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COURT HOUSE

‘October 27, 1977

Honorable Board of Directors
Santa Barbara County Water Agency
105 East Anapamu Street

Santa Barbara, CA 93101

RE: Report: DPOTENTIALS FOR YIELD AUGMENTATION THROUGH
WEATHER MODIFICATION

Gentlemen:
Submitted herewith is the Report: '"Potentials for Yield
Augmentation through Weather Modification." This report

has been prepared by the staff of the Santa Barbara County
Water Agency as one of a series of reports to your Board
pursuant to Phase I of the Water Agency's Program of Action
for Water Resources Planning.

Weather modification (cloud seeding) is of particular
interest to Santa Barbara County inasmuch as this county
has served as a target area for several seasons of both
experimental and operational weather modification in years
past. Weather modification represents a way in which
local water supplies may be augmented under appropriate
circumstances. However, despite the demonstrated ability
of cloud seeding to augment rainfall, there is an astonish-
ing lack of firm information available as to the effects
of increased rainfall to produce additional water supply
in surface water reservoirs and groundwater basins. A
number of public and private agencies in the Western
United States have been engaged in research and/or oper-
ational programs of weather modification, some for several
years and others only recently. Out of these experiences,
additional information will inevitably result, establish-
ing improved relationships between augmented rainfall and
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augmented water supply. For the present, however, nearly
all of the water supply findings reported herein are the
result of original work on the part of the Water Agency
staff, based upon data analyses. The work thus reported
should be considered as indicative of possible results
and also as preliminary in nature.

The report finds the following with respect to rainfall

augmentation by cloud seeding:

° Over a period of years, weather modification can
increase normal precipitation by as much as 15 to
25 percent, excluding flood producing storms,
which would not be seeded anyway because of the
potential risk.

° Cloud seeding appears to be most effective when
conducted from aircraft upwind of the target area
rather than from ground stations. This conclusion
is based upon the extensive studies of the North
American Weather Consultants under sponsorship of
the U.S. Naval Weapons Center, China Lake.

° (Cloud seeding is most productive during wet years
and least productive during dry years. Aside from
storable water supply, augmented rainfall under
controlled cloud seeding may benefit dry-farmed
areas, and urban areas simply as a result of the
additional precipitation and (in the case of urban
areas) temporarily reduced need for domestic irri-
gation,

° The best prospects for seedable storms involving
Santa Barbara County are frontal storms during the
general period of November through April and charac-
terized by periodic updraft conditions known as
"convective bands.'" Occasional tropical storms and
thunderstorms appear to be too scattered and un-
predictable in occurrence to be considered for rain-
fall augmentation.

In the matter of surface water supply augmentation resulting
from cloud seeding, the report finds as follows:

° An approximate relationship exists between increased
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rainfall due to cloud seeding and increased runoff
resulting from such increased rainfall. It appears
that over a period of years, including both wet
years and dry years, an expected 15 percent increase
in rainfall from cloud seeding may probably increase
stream runoff by about 20 to 30 percent. Such a
range of increase appropriately discounts the flood
producing storms, inasmuch as they would not be
seeded anyway, and also the scattered rainy season
storms during dry years, because the watersheds
would normally be too dried out to be very effective
in producing runoff.

° The degree to which cloud seeding augmented runoff
can increase surface water supply via reservoirs
is largely dependent upon the manner in which such
reservoirs are operated, assuming that the reser-
voirs were properly sized with respect to their
tributary watersheds.

° For example, if a reservoir is designed, in part,
for water conservation via groundwater recharge,
as is the case of Twitchell Reservoir, the weather
modification yield augmentation potentlals would
appear better than in the case of a safe’yield
operated reservoir, such as Cachuma Reservoir. In
the case of Twitchell Reservoir, the conservation
operation has been considered to have increased
the groundwater recharge to Santa Maria Groundwater
Basin by about 20,000 acre-feet per year (AFY).
An increased inflow to the reservoir could largely
be reflected in corresponding regulated releases
from the reservoir for subsequent percolation in
the Santa Maria River stream channel below Fugler
Point. On the other hand, with a safe yield oper-
ation, such as at Cachuma Reservoir, it 1is neces-
sary to retain a relatively large pool in storage
in order to ensure that those safe yield computed
quantities can reliably be withdrawn annually and
delivered to the Water Agency's member units during
a critical, dry period of about 7.6 years (corres-
ponging to 1943-44 through 1950-51). This means
that there is reduced potentlal for capturing and
retaining the augmented runoff in such a safe yield
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operated reservoir,.

o]

Determination of augmented water supply in surface

reservoirs attributable to cloud seeding operations
would require detailed operational studies beyond
the reconnaissance level scope of this report; how-
ever, reasonable approximations of the augmented
yield are possible, when due allowances are made

for evaporation losses from the additional impounded
runoff and the fact that no augmentation occurs at
all during years of reservoir spill without cloud

seeding.

Under the foregoing qualifications, the following

estimates have been made for reservoir yield augmen-
tation that might be achieved as the result of oper-
ational weather modification programs:

w/o cloud w/cloud
seeding seeding

Increase in
Cloud Seed.
Yield, % **

Type of
Reservoilr Operation
Cachuma safe yield
(205,000 AF)
Gibraltar safe yield¥*
(9,300 AF)
Jameson safe yield
(6,140 AF)

Salsipuedes safe yield
(52,000 AF)

" groundwater
replenish.
Round groundwater
Corral replenish.
(82,000 AF)
(50,000 AF) "
Twitchell groundwater

(240,000 AF) replenish.

24,800 26,200
1,600 1,730
950 1,000

2,850 3,050

6,500 7,000

6,700 7,800
5,500 6,300
Not specifically

determined

5

7.5

16
14

Determined as
streambed perco-
lation enhance-
ment for both
the Cuyama and
Sisquoc Rivers

*Actually Gibraltar Reservoir is operated on a conjunctive
use basis, for which augmentation has not been estimated.

*%Surface reservoir-yield augmentation by rainfall augmen-
tation is assumed as 40 percent of theoretical. Of the
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remaining 60 percent, one-third is assumed lost by
evaporation and phreatophytes and two-thirds as re-
coverable via groundwater basin recharge in down-
stream basins. All numbers are approximate.

Note: Bookman-Edmonston Engineering, Inc. estimated the
yields for both Salsipuedes and Round Corral Reser-
voirs, utilizing Water Agency runoff augmentation
values.

° Groundwater basin yield can also be increased by
augmented rainfall resulting from weather modifi-
cation. Additional deep penetration of rainfall
can occur, particularly during wet years, as the
result of the increased precipitation. Also, in-
creased streambed percolation can occur as the
result of the augmented runoff resulting from
cloud seeding. It is necessary to consider such
groundwater yield increases on a case by case basis.

° Approximations of possible augmented groundwater
basin yield due to operational weather modification
programs were made (numbers rounded off), as indi-
cated below, all numbers being tentative:

Increase due

Groundwater w/o cloud w/cloud to Cloud
Basin seeding seeding Seeding, %
Carpinteria 4,500 4,950 10
Montecito 1,200 1,450 21
Santa Barbara 1,800 1,990 10
Goleta 4,100 4,600 12
Santa Yne:z 9,700 13,400 38
Uplands
Lompoc Area 27,000 29,000 7
San Antonio 10,000 12,600 26
Santa Maria 93,000 106,000 14
Cuyama 10,600 12,300 16

°® Although no specific investigations were made of
the potentials for cloud seeding augmented yields
of reservoirs operated conjunctively with ground-
water basins, it is expected that such yields might
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significantly exceed the yields of safe yield
operated reservoirs and groundwater basins without
artificial recharge.

° Weather modification is still evolving as a technol-
ogy and is becoming increasingly attractive to
water resource management agencies as a potential
means of augmenting water supply yields. Many of
the previously held notions about cloud seeding's
robbing downwind areas of rainfall otherwise re-
ceived and not being amenable to reasonable control
appear to be fading in the light of increasing
evidence to the contrary. There are environmental
impacts to be anticipated from cloud seeding oper-
ations, and not all of these may be beneficial.
However, cursory consideration indicates that from
Santa Barbara County's standpoint, the beneficial
effects should clearly outweigh the adverse ef-
fects. Liability for effects of weather modifica-
tion rests with the operators of the seeding project
and they are licensed by the (California) State
Department of Water Resources. Few, if any, success-
ful lawsuits have been placed against such operators.

° The apparent unit costs of "new water" created by
weather modification are exceptionally low, primarily
because of the negligible need for capital investment.
Approximate cost values for total theoretical yields
(including both surface water and groundwater) are
in the range of $4 to $8/AF.

° The foregoing preliminary estimates of the potential
yields, impacts, and costs of operational weather
modification programs for Santa Barbara County do
not represent firm figures, because there are still
several uncertainties. However, these estimates
are so promising that there is good reason to be-
lieve that weather modification programs should be
pursued carefully and thoughtfully and that, even-
tually, such programs may become an integral part
of the water resources management of Santa Barbara
County.

° The Water Agency should seriously consider a progran
for operational cloud seeding within the next few
years and preferably to be implemented by the end
of the current drought as currently foreseen.
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The undersigned will be happy to discuss the attached
report with your Board at your convenience.

Respectfully submitted,

A i

CHARLES H. LAWRANCE
Engineer-Manager

CHL:1h
Attached

ccC:

Chief Asst. County Counsel, R. D. Curiel

Flood Control Engineer, James M. Stubchaer
Administrative Officer, R. D. Johnson

Office of Environmental Quality, Albert F. Reynolds
Water Agency Advisory Committee Members and Alternates
Cooperative Extension, George Goodall

County Farm Bureau, Robert Hunt

County Taxpayers Association, Chester Knutila

U.S. Bureau of Reclamation, Neil Schild

Department of Water Resources, J. J. Coe

SLO Co. Deputy County Engineer, Clinton Milne

U.C. Davis, R. M. Hagan

Cachuma Conservation § Release Board

All Water Entities

Water Attorneys

S.B. County-Cities Area Planning Council

Regional Water Quality Control Board, Kenneth Jones
State Water Resources Control Board, J. Bryson
Congressional Delegation

California Legislative Delegation
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POTENTIALS FOR YIELD AUGMENTATION THROUGH WEATHER MODIFICATION

I - INTRODUCTION

BACKGROUND

Santa Barbara County Water Agency's Board of Directors
adopted a "Program of Action for Water Resources Planning"
on June 24, 1975. This was a systematic series of deter-
minations of current and future water needs for the
several localities of the County together with an
appraisal of the adequacies of current water supplies

and the development potentials of local and imported
supplies. Alternative means of water supply supple-
mentation to be considered included conjunctive use

of surface reservoirs and groundwater basins, construc-
tion of new dams or enlargement of existing dams, reuse
of reclaimed wastewater, mining of groundwater and
importation of Northern California water from the State
Water Project.

During the winter of 1975-76, it was determined desirable
to add weather modification potentials to the alterna-
tives for supplemental water supply being considered in
the "Program of Action for Water Resources Planning,"

and this was done formally by action of the Board of
Directors on February 9 , 1976. Such an action was

logical in view of the considerable practical experience
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developed within Santa Barbara County on weather
modification to increase rainfall and water supply

and to investigate cloud seeding phenomena.

Past cloud seeding practices had produced information
on how much increase in rainfall might be expected

from weather modification. However, it remained to be
determined how this information could be converted into
increased water supply. It was felt that serious con-
sideration should be given to this potential for addi-
tional water supply, as it might be proven comparatively
economical. 1In addition, it might well enhance a con-
junctive use management program in increasing yields
over a period of years.

GOALS

Initial goals of the study were to determine approximate:

Incremental yields in rainfall, runoff, and
deep percolation to groundwater basins
resulting from weather modification opti-
mized for water supply.

° Storm patterns amenable to augmented water
supply yield through weather modification.
Short-range and long-range costs, benefits
and detriments of optimal cloud seeding

programs.
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In addition, it was intended to identify possible and
probable environmental consequences of cloud seeding
programs that might be considerdd for Santa Barbara
County.

It was hoped to be able to express as much of the fore-
going as possible on a statistical basis.

AVAILABLE DATA

Precipitation Data

Rain gages have been maintained in various coastal, valley
and mountain locations in Santa Barbara County for many
years by the U. S. Weather Bureau (now the National
Weather Service) and the Santa Barbara County Flood
Control and Water Conservation District. A few munici-
pal gages have also been operated, notably by the City

of Santa Barbara at Gibraltar Dam, and the City of Lompoc.
Most of these rain gages have been of the manual type,

but a few have been of the hourly recording type.

_ Runoff Data

Stream flow data have been compiled for many years on
selected streams at selected locations in Santa Barbara
County by the U. S. Geological Survey. The results of

daily, monthly and annual gagings are summarized and



published by the U.S.G.S. under various titles depending
on the year in question. The years 1950-1960 are summarized

in Water Supply Paper 1735, Compilation of Records of

Surface Water of the United States, Part II Pacific Slope

Basins in California. Since 1960 the data have been

published in annual reports entitled Water Resources Data

for California, Part I, Volume 1.

Cloud Seeding Data

Historic cloud seeding data for Santa Barbara County

have been recorded by North American Weather Consultants,
who have been the technical consultants and operators

of all weather modification operations involving the
County up to the present. General data as to storm
episodes and cloud seeding operations are included in

the several reports published on such operations, as
discussed subsequently. Detailed metorological data

are not included in such reports but are in the files

of North American Weather Consultants (NAWC).

I-4



Watershed Model

Santa Barbara County Flood Control and Water Conserva-
tion District have a simulation model of the Santa Ynez
and Sisquoc River systems and San Antonio Creek system.
This mathematical model was developed by Hydrocomp,
International, a consulting firm who has provided
services for the District. The model is designed and
operated to determine potential channel flows and
flooding conditions so that appropriate measures may be
taken by the District in design of structures to control
and/or accommodate floods and in warnings to the public
whenever unregulated flood flows are anticipated.

The Hydrocomp computer model relates hourly
precipitation at four representative watershed locations
to runoff and channel flow in the affected stream seg-
ments. The model takes into account such items as air
temperature, antecedent precipitation, soil moisture,
soil mantle depth and permeability, topography and
various other watershed characteristics, all relevant
to predicting water stage and discharge in the several

reaches of the stream segments.
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In a previous consideration of the possibilities of
assessing effects of cloud seeding upon watershed runoff,
it was tentatively planned that hourly precipitation
data for four key stations (located at Juncal Dam,
Gibraltar Dam, Santa Ynez and Surf, respectfully) be
adjusted by NAWC to show a best estimate of precipita-
tion in the following cases:

°® Randomized cloud seeding as actually observed
during the 1967-74 program.

° No cloud seeding at all.

° Cloud &eeding optimized for water supply.
The adjusted hourly precipitation figures would then be
fed into the Hydrocomp model to calculate runoff in the
Santa Ynez River Basin under the above arrangements. A
sequel to. this step would be selection of a few more
historical years of varying climatological types for a
similar detailed analysis, including some years of
extreme drought conditions. A predictor curve would
then be constructed permitting extrapolation for
estimation of incremental runoff due to cloud seeding
in any year or series of years (34).

For reasons of priorities and budget limitations, the

Water Agency decided to defer any such action to a

later date. However, if the Hydrocomp model work by
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the Flood Control and Water Conservation District were
to be expanded for flood control purposes, it was con-
templated that additional effort might be requested by
the Water Agency in order to extend the analyses to

include incremental runoff from cloud seeding.












II - WEATHER MODIFICATION EXPERIENCE IN SANTA BARBARA COUNTY

GENERAL

There has been considerable weather modification
activity within Santa Barbara County, conducted by
North American Weather Consultants in 15 rainy seasons

out of the last 27, as itemized below:

Rainy Nature §
Season Coverage Sponsor Purpose
Most of Upper Santa Ynez City of Santa Barbara To increase
1950-51 Drainage Basin & Montecito CWD precipitation
and runoff
1951-52 Santa Barbara Co. S.B.Co. Water Agency Increase yields
§ 1952-53 Santa Barbara Co. S.B.Co. Water Agency of watershed
Early Santa Barbara Co. S.B.Co. Water Agency Increase yields
1955 S of watershed
1956-57 Santa Barbara Co. joint venture of randomized
through and Ventura Co. nine-agencies- ~ seeding
1959-60
1967-68 Santa Barbara Co. U.S. Naval Weapons Special re-
through (North of Santa Center search (ran-
1973-74 Ynez Mountain domized cloud

Range) seeding)

EARLY EXPERIENCES IN RAINFALL AUGMENTATION

Initial Work, 1950-51

The City of Santa Barbara and the MontecitQKCounty Water
District contracted with North American Weather Con-
sultants to perform and study the seeding of clouds in
the Upper Santa Ynez Drainage Basin during the winter
of 1950-51 (December 1950 through April 1951). The
procedure followed was to seed any of the clouds of all
the cyclonic winter storms as they passed over Santa

Barbara County (29).. Silver iodide was used to seed the
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storms from upwind ground locations in various combina-
tions of fixed and mobile units.

The practice of seeding all of the storms prevented
the statistical calculation of probabilities which could
be attached to different possible influences. In effect,
this cloud seeding approach limited the amount of control
data and therefore may have obscured potential factors
involved.

The method of evaluation involved the use of isopercen-
tile maps. For each station reporting precip%tation, a
figure was computed which represented the peréentage of
normal seasonal precipitation which that particular
storm produced. Stations of equal percentages were
connected with smooth curves. Areas on the watershed
were then identified where such percentage values were
abnormally high with respect to surrounding area. It
was considered highly probably that such abnormally
high precipitation areas had experienced positive
effects of the cloud seeding.

Based upon the foregoing assumptions, the following
findings were made:

° Of seventeen candidate storm periods
which were seeded, eight storm periods
produced sizeable precipitation. (It had

been known that several of the storms
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that were seeded, were marginal from the
standpoint of potential positive results.)

As an estimate, cloud seeding effects (when
experienced) increased precipitation in the
northern portion of the drainage basin by
about 60% over that which would have occurred
normally.

In the southernmost part of the basin along
the Santa Ynez River, increases in precipita-
tion (with two exceptions) were too small to
be distinguished from random natural variations.
There was no noticeable increase in runoff,
and this was blamed on the sparsity of storms
between which the watershed was able to dry
out.

It would have been more productive of runoff
if the cloud seeding program had commenced
during the storms of November 1950 (instead
of waiting until December), inasmuch as the
dryness of the watershéd had first to be
overcome before runoff benefits could be
achieved. It normally requires a foot of
precipitation on the watershed to develop
significant runoff, at the beginning of the

rainy season.
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°® It would have been advantageous to have

offshore smoke generators to take advantage
of southerly winds in candidate storms.

This method of evaluation of cloud seeding effects
assumes that for any unseeded storm, all stations will
report the same percentage of normal seasonal precipi-
tation. In actuality, all storms have a wide variation
of relative intensities. In fact, unseeded storms
plotted in a similar fashion to the seeded storms pro-
duced the same type of percentage variation. In addi-
tion to this problem, there was another. The times of
operation and the location of the generators were only
generally linked to the "increases' in precipitation.
There is really no way to determine whether the "increases"
would have occurred where and when they did in the absence
of seeding.

As a first attempt, this study provided a good founda-
tion for future studies. However, the methodology used
probably does not warrant firm quantification of incre-
mental rainfall due to cloud seeding.

Early Work, 1951-52

North American Weather Consultants were again contracted
to perform cloud seeding, this time by the County
Water Agency. The methods followed were more refined
than the previous year but still were not entirely

statistically sound for research purposesQ
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The procedure originally to be followed called for cloud
seeding all storms from November through April. As it
developed, however, the storms in the second half of
January and all of February were not seeded. This was
because the reservoirs were full and the ground was so
saturated that excessive run-off would cause flooding.

In fact, one unseeded storm on January 15, 1952, dumped
9.7 inches at the Gibraltar Dam rain gauge in a single
day.

For cloud seeding, more stationary generators were
installed than during the previous year, and aircraft
generators were tried out for the first time. This
allowed for more flexibility and control of where and
when the seeding was done. In addition, a more extensive
system of rain gauges was used, providing a more accurate
pattern of rainfall than previously.

The methods of evaluation were also better than those
of the previous year. Isopercentile maps were used
again but this time they were based on monthly rather
than seasonal norms, In this method, an unequal dis-
tribution of percent of normal is interpreted as due
to the cloud seeding. It does not correct for the
possibility of an "abnormal' distribution of rainfall
that could easily happen because different types of
storms have different intensities relative to geographic

areas.
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In addition to isopercentile maps, scatter diagrams
were prepared using the precipitation values from the
target area and the control area and plotting them as
ordered pairs on a graph. A regression line was
determined, through the method of least squares, which
representedthe rainfall of one station as a function of
the rainfall at another, assuming this function is
linear. The least squares method also assumes that the
distribution of observations of rainfall follows a
"normal' bell-shaped curve. These assumptions may be
questionable. A more serious question may be that this
method implies that the variance is constant. In other
words, no matter how much rain falls, the variability
around the regression line remains constant. Empirically
this is not true, as scatter points tend to fan out
with heavier precipitation.

The control area wasdesignated as the San Luis Obispo
area north to Paso Robles. This area was picked because
it was upwind of cloud seedings for Santa Barbara County.
Unfortunately, the control area did receive some effects
of cloud seeding in the Carrizo Plain area during the
months of November and December 1951. This tends to
weaken the results, as a totally unaffected control is
essential for true statistical comparison.

The seeding was accomplished for all eligible storms

during the period except for the month of February (during
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which seeding was deliberately suspended) and for selected
storms in January and March which were seeded only partially
or not at all. As noted above, seeding was suspended

as _a _ result of watershed saturation whereby exces-
sive precipitation, as from cloud seeding, might have
produced excessive runoff. The silver iodide seeding
involved 1,024 hours, 28 minutes total seasonal operation

of 14 fixed mainland generators, 1 fixed generator on

Santa Rosa Island, 1 mobile ground generator, and (for
certain storms) an aircraft-mounted generator.

Based upon the assumptions noted above and the actual
rain gage observations made, the report for the 1951-52
weather modification actiwvities produced.the following
findings:

° County-wide precipitation was about 24% in
excess of what could have been expected if
there had been no seeding. This ranged from
an inferred increase due to cloud seeding of
10 to 15% in the western plains to as high
as 93% in the mountainous section.

° Of a total of 13 storms which were seeded, 8
produced positive results, 3 showed minor
results, and 2 registered negligible or
doubtful results. The weak storms were
least effectively seeded and the strong

storms most effectively seeded.
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Cloud seeding was indicated to have produced
beneficial results throughout the target area.
The effectiveness of the cloud seeding was
evaluated on the basis of comparison of pre-
cipitation results within the target area
with precipitation experienced in comparable
localities (San Luis Obispo and Paso Robles)
well upwind of the target area and presumably
unaffected by the cloud seeding. (Analyses
included consideration of cloud seeded rain-
fall experience on both a storm basis and
monthly basis as compared to monthly normal
and on a seasonal basis as compared to sea-
sonal normal.)

Local effectiveness of cloud seeding could
also be demonstrated by the scatter diagrams
which related normal precipitation in the
target area with that in the control area.
When a straight line plot (regression line)
showing such normal relationship between
target area precipitation and control area
precipitation was paralleled by a line
measuring 2 standard deviations greater than
the regression line, this provided a quick
index of cloud seeding significance. Any

plotted experience lying outside the parallel
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line was considered the result of cloud
seeding and not of chance alone. On this
basis, it was indicated that positive effects
were consistently felt from cloud seeding

at Gibraltar Dam, Juncal Dam, Pattiway, and
Santa Barbara for the months of January and
March 1952 as well as for the entire rainy
season. Somewhat less positive and/or
consistent results were experienced for Los
Alamos, Santa Maria and Surf.

The positive effects of the cloud seeding
frequently carried into Ventura County and
even into San Luis Obispo County.

Certain types of storms occur wherein the
cloud seeded precipitation in the target

area is high with respect to that in the
control area (San Luis Obispo and Paso Robles),
while in other storms the reverse is decidedly
true. NAWC felt that the variations in target
to control area relationships were apparently
corrected with well-defined general storm
characteristics. The most logical approach

in cloud seeding therefore involved cate-
gorizing storms both for purposes of seeding
and for purposes of evaluating seeding results.
This was the so-called "weather type of

evaluation'" and involved 4 storm types, in
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particular. On this basis, the Upper Santa
Ynez Basin was found to have received 14.10
inches of excess (cloud seeding benefit)
rainfall during the 1951-52 season, the South
Coast Plain 5.91 inches excess, and the
Northwest area 1.46 inches excess.

In reviewing the NAWC report (30 ), it was noted that
the total rainfall of the season (excluding February) for
Santa Barbara County was 190% of the normal. A figure
of 166% was determined for the control area. The difference
is 24% (or 3"-4") which NAWC attributed to cloud seeding.
In fact, NAWC felt that this was an underestimate, since
the control area rainfall was unintentionally enhanced
in November and December. These inferences assume a
stable relationship between precipitation for the two
target and control areas, respectively. This relation
must be unaffected by the passage of time, wet or dry
cycles, or different types of storms. However, the
Statistical Laboratory at the University of California
at Berkeley has shown it is not a stable relation (1 ).
It is easy to see that the centers of approaching storms
may vary with geographical movement. Accordingly it is
conceivable that a storm could produce much more rain in the
Santa Barbara area than in the control area solely because
it was a different type storm. The failure to isolate
this variable, in particular, detracts from the numerical

results of the program. Although there may have been
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definite precipitation increase due to cloud seeding,
it was still impossible to assign a numerical value to
the results. However, the program did add to the body
of information on the subject, produced generally
beneficial results, and paved the way for more refined
operations in the future.

Early Work, 1952-53 - Cloud seeding by NAWC continued

under contract with Santa Barbara County Water Agency
for the year 1952-53. This year many of the drawbacks
from the previous year were corrected.

During the period December 1952 through May 1953, 15
storms were seeded, involving 16 stationary mainland
generator stations, 1 station on Santa Rosa Island, 1
mobile generator and an aircraft generator. Not all
generators were used in each storm. The aggregate
seasonal generator operation was 1,549 hours, 56 minutes.

Basically the same procedures were followed as with
previous years. All storms were seeded unless ground
conditions favored the possibility of floods.

From the standpoint of scientific procedures designed
to evaluate incremental yield from cloud seeding,
indiscriminate seeding of storms is a fundamental error
which was not corrected until 1957. The problem is
that if all storms are seeded then it is impossible to
calculate probabilities attached to possible influences

other than the seeding. Without unseeded storms there
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is less control on the experiment and the influences
responsible for variations in target-control relation-
ships cannot be separated distinctly.

Improvements were made in the 1952-53 program, however,
in the statistical method of evaluation. The scatter
diagram-regression line method was used, and this time
storms were classified by type. As a winter storm
moves across California it may produce more rain in
the control area than the target area or vice versa.
Usually it depends on the latitude of the center of the
storm. This was the criterion used in classifying the
storms. Rather than employing scatter diagrams for the
County as a whole, the County-wide target area was
subdivided into three areas: the Northwestern Area
(Santa Maria), the South Coastal Plain, and the Upper
Santa Ynez Basin. Scatter diagrams were prepared for
each area and each type of storm. If the current data
points were located significantly above the regression
line and the historic data points, then it was claimed
that cloud seeding was responsible.

The NAWC report for the 1952-53 program ( 2 ) claimed
cloud-seeding-induced precipitation increases of 2.07
inches for the Santa Maria to Los Alamos area, 2.39
inches for the Santa Barbara to Goleta area,and 2.17
inches for the Gibraltar to Juncal area. The data for

the 1951-52 program were re-analyzed using these methods,
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and increases of 1.46 inches for the Santa Maria area,
5.91 inches for the South Coast and 14.10 inches for
the Upper Santa Ynez Basin were computed.

The NAWC report concluded that for the more frequent
type of storms encountered, the increased precipitation
could not have been due to chance alone. For the less
frequent type of storms, additional evidence would be
required before this could be established.

The 1951-52 and 1952-53 program and data analyses
appeared to improve the techniques for evaluation of
incremental precipitation, but certain statistical
deficiencies remained. As in the 1951-52 program, the
regression line method still assumed that the pre-
cipitation in one area is a linear function of that in
another area. The method also ignored the incidence of
a wider spread of data points that are seen when larger
amounts of rainfall are involved. Unless this variable
variance is taken into account, the increases of rain-
fall claimed for larger storms may not be valid.

The NAWC report on the 1952-53 program ( 2 ) does
not elucidate on the method of determination of numerical
precipitation increases presented. However on inspection
of the scatter diagrams, one finds current data points
above and below the regression lines. In fact, most
current data points appear surrounded by historical
data points, implying no reason to assume cloud seeding

effects. In only two cases were there current data
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points well above the regression line and the
historical data points. The conclusion warranted
appeared to be that cloud seeding was having a positive
effect on some storms, but not necessarily all storms.
The quantification data appeared questionable from the
report analyses presented.

Early Work, 1954-55 - Santa Barbara County Water Agency

renewed its contract with NAWC and cloud seeding was
performed from January 1955 to April 1955. Though the
period was shorter than previous years, substantial
results were shown. The procedures remained unchanged.
All storms (14 in number) were seeded. There were
1,020 generator hours during the season, involving 13
fixed mainland generator stations and one fixed station
on Santa Rosa Island.

As discussed in connection with the previous reports,
the practice of indiscriminate seeding of storms limits
the amount of control data and fails to account for the
influence of seeding one storm might have on the following
storms. In addition, the procedures followed by the
different generator operators may have varied. This
impairs the statistical validity of the findings.

The methods of evaluation were not presented in
great detail in the NAWC report ( 3 ). The results
were determined by predicting the rainfall from each

storm and comparing it to the observed precipitation.
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Presumably rainfall was predicted through the use of
scatter diagrams and regression lines for each target
area and each storm type. However, this is not
discussed in the report.

From the results claimed in all of the reports, it
cannot be denied that cloud seeding has caused differences
in precipitation. However, these differences cannot be measured
with a high degree of accuracy.

The NAWC report (3) claimed increases of 5.09 inches in
the Upper Santa Ynez Basin, 2.62 inches in the Middle
Santa Ynez Basin, 4.71 inches for the South Coast and
1.35 inches for Cuyama Valley. For the South Coast
this amounts to an average of 0.33 inch per storm
(4.71 inches/14 storms). This was based upon an
evaluation method specifically designed by the University
of California Statistical Laboratory and the State
Division of Water Resources.

It was noted that despite the success of the artificial
nucleation program in producing extra precipitation over
the Santa Ynez Basin (2 to 5 extra inches during January
through April), the total seasonal precipitation was
near normal, and the conditions for producing an effective
yield from rainfall to runoff were poor. Among unfavor-
able factors were lack of a prolonged wet spell during
the January-March period to saturate the subsoil and
the presence of a prolonged period of cloudless weather

from mid-March through mid-April. These combined to
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deplete greatly the sub-soil moisture reserves and to
minimize the yield of the wet period which occurred during
the last two weeks of April.

Review of the data of the NAWC report for 1954-55
operations shows variable results from the cloud seeding.
It is indicated that sometimes the effect was positive,
negative or zero. Thus, from a rigorous standpoint, the
evidence appears more circumstantial than documentary.

It is not until later studies that the control is adequate

to isolate the correct variables.

Early Work, 1957-1960

In January, 1957, the Santa Barbara Project was initiated,
representing a joint effort of some seven different agencies
to test the effectiveness of weather modification. It was
the first time that randomized seeding had been tried.

The control areas included the Channel Islands, the San
Simeon to Cape San Martin coastline and the San Luis Obispo-
Morro Bay area. The target area was all of Santa Barbara
County. Ventura County was added as a target in 1958.

The seeding was done from ground generators which were

fired depending on a 50 percent probability decision. As

a storm approached, 12 hour blocks of time were allotted

for seeding. This was a major weakness of the project.

The seeding was done according to arbitrary time periods
rather than according to the storm characteristics. An
extensive network of raingages was' used which was an

improvement over previous studies. Unfortunately, rainfall
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during these years was erratic. The first year (1957-58)
saw flood periods, while the next year was extremely dry.
Conclusions drawn by the Statistical Laboratory at Berkeley
who evaluated the project, indicate an average of 10-20
percent increase in precipitation due to seeding. Their
conclusions are not on firm ground however, because the
experiment was not completely randomized, and the use

of 12-hour blocks of time allowed too much influence
from the type of storm which passed thru. It was recom-
mended that future experiments be related to parts of
the storm's 'anatomy.' This led to the development of

convective band studies (28 ).

LATER EXPERIENCES WITH CONVECTIVE BAND SEEDING

Description

This work was the so-called Santa Barbara Convective Band
Seeding Test Program. The U.S. Naval Weapons Center,
China Lake, was the sponsor, and North American Weather
Consultants, with their affiliate Aerometric Research,
Inc., carried out the operation. The program involved
the seeding of winter frontal storms reaching the Cali-
fornia coast (4). It was divided into two phases which

are compared in Table II-1.

IT-17



Phase I lasted from 1967-71 and consisted of mainly
pyrotechnic silver iodide, ground-based seeding from the
El Capitan Lodge near Refugio Pass. Phase II ran from
1970-74, overlapping Phase I. Initially, it consisted
of an extended source of freezing nuclei, using a
combustion generator burning a silver iodide/ammonium
jodide/acetone solution delivered from an upwind aircraft
flown along the band axis of the storm. Ground-based
seeding was resumed in 1971 as part of Phase I, but
using a stationary version of the solution-combustion
generator to provide a backup capability ( 4 ).

The procedures followed in these seven-year experiments
were more sbphisticated than previous ones. Instead of
dealing with regression lines, storm types and scatter
diagrams, the experiments concentrated upon individual
convective bands within the frontal storms, using a
statistically sound approach. A random system of seeding
was used so that the results proceeding from unseeded
bands could be compared with those of seeded bands.

Upon the approach of a storm, all personnel were notified
and positioned. As the first convective band was
identified (via the Vandenberg AFB radar),

the generator operator was alerted. When the band was

over the generator, the operator checked his predetermined
sequence of random choices as to whether to seed or not.
The decision was kept secret so as not to influence the

evaluation procedures. An extensive telemetered
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raingage network and radar were used to track the
convective band as it moved through the County.
Measurements were taken to record the duration of the band,
precipitation from the band, and temperature and
pressure in the band. When all of the data had been
recorded and organized according to convective bands
and storms, the seeding decision was revealed and an
analysis made.

In the evaluation analysis, the precipitation data
at each station for all of the seeded bands were com-
pared with those of all of the unseeded bands. The
ratio between the two amounts was used. The same thing
was done for the other parameters measured (temperature,
pressure and duration). A statistical test was then
applied to these ratios to see if the seeded samples
were significantly different (more so than just by chance).
The results of the test were presented in map form (see fig. IV-3
through IV-8) showing So. California from Los Angeles to Monterey.
Areas which had significant precipitation increases were
darkened. Areas with significant precipitation decreases
were hatch marked. For Phase II, the maps show three
general areas, oriented North-South within the County,
which showed significant increases. They are oblong
areas, roughly parallel to the aerial seeding path,
stretching from Lompoc into Ventura County. Unfortunately,
other areas on the map show increases and these areas
are upwind of the cloud seeding operations. These occurences
are in areas that normall receiveé very small amounts of rain.
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Therefore, small amounts of excess rain appear significant
when seen on a percentage basis. In most cases, the data
come from only one raingage for the entire area. When sub-
jected to statistical significance tests, these data appear
to be due to chance variation, more so than to the seeding

operations.

Findings

The results from these two-phased experiments indicate

that rainfall was increased over a large area due to the cloud
seeding. Besides the primary area, near the seeding, effects
were observed consistently in an area 150-200 km (93-125 mi.)
from the seeding source at an angle of 20° to 40° to the right
of the 700 mb flow. This extra-area effect was not observed
in any previous experiments.

The primary mode of evaluation of convective band seeding
was comparison of rainfall from bands within a test area of
about 27,000 square kilometers, containing approximately 100
raingages available for analyses (4). On the basis of
statistical results, it was concluded that seeding convective
bands is an efficient means of increasing precipitation, with
increases on the order of 50 to 100 percent indicated within
seeded bands and 25 to 50 percent for the storm total (4).

The convective bands tend to widen and possibly slow down
after seeding, indicating that much of the increase in pre-

cipitation is due to a change in the duration of band
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precipitation rather than an increase in intensity (4).

The conclusions reached from this comprehensive study
appear valid. Cloud seeding, particularly convective band
seeding, has an effect over an area much larger than pre-
viously considered, The increase in the extended area
is generally larger in percentage than in the primary target
area. The magnitude of the extended area effects is 30-50
percent per storm but can be raised to 50-100 percent if
only the best convective bands are seeded. A problem arises,
however, in that the distance between the seeding area and
this extended target area is 120 to 240 km (75 to 150 mi.).
It is apparent that there is some difficulty in containing
the effects of cloud seeding to one specific area. De-
partures from the target area will occur due to variations
of individual storm characteristics such as wind speed and

direction.
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ITTI - WEATHER MODIFICATION EXPERIENCES AND
STUDIES ELSEWHERE

LOS ANGELES COUNTY FLOOD CONTROL DISTRICT

General

This large and active agency has concentrated its
weather modification activities in the coastal watersheds
of the San Gabriel Mountains. The major drainages of
these mountain watersheds are the San Gabriel River (with
its major tributary,the Rio Hondo) and the Los Angeles
River. Major groundwater basins lie within the inland
valleys traversed by these streams and in the coastal
plain through which the drainage passes to the Pacific
Ocean. A highly developed system of mountain flood
control reservoirs and debris basins is able to regulate
much of the watershed runoff. Valley flood control
basins also exist (some under the control of the U.S.
Army Corps of Engineers) along with extensive flood
control channels and spreading grounds at canyon mouths
and on the valley floor. This high degree of system
development and coordinated operations make it possible
for the Los Angeles County Flood Control District to
capture much of the normal yield and also incremental
yield from cloud seeding.

District Program

Cloud seeding has been practiced by the District
generally since the 1961-62 rainy season with occasional
interruptions occasioned by actual flood and/or heavy
erosion potentials. The purpose has been to increase

rainfall over the 500 square mile southerly-draining,
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mountainous watershed area of the San Gabriel Mountains

previously described. The District has found the program

to be beneficial.

Highlights of the District operation, as described in

its November 1975 Final Environmental Impact Report on

Cloud Seeding in the San Gabriel Mountains for the

1975-76 Storm Season ( 5 ), are as follows:

o

The cloud seeding is employed to increase
precipitation in certain watersheds, thereby
resulting in additional runoff into District
reservoirs for later release into spreading
grounds and groundwater recharge.

Seeding is confined to storms which will tend
to increase runoff over the target areas, during
the October to May season whenever the storm
forecast, watershed conditions and reservoir
conditions indicate that the runoff can be
captured without risk of flood or excessive
erosion. No seeding is done with the intent
of affecting areas outside the target area nor
when a flood-producing storm is forecast.
District cloud seeding employs only ground-
based systems of either propane-fired or

solid state pyrotechnic type. The former are
used continuously when active, but the latter

are fired intermittently, with the objective
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of concentrating the silver iodide smoke

dissemination within the periodic, high moisture

"bands" that characterize Southern California

storms. These are the so-called convective

bands that generally occur every two to six

hours and last approximately one to two hours.

The rainfall bands are tracked by telemetered

rain gages as they pass over the target area.

The increased rainfall from convective band

seeding is primarily due to increased duraticn,

not intensity.

Cloud seeding for the target area is only

practicable when three essential conditions

are met simultaneously:

a.

Uplifting and convective currents must be
adequate to carry the silver iodide crystals

into the clouds.

The wind must be from the west and southwest, and
The -5°C (22°F.) temperature level within

the clouds must be below 10,000 feet elevation.

There are about 10 to 20 storms per year in the

San Gabriel Mountains, and only about 75 percent

of these meet the seeding criteria.

The control area for the cloud seeding rainfall

analysis in the San Gabriel Mountains is the

main Los Angeles Basin area.
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The cloud seeding program increases rainfall
over the target area an average of one inch

per year or five percent of the average rain-
fall on the target area.

The control area for runoff has been the Lytle
Creek watershed, which is sufficiently far from
the target area as not to be affected by the
seedings but is still physiographically similar
to the target area.

Throughout the program's history of artificial
nucleation the increased runoff in the target
area has averaged 10 to 20 percent, according
to analysis of the data. The greater percentage
increase in runoff than in precipitation is due
to the effects of antecedent rainfall.

The apparent increased yield of watershed
runoff represents a measured approach to weather
modification in which no cloud seeding is
undertaken over areas recently subjected to
fire or earthquakes nor is seeding undertaken
when large storms having flood potential are
expected. Seeding is terminated whenever rain-
fall exceeds five inches for a storm.

The annual cost of the program (in 1975)
averaged $50,000 and the average annual gain

in conserved runoff was 7,345 acre-feet.
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°® Runoff increments resulting from cloud seeding
are apportioned in accordance with existing
laws or court settlements as if they were
natural runoff.

° During the 13 seasons reported in the EIR, the
typical number of generators operated has been
14 or 15 and the typical seasonal aggregate
operational hours about 800. The average
emission of silver iodide has been about 4,500
grams (about 10 pounds) per season. Currently
four ground-based seeding devices are used.
Seeding is both continuous and intermittent.

SOUTHERN CALIFORNIA EDISON COMPANY

Big Creek Cloud Seeding Project

Southern California Edison Company (SCE) has several
hydroelectric developments in the Southern Sierra Nevada.
Since 1950, SCE has sponsored weather modification
activities directed at increasing the snowpack in the
upper San Joaquin River Basin above Big Creek (6).
The program has used a sophisticated system of remote
telemetered controls and automatic equipment, including
cloud nucleating generators (CNG). North American
Weather Consultants has conducted the project as a
contractor to SCE.

The so-called Big Creek Cloud Seeding Project began in
1950 with an original three manually operated generators
for silver iodide smoke, There were 12 generators some

15 years later. During the 15-year period 1950-51
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through 1964-65, a total of 43,806 hours of CNG operation
were experienced involving 887 hours and an average of 49
CNG hours per seeded day ( 6 ). During the laét 13 years
of this period, the CNG hours per season ranged between
about 2,000 to 4,000, the variation depending upon the
number of seedable storms.

Evaluation of Results

During the 15-year period, 1950-51 through 1964-65, the
effectiveness of cloud seeding was appraised by incremental
runoff in the San Joaquin River as surmised by the runoff

in a control river, in this case the Merced River in a
drainage basin to the north of the target area. Runoff

in the target area, as gaged on the San Joaquin River near
Florence Lake, was indicated to be five to eight percent
higher than that in the control area, as gaged on the
Merced River at Pohono Bridge near Yosemite. The probability
that this excess was due to chance was calculated to be mno
more than three percent ( 6 ). The investigators noted
that the Big Creek area was ideally suited for a runoff
comparison, as flow during the runoff period (March-August)
is 90 percent of the total annual flow and that the runoff
is mostly attributable to snowpack melt, with but little
influence from summer rains( 6 ).

In determining the relationship between the target area

and control area, NAWC used a 29-year base period (1922-50),
which included both extremely wet and dry years. The

runoff period selected was March through August, and the
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data were given a square root transformation for
purposes of normalization and to suppress the effects
of extreme years. Correlation and regression equations
were determined by the method of least squares. Points
for seeded years were plotted on the regression line
diagrams of target area runoff versus control area
runoff. »

OTHER CALIFORNIA CLOUD SEEDING OPERATIONS

Kings River Conservation District

The Kings River Conservation District reportedly has had

at least 13 years of cloud seeding experience involving the
Kings River Basin in the Southern Sierra Nevada, beginning
in 1954 ( 7 ). This watershed lies immediately southerly

of that of the San Joaquin River, the target area of SCE's
operations. The Kings River Basin operations generally

are confined to winter storms (as are the SCE operations)
and employ both ground-based generators and aircraft-based
generators. Silver iodide is the more common seeding
material, although some dry ice seeding has been done in the
Kings River Project. The average generator hours range
between 2,000 and 4,000 hours per season. Runoff increases
are reportedly six to eight percent, attributable to cloud
seeding and correspond to five to six percent increases in
precipitation. The operations normally involve precipita-
tion upon existing snowpack or wetted watersheds, much of
which is at fairly high elevations ( 7 ). Weather modifi-
cation practiced following early winter season precipitation
yields runoff that is relatively inexpensive. In 1967
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price levels, this was reportedly in the range of § 0.50

to $1.00/AF ( 7 ).

Santa Clara Valley Water District

Santa Clara Valley Water District (SCVWD) began a cloud
seeding program in 1955 and have continued it to the present.
As a result of the California Environment QualityAg; 1970,
SCVWD were required to assess the environmental impacts of

their project in order to continue it. The resulting Weather

Modification Program Environmental Impact Report by Henning-

son, Durham and Richardson, Ecosciences Division, December
1975, is the source of the information presented here.

This cloud seeding program has used ground based and air-
craft generators at various times in its history. Since the
1965-66 season the district has operated its own equipment
rather than hiring private weather modification companies.
The current program utilizes twenty-one ground based gener-
ators. Thirteen of these are located along the ridge of the
Santa Cruz Mountains. The remaining eight are located east
of Santa Clara Valley in the Diablo Mountain Range. The tar-
get area includes the eastern side of the Santa Cruz Moun-
tains, Santa Clara Valley and the Diablo Range.

The effects of the project have been evaluated by SCVWD.
Over the long run,an average annual increase of 10-15 percent
in rainfall was indicated. An increase of 13 percent in
rainfall corresponded to an additional 15,000 acre-feet of

water per year. It was not indicated how much of this increase
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was realized in groundwater recharge versus runoff. The

effect of the program has been minimal in very dry years

and enhancement of rainfall was unnecessary in very wet years.
The annual operating costs of the program are shown be-

low. The costs shown during seasons of no seeding are due

to purchase of materials and maintenance of equipment.

The increase in costs shown in 1973-74 is due to the in-

stitution of a new testing procedure.

Actual Annual

Year Operating Cost
1968-69 22,700
1969-70 5,000%
1970-71 1,200%
1971-72 15,200
1972-73 21,500
1973-74 41,050

* no seeding

The value of the benefits received ranged from $120,000
to over $350,000. These figures were determined in the fol-
lowing manner. The average annual increase of 2 inches in
precipitation over 710 square miles corresponded to approx-
imately 75,000 ;;re—feet. Of this, 20 percent or 15,000
acre-feet were assumed to be available as usable ground
and surface water. The minimum value of this water for agri-
culture is $8.00 per acre foot or $120,000 total. Approx-
imately 75 percent of existing supplies are used for M § I

purposes with a value of $30.00 per acre foot. The benefit

determined with this value is over $350,000.
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San Luis Obispo County Flood Control § Water Conservation

District

San Luis Obispo County has solicited and received proposals
from several weather modification firms with bids ranging
from $28,000 to $120,000 annually. The proposed program
will use ground based generators and an expected benefit-

cost ratio ranging from 40:1 to 16:1.

Other Programs

Sacramento Municipal Utilities District and San Bernardino
Valley Municipal Water District have practiced cloud seeding
in differing sections of the State, involving the Northern
Sierra Nevada and the San Bernardino Mountains, respectively.
Results in both areas are believed beneficial,

but scientific data as to precipitation and runoff augmen-
tation are meager.

Monterey County Flood Control and Water Conservation
District contracted North American Weather Consultants
to perform cloud seeding during March and April of 1972 and
November 1972 thru March 1973. Three previous dry winters
had lowered reservoir levels and cloud seeding was under-
taken to increase precipitation in the San Antonio-Nacimiento
Watershed. A network of eight ground generators were util-
ized, located along the coast from Cambria to Lucia.
Seeding was non-randomized and a control area could not be
selected due to cloud seeding programs to the north and the

south. As a result, evaluation analysis was limited to
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computation of precipitation as a percent of normal. The
values of the target area were compared to those of surroun-
ding areas through use of isohyetal maps. The most notice-
able effect seemed to be in the northeast portion of the
target area near King City. No definite conclusions could
be drawn, however, due to a lack of an extensive network

of raingages and the availability of a3 more reliable means

of evaluation ( 8 ).

BUREAU OF RECLAMATION PROGRAMS

Arizona Weather Modification Research Program

The Bureau of Reclamation, Office of Atmospheric Water Re-
sources, has sponsored the Arizona Weather Modification
Research Program as part of the Bureau's "Project Skywater."
This program was a successor to a series of studies per-
formed at Flagstaff, Arizona by Meteorology Research, Inc.
(MRI) and the affiliated Atmospheric Research Group under

the Atomic Energy Commission, the National Science
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Foundation, the U. S. Army, and the U. S. Forest Service
during the 1960's (9 ). The program's objective was

""to develop and demonstrate quantitative engineering tech-
niques of cloud-seeding in various localities for augmenta-
tion of economically beneficial amounts of precipitation."”
The study involved both isolated clouds and large storm
systems, to learn of their behavior both with and without
cloud-seeding.

In the isolated cloud study, it was found that the tops

of small clouds were too warm to respond to ice phase
seeding (seeding with ice nuclei) and large clouds would
not respond to such seeding because their tops were
already cold enough for total freezing to occur naturally.
However, intermediate size clouds responded dramatically
to seeding, because the seeding provided enough ice nuclei
to initiate freezing between the two extremes of -8°C.

and -25°C. The latent heat of fusion liberated by the
freezing would intensify the cloud's circulation, making
the cloud top grow higher and increasing the cloud's
precipitation. A randomized seeding project showed cloud-
top increases of 5,900 ft, precipitation increases of

2.00 mm, and increases in rainfall duration of 10 min.,

due to the seeding with silver iodide from cloud base ( 9 ).
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Project Skywater

The Bureau of Reclamation's research and operational
programs in the Western United States (including Flagstaff,
Arizona area) have developed certain criteria as to
cloud-seeding principles. The cold-cloud process (for
cloud-seeding) involves coalescence among cloud droplets

to develop raindrops. At least part of the cloud must be
colder than 32°F. (o0 ), and clay particles, naturally
present, may serve as the freezing nuclei. The warm-

cloud process also involves condensation nuclei to

initiate precipitation, the nuclei normally being compounds
of sulfur and chlorine. Precipitation management is
effected through manipulating the quantity and type of
nuclei present.

Skywater experience indicates that orographic west-to-east
storms vary in natural capability for precipitation and in
amenability for cloud-seeding, depending upon cloud-top
temperature. Clouds whose top temperature is between 32°F
and -9°F produce very fine precipitation, much of which
remains aloft and becomes dispersed. Cloud seeding with
microscopic particles of silver iodide commonly increases
precipitation 30 to 50 percent over normal. When the
cloud top temperature is lower than -9°F, precipitation
occurs naturally and cloud seeding can effectively reduce
the natural snow production by producing fine ice particles

subject to dissipation by winds.
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Skywater experience (10 ) has also revealed the following:

[}

Cloud-seeding does not apparently result in a
decrease in downwind precipitation beyond the
target area. In fact, downwind increases have
been noted without any decreases.

Summer cumulus clouds may sometimes be seeded
beneficially, but there are many complexities

and a fairly narrow set of conditions within which
cumulus clouds can be seeded to produce signifi-
cant rainfall at all while avoiding potentially
damaging hail. Cloud diameter, cloud thickness,
updraft velocities, cloud droplet size spectrum,
and cloud water content in liquid and vapor states
are all significant factors.

If sufficient freezing nuclei are introduced into
a stable cloud whose growth is inhibited by an
overlying, stable atmospheric layer, the growth
of ice crystals can liberate heat enough to raise
the cloud layer up to 2°C., causing a dramatic
convective breakthrough and possible growth
upwards for several thousand feet. Increased
precipitation results thereby.

Drought-alleviation has been practiced, apparently
successfully, by Project Skywater personnel in
Texas, Arizona, and Oklahoma. Drought conditionmns,
once established in an area, tend to persist as

a result of moisture depletion. Lacking soil
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moisture, vegetative evapotranspiration is

reduced and solar radiation becomes translated

into sensible heat. Thus, above-average rainfall

is needed to restore plant water-use as well as to
restore streamflow and groundwater to normal levels.
Systematic studies of 12 western major river basins,
mountain massifs, and gaging stations for

incremental runoff attributable to weather modifi-
cation during the 1952-71 period ( 11 ) considered
historical precipitation and rawinsonde data

together with massif and other watershed characteristics.
A computer model study was then conducted to determine
what unimpaired runoff would have been produced

for the various tributaries and main streams of the

river basins if cloud seeding had been practiced

under appropriate conditions during this historical
20-year period. The difference between such computed
runoff and the historic gaged runoff represents the
supposed increméntal runoff due to cloud seeding,
had it been practiced. Seasonal climatological
characteristics, elevations of massifs, topography
and vegetation, and all other relevant aspects

were considered in the model.

Highlights of the results of the Project Skywater
are summarized in Table III-1. It is quite signifi-
cant that the study is confined to interior (not
coastal) watersheds whose capacity to produce

runoff water is principally by orographic (mountain-
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induced) precipitation. The tributary areas, in
effect, are mountain massifs only, with runoff
resulting from various combinations of snowmelt
and direct rainfall-runoff. Flood potentials
vary widely, depending upon circumstances and the
characteristics of the watershed, the highest
massifs generally having the least potentials for
flood production. Incremental runoff via cloud
seeding appeared to range between 0.05 ft/yr and
0.49 ft/yr and to average about 0.2 ft/yr.
The Colorado River Basin Project Act of 1968 directed the
Secretary of the Interior to develop a general plan to meet
the future water needs of the Western United States and to
determine the most economical means of augmenting the water
supply of the Colorado River, considering all possible
sources including weather modification. In December 1970,
the Bureau of Reclamation began seeding operations on the
Colorado River Basin Pilot Project, the largest winter
orographic seeding experiment in the United States ( 32 ).
The techniques being developed were for seeding only those
storms from which additional snowfall may be obtainable
without contributing to avalanche hazard, excessive snow
removal problems, or other inconveniences. It was estimated
that with an applied research and engineering effort,
present (1975) techniques could becomeroperational by 1980.
Runoff from incremental precipitation in the massifs of

the Upper Colorado (upstream of Lee Ferry) increases

III-18



substantially with increases in elevation, both as a result

of increased precipitation subject to treatment and increased

efficiency of runoff in the alpine regions ( 11).

With respect to the Upper Colorado River Basin incremental

runoff calculations for the 20-year period 1952-71 referred

to above, the following are of interest::

o

The watershed area seeded (massifs) was 20,866 sq. mi.
or 19.37 percent of the total Upper Basin watershed
(tributary to Lake Powell).

During the 20-year study period, the average total
runoff was 9.96 million AFY, of which the cloud
seeding incremental runoff represented 1.32 million
AFY or nearly 13.3 percent.

The heaviest incremental runoff was most frequently
experienced in June, with May being the next heaviest.
The June incremental runoff, on the average, was

about 32.9 percent of the total incremental runoff
during the study period.

The year of highest total runoff (17.96 million AFY)
also witnessed the year of highest total incremental
runoff (2.05 million AFY) and highest June incre-
mental runoff (0.76 million AFY).

The year of lowest total runoff (5.04 million AFY)
witnessed the third lowest total incremental runoff
(0.98 million AFY) and also the third lowest June

incremental runoff (0.23 million AFY).
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The year of lowest total incremental runoff
(0.94 million AFY) occurred during the third
lowest year of total runoff (6.10 million AFY)
and witnessed the lowest June incremental runoff

(0.21 million AFY).

From consideration of the foregoing, it may generally be

concluded that:

]

Cloud seeding increased the runoff by 15.3 percent
on the average, during the 20-year study period.
Cloud seeding was most effective when there were
numerous storms available for seeding which would
have produced significant runoff even without seeding.
The highest incremental runoff augmented the highest
natural runoff by 12.9 percent (1952).

Cloud seeding was least effective when there were
relatively few storms available for seeding which
would have vielded only modest runoff on their own.
During the year of lowest incremental runoff, cloud
seeding increased the natural runoff by 19.4 percent.
During the year of lowest total runoff, cloud

seeding increased the natural runoff by 24.1 percent.
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IV - YIELD AUGMENTATION APPROXIMATIONS
FOR SANTA BARBARA COUNTY

FACTORS TO BE CONSIDERED

General

The objective of any cloud seeding program to be under-
taken for Santa Barbara County would be to augment the
local water supply and, in so doing, to minimize any
potential adverse effects. Secondary benefits sought
would be to enhance rangeland and dry-farming operations

by agriculturalists. It should be strictly an operational
program, for there would be no purpose in conducting
additional experimental or research work. This has been
adequately concluded with the recent seven-year study of
North American Weather Consultants et. al. under sponsor-
ship of the U. S. Naval Weapons Center (4). The U. S.
Bureau of Reclamation's Project Skywater experimentation
and pilot project work are continuing to add to the general
knowledge of weather modification as are certain operational

programs previously described.

Seeding Criteria

The physics of natural rainfall are complex and enhancement
of the process is equally involved. Wind direction and
cloud top temperature are the two most important variables
which are examined in order to decide whether seeding
should be carried out. In the Phase I and II operations

in Santa Barbara the seeding procedure started with the

identification of a convective band either by radar or
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telemetered raingages. Next, the wind direction was checked
to determine if the effects of seeding would fall on the
target area. Whenever possible, the cloud temperatures

were measured and transmitted by radiosonde. It is known
that seeding will be beneficial only if cloud top tempera-
tures range from -23°C to -8°C (-9°F to 18°F) (11). Once
these seeding criteria were met, the decision was made on

a 50/50 random choice basis as to whether seeding wouid
actually take place. The procedure to be followed in an
operational program of seeding would be the same, except
that when all criteria are met the seeding would take place
all of the time. One additional criteria would have to

be met, however, and that is that no flood potential existed.
This would depend on watershed conditions and the character

of the approaching storm.

Cyclical Precipitation Patterns

It is common knowledge that precipitation is subject to
random variations and that periods of surplus and periods

of deficiency combine statistically to produce long term
averages. Surplus or "wet" periods usually contain episodes
of heavy rainfall and runoff, including occasional flooding,
and are normally more significant than dry periods in
recharging both surface water reservoirs and groundwater
basins. Deficiency or '"dry" periods tend to have more
widely dispersed storms with somewhat less intense rainfall
and runoff than "wet'" periods. In an effort to depict

these '"wet" and "dry" periods, the Water Agency staff
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generated Figure IV-1 which shows the accumulated departure
from the mean for Santa Barbara rainfall from 1770 to the
present. Precipitation levels from 1770 to 1867 were developed
from rainfall indices worked out by H. B. Lynch in his

report to Metropolitan Water District, Rainfall and Stream

Runoff in Southern California since 1769, August 1931,

Rainfall prior to 1867 (when the Santa Barbara gage was
installed) was estimated by Lynch on the basis of mission
crop records, military weather observations, private diaries,
and other sources of information collected during his
research. -The actual amounts of precipitation are shown

in the bar graph at the bottom of Figure IV-1. This raw
data was filtered using a seven-year running average, the
result of which is shown in’the middle of Figure IV-1. This
filter eliminates wide fluctuations in precipitation giving
a smoother bar graph which displays long term trends. The
span of seven years was chosen as a good intermediate time
period since wet and dry periods typically last from 9 to

16 years (a complete wet and dry cycle usually taking about
26 years to complete). The upper curve in Figure IV-1

shows the plot of the accumulated deviation from the norm

of the filtered data. Wet periods are indicated by sections
of the curve which trend upward. Dry spells, conversely,
are indicated by downward trending sections. The position
of the curve above or below the zero line is not as impor-
tant as the steepness of the slope of the curve. The

steeper the curve, the more severe the period was. The
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most severe drought according to this graph, then, was the
period 1894-1903. This period was followed by an intensely
wet period from 1905 thru 1918. It appears that there are

no repetitive cycles shown in this curve, although the period

1834 to 1873 is remarkably similar to the period 1945 to 1976.

Seasonal Patterns

Santa Barbara County, like the rest of Southern California,
experiences a rainy winter and a dry summer. Over 90 percent
of the yearly average rainfall is witnessed between November
and April. About 60 percent of the average (17.67 inches

for Santa Barbara gage) falls during December, January,

and February. The average monthly rainfall over a 109 year

period (1867-1976) for November thru April is shown below:

‘Month Average Rainfall (SB gage)
(inches)
November 1.59
December 3.13
January 3.92
February 3.65
March 2.73
April 1.25
TOTAL 16.27

Watershed Conditions

The lack of rain during summer and early fall means that

the watersheds tend to dry out completely by late summer,
frequently extending into mid- or late-autumn. Rainfall

early in the ''rainy season," October through April, merely
tends to overcome moisture deficiency in the watershed without

producing beneficial runoff. If cloud seeding is successful
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in increasing early season storm precipitation, the chances
of having a saturated watershed and subsequent runoff are
improved. The effectiveness of cloud seeding in runoff
production is generally dependent upon having the proper
types of successive storms sufficiently close in time to
prevent the watershed from drying out between storms.
Inasmuch as storms tend to be more frequent and productive
of precipitation during wet years, this implies that the
effectiveness of cloud seeding has greater potential during
wet periods than during dry periods. This holds true for
groundwater recharge as well. Recharge of groundwater
basins occurs naturally from deep percolation of precipi-
tation in both upland and valley areas and from stream bed
percolation. There must be sufficient rainfall in such
surface areas to overcome soil moisture deficiencies and to
move the soil moisture downward past the root zones of
vegetation in order to be effective for recharge. Satura-
tion of topsoil layers is easier achieved with wet years
type rainfall than with the more meager and dispersed rainfall
characteristic of dry years. Similarly, wet period rainfall
and accompanying runoff are normally much more effective

in streambed type recharge than that of dry periods. Thus,
cloud seeding would be of greater significance normally

during wet years than dry years in groundwater recharge.

Flood Potentials

In minimizing any potential adverse effects cloud seeding

operations would have to be suspended whenever conditions
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were conducive to flooding. One of these conditions would

be when a watershed has been denudéd by uncontrolled fire.

In these cases, seeding operations could be suspended until
the watershed vegetation has a chance to recover. Such

has been the case with L.A. County Flood Control District's
program in the San Gabriel Mountains. Whenever runoff

from a burned watershed would not create flooding problems
nor contribute to the siltation of a reservoir, cloud seeding
operations could be continued, possibly with an alteration

of procedures to create a change in target area.

Flooding potential can exist in an unburned watershed
if it is totally saturated. The distribution and frequency
of rainfall throughout the season combined with evaporation
rates and vegetative requirements will determine when a
watershed is saturated. Once saturated, the watershed will
cause more of the rainfall to runoff directly, increasing
flood danger. Then,the intensity of the rainfall is the
important factor in contributing to floods. Intense storms,
when forecast, could be avoided in a seeding program. Other-
wise, the best approach to limiting flood potential is to
suspend operations after a certain amount of rainfall has
fallen in a given period of time. L.A. County Flood Control
District suspends their operation after 5 inches of rain
in any given storm. During January of 1969, cloud seeding
was halted after almost 10 inches of rain within one week
(at S.B. airport), just prior to the floods on the 25th and
26th. It is not always possible to predict flooding po-

tentials, as was the case in February of 1969 when seeding
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occurred throughout the flooding on the 24th and 25th.

An operational program would be more conservative in its
seeding than the Phase I and II programs because it would
not be concerned with getting a 1arge%2tﬁple for evaluating
procedures. The operational program would be concerned
primarily with filling the reservoirs and recharging the
groundwater basins. An operational program would most
likely have been suspended just prior to the first flood
period in 1969 and would not have been resumed until the

following winter.

RAINFALL AUGMENTATION

Methodology Used

The general approach taken in evaluating potential in-
creases in precipitation involved the comparison of seeded
versus non-seeded convective bands. Data were obtained

from the final report, Santa Barbara Convective Band

Seeding Test Program, Naval Weapons Center, October 1975.

For each type of operation (Phase I ground based, Phase II
~ground based, and Phase II air based), the average precipi-
tation for seeded and non-seeded bands were compared.
Their ratios at different rain gage stations in watersheds
under consideration were averaged to develop an overall
percentage increase in precipitation for each watershed.

As discussed in section II, cloud seeders have ex-
perimented with different observational units in their
studies. Originally, entire storm seasons were seeded,

and later only certain storm periods. The next type of
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observational unit was a finite time period such as the
1Z-hour time blocks used from 1957-1960. 1In each progran,
the investigator had tried to follow the life cycle of
the storm systems and to develop a sample of treated and
non-treated cases. The convective band as an observational
unit has proved to be the most successful of all the attempts.
As shown in Figure IV-2, convective bands or cells
are areas of strong updrafts. These updrafts carry the
seeding nuclei to the upper reaches of the band. Super-
cooled water vapor in the cloud freezes on the nuclei,
forming larger and larger ice crystals. These eventually
fall out of the clouds as precipitation. Typically,
convective bands move slowly, taking one to one and a half
hours to pass a given point. Bands are usually spaced
three to four hours apart. Fach storm has an average of
three seedable convective bands, although the number may
range from one to six or more. Convective bands account
for an average of 50-60 percent of the total annual pre-
cipitation in Santa Barbara County (4). This must be kept
in mind upon examining the results of the Phase I and II
programs, for while increases in band precipitation may
be substantial, the increase in overall precipitation is
only half these amounts. Convective band precipitation
is even less of a factor in areas of higher elevation
because of the increase in orographically induced pre-

cipitation.
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Shown below is a summary of the number of convective

bands in each operating phase:

Phase Seeded Not Seeded
Phase I - ground 56 51
Phase II- ground 20
Phase II- air 18 27
Totals 94 88

The data sample for Phase I was the largest and the
nearest to the 50/50 random design. Phase II ground seeding
was the smallest sample. Unfortunately, this sample also
suffered from an extremely uneven distribution of rainfall.

Of the 20 seeded bands, more than half produced little,

if any, precipitation. Of the 10 unseeded bands, two were
exceptionally heavy rain producers, dropping one to four
inches at many stations. This resulted in a seeded/not seeded
ratio of less than one for most stations during Phase II

ground operations.

Approximation of Augmentation

Table IV-1 shows the rainfall augmentation for the Upper
Santa Ynez Valley. There were seven rain gages in the
watershed which were used in the Phase I and II programs.
For each gage, the precipitation for all seeded bands

was. averaged and compared by ratio to the average precipi-
tation from unseeded bands. This was done for the Phase I
bands, the Phase II ground seeded bands, and the Phase II

air seeded bands. For each gage, the weighted average of
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the three operations was developed as were the weighted
averages of each operation for all of the gages. The
results shown in Table IV-1 are that Phase I ground
seeding increased precipitation from convective bands
in the Santa Ynez watershed by an average of 48 percent;
that Phase II air seeding increased band precipitation
an average of 39 percent; that seeded band precipitation
was 59 percent of unseeded band precipitation for Phase
II ground seeding; and that on an average basis, band
precipitation in the Upper Santa Ynez watershed was in-
creased 27 percent. Phase II ground operations suffered
from an extremely small sample size which unfortunately
distorts the true picture. Of the 30 sample bands for
Phase II ground operations, twenty were seeded while 10
were left unseeded. Most of the seeded bands produced
no precipitation, while a few of the unseeded bands were
exceptionally high rain producers. This can be seen by
observing the higher than normal average precipitation
per band for Phase II ground operations in Table IV-1
at stations M 105, M 230, N 15, E 1253, and S 232. »
Stations N 14 and N 17 did not record the few exceptionally
heavy unseeded bands and display a more normal average
precipitation per band.

Table IV-2 summarizes the Phase I and Phase II
results in terms of the ratios of seeded band precipi-
tation and unseeded band precipitation. These ratios

were arrived at by averaging the results from rain gages

representative of each watershed. The detailed data for

each watershed are shown in the Appendix.
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Analysis of Results

Table IV-2 shows the results of the Water Agency analysis
of the data. Each number was derived in the manner de-
scribed in the previous section. Basically, the final
ratios represent the average of groups of rain gages within
each watershed. The results of Phase I and Phase II air
seeding indicate definite increases in band precipitation.
The overall annual increases for each watershed are half
the percentage shown, since band precipitation accounts

for only about 50% of the total annual precipitation in
Santa Barbara County.

The results of Phase II ground seeding were dis -

appointing and can be misleading. They are "primarily

due to the relatively small number of cases and to the
uneven random draw that saw several bands with large

totals fall into the not seeded category" (4). The data
are presented for completeness and should not be construed
as an indication of decreases in precipitation due to

cloud seeding. Even with the Phase II ground seeding

data included, the combined data for all operations between
1967 and 1974 show significant increases in all but three
watersheds. Unlike the results formulated by North American
Weather Consultants, the Water Agency data were not
scrutinized using statistical tests.

The analysis of Phases I and II done by North American

Weather Consultants concerned itself with the entire network

of gages rather than just certain areas. Fach station
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was analyzed for precipitation increases and effects on
band duration. There was an attempt at determining effects
of various temperatures and pressures. The results of

the precipitation analysis were presented in map form and
are shown in Figures IV-3 thru IV-8 . It should be
stressed that the overall pattern in the figures is more
significant than the absolute value of the ratio number (4).

Figure IV-3 = shows the areas of equal seeded/not
Seeded ratios for band precipitation for Phase II air
seeding. As shown, the areas of greatest effect are three
parallel bands running north-south across Santa Barbara
and Ventura Counties. These bands are all parallel to
the path followed by the airplane.

Figure IV-4  displays the areas of statistical
significance for the Phase II air operations. The statis-
tical significance is based on the application of the
Wilcoxon, Mann-Whitney U test which is a standard, non-
parametric, statistical test. It compares the two samples
(seeded and not seeded) by ranking and determines whether
there is a significant difference in their means. Most
of the data showed significance levels over 10%. This
indicates that the prebability is greater than 10% that
the difference in means may be due to chance alone. There-
fore, those stations with significance levels less than
10% represent very conclusive results. For Phase II air
operations, 21 stations were 10% or better with 9 being

better than 5%,
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Figure IV-5 shows the areas of equal seeded/not
seeded ratios for band precipitation during Phase I ground
operations. The two major areas of effect are generally
downwind of the seeding site, which is to be expected.
Figure IV-6 shows the areas of statistical significance
associated with Phase I ground seeding. Twenty-seven
stations had statistical significance of 10% or better.

Figures IV-7 and IV-8 deal with Phase II ground
operations. It can be seen that there were areas which
indicated positive results, but that most of the region
shows negative results. Yet only six stations have sig-
nificance levels better than 10 percent for the negative
results. One of these is in the target area.

A similar analysis concerning convective band duration
is presented in the Naval Weapons Center report. The results
indicate that seeded bands tend to slow down in their
movement across the county. The areas which showed the
most effect correspond directly with the areas which showed
increments in precipitation. A temperature analysis is
also presented which indicates that the seeding was more
effective on the warmer clouds. When the 500 mb temperature
was less than -22°C, seeding of the convective bands failed
to increase, and in some cases is thought to have decreased
the precipitation.

An attempt was made to correlate change in surface
pressures associated with cloud seeding. Theoretical
calculations showed that pressure should be reduced due

to heating of the air by the latent heat of fusion in the
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nucleating zone and associated updraft increases. Analysis
of Phase II data showed some pressure decreases, but none

of the data showed high statistical significance.

RUNOFF AUGMENTATION

Methodology Used

The basic approach taken in estimating runoff expected
increases due to cloud seeding involved the development
of a relationship bewween rainfall and runoff. On Santa
Barbara County, conspicuous streamflow occurs only after
periods of rainfall. Most streams are dry throughout
the summer. Daily records exist for rainfall at various
locations and for streamflow in various streams. The
Water Agency staff collected daily records for the major
watersheds for a selection of "wet," 'dry," and '"normal"
years. An attempt was made to display the runoff-rainfall
relationship by plotting the .accumulated runoff versus
the accumulated precipitation for 30-day periods during
the rainy season. In general, the graphs show that rain-
fall which comes later in the season produces more runoff
than similar amounts of rain early in the season. This
is to be expected, since the watershed is more likely to
be saturated by the end of the rainy season. This graphi-
cal approach was abandoned in favor of another, since it
~could not be used to determine increments from cloud
seeding.

The methodology eventually adopted involved the

calculation of runoff as a percent of the rainfall over
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the watershed. Again, 30-day periods were used, each
picked to include "whole" storm periods (i.e. whenever
possible, storm periods were not split up into separate
30-day periods). For each 30-day period, the runoff
over and above the estimated base flow was calculated.
This net runoff was compared with the total rainfall
during the period by converting both quantities to equi-
valent units (acre-feet). Rainfall over the watersheds
was estimated (in inches) using the records of a nearby
raingage, and converting by an index factor based on
S.B. County Flood Control isohyetal maps. By multiplying
by the watershed acreage and dividing by twelve, the total
applied water was calculated. Runoff (in cfs days) was
converted by multiplying by the number of seconds in a
day (86,400) and dividing by the number of cubic feet
in an acre-foot (43,560). Runoff was divided by rainfall
to see what percent of rain came off as streamflow.
This figure was plotted for each storm period against
the total rain for the period. Generally, periods of
larger amounts of precipitation had a larger percent of
runoff. This is due to the flashy nature of runoff in
most Santa Barbara County watersheds. Prior watershed
conditions and the intensity of the rainfall are addi-
tional variables to the relationship which were not ac-
counted for in these graphs (see Appendix for graphs).

In order to calculate the expected increments in

runoff from cloud seeding, it was decided to assume a
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standard increase in precipitation (15% based on previous results)
~and apply this increase at each point on the graph. When all of
the data were plotted, trend lines were drawn according
to the pattern of data points. Sometimes it was possible
to draw three trend lines corresponding to runoff early
in the season, the middle of the season, and at the end.
For each data point not on a trend line, a line parallel
to the trend line was drawn through this point. Finally,
for each point, the augmented precipitation was determined
(actual plus 15%), located on the trend line, and a new
percent of rainfall as runoff was read off the ordinate.
Using this percentage, the augmented runoff was calculated.

Once the watershed is saturated, any increment in
precipitation will run off directly. It is at this point
that cloud seeding can be the most effective in producing
incremental runoff. At the same time however, flood
potential becomes a hazard to be avoided. The calculated
increments in runoff had to be revised to account for
periods during which seeding operations would most likely
have been suspended. Of the sample years which were used,
the following had substantial floods: 1951-52, 1957-58,
1961-62, and 1968-69. Whenever one of these years was
used in the analysis, certain 30-day periods were cor-
rected to reflect flooding conditions.

These procedures estimated the expected runoff in-

crement during the storm season resulting from a 15%

increase in precipitation. They do not address the problem
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of identifying increases in runoff which would be evident
during the remainder of the year. Although this additional
increment is relatively minor, the Water Agency attempted
to quantify it. Using data for the Sisquoc River, a

family of curves were drawn which approximated the decay

in streamflow (in the absence of any additional rain)

from different initial levels of flow. For each year

under consideration, the augmented remainder of the year
runoff was calculated, as were the augmented runoff amounts
for the gaps between 30-day periods. The end result

showed that with the remainder of the year runoff figured
in, the percentage increase in runoff was two to four percent
higher than without it accounted for. The methodology

used to obtain these results was exceedingly tedious,
however, and it was not carried out for any of the other
water courses. The overall results can be viewed as
conservative, then, and may be increased a few percent

to account for remainder of the year runoff.

Approximation of Augmentation

Tables IV-3 thru IV-8 show the final results for each

of the watersheds. The percent increase in runoff which
was determined corresponds to a 15 percent increase in
rainfall and makes allowance for the suspension of oper-
ations during flood periods. The range for increases

was from 12 percent tc 42 percent (excluding those years
which were reduced to account for the suspension of oper-

ations). It must be noted that while this range 1is
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substantial, the actual amounts of incremental runoff
vary considerably. During wet years, incrementai runoff
can be much greater than during a dry year, even though
the percentage increases may be the same. It is an un-
fortunate reality that cloud seeding is of little help
in a dry year and may be unnecessary in a very wet year.
Its value lies in the effect it has on runoff during
years of average precipitation. The years 1973-74 and
1974-75 were considered average rain years, and potential
runoff increases were calculated for all of the water-
sheds shown in Tables IV-3 thru IV-8. Increments range
from 24 to 42 percent, and assume a 15 percent increase
in rainfall. The predicted runoff increments for the
six watersheds were 11,670 AF and 12,620 AF for 1973-74

and 1974-75, respectively.

Approximation of Yields

The determined increments for a cloud seeding program
appear substantial, however, not all of these increments
can be considered as yields. The yield of these expected
runoff increments can be divided between surface reservoir
yields and groundwater recharge via stream seepage. Re-
charge will be considered in subsequent sections of this
report. EXtra reservoir yields depend mainly on whether
the water is released for groundwater recharge, or whether
it is drawn off as a safe yield for surface deliveries.

In general, the incremental yield for a groundwater recharge
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reservoir will approach the increases in runoff. This

yield is limited by the capacity of the reservoir and

the existing condition of the groundwater basin. For

Twitchell Reservoir, the capacity is great enough to

limit spills to rare years. And it seems likely that

the Santa Maria Groundwater Basin could easily accept

an incremental yield to Twitchell since it accepted such

a large amount during and after the floods of 1969. Actual

increased yield for Twitchell was not individually calcu-

lated. It is included in the stream seepage increments.
Yield estimates for potential reservoirs were made

by Bookman § Edmonston in their Engineering Study of

Potential Dam Projects, April 1977 (12). These estimates

included incremental yields as a result of cloud seeding,
based on information provided by the Water Agency. One
such potential reservoir would be located on Salsipuedes
Creek. The water could be used for surface deliveries

to Lompoc, or it could be released on a regulated basis
for groundwater recharge in the Lompoc Plain. The ground-
water replenishment type operation appears to be more
feasible economically. The incremental yield for this
choice of reservoirs was estimated to be 500 AFY., It

was based on preliminary data developed by the Water
Agency, and assumed that cloud seeding would enhance
precipitation by 6 percent, and runoff by 9 to 14 percent.
Subsequenf studies by the Watef Agency have suggested

that an operational program (in particular an aerial
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program) may have a more substantial impact on rainfall
and runoff. Therefore, this incremental yield should
be viewed as a conservative figure.

The other potential reservoir would be located just
below Round Corral Canyon on the Sisquoc River. The
stored water would be released in conjunction with Twitchell
Reservoir water for maximum recharge benefits in the
Santa Maria Groundwater Basin. The Bookman & Edmonston
report (12) indicated incremental yields of 800 AFY for
the 50,000 acre-foot capacity, and 1,100 AFY for the
80,000 acre-foot reservoir. These figures were based
on data developed by the Water Agency. It was assumed
that cloud seeding enhanced precipitation by an average
of 14%, and runoff by 4 to § percent in dry years, and
18 to 20 percent in wet years.

Incremental yields for certain Santa Ynez reservoirs
were more difficult to estimate since the reservoirs are
operated on a safe yield basis. During years of heavy
runoff most of the increment due to seeding may be lost
when reservoirs spill. In addition, during years with
low flows, some of the incremental runoff will be con-
served for later use. In order to estimate the increase
in safe yield, mass curves were drawn for each reservoir
showing the accumulated net inflows. On the basis of
these graphs, the most critical dry period was chosen.
Inflows into the reservoir were increased by 20 and 30

percent (see Table IV-7) to approximate the low and high
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results of cloud seeding efforts. Mass curves were then
drawn for these augmented inflows. The safe yield can

be determined, given the usable capacity of the reservoir.
A tangent is drawn from the high point on the mass curve
just prior to the critical dry period. The tangent is
drawn in such a manner that the maximum departure from
the mass curve does not exceed the specified reservoir
capacity. The slope of the tangent line, then,represents
the rate at which water could be safely removed from the
Teservoir without running out of water. Shown below is

a summary of the results. The graphs and inflow data

are shown in the Appendix.

Assumed Length of  Assumed

- Usable Critical Safe Range of

Capacity Period Yield Increment
Reservoir (AF) (Years) (AFY) (AF)
Cachuma 188,700 7.58 24,800 2,200-4,400
Gibraltar 7,200 4.67 1,600 240-360
Jameson 5,880 5.67 950 90-120

It must be noted that these increments do not account for
increased evaporation losses and increased releases to
satisfy prior downstream rights. To allow for these,

1t was assumed that 20% would be lost to increased evapo-
ration and phreatophytic consumption. For the remaining
yield, it was assumed that half would be released down-
stream and half would be realized as surface deliveries.

In this respect then, yield from Cachuma could theoretically
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increase 900-1,800 acre-feet per year for both surface
deliveries and downstream releases. Similarly, yield from
Jameson could theoretically increasev40-50 AFY and from
Gibraltar 100-150 AFY. These yieldgf?;present both surface
deliveries and downstream releases,.

It is difficult to assign a firm incremental yield
to Gibraltar since it is operated on a conjunctive use
basis as opposed to safe yield. The actual yield from
this reservoir is dependent on the maximum diversion allowed
during the course of the rainy season. No attempt was
made to estimate an increase for the reservoir operated
on this basis since an answer might involve exploring
sensitive water rights questions, which is beyond the
scope of this report.

In order for the Cachuma Member Units to actually
realize incremental yields from the reservoir, a more
exact increase of the yield would have to be determined
by the Bureau of Reclamation who regulates the project.
The Bureau is currently investigating possible cloud seeding
yields to Santa Barbara and Ventura Counties. They are
developing computer models of various watersheds, including
the Santa Ynez River, with hopes of predicting augmented

streamflow. Results of their studies will be forthcoming.

GROUNDWATER RECHARGE AUGMENTATION

Rainfall Infiltration

Natural recharge to groundwater basins occurs through the

deep percolation of rainfall and seepage losses from
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streams. As cloud seeding enhances rainfall and runoff,
it will also enhance the recharge of the various ground-
water basins. The methodology used to determine incre-
ments of recharge was based on methods of H. F. Blaney.

In 1933, Blaney made direct measurements of rainfall
infiltration in areas of various soil types and vegetative
cover in Ventura County. In 1956, he studied the same
problem in the Lompoc area. Results from both studies
seem to agree, and his methodology is generally accepted
as the best available approximation of deep percolation
rates for Santa Barbara County. Geotechnical Consultants,
Inc. presented Blaney's data and their own model in their

Carpinteria report (14). On the basis of these data,
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the Water Agency drew the graphs shown in Figure IV-9.
These lines were drawn as the best approximation of thg”
data points. Their equations were programmed into a
computer so that annual infiltration amounts could be
generated. These amounts depended on yearly precipitation,
recharge area, and the extent of irrigated agriculture

in the recharge area. In general, no infiltration will
occur with less than 10 inches of precipitation, and no
more will occur after 30 inches. The amount of water
which percolates is also dependent on consumptive use

by vegetation, the intensity, duration, and amount of
precipitation, and the permeability of the soil. Citrus
type land cover allows much percolation, since there are
shallow roots, and a relatively high soil moisture content
1s maintained by irrigation. Any irrigated agricultural
area increases deep penetration of rainfall because the
soil is already moist. Much of the initial rainfall during
the rainy season goes toward overcoming soil moisture
deficiency in areas of native vegetation.

In order to calculate rainfall infiltration, it was
necessary to know the extent of the recharge and confined
area and how much irrigated agriculture exists in these
areas. Table IV-9 shows these data. The figures for
irrigated agriculture were determined by planimetering
the maps produced by the Geography Remote Sensing Unit
at UCSB in the Agricultural Land Use Survey, 1975. For

each basin, these acreages were put into the computer
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Figure IV-9

RAINFALL INFILTRATION CURVES

FOR SANTA BARBARA COUNTY

Curve A represents the
rate for irrigated
lands

Curve B represents the
rate for non- N
irrigated lands

data points gener-
ated by Blaney (14)

data points gener-
ated by Geotechnical
Consultants (14)
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program and infiltration data were generated according

to annual rainfall. This was done over a variety of base
periods which lasted at least 45 years. The average
infiltration was then computed. This figure reflects
current agricultural acreage, and therefore cannot be
considered to be the historic average infiltration. The
next step involved running the computer program again,
this time with each annual rainfall increased by a per-
centage corresponding to the results of Phases I and II
cloud seeding. The increase in average infiltration for

each basin is shown in Table IV-10.

Stream Seepage

Seepage losses from streams occur only in the recharge
areas of a groundwater basin. Once the streamflow reaches
a confined-water area, percolation is minimal. Ideally,
seepage loss is measured by the difference between two
Stream gages - one just upstream of the recharge area,

and one just downstream of the recharge area. Unfortunately,
there are few such arrangements in the county. It can,
however, be estimated on the basis of flow duration curves,
rainfall-runoff records, and the characteristics of the
stream. Cloud seeding-induced runoff increases enhance
seepage loss by incfeasing the depth of streamflow, the
wetted surface area in the streambed and the duration

of flows. 1In order to measure the effect which cloud
seeding would have, the Water Agency tried to develop

runoff/seepage loss curves. Since runoff increments had
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been determined, the corresponding seepage increment could
be calculated from these curves. The results are shown

in Table IV-11. The range of increases in stream seepage
for the Lompoc Plain and for Santa Maria were the only
values calculated by the Water Agency. The other values
are conservative guesses based on these calculations.

The Santa Maria Basin would receive the most benefits,

due to the regulation of flows by Twitchell Dam. The
effect on the Cuyama Basin is high, since seepage from
streams accounts for the major share of recharge. Streams
on the South Coast were treated equally due to their
similiarity. The larger range of values for San Antonio
reflect the larger range of runoff increments. Seepage
losses in the San Antonio are limited by the narrowness
of the stream channel, and by high groundwater levels

over the lower Teaches.

SUMMARY OF YIELDS

Table IV-lZ dispiays a summary of the theoretical benefits
expected from cloud seeding. Yields from Round Corral and
Salsipuedes were included for completeness but were not
figured in the totals since the reservoirs do not exist.
The total theoretical yields from cloud seeding range from

17,540 to 36,400 AFY.
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V - COST CONSIDERATIONS

General

The costs of cloud seeding vary with the type of program
and its extent. It has already been demonstrated that
further research-type programs would be redundant. In
addition, they tend to be less cost effective. Operational
programs, on the other hand, maximize benefits by seeding
all suitable convective bands and minimize costs by not
seeding when conditions are not favorable to precipitation

enhancement,

Type of Seeding

The method by which the cloud seeding nuclei are introduced
to the storm is a main factor in determining costs.
Generally speaking, the costs of ground based seeding are
less than those of an aerial program. Savings result
from elimination of the need for Vandenberg AFB radar and
personnel and of course, the aircraft. The benefits of
ground seeding, however, are concentrated closer to the
seeding site. The results of Phase I ground seeding
indicated that maximum benefits occurred in the Upper
Santa Ynez watershed. In contrast, the Phase II aerial
seeding produced effects mainly on the agricultural areas
in the western portion of the county. Ground seeding
could have more extensive effects if additional seeding
sites were established. Aerial programs still maintain

the advantage of flexibility of the target area. Thus,
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certain areas where watersheds were burned out could be

avoided if necessary. In terms of cost effectiveness

then, aerial seeding over Santa Barbara County would be

better than ground seeding. It is possible, however,

that a combination of the two types of seeding may be

even more cost effective. Such a program was recommended

for emergency drought relief by North American Weather

Consultants in their Proposal for Cloud Seeding in SB Co.,

February 1976 (25).

Cost Estimates

The costs of various programs around the western U.S.

were reviewed, but provided only '"ball park" estimates.

Each program is unique to its area and its costs vary

considerably. The Water Agency staff estimated costs

by extrapolating the costs submitted by NAWC for a 2

month emergency program (25). These estimates were sub-

sequently reviewed and revised by NAWC and are presented

below.

Estimated Costs
6 Month Ground Program

1. Set-up, Retrograde, Final Report

2, Monthly Fixed Costs - 6 mo x $6,800/mo

3. Estimated Reimbursable Costs
Ground Pyrotechnics - 60/mo x 6 mo x $110
Rawinsondes - 20/mo x 6 mo x $100

4, Miscellaneous Costs
EIR . . . . - L] L] » - . L] - . .

TOTAL

1,500
40,800

39,600
12,000

30,000
$123,900



Estimated Costs
6 Month Aerial Program

l. Set-up, Retrograde, Final Report . . . . . . . $§ 6,800
2. Monthly Fixed Costs - 10,000/mo x 6 mo . . . . 60,000

3. Estimated Reimbursable Costs
Aircraft Flight Hrs. - 30 hrs/mo x 6 mo x $140 25,200

Rawindsonde - 20/mo x 6 mo x $100 12,000
4, Miscellaneous Costs

VAFB Radar Technicians . . . . . . . . . . . 4,000

EIR » . - 1 . » L] - - - » L L] . - * - . * - L] 30,000

TOTAL $ 138,000

Estimated Costs
6 Month Aerial and Ground Program

1. Set-up, Retrograde, and Final Report . . . . § 6,800
2. Monthly Fixed Costs - 6 x $10,600 . . . . . . 63,600
3. Estimated Reimbursable Costs
Ground Pyrotechnics - 60/mo x 6 mo x $110 39,600
Aircraft Flight Hrs - 30 hrs/mo x 6 mo x $140 25,200
Rawinsondes - 20/mo x 6 mo x $100 12,000
4. Miscellaneous Costs
VAFB Radar Technicians . . . . . . . . . . . 4,000
EIR » . . L - * . L . L] L] L L} Ll - . s - L] - 30’000
TOTAL $ 181,200

The totals are annual costs (except the EIR) for 6 month
programs. Cloud seeding would only be worthwhile if carried
out between November and April, due to lack of suitable
storms during the balance of the year. The set-up, retro-
grade, and final report costs include aircraft modification
and personnel time for the final report. Monthly fixed

costs include meteorologist and technician time, aircraft
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lease, rawinsonde receiver lease, and miscellaneous equip-
ment. Reimbursable costs will vary with the number of
seeding opportunities. The cost of an environmental
impact report should be considered as an initial cost only.
If cloud seeding were continued on an annual basis, the
cost of updating the EIR would be significantly less than

its initial cost.

Unit Costs

According to Table IV-12, annual yields from cloud seeding
would range from 17,540 to 36,400 AFY. These are based
on an average increment to rainfall of 15 percent for
the entire county. The ground seeding costs as outlined
above should not be applied to these estimated yields
since this type of program would not benefit the entire
county. Aerial seeding would result in these yields,
provided there were enough storms to seed. The unit
costs would range from 4 to 8 dollars an acre-foot. The
actual amount which is calculated is not as important as
the magnitude of these unit costs. Costs will vary from
year to year, depending mainly on the weather. But even
in years with few seedable storms, the cost of the extra
water produced is in the neighborhood of $10-20/AF.
These unit costs are low compared to alternative sources
of water, yet one must also consider the reliability of
this source as an additional factor. Yields from cloud

seeding are only as predictable as the weather.
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VI - ENVIRONMENTAL AND LEGAL CONSIDERATIONS

ENVIRONMENTAL CONSIDERATIONS

General

An environmental impact report would be required preceding
the implementation of any type of cloud seeding program.
Exceptions can occur only when a state of emergency is
declared. This type of EIR has been compiled by other
agencies in California, most notably the Los Angeles County
Flood Control District (5) and the Santa Clara Valley
Water District (27). Both agencies are involved in oper-
ational cloud seeding programs. In addition, the Bureau
of Reclamation and other agencies are performing ecological
investigations throughout the Western U.S. Many of these
programs are ongoing and concerned mainly with the long
term effects of cloud seeding. However, certain aspects
of these studies do not pertain to the Santa Barbara area
due to environmental differences. For example, research
concerned with snowpack duration and avalanche potential
is not relevant to conditions in Santa Barbara County.
Snowfall in Santa Barbara is usually limited to elevations
over 3,000 feet and is very transitory. The environmental
aspects of cloud seeding that do pertain to the Santa
Barbara area can be grouped under physical, biological,

Or socio-economic impacts.
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Physical Impacts

Cloud seeding, through associated increases in rainfall

and runoff, may affect the topography of an area. Increased
rainfall results in decreased slope stability and increased
runoff speeds the erosion process. Quantification of these
negative impacts is impossible. Erosion is dependent

to a great extent on the intensity of the rainfall and
cloud seeding does not effect this facet of a storm.
Instead, the seeding of convective bands tended to widen
and slow them, thus increasing the duration of rainfall.

As discussed before, potential problems such as flooding
and erosion from burned out watersheds can be forecast

and avoided by altering the operation procedures. North
American Weather Consultants is already under contract

with the Santa Barbara County Flood Control District to
forecast potential flood producing storms (25).

Other physical impacts which were brought up in the
Santa Clara Valley report (27) included potential increases
in radiation fogs due to increased soil moisture and po-
tential decreases in soil subsidence rates because of reduced
overdraft of groundwater basins. Air quality is not sig-
nificantly affected by the silver iodide particulates.
Water quality is also not affected since silver iodide
is highly insoluble and is usually present only in such

minute concentrations as to be difficult to detect.

Biological Impacts

Cloud seeding will affect lifeforms in two ways -- the
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increase in rainfall and the presence of larger amounts
of silver iodide. Each of these factors will affect
both terrestrial and aquatic organisms but in differing
ways.

There may be changes in the distribution of individual
species due to minor expansions and contractions of their
habitat ranges. This is a result of prolonging the wet
season, which can alter the balance between competing
organisms. It must be noted that the pattern of rainfall
through the rainy season is not being affected. The timing
of the storms as they proceed over the area would still
be "natural."

Of major concern is the effect of an increased presence
of silver and iodine will have on certain organisms. The
ionic concentrations are quite small, and their effects
are currently being evaluated. 1In terms of the concentration
of iodine in seeded rainfall it has been said that a human
would have to drink 130 gallons of seeded rainfall to eat
the same amount of iodine as in his salted breakfast eggs
(27). Likewise, the concentration of silver in rainwater
is small, being equivalent to that of seawater (.0001 -
.0003 ppm). There is little danger to birds or mammals
since their livers remove silver so that it does not accumu-
late as do lead andmercury.” There may be problems with
the buildup of silver in the soil, especially around ground
generator sites. Evidence so far indicates this is currently

thought to be negligible and studies are continuing.
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Aquatic organisms may be more susceptible to harm
from the increased presence of silver ions. Silver iodide
is only slightly water soluable. The silver ion can be
absorbed from aqueous solution by vegetation and sediments.
It is more toxic to fish than land animals and very toxic
to micro-organisms (27). Studies to evaluate long term
effects as such are being conducted in association with

the Bureau of Reclamation's Project Skywater.

Socio-Economic Impacts

Increased water availability has always increased the
value of Southern California land. Population growth usually
accompanies an increased water availability. In this
respect, cloud seeding must be evaluated for its growth
inducing impacts. The quantities of additional water

made available in years of average rainfall may be con-
Siderable enough to overcome local deficiencies in some
water short areas. This additional supply, however, does
not seem sufficiently reliable or adequate to solve long-
term shortages such as in certain South Coast areas under
water connection moratoria. In this respect it is unclear
as to whether cloud seeding could be considered to have

a growth inducing impact.

Two possible impacts considered by the Santa Clara
Valley Study (27) involved traffic accidents and recreation.
Traffic accident rates in California are related directly
to the weather. Increased rainfall may result in increased

traffic accidents. Recreational activity, likewise, may
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be adversely affected due to increased duration of storms.
Both impacts are extremely difficult to quantify.

Finally, the impacts of cloud seeding on land use,
specifically agricultural land, must be evaluated. Rain-
fall is an integral part of the success of dry farming
in Santa Barbara County and can help reduce the costs of
irrigated agriculture through reduced irrigation. At
the same time, however, excess amounts and poor timing of
rainfall may be equally detrimental to various types of
farming. The needs of all agricultural interests would
have to be evaluated and included in the design of the
cloud seeding programs. Such has been the case in the
Sacramento Valley where a Department of Water Resources
sponsored, summer cloud seeding program has been halted
to avoid crop damage. The program started in July, 1977
with the aim of reducing fire danger, providing some soil
Mmoisture, and increasing streamflows for livestock, fish,
and wildlife. Seeding operations were carried out in late
September which brought objections by farmers who did not
want rain over croplands at harvest time. The program

was halted in response to these objections (36).

LEGAL CONSIDERATIONS

General

The potential exists for legal problems associated with

a weather modification program. There are no existing laws
which affect this practice other than state regulations

requiring licensing, insurance and reporting by weather
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modification firms. It is felt that legal problems will
be solved on a case by case basis through common law
procedures (26). Those cases which are decided then
represent precedents by which future litigation may be
resolved. To date, however, no judgments against cloud
seeders have been made. Many cases have been filed but
only a handful have even reached court. These fall into
three general categories: Liability for damages, owner-

ship of increased rainfall, and downwind effects.

Flood Liabilities

Lawsuits have been filed against cloud seeding operators
for reparation on damages resulting from floods. Loss of
crops, property and life can combine to create enormous
settlement figures. Cloud seeders usually carry liability
insurance which can range into the millions. Yet, settle-
ment amounts are usually far greater than insurance limits.
These limits are meant to cover court costs only. Needless
to say, a cloud seeding program must be suspended when
flooding potentials exist. Awareness of existing watershed
conditions and the characteristics of approaching storms
should provide enough of a warning to prevent a seeding
induced disaster.

One particular suit which is pending was filed by
residents in Rapid City, South Dakota. They are charging
the Bureau of Reclamation with hegligénée in monitoring
the activities of the South Dakota School of Mines. The

school was performing cloud seeding research for the Bureau
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in 1972 when a devastating flood struck. The suit has been

delayed and final judgment is not expected soon (33).

Claims to Benefits

In areas where money is spent on cloud seeding by private
organizations, there is the possibility of dispute over

who may claim the benefits and how much can be claimed.
Incremental runoff amounts would be difficult to enumerate
in court. As such, runoff would most likely be divided
according to existing law. In the case of Santa Barbara
County, cloud seeding would be publicly sponsored, but
there might be some disagreement as to ownership of in-
cremental runoff and incremental groundwater basin yield.
Possibly, runoff under the influence of cloud seeding might
be regarded as runoff under normal conditions and rights
Pertaining to diversion and impoundment might apply accord-
ingly. However, other interpretations are conceivable.
Also, it is possible that an operational program of cloud
seeding might warrant recomputation of safe yields from
surface water reservoirs so operated. This might require
agreements among potentially contesting parties. Cloud
seeding augmented groundwater basin yields would supposedly
be distributed among the various pumpers from the affected
basin., This might be feasible in case a basin has been
adjudicated, following the Los Angeles County Flood Control
District precedent, but it might not be as easy in other

cases.
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Downwind Decreases

Perhaps the most common concern about cloud seeding is that
increased rainfall in one area results in decreased rainfall
downwind. Of all the studies made to date, none has in-
dicated this to be true (33). The precipitation from a
~passing storm is influenced by a dynamic process: As
moisture drops from a cloud it is constantly replaced with
water from the rest of the air mass. Seeding is thought
to enhance the efficiency of the rainfall process causing
more precipitation for the same amount of moisture in the
cloud. Not all of the nucleating agent drops out of the
cloud with rainfall, but, instead some of it drifts along
providing condensation nuclei for precipitation later in
the 1life of the storm.

This accounts for observed increases in rainfall down-
wind of target areas. Such was the case with Phase II
alr seeding where positive results were observed as far
downwind as Ventura and Los Angeles Counties. If there
Were to be .a lawsuit concerning decreases related to
cloud seeding, the plaintiff would have an extremely dif-
ficult task in proving such decreases. Essentially, he
would be required to do as much as cloud seeders have had
to do in proving their point. This would require years

of research and data collection.
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VII - SUMMARY AND CONCLUSIONS

SUMMARY

Historical Experiences in Rainfall Augmentation

1. Cloud seeding has been performed in Santa Barbara
County during 15 of the past 27 rain seasons. The earliest
endeavors suffered from a lack of statistical refinement

in their attempts to evaluate the effectiveness of the
seeding. Later studies (Phases I and II) were able to
express the effects quantitatively with a high degree

of statistical significance.

2. The later studies concluded that precipitation within
convective bands was increased 50 to 100 percent, resulting
in an increase of 25 to 50 percent for the total storm
precipitation.

3. It was demonstrated that the area of enhancement
(target area for augmented rainfall) was fairly well
predictable, but that increased rainfall also occurred

downwind of the predicted cutoff point.

Experiences Elsewhere

4. Various agencies in California and other sections

of the western United States have practiced weather modi-
fication for purposes ranging ff;m snowpack augmentation

to hail suppression. Those agencies which have engaged

in projects most similar to that which could be implemented

in Santa Barbara County are Santa Clara Valley Water
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District and Los Angeles County Flood Control District.

5. The results of operational cloud seeding in Santa
Clara Valley indicate average annual increases in rainfall
of 10 to 15 percent.

6. For the Los Angeles County program, rainfall has
increased an average of one inch or five percent of the
average rainfall on the target area. Corresponding in-
creases in runoff amounted to 10 to 20 percent.

7. The Bureau of Reclamation, under its Project Skywater,
is sponsoring numerous progrmms for both summer and winter
seeding. Results to date are comparable with other projects'

Tesults, and evaluations are continuing.

Theoretical Yields

8. Table IV-12 within this report summarizes the theoretical
yields to be realized from increases of 15 percent in
rainfall. These indicated increases are in the range of
5 to 8 percent for surface reservoirs on a safe yield
basis, and 7 to as much as 38 percent for groundwater
basins. These preliminary estimates are believed conser-
vative, since cloud seeding may increase precipitation

by a larger factor, especially in wet years.

9. The majority of the increased yield would be in the
form of increased groundwater recharge through rainfall
infiltration and stream seepage. Increased yields from
reservoirs are limited by their storage capacities and
safe yield type operation (in many instances) which does

not normally allow much storage space for capture of
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additional runoff.

Environmental Impacts

10. All evidence to date indicates that the environmental
impacts of cloud seeding are relatively minor. The major
effect that it has on the environment is to produce in-
creased precipitation and thus extend somewhat the wet
season. This has not been found to be detrimental.

11. The buildup of silver iodide in the environment has
not been found to be significant in the short run. The
amounts used on an average basis are slight, and the

area of dispersal is quite large (thousands of acres).
Long term effects of a buildup of silver iodide are

currently being investigated by the Bureau of Reclamation.

Legal Considerations

12. The potential exists for legal disputes related to
weather modification activities. Persons who file suit
for damages related to floods are faced with a difficult
task in proving that the flood was specifically caused
by seeding. Plaintiffs claiming damages to crops from
untimely, seeding-induced rainfall may also have difficulties
in advancing their cases, particularly when cloud seeding
is responsibly conducted.

13. As cloud seeding becomes more exact, proof of such
an occurrence may be facilitated. Problems may arise

as to ownership of 'mew" water in groundwater basins and

stream flows.
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14, Since actual increments to a system are difficult

to pinpoint, these disputes would probably be settled

by existing water rights law .

15. Problems associated with claims of downwind decreases
should not arise since no information to date supports
such a claim. In fact, the opposite condition has proved

to be the case.

CONCLUSIONS

1. An operational cloud seeding program, such as might
be contemplated for Santa Barbara County, would probably
be capable of augmenting precipitation over Santa Barbara
County by an average of 15 to 25 percent above normal.

2. Increases in rainfall are due to increased duration
rather than intensity.

3. The presence of a naturally occurring storm system

is required before cloud seeding may be effectively per-
formed. In this respect, cloud seeding is more effective
during years of greater rainfall than otherwise, due to
the increased number of seeding opportunities.

4. Effectiveness of seeding is dependent on cloud temper-
atures, particularly cloud top temperatures. It has

been shown that the storms between November and April

are most likely to have the proper cloud temperatures
conducive to effective seeding.

5. Runoff increases in the order of 20 to 30 percent may

generally be expected from a 15 percent increase in rainfall.
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The fact that runoff increments are greater than rainfall
increments is primarily due to the effects of antecedent
rainfall which saturates the watershed and enhances runoff.
6. The yields to be expected from cloud seeding range
from about 17,500 to 36,000 AFY primarily in the form

of increased groundwater recharge. These yields are
average amounts with lesser amounts realized in dry years
and possibly greater amounts in wet years.

7. Aerial seeding has a wider area of effect than ground
seeding and is much more flexible for changing target
areas. The possibility of a combined aerial and ground
seeding program exists and may allow an even greater
target area.

8. The average annual cost of aerial cloud seeding for
Santa Barbara County is estimated at about $140,000.

A major portion of this cost is the environmental impact
report which would cost more initially than its annual
updating. The cost of a combined aerial and ground seeding
program would be at least $180,000 annually.

9. Unit costs of water produced by cloud seeding range
from §4 to §8/AF. This assumes that average precipitation
occurs. In years of subnormal rainfall, unit costs may

go up, whereas in years of above normal rainfall they

may go down.

10. Environmental impacts currently appear~to be minor,
although a detailed study of potential problems particular
to Santa Barbara County will be necessary to assess this

aspect.
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11. Legal problems may develop as the result of cloud
seeding, mainly with regards to ownership of increments

to the water supply. It is assumed that these disputes

may be settled according to existing water rights law,

with incremental runoff and groundwater being treated

as '"matural." Problems related to potential flood damage
suits must be avoided by the suspension of seeding whenever
certain criteria are met. Crop damage suits would appear
to be somewhat less of a potential problem, assuming

cloud seeding activities were to be confined to the normal
rainy season.

12. The major limitation to cloud seeding benefits is
their reliability. 1In effect, they are only as reliable

as the weather. Cloud seeding can neither prevent droughts
nor end them. It is most beneficial during years of average
and above average rainfall.

13. Having augmented storage capacity in surface reservoirs
and/or in surface reservoirs operated conjunctively with
groundwater basins may improve the yields of wet year

cloud seeding. This aspect has not been evaluated herein.
14. The benefits of a cloud seeding program clearly

appear to outweigh the drawbacks. Accordingly, weather
modification should be considered as a viable source of

long range water supply under appropriate circumstances.
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APPENDIX

Effects of Seeding on Rainfall During Phases I and II

The following tables detail the results shown in Table

IV-2 (p. IV-16). For each watershed, raingages were selected
which would best represent rainfall over the watershed.

The precipitation amounts at each station for each convective
band were summed up for each type of operation. The average
precipitation per band was then found and seeded band pre-
cipitation was compared to unseeded band precipitation

by ratio.
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Runoff Augmentation

The following tables and graphs detail the methodology
used to approximate runoff augmentation for the various
watersheds. First, 30-day periods were selected and
assigned a letter for easier reference. The precipitation
over each period was found and compared by ratio to the
runoff during the period. Allowance was made for varying
base flows. The percent of precipitation which became
runoff was then plotted on a graph against the precipitation
during the period. Trend lines were drawn connecting
periods of similar time periods (early, mid-winter, or
spring). Through each point on the graph an arc was drawn
parallel tétmost representative trend line. The precipi-
tation during the period was then augmented 15 percent and
a new percent of rain as runoff was read from the graph.
Using this percentage the "new" runoff was calculated and

compared to the actual.
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Surface Reservoir Yields

Calculation of yields for Cachuma, Jameson, and Gibraltar
involved the drawing of mass curves showing the accumulated
inflows minus evaporation, spills and releases over a

period of time. The most critical dry period for each
reservoir was then selected and new graphs were drawn showing
just these periods. These graphs are shown on the following
pages. In order to calculate the safe yield for each reservoir
the point of spill was found just prior to the critical
period. From this point a line can be drawn to a point

at the end of the period determined by adding the usable
capacity of the reservoir to the lowest point in the period.
The slope of the resulting line represents the rate of
withdrawal that could have occurred during the period,which
would not have exceeded the usable capacity. This provides
the safe yield figure. To find the effects of cloud

seeding, inflows were augmented 20 to 30 percent, and new
curves were drawn. The new point of spill was determined

and the slope of the new safe yield line was determined.

If inflows to the reservoirs are increased, then evaporation
losses and downstream releases would also increase. In

order to accurately account for these, an operational study,
possibly with the aid of a computer, would be necessary.
Since this is beyond the scope of this report, the Water
Agency made estimates allowing 20 percent for increased
evaporation lossess. It was assumed that the remaining
increment would be divided equally between downstream releases
and surface deliveries.
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JAMESON INFLOW
[as per 68/Cl Ref. (13)]

Augm. Augm,
Inflow 20% 30%
Year End to Evap. Releases Net Net Net
Sept. 30 Jameson -Rain + Spills Inflow Inflow Inflow
1945-46 3.5 0.2 1.9 1.4 2.0 2.4
46-47 1.4 0.2 0.7 0.5 0.8 0.9
47-48 0.3 0.2 0.3 -0.2 -0.1 -0.1
48-49 0.3 0.2 0.3 -0.2 -0.1 -0.1
49-50 0.5 0.1 0.5 -0.1 0.0 0.0
1950-51 0.1 0.1 0.1 -0.1 -0.1 -0.1
§51-52 11.6 0.0 5.6 6.0 8.3 9.5
Accum. Accum,
Accum. 20% 30%
Net Net Net
Year Inflow Inflow Inflow
1945-46 1.4 2.0 2.4
46-47 1.9 2.8 3.3
47-48 1.7 2.7 3.2
48-49 1.5 2.6 3.1
49-50 1.4 2.6 3.1
1950-51 1.3 2.5 3.0
51-52 7.3 10.8 12.5

Spill 1945-46 - March and April 1946 - net inflow to this point = 1.8

Critical dry period was May 1946 - January 1952
5.67 vyears

Length of period = 5 years 8 months
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JAMESON YIELD CALCULATIONS

to locate spill point (April-May 1946) on graph

actual +20% +30%
inflow to this point 3.4 4.1 4.4
spills + release -1.6 -1.6 -1.6
accum. net inflow (spill point) 1.8 2.5 2.8

assume 5,880 is usable storage -

accum. net inflow in 1951 = 1.3 + 5,88 = 7.18
minus spill point = 1,80

5.38

so safe yield under actual conditions = 5.38

5.67 years = 950 AFY

for 20% increment -

accum., net inflow in 1951 = 2.5 + 5,8
minus spill poin

t+ co

5.88 «— 5.67 = 1,040 AFY,

.

which is an increase of 90 AF

for 30% increment -

accum. net inflow in 1951 = 3.0 + 5.88 = 8.88
minus spill point =

6.08 - 5.67 = 1,070 AFY
which is an increase of 120 AF
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GIBRALTAR INFLOW
[as per 68/Cl Ref. (13)]

Augm. Augm,
Inflow 20% 30%
Year End to Evap. Releases Net Net Net
Sept. 30 Gibral. -Rain + Spills Inflow Inflow Inflow
1946-47 11.1 1.3 5.7 4.1 6.3 7.4
47-48 0.4 0.5 0.7 - 0.8 - 0.7 - 0.7
48-49 1.5 0.1 0.8 0.6 0.9 1.1
49-50 3.1 0.1 0.8 2.2 2.8 3.1
1950-51 0.1 0.2 0.1 - 0.2 - 0.2 - 0.2
51-52 101.1 0.3 86.6 14,2 34.4 44.5
Aug. Aug
Accum Accum
Accum. 20% 30%
Net Net Net
Year Inflow Inflow Inflow
1946-47 4.1 6.3 7.4
47-48 3.3 5.6 6.7
48-49 3.9 6.5 7.8
49-50 6.1 9.3 10.9
1950-51 5.9 9.1 10.7
51-52 20.1 43.5 55.2
Gibraltar spilled in March 1947
Oct 0.0 0.1 0.0 20% Aug net inflow at spill
Nov 2.2 -0.1 0.0 30% Aug net inflow at spill
Dec 4.6 -0.1 2.0
Jan 2.2 0.0 2.0 No inflow until December
Feb 0.8 0.1 0.5 So length dry period
Mar 0.7 0.0 0.4 Is 4 years 8 months = 4.67
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GIBRALTAR YIELD CALCULATIONS

spill point for graph at end of March 1947

20%
actual avg
5.6 7.7

assume usable capacity = 9,300 - 2,100 = 7,200

7.2 13.1
+ 5.9 - 5.6
13.1 7.5

1,600 AF safe yield on actual inflow

20% augmentation -
low storage in 1951: 9.
7

[t}

usable capacity

= spill point on graph

8.6 - 4,67 = 1,840 = new safe yield which

is an increase of 240 AFY

30% augmentation -
low storage in 1951: 10.7
+7.2 = usable capacity

-8.75= spill point on graph

9.15+ 4,67 = 1,960 = new safe yield which

is an increase of 360 AFY
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CACHUMA INFLOW
[as per 68/C1l Ref. (13)]

Augm, Augm.
Inflow Eva- Prior 20% 30%
. Year End to pora- Rights Net Net Net
Sept. 30 Cachuma tion Releases Inflow Inflow Inflow
1942-43 176.7 10.5 5.8 160.4 195.7 213.4
43-44 86.5 10.4 5.7 70.4 87.7 96.4
44-45 36.1 10.3 6.6 19.2 26.4 30.0
45-46 33.5 10.0 7.7 15.8 22.5 25.9
46-47 9.4 9.0 7.1 - 6.7 - 4.8 3.9
47-48 0.1 7.6 0.1 - 7.6 - 7.6 - 7.6
48-49 0.6 6.3 0.6 - 6.3 - 6.2 - 6.1
49-50 1.6 4.9 1.6 - 4.9 - 4.6 - 4.4
1950-51 0.0 3.0 0.0 - 3.0 - 3.0 - 3.0
51-52 182.9 9.0 8.1 165.8 202.4 220.7
Accum Accum,
Accum. 20% 30%
Net ~ Net Net
Year Inflow Inflow Inflow
1942-43 160.4 195.7 213.4
43-44 230.8 283.4 309.8
44-45 250.0 309.8 339.8
45-46 265.8 332.3 365.7
46-47 259.1 327.4 369.6
47-48 251.5 319.9 362.0
48-49 245.,2 313.7 355.9
49-50 240.3 309.1 351.5
1950-51 237.3 306.1 348.5
51-52 403.1 508.5 569.2

Spilled Feb, Mar, April 1944 - Reservoir full during May (EOM Stor 204.8)
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CACHUMA YIELD CALCULATIONS

To find spill points on graph (May 1944)

actual 20% 30%
monthly inflows to this point 84.4 101.3 109.7
evaporation + releases -6.9 -6.9 -6.9

+ accum., net inflow to this point 160.4 +195.7 +213.4
237.9 290.1 316.2

critical dry period May 1944 - Dec 1951 = 7 7/12 = 7.58 years
Assume usable cpcy = 188.7

low point in 1951: 237.2
+188.7 = usable capacity

426.0
-237.9 = spill point on graph

188.1 = 7.58 = 24.8 KAF = actual safe yield

for 20% increment -
low point in 1951: 306.1

+188.7 = usable capacity
494.8
-290.1 = spill point on graph

204.7 - 7.58 = 27.0 KAF = inc. of 2,200 AFY

for 30% increment -
low point in 1951: 348.5

+188.,7 = usable capacity
537.2
-316.2 = spill point on graph

221.0 =+ 7.58 = 29.2 KAF = inc. or 4,400 AFY
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Rainfall Infiltration

The following tables display the calculation for increases to
groundwater recharge by deep percolation of rainfall. The
graphs shown in Figure IV-9 (p. IV-42) were programmed

into a computer. Irrigated and non-irrigated recharge area
were included as additional variables. Once set up, the
program generated the infiltration for the year, given the
rainfall. For rainfall under 10 inches, no infiltration
occurred. After 30 inches of rainfall, no more infiltration
was assumed to occur. For each basin, the program was

run for a base period which included equal numbers of dry
and wet years. To find increases due to weather modification,
the rainfall amounts were increased 15 percent, and the
program was run again. Allowance was made for flood years

when seeding would most likely have been suspended.
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Stream Seepage

The following graphs show runoff versus seepage losses

for the Santa Maria and the Santa Ynez Rivers. They were
derived from USGS stream flow records. With the increase

in runoff having been determined, incremental seepage losses
were read from these graphs. Unfortunately, figures for
other areasof the County could not be determined in this
fashion due to the lack of suitable stream gage arrange-

ments necessary for seepage loss calculations.
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