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The various papers in Volume 21 are interesting, informative, provocative, and stimulating.
They not only illuminate much of "what’s going on" in cloud seeding today, but point us toward
an avenue of tomorrow. The President’s Message (Dennis) helps clarify a subject Tong in the
shadows, the realism of risk. Understanding this subject has been a stumbling block in the
arenas of pure science and applied cloud seeding technology.

The subjects in Volume 21 focus on hail suppression (Musil, Aleksic and Radinovic), the
singular use of propane as a seeding material at ground level (Reynolds), thoughts on dynamic
seeding (Pflaum), cloud liquid water (Super), possibilities for seeding fire induced cumulus
clouds, (Holroyd), seeding effects at ground level (Ben-Zvi), and some initial field experiments
and laboratory tests using pseudomonas syringae, a common occurring bacteria with strong ice
nucleating properties (Ward). The subjects are exciting enough to stimulate anyone’s
imagination and desire to "Jook further”.

As is normally the case, the subjects in this volume are a mix of both scientific
investigation and the application of this scientifically based technology. It seems logical
that such a mix will continue in some small way to provide forward motion to the field of
weather modification.
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A NOTE ON_THE POTENTIAI, FOR SEEDING FIRE-INDUCED CONVECTIVE CLOUDS

Edmond W. Holroyd III and Arlin B. Super
Bureau of Reclamation
Denver, CO 80225

The recent outbreaks of widespread,
drought-related forest and range fires
in the Western United States have
increased interest in reducing fire
danger and damage. One possible
approach that deserves serious
assessment is the application of cloud
seeding to convective clouds over the
fire-prone areas. Such clouds may form
naturally, especially over mountainous
terrain, or may be produced or enhanced
by the fires themselves. This note
examines a September 1988 afternoon with
fire-induced convective clouds as viewed
with digital satellite data. It is
recommended that similar studies be made
of the entire 1988 fire season in the
West to determine the frequency of
clouds possibly suitable for seeding.

Towering cumulus or even cumulonimbus
clouds may often be present during the
summer months when the fire danger is
greatest. In fact, thunderstorms often
ignite the fires, and Project Skyfire of
the 1950's was conducted to see if cloud
seeding could reduce the lightning
danger. Even during severe drought
conditions in which there is little
atmospheric water that is condensable
into clouds, fires create water vapor as
a product of combustion. The smoke from
the fires should make the clouds
extremely colloidally stable, with tiny
cloud droplets. Thus, only the ice
phase process should be able to make
such clouds precipitate. Cloud seeding,
with dry ice or AgI released from
aircraft directly into the supercooled
portions of fire-induced cumulus clouds,
will initiate the precipitation process
and might drop rain downwind of the
fire, dampening the surface into which
the fire is moving.

Fires which produce supercooled clouds
may also create a circulation regime
that could be exploited by setting AgI
generators on the ground upwind of the
fires. The AgI nuclei might then be
drawn into the fire-induced cloud,
seeding it when and if it becomes
supercooled.

The idea of seeding convective clouds
associated with forest fires is not new.
For example, some exploratory work has
been done in Alaska (Harpster and
Douglas, 1971) and in Canada (Isaac

et al., 1980). Perhaps a number of
workers have even occasionally
experimented with fire-induced cumulus.
Such a cloud, labeled as Cloud 2 on

8 December 1972 in Holroyd et al.
(1978), was seeded by the first author

using an aircraft and dry ice pellets.
It produced the second highest estimate
of dry ice effectiveness of the reliable
Australian experiments. This suggests
that the ingested smoke did not
radically alter the cloud microphysics
so as to prevent seeding from starting
the precipitation process.

The cover photograph of this volume
shows two fire systems during the
afternoon of 7 September 1988 as viewed
by the NOAA-AVHRR polar orbiting
satellite. The upper part is of the
Yellowstone Park fires and the lower is
of a fire on the south side of the Uinta
Mountains of northeastern Utah. The
state boundaries are shown in black. 1In
the computer processing, fires were
identified using the infrared band 3
(3.50 to 3.95 um) with a threshold at

47 °C. They are colored in red on top
of the Yellowstone smoke. A more orange
tone is the fire area in the Uintas
because a slightly different color
processing was used to show the smoke
emanating from the fire.

Of interest to weather modifiers are
those parts of the clouds that were
supercooled. Infrared band 4 (10.4 to
11.7 pm) was used to identify the 0 and
-20 °C thresholds. Clouds between 0 and
-20 °C are shown in green on top of the
fires and smoke. Those clouds colder
than -20 °C are shown in blue within the
green ring. Five regions over the
Yellowstone fires had supercooled
clouds. One of them, and also the Uinta
fire, had portions colder than ~-20 °C.

A field of cumulus clouds with
supercooled tops (green) was east of the
Uinta fire.

Figure 1 shows cloud top temperature
profiles with distance downwind of the
fires. Surface temperatures adjacent to
the fires and the fire locations are
also indicated. The larger supercooled
elements, labeled "TCU" for towering
cumulus, are 5 to 7 km long, but most of
the smoke is warmer than 0 °C.

The Yellowstone profile extends eastward
from the large fire in the northwestern
part of the park for a 29-km-wide swath
through four of the supercooled cloud
elements. The surface locations of the
fires are marked by the broad lines at
the bottom. The Uinta cloud was
profiled within a similar swath in the
direction of 123°. Scatter diagrams of
temperatures within the swaths were
prepared from which the general surface
temperatures adjacent to the fires and
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Figure 1. - Temperature profiles of the tops of clouds

produced by (a) the Yellowstone fires and
(b) the Uinta fire on 7 September 1988.

the coldest cloud temperatures were
extracted. The larger supercooled cloud
elements were 5 to 7 km long. Most of
the smoke had tops at only about 7 °C
for the Yellowstone fires and 21 °C for
the Uinta fire, making such portions
unsuitable for dry ice or AgIl seeding
technologies.

The ground release of AgI nuclei is
perhaps the simplest strategy that can
be carried out during an actual fire
situation. The generators can be
ignited upwind of a major fire whenever
there is a possibility of the formation
of supercooled fire-induced cumulus
clouds. A more direct approach would be
to use a high-performance aircraft to
seed the developing turrets with dry ice
as done in HIPLEX-1 (Smith et al.

1984). Not all large fires will produce
clouds suitable for seeding, but the
costs of seeding from either the ground
or by aircraft are small compared to
typical firefighting budgets. Minor
fires are unlikely to produce
fire-induced cumulus clouds that might
become supercooled.

The rain from fire-induced clouds will
be highly contaminated by the smoke.
But those concerned with air pollution
would most likely prefer to have rain
wash the air rather than have the smoke

travel across several states as it did
from the 1988 Yellowstone fires. An
ability to hinder the spread of large
fires through cloud seeding could also
be considered an air pollution reduction
technique. The rain would reduce the
smoke downwind by washing the air. The
rain would reduce future smoke by
hindering the future fire. Only in
unusually calax alr masses could the rain
be expected to fall directly on the fire
producing the fire-induced cumualus.

Rain from naturally occurring cumulus
clouds might be initiated through cloud
seeding to fall on the fire itself on
some occasions. Several fires in
northwestern Montana (not illustrated)
had supercooled clouds near or over then
on the afternoon of 7 September 1588.

This paper presents only a "snapshot" of
fires during one afternoon. There were
numerous other fires in the field of
view of the satellite which produced
only smoke and no fire-induced cumulus
clouds. A study should be conducted to
determine how frequently there were
opportunities for seeding fire-induced
clouds during the 1988 and perhaps
earlier fire seasons. If the frequency
was sufficient to justify it,
exploratory seeding of convective clouds
over fires should be carried out with



state-of~the-art instrumentation systems
used to physically evaluate the results
in the manner of HIPLEX-1 (Cooper and
Lawson, 1984). The potential
benefit-cost ratio is too high to
continue to ignore cloud seeding as one
of the tools that might be used to fight
range and forest fires.
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THE NUMERICAL MODELING OF ICE-PHASE CLOUD SEEDING EFFECTS

IN A WARM-BASE CLOUD:

PRELIMINARY RESULTS

H. D. Orviile, F. J. Kopp, R. D. Fartey, and R. B. Hoffman
Institute of Atmospheric Sciences
South Dakota School of Mines and Technology
501 E. St. Joseph Street

Rapid City, South Dakota

Abstract.

57701-3995

A numerical simulation of a warm-base cloud in the southeastern United

States has resulted in a vigorous cloud development, much in agreement with observa-

tions by radar and aircraft on that day (20 July 1986).
all of the ice processes turned off and vigorous growth still occurs.

The case has been rerun with
The natural ice

processes enhance the cloud cell development and produce about 12% more precipitation.
Simulated cloud seeding of the natural cloud case {[testing both silver iodide (Agl)
and solid carbon dioxide (CO,)] produces about 5% less precipitation from this large

convective clioud.
a smaller warm-base cloud.

The same sounding is used but with decreased vapor flux, to produce
Simulated cloud seeding of that cloud results in 12%

increases in precipitation, illustrating that the dynamics of the cloud are important

for determining the seeding results.

1. INTRODUCTION

The use of cloud models to predict and to help
understand the effects of cloud seeding has been
practiced for many years now, starting with one-
dimensional, steady-state cloud models in the early
60's (Simpson and Wiggert, 1969) to the two-dimen-
sional (2D), time-dependent cloud models in more
recent times (Hsie et al., 1980; Kopp et al., 1983;
Orviile et al., 1984; Farley, 1987; Kopp, 1988).
The version of the IAS model used in the Hsie etf al.
paper referenced above did not include the simula-
tion of a snow mixing ratio field, as described in
Lin et al. (1983). The preliminary work reported
here uses the updated version of the 2D cloud
model applied to a warm-base cloud (+18°C) simu-
lated and observed during the Cooperative Huntsville
Meteorological Experiment (COHMEX) conducted in
Huntsville, Alabama, USA, during the summer of 1986.

2. CLOUD AND MODELING SITUATION

The subject cloud formed about 1400 local
time on 20 July 1986, Clouds had formed 30 to 45
min earlier and had grown to between 6 km (MSL) and
8 km producing coalescence rain in the process
(Tuttle et al., 1988). At about 1400 a more
vigorous growth occurred leading to a cloud topping
out at about 14 km and producing copious amounts
of rain and small, pea-sized hail. This precipita-
tion led to a strong microburst.

This cloud was well-observed by multiparameter
Doppler radars and simulated by the IAS 2D cloud
model on the morning before the 'storm occurred
(Tuttle et al., 1988). We have rerun this sounding
two years later and on a different computer system
and still obtain a realistic simulation of clouds
on that day (but not exactly like the original
run). We use this Tater sounding to produce two
cloud cases -- one large and one moderate size
cloud -- to study the effects of ice on the cloud
growth and the effects of ice-phase cloud seeding
on precipitation from warm-base clouds. Even-
tually we hope to run enough cases of both cold-
and warm-base clouds to update our earlier cloud
seeding study (Hsie et al., 1980).

3. CLOUD MODEL DESCRIPTION

The cloud model used in this study is two-
dimensional, time-dependent (Orville and Kopp,
1977; Lin et al., 1983) with bulk water micro-
physics and 200 m grid intervals over a 20 km by
20 km domain. Cloud seeding sinulations employ
techniques described in Hsie et al. {1980), Kopp
et al. (1983), and Orville et al. (1984). The
model is anelastic and uses a vorticity (stream
function) approach to obtain the velocity field.
Chen and Orville (1980) provide additional infor-
mation on the dynamic framework of the modei.

The bulk water microphysical method is based
on concepts suggested by Kessler (1969). Our model
divides water and ice hydrometeors into five
classes: cloud water, cloud ice, rain, snow and
high density precipitating ice (graupel/hail).
Rain, snow and graupeli/haii, which are assumed to
follow inverse exponential size distributions,
possess appreciable terminal fall velocities.
Cloud water and cloud ice have zero terminal
velocities and thus travel with the air parcels.
These five classes of hydrometeors interact with
each other and water vapor through a variety of
crude parameterizations of the physical processes
of condensation/evaporation, coilision/coalescence
and collision/aggregation, accretion, freezing,
melting and deposition/subliimation. The micro-
physical processes and parameterizations employed
in the bulk water model are discussed in detail by
Wisner et al. (1972), Orville anc Kopp (1977), and
Lin et al. (1983).

4. CLOUD MODEL RESULTS

4.1 N2 Case {Large Convective Storm)

4.1.1 Unseeded run

The natural (unseeded) cloud develops much as
was described in Tuttle et al. (1988). Early
growth of the model clouds ig slow and cioud tops
cap out at 5 to 8 km. The 0'C ievel is at about
5 km so very little ice forms in these small
clouds. Some small amounts of graupel/hail occur



because of the probabilistic freezing of raindrops
(Bigg, 1953), formed earlier via coalescence.

Cloud ice doos not form until temperatures inside
the model cloud drop below -20°C. Figure 1 shows
the growth curves of various representative clouds
appearing in the model domain. Early growth rates
of cloud tops are 1 to 3.5 m s7' while the active
main cloud top rises at nearly 7 m s™*. Figure 2,
Teft column, shows the general cloud outline and
precipitation fields of the unseeded cloud run at
various times throughout the cloud's life cycle.

A series of cloud developments on the left side of
the grid lead to the main cloud formation, evident
at 129 min of simulated real time.

Cloud Top Growth 20 July 1986 N2

Rate of #'sa

37mve
v Cloud 0
=== Clowdt

—% Clwd?2
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v Noke

80 100 120 140
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Fig. 1. Plots of various cloud top heights vs.
time, which occur in the model results. The 4 and
Qg symbols give the cloud top height for the seeded
and no-ice cases, respectively.

Coalescence growth begins in the model clouds
when cloud water mixing ratios exceed 2 g kg™*.
This leads to efficient rain production with rain
mixing ratios greater than 1 g kg™! initially show-
ing up between 2 and 3 km height in the model.

As seen in Fig. 1, the primary cloud grows
rapidly from 123 min to 140 min. The evolution of
the cloud over much of this time period is also
illustrated in Fig. 2. The ice processes become
very active during this time and aid in the pro-
duction of rain through melting processes. The
rain production terms shown in Fig. 3 indicate
melting of graupel increasing in magnitude to
values greater than 100 kT km™' after 140 min.

Unfortunately for the cloud seeding efforts
(as decribed below) the coalescence formation of
rain dominates precipitation production in this
large cioud situation, as seen in Fig. 3 in the
rain accretion term (ACCR) and the autoconversion
term (AUTO). As early as 110 min the ACCR term
is larger than 10 kT km™ increasing to greater
than 100 kT km™* at 125 min. The AUTO term repre-
sents rain initiation via coalescence and is in
the range of 1 kT km™ ', by 110 min indicating an
efficient rain formation process. The subsequent
rain production is primarily through the accretion
of cloud water by the rain.

4.1.2 No-Ice Run

As is evident in Fig. 2 the no-ice run
appears to produce clouds similar in shape to the
natural cloud but less dynamic. The main cloud is
not quite so vigorous and does not grow as high in
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the atmosphere as its counterpart in either the
unseeded or seeded runs. This cloud situation
produces about 10% less precipitation than the
natural cloud run (see Table 1).

Table 1. Precipitation production from the ZQIJu1y 1986
cloud simulations. Units are KT km ', numbers
in parenthesis are percentage change from the
unseeded case.

case Rain Hail Total

N1 (smaller cloud)

Unseeded 26.7 -- 26.7

Agl, cloud base 30.0 (+12.4) - 30.0 (+12.4)

€0,, cloud top 29.7 (+11.6) -- 2?.7 (41}.6)

Agf, cloud top 29.9 (+12.2) - 259 (+12.2)

N2 (large cloud)

Unseeded 301.5 3.70 305.2

Ne-Ice 272.3 (~9.7) -- 272.3 (-10.8)

Aga cloud base 287.6 (-4.5}) 3.36 (~9.2) 291.2 (-6.6)
cloud top 286.6 (-4.9) 2.86 (-22.7) 289.5 (-5.2)

Agg cloud top 285.3 (-5.4) 2.92 {-21.1) 288.2 (-5.6)

4.1.3 Seeded Runs

Cloud-base seeding with s11ver iodide (AglI)
and cloud-top seeding (at about -10°C) with both
dry ice (CO,) and Agl have been simulated., as in
Orville et al. (1984) and Kopp (1988). Seeding
amounts of about 200 g km™* were simulated at 117
min (cloud base) and 120 min (cloud top) of simu-
Tated real time. Figure 2 shows the effects of
seeding in a run with Agl seeding at cloud top.
More snow and graupel/hail is evident at 129 min
in the seeded cloud.

For this large cloud, the icing effects were
clear; production terms of rain via ice processes
began earlier and radar reflectivity patterns were
changed (maximum values higher in the cloud) as
well as the reflectivity values increased. Also
the seeded cloud grew faster than the unseeded
cloud (Fig. 1). However, these changes did not
result in greater precipitation fallout, in fact,
less. Table 1 shows the precipitation production
in the various cases.

One of the effects of cloud seeding is shown
in Fig. 3. The dashed curves represent the seeded
case. Note that almost immediately after seeding
the GMLT (graupel melting) term deviates from the
unseeded run GMLT curve. This is caused by the
nearly instantaneous transformation of rain to
graupel caused by the cloud ice produced by seed-
ing, and the collection of this cloud ice by the
rain (Koenig, 1966; Cotton, 1972). The graupel
then falls to warmer regions of the cloud and
melts to form rain.

Our preliminary analysis of these results
indicate that the earlier formation of snow and
graupel did not help the precipitation production
in this large, vigorous cloud (vertical velocity
maxima greater than 256 m s™'). In the seeded runs
too much of the snow was transported to the anvil
region and never reached the ground.

4.2 Further Tests (N1 Case - Moderate Size
Convective Cloud)
One further series of tests has been run at
the time of this writing. A smaller, weaker cloud
development was produced using this atmospheric
sounding by decreasing the water vapor flux at the
earth's surface. The ma1n cloud development topped
out at about 8 km (-20° C), and produced about an
order of magnitude less precipitation than the
orevious case. The seeded runs produced about 12%
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Fig. 2. The general cloud outiine and precigitation fields for the unseeded run (left column), no-ice
run {central column), and Agl cloud top (-10°C) seeded run (right column) for the large cloud case,
N2. The symbols * and e represent graupel/hail and rain mixing ratios greater than 1 g kg™'; the S

represents snow mixing ratios greater than 0.5 g kg7™'. Time in simulated real time {minutes) is dencied
in the upper left corner of the center panels.

cloud ice into precipitation and the weaker
dynamics of the cloud allowed more precipitation

RAIN PRODUCTION TERMS FOR CASE N2 fallout

1000

100
T

Figure 4 shows the general outline of the
unseeded and seeded clouds. The formation of snow
and graupel/hail is evident at 186 min 1in the
seeded case, but not until 204 min and at high
altitudes in the unseeded case. Actually some
graupel/hail formed via the rain freezing pro-
cess, but remained much less than in the seeded
case.
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5.  DISCUSSION

These modeling tests of the seeding of a
Targe and a moderate size warm-base cioud have
produced different effects on precipitation. The

modeled ciouds have been very efficient producers

e w0 0 of warm rain; the ice phase seeding has decreasad
slightly the total precipitation in the large
cloud and increased it moderately in the smailer

.00%
T

.00004 .0001

Fig. 3. The rain production terms in the ¢loud. However, note that the smali percentage

N2 case, unseeded run. ACCR denotes accretion change in the large model cloud results in a

of cloud water by rain, AUTO is the coalescence greater absolute change in precipitation than the

of cloud water to form rain, GMLT is graupel moderate percentage change in the smaller model

melt and SMLT is snow melt to form rain. cloud.

The dashed curves represent the seeded case

results. These changes due to ice-phase seeding are
less dramatic than the changes we have seen in

more precipitation than the unseeded run (Table 1). simulations of cold-base convective clouds (Xopp

In this case the earlier formation of snow and et al., 1983; Kopp, 1988; Orville and Kopp, 1986),

graupel helped to process the cloud liquid and where coalescence is not active. In those cases
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increases ranging from 20 to 100% or more resulted,
primarily by the process of creating precipitation
via the cloud seeding at an early stage of the
cloud's Timited 1ife history.

The results shown here regarding a large
warm-base cloud do not appear consistent with the
results of Hsie et al. (1980) concerning the warm-
base cloud produced in the model using an atmo-
spheric sounding from St. Louis. In that case a
healthy increase in precipitation was noted.

We ascribe the differences to changes in ice
microphysical simulations since that 1980 study.
The inclusion of a snow mixing ratio field in the
model has made the precipitation simulations more
realistic. The ice-phase seeding simulaticns now

Similar to Fig. 2, but for the smaller cloud case, NIl.

(km)

The unseeded run is on the left, seeded

form snow initially (via cloud ice) instead of
graupel/hail immediately as in the Hsie et al.
study. If the storm dynamics are great enough,
the snow is carried aloft and may not result in
precipitation on the ground.

The vigor of the large cloud is increased by the
ice-phase seeding, but an inhibiting inversion is
not present. That type of inversion situation has
been hypothesized in the past to be favorable for
positive cloud seeding effects, but we have not
simulated such a case yet. Also, the ice-phase
cloud seeding would be expected to be more
effective in warm-base clouds that have a less
efficient warm-rain process than that which was
modeled. So far only a relatively few cases
have been run. These results appear to be con-



sistent with the discussion of the seeding of
isolated convective clouds presented in Dennis
(1980), in which he suggests that moderate size
convective clouds are the prime targets for rain
enhancement via ice-phase cloud seeding.
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Snow Inducer,
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Abstract: SnomaxTM

Paul J. DeMott
Nenartment of Atmospheric Science
Colorado State University
Fort Coltlins, CO 8023

Snow JTnducer, Pseudomonas syringae, has

undergone preliminary laboratory and atmospheric studies in order

to assess its usefulness as an artificial ice nucleus.

Initial

laboratory results show that Snomax is a very eff]gient CQQdensation
and freezing nucleus, exhibiting activities of 10 " to 10

nuclei per gram at temperatures colder
significant activity (approximately 10
A pbreliminary aerial trial has demonstrated

as warm as -2.5°C.

o .
han -4°C and showing
ner gram) at temperatures

that Snomax powder can be easily dispersed tn iniftiate nucleation

in natural supercooled clouds.

1. INTRODUCTION

Very much has been learned in the pnast 15
years regarding the ability of certain strains of
naturally occurring bacteria to efficiently nuc-
leate the formation of ice at slight supercool-
ings. Ice nucleation active (INA) bacteria have
heen implicated in frost damage to plants (Lindow
et al., 1978), their role as sources of atmosoher-
ic ice nuclei has been suggested (Vali et al.,
1976: Maki et al., 1978}, they are being utilized
to improve the efficiency of snowmaking operations
at ski areas, and their utility for controlled
use in cloud seeding has been suggested and
investigated (Maki and Willoughby, 1978; Levin et
al., 1987). While the atmospheric implications
of naturally occurring concentrations of INA
bacteria has been judged ta be minimal {Levin and
Yankofsky, 1988), the basic understanding nf the
nucleation properties of these hacteria is notf
complete and is important, particularly for
notential weather modification applications. One
particularly efficient organism, Pseudomonas
syringae (Snnmax Snow Inducer) is now commercially
available for snowmaking and is being evaluated
for its nucleation modes, activity, and rates in
conditinns that simulate a natural cloud environ-
ment. We present the results of the nreliminary
investigation here.

2. SNOMAX AS AN ICE NUCLEATING AEROSOL
Snomax Snow Tnducer is a natural source of

ice-nucleating proteins that induces *he formation
of ice crystals. Water moleculas aoparently

attach to the bacterial nroteins in an arrangement

that mimics the structure of an ice crystal,
thereby decreasing the amount of superconling that
might normally he reauired during the nucleation
orocess. The efficiency of Snomax in causing
nucleation by the immersion-freezing of solutions
at low levels of supercooling is well defined and
is the foundation for its use in snowmaking opera-
tions.

Until recently, the ability of Snomax to
cause nucleation in a supercooled cloud environ-
ment. was unknown. Preliminary tests of Snomax in
a supercooled cloud were performed at Atmospherics
Tncorporated (A1) in Fresno, California. Through
the use of a small freezer chest, dry pnwdered
Snomax aerosols were cqualitatively tested for
nucleation ability over the temperature range of
0 te-20°C. Snomax was found to be an effective
ice nucleus in supercoonled clouds at temperatures
between 0°C and -5°C. Formvar coated microscope
slides were used to encapsulate and replicate the
artificially generated ice crystals. Photos 1A
through 1D are increasing magnifications of a
transmission electron micrograph of an ice crystal
captured after Snomax aerosol introduction inito a
-20°C supercooled cloud. These photos clearly
show a single Pseudomonas syringae hacterium in
the center of the crystal. If is evident that the
Snomax hacterial particle was indeed the nuclea-
tion site for the formation of this ice crystal.

3. SNOMAX ICE NUCLEATION STUDIES

i.aboratory experiments were performed in the
Coloradn State University (CSU) isothermal and
dynamic cloud chambers (see Garvey, 1974; DeMott
et al., 198%; and DeMott, 1988 for chamber de-
scriptinns). The isothermal chamber was used to
quantitatively survey the fractions of bacterial
particles acting to form ice crystals when dis-
nersed into a continuously replenished, water
saturated cloud at temperatures from -4 to -12°C.
Computations of ice crystals formed per gram of
Snomax powder dispersed permitted a standard
comparisnn to other artifical ice nucleating
aerosols thaf have been tested in the same cham-
ber. Procedures outlined hy DeMott et al. (1983)
were ysed to assess the basic nucleation mode
based on the kinetics of ice crystal formation.
The dynamic cloud chamber was used to test the
cloud condensation nucleus (CCNY activity of the
bacterium by simulating adiabatic expansion-conl-
ing of an air parcel. Continued exvansion-cnoling
of the cloud thus formed permitted the first
simulation of the continuous condensation and



Figure 1a.

Figure 1c.

(3,000X)

——— 20 um Figure 1b. (4,200X) ———n

(15,360%)

{5 um Figure 1d. (30,000X) "

Figure 1a - 1d. Increasing magnifications of a. transmission
electron micrograph of an ice crystal captured after Snomax
aerosol introduction into a -20°C supercooled cloud.
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freezing activity of a known INA bacterium. The
influences of the presence of other CCN particles
and of warm versus supercooled cloud base temper-
ature on these basic nucleation processes were
also examined. These studies add to the under-
standing of nucleation by INA bacteria and are
relevant to the potential use of such materials
for weather modification. Brief summaries nf the
isothermal and dynamic chamber results are given
in this paper. A complete treatise of the Tabora-
tory experimental procedures and results is being
written for future publication. We also present
the results of preliminary seeding tests with
Snomax in real clouds in this section.

2.7 Isothermal Chamber Results

Snomax aercsols were found to be highly
efficient and fast-functioning ice nucleating
aerosols, apparently nucleating ice by a conden-
sation-freezing mechanism and at rates comparable
to those of dry ice under similar conditions
{ 90% of ice crystals formed in 3 to 5 minutes).
Rates of ice crystal formation showed no signif-
icant dependence on liquid water content between
0.5 and 1.5 g/m3. Figure 2 shows the average
(6 tests at each temperature) active number of
Snomax particles per gram dispersed as compared
to dry ice and two highly efficient Agl-type ice
nucleating aerosols produced by solution combus-
tion and a pyrotechnic formulation, respectively.
The Snomax aerosols were assessed under similar
environmental conditions and in the same chamber
as the dry ice and Agl aerosols. Snomax yield in
the isothermal cloud chamber was found to decrease
by Tess than one order of magnitude between -12°C
(5.5 x 1012 g=Ty and -4°C (1.3 x 1012 g-1). This
contrasts with three to five orders of magnitude
losses of effectivity for Agl-type aerosols over
the same temperature range. The potential advan-
tages of Snomax versus Agl aerosols are evident
at temperatures warmer than about -5 to -7°C where
Agl aerosols are very inefficient. Rapid nuclea-
tion rates compared to most Agl-type aerosols may
also be advantageous. Snomax yields are within
a factor of 2 of yields from dry ice seeding over
the temperature range tested.
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Figure 2. Comparison of the ice crystal yield
versus temperature for Snomax, dry ice, and two
of the more efficient Agi-type ice nucleating
aerosnls from salution combustion and pyrotechnic

formulation.
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3.2 Dynamic Chamber Results

Snomax yields as a function of temperature
during continuous expansion cooling of clouds in
the dynamic chamber were in close agreement with
results from the static isothermal cloud chamber.
These unique experiments also demonstrated the
particularly narrow temperature ranges for the
activation of large fractions of the bacteria.
Initial ice formation started at temperatures as
warm as -2.5°C. Figures 3a, 3b, and 3c are exam-
ples from one experiment that show the ice crystal
flux {aerosol fraction nucleated s~'), cumulative
yield, and cloud droplet concentration respective-
1y, as a function of temperature during expansion
cooling. Snomax aerosols were used as CCN for
cloud formation in this example. The cooling rate
was approximately 1°C min~1 after cloud formation.
The observed tendency for nucleation activity to
be centered in specific temperature ranges was a
consistent feature in these experiments. This has
been noted for other bacterial nuclei in the past
(Levin and Yankofsky, 1988), but never verified
for freely suspended bacterial aerosols acting
first as condensation and then as freezing nuclei.

Direct injection of Snomax aerosols into
cooling cloud parcels in the dynamic cloud chamber
has lead to apparent enhancements of ice crystals
formed compared to particles iniected. This
phenomenon is under investigation.
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Figure 3. a? Ice crystal flux (aerosol fraction
nucleated s™1y b)) cumulative yield, and c) cloud
droplet concentration plotted as a function of
temperature during expansion cooling. Snomax
aerosols used as CCN for cloud formation in this
example.

3.3 Preliminary Field Test Results

The results of the laboratory chamber tests
were encouraging enough to warrant a preliminary
aerial test. The test site chosen was in western
Nevada, where occasional individual cumulus devel-
op. The objectives of the test were to apply
specific amounts of non-viable Snomax to a few
small cumulus congestus and make some general
observations and measurements of the subsequent
cloud behavior as well as gain some experience in
aerial dispersal of the product. The aerial tests
were organized and directed by Atmospherics Incor-
porated (Fresno, CA). During a two day investiga-
tion (September 8th and 9th, 1988), it was demon-
strated that Snomax dry powder can be dispersed
from aircraft into the updraft region below cloud
or injected directly into supercooled cloud at
rates that are comparable with conventional silver
iodide seeding applications. The method of genera-
tion produced a highly dispersed aerosol (the
degree of dispersal is currently being quantified).
In one case, visible glaciation effects were appar-
ent as warm as the -5°C level. Liquid water data
has not yet been analyzed. No ice crystal concen-
tration data were collected. Future seeding tests
will include detailed microphysical data.

4. POTENTIAL ADVANTAGES OF SNOMAX NUCLEI

Snomax Snow Inducer possesses some unique
characteristics that may be advantageous to the
weather modification community. First, Snomax is
pregared in a powdered form that exhibits 1012 to
1013 ice nuclei per gram at temperatures less than
-4°C and shows significant activity at temperatures
as warm as -2.5°C. The activity of Snomax per gram
at small supercooling is greater than that of
silver fodide aerosols, which do not have a
measurable response until about -5°C to -7°C.
Secondly, Snomax, being a stable, aerosolizable
powder can be used for seeding at cloud base at
temperatures greater than 0°C. Dry ice cannot be
used under these circumstances. Snomax may offer
better dispersion characteristics than dry ice and
should offer increased ease of material handling.
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5. CONCLUSIONS

This preliminary investigation of the use of
Snomax Snow Inducer as an artificial ice nucleus
demonstrates its utility for cloud seeding. How-
ever, more seeding experiments need to he conduc-
ted in real clouds. There are several planned
seeding targets: supercooled fog, wave clouds,
stratus, and cuwulus. Experimental procedures
will be designed to investigate the advantages
that Snomax skould have over other seeding
technologies based on the preliminary studies
presented.
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GROUND-BASED SILVER IODIDE SEEDING PROGRAM
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Abstract. Field investigations to determine the
effectiveness of ground-based AgI seeding generators to
treat Sierra Nevada winter cloud systems were conducted
by the Sierra Cooperative Pilot Project (SCPP) from
November 3, 1986, to January 9, 1987. Of 18 randomized
events, 12 were seeded and 6 were left unseeded. A
postanalysis using the data collected by a variety of
in situ devices and the results of a numerical
targeting model identified periods which appeared to
contain the best seeding potential and estimated the
effectiveness of placing the effects within the desired
target area.

Criteria used in real time for declaring an experiment
may have been too lenient. Nearly one-third of the
seeding cases were conducted when the -5 °C level was
at an elevation that would not be expected to be
reached by the ground-released nucleants.

A numerical targeting model, GUIDE (Rauber et al,
1988), adapted for ground release of seeding material,
computed nucleation and fallout locations from each
generator on a given day. Results indicated fallout
downwind of the target, primarily due to a high -5 °¢C
level and a strong southerly wind component. During
southerly winds, nucleants released from low elevation
sites were often predicted to travel parallel to the
barrier, displacing fallout north of the target.
Meteorological conditions with low freezing levels and
light westerly winds were predicted to produce the xost
effective targeting allowing fallout a short distance
downwind of the generator, especially for those above
2000 m.

Aircraft plume tracing studies, using airborne ice
nucleus counters under both visual flight rules (VFR)
and instrument flight rules (IFR) conditions, detected
the plumes downwind of the release sites. The
observations indicated a 10~ to 15-degree angle of
spread and an approximate 0.3 m s” rise rate for plumes
over mountainous terrain. Although it was difficult to
map the horizontal and vertical extent of the plumes,
the GUIDE model appeared to provide reasonable
estimates of plume transport and diffusion.

In addition to the above studies, a chemistry analysis
of snowpack samples showed very limited silver
dispersion, with less than 15 percent of the samples
indicating any silver above background. This rather
poor result may indicate inadequate generator coverage
and/or poor generator performance.

1.0 INTRODUCTION could assist in meeting the growing
Operational cloud seeding programs needs for water in California.
have been conducted in California since
the early 1950's in attempts to increase In 1976, the Bureau of Reclamation
water supplies and hydroelectric power established the SCPP as a research-
generation. Although the effectiveness orientated weather modification program
of large scale cloud seeding operations in the American River Basin (ARB) of
still has not been firmly established, California. Reynolds and Dennis (1986)
public and private programs continue reviewed the goals of SCPP and the
their attempts to modify cloud systems seeding experiments conducted. These
for the purpose of increasing experiments demonstrated that aerial
precipitation and runoff. Such seeding produces identifiable
expenditures are considered minimal when "signatures" in both individual
compared to the potential benefits that convective and widespread stratiform
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clouds (Marwitz and Stewart, 1981;
Stewart and Marwitz, 1982; Huggins and
Rodi, 1985; and Deshler et al., 1989).

Aerial treatment procedures have
been used by SCPP researchers to ensure
that favored cloud regions were directly
seeded at temperatures where nucleation
and ice crystal growth would be rapid.
However, most large scale operational
cloud seeding programs have depended on
ground-based AgI generators to deliver
seeding material to candidate clouds.
Ground-based generators cost less to
operate and provide a continuous supply
of nucleants during storm periods.
During the final year of SCPP,
ground-based AgI generators were
incorporated into the seeding program to
study the effectiveness of ground
delivery in conjunction with other
research objectives. This paper reports
on the results of these studies.

2.0 DESIGN

The SCPP ground-based seeding
experiment was built around ongoing
operational programs and took priority
over the concurrent SCPP aerial
treatment experiment. Ground seeding
operations were not combined with
aircraft seeding so that each delivery
method could be evaluated separately.
This allowed sophisticated equipment and
techniques normally utilized for aerial
treatment procedures to be used for
physical evaluations of the
effectiveness of ground releases.

Although shallow orographic clouds
may comprise the most seedable
conditions (Reynolds and Kuchiauskas,
1988), the seeding criteria used
permitted a variety of cloud types to be
treated. It has generally been accepted
that AgI will not become effective until
it reaches cloud regions where the
temperature is colder than -5 °C and the
cloud is at or above ice saturation.
Since these conditions are difficult to
forecast in advance, SCPP ground seeding
operations were conducted whenever cloud
and wind conditions would allow the
ground-released AgI to reach cloud and
directionally target the study area.
This required only that the wind
direction below 700 mb be between 170
and 360 degrees and cloud base be less
than 1 km above ground as determined
from a sounding near the crest of the
Sierra Nevada.

The seeding criteria were kept
simple so that more days would be likely
to qualify for experimentation.

However, seeding activities would be
suspended if treatment might aggravate
threatening weather situations, such as:

~ Excess snowpack accumulations
- Rain induced winter flooding
- Severe weather

-~ Other special circumstances
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No suspension criteria were met
during the 1986-87 season. Treatment
was made by 6-hour time blocks, long
enough so that the accumulated seeding
effects might be measurable in the
precipitation gauges but short enough to
obtain more units in a single season. A
2:1 randomization scheme ensured
objectivity and provided some nontreated
periods for comparison. However, one
season was not expected to yield any
meaningful results in terms of
precipitation increases.

Special flight procedures were
designed for two SCPP research aircraft
to monitor the horizontal and vertical
spread of the ground-released nucleants.
In addition, snow samples were collected
over a large part of the target to
determine if trace quantities of silver
accumulated in the snowpack could be
detected. These studies were all in an
attempt to verify the transport,
nucleation, and fallout predictions
generated by the SCPP GUIDE model.

3.0 OBSERVATIONS AND METHODS FOR
SEEDING DECISIONS

For cloud seeding to be effective
in producing additional measurable
precipitation, the clouds must contain
supercooled liquid water (SLW). 1In
addition, the complicated air motions
over the mountainous terrain must be
understood to develop an effective and
reliable seeding strategy that will
assure the additional precipitation
falls in the desired target area.

A variety of equipment was used to
determine the suitability of treating
portions of winter storms. The SCPP
target area and instrument locations are
shown in Figure 1. A weather forecast
office in Auburn, California, had the
following resources available for the
ground seeding experiment:

- Weather maps and prognostic
charts from the National

Weather Service.

- A minicomputer capable of running
the numerical targeting model.

- Animated and hard-copy satellite
imagery.

- Hourly weather reports and
observations.

- A variety of in situ
observations, which were
telemetered to the forecast office
for near real time display. These
included mountaintop meteorological
stations that reported temperature,
wind conditions, humidity, and
icing rate information, and a
radiometer located at Kingvale
(KGV) .

- Precipitation gauge accumulations
from the SCPP network.

- Upper air information obtained
from serial balloon soundings
launched within the project area.



The mountaintop meteorological
reporting stations were located )
throughout the target area as shown 1n
Figure 1. Deiceable anemometers and
directional vanes operated in
conjunction with temperature and
humidity sensors at each site.
Rosemount icing rate meters provided
direct measurements of SLW passing each
site (Henderson and Solak, 1983). SLW
content can be computed from the
windspeed and the number of deicing
"trip" cycles recorded by this device.
These measurements proved to be very
useful in nowcasting the occurrence of
SLW, as well as for postseason
stratification of the experiments.

High-resolution precipitation data
collected by a network of 16 digital
recording precipitation gauges reported
to the forecast office each hour the
precipitation accumulated within
5-minute increments (Price and Rilling,
1987).

Precipitation data were also
collected by gauge networks operated by
the Desert Research Institute (DRI),
Sacramento Municipal Utility District
(SMUD), Pacific Gas and Electric Company
(PG&E), and Sacramento County (SC), but
were not available in real time.

Figure 2 shows the locations of all
gauges.

Vertical profiles of wind,
temperature, and moisture were derived
from two rawinsonde launch sites within
the study area (Fig. 1). A new cross-
chain Loran atmospheric sounding system
(CLASS) rawinsonde system (Lauritsen
et al., 1987) was used by SCPP to
provide higher resolution in the
vertical. This system is not a
radiotheodolite but uses Loran (long-
range navigation) for positioning
information and transmits radio signals
back to the launch site. Incoming data
are recorded and processed onsite by a
minicomputer and can be displayed in
real time. Some tracking problems at
low elevations were due to weak Loran
reception in the mountainous terrain.
Balloon flights were made at 3-hour
intervals during storms from an upwind
location at Lincoln and from KGV
(Fig. 1). The latest data served as
input to the numerical GUIDE model to
determine if the target area might be
affected by the ground release of AgI.

The SCPP GUIDE model (Rauber et al,
1988) is a two-dimensional steady-state
flow model that incorporates
microphysical particle growth and
fallout routines. The model was
originally developed for aircraft
delivery but was recently adapted to
estimate the horizontal and vertical
dispersion of aerosol plumes (using a
Pasquill~Gifford neutral stability
dispersion rate) released from the
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ground. Paired upwind-downwind
soundings were used to produce constant
mass flow channels over the barrier.
Wind components parallel and
perpendicular to the barrier are derived
from this technique. Vertical motion is
computed from the perpendicular wind
component and the slope of the mass flow
channels. The location in cloud where a
sufficient number of nuclei are likely
to be effective (-6 °C) is predicted
along with the fallout point of a
crystal initiated at this location.

Presently, it is difficult to model
accurately any events that may occur
east of the Sierras because input data
is based solely upon soundings upwind of
the barrier. Therefore, caution is
advised when evaluating plume
trajectories downwind of the crest shown
in this paper. Comparisons between
predicted and observed winds upwind of
the barrier have been described by
Rauber et al. (1988), but this model has
not yet been evaluated and verified for
ground seeding; and thus the accuracy of
its predictions is unknown. Results of
this years operations may help evaluate
the ground seeding parameterizations
incorporated into the model.

4.0 GROUND-BASED SEEDING GENERATORS

A network of 24 ground-based cloud
nuclei generators were operated in a
coordinated fashion during the SCPP
field phase--November 3, 1986, to
January 9, 1987, The total network was
comprised of four smaller networks
belonging to PG&E, SMUD, DRI, and SCPP.
These generators had been used in past
operational programs except for the SCPP
network, which was installed especially
for this study. All generators, except
PG&E's, burned a 3-percent by weight
AgI-NH,I-NH,C10, in acetone solution
ignited by a propane flame. The PG&E
generators did not use the NH,C1lO,
additive. Burning this solution
released approximately 30 g of AgI per
hour from each generator while consuming
about a gallon of propane per hour at
each site. The SCPP generators were
operated manually by local residents
while the remaining generators were
operated remotely.

Figure 3 shows the location of the
generator sites in relation to the SCPP
target area, which encompasses the
American, Tahoe-Truckee, and Upper
Mokelumne River basins. The PG&E, SMUD,
and DRI networks had been installed in
past years so as to be generally upwind
of their respective target areas. The
SCPP generators were strategically
placed to affect clouds that would
eventually pass the KGV area on
Interstate Highway 80. SCPP chose these
generator locations through the use of
the GUIDE model. Mean soundings were
constructed from a subset of rawinsonde
soundings in which the 700-mb



temperature was less than -5 °C and the
wind had a westerly component. Running
the mean soundings through the GUIDE
model indicated the approximate location
for the SCPP generators to affect the
KGV area. The final sites chosen were a
compromise between the GUIDE model
predictions and the availability of
residents willing to tend the equipment.

All observations were assembled
daily in the forecast office to evaluate
the likelihood of conducting seeding
experiments. If the conditions were
forecast to become favorable within the
next 2 hours, an envelope was drawn that
contained the randomized seeding
decision. If a "no seed" was drawn,
ground generators would not be 1lit and
other research activities could
commence. If the decision was "seed,"
then the five generator operators were
instructed to ignite the burners for the
prescribed 8 hours. Remote control
dispensers were ignited by the various
agencies per the SCPP forecaster
request. This provided 2 hours to allow
the ground plumes to disperse
horizontally and vertically and a
6-hour time block for treatment effects
to be evaluated. Not all generators
were lit during each operation. Those
predicted by the GUIDE model to miss the
target area were not ignited. However,
if winds changed later to a more
favorable direction, these generators
could be lit and run for the remainder
of the experimental unit; but no
generators were ever stopped early.

5.0 PRELIMINARY RESULTS

Each of the 18 randomized case days
was analyzed by comparing the timing of
SCPP operations with atmospheric
temperature and liquid water
information, and the accuracy of
targeting based on GUIDE model
predictions. Each operational period
was thus compared to the following:

- Observed temporal variations in
mountaintop SLW
- Observed temporal variations in
mountaintop temperature
- Observed temporal and spatial
variations in precipitation
GUIDE model predictions of
targeting effectiveness
Timing of the operations with
respect to most "seedable"
conditions

Seedable conditions were defined as
(a) cloud over the barrier with bases
less than 1 km above KGV, (b) a westerly
wind component, (c) liquid water
observed by a mountaintop icing rate
meter, and (d) temperature less than
~5 °C at Squaw Peak (SQP) (2642 m).

Table 1 summarizes all 18

experiments with respect to seeding
status, averaged values of SQP
temperature and SLW content, the network
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averaged precipitation rate, and
predicted targeting effectiveness. The
timing of each unit in relation to
observed SQP SILW is also tabulated, and
a qualitative assessment of this is
given.

From this table, it can be seen
that many experimental units were well
timed in relation to the presence of SIW
at SQP. However, the GUIDE model
predicted poor targeting for many of
these cases. Predicted targeting was
often fair to poor because of relatively
warm temperatures and/or strong
southerly wind components. This
resulted in either no nucleation or else
the predicted fallout trajectories
impacted areas downwind of the intended
target. Several cases were poorly
targeted due to winds becoming northerly
or easterly after the unit began. 1In
addition, precipitation during most of
the experiments was very light when
normalized across the entire SCPP
network. For the sake of brevity, only
two experimental periods will be
detailed in the following section to
illustrate the physical plausibility of
the GUIDE model predictions. Examples
will be shown to illustrate the best
targeting case and a marginal case.

5.1 Best Targeting Case -~ January 6,
1987

The best predicted impact on the
SCPP target area occurred on January 6,
1987. The SCP temperature (Table 1)
averaged -10 °C with a consistent but
low average SLW content of 0.02 g m° for
the entire treatment period.

Figure 4 displays the temporal
aspects of the meteorological parameters
and icing information recorded at SQP
and Sierra Ski Ranch (SSR).

Temperature, icing, and wind conditions
were fairly consistent throughout the
experimental unit from 0430 to 1030 (all
times G.m.t.).

All generators except S2 were
ignited at 0230 and continued to burn
until 1030. 1In Figure 5, showing
predicted plume trajectories based on
the 0600 Lincoln and KGV soundings,
nucleation is depicted as the first
asterisk (*) downwind of each generator;
and predicted fallout is shown by the
second circled asterisk. The crestline
is approximately 100 km along the X-axis
of the model coordinates. The low-level
winds were southwesterly, but aloft
turned more westerly to northwesterly.
The modeled windspeeds were generally
light, ranging from 5 to 15 m s
throughout the levels reached by the
ground plumes. The -5 °C level was near
2000 m m.s.1. so the plumes quickly
reached temperature levels where
nucleation could take place. Initial
fallout was predicted to occur near the
target's western boundary. High



elevation generators such as P2 and P3
were shown to nucleate immediately and
provide fallout approximately 20 to

30 km downwind of the generators.
Plumes from lower elevation sites such
as S5 were shown to drift about 30 km
before reaching nucleation levels, and
fallout was predicted to reach the
ground about 10 to 20 km beyond the
point of nucleation. The radical wind
shift downwind of the crest exemplifies
problems with the model in this region.

The results are encouraging in that
they are very similar to the effects
reported for cold westerly cases by
Mooney and Lunn (1969) in the PG&E Lake
Almanor studies and by Super et al.
(1986) in the Bridger Range in Montana.
Such impacts at short distances downwind
are plausible during "cold and slow"
cases when winds are light anad
generators are located at high
elevations. These model results
indicate that seeding cold storms, with
low freezing levels, may help to ensure
rapid nucleation and short fallout
trajectories, which combine for more
effective targeting albeit small volume
filling.

Figure 6 is a spatial
representation of total precipitation
recorded during the experimental unit
with the GUIDE predicted areas of impact
shown as the dashed enclosed area.
Treatment effects are not expected to be
apparent in this figure. Precipitation
amounts ranged from 0.0 to 1.5 mm within
the predicted area of effect. Gauges at
Blue Canyon and Yuba Gap, upwind of the
predicted impact area, recorded the
largest precipitation amounts during
this time.

5.2 Marginal Targeting Case -
December 5, 1986
The second experiment, on
December 5, 1986, is a typical example
of the GUIDE model predicting a marginal
impact on the SCPP target area.
Figure 7 displays the type of
information that was available to the
forecast office in near real time from
the mountaintop meteorological stations.
Some SIW was observed at SQP with
temperatures near -5 °C, but no icing
was recorded at SSR. For this
experiment, all but three generators
were 1lit at 0645; and allowing 2 hours
for volume filling, the experimental
unit ran from 0845 to 1445.

On the 1200 sounding at KGV (1685 m
m.s.1.) wind directions and speeds
showed little change with altitude above
the inversion located at approximately
650 mb. However, the sounding at
Lincoln (1625 m lower) lacked the strong
inversion; and windspeeds increased with
height. Figure 8 shows the predicted
plume trajectories and locations of
nucleation and fallout generated from
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these soundings. Winds were very
southerly, and most fallout was
predicted to occur north of the target
area. Fallout from the low elevation
sites impacted approximately 100 km
downwind from the ground release points
while the high elevation generators
showed fallout within about 30 Kkm.
Therefore, even with cold temperatures,
effective targeting is predicted to be
more difficult with low elevation
generator sites in this southerly wind
case. The GUIDE model frequently
predicted such results on other days
especially during the early stages of
storm developnent.

Figure 9 presents the spatial view
of precipitation during this
experimental unit. The GUIDE-predicted
areas of impact are shown within the
dashed area. Some Sacramento area
gauges received more precipitation than
many of the higher mountain stations. A
temporal display of precipitation (not
shown) showed that seeding began with
the onset of precipitation. The maximum
rates generally occurred during the
seeding period, but light precipitation
continued for up to 7 hours after the
seeding had terminated. The GUIDE model
predicted that Castle Valley and Talbot
were the only digital gauges in the area
that may have been impacted.

6.0 ATIRCRAFT STUDIES OF NUCLEANT
TRANSPORT AND DISPERSION
Aircraft operations traced ground-
released nucleants to help verify
vertical transport and dispersion and
the GUIDE model output. Special flight
procedures were devised for each
aircraft to measure the transport and
diffusion of nucleants during prestorm
conditions as well as during actual
seeding operations.

An ice nucleus counter developed by
the National Center for Atmospheric
Research (NCAR) was flown aboard each
aircraft to detect the presence of
nucleants. The ice nucleus counter
(Langer, 1973) is somewhat inexact,
especially when used during aircraft
survey flights, because of problems
associated with the response and
relaxation time of the instrument.
Tests performed this season with
airborne releases of AgI have shown a
lag of approximately 20 to 40 seconds
for the instrument to respond to the
interception of nucleants within the
turbulent wake of the seeder aircraft.
After leaving the plumes, up to
3 minutes was needed to purge the
chamber of nuclei. Therefore, it is
difficult to accurately measure plune
dimensions when the aircraft is
traveling at 90 to 100 m s'. Typically,
the aircraft was required to penetrate
the plumes from opposite directions
after allowing several minutes for the
chamber to clear. Unfortunately, this
was not always possible when flying



close to the mountain barrier during
IFR.

Ice nucleli concentrations are also
difficult to quantify because of a loss
of nucleants and ice particles to the
inside walls of the chamber. Langer
(1973) estimates a 1l0-percent counting
efficiency, but Sackiew et al. (1984)
report that the NCAR counter may be only
l-percent efficient in quantitatively
estimating ice nucleus concentrations.
Therefore, the ice concentrations
described here may be from 10 to 100
times too low. Using the 10 L min’
sampling rate of the counter as
determined for both aircraft, one count
would equate to six nuclei L' active at
-20 °C without the factor of 10 to 100
adjustment. For the results shown in
the following cases, all the nuclei
observed are for an effectivity of
-20 °C. These may be reduced two orders
of magnitude when considering
effectivity at -6 °C.

6.1 Prestorm Test Flights

Flights during prestorm conditions
were conducted before the onset of IFR
conditions over the barrier but after
the arrival of middle and/or upper level
clouds from an approaching storm. These
flights consisted of a series of
profiles normal to the wind direction at
10~ to 20-km intervals downwind of a
generator (Fig. 10). Each profile was
flown at various altitudes starting at a
minimum safe altitude above ground
level. Usually, the generators sampled
were on specific mountain peaks so often
it was possible to fly downwind and
slightly below the elevation of the
generators.

A good example of this flight
procedure occurred on November 7, 1986,
when a weak shortwave brought middle and
high clouds over the ARB. A plume
tracing study of generator D5 (Duncan
Peak, 2179 m) was initiated while DRI
personnel were onsite at the generator
to verify its operation. The 2100 KGV
sounding (not shown) revealed that the
storm consisted mainly of a thin cloud
deck based at 2750 m (-8 °C) with a
well-mixed atmosphere below. Cloud top
was near -17 °C. Winds below cloud
veered from southwesterly to
northwesterly at cloud base and remained
northwesterly through the depth of the
cloud. The vertical profile of acoustic
sounder winds (not shown) revealed light
southwesterly to northwesterly winds up
to 2200 m with a mixing depth to at
least 2700 m. DRI personnel reported a
very light snowfall at D5.

Figure 1lla shows a portion of the
flight track of the Wyoming aircraft on
several north/south passes downwind of
the generator at 2200 m elevation with
the plume trajectory predicted by the
GUIDE model also shown. Since the
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generator was higher than most of the
surrounding terrain, the aircraft was
able to begin plume measurements at the
same altitude as the generator.
Substantial nuclei, 115 to 130 counts
per pass (10 L4), were detected during
the close~in passes (approximately 2 km
downwind). On two additional passes at
2800 m, 11 km downwind of the generator,
counts averaged 30 to 50 per pass (near
the 6 L' detectable limit). The
approximate plume dimensions as derived
from the nuclei counts (after allowing
for time lag) are also shown in

Figure 1la. The GUIDE model predicted
the flow to be slightly north of west
while the aircraft measured winds and
plume location indicated that the flow
was slightly south of west. From these
airborne measurements, the plume was
estimated to be approximately 2 km wide
at a distance of 11 km (10-degree
spread). The plume had risen 600 m or
an average of 0.3 m s'. 1In addition,
two regions of slightly enhanced ice
crystal concentrations (2 to 3 L' above
a background < 1 L') were measured by
the aircraft in an area near the region
(assuming plume meander) where nuclei
were detected and where the GUIDE model
had predicted nucleation to occur.
These crystals were of a size and shape
consistent with aircraft seeding
signatures observed previously in SCPP
(small hexagonal plates).

6.2 Instorm Transport and

Diffusion Flights

During actual seeding operations,
flights were made to determine if the

‘ground-released nucleants were reaching

the -6 °C temperature level in
sufficient concentrations and in time to
cause precipitation within the target
area. A series of passes were made by
each aircraft at the minimum obstruction
clearance altitude (MOCA) to detect
nuclei with their onboard NCAR counters.
In addition to the MOCA runs, the
aircraft would frequently make MOCA
descents along the 230-degree radial off
the Lake Tahoe (LTA) VOR, which carried
them over the middle fork of the
American River.

a. December 13, 1986

On December 13, 1986, a randomized
ground seeding experiment was conducted
while the aircraft performed transport
and diffusion studies. All ground
generators except S2 were ignited at
1645, and the aircraft were launched at
2320. The 0000 KGV sounding showed the
cloud deck to be shallow and stable with
southwesterly winds that increased in
speed with height. Between 0000 to
0200, the acoustic sounder located at
Blue Canyon measured southerly winds at
elevations of 1600 to 2300 m with winds
increasing to 10 m s between 1900 to
2100 m. The mixing depth was calculated
at 2000 m.




Figure 11b shows the first flight
sequence flown by the aircraft super
positioned on the GUIDE predicted ground
plumes. Marked on the flight tracks are
regions where nuclei were measured. The
30- to 35-second lag has not been
accounted for in these representations.
What is most apparent is that nuclei
were being observed to the west of the
SCPP generators and a few to the west of
the SMUD generators below 1600 m.
Apparently, some of the material was
moving downslope especially down the
North and Middle Forks of the American
River. However, the highest and most
continuous nuclei were measured north
and east of the SCPP generators and 300
to 400 m above their elevation.

Figure 1lc shows the continuation of
this flight sequence with the aircraft
climbing to 1900 m and measuring nuclei
within the region anticipated by the
GUIDE to contain plumes from the SCPP
generators. The GUIDE model predicted
the top of the plumes in this region to
be 300 m (1000 ft) below the sampling
level of the aircraft. Given the plumes
are 30 to 40 minutes downwind and 700 to
800 m above the generators, an
approximate rise rate of 0.35 m s’

would be required. This is very similar
to November 7 and what might be expected
due to forced ascent from the slope of
the terrain (3 km rise in 100 km;

0.3 m s-1 using a 10 m s-1 upslope
wind) .

During the final minutes of this
flight, the aircraft was sampling
between 2200 and 3400 m elevation.
counts wWere rather sporadic but
definitely above background levels.
Assuming a background level of three
counts in 5 minutes, 21 counts might be
expected in 35 minutes. Here 71 counts
were measured. The data indicated that
some of the nuclei reached levels of
supercooled water, but the temperatures
were warm enough (-2 to -4 °C) that the
AgI could not activate sufficiently.

The

In summary, this flight in rather
stable storm conditions showed nuclei
reaching levels of 600 to 1500 m above
the generators. Sufficient
concentrations (50 to 100 L' using x 10
factor) appear to be found in the lowest
1000 m above the generators. It is not
possible to say much about the GUIDE
model on this day other than the plumes
appeared to be traveling northeast and
that the highest nuclei concentrations
were lower down in the cloud. No
nucleation was predicted or expected in
the ARB based on the fairly warm
temperatures observed.

b. December 19, 1986

This day was an example of a much
more convective day although the
convection was embedded in a stratiform
cloud. The sounding from KGV, taken at
2100 near the start of the transport and
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diffusion study, showed the lower cloud
region was neutral to slightly unstable.
Saturation was noted above the lower
cloud on the sounding. Winds in the
lower cloud level were south-
southwesterly with winds to 15 m s’ at
3000 m.

The acoustic sounder data (mot
shown) indicated winds to be southerly
to southwesterly at from 7 to 10 n s
between 1600 to 2200 m. The calculated
mixing depth was only 100 m. Between
1600 and 2300, all generators were
ignited except B4, B5, and D4. Ligquid
water values were rather variable but
above background during the whole
experiment.

The flight sequence was similar to
that of December 13 except several
passes were made over the crest
(Fig. 11d). Substantial counts were
noted above background (42 counts) in
this flight sequence as seen in
Figure 12. Several regions of high ice
nuclei counts corresponded with elevated
regions of ice crystal concentrations
and regions of low liquid water content.
The region measured between 2110 and
2115 was associated with a broad region
of updrafts. The ice particles noted
were very small (300 to 800 m) with very
high concentrations (> 150 L'). The
temperature as noted on Figure 1ld was
near -11 °C at this time. This
corresponds with other aircraft seeding
signatures seen, but it cannot be ruled
out that the nmatural convection was
producing these high ice concentrations.
More than likely, the source region for
these nuclei was the DRI generators.

As the aircraft began its run along
the 5,000-ft MOCA at (2130 to 2140), 12
counts were measured or only slightly
above background. This run was
approximately 10 km west of the SCPP
manual generators of which four had been
ignited. Flying along the 7,000-ft MOCA
from 2140 to 2147 (900 m above the SCPP
generators and 1500 m above the SMUD
generators), the aircraft entered the
predicted plumes from the SMUD and SCPP
generators. The plumes were not
continuous nor of high concentrations
but were significantly above background
levels. Individual convective elements
were probably lofting the seeding
material to the aircraft altitude. As
the aircraft flew along the 9,000-ft
MOCA (2147 to 2155), 1500 m above the
SCPP generators, counts were above
background with most counts apparently
coming from SCPP's generator B6. Only a
few regions of enhanced ice crystal
concentrations were noted although ice
nuclei and liquid water at temperatures
colder than -6 °C were coexisting for a
portion of this flight segment.

The research aircraft repeated the
flight track along the 6000-ft contour



over the barrier at 2203 observing one
region of high ice nuclei counts and
high ice crystal concentrations
apparently just downwind of generator
B3. Again, these crystals were less
than 300 m in size, showing the crystals
to be fairly new with their size and
shape again similar to seeding effects
seen in previous aerial seeding
experiments. As the aircraft continued
its flight along the MOCA, few nuclei
were noted.

In summary, this day was the most
convective of any transport and
diffusion flight this season. Ice
nuclei from ground generator releases
were noted to be from 1000 to 1500 m
above release points in limited regions
of the ARB. 1In several regions where
the temperature was colder than -6 °C
and liquid water and ice nuclei
coexisted, elevated ice crystal
concentrations were noted. These
crystals were representative of seeding
effects observed from aerial seeding
experiments. Thus convective processes
provided a mechanism to loft seeding
material to colder regions of the cloud
but only over a limited region of the
ARB.
7.0 SNOW CHEMISTRY ANALYSIS
The goal of this part of the study
was to determine the targeting
effectiveness of the coordinated seeding
program--a snowpack sampling and
chemical analysis program. This would
help determine if, when, and where AgI
released from the network was reaching
the target area. Evidence of seeding
effectiveness was to be obtained by
measuring the amount of silver in
snowfall samples at 15 sites in the
project area.

Several snow sampling expeditions
were conducted during and after the
experimental field season from
December 1, 1986, through March 15,
1987. A total of 1,681 individual snow
samples were collected for chemical
analysis at 14 of the 15 sites shown in
Figure 13. Each profile was partitioned
into 2-cm increments so that silver and
water content could be measured as a
function of depth. The profiler
cross-sectional area is 200 cm®?, giving
each partitioned increment a chamber
volume of 400 cm’. Each 400-cm® volume
of snow represents a sample for chemical
analysis.

A helicopter provided rapid access
to the remote sites so individual snow
samples had shorter resolved time
intervals and, in general, improved
quality for chemical analysis. The
helicopter allowed rapid transport of
the snow samples back to the freezers at
the staging area. Transportation time
is important because density profiles
from each of the sites become easier to
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relate to one another and samples are
less likely to undergo change due to
aging or melting.

7.1 Laboratory Analyses and Data

Processing

The analyses were made in two DRI
clean room laboratories. One contains a
laminar flow dual-beam flameless atomic
absorption spectrophotometer, which is
housed in filtered Class 100 air and
uses an automated sample injection
system for better contaminant control.
A clean room sample preparation area is
located immediately outside the main
clean room but within the positive
pressure envelope. The sample
preparation area also houses an ion
chromatograph for an analysis of major
cations (Na, Mg, Ca, K, NH,, etc.) and
anions (SO,, NO,, Cl, etc.). The second
clean room laboratory is used entirely
for rare heavy metal analyses for
elements such as Ag, Cs, Rb, and In.
This laboratory contains a single-beam
flameless atomic absorption
spectrophotometer. Each individual snow
sample has been analyzed five times by
flameless atomic absorption techniques.
This number of analyses permits the
reduction and computation of a
statistical uncertainty in the silver
concentration measurements for the
individual samples. Blanks and
standards are processed continually
throughout the laboratory analysis
program. The analytical procedures used
produce silver concentrations with
typical calculated uncertainties of 10
to 20 percent (Warburton, 1977; and
Warburton et al., 1968, 1977, 1982).

7.2 Results

All the 1681 samples actually
collected have been analyzed for silver.
Figure 14 shows the average percentage
of samples that contain silver in
concentrations greater than 4.0 parts
per trillion for all samples. This
figure is the silver background
concentration +2 o, hence confidence is
high that the samples containing silver
greater than this contain a component
due to the seeding activity.

The results show that the PG&E
program to the south consistently
targets well into the more southerly
portions of their project area, but
these sites are located at the upper
ends of valleys into which the seeding
aerosols are channeled. These results
are quite consistent with earlier
results obtained for this area by DRI
investigators. The more northerly
sampling sites in the PG&E area are not
targeted as consistently as the
southerly sites even though the
predominant wind trajectories across the
region are from the west and southwest
during seeding.



The other well-targeted area is in
the northern Truckee-Tahoe catchment
area, which was seeded jointly by DRI
and SCPP generators. This consistent
targeting also included the basin of the
North Fork of the American River.
Surprisingly, targeting into the Tahoe
Meadows region, northeast of Lake Tahoe
was not good. DRI researchers had found
this region well-targeted in previous
years; perhaps certain, more southerly
generators in the DRI network were not
always fully operational during the
seeding operations. By contrast, the
upper regions of the Middle and South
Forks of the ARB targeted by SMUD gave
consistently poor results. Some seeding
generators in this project may need
relocation.

8. CONCLUSIONS

This 2-month investigation of
ground seeding leads to a number of
insights into the feasibility of ground
seeding operations in the ARB.
Unfortunately, the 1986-87 winter field
season provided few storms for research
so the effectiveness of these operations
cannot reasonably be determined. Only
suggestions as to predictability of
useful seeding periods and on the
expected results of the transport and
dispersion of ground seeding material
can be given.

These preliminary studies indicate
that the criteria used this past winter
for initiating an experimental unit may
have been too broad. On nearly
one-third of the ground seeding cases,
the temperatures were warmer than -5 °C
at elevations that might be expected to
be reached by the ground-released
nucleants. This may have reduced the
accuracy of targeting the seeding
effects.

The numerical GUIDE model
frequently predicted that the target
area may not have been impacted
primarily due to high freezing levels,
strong southerly wind components, and
low elevation generator sites.
Nucleants released from the low
elevation generator sites were
frequently shown to have trajectories
parallel to the barrier, i.e. the air
moved around the mountain rather than
over it. Therefore, nucleation was
often delayed; and fallout was usually
predicted to impact areas north of the
target. Meteorological conditions with
low freezing levels and light westerly
winds were anticipated to produce the
most effective targeting of
precipitation in the desired region.
These conditions combined to produce
fallout predicted to occur a short
distance (10 to 30 km) downwind,
particularly from the higher elevation
generator sites.
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Aircraft plume tracing studies
began the task of verifying the GUIDE
model predictions of ground-released
plume trajectories. These limited
studies revealed that airborne ice
nucleus counters could detect the plumes
downwind of the release sites. Although
it was difficult to map the horizontal
and vertical extent of the plumes, the
measuremnents indicated that the GUIDE
model appeared to be providing
reasonable estimates of both the
horizontal and vertical dispersion of
ground released plumes. That is, one
can assume a 10- to 15-degree angle of
spread and an approximate 0.3 m s’ rise
rate of the plume.

As expected, the highest
concentrations of nucleants were often
observed near the surface; but nucleants
above background levels were also
observed at heights greater than
predicted. 1In several cases,
interesting regions of higher ice
crystal concentrations were ocbserved in
conjunction with ice nuclei. 1In one
case, this region was close to the
location predicted by the GUIDE model.
These observations suggest that the
GUIDE model may provide a useful
predictive and/or diagnostic to the
utility of ground seeding. However,
many more research flights of this type
will be needed for verifying the GUIDE
model with direct observations.

Silver sampling indicated a fairly
low percentage of silver in snow over
most sampling areas. The most favorable
regions were the extreme southeast
corner and the extreme north end of the
target area. Other sampling sites
showed almost no silver. These are
disturbing results, even if one
considers only scavenging, in that the
AgI must not have passed over large
regions of the target during
precipitation events. Much of the AgI
may be transported westward or
northwestward at low levels, effectively
not passing over the barrier.

These results may be specific only
to the central Sierra Nevada. In the
colder intermountain regions of the
west, generators can be placed well
above the ~5 °C level and thus are not
limited by temperature. However this
still requires the generators be sited
at high elevations to expose the nuclei
to the free air flow and ensure
transport to the desired cloud regions.
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Table 1. Summary of SCPP ground-seeding experimenis - 1$86-87
Experiment SoP Saop Area PCP
T temp,  SWWC GUIDE-predicted Unit rate timing
Nate Time Status  (°C) (g m=3) targeting timing {mm h~1)
261119 0800-1400 Seed -0.4 0.11 Poor - No nucleation or fallout Excellent 0.41
861121  N800-1200 MNe seed  -1.7 0.06 Poor - Nucleation east of crest Good 1.98
RA1129 n100-0700  Seed -3.2 0.00 Fair - Fallout northeast of target Too early 0.17
RE1205A 0245-0645 No seed 0.7 0.00 Poor - Fallout far north of target Poor 0.00
8612058 1NB845-1445  Seed -4.9 0.02 Fair - Fallout in target from high  Too early 0.93
elevation generators
RA1206  0130-0730  Seed -4.3 0.01 Fair - Fallout east of crest Too late 0.001
A/61213  1845-0n45  Seed -1.7 0.03 Poor - No nucleation Too early 0.m2
8612180 1600-2N000 No seed -4.3 0.12 Good - Most fallout on crest north  Excellent 0.56
of target
8612188  2200-0400 Seed -4,3 0.07 Fair - Most fallout east of crest Excellent 0.79
361219  1800-2400 Seed -4,4 0.06 Good - Fallout on crest, some Good 0.49
north of target
861220  0500-0900 No seed -6.7 0.03 Poor - Easterly wind flow Good 0.08
861222 1700-2300  Seed -5.0 0.05 Poor - No nucleation Too early 1.80
861223  0400-0800 No Seed -3.4. 0.11 Poor - Northerly wind flow Excellent 0.02
861231 1530-2130 Seed -4.4 0.07 Good -~ Fallout near crest, some Good 0.26
north of target
870103 1530-2130  Seed -4.7 0.03 Fair - Fallout east of crest Excellent 4.77
8701040 Nn230-0830  Seed -8.5 0.00 Good - Short trajectories, most Good 0.33
fallout west of target
3701048  1330-1730 Mo seed -8.8% 0.02 Poor - Northerly wind flow Poor 0.00
870106  0430-1030  Seed  -10.0 0.02 Excellent - Fallout in target fxcellent 0.13
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soundings. The first asterisk denotes the predicted location of nucleation at the
-8 °C level, and the second asterisk denotes the fallout point of this crystal.
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content {LWC) from a Rosemount icing meter, tem,
and speed are displayed from top to bottom.

For each site, liquid water
perature, and wind direction

Data are plotted every 5 minutes.

25

using the 1200 G.m.t. soundings.

The first asterisk denotes the

predicted lccation of nucleation at the -6 °C level, and the second
asterisk denotes the fallout point of this crystal.
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DESIGN OF A GROUND BASED SNOWPACK ENHANCEMENT PROGRAM

USING LIGQUID PROPANE

David W. Reynolds
Water Augmentation Group
Bureau of Reclamation
Sacramento, CA 94236-0001

Abstract - The design of a winter snowpack augmentation program utilizing
liquid propane as the seeding agent is described. The program has been
designed utilizing results from the Sierra Cooperative Pilot
Project(SCPP). Observations from SCPP showed that the bulk of the
supercooled liquid water (SLW) in winter storms over the Sierra occurs
within the first kilometer above the barrier at temperatures between O and
-10°C and in concentrations of 0.05 to 0.2 g/m’. Mountain-top icing
stations within the Feather River drainage indicate that icing occurs with
a mean temperature near -3°C. These results imply the need for a seeding
agent capable of converting the SLW to ice crystals at fairly warm
temperatures and be released remotely from the ground. Liquid propane
meets these requirements.

The design calls for two 2175 liter tanks of propane at each site. Remote
operation will be via radioc to an on-site micro—-processor. Site seperation
will be every two kilometers along the crest of the Sierra above the

Middle Fork Feather.
removed early in the spring.
test purposes. The release
Multiple atmospheric soundings,

Tanks will be flown in by helicopter in the fall and
Three sites will be used the first year for
rate will
telemetered mountain-top icing data,

be 10 liters/hr per dispenser.

and

a simple diagnostic targeting model will be used for real-time decision

making.

hours per winter season.

Based on

Initial estimates are that suitable clouds exist from 200 to 400
propane activitation

leveis, cloud

liquid water content, and crystal growth times, 12,300 m” per dispenser per

hour is possible.

1.0 INTRODUCTION

Cloud seeding to increase winter snowpack
has been conducted since the early 1950's
in several basins in the Sierra Nevada.
With the discovery by Drs. Schaefer and
Vonnegut that additional ice crystals could
be generated in clouds containing
supercooled liquid water, an immediate
attempt was made to transfer this
capability into increasing wintertime
snowpacks 1in the Sierra. This design
builds on the assumption that some clouds
existing in winter storms over the Sierra
Nevada contain insufficient ice-forming
nuclei, or that the nuclei are unable to
convert cloud condensate, produced by the
orographic lift of the barrier, soon enough
to remove all the cloud water. Thus that
portion of cloud water which exists at
temperatures below O °C, and is therefore
supercooled, 1is lost to the precipitation
process to the lee of the mountain. By
proper application of glaciogenic seeding
material, an attempt is made to convert
this cloud condensate to ice before it
passes over the crest. A recent paper by
Reynolds (1988) reviews these principles
and the current thinking on the feasibility
of winter snowpack enhancement. The
California Department of Water Resources
(DWR) has contracted with the Bureau of
‘Reclamation to design and implement a
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program to seed the Middle Fork of the
Feather River basin in the northern Sierra
Nevada to increase runoff to Oroville
Reservoir, Fig. 1.. This paper describes
the results of this study.

From 1976 through the 1986-87 winter season
the Bureau of Reclamation sponsored the
Sierra Cooperative Pilot Project (SCPP).
The purpose of this program was to further
refine when and where to seed clouds in the
Sierra Nevada for winter snowpack
enhancement and to determine the magnitude
of those increases (Reynolds and Dennis,
1986) . SCPP achieved two major
accomplishments. The first was in the
application of observing equipment for
determining the spatial and temporal
variability of supercooled liquid water in
clouds over the Sierra Nevada. The second
was developing diagnostic models for
determining when and where to seed this
supercooled liquid for increasing
precipitation within intended target areas.
These results were major inputs to the
formulation of this design. In addition,
several remote meteorological stations
providing information on the wind,
temperature, and occurrence of rime icing
were established in the Feather River basin
at high elevation sites. These data
provided valuable additional information
utilized in this design.
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Figure 1 Site map and i1nstrumentation

locations for the Lake Oroville Runoff
Enhancement Program.

2.0 SEEDING HYPDTHESIS

2.1 Liguid Water Distributions
Ag has been mentioned, certain cloud
systems which occur within winter storms

over the Sierra Nevada are inefficient in
removing all the available cloud water
before the air passes over the barrier and
the cloud water is evaporated. It has been
found by the SCPP that this cloud water
available for removal by seeding is
concentrated in the lowest 1000 m above the
barrier, at temperatures between 0 and
-10 °C and at concentrations of
0.05-0.2 g/ma This information was derived
by application of a remote sensing device

(microwave radiometer) near the crest of
the Sierra (Heggli & Rauber, 1988).
Further refinement of the occurrence of

liquid water at mountain—top level has been
made from installation of an icing rate
meter positioned at mountain-top. Results

of observations from three mountaintop
icing stations (see Fig. 1 for locations)
are shown in Fig. 2. This shows the
cumulative frequency of icing (i.e.

supercooled water) atop Squaw Peak in the
central Sierra and Dyer Mountain (DMT) and
Red Hill (RDH) in the Feather River basin
as a function of temperature. Note the
distribution for all three stations is
skewed to the warmer temperatures with a

mode of O to -2 °C and a median value of
-3 °C. The Squaw Peak data cover two
winters, 1985-B6 and 1986-87. The DMT and

RDH data are from 15 November to 20 January
1986-87.(The temperature sensor on each
station failed after 20 Jan.) These data
indicate that when supercooled liquid water
SLW is present near 2.0 - 2.6 km MSL it is
at temperatures slightly below O °C, with
the occurrence and magnitude of liquid
water dropping off at the colder
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temperatures. Fig. 3 shows the total
number of hours of icing at DMT and RDH for
1987-88. The monthly precipitation for the
Feather River basin as a percentage of
normal is also shown. The figure shows 419
hours of icing at Dyer Mountain and 186
hours at Red Hill from November 21, 1987 to
April 30, 1988. Decspite this year being a
critically dry vyear, this data indicates
substantial time aveailable for seeding.

o Red Hill ~ 1950m
o Dyer Mtn. - 2290m
o Squaw Peak - 2642rn

CUMULATIVE FREQUENCY (%)

o4

SR =7 h. e < - T
-16 -14 -12 -1 -8 - ~4 -2

TEMPERATURE (C}

Figure 2 Jcing occurrence as a function
of temperature Tfor three mountain—-top
locations along the Sierra Neveds,

3.2 Tapping the Available Supercooled
Liguid Water

The icing data suggests the need for a
seeding agent, active at converting
supercooled droplets into ice crystals at
temperatures between O and -5 °C, thus

offering the opportunity for seeding many
more events from the surface. Dry ice, or
solid CDz, has been shown to be an effective
seeding agent at temperatures close to ¢ °C
and was used extensively on the SCPP.
However, the only mechanism for adequate
delivery is aerial release. Based on SCPP

results, this is not as desirable a
delivery mechanism due to limited
dispersion within seedlines and

difficulties in placing the aircraft within

(SLW) regions necessary to adequately
target the effects to the desired
locations. However, a seeding agent does

exist that is effective at producing ice
crystals near O °C and can be remotely
released at a ground site. This agent is
liquid propane released as a fine spray.
Vardiman et al, {(1971) has fully documented
the use of propane as a glaciogenizc seeding

agent for dispersing cold fog. The
principle behind this production of ice
crystals is that liquid propane, sprayed
into the enviromment as a fine mist,
vaporizes and rapidly chills the air to
temperatures well below 0O °C. Figure 4



shows the cooling which takes place in the
vicinity of the nozzle using a 38 l/hr

dispensing rate. As temperatures approach
~40 °C (-42 °C is the boiling point of
propane) moisture rapidly condenses into
many ¢ loud droplets which immediately
freeze and grow into tiny ice crystals.
This condensation/freezing process is
nearly simultaneous. Therefore, in looking
at Fig. 4, ice crystal production will

occur within 12-14 inches of theg release
point. Hicks and Vali (1973) and Kumai
(1982) have determined through laboratory

and field experimentat.on that the vyield
from the release of 1 gram of propane is
10l-10% jce crystals. This activity can be
compared to other seeding agents commonly
used, Fig. 5.

From the available date given above it is
apparent that propane offers a very real
potential as a seeding agent for increasing

snowpack within the Sierra Nevada.
Therefore, the task is to install the most
efficient, remotely operated propane

dispensing system positioned at altitudes
within supercoeooled clouds and with
exposures allowing rapid dispersion of the
ice crystals produced.

3.3 Anticipated Effects with Propane
The release of propane within supercooled
liquid water clouds at temperatures <-2 °C

is expected to 1lead to the following
results:

ICING EVENTE
WINTER 1987-1988

zass IS

NOV FEB MAR
8% 20%
DYER MTN. (2290M) RED HILL (1950M)

APR
106%

Figure 3 Number of hours of icing within

the Feather River Drainage for Dyer
Mountain and Red Hill for the 1987-1988
winter season. Percentages below the
month are the percent of normal
precipitation for the Feather River
basin.

Within several feet of the nozzle, a high

concentration of very small ice particles

(<50 um) will develop. Due to the

turbulent flow at mountaintop levels the
plume of jice crystals will disperse
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1-2 m s-1
crystals will be
due to terrain

These crystals
slowly at approximatly
0.5 um/sec and should reach 200-300 um
within 5~10 min. Given these crystals will
be compact plates or squatty columns (Hicks
and Vali, 1972, Kumai, 19823 Deshler
et al., 1987) they will rime rather rapidly
in the presence of supercooled water and

horizontally at a rate of
downwind. The small

lifted into the cloud
induced vertical motions.

will qgrow rather

begin to fallout within the next 5 to
10 min. Given an average wind speed of
10 m/s, the crystals will initially begin

to fallout 10 km downwind of the release
point. This will vary with liquid water
content, wind speed and the height of the
underlying terrain. Those crystals that
have not reached a size sufficient for
fallout will continue downstream. It 1is
anticipated that the bulk of the crystals
will have fallen out within 60 min or 36 km
downwind, again dependent on wind speed.
With dispensing sites near the crest, the
descent of air downwind of the crest will
accelerate fallout but may also sublimate
some of the smaller ice crystals.
Therefore, a combination of critical
dispenser placement and optimized seeding
conditions will be needed to minimize this
effect. This will be discussed in the
following sections. It is calculated that
each dispenser will produce approximately

12,500 m3/ ke under suitable cloud
conditions.
In conclusion, propane satisfies many

critical requirements for effective seeding
in Sierra Nevada winter mountain clouds.
Firet, the requirement that it be released
in supercooled cloud eliminates the
uncertainty of vertical transport to the
~9 °C level or colder required by Agl.
Liquid water can be confirmed by icing rate
observations. [Aircraft seeding in the
SCPP was performed almost exclusively to

assure direct injection into clouds
containing supercooled water]. Ground
release assures a continuous scurce of

nuclei during appropriate conditions.

3.4 Proposed Tarqet Areas

Phase I will be a multi-year pilot program
to confirm proper dispensing design,
release rates, and functional performance
under severe wind and rime icing
conditions. Three dispensers will be
placed on the Sierra crest, southwest of
the primary target above 2100 m elevation.
(Fig. 1).

A ground microphysics laboratory (Deshler,
1988) will be established at the Johnsville
(JVL) ski area, Fig. 1. This ski area is
just over 1500 m elevation and is
approximately ) km downwind of the
dispensers. Therefore, it should be
targeted with the most rapidly falling
crystals during lighter wind conditions.

3.5 Propane Dispenser Desigh and Operation

The propane dispenser
shown in Fig. b.

is
and

and site setup
The design
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Figure 4 Conling as a function of
distance (in.! from the nozzel from
release of liquid propane at 38 1/hr.
From Vardiman et al. (1971).

fabrication of the prototype dispenser was

completed by North American Weather
Consultants under a Bureau contract. The
dispenser is radio controlled via a

microwave relay. Both control information
and status information is communicated by
via an on-site microprocessor.
Status information includes volume of
propane flow, propane tank level and spray
temperature to verify actual liquid release
(a temperature less than -30 °C verifies
ligquid spray). Three release nozzles have
been mounted but only one 1is used at a
time. If flow ceases, the back-up nozzles
can be utilized. Denatured alcohol at a 3
percent by volume solution is added to each
tank to minimize nozzle clogging.

radio

Preliminary dispenser rplease rates have
been determined. Using:a single nozzle the
release rates have been lowered to 11 1 /hr
from the 38 1/hr now currently used by the
Air Force. Dispenser installation will be
made in early November upon Forest Service

approval and completion of the
environmental reporting requirements.

It is envisioned that several different
seeding technigues will be used for
testing. This includes pulsed seeding
(i.e. generator on for 3 hours, then off

for 3 hours). Once it is established that
the effects of the seeding can be observed
at Johnsville, days will be established in
which personnel from the Operations Control
Center will determine the ON-OFF sequence

of the dispensers without notifying the
crew at the microphysics laboratory at
Johnsville. These procedures should

establish the repeatability of the seeding
effects.
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Phase I!I of this project (1989-90 winter)
will include installation of ten dispensers
along the Sierra Crest west and southwest
of Johnsville, approximateiy 10 km upwind.
The dispensers will be roughly 2 km apart.
Assuming a 15° spread, the dce crystal
plumes should be fairly continuous 10 km
downstream of the dispensers. Once the
effects of the seeding are determnined, the
statistical design will be implemented.
(see Sectiocn &6.0).

Phase 111 would establicsh dispensing sites
along much of the high country within the
proposed target area. This would probably
not occur until after the thirgd to fifth
year of the project to allow testing and
evaluation of the proposed project design
and allow for reduced seeding trials during
wet periods when suspension criteria are
invoked (Section 5.0)

4.0 SEEDING DECISION MAKING

As has been mentioned, for liquid propane
to be an effective seeding agent it must be
released within supercooled cloud. This
will require knowledge of the presemnce of
supercooled liguid water at the dispensing

sites. These observations are being made
directly through application of remote
mountain icing rate stations. These
stations telemeter icing pocurrence,

temperature, tumnidity, wind speed, and wind
direction back through the California Data
Exchange satellite downlink in Sacramento.
Several icing stations are required at
elevations representative of dispensing
site elevations. Two sites have beenr



established and are shown in Fig. 1.
Rawinsonde sites will be located at
Oroville and Johnsville. Winds | and

temperature will be used as input to the
numerical targeting model developed as part
of the SCPP. ({Rauber et al, 1988).

Seeding will commence with the onset of
icing. The time of icing onset might be
anticipated by determining the timing of
cold frontal passage across the dispensing
site network. As found by Reynolds and
Kuciauskas (1988) and fyerson (19881, the
onset of liquid water orcurs quite
frequently with or shortly after a surface
or upper- level cold frontal passage.
Frontal passage is closely associated with
a distinct gradient in cloud top
temperature as seen on infrared satellite -
images. Therefore, by monitoring satellite
images and icing information, seeding onset
time might be estimated. Seeding will be
terminated when no icing has occurred for
at least 2 hours. Agsin, satellite images
will also help indicate when cloud break-up
is occurring to assure conditions suitable
for seeding are over.

Rawinsonde dats will be monitored to assure
targeting within the Feather River basin is

expected wvia model output. This will
require periodic launches at six hour
intervals. Wind information from the

icing statidns is used between rawinsonde
launches.
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Figure & Propane dispenser design and
example of a typical site set—-up on a
mountain peak.

5.0 SUSPENSION CRITERIA

Suspension criteria have been developed by
the Flood Forecasting Section of the
Department of Water Resources based on
historical data indicating threshold levels
when snowpack or river flow levels begin to
cause concern for potential flood
generations. The following sections list
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the criteria toc be used.

1. Excess Snowpack Water Eguivalent

When the water content of the snowpack
in the Feather River Basin, as measured at
25 identified snow courses exceeds the
accumulation envelope defined by the
following percentages of April 1 average
amounts on the same date:

January 1 110%
February 1 130%
March 1 150%
April 1 1&60%

2. Rain-Induced Winter Floods

Quantitative precipitation forecasts issued
by the National Weather Service which would
produce excessive runoff in the project
area or downstream areas as determined by
the Flood Forecasting staff of the
Department of Water Resocurces or these
conditions are observed.

a, 60,000 cfs or
Oroville Reservoir.

more inflow to

b. Whenever Oroville Reservoir is
encroached into flood control space and
releases are being made over the spillway
at Oroville Dam (normally whentotal
releases are in excess of about 20,000 cfs.

c. Whenever flood flows or stages are
occurring or forecast to occur which exceed
flood warning stages on the Feather below
Oroville

(1) River stages near Gridley at or

over 95 feet.

(2) River stages at Yuba City at or
over &5 feet.

(3) River stages at Nicolaus at or
over 43 feet.

3. Severe Weather

a. Whenever the National Weather
Service has issued a flash flood
warning for the project area.
4. Other Special Circumstances

The DWR Project Manager judges conditions
are or may be perceived to be so hazardous
as to warrant suspension of seeding. This
may include the issuance of avalanche
warnings within the project area.

6.0 EVALUATION

The evaluation of the snowpack enhancement
program will consist of two separate
efforts. The first to be emphasized during
the first 3-5 years of the program, will
require direct physical measurements of the



sepding effects downwind of the dispensing
sites (see Section 3.4). It -is anticipated
that these observations will lay the
physical foundation for the second phase of
the evaluation. This second phase is not
expected to begin until eafter the full
complement of dispensers 1i1s in place,
probably after the fifth year of the
project. This second phase will consist of
a statistical analysis of precipitation
both within the target area and in areas

outside the target area and felt to be
untreated. This is called a target/control
evaluation method. This will require a

high degree of correlation between these
two locations. It is articipated that from
historical data available and with
subsequent augmentation of the existing
precipitation gauge network during years
one through five, adequate control gauges
can be established. Preliminary studies
indicate as hHhigh as & .74 correlation
coefficient for 3 hourly periods having
precipitation between &xisting target and
control sites. The target/control
evaluation scheme will be augmented with a
three to one randomization scheme. That is
for every three storms seeded, one will be
left as a control. The 3 to 1 ratio is
used to maximize precipitation increases
while still providing some control for
evaluation purposes. It is envisioned this
method will allow a reasonable opportunity
to evaluate statistically the impact
seeding has on precipitation after the
sgcond 5 years of the project.
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TEMPORAL VARIATIONS OF CLOUD LIQUID WATER DURING WINTER

STORMS OVER THE MOGOLILON RIM OF ARIZONA

Arlin B. Super and Edmond W. Holroyd III
Bureau of Reclamation
Denver CO 80225

Abstract.

Several winter storms were observed by

various instrumentation systems over the Mogollon Rim
of Arizona during early 1987.
displayed considerable temporal variability in CLW
(cloud liquid water) as monitored by a microwave

radiometer.

The storms commonly

The vertically integrated liquid amounts

were often inversely correlated with the height of the
cloud tops as measured by radar, suggesting that
periods with shallow clouds and warm tops may be the

most seedable.

However, there were important

exceptions to this general rule, associated with strong
low-level horizontal winds that presumably produced
significant uplift and more condensate than nature

could convert to snowfall.

Three storm episodes were selected for illustration of

the short-term variability in CLW.

It is shown that

shallow clouds with abundant liquid often occurred at
the beginning and ending phases of a storm, and

sometimes in the middle portion as well.

However, the

timing and duration of the CLW periods would be very
difficult to forecast, and limiting seeding operations
~to just CLW periods would usually be impractical.
Rather, seeding would probably need to be continuous
throughout most storm episodes because of inability to
~respond to short-term variations in available liquid

water.

It is suspected that the situation is similar

for other mountain barriers of the West.

1. INTRODUCTION

Scientists involved with seeding
winter storms over the mountains of the
Western United States have long been
aware that the storms' temporal
variations are often substantial and
rapid. Precipitation records or radar
cloud top observations are just two
indicators of these variations. Yet, in
our attempts to understand the processes
involved in complex storms, it is often
necessary to generalize. References are
made to "orographic" storms or "shallow"
versus "deep" storms. A storm may be
divided into prefrontal and postfrontal
phases for ease of comprehension. But a
more detailed examination of any storm
or phase so designated usually reveals
that conditions varied considerably with
time and distance and also from storm to
storm.

The problem of defining storms or
their phases is particularly difficult
for randomized seeding experiments, and
serious compromises are often made where
the experimental unit becomes the 24-
hour day or some other rather arbitrary
unit. While improvements in
instrumentation and knowledge have
gradually aided our ability to define
portions of storms or cloud systems that
are reasonably similar to others, the
problem of definition is still
difficult, especially if it must be done
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prior to an episode when a randomized
seeding decision is called for. The
problem has likely contributed to the
limited success of several seeding
experiments because quite dissimilar
cloud systems may be grouped into the
same category for statistical analysis.

This paper illustrates some of this
variability in important storm
characteristics, specifically over the
crestline of the Mogollon Rim of ’
Arizona. In particular, the
availability of CLW (cloud liquid water)
is addressed. The implications for
seeding strategies are also discussed.

2. OBSERVATIONS

The most important characteristic
of winter storms for the weather
modification operator is CLW, especially
the portion that is supercooled, because
this is the substance that the operator
attempts to convert to snowfall. Those
storms or portions of storms that
naturally convert all CLW to snowfall
cannot generally have their snowfall
augmented by seeding. (Some limited
potential may exist between ice and
water saturation that will be ignored
here.) CLW has also proven to be one of
the most difficult parameters to
routinely monitor. Aircraft
measurements must be limited to
brief (2 to 4 h) portions of the storms



and are usually made at least 600 m
above the highest terrain within several
kilometers of the flight path. Icing
rate meters on towers sample only the
lowest portion of the cloud over the
particular site, which may not be
representative of conditions only a few
tens or hundreds of meters higher (Boe
and Super, 1986). Yet, recent work has
indicated that much, perhaps most, of
the CLW in winter orographic storms lies
between normal aircraft sampling levels
and surface towers (e.g., Holroyd and
Super, 1984).

Recently, microwave radiometers
have made possible the continuous
observation of total CLW along their
field of view, which has substantially
increased understanding of winter storms
over the mountains. Examples of studies
using these new instruments, sometimes
in conjunction with aircraft
measurements, include Holroyd and Super
(1984), Rauber et al. (1986), Rauber and
Grant (1986), and Boe and Super (1986).

During mid-January to mid-March
1987, a microwave radiometer, a
sensitive 5.4-cm radar, and a high-
resolution precipitation gauge were
collocated at Happy Jack, Arizona, on
the crestline of the Mogollon Rim. The
crest location is important because CLW
passing overhead may be considered
excess to that liquid which nature is
converting to snowfall. Cloud droplets
typically evaporate a short distance
downwind in the lee subsidence zone.

The Happy Jack site, located about
55 km south of Flagstaff, and its
instrumentation have been described by
Super and Boe (1988). Nearly continuous
records of vertically integrated CLW,
cloud top height and structure, and
precipitation rate were obtained through
several storm episodes. Three episodes
have been selected to illustrate some
common features and some differences
among the storms, as well as their
temporal variability over the observing
site.

3. STORM VARIABILITY

Examination of the several 1987
storms revealed that their character
usually changed considerably with time.
The Arizona storms were almost all
associated with synoptic scale
disturbances. They contained such
diverse cloud forms as cirrostratus,
altostratus, stratus, orographic stratus
or stratocumulus, downwind anvils, and
embedded convection. Such clouds can be
with or without the presence of CLW or
of precipitation.

The presence of high clouds (above
6 km or 20 000 ft m.s.l.), physically
connected to lower clouds by particles
producing a radar echo, was usually a
good indicator that CLW values would be
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suppressed. Such high clouds will
frequently have tops colder than -30°C
and therefore may be contoured in
typical nighttime satellite infrared
images. Analysts with the Sierra
Cooperative Pilot Project in California
have identified the '"cirrus passage"
(the advection of the rear edge of a
high cirriform cloud band over the
project area) as a frequent indicator of
the initiation of greater values of CLW
in the lower clouds (Reynolds, 1988).
But high tops themselves have no effect
if the ice particles do not fall into
the lower clouds. The same inverse
correlation of cloud tops and CL¥W
frequently was apparent in the Mogollon
Rim clouds, but there were exceptions in
the observations.

In a similar fashion, the presence
of high concentrations of ice particles
and associated increased precipitation
usually precluded the presence of
abundant CLW as shown by Rauber et al.
(1986) . The ice particles rapidly grow
at the expense of such CLW and consume
it. Such high concentrations are
typically associated with periods in
which the cloud tops are high.
Nucleation of ice particles is commonly
thought to be more efficient at the cold
temperatures found in high cloud tops,
although factors other than temperature
may be important (Hobbs and Rangno,
1985) .

Figure 1 and two similar figures to
follow plot three important storm
characteristics on the same time axis
for the entire storm episode. The
hourly precipitation amounts from the
high~resolution gauge are plotted at the
bottom of Figure 1. The radioneter
vertically integrated CLW, showing three
general periods of liquid in the clouds
above Happy Jack, 1is plotted in the
middle of the figure. A time-height
diagram of echoes from the 5.4-cm
Skywater radar is plotted at the top of
the figure.

The radar echo plot in Figures 1,
2, and 3 was constructed from RHY (range
height indicator) scans made to the
north of Happy Jack every 5 minutes.
The equivalent radar reflectivity factor
was averaged for the 0.1 km by 1.0
degree range bins located within 2.2 to
3.3 km horizontal distance of the radar.
This range was chosen to maximize radar
sensitivity while minimizing the ground
clutter return. Up to four levels of
equivalent reflectivity factor are shown
on all radar plots: Any values
exceeding 0 dBz are shown in black;
those between ~10 and 0 dBz are gray:
the next lighter shading represents ~10
to -20 dBz; and the lightest, -25 to
-20 dBz, represents the weakest echoes
detectable with the particular radar
system. While the greater dBz values
generally indicate higher precipitation
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Figure 1. - Time history of precipitation, CLW, and radar echos
for February 19-21, 1987.
rates, the relationship can be complex From about 1700 on February 19 to

for snow and ice particles, as discussed
by Smith (1984).

Figure 1 could also include such
variables as temperature, dewpoint,
winds, and tower icing rates to show the
passages of various synoptic features.
Such variables were considered in
detailed storm analysis but were omitted
from the figures in this paper for the
sake of clarity.

The storm episode illustrated in
Figure 1 lasted about 48 hours. This
episode was chosen for presentation
first because it shows wide variations
in cloud structure over the storm
period. During this storm, a low and
trough system over New Mexico
retrograded into central Arizona and
then resumed a southeastward movement
out of the project area.

After the passage of some low
cirriform clouds, the episode began with
the slow rise of cumulus clouds to the
cumulonimbus stage from about 1000 to
1700 [all times l.s.t. (local standard
time)] on February 19. Cloud liquid
water amounts varied considerably with
time, exceeding 1.0 mm at 1445 and then
rapidly diminishing to almost zero as
the radar echo intensified. The clouds
were mostly confined to the higher
terrain and therefore appeared to be
under mesoscale control, but satellite
photos showed enough neighboring clouds
to suggest synoptic control.
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0200 on February 20, the clouds were
basically stationary debris from earlier
convection. This generated a snowfall
containing aggregates. Moderate CLW
existed for only about 1.5 hours
centered near midnight. As the system
intensified, CLW amounts increased until
almost 0700 on the 20th. Then the high
clouds became connected to the lower
clouds, and a heavy snowfall consumed
the CLW. :

After 1200 on February 20, the
clouds became towering cumulus until
1800; but the convection was not as tall
as on the previous day, and amounts of
CLW were quite limited.

At 1800 the low began to pass to
the south of the project area as it
resumed a southeastward movement. Area
winds shifted to being strongly from the
northeast. The flow produced a low
orographic stratus (upslope) cloud
generally confined to the high terrain
of the Mogollon Rim. The cloud system
produced many hours of CIW and only
trace precipitation, suggesting it was
very suitable for seeding.

Figure 1 illustrates the general
tendency for clouds with tops under 6 km
m.s.l. (mean sea level) [3.7 km a.g.l.
(above ground level) in the figure], not
connected to higher cirriform clouds, to
have CLW. It illustrates a case with
CLW at both the start and end of an
episode as well as within, all of which
appeared in low clouds.



An important counterexample to the
more typical storm sequence occurred on
January 30-31, 1987, as illustrated in
Figure 2. (A power outage after 0500 on
the 31st interrupted the radar data for
about 3 hours. Further, CLW data were
interpolated between 1915 and 2115 on
the 30th when melting snow on the
reflector gave erroneous readings.) The
common appearance of an abundance of CLW
from a low stratiform cloud at the end
of the episode is illustrated well. But
the unusual feature is the very strong
CLW signal during the night hours when
the radar tops were high and the
precipitation rates were moderate.
Strong flow over the barrier apparently
produced much more CLW than could be
consumed by the falling ice particles
from the deep cloud system. Acoustic
sounder winds at 300 m a.g.l. over Happy
Jack were about 14 m s’ from the
northeast at the time of peak CLW late
on the 30th.

An aircraft mission was flown over
Happy Jack (elevation 2.3 km m.s.l.)
from shortly before 1000 to 1100 on
January 31. The King probe on the
aircraft measured mean liquid water
contents near 0.15 g m®  with peaks as

RADAR ECHO HT. tkm - agh

high as 0.7 g m°. Ice particle
concentrations averaged less than 0.1 L’
in the upper portions of the layer cloud
which had a top at 3.8 km n.s.l. where
the temperature was -9°C. The
University of Wyoming King ALr 2007
aircraft, certified for flight into
known icing conditions, was unable to
stay in the cloud for more than several
minutes at a time due to heavy airframe
icing. Yet the average radiometer
vertically integrated CLW was only

0.2 mm during the aircraft mission.

This suggests that aircraft sampling
would have been impractical during the
higher CLW periods experienced late on
the 30th and from 1300 to 1500 on the
31st.

Examination of all 1987 aircraft
sampling periods over Happy Jack
revealed that the surface radiometer
never observed a mean hourly CLW amount
greater than 0.22 mm when the aircraft
was nearby - essentially the amount
present during the January 31 flight.
While the vertical distributicn of
liquid water may vary considerably
within and between storms, the heavy
icing encountered on that mission
suggests that aircraft sawpling might

CLOUD LIQUID WATER (mm)

PRECIPITATICN (mm)
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Figure 2. - Time history of precipitation, CLW, and radar echos

for January 30-31,
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well be impractical when wetter clouds
are present. About 10 percent of all
hours with CLW detectable by the
radiometer were in excess of 0.2 mm
during the 1987 field season. One hour
exceeded 0.6 mm. This suggests that
aircraft measurements of orographic
clouds may underestimate actual liquid
water contents for two reasons: (1) the
impracticality of flying near the
mountainous terrain noted earlier, and
(2) the inability to fly in the wetter
clouds for more than very brief periods.

The varied character of the storm
that brought the largest snowfall to the
region in several years is illustrated
in Figure 3. The episode began, as
usual, with moderate CLW in low clouds.
It then changed to high CLW contents
from clouds with moderate precipitation
and radar tops of a middle height. The
presence of light CLW with high radar
tops and an extremely high precipitation
rate is shown for the daytime hours of
February 24. This illustrates that even
heavy precipitation may not totally
consume the CLW presumably being
produced at low levels by the strong
winds then present (sometimes exceeding
17 m s' according to the acoustic
sounder). Thereafter, the patterns are
similar to those in Figure 1 with high
CLW amounts coexisting with shallow
clouds. :

4. DISCUSSION

Several winter storms over the
Mogollon Rim of Arizona were
investigated during early 1987 using
radar, a microwave radiometer, a high-
resolution precipitation gauge, and
various other observing systems
including a cloud physics aircraft for
portions of the episodes. These
measurements have revealed a number of
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important features of interest to cloud
seeding.

As has been shown in some earlier
studies, there was a general tendency
for CLW to be present over the crest
within shallow clouds, but limited in
amount or absent in the presence of deep
clouds having cold tops. The beginning
and ending portions of the storm
episodes frequently had shallow clouds
and relatively abundant CLW, suggesting
they were suitable for seeding aimed at
snowfall augmentation. Additional
periods with CLW were in evidence during
the middle of some episodes when high
clouds became disconnected with lower
cloud decks.

Important exceptions to the general
rule were found as illustrated in
Figure 2. Very abundant CLW existed for
many hours during a period of moderate
snowfall from deep clouds. Apparently,
the strong near-surface winds produced
far more uplift and associated
condensate than nature could convert to
snowfall. Even the heavy snowfall of
February 24 (Fig. 3) failed to fully
utilize available condensate although
CLW amounts were limited to near 0.05 mnm
in this case.

Another important point emerges
from the figures shown. While some
periods with abundant CLW were of many
hours' duration, others were brief.
Further, the transition from periods
with abundant CLW to periods with little
or none was often very rapid. This
suggests that a seeding strateqy based
on a forecast of suitable conditions
will often fail. Even responding to

observations of existing conditions
would be challenging, especially for
airborne seeding with the necessity to

MST NST MST MST
870223 870224 870225 870226
Figure 3. - Time history of precipitation, CLW, and radar echos

for February 23-26, 1987.
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file flight plans an hour or so before
takeoff. The only reasonable approach
may be to attempt to seed throughout the
storm episode with the assumption that
seeding will not significantly decrease
snowfall during periods without excess
CLW. Fortunately, there is evidence
that this assumption may be valig, at -
least in the northern Rockies (Super,
1986; Super and Heimbach, 1988).

This paper addresses only temporal
variability of CLW above a particular
observing point. Studies in other
regions (e.g., Rauber and Grant, 1986)
and aircraft measurements over the
Mogollon Rim have demonstrated
considerable spatial variability as
well. Thus, when the observations above
any mountain site indicate abundant CLW,
the atmosphere may have no liquid some
kilometers away. And, of course, the
situation may be reversed a short time
later. This further emphasizes the
difficulty of attempting to rapidly
respond to indications of probable
seedability from any practical observing
network.

In summary, measurements from
several Arizona winter storms have
indicated considerable temporal
variability in storm characteristics,
particularly in the amount of liquid
water available. This implies that the
seeding potential of the storms also
varies markedly with time. Super (1986)
suggested that seeding Montana winter
storms was highly effective dQuring a
small portion of the 6-hour blocks
investigated, but had little or no
effect for the other periods. That may
be partially due to similar variations
in CLW. If only limited periods with
abundant - CLW exist, only those periods
have the possibility of substantial
snowfall increases when seeded.

Future seeding experiments should
routinely monitor the CLW content,
preferably with a radiometer.
Statistical analysis of randomized
experiments should be considerably
"sharpened" if experimental periods are
partitioned by CLW availability.
Physical experiments that attempt to
directly detect seeding effects (e.qg.,
Super and Heimbach, 1988) also need to
monitor whether CLW is available.
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Abstract. A composite ice nucleus aerosol,
Characterized for nucleation efficiencies, rates of jce crystal formation, and
nechanisms 9f nucleation, under water saturation and transient supersaturation
conditions. The addition of HaCl to the highly efficient contact nucleus,

Agly, ulg 25 changed the nucleation mechanism to condensation-freezing at water
9d+urat1on and increased the rates of ice crystal formation dramatically, while
retaining the high efficiency of the 19121 nucleus aerosol. Under transient
supersaturation conditions, this new aerosol demonstrated improved ice nucleation
efficiancies at T > -12 €, and even faster ice crystal formation rates, sugqesting a
change of nucleation mechanism to forced condensation-freezing. This ice nucleation
aerosol should be advantageous for use ia weather modification field programs under
conditions wherz Tow cloud droplet concentrations suggast the use of a condensation-

AgIC1-4MaCl, has been generated and

freezing nucleant.

1. INTRODUCTION

Since Vonnequt found in 1947,
iodide aerosols are effective ice nuclei,
haen widely used in weather modification
axperinents and operations as cold-cloud
nucleating agents. When qenerating Agl, other
chemical substances are usually added. For
exarmle, when using Agl-acetone solution
cothustion as a generating method, “dn , KI or Nal
is added as a solubilizer. 1In AqI pyrotnchn1cs
sitver jodate Agl93 is used as an oxidizer, and
maqgnesium, and a]uw1num as fuels. Even though Aql
artificial ice nuclei can be generated by many
different ways, they are not pure A3l aerosols
hecause of the existence of other chemical
materials, Due to the different properties of the
added materials, the ice nucleation mechanisms,
the nucleation efficiencies and the nucleation
rates will therefore be different.

that silver
AgI has

Vonnegut and Chessin (1971) commared the
nucleation efficiencies of pure Agl and Agl-AgBr.
Their results showed that pure Agl has a lower
nucleation efficiency. They also found that the
Tattice structure will he closer to that of ice if
part of tha jodine atoms are replaced by bromine
atoms. Sax, et al., (1979) found that sone of the
Nuclei Engineering, Inc. (NEI) oyrotechnic
formulations contained small asounts of chlorine
and had aernsol nucleation efficiencies at -10 C,
which were one or two orders of magnitude higher
than those which did not contain chlorine, They
concluded that this increase was caused by the
c1lorine changing the lattice structure. or

{1} English translation of “An efficient, fast
functioning nucleating agent -- Composite
Aql-AgCl1-NaGl ice nuclei," originally
nublished in Collected Papers of
Meteorological Science and Technology, Mo. 3

T198%5Y, By the Academy of MeteoroToaical
§b1pnce Beijing, PRC.
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introducing active sites on the Ag! surface.

Later DeMott, et al., (1983) generated Agl*Agi1
compound nur1n1 Js1nq an AgT-NH,I- MH,C1O4-arebone-
water burning system. Such nuclei have one order
of magnitude higher nucleation efficiencies at

-12 € and three orders of wagnitude higher
afficiency at -5 C than that of pure Agl produced
hy the AgI—HH4I—acet0ne system. They alsn showed
that both of these nuclei are contact nuclei, and
the nucleation rates are relatively slow.
Blumenstein, et al., (1983) showed that the 2Agl-
Mal nucleus aerososl is strongly hygrosconic and
nucleatas by a condensation-freezing nucleation
mechanism. Under water-saturation condition, the
nucleation rate is very slow and the nucleation
efficiency is also low. !nder transient
supersaturation conditions there is a clear
increase of nucleation rate, and the nucleation
efficiency also increases at warmer temperatures.
Feng and Finnegan (in oreparation) studied the
T8-1 pyrotechnic aerosols manufactured by
different suppliers and concluded that there are
big differences i1 the nucleation mechanisms using
the same combination of substances. The
pyrotechnics made hy the #.S. Navy gave aerosols
with lower nucleation efficiencies, hut with very
high nucleation rates and which were clearly
acting as condensation-freezing nuclei. The
aerosols from the pyrotechnics made by MEI have a
Tower nucleation rate and were reacting as contact
nuclei. 0One possibla reason is that the materials
of different nyrotechnic formmlations have
different impurities. Therefore, the composition
of AgT and different chemical imnurities will lead
to different nucleation mechanisms, different
effectivenesses, and different nucleation rates.

Among various artificial nuclei, Agql-AgCl
nuclei have the highest nucleation efficiancies
(DeMott, et al., 1983), but they are contact
nuclei with Yow nucleatinn rates. 1f hygroscopic
material is added, it was thought possible that
the nucleation mechanisms would be changed to



condensation-freezing. Yith a careful choice of
hygroscopic material, the advantage of the high
nucleation efficiency could be retained, and a new
high nucleation rate aerosol obtained.

2. INSTRUMENTATION AMD PRNOCEDURES
The experiments were conducted in the

isothermal cloud chamber of the Department of
Atmospheric Sciences, Colorado State University.
The cloud produced by the ultrasonic fog
generator, was cooled to the chamber temperature
hefore introduction into the chamber. The sizes
of the cloud droplets are between 1-16 microns
with mean diameter of 7 microns. The 1iquid water
content inside the chamber was maintained at a
constant value for each experiment. The values o
11qud water content usually chosen were 5.5 g @
w1§h corrpspon11ng droplet concnntrat§on of 2100
cm™>) and 1.5 g m™7 (4300 droplets cm™ The
temperatures at different points of the chamber
could be controlled with an accuracy of +- 0.3 C
The aerosols produced by the generator were
diluted with ambient air in the wind tunnel. A
volume of 4 Titers of such diluted air was taken
by a sampling syringe then mixed, at fixed ratios,
with either pure dry air or saturated air at room
temperature. The diluted éerosol samples were
then injected into the cloud chamber. The ice

crystals produced by the aerosols, fell onto pre-
cooled microscope slides. The slides were taken
out at certain time intervals (1-3 min.) and the
aumbar of ice crystals on the slides counted using
a microscope. This process continued until the
ice crystal generation ceased. From the
cumulative number of ice crystals obtained from
each experimeat, the nucleation efficiency was
calculated. The ice crystal nucleation rate was
obtained by counting the number of ice crystals as
a function of time. D9etailed information about
this chamber can be found in Garvey (1975).

In the past, this chamber was used to compare
the nucleation efficiencies for various nucleant
aerosols and those from different types of
generators (DeMott, et al, 1983). In recent
years, in cloud simulations and aerosol
experiments, the method of chemical kinetics was
introduced into the isothermal cloud chamber
experiments (DeMott, et al., 1983). By observing
the ice crystal nucleation rates changing with
time after the aerosols had been introduced into
the chamber, the nucleation rate and its
relationships with various parameters {such as
temperature, droplet concentration, supersatur-
ation ratio, etc.) of the chamber, can be studied
and the nucleation mechanisms can he determined.
In this way, the nucleation characteristics of
various artificial aerosols can be studied. The
same methods were used in this experiment.

This exneriment was hased on the bhasic
composition of Aql*AqCl studied by DeMott, et al.,
(1983). Sodium chloride (NaCl) was used as the
hygroscopic material to add to AgI-AgCl. The
reason for this choice is that NaCl will neither
form comnlex compounds nor produce solid solutions
with Agl. This addition was achieved by adding
sodium perch]orafe (Nac19,) to the original
solution, e.g., Agl-NH;I %H b104 Mar104 -H,0-
acetone. Sodium perch%orate is easily soluble in
acetone (50 g Nall9, / 100 g acetone), and is
reduced to HaCl during solution combustion. The

AgI-AgC1-NaCl aerosols then result from combustion
of the total solution.

There were two parts to this experiment,
First, the temperaturzs in the chamber was
maintained at -10 € while changing the molar ratio
between Agl and Hall0, in the solution 1in order to
determine the optimum composition of Agl and wactl
in the generated aerosol. Secondly, the
nucleation efficiencies and rates of this optimum
composition were determined between -5 and -20 C.

3. EXPERIMENTAL RESULTS

3.1 The 3est Molar Ratio of Agl to Nall

Tn the tasting solution, the molar ratio of
Agl to MaCl0, was changed from 1:0.5 to 1:5. The
aerosols proguced by combustion were dilutad with
dry air or saturated air at room temperature, and
were then injected into the chamber at -19 C. 1In .
each, the nucleation efficiency was calculated
from the total number of ice crystals nroducsad,
the rate of formation of Agl and the dilution
ratio. The nucleation rate can be expressed in
different ways. In this study, the time that 290%
of the ice crystals formed (T90), is used as the
nucleation rate. Figure la shows the Agl
nucleation efficiency at different NaC10y motar

concentrations. Fiqgure 1b shows T90 as a function
of the NaC10, concentration. The values for pure
Agl in these figures were obtained from the
results of Dedott, et al., (1983).
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Figure 1 shows that the highest nucleation
efficiency and rate occur when the molar ratio
between Agl and Nalld, was 1:4. At water

a*u{3t1on, the nuc1eat1on efficiency reached 4.9
x 10 Agl at -10 C, which was very close to
th nuv1nat1on efficiency of Agl*AgCl, (5.4 x 1014

=1 Agl), under the same conditions. T90 was 3.8
min. for the composite nuclei, but for Agl-AgCl
azrosnls TIN was 16 min., When the sample was
diluted with saturated air at room temperature,
and injected into the chamber, a transient super-
saturation was induced in L?E cthher. The nucle-
ation efficiency reached 19 Aql at a molar
ratio of 1:4. The nucleation rat= increased
dramatically with T90 shortening to 1.2 min.

The Nucleation rff1f1ency and Nucleation Rate

3.2

as funct1ons o Tonpprature
with the optimun molar ratln of AgI to latlo4
~10 C were tested in the temperature range hetween
-5 C and =20 C. Two sets of results were obtained
under hoth water-saturation and transient
supersaturation conditions. These results are
shown in “igure 2.

Over the whole temnerature range, the
Agl-Agh1-4Nall composite nuclei had very high
nucleation efficiencies at water saturation, and
they were c¢lose to the nucleation efficiency of
the Agl*AgCl nuclei. The nucleation efficiency
increased dram?gically from -5 ¢ to -12 © and
reached 2 x 10 qg~* Agl at -12 C. As the
termerature was decreased further to -20 C, the
efficiancy increase was slight with only a small
increase under transient supersaturated
conditions. The nucleation efficiency was lower
than the values obtained at water-saturation in
the temperature range between -% and -7 C, but it
is higher than those for water saturation values
hetween -7 C and -20 C with the largest difference
of about a half order of magnitude (see Fiqure
2a).

The nucleation rate increased with decreasing
temperature. At water saturation, T90 was 18 min
at -6 C and 1 min at -20 C. The change in
nucleation rate with temperature was large when
T>-12C. In the -6 £ to -12 C range the
nucleation rate, under transient supersaturation
conditions, increased much faster than under
water-saturation conditions. 790 decreases from 18
min to 2 mia at -5 C, but in the lower temperature
range {-14 7 to -20 C)} there was no qreat
difference between the supersaturation and water
saturation values (Figure 2b).

3.3 4he Nucleation Mechanism

Tn"order to study the changes in the
nucleation rate with changes in the concentration
of droplets, we performed expe iments with 1§qu1d
water conteats of both 0.5 gm™ and 1.5 g m
two different temperatures, -8 { and -20 C. The
results are shown in Figure 3. The nucleation
rate of the composite nuclai does not change with
the liquid water content (or the droplet
concentration). . Therefore, Aql-agC1-4NaCl nuclei
are not contact nuclei. It is shown, from the
experinents at both water saturation and
supersaturation conditions, that these nuclei are
sensitive to water vapor density, and both the
nucleation efficiency and the nucleation rates
increase greatly under transient supersaturation
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conditions. These results show that the nuclei
are condensation-freezing nuclei.
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Fig. 2 MNucleation efficiencies (a) and times for
90% ice crystal nucleation (b) of Agl.AgCl1-4 NaCl
composite nuclei as functions of temperature and
humidity.

3.4 Comparison with Other Nuclei
There aré many other artificial nuclei
generated by acetone solution combustion which
have heen used for weather modification purposes,
but the most popular ones in recent vears are Agl,
AgI-AgCl, and 2AqI*Nal. The same Xinds of studizs
were then conducted with these three nuclei as
with our composite nuclei. Comparison between
them are as follows. Some results on Agl and
AgI-AgCl nucleus aerosols were obtained from
Nerott (1382), and the results on 2AgI-Mal were
from Blumenstein, et al., (1983). Their
nucleation efficiencies and nucleation rates at
-10 € are shown in Figure 4a and 4b, respectively.
Figure 4a shows that the nucleation efficiencies
of AgI-AqCT1-4Nall and AgI*AgC1 nuclei are quite
similar. The largest difference occurs at -8 C
with AgI*AgCT nuclei two-fold higher than
AgI*AgCI-ANaCl. At this time, AgI*AgCl nucleij
have the highest nucleation efficiency of all
artificial nuclei. This conclusion was drawn from




Tahoratory experiments where high droplet
concentration can promotz more rapid contact
nuclaation 9f Agl-AgCl nuclai to achieve the
nigher nucleation efficiencies and rates. In the
real atmosphere, the concentration of supercooled
droplets is about one order of magnituds smaller
than that in the chamber, rasulting in much slower
nucleation rates for contact nuclei.

= Liquid Water Content 1.5g m™
o= == Liquid Water Content 0.5g m™

T3
<
8 ~20°C
= 90%
2
L
0 5 10 s 20

TIME (min.)

Fig. 3 Rates of depletion of Agl.AgC1-4 NaC}
composite nuclei after introduction into the cloud
chamber at different liquid water contents.

The AgI*AgC1-4Natl nuclei are condensation-
freezing nuclei, and will retain their nucleation
rates, as measured in the chambar, because the
nucleation mechanism is independent of droplet
concentration. The comarison of Agl°AgCl-4HaCl
nuclai with the oure Agl nuclei from Agl-NHpI-
acetone solutions shows that the nucleation
efficiency of the composite nuclei is one order of
magnitude higher at T > -12 €. The nucleation
efficiency of Agl-AgC1-4MaCl nuclei was 2-3 orders
higher than that of 2Agl-Nal auclei, and the ’
ditfferences decrease with decreasing temperature.
Figure 4b shows that after Agl-AgC1-4NaCl nuclei
were injected into the chamber at -10 C, ice
crystals were quickly vroduced, and the production
rate decreased rapidly. The nucleation rate of
the Agl*AgCl-4NaCl composite nuclei is faster than
those measured for the other three kinds of
nuclei.

4. CONCLUSIONS

As expected, if the hygroscopic material,
MaCl, is added to Agl-AgCl aerosols, the
nucleation process changes from contact nucleation
to condensation-freezing nucleation. These
axperiments gave the optimum molar ratio of
Aql*AgCi to NaCl and resulted in the fast and more
efficient coaposite nuclei, Agl'Aqll-4NaCl. The
discovery of these composite nuclei is important
in the seeding of cumulus clouds with very strong
undrafts and orogaphic clouds with strong
norizontal wind speeds, in which high
concentrations of ice crystals need to be
generated in relatively short time periods. This
factor is also important in cold fog dispersion
overations.

In these experiments, only the optimum molar
ratio of Nall to AgI-AqC1 for maximum efficiencies
and rates was determined. Information on the size
distributions of the aerosols generated and their
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chemical components still need further research
and analysis. More research is needed on whether
the nucleation mechanism of these composite auclei
will change if these nuclei are injected iato the
Tower warm {T > 0 C) narts of clouds hefore they
reach the upper cold [T < 2 C) reqions. More
experiments are neaded on how to gernerate these
kinds of composite nuclei, such as pyrotachnic
generation.
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During late spring of 1986 and September of 1987 the University

of North Dakota operated an instrumented aircraft in convective clouds over
Oklahoma to help assess the potential for rain increase cloud nodification

over the state.
focuses

The Oklahoma Rainfall Enhancement Program
on seeding growing clouds which
supercooled liquid water but are lacking in ice crystals.

sceding plan
a persistent region of
The cbjectives

contain

of this study were to determine the persistence of supercocled liguid water

in the
developed in these clouds.

sampled clouds and to determine where,
The persistence of
was examined in terms of cloud top lifetinme,

when and how the ice phase
supercooled liquid water
defined as the projected time

from first penetration to zero liquid water content at the sampling levcl.
Ice particle data were studied in primarily a qualitative sensc.

In general,

large standard deviation.
many of the c¢louds,
development was not significant.

the clouds had high liquid water contents
cloud top lifetimes were relatively short.
The development of ice occurred very rapidly
although there were
The

initially, but
Liguid water decay rates had a

in
ice
being

vhere
apparently

nissions

was

several
ice phase

enhanced in lower portions of the clouds, perhaps through ingestion of ice
from neighboring cells or by ice multiplication.

1. INTRODUCTION
As part of the Southwest Cooperative
Program the Bureau of Reclamation

sponsored two field measurement programs
which utilized the University of North
Dakota Department of Atmospheric Sciences
Citation research aircraft to collect data
in convective clouds over Oklahoma. These
airborne missions were conducted in
cooperation with the Oklahoma Water
Resources Board (OWRB) to help assess the
potential for rain increase cloud
modification over the state. In a
technical report (Mathis and Gibeau, 1985)
the OWRB and Aeromet, Inc., set forth a
plan for a cloud modification project
entitled the Oklahoma Rainfall Enhancement
Program (OREP). Due to a dearth of
knowledge regarding the microphysical
properties of clouds over the state, this
plan is based largely on the results of
studies conducted over portions of west

Texas, including the Bureau of Reclamation
HIPLEX program {e.g., Jurica et al., 1983:
Long, 1980). While it is reasonable to
assume that there should be many
similarities in the cloud properties over
these adjoining areas, significant
differences may exist, dictating changes
to the OREP plan. It is essential,
therefore, that more insight be gained

into the nature of Oklahoma clouds prior
to the OREP implementation.

The OREP seeding plan focuses on
convective clouds which reach above the
freezing level and contain supercooled
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liquid water (SLW). When ice crystals are
present and substantial amounts of SLW
remain available for a sufficient length
of time, ice ©particles can grow to
precipitation size. The latent heat
released through the freezing process also
contributes to the buoyancy and therefore
the dynamics of these clouds. A seeding

opportunity may exist in those clouds
which contain a persistent region of
supercooled water but are lacking in
natural ice crystals. The objectives of

the analyses performed under this contract
were to determine the persistence of SLW
in the sampled clouds and to determine
where, when and how the ice phase develops
in the clouds.

2. THE DATA

The data upon which this study is
based consist entirely of in situ cloud
observations from the UND Citation II
research aircraft. There vere no
supporting radar or rnesoscale data
collected during the Citation flights. The
sampling capabilities o0of the Citation
included measurements of the state
parameters, three-dimensional winds and
cloud microphysical properties. These

measurement systems were supplemented by
hand-held 35 mm photographs, side-looking

16 mm time-lapse films (in 1986), forward-
looking video (in 1987) and voice notes
from the flight scientist. Cloud
nicrophysics probes included Particle

Measuring Systems FSSP
2D-C (31-992 pum)

(2-47 pm rangejp,
and 1D-P (300-4500 pum)



probes, and a Johnson-Williams (JW) liquid
water content meter. Most of the data were
displayed in real time for interpretation
by the flight scientist. This information
was used in making operational decisions
during data collection missions.

The JW measurements of liquid water
content (LWC) were used in this study
rather than values derived from FSSP data.
During the 1986 study the FSSP instrument
was inoperative for all but the first and
last missions. In addition, the FsSSP
seemed to strongly underestimate LuC
values in «cloud regions where the JW
values exceeded 2.8 g m 2. The JW values
were in reasonable agreement with
adiabatic LWCs.

The aircraft was based 1in Norman,
Oklahoma for the periods 27 May - 9 June,
1986, and 8-28 September, 1987. Cloud
systems were sampled over the western two-
thirds of the state, where average annual
precipitation is notably less than in the
east. The aircraft was launched whenever
potential cloud candidates were observed
visually or if conditions appeared
favorable from radar or satellite data.
Cloud types of interest included isolated
cumulus congestus and feeder cells
associated with convective complexes.
Flights were restricted to daylight hours
to facilitate cloud identification and to
enhance mission safety.

Favorable weather conditions
encountered during both study periods.

were
In

1986, 77 clouds were sampled two or more
times in the course of the ten flight
missions, and 1in 1987 55 clouds vwere
sampled repeatedly on nine flights.
Climatologically, this is still a rather
limited data set. However, work by
Pflaum, et al., (1989), indicates that

this cloud activity was representative of
these seasonal time periods.

3. FLIGHT PROFILES

Cloud sampling legs were flown
generally in the vicinity of either the
-5°C or -12°C level. Cloud candidates
were selected visually Dbased on an
appearance of positive vertical growth,
a minimum diameter 1 km and a "hard" or

sharp boundary at cloud top. The initial
penetrations were normally made within
about 300-600 m of cloud top shortly after
the top rose above the sampling level.
The decision to repenetrate a cloud was
based primarily on measured parameters
from the first pass. The OREP design
parameters, which were used as a guideline
for this study, call for peak LWC of at
least 1.0 g m >, updraft speed of 2.5
m s+ or more and less than 10 liter”
concentration of ice crystals at aircraft

penetration levels. Some clouds not
meeting these criteria were sampled
repeatedly because they were along the

path of penetration through other towers
or because no other suitable candidates
were at hand. Sampling of the cloud
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continued until the SILW was nearly
depleted at the flight 1level or until
operational or safety considerations

precluded further measurement.

In the 1986 project an emphasis was
placed on sampling at the colder (-12°C)
temperatures because the OREP design plan

was structured toward a static or
microphysical seeding  approach. An
analysis of the 1986 data set, however,
indicated that the SLW probably did not

persist in the sampled clouds long enough
to enable static seeding to work. It was
discovered, though, that there was
initially an ample supply of SLW that
could perhaps be utilized in a dynamic
seeding approach. Thus, the 1987
measurement program focused on sampling at
the =~5°C 1level where <clouds could be
seeded for dynamic effects earlier in
their lifetimes.

4. PERSISTENCE OF SUPERCOOLED LIQUID

WATER
The persistence of SLW was examined
in this study in terms of "cloud top"
lifetime, as described by Schemenauer and

Isaac (1984), hereafter referred to as SI.
The lifetime was computed from the mean
first pass IWC and a rate of change of
LwC. The rate of change, or decay rate
(DR), was calculated as the difference
between the mean LWC of the first and last
sampling passes through a given cloud
divided by the time between the midpoints
of the passes. The decay rates were
assumed to be 1linear. A cloud top
lifetime was thus the projected time from
first penetration to 0.0 g m™° LWC at the
sampling level. Mean lifetimes for each
day and for the whole study period were
computed using mean values of first pass
LWC and mean decay rates.

4.1 Total data set

The mean first pass LwWC (LWC1),
DR and projected cloud top lifetime of
clouds sampled two or more times are given
in Table 1la. This does not include
data from those cells which were
sampled at more than one temperature
level. Table 1b contains values for a
subset of these clouds which met the
first pass OREP design criteria. A large
amount of variability is evident from
cloud to cloud and from flight to flight.
The standard deviation of the DR is nearly
equal to the mean, signifying that a wide
range of cloud top lifetimes was likely in
the study clouds. The distribution of DR,
given in Table 2, shows that approximately
one third of the cloud samples had DR <
0.05 g m min~ This potential
variability of lifetimes was also evident
in the projected lifetimes calculated for
each of the individual sampled clouds.
Table 3 shows that one fourth of the
projected lifetimes were greater than 15
minutes.




Table 1 Daily and total period mean lifetime of cliouds
a. All Clouds b. Clouds Meeting ORIZP DPess L Criteria
# Mean Mean Mean i Mean Mean Mean
Date Cells Pass 1 %WC Decay Rate Lifetime Cells Pass_1 1LWRC Decay_ Rate ., Lifetime
1986 (g m ™) (g m™ 2 min™%) (min) (g m”° win™") (g m” min ~) (nin)
5/27 3 0.97 £.17 .048 *.044 20 2 1.07 .03 C%3 *,051 17
5/28 5 1.46 +.74 .061 £.065 24 4 1.60 .77 055 *,074 29
5/31 10 0.86 *.17 .119 *.078 7 9 0.89 *.15 xS *,053 9
6/1~1 10 0.73 %.38 .153 £.108 5 6 0.89 f£.24 197 %.110 5
6/1~2 3 0.47 .30 .044 *.028 11 1 0.80 £ - Ca2 . - 13
6/2~1 9 0.85 %.44 <121 £.077 7 5 1.16 .29 1+7 2.050 8
6/2-~2 8 0.71 *.29 .064 *.07¢% 11 6 0.75 £.32 0&2 =.072 1S
6/3 10 0.88 *.47 .099 *.114 S 4 0.98 +£.43 ,0&e £.112 11
6/6 13 1.00 *.59 .129 +.132 8 9 1.18 *.64 L1427 £.156 8
6/9 6 0.66 *,11 .096 £.055 7 3 0.73 +.07 .C9% =.049 8
1986
Total 77 0.87 %.45 .106 *.095 8 49 1.01 *.49 Zi¢ *.10L1 9
Excluding 6/1-1 43 1.03 .47 €57 Z.094 11
1987
9/9~1 5 0.95 +.49 .024 %£.059 40 4 1.10 %2.40 - & 30
9/9-2 6 0.92 £.34 .124 £.105 7 5 1.03 £.24% - = 7
9/10 2 0.47 £.02 .041 #.049 12 1 .48 - 80
9/11 7 0.69 £.39 .062 *£.057 11 S .85 .34 S0EL £, 11
9/14 4 0.70 +.34 .117 £.025 6 2 .91 $.42 ~053 £, 9
8/15 G 0.81 £.31 .103 £.093 8 6 .81 .31 .0y = 8
¢/20-1 8 0.76 .23 .014 £.054 54 [ 66 .16 P 47
9/20-2 7 0.50 *.24 .056 *.055 9 2 75 .28 -l2d £ G
9/27 10 0.83 .31 .086 +.077 10 10 83 .21 l -D85 | 10
1987
Total 55 0.76 .33 070 *+.0785 11 41 85 .30 i C79 £.080 | 11
' |
Table 2. Distribution of calculated Table 3. Distribution of projected
LWC decay rates cloud top _ifetimes
Decay Rate Cumn. Lifetime cun.
(g n~3 min~h) Freq. Fred. (%) (min) Freq. Freq. (%)
< -.05 3 2 < 5 22 18
< 0.00 9 9 < 10 43 54
< .08 34 35 < 15 24 74
< .10 41 66 < 20 11 83
< .15 18 80 < 25 6 88
< .20 13 89 < 30 L 89
< .25 6 94 < 35 2 91
< .30 3 926 < 40 1 92
< .35 3 98 > 40 ic 100
< .40 1 99
> .40 1 100

The mean 1lifetimes are low for most
missions, but the variability of LWC and
DR means that there were clouds which
persisted for significantly longer times.

For example, in the 1986 project, the
clouds sampled on the first two days
clearly seemed to be most suitable for
seeding, at least in terms of the

persistence of SLW. This is also true for
the first flights of 9 and 20 September,
1987. On the other hand, the first flight
of 1 June, 1986, found clouds embedded in
altostratus that were very short-lived and
would 1likely be poor seeding candidates.
Thus, mean values for the 1986 OREP clouds
were also computed excluding those samples
from 1 June.
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The computed values of L[WC1, mean DR and
cloud top lifetime for +the total project
are very similar to those reported by SI

for clouds sampled in 1577 near Thunder
Bay, Ontario; 0.883 + 0.55 g n3,
-0.104%.17 g m" min~, and 8 min,
respectively. ST classiffied these clouds

as having short lifetimes and high LWCs,
providing an enviromnmemt where warm and
cold rain processes as well as ice
multiplication can occur. They felt that
these lifetimes were toc short and that,
consequently, the clcuds would be poor
candidates for seeding with silver iodide.
However, they did suggest that the use of
dry ice would improve their seedability.



Table 4. Data stratified by cloud
seedability
Cloud # avg. avg. peak
Type Cells D \ LWC we
1986 S 5 2.1 2.2 1.37 2.2
SNS 9 1.4 2.2 .98 1.5
NS 28 1.3 2.2 .99 1.7
1987 S 10 2.8 3.9 .92 1.7
SNS 21 1.8 3.8 .79 1.6
NS 7 1.8 5.0 .97 1.7
4.2 Stratification by OREP criteria
The 1987 cloud set, as a whole, was

somewhat drier than the 1986 set and had a
markedly lower decay rate. This gave
rise to an average calculated cloud top
lifetime that was nearly 40% greater in
1987. When comparing only the OREP
clouds, however, the combination of lower
ILWCl and lower DR in 1987 produced an
average cloud top lifetime similar to that

for 1986. Based on this limited set of
observations it 1is not known if the
differences in LWC1l, DR and 1lifetime are
seasonal in nature or whether they
represent a random interannual
variability. They do not appear to be the
result of a change in emphasis on sampling
levels from 1986 to 1987 (see section
4.3).

In an attempt to determine why cloud
lifetimes varied markedly from day to day
a rather restrictive subset of apparently
"seedable" clouds was defined. These were
OREP clouds which had projected lifetimes

2 14 minutes and which developed Iice
slowly, 1if at all (no detectable ice
before the fourth sampling pass, ~7

minutes from time of first penetration).
The first pass characteristics of these
seedable clouds are presented in Table 4
as cloud type S. Characteristics of non-
seedable clouds which were sampled on days

with seedable clouds (type SNS) and
characteristics of clouds on days when
there were no seedable clouds (NS) are
also shown.

: The seedable clouds were, on the
average, substantially larger than the
others. The greater first pass diameter
(D) likely promoted the longevity of these
clouds by reducing the effects of
entrainment. On seedable days, the

seedable clouds also had higher LWC than
the non-seedable clouds.

Another interesting first-pass
characteristic is that the average updraft
speed (w) for clouds sampled on seedable
days was less than that on non-seedable
days. This is in agreement with a more
general observation derived from other
supporting data that the seedable clouds
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were found on days or in areas where only
weak to moderate convection was occurring.
On several of these seedable days
atmospheric soundings revealed the
presence of a weak mid-level temperature
inversion. These observations show that
the clouds most suitable for seeding were
not associated with strong or severe
convective situations. A reason for this
may be that the mnore vigorous clouds
reached colder temperatures earlier in
their 1lifetimes and therefore initiated
the ice process sooner. It may also be
that the stronger updrafts promoted a more
rapid recycling of ice within cloud or
ingestion of ice from neighboring cells.
Entrainment may have also been enhanced by
larger wupdraft velocities.

For most missions in 1986 the mean
lifetime of the OREP subset is 1larger
than that of the total cloud set. This
indicates that the stratification criteria
had a net positive effect on the selection
process. However, no such effect was
found for the 1987 data set. The fact
that the stratification criteria had no
effect on the cloud selection process in
1987 but had a net positive effect in 1986
may be due to the nature of the clouds
excluded by the screening. In 1986 over
70% of the clouds which did not meet OREP

criteria failed due to high ice
concentrations. In 1987, the primary
reason for excluding clouds (85%) was a

low LWCl. The fact that the exclusion of
clouds with high initial ice
concentrations improved cloud top
lifetimes while exclusion of those with

lower initial LWC did not, suggests that
the ice plays a more significant role in
the availability of liquid water.

This postulate is supported by the
correlations of the computed cloud top
lifetimes with LWC1 and DR. Figures 1la
and 1b illustrate these relationships for
both years. There was a strong
correlation between 1lifetime and DR, as
one would expect, but 1little or no
correlation between lifetime and LWCl. A
regression of 1lifetimes versus LWC1l and
DR indicates that approximately 90% of
the variance in the lifetimes is
explained by the variability of the
DR. Thus, the persistence of SLW
appears to be more highly dependent
on depletion processes such as
conversion to ice or entrainment than on
the initial 1liquid water content of the
clouds.

Stratification

termination type
The clouds in this study were also
stratified by penetration temperature and
by termination type. Table 5 shows that
in 1986 there was little difference in
LWC1 or DR between warm and cold cloud

4.3 by temperature and

penetrations. Temperatures warmer than
-10°C were classified as warm. However,
in 1987, the cold clouds had a much
higher average decay rate. This
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Fig. la. Cloud top lifetime as a function of liquid water

decay and as a function of first pass
liguid water content, for 1986 clouds.

mean

statistic may be biased by the fact that

half of the colder penetrations were made
on one flight, 9/9-2, which had the
highest DR of all 1987 missions.

A comparison of warm and cold
samples considering reasons for
termination type is presented in Table 6.

Termination types may be interpreted as
follows:

Dissipation - a loss of liquid water and/
or updraft;

Glaciation - peak 2D concentrations
> 50 liter™1;

Safety - primarily cloud radar
reflectivities >40 dBz
associated with graupel
and/or small hail;

Operations - descents for aircraft
de-icing, congested cloud
fields, changes in flight
tracks to focus on nearby
cells.
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Fig. 1b. As in Fig. la. for 1987 clouds.

The 1986 cloud data set showed that
the majority (almost 2/3) of the clouds
sampled at colder temperatures developed

ice compared to only about 1/3 of those
sampled at warmer temperatures. The
1987 clouds, however, showed no such
preference.
5. DEVELOPMENT OF ICE

A second important factor which
determines the seedability of clouds is

the natural development of ice crystals.
For seeding to be effective it wmust
convert the SILW to ice at a faster rate or
in a more favorable portion of the cloud

than would have occurred naturally.
Within the scope of this study the
development of ice was examined in

primarily a qualitative sense.

The rate at which ice developed, as
measured by time from first penetration,
varied from flight to flight. ©n a number

of missions, some of the clouds never
contained detectable ice particles at
flight altitudes and in others it took
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Table 5. Data stratified by penetration temperature
Warmer than -10°C Colder than -10°C
Avg. LWC Avg. Avg. LWC AVg.
Pass_1 Decgy Rat% N Pass3l Decay Ragg N
(gm™7) (gm 7 min™") (gm™7) (gm ~ min *)
1986 All Clouds .93 .103 42 .90 .109 35
OREP Clouds 1.05 .104 31 1.14 .103 18
1987 All Clouds .73 .060 42 .83 .101 13
OREP Clouds .82 .068 32 94 .120 9
Table 6. Data stratified by termination type and temperature
Dissipation Glaciation Safety Operational
1986 Warm 55% 31% 7% 7%
Cold 29% 49% 14% 8%
1987 Warm 38% 12% 143 36%
Cold 46% 8% 23% 23%
from five to over 13 minutes before This may be inferred from the crystal
significant concentrations could be habits - very few plates or dendritic
detected. By comparison, many missions crystals were observed in any of the
saw rapid ice development within the cloud turrets. Those are the types of ice
candidate clouds. Significant particles which would be expected to grow
concentrations of ice crystals (10 2 l) in the -10°C to -20°C temperature range.
were generally present by the third pass Instead, there was a preponderance of
or roughly four minutes after initial graupel, columns, frozen drops, and
penetration. A number of clouds even irregular particles (as in Fig. 2) at all
contained high ice concentrations on the sampled temperatures (-5°C to -13°C).

first pass and would not meet the OREP
criteria.

There are indications that ice ingestion
may have played a significant role in the

development of high ice crystal
concentrations. Embedded <cells were
sampled on several occasions and all

contained high quantities of ice on the
first pass or shortly thereafter. Most of
the towers on the first flight of June 1,
1986 were embedded in a sub-freezing
altostratus layer. It was also noted that

towers which grew up close (within a
kilometer) to an older cell tended to
develop 1ice early in their 1lifetime.
These turrets were normally part of a

small convective complex and were joined
to the mature portion of the system at
lower levels. It is possible that ice
particles were being ingested at those
levels and brought up to cloud top.

Another generalization that may be
made concerning ice development is that it
seemed to occur primarily 1low in the
cloud, at relatively warm temperatures.
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This suggests that processes such as ice
multiplication (e.g., Mossop, 1976) or ice
ingestion from neighboring cells may have
been dominant in those clouds which
eventually developed detectable ice
crystal concentrations.

Data from one of the <clouds sampled
on May 27 support the possibility of a
Hallett Mossop ice multiplication
process. This cumulus congestus was
penetrated nine times over a 23 minute
period, at temperatures Dbetween ~5°C and
-8°C. The estimated cloud top temperature
was no colder than =-9°C. During the
second pass, at -7°C, the cloud contained
relatively high concentrations of _both
large and small droplets 181 cm ° of
diameter >23 um and 87 cm ~ of diameter

<14 um) (Fig.3). The ratio of small to
large droplet concentrations (0.5) is
within the range of values found in clouds
in which ice multiplication has been
observed (Mossop, 1985). The 2D data
(Fig. 2) show round and nearly-round

images in passes 4-6, representing liquid
and possibly frozen drops up to 1 mm in



14: 36: 00. 6029 14: 56:07. 2610

P e e T LU

15:01:29. 2288 15:01:30. 9260

WL e
HHTTRHRILIH b LT L
FETLH @ TLET LHPRHTIL

FIHFHEFTRTTT o 1

Fig. 2. 2D images from cloud C on May 27. 1986. Time of
. initial penetration was  144908.  Length  of
vertical bars corresponds to 1 mm.

size in concentrations generally <1 g L.
Ice particles of this size could be active
rimers for the production of secondary ice

particles. Columns first appeared in pass
7 mixed with irregular a?d nearly-round
particles (up to 37 2 Irregular
particles, graupel and colunns

predominated in passes 8 and 9 (>804™
the liquid water content was depleted.

) as

6. SUMMARY

The following general characteristics
of the sampled cloud water and ice
contents were determined:
1. The supercooled liquid water content
of the study clouds was observed to
decay at a fairly rapid rate. Cloud
top lifetimes of 8, 9 and 11 mnminutes
were calculated for all multiple pass
clouds and for two select subsets in
1986, and 11 nminutes for all clouds in
1987.

The liquid water decay rates had a
large standard deviation, suggesting
that a fair percentage of the clouds
may be expected to contain SIW for
significantly longer periods of time.
The longer-level clouds occurred under
conditions of weak to " moderate
convection. ' :
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Fig. 3. FSSP droplet spectrum for cloud C pass 2 on
May 27, 1986.
3. The initial LWCs of the clouds meeting

OREP criteria were substantial,_ with a
first pass average of 0.94 g m ~.

The development of 1ice occurred very
rapidly in many of the clouds,
-particularly those which grew up close
to older towers or were embedded in
cold cloud layers. There were several
missions, however, where ice
development was not significant over
the sampled life of the clouds.

5. It appears as though the ice phase is
being initiated in lower portions of
the clouds. Evidence for this
includes a lack of crystal habits
normally formed at colder temperatures
and the rapid glaciation of towers
below the -12°C level.

6. Much of the cloud ice may be the
result of ice multiplication and/or
ingestion or recirculation from

neighboring cells.
ACKNOWLEDGEMENTS

This work was supported by Bureau of
Reclamation Grant No. 4-FC~81-03780 and by
the Oklahoma Water Resources Board.

REFERENCES
Jurica, G.M.,
Eddy, H.

C.A. Leary, D.R. Haragan, A.
Johnson, and B. Sladewski,
1983: Summer convective precipitation
on the Texas South Plains.
Atmospheric Science Group, Texas Tech
University and Amos Eddy Inc., Norman,
Ok., Texas Department of Water
Resources, LP-186.

Long, A.B., 1980: Preliminary cloud
microphysics studies for Texas HIPLEX
1979, Department of Meteorology,
Texas A & M University for Texas
Department of Water Resources, LP-124.



"REVIEWED'

Mathis, M.E. and E.J. Gibeau, 1985:
Oklahoma Rainfall Enhancement Program.
Oklahoma Water Resources Board and
Aeromet Inc., 133 pp.

Mossop, s.c., 1976: Production of
secondary ice particles during the
growth of graupel by riming. Quart J.
Royal Met. Soc., 102, 45-57.

, 1985: Secondary ice particle
production during rime growth: the
effect of drop size distribution and
rimer velocity. Quart. J. Royal. Met.
Soc., 111, 1113-1124.

Pflaum, J.C., H.L. Johnson, and M.R.

Poellot, 1989: Preliminary
Investigations of a Dynamic Seeding
Strategy for Oklahoma Convective

Clouds. J. Wea. Mod., 21.

Schemenauer, R.S. and G.A. Isaac, 1984:
The importance of cloud top lifetime
in the description of natural cloud
characteristics. J. Climate and Appl.
Meteor., 23, 267-279.

53



. "REVIEWED"

PRELIMINARY INVESTIGATIONS OF A DYNAMIC SEEDING STRATEGY FOR
OKLAHOMA CONVECTIVE CLOUDS

John C. Pflaum, Cooperative Institute for Mesoscale Meteorological Studies,
University of Oklahoma, Norman, OK 73019

Howard L. Johnson, Oklahoma Climatoiogical Survey, University of Oklahoma,
Norman, OK 73019

Michael R. Poellot, Department of Atmospheric Sciences, University of North Dakota,
Grand Forks, ND 58201

ABSTRACT This article presents some early findings from on-going work
investigating the seedability of Oklahoma convective clouds. Using the Great Plains
Cloud Model (GPCM), predictions of maximum cioud height were compared for
simulations of natural freezing, silver iodide enhanced freezing and dry ice
enhanced freezing. Selected soundings were from time periods coinciding with
airborne measurements of cloud microphysics which will allow for future evaluation
of model realism. Climatological analyses indicated that representzctive
meteorological conditions existed during these time periods. Preliminary indications
suggest that opportunities for erihanced cloud growth due to seeding exist on days
when cumulus clouds are present over Oklahoma and that a small advantage may
result from the use of dry ice as compared to silver iodide.

L INTRODUCTION

As part of Oklahoma's overall water
resources development strategy, the Oklahoma
Water Resources Board (OWRB) has presented
a long term plan for utilizing and developing
weather modification technology as a tool for
water resources management in Oklahoma.
This strategy is referred to as the Oklahoma
Rainfall Enhancement Program (OREP). OREP
takes the approach of utilizing today's best
available cloud seeding technology, while at the
same time remaining flexible enough to quickly
incorporate advances in the technology.

The preliminary OREP seeding
hypothesis was based on the static seeding
concept as developed in HIPLEX (Bureau of
Reclamation, 1979) and partially verified by
Cooper and Lawson (1984) in Montana. Static
seeding presumes that precipitation in seeded
clouds occurs via initial diffusional growth of ice
crystals to sizes where riming can commence,
followed by subsequent evolution of the crystals
into graupel. An increase in the total rainfall
amount is expected through an increase in the
average ice concentration to about 10 per liter, a
concentration expected to be mare efficient than
the natural ice concentrations in converting
condensate to precipitation. In addition, it is
expected that the injection of ice into the cloud
early in its lifetime will lead to earlier
precipitation development, and to development
of precipitation in some clouds that would not
precipitate naturally (Mathis and Gibeau, 1985).

In contrast to this static approach, the
design of the Southwest Cooperative Prcgram
Rainfall Enhancement Experiment for stimulating
rainfall in West Texas, suggested a dynamic
seeding approach (Jurica and Woodley, 1985).
The conceptual mode! guiding the experiment
invokes a chain of events beginning with the
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direct injection of an ice nucleant into
supercooled updraft regions of convective cells.
This on-top injection of the nucleant is expected
to produce extensive and rapid glaciation of the
updraft, resulting in release of latent heat of
fusion, producing an increase in buoyancy and
invigorating the cells' internal circulations,
including downdrafts. The model predicts that
seeded cells will grow taller, produce higher rain
rates, last longer and produce more total rainfall.
The enhanced downdrafts beneath the cells are
expected to produce regions of enhanced
convergence at the interface between downdraft
outflows and the ambient flow which, in turn, will
invigorate existing cells and/or produce new
ones. This sequence of events is predicted to
lead ultimately to a larger cloud system that lasts
longer and produces more rainfall. This West
Texas conceptual model is based in part on the
FACE program (Florida Area Cumulus
Experiment) which had a similar conceptual
model and which produced increases in excess
of 100% in rainfall on the scale of convective
cells (Jurica and Woodley, 1985).

The results from the first year of the
Southwest Cooperative Program, 1986, suggest
that rainfall from the small meso-scale
convective systems was increased due to silver
jodide seeding suitable to produce dynamic
effects. The apparent increases in rainfall,
amounting to over 100%, were due to an
increase in cell number, to an increase in mean
cell height, and to an increase in total cluster
area within the seeded systems. These
apparent effects were consistent with an
alteration and invigoration of the dynamics of the
convective cells contained within the convective
systems (Woodley et al., 1987).
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Additional results from 1987 suggest
similar trends with a positive effect of Agl
treatment on cell duration, maximum reflectivity,
area, rain rate and rain volume. The largest
effect was on mean total cell rainfali which
increased between 50 and 146% (Woodley and
Rosentield, 1988).

In an effort to evaluate potential
opportunities for dynamic seeding in Oklahoma,
Johnson (1982) prepared an analysis of area
rawinsondes for the five year period 1976-1980.
The "dynamic seedability” was evaluated using
the Great Plains Cloud Modei - GPCM (Hirsch,
1971). This one-dimensional, steady-state
model uses temperature, humidity, and wind
data from a specified rawinsonde observation to
predict the values of various dynamical and
microphysical parameters in a resuftant cumulus
cloud. Of primary interest is the additional height
of cloud development present when glaciation is
allowed to occur in warmer portions of the cloud
(thus simulating a seeding effect), and this height
change is synoncemous with the term "dynamic
seedability”. The conclusicns from this study
were that there is a likelihood of dynamic
seeding opportunities on most days, somewhere
in western Oklahoma, during the summer
months. Such findings for Oklahoma were
consistent with those of Matthews (1981) who
demonstrated that dynamic seeding
opportunities appeared to exist in Montana,
Kansas and Texas during the summer months of
1975-1977.
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2, DYNAMIC SEEDABILITIES

As part of the continuing effort to develop
the basis for a scientifically sound weather
modification program in Oklahoma, the
University of North Dakota Citation cloud physics
aircraft research team came to Oklahoma to
collect microphysical data for analysis. Data
were collected during spring (May 27 through
June 9) 1986 and late summer (September 9
through September 28) of 1987 at the sites
shown in Fig. 1. The results of analyses of the
1986 sampling effort are reported in Poellot
(1986) and summarized in Mathis (1987). The
results from the 1987 sampling effort are
reported in Poellot (1988) and Pflaum (1988).
The analyses indicate that Oklahoma convective
clouds appear to develop precipitation initially
through a warm rain process. As continued
vertical development occurs and the clouds
reach lower temperatures, the drops freeze,
subsequently evolving into graupel. The data
also indicated that supercooled liquid water
does not persist long enough to enable static
seeding to work (see companion article in this
journal by Poellot and Pflaum). However, an
ample supply of supercooled liquid water exists
initially, suggesting that a dynamic seeding
approach might be more appropriate.

As a first step toward investigating this
possibility, the GPCM was applied to soundings
for the days during which the Citation was
collecting data. This was done for two purposes:
1) To evaluate the dynamic seedability on days
when it was known that seeding candidates
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existed, and 2) to compare the dynamic
seedability of two hypothetical seeding
treatments. Tables 1.1 - 1.12 represent
compilations of the model predicted seedabilities
(km) for various cloud radii. In the "natural
cloud", the conversion to ice is effected linearly

between -20 °C to -40 °C. In test one, designed
to simulate seeding with Agl, the conversion to
ice was shifted to warmer regions of the cloud

and effected linearly between -5 and -25 °C. In
test two, designed to simulate seeding with dry
ice, the conversion of ice was shified to even
higher temperatures, and effected linearly

between 0 and -15 °C. The abbreviations, OKC,
AMA, and DDC stand for Okiahoma City,
Amarillo and Dodge City, respectively. National
Weather Service soundings for these 3 sites
were used as input o the model. The letter M
indicates that sounding data was missing.

It is seen that on days when convection
existed: 5/27,28,31,6/1,2,3,6,9,1986; 9/9,
10, 11, 14, 15, 20, 27, 28, 1987, and sounding
data was available, the opportunity for enhanced
vertical development was present at least at one
of the stations, often at all three. Enhancement
of greater than 1 km was generally present for
clouds of at least one size category.

The effects of changing the ice conversion
temperature were relatively small but general
trends were as follows:

a. When dynamic seedability was
demonstrated in test 1, it was present in test 2 at
a slightly enhanced value. However, it was not
uncommon for small negative variations to occur
as well.

b. When more substantial positive
changes occurred from test 1 to test 2, they
usually took the form of an expansion of effects
to neighboring cloud sizes rather than any
initiation of effects where none existed for test 1.
There were two cases where test 2 produced a
significant reduction as compared to test 1.

¢. Spring days were slightly more

- responsive than fall days to the simulated
seeding, a trend also noted by Johnson (1982).

In summary, according to GPCM
predictions, opportunities existed for positive
dynamic seeding effects on days when
convection was present during the Spring of
1986 and Fall of 1987. In addition, the model
suggested that a small advantage may result
from dry ice seeding as compared to silver
iodide seeding.

3. CLIMATOLOGICAL REPRESENTA-
TIVENESS OF THE DATA COLLECTION
PERIODS
In light of the short sampling periods and

the lack of any historical record of cloud physics

information in Oklahoma, a climatological
perspective was needed for the observations
and GPCM predictions. The following is an
attempt to provide such a perspective.

3.1 The Spring Period {May 27-June 9, 1986}
The Spring thunderstorm season in
Oklahoma is the period of greatest rainfall for the

State. The transition from winter to summer is
nearly complete by the end of May. Severe
thunderstorms that develop in response to the
interaction between transient disturbances in the
jet stream and the warm moist air which
dominates the State's surface weather,
frequently spawn tornadoes, strong winds, and
hail. Those same thunderstorms also produce
locally heavy rains which supply water to the
ripening wheat crop and runoff water into the
lakes and ponds. The spring storm season then
is a good time to find rain clouds in Oklahoma
and to study their characteristics.

Clouds were sampled on 9 o1 the 14 days
during the Spring 1986 sampling period. The
aircraft was down for repairs on two additional
days, one of which was marked by heavy rains in
Norman (Poellot, 1986). Rainfall was reported
within the western two-thirds of Oklahoma on
each day of the sampling period (OCS. 1986a
and OCS, 1986b). Eddy (1982) feund that rain-
producing clouds are normally present in
western Oklahoma on 95% of the days in spring
and summer. The reported frequency of
raindays is not atypical for a short period of time,
but the wide-spread nature of the rain in the
1986 period was.

A persistent upper-level low pressure
area lingered to the west of the State throughout
the observational period. Frontal activity was
generally weak, but the environment was
favorable for the development of showers and
thunderstorms in response to the small-scale
disturbances which frequently are embedded in
the wind flows that dominated the petiod. Since
no fronts of any significance passed through the
State, ample moisture was available to support
convective activity. The study period was a
wetter-than-normal two week interval, but not a
period that could be characterized as an
extremely wet period.

The atmosphere during the cbservational

period tended to be cooler (by 3 °C at 850 mb

and 700 mb and by 1 °C at 500 mb at Oklahoma
City) than normal. The basic low-level moisture
measures indicate that greater than normal
moisture was available during the period. The
stability, as measured by the Lifted Index and the
Total Totals was near normal throughout the
pertiod. The K-index tended tc be higher than
normal, a reflection of the depth of the available
moisture. Table 2 is a summary of the moisture

- and stability parameters during the field project.

The clouds sampled during the 1986 field
period were found in an airmass that was
generally unstable though not of the extreme
instability associated with spring outbreaks of
severe weather in western and central
Oklahoma. A more normal two-week period
would likely have resulted in, at least, one or two
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Table 4.1
Dynamic Seedability (Km): OKC
Test |
05 1.0 1.5
0.0 0.0 0.0
0.0 0.0 0.0
0.0 0.0 0.0
0.0 0.1 3.6
0.0 0.0 0.3
M M M
0.0 0.0 0.2
12 24 03
0.0 0.2 52
M M M
0.0 33 0.7
0.0 35 3.2
09 18 0.8
0.5 1.2 2.0
0.0 4.3 0.0
0.0 0.2 4.1
0.0 0.0 0.0
M M M
0.0 0.0 0.0
0.0 0.2 0.3
M M M
M M M
0.0 0.0 0.0
0.0 0.0 0.0
M M M
M M M
0.0 0.0 0.0
0.0 0.0 39
Table 4.3
Dynamic Seedability (Km): OKC
Test |
1 ius (k
05 1.0 1.5
0.2 05 1.0
0.2 1.5 0.3
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0.0 0.0 0.7
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0.2 08 02
0.0 0.0 0.0
0.0 0.0 0.0
0.0 0.0 0.0
0.6 1.1 0.2
M M M
2.0 0.5 0.3
0.0 0.2 0.8
0.0 0.0 0.0
0.0 0.0 0.0
0.0 0.0 0.2
0.0 0.0 0.0
0.2 1.2 0.8
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Table 4.2
Test 2
ins (km
1.0 15
0.0 0.0
0.0 0.0
0.0 0.0
0.3 34
0.2 0.5
M M
0.0 4.0
24 0.3
48 5.2
M M
3.3 0.7
35 32
1.8 0.9
1.4 22
4.0 0.0
1.9 4.1
0.0 0.0
M M
0.0 0.0
0.5 05
M M
M M
0.0 0.0
0.0 0.0
M M
M M
0.0 34
Table 4.4
Test 2
ius (k
1.0 15
0.5 1.0
15 0.3
0.7 2.2
0.2 1.2
0.7 1.0
0.0 0.0
M M
M M
M M
M M
M M
M M
57 0.0
0.7 13
0.4 0.6
0.0 0.0
0.2 3.8
0.9 0.0
0.8 0.2
0.0 0.0
0.0 0.0
0.0 0.0
1.3 0.2
M M
M M
05 1.1
0.0 0.0
0.0 0.0
0.1 2.9
0.0 0.0
1.4 0.8
1.0 1.2
0.0 2.0
0.9 0.7
09 0.5
25 0.7
M M
M M
M M

M

M
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Table 4.5
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00 04 0.4
00 0.0 0.0
00 0.1 0.9
00 0.1 0.1
09 0.2 0.8
0.0 0.0 0.0
Y] M M
0.2 05 12
0.5 14 4.0
25 0.7 0.3
00 0.2 0.3
00 2.2 0.0
*C 24 0.0
] M M
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Table 4.8
Dynamic Seedability (Km): AMA
Test 2
Cloud radius (km)
05 1.0 15
c.o 03 0.5
C. 09 22
15 0.6 0.6
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1 M M
0.0 0.3 0.5
05 0.2 0.4
0.0 0.1 2.3
20 0.5 1.8
20 0.2 0.2
05 0.5 03
06 1.1 03
2.3 .1 14
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20 13 33
10 2.3 0.3
07 16 2.2
0.4 18 03
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Table 4.9
Dynamic Seedability (Km): DDC
Test 1
Cloud radius (km)
0.5 1.0 1.5
0.0 0.1 0.1
1.3 0.0 0.2
0.0 0.0 0.0
0.0 0.0 0.0
0.0 0.0 03
0.0 0.0 0.0
0.0 0.0 0.3
0.0 0.2 1.0
00 . 00 0.0
0.0 0.0 0.5
0.3 1.3 1.8
0.0 0.0 1.6
0.0 0.0 0.0
0.2 0.2 0.0
0.0 0.8 1.4
0.0 1.1 1.4
0.0 6.1 0.3
M M M
0.4 0.3 0.0
0.3 0.7 1.7
M M M
M M M
38 0.3 0.0
0.4 0.9 0.5
M M M
M M M
0.2 1.2 1.2
0.0 0.2 1.7
Table 4.11
Dynamic Seedability (Km): DDC
Test 1
lopd radiys (km
[oX] 1.0 1.5
02 Q.2 Q.0
0.3 0.9 05
0.7 0.3 0.0
26 0.0 0.3
3.9 0.0 0.0
1.3 2.2 0.3
M M M
M M M
M M M
M M M
M M M
M M M
0.7 1.1 0.5
0.4 0.2 0.2
0.5 1.2 02
M M M
0.0 0.0 0.0
07 0.6 0.2
06 02 02
0.0 0.0 0.0
0.0 0.0 0.0
1.2 0.7 0.4
0.5 0.4 0.4
M M M
M M M
0.0 0.1 0.1
0.1 0.9 1.1
0.0 0.0 0.0
0.0 0.0 0.0
0.0 0.0 0.0
0.0 0.6 2.1
0.0 0.0 0.0
0.2 0.8 1.4
0.0 0.0 0.0
0.4 1.2 0.7
35 6.3 0.3

M

3.0

M

0.0

M

1%

%]
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Table 4.10
Dynamic Seedability (Km): DDC
Test 2
1ot iys_(km
0.5 1.0 1.5
0.0 3.4 3.5
1.3 0.0 0.2
0.0 0.0 0.0
0.0 0.0 0.0
0.0 0.0 0.6
0.0 0.0 0.0
0.1 0.3 0.8
0.0 0.5 1.4
0.0 0.1 0.2
0.1 0.3 0.6
0.7 1.5 1.8
0.0 0.0 1.4
0.0 0.0 0.0
03 0.2 0.0
0.0 1.1 1.6
0.0 1.1 1.6
0.0 6.1 0.3
M M M
0.6 0.3 0.0
0.5 0.9 1.7
M M M
M M M
2.0 0.3 0.0
0.6 1.1 0.8
M M
M M M
0.7 1.2 1.2
9.0 07 1.9
Table 4.12
Dynamic Seedability (Km): DDC
Test 2
Cloud radiys (km)
05 1.0 1.5
0.5 0.2 0.0
05 0.9 0.5
0.7 0.5 0.0
2.2 0.0 0.3
39 0.0 0.0
1.3 22 0.3
M M M
M M M
M M M
M M M
M M A
M M M
0.9 1.4 0.5
0.4 0.4 0.2
0.7 1.4 02
M [ M
0.0 0.0 0.0
0.8 0.6 0.5
0.5 0.2 0.2
0.0 0.0 0.0
0.0 0.1 0.2
1.2 0.9 0.4
0.5 0.4 0.4
M M M
M M M
e 23 03
0.6 11 1.3
0.0 0.0 0.9
0.0 0.0 0.2
0.0 c.0 0.0
0.0 0.8 2.4
0.0 6.0 0.0
02 0.8 18
0.0 0.0 0.0
04 12 0.7
3.2 0.0 0.3

M

M

M
M
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2.0

M
]
M

2]

3.0

3.8
0.0
0.0
57
40
0.0
32
0.9
0.3
2.8
0.0
0.0
0.0
0.2
0.0
4.7
0.0
M
0.0
0.3
[y
M
0.0
0.3
M

1.3
0.6

3.0

0.3
0.3
0.0
0.0
0.3
0.0

M

M

M
M
0.0
0.3
03
M

c.0-

0.3
0.0
0.0
0.3
03
0.3
]
M
06
1.5
0.0
5.0
0.0
0.4
0.0
0.6
0.9
03
0.0
M
M
[
]

35
0.5
0.0
5.1
0.5
0.0
1.4

05
1.2
04
04
07
07
0.4
07
0.5
]
0.0
04
]
B
0.5
0.8

M

1.5
1.0

M



major systems which produced severe
thunderstorms. Those major systems would then
be followed by 2 or 3 days of quiescence. The
clouds encountered were probably different from
the seasonal norms in that they grew with less
explosiveness, grew in a deeper moisture field,
and were more numerous than would be
considered typical. The sampling period was
representative of a relatively moist mid-spring
period.
. 3.2 The tate Summer Period (September

-28, 1987

Summer in Oklahoma dies hard, but in
normal times the oppressive heat of August
gives way to a milder September. The jet stream
typically begins to work its way southward during
September, bringing with it an occasional
surface frontal system. Rainfall in Oklahoma
generally increases during the transition fror
summer to fall. Overall rainfall is not normally as
great in the fall as during the spring storm
season. Rainfall is sometimes increased
dramatically by remnants of tropical
disturbances, either from the Gulf of Mexico or
from the Pacific Ocean via Mexico, which
occasionally enter Oklahoma as they become
incorporated into the mid-latitudinal weather
systems.

Western portions of Oklahoma received
near normal rainfall during the first half of the
sampling period, but the last half was much
wetter than normal. By the end of the month total
precipitation in each of the six climate divisions
in the western two-thirds of the State was 110 2
inches above the monthly norm (NOAA, 1987).
Rainfall was reported somewhere in the
experimental area on every day from the 6th
through the 22nd. Significant storm systems
moved across the State on the Sth, the 14th and
15th, the 18th and on the 27th of the month
(OCS, 1987).

The Oklahoma City 1200 GMT
rawinsonde observations are summarized in
Table 3. The average soundings were
somewhat cooler and more stable than normal,
although individual events differed greatly from
those means. Available moisture averaged less
than normal. The events that produced the
greater-than-average rainfall differed little from
those typically observed in September. The
frequency of rainfall events of interest to the
sampling effort was greater than normal. Rain-
producing storms that were sampled were
probably similar in nature, though greater in
number than would be expected in a typical
- September.

In summary, a few differences existed
between historical means and the clouds
sampled in Spring 1986 and Fall 1987.
However, these differences were small and it is
probable that observed microphysical
characteristics and predicted dynamic
seedabilities can be considered representative
of an "average" spring and fall in Oklahoma.
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4. SUMMARY

Oklahoma convective clouds, observed
during the periods May 27 - June 9, 1986 and
September 9-28, 1987, appear to be
representative of clouds typically encountered
during these seasonal time periods. The GPCM,
initiated with soundings from Oklahoma City,
Amarillo and Dodge City, indicated some
opportunity for dynamic seedability on all days
when convection was observed. Comparison of
model runs simulating silver iodide seeding and
dry ice seeding suggested a small advantage to
the dry ice. Further studies will be done 1o check
the model's realism by comparing predicted
water content values to in-situ cloud
microphysical measurements. Stratification of
response variables to predicted natural cloud
height will also be examined.

The microphysical mechanisms observed
in Oklahoma convective clouds suggest that the
initial development of precipitation occurs via
collision-coalescence. This sequence is similar
to that previously identified in the clouds from the
Texas HIPLEX region. Additionally, the
observed Oklahoma clouds contained
supercooled water in amounts equal 1o or
greater than the amounts reported for Texas
HIPLEX clouds.

In view of the growing evidence suggesting
increased rainfall in Texas HIPLEX as the result
of a dynamic seeding approach, further
investigation of this strategy for Oklahoma clouds
seems warranted.
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Table 2. Comparison of May 27-June 8, 1988 OKC Rawinsonce
Parameters {c Historical Data (1976-1687}

Higlorical 1236
Parameter mean st. dev. mean min max
Freezing level (km) 417 0.5t 3.85 2.7% 2.67
-5C isctherm (kmy} 4.62 0.50 4.79 3.56 5.82
-10C igsomerm (km) 5.59 Q.53 ' 5.54 4.31 638
CCL Heignt (km) 2.56 1.03 3.51 3.i7 47
CCL Temperature (°C) 10.71 5.30 12.96 5.66 17.89
Precip Water (cm) 2.84 0.73 3.28 1.84 3.35
Mixing Rauo (g/kg) 16.74 2.87 11.70 7.26 14.583
Lifted Index 0.40 5.20 C.40 -1.30 3.10
K-Index 24.50 11.90 32.50 27.30 38.33
SWEAT lndex 218.70 124.30 173.40 104.80 232.00
Totai Totais Index 46.30 8.50 45.40 42.9) 50.50
T at 850 mo {°C) 16.70 5.20 13.20 6.50 7.40
TD at 850 mb (°C) 8.80 5.50 10.80 4.00 15.19
T-TD at 830 mb (°C) 8.0C 5.20 2.40 0.70 7.00
T at 700 mb {°C} 7.40 3.7C 4.20 -1.90 8.00
70 at 705 mb (°C) -3.90 7.70 1.40 -550 5.40
T-TO at 700 mb {°C} 11.30 8.40 2.80 020 6.00
T at 500 mb (°C) -10.50 230 11,10 -ig.¢0 10 30

Tabte 3. Cormparison of September 1987 OKC Rawinscnd
Paramneters to Hisicrical Data (197€-1987)

@

Historicat 1987
Parame:er mean st. dev. mean min max
Freezing levei (km) 4.32 0.53 4.06 3.25 4.6%
-5C isctherm (km) 5.18 041 4.99 4.28 5.35
-10C isotherm (km) 5.88 0.42 5.75 4.88 6.21
CCL. Heignt (xm) 297 1.13 4.47 1.81 5.86
CCL Temperature (°C) 9.88 6.46 6.34 -4.42 15.48
Precip Water (cm) 297 0.93 2.33 0.83 3.84
Mixing Rato (gikg) 10.54 3.18 8.85 4.82  13.18
Lifted Index 2.00 5.80 3.60 -3.80 11.30
K-Index 23.50 14.00 19.20 -1C.10 37.50
SWEAT Index 191.70 €2.70 145.30 21.30 268.50
Toial Torals Index 43.60 8.20 42.60 23.00 53.80
T at 850 mb {°C) 16.90 4.20 15.80 8.60 19 80
TD at 850 mb (°C) 8.70 6.90 550 -15.80 14.20
T-TD at 850 mo {°C) 8.3C 6.30 10.30 080 330.00
- T at 700 mb (°C) 7.50 2.80 5.40 0.60 $.20
7D at 700 mdb (°C) -3.50 9.00 -7.30  -24 60 4.20
T-TD at 760 mb (°C) 11.00 9.00 12.70 1.20 3000

T at SCC mb (°C) -9.10 240 -10.70 -15.70 -7.7G

N e
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PROJECTION ONTO GROUND RAINFALL DISTRIBUTIONS

OF EFFECTS OF SEEDING CONVECTIVE CLOUDCELLS

Arie Ben-Zvi
Israel hydrological Service

P.O.Box 6381,

Abs 3 Observed
first and Second
changes in cloud cell size and
ground information 1is recorded

experimentation in Israel,
under dynamic

ground rainfall
The increase in
correlation is suggested to be
and rainwater content,
increase in the ground rainfall depth

changes in

the ground

1. INTRODUCTION

Static cloud seeding experiments in
Israel, 1960 to 1967 and 1969 to 1975,
apparently caused an average increase of
12 to 15 percent. significant within 5%,
in the daily depth of precipitation over
the target area (Gagin and Neumann, 1974,
1981). Further analyses of ground data
reveal increases in the spatial
correlation of daily depth of
precipitation (Sharon, 1978; Ben-Zvi,
1988), in the daily duration of the
rainfall {Gagin and Gabriel, 1987), in
the number of rainfall events per day
(Gagin and Gabriel, 1987), and in the
rainfall intensity (Ben-Zvi, 1988}).

cloud seeding
increases in the
for the top height of
for the area

The dynamic
experiment brought
precipitation echo
the convective cells,
covered by the cells., and in the radar
derived rainfall volume, rate and
duration {(Gagin__et al., 1986). The main
results of the two modes of
experimentation have been been summarized
by Gagin (1986) . The present work
provides another link between the results
of the two modes of seeding.

2. RAINFALL INTENSITY

Based upon vertically pointing
radar data of cloud depths, and upon
ground data of raindrop characteristics,

Gagin (1980) has derived regression
formulas relating rainfall intensity to
cloud depth. In’ these formulas, the
maximal and the temporally averaged
rainfall intensitv from a passing

raincloud. increase monotonously with the
maximal cloud depth.

Having analysed raingage charts. of

ten stations tor the Second Israeli
Rainfall Enhancement Experiment. Gagin
and Gabriel (1987) found no apparent

effect on the distribution of the dailyv
raintall intensity. Yet, from their mean
daily depth and duration of rainfall, one
can compute totals tfor the entire
experiment and obtain the overall mean

seeding experimentation
intensity seems to follow the increase in cloud cell depth.
rainfall duration,

Jerusalem 91063,
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the ground distributions of rainfall in the
Israeli cloud seeding experiments are related to observed

rainwater volume,
by standard
while the cloud information is of a radar records
in

rate and duration. The
stations under static seeding

Florida. The increase in the

frequency and spatial

related to the increase in the cloud size
and to the kinematics of
(Gagin and Neumann.

its motion. The well known
1974)

intensity for the different series in the
experiment. These are (in mm/h): 3.%9 for
the seeded target, 2.32 for the unseeded

target, 5.29 for the ‘"seeded" control.
and 4.68 for the "unseeded'" controcl. The
overall mean intensity for the seeded
rainfall at the target 1is 1.20 times
higher than that for the nseeded
rainfall. The ratio of the overall mean
intensities for the corresponding days at
the control is only 1.13. This indicates,
although without any computable
statistical significance, that the clcud
seeding contributes also to the rainfalil

intensity.

From an independent analysis of
charts of four of those raingages,
Ben-Zvi (1988) obtained some additional

conclusions. A summation of the rainfall

depth, according to the instantaneous
intensity, reveals that its distribution
is changed. The share of the intense

>20 mm/h) increased from
11 to 17 percent, while the share of the
depth falling at low intrensity ( <5
mm/h) decreased from 63 to 54 percent. At
the same time, the distribution of the
rainfall depth at the control is the same
for the "seeded" and the "unseeded”
states.

rainfall depth (

of radar data on
dynanic seeding
(1986} concluded
that cells exposed to a high dosage of
Agl in their early =stages, grow larger
and yield more rainwater. On the average,
these cells are 20 percent taller, and
their areas are 50 percent larger, than
those of the c¢orresponding sand-treated
cells. The average rainwater vield of
those cells is 2.6 times higher than that
ot the corresponding sand-treated cells.
On the average., the maximal rainfall rate
for the early and high dosage Agl treated
cells is 2.0 times higher, and the
duration of the rainfall at their bases
is 1.8 times longer than those for the
corresponding sand-treated cells. These
figures are statistically significant

From an
clouds in the
experiment .

analysis
FACE-Z



within 2%. Cells which are exposed to a
lower dosage, or are treated at a later
stage of their lives, are considerably

less affected.

The data
(1986} provide
mean rainfall
base:

Rm =

published by Gagin_et al.
for two estimates of the
intensity &t the cloud
RVRmasc 7/ Ammx (1)
Ra = RV / (DUR Amas ) (2)

in which Rm and Re are "maximal"” and
"averaged"” intensities at the cloud base,
RVERmasx 18 the maximal rainfall rate at
the cloud base, Amesx is the maximal cell
area, RV is the rain volume which the
cell yields, and DUR is the rainfall
duration at the cloud base. 1t should be
noted here that since Amas does not last
for the entire DUR, and as it does not
necessarily appear simultaneously with
RVRmax., both estimates for Rm and Ra are
downwardsly biased. We assume that the
pias inflicted on the estimates for the
Agl treated cells is similar to that for
the sand treated cells.

For the
Agl treated cells, Rm
Ra 1is 5.6 mm/h;
corresponding sand treated cells they
are, respectively., 8.1 and 4.6 mm/h. The
estimates for these Agl treated cells are
1.21 times higher than those for the sand
treated cells. This ratio is equal to the
single ratio of the maximal cloud depths
{Gagin, 1986).

and the high dosage
is 9.8 mm/h, and
while for the

early

The simultaneous increase in the
cloud depth and in its rainfall intensity
is consistent with the conclusion of
Gagin {(1980), although the numerical
value 1s different. This difference is
attributed to the differences in the
observation and the seeding
methodologies, and to the differences in
the rain processes between the sites.

The seeming inagreement between our

positive results, about the rainfail
intensity, and the inconclusive results
of Gagin and Gabriel (1987), stems from

the difference between the definitions of
the discussed intensity. Gagin and
Gabriel (1987) compared statistics of
mean daily intensities, while we compare
the distribution of the depth according
to the instantaneous intensity. The
relation between  these two variables is
not linear. For example, an addition of a
few davs of low depth and intensity might
affect their statistics, but would
contribute little to ours. Therefore, the
different conclusions are not necessarily
contradictory.

3. FRQUENCY AND DURATION

Gagin and Gabriel (1987) observed

that the number of rainfall events on
seeded days is larger than that on
unseeded davs. Gagin____et al. (1986

observed that early treatment with a high
dosage of Agl causes an extension of the
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area and the duration of raincells. These
two observations are linked here to each
other.

The convective raincells are small
and short lived. Wind moves them with
respect to the ground. The tracks and the
birth points of the c¢ells have strong
random components with respect to the
ground. As a result, the rain traces of
cells cover small and randomly located
areas. The integrated trace of a large
number of individual cells forms a stable
pattern, as is shown in rainfall maps.

individual
cell area
its trace

In considerating an
cell, the extension of the
results in an extension of
area. Records of raingages which are
located at the extended area include
events which reach them only due to the
effect of the seeding. Owing to the
random locations of the traces,
additional events would be recorded by
every raingage 1in the target area. Thus,
the extension of the cell areas causes an
increase in the number of events detected
by the raingages.

in case that two adjacent cells are

united by the extension of their areas,
their traces are united too. If the
individual traces had a certain

overlapping area, a raingage located at

that particular area would have counted
only the united event, rather the two
individual ones. We believe that this
effect is considerably smaller than the
effect of the extension of the cell
areas.

We should note here that cell area
may be exXtended by linear extensions in

all horizontal directions.
the direction of cell motion contribute
to the lengthening the ground trace,
while components in the perpendicular
directions contribute to widening it.
Trace lengthening results in an extension
of the rainfall duration at the front and
the back edges of the trace. By that, the
effect of the extension of the cell area
is mixed with the effect of the extension
of the rainfall duration from the cloud.

Components in

The extension of the rainfall at
cloud base results in an extension of the
duration at ground points which would
have recorded the entire duration of the
unseeded cloud rainfall. It also results
in an additional lengthening of the
rainfall trace. and by that to another
increase in the number of events recorded
by gages located at the extended area.

We conclude
area provides an
increase in

that extension of cell
explanation for the
the ground rainfall duration

as well as for that in the number rain
events (Gagin and Gabriel, 1987). Yet, it
does not contradict their explanation

about initiation of rainfall from clouds
which would not have rained otherwise.



possible explanation

evaporation from the
its way from the cloud base
to ground. If evaporation rate is higher
at the edges of the shaft, the size of
the ground trace is reduced with respect
to the projection of the moving cloud
base, and a number of small and 1low
intensity events do not reach the ground.
As the seeding extends the rain volume
and intensity (Gagin_ et al., 1986), it
results in a smaller reduction of the
trace area and of the number of events
which reach the ground. In other words.
the increase in the raincell intensity
and volume may cause an indirect increase

A third
considers the
rainshaft on

in the ground trace area and in the
number of recorded events. This
conclusion, and the assumptions leading

to it, still need verification.
that the extensicn of
its rainfall duration
1986) causes an increase
area of the cell. As a
proktability of simultaneocus
the same event by different

We conclude
cell area and
(Gagin_et al.,
in the +trace
result, the
recording of

raingages is enhanced, and it causes an
increase in the spatial correlation of
the rainfall depth, as it is observed by

Sharon (1978) and by Ben-Zvi (1988).
4. CONCLUSIONS

A link 1is provided here between
changes observed in dynamically seeded
raincells and changes observed in ground
traces of statically seeded clouds. The
increase in the intensity, duration,
frequency and spatial correlation of the
ground rainfall seems as being explained
by the increase in raincell size, and
rainwater volume, rate and duration from
the cloud. The quantitative rate of the
changes may differ from one experiment to
another due to differences in the rain
processee, the seeding modes , the
measurement methodologies, and the
dilution of the intensive effect of the
dynamic seeding of suitable clouds by a
static seeding of presumably all the
clouds which cross a predetermined line.
Yet, the trends observed on the ground
seem consitent with those observed on the
cloud cells.

Changes are observed in the depth,

duration, intensity, number of events,
depth and duration per event, and the
spatial correlation of rainfall depth at
the ground level. These variables
encompass all the components of the
rainfall volume at the target area. They
all have positive effects on the

generation process of hydrclogic water.
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A series of observations inside an Alberta hailstorm was made with the

T-28 armored research aircraft during the summer of 1985, as part of the Alberta Hail

Project.

An analysis of some of the characteristics of the hail size distributions

in relation to other T-28 measurements showed many features similar to past T-28

observations.
Tevel, even in the updrafts.

Most of the hail observed was falling through the -17°C penetration
A preliminary assessment of the hail growth mechanisms

in this storm shows that most of the hailstones were in a dry growth regime at the

penetration level, but Tikely in wet growth Tower down in the storm,

Recirculation

of hydrometeors probably played a significant role in the hail development.

1. INTRODUCTION

Past studies of cloud turrets (feeder cTouds
or new growth) surrounding Alberta hailstorms and
of the accompanying hailfall distribution pat-
terns on the ground suggest that the turrets
represent a major source of hailstone embryos for
the storms (e.qg., Krauss and Marwitz, 1984). If
the feeder clouds are the major source of embryos
for a natural hailstorm, then it follows that a
seeding treatment designed to intervene in the
hail process should be applied to that cloud
region. This was the basis for hailstorm seeding
experiments during the Tast few years of the
Alberta Hail Project (English, 1986; Humphries

et al., 1987).

Accordingly, controlled cloud seeding
experiments involving three aircraft, radar, and
ground-based sampling systems were conducted in
the summer of 1985 in an attempt to confirm
whether the clouds in the new growth zone are the
maior source of embryos, as well as to document
the effects of seeding with an ice nucleant in
those clouds. Plans called for cloud physics
measurements by a fonquest research aircraft to
identify and follow the initial growth and move-
ment of ensembles of precipitation particles
originating in the new growth zone. The armored
T-28 research aircraft (Johnson and Smith, 1980)
was to document the continued growth of the par-
ticles into hailstones by penetrating through the
feeder clouds and on into the main part of the
hailstorm. The radar observations and time-
resolved hailstone samples collected at the
ground would provide further information about
the evolution of the hailstones. The magnetic-
particle tracer technique described by Knight
et al. (1986) was also tried in an effort to
obtain further information about hailstone
embryo sources and trajectories.

A storm which occurred on 11 July 1985
provided the best data for a detailed analysis
effort. Unfortunately, funds supporting the
Alberta Hail Project were sharply cut not long
after the end of the 1985 season, s0 no such
analysis effort could be completed. Neverthe-
less, the four penetrations made by the T-28
provided a data set which permits a preliminary
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assassment of the hail growth processes in this
storm. The purpose of this paper is to describe
some of the measurements by the T-28 in the
context of inferences about the hail growth
mechanisms, 0Nleskiw and English (1986) have
also discussed this storm.

2. BRIEF DESCRIPTION OF THE STORM

A representative sounding and hodograph from
Red Neer, Alberta, are shown in Fig. 1. Cloud
hase conditions are estimated to be near the LCL,
at a temperature of about +8°C and corresponding
to a potential wet bulb temperature of 20°C.
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Fig. 1: Rawinsonde from Red Deer, Alberta at
2000 MDT on 11 July 1985 plotted on skew T-log

P diagram. The LCL is located near +8°C and

735 hPa and is associated with a wet-bulb poten-
tial temperature of 20°C. The hodograph shown in
the inset (wind components in m/s, heights in km)
was derived from winds taken four hours earlier
than the sounding plotted because of missing wind
data at the later time. The storm motion is
indicated by the X.




This indicates some negative thermal buoyancy in
the updraft region at cloud base, with the level
of free convection Tocated near the 655 hPa
Tevel. The environmental wind shear from the
estimated cloud hase to the indicated tog of the
positive enerqy area was about 5.5 x 103 s-1,

while the sub-cloud environmental winds were weak

and veered ahout 150° below the LCL. The
hodograph is quite similar to that shown hy
Krauss and Marwitz (1984), except that the wind
shear is somewhat stronger in this case.

The storm of interest formed well north of
Red Neer and initially moved in a southerly
direction, but then during the mature stage
followed a path from west to east while producing
up to walnut-sized hail, Tts movement at about
14 m s-! was well to the right of the mid-level
winds, and it laid down a continuous hailswath
over 200 km Tong. The storm was under study by
nroject aircraft for over three hours, long
enough for four different seeding treatments
(including a placebo) to be applied in a ran-
domized sequence (NTeskiw and Fnglish, 1986).
Although the radar data have not heen analyzed in
great detail, the echo tops were around 11 km and
the storm persistently had maximum reflectivity
values >A0 dR7 during the time of the research
mission. A Tow elevation angle PPI represen-
tation of the storm near the time of the first
T-28 penetration is shown in Fig. 2. It was
fairly isolated with no visually distinct feeder
clouds associated with the storm, according to
personnel in the research aircraft. However,
there were persistent cumulus towers growing on
the south and west sides of the main storm, near
the cloud-hase feed-in araa. Some of these
towers extended 5-10 km from the parent cell and
night be classified as feeder cells, although
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Fig. 2: Plan position indicator plot at 0.9°

from the S-band Alberta radar near the time of the
first T-28 penetration. Contours of equivalent
radar reflectivity (dBZ) are labeled and the
triangles represent reflectivities 15-20 dRZ. The
tic marks on the axes are at l-km intervals from
the center of the plot Tocated at 335°/83 km.
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further analysis is required to verify that. The
storm can hest he classified as having very weak
evolution (“oote and Frank, 1983), and orobably
had enough features to he called a "supercell."

3. SUMMARY OF T-28 PENETRATIONS

The T-28 made four penetrations of this
storm; Table 1 shows the times of the penetra-
tions and some of the pertinent ohservations
from each. There was a break of approximately
30 minutes in the penetration sequence hecause
of heavy icing encountered during the first two
penetrations. The penetrations were all made at
roughly the same average temperature of about
~17°C, which corresponds to an altitude of about
6.2 km MSL.

[_ TABLE 1
Surmary of T-28 Penetration Data frem 11 July 1985,
(Values are maxima/minina observed for each penetration)
.......... ; - -
VERTICAL
TIMES DRAFTS HAIL
Pen TTn - Wk L. 9 N D MG TRR W W
(¥nT) (km) TR (m/s) lem?) (73] o3y Tymm)
1 182942 183243 18.1 331 15 -19 2.4 15 8 12
4 183746 184135 22.2 329 6 -1 2.0 12 3 12
3 191421 191723 18.2 328 13 -13 3.0 11 9 9
4 192040 192303 14.3 328 16 -2l 2.9 10 n 5

*Based on an assumed density of 0.9 g cm~3,

The Conquest also made numerous onenetrations
about 1.5 km below the T-28, through low-
reflectivity regions along the saouth side of the
storm (Oleskiw and English, 1986). The initial
seeding treatment {using dry ice at a "low" rate
of 100 g km~1) began at 1838, Aduring the second
T-28 penetration of the storn. The second
treatment (using dry ice at a "high" rate of
1 kg km=1) began at 1922, during the final T-28
nenetration. BRecause of this timing, the T-28
ohservations can add Tittle to the 0Teskiw and
English discussion of the seeding experiments,
except for a more complete descrintion of the
storm initial conditions.

The Targest observed hailstone sizes were
>4 ¢ on each T-28 penetration. Roth the tem-
peratures and equivalent potential tamperatures
(ep ~ 330 K) were several deqrees lower than
would he expected from an adiabatic asceat. This
is in fairly qood agreement with the c¢loud liguid
water concentrations (LWC); the peaks tended to
he ahout A0-70% of adiabatic, according to measure-
ments from a Forward Scattering Soectrometer Probe
(FSSP) carried on the T-28. A substantial amount
of mixing may have occurred, because there were
no distinct regions of high equivalent potential
temperatures in the updrafts as are often found
in other T-28 observations (e.g., Musil et al.,
1986).

The Tengths of the penetrations (L)}, the
peak vertical wind velocities, and the turbulence
values are quitz tyoical of other T7-28 penetra-
tions in active hailstorms. The vertical
velocities wer2 similar on a’1 peneirations,
except that the updrafts were weaker on
Penetration 2. The hailstone nuriber [Nt) and
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Fig, 3: Plot of T-28 data for Penetration 1 on
11 July 1985, made from southeast to northwest.,
Upper panel: Equivalent hail mass concentration
- g m~3 (dash-dot), hailstone number concentra-
tion - m=3 (solid); middle panel: FSSP Tiquid
water concentration - g m=3; Tower panel: Xopp
vertical wind velocity - m s-! (solid), tur-
bulence - cm2/3 s-! (dash-dot). The time scale
can be converted to an approximate distance scale
using the nominal T-28 flight speed of § km/min.
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mass (Wy) concentrations represent maxima
obtained over 5-s time periods for each penetra-
tion. Penetration 2, at a time when the updrafts
were relativaly weak, exhihited the largest hail
amounts; there was also a substantial amount of
cloud water in the downdraft region on that
penetration.

Figure 3 shows a sample plot of several
variables for Penetration 1, which is mostly
typical of the other penetrations. Tncluded
are plots of the 5-s hail mass and number
concentrations along with FSSP cloud water con-
centration, vertical wind, and turbulence at
1-s iintervals. The LUC peaks exceed 2 g m=3
through most of the updraft; the Conquest
observed similar values at a lower altitude
(4.6 km). The turbulent eddy dissipation rate
exceeded 10 cm?/3 s-1 over a substantial portion
of the penetration. The radar data have not been
analyzed with specific regard to the T-28
penetrations, so the exact orientation of these
observations with respect to the reflectivity
structure as shown by Oleskiw and Fnglish (1986)
is not known.

Figure 4 shows a typical cloud droplet size
distribution averaged over a 5-s5 time period near
the middle of the updraft region shown in Fig. 3.
The presence of large droplets is unusual in High
Plains thunderstorms, hut was quite common in
this storm.

4, HAIL OBSERYATIONS

A detailed analysis of the T-28 data gathered
on 11 July was accomplished. O0Of special interest
are the observations of hailstones from the
Institute of Atmospheric Sciences (IAS) laser
shadowgraoh hail spectrometer (Jansen, 1981).
This instrument operates on the same basic
principles as the probes described by Knollenberg
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Fig. 4: Typical cloud droplet size distribution

froim an FSSP, observed near the middle of the
undraft region shown in Fig. 3. Inset shows
total droplet concentration (NT), LWC,
temperature (T), and altitude {ALT).

(1981) and provides both "one-dimensional®
particle size distributions and two-dimensional
images (see Appendix).

4.1 Hajlstone Size Distributions

The size distributions from the 1-D portion
of the hail spectrometer have been summarized for
each penetration on 11 July (Fig. 5) for the
times when hail was present during the penetra-
tion. 1In Penetration 1 (Fig. 5A), reasonable
images up to about 4 c¢m in size were also
observed so that one can be confident that
narticles that large were present. Some of the
4-and 5-cm hailstone counts could be questionable
due to the broken-up nature of some of the very
large particle images; however, a "slow-particle
detection" feature in the 1-D channel is designed
to reject such events. 1In any event, the total
concentrations of hailstones are not affected
very much by the counts of Targe stones (because
the high concentrations of small stones dominate
that calculation).

The hailstones do not conform exactly to
exponential size distributions, which would
appear as straight lines on these semi-log plots.
However, the pronounced kink at about 1.5 cm
diameter noted in the plots by Smith and Jansen
(1982) is not evident here. No attempt was made
to fit any curve to the distributions.

The times shown in the insets of Fig. 5
indicate the times when hail was observed during
each penetration. The hail was continuous during
that entire period, although the concentrations
fluctuated a great deal within the interval. The
time interval in Fig. 5A corresponds to a hail
region approximately 9 km across, which is a
relatively Targe region of continuous hail in
comparison to past T-28 observations. The hail
regions on subsequent penetrations were even
wider.

The largest region of hail, about 14 km
across, occurred during Penetration 3 (Fig. 5C),
although more hailstones were found in
Penetration 2. Thus, the average total nurber
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Fig. 5: Composite hailstone size distribution for each penetration on 11 July 1985 frmy 5% ancsjen »f

hail spectrometer., Inset indicates time when hail was ohserved and avzraqes for total concentration (NT),
equivalent hail mass concentration (I4C), temperature (T), and altitude (ALT) for that pariod. Ordinate
has units of m=3 mn~! of size interval. A, B, C, D corraespond to penetrations 1-4, respectively.

concentration (NT) and equivalent ice mass penetration. From these distributions, values of

concentration (IWC) were greatest in Penetration 2. NT and IWC have been calculated as a function of

No specific physical reasons for the higher values time (see Fig. 3) to permit an analysis of the

are known, but the flight track for Penetration 2 Tocations of the hail in relation to some of the

carried the aircraft through higher reflectivity other T-28 measurements. The observed locations

regions north and east of the strong updraft of the hail may he related partly to the path of

region. The coexistence of significant hail and the T-28 through the storm, because the penetra-

supercooled cloud water in a moderate downdraft on tions did not nass through exactly the same

that penetration may have signified an enhanced portion of the storm in each case,

growth environment at the time. Penetrations 3

and 4 had size distributions that were more In Penetration 1, the largest amounts of hail

similar to those found in Penetration 1. were found near the edges of the undraft region
and in the adjacent downdraft regions. This

The mass concentrations were calculated is similar to the common situation in other )

assuming that the particles had a density of hailstorms of the High Plains {(e.q., Sand, 1976).

n.9 q cm=3, leading to average IMC values ranging There was some hail throughout nearly the entire

between about 1-3 q m~3. These mass concentra- LWC region, which in turn extended well beyond

tions are somewhat higher than those found by the updraft. The subsequent penetrations tended

other investigators (e.q., Heymsfield, 1978). On not to show larger amounts of hail near the

the average, Heymsfield's calculations result in updraft edges, but the coexistence of hail and

hailstone masses 20-30% Tower than those obtained supercooled cloud water was typical of all the

assuming a constant density of 0.9. The dif- . penetrations. Nn Penetration 2, most of the hail

ferences are even greater for the smaller sizes, was in a downdraft containing up to 2 g m~3 of

where Heymsfield's method may be more correct cloud Tiquid.

because the observed densities there are

typically Tower than 0.9 g cm=3 (Knight and 5. HAIL GROWTH PROCESSES

Heymsfield, 1983). The observations discussed in the foregoing
saction indicate that the hailstones encountered

4.2 Hail Locations were still growing, hecause they were predomi-

Hailstone size distributions were also nantly found in regions with supercooled cloud
determined for 5-s time periods for each water. In fact, when one compares the mass of
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hail which was accreting cloud liquid to the total
mass of hail found in each penetration, nearly
100% of the hail was still in a favorable growth
environment when encountered by the T-28.

5.1 Hailstone Motions

No Noppler data were available in this project,
so it was only possible to study hailstone trajec-
tories in this storm by examining the fine-scale
reflectivity patterns {as in Oleskiw and English,
1986). Their findings suggest parcel trajectories
that would carry particles from cumulus turrets
on the south edge of the storm right through the
regions of the storm penetrated by the T-28.
However, information about the vertical motions
is limited.

A simple comparison of hailstone terminal
velocities (V¢) with the vertical winds from the
T-28 measurements provides useful information
about vertical hailstone motions in the cloud.
The comparison was accomplished by determining
which of the observed hailstones were rising or
falling in the vertical-wind environment measured
by the T-28., Fiqure 6 shows a plot of the Targest
hail size observed in each 5-s time period during
Penetration 1, as well as the maximum-sized hail-
stone that would just be balanced in the vertical
wind Field at that time. Whenever the "balance"
curve {dashed) exceeds the maximum hail size
observed, all the observed hail is rising in the
updraft; when it is below the maximum-size curve,
only the hailstones smaller than the sizes indi-
cated by the "balance" curve are rising, In all
other locations, all the hail is descending in
downdraft air. Overall, the region of rising
hail (which, of course, is located in the updraft
region - compare with Fig. 3) is very small
compared to the total amount of observed hail.
However, even in the updraft region there are
hailstones which are descending, except for a
small region near 1831 MDT in the plot.
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Fig. 6: Distribution of hail sizes vs. time for
G-s time periods for Penetration 1 on 11 July 1985.
Solid line shows maximum-sized hail, while dashed
1ine shows maximum-sized hail that would just be
balanced in the observed updrafts.

"REVIEWED"

In terms of mass of hail, the amount rising
was small for all the pnenetrations, ranging from
<1% on Penetration 2 to a maximum of about 20% on
Penetration 4. TIn other words, while most of the
hail was growing when observed (hecause of its
coexistence with cloud Tiquid water), most of it
was also descending, even in the updrafts at the
T-28 penetration altitudes.

The comparisons in the preceding paragraphs
should be considered estimates because in
comparing calculated terminal valocities and’
vertical winds from the 7-28 data, we are dealing
with quantities involving substantial uncer-
tainties. Xnight and Heymsfield (1983) made
calculations of V¢ for hailstones falling near
the ground and Heymsfield (1978) developed a set
of empirical equations for various types and
sizes of hydrometeors. Some models of particle
growth have used a variable-density technique
for dealing with particle terminal velocities
in Doppler flow fields (e.q., Heymsfield, 1982;
Foote, 1984). Nther numerical investigations
(Musil, 1979; Dennis and Musil, 1973; Nelson,
1983) have assumed a hailstone density of about
0.9 q cm=3 for calculating terminal velocities
for hailstones greater than 1 cm diameter. This
results in terminal velocities substantially
greater than those reported by the other inves-
tigators. However, precise calculations are
not nossihle because little is known about the
terminal velocities of actual hailstones in
atmosoheric free fall, especially at mid-storm
Tevels. Because at least some observations tend
to show Tower terminal velocities, especially for
the smaller hydrometeors, and knowledge of the
subject is Timited anyway, we used the Heymsfield
(1978) empirical equations for estimating V¢.
This contrasts with the assumption of a fixed
density used in calculating the nhail mass
concentrations, and is intended to produce con-
servative estimates of the terminal velocities.
1f a hailstone density of 0.9 g cm~3 had been
assumed, the regions of rising hail would have
been even smallar than shown in Fig. 6. Kopp
(19%5) discusses the uncertainties in the
vertical-wind calculations.

Although the hailstones found in downdraft
regions will continue to grow as long as they
coexist with supercooled liquid water, the hail
(along with the smaller ice hydrometeors) will
1ikely deplete the Tiquid rather quickly in those
regions. Depletion calculations have not been
made with this data set, but the depoletion
equations used by Heymsfield and Musil (1982)
suggest that it could be accomplished in something
of the order of two minutes in the downdraft
reqgions. Evaporation effects are unknown, hut
would oanly accomplish the depletion faster.

Most of the hailstones in the downdraft
regions therefore were probably nearing the end
of their growth cycle, as the updraft appeared
to be essentially vertical. Those found in or
at the edges of the updraft regions would have
the best opportunity to continue growing because
there was an ample supply of cloud Tiquid that
was continually being replenished. There is a
strong suqggestion in these data that a substan-
tial amount of hail growth had occurred at
altitudes ahove the T-28 since many hailstones
werg alraady very Targe when observed by the
T-28.
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Fig. 7:

VYertical bars approximately 1 mm Tong.

5.2 Hailstone Growth Regime and Embryo Sources

The qrowth modes of the hailstones observed
in this storm were investigated by computing the
wet and drv growth rates for a wide variety of
hailstone sizes, cloud Viquid water concentra-
tions, and temperatures. The calculations of dry
and wet growth regimes follow the work by Musil
(1970) and Dennis and Musil (1973). Small dce
particles were also considered in these calcula-
tions and were found to he an important factor.
A sample of the particles measured with a 2D-C
probe near the middle of tne undraft region in
Fig. 3 is shown in Fig. 7. They range from
hundreds of micrometers to several millimeters
in size. The related mass concentrations are
unknown, but 1 g m=3 was taken as a typical value
(Knight and Squires, 1982) for the growth-regime
investigation. The presence of small.ice par-
ticles allows the hailstones to remain in a dry
growth regime somewhat longer than would other-
wise he, because the accreted ice tends to keep
the nailstones cooler.

Figure 8 is a sample plot showing the
boundaries hetween dry and wet qrowth regimes
for conditions near those found on 11 July. The
area to the left of each curve indicates the dry

—17°C(1gm—9

diameter{mm)

N e —————

LWC (gm™)

Fig. 8: Plot showing boundary between regions of
dry and wet q”owth of hailstones, for tempera-
tures of -=17°C with an TWC of 1 g a~3 and -5°C
with no ice. Dry growth region is to left of
boundary, wet growth region to right. Area
enclosed by dashed line defines anproximate
region of most of the hailstone observations

with the T-28 on 11 July 1985.

Sample of 2D-C images near the middle of the updraft reqion (~ 1831
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AT shown in Fig. 3.

growth region ant the area to the right, the wet
arowth reqion for the cormesponding conditions,
The dashed line nut™ imas &he aporoxina=e region
of the bulk of the hailstore ohservatiors on

11 July.

The vast majority 0 the observed hailstones
fall within the dry agrodth regime, whch s not
surprising cnnsiderinm #he low tenperatyres of
the 7-28 penehratio s the hailstones Fall,
however, they 1|K=1r 11c” ase somewhat in size
and the dry/wet growt™ bhzuadary also moves bo
the Teft (as suggested by the curve for -5°C
in Fig. 8). Thus, lome~ i1 the ¢Toad, the wet
growth process shou!ls 2e zctive, ard could
produce raindrocs hw» srerdding. 4&s descending
hailstones were found im the updraft regions,
the shed drops could aoevida a source of
frozen-drop embrvos far subsequens azilstone
development. This hes hween noted as a signifi-
cant embryo source in gt ‘east sore High Plains
hailstorms (e.g., PasrJyssen and Heymsfiald, 1987).

The nresent calcu"atims cannct say anvthing
about the possihle dews'ogprent of erhryos in
other reqions of the cleud. The obhservations’
reported by Olestiw znd Frglish (1996} showed
embryo-size ica particles appearing “ouer down
in curulus turrets om t'we southerr adge of the
storn. Millimeter—sized particles anpeared so
quickly that 1% seew Tikaly ther ware generated
in a different part »° the storm. The observed
storm-relative winds 2m4 the fine-scale reflec-
tivity nattern enalysis saowvad thal these
narticles could be Erzasportad ‘into the maia
part of the storr bc ac¢t as hai! 2rhryes. This
and the shedding prosass could therafare provide
a combination of greanel ard frozea-drop embryos,
through recirculatioa processes which cannot yet
he specified in detail,

Frozen-drop enbrrss <ould also result from
the meTting of %ail aomce it has Fallan helow
the melting level, witw macirculatinn of the
resulting drops inte the updraft {e.g., Heymsfield
and Hjelmfelt, 1934, It s not Xnown =<hether the
embryos in this storm we~2 predominantly graupel
or frozen drops; bota tyass have heen found in

hailstones from ctfes Xlhes~ta storms {Xnight, 1981).
However, it appasgrs that some tvpe of recirculation
since it

mechanism must e inrwolwad in either case,
is unlikely that -mch of the hail chserved by the
T-28 could be develozed in a single simple

un-and-down trajectory.



Further investigation of the embryo question
is necessary and it is planned to explore this
with the aid of comparisons of T-28 and other
observatinons with numerical cloud model output.
The approach will be similar to that accomplished
hy Kubesh et al. (1988) for a storm in
southeastern Montana.

6. SUMMARY OF RESULTS

The data gathered by the T-28 on 11 July 1985
provided valuable in situ observations from an
isolated Alberta hailstorm. This permitted an
analysis of some of the characteristics of the
hailstone distributions in this storm in
relation to other T-28 measurements. These
characteristics, as well as the vertical winds
and cloud LNC, were generally similar to past
observations by the T-28 in other High Plains
storms. However, hail was observed over larger
regions of each penetration on 11 July than is
usual in other locations where the T-28 has
operated. The data also included the first 2-D
images of hailstones from the hail spectrometer
in flight.

Even though the analysis of the data is
incomplete, a preliminary assessment of the nail
growth mechanisms in this storm has been made.
The hail was almost always found in relatively
high concentrations of sunercooled cloud water,
on the order of 1-2 g m~3, indicating that the
hail was still growing at the time of obser-
vation, Most of the observed hailstones at the
-17°C Tevel wera growing in a dry growth regime,
as well as descending in the cloud. A wet growth
process was likely active lower in the storm.
There are strong indications that the hail
achieved a substantial portion of its growth
above the T-28 altitudes. Recirculation of par-
ticles probably played a significant role in the
hail mechanisn because it is unlikely that the
hail sizes observed by the T-28 could have
resulted from a single trip through the cloud.
It is not known what role the curwulus towers to
the southwest may have played in oroviding hail
embryos for this storm.

Additional work is necessary to combine the
FSSP, 2n-C probe, foil impactor, and hail
spectrometar data in order to examine the total
hydrometeor spectra measured by the T-28 in this
storn, Further information about the hail mecha-
nism could then be obtained hy making comparisons
hetween the ain~craft observations and the results
of 29 time-dependent model simulations for hoth
hulk water and hail-category microvhysics {e.q.,
Farley, 1987). DNetailed analysis of the radar
history of this storm would also aid in such an
investigation.
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APPENDIX:

For many yezars, the hail spectrometer aboard
the T-?8 has providad one-dimansional size data,
4ith 14 size catagories ranging from about
0.5=5 cm in dianetar. Although these data have
heen useful and of anparent good quatity, there
have often been quastions about the very large
narticles abserved during the T-28 penetrations
(Smith et al., 1980). The possibvility of con-
tanination duo to ice fragments shedding “rom
Teading edges of the ai~craft wing or the forward
nortinn of the spectrometer could aob readily he
discounted.

To help resolve thesa questionsg, an inaging
system working in coajunction with the 1-9
categorization scheme was leveinoed., The imaaer
scans the array of A1 laser-illumisated nho;|—
transistoars avery 19 us whenavar a shadow s
present in the arcay, therchy oroducing an i
slice for about avary Aillimeter of aircraft
traval.  (Inly avary other sensor ia tha 1-D
arrdy is scannad, so the inmaae resalution across
the array is abod’t 1.8 mm.)  Tre rasultant 54-hit
sVice is comnressed into a 18-bit word and stored
in a huffaer orioe to being recorded on magnaiic
tane.

nag?

he sdmmer of 1985, images of
ancudntars were obtainad for
the first time., Savaral bhuffars of images From
the hail spechroaeter during Peneiration 1
(~1831 "MT) on 11 July are shown in “ig. Al.
Good images are readily apparent, some as large
as 2-3 ¢m in diameker, Also avidant are some
extreanly larde imagas which may e a result of
shedding from the forward portion of the nail
spectrometer. Most of thesa appear Lo he causing

ring t
si;n ficant hail

a data overflow probles, so thali tie images
appear partially brokea up. A\ "slow-particle

detaction" Feabure in the 1-) channel should

IMAGING CAPABILITY
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IN THE HAIL SPECTROMETER

reject such images Frod being countad. A weak

intermittent detactor is alsay evident, as iadi-
catad by the nearly continuous siqral accur~ing

at times neas vhe aid1ie of some hyffars,

_4

anerally, the spactrometer performed wa

in \Thﬁr 4, but image data of consistentiy JsawYE
quatity wera net obhtained. ™Many of tre ¢harac-

taristics of wa|1>f0nn iz distribytiong ara
by the 1-7 norting 0F the
br o Adata., Following thess initial
di®ications have hacn 0 Lo the
ator imaging elactronics, Hah 10
in sizable hail mavae vell Heen nado

Fig. Al: Dump of several i7Mage buffars Froa hail
spachromeler hotw en 133111-133123 MDT on
11 July 1935, Width of array {vertica® bhars)
about 12 cm. {A) Image > 3 ca <didneter;
(R) Shed brokes-up image; {2) Neak iaternittent
dinde mal€inction.
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ON THYE OPTIMAL LENGTH OF 1HE HAIL SUPPRESSION SEASON

N.M.Aleksié, N.Djordievié and J.Malisié

Summary. The length of a hail suppression season should depend on the climatology .f
‘the hail occurrence. We use hail occurrence data for a large number of stations and

a l9-year record of seeding activities in order to show that the hail suppression
season in Serbia has the proper starting date, but that there is a st-ong possibility

that a season could end earlier.

1. INTRODUCTION

In crder to obtain the optimal length of a
hail suppression season, hystorical data ought to
be examined. The opening and the closing of the
season should depend on the hail climatology over
the protected areas.

Currently, the hail suppression season in
Serbia starts on 15 April and continues until 15
October. These dates being rather arbitrary, we
were interested in determining if the season could
be shortened. We were primarily interested in the
following three fortnight periods: the end of
April, the end of September and the beginning of
October.

Available data consisted of the wearly records
of graupel and hail occurrences from the 95 meteo-
rological stations in Serbia. Sample sizes ranged
from 21 to 44 years, most of them from 30 to 40
years. We have used these records to estimate
point and areal probnbilities of the hail occur-
rences.

In addition, we have analyzed seeding records
from the 19 seasons of hail suppression that have
been conducted in Serbia.

2. POINT HAIL OCCURRENCE

For each fortnight period, for each station,
we hav» estimated the probabilities of the occur-
rence of hail days. As the estimate of the proba-
bility, we have used relative frequency p=7/7,
where i is the number of years with at least ome
bail day observed in a given fortnight period and
# 1s the sample size in years.

A summary of the analysis is given in the
Table 1. The first column of this table defines a
fortnight period. The next five colummns give the
nurber of stations with a hail occurrence probabi-

For the beginning fortnight of the se:son,
most of the point probabilities are below 0.1.
Since the occurrence of at least one hail day is a
binomial type variable, its recurrence intervei is
simply the inverse value of the probability. Thus,
for the average probability of 0.082 at the end of
the April, the average return period is 12.2 years.
For the end of September, the average return period
is 83.3 years, and for the last fortnight of the
season it reaches even 200 years.

3. AREAL HAIL OCCURRENCE

Generally, the probabilities of hail occur-
rence are higher over an area than for any given
point inside it. The hail suppression system is
supposed to protect the area, and this was the
reason that the second step of the analvsis was to
estimate the areal hail probabilities.

For each year in the period 1941-1983 and for
the same fortnighc periods we have calculai. 1 tne
fraction of the stations experiencing hail. Tic
probabilities of the hail occurrence somewhere in
the area are estimated as the ratio of the -wumber
of years with recorded hail to the total number of
years.

Results are summarized in the Table 2. ‘The
first column of this table defines the fortnight
period and the second contains the areal hail
probabilities. The third column gives the return
periods of the hail occurrence and tae fourth shows
the mean annual fraction of stations recording
hail, averaged over the years with hail

Table 2 shows that the return period of the
hail in the first half of October is larger than 5
years and that hail affects only some 27 of the
stations. On the other hand, in the second half of
the April, hail occurs almost every yesr, and ai-
fects almost 10% of the stations.

lity in a given interval. The last column shows
Tabia 1. Summary of point data analysis
Period Number of stations with a p in the interval Ave:age
.00-.05 .05-.10 .10-.15 .15-.20 .20
16.-30.Apr 35 30 13 7 10 0.082
16.-30.Sep 89 6 0 0 0 0.012
1.-15.0ct 93 2 0 v 0 0.005

the hail probability averaged cver all the
stations.
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Table 2. Summary of tze areal analysis
Probability of Return period of Mean fractior (%
Period hail hail occurrence of stations with
oceurrence (years) hail occurrenc-
16.-3C.apy. 0.88 1.1 9
15.-30.Sep. 0.37 2.7 3
1.--15.0ct. 0.19 5.4 2

4. SEEDING RECORDS

The most direct way to see whether the
season should be shortened or not is, of course,
to look into the seeding records. If they show a
virtual absence of seeding during a particular
period, the answer is straightforward.

In this particulax case we had at our disposal
seeding recoxds from 1967 to 1986 (except for the
1979). The summary of these records is given in
Table 3. The first column of the table defines the
period, the second shows the number of years with
seeding, and third gives the total number of se-
eding days over all the seasons. The fourth column
gives the total rocket expenditure, which can be
used as a rough measure of the hail process in-
tensity.

5. CONCLUSION

The simple anals.is described above has shown
that risk of hail in the first half of the October
is truly marginal. Low probabilities of hail occur-
rence are underlined by the de foeio absence of
seeding. This clearly points toward an earlier
closing date of the season.

Data for the beginning of the hail suppres-
sion season seem to confirm Its opening date.

Concerning the end of September, the authors
feel that additional subregional analysis is needed
to see whether the hail affects all of the pro-
tected teritory or only some of its parts. If the
latter is true, there is possibility of keeping
only part of the suppression system active, which

Table 3. Summary of seeding data would reduce its overall cost.
Number of years Number of days Total expenditure
Period with seeding with seeding of rockets
15.-30.Apr. 13 46 4098
15.-30.Sep. 13 34 1416
1.-15.0ct. 8 10 195
The most striking feature of this table is ACKNOWLEDGEMENT

that for the 19 seasons there were only 10 seeding
days in October, with the 195 rockets used. For

the comparison, total number of seeding days over
all the seasons was 1190C eith 182,348 rockets used.
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EFFECTIVENESS OF HAIL CONTROL IN SERBIA

Djuro Radinovid
Faculty of Natural and Mathematical Sciences
11001 Belgrade, Yugoslavia

Abstract.

organized and operating according to principles similar
U.S.5.R. The hail control system in Serbia covers about
cultural surface, which is one of the largest connected

system in the world.

The artificial modification of hail formation in the SR of Serbia has been

to those developed in the
4 million hectares of agri-
areas protected by such a

After a period of 17 years of continuous operation an evaluation of its effectiveness
has been made. This evaluation is based on the statistics of the size of hail-swept
areas, percentage of the damaged crops and the frequencies of hail occurrences observed
in the regular network of meteorological stations.

The size reduction of hail-swept areas in protected territory show a decrease of an
estimated 637 when compared to unprotected territory. A 227 reduction in hail frequency
is suggested by the data analysis according to observations at meteorological stations.

1. INTRODUCTION

Almost a quarter of a century ago Russian
scientists (Karcivadze, 1964; Fedorov, 1965;
Gajvoronskij and Seregin, 1965; Sulakvelidze, 1967)
reported some very promising results from their
hail control operations. These results were not
based on the present day knowledge of the physics
and dynamics of clouds, but on the hypothesis of
the competition of nuclei of crystalization, which
are generally deficient in hailstorm clouds. For
that reason, many specialists in cloud physics and
weather modification in other countries were scep-
tical about the results reported by Soviet scien-
tists.

In order to prove the real efficasy of the
Soviet hail control operating method, several hail
suppression field experiments were organized; i.e.
the National Hail Research Experiment in Colorado
and Grossversuch in Switzerland. These randomized
experiments did not show any significant hail
control results (Knight et al. 1979; Federer et al.
1986) . However, the methodology and the seeding
technique used in the NHRE and the size of target
area in Grossversuch were not the same as those
applied in the U.S.S.R.

On the other hand, the Soviet sciences have
constantly reported very optimistic results from
their hail control operations (Izrael, 1983;
Sedunov, 1986). So, a dilemma on a hail control
problem, which is of a great scientific and eco-
nomic value, remains. The aim of this paper is to
contribute to the solution of this problem.

2. METHODOLOGY OF HAIL CONTROL IN SERBIA

The hail control system, developed in the
U.S.S.R. and applied in Serbia, had four basic
components (Radinovié, 1972).

1) Determination (by radar) of the place of
initiation of hail formation and growth in cloud;

2) Selection of reagent, which causes
crystallization and freezing of supercooled drops
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in clouds;

3) Timely delivery of the reagent into the
hail formation zone in the cloud; and

4) Evaluation of the results of the action.

Determination of the position of the growth
zone in clouds, in the beginning of the hail
control operations (1969-1977), had been made by
Soviet radar, MRL-1, on wave length of 3.2 cm,
and by military radars, 3MK-7, of wave length
10.0 cm. During the period 1978-1980 eight mili-
tary radars were replaced by Japanese meteorolo-
gical radars, RC-34A, of wave length 10.0 cm. In
the period 1981-1984, four more radars of the
same type were replaced.

In the first half
anti-hail rockets, the
Yugoslavia, were used. These rockets had a range
of 3,500 m and carried 400 g of silver jodide
mixed with the burning mixture. Discharge of the
reagent took place along about 400 m of the last
part of the rocket path, giving 101121012 jce
niclei per gram of the mixture.

of the period (1969-1978)
Sako-6, produced in

In 1979 new anti-hail rockets, Tg-10, were
introduced in the hail control system of Serbia.
The range of these rockets was 8,500 m, and the
weight of the silver iodide mixture was the same.
However, the reagent was greatly improved giving
about 1013 ice nuclei per gram.

At the same time, the methodology of radar
identification and seeding of the place of initi-
ation of hail formation and growth was improved.
That zone was precisely determined as a half a
ring in front of the Cb cloud comprising the layer
between -8°C and -12°C with the radius dependent
on the speed of cloud. The goal was to have each
m- in that zone seeded by 105-106 artificial ice
nuclei.

On the basis of the above mentioned changes,



it may be concluded that the hail control system
in Serbia in the period 1978-1980 was greatly im-
proved. Another important feature of that system
was its continued extenssion until 1985 when about
957 of the agriculture surface of Serbia became
covered by the hail control system. So, in recent
years the hail control system has consisted of the
12 radar centers (hail control polygons) and about
1,300 hail rocket launching stations. These sta-
tions were connected by radio communications with
the radar centers.

DATA USED IN EVALUATION

The hail control system in Serbia was not
organized in a way to produce any particular data
to set aside for evaluating the effectiveness of
the system itself. Therefore, the evaluation of
the effectiveness of hail control in this case has
been based on two sources of data, which have been
obtained independently of the hail control system.
These are:

3.

1) The size of the hail-swept agriculture
area in hectares;

2) The percentage of the crops damaged; and

3) Frequency of hail occurrences observed at
the regular network of meteorological stations.

The statistics of the size of the hail-swept
area and percentage of the crops damaged have been
obtained in a very specific way. Namely, the
Parlament of SR Serbia many years ago established
a law which required farmers income taxes be re-
duced in proportion to the percentage of hail
damaged crops. Particular execution of has been
taking place through qualified commissions, which
have been set up by local authorities (the munici-
palities). Copies of the reports, made by these
commissions, were sent to the Republic Hydrometeo-
rological Institute of Serbia, which is conducting
the hail control operations.

The quality of these data may be estimated in
a following way. The typical size of a hail-swept
area takes a few hundred to a few thousand hecta-
res, and a typical size of an individual farmer's
property is a few hectares only (in average less
than 3 hectares). Since every individual farmer's
property should be estimated, the possible error
in determining the size of the hail-swept area is
usually less than 1% of the total hail-swept area.

The estimation of the percentage of damaged
crops is more delicate. It depends on the sort of
crops as well as on its pheno-phases, which are
usually not homogeneous. As a consequence the pos—
sible errors in this kind of data are estimated to
be up to 10% of their total values.

Another problem connected with this data source
was their collection. Every year certain municipa-
lities did not send their reports to the Republic
Hydrometeorological Institute of Serbia. Their data
were missing in this analysis, particularly in the
first part of the hail control operating period.

The network of meteorological stations in
Serbia was reconstructed after World War II and
started to work regularly 1949. From that year the
total number of synoptical and climatological
stations was changing from 47 as a minimum to 72 as
a maximum. The average for the whole 37 year period
(1949-1985) was 57 stations. The observations of

76

the frequencies of hail occurrences have been
published by the Federal Hydrometeoxrological Ins-
titute of Yugoslavia (Meteorclogical annual I ~
series 1949 to 1985).

In addition to these two aforementioned sources
of data, the statistics of interruptions in the
hail control operations in this analysis were used.
These interruptions were caused partly by technical
difficulties and partly by the Air Control Agency.
Also, the statistics of the changes in methodology
and technique of the hail control system were used
to some extent.

4, EVALUATION BASED ON THE SIZE OF

HATL-SWEPT AREAS

The data used for the evaluvaticn of the hail
control system effectiveness, based on the size of
hail-swept areas, are presented in Table l. The
hail-swept areas in protected terxitory in the
cases when the system was not operating (Sg, column
4) are contained in the hail-swept areas, when the
system was operating (SP, colurn 3). The size of
the observed territory O, is defined as the part of
the unprotected territory T, for which the munici-
palities were sent commission reports about the
hail damages. The calculations in this paper, con-
cerning the hail damages in the unprotected terri-
tory, have been in relation to Oy and to T, as the
most unfavorable variant.

From the Table 1 it may be seen that the total
agricultural arca of Serbia (protected and umpro-
tected) during the period 1971~1987 has been
changed very little. It was decreased by 80,683
hectares or about 2%. A second impeortant feature,
that can be noted from Table 1 is the nearly steady
increase of protected and decrease of unprotected
territories. At the beginning of the period con-
cerned, the protected territory amcunted to about
28%, while at the end of the perioc it reached 95%
of the total agricultural area. In spite of an in-
crease of the protected territory by about 3.3
times, the size of the hail-sweot area has been not
changing very much and even shows some decrease.

Also, it may be noticed that the hail-swept
area in the protected territory whea the hail con-
trol system was not operating {8f) was very large
in the first half of the period. Ir that time the
Air Control directecd the aircraft by the radio
beacon; as a result the prohibition of the anti-
~hail rocket launching were frequent and long last-
ing. At the same time, the hail control system was
in a developing phase and frequently was not work-
ing.

Using the data shown in Table 1, the percentage
R of hail-swept arez in the protected and unpro-
tected teritories has been calculated as

S . S .
R, =22 1007, R . == 100%,
Pyl T . u, i
psl w, L
Su i
r . o= 2= 100Z
u, i T .
u, i
and corresponding mean values
N N
R, = % R i’ _L = % =~ R 1’
P I\ i=1 P k] N 121 u,
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Table 1. Sizes of pr(;t(:)(:ted ‘;T',-”-;",‘ .anz:l \ln])rr)L:(ic.L;ed ("-’_’M)lterrituri?s, hail- Table 2. Percentages of hail-swept arcas protected
swept areas “’”‘-tl} -('rf/ and without (5%} operations and observed {Rp) and unprotected (Ry,r,) territorics as
territory (€.} In Serdia weli as their ratio (Q,q)

vears | sy 2,06y 5,00 B r, 5

1671 1130350. 30671. 2909232. 1750899. 162424 1971 4.60 9.28 5.58 0.496 0.824

1972 1093255, 47526. 25399, 2948352, 1889942, 129823, 1972 4.35 6.87 4,40 0.633 0.989

1973 1137978, 52762 37620. 2879347, 1198894, 99519. 1973 4,64 8.30 3.46 0.559 1.341

1974 1184775. 40818, 23115. 2839379. 1260940. 103398. 1974 3.45 8.20 3.64 0.420 0.948

1975 1648612, 33727. 13978. 2375157, 1733315, 147994. 1975 2.05 8.54 6.23 0.240 0.329

1976 1888658, 25936. 2274, 2126470, 992721. 54831, 1976 1.37 5.52 2.58 0.249 0.531

1977 2326575. 120969. 53023. 1669271, 1226792. 112721. 1977 5.20 9.19 6.75 0.566 0.770

1978 2455712, 67050. 11783. 1542450. 622468. 49972, 1978 2.73 8.03 3.24 0.340 0.842

1979 2912735, 48387, 940. 1083221, 711785. 20370. 1979 1.66 2.86 1.88 0.580 0.883

1980 3079377. 64043. 2003 914658. 462653. 31920. 1980 2.08 5.90 3.49 0.301 0.596

1981 3133651, 61767. 25855 852049, 299149. 20488. 1981 1.97 6.85 2.40 0.288 0.821

1982 3330067. 64823, 0. 657126. 364121, 38068. 1982 1.95 11.06 5.79 0.176 0.337

1983 3385784, 31217, 0. 580994, 266323, 8300. 1983 0.92 3.30 1.51 0.279 0.609

1984 3753002, 39313, 0. 220549, 107181. 1259. 1984 1.05 1.17 0.57 0.892 1.842

1983 3760870. 23669. 0. 198029. 0. 0. 1985 0.63 Fk Ak Fhdk il ke

1986 3760870. 54837. 3938, 198029. 28432, 682. 1986 1.46 2.40 0.34 0.607 4,294

1987 3760870. 33719. 0. 198029. 28412. 18. 1987 0.90 0.06 0.01 14,152 90.000

The last formulas are not the best ones for esti-
mating the mean R, as they weight all years
equally even though, e.g., T, in 1987 is 3.3 times
Tp in 1971. We use, therefore, additional formulas

Here i=1,2,...,% denotes year in the period and N
the number of the years in the period. Further
simple formulas for evaluating the effectiveness
of hail control are

Rp 1
Q,=——’“)

u, i

Q =

>

WILUWI
<N
i
:wu |m75||

u

which give the ratio between the percentage of
hail-swept areas in the protected and unprotected
territories.

The results obtained by these calculations
are presented in Table 2. In this Table it may be
readily seen that from the beginning to the end of
the period of operation the percentage of size of
hail-swept area in the protected territory was
gradually decreasing. During first few years it
amounts to about 47 and in the last few years it
amounts to about 17. The percentage of hail-swept
area in the unprotected territory from 1971 to
1982 was all the time rather high, from 5.5 to
11.07 except for the 2.9% in 1979. During the last
4-5 years the percentage of hail-swept area sudden-
ly dropped. That could be a result of drastic
decreasing of the size of unprotected territory.
In that time it was already reduced to about 5% of
the total agricultural area in Serbia and became
surrounded by much larger protected territory.

The mean percentage of the hail-swept area in
the protected territory amounts to K, = 2.41%
(R_ = 1.97%) and in the unprotected territory
R Pl 5.80% (By = 7.60%). It gives mean ratio Q =
=40.42 (§ = 0.26) and an effectiveness expressed
by formula E = 1-§ of 0.58 or 58% (E = 0.74 or

T4%) .

In order to analyse the characteristics of
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the series of percentages of hail-swept areas in
protected and unprotected territories, we shall
apply the Abe's statistical test to investigate
the trend of decreasing the size of hail-swept
areas. This test uses the formula
2
X - X,
q = z( i+l 1)
- =y 2
(¥, - X
& - D

-

where X; denotes a member and X mean value of the
series considered. The existence of trend is
characterized by small and non-existence by high
value of q.

As a consequence of improvement of methodology
and spreading the hail control system to greater
territory, in the case that the hail control system
has been efficient, a trend of percentage of hail-
-swept area decrease in the protected territory
should exist. On the contrary, such a trend in the
unprotected territory should not exist.

In application of Abe's test, the periods of
17 years for R, and 14 years for R, and r are
used. Namely, in the last three years of the period
considered the unprotected territory became very
small so that the percentages of hail-swept area
were unrepresentative. After the abovementioned
formula the results obtained as follow:

Rp: q=0.405 n=17(1971-1987) P(q=0.405)<0.005
Ru: q=0.790 n=14(1971-1984) ©P(q=£0.790)=0.210
T q=0.980 n=14(1971-1984) P (q=0.980)=0.470

These data show that a significant trend of
percentage of hail-swept area decrease exist in the
protected territory with a probability of 997 to
be true. At the same time such a trend in the
series of percentages of hail-swept areas in the
unprotected territory has been not noted.

Further, the sign test is applied using null
hypothesis Ho: no difference in number of negative
(~) and positive (+) signs is true, than



P(-) = P(+) = 0.5
that P(+)>0.5. If T repre-
negative signs than small

is characteristic for Ho.

with an alternative
sents the number of
number of signs (-)

The difference Z = Ry—Rp is positive in all
years, i.e. T=0 and according to this test the
probability that hail control system in Serbia is
efficient amounts to 100%. However, if we take
the most unfavorable case, i.e. that in the part
of the unprotected territory for which the reports
were not received, Z = ru—RP, we obtain

T =2 n =14 P(T £ 2) = 0.0065
That means that between the percentages of hail-
swept areas in the protected and unprotected ter-
ritories a significant difference exist.

In order to be more confident in the afore-
mentioned conclusion, the Student's test for
investigation of the mean value of difference
(coupled samples) to series Z = ry—R, is applied.
This test is made using the formula

to = é::—E Vn

S

z
where Z=0.96 represents the arithmetic mean value
of the series considered and §, = 1.45 is standard
deviation.

This test has tj_j distribution, i.e. Stu-
dent's distribution with n-1 degrees of freedom.
Simbol m in formula is assumed (theoretical)
mean value. In our case we consider the series Z
for which according to Ho is taken to be m=0. In
that way we obtain

t = 2.48 and P(t_2 2.48) £ 0.01

o} o
showing that between ;u and R, a significant dif-
ference exist. Also the Wilcoxon matched~pairs
signed-ranks test, which utilizes both the direc-
tion and the relative magnitude of the differences
within pairs, gives

n=14 T =14 P(T £ 14) < 0.01.
That means that the difference between the per-
centage of hail-swept area in the unprotected
territory taken as the most unfovarable case, and
the percentage of hail-swept area in the protected
territory is significant.

In the previous section it has been mentioned
that great differences in technical means, effi-
ciency of reagent and size of protected and un-
protected territory exist between the periods
1971-1977 and 1978-1984. For that reason the
Student's test has been applied to series Ep, Eu
and ;u separately to each of these two periods.

The Student's test for comparison two inde-
pendent characteristics Xl and X9 and Ho: that X
and X2 have the same mean value, is used by
formula

X, -X
+

- 172

2 =t
1 n +n,-2
1 M2
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Here, ny and n, denote tre sizes of samples and §
is standard deviatiom chteired by formula

=2 a2
y (nl—l)s1 + (nz—L)Sz

-2
nl + n2 2

The above formul

Zor t, is used under as-
sumption that the differemce between &) = S, and
§y = Sx, is not significamt, In che case when the
difference betweer S| and 5% is significant, ty is
calculated by formula

X - X

tO = P ) = tk
V- E—
oy 2

where k denotes the mumber of dezrees of freedom,
which may be 8btained By Zormula

3
(51 532
n. - on.’
K = L= -2
SZ
1.2 1 1
) -+ ;
nl o,k HZTL
On the basis of abgwe shown foraulas, the
results are obtained s Zcllow:

Period 1971-1977 Period 1978-:984
ﬁp =3.67 8 =1.45 ip =1.77 8 =0.62
R =7.99 &=1.35 X =3.72 6 = 3.45
_u N "u .

r, = 4.67 ¢ = 1,356 T =2.70 8 =1.69

Using these data in comparison of the series
RysRy and ry for the pzricds 1971-1977 and 1978-
-1984 we obtain the

t, = 3.19 L= 1! Pz 2 3.19) < 0.005

I

t = 1,61 L =8 P(t_ 2 1.61) £ 0.070

u o sl
= 27 = 12 ; 27

r, t, .27 k 12 ?(to 2 2.27) £ 0.025

These results show that there is a significant

difference in the seriss R,, i.e¢. in percentage of
hail~swept area in tka protected territory between
the periods 1971-197% 2 1978-~1984. These dif-
ference arises due tc substantisl decrease of hail-
swept areas in the peziod 1978-1984 caused by an
improment in the methdcnlogy and technique of hail
control system in thzs period. Some tendencies of
hail-swept area decrease which is seen in the same
period in the unprotectad territory it is supposed
to be result of a great cecrease of the size of un-
protected territoxy and Imcrease of protected ter-
ritory. In that way the hail suppression influence
has been transfered to anprotected territory.

5. EVALUATION BASED oM [EZ PERCENTAGE

OF CROP DAMAGZS

In the preceedinag secticn it has been shown
that the size of hail-swe»t erea in protected
territory in ceomparisom to that in the unprotected
territory is very mueh reduced. It is natural to
assume that the decrease of the size of hail-swept
areas has been followed k¥ a decrease of the in-



tensity of the hail too. In order to prove this
assumption, the sizes of hail-swept area were
multiplied by the corresponding percentages of
crop damages in the hail~swept area and thus re-
duced to 1007 hail damaged area.

Here it should be pointed out that due to the
varieties of crops and their phases of growth,
this comparison will not be accurate enough for
the small areas. However, such areas as protected
and unprotected teritories of a size over a mil-
lion hectares, for the sorts of crops, their
phenophases and the time of hail-damaging, sta-
tistically may be considered as similar.

The sizes of hail-swept area reduced to
areas damaged 1007 in protected (Sﬁ) and unprotec-
ted (8()) territories, as well as corresponding
percentages (Rj) and (R)) and their ratio (Q') are
presented in Table 3. If we compare Tables 2 and
3 we can see that the decrease of the hail-swept
areas damaged 1007 in the protected territory is
greater that the decrease in the unprotected one
in 12 of the 16 years.

007

well

sad to o ares daniagzed in protected

) territorie as 28 corres-—

Years

2.2 5.68 0.393

2.10 4.55 0.461
1973 2.39 4.72 0.507
1974 1.57 4.16 0.378
1975 0.75 4.70 0,160
1946 0.69 3.04 0.226
1977 3.31 5.31 0.623

.48 3.65 0.405

0.75 1.30 0.573
1980 0.82 2.27 0.359
198t Q.76 1.¢4 0.391
1982 0.75 6.16 0.121
1983 0.41 2.20 0.188
1984 0.37 .70 0.525
1935 0. 0.18 .00 ekl
1986 538 0.60 1.89 0.319

i4856. 12. 0. .04

1987

The mean percentage of the hail-swept area
reduced to 1007 of damage in the protected terri-
tory is R} = 1,157 and for unprotected territory
Ry = 3.08Z. Their ratio is Q = 0.37 and value of
effectiveness E' = 0.63 or 63%. These values show
that the effectiveness of the hail control system
in Serbia expressed through the decrease in hail
intensity may be estimated as 57%.

In order to find out whether a decrease trend
in series R}, R and r exist, the Abe' test has
been applied. The results obtained are as follow:

R: g =0.504 n =17 P(q 5 0.504) = 0.01
R': q=0.720 n =14 P(q £ 0.720) = 0.14
r't  q=0.890 n =14 P(q 5 0.890) = 0.34
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These results show that in series Ré a signi-
ficant trend of decreasing of hail-swept area in
the protected territory. Such a trend in series R}
and r&, which relate the unprotected territory, has
not been noted.

The Student's test applied to the signes of
series Z' = ry - Rp yields

T=2 n = l4 P(t £ 2) £ 0.0065

This test shows a significant difference between
the percentage of hail-swept areas in which the
percentage of crop damages is taken into conside-
ration compared to sizes of hail-swept area in the

unprotected territory.

Application of Student's test to coupled
samples of series Z' gives
=0.68 &, =0.911 =n =

z' 14 t =2.8
o

P(t 2 2.8) =

o
This shows that the difference between mean
values of the size of hail-swept areas in which the
level of damages in protected and unprotected ter-
ritories is significant.

_ A comparison of the mean values of series R,
Ry, and r& for periods 1971-1977 and 1978-1984
yields the results as follow:

Period 1971-1977 Period 1978-1984

; = 1.8 & =0.94 ; =0.76 & = 0.36
‘& =4.95 & =0.85 E& =2.60 3 =1.82
r' =2.70 & =0.95 r' =1.25 & =0.94

u u

Using these data we obtain:
R': t = 2.89 k=7 P(t 2 2.89) =z 0.01

P o o
R': t = 2.62 k=10 P(t 2 2.62) £ 0.025

u (o] o]

't o= 2.62 k=12 P(t 2 2.62) = 0.01

u [o] [o]

From these values if follows that a significant
difference in mean values of R}, R} and r|| between
above mentioned periods exist. That means that
during the last years of hail control operation in
the unprotected territory decrease of the hail
intensity has been greater than decrease in the

size of the hail-swept area.

TRENDS IN SIZES OF HAIL-SWEPT AREAS

Let we consider that the total agricultural
surface in Serbia, which amounts about 4 million
hectares, has been constant during the whole period
of hail control operations. Then, if we assume that
this system has been efficient, the following con-
ditions should be fulfilled:

6.

1) A decreasing trend of the percentage of
hail-swept area in the total agricultural surface
of Serbia, as a consequence of the hail control
system spreading from year to year, should be
shown.

2) A decreasing trend of the percentage of
hail-swept area in the protected territory, as a
consequence of the improvement of technology, par-
ticularly introducing the new reagent, during the



period of operations, should be observed.

3) A decreasing trend of the percentage of
hail-swept area in the unprotected territory, due
to radical decrease of that territory and becoming
surrounded by protected territory, from which the
effect was transferred, should be shown.

4) The percentage of hail-swept area in the
protected territory should be less than that in
the unprotected territory and the percentage in
the total territory (protected and unprotected)
should be between them.

In order to test these hypotheses, two tech-
niques have been applied which will bring out
the general trend of changes of the size of hail-
swept area during the period of operations. Owing
to the fact that there exist considerable fluctu-
ations in the occurrences of these phenomena from
year to year, both techniques are based on the
time averaging of data.

The first techniques was a calculation of
moving averages according to data of the annual
sizes of hail-swept which were obtained by the
formula:

. min m+n
R = s_./ % T_ .)-1007
m . pyi . »1
1=mn 1=m

Here i = 1,2,...,17 denotes the years in the
period and m = 1,2,...,M identifies the moving
average. The number of moving averages is less
than 17 number of years for a smoothing interval
which has been taken here to be n=6. The results
calculated by this formula are presented in Table
4.

Feriods RP K“
1471-1976 3.94% 2,13 4.34
1$72-1977 5.02 3.47 4.37
19731978 3.78 . 3.21 4,23
1974-1979 3.43 2.71 4.20
14751980 3.24 2.52 4.30

2.83 2.46 3.55
1977-1982 2.92 2.48 4.07
1978-1983 2,12 1.84 3.01
197491985 1.80 1.58 2.81
1980-1985 1.6l 1.39 2.94
19811986 1,45 2.56
1952-1987 1.7

The second technique of averaging was the
gradual average of the annual sizes of hail-swept
areas obtained by the formula:

1
R = 1 Z R,
L uo, 1
i=1

which gives the average values for each preceding
period (u) of time. The results obtained by this
formula are presented in Tig.l

From Fig.l and Table 4 it is obvious that the
trends of the hail-swept area decrease are fully
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Fig.l Graphical presentation of the graduzl
averages of the annual sizes of hail-swept
areas at the toral (Rp), pretected (Ry) and
unprotected (Ry) territories. )

in accordance with above-mentioned hypotheses.

If we do not make smoothing but simply cal-
culate the percentage of whole hail-swept areas
(Sp+Su) in relation to total protected and unpro-
tected (Tp+0u) territories we shall for the mcan
values obtain:

Period 1971-1977 Period 1978-1987
Rp=5.79 &= 1.49 R,=1.87 & =1.03

The Abe's criterion for trend gives
q = 0.24 n =17 P(q £ 0.24; = 0.00C7

It shows that the trend of decrease of the per-
centage of whole hzil-swept area in the protected
and unprotected territories very preonounced. A
comparison of mean values for the pericds 1971-1977
and 1978-1987 vields

t =6.08 &=11 P(t_ x 65.08) = 0.C005
o [

It means that the difference in percentage of whole
hail-swept areas for above-mentiored periods for
total protected and unprotected territories is very
high and statistically significant.

7. EFFECTIVENESS OF NON-INTERRUPTED

OPERATIONS

In previous sections the hail-swept areas in the
protected territorv have been considered without
taking into account the interruptions in the hail
control system operations. Such cases were rather
frequent and long ilasting during the first half of
the period (1971-1978). In such situations the pro-
tected territory or some part of it stayed practi-
cally unprotected. For that reasomn, the picture
about the real effectiveness of the hail control
system, obtained in above derived way, is not
quite realistic one.

Determination of the part of territory where
the system was not operating ir a single situation
was not practicel. Two main reasons for chat are:
first, the part of the protected territory over



which the system was not operating did not coin-
cide with the territories of the municipalities,froin
which the data about the hail-swept areas in summa-
rized from have been obtained; second, it was not
possible to control the effect of operations which
took place in surrounding areas. Thus, it was de-
cided not to consider individual cases but to omit
all the territories and reports of the municipali-
ties from consideration if the hail control system
was not operating in a given year for as little as
a single day. Thus, consideration was only given
for those territories and reports of the municipa-
lities in which the hail control system operated
without interruption. The results calculated in
this manner are presented in Table 5.

Table 3. Parts of protected territory (T") and hail-gwept
areas (55) in hectares where L‘xe hail control
have been operating without interruption

cars " gn wM Q"

) p P ?
21133, 3,17 0
19359. 3.62 0
7364 G.92 0.0
15951 1.91 0.233
14985. 1.38 0.162
21762, 3] 0.237

1686442, 55254, 0.350
2213108, 53672, 0.302
2879785, 47157, A 0.572
3025419, 60336. 1.99 0.289
3050817, 35912, 1.18 0.172
3330007, 64823, 1.95 0.176
3385784, 31217, 0.92 0.279

39313. 1.05 0.892

23659, 0.63 Kk k

50899. 1.36 0.567

The mean value of percentage of the hail~swept
area when the hail control system had_been operat-
ing without interruption amounts to: R} = 1.74.Its
ratio with mean percentage for unprotected terri-
tory gives Q" = 0.3.

The sizes of the hail-swept areas reduced to

100% of damages in their part of the protected
territory, where the hail control system was ope-
rating without interruptions, are presented in
rdble 6. The mean percentage in this case is R =

= 0.82 and its ratio to the percentage unprotected
territory gives Q"=0.26. That means that the hail-
swept area reduced to 100% of damages in the part
of protected territory where the hail control
system has been operating without interruptions in
comparison to unprot ected territory has shown an
effectiveness of E'= 0.74 or 74%.

Looking at the differences between R and R}
P

for individual years of the series con51dered we
can see that these differences were significant
in the period 1971-~1977 when the hail control sys-
tem had been frequently out of operation. The
mean difference Z" = - R" for the period 1971~
1977 amounts to 7z"=1, 4? and §" = 1.19. The
Student's test applied to these values yields:
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Table 6. The same as Table 5 but recnced to b

damages

1971 667001, 9211, 1.3%
1972 534992, 10362, N
1973 8046475, 3092, 0.8
1974 836379, H445. O.77
1975 1084288, 5212, .23
1976 1660759, 11263, 0.68
1977 1686442, 39032. 2.31
1978 2211108, 29339. 1.33
1979 2879785. 20844 G.77
1980 3024419, 23564. 0.78
1981 3050817. 14638, 0.8
1982 3330067 24884, 0.7%
1983 3385784, 14010. Dol G.i8%
1984 3753002. 13802. .37 0.525
1985 3760870. 6765, 0.18 ks
1986 3742912, 19323, 0.352 0.273
1987 3760870, 1:856. 0.4¢ 9.051

t = 3.22 k=6 P(t_ 2z 3.22) = 0.01
o o

It shows that the difference between the percen-
tage of hail-swept area in the protected territory
in the case when the hail control system had been
operating with and without interruption was sta-
tistically significant.

During the period 1978-1987, as it has been
said before, the interruptions in the hail control
operations were rare and short. As a result, the
differences between Rp and RE were rather small.
These results are also supporting the theses that
the hail control system in Serbia is efficient.

In order to be more sure about that conclusion

we calculated the median for series RE in Table 5,
which amounts to 0.68, and made an analysis of the
series of signs of deviations from the mean value.
The test of number of series did not show a signi-
ficant deviation from a series composed by chance.
However, a more sensitive rank test has shown at
a 5% of probability a significant deviation of a
series composed by chance. N
8. EVALUATION BASED ON OBSERVATIONS AT

METEOROILOGICAL STATIONS

Cloud seeding with the aim of hail suppression,
it is believed, do not affect much the cloud
dynamics nor the general conditions of the atmos-
phere. Therefore, it may be expected that the
number of storms on the average will stay unchanged.
However, the frequency of occurrences, the length
of duration and the intensity of hail phenomena
should be decreased. That decrease, which should
be seen in the hail observations at meteorological
stations, is not so pronounced as the decrease of
the size of hail-swept area and percentage of crop
damaged. It is well known that in many cases the
hailstones are too small and make insignificant
damages; such cases were not taken into considera-
tion in statistics of the municipality commissions.
Nevertheless, such occurrences will be regularly
registered by meteorological stations.

A radical decrease of the hail-swept areas in

[



Serbia, during the period of hail control opera-
tions, should be shown in the series of hail
frequencies observed in the network of meteoro-
logical stations. ln order to explore this hypo-
thesis we used the series of number of days with
hail observed in the network of synoptical and
climatological stations in Serbia during the
period 1949-1985. bata obtained are presented in
Table 7.

Number of days with hail obs
meteorological staviens in S

No ol No of e No. :fov“in;g S-years o
.stationy davs . average ul"d;:)x«' Deviations
(2) ('3.) (5) (6)
1949 48 39 0.81 . - -0.25
14950 50 38 0.70 - -0.30
165 48 il 1.48 1.08 0.42
1952 49 51 1.04 1.18 -0.02
1653 52 67 1.2% 1.27 0.23
1954 61 81 1.33 1.26 0.27
1955 68 83 .22 1.40 0.18
1956 72 102 1.42 1.32 0.36
1957 69 121 1.75 1.21 0.69
1958 7l 61 0.86 1.08 -0.20
1954 69 54 0.76 1.03
1960 63 36 0.60 0.89 -0.%6
1961 63 72 .14 0.89 0.08
1962 66 72 1.09 0.89 0.03
1963 6 54 0.8¢ 1.01 -0.22
196. 5% 43 0.80 1.02 -0.26
1965 57 68 119 1.15 0.13
1966 51 60 1.18 1.12 0.1
1967 5] 89 1.75 1.14 0.68
1563 55 38 0.69 1.1 -0.37
156 53 w8 1.16 ~C.16
1976 7 50 3. 08 1.04 0.00
1971 55 77 A .67 G.34
1y 55 64 116 1.09 0.10
1973 49 41 084 1.25 -0.22
1975 54 S3 0.95 1.17 -0.08
1975 49 92 1.85 1.18 0.82
1976 52 52 1.00 1.1 -0.06
1977 53 65 1.23 116 0.17
1978 54 45 .33 0.97 -4,
1979 54 4 0.87 0.97 -0.19
1980 53 52 0.94 .87 ~0.12
1981 64 62 0.97 0.87 -0.09
1982 6t 45 .7 .86 ~0.32
1983 63 33 0.84 0.84 ~0.92
1964 59 48 0.81 - -0.25
1985 59 St 0.86 - -0.20
Average 57 - 1.06 - - o

By dividing number of days with observed
hail in the network of stations with the number of
stations in each year we got the annual mean number
of days with haul per station (or at a point) in
Serbia (column 4). These annual mean number of
days with hail, as a point value, has fluctuated
between 0.60 as a minimum to 1.88 as a maximum.
The average value for the whole period is 1.06
days. Here it should be pointed out that in the
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last 8 years (1978-1985) the mean number of days
with hail was below normal. It suggests that the
period in which the hail control system in Serbia
was increased in size and techmnologically improved
coincides with the period of hail frequency
decrease.

The last column in Table 7 shows the devia-
tions of the normal value of the annual number of
days with hail at a point in Serbia. Let us sup-
pose that the amual number of days with hail over
the areas considered in two successive years is
independent. Then, the probability that a number of
successive years x in the series will have the
same sign of deviation is given by

1,x%

P(x) = (3)

It means that probability that 8 successive years
will have the same sign of deviation, as it has
been shown at the end of last column in Table 7,
is below 0.4%.

Taking into consideration some characteristics
of the series of hail days in Serbia in the period
1949-1985, whick are relevant for statistical
tests application, this series is divided into four
separate periods, First period encircles the time
1949-1970 when the hail control system did not
operate. Second period encompasses the time 1971~
-1977, i.e. the period when the hail control
system had been developing and functioning witn
frequent interruptions. Third period encircles the
time 1978-1985 when hail control system had been
technically improved, functioning ncarly without
interruptions and covering the greatest part of
Serbia. TFourth period makes sum of first two
periods, i.e. the period when the hail control
system did not exist and the period when it did
not operate well and covered a small part of the
territory of Serbia.

If we calculate the mean number cf hail days
(A) and standard deviation (&) for above-mentioned
periods, we obtain:

Period A A
T 19491970 1.09 0.32
IT 1971~1977 1.21 0.35
IIT 1978-1985 0.86 0.07
IV 1949~1977 1.12 0.33

Application of Student's test to comparison
of two series gives results as follow:

I  and II t0=-0.8& k=27 P(t0§~0.84) = 0.20

I  and III .= 3.17 k=26 P(toz 3.17) ¢ 0.0025
II and 1II tc= 2.66 k=7 P(toz 2.65) £ 0.025
ITI and 1V £,= 3.98 k=36 P(toa 3.98) = 0.0005

Those results show that the difference between
the number of hail days in the periods when the
hail control system did not exist (1) and when it
was not operating well (II) was not significant.
The difference ir the number of hail days between
the periods I and III, i.e. when the hail control
system did not exist and when it was working well,
is statistically significant. The difference be-
tween the period when the hail control system was
not operating well (II) and the periocd when it was
functioning well (II1) is also statistically signi-



ficant. Finally, the difference between the
periods when the hail control system was operating
well (III) and the joined periods when the system
did not exist and not well operating (IV) is sta-
tistically highly significant.

Further, we mentioned above an interesting
characteristic of the series of the annual number
of hail days in Serbia, i.e. the last 8 successive
years the number of hail days were below the ave-
rage value for the whole period of observation. In
order to test whether this event occured by chance
or not we applied the median test and the test of
the number of series.

Median for period 1949-1985 is (.89 and the
successive values below (-) and above (+) this
value gives:

[ == [ == [ [ == [ [ = [ [~ 0 e /

According to number of series test U=1l, anc
expected number is 19. Standard deviation is 2.96
so we have

z, = Lot = 2.7 and P(Z,5-2.7) = 0.0035
This test show that the deviation of the last part
of the series considered compared to that one ob-
tained by chance is significant. ln other words,
this test suggests that the event of decreased
values of number of annual hail days during the
last 8 vears in the series did not occured by
chance.

Another calculation has been done using the
ratio between the frequency of hail occurrences
before and after hail control was introduced. For
this calculation we used the network of meteoro-
logical stations for which the hail control opera-
tion existed for at least five years. Data used
are presented in Table 8. From this table it may
be seen that mean number of days before hail
operations was 23, and after hail operations 13
years. The mean frequency of hail occurences in the
period before hail control was 1.32 and after was
1.03 days with hail. This suggests a decrease of
22% in the frequency of days during hail control
operation years.

Let us now consider the difference between
the mean number of hail days in the period before
and after the hail control system was introduced
(presented in Table 8). From these differences we
obtain the mean difference Z = 0.3 and standard
deviation § = 0.77. Application of Student's test
gives

t = 1.87 k=22 P(t 2z 1.87) s 0.05

o Q
This show that the difference between the mean
number of hail days in Serbia in the periods before
and after the hail control system was introduced
is statistically significant,

In the same way, the sign test show that at
5 out of 23 stations the number of hail days was
less in the period before the hail control was in-
troduced. So, the sign test for T = 5 gives

P(T ¢ 5) = 0.013

The Wilcoxon test for the same data gives

Fuable 8. Mumber of days with hail observed at
stations in Serbia before
operation
Beiore
Stations No. of No.

i days

days

lozaica 8 30
U.PoZega 25 45 1.8 kS ii ?
Kurdumlija 27 32 1.2 7 7 1.0
Vrnjacka B. 29 45 i.6 7 i 2.4
Zajedar 27 39 1.4 10 8 0.6
Zlatibor 27 69 2.6 9 23 2.6
Bukovifka B. 18 21 1.2 19 12 0.6
Cuprija 20 32 1.6 17 T 0.9
Kragujevac 20 24 1.2 17 13 0.8
Krugevac 20 25 1.2 16 ]
Negotin 20 20 1.0 17 11 0.5
Ni§ 20 21 il 17 20 2
Paé 20 16 0.8 17 1 0.4
Predejane 21 52 2.5 i6 23 i.e
Prigtina 30 36 1.2 7 4 0.6
Prizren 20 12 0.6 17 14 0.8
Prokuplje 27 10 0.4 e B G.7
Kraljevo 27 41 1.5 10 13 1.3
Rekovac 27 32 1.2 10 7 0.7
S.Palanka 17 17 i.o 19 15
Sabac 20 18 0.9 16 12 . 0.3
Urofevac 30 39 1.3 7 3 0.4
Valjeve 21 29 1.4 16 30 1.9
es  23.1 30.6 1.3 13.3 13.1 1.9

n=21 T=19 P(T=19) £ 0.005

This also shows that the number of hail days in
the period after the hail control was introduced
is significantly less than the number of days
before it was introduced.

9. CONCLUSIONS

The hail control system in Serbia during its
17 year operation shown an hail-swept area decrease
in the protected compared to unprotected terri-
tories for about 58%. When the percentage of crop
damages taken into consideration the effectiveness
of hail suppression was increased for additional
5%, amounting 63%. Further, the part of protected
territory over which the hail control system has
been operating without interruptions, the effec~
tiveness amounts to 74%.

An analysis of the number of hail days in
Serbia observed in the network of meteorological
stations, shown a decrease of number of days in
last 8 years when the hail control system was
functioning well. Also, an comparison of number
of hail days observed before and after the hail
control system was introduced, showed an decrease
of hail days during the hail control operations for
about 22%.

Several statistical tests have been applied
to abovementioned data and they showed the signi-
ficant differences between the protected and
unprotected territories. They give a strong suport
the concept that the hail control system, which
has been operating in Serbia, is efficient. The
rate of efficiency seems to be high enough to be



considered economically significant.
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ABSTRACT

Statistical and numerical modeling approaches to assess the effects ol cloud seeding require the interac-
tive input of, and understanding derived from, measurements that provide direct evidence of natural and altered
development of precipitation. A brief review ol recent progress in obtaining physical evidence 1o evaluate and
verily potentials for and effects of precipitation enhancement and hail suppiession is presented. Recent findings
from the National Oceanic and Atmospheric Administration’s Federal/State Cooperative Program in Weather
Modilication Research are emphasized, but other related results are included. In the context of many significant
new advances toward proving hypotheses by direct measurement, a number ol remaining needs for measure-

ments and corresponding technologies are identilied.

1. INTRODUCTION

Precipitation forms from many processes
over many possible pathways in clouds. These ptoc-
esses and pathways may be altered by cloud seeding.
The complexities and the natural variability ol the
processes and the consequent precipitation make it
extremely diflicult either to predict or to assess the
effects of cloud seeding. Statistical and numerical
modeling approaches to deal with the complexities
and variability require the interactive input of, and
the understanding derived from, direct measure-
ments. To this end. some history, and some new
advances, with a focus mainly on thoge from the Na-
tional Oceanic and Atmospheric Administration’s
(NOAA) Tederal/State  Cooperative  Program  in
Weather Modification Research (Reinking, 1985),
are reviewed in this paper. In the context of these
advances, some needs for other direct measure-
ments and measurement technologies are identified,

2. BACKGROUND

Early cloud seeding experiments using ru-
dimentary measurement technologies have demon-
strated that precipitation can be stimulated to form
and flall from relatively simple clouds. We deline
simple clouds as those that are either small. isolated
or shallow, generally without natural ice, and with
refatively uncomplicated internal structure and mo-
tions. Consider just a few examples to illustrate the
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foundation given to weather modification by the suc-
cesses with simple clouds.

The supercooled stratocumulus  cloud
seeded by V.J. Schaefer in 1946 was not only dissi-
pated bt it was also  quickly converted to
precipitating snowllakes (see Dennis, 1980). Simi-
farly, experimental and operational seeding of su-
percooled foes has not only demonstrated a capabil-
ity for dissipation; it has also shown that ice crystals
that grow Irom the available liquid do indeed pre-
cipitate (e.g., Steele and Reinking, 1966).

Bethwaite et al. (1966) seeded isolated
nonprecipitating cumuli from cloud base and meas-
ured subsequent rain at cloud base with a raindrop
impactor. Cumuli with initial tops at =10° to -14°C
that were seeded with 20 g of silver iodide-silver
iodate produced rain volumes 13 times greater in
the mean than those from nonseeded clouds, Sub-
stantially less seeding material (2 g) had no measur-
able etlect. Kraus and Squires (1947) used dry ice
to seed two cumuli in a seemingly uniformly sizect
population. Within 100 miles ol the seecing aircralt,
only these two clouds grew, explosively, above the
general level of other tops, and produced radar ech-
oes and rain.

New experiments using advanced meas-
urement technologies quantify and confirm the early
results.” For example, an experiment with Alberta
cumuli, using an aircraft with advanced “pointer”
navigation and particle measuring probes to lollow

developing hydrometeors, is reported by Koch-
tubajda  (1985) and Kochtubajda and  English
(1989). The size-concentration distributions of



growing and precipitating ice crystals from seeding
“were tracked and measured from the nucleation lev-
els (0 the melting level near or below cloud base,
and the rain from the melt was tracked to near the
ground, In clouds with lifetimes enduring 20-40
minutes after seeding, aircraft-measurable precipita-
tion was tracked and detected near the ground be-
low 71% of clouds seeded with dry ice, 74%% of
clouds seeded with silver iodide-silver iodate flares,
and only 15% of nonseeded clouds; 37% of the
seeded clouds and none of the nonseeded clouds
produced S-band radar echoes. As expected, the
silver iodide-silver iocate was observed to take some
6--10 min longer to act than the dry ice, due to the
dilference in nucleation mechanisms.

The reader is referred to the many addi-
tional physical demonstrations that leave “no serious
doubt about the existence of convective clouds
which respond to artificial glaciation with increases
in size and increases in precipitation”™ (Dennis,
1980). The thorough historical reviews by Dennis
and in the volume edited by Braham (1986) show
that the same is true (or refatively simple clouds of
other types.

These [ocused measurements add to the
direct and quantitative physical evidence that the
(undamental principles of cloud seeding are sound.
One of the clouds seeded by Kraus and Squires pro-
duced 12 mm of vain over 130 km?2, thus providing
good reason Lo explore seeding for dynamic effects,
However, the more common result is that simple
clouds do not yield substantial precipitation. For ex-
ample, the precipitation from Schaefer’s stratocu-
mulus sublimed alter falling 600 mv into dry air, and
the heaviest rainfall lrom the seeded Alberta cumuli
was equivalent Lo only 1.6 ¢m over | k2.

For more complex clouds with more natu-
ral ice, which might produce more added precipita-
tion, Cooper’s (1986) review shows that cloud con-
ditions do occur where ice crystal concentrations are
the result of temperature-dependent nucleation,
rather than other processes. These concentrations,
as compared with those from secondary ice produc-
tion, are reasonably predictable and substantiate the
hypothesis that some clouds may be ice delicient,
depending on the (lux of liquid water, cloud lite-
time, and precipitation mechanisms. Knowledge ol
these [actors is required for the next step: under-
standing the potentials. Hail suppression is more dif-
licult to understand than precipitation enhance-
ment. There are no measurements directly linking
seeding materials and their effects to decreases in
number or size of hailstones, although theories,
models, and some sound statistical experiments with
hail pad measurements suggest that seeding [or hail
suppression can work (Dennis, 1980; Steering Com-
mittee, 98&8; TFarley, 1987 Flueck et al., 1987;
Smith et al., 1987). Therefore, central remaining
challenges are (1) to demonstrate to the satisfaction
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ol users and scientists thal pet precipitation can be
benelicially increased from larger and more com-
Plex cloud systems, by either static or dynamic seed-
ing, over the area of a watershed, and (2) to deter-
mine if either the microphysics or dynamics of com-
plex conveclive storms can be sulliciently and pre-
dictably altered to suppress hail, in support of mod-
eling and statistical experiments that suggest real
possibilities for both precipitation increase and hail
suppression.

Research toward these goals in the NOAA
Federal/State  Cooperative  Program  (Reinking,
1985) is focused on four key subsets of problems:
(1) determination of the presence, persistence, and
natural utilization ol supercooled liquid water, (2)
determination of potentials and methods for effec-
tive delivery of the seeding material to the super-
cooled liguid water, (3) evaluation and verilication
of the elfects ol seeding, and (4) quantification of
benelits ol any increased precipitation or suppressed
hail. Satisfving proof of hypotheses in these areas
will come only with measurements that provide di-
rect physical evidence.

3. PINYSICAL EVIDENCE: ADVANCES
AND NELDS

3.1 Supcrcooled liquid water

The invention of the dual-channel passive
microwave radiometer (Hogg et al., 1983) 1o pro-
vide continuous measurements ol liquid water and
water vapor has heralded a wave of productive
physical investigations centered on remote sensing.
Many radiometer measurements show highly vari-
able, commonly small, but olten persistent levels of
supercooled  liquid water (SLW) in storms over
mountains (e.p.. Long, 1986; Long et al., 1936:
Reynolds, 1988). The greatest advances are and will
be macde by applying sets and arrays of multiple re-
mote sensors supported by aitborne and surface
measurements: [or example, Long (1986), Long et
al. (1986), §:1sse|1 el al. (1986). Snider et al.
(1986), Meitin and Reinking (1989). Utal et al.
(1989) and others have applied combinations of
Doppler and polarization radars. polarization lidar,
and a radiomeler to study orographic storms in
Utah. These cases and composile studies spatially
and temporally depict cloud and frontal structure;
mesoscale Kinematics; conditions for orographic en-
hancement, blocking with diversion or damming,
gravity flows, etc: water release rates; precipilation
generation processes; fluxes of water substance and
forms of precipitating ice throughout storm passages.
The coordinated use ol satellite and radar remote
sensing to lollow the development and passage of
warm cloud tops and rainbands, as was done in re-
cent Bureau ol Reclamation programs, is reviewed
by Reynolds (1988).



The composite measurements are yielding
an unprecedented but stll partial understanding of
the spatial and temporal evolution of SLW in rela-
tion to storm circulations and their interactions with
the mountains. Such studies show in general that,
lor frontal/orographic storms, observable and poten-
tially predictable “liquid water oppottunities™ ocecur
within but not throughout storm periods, during pe-
riods with low and relatively warm could tops that
minimize chances of natural ice formation, when
either prelrontal or postlrontal moist air flow is per-
pendicular to the mountain barrier, or within em-
bedded convective cells or bands. Concentrations of
liquid water are greatly recluced when llow becomes
oblique to the barrier. even though the regime may
be under the inflluence of cyclonic convergence and
lifting. The liquid water is most consistently ob-
gerved close 1o features that force tifting
through the condensation fevel. rather than at
higher altitudes in deep cloud systems or over the
highest windward mountain slopes.

The vertically integrated precipitable lig-
uid water has been observed to reach values of the
order of | mm, but the probability of it exceeding
0.2 mm is only about 10% in the continental interior
orographic storms in Utah and about 20% in storms
over the Sierra Nevada or Calilornia. The liquid
water can persist, albeit with high variability, for as
long as 6 to 48 hours (Snider et al., 1986: Reynolds,
1988). Occurrences ol lee-side losses of SLW (o
evaporation are olten revealed by rimed trees on
mountain crests. Such losses are not well docu-
mented. although measurements taken with scan-
ning radiometers placed on or near crests could be
used for this purpose. A significant opportunity to
measure the budget of water vapor and liquid water
fluxes over whole watersheds rests with the potential
use of arrays of radiometers and wind prolilers or
Doppler radars. ’

Also needed are sensors to profile and
horizontally locate the liquid water. The three-
dimensional distribution of the liquid water in a
cloud system might be measured using a technique
of differential attenuation at two shott radar wave-
lengths, as [irst suggested by Atlas (1954) and now
being examined by NOAA's Wave Propagation
Laboratory. Preliminary calculations show that ice
particles would produce negligible attenuation in
either the Ka-(0.86 c¢cm) or the X-band (3.22 c¢m),
but 0.2 g m™ of liquid water would produce 2-way
attenuation of abowt 0.5 db/kny in the Ka-band andl
an order of magnitude ltess attenuation in the X-
band. The difference is measurable with state-of-
the-art radars over pathlengths of several kilome-
ters, so a synchronized dual-wavelength method is
promising.

A dual-channel microwave radiometer for
airborne use has heen developed by NOAA's Wave
Propagation Laboratory; this will allow investigators

terrain
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to take the SLW and vapor measuring device to de-
sired locations and altitudes in clouds Lo be studied.

Knowledge ol the temperature of (he
cloud liquid water is crucial to understanding, pre-
dicting and modilying conversion of the water to ice.
A major advance, a combination of a Radio Acous-
tic Sounding System (RASS) with a wind profiler ra-
dar (Strauch et al., 1989), olfers a solution to the
temperature profliling problem in both orographic
and convective regimes and can now provide a ca-
pability to profile the temperature ol (he water,
within convective as well as orographic mixed phase
clouds.

3.2 Delivery

Given that ice particle deliciencies occur
and that cloud volumes with significant liquid water
can be identilied, well-timed and well-dispersed de-
livery of seeding materials, to [ill the cloud-liquid’
volumes, will require carelul, innovative ap-
proaches. A recent assessment ol experimental de-
sign considerations for transport and dispersion of
seeding materials (Warburton et al., 1986) provides
a pood basis for discussing advances in paining
physical evidence for testing hypotheses of delivery.
‘The questions ol how to get the material to the tar-
get volume and how to mix it through the volume in
stable or unstable air are very challenging.

Aerosol-hydrometeor interactions and the
nucleation of ice depend on actual rather than aver-
age particle concentraiions carried in a particular
parcel or turbulent entity. Thus. the fraction of vol-
ume alfected is pertinent, not the average concet-
tration as derived [rom time-averaged Gaussian
models; also, super-position of multiple Gaussian
plumes overestimates the fraction ol volume seeded.
The ropes ol aerosol or tracer need to become part
ol the theory, and the statistic most appropriate for
determining the spread of the aerosol is not the
mean concentration, but rather the concentration
Huctuations enroute to and within the cloud volume
(Warburton et al., 1986). Lagrangian particle diffu-
sion and transport schemes are appropriate.

The plumes of aerosol released over com-
plex terrain or into convection are best described as
rope-like in structure; cloud- and meso-scale eddies
do not mix two plumes, but cause them to weave or
meander together. The history ol an air parcel car-
rying a tracer depends on its path: the path varies
for each passing section ol a plume. Particularly in
cloudy convection. successive steps in extension of
the rope-like plume depend crucially on where the
rope was in the previous “step” of the transport
process. The meandering and the turbulence of ed-
dies the size ol the plume are the two physical
mechanisms that produce concentration fluctua-
tions.



The questions of defivery and verification
‘are being ellectively addressed by the use of air-
borne measurement technologies, SFg gas, indium
oxide, oxygen isotopes, and silver (from Agl) to
trace cloud motions and microphysical processes
(Reinking, 1987; Smith et al., 1989).

Field research has proven the reality ol
the rope-like, spatially confined nature ol plumes
passing over complex terrain, by strategic sampling
of Tallen snow to find silver released as Agl [rom
upwind ground-based, point source generators.
While silver concentrations up to 35 times back-
ground have been observed in seeded Sierra Nevada
snowfall, the “seeding silver” was present only
10-30% of the time in snow samples from periods of
continuous seeding. The excess silver commonly ap-
peared in narrow spatial and temporal zones as ex-
pected from narrow. meandering, precipitation-gen-
erating plumes. On some occasions, however,
groups ol silver sampling sites indicated relatively
uniform dispersion in generating plumes and falling
precipitation, throughout the area for extensive time
periods during storms (Warburton, 1986; Reinking,
1987).

In recent experiments using aircraft with
particle measuring probes and “pointer™ navigation
to follow advecled and liflted air parcels, the en-
hancement ol ice crystal concentrations above back-
ground by seeding has been documented quantita-
tively for both convective and orographic clouds.
For example, Cooper and Lawson (1984) and Mar-
witz and Stewart (1981) have accomplished this in
Bureau ol Reclamation programs. Stith and Benner
(1987) and Stith et al. (1989) have carried this an-
other step in cumulus congestus clouds by identify-
ing the ice due to seeding and separating it from
natural ice by tagging the seeded air parcels with the
SFg tracer gas. The rope-like structure of plumes
during initial dispersion in convective clouds was
conlirmed, but twbulent mixing in the tops of
convective currents tended Lo [ill the volume and
subsequent downdrafts. Also, Stith et al. (1989)
compared, with some initial success, the concentra-
tions- ol ice where SFg was detected (o time- and
temperature-dependent nucleation rates of the seed-
ing material (Agl = AgCl) predicted [rom laboratory
measurements.

For cloud-interactive seeding aerosols that
do not immediately nucleate, there is the need to
know whether the aerosol becomes involved in nu-
cleation and both contributes to and is removed by
precipitation, or whether it is merely removed by
scavenging. Warburton et al. (1985) have ap-
proached this problem by releasing two tracers si-
mullaneously at the same rates and locations: an ac-
tive Agl ice-nucleating aerosol and a passive or inert
(non ice-nucleating) indium  sesquioxide (1n,03)
aerosol. Both types of particles, as generated. were
predominately submicron, and size distributions of
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the Agl complex and 1ny03 were quite simifar. If
these particles were removed through precipitation

by the same mechanisms, Lheir masses in {allen

snow would bear the same type ol relationship to the
water mass. Measured silver (iodide) conlents
showed a strong and posilive correlation with the
water mass of fallen snow; this is contrary o the
normal negative correlations observed [or atmos-
pheric impurities scavenged by precipitation (the in-
ert particle correlation is consistent with scavenging
proportional to volume or surface area of the pre-
cipitation particufates). The data suggest independ-
ence or a slight positive correlation of the indium
(oxide) mass concentrations with the mass of snow,
which, within experimental tolerances, equates 1o
the inert particle correlation. and i< very distinctly
different from the silver-snow mass relationship.
The measurable difference indicates an ice nucleal-
ing component active in the removal ol the silver
iodide aerosol. :

Overall, this work on the questions of ef-
fective delivery shows that ice {rom seeding can be
identified and separated from natural ice by tagging
seeded parcels of air with tracers, and that seeding
material is producing some snow from complex
clouds. However, this work aiso shows that current
methods of delivery and the limits ol dispersion
processes make it very dillicult to properly time and
till either an orographic or a convective cloud vol-
unte with seeding material. New sirategies may be
appropriate. A strategy lor delivery with a design lor
seeding materials to reach only a portion ol the
available liguid water would appear to further com-
promise already limited seeding opportunities when
the static mode of seeding is optimal, but may be
appropriate for the dynamic mode. Cost effeclive-
ness is a factor here. For example, the value of
added water or reduced hail must be considered if
delivery by multiple aircralt is otherwise desirable.

The problem of properly timing the seed-
ing of an evolving volume ol SLW could conceivably
be sidestepped by seeding whenever there is cloud
cover during storm passage or convective cloud de-
velopmeont. Il such an approach is cost effective, it
would still require assessments of the effectiveness
of targeting and potentials lor decleasing precipita-
tion,

Ground-based penerators are in wide use
lor operationally seeding orographic clouds, and
they continue to be used, albeit controversially, (o
seed convective clouds. Thus the release of seeding
materials into clear aiv below cloud base is a stan-
dard practice. Drainage [lows and thermally driven
up-valley flows in mountain valleys have bheen
mapped in detail with measurements from pulsed in-
frared Doppler lidar (Post and Nell, 1986). This de-
vice senses a Irequency shift in infrared energy
backscattered from aerosols that is proportional 1o
the radial components of winds carrying the aerosol.



Many of the unresolved questions of ground-based
delivery might be answered by applyving lidar instru-
mentation and techniques (o map tracer or natural
aerosol gradients and airllows in clear air,

IT cloud seeding technology is to advance
very far beyond its present state. careful, innovative
approaches that include real time monitoring ol dis-
persion and SLW will likely be required for either
research or operational application.

3.3 Evaluation and verification

The questions and challenges of evalu-
ation and verilication of effects of seeding on the
physical “chain of events” comprising the formation
of precipitation are closely interwoven with the SLW
and delivery problems, and much of the work al-
ready mentioned could equally well be exainined in
the evaluation and verilication context. The liguid
water must be available to form precipitation, and to
determine and monitor its presence is to verily one
link in the chain. Likewise. to determine that seed-
ing material has reached the SLAV and is producing
ice crystals and snow is to verily that certain links in
the chain have been modilied.

The utilization of cloud water depends on
the activity of various raindrop and ice processes.
List et al. (1986) identily top priority laboratory ex-
periments (which of late have been all too neglected
in the scheme of obtaining meaninglul measure-
ments and insight): among these are production of
secondary ice. Also included [rom the precipitation
chain are ice crystal agerepation and large drop in-
teractions with effects of electrostatic charging.

Pitter and Finnegan (1988), on the basis
ol laboratory observations. postulate a mechanism
of secondary ice nucleation that proceeds only with
aperegation and is correlated with high electrical
lreezing potentials of dissolved ionizable salts. Czys
(1988) argues that shock-induced freezing (primary
nucleation) may result from collisions of super-
cooled raindrops. The collisions may produce pres-
sure fields which may induce local expansion and
cooling of gas bubbles in the drops: the local cooling
may cause nucleation on neighboring immersed nu-
clei. These new ideas are welcome because neither
secondary nor primary ice is well predicted for com-
plex clouds. This gap in physical evidence and un-
derstanding is limiting the utility of the advanced nu-
merical cloud models, which have outpaced sup-
porting observations.

Intense localized dynamics, large rain-
drops. and wel ice complicate our elforts to measure
and understand isolated and embedded convective
clouds. Determinations of the sum of lactors atlect-
ing their precipitation efliciencies lag flar behind
those for more stratiform orographic clouds. Qur in-
ability to remotely detect and quantify first ice, par-
ticularly in the presence of large drops, is still a ma-
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jor obstacle. However, multiparameter radar meas-
urement techniques offer hope ol distinguishing
varions kinds of large ice particles and determining
raindrop size distributions in mixed phase clouds
(Bringi et al., 1989). This will help to identily active
precipitation-forming processes and to quantitatively
measure rates ol precipitation in the varied forms.

Physical evidence [rom complex clouds
that directly links released seeding material to pre-
cipitation on the ground has not been acquired, ex-
cept in the physical-statistical experiments with sim-
ple cumuli reported by Kochtubajda (1985) and
Kochtubajda and English (1989). Super and Heim-
bach (1989). for example, have elfectively corre-
lated Agl plumes and ice particle concentrations
during a Bureau of Reclamation experiment; they
conclude that “seeding the stable orographic clouds
over the Bridger Range sometimes caused marked
increases in ice particle concentration, presuably
leading to more surface snowfall” (our underline).
For a similar experiment with clouds over the Grand
NMesa, Super and Boe (1989) concluded that pre-
cipitation rates estimated Irom ice particle images at
Hight level supgested increases within the seeded vol-
umes” in eight tests. Correlated surface precipitation
increases wete observed in three of the tests and nog
evident in the others, and again, direct physicai
links between ice from seeding in the cloud and
snow on the ground were not made.

This problem might be solvable by apply-
ing in combination, one or more ol the gas and
aerosol tracer technologies with the technique
known as TRACIR (TRacking Air with Circular po-
larization Radar), which detects depolarized signal
backscatter from chalf libers released into a cloud.
The chalf, which falls at velocities of small precipita-
tion particles (—25 ¢m s7'), may be used as a tracer
{(Moninger and Kroplli, 1987; Martner and Kropfli.
1989) (o simulate or tag first echo from seeding and
the trajectories ol resulting precipitation. This could
be combined with polarization lidar which has al-
ready becn elfectively used to identify and monitor
types ol snow particles falling from cloud base (o the
ground (Sassen et al., 1986; Long et al., 1986).

The various tracer technologies, including
TRACIR, also offer opportunities to determine the
feeder cell vs. main cell sources and transport of
hail embryos, beyond in=storm trajectories analyzed
from multiple Doppler radar studies (Steering Com-
mittee, 1988).

Lee-side sublimation of unprecipitated ice
may represent the greatest loss of water from moun-
tain storms; likewise, the losses to glaciation of
convective clouds may be very signilicant. This phe-
nomenon is pertinent to the overall water budgets of
targeted clouds which need to be determined to esti-
mate the effects of seecling in causing pel increases
or decreases in precipitation. While instrumented
aircraft may be helpful in addressing this problem, a



remote sensor to measure cloud ice mass and flux
from large volumes of cloud is needed. Presently,
K-band Dopptler radars could be uselul for crudely
estimating the flux of large ice particles.

n related faboratory work, Finnegan and
Pitter (1986) show how the dissolution of ionizable
molecules of salls in ice crystals can cause aggrega-
tion, presumably by inducing electric multipoles.
One can envision seeding nucleants with certain hy-
groscopic components to induce apgregation and en-
hance fallout. This kind of approach to enlargement
ol hydrometeors could be very important in reduc-
ing the lee-side losses to sublimation or in converting
convective virga to precipitation.

3.4 Ihysical evidence of benefits

Recent analyses of measured physical ef-
fects of added rain or snow, or reduced hail are gen-
erally lacking. Two exceptions are those reported by
knapp et al. (1988) and Changnon and Hollinger
(1988).

Knapp et al. (1988) interactively used ~
model and measurements of plant processes and in-
filtration of rain into varied soils to estimate the el-
lects of added July and August rainfall on the soil
moisture, crop water use, and stream flow in the
Midwest. The model simulations, based on the
measurements. stggest that a large increase in rain
(10-25%) directly on the crops would be required
1o sulficiently affect crops under stress to help
growth, because any rain during crop stress periods
is normally light and actual additions to the light rain
would be small. However, actual additions for the
same percemtage increases would be greater during
wet periods, and most of any increased summer rain
would po Lo increase groundwater Mows. This would
improve walter quality during dry periods. Also prop-
erly timed irrigation from (increased) groundiater
could alleviate crop stress and add to growth.

Field experiments to evaluate the aclual
elfects of enhanced rain on crop production have
been needed. The unique experiment by Changnon
and Hollinger (1988) uses a 9-m X 48-m mobile,
plastic-covered shelter with a sprinkler system to ex-
clude natural rain but otherwise expose crop plots to
the prevailing weather. Watering is quantilied and
timed to the historical rain-day precipitation record.
for wet, dry and average summers, with water added
to simulate modification. Initial results indicate that
rainfall increases ol 10-40% in {llinois increase corn
and bean yields by 4-20% if raintall is below or near
average.

In a more general analysis, Garcia et al.
(1987) used a long period ol records ol standard
measurements (o study the elfects of technological
advance and weather conditions on crop produc-
tion. They found that an increasing absolute vari-
ability in Midwest corn yield has accompanied a
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continued long-term trend ol increasing average
yield, such that increased precipitation and moder-
ated crop heat stress might reduce risk by alleviating
extreme year-lo-year changes in yield.

Examination ol crop-rainfafl relationships
by Schalfner et al. (1983) suggest that expected in-
creases in crop yields and associated economic
benelits from a 3 c¢cm increase in prowing season
rainfafl would boost the North Dakota state econ-
omy by $0.7 billion annually.

Southwest North Dakota has the highest
ratio ol hail damage claims paid (o insured crop li-
ability within the United States (9-11%). An ex-
ploratory statistical analysis of 61 years ol hail loss
ratios, which are crude but practical measurements,
sugpest 43.5% less hail damage (o crops during 10
years ol operational hail suppression. This is not ex-
plained by climate variations. Such a reduction, if
attributable 1o seeding, supports a benelit-to-cost ra-
tio of 8&:1 for the operations (Smith et al., {987).
Only direct physical evidence from specific cloud.
precipitation and other meteorological measure-
ments will confirm such analyses,

4, CONCLUSIONS

The physical evidence accumutated so far
proves that cloud seeding enhances precipilation
when the right kind and amount of material is ap-
plied at the right time and place in a cloud. The task
of determining what is “right” in microphysically
and dynamically complex clouds is very difficult.
The realized and potential advances in capabilities
for cloud and precipitation measurerment bave taken
the science of cloud seeding well heyond the plateau
of the 1970's. These capabilities provide input and
verification lor statistical, theoretical and numerical
modeiing approaches which continue to be appro-
priate Lo use interactively with direct measurements
to gain more complete understancing and predict-
ability of the natural and modilied precipitation
processes. The new and emerging technologies may
now enable us to meet the challenges of measuring if
and when a complex cloud system is “right,” il and
how seeding material can be eflectively delivered,
and whether nel precipitation over an area can or
cannot be beneficially increased or hail can be re-
duced.

Central to all of this, detection of substan-
tial liquid water within the lifetime of a cloud ele-
ment is to be recognized as a necessary but not sulfi-
cient condition for finding seeding potential, which
also depends on all ol the lactors that determine the
natural precipitation elliciency and on the conse-
quent eflect of seeding on the net water budget of
the entire volume of targeted clouds., Natural pre-
cipitation (in)efficiencies of complex cloud systems
are unknown and need (o be medasured and under-



stood. as do the potentially modiliable links belwveen
hail embryos and hailstones.
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1 AURET {Centre for Advanced Computing & Decision Support)
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CSIR

P 0 Box 395, PRETORIA 0001 South Africa

INTRODUCTION Funding and general management are provided by

the Corporation for Atmospheric Water Supply
The Program for Atmospheric Water Supply (PAWS) (CRAWS) . In January 1987 scientific direction
js a randomized summer rzin stimulation experi- for the project was placed in the hands of
ment utilizing dry ice released by Learjet as CSIR, a national science institute, to reduce
the seeding agent. Seeding 1is done during

penetration into growing turrets of convective
storms at the =-10°C level. The main goal of
the PAWS is to increase the water supply to all
the people Tliving in the dry climate of South
Africa, but particularly to the Eastern Trans-
vaal where rapid industrial and population
growth will require additional water within the
next generation. The experiment is now

examining the physical effects of seeding on

individual cloud systems. In the future, it is

expected that statistical evaluations will be

carried out over predetermined areas on the

ground. The PAWS study has been on-going since

1981 and js partially described in Grosh

(1988a}, Dixon and Mather (1986}, Morriscn et Figure 1: The new PAWS rain gauge network

al. (1986) and Mather et al. (1986), where the dependence on and expense of foreign
initial radar and airborne microphysical consulting firms, to develop local expertise,
analyses are briefly discussed. A series of to expand the investigations, and to begin the
lengthy annual reports supplies more compliete process of independent confirmation of the very
and current information (Grosh, 1988b). promising initial results. The importance of a
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supporting institution with a broad scientific
to successful rain stimulation projects is
in Grosh (1989).

contracted for within CSIR

base
discussed Independent statis-
tical analysis was
1988)

undertaken at that time.

{Galpin, and preliminary cloud modelling

In 1988 a new scientific director was appointed
CSIR.

independent

within At this point, three originally
CSIR scientific projects also began
to contribute to the rain stimulation studies
through the office of the scientific director.

These dealt with radar rainfall measurements,

lightning Tlocations, and investigations of ice

particles in a coidroom laboratory. Thus, the
now has seven major components: scien-
field

statistical analyses, rain measure-

eroject

tific director, operations {mainly

CloudQuest),
ment, electrical

probing, Tlaboratcry studies,

and cloud modelling. The purpose of this note
stages of the CSIR

and the current state of

is to describe the early

development process,

the expanding project.

The primary evaluation of PAWS is provided by

the project radar which radiates at 5 cm wave-

length and performs a fully digitised three-di-
mensional volume scan every 7 or 8 minutes.
Recently the radar site has been wmoved to

Carolina, about 110 km to the southwest of its
original TJocation at Nelspruit (Figure 1). The
move was made to obtain improved viewing
geometry and to be cleser to the hydrolegic

centroid of the Eastern Transvaal. lans are

underway to expand the new rain gauge network
to forty gauges, and improvement of the project
radar

facilities (to 10 cm) is thought likely

to occur soon as well,

Twe aircraft now serve the project, an Aerocom=-

mandeyr for cloud base studies and a very maneu-
verable Learjet for seeding and penetration
studies. The Learjet utilizes the 2D-C, FSSP,

and King Het Wire probes, amongst others. In
addition, the jet engine is used as the evapor-

ator in the first stage of a Lyman~alpha total
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meter.
2D-P probe.
being developed for
studies. ATl
and operated by
CloudQuest,

the project since its inception.

water

with a

The cloud base plane is eguipped
The nose radars of both
planes are quantitative
precipitation these facilities
are maintained a commercia’

subcontractor, which has keen with

The development of
total

the jet engine evaporater/
meter is5 cne cf the

the PAWS project.

water principal

ccomplishments of Its main

advantage over earlier total water meters is
its  very large sampte vclume, 15 m3/sec
(Morgan et al., 1986; ¥Kyle, 1975; Grosh,
1988a).

The two subprojects dealing with electrical
effects on precipitation growth and radar

rainfall measurements have additioral special

equipment including four radars (one a vertical-
1y pointing Doppler, one a long-wave lightning
detector}, several distrometers and rain gauges

and an array of five VHF radio receivers for

determining the location of lightning dischar-

ges. However, these are nect located in the

seeding area.

w

CloudQuest

In additicn to field cperaticrns, CloudQuest has

always played a strong role

PAWS

contributions has

in plannirg and
activities.
been the

evaluating the

One of the

experimental
main
identification of the very useful stratifica-
tion
When

variable, the coalescence time parameter.
the ratio of the cloud base temperature to
the 500 mb temperature buoyancy is greater than
coalescence drop growth is

two, relatively

favoured by the long time available for colli-

sions as the cloud air rises slowly toward the
-10°C flight Tlevel. The Learjet 2D-C observa~
tions confirm the effectiveness of this para-
meter in identifying conditions in which coal-
escence is dominant, as indicated by encounters

targe at the -10°C
Tevel. The

analysis of the

droplets (>300 wum)
use ¢f this parameter is in
PAWS radar data.

suggest that when

main
Early indi-

cations large droplets are



present at the seeding level, seeding effects
on storm size and rain are more likely to be
significant. In other words, a '"dynamic"
seeding effect receives some support in the
Eastern Transvaal.

Laboratory

A 23 m® cocldroom (~10°C) 1is being obtained
for cloud physic studies, such as of the" ice

whiskers" associated with the dry ice seeding

pellets. A small vertical wind tunnel is alsc

available.

Lightning Probing

The programme of lightning research is carried

out at a field station near Johannesburg.
Paths of lightning flashes are traced by locat~
ing the sources of radio noise emitted by the
flashes themselves. This is done by measuring

the differences in the times of arrival of
at the §

The noise is

noise widely spaced VHF receivers.

retransmitted over microwave-

Tengths te  the main station where it is

h
recorded on & laser optical recorder which can

record 5 channels, =ach with a bandwidth of &

MHz for an uninterrupted duration of 20 min.
These cbhservations are  supplemented by
field

type of

recordings of electrical
of which the
identified. In
can be

in the

changes, by

means flash can be

many cases the field-changes

used to compute the current that flowed

channel as well as the charge that was

carried by a .streamer, because its path is

known, However, in order to do this it is

necessary to assume the form of the charge

distribution. The form of the charge distribu-
tion is not criticel but the measured wave form
cannot be

distribution

regenerated from the data if a peint
is assumed.

The learjet will conduct limited studies in

this

conditions

network to determine if the meteorological
(draft

associated with

structure, water contents)
the lightning Tocaticns can be

ascertained.
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Rainfall Measurement Usage

This
reascns  for the
aloft

the ground

investigation concentrates cn finding the
9

differerces in rader measured
and gauge meazsured rainfall at
h

different

rainfall
using two approache

9
9.3 GHz

modelling and observation. A

vertically pointing Doppler radar with eight

nearby rain gauges and two anemometers ave usad
tc make observaticns.

Amongst ceveral
fall

factors which change the rain-
with

giving the largesti differences ketween rainfall

structure altitude, the combkination

aleft and at the ground appears to be the hori-
zontal wind and differential drep fall veloci-
ties. Mcdelling these shows that differences
in the vrainfall rate of up tc 100% can be

a 600 m fall.
a simple model for still air which

obtained over An example cf the
output from
measured

uses rainfall rates as input is given

in Figure 2. Here the maxima alcft and at the
differ by 19%.

reducticns,

In addition tc amplitude
Both

worse the higher the pcint of ori-

ground
phase shifts are also commen.
will become

gin (radar observation level) is above ground.

Testing these models by applying them tc the
Doppler vradar measurements is currently teing
undertaken.

Few studies have dealt with the actual causes

of the discrepancies in radar rain measure-
ments. Thus, it is believed that this subpro~
Ject wil?l help determine the most efficient

means of measuring surface rains when PAWS

requires areal rain measurements.

Statistical Analyses

Full independent statistical and physical eval-
effect on the PAWS

te resolve

uations of the

will

seeding

storms ccme only with time

conflicts in sampling and statistical analysis

procedures between CSIR and CloudQuest and to

ponder the physical circumstances, For now,
the seven razdar variables {out cf 2EC availzbie
which

closely related to the rain producing

radar variables) intuition tells us are

the most
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Figure 2. The effects of differential drop velocity
on rain rates and reflectivity.
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capabilities of storms are examined in a simple

comparison of the two most relevant treatments.

The significance of the difference between the
seeded and unseeded (and unpenetrated) clouds
for the mean echo top height {variable number
13), area (60), volume (28), mass {(36), rain-
flux at 3° elevation angle (68), rainflux at 6
km (76) and precipitable water (84) are listed
in Table 1 {Galpin, 1988; Appendix A, Table E).
In this data stratification no cases are
included without pretreatment echoes or with

the coalescence time parameter less than 2.

This table
with 23
Obviously,

Tooks promising for seeding e*fects
at the 5% level.

study is required

significant cases
however, further
the effects of the pretreatment (-10

bias.

to remove

to 0) This is being examined with a co~
variance
that the

pretreatment

analysis. Nevertheless, it appears
requirement for the of

employed by the CSIR stati-

existence
echo

sticians may be contributing to the difference

with the earlier CloudQuest analysis. For
example, this sample of 65 echoes only shows a
factor of two rainflux {and echo area} enhance-
ment for the seed group, compared with the
factor of four increases for the total sample
examined by CloudQuest 1in the 1986/87 Annual
Report (N = 147 storms). The CloudQuest data

included two categories not used in the CSIR

analysis, {1) penetrated storms which were not
seeded, and (2) storms with no pretreatment
cell echo. The existence of pretreatment echo,

makes it possible to examine one of the many

Table 1: Significance
via
and

probabilities
re-randomization).

echo required before

Appendix A, Table E.)

(the

Unfortunately, in the

possible bias indicators radar observa-
before
65

seven

tions seeding]}.

smalier echo CSIR subsampler a1l but one of

these echo variables 1is significantly
different for the seeded case before treatment.
This suggests a

although the

However,

biased subsample.
possibility of accidental bias in
sampling is
the

controlled,

always going to be rvelatively high
cf

the total sample does not appear to

given number variables which must be

suffer bias.
that
strongly

Furthermore, Gagin has also shown
early seeding (relative to echo life) may
the of the

the early seeded PAWS cases

impact on effectiveness
Thus,

receive more attention.

treatment.
must also These cases
probably make a very substantial contributicn
to the overall PAWS seeding effect.

the

Consequent -

1y, pretreatment eche constraint will be

relaxed for some future CSIR analyses.
The of numerical cloud models 1{s also
suggested, both to

bias and to better

use

eliminate the effects of

Tink cause to effect.

Cloud Models

In the vpast, a2 broad spectrum of numerical
cloud modelling studies have been undertaken at
CSIR.

and precipitation development, and included the

These related to cloud growth processes

use of large computers. One, two and three-di-
mensional cloud models (Steiner, 1973} studied
the energy and water transformations during the

lives of storms (Reuter, 1988).

for seeding effects {mean comparison
Data stratification, coalescence active,
treatment, N = 65 (see Galpin, 1988,
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Period {min) | ~10 to O | O to 10 | 10 to 20 | 20 to 30 | 30 to 40 ﬂ
Variable
Height (13) - - .95 .95 -
Volume (28) .99 1.00 1.00 .99 .95
Mass (36) .99 1.00 1.00 .99 .91
i Area (60) .94 1.00 .99 .99 .97 &
' Rainf lux .99 1.00 | .99 .99 .98
! at 3° (68) |
* Rainflux at .97 1 1.00 .99 .98 -
L 6 km (76) : E
Precipitable 1,00 | 1.00 1.00 99 1 -
water (84) ; . N
—emr o —== = - s vz Loseom e 2oall



scientific studies have

These related to

However, more basic

alsoc been performed at CSIR.

the more realistic calculation of the

collection kernel for cloud drop collisions in

a turbulent environment via a stochastic

The

displacements

assumes white noise random

the

model. mode 1

drop proportional to
turbulent diffusion coefficient and introduced
the

into

stochastic differential equations
The

equation

use of
the field of precipitation studies.
Plank type of differential
to be solved numerically only once, yet
the

Fokker=-
needs

entire probabilistic nature of the
Thus,

calculations

covers
probiem. the new model avoids the high
required for the older
The results show that

the

number of
Monte Carlo simulations.

turbulence enhances probability of

particularly for droplet radii of
1988}.

not appear to be

collisions,
that 50 um
the

less (Reuter et al.,

However, enhancement does

adequate to explain observations of the most

rapid rain development rates.

Now, extensive application of simpler one-dimen-
numerical cloud models will also be made
the

sional

te identify atmospheric thermodynamic

conditions suitable for successful cloud

seeding.

In the future, it is planned to adopt the newer
which
observations as input to analyse
These
expected to be a powerful tool in
the

multi-dimensional cloud models utilise

Doppler radar
the results of cloud seeding activities.
models are

identifying seeding signals  amongst
variability of
the
input may supply very realistic

to the model

otherwise great natural

cenvective rain  processes since rapidly

updated radar
pre-seeding in cloud conditions

predictions. Great reductions in experiment

duration and in the uncertainty of establishing
a seeding
the physical

better identified.

effect are possible. Most important,

actua? mechanisms acting will be

99
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