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Abstract. Liquid propane dispensers were tested on the Wasatch Plateau of central Utah during
the winters of 1992-93 and 1993-94. Remote operation of the radio-controlled dispensers proved
to be highly reliable, in large part because of the mechanical simplicity of the devices. A prote-
type fully-automated liquid propanc seeding system was tested during early 1994 on the west
(windward) slopes of the Plateau. An icing rate device was used to detect supercooled liquid
water at the center station of three exposed propanc dispenser stations. Wind speed and direction
and air temperature were also monitored at the center station. When cerfain predetcrmined
weather critcria were met, the three propane dispenscrs were automatically turned on. Propane
continued to be dispersed until one or more of the weather criteria were out-of~bounds for 2 h.

Post-scason analysis of recorded data showed that the fully-automated seeding system opcrated as
designed for the most part. Some minor problems were encountered, but cam casily be corrected.
Recommendations are made for simplifying the automated decision pracess.

A means of detecting supercooled liquid water in the absence of commercial electrical power was
also tested during early 1994. It proved to be practical and reliable. Accordingly, the technolegy
exists to operate fully-automated networks of liquid propane dispensers im remote mountain loca-
tions. Costs of such networks would not be excessive, and reliability can be cxpected to be high
However, further physical experimentation is reccommended to document 1he effectivencss of
liquid propane secding for snowfall enhancement because such cvidence is quite limited.

1. INTRODUCTION

Operational seeding of winter orographic
(mountain-induced) clouds for snowfall enhance-
ment has been conducted in the western United
States and elscwhere since the 1950's. The basic
concept is to convert excess SLW (supercooled liquid
water) into additional snowfall. This is done by
creating more ice crystals in SLW clouds expected
to have low concentrations of natural ice crystals.
Such clouds may be naturally inefficient in snowfall
production.

By far the most common sceding agent for winter
orographic clouds has been Agl (silver iodide). The
Agl may be produced in relatively pure form, or
complexed with other chemicals to alter ice
nucleating characteristics. Silver iodide is released
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as very tiny particles fromn generators or pyrotechnic
flares. Releases may be from ground locations or
from aircraft. The Utah. operational seeding
program uses ground-based Agl generators primary
at valley locations, with a few generators in canyon
mouths (Griffith ct al. 1991). The following
discussion will noi inclhude aircraft sceding or use
of flares, techniques not wsed in Utah because of
associated cxpense and operational difficulties.

The effectivencss of Agl in nucleating ice
crystals is determined by several factors including
the particular chemical composition of the solution,
generator characteristics, ambient winds. time
available for nucleation and others. But the most
important factor is the SLAW cloud temperature.

For commonly used Agl generators, solations, and
release rates, and typical Agl plume dispersion,



ice crystal nucleation is believed negligible for
temperatures above about -5°C. Ice crystal nuclca-
tion may be very limited even at -8 to -10°C for
some operational seeding programs. The number
of ice crystals produced per gram of Agl (yield) can
increase by three orders of magnitude or more as
the temperature decrcases from -6 to -20°C (e.g.,
DeMott et al. 1995). There is usually no interest in
seeding SLW clouds below -20°C because abundant
natural ice crystal concentrations and limited SLW
can be expected at such cold temperatures.

2. PROPANE SEEDING NEED AND
FEASIBILITY

Research conducted in several western States
during the past decade has revealed that most
orographically-produced SLW cloud exists in the
lowest 1 km above mountain barriers. This SLW
zone is often too warm for effective seeding with
typical Agl solutions and relcase rates. For example,
the statistical analysis presented by Super and
Heimbach (1983) strongly suggested that Agl
secding was cffective over Montana's Bridger Range
only when crest temperatures were below -9°C.
About half the Montana winter storm periods had
crest tempcratures above -9°C, and these tended
to be the wetter periods.

Several winters of obscrvations over the Sicrra
Nevada of California led Reynolds (1989) to con-
clude that a seeding agent was needed to convert
SLW into ice at temperatures between 0 and -5°C.
Most of the SLW over the Sierra Nevada was
observed in this warm temperature range where
Agl is believed generally ineffective.

Observations in Utah's Tushar Mountains
(e.g., Sassen and Zhao 1993) and Wasatch Plateau
(e.g., Super 1994, Huggins 1995) have indicated
most SLW cloud is warmer than about -10°C. While
Utah orographic clouds are generally colder than
thosc found in California, a significant portion of
Utah's orographically-produced SL'W appears to be
too warm for effective Agl seeding by current opera-
tional methods (Super 1995). This problem is
common throughout the intermoutain West.

Vardiman et al. (1971) demonstrated that the
release of liquid propane was successful in clearing
fogs with temperatures only slightly below 0°C.
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The release of liquid propane as a fine mist results
in rapid vaporization of the propanc and subsequent
chilling of the cloudy air immediately downwind of
the spray nozzle. Some of the air is chilled cold
enough for homogeneous nucleation of ice crystals.
Hicks and Vali (1973) presented laboratory and field
observations indicating that about 10" to 10'? ice
crystals resulted per gram of propane.

Assuming that liquid propane release produces
5X 10" ice crystals g, the typical rclcase rate of
3 gal h”' discussed in this paper is equivalent to
6,000 g h™' of propane, or 3 X 10'® ice crystals h™.
For comparison, a recent calibration of the manual
North American Weather Consultants (NAWC) Agl
generator by DeMott et al. (1995) for natural draft
conditions shows a liquid cloud temperature below
-9.5°C is needed for the same ice crystal source
strenglth with the generator's Agl rclease rate of
8gh.

The ice particle concentration to be expected
downwind of a point source strength of 3 X 10" ice
crystals h™' can be estimated by assuming reasonable
average values for plume dimensions of 15 deg width
and 600 m depth (e.g., Holroyd ct al. 1988), and a
typical wind specd of 5 m s™ near the windward
slope of a mountain barrier. It can be shown that the
resulting average ice particle concentration 10 km
downwind of the source is about 100 L™, an order of
magnitude higher than the minimum concentration
estimated by Super (1994) for production of observ-
able snowfall. These calculations suggest that the
liquid propane secding rates used in the tests to be
discussed are sufficient to potentially enhance
snowfall under suitable conditions.

Reynolds (1989) expanded upon earlier fog
suppression work by developing propane dispensing
systems for mountain locations. The units were
transported by helicopter to high altitude sites in the
Sierra Nevada where electrical power was provided
by solar pancls. Radio telemetry was used to inter-
rogate and control the propane dispensers from a
valley base station. These dispensers have been
tested and refined the past few years as documented
by Reynolds (1991) and Reynolds (1994). The liquid
propanc dispensing system developed by Reynolds is
considered fully operational. The system is rela-
tively simple, with few moving parts (c.g., solenoid
values), and has proven to have high reliability.



Propanc relcase is confirmed in real-time by
monitoring both the flow rate and the temperaturc
near the propane nozzle.

Past work with propanc seeding for snowfall
cnhancement has been limited and further rescarch
is necded to demonstrate how cffective it might be
with winter orographic clouds. However, prior
observations have shown that liquid propanc rcleasc
can significantly cnhance the ice particle concentra-
tion within SLW cloud that is only slightly below
0°C (e.g., Vardiman ct al. 1971, Hicks and
Vali 1973, Reynolds 1994).

3. PROPANE DISPENSER TESTS DURING
THE WINTER OF 1992-93

The ability of liquid propane secding to crcate
abundant ice crystals at cven slightly supercooled
tcmperaturcs, and the success{ul operation of the
Statc of California propane dispensing system, led
the Utah Division of Water Resources (hereafter
Division) to test a similar system in Utah. Such a
system might cventually augment Agl sceding
during warmer storm periods 10 incrcasc overall
seeding effcctiveness. But the first step was to
develop local experience and competence with
a liquid propane dispenser.

A propanc dispenscr system was {abricated in
Utah, based on the California design. The Utah
prototype dispenser was somewhat simplificd,
having only onc nozzle. A different type of data
logger/controller (hercaficr data logger) was uscd
in Utah (a Campbell CR-10) because of local
familiarity with that product. The data logger was
programmed to control and monitor the propanc
dispenscr and various other cquipment, and a radio
communication sysicm was developed that could
be accessed by telephone.

A testing program for various cquipment was
conducted from December 1992 through March 1993
on the west slope of the Wasatch Platcau. The test
sitc was at the HAS (High Altitude Site) cast of
Fairview, Utah, shown on Fig. I of Super (19953).
The site's elevation was 2500 m (all clevations above
mcan sea level). Technicians frequently traveled to
the test site by over-snow vchicle throughout this
period, cspecially during and after storms. The
only equipment to be discussed in this paper is the

propane dispenser and associated weather sensors.
An internal report. which documented the resulls
of the 1992-93 tests, was prepared by Hansen et al.
(1993). The report concluded, with respect to the
propanc system:

a. The modified propanc dispcnscr was
very rcliable and should prove 1o be a useful
addition to Utah's operational cloud sceding
program.

b. Onc possible improvement to the
modificd (propane) dispenser would be to
provide enhancements so the units could be
automated (turned on and off without human
intcrvention).

¢. The rcal-time radio/telephone
communication system was very reliable.

4. PROPANE DISPENSER TESTS DURING
THE WINTER OF 1%93-94

Bascd on the success of the 1992-93 gesting of a
single propane dispenser. it was decided to continue
and cxpand propanc dispenser testing during the
winter of 1993-94. The single propanc dispenser
used in 1992-93, and all five tested in 1993-94, had
the same type of nozzlc. Propanc rclease rates, as
monitored by a flowmeter with cach dispenser, were
usually in the range 2.5 10 3.5 gal h''. Differcnt
rates could be achicved with difTerent nozzle
designs, if desired. [t would be desirable 1o compare
calculated propanc consumption bascd on flowmeter
mcasurcments with actual consumption bascd on
before and after weighing of the propanc tanks.
Such a comparison has nol vct boen accomplished.

4.1 Testing of Two Radio-controlled Propanc
Dispensers

The 1993-94 tcsts were conrducted in (w0 areas on
the Wasatch Platcau. Two high altitude propanc
dispensers were aperated as part of the Ulah/NOAA
AMP (Atmospheric Medification Program) ficld
program between mid-January and mid-March 1994,
Onc site was the "new™ HAS at 2540 m clevation,
located 1 km south of the previous winter's HAS in
order to be morc exposcd to south and southwest
winds. The sccond site was AHS (Aspen Hills Sitc),
located 4 km south of the new HAS a1 2340 m



clevation. These sitcs arc shown on Fig. 1 of
Holroyd et al. (1995). Both sites were southeast of
Fairvicw, and were controlled by radio as during the
prior winter. That is, someonc decided when to turn
the dispenscrs on and off and manually did so via
computer, modems and radio tclemetry. One or both
of thesc dispensers were operated during a limited
number of short-term experiments when instru-
mented aircraft sampling was conducted and ground
observations were made during orographic storms.

The purpose of the HAS/AHS propane seeding
experiments was to physically evaluate the cffective-
ness of such seeding in cnhancing the ice particle
concentration in SLW clouds. The effectiveness of
propanc secding in cnhancing snowfall will also be
examincd, but this is a far more difficult problem to
physically cvaluate. Analyses of the propane sccding
experiments have yet to be accomplished, so little
can be statcd about the results. The propane dis-
pensers proved to be reliable, similar to the prior
winter's tests. Tracer gas co-released with the
propane was routincly detected on and above the
Wasatch Platcau. Consequently, it can be assumed
that icc crystals created by rcleasing propane in SLW
cloud were also transported over the Platcau. Icc
particlc characteristics were monitored with three
2D-C imaging probcs as discussed by Holroyd et al.
(1995). Results of analyzing data from these ice
particle imaging probes will be presented in future
papers.

4.2 Testing of an Automated Propane Secding
System

The main topic of this paper is the preliminary
testing of a prototype automated propane sceding
system. Such a system, if successful, would have
a number of advantages. As far as the authors arc
awarc, the propane sceding system tested during
early 1994 was the first fully-automated system ever
used for winter orographic cloud seeding. Once the
system was installed, it required no human
intcrvention or decision-making.

The systcm was intended to respond to observed
weather conditions. This would eliminate the need
for weather forecasting which is costly and of limited
accuracy in mountainous terrain where observations
arc scarce. Sceding material (propane) would be
relcased only when conditions were suitable for
the formation of icc crystals. This would enable
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potentially seedable conditions to be seeded which
docs not happen when weather forecasts arc "blown."

The test area for the automated propane seeding
systcm was on the west slopes of the Wasatch
Platcau east of Ephraim, Utah, approximately 30 km
south of the two propane dispcnsers cast of Fairview
(scc Fig. 1 of Holroyd et al. 1995). This arca was
judged to be sufficiently crosswind to prevent
possiblc seeding effects from influencing the
Utah/NOAA (Fairview) experimental arca. Yet all
five dispensers were in close enough proximity to
be interrogated by radio from a single base station
located at the Utah/NOAA headquarters near
Fairview. The data logger at each dispenscr stored
observations for about one weck before the earliest
observations were overwritten by new observations.
The data logger's memories were periodically down-
loaded via radio telemetry and modems to a personal
computer at the base station.

Three high altitude propanc dispcensers were
configured into a network in the Ephraim test arca.
The center dispenser was located on an exposed
windy ridge known as Freds Flat at an elevation of
2755 m. This sitc was near an existing electrical
power line which permitted operation of various
weather instruments. The most important instru-
ment for deciding when to seed was a tower-type
Rosemount icing rate device which dctected the
prescnce of SLW. Supercooled liquid water is
crucial to effective cloud seeding since it is the
“"raw matcrial” that is intended to be converted to
snowfall. Unfortunately, SLW is difficult to auto-
matically monitor at remote locations without
clectrical power. Power availability at Freds Flat
also permitted use of a heated Hydrotech wind vane
and ancmometer for wind direction and specd
mcasurements. (Rosemounts and Hydrotechs
consume too much power for practical operation
with solar pancls). Air temperaturc and relative
humidity werc also measured at Freds Flat, but
these scensors required little power.

It would, of coursc, be preferable to monitor the
wcather at each propane dispenser and to operate
individual dispenscrs only when they were in SLW
cloud with appropriate wind specd and direction.
The approach used in the 1994 testing assumed that
the Freds Flat observations represented all three
dispenser sites. This assumption is simplistic but
is probably valid for many storm periods since the



sites were not far apart and had similar altitudes
and local exposures. Moreover, it is more realistic
to basc a seeding decision for a particular sitc on
measurements made cven scveral kilometers distant
than on a weather forecast for mountainous terrain
based on synoptic-scale obscrvations.

The Freds Flat data logger was programmed to
monitor SLW presence, wind speed and direction
and air temperaturc. When certain criteria werc
mect, noted in Table 1, the Freds Flat propanc
dispenscr was automatically turned on. Similar
dispensers were also turned on via radio link
between Freds Flat and the data loggers at two
satellite locations near the samc altitude. These
sitcs were on the south end of Hell Hole Ridge,
located 3 km north of Freds Flat at 2785 m, and ncar
the top of Bald Mountain, located 6 km southwest of
Freds Flat at 2575 m.  All three sites were expected
to frequently be in SLW cloud during storms.

Propane continued to be rclcased by all three
dispenscrs until the specified weather criteria were
not met for a pre-sclected time. The data logger's
"decisions" could be manually overridden at any
time; for example, if it were desired to suspend
sceding because of a well-above-normal snowpack.
Manual override of individual data loggers was
possible cither from the base station or from any
computer connected to the base station by modem
and commercial telephone. Moreover, each satellitc
dispenser had its data logger programmed 1o stop
rcleasing propane if cither:

{a) no communication was received from
the weather obscrving site for an extended
period, or

(b) the sensor in the propane strcam did
not detect a substantial tempcrature decrcase
which was expccted with proper propanc rclease.

Table 1 shows that 1 h averaging periods were
used for all measurements with the exception of the
Roscmount icing meter. It was decided to require
2 cycles of the Rosemount icing meter before
initiating seeding to insure that a "significant” SLW
episodc was occurring. For examplc, it was thought
that the slow accumulation of "fcather rime" might
somctimes cause a single icing meter cycle when
seeding potential was negligible. A 2 h period was
used with the icing rate device becausc of concerns
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TABLE 1. Criteria for automated propane seeding
based on Freds Flat metcorological observations.

L. Initiate liquid propane releasc from all
dispensers when:

A minimum of two Rosecmount cycles occurred
during the past 2 h, and the average values for the
past 1 h for air temperature was at or below 0.0°C;
wind direction was greater than 180 but less than
330 degrecs true; and wind speed” was greater
than 1.0 ms™.

IL Terminate liquid propanc releasc from all
dispensers when:

No Rosemount cycles have occurred during the
past 2 h and/or one or morc of the average values of
air temperature, wind direction and wind specd was
outside the criteria stated above for the past 1 h.

III. Terminate liquid propanc rcleasc from cither
or both of the two satellite dispenscrs when:

They have lost radio communication with the
Freds Flat station for over 12 h, or the temperature
sensor just downstream of the propane nozzle did
not detect a significant temperature drop alier the
dispenscr was turned on.

" All averages for the past 1 h, and the total
Rosemount cycles for the past 2 h, were recalculated
cvery 12 min.

" Because of the high starting threshold of the
Hydrotech ancmometer, a zero voltage output was
considered to represent 0.7 ms™ in all calculations.

that 2 cycles might not occur within 1 h with light
winds and/or low SLW contents. Low frequencics
of icing mecter cycles have been expericnced at
some mountain locations with the low cloud watcr
contents characteristic of orographic clouds.

Seeding was continued for 2 h after the last
Rosemount cycle, if other weather critcria were



still being met. It is known that ice crystals can be
crcated by expansion of liquid propanc in the
abscnce of SLW as long as the atmosphcre is
saturated with respect to ice. Such crystals will cven
grow if the atmosphere is subsaturated with respect
to water but supersaturated with respect to ice. Ice
saturation is very difficult to measure in the ficld.
Therefore, seeding was continued for 2 h after the
end of SLW detection in anticipation that the
atmosphere might still permit ice crystal formation
and growth by relcase of propanc.

The propane tanks, dispenser systems and
weather instruments were installed during the fall of

1993 when truck travel to the sites was still practical.

The propane dispensers were not visited during the
January to March 1994 test period, partially because
of higher priority work (the Utah/NOAA physical
secding cxperiments east of Fairview; e.g. Holroyd
et al. (1995). Mcasurements from the network werc
periodically reviewed and a problem was recognized
with one sitc as will be discussed. The problem's
cause was suspected and verificd by on-site
inspection after the winter season.

The California cxpericnce, described in the
previously cited articles by Reynolds, was that dis-
pensers rarcly required visitation after installation
each fall.

5. SUMMARY OF AUTOMATED PROPANE
DISPENSER SYSTEM OPERATION

5.1 Freds Flat Dispensecr Opcration

The Freds Flat propane dispenscr system
automatically turned itsclf on and off 17 timces
between January 5 and mid-March 1994, This was
a period with a low storm frequency. For example,
the Utah/NOAA program did not have any weather
suitablc for experimentation from mid-January until
26 January, or after February 27 till the program cnd
on March 15. No SLW was monitorcd at Freds Flat
during the latter period.

Every time 2 or more Rosemount cycles occurred
within a 2 h block, the Freds Flat system began to
dispensc propane, as the wind speed and direction
were always within the limits specified in Table 1.
The air temperature critcria was, of course,
redundant. The Rosemount will not cycle (i.c.,
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rime ice will not form on the probe) unless the
tcmperature is below 0°C. In most instances the
2 Rosemount cycles occurred within 0.5 h or less,
often in adjoining 12 min sampling pcriods and
sometimes in the same sampling period.

Propanc was rcleascd from the Freds Flat
dispenser for a total of 83 h so the average rclease
duration was 4.9 h. Individual relcase periods
ranged from a single 1.0 h period to maximum
10.4 h. The median period was 4.0 h. 1t is apparcnt
that SLW cpisodes were relatively brief at Freds Flat.

Examination of the data rcvealed that had a
single Rosemount cycle been used to initiate sceding,
only 8 cases existed without a sccond cycle within
2 h. Four of these 8 cascs would have been rejected
because either the wind speed or wind dircction was
out of limits,

Termination of sceding at Freds Flat was always
based on the abscnce of SLW for about 2 h, although
in 2 cases the last hour's wind dircction became
greater than 330 degrees which would also terminate
seeding. The period between the last Roscmount
cycle and termination of propane releasc was not
always 2 h as had been intended. With the 12 min
sampling interval, 2 h corresponds to 10 intervals.
In fact, the intcrvals between the last Rosemount
cycle and propane shutoff ranged between § and
13 intervals (1.6 to 2.6 h) in 15 of the 17 seeding
cpisodes. Shutoff occurred after only 3 and 5 cycles
in the remaining 2 episodes. In none of the early
shutoff cases were the wind or temperature criteria
out of bounds. It is belicved that a programming
"bug" was responsible for the variation in shutoff
time, although this was not verified. At any rate,
the dispenser system always turned itself off after
icing ceased, and usually about 2 h after the last
Rosemount cycle as intended.

The lack of SLW was always the determining
factor in propane shutoff. Few "falsc alarms"
would have occurred if sceding had been initiated
by a single Rosemount cycle. Conscquently, future
automated propanc sceding could be simplified, at
least if based on Freds Flat obscrvations. It is
recommended that sceding be initiated whenever
the first Rosemount cycle occurs, and secding
should thereafter continue until 2 h pass without
any Rosemount cycles. This would insure that al}



potentially seedable episodces arc seeded in their
entirety. Some limited sceding would occur during
periods with unsuitable meteorological conditions
with this simplified scheme. However, the only
negative consequence should be the loss of relatively
small amounts of propanc.

5.2 Hell Hole Ridge Dispenser Operation

Hcll Hole Ridge data werc inadvertently not
downloadcd for a week period in carly February
which had 4 Freds Flat sccding episodes. However,
data are complete for the remaining 13 sceding
episodcs. With a single exception, Hell Hole Ridge
propane relcases were an exact match in time with
the Freds Flat releases. That is, both injtiation and
termination of propane rclease were always within
the same 12 min sampling periods as had been
intended.

On February 19 the Hell Hole Ridge dispenscr
was turned on at the same time as Freds Flat.
However, the Hell Hole Ridge dispenscr continued
to relcase propane for 5.6 h after Freds Flat shut
down. The reason for the shutdown dclay is not
known, but may have been causcd by radio com-
munication problems. With this single exception,
the available data indicate that Hell Hole Ridge
propanc dispensing system worked just as intended.

5.3 Bald Mountain Dispenser Operation

The Bald Mountain dispenser did not opcratc
as well as the other 2 dispensers in the automated
nctwork. The main problem was verified after the
ficld season when the site was visited for the first
time sincc carly winter. The temperaturc scnsor for
the propane spray did not have a securc mechanical
holder. As a conscquence, the scnsor did not hold
the same position, but could be moved by the
propane spray and the local airflow.

All 3 data loggers were programmed to shut
down their dispenser if the tcmperature sensor did
not indicate at least -40°C when the propanc valve
was turncd on. The Bald Mountain scnsor was
seldom this cold. With a single exception, the
Bald Mountain dispcnscr was turned on at the same
time (within 12 min) as the Freds Flat master unit.
However, in the large majority of the 17 seeding
episodes, the Bald Mountain dispenser would turn
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itsclf off after 24 min. It would later respond to the
continued signal from Freds Flat that seeding should
be conducted and would turn on again about 0 4 o1
0.6 h after shut down. The Bald Mountain dispernscr
would continue to cycle on and off in this manner
throughout the sceding cpisode.

During a few storms the propane spray
temperaturc sensor was cold cnough that the Bald
Mountain dispenser operated properly throughout
the seeded period.

The solution to the Bald Mountain dispenser
problem is simple. A more rigid holder for the
tempcratare scnsor needs (o be fabricated.

6. FURTHER PRACTICAL CONSIDERATIONS
AND TESTING

Electrical power lincs arc uncommon in
mountains. Consequently, it would be desirable to
use meteorological sensors that did not require much
electrical power in future applications of automated
propane seeding. Unfortunately, the authors are not
aware of any icing rate scnsor that requircs signifi-
cantly less power than a Roscmount icing rate
device. Testing of relative humidity sensors from
three manufacturcrs (Handar, Rotronics, Vaisala) at
the HAS in 1992-93 did not cncourage their usc for
estimation of SLW cloud presence. The sensors
would sometimes indicate relative humidities below
90 percent when in cloud, and sometimes higher
rclative humiditics when no cloud was present. It
appcared that use of conventional relative humidity
sensors would result in a high frequency of false
alarms. That is, secding often would be initiated
when conditions were nol suitable, and often would
not be initiated when conditions werc suitable.

Propane-hcatcd wind sensors have been
developed, and thermal wind sensors exist which
consume much lcss power than a Hydrotech system.
Consequently, it is belicved practical to measure
wind (and air (cmperature) at remote sites that do
not have power lines or electrical generators. The
chicef problem is thc measurement of SLW presence.
To further address this problem, a test was conducted
in carly 1994 at the HAS. A propane-powered Tclan
thermoelectric generator (60 watt output) was used
to continually chargc battcries which powered a
Rosemount icing mcter through a dc-to-ac inverter



(tower-type Rosemounts requirc 115 vac power).
This approach proved to be practical and very
reliable, and icing rate observations were obtained
at the HAS throughout the field season.

It is desirable to further simplify and economize
remote observations of SLW and wind within
orographic cloud on windward mountain slopes.
Howecver, the existing technology is adequate to
obtain such observations and to use them to control
the releasc of cloud sceding agents. Remote-
controlled Agl gencrators are available, but existing
units are cxpensive and complex. The simplicity
of propane dispensers results in their much lower
per-unit pricc and significantly higher reliability
compared with remote-controlled Agl generators.

Of course, Agl seeding has advantages over
propane seeding that may favor the former in
particular circumstances. For example, unlike
propane, Agl can be relcased well upwind of
supercooled cloud and well below cloud base and
still be effective in causing ice particles. Such Agl
relcascs would be cxpected to disperse through a
much larger volume of atmosphcre than would ice
particles caused by propane rcleasc within the cloud.

These factors favor Agl seeding provided that Agl
released upwind of orographic cloud is transported
into sufficicntly cold cloud regions in adequate
concentrations 1o be effective in snowfall
enhancement.

7. SUMMARY AND RECOMMENDATIONS

A propane dispenser was tested during the
1992-93 winter, well up the west slope of the
Wasatch Plateau cast of Fairview, Utah. The
dispcnser was based on the design of Reynolds
(1989, 1991), with some modifications. The
dispenscr was turned on and off by a data
logger/controller upon receipt of appropriate
radio signals from a vallcy base station. Human
intcrvention and a computer werc used 1o initiate the
radio signals. Various data were logged at the site
and pcriodically downloaded to the base station.

A technician was often at the dispenscr site,
monitoring its opcration, while a second technician
turned the system on and off. These visual observa-
tions helped to confirm the very rcliable operation
of the propane dispenser.
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Further testing was donc during early 1994,
in two different modes. In the first mode, two
dispensers were used during physical seeding experi-
ments with system start-up and shutdown done as in
the prior winter (human intervention, radio tclemetry
and computers). The physical sceding experiments
have yet to be analyzed and reported, but dispenscr
operation was again very reliable.

The second testing mode involved a prototype
seeding system which was automatically turned on
and off according to weather observations. The
weather (SLW, wind and temperature) was moni-
tored at a central dispenser. That dispenser, and
two satellite dispensers, were controlled by the
presence/absence of SLW, wind measurements,
and (redundant) air tempcrature observations.

The automated sceding system had some
problems, but they are considered minor and casily
correctable. The system generally functioned very
well, cspecially considering that no visits were
made to the dispcnsers once testing started. Some
improvements should be made in the data logger
program. A morc rigid holdcr for the propane
stream temperature sensor would eliminate the
cycling problem experienced by the Bald Mountain
dispenser.

It is rccommended that future use of an
automated propane dispenser system use simplified
criteria. The presence of SLW would continue to be
measured by a Rosemount icing rate device well up
the windward slope. Sceding would commence as
soon as the first Roscmount cycle occurred. Seeding
would continuc for some time (about 2 h) after the
last Rosemount cycle in an episode. Wind spced and
direction could be monitored but are not believed
cssential because SLW rarcly occurred unless wind
speed and direction were appropriate for targeting
the Wasatch Plateau. (It is anticipated that most
north-south oriented mountain ranges would
experience similar conditions.) Some propane
would be released during essentially unseedable
conditions if only SLW prcsence/abscnce was used
to control seeding. However, the amount of wasted
propane is expected to be minor.

A thermoelectric gencrator-battcry-inverter
combination, as used at the HAS in early 1994, is a
practical means of powering a Roscmount icing rate



device, a data logger/controller, a propane dispenscr
and radio gear at an exposcd remote location in all
weather conditions. This system could be the master
station controlling a numbcr of satcllite dispensers
located at similar high altitude sites crosswind of the
master station. All sitcs should be chosen where
local SLW production is expected. If one wanted to
be sure that SLW existed at each dispenser, cach site
could monitor SLW with a Rosemount device. This
would be a superior but morc costly approach.

Propane dispenser testing in California and Utah
in recent years has demonstrated the feasibility of a
completely automated system that is both reliable
and cconomical. Analysis of the early 1994 physical
seeding experiments should improve understanding
of the snowfall-cnhancing capability of propanc
seeding. Prior rescarch leaves no doubt that propane
sceding can markedly enhance ice crystal concentra-
tions with liquid cloud at or bclow 0°C. However,
it is recommended that the ice crystal yield of the
currently-used (in Utah) propanc nozzle and rclease
rate be documented. The previously-cited yield
values of 10" to 10" icc crystals per gram of pro-
pane arc based on investigations done over two
decades ago. These studics used different releasc
rates and nozzles than recently used in California
and Utah. It is of obvious interest 1o test the current
design to determine whether yield values are as high
as expecied.

Additional key questions to be answered concern
ice crystal growth and fallout times downwind of
propane dispenser sites. To be effective, propane
dispensers need to be within SLW cloud, or at least
not far below SLW cloud base where saturation with
respect to ice exists. This requires that dispensers
be located well up the windward slopes of mountain
barricrs. Such siting limits the time (distance)
available for icc crystal growth to snowflake sizes
and fallout to the mountain surface. There is con-
cern that this time (distance) may frequently be too
limited for significant snowfall to occur beforc the
sceded ice crystals are carried into the lee subsidence
zonc wherc sublimation and evaporation occur.

Another concern with high altitude rcleases of
propane (or Agl) is that crosswind dispersion may
be limited, requiring that the crosswind spacing of
gencrators also be limited to avoid unsceded "gaps”
between seeding plumes. It may be possible to have
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greater spacing between Agl generators located
further downslope or in upwind valleys thereby
requiring fewer seeding sites. Of course, use of
lower altitude sites assumes adequate routine trans-
port from them into SLW cloud zoncs as well as
adequate source strengths.

It is recommended that analysis of the early 1994
microphysical obscrvations, and additional future
observations, be combimed with numerical modeling
to address the above concerns. A sophisticated
microphysical model, combined with a two or three
dimensional airflow model, should be adcquate to
address ice particle growth and fallout trajectories.

It may be that only relatively wide mountain
barriers offer sufficient time and distance for pro-
pane seeding to routincly affect snowfall on that
barricr. In that case, the best use of high altitude
propane sceding may be in seeding a secondary
downwind barrier similar to the Bridger Range
Experiment target (Super and Heimbach 1983). I[n
any cvent, the frequency of orographic SLW cloud
at temperatures too warm for Agl nucleation is sig-
nificant over mountains of the western U.S. That
fact alone argues for continued experimentation with
alternative sceding methods such as relcase of liguid
propanc which might augment Agl seeding when
slightly supercooled clouds arc prescnt.
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