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INTRODUCTION

In recent years there have been many afforts to nmodify thunderstorms
through cloud seeding. Most of these programs and experiments were designed
to increase rainfall, although a significant number were efforts to suppreas
hail or reduce lightning. Thunderstorm (convective cloud) seeding programs
and experiments in Arizoma all have been efforts to increase rainfall, since
much of Arizona, aad particularly goutharn Arizona, 1s dependenc directly or
indirectly on thunderstomrm rainfall for water supply and forage production. For
example, in southeastern Arizona increasing thunderstorm rainfall by 25% would
almost double annual runoff, while decreasing it by 25X would about halve annual
runoff (Osborn, 1972). Thia papar includes a review and discussion of convective
cloud geeding efforts in Arizona before 1971, and a hydrologic analysis of the
oper;tional convective cloud seeding program carried out in Arizona in the summer
of 1971. The results of the study furéher emphasize need for more controlled

eéxperiments on a large areal scale,

SANTA CATALINA EXPERIMENT . BN
One of the mogt comprehenaive randomized cloud seeding experiments in this L &
country was conducted by the Institute of Atmoapheric Physics, University of

Arizona over the Santa Catalina Mountains from 1957 through 1964 (Battan and
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Kaggander, 1960). Since there were aignificant changes in operational procedures
between 1960 and 1961, the experiment was officially described by Battan (1966)

as two experiments, frum 1957 through 1960, and in 1961, 1962, and 1964 (there
was no seeding in 1903). Silver ifvdide was seeded upwind from the Santa Catalinas
at about 20,000 feet above MSL during the first experiment, and at about 12,000
feet above MSL (the cloud base) in the second, Also, different ailver iodide
generators were used and experimental days were determined somewhat differencly
after 1960. The experiments were randomized with seeding days determined

as those with more than a predetermined minimum level of molature aloft. Seeding
began at 12:30 pm and continued for over 2 hours and up to 4 hours. In the

first experiment, rainfall was estimated from a network of 26 recording rain
gages unevenly scattered over and near the Santa Catalinas. In the second experiment,
several gages were added in the Santa Catalinas, but gages near the mountains
were removed., Therefore, estimates of rainfall were more accurate for the second
experiment becaugse of the greater gage density, but applied to a considerably
Smaller area.

Battan (1966) analyzed the experiments in considerable detail. His analyses
of seeding effects on rainfall, which is most pertinent to hydrologists and
others intereated in water use and supply in Arizona, was restricted to a S-hour
period, 1:00 p.m. to 6:00 p.n., which seemed ren;;nabla at the time. Battan
reported that there was no evidence from theae experiments to support the hypothesis
tnat gseeding with silver iodide increased rainfall amounta or areal extent.

He added that there waas 30X leas rainfall on seeded days, but that this decrease
wag not significant. Finally, he concluded that additional research was needed

on convective cloud aseeding "to resolve the conflicting views on the physics

of convective precipitacion and on the efficacy of variocus cloud seeding taechniques."
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The posaibilitiea of more widespread effects of seeding ware not analyzed
at that time, because there were few recording rain gagea within a 20-to 30-mile
radius of the Santa Catalinas, and because more widespread effects were not
anticipated. However, subsequent indication of possible wideapread effects of
cloud seeding over longer periods {n the Whitetop Experiment (1961-1965) in
Missouri, reporcted by Lovaasich and othars (1969), led to analyses of recording
and standard rain gage records throughout south-central and southeastern Arizona
for 1957-1964 in an effort to identify any possible changes in rainfall amounts
or patcerns from seeding in the Santa Catalinas.

Included {n the analyses were recording rain gage records from a dense
network of gages located on the USDA, ARS Walnut Gulch Exparimental Watershed
65 miles southeast of the Santa Catalinas. Neyman and Osborn (1971) reported apparent
effects of seeding on Walnut Gulch rainfall based on records from 26 recording
gages that were in continyous operation from 1957 through 1964, They found
that when Walnut Gulch was roughly "downwind” from the Santa Catalinas, there
was 70% less rainfall for the 24~hour period after seeding as opposed to noc-
seeded daya, which was statistically highly significant (P = .008). When Walnut
Gulch was roughly "upwind” there also was less rainfall on seeded as opposed
to not geeded axperimental days, but the differences were not significant.
For all experimental days, there was 40% less rainfall on seeded days, which
wag statistically significant (P = .03). The categories of "upwind" and "downwind”
are baged on dividing the data into 2 sets with wind directions across 180°
in each set. Although admittedly crude, the subdivisions ageemed teaabnable.
particularly since any seeding offacts at 65 miles probably would ba postulated
to be indirect rather than from diract contamination of silvar iodide nuclet, ‘
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Average hourly rainfall amounts for 14 hours from noon to 2:00 a.m. are
plotted for two situations~-downwind and all experimencal daya (Figure 1),
On seeded days when Walnut Gulch was downwind from the Santa Catalinas, the
characcteriacic double peak of rainfall wae missing and rainfall was less than
on nonseeded days unti! about midnighc. On upwind days (not plotted) both peaks
were evident for both seeded and nonseeded days, althcugh both peaks were lower
on seeded days. On all experimental daya, seeded rainfall was less than nonseeded
from about 3:00 p.m. to about 2:00 a.m. If the saeding did indeed affect rainfall
on Walnut Gulch, the timing indicated in che two plots in Pigure 1 seema ‘reasonable,
Further analyses of the Santa Catalina data for 24 hours following seeding,
indicated a greater difference in rainfall amounts on seeded as opposed to nongeeded
days for the second experiment (Figure 2)., Thias suggeats that changes in exparimental
procedures between 1960 and 1961 did make a difference and that, as Battan
(1966) suggested, analyses of the 1957-1964 data should be on two sets of data.
However, the differences between the two experiments were not statistically
significanc.
Comparison of Santa Catalina and Walnut Gulch data suggest that seeding
may have affected rainfall less on the targec than 65 ailes from the target. There
are two obvicus explanations of the contradictions in Walnut Gulch and Santa
Catalina analyses. Pirst, the differences wmay have been entirely by chance
and have had nothing to do with seeding; sacond, the overall effects of convective
cloud seeding may have been indirectly greater in scma areas surrcunding the
target than on the target. Also, the Walnut Gulch rain gages represented a
denger network and therefore provided a mora accurate eatimate of rainfall over
a limited area than the Santa Catalina 8ages, particularly in the first experiment;

80 direct comparison of differances may be imcorrect. However, enough questions
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Figure 1. Hourly average rainfall on selected

days, Walnut Gulch watershed, 1957-1964.
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Figure 2. Hourly average rainfall for first and
and second experiments, Santa Catalinas.
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have been raised by analyses of Santa Catalina and Walnut Gulch data to juscify
further analyses of other rainfall records in Arizona, and to warrant further

experimentation.

OTHER ARIZONA CLOUD SEEDING (before 1971)

From 1966 through 1970, individual convective clouds were seeded under
the supervision of the U, S, Bureau of Reclsmation near Flagstaff, Arizona.
The program was based on the belief that under certain conditions adding silver
iodide nuclel to a convective cloud would promote more rapid freezing, thus
releasing added heat that would cause the cloud to grow more rapidly and release
greater amounts of precipitation. Weinstein and McCready (1969) reported on
early results of these experiments based on their one-dimensional model of
a cumulus cloud. In cheir paper, and in later papers by Weinstein (1970, 1971,
and 1972) in which model results were extrapolated over large areas, conclusion;
were based on changes in reflectivity after seeding as estimated by J-ecm radar,
with these changes related to predicted but unmeasured changes in rainfall amounts
during che experiments. The validity of che model and the claims of success
for the experiment have been challenged by several investigatora. Warner (1970)
challenged the realigy of the model and Dennis and Schock (1971) stated "results
of seeding experiments aimed at 1$d1v1du¢1 cloude or emall target areas can
not be extrapolated to predict accurataly the effects of seeding over large
areas."”

The experiment failed to anawer several questiona. Among these are (1)

what might have happened to a apecific cloud if it hadn't been asceded; (2) if
there vere gignificant changes in the seeded cloud, did these changes mean

an appreciable increase in rainfall ac the ground; and, (3) if there were
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significant changes in the seeded cloud, did these changes affect the pocential
for cloud growth and resulting ratnfall in surrounding clouds. To date, these

questions have not been answered saciafactorily,

1971 ARIZONA CLOUD SEEDING

An intensive program of seeding individual cuzulus clouds with silver lodide
from airplanes was carried out in the summer of 1971 in central and eastern
Arizona under che supervision of the U. S. Bureau of Reclamatfon. The program
was patterned after the earlier Arizona experiments (cited previously) and
sinmilar experiments in Florida reported by Woodley (1970) and Simpson and Woodley
(1971). Three planes were stacioned in Safford, one in Flagacaff, and one
in Show Low with seeding concentrated along the Mogollon Rim on the Salt River
Watershed (Figure 3). U. S. Weather Bureau climatological diviaions are alsa
indicaced in Figure 3. Clouds were seeded daily from July 20 through August
15. 1In August, it was reported that by the end of the period the seeding would
have produced 400,000 acre-feet of additional summer rain over 20,000 asquare
miles (Tucson Daily Citizen, August 14, 1971). This would amount to about 3/8
inch or 152 of the estimated summer rainfall of 2.5 inches for that period.
An increage of 152 18 well within any reasonable statistical confidence limits
for prediction based on the highly variable thunderstorm rainfall. The method
used o estimate 400,000 acre-feet of additional rain (most recently reported .
in the Tucson Daily Citizen, March 19, 1972, as 200.000‘acre-feet, or lesa
than 1/4 inch) has not been reported officiﬁlly. but it was reported that the
estimate waa based on greater than average natural occurrence of rainfall during

the period.
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Figure 3. Principal seeded region in Arizona, 1971.

Figure 4. Stations used In @ alyses of rainfall in
Arizona, July 20-August 15, 1971.
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Data from 133 U. S. Weather Bureau stations with at least 10 years of
continuous record prior to 1971 vere used in an attempt to analyze the rainfall
pattern throughout Arizona for the seeded periad in 197) (Figure &4). Twelve
equal quads were drawn to becter illustrate the {rregular rain gage network
and to facilitate possible stacistical analysis. Average annual amounts uf
rainfall for July 20-August 15 were determined for 10 years of record, 196l-

70 (Figure 5). Rainfall in 1971 (July 20-August 15) was compared with the 10-

year average rainfall for thac period. In general, rainfall appeared above

average in southern and western Arizona, about average through central Arizoma,

and below average {n northern and eastern Arizona (Figure 6). In Arizona, summer
winds are usually from the south, so north-central and northeastern Arizona normally
would have been "downwind" from cthe seeding. Because of the extreme variabilicy

of thunderscorm rainfall and the uncertainty of point averages based on only

10 years of record, any stations within + 20% of average arbitrarily were assumed N
average in degignating regions that were above average, averag:, and below average:
during the period of seeding (Figure 7)., Although obvioualy approximate, the figure
again illustrates the large differences in expected versus actual rainfall

in Arizona.

Finally, some feeling for the magnitude of the differences and the reliability
of the analysis was attempted by first averaging the differencea in ;aéh of
the 12 quads and second by using a simple statiastical sign test (Lindgren, 1968)
for above or below average rainfall for each of the 12 quads. Aasuming that ‘
the stacions in each quad are representative of that quad, rainfall was above
average in quads 1, 7, 11, and 12; below average in quads 2, 3, and 9; and uncertain
in quads 4, S, 6, and 8 (there were only three stacions in quad 10, so it vas
not included in the analysis) (Figure 8); Statistically, rainfall was highly

significantly above average in quads 7 and 1l (using zero as average), significantly
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Figure 5. Average rainfall at ue_nnrom Arizona statlons,
July 20-August 15, 1961-1970.
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above average in the far west, and efgnificantly below average in quada 3 and
9 (Pigure 9). There was no statfstical evidence that rainfall was other than
average in quads 2, 4, 5, 6, and 10. Becausa of the scarcity of gages i{n most

areas, a more rigorcus analysis may be imposeible.

SUMMARY AND CONCLUSION
There have bean two experimental and one operational convaective claud

seoding programg¢ in Arizoma. Tha Santa Catalina experiment carried out by
the Institute of Atmospharic Physics, University of Arizona, from 1957 through
1964 wan by far the most comprehenaive and only randcaized experiment in Arizona.
Early reaults from this experiment were incenclusive, but there was a suggestion
that saeding with silver fodide dacreased rainfall on the target. More receat
analyseg of Santa Catalina and other rain gaga records suggested atrongly that
seeding decreased rainfall on and downwind from the target. Some of thase
results were gstatistically significant, whereas earlier resulte had not been.

Analyses of experimental sacding of individual convective cloude from 1967
through 1970 in the victnity of PFlagstaff were inconclusive because of inadequate
experizental coatrol and linitad rainfall measurexeats at ground level. Analyses
of a widespraad program of seeding individual convective clouds in central
Arizona in 1971 were alao inconclusive because of insufficient experimental
coutrol and scarcity of rainfall data. Eowever, rough analyses of availabla
rainfall data did not support the hypothesis that wvidespread seeding of individual
convectiva clouds increased rainfall over the seeded tagi.ou. Furthermore, these
analyses raisad geveral queaticns concerning possible negativa effects which
can only be answered through more comprehansive randomized convactive cloud
ssading experiments, with ground messurements of actual rainfall,
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