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ABSTRACT

A randomized exploratory single-area cloud seeding experiment was carried out ir} the Bridger Rangp of
southwestern Montana during the winters of 1969-72. Seeding was accomplished using ground-based sﬂvgr
iodide (Agl) generators located more than midway up the west (winc'lward) slope of the north-south Ma}n
Ridge, thereby avoiding trapping by lower stable layers. A secondary ridge from 5 to _20 km east of _the Main
Ridge was the expected target. An extensive airborne plume tracing program provu!ed strong evxdenpe of
successful targeting of the Agl seeding material, with further evidence furnished by tracking of pibals and silver-
in-snow analysis. ) . ) o

The experimental unit was 24 h beginning at local noon, a natural diurnal minimum in precipitation
intensity. The response variable was daily precipitation amount as megsurgd bya dqnse network of re_cc_)rdgng
gages. Locally-launched rawinsondes and a thermograph atop the Main Ridge provided data for partitioning
the experimental days. o

A post hoc statistical analysis was conducted utilizing upwind and crosswind control gage data. Results from
both the Wilcoxon rank-sum test and the recently developed multiresponse permutation procedure (MRPP)
strongly suggest that increased target area snowfall resulted from seeding when Agl plume temperatures were
colder than approximately —9°C. Double ratios yielded estimates of ~ 15% more seasonal target area precipitation
than predicted by control gages on nonseeded days, while a target-control analysis of independent snow-course
data strongly suggested seeding enhanced the seasonal snowpack by more than 15%. o

Consideration of plume tracing findings and Agl generator calibration results suggest that the amﬁ_cxal ice
nuclei concentration in the seeded volume would be quite limited at temperatures warmer than a_lpprm‘um?tely
—9°C. This provides a plausible physical explanation for the results suggested by the statistical investigations.
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Evaluation of the Bridger Range Winter Cloud Seeding Experiment Using Control Gages

1. Introduction

Researchers at Montana State University (MSU)
conducted an experimental winter orographic cloud
seeding program in the late 1960s and early 1970s.
This was one of a number of winter cloud seeding
investigations conducted in several states under the
auspices of the Bureau of Reclamation’s Project Sky-
water. These programs were intended to evaluate the
potential for precipitation augmentation in moun-
tainous regions with differing topographies and cli-
mates. They were partially motivated by the apparent
success of the Climax I experiment reported by Grant
and Mielke (1967) and Mielke ef al. (1970) and (1971).

The Bridger Range Experiment (BRE) was con-
ducted in southwestern Montana, near Bozeman. This
site was chosen because of the relatively simple to-
pography and good access. The Main Ridge of the
Bridger Range rises abruptly to the east of an ~60
km wide valley, and is oriented approximately per-
pendicular to the prevailing westerly wind (see Fig. 1).
It was hypothesized that seeding clouds above the Main
Ridge with silver iodide (Agl) could sometimes affect
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snowfall farther downwind, particularly on the broad
Bangtail Ridge ~5 to 20 km east of the Main Ridge
crestline.

The BRE was an exploratory experiment in which
a single target area was either seeded or not seeded,
based on a randomized decision (~50% seeded). A 24
h experimental unit was used. Daily precipitation, as
measured by a network of weighing gages, was the only
response variable. Radiosondes were launched ~ 10
km west of the Main Ridge crest line, and a ther-
mograph was maintained on the crest line. The upper
air and thermograph measurements were to provide
for partitioning of the precipitation measurements in
Dpost hoc statistical analysis.

In addition to the randomized experiment, several
supporting investigations were carried out. These in-
cluded airborne tracing of Agl plumes, airflow inves-
tigations, analysis of snow silver content and attempts
to directly detect the effects of short-period -seeding
episodes through a variety of physical measurements.

The BRE and several of the other experiments pre-
viously noted were terminated earlier than planned
due to a major reduction of the sponsoring agency’s
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FIG. |. Map of Bridger Range experimental area showing locations of precipitation gages and snow courses.

budget for fiscal year 1973. This resulted in fewer ex-
perimental days than anticipated and decreased re-
sources for analysis. Nevertheless, considerable analyses
were completed and reported in a two-part final report!
(Super et al., 1972, 1974, hereafter referred to as Part
I and Part II). These reports also contain detailed dis-
cussions of experimental design, field facilities, oper-
ations, all supporting investigations and a complete
listing of the precipitation, Main Ridge thermograph
and upper-air data used in the analysis reported herein.
These reports were provided to many interested in-
dividuals and organizations at the time of their pub-
lication.

Previous statistical analyses of the BRE, noted below,
gave strong indications of type I statistical errors—i.e.,
rejection of a true null hypothesis. This means that

"some meteorological partitions yielded distributions
of seeded and nonseeded days for which the statistical
testing suggested significant changes in precipitation
due to seeding when, in fact, no logical cause and effect
relationship was evident. Changes were generally in
the sense that seeding apparently decreased precipi-
tation although some were also in the opposite sense.

! Copies of the BRE Final Reports and magnetic tape copies of
data used herein are available at cost from the Division of Atmospheric
Resources Research, Bureau of Reclamation, DFC, P.O. Box 25007,
Denver, CO 80225.

The suggested type I errors occurred even with rather
large populations.

The first indication of a type I error was reported
in early 1971 by Super and Mitchell (1971) in a pre-
liminary analysis of data from the 1969-70 winter and
first half of the 1970-71 winter. After completion of
the BRE, type I errors in both positive and negative
sense were reported by Super (1975). These showed
apparent increases in snowfall at several target gages
associated with a limited number (n = 33) of exper-
imental days with thin clouds. Similar apparent in-
creases were found at each seeding site and at the
control gage well to the south. More strikingly, 162
days with clouds thicker than 1000 m and with westerly
winds indicated significantly less snowfall on the seeded
days, not only at several target gages, but also at the
control gage and at the Billings Airport 185 km to the
east. Both these changes are believed to be type I errors.

Super and Heimbach (1974) summarized the BRE
statistical analysis which was fully presented in Part
IL. They gave further evidence of a serious type I error
using National Weather Service (NWS) precipitation
probability forecasts for each experimental day. How-
ever, they also presented some partitions which sug-
gested that real precipitation increases were associated
with seeding. In these cases, snowfall increases were
not apparent at the control gage, at gages near the
seeding sites, or often even at gages at the crosswind
edges of the intended target.
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Once an apparent type I error was detected by ex-
amining Wilcoxon test statistics at gages both in and
outside the expected target area, there was no known
objective scheme to overcome it. Since a major portion
of the BRE was apparently subjected to type 1 errors,
there seemed to be limited additional information to
be gleaned. Moreover, due to cutbacks in the funding
agency’s budget, resources to pursue further analysis
were curtailed.

The problem of type I errors is common in ran-
domized seeding experiments; the Whitetop project
may have suffered from it (Decker et al., 1971), as well
as the Grand River experiment in South Dakota (Gel-
haus et al., 1974). Neiburger and Chin (1969) discussed
the problem in relation to a Swiss hail suppression
project. Mielke (1979) reported that the Climax I and
II experiments were influenced by type I errors.

Recently, objective procedures have been developed
to overcome the type I error using upwind control gage
precipitation measurements (Mielke et al., 1981a,
1982). The analysis reported herein was largely inspired
by the availability of these procedures, which have
been applied to the BRE. Use of control gages greatly
increases the effectiveness of statistical designs over the
single-area approach as shown by Neumann and
Shimbursky (1972).

Because the BRE was clearly an exploratory exper-
iment according to the nomenclature of Gabriel (1981)
and its analysis is of post hoc nature, the reader is
cautioned that problems of multiplicity of analyses
exist. This should be borne in mind in interpreting
probability values to be presented. The statistical results
cannot be considered scientifically conclusive without
a confirmatory experiment which has not been con-
ducted. Thus, they should be considered no more than
suggestive.

The remainder of this paper is structured in the
following manner. Section 2 discusses the general
physical hypothesis envisioned at the time of the BRE
and more recent findings which suggest that the hy-
pothesis requires revision. The equipment and mea-
surement systems employed in the BRE are considered
in Section 3, followed by a discussion of the evidence
for successful targeting of the seeding material in Sec-
tion 4. Section 5 summarizes the experimental design;
statistical analysis procedures are the topic of Section
6. Results of data partitions are shown and discussed
in Section 7. Section 8 considers supporting evidence
from snow courses while Section 9 gives a general
summary and recommendations.

2. Physical hypothesis

The BRE experimental design was strongly influ-
enced by the Colorado State University (CSU) Climax
I statistical results and CSU’s physical studies and
modeling efforts associated with the then ongoing Cli-
max II experiment. It was envisioned that the BRE
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would test the concepts emerging from the CSU work
in a higher latitude and over simpler topography. It
was assumed that the abruptly rising Bridger Range
(see Fig. 1) would provide strong uplift to moist east-
ward-flowing air, thereby producing liquid water con-
densate. It was also assumed that the concentration of
natural ice nuclei and resulting ice particles was some-
times less than optimum for conversion of the con-
densate to snowfall. The latter assumption was based
on ice nuclei measurements made with both a Schaefer-
type mixing cold chamber and a NCAR ice nucleus
counter, on the Bangtail Ridge prior to the BRE. Both
instruments generally indicated less than one ice nu-
cleus per liter at —20°C (Super et al., 1969).

These ideas follow the classic paper by Ludlam
(1955). Chappell (1967) expanded on Ludlam’s con-
cepts for the specific Climax situation and later mod-
eled the cold orographic cloud (Chappell, 1970). A
proposed physical explanation of the Climax statistical
results by Grant ef al. (1969) followed similar reason-
ing. It was believed that cloud top temperature was
very important because ground-based measurements
of natural ice nucleus concentrations were observed
to be highly temperature dependent. Cold cloud tops
were, therefore, expected to result in high concentra-
tions of ice nuclei and resulting crystals, which would
settle through the cloud effectively converting the
available condensate to snowfall. Conversely, as sug-
gested by the Climax I results, cloud tops warmer than
approximately —20°C were expected to produce lim-
ited natural ice nucleus concentrations, in which case
Agl seeding might increase snowfall.

This physical concept has been questioned by Hobbs
and Rangno (1979). They point out that “direct air-
borne measurements in winter clouds over the Rockies
have since shown that the ice particle concentrations
bear little or no relation to the measured ice nucleus
concentrations, and that the ice particle concentrations
often exceed Grant et al. (1969) optimum concentra-
tions even at quite high temperatures”. Cooper and
Saunders (1980) also note that ice nucleus measure-
ments were much lower than ice particle concentrations
measured in storms over the San Juan Mountains of
southern Colorado. However, in a companion paper,
Cooper and Marwitz (1980) suggest that seeding po-
tential may well exist in some storm stages where ice
particle concentrations were generally <10 L™! and 1
m s~! updrafts were common.

Other recent observations also give cause to question
the importance of cloud top temperature. Rauber and
Grant (1981a) present results of aircraft measurements
from two stably stratified storms over the Park Range
in northern Colorado. The liquid water was confined
to a narrow region over the windward slope and barrier
crest. Further, single ice crystals were horizontally
stratified, with their habit appropriate to their envi-
ronmental temperature and their limited fall velocities
apparently in approximate balance with the general



1992

upward motion approaching the barrier. Crystal con-
centrations of 5-20 L™! were found upwind of the
barrier with almost no temperature dependence.
Rauber and Grant (1981b) also present model results
in good agreement with their observations. More recent
observations from several more storms gave further
evidence that most of the liquid water was located over
the crest and upper slopes of the Park Range (Rauber
et al., 1982).

Hill (1980a), in discussing winter orographic storms
in northern Utah, noted that, “our data indicate that
the production of supercooled water is closely asso-
ciated with vertical air motion which in turn is found
primarily at or near mountain-top levels”. Thus, it
appears that liquid water concentrations may generally
be quite low in stable orographic clouds. The only
region of significant liquid water may be within ~1
km of the ground above the upwind slope of the barrier,
over the ridge and perhaps for a short distance beyond.
This likely corresponds to the region of most pro-
nounced upward motion. In this situation, ice crystal
growth may be very limited outside the zone of su-
percooled liquid water. Simple calculations of diffu-
sional growth and subsequent ice crystal trajectories
suggest that crystals formed at elevations well above
the liquid water zone (e.g. near cloud top) are generally
carried beyond a barrier the width of the Bridger Range
without settling to the surface. The crystals most im-
portant to the snowfall processes may be those formed
well below cloud top that are carried quasi-horizontally
into the liquid water zone where rapid growth can
occur. ‘

While understanding of both natural and seeded
snowfall process is still incomplete, the following gen-

eral statements about artificial seeding can be made. .

In order for cloud seeding to increase snowfall from
winter clouds over mountainous terrain, several links
in a physical chain of events must exist. First, seeding
material must be successfully and reliably produced.
Second, this material must be transported into a region
of cloud that has supercooled water or ice supersat-
uration in excess of that which can be converted to
ice by naturally produced ice crystals. Third, the seeding
material must have dispersed sufficiently upon reaching
this region so that a significant volume is affected by
the desired concentration range of ice nuclei or the
resulting ice crystals. In the case of Agl seeding this
requires, fourth, that the temperature be low enough
for substantial nucleation to occur. Once ice crystals
form, they must remain in an environment suitable
for growth long enough to enable fallout to occur,
generally prior to their being carried beyond the
mountain barrier where downslope motion, cloud
evaporation and ice crystal sublimation typically exist.

The BRE was not able to acquire direct physical
evidence that each of these steps in the physical process
occurred in a significant fraction of the orographic
storms. Only Agl generator operation, precipitation
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measured by the gage network, certain other surface
observations and upper air parameters were routinely
monitored. However, the BRE did obtain evidence
that the first four steps frequently occurred. Consid-
erable uncertainties still remain concerning the entire
physical process, particularly with regard to the growth
and trajectories of ice particles. This post hoc statistical
analysis is an attempt to reduce these uncertainties.

3. Experimental equipment
a. Precipitation gage network

A network of 31 precipitation monitoring sites was
maintained during the 1970-71 and 1971-72 winters
and is shown in Fig. 1. Twenty-eight of these sites were
east of the Main Ridge, one was 28 km south of the
southern seeding site and the other two were at the
seeding sites. These latter three were used as control
gages in the statistical analysis herein.

The mechanisms of standard Belfort weighing gages
were used throughout the network. However, special
gage shells were constructed with a 28.7 cm diameter
orifice. This provided twice the sampling area of the
standard 8 inch gage, which prevented ‘“capping” by
snow buildup, and doubled resolution on the gage
chart. Each gage was equipped with an Alter-II type
windshield (Warnick, 1956).

All gages were positioned in relation to local terrain
features or forest cover so as to minimize wind effects.
The higher elevation sites, including the control gages
and gages on the Bangtail Ridge, were located in natural
clearings in the forest. These would be classified as
“overprotected” by Brown and Peck (1962). It is not
known how well measurements in such sites represent
the absolute snowfall amount over the larger, mostly
forested area. However, as shown in Part I, comparisons
between gages and snowboards showed excellent
agreement within such sites (r = 0.99) and correlation
coefficients of approximately 0.95 were common for
24 h totals between sheltered gage sites located ~4
km apart. Thus, at least in a relative sense, the gages
appeared to provide reliable estimates of precipitation.

All precipitation charts were manually reduced to
the nearest 0.01 inch by two independent teams of
data clerks. Any differences were then reconciled by
a third examination. Approximately 96% of all possible
precipitation data was retrieved from the gage charts.
About three-fourths of the remaining 4% had total
precipitation known but time distribution unknown,
usually due to clock stoppages. All missing data were
estimated with the aid of a series of maps, similar to
Fig. 1, which were prepared for all consecutive 6 h
periods with missing data. All available precipitation
totals were noted by each gage site, and information
on “amounts known but time distribution unknown”
was also noted. However, each map was coded and
nothing on it indicated the date in question, whether
the day was seeded, or even if the period was from an
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experimental day. The first author then subjectively
estimated the missing data, insuring that the sum of
the 6 h estimates agreed with any precipitation total
of unknown time distribution for the period in ques-
tion. It is believed that this procedure did not introduce
human bias into the experiment because of the esti-
mator’s ignorance of the status of each period. It is
again emphasized that 96% of all possible data was
measured. All precipitation data were reported in Part
II in 1974 and the same data are used in this analysis.

b. Rawinsonde system

A Weather Measure 1680 MHz RD-65 rawinsonde
system was operated about 10 km west of the Main
Ridge crest during the 1970-71 and 1971-72 winters.
While data were occasionally lost due to system prob-
lems, reliability was generally high. All launch prep-
arations were made and data recorded in accordance
with procedures contained in Federal Meteorological
Handbook No. 3(1969).

¢. Main Ridge thermographs

Two recording thermographs were maintained in
the same standard weather shelter atop the crest of the
Main Ridge at 2595 m (see Fig. 1). A precision mer-
cury-in-glass thermometer was also in the shelter with
its bulb thermally lagged to closely correspond to that
of the thermographs. The thermometer was read im-
mediately upon opening of the shelter door for each
weekly servicing. The mean difference in readings be-
tween the thermometer and each thermograph for the
winter season was used to establish the final calibration
for the chart readings. Chart temperatures were ex-
tracted at 1 h intervals and then averaged for the 6 h
means reported in Part II. With the use of two ther-
mographs, a complete data set was obtained without
any missing temperature measurements.

While shelter temperatures are known to be influ-
enced by solar radiation, this effect should be limited
by the cloud cover during storms and by the well ven-
tilated exposure of the Main Ridge site. Moreover, the
snow-covered terrain should reduce the effects of the
underlying surface.

d. Seeding generators

The first attempts to seed clouds over the Bridger
Range took place during the winter of 1968-69 with
Agl generators at two foothill locations at 1550 m,
well below the 2600 m crestline. However, measure-
ments obtained that winter revealed the presence of a
persistent stable layer during snowfall that often ex-
tended from the upwind valley floor to about midway
up the west or windward slope of the Bridger Range
(Super et al., 1970). Consequently, there were no ap-
parent means for the Agl to be transported into the
intended orographic cloud region during a large portion
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of the seeded periods. Because of this, generator sites
were later established at two remote sites located about
two-thirds of the way up the slope of the Bridger Range,
near the 2150 m level (see Fig. 1). These sites were
difficult to maintain, with winter access limited to foot
travel and helicopter. However, they were judged nec-
essary for achieving reliable transport and dispersion
of the Agl into the orographic clouds.

The Montana State University Agl generators used
during the 1970-71 and 1971-72 winters were among
the highest output ground-based units tested at the
CSU Simulation Laboratory as reported by Garvey
(1975). They were particularly effective at warmer
temperatures. Fig. 2 shows their effectiveness values,
as reported by the CSU Simulation Laboratory, for
two wind speeds past the burner: natural draft (~1-
2 m s™!) and maximum fan (~10 m s7}).

Wind speeds were measured at generator stack height
during all seeded periods of the 1971-72 winter. Av-
erage speeds at the northern and southern sites were
only 1.3 and 1.8 m s~ respectively, as both generators
were in relatively sheltered locations to minimize
flameouts. Since average wind speeds seldom exceeded
3 or 4 m s7! it is probably appropriate to use the
natural draft curve in Fig. 2 to approximate field con-
ditions. It can be seen that generator output increases
very rapidly as temperature decreases until about
—12°C. At lower temperatures the output reaches only
about twice the —12°C value. However, the values at
—8°C and —10°C are factors of approximately 150
and 5 less than the —12°C output respectively. This
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