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ABSTRACT

Trace chemical analysis techniques have been used in a series of cloud-seeding experiments in the central
Sierra Nevada with the ultimate purpose of distinguishing whether the submicron-sized aerosol particles used
for seeding are removed by nucleation or by scavenging in snowfall. The research programs used submicron-
sized seeding aerosols with different nucleating characteristics.

When winter storms were seeded with silver iodide in the Lake Tahoe and Lake Almanor watersheds, positive
correlations were observed between silver concentrations and precipitation amounts in both catchment areas.
This is considered to be evidence that the Agl aerosols are not being removed in the snowfall entirely by
scavenging processes.

When two separate aerosols of silver iodide and indium sesquioxide were released simultaneously from the
same ground locations during winter snowstorms in the Lake Almanor watershed, it was found that considerably
more of the ice-nucleating aerosol particles (Agl) were removed by the snowfall than the non-ice-nucleating
ones (In,03). Under the experimental conditions employed, scavenging alone of the two aerosols would lead
to a chemical ratio of Ag:In in the snowfall of 0.83:1. Ratios as high as 17.2:1 were observed, the mean ratio
being 4:1. These results are considered to be evidence of the removal of substantial numbers of the Agl aerosol
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particles through direct nucleation of ice crystals.

1. Introduction

Measurements have been made of seeding chemicals
in precipitation in weather modification field experi-
ments for more than three decades. The first known
work of this kind was conducted by Gubeli (1959) in
Switzerland, Isono (1961) in Japan, and Warburton
(1963) in Australia. Gubeli extracted silver, originating
as silver iodide, from 50-L rainwater samples by evap-
oration and chemical reduction methods. Neither Isono
nor Warburton physically measured the actual silver
or iodine in the precipitation, but both used the col-
loidal property of silver iodide (the most commonly
used seeding chemical), its extremely low solubility in
water, and its ice-nucleating characteristics to detect
the presence of this chemical compound in the precip-
itation and to assess, by inference, its concentration.
Although the analysis procedures were somewhat
complex, as well as being slow and labor intensive,
they did provide relatively reliable methods for esti-
mating the amounts of seeding material in the precip-
itation falling in designated target areas of large-scale
weather modification projects.

With the advent of high thermal neutron flux nuclear
research reactors and later the development of flameless
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atomic absorption spectrophotometers, the cost and
time for analyzing precipitation samples for their trace
chemical constituents were greatly reduced. More im-
portantly, the sensitivity of detection and measurement
of many of the elements of interest were improved to
the point where direct analysis of liquid water samples
having concentrations of specific trace chemicals as low
as a few parts per trillion were able to be achieved.

Because of the almost universal use of silver iodide
in cloud-seeding experiments, a substantial number of
investigations of the silver content of precipitation have
been conducted throughout the world. In addition,
measurements of silver and silver iodide have been
made on individual or groups of cloud particulates.
Koenig (1960) demonstrated how individual Agl par-
ticles could be identified in ice crystals. Knight (1969)
demonstrated how this could be achieved by a crystal
growth method.

When silver iodide aerosols are released at rates of
10'*~10*° nuclei per second (common dispensing
rates), the concentrations of this released silver in the
precipitation are usually found to be in the range of |
X 1072 gmL~" (1 ppt)to 1 X 1072 gmL ™" (1 ppb).
Silver, being a heavy metal and having a high thermal
neutron cross section, made it a prime candidate for
analysis at these concentration levels by neutron acti-
vation. The short half-life (24 s) radioisotope of silver
was used by Warburton and Young (1968, 1972) to
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measure this element at concentrations down to 107!
M after preconcentration of the silver by ion exchange.
Several researchers have now reported measurements
of the silver from silver iodide in precipitation at these
concentrations by both flame and flameless atomic ab-
sorption methods, including Parungo and Robertson
(1969), Warburton (1969), Lacaux (1970), Wis-
niewski and Sax (1979). Other methods used included
isotope dilution and anodic stripping voltammetry; see,
for example, Eisner and Marx (1970). The reproduc-
ibility of results using these trace analytical methods is
usually within +20% for concentrations near 102 ppb.

With the improvement in sensitivity of analysis,
weather modification researchers began to use other
chemical aerosols, the elements of which could also be
measured accurately at these extremely low concen-
tration levels. In order to be used in conjunction with
silver iodide in atmospheric tracer studies, the choice
of element should preferably satisfy three general re-
quirements: that it can be dispensed in the form of
submicron-sized aerosol particles; that its natural
background concentration level in precipitation is at
most less than 10 ppt; and that the sensitivity of mea-
surement by the available techniques is in the range of
a few parts per trillion. These considerations have led
to the use, in particular, of the trace metal indium in
a number of atmospheric modification tracer experi-
ments in the central Sierra Nevada. Results from these
studies are also presented here.

2. Tracking seeding aerosols from source to receptor

Experimental attempts to study the transport, dis-
persion, and removal of submicron-sized aerosol par-
ticles either with aircraft or ground-based monitoring
systems have been limited (see, e.g., Fookes et al. 1962;
Smith et al. 1966; Marwitz and Stewart 1981; Stith et
al. 1985).

The work described in this paper does not attempt
to follow the chain of events from aerosol release
through nucleation or scavenging to arrival at the sur-
face in the precipitation. Instead, a source-receptor
approach has been used.

Knowing the locations of the aerosol sources and
their chemical and physical characteristics, it is feasible
to sample the air or precipitation with appropriate
equipment at downwind sites, measure the source ma-
terials deposited, and therefore estimate their geo-
graphical and temporal distributions. If the experi-
mental design requires knowledge of the capture pro-
cesses that the aerosols have undergone, it may be
possible to deduce this somewhat by judicious choices
of the source materials that, because of their physical
dimensions and chemical nature, may interact differ-
ently with the cloud hydrometeors and precipitation
elements.
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3. Discussion of the processes of capture of seeding
and tracer aerosols

Cleansing of the lower atmosphere of its chemical
impurities is regularly achieved by dry deposition and
by cloud and precipitation scavenging and nucleation
processes. There have been many observations of this,
the timescale varying from hours to months depending
upon the chemical and physical nature of the impurity.
Because atmospheric impurities are finite in amount,
their concentrations in wet deposition usually decrease
with increase in precipitation rate or amount (Junge
1963). This is true for radon and its daughter products,
sodium, potassium, calcium, nitrate, chloride and sul-
fate, to name a few of the more common substances.
However, when ice-forming nuclei are present that can
affect the principal precipitation forming processes,
some of the reported results do not follow this normal
trend. Vali (1970) reported a direct relation between
the rate of rainfall and the freezing nucleus content of
that rain. In experiments where submicron-sized aero-
sols of ice-nucleating silver iodide have been contin-
ually dispensed into cloud systems during storms, some
of the reported results discussed below followed the
norm but others did not.

a. Observations of scavenging of submicron-sized
silver iodide aerosols

The principal precipitation scavenging mechanisms
for atmospheric aerosols are known to be Brownian
motion, phoretic processes, electrostatic attraction, and
impaction. All are functions of the radius, volume, or
surface area of the precipitation particulates, which are
capturing the aerosol particles, as well as of the sizes
and concentrations of the particles themselves. For the
case of submicron-sized Agl particles that have been
injected into clouds from cloud-seeding generators, one
would therefore expect to observe silver concentrations
that are correlated negatively with, or are directly pro-
portional to, precipitation amount if the particles are
being removed entirely by these scavenging mecha-
nisms. Both constant and negative correlations have
been observed by Warburton et al. (1982) in some of
the silver iodide seeded cases in the National Hail Re-
search Experiment (NHRE). In those studies, the stlver
iodide aerosols were released into the cloud systems
from aircraft. Similar results were also reported by La-
caux and Warburton (1982) and Lacaux et al. (1985)
for some of the seeded convective storms in the Swiss
Grossversuch IV hail suppression experiments. Those
results also showed that substantial proportions of the
silver iodide aerosols that had been injected by rockets
into the storms were scavenged quite quickly and that
it would not have been possible for those aerosols to
have affected the precipitation formation processes sig-
nificantly as was intended.

The silver iodide aerosols used in seeding programs
typically have mean particle radii around 0.03 pm,
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(Mossop and Tuck-Lee 1969). Also, if the seeding
generators producing the Agl aerosols use a mixture
of silver 1odide and ammonium iodide in acetone, the
particles are extremely insoluble (solubility 2 parts in
10° water) and are also nonhygroscopic. Hence, most,
if not all, of the scavenging of these particles would be
caused by Brownian capture, diffusiophoresis, and
thermophoresis, the particles being too small for cap-
ture by inertial impaction or by turbulent diffusion.
However, it is also worth noting that the mean particle
radius is in the size range where the collection efficien-
cies for the phoretic processes are near their minima
in the “Greenfield gap” (Greenfield 1957).

If the cloud conditions are such that water droplets
are growing, Brownian capture will be the dominant
process for particles less than 0.1-um radius, with ther-
mophoresis the next most important, whereas if the
droplets are evaporating, both of the phoretic processes
tend to dominate over Brownian capture for particles
larger than 0.05-um radius (Young 1974). Since most
of the Agl particles are smaller than this, however,
Brownian motion capture will dominate. As stated
earlier, all of these scavenging processes relate directly
to the sizes of the cloud hydrometeors and should lead
to constant or negative correlations between silver (io-
dide) concentrations and precipitation rates and
amounts.

Additionally, very few, if any, of these particles
would be expected to be removed as cloud condensa-
tion nuclei (CCN). This is because the smallest radius
nonhygroscopic particle capable of acting as a CCN is,
by the Gibbs-Thompson relationship,

CL1X10°°

r (cm),

where ¢ is the supersaturation over water. It would be
necessary for supersaturations in the cloud to exceed
1.4% for even the largest of the Agl particles produced
by cloud-seeding generators to behave as CCN.

In clouds where the ice phase exists, submicron-sized
silver iodide particles can also be scavenged by vapor
pressure gradient transport (Facy effect) to ice particle
surfaces growing in conditions where the cloud is su-
persaturated with respect to ice.

b. Observations of removal of silver iodide aerosols
by ice nucleation

The principal mechanisms responsible for removal
of submicron-sized aerosols by ice nucleation are con-
densation freezing, sublimation, and contact. Conden-
sation freezing requires the ice-nucleating particle to
act first as a cloud condensation nucleus and subse-
quently to cause the droplet to freeze at a warmer tem-
perature than would have occurred without its presence
in the droplet (Vali 1971). Sublimation is the process
by which supercooled water vapor diffuses directly onto
the ice nucleus, producing an ice embryo that subse-
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quently grows by the Bergeron-Findeisen process;
contact nucleation occurs when the ice-nucleating par-
ticle is transported to the surface of a supercooled
droplet. Such transport can occur by the same Brown-
ian motion or phoretic processes described earlier.

Any of these processes that have led to the produc-
tion of new ice particles could lead to positive corre-
lations between silver concentration and precipitation
amount. Such positive correlations have been observed
in some of the National Hail Research Experiment
seeded storms by Warburton et al. (1982) and in
Grossversuch IV by Lacaux et al. (1985). Those pos-
itive correlations occurred in convective clouds in
which some of the silver iodide aerosols released had
sufficient time to function as ice-forming nuclei at
temperatures colder than —5°C, the threshold nucle-
ation temperature.

4. Winter snowfall studies of scavenging and
nucleation of seeding aerosols

Field programs for studying the capture and removal
of submicron-sized Agl aerosols by snowfall have been
conducted in both the Truckee-Tahoe and Lake Al-
manor (Mooney and Lunn 1968) watersheds of the
Sierra Nevada, and the results of these investigations
are now discussed. The watersheds are shown in Figs.
1 and 3. Elevations in both areas range from 4600 to
10 500 ft MSL.

It is extremely important to emphasize at this point
that the snow sample studies that follow are not analyses
of individual ice crystals or snowflakes that may contain
a particular size or type of particle but are of integrated
samples of snowfall containing as many as 10°-107
crystals, which have occurred over periods of at least
1-2 h and sometimes longer periods. Because of this,
the aerosol material deposited in these precipitation
samples is not expected to be differentiated by particle
size but are considered to consist of statistically rep-
resentative samples of the entire particle size spectra
that have been released at the generator sites.

a. Positive correlations between silver concentration
and snowfall amount

The Lake Tahoe-Truckee River watershed was
seeded with ground-based generators located either on
the western side or on the Sierra Nevada crest for two
successive winter seasons. The snowfall was sampled
in the target area following seeding operations. Figure
2 shows the snowfall water mass deposited in grams
per square centimeter as a function of observed silver
concentrations above the background of 2 X 10712 g
mL ™! (2 ppt). These data are from 16 sampling sites
in this target area, and the line of best fit has a slope
of 0.8. The Lake Almanor watershed was also seeded
for two successive winters with Agl using the generator
locations shown in Fig. 3. Figure 4 shows the water
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F1G. 1. The watershed of Lake Tahoe and the Truckee River in
the central Sierra Nevada. Specific geographical features are shown.
The Stead Control Center is the site of the DRI Atmospheric Sciences
Laboratories. Also shown are the sites of silver iodide aerosol gen-
erators and snow sampling equipment.

mass deposited in grams per square centimeter as a
function of silver concentrations above the background
for 52 profiles of snowfall sampled in that watershed.
The line of best fit has a slope of 0.9, very close to that
for the Truckee-Tahoe area. Although there is signif-
icant scatter among the points, Figs. 2 and 4 show es-
sentially the same relationship, indicating that an in-
crease of 10-ppt silver concentration in the snow is as-
sociated with an increase of 8-9 g cm? mass of snow
deposited. To explain this positive correlation, War-
burton et al. (1986) proposed a mechanism in which
some of the ice-nucleating Agl aerosol particles initiated
new ice crystal growth, and this was followed by ag-
gregation of these crystals into snowflakes rather than
having the particulates growing to precipitable sizes by
diffusional or accretional capture of supercooled water
substance. These results do not necessarily imply that
the overall precipitation amounts coming from the
seeded clouds have been changed but are considered
to be evidence that some of the Agl aerosol is carrying
out the nucleation function intended.

b. Distinguishing berween ice nucleation and
scavenging of submicron-sized seeding aerosols

The positive relationships between silver concentra-
tions and snowfall amounts suggested the feasibility of
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distinguishing between the silver iodide being removed
in the snowfall by “active” ice nucleation and that being
“passively” scavenged. In order to determine if such a
distinction could be made, experiments were planned
in which two submicron-sized aerosols having similar
size distributions would be released at somewhat similar
known rates into supercooled clouds simultaneously
from the same locations. Silver iodide would be used
as the ice nucleator and indium sesquioxide as the non-
ice-nucleating aerosol. The insoluble, nonhygroscopic
silver iodide aerosol would be produced by burning a
mixture of silver iodide and ammonium iodide dis-
solved in acetone in a propane flame. The indium ses-
quioxide aerosol would be produced in a similar man-
ner by burning a solution of indium nitrate dissolved
in ethyl alcohol in a propane flame. The indium ses-
quioxide particles formed are also nonhygroscopic and
very insoluble in water. Also, they do not nucleate ice-
particle formation. This was tested by collecting sam-
ples of the aerosol in a large syringe (2-L volume ) and
injecting them into the DRI cloud chamber (volume
6.7 m?) at a temperature of —20°C. No ice crystals
were nucleated during 20 such tests. The indium nitrate
mixture that was burned produces a submicron-sized
aerosol with the particle size distribution shown in Fig.
5. This distribution and that of the silver iodide shown
in Fig. 6 were determined from samples collected on
electron microscope grids held in the aerosol plumes
at a distance of 10 m from the generator nozzles. The

Central Sierra Nevada Seeded Snowfall
from 16 Sampling Sites in Tahoe Basin
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FIG. 2. Water mass deposited (g cm™2) as a function of concentra-
tions of silver above the background of 2.0 X 1072 g mL™! in the
snowfall. Data from 16 sampling sites in the Lake Tahoe-Truckee
River watershed after seeding with silver iodide aerosols. Line of best
fit Y= 08X+ 1.0.
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FI1G. 3. Lake Almanor watershed in the central Sierra Nevada showing specific geographical features. Also shown
are the release sites for both Agl and In,O; aerosols, sites used for snow sampling, and sites for rawinsonde releases.

mean particle radius for indium sesquioxide was cal-
culated to be 0.033 um and that for silver iodide was
0.030 pm.

5. Further field studies in the
Lake Almanor watershed

The field program to study the distinctions between
scavenging and ice nucleation of seeding aerosols was
conducted in the Lake Almanor watershed because
there was far less chance of contamination from other
seeding projects in the central Sierra Nevada. There
were no silver iodide seeding experiments or operations
being conducted within a radius of 160 km of the Al-
manor target area during the experimental study pe-
riod. The nearest project (160 km distant) was in the
Tahoe-Truckee watershed located southeast, and
therefore not upwind of the Almanor watershed during
storms with a westerly component.

The seeding and tracer aerosols were released from
10 ground-based generators arranged in pairs, one for
silver iodide, the other for indium sesquioxide. The
two generators of each pair were set about 50 m apart
to minimize or eliminate coagulation effects between
the plumes near their sources. The locations of these
five pairs of aerosol generators, the boundary of the

target area, and the eight sites where the snow sampling
occurred are shown in Fig. 3.

a. Targeting of the silver iodide and indium
sesquioxide aerosols

Several successive winter storms were seeded si-
multaneously with the silver jodide and indium ses-
quioxide aerosols. The snowfall was sampled by col-
lecting vertical profiles (cores) of the snowpack at the
eight sites directly following these major winter storm
events. The profiles were subdivided vertically into 2-
cm-depth increments. Each increment analyzed for its
silver and indium contents and its density measured.
The total number of snow increments collected was
683. The mean density of these 683 increments was
0.172 (standard error 0.003).

The natural background concentrations of silver Bg
and of indium By in precipitation in this region had
already been measured by Warburton et al. (1989) as
2.0 ppt (¢ = 1.0 ppt) and 1.5 ppt (¢ = 1.0 ppt), re-
spectively. This silver value was determined from anal-
yses of 870 snow sampiles collected during a complete
unseeded winter season in 1983, and the indium value
was from 220 separate snow analyses.






