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ABSTRACT

During January 1985 six aircraft sampling flights were made in cloud over the target area of an earlier
randomized exploratory cloud seeding experiment in the Bridger Range, Montana. One of the two silver iodide
(Agl) generator sites used in the earlier experiment was operated well up the west (windward) slope of the
north-south oriented Main Ridge. Crosswind aircraft sampling was done to within 300 m above the secondary
ridge target area about 17 km downwind of the Agl generator.

The Agl plume was detected over the target area on each of the six missions and was generally 5-8 km wide.
Three of the missions detected supercooled liquid water (SLW) in the region of the Agl plume. The ice particle
concentration (IPC) averaged about an order of magnitude higher in the seeded zone in these cases, and the
estimated precipitation rate was greater, as compared with crosswind control zones. Most seeded ice particles
were small hexagonal plates, appropriate for the prevailing temperatures and moisture conditions. The Agl
generator was deliberately turned off in one of the experiments, and the seeding effects decreased with time
beginning about one hour later. .

The other three missions sampled negligible SLW in the seeded region over the target area, Observations did
not indicate detectable changes in ice particle concentrations, sizes or habits.

The results of this series of physical experiments are in agreement with statistical suggestions from the earlier
randomized experiment. It appears that seeding the stable orographic clouds over the Bridger Range sometimes
caused marked increases in IPC, presumably leading to more surface snowfall, The physical observations indicate
that enhanced 1PC was largely dependent upon the availability of SLW when temperatures were cold enough

for Agl nucleation.

1. Introduction

The Bridger Range Experiment (BRE) was a ran-
domized exploratory single-area cloud seeding exper-
iment conducted in southwestern Montana during the
winters of 1969-72. Super and Heimbach (1983; here-
after SH) presented strong statistical suggestions from
the BRE that seeding with silver iodide ( Agl) released
well up the west slope of the Main Ridge sometimes
increased the downwind snowfall. This was supported
by transport and dispersion investigations and airflow
studies. The latter suggested that supercooled liquid
water (SLW) should often have been produced near
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the windward slopes of the Main Ridge during oro-
graphic storms with westerly flow.

SH also indicated that some of the SLW shouid have
been nucleated by the Agl when Main Ridge crest tem-
peratures were lower than about —9°C, and that re-
sulting ice particles should have been transported to-
ward the Bangtail Ridge Target Area (BRTA) located
between 10 and 20 km east of the seeding sites.

Further exploratory analysis by Super (1986) sug-
gested that the Agl seeding had little or no effect on
BRTA snowfall during most periods, but caused very
marked increases during a small proportion of the
storm events. Shallow storms with warm cloud top
temperatures appeared to be particularly favorable
seeding candidates, but some deep storm systems with
cold tops also had suggested precipitation increases.
No evidence was found of decreased snowfall due to
seeding.

Although the post hoc statistical analysis of the BRE
was very encouraging, SH recommended caution in
its interpretation because of its exploratory nature and
the limited physical observations obtained during the
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experiment. They also recommended that a limited
program of airborne measurements be carried out over
the BRTA as the most appropriate next step.

- During January 1985, physical experiments were
conducted over the Bridger Range with a well-instru-
mented aircraft used primarily to search for evidence
of ground-released Agl and associated in-cloud micro-
physical changes over the BRTA. The absence of
nearby higher terrain to north and south, and the pres-
ence of a radio navigation station a short distance east,
made it possible to fly north-south (N-S) in-cloud
passes safely within 300 m of the highest BRTA terrain.
Six successful instrument flight rules (IFR) missions
were flown on four different dates. This paper describes
those missions and the results of the airborne obser-
vations as well as some supporting measurements from
surface sites. More detailed discussion of the physical
hypothesis, instrumentation, observational procedures
and evaluation techniques is included in Part I (Super
et al. 1988).

2. Experimental area and operations

The southern Agl seeding site used in the BRE was
reestablished for January 1985. Prior aircraft tracking
under visual flight rules (VFR ) conditions showed that
the ground-released Agl plume from that site was rou-
tinely transported over the Main Ridge and BRTA and
that its top was about 600 m higher than the latter
(Super 1974; Super et al. 1974). The seeding site was
on a ridge almost 5 km west of the Main Ridge (Fig.
1) at an elevation of 2.2 km (all elevations are MSL.)
and in a small depression well sheltered by trees from
W through N through E. Since access was by a difficult
climb from the 1.5 km level, the small personnel shelter
and supplies had to be brought into the site by heli-
copter. Propane was used for heat and Agl generation,
and for a thermoelectric generator, which powered
communication radios. Winds were measured on an
exposed knoll 100 m west of the Agl generator. Single
theodolite pilot balloon (pibal) measurements were
made at the seeding site prior to and during aircraft
missions.

East of the seeding site, the Main Ridge crest averages
approximately 2.6 km and is oriented almost north-
south, forming an abrupt isolated barrier to the pre-
dominately westerly flow during winter storms. Ap-
proximately 6 km to the NE of the seeding site, on top
of the Main Ridge at 2.6 km, wind sensors were main-
tained on a 10 m tower at the Crest Observatory (Fig.
1). On the same tower a Rosemount icing detector was
used to monitor SLW. Temperature was recorded in
a nearby weather shelter.

The experimental design assumed that the surface-
released Agl would pass over the Main Ridge during
periods of westerly flow. The Agl plume tracing during
January 1985 investigated in-cloud plume character-
istics further downwind over the BRTA, where the
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FiG. 1. Map of Bridger Mountain Range showing locations of
seeding site, Main Ridge, Bangtail Ridge Target Area and primary
aircraft sampling track.
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highest elevation is 2.4 km. The intent was to sample
the seeded cloud volume and, nearly simultaneously,
the natural cloud on either side during N-S passes
through the plume. The crosswind natural cloud re-
gions served as the control, or basis for comparison of
seeded and nonseeded microphysical characteristics.
Because of the N-S uniformity of the Main Ridge and
limited instantaneous width of the plume, differences
between treated and control cloud regions were ex-
pected to be readily detectable if they existed. Each N-
S flight line extended from about 30 km north of the
seeding site latitude to about 20 km south of it (high
terrain prevented sampling further south). This insured
that seeded zones would be detected for winds from
SW to NW.

The statistical indications of SH, and the expected
nucleation activity for the Agl complex used, suggested
that seeding effects should be observable at tempera-
tures lower than about —9°C. Main Ridge crest tem-
peratures are frequently below —9°C during January.
The seeded clouds with SLW present were expected to
have higher concentrations of ice particles, particularly
those types characteristic of the temperature and mois-
ture regime encountered by the Agl plume. Further,
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seeded ice particles should tend to be smaller than older
natural crystals, and a decrease in the SLW content of
the seeded volume might be anticipated. For these rea-
sons, measurements of ice particles and SLW were
critical to the conduct of the experiment. Observations
of ice nuclei (effectively of Agl; see Part 1) were also
necessary to verify the targeting and approximate extent
of the seeded cloud volume:

The lowest IFR sampling over the BRTA was at 2.7
km, 300 m above the highest terrain and approximately
the same level as the crest of the Main Ridge. Results
of previous VFR plume tracing indicated that this low
flight level was necessary for the successful conduct of
the experiments. It should be noted that IFR sampling
this near to the barrier, made possible by a fortuitous
combination of light air traffic, a nearby navigational
station, and low terrain crosswind of the target, is not
practical in most mountain locations, As will be shown,
monitoring at normal terrain clearance altitudes of 600
m agl usually detected little of the seeding material that
was consistently present nearer the BRTA surface.

Prior to 0900 (all times MST) of each operational
day, a forecast was prepared using National Weather
Service products as well as pibal and surface observa-
tions from the seeding site. If a westerly wind com-
ponent and substantial clouds existed or were forecast,
a technician was instructed to start the Agl generator
approximately an hour prior to aircraft takeoff.

At the start of most research missions, the aircraft
entered a holding pattern over the Bozeman Airport
(BZN), 13 km west of the seeding site, while a sounding
was made to about 5.2 km, or to above the cloud deck,
whichever was lowest. Following the sounding, a west-
to-east pass was made over the seeding site to the
Shields Valley (Fig. 1). The aircraft then returned to
the BRTA and conducted a series of N-S passes de-
scending from 3.9 to 2.7 km in 300 m intervals to 3.0
km, and 150 m steps below. The flight to the Shields
Valley and the descending profile were to test for un-
manageable turbulence.

Following the BRTA traverses, a sounding was often
made over the Shields Valley, after which the aircraft
returned to BZN along the SSL (see Fig. 1). The flight
plan was generally adhered to, excepting variations
imposed by the flight controller due to other aircraft
traffic.

3. Determination of seeded and control zones

Most results presented in this paper are from the
analysis of N-S passes made over the BRTA. The seg-
ment of each pass with an enhancement in ice particle
concentration (IPC), presumably due to Agl seeding
(hereafter enhanced IPC zone), was determined in the
following manner. The natural background IPC was
established for the sampling level by examining the
regions well north and south of any obvious enhanced
IPC zone. The upper values of the natural background
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IPC were used to determine the edges of the high IPC
zone by examining the buffer-by-buffer listing of IPC
from the 2D-C probe. The north (south) edge of the
enhanced IPC zone was considered to be that distance
from the SSL where travel further north (south) would
encounter no greater than natural maximum IPC levels
for several kilometers.

Once the enhanced IPC zone was defined for each
pass, attention was given to determining the entire
seeded zone and the neighboring nonseeded cloud re-
gions that would serve as control zones. Each side of
the seeded zone was considered to be bounded by the
enhanced IPC zone or by the estimated Agl plume
edge position nearest in time for that side, whichever
resulted in greater crosswind extent. Most commonly,
the enhanced IPC zone boundaries determined both
edges of the seeded zone, probably due to the errors in
estimation of the Agl plume edge position discussed
in Part I. However, on a few passes, Agl was detected
up to a few kilometers further crosswind, which may
be because the Agl did not encounter SLW in these
limited regions.

Control zones of 2.5 km width were finally desig-
nated both north and south of the seeded zone using
1.0 km “buffer zones™ between the seeded zone and
each control zone. The purpose of the buffer zones was
to minimize the effects of any underestimates of Agl
plume width and the “tails” of the seeding-caused ice
particle plume that might have IPC values just below
the background selected.

The above procedures might seem unduly compli-
cated, since in practice, defining the seeded zone was
usually straightforward, because of abrupt increases in
IPC and because the enhanced ice particle region was
wider than the estimated Agl plume width. However,
on a limited number of passes the seeded zone was not
obvious and an objective means of handling these
“problem cases” was considered desirable.

The seeded zones were subdivided into thirds for .
more detailed examination. If, for example, the IPC
had a Gaussian distribution, the center of the seeded
zone would exhibit the highest concentration. If ice
particles settled to the sampling level in the presence
of vertical wind directional shear, the seeded zone could
have a skewed distribution, with the highest IPC on
the side overlain by the falling particles. North~south
gradients in SLW could also cause variations across
the seeded zones.

4. Results of six in-cloud sampling missions

January 1985 was colder and much drier than usual;
the average monthly temperature at the Bozeman Air-
port was 2.7°C below the normal. The 1 Feb 1985
snowpack water equivalent at the highest altitude
Bridger Range snow course was only 63% of the long-
term average. The colder periods of the month were
usually dry.
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Rosemount icing rate detector data were obtained
during 659 h of January 1985 (85 h data are missing
due to equipment malfunctions). Icing events were re-
corded during 9% of all hours with data (the corre-
sponding percentage values for February and March
1985 were 8% and 7%, respectively). The January me-
dian calculated SLW content for hours with icing on
the Main Ridge was 0.035 g m 3. As discussed in Part
1, observations from this type of sensor are often
underestimates. Main Ridge temperatures ranged from
—3° to —11°C during icing events, with a median of
—8.5°C.

Most January icing occurred when winds were west-
erly at the Crest Observatory. However, during these
periods, light and either northerly or variable winds
were usually observed at the seeding site. This suggests
either a general dispersion of the Agl prior to transport
over the Main Ridge and/ or southward drift of portions
of the plume. Either would result in enhanced hori-
zontal dispersion.

Six successful in~cloud research flights were flown
in a wide variety of SLW conditions: one on 10 Jan
(in limited SLW), two on 15 Jan (in abundant SLW),
another on 19 Jan (with SLW only above the Agl
plume), and the final two on 28 Jan (in virtually all-
ice clouds).

The afternoon mission of 15 Jan is presented in detail
to illustrate evaluation techniques and results. Other
missions, although analyzed in similar fashion, are dis-
cussed more briefly. Section 5 summarizes the results
of all six missions and presents for each mission sup-
porting information, including atmospheric stability,
cloud top height and temperature, and Main Ridge
temperature. Further supporting information on winds
is given in section 6.

a. 15 Jan, p.m.

At 50 kPa a low was centered over northern Hudson
Bay, and the associated trough extended southward to
Florida. A second deep low lay over the Baja Peninsula.
The resulting flow aloft over the Bridger Range was
northwesterly, with weak positive vorticity advection.

Snow began early in the morning over the Bridger
Range and gradually decreased during the afternoon.
A pibal released from the seeding site at 1223 was lost
within cloud only 100 m aboveground as it drifted to-
ward the Main Ridge. The obscured ceiling over the
seeding site gradually improved to overcast by the end
of the mission.

The Main Ridge crest remained in cloud for the
mission duration. The aircraft was also in cloud over
both the BRTA and Main Ridge up to 3.6 km altitude,
the highest flown during this mission. A complete up-
wind sounding was precluded by other air trafffic, but
cloud tops were observed at 4.6 km (—21°C) over the
BRTA on the morning mission.
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Mean hourly SLW values of 0.04-0.05 g m ™3 were
derived from the icing rate detector atop the Main
Ridge during this mission, greater than all but one Jan-
uary day. Winds at the Crest Observatory were 8-10
m s™! from 270°, and the temperature was —9°C. Ac-
cording to SH, significant nucleation should have oc-
curred within the Agl plume over the Main Ridge in
these conditions, and the resulting ice crystals, along
with any remaining Agl, should have been transported
toward the BRTA.

After taking off at 1241, the aircraft climbed around
the south end of the Bridger Range to Livingston (Fig.
1). Winds of 290° at 10 m s™! were observed at the
seeding generator altitude (2.2 km). The wind in-
creased to 14 m s~! from 285° at 3.0 km. Slight stability
was indicated by df./dz of 0.8 K km™ through this
layer, where 6, is the equivalent potential temperature.

Supercooled liquid water of about 0.05 g m ™ was
encountered on climbout from 2.2 km altitude and 9
km south of the seeding site until leveling out at 3.3
km over the south end of the BRTA. Amounts were
then generally 0.1 to 0.2 g m ~> approaching the Liv-
ingston area.

The first N~S pass over the BRTA began at 1258 at
3.3 km altitude and —13°C. Almost continuous SLW
in the range 0.05-0.15 g m ™3 was found from 20 km
north to 16 km south of the seeding site latitude (SSL)
shown in Fig. 1. Limited zones of similar magnitude
were found further north. The only significant ice was
encountered south of the SSL in concentrations less
than 4 L™!, and no Agl was detected. However, the
seeding generator had been on for only 0.5 h, which
was probably inadequate for the plume to have traveled
the 17 km downwind.

Pairs of passes were next flown at 3.0 and 2.85 km
altitudes. Nine additional passes followed at 2.7 km
between 1350 and 1515, as will be discussed.

A sounding was made in the Livingston vicinity
about 1520. Cloud base was at 2.8 km, and SLW was
recorded from that level to the top of the sounding at
3.6 km. The sounding was stable, as indicated by a
mean lapse rate df./dz of 2.3 K km™! through the
layer. As much as 0.20-0.25 g m ~3 SLW was measured
between 3.3 and 3.5 km, which may have resulted in
part from upslope flow against the mountains SE of
Livingston.

The aircraft returned to base along the SSL at 3.6
km altitude until 9 km east of the seeding site, where
descent commenced. From 45 to 26 km east of the
seeding site, SLW on the order of 0.05-0.10 g m ~> was
encountered, after which no SLW was found until 18.5
km east, almost to the N-S sampling track over the
BRTA. Marked downdrafts on the order of 2~4 m s™!
were found in this dry region just to the lee of the
Bangtail Ridge. A second dry region existed from 10
km east of the seeding site to the Main Ridge, probably
also associated with lee subsidence. Between the dry
regions, i.e., over the windward slope and top of the
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Bangtail Ridge, abundant SLW up to 0.35 g m > was cloud base at 2.8 km about 9 km west of the seeding
recorded. site. Clearly, SLW was widespread during this mission.

Liquid water in the 0.05-0.10 g m 3 range was again The mean SLW contents and IPC observed during
encountered above the west slope of the Main Ridge, the pairs of passes made at 3.0 and 2.85 km altitude
and continued during the descent until passage through are shown in Fig. 2, along with those of the first six
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FIG. 2. North-south mean distributions of IPC and SLW content, with the origin 17 km east of the seeding site, for indicated numbers
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IPC plot.






