, its value would rise sharply . 

6 . Extra-market values related to weather modification could 
include travel delays, grazing and timber re-scheduling, and 
health effects, changes in plant and animal connnunities, 
and oth缸 possible spillover effects . Preliminary inves
tigation of these factors suggests that, while they have 
little effect on the total costs of weather modifica-
已on, they may be very important to individuals and groups 
affected. Distribution effects are important as the 
benefits accrue to downstream users and some of the costs 
are incurred by Coloradons. Adversely affected groups 
have been responsible for prohibiting the progress of 
weather modification projects when their complaints 
have been ignored in the planning phase . From these 
experiences, it is clear that extr:a-珥rket effects are 
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not unimportant e-:v-en though they 臨y be a s皿3ll proportion 
of total costs. There i.s a need for further research 
on the long~run economic effec t s of weathe-r modification 
programs one沅ra-mark.et factors . 

D. Summar~ect 

In summary, physical considerations show that potential for 
weather modification should exist over the Colorado River Basin 
during some weather situations . Field experiments to test for 
changes in precipitation from seed土ng confirm the reality of these 
expectations . Field experiments to evaluate changes in streamflow 
and preliminary economic analyses also show that changes in 
precipitation are reflected in increases in stream.flow and that 
weather modification should be one oft.he 11leastcost11 alternatives 
for increasing water supply from t皿s basin . 

IV. DESIGN CONSIDERATION 

Several constraints to the Pilot Project design require careful 
consideration. The design must have the inherent capability of detecting 
10-30 percent precipitati-0n 扛creases with a reasonable degree of 
confidence. even though natural precipitation variations among winter 
seasons might exceed 400%. When the larger variations in precipitation 
and the frequent occurrence of persistent weather patterns for extended, 
variable and undefined periods are considered, the requirement for 
「andomization between 11seeded" and unot seeded" events is clear. On 
the other hand, since the project is intended to test 11an operational-
type application of cloud seeding techniques11, it muse stress procedures 
employed in operational programs . Streamflow £or the Colorado River 
Bas拉 is primarily from mountain snows that accumulate during the 
winter season. In a fully operational.,unrest'ricted seeding program, 
activities should be carried out any time that seeding potential exists· so that 
seeding effects are optimized and any increment of precipitation 
inct'ease is added to and stored in the mountain snow pack. This is not 
accomplished when seeding is carried out on a randomized schedule 吐th

a period shorter than a natural water year. The verification (scientific) 
and "application" requirements thus are not mutually supportive . 
Further, 呻en public issues are considered, such projects must be restricted 
when danger Ol" damage might result. This restraint affects both the 
"sc:ient'ific" and •(applicationu aspects of a field program. 

面o distinct experimental designs have been considered . The first of 
these two designs places emphasis on changes in snowpack runoff 
relationships between two highly correlated regions. The experimental 
seecling units associated with this first t刃'e of design is the `inter 
time l)recipitation period (about November 1 through April 30 of the 
:following year) . This interval corresponds to the natural sno叩ack

accumulation period that provides water for the runoff during the following 
spring and swmner . This design allows pr oject operat土ons to simulate 
a1)p1ic.ation-type programs. It also provides refined estimates of cost 
effectiveness. It places emphasis on evaluation in terms of water 
yield. gvaluations of precipita已on d迁ferences between seeded and not 
seeded events can also be made, but with less confidence than when 
「andomization is among the respecti,,e precipitation events. This type 
of experiment provides the most informative design choice 迂 two well 
correlated areas can be seeded without contaminating each other. 曲en

historical data 諄 available, it can, with adjustments, be useful (Wu e.t al, 
1972) . 
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The other type of design places emphasis on changes in precipitation . A 24-
hour experimental unit can be used so that a large number of randomly selected 
seeded and not seeded experimental units can be obtained f or subsequent analysis, 
The 24-bour unit 區s the advantage of (1) being long enou gh so that any 
contamination at the time boundaries between the seed and not seed events 
may represent a relatively small portion of the total episode. and (2) 
being short enough to provide reasonable homogeneity in meteorological 
conditions and seeding potential. This t刃汜 of design maximizes the 
opportunity to identify meteorological conditions associated with seeding 
success and has been used with success in previously conducted winter 
time orographic seeding studies such as th.ose carried out at Climax. 
This type of design bas severe limitations in making direct evaluations 
of stream.flow changes, since a series of one da y seeding episodes are 
interspersed during the snow accumulation season . The seeding contribution 
to the streamflow is reduced since a large number of events with modifica -
已on potential are not seeded . Only 20-50 percent of precipitation 
events in the Col叩ado River Basin 區:ve modification potential. When a 
randomizar.ion procedure le.aves a portion of these events unseeded, the 
number of events seeded and contributing to the annual streamflow is 
seriously reduced. Restrictions to seeding duri11.g avalanche and 
heavy s now episode s, etc., further reduce the number of seeded events. 
The reduction of seeding in a given winter season can so reduce the 
percent change 江 total streamfl函 that evaluat i on of this is extremely 
difficult or iJilpos sible. Contamination can also be serious if carry-
over effects from seeded to not seeded events occur. This type of design 
also requires substantial aLterations in the seeding program from that in 
a full.y application-type program . 

It is clear that each of these experimental approaches has advantages 
and disadvantages. 「he Bureau of Reclamation has expressed its desire 
to place maximum emphasis on detecting changes in precipitation from whic 
conversion to streamflow would be determined from historical precipitation
streamflow relationships (Kahan, 1969). Con.s·equently, the second type 
of design involving randomization of individual seeding episodes is 
emphasized in the design that follows . 

V. PI.LOT P'.RO邛CT DESIGN 

A. Cloud Seed扭＆血otbesis or Model 

The physical concepts related to orographic precipitation and the 
definition of weat.her modification potential for the Pilot Project 
are those described in Section III A, 11The Physical Basis for 
Seeding Orographic Clouds" . The basic process involves an evalua-
tion of the modificat土on potential by comparing the rate at which 
cloud water is removed in relation to the rate at which cloud liquid 
water is being condensed as an air mass is lifted over the mountain 
barrier . The basic hypothesis is that seeding potential may exist 
耳 the rate at which cloud water is removed is less than the rate 
at which cloud water is being formed. Under these conditions cloud 
water is carried over the mountain barrier and re-evaporated on the 
lee side of the mountain. It is , therefore,lost to the precipita-
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tion p-rocess and. in terms of precipitation on the mountain 
barrier, precipitation efficiency is less than optimal. 

The following is a brief description of the physical and seeding 
concepts. This is in part repetitive with the information in 
Sect訌>n II I, A_, but. is inc 1 uded in th is sect ion on II Proj ec t 
Design" as a statement of the 吐oud seeding hypothesis to be tes1:ed 
As moist air is lifted over a mountain barrier, tbe air expands and 
cools. A temperature is ultimately reached which causes the amount 
o f water vapor in the original unsaturated air volume to become 
saturated for the new and lower temperature. As continued 
cooling takes place cloud droplets condense to maintain the 
vapor pressure in the volume near water saturation. The original 
parcel temperature. humidity and upward speed,therefore,constitute 
major controls on the supply rate of cloud water available for 
the formation of precipitation . Once the cloud droplets are 
condensed they closely follow the airflow and, if not removed, 
evaporate as the air st-ream descends the lee of the mountain barrier. 
Their fall velocity and fall distance are generally negligible 
during the short transit time over the mountain barrier, which is 
seldom more, and can be considerably less, than on e hour. There 
are always sufficient condensation nuclei present to form the 
individual eloud droplets, Once formed, however, small cloud 
droplets will remain in liquid form until temperatures are lowered 
to near -40°C unless certain addi旦onal ice-forming nuclei are also 
available . Concentrations of these ice nuclei are considerably 
less than the concentrations of condensation nuclei, and io many 
clouds there are relatively few ice crystals formed. Once ice 
c-rystals form they grow very rapidly by vapor diffusion since tbe 
vapor pressure over ice is considerably lower than that over the 
water drops. The vapor removed by this growth of ice is re
supplied through evaporatioa of cloud droplets. Ia many cases 
the concentrat:ions of 土ce crystals are too small to use or consume 
all of the cloud water . This is particularly 丘ue at warmer 
temperatures 呻ere natural aerosols become increasingly inefficient 
as ice nuclei. The concentration of natural nuclei are nearly 
always sufficient to utilize all cloud water for clouds with 
temperatures of about -25°C and colde,. The deficiencies of 
effective ice nuclei become progressively greater with temperatures 
increasingly w,迁mer than about · -25°C. It is for clouds in these warmer 
temper訌ure r~nges that the introduc已on_ of an artil'ic.ial supply of 
ice nuclei shou.ld 扭crease the precipita五on ef且ciency . Since 
the number of av紅lable ice nuclei. decrease by roughly a factor 
of about 10 for each 4 to 5°C increase in temperature, the coldest 
temperature in the cloud does constitute a major control on cloud 
concentrations of ice crystals. This temperature rep1:esents an important 
control, therefore, on the concentration.s of ice crystals that form 
in the cloud and, in tu.rn, on the potential for microphysical modifica
tion . This assumes that fall velocities of crystals are sufficient 
for them to settle against the mean upward motion of the a辻 flo-w.

This is generally the case in ｀江ter time orographic clouds over 
the Colorado River Basin. It is not always true in convective 
elements . 
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This cloud seeding concep t allows for adjustmen tB- in the modifica
tion.P。tential for processes other than growth of ice crystals by 
vapor diffusion. Other processes, however, are not well des cribed . 
and can be considered only in a qualitative manner . These "other ' ' 
processes probably (under differing conditions) include : (1) 
cloud 亞ter removal by accretion; (2) '' Ice multiplication" tha t 
pr ovi des ice forming particles in greater numbers- t.han generated 
from primary ice nuclei; and , (3) the introduction a£ crystals from 
upper cloud layers at still colder temperatures . The f拉ld s tudies 
at Climax show that cloud water removal by these processes is 
relatively small in the northern Colorado Rockies as represented 
by observations at Climax . They are more important 扭 the San 
Juan area of southern Colorado. Analysis of precipitation data, 
stud ies of ic.e crystals, and the results of seeding experiments for 
this area all show that (even with an improved cloud water removal 
from these processes) a considerable requirement for additional ice 
nuclei still exists for individual cases with cloud top temperatures 
warmer than about -25°C. 

Operations based on this concept of weather modification potential 
from orograpbic clouds require .continual seeding for extended 
pe:riods of time to increase cloud ice crystal concentrations to 
optimal levels for the utilization of cloud condensate . Primary 
controls for the production rate of condensate are: (1) wind d irec
tion and velocity relative to the mountain barrier, (2) temperature 
and thermodynamic stability of the incoming air mass , and (3) 
the amount of 叩isture in the incoming a扛呾ss . 面ese co11tt:ols 
frequently remain nearly canst.ant for extended time intervals. 
During these ex-tended intervals the natural or seeded microphysical 
processes can be repeated over and over as new air is continually 
lifted over the barrier. Thus, in an application-type P-rojecc: cbe 
0perational procedu1:es should frequ.ently remain the same for many 
hours . This is critically important for seeding over the Colorado 
River Basin since the h.igh topography produces many hours with low 
precipitation rates, even when all cloud condensate is utilized to 
form precipitation. Experiments at Climax and 鼢lf Creek Pass by 
Colorado State University have emphasized such continuous seeding 
fo r extended periods of time . AdrnittP.dly, there are many perturbations 
including prec ipita tion from convective elements, passing convergence 
zones and frontal systems, and general. storms, super紐posed on 
the orographic component. 邯ile increases and/or decreases 扭
precipitation may result from seeding these perturbations, orographic 
cloud seeding concepts suggested by Ludlam and tested at Climax 
indicate that an important c;omponent of the total precipitation, 
and of the seeding potential, is associated with the orographically 
produced clouds . A bias (advantage) for the seeded cases in the 
total precipitation is expected from systematic treatment of the 
orographic component . These orographically induced clouds generally 
occur in advance of, associated with , or behind the main frontal 
01: upper air weather systems . The major role of these storm systems 
with respect to orographic clouds is to advect large quantities of 
moist air into the area . Since the seeding design is for the orographic 
component and, since these events last for extended periods of time 
a time-averaged 皿'del for operations and evaluation is used . This 
provides the possibility of averaging out individual convective and 
s t orm impulses for 呻ich the weather modification potent拉l is not 
adequately described. Further, present seeding technology is not 
adequate to respond to these superimposed , generally short lived 
cloud and precipitation producing elements . 
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B. Site Selection 

Seven sub-a~eas of the Colorado Rive-r Basin have been considered 
for a Pilot Project. These sub-areas representing only about 
13 percent (about 14,200 square miles) of the Colorado River Basin 
(about 109,500 square miles), account for the major portion of the 
streamflow. The average annual runoff from the Basia is equ.ivalent 
to about 2.3 inches of precipitation (Crow, 1967) . The sub-are.as 
selected for cons土deration produce a runoff equivalent to 10 inc.bes 
or more of precipitation. Another: portion of the Basin, some 9,500 
square miles, produces from l to 10 inches of precipitation and the 
remainder of the Basin, some 85,800 square miles, produces runoff 
equivale~c to about one inch of precipitation or less. This large 
d迂ference in water yield of various portions of the Basin -results 
from (1) substantially greater amounts of precipitatfon in the 
mountainous areas t:esulting from oJ:ograpbic lnfl.uences and (2) 
the greatly increased evapotranspit'ation losses at lower elevations. 
Clearly, the initial stages of a weather modification adaptation 
program in the Colorado River Basin should be concentrated in the 
13 percent of the Basin that produces over 10 inches of precipitation 
and about 77 percent of the annual runoff. This portion of the Basin 
lies almost ex:c.lusive1y above about 9,000 ft. elevation. The 9,000 
ft. contour consequently bas been used to define sub-areas of the 
Basin for primary consideration for the initial Pilot Project. 
Seven are~s have been considered and defined in terms of mountain 
四ssifs rather than as individual water sheds. While commercial 
programs of weather modification in mountainous areas have in general 
been conducted for individual water sheds, modet:ate or large scale 
weat.h虹 modification o·perations 吐thin. the Colorado drainage basin 
will effect a number of such basins. The seven sub-areas that have 
been consi-dered include: (1) the San Juan mountains; (2) the 
central massif betweer;i the main stem of the Colorado and the Gunnison 
Rivers; (3) the upper basin of the Colorado River Basin above Kremmling; 
(4) the 団ite Mountains at the headwaters of the White Ri.ver; 
(5) the Park Range and headwaters of the Yampa River; (6) the Uinta 
M.ountains, and; (7) the Wind River Range at the headwaters of the 
Green River. These areas are sho叩 in Figure. 6. After initial 
analyses areas one and three were selected for primary consideration. 
The San Juan area (Figure 7) includes drainage. areas both north and 
south of the mountain range and extends to the New Me沮co border. 
The upper basin of the Colorado River area includes drainage areas from 
Williams Fork to Troublesome Creeks and is shown in Figure 8. 
The selection criteria for thes_e two areas are discussed in Appendix A: 
V, C. 

A dual effort for these two areas "1ould maximize the benefits from a 
Pilot Project. The types of storms that produce precipitation for the 
two areas can be substantially different; the weather modification 
potential is probably markedly different; and increased flexibility 
in the experimental design could be incorporated. Costs would of 
course be substantially increased. The San Juan Mountains, 
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however, are recommended as the initial Pilot Project site. This 
reconnnendation is based on considerations of (1) the desire of 
the Bureau of Reclamation to emphasize alterations in precip土tation
rather than streamflow, (2) limited availability of funds, and (3) 
indications of a possible greater potential for water augmentation 
in the San Juana. To the extent that funds are available, background 
field observations should be carried out in p紅allel in the u-pper 
basin area, For the most realistic evaluation of application-
type operations (including the determination of cloud seeding cost 
effectiveness, the potential for total water, etc.), the designa
tion of the whole San Juan massif as the target would be desirable. 

C. Ex~n 

The Pilot Project. here1.n described, is designed, in response to the 
specifications of the Bureau of'Reclamation. to optimize evaluations 
of changes in precipitation that occur on seeded days in the San 
Juan Mountains. Careful design considerations are required for 
detecting precipitati.on chang~s from seeding due to its large 
variability in time, spatial distribution and amounts. This varia
bility extends to all phases of the precipitation process and includes 
large variability in (l)the general atmospheric. circulation in 
which the cloud systems form, (2) the thermodynamics of the clouds, 
(3) the microphysical characteristics of the cloud, and (4) 
the characteristics of the precipitation which are highly variable 
in intensity and fonn, as 四11 as in amount. Parallel efforts to 
verify the physical reality of the statistical findings are considered 
essential and are an integral part of the design. Detailed description 
of the analyses made to develop the rationale for various -portions 
of the design are included in the various appendices. Basic aspect:s 
of the design are listed and described in the following portions 
of this section. 

1. Randomization 

Treatment episodes should be randomized, Randomization must be 
made after the elq汜己mental events have been designated. 
Randomization should be t'estricted only to the extent that 
large block.a of experimental events (10 to 40) have the same 
number of seeded and not seeded events . While evaluation 
tests are not seriously weakened for moderate variations from 
a 50-50 randomization for lar&e. numbers of events, partitioning 
of the sample for meteorological investigation and evaluations 
is maximized by a 50-50 randomization . The possibility of 
seeding contamination, and the additional cost for operation 
of dual areas preclude the use of a cross-over type design 
(Schickendanz and Huff, 1971). 

A randomization schedule has been developed by the Statistical 
Laboratory at Colorado State University using inter-mixed 
blocks of 10 to 40 events with each block having a 50一50
split. This schedule contains 400 events. These decisions 
have been consecutively nunibered for use during the Pilot 
Project. Ortly a completely independent and certified source 
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should have access to the decisions. The handling and release 
of randomization decisions after experimental days have been 
officially declared, by a certified official at Ft. Lewis 
A and M College 扭 burango, would provide a good procedure. 
Several other arrangements are feasible. To preclude any 
possibility of bias, or appearanc-e of bias, it is crucial that 
~ have knowledge of upcoming randomization decisions . Once 
the expet"imental program and the randomi.zation scheme are finalized, 
it is important that they are not substantially altered during 
thee可>eriment.

2. E皿erimental Period 

This design is fort.he seeding of winter time orographic 
cloud systems. It is not designed as an e可er imen t for seeding 
cloud systems that 訌e caused by convection or large scale storms . 
It takes into account, by averag:i,ng over a large number of hours 
of precipitation, meteorological episodes that do have some component 
of the precip.itation caused by convective and large scale cloud 
systems. (Note Section V, A, above). These design criteria 
place constraints on the period of the year during which the field 
program should be operated. Basically the operations period 
should be from 1 November through 30 April each year . Discretion 
should be used, part.icularly during November and April, in not 
including situations for which convec已on and general storm 
condi.tions are the overriding cause of clouds and precipitation. 
On the other hand, situations som.etixnes occur 江 October and t-tay 
during which nearly steady state orographic lifting 誌 the dominant 
cause of clouds and precipitation. These could be considered 
for operations, 

3 . ExE_erimental Unit 

A twenty-four: hour experimental unit is recommended. This 
length of unit is a co呻rmnise that minimizes variations 
in physical parameters dm:i屯； an everu: and should still be 
iong enough to re,duce contamination among experimental units 
to a reasonably low ·proportion of the total unit (amount of 
time, amount of precipitation). A.uto-correlations of daily 
precipitation in the Colorado River Basin are not sufficiently 
high to justify pairing consecutive rando血．zation days. From 
the standpoint of contam.inationt a procedure for leav垃g non
experimental days between expet:imental events would be desirable. 
This, however, would create a serious loss of events in an 
experiment planned for onl.y four years. The analysis of ice 
nuclei observations and precipitation data in the Climax ar蛭
has shown that while carry-over effects have been observed 
using the twenty-four hour unitt these have not been of the magni
tude to critical.ly disrupt the analysis . Si.nee they represent 
contaminated effects that may increase precipitation on not seeded 
days, they may decrease the magnitude of indicated seeding effects .. 
The minimization of contamination carry-over effects was simplified 
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at Climax due to the d土ornal variations in precipitation where 
a very marked minim中 in hourly precipitation occurs during 
the morning hours from about 0700 to 1100 MST . This follows a 
very marked diurnal maximu1n precipitation during the night
time hours {Appendix A: v; D and C). A similar diurna 
variation in precipitation occurs in the San Juan area during 
the morning hours, although it is not as disti.nct as at 
Climax. The precipitation data at Durango actually shows a 
mid-morning peak 却 precipitation. It seems clear, however, 
that in most of the San Juan Mountain area the relative percent 
of daily snowfall occurrirtg during the m這－morning hours is 
near a 詛.nimum. A mid-morning starting time for an experimental 
day should thus be. used. It sho吐d minimize contamination 
effects. Further, observations during morning hours 吐ll mini-
mize any melting e訌ects 呻ere snowboards are used . A twent,y-four 
hour experimental unit starting at 1000 to 1100 MST would 
have many experimental and operational advantages . There is 
also a distinct advantage'With this transition time since the 
very comprehensive 1200 GMT data base can be used in making 
operating decisions. 

4. Declaration of Ex~s 

A sequence of analysis procedures should be used for establish
ing experimental days . The sequence should 土nclude: (a) 
a forecast of meteorological conditions that could produce 
orographic clouds; (b) a forecast of positive weather modifica
tion potential; and , (c) an evaluation of possible hazards 
and disbenefits that 皿gbt be related to additional preci-pitation. 

a. Forecast of Oro~itation 

疝e required meteorological forecast involves a substantial 
de吐ation from procedures that 的uld be followed in a 
true application-type seeding program . This occurs since 
an experimental day must, for randomization purposes, 
be declared before it starts rather than just pr.ior to 
the development of seedable conditions (a forecast of 
24-30 hours rather than one of I - 3 hours). Effects of 
this undesirable forecast requirement can be alleviated 
somewhat, by providing for the declaration of some 
experimental days after they are actually unde「 `ay .

The experimental day for evaluation purposes must still 
coincide 吐th the 1100 to llOO twenty-four hour day. 
Daily precipitation totals are frequ,ently made up of 
precipitation episodes that last for only relatively 

~̀w hours. In tnan""Y cases these preci.pitat土on episodes 
can be expected to occur during the 耳teT part of a 
twenty-four hour specified period with the fi.rst portion 
having generally clear skies throughout the San Juans. 
"Forecasting the timing on these episodes for a period 
of twenty-four hours in advance can be rather difficult. 
Declaration of experimental days in these cases can be 
delayed for some 12 to 15 hours and still not compromise 

28 



the e沖eriment. A declaration of an experimental day 
later than half way through the experimental period, 11 
p. m. , is not recommended. Procedures must also be 
available 呻en a delayed declaration is made for obtaining 
the rand.om decision after the declaration. In cases 
when the forecast is for no 吐ouds and precipitation, 
the day can be declared "non-experimental" 缸迢
steps "b" and 11c11 of the declaration procedure as 
descx:ibed below can be omitted. 

Forecasts of o r ographic clouds must of necessity utilize 
standard short range weather forecasting techniques. 
These can and should be refined in forecasting orographic 
clouds for the specific. Pilot Project areas. General 
guidelines are prescribed in Appendix E and tested forecast 
criteria have been presented and discussed by E.G. & G. 
(1970). Forecast 細phasis needs to be placed on optimizing 
the forecasts df: (1) wi.nd direction and ve.loci.ty at about 
the 700 mb level; (2) moisture potential (700 mb dew 
point depression constitutes a good indicator); 
(J) the nature of the large scale vertical motion field 
(say, using vorticity indices); and, (4) static stability 
of the air mass. 

b. Forecast of Weather Modification Potential 

The determination of the weather modification potential 
is based on meteorological crit et:ia, and this also 
introduces forecast complications, Again this problem 
is considerably greater than it would be in a true application
type. -p1:ogram. 

As discussed in Sections III, A, and V, A, above 、 the

basic model for the ex:periinent involves seeding for 
orographic clouds that remain quasi-stationary f or 
many hours. During these si t uations when very short 
period meteorological va1,:iations occur, operational changes 
freq_uently are not feasible. Thus, in application-
type seeding operations lasting several to many hours, 
seeding can,except where a definite trend elCists, be 
carr:led out contin叩usly for many bours and extend beyond 
arbitrary daily time boundaries. 

The specif北 criteria for specifying desired conditions 
are those defined from previous field experiments. One 
criteria for weather modification potential is that the 
air flow must be toward the mountain slopes. A second 
ct:iteria to de£ine potential should be based on cloud 
temperatures (model considerations show that cloud top 
temperature that defines ice crystal concentrations is 
basic). To maximize scientific 1:esults, seeding should 
be carried out for all temperatures and analyses made f or 
various temperature categorizations throughout the 
temperature range. Since in the Pilot Project emphas i 
is placed on providing precipitation 扛lcreases, specif i ca
tion of temperature criteria is required. Modeling 
and previous experiments show that a criteria 
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of average cloud top temperature of -23°C or -24°C and 
warmer should provide a data sample that would maximize the 
potential for increasing precipitation . A cutoff criteria 
of about -26°C would increase the sample size, sim-plify the 
forecast problem, and should not produce precipitation 
decreases exce'Pt when actual temperatures are colder than 
forecast. These criteria require observations of average 
cloud top temperatures (they may be lower or bi_g.,.er for 
periods during the seeding period). These migb.t be made 
吐th radar, satellites, aircraft, etc: tests at Cl~,ru立， ~sing
radar and 吐rc1:aft as reference, have shown only some 60-70% 
success in. making good cl.oud top estimates from upper air 
soundings. When required cloud top data is not available 
5OO mb …emperature can be usedto index the c1oud top temper
ature since average orographic cloud tops in the Pilot Project 
area extend to about this level. The 500 millibar level has 
the advantage 0£ being a standard level reported for upper air 
soundings. At both Cli..max and during the previous Colorado 
Stace University Wolf Creek experiments the temperature at. 
this level was a good index to seeding potential and is pt"obably 
very close to the''average11 orog-raphic cloud tops . Analyses 
of previous 郅periments have also shown that the use of 700 mb 
equivalent potential temperature could serve as a satisfactory 
index for defining seeding potential. The use of 700 mb 
equivalent tempet"ature not only describes cloud temperature, 
but reflects moisture availability, and is independent of 
an actual measurement of the cloud top. Greatest precipita
tion increases in all por已ons of the target for specific 
temperatures should be expected at 700 mb equivalent potential 
temp_eratures above about 3l0°K, Substantial increases on 
the up`扛1d mountain slopes can also occur 吐th 700 mb 8 e 
values from 295° to 310°K - particu"larly at the lower 
elevations of the target a1:ea . 邯en 700 8e criteria 
are used, a temperature of about 295°K or greater should 
indicate an ove1:all potential for augmenting precipitation 
without a serious threat of causing a decrease . The experienc 
during the CSU Wolf Creek Pass experiment indicates that 
p1:ecipitation displacement effects could cause precipita-
tion decreases in some areas at 700 8_ values less than 300°K . e 

Careful records of all days determined to have positive modif
ication potential should be maintained for evaluation purposes. 
These -would constitute days with potential and no restriction 
to operac:ions. 

c. Evaluation of Possible Raz.ards and Disbenefits 

The third stage in the identification of an experimental 
day involves the determination of the possibilities of 
disbenefits chat 皿ght result if a seeding operation is 
carried out . This becomes important and requires emphasis 
on those occasions when a cloud s.ituation with weather 
,nedification potential has been identified . This is one 
of the most difficult considerations since. many social, 
economic and ecological interests can be involved . 
Primary disbenefits can be quantified for consideration. 
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1. 瓦oodin_g

Most of the annual peak stream.flow on Colorado River 
tributari~s c.omes during the snow melt season, 
usually in May or June . 「n rare years annual 
peaks may occur in late April on some tributaries 
or in early July 扭 a heavy snow melt year when 
weather factors combine to delay the snow melt. 
Snow melt peaks in streamflow are rarely responsible 
for substant北i.l flooding in the San Juan area. 
The annual peaks seldom vary more than about five 
feet in river stage, and when stream banks overflow, 
they generally cover only meadow or unoccupied lands 
near the rive.r. The g:reatest flood peaks in this 
area generally occur outside of the snow me.I 
season and result from intense local summer or fall 
season rainfalls. Most damage from summer time 
flooding is caused by temporary jams of debris 
rather than by lack of channel capacity . In 
September, 1970. two intense storms occurred approxi
matelv one week apa1:t, each lasting for two or 
three days. The entire stream flow amounts measured 
at Durango and Placerville for the Animas and San 
Mig_uel watersheds both showed peak daily amounts for 
the entire year . The daily peak for September 6 on 
the Animas River was measured as 7740 cubic feet 
per second. This compares with the peak day during 
the snow melt season on May 19, 1970, of only 4240 
cfs . At least. at this stage of the Pilot Proj ec t. 
no seeding operatio呻 shou.1d be scheduled during the 
summer season. The technology fo-r seedinc t he su兩紅

convective clouds is not well developed. Further 
precipitation during this season makes only a small 
contrihu訌on to the total annual s t reamflo団 An
analysis o f four summer seasons, 1966 through 1969, 
showed a ne t production in runof f reaching the 
Animas River from summer precipitati on ranging from 
9% of the June - September precipitation in 1966 
to 21% of the June - September preci pitation in 1969. 

The probability of more tban minor 且ood dama ge 
from snow melt can be evaluated by considering 
previous relations皿ps between ace呻ulated snow 
pack and streamflow. Peak streamflo.. f rom snow 
melt 誣 moderately we ll related to total stream.flow 
for the snow melt season. The typical probability 
of more than minot: -flood damage for tributary streams 
of the. San Juan Basin during the snow melt season 
is sho叩 i.D Figure 9. The background fo-r this figure 
and the other considerations of evaluation of 
snow melt potential and flaoding potential are shown 
in Appendix A, Part V, E. The historical probability 
of the occurrence of more than mi.nor f looding is 
about . 04 or about 1 year in 25. It can a lso be 
noted that as long as the snow pack does n o t exceed 
50% above normal , t he likelihood o.f flooding from 
snow melt is negligible . Flooding potential remains 
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less than about 20% even wben the snowpack increases 
to about 225% of normal on February 1, 210% above 
normal on March 1 and about 195% normal on April 1. 
The flood potential probability remains less than 
about 10% even with February 1 snowpack up to about 
200% of normal or March 1 values to abol.lt 180% of 
normal., and April 1 values to about 175% of nor啤1.

Figure 9 prov-ides the basis for setting criteria for 
evaluating the likelihood that seeding increases would 
contribute to a flood threat in the following spring. 

2, Avalanches 

The state of the art for evaluating the threat 
of ava1anches, particularly in the San Juan Mountain 
area, is in a primitive stage of deve.1oprnen t. The 
primary threat occurs during the early season in 
December and Janua可. At the present stage of 
development the best procedure would be to use a 
specifically prepared avalanche forecast by t:he Rocky 
Mountain Forest and Range Experiment Station. Pro
bability forecasts based on meteo?"ological criteria 
have been considered by Rhea (E. G. & G.. 1970). 
These probabilities ca.n provide guidelines for defining 
the risks involved during specific met.eorological 
episodes. From a research, and probably from an 
economic standpo~int, suspension of seeding ooerations 
during avalanche periods is a serious restriction, 
since ao important portion of the weather modification 
potential occurs during these events. The possibility 
of establishing seeding effects is reduced by elimlna
ting this potential from the seedable sample. From 
the economic standpoint, withholding of operations 
during these periods involves i.mportant losses in 
potential water supplies. Alternatives to operational 
suspensions duting avalanche periods should, consequently, 
be considered. These include: (1) avalanche manage-
ment; (2) traf fie control; and, (3) the construe t ion 
of protective str:uctures and sheds. Preliminary 
analyses suggest that the value o.f water production 
during potential avalanche situations should be 
great enough to justify tb.e cost of tinding 知
alternative to a direct elimination of operations, 
A systematic avalanche con'trol program is probably 
the best economic alternative. Preliminary estimates 
indicate that this would add only a few cents per 
acre foot of water produced. As with the other 
alternatives, a side benefit would be a substantial 
reduction of the avalanche threat that presently 
exists even int.he absence of weather modification 
efforts. Most of the slopes which produce avalanches 
of danger to human activities in the San Juans have 
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probably already been identified. Forecast procedures 
under development and improved knowledge of the 
structura.1stability of cornice snow sbou.ld permit 
the artificial removal of snow from critical slide 
areas before accumul~tio臨 become excessive and 
produce an avalanche threat. 

3. Economic Consideratio[\S 

Syste111atic seeding operations in the San Juan 
Mountains may cause disruptions in some business 
agricultural, and private activities in the area. One 
of the goals of the Project should be the development 
of methods for determining the magnitude of dis
benefits and ways by wnicb water users could compensate 
otber parties when losses or disruptions do occur. 
Prelimin.1'1'.y analyses (Appendix I) show that the 
total additional costs for water produced by 
compensating for disbenefits might be of the order 
of $.30 to $.40 per acre foot. For example, indirect 
costs of additional snow removal and the loss of 
personal income due to mine closing, etc . , might 
add from $.15 to $.19 per acre foot. Items such as 
traffic delays caused by additional snov might 
increase costs by about $.15 per acre foot. Even 
when some $.JO to $ . 40 per acre foot of water 1.s 
added to direct costs, estimated to be in the r ange 
from $0. 91 to $1 .15 an acre foot of water produced, 
the cost of ad-ded water is very competitive with 
costs for ebtai.ning additional water supplies by 
other means. The establishment of administrative 
procedures and legal authority for compensation to 
parties who stiffer any disbenefits will require 
careful study and review by all concerned. 

5. Duration of E亞eriment

The results from the Climax and Wolf Creek Pass experiments 
can be used to estimate the length of time required to obtain 
significant results from the Pilot Project. Figures 10 and 11 
sbow the length of time required to obtain statistically 
significant results in the San Juan area-if the results are 
similar to those obtained, respec.tively, in the Climax and 
vJ'olf Creek Pass experiments. These at'e the times (shown both 
for years and events required) that provide a 50% chance of 
obtaining significance at the 5% level with a one-sided test. 
It assumes that the frequency of storms during a Pilot 
Pr oject period is t:he same as the average frequency during 
the 1964-70 period and that 1/2 of all seedable events are 
actually seeded. The additional assump已on for the Climax 
comparison is that the weather modification potential in the 
San Juan area is the same as at Cli max . This is probably a 
conservative estimate •since physical model considerations and 
the Wolf Creek experiment indicate chat the potential in this 
area is greater . Note from Figure 10 that applying results 
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similar to those obtained at Climax, but using frequencies 
of 500 mb temperature observed at: Wolf Creek, that an experi
ment lasting five years ot: more will like1y be required . 
Note also that a cutoff temperature at about -24"C requires 
the shortest experiment. As seen from Figul'.e 11, a much 
shorte.r experiment would be required if l'ilot Project results 
are similar to those observed during t.he Colorado State 
University 加lf Creek Pass experiments. The minimum duration 
occurs 吐th a 500 mb temperatut."e of about -22°C or -23"C , but 
the experimental duration is not nearly so dependent on 
specific values of 500 mb temperature . This results from the 
high frequency of events at warmer temperatures where large 
pr~cipibtion advantages are observed . Some sixty five (65) 
perce~t of the events - (all days with precipi~~ti_on at any station) 
些ring the Wolf C-reek Pass experiment~ had 500.mb te~pe::~res 
; -23°C . Eighty-four (84) percent had temperatures> -26°C. 
Significance remains high even thougb the total precipitation 
differences- are r-educed at the colder temperatu_re. It must 
be emphasized that these exper却ental periods are based on 
the assumption that 1/2 of all seedable events are actually 
seeded . The time requirement increase.sin direct proport;lon 
to the numbe.r of seedability events not seeded for whatever 
reason 一 seeding restrictions, missed forecasts , inoperative 
equi.pment, etc. 

D. Data Collection 

The extensive collection of field data is required for the Pilot 
Project. Two types of data are needed : (1) data necessary for 
statistical and physical evaluations; and, (2) data required for 
conducting an efficient seeding operation . Portions of these 
data can have a dual use and serve both of these requirements . 

L Data Re9uir.ements for Evaluation 

Various types of interpretation must be emphasized 
in the evaluation . The primary objective of the Pilot Project 
however, is to determ;i.ne the difference in 24-hour precipita
tion amounts between seeded and not seeded events . Th.is 
requires emphasis on the collection of daily a~ounts of 
precipitation that coincide with the experimental units . 
Evaluation at otlier levels of control are specified as a 
verification of the reality of observed precipitation changes and 
as a base for assessing the operational efficiency of the 
pr ogram. These supplemental evaluations require information 
ranging from ice nuclei concentrations and act 土vation character
istics to quantity and timing of strea证low .

a . Preci:2itation 

A relatively even distribution of recording precipitation 
gauges should be placed throughout the sub-basins of the 
Pilot Project area . Analyses by Crow (1969) and by 
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Mielke et al (1973) show that a dense network of 
gauges is not required to characterize winter time 
precipitation over a specific portion of the mountain 
range. A good distribution of gauges along the range, 
however, is crucial since orographic precip土tat ion 
effects are highly sensitive to wind direction and velocity. 
Considerable variation in the portion of the target 
area which is normal to the airflow can occur since the 
orientation 0£ the range varies ir_om nearly west to east 
with a systematic change to ne.~rly north to south. In at 
least one portion of the range a transect with gauges eve-ry 
few miles should be maintained (over Wolf Creek due to its 
accessibility) so that possible alterat.i~m in elevation 
changes in snowfall can be evaluated (Mielke et al, 1970) . 
Precipitation gauges and/or snowboa.rds along the hig如ay
sl;i.ould be read daily, al.though reco1;ding gauges would be 
as economical over a period of even four years . Other 
gauges in the target area should be hourly -recording types 
since these 百ould reduce site visits and maximize the value 
of the data for evaluation purposes. All gauges should use 
wind shields and should be mo血ted on pedestals so that 
the height of the gauges above the increasing snow surface 
can be maintained nearly constant . The following are 
general reconun.endations for the positioning of the gauges . 
These are listed by sub-basins . The gauges in the res
pective sub-basins should be located above 9,000 ft . 
elevation if possible and preferably in the elevation range 
from 10,000 to 11,000 ft. In the event that sites above 
9,000 ft. are completely impractical, they should be at 
the highest elevation possible. In selecting the specific 
location for the respective sites the uniform tree line to 
the windward of the gauge at an angle of approximately 30° 
is desirable. Angles of anifoan vegetative shielding to as 
low as 15° to 20° can giv-e good results. Vegetative 
cover to over 45° from the site and intermittent cover, 
such as is provided by a few isolated trees, are undesirable. 
The following are minimum densities recommended for the 
variable sub-basins for the portion of the San Juan Mountains 
east of Durango to the New Mexico border . 

1 . Blanco River 
2 . Upper San Juan River (Supplement of 

additional gauges over Wolf Creek Pass . ) 
3. Upper Piedra River 
4. Upper Los Pinos Rive.r 
5 . Val1eeito 

2 gauges 

9 gauges 
4 gauges 
3 gauges 
2 gauges 

The above should give a reasonable description of 
precipitation in the Pilot Project. The minimum of two 
gauges in each st,1b-basin :is very important since it gives 
a duplication of readings that can be most helpful in 
cases of missing data. Gauge con centrations in any of 
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the sub-basi.ns cou1d be increased to advantage from the 
standpoint of eva1uation. various ana1yses as referenced 
above~, however, show that this may not justify the 
;<iditional cost . As is discussed in the section under 
Operations the telemetry of the . data_ fr?~ s:v:ral . ~~ 
these sites can provide extremely valuable inf~rma:ion 
for operational ~ontrol and still have full value for 
evaluation. 

Additional precipitation gauges should be installed in 
up丑nd and/or unseeded mountain areas to serve as a 
control for target-control evaluations and for conside己ng
extra area effects. A reasonable distribution and 
concentration of these gauges in various ri"'ler basins 
would be: 

1 . Los Animas River "'4 
2. Delores River ;:; 4 

3. The San Miguel River : 2 
4. The Dncompahgre :: 2 
5 . take Fork : 2 

Additional gauges a-re recommended for other sub--basins 
that are primarily downwind of the target area and will be 
invaluable for cons這ering downwind or extra- area 
effects . The sub-basins and the gauges recommended include: 

1. Upper Rio Grande River ~ 4 
2 . South Fork ;: 2 
3 . Alamosa Creek :: 2 
4. Conejos Creek :: 2 
5. The Sangre de Cristo 

Range ::: 4 
6. The eastern slopes of 

the Sangre de Cristo 
Range :: 2 

A distribution of precipitation and gauges a.s described 
above would involve .approximately f土fty units made up of 
approl\imately 20 in th.e target area, 14 in the primarily 
up吐nd areas, and 16 primarily in the downwind areas. 
These are supplemented by the data from the National 
Weather Ser吐ce gauges already available. 缸1y data 
available in the at:ea from existing snow courses, storage 
precipitation gauges , or snow pillows providing only 
snowfall totals should be systematicall.y collected and 
considered but will not be of primary value.inanalyses 
of the comparison of seed versus not see·ded day p:r::ecipita
tion . Consequently, no SU1)plemental expenditures for 
the collection of this type of data are recommended. 
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From the. standpoint of the target area, the:: 勾

well distributed gauges over the target area of 
approximately 930 sq. mile (area above 9,000 ft. 
mean sea level) would constitute an average gauge density 
of 1 per 62 sq. miles. The average gauge density for the 
Wolf Creek area wouJ.d be approximately one per 46 sq. 
mile 

b. Streamflow 

Some attention should be 心rec.ted to the collection of addi
tional streamflow data but it should not be emphasized. 
Stre咩尹ow analyses should provide a us ef ul supplement to the 
analysis, even though this analysis i s weakened by 
seed ing only a port i on of events that cont-ribute to 
the annual runoff . An ave.age of a 19 pe r cent inc.ease 
in streamflow was indicated using annual randomizat.ion 
in the Wolf Creek Pass experiment conducted by Colorado 
State University during the per iod 1963-64 th rough 1969-
70. The probability of streamflow for the seeded years 
equaling or exceeding this value by chance alone is less 
than 1 percent. This program i nvolved seeding of all 
opportunities. The results were achieved in a six year 
experiment during w凪ch 3 t'andomly selected years were 
seeded (comparisons were with not seeded and historical 
years). In a Pilot Project for wh i .c h daily randamiza
tion is used, only half of the events would be seeded as 
a maximum. Restrictions to seeding and f o r ecasting 
problems can be. expected to further re.duce t he proportion 
of actual seeding events. It is reasonable to e沖ect

that actual seeding will take place during only one-fourth 
to one-third of the hours when seeding potential exists . 
If these estimates are applied to the 江dicated strea-mflow 
increase of around 19 percent, found during the Colorado 
State University Wolf C't'eek experiment, the annual stream一
flow increase. would be of the order of five to six percent. 
The seeding for the Wolf Creek l,>ass Experiment 亞S

not carried out during the el").tire winter snovt 
accumulati on period so the actual increase for full 
winter time periods even with restriction for random
ization and operational restrictions could be 
several percent higher than the expected 6% to 7%. 
The period of time required to detect changes of this 
magnitude> using even the most sensitive tests, would be 
considerably longer than tbe planned Pilot Project if 
water s heds from mountain massifs in other portions of 
the Colorado River Basin are used for controls in target
control analyses. If nearby streams with correlations 
comparable to those used in the Wolf Creek e可汜1:iment are 
available, changes of this magnitude could be substantiated 
丑th acceptable levels of confidence even during a four 
to five year Pilot ~t'oject. Either of these analyses 
would require established streamflow gauges both in the 
target and control areas that have a historical data base. 
No meaningful analysis of annual stream.flow changes 
could be expected from gauges 江stalled only during a 
period of the pl_anned four year Pilot Project. Con s e quentl y 
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data from new ga1.1ges could not be advantageously utilized . 
The primary advantage of additional stations would be 
to pro吐cle a better definition of the strealilflow from 
various sub-portions of the basin (particularly by 
elevation) and to initiate a data base for use in subsequent 
research or applied weather modification programs. 

c. Radar 

The collection and use of radar data is discussed i n the 
section on "Operations" and in the section on "Evaluation" . 

d. U迁！er Air 

The collection and use of upper air data is also discussed 
in the sections on "Operations" and "Evaluation". It 
would be very desirable for evaluation purposes for 
radiosonde information to be obtained downwind of the 
Pilot Project as well as in the upwind area as required 
for operations.'This would make possible consideration 
of air mass cha_nges that arise from crossin~ tbe San 
Juan Mountains and an atmospheric. water balance. 

e. Other 

It is essential that the statistical analyses of precipica
tion and strearoflow data be supplemented by physic.al data 
that provide evaluation results consistent with the 
statistical conclusions . Firm evi den ce should be obtained 
to show that (1) t he seeding generators do in fact produce 
the required concentrations of eff ective nuclei, (2) the 
seeding materials do move into the target area and target 
clouds and (3) expected cloud changes do occur. 

Equipment. to observe ice nuc l e i concentrations should be 
operated up丑od of and in the t ar~et area . Continuously 
recording equipment would be desirable but is not recommended 
fo r r outine use since reliable equipment whic h p-rovides 
consistently useful data is not available. lt is 
recommend ed t這ta Schaefer mixing-type cbamber or a 
rap1d 西ansi.on i ce nuclei ~vunter be employed as the 
basic. observat ion unit The rapid expansion chamber has 
che primacy advantage of pr ov i -d in-g t he capability for 
obt咩ning nucleation activation spectra from around -12 
to near 一30°C wi t h r中tive ease. It can also provide 
consist ent, objectively obtained data even when an opeTator 
with minimal trai訌ng is 啤ed. For analys1s and evaluation 
purposes,four and preferably five units should be used 
for the San Juan Pilot Project. -Two of these sho吐d be 
located upwind of the target area at well exposed sites. 
A site on Mesa Verde is strongly reco1TUJlended if suitable 
arrangements can be made. Another should be located fur
ther east and between the Jemez Mountain experiment and 
seeding sites in the San Juan Mountains. The other 
units should be located in the target area. One of these 
should be located on the wes t side of Wolf Creek Pass, 
preferably in the general area between Four Mile and Turkey 
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Creek. A fourth site n臨r the i:;ummit or just west of 
t.he sunnnit is recommended. A location near the pr~sent 
"Wolf Creek West" precipitation station would be an acceptable 
alternate, A fifth un辻 at an 均termediate elevation. say 
7,000 - 9~000 ft. mean sea 1-evel and located nea1: the 
central or western portion of the targ,et area would be 
highly desirable if resources permit, The first four 
units are considered essential. Additional data on ice 
nuclei concentrations entering the cloud systems should 
be obtained during the early stages of the program, and 
periodically thereafter 、 for use in the physical evaluations. 
Since this is also direct input for the O(?erations program 
the collect.i.on of this data is discussed later. 

Mountainside collection of ice cry-stals is reconunended 
for the analysis of cloud and precipitation differences 
becween seeded and not seeded events. This data can 
provide infonnation on crystal shapes, c0ncentrations, 
and sizes, and on the characteristics of riming as 
pt'oduced by subcooled cloud water. The use of continuous 
replicators (Hindman and Rinker, 1966) or improved 
devices are recommended for use at the same sites recommended 
for ice nuclei counters in the target area and at one 
additional site to the lee of Wolf Creek Pass. As with 
ice nuc1ei，這formation on ice crystals and cloud 
droplets from within the clouds should be obtained on at 
least some representative days under both seeded and not 
seeded conditions. This is discussed further in the 
section on "Operations11 . 

2. Data Re~erations 

Data to assist in t.he control of the seeding operations should 
include ; (a) surface and upper air synoptic dat_a as available 
on the National Weather Service circ吐ts; (b) radiosonde 
data from upwind of the target area; (c) surface weather data 
from within and immediately upwind of the t.arget area; (d) radar 
data and, (e) ice nuclei data upwind of and in the tacget area. 

a. National Weather Service S羌四tic l;Jeather Data 

Complete synoptic weather data for the weste-rn U. S . 
should be available in the project field office . 

b.Upwind Ra心~de Observations 

S~pplemental radiosonde observations should be made upwind of 
the target area. Careful consideration should be giv~n to 
the possibility that induc.ed characteristics of air parcel 
lifting in the lower portio臨 of the sounding may already 
have occurred if a location such as Durango is used. 
Care should 吐so be ·taken to ascertain whether systematic 
temperature and h山吐dity alterations may result at such a 
location since i t is immediately downwind of che mountain 
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range immediately to the west. From an operational 
standpoint, routi_ne soundings should be made daily at a 
time several hours p訌or to the start o--f each potential 
experimental day, at the mid-point of experimental 
days, and as -required -when substantial air mass changes 
have occurred or are expected. At least one sounding 
should be made on all days . including those on which 
operat:i,ons are not anticipated. This can provide 
important background for evaluations. Since the 
operational concept uses an "average" model, information 
for continuous changes in operations (not possible in 
any case) is not required. Information of substantial air 
mass changes in progress should be reflected in data 
telemetered from nearby mountain weather stations and 
available on a continuous basis. 

c. Surface Weather Data 

The availability of three well-exposed mountain stations 
from which basic meteorological information can be 
obtained on call would bee洹：remely valuable to the 
operations. One station at the extreme western end of 
the San Juan Mounta江s would give good advance informa
tion on the movement of incoming transitory weather 
systems. A station 却 the central part of the San Juan 
Mountains (say north of Durango) and one toYlard the 
eastern portic;m would provide continuous information of 
weather condi且ons in the target . Data 丘om these 
mountain top sites at 10,.000 - 13,000 ft. elevation, when 
comb年ed with surface observations f-rom the operational 
base area at 6,000 to 7,000 ft. msl, would provide 
almost continueus infonnation on changes in th-e importaDt 
lower levels of the lifted air mass. Basic elements 
observed should include 叩ind 疊 temperature, and hum.idit.y. 
If resources permit, elements more complex to observe 
(cloudiness, precipitation, etc.) should be added. 

Selected precipitation gauges (6-1.0) from the network for 
evaluation should ~e equipped to p.:ovide telemetered 
precipitation data on demand as background information 
for the operations program. 

d . Radar 

Radar can provide important information of several types. 
Two of the most important include: (1) information on 
cfoud and/or snowfall tops; and, (2) information on the presence 
?Dd distribution of snowfall over the target area . The 
simultaneous co-llection 0£ these two types of information 
with one radar over the proposed tareet can be difficult 矗
It is reconnnended that emphasis be placed on radar for 
providing infor啤已on on the vertical structure of the 
orograph土c clouds if the budget for radar is limited. 
For observing cloud and/or precipitation tops associated 
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With snow (ice) falling at the light precipitation 
intensi tie.s prevalent 土n the San Juan Mountains, a 
vertical poi'Qting sr vert:ical rotating radar in the K 
or at least the X band is rectuired. K band radar can 
provide the required information on both clouds and 
light snow particles. X band radar can provide information 
on .precipitation tops for snow crystals to sizes down to 
about. 100 micron racti.us when present in concentrations 
at: least as low as those required for effic土ent comsumption 
of cloud water, around ten per liter. It can thus 
provide informa已on during most snowfall episodes. It 
cannot provide inf or啤tion when only cloud vater exists 
or when only a few smal.l ice crystals are p1:esent and the 
precipitation process is naturally inefficien~. At least 
until the technology is developed and ne,arly continuous 
information on cloud tops becomes available from satellite 
observations, radar at the pr-esent offers the only 
practical method of continuously lllOnitoring cloud and/or 
precipitation tops and should be a basic elem.ent of 
the Pilot Project data collection system. K band radar 
should be employed if possible. The data can be 
obtained, hopefully, in digital form, from scope 
photography, or at least by scope observations. Such data 
can be an extremE!l-y useful tool in making operational 
dec韭吐ona and for subsequent evaluations . Attenuation 
during most conditions would not constitute a serious 
lim.1tation when tbe emphasis is on the vertical distribution 
of clouds and precipitation, since cloud tops at the extreme 
are at a distan_ce of only four to five· miles (general ly only 
two miles) and precipitation is in.frozen rather than 
liquid form. The radar should be located directly unde r or 
at least very near to the orographic cloud over the a ctual 
target area since range litnitations are severe 吐th snowfall 
at low in.tensities. 

e. Ice Nuclei Data 

lee nuclei data should be collected and routinely 
available 江 making op.erational deci.sions) since the 
basic hypothesis on which the project is based relates 
to available concentrations of ice nuclei. While it is 
impractical to routinely observe concentrations of ice 
nuclei entering orographic clouds, helpful data can be 
obtained with a reasonable effort; Information on ice 
nuclei concent-rations and activation characteristics can 
aid in evaluating seeding -requirements artd in following 
seeding effects. First, concentrations of ice nuclei 
in the incoming air mass should be monitored, The 
observations should be made at a point upstream of all 
seeding ge1-1erators at a well exposed location. The Mesa 
Verde site, recommended in the evaluation section for data 
collection, would be excellent. 耳 cases are found when 
high concentrations of ice nuclei are entering the area from 
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whatever source, upwind cloud seeding, inadvertent man-made 
sources , or natural s~urces, conditions should be considered 
as not suitable for Pilot Project experiments . Secondly, 
ice nuclei observations are vital in following the drift 
pattern of the seeding materials. Patterns of nuclei 
transport should be established for different combinations 
of generator operations and airflow . Systematic tracking of 
materials with instrumented aircraft should be used in 
conjunction with ground stations at least prior to and 江
the early phases of program. and periodically as the program 
progresses. Knowledge of the transport patterns of the 
seeding materials under differing conditions must be 
established and monitored wit這n the ft:amework of a 
continuously increasing experience for differing weather 
conditions. 

2£erations 

~erations Base 

An operations base should be established in the 吐cinity of the 
Pilot Project. This facility should be manned and equipped co 
provide round-the-clock weather surveillance and forecast 
support for the Pilot Project . Forecast problems relevant 
to the Pilot Project are e可ected to include (1) the identifica
訌on of an "experimental day", (2) short term forecasts of 
upper winds, temperatures, and moisture distributions 
pertinent to the real time control of the operations, and 
(3) longer range weather outlooks needed for planning field 
activities such as the distribution of supplies, equipment, 
etc. Facilities and procedures (E . G. & G., 1970) for the 
accomplishment of these objectives should be available at or 
controlled from the base. The basic source of meteorological 
data at this base should be that provided by the National 
Weather Set'vice data collection and analysis system. This 
should include teletype circuits, weather teletype circuits 
and facsimile charts produced at the National Meteo-,::ological 
Center. The operations base should include a well- equipped 
and manned communications center for contact with the Bureau 
of Recla啤tion and with data producing facilities 呻ich would 
be primarily controlled from the operation base . The data 
producing facilities should include (L) radiosonde and 洹;bal
stations, (2) mountain top telemetered weather stations, (3) 
radar facilities, and (4) ice nuclei sites. 

2. Seeding_ Method 

Analyses of randomized seeding at Climax and Wolf Creek Pass 
strongly indicate that un·der proper meteorological conditions 
substantial increases in precipitation can be obtainf;!d using 
ground generators. Even greater increases might be obtained 
under certain circumstances with direct delivery of seeding 
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material to the desired location within the cloud system. 
The effect of direct delivery (aircraft) of seeding materials, 
however, has not been a,dequately explored and tested under 
conditions that exist in the Colorado Rive1: Basin . The 
operational efficiency of airc--x:aft can be adversely affected by 
bad we.atber. In addi已on, seeding by aircraft,_ rockets, or 
balloons can introduce a serious problem of dilution of the 
seeding material from the originating po垃tor line source to 
the desired values within the cloud 旬rstem. Since ground 
delivery has been tested in experimental programs with 
encouraging:results, the initial Pilot Project is designed 
to utilize only this system. The combination. of both ground 
and direct delivery systems would considerably complicate 
t"he evaluation and interpretation of results. Seeding 
by direct delivery should receive c.onsideration in a 
subsequent Pilot Program. 

3. Seedin~meut and Materials 

a . Seedin~ 

The prima-ry consideration in the selectio~ of seeding 
generators should be that they will deliver at least the 
concentrations of nuclei prescribed by the physical 
models for various meteorological situations. The Colorado 
State University mod耳ied Skyfire-type generato:r:has been 
both laboratory and field tested in the Climax and Wolf 
Creek experiments and shown to provide large numbers of 
effective nuclei that are active at temperatures accompany
ing winter time snowfall in the Colorado River Basin . 
Oel;l.er type generators with efficiency at least as good as 
these units a-re probably more adaptable to remote telemetry . 
Skyfire-type generators, however. can serve as a minimum 
standard for seeding equipment to be used. This type 
generator has been found to be suitable for manual 
operations. For both manual and remote control generators, 
operational rel拉bility as well as nuclei output should be 
prime pre:r:equisites. .. !he output of the gene-rators 
should be at le~~t 1015 nuclei per gram ~ffective at -20°C 
and at least 1014 per gram ~ffe~tiv; at -12"C. 

b. Seeding Mate1;ial 

A seeding solution of AgI-NaI has been used in previous 
experiments in the Colorado River Basin. New evidence 
indicates that a comp!郅 Agl-NR4I instead of AgI-NaI 
probably produces a higher output of effective nuclei at 
temperatures warmer than, say about -8° to -10°c. Clouds 
with top temperatures this warm are very rare in the 
Colorado River Basin during winter . It is -recommended 
that the. AgI-NaI complex be used in the Pilot Proj ec.t 
since more field experience with this complex is avail
able, and nuclei tracing and results of randomized 
seeding have shown that t出s material does enter and 
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p-roduce large concentrations of ic-e. crystals io Rocky 
Mountain orographic clouds . Moreover, increases in 
precipitation are indicated in experiments in which i _t 
has been used. 

c. Seeding Rate 

A variable seedin6 race with a capability of from 2 grams 
per hour per generator to approximately 200 grams per 
hour per generator is recommended. The use of a 
variable seeding rate can provide for comparable con
centrations of ice nuclei active in the cloud even though 
the generator nucleation effi.cienc.y decreases at warmer 
temperatures. The following seeding rates are recommended 
for the respective categories of cloud top (or 500 mb) 
temperatures. 

Tem_eeratute 

equal to or greate"t 

> 一一15°C

一16 - -21 °C 

一22 - -26°C 

less than -26°C 

§eeding Rate 

200 grams per hou 
per generator 

20 grams per hour 
per generator 

2 grams per hour 
per generator 

no seeding 

Strict adherence to model consideration would require 
more refined variations. This is not recommended 
since it would greatly complicate generators needed f or 
seeding and would represent an effort well beyond the 
state 0£ knowledge cone.er血g t!te dispersion and transport 
of the seeding 邱terials, Fr-Clm strict model considerations 
the seeding rate recommended for temperatures equal to or 
greater than -15°C should be bigher than specified. 
However, indications at both Climax and Wolf Cree-k l'a s 
in pre吐ous experiments are that actual crystal concentra
己ons in this temperature range are higher by a fa-ctor 
of 10 or more than 如uld be expected from oonsidei::ations of 
available c.oncentratjom· of prima巧'ice nuclei . The 
recommendation of 200 grams peT hour per generator ln this 
temperature range is~ the refore , an attempt to take thes 
observations into ac~ounl. 
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d. Test垃~ Generators 

Seeding genera-tors should be calibrated in the laboratory 
and carefully tested under a variety of conditions for 
operational e.fficiency in the field. The testing of 
the generator output under field conditions should be 
combined 吐th 缸ound and aircraft testing of the 
transport and dispersion of the seeding material . 

e. Generator Sites 

The transport and diffusion characteristics of s eeding 
materials in the atmosphere are the least clear l y defined 
aspect of the modification concepts for seeding orographic 
clouds. No model is available for describ i ng the transport 
and dispersion characteristics of aerosols ove r complex 
terrain. Such a model is under development at Colorado 
State University using both field and laboratory model-
ing data but even preliminary versions are not expected 
before at least the latter stages of the Pilo t Project . 
For some limited conditions the Gifford- Pasquel Model has 
be.en used for describing dispersion patterns for seeding 
materials . This model was not developed fo r use in 
complex terrain and has limited appli.cation when used in 
this manner. Th_e recommendations fat: genera tor sites 
in the Pilot Project are based primarily on (1) the 
field tracing and laboratory modeling of the trajectories 
of seeding materials in the Climax area, (2) the Colorado 
State University laboratory modeling of part i culate 
transport in the San Juan area, and (3) the li缸lted field 
tracing by E. G. & G in the San Juan area (E.G . &G, 1970). 
The results of the laboratory modeling and field testing 
for delivery of seeding materials are reported separately 
(Grant et al, 1968; Cermak et al, 1969; Orgill et al, 1970 · 
Cermak et al, 1969; Orgill et al, 1970; Orgill et al, 
1972). The indicated increases in precipitation for 
seed days during previous experiments clearly indicate 
reasonably adequate transport of seeding llla t erials into 
the cloud systems. Fut:tber, the good general agreement 
between actual precipitation and computed available 
condensate for Lhe Climax ·experiments in t he warm cloud 
temperature regi.::>ns indicates a reasonable tl elivet:y 
efficiency . 

The basic premise f or defining generator c,ites f or the 
Pil,ot Project is that the seeding should oe conducted 
to fill the broad canyons leading into the San J uan 
Mountains. Both l aboratory and field obse rvations have 
shown that valley filling t a kes place , and that ground 
generators operated ov er several hours makes the valley 
itself the source t:egion. The seeding mat erials 
can then be distrib~ted to cloud systems over a period 
of time by orographic effects, turbulent mixing. and 
convection . The valley filling can reach a quasi- steady 
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state after several boars and frequently continue for an 
extended period of time. 

工t is beyond the scope of the design study to identify 
sp缸：ific generator sites, The following are recamme.nded 
guidelines.for spe尹北 site selection: (1) Seeding 
should be conducted to obtain valley filling within the 
broad canyons so that nuclei concentrations in the range 
from 10 to 50 per liter will be available in the cloud 
systems. Precise location of the generators in the broad 
canyons is not considered critical but careful attention 
should be placed on avoiding locations conducive to the 
trapping of cold air pools. (2) Approximately four 
genera.tors should be used for each broad canyon. This 
should pro吐de appt:oximately two basic units twenty to 
twenty-five miles upwind from the ni.ain mount,a土n ridge 
one or two units at around 10 miles from t.he ridge for 
cases a£ low 吐nd speeds and when materials might be 
used prematurely, and one seeding unit 40 to 50 miles 
or more 丘om the ridge for cases with strong winds and 
when intervening utilization as ice nuclei or des truction 
of the materials by ultra-violet deactivation is not a 
problem . Some 16 sites rec.ommended for reconnaissance 
are listed 江 1B of Append.ix !.'rota1 generator 
requirem頲ts should be approximately 30, (portion of San 
Juan Mountains east of Durango-Silverton Highway). 

f. Initiation and Termination of Seeding_ 

Sinc.·e the mean 700 mb wind speed dur扭g storms is around 
20 mph (Note 「igure 421 Appendix A for dis五ibution),
generators located in the main generator line at 20-25 
miles upwind of the main ridge should be tut:.ned on about 
one hour before the start of a "seed" day and turned 
off about one hour before it ends. These time increments 
generally should not be changed substantially for more 
distant or closer sites since the greater or lesser wind 
speeds duting periods for which they are used constitute 
an adjustment for the travel time to the target. 
Generators some 40 miles upwind may need to be started 
and stopped longer in advance of the "seed" day boundaries 
and those at around 10 miles may not need as much lead 
time . This lead time should be adjusted according to wind 
speeds and expected travel tim.e to the ta r get . 

4. 0卫erational l?rocedures 

a. Ph;rsical Basis 

T11e physical basis for the Pilot Project has been discussed 
in IU. A and V, A above and in det~i.l in Appendices A 
and B. The weather modification potential is dependent 
on the occu-rrence for extended periods of time of specific 
a丘· flo,;,:, and cloud temperatures. The realization of this 
potential requires arti且cial seeding for the "average" 
conditions of the orographic cloud over extended periods. 
It does not involve a time dependent concept requiring a 
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response to individual perturbations from the av缸age
condition : a capability that does not exist . It does 
involve seeding the orographic component of potential 
precip土tation that may be intermittent during storm 
episodes 罕 (1) the orographic cloud develops in advance 
of an approaching storm system, (2) the orographic cloud 
is interr吐ttently disrupted or has stonn o-r convective 
components superimposed on it or,(3) the orographic cloud 
continues after the storm passage. The 11average11 model 
places emp區sis on the o'['ographic component as having 
sufficient modification potential to constitute c:t major 
part of the total precipitation. The "average" condition 
may extend for an entire storm episode, but frequently 
will exist for extended periods associated with differing 
parts of the storm system矗 The operational seeding and 
procedures should respond to this concept of an orographic 
weather modification potential. 

b. 0~ Criteria 

The folio吐ng ar.e the recotmnended basic meteorological 
criteria delineating weather modification potential for 
the San Juan Pilot Project: (1) moist air flow toward 
the San Juan Mountains that is sufficient to produce 
orographic cloud systems; (2) orographic clouds with cloud 
top temperatures ; -26°C (for operating purposes and 
:> -23°C or -24°C for evaluat.ions of physical concepts) . 

c. Procedure 

Operations for the Pilot Project require : (1) the 
determination of experimental days; (2) declaration of 
seeded and not seeded days from the randomized schedule ; 
(3) the can:ying out of efficient seeding operations on 
experimental days; and, (4) dedicated measurements of 
precipitation and other meteorological data required for 
statistical and physical evaluations . 

All aspects of the operation should be carefully documented 
since the analysis invo]_ves both operational and 
scientific considerations. 

1. Determination of Ex~s 

The basic requirement for the declaration of experi
mental days has been discussed above in Sect ion V, C, 
3. From the operational and decision making stand

point this involves : 
a . Data co l lection. 
b . Forecasting of the likelihood , cbaracteristics, 

and duration of orographic clouds . 
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c. Determination of modification potential for 
events when orographic- clouds are forecast . 

d . Evaluation of the necessity for restricting 
operations due to the possibility of 
hazards or disbenefits . 

e . Declaration of each calendar day as 
"experimental II or "not experimental 11 . 

,;Experimental" simply means that the day 
is forecast to have potential for increased 
precipitation from modific.at:ion and that 
no substantial hazards or disbenefits 
would result from the operation . 

2. ~s from 
Randomization Schedule 

The declaration of seeded and not seeded days from 
the randomization schedule must be made 耳 the
declaration of an experimental day. The forecaster 
must have ~ of the seed北ng decision to 
follow when he makes a declaration of an experimental 
day. Randomization procedures are. described above 
in Section V, C, l. 

3. Carr~erations 

The cenduct of efficient seeding operations requires: 

a . A proper decision of the requirement for 
seeding. This involves not only the 
proper declaration of a seeding day but 
t.he proper decision as to seedability as 
the operations are carried ou._t . 

b. Properly directed operations. This 
involves the proper determination of the 
airflow and of the generators -required. 
Estimates of transport times must be 
based prima!'ily on wind speeds, atmospheric 
thermal stability and specific terrain 
controls . Plume widths , heights, nuclei 
concentratio'ns, and distance relationships 
for seeding materials released in 
mountain areas are shown in separate reports 
(Orgill et al., 1969; Cermak et al , 1969) 
and s pecifically for tne San Juan area 
(Orgill et al, 1972; E, G. & G,, 1970). 
These re耳tionsbips are based on laboratot:y 
modeling and f-feld measurements . 
.These relationships are based on laboratory 
modeling and field measurements . These 
should be supplemented with field observa
tions and determinations specifically for 
the Pilot Project area. 
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c. Efficient communication of operational directions 
to the generator sites. The directions to the 
generator operators or to the remotely controlled 
units must be timely and accurate . Procedures 
need to be established to routinely verify 
the im:ple啤ntation of the operational instructions. 

d. Efficient operation of the seeding equipment. 

e. Control and alteration of t.he operation as 
required. T记．s involves appropriate 
turn on, turn off, and turn on of new 
generators as wind changes occur. 

f. Efficient ten吐nation of operations when 
the seeding or experimental episode ends and/or 
the meteorological or modification pot.ential 
becomes unfavorable. 

4. Observations of Meteorolo~ical Data, Preci1>itation 
and Cloud and Atmos:eher土c Variables 

A vital part of the operations program is the 
systematic data collection to meet the.requitements 
of the evaluation . These data requirements have 
been described in Section V: D, 1 above. The same 
care and effort must be exerted in making the observa
tions on all experimental days, whether they are 
seeded or not seeded.The observers of basic 

F. Evaluation 

portions of the prec土pitation, cl.oud physics, and 
streamflow data should not be aware of the declara
tion of seeded or not seeded events. Objectivity 
should be maintained through the using of recording 
systems whenever possible. T阻sis particularly true 
for data which is also used for conducting the 
seeding operatiorts, i.e . , radiosonde, radar, some 
precipitation data (not most),etc. 

The San Juan Pilot Program:invo1ves (1) efforts to verify and extend 
to a larger area certain concepts and procedures for augmenting 
precipitation from orographic clouds in the Colorado River Basin 
and (2) to provide background information to extend the technology. 
It is important for the accomplishment of the first objective that 
certain evaluation procedures be stated in advance. These were 
stated in the Inte「垃 Report (Appendix A) and in subsequent 
materials provided to the Bureau of Reclamation 扭 reports and 
correspondence and are summarized in this,:eport . 「 tis important 
for the accomplishment of the . second objective that imaginative evalua
t 土ons be_ carried out to take full advantage of not previously 
available data from an extensive seeding experiment. This section 
specifies some of the evaluations that should be undertaken and 
suggests others that should be considered. 
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1. Evaluation Objectives 

囧e Project objectives .form the basis for the evaluation 
objectives . More specifically, the Pilot Project h沖othesis
is that: (1) a physical model 呻ich describes modification 
potential in terms of wind conditions that control orographic 
cloud and seeding processes and in terms of cloud 't細1perature
structure is basically correct; (2) a modificat·ion potential 
exists when''average''orographic cloud top (or 500 mb) 
temperatures are warmer than abou.t -24 °C (700 9,,. criteria e 
can also be used); (3) increases in overall precipitation of 
the general magnitude determined for the Climax and Wolf Creek 
experiments are feasible; (4) operational efficiency using 
ground generators is adequate to achieve a high percentage of 
the possible precipitation increases; (5) the cost of weather 
modification makes it one of th~''least cost" alternatives for 
augmenting water supplies in the Colorado 記．ver Basin; and 
(6) adverse social-environmental impacts are not critically 
large. The testing of these specific hypotheses should be the 
basic objective of the evaluation. 

2. Evaluation Proced11res 

The evaluation wi.11. require botb statistical and physical 
analyses. 

a. Statistical Analyses 

The testing of the economic goal of the objective, namely, 
an increase in precipitation at the ground and changes in 
streamflow, will require statistical testing. Both non
parametric and parametric procedures are suggested. 
Each of the.se procedures should be applied to various 
meteorologically defined partitions of precipitation in 
order to empirically obtain insight into physical 
mechanisms affecting modification processes. Ob吐ous

partitions which might be employed include wind directions 
and velocities at different el.evations, cloud temperatures, 
mois乓re content indicators, background co血ts of ice nuclei 
available at a specified temperature, and combined -parti-
tions of these and oth虹s. All of these analyses should be 
accomplisbed for reasonable groupings of precipitation 
stations accorc且ng to similar elevation, spatial and exposure 
criteria. Prine土pal component analyses at Climax (Mielke et 
al,.l972) indicate that a single precipitation station 
describes a given exposure very adequately . The inclusion 
of additional stations in a grouping (using the mean) 
improves the precipitation description co a minor extent 
and is pr訌c.ipally beneficial 江 reducing lost data cases 
when individual stations are missing . 

l . Non－卫訌ametric Procedures 

The choice of any test should be based on its 
ability to efficiently detect scale changes induced 
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by a treatment such as seeding. A large class of 
non-parametric tests termed ~r tests have 

「
recently been discussed (Mielke, 1972). The choice 
of 褔 test (which include the well known two-

sample Wilcoxon and sum of squared ranks tests as 
special cases) should be based on how well a particular 
set of precipitation da ca is desct:ibed by a distr ibu
己on for 呻ich a specific ~r test is optimum in 

「
detecting small scale changes . Procedures to 西le-
meut the suggested association between precipitation 
~~t~. and ~r: ~ests a~=-~v~ilable (Mie1-ke, 1973; 
Mielke and~Johnson, 1973a). 

2. Parametric Procedures 

Likelihood ratio tests based on dist,ibut:i,ons which 
describe precipitation data reasonable well should 
be utilized. Four distinct approximating distribu
tions which provide good descriptions of the positive 
precipitation amount data associated with this study 
include the log-normal, gamma, beta-Kand beta-P 
distributions (Mielke and Johnson , 1973b), an adjust
ment needed in these procedures to account for the 
proportion of experimental units having zero 
precipitation amounts i:::i contained in a pre吐ously

mentioned density function (Mielke et al, 1970) 
given by 

fi (x) = pi「 [O](x) + (1-pi)gi(x)I(O,..,)(x) 

whet:"e i = 1 and 2 designate a non-seeded and seeded 
state, respectively, p.., desi師ates the proportion of 

1 
time that precipitation did not occur during an 
experimental unit, g.,(x) is the probability density 

1 
function of precipitation amounts associated with the 
experimental 呾ts having positive precipitation 
amounts, and the functions Ir", (x) and I, " _, (x) are [O l (O,o) 
merely indicator: functions given by 

I 
1 if X = 0 [O 」 (x) ＝［。 if O <x <0 

and I (x) = 1 1f 0 <x <0 
(O, co) (_x) = ~迁~ :xo 
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The latter density function together with kno'Wn 
techniques for obtaining maximum likel土hood estimates 
of parameters associated with the four previously 
mentioned approximating distributions for the 
probability density function Si (x) (Schicken.dan.z and 
Krause, 1970; Mielke and Johnson; 1973a, 1973b) yield 
likelihood ratio test procedures for analyzing 
possible differences between the non-seeded and 
seeded precipitation amounts. Of interest is the 
suggestion that among the four distributions in 
question (log-normal, gamma, beta-K. and beta-P)~ 
the commonly u.aed gamma distribution may be the poorest 
of these four distributions in its ability to fit raw 
i,ositive precipitation am.aunt data (Mielke and Johnson 
1973b). Bivariate response analyses for evaluating 
t _arget and control area stream.flow data （垃eluding
historical period data) are well known (Wu et al, 
1972) , 

3. Data Satn~ectivea 

Different precipitation analyses will be r:equired 
for evaluating (1) the validity of the physical 
concepts for seeding orographic clouds and (2) 
the practical modification potential under field 
operating conditions. These different analyses 
should consider data samples that include : 

(1) Only cases that satisfy the design criteria; 
i.e., propei: winds, cloud temperatures and 
appropriate seeding operations (This 
analysis should serve as a test of the 
physical concepts of modification potential) . 

(2) All seeded cases including tbose that 
were seeded even though cloud temperature 
criteria were colder than design specifica
tions (This analysis can serve as a test 
of the practical modification potential 
for an operations program as carried out 
in the Pilot Project. It must be i:emembet:ed 
that this is a weak estimate of what 
operational efficiency would be in a ful.Ly 
application-type program since tbe randomized 
experiment required a much longer forecast 
[at least 12一24 hours] for initiating 
operations) . 
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(3) All events that satisfy the design criteria 
even though some were not declared as 
experimental units. (This analysis can be 
used for a more complete test of practical 
modification potential that existed during 
the PilQt Project . ) Tbe added events that 
were not declared experimental must be 
charged as C)perational misses or as 
operational restrictions. Sub-samples 
for this analysis should separate (1) th.ose 
cases wh.ich were "suitable" but were not 
declared "experimental11 due to "hazard'' 
restriction and (2) those that. should have 
been "experimental" but were not so declared . 

b. Ph~ses 

Physical analyses of nuclei concentrations and c.loud 
parameters (ice crystal concentration, shape, size, and 
「iming; radar characteristics; liquid water, etc.) must 
supplement the statistical analyses. Case studies as well 
as statistical treatments will be required. Pertinent 
questions for evaluation are (1) Did the seeding materials 
consistently arrive in the target (cloud) area in reasonable 
concentrations? (2) Did changes in cloud ice crystals reflect 
model considerations (crystal concentra已ons, size, habit 
riming amount, etc.)? These analyses c~n form the basis for 
interpreting the reality of the physical model and for making 
an assessment of the state of development of the technology 
for application-type programs . 

c. Rydro1ogic and Econotnic Aoa1yses 

Bas北 objectives of the Pilot Project are evaluation of 
the quantity of water that might be realized from weather 
modification and the costs of producing this additional 
water. One methodology for determining costs is discussed 
in Section III, C. above and 年 Appendicies A, Parts E and 
H, and in Appendix I. For purposes of determining the costs 
of water product.ion, care will be required in (1) separating 
true operational costs from those that are related co the 
research and evaluations aspects of the pi:ogram and (2) in 
assign1-ng costs of maintaining a field program that is utilized 
for operations for only a 1血t.ed portion of the events 
with modification -potential (since it bas research 
restrictions, i . e., randomization that restricts seeding 
for ha 1f of the even ts). 

Ibe economic analyses will requixe estimates of the changes 
in screamflow as determined from the calculated changes 
in precipitation . One methodology for do垃g this.is 
described in Appendix H. This involves correlations 
between high elevation precipitation stations and streamflow. 
Even though approximately one-half of the experimental events 
are left unseeded and still other days 吐th modification 
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potential are left unseeded due to operational restriction, 
serious efforts should be made to evaluate annual streamflo可
changes using multivariate analyses with non-seeded 
watersheds for controls. This evaluation can serve as 
a basic interpretation for project results and also 
serve to verify the streamflow changes determined from 
the stream.flow precipitation relationships. Evaluation 
techniques have been explored for the Colorado River 
Basin by Morel一Seytoux (1971) and Na區正chi and MorE丑－
Seytoux (1971). A specific test designed involves a 
linear combination of runoff variables with unknown 
weights. Maximization of power of the test is 
ac缸eved by the proper choice of the weights, compatible 
叫th the constraints of a hydrologic nature. 

d. Soc拉1-Environmental Conse~ses 

An additional goal of the Pilot Project is an assess
ment of the social-environmental consequences of 
implementing a precipitation augmentation technology. 
'First, second, and third order considerations have been 
presented in the Interim Report (Appendix A, Part H). 
Obviously, the detailed analyses of all of these and 
other impacts are beyond the scope of the Pilot Project. 
All of these and other potential impacts, however, 
sho吐d be examined and, on the basis of the finding 
the more important ones should receive detailed evalua
tion. 

The analyses of social-environmental consequences should 
not be limited to the target area. Specific attention 
should be direct~d to the surrounding and, particularly, 
the downwind areas. A first effort should emphasize 
analyses to determine if changes in downwind precipita
tion may have resulted . With appropriate time-lag 
adjustments, the precipitation analyses for the target 
area can also be applied to the do叩wind ar eas. 
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