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The subjects in this volume cover a broad range of topics within the general field of weather modification.
These range from hail suppression and precipitation augmentation to fundamental research and the important
aspects of models. A few of the reviewers felt some of the programresults, both research and operational, were
controversial and sometimes overstated. Modifications and language changes were suggested, sometimes strongly
so, and the authors responded. In the end, the 19 papers accepted for publication in VoL22 represent the flavor
of current weather modification activities throughout muchof the world.
Since about 1980, weather modification research has suffered a downwardtrend in overall federal funding.
It is not the first time this trend has occurred since the moderntechnologybeganits evolvementin the late 1940’s.
Curiously enough, the trend of applied cloud seeding since 1980 has not followed this same trend. Rather, there
has been a low but steady increase in these applied programs. Well organized and executed fundamental research
efforts are extremely important to the overall weather modification field and the Association is hopeful there will
soon be a reversal in this present trend. The papers in this Volumeillustrate the importanceof a strong continuing
fundamental research policy.
And finally, on 15 November1989, Dr. Patrick Squires, was honored at the Desert Research Institute,
Atmospheric Sciences Center, Reno, Nevada. The University established the Library of Atmospheric Sciences in
his name. Photos by Gary Weller, DR1, are included in this volume. The Association adds its congratulations
to a fine gentleman and historic leader in the field of weather modification.
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North Dakota Cloud Modification

Program (NDCMP)

A tomadic mesoscale convective .system (MCS)covers most
western North Dakotaas shownin this infrared satellite image
recorded at OOZ29 June 1989. The North Dakota Cloud
Modification Program,an operational hail suppression project
which relies on airborne seeding of developing convection,
employedreal-time satellite imagery to assist decision making.
The coldest cloud tops (cream color, about -55"C) were
associated with hail of up to 1.75 inch diameter. Thoughthe
MCS moved through the heart of one of the NDCMP
operationaldistricts, only three of the twenty-eight hail reports
received camefrom within that district. (For moreinformation,
see paper by Boe and Jung.)
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ADVERTISEMENTS

Radar Results of the 1986
Relatinq to the Desiqn

Exploratory
Field Proqram
and Evaluation of PACE

Nancy Westcott
Climate and Meteorology
Section
Illinois State Water Survey
Champaign, Illinois 61820

Abstract.
The initial phase of the Precipitation
Augmentation
for Crops Experiment (PACE), directed at enhancing rainfall was
conducted
in Illinois
during the summer of 1986. This first
experiment resulted in a limited sample, (19 clouds and
experimental
units), but one sufficient to provide information¯
pertinent to the design and evaluation of future efforts.
In particular,
it was determined
that differences
in
meteorological
conditions may mask any seeding signature present,
requiring that the experimental
units be stratified
or
normalized.
It was found that for these clouds, the height of
the echo at first detection and the age of the echo at treatment
(AgI or placebo) have an important bearing on the expected growth
of the echo. Additionally,
the area and reflectivity
of the echo
at 6 km at the time of treatment seem to be related to the
maximum size attained by the echo cores. That is, the larger the
echo at treatment, the larger the echo can be expected to grow.
However, the growth of the echo core in terms of
reflectivity,
height and area appeared to slow as the echo cores
matured.
This suggests that explosive
growth sometimes
expected
from cloud seeding may not be the rule in this area of the
country and that a comparison
of before and after treatment
growth rates may not be a good evaluation
tool. Rather, the post
treatment growth, with the experimental
units stratified by the
age of the echo at treatment and by the height of formation may
be more useful in discriminating
seeding effects.
Radar derived predictor variables were examined to assess
echo behavior based on the ambient weather conditions,
and
response variables were developed which may be useful in
detecting
potential
seeding effects. Inferences
were made with
regard to stratification
of the data, experimental
unit
definition,
and cloud behavior.
This work emphasized,
as others
have found, the need for predictor variables and a large sample.

INTRODUCTION
Small, actively growing cumulus
clouds, isolated, clustered or adjacent to
¯
large storms have been the focus of cloud
physics studies and weather modification
research
for many years. Much of the
early research in the central united
States centered on the naturally occurring
microphysical
processes potentially
responsible
for the onset of convective
rainfall (eog. Byers, et al., 1953;
Koenig, 1963; Braham, 1964; Ackerman and
Westcott,
1986). Evidence
indicates
that
cloud droplet growth by condensation,
followed by precipitation
growth by
coalescence
is an important rain
initiation
mechanism in the Midwest.
Glaciation
often is observed concurrently
or following the development
of
precipitation
sized drops (Koenig, 1963;
Braham, 1964).

More recently, a new effort has been
initiated to determine whether and under
what conditions
summer precipitation
in
Illinois can be enhanced by cloud seeding
as part of the Precipitation
Augmentation
for Crops Experiment
(PACE). During July
and August 1986, a field experiment
was
conducted in central Illinois as the first
step in the exploratory
phase of PACE.
The experimental
design involved
randomized cloud seeding to test the
dynamic seeding hypothesis,
and the use of
radar data, cloud microphysical
aircraft
data, and synoptic scale meteorological
data as evaluation tools (Changnon,
1985;
Changnon and Huff, 1987).
In the early stage of the 1986 radar
reflectivity
analysis, it was found that
individual echo cores could be identified
as the sampled clouds and that these cores
could be tracked in height and time to

when they first reached their maximum
height, reflectivity,
and >35 dBZ area.
According to the dynamic seeding
hypothesis,
the seeding effects begin with
the rapid release of latent heat, followed
by enhanced vertical and horizontal cloud
growth. It therefore
should be easiest to
detect effects in the behavior of the
individual
cores. Thus, the approach
used
here has been to study the growth
characteristics
of the individual treated
cores employing interpolated
reflectivity
measurements,
as in the Gagin, et. al.
(1985), Kraus, et. al. (1987),
Rosenfeld and Woodley (1989) studies.
The objective of this investigation
is to describe echo core growth properties
in the context of the local environmental
conditions
in order to: I) explore the
usefulness
of echo core characteristics
at
the time of first echo detection and at
the time of treatment as possible
predictors
of convective conditions and 2)
evaluate the use of echo core growth
behavior following treatment as possible
response
variables.
This paper also will
examine the design of the experimental
program and the analysis in light of the
multicellular
nature of the storms, the
large degree of within day and between
variability,
and the requirement
for a
more rapid acquisition
of sampling units.
2.

DATA

2.1

Field

SOURCE

AND METHODOLOGY

operations

The project operational
center was
located at the NSF/ISWS CHILL radar site
in Savoy, Illinois
(CMI). During the
field program, 10-cm reflectivity
data
were collected at 512 range bins, each
representing
a 300 m deep (i ° wide) disk,
out to 150 km. The radar was operated
in
a 360 ° scan mode designed to top all
echoes in the area, completing a volume of
i0 to 16 elevation steps within 3 to 5
minutes.
The study area encompassed
the region
within 120 km of the radar. Seeding at
the -10°C level was accomplished
by a
Cessna 421C Golden Eagle III aircraft with
20 gram silver iodide or placebo
pyrotechnic
flares, in a manner similar to
many operational
projects in this area.
These flares were released in-cloud, but
near cloud top where liquid water
concentrations
were generally greater than
0.5 g m -~, as measured by a JohnsonWilliams hot wire meter and where upd[aft
speeds were greater than about 2 m s- , as
measured
by a ball variometer.
Aircraft
positions were computed by both a Loran C
and a VOR/DME system.
Randomization
was based on an
experimental
unit that corresponded
to a
clearly definable rain producing synoptic
weather system. Due to unusually
dry
weather conditions in August 1986, only
three suitable daytime rain periods
occurred during the program, one on August

6 and two on August 26. Treatment
with
silver iodide flares occurred durinq 2 of
these fights and with placebo flares on a
third flight.
In all, 30 treatment
passes
were made through a total of 20 clouds.
2.2

Data

analysis

Volumes covering the history of the
treated clouds were interpolated
using a
bilinear interpolation
scheme (8 closest
radar bins to a particular
grid location)
onto 121 km x 61 km x 15 km Cartesian
grids, with 1 km resolution
in each
direction.
The approximate
location
of
the aircraft penetrations
were plotted on
the reflectivity
fields.
For purposes of comparison,
a minimum
reflectivity
of 15 dBZ was imposed on the
data used in this analysis.
The areal
coverage and reflectivity
history of the
specific echo cores associated
with 19 of
the treated clouds were manually tracked
in time and height. Eighteen
of the 19
cores were joined at some point in their
life with an adjacent core at some
reflectivity
level, half within their
first five minutes and the remainder
within 20 minutes.
In these cases, a
boundary indicated by a minimum in
reflectivity
values was delineated
in
order to sum the area of the echo core at
each given height. The history of each
echo core was ended not when it became
joined with another but when it could no
longer be distinguished
with any
certainty.
In most cases this occurred
after the core had reached its maximum
height, area, and reflectivity.
In the
following discussion,
the echo cores are
referred to simply as echoes.
The maximum reflectivity
and the area
of the echo at each height were recordedl
For each given radar volume,.the
peak
value of reflectivity
and the peak area at
any height within the echo were used to
provide a general indication
of the echo
size and strength
at that time. The peak
echo core area was computed for coverage
by reflectivities
of >15 and >35 dBZ.
The
echo top height associated
with each
treated cloud also was recorded for each
given time. The height of the peak
reflectivity
at the time of initial
detection and at the treatment time was
noted, to help visualize the structure
of
the echo. In addition,
the value of the
peak reflectivity
and echo area at the 6
km level were considered
to provide an
indication
of the cloud conditions found
near the treatment level (about 5.5 km).
The peak values at the time of first
detection
(for reflectivities
> 15 dBZ)
the treatment time, and at the time the
maximum value of a particular
parameter
was reached (see Appendix),
were used
calculating
the growth rates of the
individual
echoes.
Because the radar
volumes spanned 3 to 5 minutes, the time
of first detection
and the time of maximum
value are approximations
and could have

been underestimated
by as much as 5 min.
Thus, the rates calculated
are only
estimates.
The mid-time
of the radar
volume to the nearest half minute was used
as the observation
time, and the aircraft
pass time was taken as the nearest half
minute to the mid-time of the aircraft
pass.
3.

DESCRIPTION

OF THE EXPERIMENTAL

UNITS

The environmental
conditions
under
which convection
took place were similar
in several
respects.
In particular,
the
three convective
periods were
characterized
by relativel~
warm cloud
base temperatures
(16 - 20~C) and ample
moisture in the lowest part of the
troposphere,
(surface mixing ratios of 1416 g/kg). However, as will be noted,
other conditions
prevailed which
influenced
the growth behavior of the
individual cores.
3.1

Afternoon

of August

cloud 3 presented in Fig. 1 illustrates
the tendency of the echo cores to form low
and then slowly grow in height. The
treated system had been active for some
hours, but cloud tops had not reached the
flight level. Eight treatment
passes were
made through 5 clouds concentrated
within
this single line of storms.
New growth
was occurring on the WSW end of this small
line. In examining
Fig. 2, it is apparent
that substantial
echo was present below
the flight level at the time of treatment,
even though the aircraft treated the cloud
as it rose through the -i0 ° level. The
nearest area of convection reaching 6 km
during this period was i00 km to the NE.
8-6-86
FLIGHT 2
CLOUD I
7

6, 1986

The first experimental
flight
occurred between 1556 - 1746 cdt and was
centered on a narrow line of thunderstorms
located 65 km to the southwest of CMI.
The afternoon
convection was associated
with a gradually strengthening
trough
extending from a surface low to the north
which was moving into the area. By 1800
CDT, the trough was analyzed at the
surface as a cold front stretching
from
Chicago southward through east-central
Illinois and then southwestward
through
St. Louis. Treatment
began at 1631 cdt
and was terminated
abruptly
at 1703,
after a weak tornado was sighted within
the study area. While scattered
highbased clouds had been observed in the area
since late morning, only after 1500 CDT
did this convection
become suitable for
treatment
(grow to the -10°C level). The
1514 sounding launched from the radar site
(CMI) was conditionally
unstable below the
lifted condensation
level (LCL), and
neutral with respect to the saturated
adiabat above 880 mb. A prominent
feature
of this sounding was a very rapid drying
above 600 mb (4.4 km msl).
The LCL and the convective
condensation
level (CCL) were nearly
identical (16°C at I.i km), suggesting
that surface heating was sufficient to
initiate
convection.
Also, the target
surfgce
~onvergence
during the afternoon
-~
-~,
(i0
s
as determined
from analysis of
the NWS first-order
stations)
was
favorable
for enhancement
of the
convection
moving into the study area from
the west. The vertical
shear of the wind
(surface to 500 mb) on this afternoon and
on the afternoon of 26 August was fairly
weak (15-20 m/s).
Visual observations
from theproject
aircraft indicated cloud base at 0.8 km.
Echoes formed at or below the freezing
level, 4.4 km msl (minimum reflectivity
of
about l0 dBZ). The time-height
history
of

2
0

"~ (c~’r)
Figure

3.2

i. Time-height
history of the peak
reflectivity
found in echo core
1 on August 6, 1986. The
treatment pass is denoted by a
circle at 6 km.

Morninq

of Auqust

26, 1986

The treatment flight for this
experimental
unit was from 0846 - 1202
CDT. This system was composed
of
thunderstorms
forming in the warm air mass
about 250 km ahead of a strong, slowly
moving cold front. The 0700 CDT, Salem
sounding (SLO, 160 km to the SSW of CMI)
showed conditionally
unstable conditions
above a shallow surface inversion to 500
mb, with a deep moist layer from the
surface to 450 mb (6.5 km msl). Visual
reports from the aircraft indicated a
variable cloud base, with multiple layers
of clouds. The cloud-base
temperature
and
height were estimated as 18-19vC, at about
1-1.5 km msl. Surface heating was
inhibited by a cirrus overcast and an
analysis of surface winds indicated only
weak convergence
in the area. The
vertical shear from the surface to 500 mb
was weak (8 m/s).
The area of convection that was
treated had originated
in southern Iowa
near midnight and moved southeastward
into
the study area by morning.
By 1145 CDT,
the clouds were moving out of the study
area and rapidly diminishing
in intensity.
Little convective
activity occurred in the
area from 1200 until 1500, when convection
more directly associated
with the cold
front began to move into the area.

¯ 162922-163330 COT

~ km

(-So,
-7o)
Figure

2.

(~o,

I, 4, 6 km CAPPIs
near the time of cloud i pass 1 on
August
6, 1986. Reflectivity
is contoured
in l0 dBZ
intervals,
beginning
at 15 dBZ.
Distance
from the
The echo
core
radar
is noted
in parentheses.
associated
with the treated
cloud is indicated
by an
arrow at 6 km.

Ten treatment passes were made in a
total of 8 clouds between 0958 and 1131
CDT, in a region 60 to 75 km to the SW and
SE of the radar. Echoes (i0 dBZ) first
formed at or above the freezing level (4.4
km msl). An example of the tendency for
these echoes to form aloft and then appear
to grow downward is presented in the Fig.

3, time-height
history.
In five
instances,
treatment occurred in echoes
(15 dBZ minimum reflectivity)
separated
from all other echoes by at least 3 km,
and in the other three cases new growth
was immediately
adjacent to an existing
echo. An illustration
of the echo field
is presented in Fig. 4.

8-26-86
FL I GHT
CLOUDI

Figure

3.

Time-height
history
of the peak
reflectivity
found
in echo
core
i0 on August
26, 1986,
flight
I.
The treatment
pass
is denoted
by
a circle
at 6 km.

"...................
’°’’~
¯..................
!........................
’"~’"’-~’T
..................

©
(-io, -6o)
Figure

4.

CAPPIs
at 2, 4,
1 on August
26,

(11o, -6o)
and 6 km near the time
of cloud
1986,
flight
i; as in Fig. 3.

i0

pass

3.3

Afternoon

of Auqust

26, 1986

The treatment flight within the third
experimental
unit was from 1507 - 1900
CDT, in an area of thunderstorms
forming
just ahead of a strong cold front.
Frontal passage at CMI occurred at
approximately
1800 CDT. The 1417 CMI
sounding indicated unstable conditions
below the LCL, conditional
instability
to
700 mb, and neutral stability above to at
least 500 mb. As in the morning moisture
was available through a deep layer to 450
mb (6.5 km msl). The morning and mid
afternoon soundings on August 26 both were
more unstable than the August 6 CMI
sounding.
Cloud base temperatures
estimated from the LCL and CCL were 20 and
16 C, respectively,
at heights of 1.5-2.0
km msl. Visual observations
from the
aircraft indicated a cloud base of 2 km
msl. ~Surface convergence
greater than -2
x I0 -D s -± was present in the east-central
Illinois area during much of the
afternoon.
Treatment of 7 clouds occurred
between 1558 and 1828 CDT, although only 6
clouds were analyzed due to a problem in
determining
the aircraft position for that
cloud. The echoes appeared
to straddle
the freezing level (4.7 km msl)
formation,
as exemplified
in the Fig. 5
time-height
history. These clouds were
generally a part of a broad line,
associated
with the cold front (Fig. 6).
RESULTS
RELATING

ON RADAR ECHO BEHAVIOR
TO METEOROLOGICAL
CONDITIONS

An important early finding of this
study was that an echo was typically
present in the target clouds before or at
the time of treatment.
It follows that in
order to separate out treatment effects
from that of the local environment
in
which the cloud develops, echo
characteristics
of the clouds when they
first are observed and at the time of

treatment
are important control
parameters.
The character
of the echoes
at first detection may aide in predicting
the intensity of the convectionr
as in the
results of Towery and Changnon (1970),
Changnon (1976, 1978), Braham (1981),
Westcott
(1989). These studies
indicated
that echoes which grow within or become
part of a more organized system tend to
form at a higher altitude than those that
are more isolated.
Other work (Ochs and
Semonin, 1979; Johnson, 1982; and Smith
et. al., 1986) has indicated
that the
height of the first echo can be related to
the thermodynamic
structure of the
environment
and possibly to the strength
of the updraft of the individual
cores.
In a population
study of radar echoes
cores taken from two days during P~CE86,
Westcott (1989) also found that the
variability
of first echo heights was as
large within a day as between days. This
variability
may result from both the
individual
cloud characteristics
as well
as from the radar volume sampling period
(-4 min.). Kere, in order to compensate
for the large variability
and the small
number of echo cores, the cores were
grouped on an experimental
unit basis to
more easily delineate trends caused by
meteorological
factors relevant to a given
day.
4.1

Echo characteristics
detection

Distinct differences
in the average
heights
of the flrstecho
are clearly
observed
for the 3 units (Table i). The
echoes on the morning August 26 (unit 2)
formed at levels at or above the 0°C
isotherm, and the echoes in units I and 3
formed at or below the freezing level.
However, there were only small differences
in the reflectivlty
and area of the echoes
at the time of their firstdetection,
with
the first echoes from August 26, in the

8-26-86
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at first

FLIGHT32
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5. Time-height
history of the peak reflectivity
found in
echo core 3 on August
26, 1986,
flight
2.
The
treatment pass is denoted by a circle at 6 km.

"REVIEWED"

160349-160715

(-!10,
Figure

(10, 301

30)

6. CAPPIs at 2, 4, and 6 km near the time of cloud
1 on August 26, 1986, flight 2; as in Fig. 3.

mean, taller, and slightly larger and
stronger than those from August 6.
4.2

CDT "~~
d;

Echo characteristics
treatment

at first

Echo characteristics
at the time of
treatment not only could be important in
evaluating
echo behavior resulting from
environmental
conditions,
this information
in the context of that taken at first
detection will indicate the stage of
development
in which treatment first
occurred.

3 pass

Between day differences
in the mean
reflectivity
and area of the sample echoes
(Table 2) were larger at the time
treatment
than at first detection.
In
general, the units with wider echo cores
had larger mean reflectivities.
The
height of the echoes at this time,
however, did not appear to be related to
either their area or reflectivity.
Rather, the trend might be explained
by a
combination
of both the height of
formation of the echo and by the age of
the echo at first treatment.

Table i. Sample mean (X), standard
deviation
[SD) and sample
size (N) for echo parameters
at time of first detection.

Date

Unit
No.

Refl.
(dBZ)

Ht. of
Peak Refl.
(km)

Echo
Top
(km)

Area
dBZ > 15
(~2)

of 0°C
othe rm
(kin agl)

8-06-86
PM

1

X
SD
N

19.8
4.6
4

2.3
1.0
4

4.0
0.8
4

5.0
2.2
4

4.2

8-26-86
AM

2

X
SD
N

23.9
8.2
8

5.2
0.8
8

6.0
i.I
8

6.1
7.5
8

4.2

8-26-86
PM

3

X
SD
N

26.0
4.6
6

3.8
0.7
6

5.3
1.2
6

5.8
3.4
6

4.6

Table 2. Sample mean (X), standard deviation
(SD), and sample
size (N) of the time from first detection to treatment,
and for parameters
at the time of first treatment.

Unit
No.

Time to
First
Treatment
(min)

Refl.

Ht. of
Peak Refl.

Echo
Top

Area
dBZ > 15

(dBZ)

(km)

(km]

2
(km
]

1

X
SD
N

17
4
4

50.1
9.1
5

2.3
0.8
5

7.0
0.7
5

41.2
10.2
5

2

X
SD
N

4
3
8

35.3
12.9
8

5.2
0.9
8

7.3
I.i
8

13.6
7.7
8

3

X
SD
N

9
3
6

48.0
3.8
6

4.0
0.8
6

7.9
1.0
5

30.4
I0.~
6

On August 6 (Unit i), some 12 to
minutes elapsed between fiust detection
and the first treatment pass for the 4
echoes included in this sample. Treatment
for all five clouds occurred above an area
of previously
existing
echo. These echoes
again formed at or below the freezing
level, and then appeared to grow upward.
During Unit 2, the echoes formed at a
higher level and were treated earlier in
their histories (0 to 9 minutes), and thus
were generally smaller in area and
reflectivity~
The echoes during Unit 3,
were treated some 5-15 minutes after first
detection.
The average
area of the echo
cores (for reflectivities
>15 dBZ) during
this unit was intermediate
between those
of Unit 1 and 2.
However, the peak reflectivity
values
at treatment time of the two afternoon
Units (i and 3) were similar,
even though
those of Unit 3 were somewhat younger.
This in combination
with the observation

that the echoes at treatment
during Unit
were taller may suggest that the Unit 3
convective environment
might have been
more favorable for large clouds.
4.3

Echo characteristics
treatment

3

at 6 km at first

One might expect that echo
characteristics
near the treatment
level
at time of treatment would provide an
indication
of the suitability
of the
individual clouds .for treatment, if these
clouds contained liquid water at -i0 C in
the form of supercooled
drizzle.
This is
generally the case in Illinois (Czys,
1988). Reflectivity
and area provide
information
relating to the mean drop size
and the areal extent of the cloud
containing
precipitation
sized drops, and
thus have important
bearing on the
effectiveness
of cloud seeding.
For
example, the wider clouds may be less
affected by entrainment.

"REVIEWED,,
Individual
echo heights at first
treatment,
ranged from 6 - 9 km with the
shortest echoes found during unit 1
(August 6) and the tallest echoes occurred
during unit 3 (Table 2). Likewise,
the
smallest areas and reflectivities
at 6 km
were observed for unit 1 and the largest
for unit 3 (Table 3). It appears that the
mean area (and the aircraft derived pass
length), the reflectivity
at 6 km, and the
height of the echo at treatment might be
related.
If it is borne out that the
larger, more reflective
clouds at 6 km at
the time of treatment, grow larger than
the smaller ones, the conditions at first
treatment might be useful in predicting
expected natural cloud growth.

the initial echo behavior to rainfall
production on a core basis, because all
but one of the Illinois echo cores were
found to become part of a multicellular
echo mass which continued
to produce rain
long after the individual
cores had become
indistinguishable.
Finally,
because so
many of the clouds had radar echoes at the
time of treatment,
the before and after
treatment growth rates of echo core area,
height and reflectivity
were examined,
in
addition to those more standard
parameters.

5.0

A number of differences
were observed
between experimental
units for the maximum
values attained by the echo cores of
reflectivity,
height and area (Table 4).
First, while the mean values of the
maximum reflectivity
are similar for the 3
units, the maximum areal coverage of the
echoes are much smaller for the morning
unit 2. This difference
in area might be
expected as the convection
during this
experimental
unit was apparently not tied
to the surface forcing and was generally
diminishing
in areal coverage.

RESPONSE VARIABLES FOR EVALUATION
DYNAMIC CLOUD SEEDING

OF

Cloud seeding studies which have
taken a "single cloud" approach have
looked at the maximum height of the
treated echo or cloud as a responses
variable (e.g. simpson, et. al., 1967;
Simpson and Woodley,
1970; Gagin, et.
al., 1985; Dixon and Mather, 1986; Kraus
et. al., 1987; Morrison et. al., 1986;
Dennis, et. al., 1975; Rosenfeld and
Woodley,
1989). Results from the first
six studies suggest that seeded clouds
grow taller than non-seeded clouds.
Results from the later two studies suggest
little or no difference in maximum height
of seeded and control echo cores for their
particular
regions of the country.
Other echo parameters that have been
examined include:
whether
or not a cloud
produced a radar echo, the maximum
horizontal
area and the maximum
reflectivity
attained by the echo, the
duration of the echo, and the radarestimated rainfall output at the base of
the storm. For comparison,
many of these
parameters
have been examined here with
the exception of the radar-derived
rainfall.
No attempt
was made to relate

5.1

Maximum values
reflectivity

of area,

heiqht

A second difference
lies in the
maximum height of the echoes during the
two afternoon units, and the difference
in
the distribution
of values.
The average
echo top height for the August 6 unit was
some 2.4 km lower than for August 26, yet
the average of their maximum areas were
comparable.
The echo tops for unit 1 also
had a bimodal distribution
even though the
echoes were from the same line of
thunderstorms,
and were treated within a
half-hour
of each other. Additionally,
the variance of the maximum reflectivity
and of areal extent (>35 dBZ) were larger
during unit 1 than on the afternoon of
August 26 (Unit 3) when the treatment
passes spanned 2.5 hrs.

Table 3. Sample mean (X), standard deviation (SD), and sample size
of the interpolated
time from first - 15 dBZ detection at 6 km to
treatment and for reflectivity,
area and echo diameter at 6 km at
the time of first treatment, and the corresponding
aircraft pass length.
Unit
No.

1

2

3

Time to
First
Treatment
(min)

and

Refl.

Area
dBZ > 15

Echo Diam.
dBZ > 15

(dBZ)

2)
(kin

(km)

(kin)

3.0

2.4
I.i
5

X
SD
N

7.5
4.4
4

26.8
12.3
5

9.1
8.1
5

X
SD
N

4.6
3.3
8

31.6
11.3
8

11.7
7.6
8

X
SD
N

7.3
2.3
6

40.0
7.3
6

18.6
9.4
6

5
3.4
8
4.3
6

Pass

Length

4.2
1.3
8
4.6
0.7
6

Table 4. Sample mean (X), standard
(N) for maximum values of treated

Unit
No.

Max Refl.
(dBZ)

deviation(SD)
and sample
echoes by experimental
unit.

Max Echo
Top
(km)

Max Area
dBZ > 15
2
)
(km

Max Area
dBZ > 35
2
Ckm
)

X
SD
N

52.8
7.7
5

8.8
2.5
5

65.0
21.7
5

27.2
18.5
5

X
SD
N

53.5
8.6
8

9.0
2.1
*7

41.7
19.1
8

14.8
9.0
8

X
SD
N

55.5
2.0
6

11.2
2.1
*5

64.7
19.0
6

28.7
10.7
6

*The sample size for maximum echo top height was smaller than for the other
parameters
for units 2 and 3 because one of the treated echoes during each
of these units was so close to the radar (within 30 km) that it could not
be topped.

These observations
may be explained
by the very dry air above 4.5 km on August
6. They suggest that on this day only the
largest, most vigorous clouds could
survive in an unfavorable
environment.
On
the afternoon of August 26, the echo core
area, reflectivity
and height values were
more uniform and larger than during the
other 2 units. This may be due to the
strength of the forcing, i.e., the
presence of the strong cold front, and the
presence of adequate moisture to 450 mb on
the afternoon of August 26.

vertical extent of the echo (such as the
vertical updraft strength and the
efficiency
of the precipitation
forming
processes and the availability
of water)
rather than with factors relating to
horizontal
expansion (interaction
with
adjacent cores, overall storm
circulation).
However,
large
reflectivities
can be reached even with
shorter echoes with sufficient
time and
supercooled
water as in the case of Unit
I; or with smaller echoes if the
atmosphere
is sufficiently
unstable with
adequate moisture available aloft as in
the case of Unit 2.

The taller echoes in Unit 3 may be
explained and predicted by the area of the
echo at 6 km at treatment as well as the
echo top at treatment time which were
largest for the unit 3 echo cores. Also,
in examining the individual echoes, for
each given experimental
unit, the larger
the echo core at the time of treatment,
the larger the maximum area reached
(Appendix).
Both modeling
results and
observations
suggest that for either
seeded or control clouds, the larger the
cloud at treatment, the larger the cloud
will grow (Simpson, 1967; Simpson et. al.,
1969; Dennis, et. al, 1975; Ackerman and
Sun, 1985). This may be related to the
larger updraft core being.protected
from
entrainment
in the larger clouds, as well
as an indication of a more vigorous cloud.

5.2

Growth

before

and after

treatment

A seeding effect might be evidenced
by a difference
in echo reflectivity
and a
larger increase in area following
treatment
for the seeded echoes than for
non-seeded
echoes. Reflectivity
might
increase if larqer amounts of water were
processed
by the cloud because of an
invigoration
caused by seeding, or it
might decrease if the larger drops grew
rapidly after being frozen and began to
descend leaving the smaller frozen drops
behind.
Here, the change in reflectivity
and
the areal growth subsequent
to treatment
appeared to be a function of the age of
the echo and the height of the initial
echo formation.
This was demonstrated
by
the echoes sampled during the morning unit
on August 26 which increased in
reflectivity
after treatment more than
those of the other two units because the
Unit 2 treatment occurred at an earlier
time in the echo core developmental
history.
The maximum reflectivities
reached during all three units were

A pattern of reaching maximum values
of reflectivity
and echo top height first,
followed by maximum values of area were
found for each of the three units (Table
5). This is in agreement
with
observations
by Simpson (1980). This
suggests that for this sample, the growth
rate of maximum reflectivities
or of the
larger drops may be more closely
correlated
with factors relating to the
i0

similar (Table 4). The percent change
reflectivity
and area after treatment was
greatest for the younger echoes found in
Unit 2 and least for the oldest echoes
found in Unit 1 (Table 6).
5.3

Pre- and post treatment

qrowth

were smaller than the pre-treatment
rates.
The average values of the pre- and post
treatment rates reflect this to some
extent. Omitting
the two echoes which
were first observed at the treatment time,
75 percent of the echoes had smaller post
treatment rates for reflectivity,
echo top
heights and echo areas > 15 dBZ (Table 7).
It appears that on these days, the echoes
generally grew more rapidly early in their
growth period, and as they matured their
growth slowed.

rates

Post treatment growth rates were
based on differences
in echo
characteristics
between the time of first
treatment and the time of the maximum
value of the particular
echo parameter,
and pre-treatment
rates from the time of
first detection to the time of treatment
(Table 7). Growth rates for all echoes
except for one during Unit 3 were
positive, indicating that actively growing
cumulus were selected for treatment.
However, in many cases, even for the
morning unit when the echoes were
generally treated earlier in their
history, the post treatment growth rates

Lastly, only for the area > 35 dBZ
for all units, and for the area > 15 for
Unit i, were the average post treatment
growth rates larger than the average pretreatment rates (Table 7)
Fifty percent
had larger post treatment growth rates for
echo areas > 35 dBZ. This may in part
reflect the longer time to reach the
maximum areal coverage observed in Table
2.

Table 5. Sample mean (X), standard deviation (SD) and sample size
for growth rates from the time of first echo detection to the maximum
value. Time from first detection to maximum value (min).
Rate
Unit
No.

Refl.
(dBZ/min)

of Increase

to Maximum

Echo
Area
Top
d~Z >15
(m/s) (km~/min)

Area
d~Z >35
(km~/min)

Time Elapsed
Refl.
(dbz/min)

to Maximum

Echo
Area
Area
Top dBZ >15 dBZ >35
(m/s) (km2/min) (km2/min)

X
SD
N

1.7
.9
4

3.6
1.5
4

2.4
.5
4

io0
.7
4

19
5
4

19
7
4

22
5
4

23
5
4

X
SD
N

2.5
.9
8

4.6
1.5
7

1.6
°9
8

Io0
.8
8

13
4
8

ii
5
7

23
7
8

17
3
8

X
SD
N

2.5
1.4
6

5°0
1.4
5

2.1
.8
6

1.5
.6
6

14
6
6

20
9
5

30
ii
6

23
13
5

Table 6. Sample mean (X), standard deviation (SD) and sample size
of
the change in reflectivity,
echo height and area, before (from first
detection) and after (to time of maximum value) treatment.

Unit
No.

Refl.
Change
Before
(dBZ)

Refl.
Change
After
(dBZ)

Top
Change
Before
(kin)

Top
Chang
After
(km)

Area>15
Change
Before
~)
(km

Area>15
Change
After
~)
(km

Area>35
Change
Before
~)
(km

Area>35
Change
After
~)
(kin

1

X
SD
N

29.4
12.8
4

2.7
2.2
5

3.3
1.0
4

1.8
2.7
5

35.3
12.4
4

23.8
15.5
5

14.5
9.9
4

10.5
9.2
5

2

X
SD
N

11.4
10.5
8

18.5
10.5
8

1.3
1.3
8

2.0
1.6
7

7.4
6.3
8

28.2
18.4
8

2°9
4.2
8

11.8
10.2
8

3

X
SD
N

22.0
4.7
6

7.5
4.7
6

2.3
0.8
5

3.3
2.0
5

24.6
9.4
6

34.3
13.0
6

11.3
4.9
6

17.4
10.3
6

ii

Table 7. Sample mean (X), standard deviation
(SD) and sample size
before and {/) after treatment growth rates (zero values included).
Number of echoes with post treatment rates larger (NPTL) than
pre-treatment
rates, compared to total sample
(zero values not included).

Unit
No.

1

X
SD
N
NPTL

2

X
SD

}4
3

5.4

Refl.

Echo Top
(m/s)

Area
dBZ > 15
(km2/min)

Area
dBZ > 35
(km2/mln)

(dBZ/min)
1.8/1.0
0.8/0.9
4/4
i: 4

3.4/1.4
i. 5/2.8
4/4
1:4

2.1/2.4
0.3/1.2
4/4
3:4

0.9/1.5
0.5/1.7
4/4
2:4

2.4/2.3
i. 6/i. 1

4.1/4.2
3.4/1.5

1.6/1.5
I. i/0.9

0.5/0.9
0.6/0.7

7/7

8/8
1:6

0:5

0:6

3:6

X
SD
}4
NPTL

2.7/1.4
1.4/1.8
6/6
2:6

5.0/3.2
2.3/4.6
5/5
2:5

3.0/1.7
1.5/0.6
6/6
1:6

1.4/1.5
0.8/0.8
6/6
4:6

Without knowing the seeding decision,
it
seemed reasonable to conclude that the
morning echoes were smaller and shorterlived than those from the other two units.

In summary, only small differences
in
first echo characteristics
were found
between days except for the height of
formation.
During Unit 1 when the echoes
typically formed at a lower altitude and
appeared to grow upward, the echoes were
treated later in the history of the echo
and generally after the echo had joined to
the parent storm at low levels. In
contrast, during the morning case (Unit
2), the echoes in general formed higher,
appeared to grow downward and were treated
earlier in the echo core growth period.
The echoes from unit 3 formed at
intermediate
levels and were treated at
intermediate
times when compared to Units
1 and 2. All of the clouds, however, were
typically treated within 5 minutes of
reaching
the treatment
level. While it
may be appropriate
to treat in both cases,
a comparison
of the before and after
changes in reflectivity,
area and height
may not be suitable evaluation parameters,
unless the experimental
units are
stratified
by echo age and the height of
formation.
The post treatment
changes in
the area and reflectivity
may be more
appropriate
evaluation tools.
DISCUSSION

6.1

Randomization

8/8

NPTL

Summary

6.0

8/8

for

In this area of the country, a
pronounced
minimum in rainfall is found at
i000 - 1400 CDT, (Huff, 1971). ~t
common in the Midwest for nocturnal storms
to diminish in strength in the early
morning, possible as a result of nocturnal
storms reaching the end of their natural
life cycle. This appears to be the case
for this second experimental
unit and was
likely an overriding
factor resulting in
the differences
in echo characteristics
for the morning and afternoon storms.
However, without stratifying
the
experimental
units by local conditions,
misleading
results could have been
obtained inadvertently,
by either masking
the true seeding signal or by attributing
enhanced echo growth resulting from
environmentally
more favorable conditions
to enhanced echo growth due to seeding.
The data suggests that several
stratifications
might be useful:
stratification
according to time of day
(morning
and afternoon),
or by the mean
height of echo formation,
or by the
strength of the surface convergence,
stability, or moisture availability.

results
However, the echo core area and
height at the time of treatment,
seemed to
be good indicators
of the subsequent
growth of the echo core, particularly
when
the age of the echo at treatment was
considered.
If sufficient
cases are
sampled in future midwestern
experiments,
it may be possible to normalize the
expected growth by examining
the mean echo
characteristics
at the time of treatment.

The seed / no seed decision
for the
experimental
units was not disclosed
in
the result section of this paper to
emphasize that the difference between the
3 units could easily have resulted from
the natural meteorological
influences.
The randomization
was such that the two
afternoon units were actually seeded with
AgI and the morning unit with the placebo.
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6.2

Cloud

behavior

forward echo core versus rainfall
relationship.
Additionally,
as suggested
by Simpson (1980), the seeding effect may
result in enhanced downdrafts,
leading to
enhanced low-level convergence
and the
development
or invigoration
of adjacent
clouds.
Because the individual
clouds are
not necessarily
independent
at least for
rainfall computations,
the experimental
unit must encompass an area that includes
storms cells immediately
adjacent to the
treated clouds.

The large reflectivities
observed at
the time of treatment were not wholly
unexpected
due to the abundance of
moisture, the importance
of coalescence
processes
and the rapidity with which
drizzle and rain drops form in the Midwest
(Braham,
1964). The indication
positive growth rates following treatment
in 18 out of the 19 cloud suggests that
actively
growing clouds were treated. The
slower growth rates following treatment
and as the echo matured may indicate that
in this area of the country, the initial
seeding effect may be evidenced by a
reduction in the rate of decrease of the
growth rather than for explosive growth
rates often expected with seeding
(Orville,
1986). Aircraft measurements
taken during July 1986 also suggest this
(Czys and Weaver, 1987).

As in past projects, the initial
approach to the rainfall studies was
designed on an area wide basis. However,
a drawback to that definition
of the
experimental
unit is that much of the area
included in the analysis may not be
affected by the seeding agent, thus
reducing the likelihood
of detecting an
effect.
In order to balance these two
effects, the experimental
unit has been
refined and is similar to one developed
for the Southwest Texas Cooperative
Project
Rosenfeld
and Woodley (1989).
our case, the unit will be defined as a
circle with a 28 km radius surrounded
by a
28 km buffer, centered on the weighted
mean position of the treated clouds, and
moving with the mean cell motion
(Changnon,
et. al., 1989). An advantage
to this approach is that it may be
possible to have more than one
experimental
unit (upwind and well
separated in time and space) during
given rain period, thus providing a larger
experimental
sample. However,
even
without a second unit that could serve as
a control, in most cases rainfall coverage
is not confined to a small area and radar
derived rainfall trends within the
experimental
unit could be compared with
that outside the unit.

However, the absence of explosive
growth may also result from treatment
occurring too late in the echo history to
be of value. To better address this
question, the design of the 1989 field
program included a seeding aircraft with
instrumentation
to detect microphysical
and dynamic properties of the cloud at
treatment.
Knowing
the buoyancy
and the
updraft speed of the cloud, as well as the
amount of cloud above the treatment level
and the echo history may allow a better
prediction
of the expected post treatment
growth for both natural and seeded clouds.
The within storm variability
of echo
core characteristics
at the time of
treatment,
may be related to the very dry
conditions
above 4.5 km, on 6 August. It
also may indicate that while visually the
actively growing cumulus clouds are
similar in appearance,
they may have
distinctively
different cloud properties
depending on their age and the progress of
precipitation
growth process at the time
of treatment.
This is suggested
by the
observations
of Koenig (1963).
Such
differences
will likely result in
different responses to cloud seeding.
Radar measurements
in conjunction
with insitu aircraft measurements
of hydrometeor
size and phase distributions
also may
provide a basis for the prediction of
individual
cloud response to seeding.
6.3

Experimental

Finally~ to assure that the mean echo
parameters
discussed in earlier sections
are representative
of the experimental
unit, a large number of clouds need to be
sampled and the distribution
of values
must be considered
as well. This would be
consistent
with typical operational
seeding programs, where seeding is applied
to as many clouds as possible.
7.

CONCLUSIONS

The structure
of 19 cumuliform
clouds
occurring during 3 convective periods on
two summer days in 1986 were examined
using 10-cm reflectivity
measurements.
In
particular,
the growth of these echoes in
terms of area, height and reflectivity
was
determined
so that they could be evaluated
for their usefulness as stratification
criteria to aide in distinguishing
clou~
seeding effects from differences
due to ’
natural meteorological
conditions.

unit

Study of the echo core
characteristics
has provided a means to
examine the earliest dynamic response of
the cloud to glaciogenic
seeding.
It is
important to note that much of the
rainfall from these clouds occurred
following the time when the echo cores had
merged with newer cores or with the more
mature, less actively dynamic portion of
the storm, so that they could no longer be
distinguished.
This is observed
in many
severe storms, as well as in non-severe
storms (Westcott and Kennedy, 1989).
Thus, it is difficult to derive a straight

The two seeded periods occurred
during the mid to late afternoons
of
August 6 and 26, and the non-seeded
period
occurred on the morning of August 26.
While the seeded echoes in the mean were
13

longer-lived
and larger in area than the
non-seeded,
it was felt that any seeding
effect present would have been outweighed
by overriding.differences
in the local
environmental
conditions.
Because of the
variety of conditions,
under which summer
convection
can develop in the Midwest, the
strength of the dynamic forcing and the
airmass characteristics
during any given
rain period must be taken into account in
the evaluation
procedures.
Echo height
and area parameters at the time of
treatment appeared to be related to the
maximum value attained by the echo cores
of those same parameters,
suggesting they
may be used as a means of normalizing
the
experimental
units.
Additionally,
it was found that echo
core growth rates following treatment
for
the small sample of both seeded and
control cases were positive but slower
thanthe
rates prior to treatment.
This
suggests that instead of explosive growth
sometimes expected with dynamic cloud
seeding, it may be that cloud seeding in
this area of the country results in a
decrease in the reduction of growth rates.
It also was found that to make
inferences
regarding a causal relationship
between cloud seeding and rainfall, it was

necessary to account for the influence of
neighboring
clouds.
In addition,
because
only a small portion of the target area is
treated, and because of the small number
of experimental
units accumulated
using
the synoptic rain period as the sampling
unit, the experimental
unit was redefined
as suggested
by the work of Rosenfeld and
Woodley, 1989.
Finally, while radar measurements
provide general growth characteristics,
they alone will not resolve the basic
questions relating to the potential
usefulness
of cloud seeding in this region
of the country.
Coordinated
aircraft
and
radar measurements
are warranted to better
address the many questions
regarding the
dynamic seeding hypothesis.
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APPENDIX
echo characteristics
at first detection

Table
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Echo Core Characteristics

echo characteristics
at first treatment
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echo characteristics
at time of maximum value
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date=

s
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8/26/86

10
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28
25
07
22
15
15
37
32

1,
15

25t4.5
22
4.0
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7
7

17
18

20
32

5
.

6.0
4.0
6.0
5.0
6.0
5.5
5.0
date=
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~7

s.o

3.0
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6
5

3
1

0.0
3.5
2.5
6.5
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1.0
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8.O

5
6

6

s

8
2

0 7.51,7.5|5.0,
0
5.0 .8.01

0
0
0

,~.0

time

25.01 6.0
2~.51 4.5
33.51 6.0
38.01 4.0
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Abstract.
A wintertime
ground-based
cloud seeding experiment
conducted
as
part of the 1989 Utah/NOAA
cooperative
weather
modification
program
is
described. The results from one experiment on 3 February 1989 are presented.
Meteorological
conditions
led to the development
of orographic
clouds over
the Tushar
Mtns of southern
Utah which appeared
to be nearly
ideal for
seeding operations.
Radiometrically
measured
liquid water was abundant
in
the vicinity of seeding generators and the water appeared to be sufficiently
supercooled
to enable nucleation
by silver iodide.
The experiment
entailed
pulsed
releases
of silver
iodide
from high
altitude generators
located on upwind ridges of the Tushar Mtns. A Ka-band
radar, aspirated
PMS 2D-C probe, and manual microphysics
observations
were
used to monitor precipitation
10-13 km downwind of the seeding generators.
Snow samples
were also collected
periodically
and analyzed
for silver
content.
The overall
results
were disconcerting
in that two estimated
periods of effect showed no enhanced silver content, and no clear microphysical
or radar seeding
signatures
due to large background
variability
produced
by a propagating
mesoscale
cloud
feature,
and natural
snow
characteristics
which resembled the expected characteristics
due to seeding.
A third period of effect had apparent microphysical
and radar signatures,
but
also lacked
the presence
of silver
in the snow. Targeting
of the single
downwind ground target apparently failed in this case due to inadequate wind
documentation
in the cloud layer, remote-generator
malfunction,
or fallout
of the seeded plume upwind of the target.

I.

INTRODUCTION
As part
of the Federal/State
cooperative
weather
modification
research
program
the Utah Division
of Water Resources, in cooperation
with the National
Oceanic
and Atmospheric
Administration
(NOAA),
has conducted
several
field research
programs
on winter storms
in the
Tushar Mtns of southwestern
Utah.
The
research has been designed to enhance the
understanding
of cloud formation and evolution over mountainous
terrain, to study
the transport
and diffusion
of ground
released
cloud
seeding
material
and to
improve
the operational
winter snowpack
augmentation
project conducted by Utah.

the liquid
water
in clouds
over
the
Tushars
can be influenced
by small-scale
terrain features and provides a conceptual
model of orographic
storm conditions
that
are apparently favorable for cloud seeding
operations.
Some limited
studies
of seeding
material
transport
into clouds
over the
Tushars have also been conducted
and, although these are not conclusive
to date,
preliminary
indications
are that material
released
from the ground
has a better
chance of being vertically
transported
to
supercooled
regions
of clouds
when the
seeding
generators
are positioned
at
relatively
high altitudes,
as opposed
to
valleys where inversions
and blocked flow
conditions
often inhibit
material
transport (Long,
1984, 1986).
Super and Boe
(1988) and Super and Heimbach (1988~ have
documented
seeding
effects
from
high
altitude ground-based
generators
in mountainous regions of Colorado and Montana.

The existence
of supercooled
liquid
water is a necessary
condition
for successful cloud seeding operations.
As
such, prior to 1989 the Utah/NOAA
field
studies
concentrated
on documenting
the
characteristics
of supercooled
liquid
water in a wide variety
of storms,
primarily using remote sensing instrumentation such as a lidar and microwave radiometer.
Long (1986) discusses
some
these results
and notes that nearly
all
storms
contained
periods
where
liquid
water existed
in clouds
over the Tushar
Mtns, with the liquid cloud bases being
generally
less than 200-300
m above the
terrain
and at temperatures
colder
than
-5°C.
Recently, seeding experiments
in
wintertime
clouds over the Sierra Nevada
(Deshler
at al., 1990) have shown significant ice crystal production (>i00 i)
using one silver iodide compound at -6C.
The advantages
for ground-based
seeding
with such warm temperature
activation are
obvious.
Sassen et al. (1990) shows that

Seeking
to take advantage
of the
knowledge
gained concerning
the location
of liquid
water in the Tushars,
and the
success
in targeting
clouds
in other
mountainous
regions,
the Utah/NOAA
field
program
in 1989 concentrated
on groundbased seeding experiments
using generators
located both on the upwind slopes of the
Tushar
Mtns themselves
and on separate
mountain ridges to the southwest
and west
of the Tushars.
This paper describes
the
results of test seeding using the generators located in the Tushars, within 13 km
of an instrumented
target site. Measurements at the target were used to attempt
to identify
microphysical
changes
in
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SEEDING

induced

EXPERIMENT

by seeding

(seeding

METHODOLOGY

2.1

Experimental
Hypotheses
The hypotheses
used by the Utah operational winter cloud seeding project
are
similar to the ones tested during the 1989
Utah/NOAA
research
program.
The
scientific
hypotheses
empirically
tested
in 1989 were:
Hypothesis
i: Silver iodide seeding material can be delivered
to clouds of
supercooled
liquid
water
over the
Tushar
Mtns from ground
generators
operating high on the upwind slopes of
these same mountains.
Hypothesis
2: The silver iodide
seeding.
material,
through ice nucleation
and
the precipitation
processes of deposition, riming, and/or aggregation,
will
lead to additional numbers of precipitation particles within the clouds.

Figure 1.
Locations of the instrumentation in
the 1989 UT/NOAA Field Research Program. Symbols
PI, P2, ...P7 indicate precipitation gage sites.
Closed triangles numbered 1-6 are sites of remotecontrolled silver iodide generators.
Terrain
contours are 2638 m MSL (solid line) and 3353
MSL (dashed line).

Hypothesis
3: The additional
precipitation particles will fall along trajectories which carry them to an instrumented site in the Tushar Mtns.

UGR. This site was also equipped
with an
aspirated 2D-C optical array probe, a high
resolution precipitation
gage, and instrumentation
for microphysical
and chemical
sampling of the precipitation.

2.2

Operational
Approach
Figure
1 shows
the disposition
of
equipment
used in the experiment.
Four
remotely controlled generators
were positioned at the sites indicated by the solid
triangles
(Fig.l and Table,l).
The generators
used a 3% by weight
solution
of
AgI-NH4I
in acetone
burned
in a propane
flame. The positioning
of these generators relative to the Upper Grizzly Ridge
target site (UGR) was based on the previously documented
association
of liquid
water occurrence with winds from the south
through
west (Rauber
and Grant,
1988).
The generator
spacing
was believed
sufficient to target UGR, provided the angular horizontal plume dispersion was 15 ° or
more. Such dispersion
from ground sources
has been documented
by Holroyd
et al.
(1988)
and Super and Heimbach
(1988).
Multiple generators
were operated
during
experiments to account for wind variations
and increase the likelihood
of affecting
the target.
Seeding generators
were also
pulsed on and off at intervals of 1-1.5 h.
This was done to significantly
increase
the number of seed and no-seed
periods,
and improve the chances of noting seeding
effects in post-analysis.

Each experiment
was conducted
when
certain cloud and meteorological
criteria
were met. These criteria
are listed
in
Table 2.
They reflect the belief that
seeding
effects
would be greatest
when:
a) clouds
have relatively
warm tops and
therefore
possibly
less natural
ice, but
are cold enough for silver iodide activation, b) precipitation
is light and forms
a low background
against which to measure
seeding
effects,
c) supercooled
liquid
water
is present
in relatively
large
amounts
and therefore
is sufficient
to
support substantial
growth of particles to
precipitation
sizes,
d) cloud bases are
sufficiently
low to cover the generator
sites and ensure delivery
of the seeding
material directly into the clouds, and e)
winds at the height of the upper part of
the Tushar Mtns have a direction that will
carry seeding effects
toward UGR.
The
criteria were meant to ensure that clouds
were suitable
for seeding
and also that
the set of experiments
would contain
a
relatively homogeneous
sample of clouds.

The microwave
radiometer
was positioned
at about midbarrier
(Fig. i)
measure the liquid water in clouds forming
in the region near the seeding generators.
Long (1986) and Sassen et al. (1990)
that several
azimuth
sectors
within the
western semicircle
of the scanning radiometer frequently
contain enhanced amounts
of liquid
water due to the lifting
of
moist air over sharply rising terrain in
those directions.
A Ka-band radar was
positioned
downwind
of the generators
at

2.3

Detection of Seedinq Effects
The detection
of seeding
effects
involved
a test of each
of the three
experimental
hypotheses.
The experiment
was designed
to ensure
that AgI was unambiguously
delivered
to clouds over the
Tushars.
Visual and radiometric
observations were made to ensure that seeding
criteria
~ was satisfied,
thus partially
confirming
Hypothesis
i. Confirmation
of
material
delivery
was also dependent
on

19

Table i.
Remote Eenerator altitudes (MSL) and locations relative to the UGR tarEet site
at 2975 m altitude.

Site

(kin)

1
2"
3
4

UGR (deg)

UGR (kin)

~66,5
248.0
228.5
204.0

10,3
8,7
13,6
13.2

e.88
2.79
2,58
3.25

~ Site 2 was inoperative

Table 2.

during

the entire

at 10

]7,~
14,5
22,7
22.0 rain

1989

Field

Program

Criteria for initiatinE Research SeedinE Experiments

........................................................................................

Variable

Limits

Time of Day

0000 - 2q00 MST

Wind Direction
(~.5-3.5 km MSL)

195 - 876 deg

Rawinsonde

Wind Speed

5,0

Rawlnsonde

- 12.5

m s’

0,10 mm

Radiometer

L.W Height

~,80 km

Visual
Rawinsonde

LW Temperature

-5

Ra~insonde

Integrated

LW

Clouds

St, StCu,

Precipitation

< 1,0 mm h ’:’.

Sno~ Mass
Sampling

Cloud Top

> -20 "C

Satellite
K~,-band
Sounding

Temp.

knowledge that the remote generators operated properly.
Information
obtained in
real time by coded radio signals relayed
to the operations center indicated whether
or not a burner was operating and the AgI
solution
valve
was
open
or closed.
Although generator tests on days prior to
and following experiments confirmed proper
operation,
there was still an uncertainty
associated with proper operation during an
experiment,
in that solution
flow could
not be confirmed in real time. Given this
one uncertainty
in confirming
Hypothesis
i, the times when generators
were pulsed
on and off were then used, along with an
estimate
of seeding
material
and precipitation
particle
transport
times using
rawinsonde winds, to estimate when seeding
effects
might
be observed
above
the
radiometer
and at UGR. These periods
of
effect (POE) were then used to focus the
tests of Hypotheses
2 and 3 on the appropriate segments of radiometer and UGR data
sets.

Cap Cloud

Visual
Satellite

Confirmation
of Hypothesis
2 required
the observation
of additional
precipitation particles
within
the cloudy
volume
downwind
of the seeding generator
sites.
Since no in situ observations
were available, the Ka-band radar, operated in zenith
pointing mode at UGR, provided the primary
means of confirming
this hypothesis.
A
lidar, which was also intended to be ~sed,
was not operational
during the experiments
described
here. This reliance
on remote
sensing instruments
obviously
limited the
ability
to confirm
Hypothesis
2, especially between
the generators
and UGR.
Recent successes
in documenting
physical
seeding
effects
in-cloud
have relied on
aircraft data (e.g., Super and Boe, 1988),
or a combination
of aircraft
and radar
data (e.g., Deshler et al., 1990).
Reflectivity
factors
above the
before,
during,
and after
POE’s
compared.
Seeding effects might
appeared
as increased
reflectivity

2O

radar
were
have
fac-

tors.
In general, an increase in radar
reflectivity
(Z = ND 6) can result from a
change in concentration
(N), or size (D).
For example,
if seeding
creates
a large
number of small particles,
say 20 1 -I of
i00 micron diameter (water sphere equivalent), the contribution
to the ice-relative Zi (see Sassen, 1987) is only 0.0236
mm s m-~ or -16 dBZl. Howeverf if aggregates
in concentration
of 1 I- with 0.5 mm
equivalent
diameter
are formed, the contribution is 18.45 mm s m-3 or about 13 dBZ~.
Since
previous
successes
in detecting
radar seeding
signatures
have occurred
primarily
in clouds
with little
or no
natural echo (see Deshler et al., 1990),
"seeding signatures" were only expected in
clouds with negligible
natural precipitation.
Seeding
effects
in radiometer
data
might appear as a depletion of the supercooled liquid water in clouds passing over
the radiometer
site.
To date no such
effects
have been documented,
but data
from’periods
when seeded
plumes
were
expected
to be over the radiometer
were
compared with unseeded time periods.
Confirmation
of Hypothesis 3 required
that additional
precipitation
particles
were observed
at UGR during the POE. The
precipitation
microphysics,
Ka-band radar
data, and snow chemistry data were used to
attempt this confirmation.
All data were
plotted
as a function
of time so data
within
the POE could
be compared
to
unseeded
periods.
A given POE was expected to show some or all of the following characteristics:
a) an increased concentration
of individual
precipitation
particles
(ice
crystals)
predominantly
in the small
size categories
(< 500 microns),
due
to the typically
short growth
time
(<i000 s) available between a generator and UGR,
¯ b) an increased
concentration
of
aggregates
of crystals,
and possibly
a greater mean aggregate size,
¢) individual particle (crystal) sizes
appropriate
to the estimated
growth
time and growth rate,
~) individual
particle
habits appropriate to a depositional
growth temperature
and humidity
approximately
intermediate
to that of the seeding
site and UGR, and
e) increased precipitation
rate (mass
flux).
Measurements
were made of the silver
content
of the snow at UGR during
all
experiments,
at approximately
15-min intervals.
During
the design
of the field
experiment,
four possible combinations
of
silver
concentration
and microphysical
observations
were hypothesized
for a POE.
First,
silver above background
might be
detected with none of the expected microphysical effects. This would suggest that
silver probably
arrived through
scavenging, and seeding did not cause microphysi-

cal effects at UGR. Second, no silver is
detected and no microphysical
effects are
observed.
This would suggest that either
directional
targeting
of UGR failed,
or
seeding effects were produced entirely upwind of, or downwind
of UGR. Third,
no
silver is detected
but some evidence
of
microphysical
effects
exist.
This wouId
suggest that targeting failed, but effects
produced
by natural
cloud processes
occurred by chance during the POE. Fourth,
silver above background
and microphysical
effects might be detected in a temporally
consistent
manner.
This would be strong
evidence that seeding effects occurred at
UGR. These hypothetical
results
will be
compared to actual observations.
3.

SEEDING EXPERIMENT FOR 3 FEBRUARY 1989
Pulsed seeding
experiments
using the
high altitude generators were conducted on
five separate
occasions
during the 1989
Utah/NOAA
field program (I February
- 15
March). Each Research
Seeding Experiment
(RSE) began when the criteria in Table
were observed to be met. Data were always
collected for one hour at the beginning of
an RSE before any actual seeding
began.
This
allowed
for a period
of natural
background
data, particularly
Ag concentrations,
for comparison
with the first
POE. Then, based on wind information
from
rawinsondes
taken at Beaver (Fig. i), one
or more generators
were selected
for use
and alternatingly
turned
on and off for
periods of 0.5 - 1.5 h, lasting altogether
about five hours. Rawinsonde
winds could
obviously
not account for the complexity
of flow over the mountainous
terrain, but
prior studies in the Tushar Mtns using a
Doppler
radar at midbarrier
(Snider
et
al., 1986) showed reasonable agreement in
wind direction
and speed above 3 km MSL
between
Doppler
winds
and rawinsonde
winds.
Below 3 km Doppler
winds were
generally
slower
than rawinsonde
winds,
and directions
were more variable.
The
RSE ended with another no-seed period, so
the total intended length of each RSE was
seven hours.
Some experiments
were terminated sooner when seeding criteria were
no longer observed to be met.
The seeding
experiment
(RSE#1)
conducted
on 3 February
was selected
for
initial analysis based on indications
of
seeding effects at UGR in real time. The
following
discussion
documents
that case
study in detail.
3.1

~eteoroloqical
Conditions
RSE#1 was conducted
from 0900 (all
times MST) to 1615 on 3 February,
during
a longer stormy
period which started
at
2100 on 2 February and ended at 2100 on 4
February 1989. The main synoptic features
of the storm were an upper level closed
low which was located
slightly
west of
the Oregon coast, and an arctic cold front
which was situated across northern Utah at
the beginning of the storm. To the southeast of the closed low, southern Utah was
under the influence of southwesterly
winds
at 500 and 700 mb, and was affected by one

or .more minor shortwaves
which rotated
around the slowly moving low center.
For the period which included RSE#1,
moisture
was advected
into southern
Utah
from the southwest,
and weak cold air
advection occurred with the passage of one
of the shortwaves.
The upper air station
at Desert Rock in southern
Nevada showed
a decrease in temperature
at 700 mb from
-2C to -6C between 0500 on 2 February and
1700 on 3 February.
During
the same
period a region of low dewpoint depression
moved into western Utah such that by 0500
on 3 February the Utah/NOAA
project area
was near the boundary
of air whose dew
point depression
was less than 3° . Figure
2 shows the 700 mb height/temperature
pattern for 1700 on 3 February.
A shortwave
trough axis was near the Utah/Nevada
border with the stronger cold advection over
southern California and Nevada.

FiEure 2.
700 mb analysis of EeopotentialheiEht,
temperature, and wind for 1700 MST on 3 February
1989.
In southern Utah the storm began with
the development of a nearly nonprecipitating midlevel
cloud deck during the night
of 2 February.
Throughout
the day of 3
February
an orographic
cloud persisted
.over the Tushar Mtns.
Satellite images
and visual
observations
from
Beaver
revealed considerable
mesoscale structure
in the clouds
during
the morning
and
afternoon
of 3 February.
Visible
satellite images (not shown) from 1200 to 1230,
near the midpoint
of the RSE#1 period,
showed low-level clouds which appeared to
have been enhanced over many of the mountain barriers in southern Utah.

Between
0830 and 0900 on 3 February
cloud base was confirmed
to be below the
height of the seeding generators by visual
observations from the radiometer location.
Radiometer
liquid depth exceeded 0.I0 mm,
the cloud over the Tushars
resembled
an
extended barrier cap cloud (Sassen et al.,
1990), and the precipitation
rate at UGR
was well below 1 mm h -I. RSE#I was therefore initiated
at 0900 based
on these
real-time observations.
Table 3 shows the
seeding times and the conditions at seeding Generator 4 during RSE#1. Only Generator 4 on a 204 ° azimuth from UGR is presented
because
the south-southwesterly
winds indicate
it would likely have been
the only generator
to target UGR.
The
cloud conditions,
and the real-time information that the seeding generators
operated properly
(provided
the solution
line
was not clogged),
indicated
that Hypo-

3.2 Local Atmospheric
Structure and Seeding Criteria Verification
Four soundings were taken from Beaver
during the storm, but only three provided
good low-level
wind information.
Figure
3 shows the contoured
fields of tempera22

curve
should
only be considered
in a
relative
sense since the mass relationships have not been adjusted (as suggested
by Holroyd, 1987) for the type of snowfall
in our geographic region. The third panel
shows the contribution
to concentration
by
size category,
and the fourth panel shows
the contribution
by particle
habit.
The
habit categories
were also identified
using the technique
of Holroyd
(1987).
Manual microphysics
observations
from UGR
and radiometer
liquid
water depth
from
Merchant
Valley are shown in Fig. 5. The
second panel displays precipitation
rates
determined
from snow mass samples
collected for chemical
analysis
at about 15
minute intervals.
The collecting
device
had a diameter
of 127 cm. Samples
were
analyzed
for silver
content
using
the
technique
of Warburton
et al. (1982).
Each sample
was divided
into parts
and
analyzed
3-5 times.
The average
and
sample standard
deviation
of silver concentration
for each sample is plotted in
the second
panel of Fig. 5. The bottom
panel of Fig. 5 contains
particle
number
flux estimates
determined
from counting
particles over known areas of black velvet
which had been exposed
to snowfall
for
known periods of time.

Table 3. On and off t~me periods for Generator 4
dur~nE RSE#1 w~th temperature and liquid water
averaEes dur~nE the o__n t~mes.

0~00- t000
100~ It30

OFF
ON

.........
0.30

1230- ~330
[330 - 1~30

(]~
OFF

0.70
.........

thesis

0.30
0.70

-9.5

1 was satisfied.

3.3 Estimation
of the Seedinq
Period
of Effect (POE)
Advection time between Generator 4 and
UGR provides
a means of determining
the
estimated
POE’s.
This involves
the
assumption
that the rawinsonde
winds measured from the upwind location
were also
appropriate
for regions over the barrier.
Since no other wind measurements
existed,
and since the sounding showed little speed
or directional
shear in the cloud layer
(limited
to region
below 3.5 km), this
method of determining
the POE is probably
as good as is possible from the available
data. Using the mean wind of 202 ° at 5.2
m s-i, the travel time from Generator 4 to
UGR is 42.3 min. This provides
the following POE’s:
POE1 = 1044-1212 MST
POE2 = 1312-1412 MST
POE3 = 1512-1612 MST.
A 1 m s-I uncertainty
in wind speed alters
the start/end
times by plus or minus 7
min.

3.4.1 Period of Effect 1
Prior to and during the first half of
POE1 two radar echo layers were present;
4.6 km (-17C) to 6.0 km (-25C),
and
the surface to 4.2 km (-13C).
The low
level
echo
which
was present
before
seeding began showed no significant change
in structure
through
the beginning
of
POE1. The two layers merged at 1145 as a
prominent
echo band arrived and the base
of the upper layer descended
from 4.5 km
to the surface between Ii00 and 1150, near
the end of POE1. The 2D-C concentration
was relatively
steady at 7-20 1-I before
and through the first half of POE1, with
no increase
in concentration
which would
have indicated
a seeding effect.
Less
than
10% of the particles
were
>400
microns
in diameter.
One noticeable
peak
in the 200-400
micron sizes occurred
at
ii00 during POE1, but declining numbers of
large
sizes
led to a decline
in 2D-C
precipitation
through 1130.

Based
on observations
of seeding
effects
at similar
seeding
temperatures
during the Sierra Cooperative
Pilot Project (Deshler
et al., 1990) and recent
model results
of Prasad et al. (1989),
reasonable
seeding effect after about 40
min would
be the appearance
of rimed,
nearly spherical particles,
in the 600 to
700 micron size range. Both observations
and model results
indicate
riming
to be
the dominant growth mechanism for crystals
nucleated
at -10C,
about
5 min after
nucleation,
for liquid water contents
as
low as 0.05 g m -3.
Fukuta (1980) also
points
to this temperature
as favorable
for graupel formation
due to the equidimensional
crystal
that is produced.
For
this situation
aggregation
may not be an
important factor.

Particle habits (not shown) indicated
that the precipitation
prior to 1130 came
mainly from the warmer cloud layer. Particles were mostly very small (<500 microns), nearly spherical, rimed particles.
These habits matched what was expected as
a result of seeding. An occasional broken
dendritic
branch
suggested
there
were
brief episodes
of interaction
with the
colder
cloud layer.
After 0915 the pre-z.
cipitation rate was less than 0.i mm h
(Note the 2D-C computed precipitation
in
Fig. 4 underestimates
by a factor of 4-7
throughout
RSE#1.) A minor precipitation
rate peak is shown in Fig. 5 at the beginning of POE1. Particle
number flux (Fig.
5, bottom panel) had a corresponding
minor
peak as did small particles
and hexagonal
habits
in the 2D-C plot in Fig. 4. How-

3.4

Search for Seedinq Effects at UGR
Figure 4 presents
the radar and 2D-C
data from the UGR site for a period encompassing
RSE#1.
Radar reflectivity
is
displayed in dBZ i (assumes Rayleigh scattering of ice particles with [K]2i = 0.176)
in 5 dB intervals
beginning
at -i0 dBZ±.
Seeding
generator
on-times
are noted by
the brackets
below the radar data. The
total 2D-C concentration,
after artifact
and zero-area image rejection, is shown in
the second panel of Fig.4, along with an
estimated 2D-C precipitation
rate based on
a mass-diameter
relationship
used by
Holroyd
(1987).
The precipitation
rate
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Figure 4. Time series plots of Ka-band radar data (top panel), 2D-C concentration
ma.’ced precipitation (second panel), cumulative percent of 2D-C concentr~tion
micrometers (third panel), and cumulative percent of 2D-G concenCrat.[on by habit
~bottom panel). Estimated seedinE periods of e~fect (POE) are i’~dfcated
r~dar panel.
ever, the increase in small and hexagonal
particles began at about the time seeding
began.

prior
to the echo band,
began
rising
sharply at 1130, about 30 min before the
increase in precipitation
at UGR.

The arrival of the radar echo band is
quite
obvious
just
at the
end
of
POE1. Particle
number
flux increased
an
order of magnitude, as did 2D-C concentration and precipitation
rate. The liquid
water depth, which had been 0.2 to 0.45 mm

Although t~ere was some similarity
to
the expected
seeding
effects
in the observed
partic3e
habits
and sizesr
the
timing was not consistent
with the start
of the POE,
and total
concentration
increases
were only minor.
The lack of
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of 3xl0-~2-g ml -I. The second panel of Fig.
5 shows that the mean Ag concentrations,
with two exceptions,
were uniform at 4.0
to 5.0x10 -~ g ml -I before and during POE1.
The two samples with higher averages (one
before
and one during
POE1)
also
had
larger standard deviations,
and cannot be
considered
significantly
different.
Thus
for POE1, Hypothesis 2 was rejected due to
the lack of a radar
signature
in the
period prior to the arrival
of the echo
band. The presence
of the band negated
evaluation
of Hypothesis
2 at the end of
POE1.
Also, for UGR, Hypothesis
3 was
rejected
due to the lack of definitive
microphysical
effects and the absence of
silver.

15-Min Averages of Liquid Water Depth for RSE ~!
0800 {MST) 3 FEB 1989 to 1700 (MST) 3 FEB 1989

,.00,
o.0o
i..
0.90~

"~ 0.70

0.50 ~

,

0.10~
0.00

3.4.2 Period of Effect 2
The reflectivity
core of the mesoscale
echo feature passed over UGR between the
end of POE1 and the end of POE2. During
this entire
period
a deep cloud
layer
existed with echo tops as high as 7 km
(-32C). At 1230 the echo top began dropping, and reached 4.0 km (-12C) by 1400.
The high level of background
echo eliminated the possibility of detecting seeding
effects in the radar data, and therefore
Hypothesis
2 could not be reliably
evaluated.

TIME (MST)

1.2

0.2

o

POE1 o

ii’\ i + ’~., ~4i
ii F

3
10

POE2
o
o

i÷
;;

The 2D-C concentration
increased from
i0 to i00 1-~ on the leading edge of the
precipitation
band, with 40-100 1-I values
seen throughout
the band.
Within POE2
particle concentrations
were nearly equal
to the period (1200-1300)
preceding POE2,
and due to the high natural
background
produced
by the band a seeding
effect
cannot
be distinguished.
The shift to a
greater
percentage
of 200-600
micron
particles
after 1300, as total concentration
declined,
is not an expected
seeding effect, but is consistent with the
band passage.

POE3
o
o

,,

;

;

2
lO
.

.

i i

Liquid water remained high (>0.7 mm)
throughout
the band passage,
indicating
the low level cloud was not significantly
depleted
of supercooled
liquid
at the
upwind location.
The drop in liquid after
1330 suggests
the large values
may have
been due to increased
convergence
and
vertical
velocity
with the band
(see
Sassen et al., 1990 for similar examples).
At UGR the predominant
ice crystal habits
changed to rimed stellars,
dendrites
and
graupel-like
snow (up to 4 mm size) with
the arrival of the band, but small rimed
particles
(<0.5 mm) were also still observed.
By 1422 the larger, cold-habit
particles
were gone with the small rimed
particles
remaining
(as in the shallow
cloud before 1130).

i ii

! [

g

10

11

12

13

!4

5

16

Figure 5.
Time series plots of radiometer liquid
water depth (top panel), precipitation rate from
snow mass measurements and silver concentration in
snow samples (middle panel), and ice particle flux
from precipitation microphysics observations
(bottom panel).
Silver concentrations were obtained from the same samples used to compute
precipitation rates. Step pattern on top of L~
panel indicates when radiometer was in scan (s)
zenith (z) mode.

As with
the other
data,
particle
number
flux and precipitation
rate reflected the band passage.
The highest
precipitation
rates were 0.6-0.7 mm h-I in
the band core. Behind the band the rates
again dropped below 0.i mm h -I. Basically,
microphysical
seeding effects were undetectable due to the presence of the band.

obvious seeding signatures
is understand.able since silver above background was not
found
in the snow samples
collected
at
UGR.
The season
average
for samples
collected
when no seeding
occurred
was
3.8xi0 -12 g ml -~, with a standard deviation
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There were percentage
increases
in the
small particle sizes and hexagonal habits
throughout
POE2, but as in POE1, silver
concentrations
were similar
before
and
during
POE2.
The downward
shift in average Ag concentration
between
1145 and
1215
was likely
due to two factors.
First, the first i0 samples of RSE#1 were
analyzed using one laboratory
calibration
based on standard samples, while the last
i0 samples were based on a second calibration. Second, the level of Ag tends to be
higher when the snow sample mass is very
small, as was the case for the first ten
samples.
Based on the available
data,
Hypothesis
2 could
not be effectively
evaluated
during POE2. Hypothesis
3 was
rejected due to the lack of silver in the
snow samples.

effects of seeding.
The one "piece" of
the seeding effects "puzzle" that does not
fit is the lack of enhanced Ag concentration in the snow samples centered at 1500
and 1552.
(A ten-fold
increase
in Ag
concentration
is a reasonable
expectation
for "seeded"
snow samples.)
The first
sample overlapped
the beginning
of POE3
and could have contained natural snowfall,
but as noted above the bulk of this sample
came during POE3. As indicated
in Section
2 the combination
of implied microphyslcal
effects
without the presence
of Ag above
background
implies that targeting
failed,
but effects
produced
by natural
cloud
processes
occurred
by chance during
the
POE. Our aprior~
hypotheses
thus negate
a seeding effect at UGR unless some mechanism
other
than
a simple
nucleation
mechanism was acting.

3.4.3 Period of Effect 3
This final period
produced
the most
interesting
sequence of events. Following
POE2 a very shallow cloud (echo) existed
over UGR from 1430-1545. A change in echo
intensity
occurred
at the start of POE3
(within
reasonable
uncertainty
in wind
speed),
without
a significant
change
in
echo top height. Two distinct echo maxima
are obvious
within POE3. Figure 4 shows
that the 2D-C detected an increase in both
concentration
and computed precipitation
rate near the beginning
of POE3. Relatively
large percentage
increases
were
simultaneously
noted in the 160-400 micron
size categories,
and in the hexagonal
habit category
(typical
of small rimed
particles).
This type of 2D-C pattern was
noted by Holroyd (1987) within AgI plumes.
Figure 6 shows the period of POE3 in more
detail;
clearly
showing
the small-scale
radar echo structure and the dominance of
the hexagonal habits. This combination
of
events is much more consistent
with the
expected seeding effects.

SUMMARY AND CONCLUSIONS
The storm of 3-4 February
1989 provided good conditions
for ground-based
seeding
experiments.
The orographically
enhanced
cloud
liquid
exceeded
0.i mm
integrated
depth throughout
the seeding
experiments,
and in fact liquid
depth
averaged
about 0.3 mm for a 24-hour
period. Cloud bases were below the ridges
containing the seeding generators,
and the
temperature
range at generator
altitudes
was -6 to -10°C,
within
the activation
range of the Agl compound
used for seeding. These conditions
occurred
during
a
period of generally
light precipitation
and relatively
warm cloud tops, although
cloud tops did reach temperatures
as cold
as -30°C during the passage
of one mesoscale feature
which affected
two of the
three POE’s.
4.

The environment
in which liquid water
developed
conformed
to the results
of
prior studies
in the Tushar
Mtns which
have shown that the best liquid
events
occur prefrontally
with low to midlevel
winds from the southwest quadrant (Rauber
and Grant, 1988, ~nd Huggins,
1989). The
enhancement
of liquid with the arrival of
a mesoscale
feature,
as noted
in this
case, has also been documented
by Sassen
et al. (1990).
In contrast
to Sassen
al, in the present
case liquid
was not
significantly
depleted by the main precipitating
portion of the mesoscale
event.
In general the present case also conforms
to the orographic cloud model presented by
Sassen
et al. (1990)
in that the storm
remained
generally
inefficient
in precipitation production
(as noted by the persistent excess supercooled
liquid water)
because
interaction
with colder-topped
seeder clouds was minimal.

The liquid water pattern was similar
to POE1 with values at 0.2-0.3 mm. Using
the 1 km cloud
thickness
shown by the
radar,
these
liquid
depths
convert
to
concentrations
of 0.2-0.3 g m -3.
Since
mesoscale
features were not in evidence,
this liquid appears to have been generated
strictly orographically.
The particle
flux from black velvet observations
shows
a very well defined peak centered in POE3,
with the initial increase being coincident
with the beginning
of POE3. A shadowbox
photograph
at 1550 showed a monodispersed
collection
of very small (<300 microns)
rimed particles.
Observers
at UGR noted
what appeared
to be a distinct
plume of
ice particles
moving
over the site from
the direction
of Generator
Site 4. The
precipitation
rate at the beginning
of
POE3 was based on a particularly
long sampling period
(70 min), but the observer
noted
that almost
all the snow in the
sample fell between
1515 and 1530, which
would have produced the peak shown by the
dashed-line
bar in Fig. 5. Except for the
lack of aggregated
crystals the observations matched the expected
microphysical

In reality,
data
were
generally
insufficient
to confirm
Hypothesis
2,
since only the radar was available
to
monitor
in-cloud
changes,
and only the
volume directly
over the downwind
target
was sampled.
Although
radar,
visual
and
microphysical
evidence suggested a seeding
signature
for POE3, the lack of silver in
the snow indicated the event was due to a
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fall out upwind of UGR. Other evidence of
near-source
effects has been reported
by
Heimbach
and Super (1988).
However,
this second scenario
it is unlikely that
all nuclei would have instantly activated,
so that effects
might
also
have been
expected
10-20 km downwind,
as noted by
Super and Heimbach
(1983).
3) Other
options
are that no silver
iodide
was
dispensed
due to remote
generator
malfunction, or AgI was ineffective as an ice
nucleant.
Based on a large number
of
other studies
it is not likely
that, if
properly released, the AgI produced no ice
crystals.
4) Pitter and Finnegan
(1990)
put forth a new idea regarding a method of
secondary ice crystal production that can
account for "seeding effects" without the
presence
of silver,
when aggregation
occurs in the presence of ionized salts.
Although
this Utah experiment
offers
no

fortuitous increase in natural ice crystal
nucleation
occurring
in the relatively
shallow
and warm (-13 C cloud top) lowlevel orographic layer.
Some of the more probable conclusions
to be drawn
from
the results
of this
experiment
are: i) Seeding effects might
have occurred but UGR was not successfully
targeted.
Wind directions
over the barrier (only marginally
satisfying
experimental
criteria)
might have been more
southerly
than measured
by the upwind
rawinsondes,
thus carrying
AgI-nucleated
particles
to the west of UGR where they
sedimented
out in other regions
of the
barrier.
2) Nucleation
might have occurred
instantly
at the generator
site
(Finnegan
and Pitter,
1988)
allowing
crystals
to grow, rime in the moderately
high liquid water contents
observed,
and
27

direct evidence
the possibility
future work.

of these circumstances,
might
be explored
in

The results do point to the problems
of verifying ground-based
seeding experiments, and especially
to the limitations
of having measurements
only at the source
and ground
target
area. Given adequate
funding, some improvements
to the current
design would include additional wind measurements
in the cloudy
volume
between
generators
and target (e.g., mountaintop
wind devices,
scanning Doppler
radar, or
an acoustic
Doppler
device).
Core sampling of snow at several locations
downwind of the generators
would, at a minimum, verify
the release
of AgI and its
incorporation
into the snow.
Multiple
tracers
might
separate
nucleating
from
scavenging
effects.
Likewise,
an icenucleus detector at the target could verify the release and transport of AgI with
appropriate
directional
targeting.
In
fact, a sulfur
hexafluoride
tracer
was
planned
for the current
study,
but was
unavailable
for the 3 February
seeding
experiment.
One of the main problems
was
the lack of intermediate
measurements
incloud to verify plume location and seeding
effects. The Utah/NOAA
is now proceeding
to experiments
aimed at verification
of
the in-cloud
processes
using aircraft
instrumentation,
where possible, for plume
tracking and microphysical
studies.
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Abstract: An assessment of five years of warm-season cloud seeding over the watershed of San
Angelo, Texas is presented. The goals of the seedings were the replenishment of surface
reservoirs, channel dams and surface aquifers and increased precipitation over the resident£al
areas to reduce demand for municipal water. ~t was recognized that increased raZnfa]l also
would benefit the farming and ranching communities.
During the program a total of 125 kgm of AgI were expended during the course of 2,315 separate
seeding events at cloud top or at cloud base. Most of the seedings took place within 30 nomi.
of San Angelo as intended, primarily to the west and southwest of the City.
Assessment of the effect of seeding made use of target-control regressions that had been deri~ed
from historical rainfall records. Historical monthly precipitation data were accumulated for
long-term rainfall stations within the target and outside to the west and to the south. The
period of record was 1960 through 1984 inclusive. Six control stations and nine target stations
were used in the analysis.
The analysis, suggests a positive effect of seeding (i.e. more rainfall) in each of the five
years. The probability of this happening by chance may be a low as 3%. An overall effect of
seeding of about +17% for the target for all years of operation is indicated. Sensitivity
testing supports the interpretation that seeding was responsible for a sizeable portion of this
apparent increase in rainfall.
*

Now with North American Weather Consultants, Salt Lake City, Utah 84106

I.

INTRODUCTION
During the latter stages of the 1982-1984
drought that affected San Angelo, Texas, the
Council and Manager of the City investigated the
potential of cloud seeding for mitigating the
drought over the city’s watershed. Aware of the
results of the long-term program of the Colorado
River Municipal Water District (CRMWD) (see Jones,
1985; 1988) and of continuing progress in cloud
seeding
research,
the Council
.issued
a
solicitation for a qualified weather modification
contractor.
North American Weather Consultants
(NAWC) answered this solicitation and was selected
to conduct the operational cloud seeding program
through the summer of 1988. Atmospherics, Inc.,
conducted the program in 1989. Annual reports on
the seeding operations have been prepared by
Girdzus and Griffith, (1986); Oriffitb and
Girdzus, (1987); Riseh and Griffith, (1988);
Girdzus and Griffith, (1989); and Woodley
ai.(1989).

primary
objective
of the program
was the
enhancement of rainfall over the watershed that
feeds San Angelo’s two main reser,roirs, l~.in
Buttes to the southwest and O.C. Fisher to the
northwest of the city.
Seedings were to be
concentrated in suitable clouds within 30 n.mi of
these reservoirs to increase runoff in streams and
channel dams supplying the reser~rolrs and to
increase
precipitation
directly
~nto the
reservoirs themseI’~es. Seedings at greater radii
were approved in instances when the seeded eloud
systems were expected to move toward the storage
reservoirs.
In meeting the primary objective,
recharge of the area’s shallow a~uifer~ wo~ld be
accomplished as well. A secondary objective of
the program was to increase the rainfall in
residential areas in order to decrease the demand
for municipal water.
The program sponsors understood clearly that
cloud seeding in West Texas would not "break"
droughts, but that it likely would be effective in
augmenting the rainfall during periods of natural
rainfall. Whether this has been the ease d~ring
the five-year seeding program is the focus of this
paper.

The San Angelo program was based initially on
dynamic seeding concepts and results from Florida
(Woodley, et al., 1982; Gagin, et al., 1986).
Later positive research results for West Texas
(Rosenfeld and Woodley, 1989), obtained during the
course of the Southwest Cooperative Program
(SWCP), provided additional justification for the
operational seeding effort. In both the SWCP and
the CRMWD efforts, however, it appeared that
"static" seeding effects might have been operative
as well to increase the precipitation. ("Static"
and "dynamic" seeding concepts are discussed
briefly in the next section.)

2.

THE SCIENTIFIC BASIS FOR CLOUD SEEDING
One major general premise of cloud seeding is
that the introduction of ice nuclei into a nucleideficient supercooled cloud will improve its
precipitation
efficiency,
leading to more
precipitation.
Relatively small numbers of ice
nuclei (I to 10 per liter) are thought to
needed to improwe precipitation efficiency. This
approach to seeding has been called "static"
because the seeding concept is to add small
concentrations of ice nuclei to clouds that are
deficient in such nuclei.
The ~u¢leated ice
crystals will then grow in size ~ diffusion and
deposition until ~hey fall from the cloud as

The San Angelo rain enhancement program was
designed to use state-of-the-art aircraft, radar
and instrumentation systems to recognize and act
upon seeding opportunities for rain enhancement
over the target area shown in Figure I.
The
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precipitation. The release of fusion heat during
the gradual glaciation .process is thought to be
comparatively small and unSmportant. An excellent
discussion of the "static" approach to seeding is
provided in a review paper by Silverman (1986).
A second premise of cloud seeding is that
massive glaciation of a supercooled cloud will
lead to substantial releases of the latent heat of
fusion, leading tO increased cloud buoyancy and
greater cloud growth. These larger clouds will
last longer and process more water, leading to
more precipitation on the ground. This approach
is commonly called "dynamic seeding", because the
intention is to invigorate the cloud’s internal
circulations (updrafts and downdrafts) to promote
large.r clouds.
Orville (1986) provides
comprehensive discussion of the "dynamic" approach
to cloud seeding.
A complication for both approaches to cloud
seeding
is the tendency
for secondaryice
production
in supercooled
clouds with base
temperatures warmer .than about I0°C (see Hallet
and Mossop, ~974; Mossop, 1976;. Mossop, 1978a,
1978b,; Vardiman, 1978 and Messop, 1985). In warmbased clouds, the coalescence of Water drops is a
dominant precipitatiqn-forming mechanism. When
these precipitation-sized water drops are carried
to the sup~.rcooled portion of the cloud, a few of
them freeze, releasing ice splinters in the
freezing process.
Silverman.. (1986) points out

that other factors, such as liquid water content,
cloud dropIet concentration, cloud depth, and
updraft speed are also important factors ¯in. this
secondary ice production. The major determining
factor, however, apparently
is cloud base
temperature. Johnson (1982) indicates that +I0°C
¯ is the critical cloud-base temperature threshold
for natural ice multiplication.
¯
Ar t~ fici.al
nucleation
may
be
counterproductive
in clouds with an active
coalescence process because the cloud may already
contain
enough
natural
ice for maximum
precipitation efficiency. This may be a greater
problem for the "static" approac.h to cloud seeding
than for .the "dynamic" approach. Large effects of
dynamic seeding have. been shown in both Florida
(Simpson and Woodley, 1.971; Gagin et al., 1986)
~nd. Texas (Rosenfeld and Woodley, 1989), and
virtually .every instance the .seeded clouds had
base temperatures > +I0°C.
¯ Both the "static" and "dynamic" approaches
.~likely are relevant to the clouds .of West Texas.
The static seeding approach may work best on coldbased cumuli and on highly organized convective
systems, while the dynamic seeding approach will
be. most applicable to .warmer-based convective
clouds that have not yet deve~ope d massive
stature. In most" cases, the response of a cloud
to. seeding is a mixture of both static and dynami
c
effects. Which effect¯ dominates probably depends
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on the initial conditions of the cloud and
environment when seeding is initiated and on the
amount of nucleant introduced into the cloud.

and O.C. Fisher reservoirs locate~ immediately
southwest and northwest of the city, respectively.
Many of the seedings were at cloud top using
droppable AgI flares. The number of flares used
was a function of the suitability of a particular
cloud system. Some of the seekings, particularly
those at night, took place at cloud base, using
either wing-tip Agl-acetone generators (1985
through 1988) or AgI flares affixed ~o racks on
each wing (in 1989). The ggI-aeetone generators
produced more effective nuclei per gram of AgI at
-I0OC, averaging between I0 I~ and I015 nuclei per
gram of nucleant, than the drcppable or fixed
flares, which a~eraged betweem I0 ~2 and 1013
effective nuclei per gram of mmcLeant. Cloud-base
seeding was the preferred mode of ~reatment, when
large highly-organized cloud sFstems traversed the
target area. Woodley and Solak (~989) discuss the
rationale and scientific basis for each approach
to seeding as a f~nction of ~he imZ~ial conditions
of the cloud and its environment.

DESIGN AND IMPLEMENTATION OF THE PROGRAM
The San Angelo rain enhancement program made
use of twin-engine, turbo-charged aircraft, silver
iodide (AgI) pyrotechnic flares, solution-burning
seeding generators, C-band operational radars, and
rain gages. All seedings were conducted over the
target area in Figure I.

3.

The primary function of the aircraft was to
accomplish the seeding of suitable convective
clouds using fixed or droppable 20-gm silver
iodide pyrotechnics and/or seeding generators.
The base of aircraft operations was Mathis Field
in San Angelo, Texas. The cloud seeding aircraft
were a Cessna 340 (in 1985, 1987 and 1988),
Beechcraft Duke (in 1986) and a Cessna 421 (in
1989).
All seeder aircraft had weather radar and
seeding systems. The former was used primarily to
ensure the safety of the aircraft and crew during
seeding penetrations and the latter were used to
carry out either on-top or cloud-base seedings of
convective
clouds. Under the belly or tail
sections, the seeder aircraft carried flare racks
that held up to 200 20-gm silver
iodide
pyrotechnic flares (TB-I formulation). These
flares normally burn for about 45 sec and fall up
to 4,500 ft when ejected at altitudes of 20,000 ft
in still air.
In addition, the seeder aircraft
had either wing-tip, AgI-acetone generators (1985
through 1988) or AgI flares affixed to racks on
each wing (in 1989). Each generator usually
produced
about 2 gms of Agl per minute of
operation, while the fixed flares produced about 3
gms of AgI per minute for each 20-gm flare that
was burned. Total burn time for each fixed flare
was about 6 minutes.

4.

OPERATIONAL RESULTS
During the 5-year program, t~e wettest May
through September period, both within and outside
the target area, occurred in 1986. The May
through September periods in the remaining four
years, ranked by decreasing wetness, were 1987,
1988, 1985 and 19~9. The rainfalls in all years,
except 1989, were above the Mar thromgh September
seasonal normals. It was dry [n 1~89, especially
in the southwestern portion ~f the target and to
the south and west of the target.

A summary of seeding operatioms for the fiveyear operational ~rogram is presented in Table I.
The number of seeding days and the number of
seeding flights are not correlated with the total
rainfall.
For example, 1989 ~anke4 ~2 in the
number of seed days, #I in the m~ber of seeding
flights, and #1 in the amount of seeding agent
expended.
It ranked last, hewe~er, i~ total
rainfall.
Seeding activity alone does not
guarantee high rainfall totals.

The San Angelo operational radar was a Cband Enterprise system in all years. In 1985
through 1988 the radar was an Enterprise WR-100-2
and in 1989 it was an Enterprise WR-100-5. In
some years the radars had L-band aircraft
transponder display capability, which was used for
coordination of the seeding flights. The radars
were located at Mathis Field near San Angelo,
Texas at 31 ° 21.5’N and 100° 29.7’W. The airport
elevation is 1916 ft.

Table I. SUMMAR[ OF SEEDING OPg~gTIOgS
May through September
1985 through 1989
Year

Rainfall information for this study was
obtained from long-term rain gage sites that
included Garden City, Sterling City, Cope Ranch,
Funk Ranch, Water Valley, Water Valley 10NNE, San
Angelo, Mertzon, Mertzon 10NE, Eldorado and Ozona.
It should be noted that the Eldorado gage site was
11 mi. NW of the city through June of 1981 and 2
mi. SE of the City from September 1981 to the
present. The Mertzon site ceased operation in
1987, whereas the Mertzon 10NE site began its
operation in 1977.
These stations figure
prominently in the assessment of seeding effects.
The gage observations are discussed extensively by
Woodley and Solak (1989).

# Seed Days @ Seeding Plights ~mt. Agl

1985

31

39

18.0

1986

26

35

31.4

1987

34

37

28.3

1988

27

35

9.4

1989

33

50

3T.9

Totals:

151

196

1~5.1

A plot of each seeding e~ent in the May
through September period since the program began
in 1985 is provided in Figure 2, where a seeding
event is defined as the activation of at least one
flare (ejectable or end-burning). ]~ the case
a solution-bearing generator, the generator burn
time was divided into 6-minute segments and a
seeding location was determined for each 6-minute
time segment. Each 6-minute segment was then
defined as a seeding event. Examimatlon of Figure

In conducting the seedings, all suitable
clouds were to be treated with a silver iodide
(AgI) nucleant while they were over the watershed
shown in Figure I. Primary seeding emphasis was
placed on clouds within 30 n.mi. of Twin Buttes
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Figure 2. Location of seeding events during the San Angelo Rain Enhancement Program (Ma~ through September
1985 through 1989). A seeding event is defined as the activation of at least one flare or the
ignition of the AgI-acetone generator.
In the latter instance, the generator burn time was
divided into 6-minute segments and a seeding location was determined for each 6-minute time
segment. The outer figure is the operational area for the program while the inner area is the
target. Each grid square is 10×10 n.mi. San Angelo (SJT) is identified in the extreme eastern
port.ion of the target.
2 reveals that most of the 2,315 plotted seeding
events took place within 30 n.mi of San Angelo,
primarily to the west and southwest.

stations is valid for the period of see~ing.
Gabrie~
and Petrondas
(1983)
add
additional
requirement
that there be no
correlation
between the departures
from a
regression line in successive years.
Their
studies suggest that such serial correlations may
take place and result in misleading P-values for
operational/historical comparisons.
~ suggested
means for accounting for this tendency ts to
double the derived P-value (e.g. a 5% significance
level or P-value is adjusted upward to I0~). We
will return to this point ~ater in the text.

ASSESSMENT OF THE EFFECT OF SEEDING
Evaluating the effect of seeding in an
operational seeding program is essential if the
effort is to have long-term
credibility.
Unfortunately, this is not an easy proposition.
The treatment has not been done on a rando.m basis,
and there are no control days to serve as an
objective basis of comparison for the days that
have been seeded.
It is possible, however, to
make an assessment of the effect of seeding, using
target-control regressions that have been derived
from historical rainfall records. FluecE (1976)
outlines thi.~ procedure and discusses its
advantages and its limitations.
The basic
requirements are that the target and control
rainfalls be correlated, that the rainfall at the
control stations not be contaminated by the
see~ing in the target and that the derived
relationship bet~een the control and target

5.

Our approach to the assessment of seeding
effects is similar --- at least initially --- to
that of Girdzus and Griffith (1989). Historical
monthly precipitation data were accumulated for
long-term rainfall stations within the target and
outside to the west and to the south. The period
of record was 1960 through 1984 inclusive. These
stations are shown in Figure 3.
Six control
stations (Midland Airport, Penwell, McCamey,
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had too many gaps to permit its use (see Woodley
and Solak, 1989).

Bakersfield, Ozona and Sonora) and nine target
stations (Garden City, Sterling City, Cope Ranch,
Water Valley, Water Valley 10 NE, Funk Ranch, San
Angelo, Eldorado (11 NW and 2 SE), and Mertzon
and/or Mertzon 10 NE were used in the analysis.
Most of these stations were selected at the end of
the first year of operations. Sonora, Sterling
City and Eldorado were added at the end of the 5
years of seeding.
Sheffield, Texas, was
considered as a control station, but its record

MIDLAND
AIRPORT
¯

¯ PENWELL

It must be emphasized that all possible
control and target stations were used. Stations
were rejected only if their record was too
intermittent to justify their use. In no case was
a station record examined and then d~scardeG
because of its potential effect on the analysis.
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Figure 3. Map showing the location of the target and control stations used in the analysis. Two stations
(i.e. Mertzon and Eldorado) have multiple sites. This is addressed in the text.
Carolina. Overall, the station record is fairly
complete, but missin~ records were a problem for
some stations.
Table 2 lists the data
availability for the target and control stations
for the base perle4 (1960 through 1984) and for
the project period (1985 through 1989).
It
based on the number of station-months that had to
be edited.
Each station-month requiring any
intervention, whether one day or the entire month,
is noted.

Having selected the target and control
stations, the analysis proceeded along the
following steps:
I.
A linear regression relationship between the
average, seasonal (May through September)
target and control rainfalls was derived. In
a variation
of this basic analysis,
regression equations between mean seasonal
control rainfall and the total seasonal
rainfall for each target station were
derived.
2.
The regression equations were then used to
evaluate the five years of seeding.
The
observed mean May-September rainfall for the
six control stations was substituted into the
regression equations, and the overall target
rainfall and the rainfall for each station
was predicted.
The predicted rainfalls were compared to the
3.
observed rainfalls to obtain an estimate of
the effect of seeding.
This was done for
each year and for all five years of the
program.

Study of Table 2 reveals that four stations
(San Angelo, Water Walley, Cope Ranch and Midland)
had a perfect record.
With the e~ception of
She ffield
(and perhaps
Mertzon),
the
interpolations for missing data were minimal for
the other stations. Sheffield was dropped from
consideration because of large gaps in its record.
Mertzon appeared to be acceptable.
All of the
editing necessary to complete the stud~ with the
remaining stations is documented by Weodley and
Solak (1989).
In the cases of Eldorado and Mertmon, the
gage sites at eac~ location changed during the
report period. Eiderado had no overlapping record
for its two sites. The records for Mer~on and
Mertzon lONE, however, overlapped from 1977
through 1986.
[t was possible, therefore, to
determine the relationship
between the two

This analysis is only as good as the input
data; the quality of the rain gage records had to
be addressed before any analyses could begin. All
rainfall observations, except for those from the
Mertzon 10 NE station, were provided by the
National Climate Data Center in Asheville, North
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Base Period
(1960-1984;130 months)

ProjectPeriod
(1985-1989;25 months)

Ztations
Control Stations
Midland
Penwell
McCamey
Bakersfield
Sheffield
Ozona
Sonora

0
6
I
I
17
3
0

0
0
0
0
2
0
3
Target Stations

Garden City
Sterling City
Water Vly
Water Vly 10NNE
Cope Ranch
Funk Ranch
San Angelo
Mertzon
Mertzon 10 NE
Eldorado**

I
4
0
4
0
3
0
9
2

0
5
0
I
0
0
0
I (record ends in 1987)
0 (1987 through 1989)
0

A station is said to have one station-month of editing, if the record for only one day or as many as
all days for that month was (were) missing.
The record for Eldorado included Eldorado 11NW from 1960 through most of 1981 and Eldorado 2SE from
September 1981 through the project period.

stations.
The results, which are presented by
Woodley and Solak (1989), indicate that the rain
measurements at the new Mertzon site (i.e. Mertzon
10NE) are low relative to the old site. Use of
the new site for a portion of the treatment period
will tend to underestimate the apparent effect of
seeding. The alternative is to use the regression
relationship discussed by Woodley and Solak (1989)
to adjust the readings at the new site to the old.
In view of the uncertainties involved, we decided
to pursue a conservative course of action and make
no. adjustments.
A listing of the data used for this analysis
of seeding effect is provided in the Appendix.
These are the input data for the regressions to be
discussed in this paper.
Documentation of all
data editing and interpolations is presented by
Woodley and Solak (1989).
5.1 Results
A listing of the regression
equations
relating target to control rainfalls and the
resulting correlation coefficients is presented in
Table 3. Note that the correlations range from a
maximum of 0.84 to a minimum of 0.58. The overall
target vs control correlation is 0.77. A complete
correlation matrix among all stations can be found
in the report by Woodley and Solak (1989).
Again, it must be emphasized that no search
was made to find the "best" stations or "best
grouping of stations" for this analysis. Such a
search must have a physical basis, and we could
find no physical reason to modify our initial
selection of stations. In truth, we have used all
of the candidate control stations that had a longterm rainfall record. In the case of the target
stations, we used all stations within the target
that had a complete or nearly complete record for
the period of analysis.

The equations of Table 3 were used to predict
the overall target rainfalls and the rainfall at
each target station for each of the five years of
seeding operation. The results in terms of ratios
of observed to predicted rainfalls are presented
in Table 4 and in terms of differences between
observed and predicted rainfalls (units: inches)
are presented in Table 5.
If seeding has
increased the rainfall during the program, there
should
be a preponderance
of ratios
and
differences > I. That they do, in fact, exceed I
does not of itself prove the effectiveness of
seeding in increasing rainfall. It is, however, a
big step in that direction.
The real challenge is interpreting
the
results of Tables 4 and 5.
The regression
equations
for individual
stations
have
correlations that range between 0.84 and 0.58, so
they are not perfect predictors
of target
rainfalls. It would be a mistake, therefore, to
interpret the results as proving that seeding
either increased or decreased the rainfall at a
particular station in a particular year.
Overall impressions,
however, may have
validity.
Approaching the results in this way,
one notes
immediately
that there
is a
preponderance of ratios and differences > I in
both tables.
This is especially true for the
stations closest to San Angelo (i.e. San Angelo
and Mertzon), where most of the seedings took
place (see Figure 2), and for all years combined.
The overall target variable has ratios and
differences > I for all 5 years of operation.
Assessment of the significance of this result is
possible if one views the result for a particular
year as a random event, much like the flip of a
coin. The probability that a particular year will
have a target ratio or a rainfall difference > I
is I/2 or 50%. This is the same probability of

Table 3.

REGRESSION EQUATIONS AND CORRELATION COEFFICIENTS
RELATING TARGET TO CONTROL RAINFALLS
FOR THE SAN ANGELO RAZN ENNANCEMENT PROGRAM
(Period of Record 1960 through 1984)
Correlation
Coefficient

Control
Control
Control
Control
Control
Control
Control
Control
Control
Control

vs
vs
vs
vs
vs
vs
vs
vs
vs
vs

Target
Garden City
Sterling City
Cope Ranch
Water Valley
Water Valley 10NNE
Funk Ranch
San Angelo
Mertzon
Eldorado

Table 4.

Equation

0.77
O.65
0.64
0.66
0.63
0.60
0.67
0.63
0.58
0.84

TR =
R 3.67
GR R
= 3.83
SR : 4 32
R
CR = 4 03
R
(WV)R = 4 R
19
(WV*) R 4 64
R
FR : 3 75
R
(SA)R = 2 70
R
MR = 4 51
R
ER = I 05
R

+
+
+
+
+
+
+
+
+
+

0.81~C
0.738C
0.77~C
0.735C
0.826C
0.806C
0.817C
0.832C
0.734C
1.067C

RATIOS OF OBSERVED TO PREDICTED RAINFALLS FOR TARGET STATIONS
BY YEAR AND FOR ALL FIVE YEARS OF OPERATIONAL SEEDING

Station

1985

1986

1987

1988

1989

All Years

Grdn Cty
Strlng Cry
Wtr Vly
Wtr Vly IONNE
Cope Ranch
Funk Ranch
San Angelo
Mertzon
Eldorado
Target

1.21
0.98
0.78
0.75
0.94
1.04
1.14
1.86
1.02
1.07

0.94
1.13
1.23
1.72
2.09
1.00
1.41
1.17
0.92
1.29

0.84
1.14
1.39
1.46
0.78
1.03
1.56
0.97
1.22
1.16

1.42
1.15
0.94
0.89
1.09
0.92
0.84
1.82
1.09
1.13

1.33
0.93
1.56
1.53
0.47
0.92
1.40
1.35
1.17
1.19

1.12
1.07
1.16
1.28
1.16
0.99
1.27
1.42
1.07
1.17

Table 5.

Station

Grdn Cty
Strlng Cty
Wtr Vly
Wtr Vly IONNE
Cope Ranch
Funk Ranch
San Angelo
Mertzon
Eldorado
Target Average

DIFFERENCES BETWEEN OBSERVED AND PREDICTED RAINFALLS FOR TARGET STATIONS
BY YEAR AND FOR ALL FIVE YEARS OF OPERATIONAL SEEDING
(Units are inches)
1985

1986

1987

1988

1989

2.35
-0.25
-2.77
-3.21
-0.70
0.45
1.50
10.21
0.27
0.87

-0.92
2.05
3.77
12.01
16.37
0.00
6.26
2.56
-1.29
4.54

-2.08
2.02
5.74
6.75
-2.86
0.36
7.36
-0.44
3.18
2.23

5.34
2.09
-0.87
-1.64
1.16
-1.10
-2.01
11.0Y
1.26
1.70

2.49
-0.62
4.72
4.69
-4.17
-0.65
2.83
2.88
1.12
1.47

All Years
(avg. value)
1.43
0.93
2.12
3.Y7
2.96
-0.18
3.19
5.26
0.91
2.16

level for our study becomes about 6% --- not as
impressive as 3% but still suggestive of an effect
of seeding.

obtaining "heads" (or "tails") upon a single flip
of the coin. The probability of two years in a
row > I is 25%. Finally, the probability that 5
years in a row will be > I is about 3% (i.e.
(0.5)5). Thus, there are 3 chances in 100 that
the results for the San Angelo operational seeding
program are due to chance and a 97% probability
that they are due to seeding intervention.
Remembering
the admonition
of Gabriel and
Petrondas
(1983)
that the P-values
for
operational/historicalcomparisons be increased by
a factor of two to account for the possibility
that the departures from the regression might be
serially correlated, the P-value or significance

Figure 4 shows a "scatter plot" of the
seasonal (May through September) target and
control values that went into the base period
regression. In addition, the points for the five
seeded seasons have been added to the plot (i.e.
the larger dark circles).
Note that all five
points lie above the base-period regression line.
Further, there is no obvious relationship between
the size of the effect and the amount of control
rainfall. This is in contrast to the results for
36

REVIEWED
the CRMWD effort (see Jones, 1985 and 1988)
which the effect of treatment seemed to increase
with an increase in the control rainfall.
These results certainly suggest an overall
effect of seeding of about +17% for the target for
all years of operation. If the Eldorado gage is
eliminated entirely from this analysis as a
sensitivity test because of its 13-mile change in
location during the seeding period, the apparent
overall effect of seeding becomes 18%.
This
station is not pivotal, therefore,
to the
analysis.
Plots of the all-years results of Tables 4
and 5 are provided in Figures 5a and 5b.
The
obvious "clinker" in the results are the ratio and
rain-difference values for Funk Ranch.
No
effect,either positive or negative, is indicated
at this site, even though the stations around it
suggest appreciable effects of seeding.
The explanation for the anomaly at Funk Ranch
lies in its 5-year rainfall record. The average
rainfall at this station for the 5 years is 12.52
in., but the average 5-year rainfalls at the 4
surrounding stations to the northwest (Cope
Ranch), northeast (Water Valley), southeast (San
Angelo) and south (Mertzon), are 14.04, 15.36,
15.01 and 17.81 in., respectively. Clearly, the
5-year mean rainfall at Funk Ranch is low relative
to the values at the surrounding nearby stations.
It is unlikely:that such a disparity over 5 years
is real, and it explains why the estimate of the
apparent seeding effect is inconsistent with the
estimates for the nearby stations.
It is interesting to note that the area
closest to San Angelo (San Angelo and Mertzon) had
apparent overall effects ranging between 27% and
42%. The.mean increases in rain amount for this
region closest to the San Angelo reservoirs
average between 3 and 5 inches per season (May
through September). This is the region over which
most of the seeding was done (see Figure 2). Funk
Ranch does not fit this nice picture for the
reasons discussed above.

sensitivity tests. Further, one wouId expect the
apparent effect in the period of actual seeding,
to be greater than the "effect" for each 5-year
period of hypothetical
seeding.
These
expectations
are realized as is obvious by
examining the presentation in Table 6.
Note that in each 5-year period, the apparent
effect of actual seeding for the years 1985
through 1989 exceeds the "effect" in each 5-year
period of hypothetical seeding. In every instance
the ratio of observed to predicted rainfall for
the actual period of seeding is > I, while only
three of the five years is > I for the period of
hypothetical seeding.
The "effect" of hypothetical seeding in the
period 1980 through 1984 presents the biggest
challenge to the period of actual seeding with a
ratio of observed to predicted rainfall of 1.13 as
compared to 1.20 for the actual seeding period. A
year-by-year closer look at this five-year period
produced ratios of observed to predicted rainfalls
for the period of hypothetical seeding of 1.30,
1.08. 1.39, 0.98, and 0.71. The ratios for the
actual period of seeding are 1.10, 1.32, 1.20,
1.15 and 1.21. Again, all of the yearly ratios
are > I for the actual seeding period, whereas
only three of the five yearly ratios are > I for
the period of hypothetical seeding. As discussed
earlier in the text, the probability of obtaining
ratios > I five years in a row is between about 3%
and 6%, suggesting that seeding might have been
responsible for the apparent effect. On the other
hand,, the probability of obtaining three of five
ratios > I, as is the case for the 5-year period
of hypothetical seeding, is about 13%.
This sensitivity
analysis supports the
interpretation that AgI seeding is responsible for
at least a portion of the apparent increases of
rainfall over the San Angelo watershed for the
period 1985 through 1989. It does not, however,
prove that is the case. Only by evaluating all of
the evidence might one be justified in reaching
such a conclusion.
6.

5.2

Sensitivity Tests
Sensitivity tests are an important component
of any analysis. To test the sensitivity of the
San Angelo results the following procedure was
applied:
The 25-year base period (1960-1984) was
I.
divided into five 5-year blocks.
2.
Linear regression equations relating control
to target rainfalls were derived for the five
20-year base periods. With the derivation of
each regression equation, a 5-year period was
set aside as a hypothetical
period of
seeding.
As an example, the period 1965
through 1984 was used to derive the target
vs. control relationship and the period 1960
through 1964 was set aside as a period of
hypothetical seeding.
A seeding effect was then calculated for each
3.
5-year period of hypothetical seeding and for
¯ the 5-year period (1985 through 1989)
actual seeding.
The "seeding effects" were
then compared.
If seeding indeed, has been responsible for
increased rainfall, one would expect the apparent
seeding effect to be evident in each of the five

DISCUSSION
Assuming that the suggested seeding effects
are real, the question becomes how the increases
were produced. A good start to answering this
question are the research results presented by
Rosenfeld and Woodley (1989), which indicate that
AgI seeding of convective cells in West Texas was
effective in increasing the areas, durations and
rain volumes of the cells. The radar-estimated
rainfall volume at the bases of the Agl-treated
cells was more than double (i.e. increases
exceeding 100%) the rain volume from the cells
that received simulated treatment. This result is
significant at the 3% significance level using rerandomization procedures. The apparent effect of
seeding and its significance increases slightly
when control cells are incorporated into the
analysis. The effect of treatment on maximum cell
height, as measured by radar, generally averaged
less than 5%.
It must be pointed out, however, that the
results discussed by Rosenfeld and Woodley (1989)
do not appear to fit the "classic" dynamic-seeding
response whereby the AgI-treated cell first grew
explosively in the vertical before expanding
laterally. Although the seeded cells were

15

12

CONMEAN
Figure 4. Scatter plot between the seasonal (May through September) mean control and mean target rainfalls
for the base period 1960 through 1984. The solid line is ~he least-squares best ££t. The
dashed lines are 90% and 95% confidence intervals. The value~ for the five seeded seasons are
plotted as large black dots.
slightly taller in the mean than those cells that
did not receive treatment, vertical growth of the
cells was not the dominant response.

for increased merging of the seeded cells in West
Texas supports ~h±s speculation, as do the results
of other investigators.
It has been well
documented,
fer example, that the merger of
convective cells or elements can affect the future
development of a cloud mass, leading to Daller,
larger and more intense convective systems that
produce more rainfall (Simpson and ~ood]ey, 1971~
Lemon, 1976; House an~ Cheng, 1977; aad Weseott,
1977).

In moving from the cell scale to the larger
scales, it was found that cell merger occurred
twice as often in the AgI-treated cases. Merging
was most pronounced for cells treated early in
their lifetimes with 9 or more Agl flares. ¯ The
merger results are highly significant.
If one accepts the results of Rosenfeld and
Woodley (1989) indicating a large effect
seeding on the convective cells of West Texas, the
next question is how this effect spreads to the
larger scales during the operational seedings. It
is expected that cell mergers, leading to larger
and more clustered areas of precipitation, play a
major role inthis transfer. The strong evidence

Because vigorous cell mergers usually take
place in regions of strong convergence of moist
air beneath the clouds, one is left wZth the
suspicion that seeding enhances t~e surface
convergence.
~ow thZs takes place ]s still a
matter for conjecture, but the most li~ely process
is enhanced down]drafts following seeding as
postulated by SZ~pson (1980) and modeled later
38

"REVIEWED"

-0.18",,
5.26 ,, "

F±gure 5a.

Ratios of observed to predicted
rainfalls for target stations for all
five years of operational seeding.

Figure 5b. Differences between mean observed and
mean predicted seasonal rainfalls for
the target stations. The values are
in inches.

APPARENT SEEDING EFFECTS~

Table 6.

IN PERIODS OF ACTUAL AND HYPOTHETICALSEEDING

Regression
Equation

Rypothetical Seed
Period

Y = 4.52 + 0.754X
r : 0.805

1960-1964

0.87

1985-1989

1.15

1960-1964
+
1970-1984

Y = 3.03 + 0.862X
r = 0.804

1965-1969

1.09

1985-1989

1.18

1960-1969
+
1975-1984

Y : 3.79 + 0.797X
r : 0.656

1970-1974

1.02

1985-1989

1.18

Y = 3.32 + 0.876X
r = 0.753

1975-1979

0.90

1985-1989

I .14

1.13

. 1985-1989

1.20

1985-1989

1.17

Base
Period
1965-1984

Seeding
Effect

Actual Seed
Period

Seeding
Effect

1960-1974
+

1980-1984
1960-1979

Y : 3.66 + 0.788X
r = 0.784

1960-1984

Y

: 3.67
+
r = 0.765

0.814X

1980-1984

.............

The seeding effect is defined as the ratio of observed to predicted rainfall for particular period of
real or hypothetical seeding.
Tao and Simpson (1988).
Uncertainties such
this are the reason for continuation of research
programs, such as the Southwest Cooperative
Program (SWCP).
Rosenfeld and Woodley (1989) noted several
other apparent effects of seeding that are of
relevance to the interpretation of the San Angelo
operational seeding effort.
Their seeded cells
showed at least two growth pulses during their
lifetimes, while those that were not seeded
typically pulsed only once. This means that the
seeded cells lasted longer than the unseeded
cells.
This suggests that dynamic effects were
operative.
On the other hand, there was a stronger

"bright band" phenomenon near the freezing level
in .the AgI treated cells. This suggests more snow
crystals with slower fall velocities in the seeded
clouds relative to the unseeded clouds.
This
implies that static effects were operative in the
seeded cells as well.
Based on the Rosenfeld and Woodley (1989)
study, therefore, it seems likely that the
response of the treated clouds in the San Angelo
program was a mixture of static and dynamic
effects. This makes sense, and it may explain why
apparent seeding effects were evident in 1988 when
most of the seeding was done at cloud base. Such
seeding is normally used to produce static
effects, although, as discussed earlier, one could
certainly make the case that the high-output
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seeding generators used by North American Weather
Consultants in 1988 may have produced dynamic
effects as well. When conducting base seeding in
regions of strong updraft, it is likely that
fairly high concentrations (i.e. > 100 -I) of
nuclei were carried upward in the strong updraft
cores. Such concentrations of nuclei might have
produced the rapid glaciation thought necessary
for dynamic effects.

Without supporting physical measurements, one
must be content with the circumstantial evidence
for increased rainfall in the San Angelo program.
Although this evidence is strong, it is not
conclusive. The apparent positive effects in each
of the five years of the program certainly suggest
an effect of seeding. That the area of greatest
apparent effect nearly coincides with the region
that received the most seeding is a strong
indicator of seeding effects.
Finally, the
finding that seeding effects are indicated after
sensitivity
testing
also
supports
an
interpretation of positive seeding effects in the
San Angelo program.
The results of the San Angelo program are
consistent with the convective cloud seeding
program, sponsored by the Colorado River Municipal
Water District (CRMWD) in Big Spring, Texas, which
ran continuously from 1971 through 1988 (18
years). The twofold purpose of this program was
to increase precipitation runoff for storage in
the CRMWD reservoirs and to increase rainfall for
use by agriculture. Seeding during this program
was done primarily at cloud base using silver
iodide (AgI) acetone generators.

In assessing the apparent effect of seeding
in the CRMWD program, Jones (1985 and 1988) made
use of the historical rainfall record (1936-1970)
to calculate percent of normal rainfall at target
and control stations. He also used these data to
develop target-control regressions, which were
used to predict rainfall in the seeded period
(1971-1988).
The predicted and observed target
rainfalls were then compared.
The percent-ofnormal analysis indicates 30% above normal
rainfall in the center of the target while the
regression
analysis suggests that seeding
increased the rainfall about 11% in the target
area.
A second analysis by Jones (1988) of the
yields of unirrigated cotton in and around the
target since seeding began in 1971 indicates
increases of cotton production of 48% and 45% in
the target
and downwind
of the target,
respectively,
while the increase in cotton
production in the same time period in the counties
upwind of the seeding was only 8%. If one assumes
that rainfall has been the major control of cotton
production over the entire region, this result
might be interpreted as further evidence for
seeding-induced rain increases.

Collectively, the San Angelo and Big Spring
programs provide fairly persuasive evidence for
seeding-induced increases in precipitation. It is
crucial that these results be confirmed and that a
major effort be made to gain physical insights as
to how and why the rain increases were produced.

7.

CONCLUSIONS
Upon assessing all of the evidence, we
conclude that seeding has increased the rainfall
over the San Angelo watershed.
Among all the
factors considered,
we consider the following
most convincing:
I.
In the statistical analysis an apparent
positive seeding effect is eviden~ in each of
the five years off operational seeding. Our
analysis suggests that the probability of
this happening by chance may be as low as 3%.
The apparent overall area-wide effect is
+17%.
2.
The apparent effect of seeding appears to be
strongest over regions where most of the
treatment took place during the 5-year
program, especially near and to the west and
southwest (upstream) of the reservoirs
serving San Angelo. One target station does
not, however, fit this general pLcture,
because of an unrepresentative
rainfall
record.
The apparent effect off seeding is still
3.
evident after sensitivity testing.
4.
The results of research to date within the
context of the Southwest Cooperative ?rogram
(SWCP) indicate that seeding in West Texas
effective in increasing the rainfall from
individual convective cells by over |00% and
that seeding promotes the merger of adjacent
clouds, leading to larger and longer-lasting
raining clouds (see Section 6.0). There
good reason to expect, therefore, that
seeding will produce Lncreases in rainfall
when it is applied on an operational basis.
Analysis of the 18-year operational cloud
5.
seeding program of the Colorado
River
Municipal Water District (CRMW~) Lndicates
that seeding has increased the rainfall by
about 11%.
This result is consistent with
the results of the San Angelo program.
8.
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THE SAN ANGELO RAIN ENHANCEMENTPROGRAM
MAY TO SEPTEMBERYEARLY RAINFALLSFOR TARGET AND CONTROLSTATIONS
Control
Stations

Target
Stations
Pre-TreatmentPeriod

Yr

60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84

MAF Pnwll McCmy Bkrsfld Ozona Sonora

7.81
15.65
10.81
8.03
5.55
8.01
12.60
5.13
10.48
8.55
4.27
10.45
8.33
5.02
11.94
18.34
8.87
2.27
11.66
9.42
14.07
8.08
9.95
1.74
10.73

7.86
5.21
9.74
7.15
3.83
6.95
8.18
8.27
8.67
5.47
5.03
11.16
11.44
6.31
12.11
13.26
8.90
4.39
10.06
7.23
13.30
5.39
7.58
2.15
11.43

8.21
5.65
5.55
6.17
12.23
8.35
8.33
6.74
11.29
7.41
8.65
7.06
11.15
5.42
18.38
11.13
11.37
4.79
15.70
5.85
10.29
7.01
2.73
1.72
8.03

6.90
3.82
6.66
6.66
5.67
6.08
11.12
6.90
9.82
8.08
10.66
9.16
11.14
10.37
29.73
11.70
16.94
3.94
15.29
7.31
8.56
7.29
7.47
2.05
7.63

7.09 5.13
13.98 11.97
4.94 [2.43
6.55 8.47
9.17 16.29
9.34 9.57
12.72 10.21
7.39 12.26
12.26 10.33
10.92 8.26
6.19 8.73
22.75 .18.73
19.62 20.99
10.69 11.23
20.83 23.30
9.48 14.10
17.10 24.08
5.85 7.03
9.10 15.94
8.96 8.77
11.94 14.00
10.61 13.95
6.88 8.56
5.01 6.13
5.53 6.06

Mean

Grdn
Cry

Strlng
Cty

Wtr
Vly

7.17
9.38
8.36
7.17
8.79
8.05
10.53
7.78
10.48
8.12
7.26
13.22
13.78
8.17
19.38
13.00
14.54
4.71
12.96
7.92
12.O3
8.72
7.20
3.13
8.24

8.17
17.33
9.45
8.70
9.78
10.75
6.53
10.96
11.07
12.00
9.02
14.01
14.84
6.53
13.26
16.39
16.80
6.95
9.35
12.49
19.05
9,27
10.30
2.19
7.59

6.53 6.20
16.42 12.01
8.35 4.91
8.88 7.75
13.58 8.53
14.73 11.09
11.70 13.13
13.93 13.13
9.04 9.96
15.86 15.23
6.38 7.07
15.84 19.19
17.22 16.06
6.95 12.O3
16.41 18.20
15.50 15.21
14.74 14.60
7.01 10.28
12.7013.79
6.85 9.24
17.43 22.58
11.75 11,56
14.89 17.83
5.84 7.43
5.28 6.12

Wtr
Vly
10NNE

Cope
Rnch

Fnk
Rmeh

SJT

Eldrdo Mrtzon

Mean

5.43 6.21
18.2!512.21
4.66 6.83
9.97 10.20
8.34 9.38
14.89 14.40
11.76 11.52
12.48 16.01
9.85 5.91
11.80
7.12
9.63 8.07
19.90 11.01
20.38 14.64
13.62 7.72
20.80 17.41
13.91 15.87
12.52 18.17
10.06 10.49
11.17 14.19
9.83 12.54
17.42 -14.15
11.50 11,91
18.08 10.76
7,84
5,28
5.31 5.31

7.19 5.24
16.52 13.23
6.87 5.40
8.91 9.37
7.47 5.19
9.9I 9.82
15.72 10.42
13.47 13.55
12.02 11.60
14.48 12.78
8.11 6.97
17.12 16.70
16.20 18.23
15.O0 9.82
19.24 15.01
11.76 12.87
12.33 11.76
6.22 3.78
8.10 9.33
10.48 6.36
20.01 22.~9
9.42 13.3~
9.18 11.08
5.34
5.~5
8.77 7.21

5.23
IT.8~
9.00
T.87
9.19
7.86
I~.68
12.52
10.33
10.34
9.8~
16.77
13.65
11.11
22.12
10.96
19.38
6.29
15.37
9.36
13,07
7.80
8.26
5,97
7.57

4.98
17.77
6.16
9.52
8.51
8.05
11.82
13.42
9.41
9.56
7.94
22.13
14.69
9.65
17.62
12.35
12.41
5.11
10.27
7.54
17.20
16.14
16.11
8.81
11.83

6.14
15.75
6.85
9.02
8.88
11.28
11.92
13.28
9.91
12.13
8.11
16.96
16.21
10.27
17.79
13.87
14.75
7.36
11.59
9.41
IB.16
11.41
12.96
6.02
7,22

9.51
28.65
21.51
12.78
13.51

12.39
15.92
14.37
12.57
7.33

12.02
15.65
17.63
15.26
7.70

22.08
18.00
13.29"
24.49*
11.19"

12.70
20.33
16.12
15.25
9.36

TreatmentPeriod
85
86
87
88
89

8.08 7.29 10.00
19.49 17.36 12.88
9.32 12.49
9.99
16.49 10.83
7.88
5.87 6,65
5,29

7.20
7.07
15.00
8.41
5.91

15.63 11.98
13.88 18.67
13.50 15.03
15.30 13.92
3.39 3.95

10.03
14.89
12.56
12.14
5,18

13.58
13.90
11.02
18.13
10.14

11.82
17.88
16.05
15.79
7.70

9.70
20.26
20.30
13,35
13.19

10.70
31.34
10.40
14.11
3.67

The gage totals for 1988 through 1989 are from Mertzon 10NE (see AppendixA for details)

12.54
21.35
20.51
10.79
9.84

AIRBORNEOBSERVATIONSOF A SUMMERTIME,GROUND-BASED
TRACERGAS RELEASE
By
DonA. Griffith, GeorgeW. Wilkerson, andDanA. Risch
North AmericanWeatherConsultants
Salt LakeCity, Utah
Abstract.Tworesearchaircraft wereequippedwith real-time sulfur hexafluorideanalyzersin support
of the North Dakota/NOAA1987 summertimeweather modification research program. Sulfur
hexafluoride (SF6) wasreleasedfrom a groundlocation and the plumewasdetectedby both aircraft
on several downwindtransects. The SF6 plume was tracked to near the base of a developing
thunderstormby one of the researchaircraft. Calculations were madeof what the concentrationof
silver iodide (Agl) seeding material would have been had a seeding generator been operated
concurrently with the SF6release. Thesecalculations utilized the SF, release rate, an assumed
Agl
release rate, and the observedSF, concentrations.

INTRODUCTION
North AmericanWeatherConsultants (NAWC)
has beena participant in the North Dakota/National
Oceanic and Atmospheric Administration (NOAA)
weather modification research programsince 1981.
This research is part of the larger NOAA/State
research weather modification .program being
conductedin four states (Illinois,
Nevada,North
Dakota,Utah) describedin Reinking(1985).
1.0

Part of the work in North Dakota has been
concernedwith the conduct of atmospherictracer
studies. Thesestudies have beendesignedto study
the transport and diffusion of a tracer gas, sulfur
hexafluoride (SF,), in summertime
cumulusclouds.
SF, is a manmade
material used primarily as an
electrical insulating gas for high vottage power
transmission equipment.
The background
concentrationof SF6is quite low being on the order
of 1 part per trillion (ppt). Detectionof SF6relies
primarily upon two methods: gas chromatography
and electron capture. Gaschromatography
requires
collection of air samplesthen subsequent
analysis at
a central location. Advancesthat beganin the mid
1970’s (Simmonds
1976) continuedinto the 1980’s
utilizing the electroncapturetechniqueto developreal
time SF, analyzers. Suchan analyzeris describedin
Bennerand Lamb(1985). An operational version
this analyzer(LBF-3), manufactured
by ScientechInc.
of Pullman, Washington,has been utilized in the
North Dakotatracer worksince 1985. Results of the
release of SF~ from an airborne platform with
detection by a secondaircraft equippedwith an LBF3 real time analyzer have previously beenreported
(Griffith, 1985;Stith, et al., 1986;Stith andBenner,
1987).

In the 1987 North Dakotaresearch programa
different type of .experiment was conducted. It
consisted of the groundrelease of SF, and utilized
two different aircraft equippedwith LBF-3analyzers
to document
the transport anddiffusion of the tracer
gas. The LBF-3 real time analyzer has a response
time of less than one second and a detection
threshold of approximately10 ppt.
There is an application of this type of
experiment
to the weathermodificationfield. Anoften
debated question is whether ground based silver
iodide generators provide an effective meansof
modifying summertime cumulus clouds? Some
research has been conducted to address this
question (McPartland and Super, 1978; Heimbach
and Stone, 1984). Muchof the earlier research was
conductedusing an acoustical ice crystal counter
normally referred to as an NCAR
counter (Langer,
1973).. The NCARcounter can be useful in
documenting the presence of the silver iodide
seedingmaterial but its output is normallyconsidered
to be qualitative instead of quantitative with regards
to the indicated ice crystal concentrations. The
methoddescribed.in this paperoffers a quantitative
manner of determining SF, concentration. The
disadvantage becomes one of measuring the
transport anddiffusion of a tracer gasinsteadof the
actual seeding material which necessitates the
acceptance of certain assumptions such as the
atmospheric transport and diffusion of small
particulate and gas moleculeswill be the same.It
should be noted that the earlier cited worksoften
foundsilver iodide nuclei at cloudbaselevel.

INSTRUMENTATION
Two aircraft
utilized
on the 1987 North
Dakota/NOAAresearch program were equipped with
LBF-3 analyzers. One was the South Dakota School
of Mines and Technologies’ armored T-28 research
aircraft.
The other was the University of North
Dakota’s Citation II cloud physics aircraft.
Both
aircraft carried a variety of state and cloud phYSiCS
instrumentation in addition to the LBFo3analyzer.

The Citation II took off from the Dickinson
Airport at 1350 and initially
flew along an 18 kmarc
downwindof the release point. the Citation II also
flew at increasingly higher altitudes with time. The
altitude
step increases averaged 150-200 m. The
Citation made one pass at approximately 27 km
downwind of the release site. This pass was made
near the base of a developing thunderstorm.
Subsequent sampling in this cloud was not
conducted since it developed to a stage considered
unsafe for aircraft penetration. The Citation II was
then flown to higher altitudes to perform sensitivity
tests of the LBF-3 analyzer versus altitude.
The
Citation II landed at 1620.

2.0

The University of Illinois’ CHILLradar wasalso
in place for the research program. Special
rawinsonde observations were madefrom the project
headquarters located at the Dickinson, North Dakota
Airport.

4.0

RESULTS
Table 1 provides
the hourly
weather
observations taken at the FAAFlight Service Station
located at the Dickinson Airport.
The weather
conditions during the release consisted of cloudy
skies, a surface temperature of 26°C and surface
winds from the southeast gusting to 25 knots. A
special project rawinsonde was released from the
Dickinson Airport at 1200 MD]. This sounding
indicated upper level winds were consistently ~’rom the
southeast averaging 10 ms1. The sounding also
indicated conditional convective instability
was
present.

FIELD PROCEDURES
3.0
The ground release of SF6 gas was madefrom
the Dickinson FAAvortac station located 8 km south
of the city and 3 km northeast of the Dickinson
Airport. The release was conducted from 1407 to
1450 (all times in MDT)on June 19, 1987 by directly
venting one pressurized bottle of SF0 after another
resulting in a continuous release of SF, into the
atmosphere.Four partially full cylinders were vented
in this mannerreleasing a total of 29.4 Kg of gas.
The resulting average release rate was 40.9 Kg hr-L
Flight plans were adopted to utilize
both
research sampling aircraft.
The T-28 took off from
the Dickinson Airport at 1417 MDTand flew along an
arc downwindof the release point at a distance of 810 km. The initial (lowest) samplingaltitude for both
aircraft was 1.1 km MSL(approximately 350 m AGL).
The T-28 flew transects at increasingly higher altitudes
in approximately 150 m steps. The T-28 was then
flown to higher altitudes to conduct an altitude
sensitivity
test of the LBF-3 analyzer. The T-28
landed at 1555.

A summaryof the CHILLradar observations for
this day indicated shower and thunderstorm activity
developed at approximately
1200 MDT west and
northwest of Dickinson and drifted slowly east. A
thunderstorm developed on the southern enc~ of the
convective area and movednorth-northeast skirting
the Dickinson Airport and movingnorth of Dickinson.

Table1
WeatherObsewations
FSSDickinson,NorthDakota- June19, 1987

Time (MDT)

SkyCondition
Visibility(miles)

Temperature
(°C)

Wind

Remarks

1254

555CT E120
Bkn2500VC

27

140/15G25

RWU SW WSW

1357

E55BKN 120
OVC

26

140/15G23

RWU SW NW

1458

E 60BKN 120
BKN

24

160/15G26

RWUWNONCL
LTGCG

1545

E65 BKN 120
OVC

26

100/12G19

RWU W.NW-N
BINOV

1651

65SCT120SCT

26

140/14G23

M DTCUALQDS

44

Both aircraft detectedthe SF6plumea number
of times. Figure 1 showsseveral intercepts of the
SF6plumeby the Citation II aircraft between
1430and
1500. Table 2 summarizesthe SF~plumeencounters
for eachof the aircraft. TheT-28 first encountered
the SF, plumeat 1423at a downwind
distance of 8.8
kmand an altitude of 1050m (all altitudes MSL).
This was 16 minutes after the release began. A
calculation of the transport speedof the SF~plume
from the releasesite indicates that the leading edge
of the SF~plumeshould havetraveled approximately
12 kmin 16 minutes(16/60 hr. x 12.5 ms"). Thefirst
plume encounter by the T-28 was at a downwind
distanceof 8.8 kmwhichindicates it encountered
the
plume shortly after Plume passage through the
downwind
arc. In a similar manner
the Citation II first
observedthe SF6plumeat approximately1434at an
altitude of 1140 m and a downwinddistance of
approximately18 km. This was26 minutesafter the
SF, release began.Thetransport of the leading edge
of the SF, should havereached19.5 km(26/60 hr.
12.5 ms") within 26 minutes.
Both aircraft encounteredthe SF, plume on
each succeedingpass following initial detection.
Figures2 and3 providethe aircraft flight tracks for
the two hours of interest (1400 to 1500and 1500to
1600, respectively). Eachcircle with a cross-hair
indicates the location of an SF6plumeencounter.
Figures 2 and 3 indicate the SF6 wastransported
towards the northwest in agreementwith the upper
level winds observed on the 1200 Dickinson
rawinsonde.
Table 2 contains maximumobserved SF,
concentrations and plumewidths associatedwith +3
sigma y from the Gaussian centerline location.
PasquiI-Gifforddiffusion equations(Gifford, 1961)were
used to calculate the maximum
concentration at the

Table2
¯ SF~Plume
Information
From
theT-28andCitationII
June19, 1987
~
To2~8
Begin
Time

End
Time

1423:24
1428:09
1430:36
1438:11
1446:24
1451:39.
1501:03
1504:17

1423:37
1428:22
1430:47
1438:29
1446:38
1452:02
1501:20
1504:35

Altitude
(m)

Width~
(m)

1050
1070
1210
1390
1550
1560
1680
1690

1170
1170
990
1620
1260
2070
1530
1620

Downwind Maximum
Distance SF~Conc.
(km)
(ppt)
8.8
9.9
8.3
8.1
9.2
10.4
9.5
9.1

419
167
221
538
388
717
117
251

CitationII
Begin
Time

End
Time

Altitude
(m)

Width’
(m)

1433:53
1441:10
1450:04
1455:15
1501:05
1506:24
1511:37
1521:46
1527:56

1434:15
1442:19
1451:13
1455:51
1502:26
1507:22
1512:04
1522:07
1528:25

1140
1140
1130
1280
1490
1700
2420
2560
2570

1673
5021
5232
2705
6220
4334
2134
1622
2323

Downwind Maximum
Distance SF, Conc.
(km)
(ppt)
18.0
18.2
17.9
17.8
17.5
17.7
17.5
16.5
26.3

41
100
87
27
204
122
32
21
37

Widthsare correctedplumewidth i.e., widthnon’halto winddirectionat
the givenaltitude.
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samedistance downwindas the observations and +3
standard deviations from the calculated values.
Figure 4 providesa comparison
of the 3 sigmavalues
versus the PasquilI-Gifford calculated values for
diffusionin thevertical (~’_) for twodifferent stability
classificabons (C and D). F=gure5 prowdess=mflar

,5000

information for horizontal diffusion ( oy ). These
figures suggest relatively goodagreementbetween
the observedand predicted values. FromTable 2 it
is seen that the SF8 plume expanded to
approximately 2 km in width at an altitude of
approximately 1500 m 10 km downwind from the
release. The plume expandedto 6 km in width 17
kmdownwind
at a similar altitude. Theflight pattern
of the T-28 obviously did not approachplumetop
since the maximum
SF8concentrationswererelatively
high (100-700ppt). TheCitation apparently did fly
nearplumetop part of the time. At approximately17
km downwindthe plume top was near 2500 m (or
approximately1750m abovegroundlevel).
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The observed one secondSFo concentration
data from the T-28 and Citation were plotted on a
vertical display and the data were contoured, Some
smoothing was performed in contouring the data.
Figures6 and 7 provide this information, Thedashed
lines representthe actual flight tracks fromwhichthe
data were derived and contoured. Theseplots were
preparednormalto the meanwind direction in order
to present a true depiction of the pl,umedimensions.
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The last sampling of the SFo plume by the
Citation II aircraft occurredat 1428at a downwind
distance of approximately27 kin. This observation
wasin close proximity to the base of a developing
thunderstorm. The altitude was 2.6 km and the
maximumobserved SF~ concentration was 37 ppt
(Table 2). A ratio technique, which had previously
beenusedin the analysis of an airborne SF~release
(Griffith, 1985), wasutilized to examinepossible
seedingmaterial concentration. This groundrelease
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- 5000
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5000
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15:15

10000
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15000
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Table 3
CalculatedEffectiveness (Ice Crystals) For
NAWC
Ground Based Generator at Different Temperaturesand
For TwoDifferent Silver Iodide Production Methods

Cloud
Tempe~aturef°C~
"6°
"8°
°-10
"12°

Figure7

Citation II Vertical Cross Section, 18
Kilometers From Release.

experimentdid not include the releaseof anyseeding
material. Thetracer data can, however,be utilized to
calculate whatthe concentrationof seedingmaterial
would have been based upon a standard ground
generatorseedingrate. In these calculations it was
assumedthat a NAWC
ground based generator was
used emitting 25 g of silver iodide (AgOper hour.
Thefollowing equationwasutilized:

Where:

X Agl = X S__~_F
¯ QAgl
QSF0
×Agl = Calculatedconcentrationof Agl
×SF6 = Observedconcentrationof SF6
QAgl -- Sourcestrength of Agl
QSF6 = Sourcestrength of SF6

In the case of the 37 ppt data point the
calculated Agl concentration was1.84 x 10,3 1.
gl
NAWC’s
groundgeneratorwastested in the Colorado
State University (CSU)cloud simulationlaboratory
1982 (Finnegan, 1982). The effectiveness of this
3
generatorundernatural draft conditionswith 1.5 gm
liquid water content was determined for several
different cloud temperatures. Test results using
maximum
fan conditions would have been preferred
but data were not available for the NAWC
generator
for sometemperatures of interest. If the above
calculated concentration is multiplied by the CSU
effectivenessfactors then the numberof ice crystals
producedcan be calculated. Table 3 provides this
information for several different cloud temperatures
and for two different Agl production methods.
DeMottet al., (1983) demonstratedthat a silver
iodide-silver chloride complex produced higher
nucleationefficiencies than puresilver iodide nuclei.
NAWC’s
generatorwastested with a 20 mole solution
of NH,CLO,
addedto the standardAgl, NH,I solution.
This solution, whenvaporized, results in the Agl ’
AgCl complexnuclei.

Pure Agl
(Crystals/I)
0.003
0.4
85
121

AgI’AgCI Complex
(Crystals/I)
0.3
14
104
---

Thecalculations in Table3 do not accountfor
any dilution of the SF~(or Agl) as it ascended
from
+10°C(the temperatureat the highest observation
point near cloud base) to the colder temperatures
wherethe silver iodide would become
effective ice
nuclei. Theaircraft wasnot able to penetrate the
developingthunderstormso the actual concentration
of SF~ at colder temperatures is unknown.
Considerabledilution of the SF~(and AgOwoutdbe
expected.Thecalculated ice crystal concentrations
in Table3 are therefore too high.

5.0

SUMMARY
A ground release of sulfur hexafluoride (a
tracer gas) was tracked by two research aircraft
during the .1987. North Dakota/NOAA
summertime
weathermodification researchprogram.Eachaircraft
carried a real-time SF~ analyzer which provided
considerable information on the SF~Plumes.These
analyzers had a response time of less than one
secondand a threshold of detection of approximately
10 ppt.
The plume dispersed in the horizontal and
vertical in close agreementto standard Gaussian
equation predictions. The top of the SF~plumewas
tracked to near cloud base of a developing
thunderstorm. ObservedSFeconcentrations at this
point were used to calculate what silver iodide
concentrations would have been had silver iodide
beenreleased concurrently from the ground along
with the SF~. This calculated concentration was
convertedto estimatesof the numberof effective Agl
nuclei for different temperaturesand two different
means
of generatingthe Agl nuclei. Thetemperature
of the last observation near cloud base was at
+10°C. The material would have had to be
transported vertically another 2.5 kmto reach the
thresholdof Agl nucleation (-6°C). Consequently,
the
calculations of effective nuclei madefrom the cloud
base observation are too high since considerable
plumedispersion wouldbe expectedin the 2.5 kmof
vertical transport.

Direct observations of the in-cloud
concentrationsof the SF6 were not possible due to
aircraft safety considerations.Additionalexperiments
of this type with in-cloud SFBdetection(andpossibly
ice crystal concentration
measurements
if silver iodide
wasreleased concurrently) would provide useful
informationregardingthe feasibility of groundbased
seeding of summertime
convective clouds.
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A STUDYOF RADAR ECHO CLUSTERSOVER SOUTHEASTERN
MONTANA
L. Ronald Johnson and Mark R. Hjelmfelt
Institute
of Atmospheric Sciences
South Dakota School of Mines and Technology
501 East St. Joseph Street
Rapid City, South Dakota 57701-3995

Abstract.Data recordedby the Skywaterradar during the CooperativeSonvective
Precipitation
Experimentwere used to produceecho clusterstatistics.The average
echo clusteris initiatedin the mid-afternoon
(15:18MDT) and continuesFor 1.8 hours.
It has a maximumreflectivity
of 45.4 dBz, and produces296 km2.mmof rainfall.The
stormmoves From the west to east at a speed of 12.5 m/s. Analysisrevealeda bimodal
distribution
of maximumecho heightswith the low mode at 6.g km and the uppermode at
9.4 km. Comparisonof predictorsFor radarestimatedrain.fallconfirmedthe value of
the Area-Time-lntegral
(ATI).Echo statisticswere in good agreementwith those
obtainedFrom a differentprojectin North Dakotaforthe same year, with greater
differencesobtainedFor statisticsfrom projectsin more humid climates.The
importanceof.year-to-year
variabilityis affirmed.
1.

INTRODUCTION
Duringthe course of the 1981 Cooperative
ConvectivePrecipitation
Experiment(CCOPE)
centeredat MilesCity, Montana,a wealthof data
was accumulated by many investigators interested
in precipitation-producing
convective weather
systems and beneficial modification of those
systems. From these data, many studies have been
conducted. Reports have included case studies,
moisture budgets, and time histories (Fankh~user
et al., 1985; Oye et al., 1986; Koch et al., 1988;
Knight and Knupp, 1986; Miller et al., 1988;
Rasmussenand Heymsfield, 1987; and Schmidt and
Cotton, 1989). Beyond the case studies of particular events that occurred during the field
season, few investigators have studied statistical
aspects of echo clusters utilizing
the existing
radar data. This studywas accomplishedto prepare a compositedescription
of the echo clusters
observedin CCOPE. Such a compositeshould be
usefulin the comparisonof southeastern
~ontana
convectiveclimatologyto that of other areas,and
to providea useful data base. Consideration
of
theseresultsin the designof Futureweather
modification
projectsfor the regionshouldprove
beneficial.

The resultsof the presentstudycan be placed
.in a broade~geographical
contextby comparison
with similarstudiesperformedin other partsof
the country.Smith et al. (1985) presented
study of radar echoesobservedih ~esternNorth
Dakotaduringthe summersof 1981 and 1982 as
a part of the North DakotaCloudModification
Project.Their resultsprovidea basis for comparisonswith nearbydata duringthe CCOPEseason
and also provideinformationon year-to-year
variability.The motionof radar echo clusters
over the BlackHills of SouthDakotawas studied
by Kuo and Orville(1973).Oennis et al. (1971)
reportedon radarobservations
of hailstormsin
westernNebraska.Foote et al. (1979) presented
data on radarcells observedin the NationalHail
ResearchExperi~nent
(~HRE)in northeastColorado,
southeastWyoming,and westernNebraska.These
49

two studiesprovidecomparisonsfor intense
stormsFurthersouth in the High Plains.Huff
(1987)statistically
analyzeddata collected
radar storm echoes in Illinois.This study is
especiallyinterestingas it providesa contrast
betweenstormsobservedin the northernGreat
Plains with those in the more moist Midwest.His
studywas directedto applications
to weather
modification,
and we will ~raw upon his results
at severalpointsin our discussion.
Results of data collected near St. Louis
during the Metropolitan Meteorological Experiment
(METROMEX)
are summarized in Braham (1981).
study provides results on a slightly different
population at the southern edge of the area
covered in Huff’s (1987) study. Lopez et al.
(1984) stratified
data on Florida rainstorms
several different
categories. Somestatistics
of
storms of similar lifetimes to those observed .in
the present study are presented.
2.

DATA SOURCEAND PROCESSING
For this study,all volumescans recordedby
the Skywaterradar locatednear the MilesCity
airportduring CCOPE were acquired.The data set
beginswith 20 May and continuesthrough5 August.
A typicaldata recordingday startedat 1000 local
time (all timesgiven are local daylighttime) and
continuedas long as echoeswere presentor until
2300, whicheveroccurredFirst. On 17 July,
recordingstartedat 0900;this First hour of
collecteddata is intentionally
left out of
studiesbasedon time of day.
The Skywater radar operated at a frequency of
5.55 GHz, a pulse repetition frequency of 414 Hz,
and a pulse duration of 2 ~sec with a horizontal
beamwidth of 0.9 ° °.
and a vertical bea~vidth of I
The radar was located at latitude 46:24:46 north
and longi~ude 105:55:13 west at an altitude of
802.6 MSL. The data bin width along the radial
was one-half kilometer. In the volume scan mode,
the first completeazimuthscan coveredone
rotationin I° azimuthstepsat 1° elevation.

The elevation was then increased in I ° increments
to a maximumof 12° with a complete rotation at
each elevation step. The volume scans were
repeated at approximately 5-minute intervals.
The data were provided by the U.S. Bureau of
Reclamation in the A-file format (Schroeder and
Klazura, 1978). A software procedure applied the
calibrations
that accompanied the requested tapes
and compressed the resulting data into reflectivity
files.
Compression included removal of
blue sky and other regions with echoes less than
the threshold value (typically
6 dBz). The compressed reflectivity
or "dBz" files were used for
all succeeding processing.

four consecutive scans, or exist for at least
30 minutes; 2) maximumreflectivities
had to equal
or exceed 25 dBz; 3) the cluster lifetime had to
be contained within the radar survei|lance area;
and 4) if the cluster passed over the 20 km
blanked area around the radar during its lifetime,
it was droppedfrom Furtherconsideration.
Echo
splitsoccurredoccasionally
in the data set and,
when they did, the originalclusteridentification
was maintainedFor ~hat portioneF the echo that
continuedon the path nearestthat of the original
cluster. This portion usually exhibited the
larger echo area. A nev~ cluster designation was
established for the o~her portion derived from
the split if it continued as an entity for the
required 30 minutes with reflectivities
~ 25 dBz.
In the eventthat a s~nallportionsplitfrom the
main clusterand subsequently
decayedwithinthe
30-minutetime fra~me,this portionwas included
as part of the originalcluster.Echo mergers
occurredas well;the dominantclusterinvolved
in the mergerwas consideredas the continuing
cluster,with the ethermergingcluster’s
lifetimeendingat the time of merger.

The first product derived from the dBz file
was a .SAPP[-like product called "low tilt."
It
combines the 3° elevation scan from 20-50 km range
with the I ° elevation scan For ranges beyond
50 km. ,Data within a 20 km radius of the radar
site were eliminated to minimize ground clutter
effects. Data beyond 200 km were also eliminated
for the purpose of minimizing range effects.
Using the low-tilt
product From each volume
scan, an echo cluster was defined as one or more
contiguous bins with echo meeting the criteria
indicated in the next paragraph. The identified
cloud cluster commencedat the earliest scan time
possible and was followed until dissipation.
The
cluster was "boxed" by defining range and azimuth
coordinates for box corners that enclosed the
cluster. The boxing information is used as input
into another software utility
which derives
specific parameters related to volume and area
as illustrated
in Table I.

Clusterswhich driftedinto the radar
surveillance
area as a matureor decayingevent
were eliminatedfrom the data set. Clusterswith
initialecho locationsat the outerrange limitof
surveillancewere eliminated.Figure L shows a
slight depressionin the numberof clustersat
maximumrange due to this correction.The final
data set consistedof 765 clusters.
A broad spectrum of echo size is represented
by the studied cl~sters which range from isolated,
one-cell events to mu!ticellular
events as large
as mesoscaleconvectivesystems.~ attempt was
made to subdividethe clusterset by synoptictype
or evolutioncharacteristic
such as line, area, or
isolatedecho. Huff (1987) found little evidence

Clusters were chosen when they met specific
criteria:
I) the cluster had to.be present during

TABLE
I
ParametersDefined from £acb C}uster &ifetime

CCOPE 19Bi

ID

................
D_E_S
C_RjZT I~ON~
.................
A two character code assigneduniquely each
day to identified
clusters.

Time

Timeof initial
scanof thecluster.

Month, Day

Dateof initial
scan.

DOY

Day of year

AverageReflectivity

Averageof the maximum
reflectivity
of each
scanoverthe cluster’s
lifetime.

’Average Height

Average
of the maximum
heightof eachscan
overthe cluster’s
lifetime.

Maximum
Reflectivity

Maximum
reflectivity
for theclusterlifetime.

Maximum
Height

Maximum
heightreached
by the cluster
during
itslifetime.

ATI

Area-Time-lntegral

Duration

Timedifference
betweeninitial
and final
scan.

RERV

Radarestimated
rainvolumeas computed
by
Z-Rrelationship.

Range

Averagecluster
distance
fromthe radarfor
itslifetime.

Initial
Initial
Surface
850 mb
700mb
500 mb

Range
Azimuth

0

Coordinates
of the cluster
firstecho.

20

40
60
BO lO0 ~20 t40 ~50~80 200
FZRSTECHORANGE
(Km]

~i_g_.__!.:
Scatterplot of clusterlifetime
(Raximum
ech~ heightas a Functionof first echo range
=
(r 0.22,slope= 0.010).

Winddirection
determined
fromthe nearest
sounding
in spaceand timeforthe indicated
levels.
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bin volumesrepresentan averagevaluefor the
total volume.This effect is substantiatedby
maximumreflectivity
observations
as well.
Reflectivities
do not exceed60 dBz for ranges
> 160 km; near 200 km, the maximumlimit is nearer
55 dBz. For the parametersselectedFor study,
only heightwill be directlyaffectedby the bias
.at shorterranges.Stormsize (ATI, RERV,duration, and height)will averageslightlyabovethe
true mean For large ranges.With these biases in
mind, the Followingresultsare reported.

to distinguishdifferencesby synoptictype for
radar echoes studiedfrom Illinois.A large
portionof the CCOPE echoeseitherhad their initiationin a line formationor theirinitiation
helped form a line~ Even though all Forms of
clusterinitiationwere groupedin this study,it
is interestingto note that the averagecluster
area (168 km2) compareswith 104 km2 reported
by Huff (1987)for echoeswith durations
) 15 minutes.
Echo summaryoutputs provide several
parameters; those parameters appear in Table 1.
Maximumecho height is determined by the midpoint
height (MSL) of the radar bin volume For the bin
of greatest height with reflectivity
) 20 dBz.
Earthcurvatureand atmosphericrefractionare
includedin the heightcalculation.
Tlle
Area-Time-lntegral
is determinedby multiplying
the area enclosedby the 25 dBz contourby the
centeredtime intervalbetweenthe previousand
the followingscan. For the First scan, the time
intervalis one-halfof the time incrementbetween
the initialscan and secondscan;for the final
increment,it is one-halfthe periodbetweenthe
last two scans. The productof area ) 25 dBz and
time is summedover the lifetimeof the cluster;
the sum is the Area-Time-lntegral
(Doneaudet al.,
1984).ParameterRERV is the radar estimatedrain
volumeas computedby usinga Z-R r~lationship
(Z = 155RI.8s, Smith et al., 1975). A rain rate
is determinedFor each reflectivity
recordedat
the low-tiltelevations.The rain rate is
multipliedby the projectedarea of the radar
rangebin and the time incre~nent
betweenscans.
The productis summed for all bins for each scan
for the lifetimeof the clusterto get rain volume
for the event.

3. TYPICALECHO CLUSTERCHARACTERISTICS
Histogramsof selectedparametersare
displayedin Figs. 2a-c. The centraltendencies
for these parametersare illustratedin Table 2.
Figure2.~ demonstrates
the ti~ne-oF-day
frequency
for First echo occurrence.The major peak between
1000-1100occursbecauseof projectdesign.
Skywaterradar beganoperationsat 1000 whenevera
"go" day was declared.Therefore,the percentage
of "firstechoes"at 1000 is artificially
enhanced
becauseearlierscans were not availableand the
Firstecho timeswere taken as the firstscan time
if the clusterwas still growing.As expected,
beyondthe 1000 anomaly,the curveis somewhat
bell-shapedwith maximaoccurringin the afternoon
and evening.The mean and medianof this distributionare the same and occur at 1518, whilethe
mode is the 1000 block.

The last four entriesof the table are derived
from soundingsand are wind speedsbasedon
soundingsFrom one of six stations(MilesCity,
Baker,Colstrip,Kno~Iton,Powderville,
and
Glendive).The selectedsoundingwas taken
nearestin time (precedingthe First echo time)
and positionto that of the clusterfirst echo.
Wind directionsat the surface,850 mb, 700 mb,
and 500 mb were includedin the data set.
The range was bounded by a minimum of 20 km to
a maximumof 200 km. Consideration of the beam
characteristics
implies that the nearest bin had a
projected area of 0.18 km2, while the most distant
2
had a 1.74 km projected area. This difference
could be reflected in the data set as a range bias.
From the radar parameters that were selected,
maximumheight is one of the parameters that
should be influenced by a range bias.

Frequency of storms as a function of day of
the year is demonstrated in Fig. 2b. This histogram blocks the data by five-day segments and
illustrates
that there is great variability
between the five-day groupings. It is interesting
that the storms identified
as significant
events
for case study analysis did not always occur
during episodes of maximumstorm frequency.
Frequency extremes range From a low of 1.0% to a
maximum,of 14.6% and occur back-to-back around
24 July. An unusual event would be an entire
five-day block without any storms, while it is
not unusual for a five-day block to contain 10%
of the summerevents.
The typical echo cluster has a lifetime
duration of 1.80 hour (distribution
mean).
Longest duration was over I0 hours. Some storms
left the area during their lifetime and were not
included in this study. This results in a bias
decreasing the numbers of longer lasting storms.
For stormmotionsof 12.5 m/s, durationsof
9 hours or more are eliminated.The net effect
of this bias is an acceleratedfrequency
depressionas a functionof duration.
The distribution
of maximumheights reached by
echo clusters during their lifetimes is presented
by Fig. 2c. The distribution
is bimodal, centering about 6.9 and 9.4 km. The distribution
is
skewed to higher levels with 16.3 km being the
highest observed. No cases were found to have
maximumheights less than 4 km. The bimodal
distribution
is of interest and has also been
observed by Braham (1981) during the METROMEX
Project as given by the dashed line in the figure.
Based on a numerical cloud model study by Mueller
(1978),~e attributedthe bimodaldistribution
cloudheightsobservedin the rural METROMEXpopulationto the role of glaciationand cloudradius
in allowingcloudsto grow past mid-leveldry
layers.Small clouds are more stronglyaffected
by mixingand thus are stoppedby dry layers

The scatterplot of maximumecho height as a
functionof first echo rangeis presentedin
Fig. 1 to demonstratea possiblerange bias. This
figureindicateslower maximumheightsin the
20 to 80 km range. This would indicatethat the
actualtops of the storms were not observedin
¯ this range intervalbecauseof the restrictedsca~
elevations.At 12° elevationand 80 km.range,the
greatestecho heightpossibleis 17.8 km, which
is beyond the observedupper limit. For ranges
greaterthan 140 km, the smallereventsare
missed;at maximumrange,cloud tops must exceed
6.6 km to be observed.Echoes at long ranges
requiremore developmentbeforesatisfyingthe
~hresholdbecausereflectivities
for the larger
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TABLE 2
Measures of Centra?Tendency for Specific Par~neters

M_E.A.:N..
MJ_D_I_A_N.
_M.O.D.E__._
__@__R_A_N_G_E___
_~I_T.S___

15
17
19
lIME OF FIRST ECHO (MOT)

21

Time of Day

15:18

15:18

10:02

Day of Year

175

170

2~2

152-!99

Duration

1.80

1.33

0.51

0.a-3.2

hr

Maximum Height

8.4

8.2

6.9/9.4

6.2-10.6

km

Maximum Reflectivity

45.4

44.4

36.7

36.6-54.0

Radar EstimatedRain
Volume

~
296

284

1026

36,4-~496

kmZ.mm

Area Time Integral

¢
93.6

80,~

22.4

13,9-62~

km~.hr

12:02-18:34 hr (MDT)

23

Average Range

.(b)
~~°
1

~a%

dBz

123

125

124

82-164

km

InitialRange

122

125

193

73-171

km

Initial Azimuth

197

211

295

94-3~0

~egree

¢Mean of an assumedlog normal distribution.

the radar reFlectivity
maxima(not shov#n)
are distributed
about a mean of 45.4 dBz and are
skewed to lower values as indicated by a mode of
36./ dBz. Reflectivities
range From ~he threshold
to a maximumof slightly
over 67 dBz. About I/%
of the cases reached maximumreflectivities
exceeding 55 dBz, which has been shown by numerous
investigators to be a reasonable indicaLor of ~he
presence of hail (Dennis et al., 1971; Foote et
al., 1979).

DAY OF YEAR

(c)

Radarrain volumeestimatesrange From 1.1
to 168973 km2.mm(km2.mm= 1 metrickiloton)with
both extremeevents occurringon 31 Nay. The
averageis 296 km2.mmwhichimpliesthat the typical storm produceslittle moisture;only 5.3% of
the eventsproducedamounts> 10,000km~.,nm.Half
the total rainfall(922821km2.mm)was produced
3% of the 765 clusters.

r._,.~..!-;
2

4

6
8
iO
12
MAXIMUM HEIGHT [kin)

i4

iS

Fig. 2: Frequencyhistograms:a) Time of First
echo usingl-hr bins to categorizethe data set.
On 17 July,operationsstartedat 9:00 a.m.,and
thesedata are includedin this figureFor completeness,b) Occurrenceof convectiveevent hy
day of season using bins 5 days in width. The
figureis extendedwith an emptyblock before
20 May and after6 Augustto increasereadability.
c) Clusterliretimemaximumecho heightusing
I/2 km bin width. Dashedline For St. Louis
clouds,adaptedfrom Braham(1981).
aloft. Largerclouds are able to )rotectthe
updraftcore from the effectsof mixingwith the
dry mid-levelenvironmentand therebycontinueto
near the tropopause.Two modes are thus created:
A low mode determinedby the heightof the midleveldry layerand a high mode whichis determined by the height of the tropopause.This may
be a plausiblehypothesisFor the occurrenceof
the bimodalcloud heightdistribution
in the
CCOPEclouds.
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3.1 Clustermotion
~-"c-oi~p-anTo-n’-~~’udy
oftheCCOPEradardata
resultedin an M.S. thesisby Tao (1987)which
primarilydealt with clustermotion.The results
of his studyare summarizedin Table 3. 14r. Tao’s
procedurewas to subdividethe seasoninto six
time periods;this is the verticalpresentation
of the table. The horizontalextent of the table
representsthe eight cardinaldirectionsof tracks
taken by clusters.The numbersrepresentthe percent of all clustersFor a given time periodthat
had trajectoriesfrom the given direction.The
final tableentry is the compositefor the season.
The first time period,20-31May, indicates
that clustertrajectories
sweptacrossthe CCOPE
networkFrom the directionsof norththmougheast
to southwestwith no occurrencesmovingfrom the
directionswest to northwest,the highes~frequencies oF stormmovementbeingfrom the southeast
and southwest.The speeds were lower im the first
period than for the rest of the season.The next
time period(I-15 June)demonstrates
a dramatic
shift with trajectories
preferringa west to east
movement.This preferencecontinuesthroughout
the seasonexceptfor the 1-15 Ju]y period~hen
the southwestdirectionwas slightlyfavored.

"P,~EVIEWED"

TABLE 3

(a)

t
Frequencyof the Directionof Cluster Motion

o
No.

N

NE

E

SE

S

SW

May 20-31

146

9

9

7

36

11

28

Jun 1-15

191

4

29

50

17

12-14

Jun 16-30

169

14

62

20

11-18

Jul 1-15

102

Jul 16-31

206

Aug I-6

87

Season

3

1
4

1

I

2

7

5

3

W

NW

SPEED
o

o

4-12

o

o

62

29

6

84

10

10-11

26

65

9

12-14

28

48

9

10-18

m

11

tBased on Tao (1987). Motion is from the direction given
similar to that used to describe wind direction,Last entry
is the season summary.

TIME OF DAY (MOT)

This dominanc:~of west to east trajectories
during
the summermonthsis as expected(Kuo and Orville,
1973). Typicalclustertrajectoriesfor the 1981
seasonare from the southwestor west at a speed
of 12.5 m s-z. Mean speed is uniformacrossall
time periodsexceptfor May when the mean speed
was 7 m s-z. The transitionfrom winter-spring
weathersystemsto summerweatherpatternswhich
occursnear the end of May has a drasticeffecton
echo-clustertrajectories.This record indicates
that this occurredtowardlate May or early June.
3.2 P__a!_a~e_~!j~
d__u._rj~
- va~j_a_~_o~_
- t__~e
- d__a~-

0

(b)
o
o

o

o

o

o

o
X

Severalof the parameterswere reducedto
hourlyaveragesover the courseof the project.
For example, all measurements of duration for echo
clusters that have a start time between 1000-1100
are averaged and illustrated
in Fig. 3a by a point
at I000. Continuing this averaging technique for
succeeding hours resulted in Fig. 3a. The
averages tend toward the 1.8 hour overall mean
with shorter durations for echo clusters s~arting
later in the day. By project design, echo clusters starting late cannot have a long measured
lifetime,
yet storms that begin in the late
evening may be inherently small and short-lived.
Unfortunately, this comparison is incapable of
discrimination
between the two causes.

W

L~
<~
L.~
>

Cb

I~
~4 16
iS
20
TIME OF OAY (MOT)

22

~i9. ,3: Project hourly averages !)lotted against
time of day: a) Clusterduration(r = -0.71);
b) Clustermaximumheight(r = 0.88).

Hourly average maximumheight is demonstrated
in Fig. 3b. The greatest average maximumheight
of all echo clusters occurred for events with
starting times after 2000 in the evening. There
is a tendencyfor the maximumheightsto increase
.throughoutthe day with a down~arddeflection
around 1900. It has been documentedthat there’s
an early-evening
resurgenceof activityin this
region(Koscielskiand Dennis,1976; Millerand
Smith, 1986). The final two points could be
contaminated
becauseclustersthat lastedlonger
than the surveillance
time couldno~ be included.
Maximumreflectivity
hourlyaverages(not shown)
scatteraboutthe mean (45.3dBz), with lower
values(43 dSz) for the morningperiod(1000
1200). The highesthourly averagesoccur in
stormsthat startat 1700 (48.1 dBz) and 2100
(47.7 dBz). The estimatedrain per clusterwas
also averagedby hour and the mean of 296 km~.mm
is Followedby 9 of ~he 12 hourlyintervals;
~he other 3 intervals(17, 20, 21 hrs) are well

above this value. Clusterrainfallhourly
averagesrangefrom a low of 153 km2.mmat 1200
to a high of 688 km~.mm at 2100. The trend is for
largeramountsof rainfallas the day progresses,
as indicatedby regressionwhich resultedin a
slope of 30.8 km~.mm/hr(r=0.75).Storms that
begin in the late afternoonand eveningproduce
the most rain.
3.3

Seasonal influence
~(~-e~-~]~-de],~onstrated
by Fig. 2c, echo
clustermaximumheighthad a wide bimodaldistributioqwith well-defined
modesof 6.9 km and
9.4 km. When an averagemaximumheight is consideredFor each day and plottedas a function
of date, Fig. 4 results.Considerablescatter
exists,yet there is a tendencyfor higherclouds
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A plot of maximumheightversus rain volume
is presentedin Fig. 5b and, as expected,there
is a tendencyfor tallerclouds to producegreater
radar estimatedrainfall.Maximumheight is not
a high confidencemeasureof rainfall,as one
clusterwith a maximumheightof > 10 km yielded
< 10 km2.mmwhile anotherevent with maximum
height of about6 km exceeded10,000km~.mm rainfall. Generally,however,the larger rainfall
storms are also the tallerstorms;the statistics
yield a correlationof 0.65 and a standardlog
error of 0.694. Anotherparameterwhich trends
with height is maximumreflectivity.Maximum
reflectivity
is comparedto radarestimatedrain
volume in Fig. 5c. This resultsin a correlation
of 0.80 and a standardlog error of 0.55. The
indicationis that rainfallover the lifetimeof
the storm is proportional
to maximumreFlectivity.
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Consistently
strongcorrelations
have been
found ~or the comparisonof ATI to RERV by Doneaud
et al. (1984)for data collectedduringfield
projectsin North Dakota.A similarcorrespondencewas reportedby Lopez et al. (1983,1989)
for Florida.The ATI comparisonto RERV for CCOPE
is presentedin Fig. 5d. The relationshipis very
similarto those found in North Dakota.Using
this relationfor an estimationof rainfall
resultsin a power law that can be representedby
V = K ATIb, where V = total rain volume,and K and
b are constantsof proportionality
to be determined. The values of the multiplierK and the
exponentb which have been determinedfor several
projectsare listed in Tab]e 4. The multiplierK
representsthe averagerain rate (mm/hr)for all
echo clustersfor the project.The exponent(b)
being near one indicatesthat ATI values are additive, such that rainfallfor compositeevents can
be estimatedas well.

DAY OF YEAR
F.i~. 4: Scatter plot of daily averaged cluster
maximumheight against day of year (r = 0.51,
slope = 0.042 km/day).
. with advancement of the year. The correlation
coefficient
is 0.51 and the slope is 0.042 km/day.
Using a similar averaging technique, several
other parameters were Followed throughout the
summer season. The daily averaged echo duration
is scattered about the mean with no substantial
trend (r = -0.16, slope = -0.004 h/day). Since
echo height increases through the season, it would
be suspected that reflectivities
would as well.
Daily averaged ma×imumreflectivities
result in a
correlation of 0.28 and a slope of 0.059 dBz/day.
Radar estimated rain volume daily averages indicate that these later-season storms do not produce
a disproportionate amount of rainfall,
no tendency
is apparent, the correlation being 0.02 and the
slope 0.001 km2.mm/day. In summary, events early
in the summerlast slightly longer and may be less
intense than events later in the year. The rainfall per event remains fairly constant throughout
the season.

The data set was subdivided by the 8 cardinal
wind directions as a function of 4 heights (or
pressures) observed by the proximity soundings
at cluster initiation
time, for a total of 32
possible categories. The frequency distribution
of ambient wind direction at specific heights connected with clusterinitiatio~is demonstrated
by
Table 5. At the surface,there is an obvious
trend For wind directionsat initiationtime to be
west throughnorthand a secondarymax for winds
from the south. At the 850 mb level, the trend
is still strikingin the west/northsectorand a
secondarypeak existsfor south/southeast
winds.
Going to higherlevels,the predominantwind
nearly alwayshas a westerlycomponentexhibiting
nearlyzonalflow.

3.4

Parameters that influence rainfall
T--h%-~a-~%~h--O--C~%%~-r--~X-~%~~
the greater
the opportunityfor rainfallto occur;duration
shouldthereforebe directlycorrelatedto rainfall. Figure5a demonstratesthe scatterplot
of durationto radar estimatedrain volume(log
scale).Indeed,the overallrelationshipsupports this supposition(r = 0.75). Yet, when one
considersthe scatter,an event that lastedonly
one hour produceda rain volumeof close to
10,000km2.mm,while anotherecho clusterthat
existedfor an hour produced< 10 km2.mmof rain.
Thus there are huge differencesin the absolute
quantityof rain that fallsfor any givenduration. There is also a noticeablecurvaturein the
scatterplot suggestingthat the relationship
is
actuallynonlinear.
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The possibility
of terrain and surface
inhomogeneity influences on first
echo locations in
the CCOPEarea has been identified
(Smolarkiewicz
and Clark, 1985; Auer and White, 1983; Klitch and
Vonder Haar, 1982). Further studies are investigating the possible relationship
of observed FE
locations to topographic features.
4.

COMPARISONSWITH OSNER STUDIES
Comparisonwith otherstudiesis made possible
by the use of Table 6, whichis comprisedof
averagevaluesthat have been reportedfor other
projects.One usefulcomparisonwould be with
data from the North DakotaCloudModification
Project in 1981. Comparing these two columns,
CCOPE
had First echoes that s~ar~ed 40 minutes

(a)
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Fig._5:
Scatter plots against
the log of radar estimated
rain volume: a) Duration (r = 0.75,
slope = 1.155 km2.mm/hr), b) Cluster maximum height (r = 0.65, slope = 1.591 km2.mm/km), c) Cluster
=
=
lifetime
maximum reflectivity
(r
0.80, slope
7.54 km2.mm/dBz), d) Log of Ar~a-Time-lntegral
(r = 0.987, slope = 0.896 km2.mm/km2.hr).

earlier
than those in North Dakota and lasted
about 12 minutes longer.
Maximum echo height was
1.4 km lower and maximum reflectivity
about the
same. The radar estimated
rainfall
difference
of
54 km2.mm with ND larger is opposite to that in
storm size (CCOPE 40 km~- greater in area). Being
larger,
yet producing less rain,
would require
the
average rain rate be less .For CCOPEclouds, and it
is by 1.2 mm hr -~. The ATI remains comparable.
The North Dakota 1982 comparison shows that
CCOPEecho initiation
time was .1:40 hours earlier,
yet height and maximum reflectivity
are much the
same. Estimated rain volume is reduced i)y half

For North Dakota, 1982; this reduction is also
seen in the ATI value. Differences between
ND 8~ and 82 far the same area are greater than
differences between CCOPE and ND 81.
Comparison to other projects is not quite as
straightforward but is attempted in Table 6.
Radar beam characteristics, project surveillance
methods, parameter definitions, and reported
stratifications are some of the conflicts that
arise in such comparisons. Other projects that
report a first .echo beginning time indicate
~1 hour later initiation. Duration is not as
easy to compare as the size criteria For cluster

TABLE 4

TABLE 6

Rainfall EstimationBased on Area-Time-lntegral

PROJECT

RMS
LOGERROR

K

b

r

2.62

1.09

0.97

NDCMP-1980*

3.68

1.0~

0.98

0.17

NDCMP-1981*

3.07

1.08

0.98

0.16

Florida
(1979-1981)tf

3.4

1.0

CCOPE-1981

2.133

1.086

........

Tm~-f~ ) ......................

t
NDPP-1972

ParametricMean Value Conparfsaas~fth 9~her Projects

0.16

0.987

0.147

CCOPE

ND 8I

M9 82

Initiation 15:18
Time
(hr:min)

~1630

~]700

*Doneaud et al., 1984.
ffLopez.1989.

23.3

3.7

7.2

7.4

15.3

7.5

13.4

22.1

850 mb

12.7

2.4

6.3

16.0

11.1

6.7

19.0

25.8

700 mb

5.8

0.4

0.4

6.?

18.4

43.9

11.8

500 mb

4.5

0

3.4

2.5

21.3

61.8

3.0

12.5.
3.4

1700

--

0,4

0,9

0.8

Max Height
(km)

8.4

9.~

8.6

8,6

]0,7

8.6

Max. Reflec.

45

~l

4~

38

57

Rain Vol.
(km2.mm)

296

353

131

548

Max Area
2
)
(km

168

L2~

Average
Rain Rate
(mm/hr)

3.16

4.$

Total Area
~
)
(km

Surface

!600

L.6

ATI
(km~.hr)

TABLE 5

ST. LOUIS

1.8

]04

3.5

~EBR.
H~]L
160C

I.O
1].4

9.4

45

40

1220
11~

9P

9

Depth
(mm)

FrequencyDistribution(%) of Echo Clusters
as a Functionof Wind Directionat the
IndicatedHeight For the ~ight
Cardinal Directions

NilRE

Duration
(hr)

(aBe)

fDoneaud et al.. 1981.

Itt

11.4
93.1

~

~2.8
815

GreatPlainsregior.,.
.’,lenote that the Smithetal.
(1985)study indicatesthe p~tentialfor substantial year-to-yea~
variationin echo statistics
which is demonstrated
by the NorthDakota 198L-1982
comparison.This s~gges~sthat cautionsho~Id 5e
used in extrapola~ien
of these resultsto o~her
years. There ar~ greaterdirferenceswhen compared
with radarechoes from more humidenvironments.
To our knowledge, the bimodal distribution
of
maximumecho heigilts ~bserved in the present ~t~dy
has not been re!x~r~ed previously for High Plains
storms. The implications
of the results of tNe
modeling study b~ ~l:eller
(]978) suggesting tha~
METROMEX
clouds ~ou]d be moYedfrom the lower
modeto the higher ~no~e as a result of enhanced
glaciation are especially intriguing.

definition
changed between projects. NHREand
METROMEX
report comparable durations of 50 minutes
to an hour, while the llIinois
projects reported
duration of only 25 minutes. Data for Florida
echoes lasting I hourwere chosen for inclusion
in Table 6 as most likely to be comparable.
Maximumheight appears comparable in most
regions, except for the western Nebraska and the
NHREprojects, which ~ere designed to study large
hailstorms. This is further borne out by the
average maximumreflectivity
of 57 dBz reported
for NHRE.Rain volume estimates vary in the same
area from year to year (note North Dakota 1981 and
1982) by a factor of three. It is evident that
southeastern Montana and northwestern North Dakota
tend to produce less rainfall
per event than the
Midwest(Illinoisand St. Louis).At the same
time,the cloudsproducingthe rain in the
northernGreat Plainsare greaterin arealextent.
Floridademonstrates
the smallestcloudsin the
comparison.Very few averagerain rates were
available,but the higherratesin Illinoiswould
explain more rain from smaller clouds than seen
in the northern Great Plains, as expected from
the greater moisture available.

The usefulnessof the Area-Time-lntegral
(AII)
in estimatingtoCalstorm rainfallis reaffirmed
for this data se%. On the o~her hand, maximum
echo heightis Feum~not to be as good an estimatorof rainfall,as f~undin previousstudies
(Smith etal., festa, 1985b). Perhaps the be~er
resolutionprovi~e~!by the I° bean~idthof the
Skywaterradar da~a used here is a factor.
Finally, some of the time of day and seasonal
trends can be useF-:Jl in planning weather modification projects in ~he region.
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5.

CONCLUDING
REMARKS
In conclusion, we find a general consistency
of the results described in this study with those
of North Dakota1981. This suggests that these
results are applicable to the broader northern
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CROPYIELD RESULTSFROMSIMULATED
RAIN APPLICATIONSTO AGRICULTURAL
PLOTSIN ILLINOIS
by
Stanley A. Changnon
and
StevenE. Hollinger
Illinois State WaterSurvey
Champaign,
Illinois 61820
ABSTRACT
Tendifferent levels of rainfall wereapplied(during1987,1988,and1989)to agricultural plots in central Illinois
to discern effects on corn and soybeanyields. Increasesin rainfall during a hot d~y summer
(June-August1988)
revealedsizable yield gains. For oneinch of addedrainfall, the yields increased10 bu/acrefor corn and4 bu/acre
for soybeans.In a summer
of near averagerain (1989), the increases were less, about 5 bu/acre for corn and
3 bu/acre for soybeans.Whensummer
rainfall exceeded14 inches, yields of both crops were decreased.The
various rainfall tests revealedthat rain increasesdoneonly on dayswhennatural rainfall was<--O.1inch provided
no detectableyield increases,whereasa 40%increaseon all rain days(the largest increasetested) producedthe
greatest crop yield increase(up to the 14-inch optimum).Cornyields reacted very favorably to addedrains
dayswith >1.0 inch of rain.

3-year sample.Theresults reveal that any effects of
the different planting dates appearminimal. Problems
related to wind damage
to the corn test fields in 1987
unfortunately kept these data from being adequatefor
analysis. Theplots utilized for corn and for soybeans
each contained 30, 10’x10’ plots. Eachplot had its
own sprinkler which was connected to a central
pumpingsystemwhereany level of water application
can be madefor any plot. For each treatment, there
were 3 replications randomlychosenwithin the larger
30-plot area. Water increases for the 9 treatment
modelswere applied as soon as each rain ended. fhe
natural rainfall amount
for a distinct rain eventwasused
to calculate the amount
of additionalrain to be applied,
and the different amounts.Thus,if a rain of 0.3 inch
occurred, the 3 plots designed to receive a 10%
increase received 0.03 inch from the pumpingsystem
immediatelyafter the rain day ended.Further details
about the techniques, the facility, and methodsof
planting are given in an earlier paper (Changnon
and
Hollinger, 1988).It shouldbe notedthat the fertilizer
treatments and planting densities of both crops
remainedthe samein all three years. Thus, the major
between-yeardifference wasthe weatherconditions.

1.

INTRODUCTION
Weathermodification researchin Illinois since
1970has included efforts to estimate the effects of
additional rainfall produced
by weathermodificationon
two major U.S. crops, corn and soybeans(Changnon,
1986). Several studies utilized weather-crop yield
regression models to estimate the yield changes
relating to useof differing levels .of rainfall during
various parts of the growing season. Phenological
modelshave also beenused to moreaccurately assess
weather effects on crop yields. However,like all
models, crop-weather
models depend upon
considerableinformationaboutapplicationsthat are not
widely available and thus must include key
assumptions. The most recent modeling involved a
newregression modelutilizing the 1960-1986data to
estimate yield effects from changedrainfall under
current levels of farm practices andrelated technology
(Garciaet al., 1986).Howthe model’syield predictions
for 1987and 1988related to yields from agricultural
plots whereadditional rainfall wasapplied has been
investigated(Changnon
et al., 1989).
Theprincipal current investigation to assessthe
effects of altered summer
rainfall on yields in central
Illinois has involved use of agricultural plots at the
University of Illinois experimentalfarms. Oneset of
theseplots allowsfor ten tests, with oneincluding the
actual summer
(June-August)rainfall. The other nine
tests involveapplicationof a rangeof potential rainfall
modification capabilities that can be envisionedfor
convective rainfall in the Midwest. Thesetests are
itemizedin Table1.
This paperfocuseson the yield results obtained
fromthe ninerainfall simulationsontheseplots in 1987,
1988, and 1989. In eachof the three years, the same
varieties of corn (a Mo17x B73Cross, and a Williams
variety of soybeans) were planted. Planting dates
varied somewhatbeing 28 May1987, 16 May1988,
and 14 May1989. Different planting dates do have an
effect on crop yields andthe weatherrelationships, but
thesesubtle effects could not be separatedout in this

2.

RESULTS
The summerweather conditions of the three
years sampledfortunately provided a wide range of
differing conditions,particularly as it pertainedto total
rainfall. The3-summer
values appearat the bottomof
Table 1, along with their departuresfrom the 3-year
normals for 1951-80. The rainfall values show an
extremelywet 1987with 17.8 inches, an extremelydry
1988with only 5.2 inches, and a near normal1989with
11.0 inches. Summertemperatures were very near
normal in 1987and 1989, but extremely abovenormal
in 1988 which was a part of a major Midwestern
drought.
The10 rainfall applicationsto the plot included
the actual rainfall and9 rainfall enhancements
of the
actual rainfall. Treatments2, 3, and 4 involved 10%,
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Table 1. Crop Yields and Summer
WeatherConditions in 1987, 1988, 1989.
CornYields, bu/acre
Rainfall Applications
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.

1987 1988 1989

Naturalrainfall
Increaseall rain daysby 10%
Increaseall rain daysby 25%
Increaseall rain daysby 40%
Increasesto 0.1 to 1.0 inch rain daysby 10%
Increasesto 0.1 to 1.0 inch rain daysby 25%
Increasesto 0.1 to 1.0 inch rains daysby 40%
Increaseall > 1.0 inch rain daysby 10%
Increase all >1.0 inch rain daysby 40%
Increase all <0.1 inch rain days by 40%

-

48.3
55.9
62.7
69.3
65.1
54.5
66.7
51.8
67.0
49.3

219
225
232
226
221
220
231
234
231
216

15.1
16.9
18.7
20.8
17.1
16.7
18.9
17.1
17.9
16.3

45.1
48.4
54.6
52.8
45.7
48.2
49.0
48.2
55.0
43.8

SoybeanYields, bu/acre
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.

Naturalrainfall
Increaseall rains by 10%
Increaseall rains by 25%
Increaseall rains by 40%
Increasesto 0.1 to 1.0 inch rain daysby 10%
Increasesto 0.1 to 1.0 inch rains daysby 25%
Increasesto 0.1 to 1.0 inch rains by 40%
Increaseall >1.0 inch rain daysby 10%
Increaseall >1.0 inch rain daysby 40%
Increaseall <0.1 inch rain daysby 40%

Summer
rainfall/
departure(in.)
Summertemperature/
departure(o F)

32.7
26.1
30.7
23.7
32.1
27.6
27.1
29.6
26.6
34.4

17.84 5.24 11.07
(+6.9)(-5.70)(+0.16)
°74.3 76.3 ° F73.33
(+0.9°)(+3.1 °)(-0.1

25%,and 40%increases, respectively, to all rain days
during the summer.Treatments5, 6, and 7 involved
identical levels of increasesbut appliedonly to daily
rains in the 0.1- to 1.0-inch category. Treatments8
and 9 were increases of 10%and 40%to only rain
days of 1 inch or heavier, and treatment 10 wasan
increaseof 40%to all daily rains of 0.1 inch or less.
Theseweredesignedto bracketa rangeof capabilities
seenas potentially likely with a future Midwestern
rain
enhancementtechnology.
Results for Corn. In general, the lowest yields
camewith natural rainfall in both years(1988and 1989)
or with the natural rainfall plus a 40%increasein the
very light, 0.1 inch or less, rains. Theyield valuesand
rainfall valuesare shownin Table 1 and figure 1. The
highest yields in 1988(a severe drought year) came
with the maximum
rainfall applicationsincluding: 1) an
increaseof 40%to all rains (69.3 bushelsper acre)
top ranked; 2) an increaseof 40%to the 1 inch rains
which ranked second; and 3) an increase of 40%to
the rains of 0.1 to 1.0 level, whichrankedthird. The
results from 1988showa goodlinear relationship of
increasedyields to increased rainfall (Fig. 1). The
primary non-linear anomalies in 1988 were the two
applicationsof additional rainfall only to the 1-inch or
heavier rains. Thesetwo values are denotedon figure
1, showingthey representa relatively greater increase

in yields than the amountof addedrainfall received
wouldindicate, as basedon the other 8 outcomes.
Examination
of the 1989corn yield results (Fig.
1) whenthe natural rainfall wasnear averageand all
rain additions thus ran above average, reveals a
different outcome.The highest values camewith the
additional water applied to 1-inch or nearervalues, as
shownin figure 1, and with the increaseof 25%to all
rains whichranks as the secondhighest yield outcome
(Table 1). Theresults for corn yields and rainfall
1989suggestthat the applicationof 15.5 inchesof rain,
the value for the natural rainfall plus 40%morewater,
wastoo muchrainfall. It haslong beenrecognizedthat
the prairie soils of the Midwestcan receive too much
rain for optimumcorn growth, and the data for 1989
suggests that this maximum
wassomewhere
around 14
inches, recognizingthat the temperaturesof 1989were
near normal,and the effect of the distribution of the
daily rainfall eventsduringJune-August.
In general,the results fromthe twoyearsof rain
simulationsindicate a moderately
strong relationship of
corn yields to the summer
rainfall, with a seemingly
linear increaseup to approximately14 inches of rain
during the June-August period. Undoubtedly the
distribution of the daily rainfall eventshadan effect, but
the results do allow one to estimate the value of a
rainfall increaseon corn yields. For example,
in the hot
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not desirable for soybeans.There is no explanation
available for the odd outcomeachievedwith the 25%
increasein 1989.
Inspection of the 1988soybeanresults reveal a
very different outcome.In this hot, dry summer,the
peak soybeanyields of 20.8 bu/acre, camewith the
heaviest summerrainfall, 40%of water addedto all
summer
rain days. Thesecondgreatest yield increase
camewith 40%addedto all rain daysof 0.1 to 1.0 inch
per day. As shownin figure 2, the soybeanyield
outcomeswere a strong linear relationship with the
amountof summer
rainfall, ranging from a low of 15
bu/acrewith 5.2 inchesof rain, up to nearly 21 bu/acre
with 7 inches. Theapparentincreasein soybeanyields
with one inch of rain in such a summer was
approximately4 bu/acreo
The soybeanyields in 1989, whenthere was
near average precipitation and temperatures, also
varied considerably,but weremuchhigher than in 1987
(too wet) or 1988(too dry). Thepeakyield in 1989
bu/acre) camewith the 40%increaseto only the 1 inch
rain days, with the next two highest yields achieved
with the 25%and 40%increase to all rains. The
distribution of the yield outcomes,
as revealedin figure
2, suggestsa curvilinear relationship yields with the
summer
rainfall. Drawnon figure 2 is a curve drawnto
approximatelyfit the data points for the three years.
The data points suggest that at about 14 inches of
rainfall, a reversal occurredwith a decrease
in yields as
the summer
rains becameheavier; note that the total
rain with 40%increases, 15.5 inches, had a lower yield

dry summer
of 1988,an inch of rainfall, say from 6 to
7 inches, appearedto increasecorn yields by about10
bu/acre.In 1989,the addition of 1 inch of rainfall, say
from 11 to 12 inches, appeared to provide
approximately5 additional bu/acre.
A third interesting aspect of the outcomesof
both years relates to the yield valuesobtainedwith the
rainfall increases (10%and 40%)applied only to the
one inch and heavier rain days. In both years, the
results indicate relatively great yield increases, as
shownin figure 1. Tests 8 and9 resulted in relatively
higher corn yields than the data on total rain for the
other 8 trials wouldhavepredicted. This suggeststhat
the capability to increaserainfall on dayswhenthe rain
is relatively heavywouldbe of considerablevalue. In
1989there were two such daysof heavyrains over an
inch, one on June 23 and another one on June 26. In
1988, the drought year, there wasonly one day, on
July 19. Rainin late JuneandJuly are very critical to
increasedcorn yields.
Soybeans.The soybeanyields associated with
the natural rainfall andthe 9 tests of increased
rain are
shownfor the three years in Table 1. In 1987, an
extremely wet year, the highest yields camewith the
actual rainfall andthe 40%ir~creaseonly to the light
rains (less than0.1 inch). As the rainfall wasincreased,
the yields decreasedsuch that the maximum
possible
rainfall increase,40%to all rain, whichproduced
a total
of nearly 25 inches of rain, resulted in the lowest
soybeanyield attained, 23.7 bushels per acre. Any
rainfall increaseapplied in a summer
as wet as 1987is
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Figure 1. Therelationship of total summer
rainfall in 1988and 1989with
corn yields at agricultural plots in central Illinois. The9 rain increases
werebasedon 9 simulatedrainfall increases.
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Figure 2. Therelationship of total summer
rainfall in 1987, 1988,and 1989
with soybean
yields at agricultural plots in central Illinois. The9
rain increaseswerebasedon 9 simulatedrainfall increases.

than did the 14 inches basedon a 25%increasein the
summerrain. The 1989 data points for summer
amountsless than 14 inches suggests that a 1-inch
rain increase, say from 11 to 12 inches, resulted in
about3 bu/acreincreasein yields.

in all rain eventswasthe best possibleoutcome
tested.
Thatis, a 40%increaseto all rain eventsincreasesthe
yields of both crops more than any other type of
simulated increase tested. Althoughnot unexpected,
this outcomeconfirmspast modelingstudies.

3.

The results for both crops suggest that the
relative value of 1 inch of rain (or any amountof
rainfall) is muchgreater whenthe summer
rainfall is
low. For example,1 inch of rain whensummer
totals
is between5 and 7 inches produced a 10 bu/acre
increase in corn, whereaswith summer
total rainfall
between11 and 13 inches, the impact of an additional
inch of rain wasapproximately 5 bu/acre to corn.
Soybeanresponses to an inch of rain (given the
summertotal was <14 inches) were less than with
corn. In the hot, dry summer
of 1988, an additional
inch of rainfall producedapproximately4 additional
bu/acreof soybeans,whereasin the wetter near normal
summerof 1989, the increase wasabout 3 bu/acre.
Every additional inch of rain abovea summer
total of
17.8 inches (1987) producedabout a 3 to 4 bu/acre
decreaseto 20 inches; thereafter, the decreasein
yields with additional rainfall became
muchgreater.

SUMMARY
Inspection of the corn and soybeanoutcomes
with the simulated rain increases in three summers
reveals certain common
findings. First, increases of
rainfall on only dayswhenlight rains occurred0.1 inch
or less, producedno perceptible changesin yield in
either crop. Thus,a modification capability limited to
suchdayshasno agricultural value. Second,given the
limited data sampleand given the temperaturesand
conditionsin these three years, there is an indication
that summer
rainfall amountsin excessof 14 inches
leads to decreasesin both corn and soybeanyields.
Prior researchestablished that the prairie soils of
central Illinois can contain only so muchwater and
thereafter ponding and saturated soils produce
detrimental effects to both crops. A third finding for
both crops(given this limited sample)is that giventhat
natural rainfalls are less than 14 inches, a 40%increase
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Theresults for both corn and soybeanssuggest
the following guidelinesrelative to weathermodification
planning.First, increasesin rainfall on dayswhena 0.1
inch or less is producedappearto be of negligible
value to crop yields. Summer
rain events that produce
<0.1inch are typically of short duration, 15 minutesor
less at a point, and are often followedby clearing and
a rapid return 1o pre-rain temperatures. Hence, we
conclude that most of this light rainfall
is
evapotranspirated
andvery little entersthe root zoneof
corn and soybeans. However,increases in rain on
dayswhenrainfall is morethan 0.1 inch showpositive
yield benefits, andthe greater the increase,the greater
the cropyield benefit, at least upto totals that are too
muchfor soils to handle, apparently about 14 inches
for the summer(with near normal temperatures).
Furthermore,for the corn production, results suggest
that increasesof 10%or moreto days when1 inch or
moreof rain occursare particularly beneficial to crop
yields.
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ICE CRYSTAL BREEDING
RiChard L. Pitter and William G.Finnegan
AtmOspheric Sclen~es Center, Desert Research Institute
University of Nevada System
Reno, NV 89506

ABSTRACT. When ice crystals rapidly grow and aggregate in the Desert Research Institute
(ORI) cloud chamber, they frequently produce new ice crystals wlthoutthe pre~ence
ice forming nuclei. Ammoaiam salts, initially present in the cloud water and later
detected in the ice crystals, enhanced this phenomenon. The continual ice crystal
production was observed at temperatures from -4C to -30C, although it occurred more
frequently when the ice crystals were long needles ordendrltes--hlghly non-spherical.
Ice multiplication and secondary ice formation are commonly used in the meteorological
literature to describe the phenomenon. The chemical literature (crystal growth)
predates the meteorological literature and describes a similar process that occurs In "
.systems of crystals growing in solution. The chemical literature calls the phenomenon
crystal breeding. Fhis paper describes the similarity between the systems and advances
two postulated mechanlsms~ both of which are consistent with our observations of ice
crystal breeding and other observations of crystal breeding in solution.

I.

INTRODUCTION
In many ways, atmospheric ice crystal growth
processes are analogous to processes which occur
during crystallization of inorganic and organic
chemical compounds from solution. There is no
latrinslc reason why the nucleation and
crystallization of water substance Should be an
exceptiou to the way other substances nucleate and
grow crystals. Thus, crystal formation and growth
information derived from chemical research :nay be
relevant to weather modification. For example,
our previous work on rapid ice formation (Finnegan
and Pitter, 1988a) drew upon crystallization
concepts of spontaneous crystallization at high
supersaturatlons.

The growing crystals appear~ in a Sense, to
catalyze the formation of new crystallltes in
solution. The presence of the catalyst speeds up
a process of transformation of matter without
itself being changed in the process; a catalyst
neither initiates nor affects the equillbridm
point of the process. In chemistry, processes
Include both chemical reactions and phase changes.
Our emphasis here is that chemistry views phase
change catalysls much differently than cloud
physics views ice nucleation. To the chemist, a
catalyst speeds up a .process which is already
occurrlng~ but perhaps at a rate too slow to be
apparent to an observer. In contrast, to the
cloud physicist, an ice nucleant induces the
formation of ice embryos: no embryos form in the
absence of the nucleant, except under conditions
of homogeneous nucleation.

The unfamiliarity of most weather
modification researchers with crystallization
literature has led to different nomenclatures in
the two fields. Cry§talllzation science studies
need to be elucidated before they can be applied
toweather modification. For example, during
crystallization of some ioorganic and organic
compounds from solution, there may occur a sudden
increase in the rate of formation of new
crystallites (the smallest observable crystals).
This occurs below the metastable limit (the
supersaturation at which crystals spontaneously
form and grow from the mother phase; also, in
cloud physics~ the supersaturation where
homogeneous nucleation occurs), and requires the
presence of some growing crystals to trigger this
process. This phenomenon is called crystal
breeding (Strlckland-Constable, 1968). In the
sugar industry, crystal breeding is called false
grain, and has been known for over a century.
This phenomenon is used by sugar boilers to induce
and growsugar crystals to a desired size (Van
Hooke, 1961), and in industrial crystallizers to
control the size and yield of the final product.
Although this phenomenon is used commercially, it
is poorly understood~ mechanistically. Crystal
breeding depends on a number of factors, including
the presence of foreign impurities in addition to
those factors mentioned above.

If all formation of new crystals could be
demonstrated to be either primary (heterogeneous)
or homogeneous, then the chemical and cloud
physical points of view of Ice formation might be
regarded as two views of the same thing: the
chemists are studylag the process, while the cloud
physicists are studying the Properties. This
dichotomy has long been recognized (Willlamson,
1851). However, observations of crystal breeding
in crystallization science and of secondary ice
formation in atmospheric clouds strain the
dichotomy of the two points of view.
Secondary ice formation has been documented
in clouds around the world and is suspected to be
rather common. It is called a variety of names,
including ice multiplication and secondary ice
nucleation. Mossop (1985) summarizes observmtlons
of .the ’phenomenonand investigationsof various
proposed mechanisms. However, the phenomenon is
not yet completely understood, mechanistically.
Our observations of this process under controlled
conditions in the Dill cloud chamber indicate that
this process is similar to, and perhaps identical
to, crystal breeding in solution.
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n t e an~n~eres~ng topic o~ re~ear~.
breedlng ~s cry t lliz ion Ii era ure cr tel
Mason and Strickland-Constable(1966) point out
that breeding may take place by several distinct
mechanisms: initial breeding, needle breeding,
and collision breeding. Initial breeding occurs
when a dry crystal is added to a supersnturated
solution, even at very low supersaturations. It
occurs all at once, and is not repeated. It may
be the result of small microcrystals on the
surface of the parent crystal. I~ the parent
crystal is pro-treated to dissolve any initial
microcrystals, initial breeding can be eliminated.

contrast, it is well-known~In cr~s~al~r~w~h.
research tNat the shapes ot erysEais sepen~
part on the impurities present i~ the system. For
example, sodium chloride crystals grow as cubes
from pure solutions, but as octahedrons fro,n
solutions with urea impurities.
Our research on the effects of dilute
concentrations of soluble ionic malta in vaporgrown ice crystals has focused on ice crystal
growth and interaction mechanisms (Finnegan and
Pitter, 1988b). It was initially recognized that
T-shaped aggregates could not be e~plalned by
conventional concepts of ice crystal interactions.
Since electric forces due to e×ternal electric
fields or net charges on the crystal~ could not be
responsible for T-shaped crystals, the ~osslbillty
of higher order charge dlstrlbut[ons was exa,~ined.
We found that ~ higher order charge dlstributlon,
represented by electric dlpoles across each
growing ice crystal interface, pro~i~e~ an
appropriate charge distribution for enhancing the
probability of T-shaped aggregate ]uncti~ns, and
that the electric potential :Jiffereeee across each
growl!~g ice crystal interface st=engly resembled
that described by Workman and Re~nolds (1950) for
ice growing in bulk supercooled water.

Needle breeding is observed wheu crystals of
MgSO4"TH20 (Epsom salts) are pre-treated then
immersed in a solution of sufficiently high
supersaturation. Apparently, small needles grow
out of the ends of the crystal prism and are
easily broken off if the solution is stirred.
However, the yield due to needle breeding is low.
Collision breeding was briefly described by
Mason and Strickland-Constable(1966) and
Investlgated in more detail by Lal etal. (1969).
They reported that the rate of formation of new
crystallites induced by touching a mothe~ crystal
with a glass needle or rod was highly dependent on
the amount of supersaturation. When the solution
was stirred so that the mother crystal spun on the
bottom of the beaker, high rates of crystalllte
formation were detected. Also, when the mother
crystal touched the side of the beaker, new
~rystallites were formed. Identification of the
mechanism responsible is eompllcated by several
things. First, the stirring rate did not affect
the rate of ~ormation of crystallltes. Second~
although a minimum contact force was required for
a glass needle or rod to create new crystallites~
additional force did not yield additional
crystallites. Thlrd~ the number of new
crystallltes formed was highly dependent on
supersaturation. Thus, although the contact often
produced fractures of the mother crystal surface~
the new crystallites were probably not formed from
shards of the mother crystal by breakage; their
formation rate was strongly dependent on the
supersaturation.

The observational data of aggregate junctions
(Finnegan and Pitier, 198~b) supported the
postulate of electric multlpoles in growing ice
crystals, and prompted the imvestigation of the
phenomenon in other ice crystal processes. As a
cesult~ the effect of included chemical ions on
ice crystal morphology and synmetr9 [Pitter and
Finnegan, 1989) was established aRd the effect of
an electric multlpol.a charge d2strlbutloa on
aerosol scavenging (Pitier and Zhang, [990) was
numerically determined. Therefore, on the basis
of a broad spectrnm of cloud slcrop~sics and
chemical phenomena which have Been e~perlmentally
observed and numerically simulated, we suggest
that the electric multipoles exist and are
important in the evolution of ice crystals in
atmos@herie clouds.
During our cloud chamber studies of the
effects of charge distributions Im g~owing ice
crystals upon mlcrophysical and chemical
processes, we obtained interesting results
relevant to ice crystal breeding (ice ,~ultipl~cation). These findings are detailed below.

Wissing et el. (1986) studied the contact
a polyvlnyl chloride rod with the basal plane of a
polyhedral potassium dihydrogen phosphate (KDP)
crystal and found that the minimum energy required
to produce secondary crystallites was a function
of the purity of the KDP used to grow the mother
crystal. When the KDP contained more impurities
(typically I0 ppm Fe+), the minimum energy
produce crystallites was lower by a factor of two
from the higher purity KDP mother crystal.

2.

EXPERIMENTAL
.The experiments were ~onducted |n the Desert
Research Institute’s 6.7 m~ cloud c~a)~ber, ~hlch
is described in detail by Steele et ~i. (1980).
The experiments were conducted at atmospheric
pressure (850 mb) and constant tenperature for
each experimental run. The walls of the chamber
.were rinsed prior to the first experi~sental run of
the day, thus forming a smooth ice glaze.

In cloud physics~ studies of ice crystal
nucleation and growth have usually been conducted
with pure water. Although several studies have
shown that low concentrations of organic vapors
affect ice crystal habit or .morphology (Vonnegut,
1948; Hallett and Mason, 1958; and Odencrantz,
1968), it has not been generally recognized that
studies of ice crystal growth must also include

Cloud water was produced b~ an ultrasonic
nebulizer. The cloud water cons~ted
distilled, deionlzed water oc i0-’~ normal
solutions of sodium nitrate (NaNO~),
carbonate [(NN4)2C03], or ammonlnln sulfate
[(NH4)2S04]. The air which drew the ne~u!ized
droplets late the chamber was f~Itered and passed
through charcoal, removing an~ foreign aerosol
particles and many organic vapors. The neb~llzer
was operated at room te~perature and continuously
introduced droplets Into the cloud c~amber. This

consideration o~ the concentrations of vsrlous
salts in the crystals. In the atmosphere, a
variety of soluble ionic salts are present,
including ammonium sulfate, ammonium carbonate,
and sodium chloride, which have different effects
on the growth of ice crystals from the vapor. In
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"REVIEWED"
row.rapidly, and qu~ckly.acquSr@ signi~can~ f~ll
peens, Ene.~onger nuraElon o~ ice in the cnamoer
cannot be explained by the initial nucleation
pulse:, the ice germs created by adiabatic cooling
of moist compressed air must either grow quickly,
immediately after their formation, or they will
evaporate. We used the duration of the experiment
as an indicator for ice crystal breeding.

resulted in She fQr~atlon of a re~ion of transient
supersaturation with respect to w~ter within the
chamber in the vicinity of the nebulizer inlet.
The cloud cha.mber llquid water content was
measured by transmissivity of e 10.2Jam laser
beam. Gertler and Steele (1981) demonstrated that
this method is insensitive,to the drop .size
distribution for drop sizes generated during cloud
formation within the chamber.

Uncoated glass slides were placed in the
cloud chamber to collect ice crystals for
microscopic analysis. Initially, the analyses
were performed to determine the configuration of
aggregate junctions (Finnegan and Pitter, 1988).
~owever, it was noted that the presence of
specific soluble ionic chemicals gave rise to ice
crystals with characteristic shapes (Pitter and
Finnegan, 1988), and we observed that the shorter
experimental runs gave the most consistent ice
crystal morphological results. When the ice
crystals quickly fell out of the chamber, the
microphotographs revealed a homogeneous crystal
morphology and a narrow size distribution, as
shown in Figure I.

Experiments were conducted at temperatures.
from -2 to -30C.. Each experiment was conducted
a constant temperature; the air temperature was
monitored and found to be wlthin 0.2C during any
run. Liquid water content at the beginning of the
test varied between 1.5 and 3.0 g m-~.
lee was nucleated by expansion of moist
compressed air. The ice crystals grew by vapor
diffusion and fell out to the chamber floor.
3.

OBSERVATIONS
Ice crystal breeding was detected during
some, but not all, experimental runs. The
determination of ice crystal breeding for caoh run
was based on the length of the run, microscopic
analysis of ice crystal morphology, and the
attenuation noted by laser transmissometers.
These observetions and their relevance to
crystal breeding are described below.

In the runs where ice crystals were produced
for much longer periods of time, the .size
distribution was broad, the ice crystal morphology
was not homogeneous throughout the crystal
population, and the smaller c~ystals resembled the
morphology of pure water, rather than the solutecontaining crystal morphology.typical of the
larger crystals, as shown in Figure 2~

Figure I. Narrow ice crystal size distribution
with homogeneous morphology resulting from
simultaneous ice formation by adiabatic expansion
of moist air and subsequent growth at water
saturation, with no ice crystal breeding. This
run was conducted with sodium chloride solute in
the cloud water at a chamber.te,~peratureof -6C.

Figure 2. Broad size distribution resultinq from
ice crystal breeding. This run was conducted with
ammonium sulfate in the cloud wate~ at a chamber
temperature of ~6C.
~ 10.2~m COp laser transmissometer was used
to determine the liquid water content of .the
supercooled liquid water cloud, according to
Gertler and Steele (1981), prior to ice
nucleation. ~fter .nucleation, the transmlsslvity
exhibi.ted a short attenuation pulse, as the ice
crystals which were initially nucleated grew
through the size of maximum attenuation,
approximately the size of the wavelength of the
radiation. Petrushin (1983) demonstrated that
randomly oriented nonspherical ice crystals, both
plates and columas, have higher extinction
coefficients at infrared wavelengths similar to
their size. Ice crystals thus have maximum impact
on the extinction of the CO2 laser transmissometer
beam when they are about 10~m size.

The duration of ice crystal formation in the
chamber was documented both by the continued
collection of ice crystals on microscope slides.
placed in the chamber and by visual observation,
viewing the scintillations of a narrow beam of:
light directed though the chamber. In some cases,
ice crystals were forNed by nucleation from the
adiabatic expansion and rapidly grew in the
presence of liquid water drops, so that the
crystals settled out within i0 ~inutes. In other
cases, a continuous production of ice crystals was
observed in the chamber for periods exceeding 1.5
minutes and occasionally over 60 ~inutes. Since
ice crystals in the presence of a liquid cloud
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The cloud chamber uses a low-power Heqe laser
of 0.55~m wavelength for aiming the CO2 laser
transmissometer.On .a flew occasions~ we
investigated the siz~Itaneous behavior of the
transmissivity at both wavelengths. Figure 5
shows typical results. Both transm/sslvlties
¯ diminished with the initial nucleation pulse (the
0.55~m wavelength laser about 20 seconds before
the lO.2Mm wavelength laser). Subsequently, the
HeNe laser detecte~ pulses In attenuation slightly
before they were detected by the COz laser,
ludicating that the attenuation pulses ~ere due to
small, recently forr~ed ice crystals growlag
through the sizes coaparable to the wavelengths of
the two lasers.

When a short duration e~p@riment~l,run.
occurs~ the transmissivity as aetected Dy toe
laser beam follows the nucleation pulse with an
asymptotic approach to the clear alr value,
indicating that almost all the liquid water Is
consumed by growing ice crystals~ until the ice
crystals begin to rapidly fall out. After crystal
fallout acts to reduce the ice crystal
concentration~ the liquid water cloud
reestsblishes itself, and the transmissometer
trace reflects this (F~gnre 3).
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Figure B. The attenuation
of a lO.2~m laser beam
in the cloud chamber during a rnn without ice
crystal breeding, showing the nucleation pulse and
the decay in the cloud water content with time
during crystal growth.
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Figure 5. The atte~at~ons of two lase~
transmissometer beams, 0.55 and i0.2~ wavelength,
during a run with ~ee crystal breeding.
The experi~emtal tuns were conducted under a
variety of condLtLons of initial llga[d water
content and amount of adiabatic expansion use~ to
nucleate the [ce~ so the initial ice crystal
watem dmoplet coneemtrattoas vailed from one
to the next. In runs ~here no aggregation
detected on the ~icroscope slides~ t~e n~mbers o~ ¯
lee crystals on the sildes were a2so low, causing
us to surmise that ~he ice crystal conee~tratlons
.in the chamber ~eme probably too low Eer
significant aggregation to occur.
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We d~videg the runs into two groups,
depending on the ~msolved salts in the cloud
water. The deion/med water and the solution of
sodium nitrate ha~e low freezing potentials
(Workman and ReymoR~s, 1950), whereas molut[ons
ammonium carbonate and ammonium sulfate ~ave high
freezing potentials of 60 to I00 volts.

16

Figure 4. The attenuatlou oE a 10.2~m laser
transmissometer beam in the cloud chamber during a
run with ice crystal breeding, showing multiple
spikes in the attenuation due to the continual
formation of new ice crystals during the run.

4. RESULTS
Table I presents the results of 87 experimental runs at cham~er temperatures between -4 and
-30C. The de[onized ~ater and sodium a~trate
sol~t[ons were used ~ ~3 e~petimenta~ rums; 39 ~n
which aggregat/o~ was noted, and yielded evidence
of ice crystal breeding In 28 of the runs, or 72
percent of those with aggregation. ~t -13 t~
-20C, lee cryst~l breeding was observe~ ea¢h time
aggregation occurred; the lowest percen.tages (of
breeding, when aggregation was observed) were found
at -9 to -12C and below -20C.

In longer duration runs~ there are several
distinct pulses in the transmissometer trace
(Figure 4). Superimposed on the asymptotic rise
of the transmlsslvlty of the laser beam are
numerous short pulses of higher attenuation
indicative of newly ~ormed ice crystals growing
through the 10~n size range. The timing of the
pulses and the occurrences of small ice crystals
on glass slides is consistent: small ice
crystals~ attributed to the ice crystal breeding
process, appeared on glass slides after the
attenuation pulses were observed.

The ammonium sulfate and ammonium carbonate
solutions were used ia 60 experimental runs (~8
which aggregat[o~ was noted) and produce~ evidence.
for ice crystal ~reeding in 45 of t~e runs, or 94
percent of those with aggregation. Ice crystal
breeding was observed in 100 percent oE t~e =ases
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agg~egat~o~ w~ detected at -13C and below
~re
lw cases), ano In 1o of 19 cases (95 percent~

dipole ~cro~s ~ach. growing ice Snte~face~ The
magnltuae ot the charge separation nepenus on the
rate of growth and the .soluble salts present on
the surface of the growing crystal. Certain ions,
particularly ammonium and the halides, are
incorporated into the ice phase more readily than
other ions, such as sulfate and nitrate. Workman
and Reynolds found that ammonium salts, such as
ammonium sulfate and ammonium carbonate had
freezing potentials of 60 volts or more, while
delonized water and sodium nitrate solutions
yielded freezing potentials of less than i0 volts.
Since Workman and Reynolds investigated bulk
freezing, and configured their experiments to
obtain the maximum magnitudes of freezing
potentials, we interpret their results to indlcate
that deionized water and sodium nitrate solutions
produce very weak electric multipoles in growing
ice crystals, while ammonium carbonate or sulfate
solutions produce stronger electric multlpoles.

where aggregation was detected between -4 and -8C.
The lowest percentage of breeding occurred between
-9 and -12C, where 80 percent of the cases with
aggregation yielded evidence of ice crystal
breeding.
Table i. Results of investigations of ice crystal
breeding in the DRI cloud chamber.
Sodium Nitrate Solution
Temperature Number of Ice Crystal
Range (C) Experiments Breeding
-4
-9
-13
-21

to
to
to
to

-8
-12
-20
-30

Percent

20
7
7
5

14
4
7
3

70
57
I00
60

39

28

72

Ice crystal multiplication in clouds, of the
type found in our cloud chamber studies, is
conceivably another manifestation of crystal
breeding. Further, we postulate two possible
mechanisms by which crystal breeding is
accomplished. The first involves the action of
the locally high electric field, in the immediate
vicinity of the interacting, growing crystals.
This intense, non-unlform, tlme-dependent field
may act to orient water vapor molecules and cause
them to cluster in response to intense
electrostatic forces, thereby processing the
airflow between the two ice crystals in the last
moment before aggregation to create ice germs. If
the ice germs survive and grow by vapor diffusion
or by collision with existing water droplets, they
will initially form pure water ice crystals. This
would be consistent with our findings of the newer
(smaller) ice crystals to have the morphological
characteristics of pure water crystals.

Ammonium Sulfate or Ammonium Carbonate Solutions
Temperature Number of Ice Crystal
Range (C) Experiments Breeding
-4
-9
-13
-21

to
to
to
to

-8
-12
-20
-30

Percent

19
I0
8
ii

18
8
8
II

95
80
i00
I00

48

45

94

5.

DISCUSSION
The present results indicate that ice crystal
breeding occurs under conditions of aggregating,
rapidly growing ice crystals, at all temperatures
between -4 and -30C. The results also indicate
that ammonium salts, which exhibit strong freezing
potentials, promote ice crystal breeding when
contained in growing ice crystals.

A second postulated ice crystal breeding
mechanism should also be considered. This
mechanism is derived from a concept of how ice
grows by di[fuslon. It has been demonstrated
(Pitter, 1981) that ice crystal vapor diffusion
growth is not deposition growth, but rather is
condensation of vapor onto the crystal surface,
followed by surface flow of the quasi-llquid layer
to the growing edges, where the water molecules
finally get incorporated into the ice crystal
lattice. Other inorganic crystals have been found
to grow by this mechanism (Van Hooke, 1961).. When
we consider the increasing intensity of the
electric fields in the vicinity of the two
interacting ice crystals just prior to collision,
it is conceivable that the strong, inhomogeneous
electric fields may act to accelerate water
molecule clusters that have become associated on
and with the ice crystal surface (i.e., have
condensed, but are still mobile), causing them to
accelerate so rapidly that they are propelled off
the ice crystal at the growing edge. This could
result in the formation of large numbers of very
small, deforming droplets in an electric field,
which then freeze and grow to detectable size.
This ~echanlsm is also consistent with the
observations, in that the sodium nitrate
solutions, which have such lower freezing
potentials, also have lower frequencies of ice
crystal breeding than the ammonium salt solution

Our ice crystal aggregation studies (Finnegan
and Pitter, 1988b) found that soluble ionic salts
present in the cloud water and incorporated into
the growlng ice crystals (most likely by droplet
freezing on contact with the ice embryos formed by
rapid adiabatic expansion) affected the Junction
orientations of the initial ice crystal
aggregates. The results, though limited, also
indicated that the salts moderated the rate of
aggregation. We postulated that the differential
incorporation of chemical ions during growth
creates freezing potentials similar to those
observed by Workman and Reynolds (1950) for bulk
freezing.
Additionally, studies of single ice crystals
grown under identical vapor and temperature
conditions in the cloud chamber have revealed that
the salts incorporated into the growing ice
crystals affect their detailed shapes (Pitter and
Finnegan, 1990). Preliminary data consistently
shows that the sore elaborate dendritic shapes of
" ice crystals are associated with solutlons which,
in bulk freezing, yield higher magnitudes of
freezing potentials.
Thus, we have postulated that growing ice
crystals acquire an internal charge distribution
corresponding approximately to that of an electric

cases.
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Hallett, J. and B..~. Mason, 1958: l~fluence of
organic va~o~rs on the crystal ~a~it o~ ice.
Nature~ 181, 467-469.

The implications of ~hese~experi~ent~ i~ t~at
ice crystal breeding may oe relevant in t~e aeslgn
of winter orographic cloud seeding programs for
snowfall augmentation.

Lal, D.P., R.E.&. Mason, and R.F. StrlcklandConstable, !969: Collision breeding of
crystal nuclei. J. Crystal Grovt~, 5, 1-8.

6.

CONCLUSIONS
The experimental results presented in this
article support a new concept of ice crystal
breeding that is mechanistically different than
previously postulated mechanisms for this process.
We have shown that ice crystal breeding is
possible at ~II temperatures investigated between
-4 and -30C, with maxima at temperatures where ice
is most highly nonspherical. The ,norphology of
the newly-formed crystals during ice crystal
breeding resembles that of pure water Ice crystals
for the experimental temperature, causing us to
reject crystal breakup as a .nechanlsm of
multiplicatloa in thecases investigated. Rather,
we postulate two possible ways in which ice
multiplication may occur. Additional work needs
to be performed to determine exactly how pure
water ice crystals form during ice aggregation.
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The experimental results are analogous to
those in the chemical literature on crystal
growth, which describes crystal breeding as the
increased cate of formation of new crystals durlng
crystal aggregation at sufficiently great
supersaturations. We therefore conclude that we
have detected ice crystal breeding.

Pitter, R.L., 198!: Convective diffusion and ice
crystal growtln. J. Rech. Atmos., I~, 281288.
Pitter, R.L. and g.G. Finnegan, 1989: ~n
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We have found that ice cryst~l breeding ,nay
occur when ice crystals, in the presence of
supercooled liquid water, are aggregating.
Additionally, the solutes present in the growing
ice crystals affect the percentage of time that
breeding is detected in the DRl.cloud chamber. We
have not yet determined why ice crystal breeding
is a go or no go situation ia any specific
experimental run.
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Glaciogenic snowfall enhancement operations
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supercooled liquid water as a primary seeding
criterion. Therefore, the cloud seeding may
result in ice crystal breeding as the ice crystals
formed on generated aerosols grow and begin to
aggregate. It is conceivable that the use of an
appropriate inorganic solute in the generator
formulation may enhance the ice crystal breeding
and thereby multiply the effectivity of some
seeding operations.
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SOME COMMENTS 0NTHE GROSSVERSUCH IV
HAIL SUPPRESSION EXPERIMENT
Djuro Radinovid
Faculty of Physics, Dobra~ina 16
ii000 Belgrade, Yugoslavia
Abstract. The results of the Grossversuch IV hail suppression experiment have been
widely used in assessment of the possibilities of hail control actions, particularly
those based on the concept developed in the USSR. Also, some general scientific
conclusions from this experiment have been derived.
In our opinion, however, a few failures in organization of this experiment were
made which could influence the results obtained. Elaboration of this point of
view is the subject of the present note.

i.

INTRODUCTION
The Grossversuch IV experiment was organized
in central Switzerland in several phases in order
to study the possibility of suppressing hail by
cloud seeding. The last, fourth phase was performed
il~ order to test the Soviet hail suppression
method. The experiment ~,as conducted in the period
1977 - 1981 and went on in 1982 as well. The
results of this experiment were widely used in the
assessment of present possibilities of hail suppression in general, as well as in making far-reaching decisions concerning existing hail suppression
systems. Due to these reasons, the Grossversuch IV
experiment will be critically analyzed in tl~is
paper.
2.

THE AIM OF EXPERIMENT
Some parts of Switzerland, France and Italy
regularly suffhred hail damage so the interest for
hail suppression has been present in these countries
for a long time. Hail suppression has been attempted for decades, but all efforts to make it efficient were without demonstrated success. That is
why so much attention was paid to the highly effective results claimed in the USSR. So, there was a
wish to test the USSR hypothesis in Switzerland.

The hypothesis is based on a theory of a so-called accumulation zone sustained by the updraft
where the hail is thought to grow from the embryos
of large supercooled raindrops. Artificial production of higher numbers of small hailstones instead of low natural numbers of large ones was
called the "embryo competition". Mass seeding was
performed by rockets carrying a large quantity of
seeding material.

These were the reasons for organization of a
new experiment for the verification of the Soviet
hail suppression hypothesis. It was decided that
this time the verification of the Soviet method
should be done on European storms, and also to
apply the orig’~l Soviet system. Thus in 1975
~t was decided to organize a randomized experi.[.ent near Luzern (central part of Switzerland).
This project, called Grossversuch IV, was carried
out by the Ministries of Agriculture in Switzerland, France and italy, the Federal Institute for
Technology in Switzerland and the French and Swiss
Insurance Companies.
3.

ORGANIZATION OF EXPERIMENT
The geographical position of the experimental
area, as well as the location of weather radars
and hail suppression stations, are presented in
Figure i. The experimental area is about 800
square kilometers, rather long in shape, with
SW-NE orientation. The area is more than 50 km
long and on average about 15 km wide. The largest
width is 17.5 km near Wolhusen launching site and
the smallest is I0 km in the northeastern part.
Five hail suppression stations were located along
the longer axis of the area and cheir ranges
covered nearly the whole experimental area. The
radar was installed near Luzern so that a 20 km
range, which is consider not to be proper for
clouds observation, covered almost half the experimental area.
The experiment became operational in May 1977
and lasted till September 1981. A five-year period
was used in order to have a sufficient statistical
reliability to verify a 60% potential decrease of
kinetic energy of hail falling to the ground. A
I0 cm wave-length weather radar was used in the
experiment, as well as the Soviet hail suppression
rockets "Oblako", while the personnel was trained
by the Soviet experts.

Interest in verifying this hypothesis occurred
in other western countries as well. The Americans
were the first to establish an experiment (NHRE)
test the hypothesis on which the hail suppression
in the USSR is based. This experiment, however, was
not a real copy of the Soviet hail suppression
system. Because of that and probably due to the
lack of accumulation zones in hailclouds in Colorado and some other reasons, this experiment did
not answer the basic question (Foote and Knight,
1979). Thus, the possibility of successful hail
suppressionstill remained open.

4.

RESULTS OF EXPERIMENT
Before the beginning of the experiment a
program of execution and assessment was precisely
defined (Federer et al., 1978/79). According
this program, using the Soviet criteria for hail
cloud identification and seeding of cert~in of its
zones, there were 76 days with experimental clouds
in the five-year period. There were 33 seeded days,

69

LAUNCHING
SITES
ESCHENBACH
NEU~!~KIRCH
WOLHUSEN

8°E

TRUBSCHACHEN
NO SEEBIN6BECAUSE
OF SAFETYREASONS
3O

RIHENTAL

KET RANGE
"T.

0

~0 km

Figure I. ’t’he geographicallocation of the experimental area of Grossversuch IV
.:.:iththe rocketlaunchingsites. (Federer et al., 1986).
and in 43 days the cloud development was observed
without any seeding activity. During the seeded
days, a total of 122 individual cells were treated
while in the non-seeded days, 94 cells were observed.
Statistical adaptation of these two series
of events gave numerous results. Thus, on the
basis of radar data, a 90% reliability conclusion
was made that the effects of seeding might be
anywhere in the range from a 30% decrease of hail-falling kinetic energy to a factor of ten increase.
Furthermore, on the basis of the data obtained
from a dense network of hailpad (one hailpad per
4 sq. km) a 90 reliability conclusion was made that
seeding might cause any effect between a 66% decrease to a 75% of increase of kinetic energy of
fallen hall for some hail cells. Thus, various
estimates within very wide limits were the result
of different statistical methods and tests applied.
On the basis of these and many other results,
conclusion was made that the results of the Grossversuch IV experiment did not statistically confirm the Soviet hail suppression method in the
central part of Switzerland. These results were
considered scientifically credible by numerous
experts and other interested persons, so that as a
result the reports concerning the efficiency of
the Soviet hail suppression and their method of
verification became looked at with an increased
skepticism.
5.

FAILURES OF EXPERIMENT
Since the results obtained in the Grossversuch
IV experiment represent not only the effect of
applied methodology but the location of the experiment as well, it is necessary to consider whether
the experiment was well designed from this point
of view. In this regard, we shall consider the
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geographical position and the shape of the area
where the experiment was performed.
In similar experiments in the USSR (Sulackvelidze, 1967; Gayvoronsky and Seregyn, 1969), the
experimental area was of a round shape, 35 km in
diameter. It was divided into a boundar7 zone
where the occurrence of hail formed outside the
experimental area could be expected, an~ a central
zone where the hail could be expected only in case
the hail suppression system was not efficient. I~
case of the Grossversuch IV experiment, the whole
experimental area was in fact a boundary zone,
since a zone only 15 km wide can suffer damage
from hail formed ontside that area.
According to the Instruction for Hail Suppression Organization and Activity "~ the gSSR (Bib/1ashvily, Burcev and Seregyn, 1981, page 18) it was
regulated that a boundary zone 6-10 km wide should
exist around the protected area, and in case hail
clouds moved faster than 50 km per hour this zone
should be 12 km wide. Hail clouds are to he
treated within this boundary zone in order to
prevent hail forming in that zone which might
otherwise be carried by the hail clouds into the
protected area. This means that seeding effects
in the boundary zone are not shown in it, bnt
further downwind, on the protected area; i.e.,
there is a shifting in space between the seeding
activity and the hail reduction.
In hail suppression in Greece, where highl!
effective results have been recently reported,
there is a boundary zone around the protected
area (Rudolf et al., 1987). According to the
estimation of the executives of hail suppression
in Greece, a bounSary zone should be 15 km wide
as the hailclouds often move with speed of 40 km
per hour (Rudolf et al., 1987, page 6).

The experimental area Grossversuch IV by its
width strictly corresponds to the boundary zone
re6ommended in Greece. Therefore, one can expect
that hail formed outside the experimental area
might fall inside it. In the same time, the effect
of cloud seeding in the protected area could be
found further downwind out of the experimental
area Grossversuch IV.

This and some other evidence suggests that
it might be expected that most of the hailstorm
clouds coming to the experimental area are of the
frontal type since the thermal development on the
northern side of the Alps is less pronounced. On
theother.hand, the cold-air penetration from the
northwest are probably the most frequent since
that direction is to~ographically exposed to the
experimental area shown in Figure 1.

This matter was not considered at all in the
program and results of the experiment, so one can
get the impression that an unrealistic supposition
was used: that the hailstorm clouds which reached
the 15 km wide experimental area from the outside
delivered the whole quantity of hail they were
carrying before entering it, and started a hailstone forming process from the beginning once they
entered the 15 km wide zone.

Having this in mind, the northwest direction
from which most hailstorm clouds are expected to
come coincides with the shorter axis of the experimental area that is only 15. km long. Hailstorm
clouds coming with cold-air penetration in many
cases already carry formed hail, so the hail will
occur in the experimental area regardless of the
cloud seeding.
Since the clouds often move across the narrowest part of the area, they stay over it for a
short time (15-30 minutes). It is important
emphasize that frontal clouds move much faster
than the clouds formed within the air mass. These
frontal clouds, with respect to dimensions of
their cells, could be seeded by one or two hail
suppression stations, at maximum. According to the
methodology, if a cloud is not seeded enough, the
appropriate hail suppression station should launch
one hail suppression rocket every 5 minutes. Finally, if there is ~ny seeding effect, it w~ll in
m~st cases be seen only outside the observed area,
due to the narrow shape of the experimental area
and fast movement of the cloud. Justification of
this expectation is clearly illustrated by the
example shown in Figure 2, taken from the paper by
Federer et al. (1986).

Another point is the orientation of the experimental area given that the area was of an elongated shape. It is not clear what was the idea of
the organizers when they designed the orientation
of the area. They did not submit any climatological
and synoptic analysis that might justify the
orientation they had chosen.
For the success of the experiment it is desirable to position the experimental area so that
most of the hailstorm clouds have a complete evolution cycle within the area. The Grossversuch IV
experiment was apparentl" not designed to achieve
this. Namely, according to climatologica! data, the
predominant mid-tropospheric mean flow over the
Grossversuch IV experimental area is NW or W (Palmen and Newton, 1969). This is associated with
activity of polar-front jet stream of NW or W
direction (Riehl, 1962). For example, studying the
orographic effects of the Alps on cold fronts,
Petkov§ek (1963) identified 75 cold-air penetrations
from NW and W directions in 1957 to the Alpine
r~gion.
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Southwest to northwest is probably the second
most frequent direction of hailstorm cloud movement
in central Switzerland. This corresponds to the
development of hailstorm clouds in unstable air
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masses in front of a cold air penetration; that
is in southwesterly flow. These clouds move parallel to the longer axis of the experimental area.

statistics the expexLmen~s heft an impression of
a high credibility of theix conclusions. We emphasise however that ~he ~o~-xepresentativity of the
data does not justi~y ~sing ~he Grossversuch IV
experiment results ~idel7 and with no reservations
in making key feasi~ilitF statements and decisions
concerning hail snp~ression.

However, since the experimental area is very
narrow, the clouds moving parallel to the longer
axis will move more often along one or the other
border than over the middle of the protected area.
Therefore, it might be expected that these clouds
could be only partially treated, since they will
be partially within the area and partially out of
it. This is also clearly illustrated by the example
given in Figure 3 taken from the paper by Federer
et al. (1986). We believe that examples represented
here in Figures 2 and 3 are selected by Federer et
al. as typical cases.
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6.

CONCLUSIONS
This brief examination of the Grossversuch IV
experiment indicates that most probably only a small
percentage of hailstorm clouds went through a complete life cycle within the observed area so that
they could be seeded in the right place and time.
That suggests that the Grossversuch IV experiment
did not provide the necessary conditions to perform
the experiment in an adequate way to obtain the
results credible from the point of view of confirming
or refuting the efficiency of the USSR hail suppression method. On the other hand, by using a refined

72

Sulackvelidze, G.K., i~67: Showers and hail. (In
Russian). Leniugra~, Gidrometizdat, 412 pp.

THE APPLICATIONOF GEOSTATIONARY
SATELLITE
IMAGERYFOR DECISION-MAKINGIN CONVECTIVE
CLOUDSEEDINGIN NORTHDAKOTA
Bruce A. Boe and J~mes A. Jung
North Dakota Atmospheric
Resource Board
Bismarck,
ND 58502

Abstract.
A McIDAS (~an-~omputer
~nteractive
~ata ~ccess
~ystem)
workstation
was
employed
to monitor
the
development,
movement,
and eventual
decay of convective
2
clouds over target areas totalling
366,000 km
in western
North Dakota.
Information
relevant
to cloud seeding
strategies
for both
rainfall
enhancement
and hail
suppression
was relayed
to the field meteorologists
at
their radar sites in near real-time,
where the operational
decisions were made.
Both the utility and the timeliness
of the information
were evaluated.
Shortcomings
are also
discussed.

1.

INTRODUCTION
The seeding
of convective
clouds
for
crop-hail
damage mitigation
and rainfall
enhancement
has been
ongoing
in North
Dakota
for over
a third
of a century
(Rose,
1986).
Airborne
seeding
thunderstorms
with silver iodide (Ag~) ice
nuclei has been conducted
annually
since
the early 1960’s,
when a number of small
grain farmers
initiated
operations
after
suffering
severe
crop-hail
damage in the
course
of several
successive
growing
seasons.
In
1976,
the North Dakota
Legislature
created
the state Atmospheric
Resource
Board
(ARB)
to coordinate
and
administrate
cloud seeding
within
North
Dakota.
Since that time, participation
in
the annual ~orth ~akota Gloud ~odification
~rogram
(NDCMP)
has been on a county-bycounty
basis.
Presently
five counties
totalling
366,000 km 2 participate.
~n evaluation
~ the ~ail suppression
aspect
of the NDCMP
completed
in 1987
yielded
strong statistical
suggestions
of
a reduction
in crop-hail
damage
of 43.5%
’in the target areas (Smith et al., 1987).
Using crop-hail insurance
data compiled by
the National Crop Insurance Services I, the
Smith
et al. report
employed
historical
regression
techniqes
to establish
the
relationship
of the target
to an upwind
¯ adjacent control area in extreme eastern
Montana.
Seeding
operations
in the NDCMP are
directed
by meteorologists
using digital
C-band weather
radars equipped with aircraft
tracking
capability.
Forecasting/
nowcasting
support
is provided
by
meteorological
support staff from the ARB
state offices
in Bismarck,
North Dakota.
This support
is largely
provided
in the

form
of
facsimile
and telephone
transmissions
of synoptic
charts,
upper
air data,
and near real-time
satellite
observations
obtained
through
the McIDAS
workstation.
Additional
NMC products
are
obtained
through
the Bismarck
National
Weather Service Forecast
Office.
The 1989
NDCMP project area is shown in Fig. 1.
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Figure i. Operational
target areas of the
North Dakota
Cloud Modification
Project
(NDCMP).
Radars
were located
at Parshall
(northern
district)
and Bowman
(southern
district).

IThe National Crop Insurance
Services
Hail Insurance Actuarial Association
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(NCIS) now includes
(CHIAA).

the Crop

Developing
convective
clouds
having
sustained
updrafts
and supercooled
liquid
water are treated
with AgI or dry ice by
aircraft, either near cloud base or during
cloud
penetration
between
-5 and -10oc
(Boe et al., 1989a).
Clouds
having
low
natural ice concentrations
are preferred.
Encounters
with graupel
by penetrating
seeding aircraft
indicate
that nature has
already produced significant
natural ice,
and such clouds
are usually
not seeded.
Radar
is
used to
determine
storm
intensity,
height,
and for general
surveillance,
allowing
the field meteorologists
to keep aircraft
advised
of storm
motion and propagation.
The main updrafts
ofmature
storms are avoided,
as the NDCMP
seeding hypothesis
is based on the belief
that
the development
of hail embryos
begins in the "new growth regions"
of the
storms. Typically,
this means that flanking lines
and rain-free
cloud bases are
the desired target areas, while the shelf
clouds that usually mark the very vigorous
main updrafts
are avoided
(see Dennis,
1977; and Miller et al., 1975).
Since
the inception
of efforts
to
suppress hail through airborne
seeding, a
major difficulty
has been that of responding consistently
in a timely
fashion
to
developing
deep convection.
Even if a
developing
cloud is monitored
visually
or
with radar from its beginning,
it is often
impossible
to get seeding aircraft
to the
target
cloud
before
the hail-formation
processes
are well underway.
Consequently, it is imperative
that the short-term
forecasting
be the best available, so that
development
be anticipated
as much as
possible.
Short-term
forecasting
(nowcasting)
has advanced
much since
the
advent
of routine
real-time
satellite
imagery. For example, it is now often possible
to identify
thunderstorm
outflow
boundaries
upon which deep,
severe
convection
eventually initiates,
sometimes
many minutes
in advance
of the onset of
such development
(Purdom, 1982).
2.

THE McIDAS WORKSTATION
The McIDAS workstation
is designed for
animated
display of satellite
imagery and
weather
data. Capabilities
include
real-.
time access to satellite
imagery
and conventional
synoptic
data, graphic
overlay
of
maps
and
synoptic
data fields,
animation
of image or graphics
frames
by
looping
at user-selected
rates, and
pseudocoloring
of imagery.
The workstation
consists of a "tower"
containing
the RAM memory
necessary
for
image storage, a high-resolution
RGB monitor, a monochrome
display,
keyboard,
joysticks,
and a printer.
The workstation
is
linked
by a 9600-baud
dedicated
telephone
line to the host mainframe
computer
at the Space
Science
Engineering
Center
(SSEC)
at
the University
Wisconsin,
Madison.
The SSEC mainframe
computer
contains
the operating
system,
application
programs,
and data processing
subroutines.
The workstation
memory allows
storage
of 32
image
frames,
and 32
graphics frames.
Any graphic frame can be
nondistructively
overlayed
on any image

frame,
frames
display

and-either
the graphics
or image
may
be "turned
off" to allow
of one without the other.

3.

DATA BASE
Images
from the ~eostationary
~rbit
~nvironmental
~atellite,
GOES,
are
downloaded via satellite
downlink at SSEC,
and subsequently
stored on mainframe disc,
where
access
by
the workstation
is
possible.
Three
types
of imagery
were
employed
during
the 1989 field project.
These
were:
1 km and 4 km resolution
visual-wavelength
imagery
(I~M-VIS,
4KMVIS), and 4 km resolution
infrared
wavelength
imagery
(4KM-IR).
The IR channel
employed
was the "standard
IR", which has
a wavelength of 11.170 ~m.
Loops comprised
of from six to ten of
the most recent frames of each imaqe type
were normally
loaded and updated every 30
minutes.
In the context
of the North
Dakota Thunderstorm
Project (NDTP; Boe et
al.,
1989b
), rapid
scan
(or
RISOP)
satellite
data were available
upon request
through
the
National
Severe
Storms
Forecast
Center
(NSSFC)
in Kansas
City,
Missouri.
Additional
RISOP data were also
often
available
whenever
NSSFC
or the
National
Severe Storms
Laboratory
(NSSL)
initiated
rapid scanning to meet their own
needs. Downloading
of new imagery
to the
workstation
routinely
began approximately
7 minutes
after initiation
of satellite
scanning.
When new satellite
imagery
was being
received
no faster than every i0 mln, all
three loops were routinely
updated as soon
as the data became
available.
During
5
min RISOP
periods,
the data rate would
quickly
exceed
the workstation’s
ingest
capability,
and one loop would not be updated. Usually the inactive
loop would be
the 4KM-VIS.

Each of the three
image
types
were
routinely
downloaded
as soon as practical
after becoming available
on the SSEC mainframe.
Normally,
new
images were
available
every
30 min, however
RISOP
periods often increased
imagery
frequency
to 15, i0, and even 5 min intervals.
All
images were centered just slightly west of
the NDCMP operational
area, to include the
operational
area and that immediately
upwind.
This
representation
gave
the
observer
a view of approaching
weather
along with the cloud formations
within the
target area.
For synoptic
scale
overview
of the
development
of convective
systems,
the
4KM-VIS imagery
was most useful (Fig..2).
Propagation
and movement
of upwind
cloud
formations
were easily recognized
when the
images
were
looped,
i.e.,
viewed
sequentially,
thus imparting
a sense
of
motion to the clouds.
Frontal
systems and
the
cloudiness
associated
with the
vorticity
maxima linked to rapidly
moving
short-wave
troughs
proved
easy to track
with 4KM-VIS
imagery.
This was true even
when such disturbances
had only diffuse
cirrus
associated
with them; in fact the

Figure
2.
Visual
imagery of
4 km
resolution
for 1930 CDT 3 August 1989. In
addition to the widespread
convection over
the central Dakotas,
a developing
complex
clearly
visible
in eastern
is
also
Montana.

Figure ~3.
Infrared imagery recorded at
the same
time
as Fig.
2. The coldest
(highest)
cloud
tops
are
readily
identified
in this IR
image,
while
greater
detail
is shown
in the visual
image (Fig. 2).

presence of such cloudiness
can be used to
confirm the locations of vorticity centers
indicated
by National
Meteorological
Center (NMC) products.
The 4 km-resolution
infrared
(4KM-IR)
imagery
can be pseudocolOred
with any
user-defined
color table,
which greatly
facilitates
the task of resolving
subtle
temperature
differences
(Fig. 3 ) . This
temperature
can then be used to estimate
cloud top height
by comparison
with the
temperatures
and heights obtained
from an
appropriate
nearby sounding.
While only an
approximation,
such estimates
proved useful in assessing
the seeding potential
of
the
cloud.
Typically,
cloud
top
temperatures
of thunderstorms
reaching the
tropopause
estimated
via the IR imagery
were a few degrees
C colder
than actual
temperatures.
This
"error"
is
a
manifestation
of: (a) absorption
at 11.170
pm wavelength
by different constituents
in
the atmosphere;
and (b) the fact that this
wavelength,
as applied
by SSEC, is most
accurate
near the surface.
Thus, the IR
temperature
estimates
of lower (warmer)
clouds
were generally
only 1 to 2oc too
cold.
Ultimately,
cloud
top
height
estimates
had to be adjusted
downward
by
0.3 to 0.5 km.

Figure 4.
One kilometer
resolution
visual
imagery
recorded
0.5 h prior
to
that shown in Fig. 2. Individual
turrets
can be clearly
identified
in SW North
Dakota and NW South Dakota.

The 1 km resolution
visual
imagery
(IKM-VIS) was found to be most useful when
storms
were approaching
the target
areas
and on days when convection
was initiated
in the project
areas and grew relatively
slowly (Fig. 4). In these cases, the 4KMVIS was initially
unable
to detect
even
fields
of cumulus
congestus.
The higher
resolution
also allowed
easy discernment
of feeder
cell lines,
overshooting
tops
and general cell development.

4.

APPLICATION
Real-time
McIDAS/GOES
satellite
imagery
as applied
to convective
cloud
seeding operations
in North Dakota is best
discussed
by objective:
hail suppression
(cumulonimbus),
or
rain
enhancement
(cumulus congestus).
The distinctions
are
not actually
this simple,
as it appears
the
more
significant
precipitation
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seeding.
When
the flanking
line is
obscured,
the overshooting
cloud tops
serve notice
not only that the cloud ~s
vigorous (and consequently
a hail threat),
but advertise
the location
of the ma~n
updraft.
In offering
guidance
to seeding
aircraft,
it has been fruitful
to relay
the locationsof
the overshooting
tops and
suggest
that the aircraft
check for new
growth immediately
to the south and southwest.
The 4KM-IR
imagery
is displayed
with
the help of a user-defined
color table.
The choice
of
colors
(used
in North
Dakota)
for the enhancement
have been
refined
repeatedly
before
the present
color table was derived. The authors found
it
desirable
to
have bright colors
selected
for the cold cloud tops, so that
such cold (and therefore
high) tops would
attract the attention deserved (Fiq. 3).
The infrared
images
are most useful
during
the actively
growing
phases
of
storm lifetimes,
during which increasingly
colder
tops prior to anvil development,
and even colder overshooting
tops after,
signal the
development
and
sustained
vigor, respectively
(again, see Fig. 3).

enhancement
may actually
be realized
in
the course
of hail suppression
seeding
(Johnson, 1985).
The seeding
of supercooled
cumulus
congestus
for rainfall
enhancement
is
attempted
by release
of small amounts
of
dry ice (CO2)
or silver
iodide
(AgI)
the updraft.
This seeding technique
is
essentially
an extrapolation
of the
HIPLEX-I seeding hypothesis (Smith et al.,
1984),
but with slightly
larger,
longer
lived
clouds.
The premise
is that the
somewhat
greater
vigor and longevity
of
these
clouds
will prove sufficient
for
significant
precipitation
to
result
[though
these clouds
seldom
grow larger
than showers].
In general,
the clouds
of interest
range have tops from 6 to 9 km MSL, with
temperatures
ranging
from -i0 to -20°C,
though
occasional
warmer
clouds
are
seeded.
Horizontal
dimensions
are
generally
less than 1 km, resulting
in
detection
problems
even with the IKM-VIS
imagery.
When fields
of
such clouds
develop,
they.
are detectable,
but the
response
time for seeding aircraft
is at
least
30
minutes,
so by the time such
by satellite
and the
clouds are detected
appropriate
air crews are notified,
the
clouds most often have either produced ice
naturally,
sheared
badly to the point of
being
unseedable,
dissipated,
or have
become cumulonimbi.
Consequently,
even
the
maximum
resolution
presently
available
has not
proven
to be of much use for the timely
detection of cumulus congestus.

Satellite imagery observations
compLement those
of the field
radars,
as the
signals
from the latter
are subject
to
attenuation
by
stronqer
storms.
In
addition,
the boundary
layer haze often
prevalent
during
high-humidity
periods
greatly reduces visibility
in the horizontal (often
to i0 km or less), but satellite
imagery
remains
essentially
unaffected.
In such circumstances
it is
possible to identify developing
cumulonimbus and notify the appropriate
field radar
to initiate
operations
in a still-timely
fashion.

Hail suppression
efforts
are directed
at those
flanks
of mature
thunderstorms
supporting
new cloud development,
i.e.,
flanking
lines
and feeder
clouds.
While
the mature
thunderstorm
is
easily
detectable
even with 4KM-VIS
imagery,
it
is the developing
flanks that are actually
the targets. ¯
’While.
the IKM-VIS
imagery
generally
cannot
provide
adequate
detection
of
cumulus
congestus,
the.flanking
lines so
common on the south and southwest sides of
mature High
Plains
thunderheads
are
readily detectable
in most cases, as long
as such development
is not obscured
by
blow off from nearby storms.
Prior to the
demise
of GOES East, it was possible
to
employ
both GOES East and GOES West to
study
the same storm complexes.
Because
of the relatively
high latitude
of North
Dakota,
it was usually
possible
to "look
under the anvils" at the flanking lines on
the southern
flanks.
This was especially
true
of GOES
West,
which
at that time
(summer 1988) was located near the Pacific
Coast, and consequently
afforded
a rather
oblique
(but
pleasing)
viewing
angle,
especially
during the
late afternoon
hours.
Overshooting
cloud tops
are also
readily identifiable
on the visual imagery
.(Figs.
2 and 4). Overshooting
tops mark
the position of the strongest updraft, and
provide
substantial
clues regarding
the
likely
areas
for new growth,
and hence

Another
aspect
of satellite
imagery
which presently
offers
potential
is the
possibility
of identifying
and tracking
thunderstorm
outflow boundaries.
~t has
been shown that in many areas, particularly the southeastern
United States, intersections
of such boundaries
with
each
other
and with
other
forcing
features
often results in explosive
cloud development
and very severe
weather
(Purdom,
1976, 1982).
Such outflow
boundaries
are
known to be active
and identifiable
in
North Dakota
as well
(Klimowski
and
Marwitz,
1990).
Efforts
in 1988 and 1989
to routinely
identify
such outflow
boundaries
in North
Dakota
have
been
only
marginally
successful,
however.
It is
suspected
that, though
such boundaries
appear
to serve an important
role in the
forcing of deep convection
on the northern
High Plains,
they often are difficult
to
detect
by IKM-VIS
imagery
owing
to the
overall
lower
moisture
content
in the
boundary
layer.
The usually
drier (North
Dakota) air apparently
limits the development
of cloud
arcs
such
as those
that
often mark the positions
of such boundaries in the more humid southeastern
U.S.
Integrated
water vapor data in the 6.7
pm wavelength
have been available from the
GOES satellites
since the early 1980’s,
76

and ¯hourly
images
have been avaflable
since 1987. While available via the McIDAS
workstation,
such
data
have
not been
routinely
applied
during
the NDCMP (and
are not shown
here).
However,
a recent
development
suggests
that such data may
well have relevance
to real-time
interpretation of deep convection.
A narrow darkening
in the water vapor
channel
which develops
along the upstream
edge of the anvils
of some thunderstorms
has been found emperically
to be associated with severe
weather
(Ellrod,
1989).
The darkening
indicates
drying,
and is
thought
to result
from blocked
flow and
subsidence
in response
to strong positive
vertical velocities,
i.e., strong updrafts
and well organized storms.

station.
The possibility
of deploying
PCMcIDAS at the field radars is attractive,
but the funding
for doing so has not yet
been realized.
6.

CONCLUSIONS
AND REMARKS
The near real-time
satellite
imagery
obtainable
through the McIDAS workstation
is very helpful
in promoting
decreased
response
time
via better
opportunity
recognition.
This applies
to larger
potential hailstorms,
but
clouds
such as
is less applicable
to smaller,
isolated
convection.

6.1

Rain Enhancement
Operations
The imagery
is usually
not available
with adequate time resolution
to be useful
for rain enhancement
operations
conducted
on cumulus
congestus.
The main difficulty
in such circumstances
is that aircraft
response
time may approach
an hour, while
opportunity
may be much
the window
of
response
time required
shorter.
The
depends
on the
type of aircraft
and its
position
relative
to the target
cloud.
Ultimately,
the authors
find that most
rain enhancement
operations
must be initiated almost
exclusively
in the field by
first-hand
visual
observations
of the
clouds.
Although
the imagery
obtained
through
the workstation
is generally
of
little use in improving
response
time in
rain enhancement
operations,
it is useful
in evaluating
the reaction
times of field
personnel in an almost real-time mode.

SHORTCOMINGS
During
nocturnal
hours,
only lowerresolution
infrared
imagery is available.
When an anvil-producing
cumulonimbus
is
thus
observed,
it is not possible
to
determine
whether
or not
the
anvil
indicates the presence of an active storm,
or is merely
residual
from
earlier
activity.
Renewed
activity
beneath
such
anvils remains
undetected
unless it penetrates the anvil on a sufficiently
large
scale to be detected with 4 km resolution.
The need for a prompt reaction
to the development
of significant
convection
has
sometimes resulted in the unnecessary
monitoring
of moribund
storms
or orphan
anvils.
Infrared
imagery assists
in
assessing storm vigor only when overshooting tops are clearly identifiable;
lack of
such
features
does ¯not preclude
significant
activity.
Resolution
of the present GOES imagery
is inadequate
to resolve
smaller
clouds,
particularly
those (cumulus
congestus)
that
are
often
targeted
for
rain
enhancement
seeding.
This is especially
true of the infrared imagery.
The workstation
is unable to continue
loading
new imagery
into all three loops
during
periods
when
5 min
RISOP
is
sustained.
Because
the processing
of each
image
takes
longer
than
the interval
between
images,
the
system becomes
overloaded.
One of the three loops must be
deactivated
until the 5 min RISOP period
ends.

5.

6.2

Hail Suppression
Operations
Timely
and improved
decision
making
¯ (nowcasting)
regarding
storm development
and movement has been made possible by the
McIDAS
workstation.
Project
forecasters
have found this to be especially
true for
squall lines, which typically
form upwind
before moving into and through the target
areas.

Specifically,
the satellite
¯ allows and/or assists with:

Optimum
~pplication
of satellite
imagery might entail deployment
of McIDAS
workstations
at the field sites.
Having
the workstation
located
elsewhere
results
in the field meteorologists
being secondary in the information
loop. The adage
that "a picture is worth a thousand words"
is applicable
here, as availability
of the
imagery in the field radar would undoubtedly provide
inproved
perception
of
overall
evolution
of the storm systems.
The initial cost and operating
expenses of
the McIDAS workstation
presently
precludes
its deployment
in the field;
however,
a
new, downscaled
workstation
known as PC-¯
MCIDAS
is now available.
The PC-McIDAS
has many of the capabilities
of the fullscale
workstation,
but uses a personal
computer
as the heart
of the display
77

imagery

a.

Estimation
of cloud top temperatures
(and consequently
cloud top heights),

b.

Determination
of direction
of movement and propagation,

c.

Identification
(as inferred
tops),

d.

Locating
new growth
areas,
as evidenced by flanking lines and explosive
cloud development,

e.

Identification
of outflow
as marked by cloud arcs,

f.

Placement of vorticity centers and jet
streaks
as manifested
by cloudiness
induced
by
the attendant
vertical
velocities,
and

and

speed

of strongest
updrafts
by overshooting
cloud

boundaries

¯g.

Identification
of severe thunderstorms
which
often
block
flow
aloft
e
sufficiently
to result
in subsidenc
and drying
in the area immediately
upwind
of their strongest
updrafts.
This subsidence
is often detectable
with
the 6.7
~m wavelength
(water
vapor) imagery.

During
the North Dakota
Thunderstorm
Project (12 June - 22 July 1989; Bismarck,
ND), a terminal
for the display
of the
data acquired
by the National
Lightning
Detection
Network
operated
by the State
University
of New York at Albany (SUNYA)
was colocated
with the McIDAS workstation
in
the
project
operations
center.
Displayed
in essentially
real-time
were
the locations,
frequencies,
polarities,
charges
transferred,
and multiplicity
of
virtually
all cloud-to-ground
discharges
in the contiguous
United
States (Orville
et al., 1982). The electrical
information
thus available
greatly
complemented
the
satellite imagery. Advantages included the
elimination
of
ambiguities
normally
associated
with interpretation
of infrared
satellite
imagery
(the "orphan
anvil"
question),
as well as improved indications
of storm vigor.
Efforts have been undertaken
to place
such a display
station
in the field
in
future
seasons,
which should
further
inutility
of
the McIDAS
crease
the
workstation.
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HAIL
SUPPRESSION
ONE EVIDENCE OF THE
EFFICIENCY DERIVED FROM RADAR MEASUREMENTS

Institute

Mladjen ~uri~
of Meteorology,
University
Belgrade, Yugoslavia

of Belgrade

Abstract. In Serbia (Yugoslavia)
hail suppression
programs have been
operated continuously
for the past twenty two years. Important details
of how silver iodide stimulates
freezing remain largely unknown. Assuming that seeding increases the concentration
of the ice particles
by a given factor, changes in the radar parameters of clouds can be
expected. Two-minute radar parameter changes are considered.
The
differences
between no seed and seed cases are analysed. During the
seeding periods of cloud life a more rapid change in clouds parameters
is clearly noted.

suppression
project in Serbia is carried
out by the regional Hydrometeorological
Service. All protected areas are organized in so called hail suppression
poligons. Each poligon has a radius of
approximatly
30 km. The program is designed
to operate 24 hours per day during the
summer months (15th April to 15th October).
All hailstorms drifting over the poligon
are monitored by S band (I0 cm wave length)
radar located at the center of the poligon.

i.

INTRODUCTION
In Yugoslavia operational
nonrandomized hail suppression
has been conducted
since 1967. The most important activity is
that in Serbia where the hail suppression
system covers about four million hectares
of agricultural
surface. This is one of
the largest areas in the world protected
by such a system. Although this hail suppression project is considered operational,
many of the activities have a pure research
component (duri~, 1981 and 1985; Radinovi~,
1972).

When a cloud meets specific criteria
based on radar reflectivity,
the significant temperatures
and the ratio of the
depth of cold and warm part of cloud,
(~urid, 1981) the cloud is seeded. The
seeding is conducted,
from ground based
rocket stations separated by about 5 km.
3
Each m of the seeded cloud volume is
required to contain 105-106 artificial
ice
nuclei.

An important aspect of the total hail
suppression
activity is the.col]ection
of
data required for a further analysis. Two
basically different types of data are
collected:
radar data and data collected
at the rocket firing stations (substations
manned by trained volunteer observers).
These observers report days when hail occurred at their station, hail duration,
intensity and hailstones size (ranged in
nine classes).

DESCRIPTION
OF DATA
A large amount of ground measurements
and observations,
standard meteorological
informations
and radar data are collecting
during the operational
project. Most of
the data are available on magnetic tape in
the computer center of the Hydrometeorological Service of Serbia. Other data are
stored in the annual reports, titled "The
Hailstorm Data Series".

3.

The evaluation of hail control efficiency in Serbia has been based on two
sources of data which have been obtained
independently
of the hail control system
(Radinovid,
1989). These are: I) The size
of the hail-swept agriculture
area and
percentage
of the damaged crops; 2) Frequency of hail occurrences
observed at the
regular network of meteorological
stations.
Several statistical
tests have been
applied to above-mentioned
data and they
suggest that hailfall in the protected
area is reduced by about 70%).

For every considered
cell tracked and
monitored by means of radar we have a
large amount of data such as: an indication
of cell motion its azimuth and distance,
radar echo top heights, the heights of the
maximum reflectivity
zone, and changes in
maximum reflectivity.
The radars are operated day and night, and all data are
collected each two or three minutes. Other
operational
data are also collected such
as the number and type of rockets fired
into each cloud.

This paper presents an analysis of
radar data from a operational
hail project
in Serbia designed to provide economical
benefits. The possibilities
that cloud
seeding is associated
with changes in the
cloud top height, height of maximum radar
reflectivity
and temporal changes in radar
reflectivity
are investigated
with the aid
of simple techniques.
2. PROJECT DESIGN
The operational

nonrandomised

4. METHOD OF EVALUATION
Radar records the integrated effects
of all individual quantities
such as
reflectivity
by rain drops, cloud droplets,
ice particles, hailstones,
snowflakes,
and

hail
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regions of large index of reflectivity.
Assuming that seeding increases the concentration
of the ice particles in the
cloud by a given factor suggests imply the
questions,
what does this do to the various
radar parameters?
Absence of a fully
satisfactory
theory allow us to say that
wide range of possible effects may be
expected. Some of these include changes
in cloud microphysics
(glaciation),
changes
of cloud dynamics such as i:~tensification
of the updraft, shortening or lengthening
of life time of cell, etc. (Foote et al.,
1979; Federer and Waldvogel, 1978).

Y

TIME
Fig.2 Shematic representation of the temporal
change of radar parameter Y.

Because of the complexity of the possible effects we have turned to some
quantitative
parameters for assistance.
Radar parameter
of 90 hail cells have been
investigated.
Those cells with seeded (T
s)
and nonseeded (Tns) duration periods of
minutes are selected. Obviously, longer
lasting cells are considered.
Within seeded
periods may be some unseeded subperiods,
if their durations are shorter Than 5
minutes. If unseeded periods follow a
seeded period, the intermediate
period,
Ti, is taken into consideration
(see fig.l).
This period is taken to be I0 minutes. In
general, the total unseeded period for one
cell is the sum of preseeded and postseeded
periods, as it is indicated in fig.l.

15 values of coefficient
k are calculated
for the seeded and 15 values for the unseeded period. This coefficient
is considered
as a predictor for the previously
mentioned
radar parameters.
5. DESCRIPTIONS
OF THE PREDICTORS
The purpose of this section is to
find one quantity that predicts the
behavior or considered
radar parameters
in
seeded and unseeded periods for all 90
cells° The difference between these quantities must have information
about mean
seeding effects on clouds. The frequency
distribution
of the considered
radar
parameters
for all cells as a function of
coefficient
k is analysed.
a)

~-~-H

--TN$~

Ts

The Height of the Maximum Reflectivity
The frequency of the coefficient
for
heights of maximum reflectivity,
taking
all cells together,
is shown in Fig.3. The
distribution
indicates that in the largest
number of cases the coefficient
k is
located between 0.01 to 0.5. The logarithmic scale for k is taken due to the ~Tide
rance variability
of k.

t

f[
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~
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Fig. 1 Time plot of -~adar cloud height (Ht), maximum
radar re~’lectivity (Z) and height of me~imum
radar reflectivity (Hm). The horizontal lines
show the levels of several temperatures o~"
the 30 May 1987.
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Fine-timescale
~ada~ observations
a/low us to obtain quite 9ood temporal
evolution of &a~a. Between two successive
measurements
the linea~ chanMe of ~a~a is
assume~ ~fi9.2} .

~0

-I,0

The followinq expression is used fo~
calculation
of the coefficient
k as a
measure of the chan9e tendency fo~ ~he
considered ~a&a~ pa~amete~ y
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0 0,1 0,2 0.3 0/. 0,5 0.6 0,7 Logll<Hrn)

Fig.3 Frequences
o~:’ co~.f’~’icient
for the
reflectivity
height as f~nction of io
9
for all cells during seeded (dashed
and unseededperiod~.;~cloud li{’e..

2

For the seeded period (dashed line)
there is a clearly expressed increase in
frequency of occurrence
of higher values
of coefficient
k (values
of log kHm
between 0 - 0.7). This increase may be
induced by latent heat released during
the formation of new ice particles in
cloud. It is interesting
to note that suc~
difference
in frequences
for seeded and

)
1 ~Y/+l - Yi

where is i the ti~e interval,
~ the mean
values of the conside~e&
nada~ pa~a~ete~
ove~ the all time period (in ou~ case this
pe~io~ ks ~ ~inutes~.
Since we conside~
a
time interval of 2 ~inu~es fo~ one cell,

8O

unseeded periods is in accordance
with the
embryo competition
theory. However, in the
absence of a fully satisfactory
theory
this may be considered
only as one indicator of seeding effects.

(values of log z
apparent for the
smaller increase
higher values of
parameters.

b)

6.CONCLUSION
It is interesting
to note that the
effects presented here may only be considered as one indicator of the seeding.
The data strongly suggest that seeding
has a clearly expressed influence on frequency distribution
change. The increase
in number of cases with higher values of
coefficient
k is remarkable.
This indicator of hail suppression
efficiency
can
be identified within the characteristics
of Cb clouds during the seeding and nonseeding period of cloud life. Although no
current hail suppression
hypothesis exists
that involves an increase or a decrease in
the short-term variability
of storm
characteristics,
the data presented here
suggest that it exists in a large number
of considered cloud cells.

The Cloud Top Height
Seeding of convective clouds can
modify cloud top height through microphysical and dynamical effects. This increase in cloud height is induced by artificial glaciation
of supercooled
cloud
water as noted by many authors (Federer et
al., 1985; Dennis et al., 1975; e.t.c.).
In Fig.4 the frequency of kHt for
cloud top heights is shown. The behavior
of this distribution
is the same as the
coefficient
of the maximum reflectivity.
The main features which emerge from this
curves behavior is the increase of frequencies for higher values of kHt (values of
log kHt between 0.2-0.7) for seeded period.
fn
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The Maximum Radar Reflectivity
The frequency of the coefficient
for
maximum radar reflectivity
is shown in
fig.5. These curves have similar behavior
as those for two previously analysed radar
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ON THE DAMAGEREOUCTTONIN BULGARIANAND HUNGARIANHAIl,SUPPRESSION
PROJECTS
Narl<b Tam~s, Sdver Ferenc
Meteorological Service, PGcs P.O.B.1, H-761l
PeiioSimeonov
Insti.lule
of HydroLoqyand Meteorology,
1184 Sofia,Bul. Lenin66
Abstract.The lower confidencebouod of mean damage reductionin continuousoperativehaJ.t
suppressionactivitiesis estimated.The investigations
are based on historicalcomparisono£
crop-hailinsurancedata. SeveralstatisticaItests,both class~.cand permutationo~es, are
appliedin parallel,and theJ.r suitabilityunder differentclimatological,conditions.is
compared.A short overviewis qiw~n of the insurancesystemsadd hail suppressiontechniques
in the couni:ries
in question.
i. INTRODUCTION
Due to its complexity, the problem of
evaluationof operativehail suppressioneffects
is stiIl topical and often controversial,.Some
recent papers (e.o. Federer et al., I982) have
criticized Soviet and other Eas±ern European
evaluations based on historical comparison o£
insurance
data.
The main reasonfor theseuncertainties
is the
problem o:l! corrl, roI data. As is well known,
researchersanswer the questlon"what would have
happened without seeding?" using one of the
following
methods or a combinationthereof:
randor.qiza
tlon,control area and historical
comparison. In commercialseedinqpro,)ects,
however,randomizatior~
is impossiblebecauseof
the nature of the operation itself. Similarly,
there are
unavoidabIe difficulties in the
selectionof an appropriatecontroIarea for any
weathermodification
activity.This is especially
true in the case of hal[ suppressionpro,)ects,
since they operate on the most hail-threatened
territories.Thus,historicalcomparisonseems to
be the only possiblesoIution.We ~ully sharethe
opinionof Gabriel(1.979):in many non-randomized
operations "...the operational period is of
considerable
lenoth-we w3.11henceforthrefer to
it as a year - and is decidedon well before it
begins.It would seem valid to comparesuch yeaFs
statistically to previous, and subsequent,
unseeded years, and I stroogly urge~ that such
comparisons
be made for a[I suitableoperations."
Insurance data are also used in the
investigation
of hail suppressioneffects(Miller
et al., ]976, Goyer and Renick,1980). Crops are
very good indicators
of hailfallarea and hailfalL
lr~Lensltybecauseo~ their dense exposure.It is
consideredUlat some integralcharacteristics
of
crop damagereflectaccurately,
thoughindirectly,
the integralphysicalhailfalIcharacteristics,
in
spite of some externaI£actors Like wind, heavy
rain, differentsensibilityand staqe of growth.
In
this paper the cbanqes in physical
characteristics
and the relation between them and
losses
are not dealt
with.
This Latter
relationship
is considered here as the "black
box". The external
behaviour of hail loss ls
investigated under the influence of an exi, ernaL
~actor
(seeding). In our case there is another
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reason for using insurancedata: Ha]l suppression
is sponsored by the insurance companiesin these
countries, and these companies are i.n-[e~ested
in
the ~lnaL effect of seeding upon losses.
0[ course,the reliabilityof resuIts depends
on the representativenesso£ insurance data and
appropriateness
of appIiodstatistical
~.~ethods.
The
recentlymore and more ~.~ide].yused per,nutation
tests(e.g. Hiller et al., 1979, Hsu et aI.~ 1981,
Federerel al.,i982)seemto be the ~tes-Ief[ecti\,’e
aids in evaluation.One of the aims e~ this paper
is to shed light upon their rellability~,~i-~h
respect to Bu]qariaand Hungary.Ir~ ~,he present
study an attempt is made to estimate %he lower
bound of confidenceintervalof mean ef~fic~encyof
continuousoperative hall suppresslonactl~.ties
for perlodsLongerthan 5 years.The chanqein crop
damage expressed in terms of seasonal ~aIues of
insurancelossesis evaluai:ed.Severalstatistisa[
tests are applied in paraIleL and also their
suitability under
dif£erent ci~matoloqical
conditionsis investiqated.
Some papers have alreadybeen publishedon the
history,
technique
and organization
o~ hail
suppression operations in these countries, but less
has been written on the insurance syste~l ~rom the
point of view of halt suppression evaluation.
Therefore a brief
review is presented
in the
section of this paper. ]t is Lntenaed
followino
mainly to show what data our in~est~ga-~Lons are
based on.
2. MAIN FEATURESOF HAILSUPPRESSION
AYlB _-.:NSURANCE
SYSTEMSIN BULGARIAAND HUNGARY
2.1 Hail suppression
In Bulgariaone of the first estabiishedhail
suppression poLyqons was selected from the
exlsting system of 9 polyqons.Theter~ "poLygon"
refers to a treatmemt area with l.ts e~’n radar
cent:re and 10 to 15 launching sites. In this
territoryseeding operationsbeqan on 2~th June,
].969, using Soviet "Oblako"and "PGI-,q"rockets
and coveringan area o~ 600 squarekilometers
/40 ~ of the presen±polygonarea of ~,~8~sq kin/.
Becauseof the small numberof seededareas and the
Late beginnlnq date, 1969 is ass_igned to the
historical(control)data in thls investLqation.
1970 the work was not done ~ul, ly as prescribed,
becauseof technical
and organizational
protolems.

Therefore, this year may be consideredneither
seeded nor control and is excluded from this
analysis.
Since 1971 hail suppressionoperationshave
been carriedout over an area of 1480 sq km using
"Oblako", "Alazan" and "PGI-M" rockets. X-band
radar and the complexK-index(Borovikovet al.,
1967) based on radar parameterswere implemented
for hail-celllocationuntil 1975. In 1976 an Sband radar and A-indexwere implemented,
based on
a discriminanat
function(Petrovand Boev, 1977).
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lands is about 90 percent. Multiple-peril crop
insurance is applied in both countriesx but the
losses are recorded according to perils. In
Bulgaria,however,this latter holds only for the
protectedarea (since1982).
Liabilityand loss, used in the investigations
which follow,are determinedessentiallyaccording
to the folowingformulas:
liability=insuredarea x unit price
loss= damagedarea x crop x unit priqq x .percent
o~ loss.
insuredarea:self-explanatory
crop: equals the planned crop multiplied by a
factor in Bulgaria.This factor is fixed annually
by the InsuranceInsiitule,in the rangeof 5060 %.
In Hungary this quantity is a matter of
agreement between the Insurance Institute and
agriculturalcooperativesupon implementationo~
the policybut must exceed~0% of the plannedcrop.
However~if the estimated crop is less than that
insured~ the former is taken into account upon
determination
of loss.
unit price: is fixed in the beinning of the crop
season.In Bulgaria it equals the price that the
statepurchaseagencieswould pay for the crop. In
Hungarythis equalltyholdsonly rouqhly.
damagedarea and
percentof loss are determinedby ad,)ustersof the
Insurance Institute according to well defined
rules.If this percentdoes not exceed5%, the loss
is not paid,otherwisethe full loss is paid.

20k~
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Figure la: Pazardzhikcounty (8uIgaria)with the
protected area of the 8elemenovo
polygon.
In Hungaryhail suppressionbegan at the end
of July, 1976. The system consisted of eleven
launchingsitesequippedwith "Oblako"and
rockets,the seededarea was about1200 sq km. The
convectivecellswere selectedby means of the Kindex. The conditionsdid not change until 1982.
In 1983 the systemwas strenghtenedwith four new
launching sites and an S-band radar. Also the
seedingcriterionwas substantiallychangedthat
year.

V ~

Fi[.iure
In both countriesthe seedingreaqentis lead
iodide/Phi2/.Ouringthe operationevery suitable
cell is seeded unless it is impossible due to
technical reasons (aircraft flights, equipment
break-downs~etc.). However the losses of these
cases are also taken into account, slnce the
effectsare investigatedunder lonq-termworkino
conditions.
It must be stressedthat the described
hail suppressionactivitiesare not experimental
but operational ones. In spite of this the
terminology
o~ experiments
is used in Sectlon5.1.
2.2 Insurancesystem
In Bulgaria and Hunqary, State Insurance
Institutesdeal with insurance matters, so the
x Since
systemsare unifiedwithin both countries,
the overwhelming
ma,)ority
o~ all agricultural
land
belongsto collectiveproperty,only the data o~
agriculturalcooperatives and state farms are
dealt with in this paper. On the investigated
areasthe crop-hailinsurancecoveragefor these
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lb: Baranya county
protected area.
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Although
there are also other rules for
calculation of loss (e.g. in Hungary quality losses
are paid in certain cases), their contribution
to
the yearlyloss is negligible.The insurancesystem
changed twice in both countries during the
investigated period but these changes did not
affectthe aboveformulas.
IS THEREANY REDUCTONIN DAMAGES?
The experimental
unit and the response
variable
The calendar year was chosen as the
experimental
unit and the yearlyhail lossesof the
investigatedareas as the responsevariable. Our
experimentalunit may seem a bit long to weather
experimenters accustomed to
days, storms
×The situationhas slncechanqedin Hungary.

or convectivebands, but it has great advantaqes
and offers the possibilityof unbiased analysis
(for a good summaryof experimental
units used in
weathermodification
see Gabriel,1979) because:
- The no-hailwintermonthsadmirablyseparatethe
subsequentsuppression periods and yearly hail
losses.
- The suppressionof a givenyear has no effecton
the hail lossesof the succeedingyear becauseof
the five monthsinactivewinterperiod.
- Totals over 20-30 hail-days cause the yearly
losses to show muchess relative
variability
than
the daily data.
- Our experimental units can be regarded much more
independent from one another than -the ones above
mentioned, although Changnon (].~)
reports
multi-year trends in hail activity
in the United
States. On the basis of the available
data the
existence of such trends in our countries can be
neither ruled out nor confirmed for such small
areas.

a. a relativelylarqe portionof the agricultural
productionin the county is concentratedin the
experimental
area
b. for the entire county only the experimental
area was damagedregularlyby hail
c. there is a wide "dead" zone on the southern
perimeter of the experimentalarea. About 50%
of the convective cells move ~rom S or SW in
our region
(Oy~re and S~ver,
1984) and,
inasmuch as it is ~orbidden to launch rockets
over the Jugoslav border, celts penetrating the
area from Jugoslavia can be seeded only when
they are already above the outermost launching
stations (Fig. lb.)
d. because of the downwind effect the damages are
also expected to decrease on the nonexperimental
par-[of Baranya.
The response variable can not be used in its
originalform sinceit ls evidentlyaffectedby the
growth of crops and prices (Fig. 2.). This effect
can be demonstratedby the relationof hail losses
to liability(amount o~ insurance).This relation
is quite strong is Hungary (Fig. 3b.) and can
assumedto also existin Bulgaria(Fig.3a,),
In the present paper two methods are used to
eliminatethese economicalchangesfrom the data.
The first is to characterize
the experimental
units
by -the loss cost, that is the percentageof losses
in liability (Fig. 4.). The other is the use
liabilityas a predictorvariable. The predictor
func~ionought to be linear since in the case of
given crop and hail characteristics
the loss is in
direct proportion to the liability,the size of
loss beingdependentonly on the noted factors.
In Gelemenovo(Bulgaria)the "half-seeded"
year
1969 was designated a historical one so the
predictorfunctionwas constructedon the basis of
eighteen historical data points (~9~2-69~ see
Section 2.1) using least squares regression.The
functionis:
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~igure2: The yearlyhail losseson the Gelemenovo
area (a) and in Baranya(b).

where L denotes liability, and P and R are
predictedand real losses,[espectively.(The data
are
in thousand Levas .) The correlation
coefficient of the sample is 0.22, so the real
correlationcoefficientdoes not differ from zero
8t the 95% signi[icance
level. (Ezekiel and Fox,
19~9.) The relation is very weak, and the causes of
bad ~itting
are evident i[ one [ooks at Fig. 2a.:
the Bugarian loss data show a great variability.
8ecauseof this weak connect/onthe fluctuations
of
losses can be explained by the heterogeneity of the
weather.
It is worth not/ng that in Gelemenovo the
seeded year 1977 produced unusuallyhigh losses.
Thls datum is an outlierin the statisticalsample
of losses, however, the loss cost of this yet is
extremebut can not be consideredas an outlier.
Hence for the sake o% comparisontwo variantsare
investigated for Bulgaria: both with and without

In Bulgaria
only
the losses
o~ the
experimental area (Fig la.) are investigated.
Comparedto the historical
data given in Stanchev
and Simeonov (1982), the series here is extended
back to 1952 ~ith the aid of insurance archives.
Earlier
data are not available.
In Hungary
historical
data are available from 1962 and only
2,
for the entire county of Baranya (area 4500 km
Fig.lb.).
The latter
is not a great porblem,
however, and mayeven have some advantages:

1. 1000 Levas = ]/44 US Dollars at the Bulqarian
Natxonal Bank on 17th March, 1987.
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The above mentionedregressionsare assumedto
take into account all economicalchanges in the
investigatedperiod. In this way the deviations
from ±he regressional line originate from the
variabilityof hail. Attempts were made to find
meteorological
predictors(Wirthet al., 198~) but
withoutsuccess. For this reason, in addition to
the loss costs, the residualsof regressions(l)
and (2) are used hereafter to characterize the
experimental
units.

1977 (lst and 2nd variant). The data for 1970 were
always re3ected (see Section 2.l.).
In 8aranya county (Hungary) the year 1974
produced extra high hail losses. To avoid the
overestimate of the expected losses, this year was
regarded as an outlier
and was not taken into
account. Nor were the last years (1983-86) used
order to preserve the homogeneity of the data (see
Section 2.t.).
This allowed the predictor function
to be calculated from the data for eleven years at
P = 0.08 ¯ L - 59477
(2)
P fits

highly to the data (Fig.

3.2 The applied statistical
tests
Very little
is known about the stochastic
behaviour of yearly damage from hail. This is the
reason we perform five parallel tests, each having
special
assumptions about the investigated
quantities.
Seeding is expected to reduce hail
loss, thus one-tailed
versions of the tests are
used.

3b.) and

vat (R - P) / var (R) = 0.106
(Every datum is in thousand Forints2.)
The
correlation
coefficient
of the sample is very
high: 0.95, which means that the real correlation
coefficient
is not less than 0.81 at the 95%
significance level. (Ezekiel and Fox, 1959).
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3.2.1Treatmentintervention
Since this randomassignmentprocedureis quite
unusualin weathermodificationexperiments,
it is
dealt with in detail here. If the experimental
units are allocatedsubsequentlyin time, one may
randomlychoose one of them for .the beginningof
seeding, that remains in effect over all the
subsequentunits.This way one has a controland an
experimental
(seeded) period. Although the
individual experimentalunits are not randomly
selectedfor seeding,the randomizationtests can
produce v~lid significance values for the
differenceof the two periods if they follow the
above
assignment procedure at
the rerandomizations.

(a)

These experimental
conditionsperfectlyfit our
operations. The only requirement is that the
beginningyear of the hail suppressionbe chosen
randomly.Given that preliminary
steps and also the
decisionfor introductionof suppressionhad been
made well before the first rockets were launched
(Wirth, 1984, Stancher and Simeonov, 1981), and
that the length of preparatory period from the
original idea to the beginning of the operative
work dependedon a variety of human factors, the
beginninqdate may be reqardedas random.

50 LIAB:L;TY
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I

The differenceof means can be used as a test
statistic:

150]

XC
TS4 =
NC
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Figure 3: The dependence of hail losses on
liability on the Gelemenovo area (a)
and in Baranyacounty(b).
(x: unseeded years, ¯ : experimental
year, o: seeded years) Regressions(1)
and (2) are also showed.
2. 1000 Forints
= 21.17 US Dollars
at the
Hungarian National Bank on 16th March, 1987.
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(3)

N
S

where XC and XS denote the sum of investigated
quantities(loss cost or residual)for controland
seeded units, respectively, and Nc and NS denote
the number of units. Its distributionis computed
on a re-randomizationbasis. Naturally,the rerandomizations must imitate the experimental
randomization.
In
the case of treatment
intervention
this means that the originalorder of
successsion of experimental units must be
maintained,a year is chosenrandomlyand the test
statistic is evaluated as if this year were the
first one with seeding. Since one needs at least
one seeded and one control year, there are
seventeenpossibleassignmentsof interventionin
Hungaryand 30 (31) in Bulgaria(Is±,2nd variant),
thus the smallestpossiblevalues are t/17~ 0.059
and 1/31~0.032(1/30~0.033),respectively.

This small number of possiblerandomizations
is a great disadvantageof the method and in our
case the result can be taken as a general
indicationonly. In spite of this, the test is
performedand is intendedto persuadeexpertsof
¯ the possibility
of scientificevaluation
of nonrandomizedweathermodificaton
operations.
Edginoton
(1780)
mentions treatment
intervention as a one sub3ect method used
sometimes in behaviour modification studies.
Althoughthe experimentalunits have a similarly
naturalorderin our case,no one wouldstatethat
the weather of a territoryis one sub~ect in as
strict a sense as a human being or an animalis.
The interdependence
of our experimentalunits is
weak if it exists at all, and in the following
teststheirorderis not preserved.
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Sum test
Why not use, as a test statistic,the sum o~
investigatedquantitiesthemselvesover the seeded
period,insteadof the sum of their ranks?The test
sta±istic
TS~ = XS
(4)
is expected to be more sensit2ve than TS2 since it
uses more information from the seeded sample. The
approximatedistributionof TS3 is determinedby
5000 re-randomizaiLonsof the v~hole data set.
Durlng these calculationsthe number o~ "seeded"
uni±s remainsunchangedas in the case o~ Wilcoxon
test.
~.2.4 Studentlst-test
As is well knoun this test can only be applied
to normallydistributeddata ~ilh equalvariances.
The available data are unsufficient to check
whether these requirements are met and the
applicationof this test is ~ereIy performedfor
the sake of comparison, w/th ils reliability
assumedas a matterof faith.
3.2.5 The randomizatlon
versionof t-test
I£ the assumptionso~ the above test are not
met, the t-valuestill can be used as a measureo~
inequalityof expectedvalues,but its distribution
differs from that g~ven in the tables and can be
obtained by re-randomizatJor-s o~ the data.
Throughoutthe re-randomizations
both the order and
the number of e~perimentat~nits may chanqe. The
subsequen±years are regardedas seededor control
independently
of each anothervi~h a probabilityof
0.5, and the only requlrementis thal there must be
at least two seeded and tvo conlrol units. The
distribution
o~ t ls approximated here usinq 5000
re-randomizations.--

I0
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To summarize,treabmen-~intervention,
Vilcoxon
test and Student}st-test are applied~or special
reasonsnotedabove and the re~ainlnqtwo testsare
consideredboth correcland e[fective.
3.3 Results, discussions
Results of s~atistical
tests are shown in
Tables l and 2. These tables contain one-sided pvalues ~or d/f2erent
presumed damage reductions
according to the ~lve appLJ.ed tests, p-value is the
probability
that the observed value does not exceed
the predicted value. In particular,
vhen the aim is
to polnt out the mere existence o~ some seeding
ef2ect, p-value is the probab/l.~ty that there is no
desired change in the investiqated quantit/es (rows
of zero reduction Ln the tables).
Using residuals o£ regression (l) and (2)
almost every test yielded positive results for
everyvariant(Tablet.). However,p-valueexceeded
0.05 only in the case o~ treatment&ntervention
for
all threeinvestiqated
series.
Figure 4: The yearlyLoss costs on the Gelemenovo
area (a) and in Baranya(b).
3.2.2Wilcoxontest
This well-known method has already been
applied to loss costs in Bulgaria(Stanchevand
Simeonov,1982). It reguiresonly randomnessand
independence.These questionswere discussedin
the work noted and the test may be performed
withoutfurthercomment. The test statistic
(the
sum of ranks) will be denoted by re 2 henceforth.
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The situation
~s simiiar
with respect to
Bulgarian Loss costs (Table 2.). At the same time,
surprisingly,
it is not possibleto demonstrateany
reduction on the basis o~ Hungarian loss costs:
every test supports p-values greater than 0.05.
Thls shortcominqmust be caused by the expressed
trend which is a very inters±ingand~ ~or the time
being, unexplainable feature o~ Hungarian loss
costs (Fig. ~b.). One can take this trend into
consideration by choosinq quadratic predictor
ipstead o£ linear
to estimate }~ f[~
~np$~O0
ZaOl[l~9. ~nls pEoduces a’ very
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ratio of variation is 0.076. In spite of this the
linear estimation is maintained since theoretical
considerations lead to this model.

were carrled out wlth the assumption of equal
damagereductions.
4.2 Results,discussions
Resultsof statisticalinvestigations
are shown
in Tables i and 2. The assumed damage reductions
are increasedin five-percent
steps untilp exceeds
O.l. There is no point in re~lnlnothis scale, for
two reasons.First,if it is not possibleto state
that the reductionis, say, 40 percent(and one may
not expectsuch a d~claratlonfrom statistics),in
the presentcase it hardlymatterswhether30 or ~2
percentis exceededwith greatprobability.
Second,
in our experience,two re-randomizations
under the
same circumstancestypically result in p-values
differingby O.Ol - 0.02.

The results support the existence of some
demonstraberelationhipbetweencloud seedingand
damage reduction,so one can step furtherand ask
the question:

4. HOW GREAT IS THE DANAGEREOUCTION3
4.l The measureof reduction
Firstof all let us definethe measureof the
damagereduction:
E = N- R
N

100%

(5)

In Bulgaria both loss cost and residuals
suggestreductionsexceeding10-15 percentfor the
first variant and 30-~5 percent for the second
variant. The similarityof results given by the
differentmethodis very encouraging.

where E denotesdamagereductionin percent~N the
naturalloss withoutsuppressionand R the loss
actuallyincurred (Wirih ei al., 1984, Stanchev
and Simeonov,1980).From a certainpoint of view
this quantity could also be called
the
effectiveness
of hail suppression.
From (5)
N = 100
i00 - E

R

(6)

That is, the effect is assumed to be
multiplicative.
A oiven value of E belongsto the
confidence range of reduction if (6) gives
realisticN value in the sensethat the loss cost
and the residual computedwith N as loss do not
differ significantlyfrom that of controlyears.
Since this paper aims at provingthe use of hail
suppression,lower confidencebounds are given,
exceededby the reductionwith great probability,
and consequently
only the lower one-sidedp-values
are determined.For this purpose the above five
testsare used again.
There is a problem, however. Althouqh the
multi-yearmean damagereductionis investigated,
the applicationof the mentioned methods (apart
from Student~st-test)demandsthe determination
of N for every year separatelyand involves the
naming of yearly damage reductions. A great
variety of these can result in the same mean
reduction.One can see that greatermean reduction
could be proved by supposinggreaterreductionin
years with fewerlosses.In spite of this,in the
absence of a better well-grounded solution to
date, equalreductionsare assumedfor everyyear.
There are opinionsthat seedingis more effective
in weak storms and less effectivein more severe
ones, which may result in different damage
reduction in different years. In Stanchev and
Simeonov (1980) some differences in effect are
shown using energeticpredictors,though only for
a short period. Using the same data-base, an
attempt was made to find some theoretical
explanationfor the differentdegreeof efficiency
when seedinghail processesof varyingseverity,
accordingto the conceptof competition
(guykovet
al., 1981). But still go reliable quantitative
criterion exists for such classification of
clouds, hail days or seasons. Nevertheless,one
fact remains which supports the assumption of
equal
damage
reduction,namely, that the
suppressionmethod remainedunchangedduring the
entire period investigated in Hungary and was
changedonly once in Bulgaria.Thus investigations
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There is a great differencebetweenreductions
obtainedon the basis of the Ist and 2nd variant.
One unusuallyhigh loss, the extraordinarydata of
ther year i~77, decreasesthe provablereductionby
about 20 percent. If~ however, we rejected the
assumptionabout the equalityo£ damagereductions
in years of suppression,then our resultswould be
better. If we assumed that in the year 1977 the
polygon worked less effectively and the damage
reductionwas less than in other years,the natural
loss derivedby formula(6) for year 1977 wouldnot
be so extremeas it was before,and for this reason
tests wouldsupportbetterresultsthan they did in
our baslc case. So it is very likelythat the real
damage reductionis betweenthose obtained~or the
1st and the 2nd variant.
The situationis quite different in Hungary.
The resultsdo not suggestany reductionusing loss
costs. On the other hand, residualsof regression
(2) supporta damagereductionnot less than 50-55
percent~ ~hich is the best result of this
investigation. At first glance this great
difference ls very surprisinq, but it might be
explainedby causesmentionedin Section3.3.
The Bulgarianresultsare not as encouragingas
those for Baranya,but, in spite of this, one can
not say with certaintythat the damagereductionis
higher in Baranya than in Gelemenovo, since the
significance
of differenceis not investigated.
The
different results might be explained by the
differentfeaturesof hail phenomenonin these two
territories.This situationmiqht be improvedby
usingmeteorological
predictors.
One may notice that the resultsgiven in this
articleare not as promisingas those previously
published (Stanchev and Simeonov, 1980, 1981,
1982). This is.not a real contradiction,
however.
It has alreadybeen mentionedthat the aim of the
present paper is to give the least acceptable
damage reductions and if the ob3ect were to
constructa confidenceintervalthen this interval
would probably contain the earller published
results.For examplea confidenceintervalat the
90 percents level constructed for the first
variant of Bulgarian data using randomization
varianto~ t-testis (O.l,0.75).

damaoe
reduction

treatment
intervention

Wilcoxon
test

sum
-test

(8elemenovo, Pazardzhik county) without 1970
0
.484
.006
048
.010
070
5
.[]21
1.10
I0
15
.023
20
.055
25
.069
.111
30

Student’
s
xt-test

candomizatior
t-test

8ulqaria

Bulqaria without 1970 and ].977
.367
0
30
35
40
Hunqary(Baranyacounty)
.059
0
20
.118
50
55
60

.040
.062
.097
¯ 158

.046
.067
.107

.00l
.052
.087
.155

002
¯057
.108

.001
.053
.100

.OOt
.056
.I05

.O00

.000

.000

.000

.050
.110

.014
.060
.161

.008
.090
.1.8].

.00~
.057
.135

Table1: The one-sidedp-valuesfor differentsupposeddamaoereductionson the
-- basis o~ residuals of reoressions (I) and (2).
(x: interpolated
values)

damaoe
reduction

treatmerrt
intervention

Wilcoxon
test

sum
test

Student’s
x
t-test

~BIldoMiza tion~

t-test

8ulqaria(Gel.emenovo,
Pazardzhikcounty)without1970
.258
.017
.026
0
.029
.034
5
.037
.052
10
15
.048
.069
.069
.i00
20
.129
25

.022
029
044
065
090
151

.004
.016
.049
.067
.093
.134

3ulgariawithoui1970 and 1.977
.162
0
30
35
40

.004
.067
.098
.144

.004
.048
.071
.113

004
.0~3
.068
.109

.004
.041.
.07t
.11l

4ungary (Baranya county)
0
.05~
5
.118

.230

.172

.158

.1.70

Table 2 : The one-sidedp-valuesfor differentsupposeddamaqereductionson the
basiso£ loss costs.
(x: interpolated
values)
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5. CONCLUSIONS
The above results strongly suggest a hail
damaqe reductionon the investigatedterritories
However,the degreeof reductionis not determined
as clearly. Moreover, there is no exact proof,
that this reductionis causedby hail suppression
only.
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Summar?. An economic rocket-based
hail suppression
system requires
a rational launcher network. The current network in Serbia is on a
spacing distance of 3 km. Considerations
of seeding methodology
and
rocket operational
characteristics
show that spacing should properly
be between 3 and 7 km, depending on the terrain elevation.
Introduction of rockets with longer ranges would not be economical.
Long
range rockets are not now suitable for use in high terrain elevations
and there are operational
problems in their use. The higher price of
such rockets would offset savings due to network reduction.
Instead,
further network reduction can be made possible by redesigning
the
rockets in use to have lower minimum trajectory elevations.

i.

INTRODUCTION
Hail suppression
in Serbia (Yugoslavia) as an organized program was started
in 1967& covering in the beginning some
1500 km z. Since then it has expanded into
a large s~stem, protecting approximately
35,000 km z of cultivated land, or practically all of Serbia. The seeding principles are of Soviet origin (Bibilashvili
et al., 1981). The seeding tactics are
described by Horvat and Lipov~6ak (1983).
Technologically,
the system is ba.sed on a
network of rocket launchers under the
control of twelve regional radar centers.

the only factor determining
network density. In fact, technical specification
of
the rocket performance
should also be
subject to network density considerations.
This we will discuss in the concluding
section.
2.

FACTORS INFLUENCENG
LAUNCHER
NETWORK DENSITY
For given terrain and climatological
conditions,
the main factors influencing
overall network density are seeding
methodology
and rocket operational
characteristics.

The density of the launcher network
is based on consideration
of rocket capabilities. So, in the beginning,
for small
rockets with a vertical range of 1200 m,
one launcher covered approximately
5-10
km 2. In 1969, the SAKO-3 rocket with a
vertical range of 3500 m was introduced.
At that time it was somewhat arbitrarily
determined
that the operational
rocket
range was 3 km so a launcher network was
constructed
with one launcher covering
about 30 km 2. As of 1988 there were 1159
rocket launchers in use.

2.1 Seeding Methodology
The essence of the Soviet hail suppression concept as operationally
applied
in Serbia, is rapid and massive seeding
of the assumed hail embryo formation
region (EFR). With some variations,
depending on the type of cloud seeded, the
general goal (Bibilashuili
et al., 1981)
is to directly inject the seeding agent
into the layer of the cloud bounded by
the (-8°C to -12°C) temperature
isotherms.
However, recent development
of new reagents with higher temperature
activation
thresholds
allowed a slight modification,
so that for certain rockets the lower
boundary of the target Layer is now
defined by the -5°C isotherm. In any case,
seeding is conducted so that the top
of the rocket trajectory
is approximately
in the middle of the target Layer.

In the last decade, however, new
rockets with better performances
and more
active seeding reagents were introduced
into operational
use. Their characteristics
are described by Horvat and Lipov~6ak
(1983) and Aleksi6 and Vukovid (1988).
SAKO-3 rocket was abandoned, so that the
density of the rocket launcher network
became obsolete, producing an unnecessary
overhead expense in the system upkeep.

Thus, the height above the ground of
the seeding layer and its depth influence
the way rockets are used. As a first approximation
this height is determined
by
the difference
between mean sea level
(MSL) heights of the two corresponding
isotherms and ground elevation.

The purpose of this study was to look
into the possibility
of reducing the network size. The first part of the paper
discusses factors influencing
the network
density. The second part describes our
solution to the problem and its results.
Surprisingly,
it shows that rocket performance, though most important, is not

Figure 1 shows the mean monthly isotherm heights for 1200 GMT (i p, local
time) Belgrade soundings for the period
°)
1972-1986. Depths of the (-8°C to -12
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Fig. 1 Mean monthly isotherm heights for Belgrade,
1200 GMT.
and (-6 ° to -12°C) layers appear to be
rather constant, about 630 m and 970 m
respectively.
Isotherm heights, however,
show strong seasonal change, with the
highest values in August.
Fig. 3 Characteristicrocket ranges. R1 and R2 are
begining and end of the seeding path, R is
the position of trajectory top.

~24
...............................................................................................................
2.3 Other Considerations
The factors described above are the
main controls of launcher spacing. Choice
of the particular launcher site, however,
is subject to a number of other constraints.
Some of the most important are that the
site should be accessible
and relatively
close to operator living quarters, but
1 2 3 4 5 6 T 8 9 18
11 12 13
14
for safety reasons at least 1-2 km from
ELEVATI ON
the nearest towns or depots of explosive
and inflammable
materials. Radio cormmuniFig.2 Distribution of firing point elevations
cation with the radar centre should be
good, and if the site is in the real back(elevation in hundreds of meters)
woods, it should be determined if the
The d±stribut±on
of the f±r±ng po±nt
potential operators have electricity
at
elevations
isshown in the Fig.2. The most
home to recharge radio batteries.
frequent heights are between 100 and 500 m
MSL, and only. about 10% of the stations
Since our goal was to determine an
have heights above 1000 m. It should be
overall network density, the factors just
noted, however, that high altitude laundescribed were not taken into account.
chers are concentrated
in the mountainous
region of SW Serbia where they are approOF THE LAUNCHER
3. DETERMINATION
ximately two thirds of the total.
SPACING
For the definition of the network
density, we use a characteristic
distance
2~2 Ballistic Considerations
To define the rocket network density,
R2 (maximum operational
radius), because
we need to know the values characterizing
it allows overlapping
of ranges of firing
operational
ranges of the rockets in use.
points. Thus, a"dead angle" area above a
launcher could be seeded from neighboring
Figure 3 shows schematically
charactefiring points.
ristic horizontal ranges. In this figure,
R 1 is the beginning of the rocket seeding
TABLE i. Rocket Ranges
path. It characterizes
the radius of the
unprotected
area around the launcher for
SAKO-6
PP-6
TYPE
TG-10
TG-5
the given rocket type and trajectory elevation. R is the projection
of the top of
Horizontal
the trajectory.
This distance is arbitra4000
4000
i0000 4000
range (m)
rily defined as the operational
radius of
the launcher. R 2 is the position of the
Elevation
45-85
45-85
45-85
55-85
range (deg)
end of the seeding path. At the same time,
it should be the maximum distance between
Vertical
two launchers.
All three characteristic
8500
5000
5200
5200
range (m)
distances vary with the rocket type, and
trajectory
elevation (e.g. elevation of
For each month of the season and
the target layer).
given MSL heights of the launcher sites
(which are varied in fixed height steps
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of i00 m) we determine the optimum trajectory elevations
for each type of rocket,
e.g. we choose ballistic trajectories
with
tops which are closest to the middle of
the target layers. Rocket characteristics
by type are given in the Table i. For all
calculations
we have used interpolated
values from the empirical rocket trajectories given by Jefti~ (1986). From these
trajectories
we determine horizontal
characteristic
values of interest.

tory elevation.
4.

CONCLUSIONS
The density of the hail suppression
rocket network depends both on the seeding methodology
and technical limitations.
From a purely methodological
point
of view, it is shown that network density
does not have to be uniform over the
protected area, but depends on the type
of the rocket used, the season and elevation above sea level of the launching
station. The minimum density is from 3 to
7 km, depending on the type of the rocket
used. In the beginning of the season,
seeding should be performed, preferably,
with the medium range rockets. The reason
for thisrelatively
low height above the
ground of the target layer. In this situation, long range rockets would have
trajectories
that are to high and so
release most of the seeding reagent above
the target layer.

TABLE 2. Mean values of the maximum operational
radius for the (-8°C, -12°C) layer.
is the operational radius and H the
altitude range (MSL elevations).

Spring
R(km)

3-4

H(m) 0-ii00

summer/fall

Spring summer/fall

2-3

7

300-1500

7

0-300

0-II00

TABLE 3. Similar to Table 2, but for the
(-6°C, -12°C) layer.

For identical reason, an important
limitation on the network configuration
is the variation in elevation of the
firing points. Medium range rockets should
not be used on the low level stations
(trajectories
too low for efficient seeding), and long range rockets should not
be used on the stations with high elevation. With regard to this, it would
probably help to have rockets with Lower
minimum trajectory elevations.

.........
~!_~£~.........
~_~£~!~:!~1
Spring
R(km) 3-4
H(m) 0-II00

summer/fall
2-3.5
300-1300

Spring

summer/fall

7

7

0-300

0-1300

A summary of results is shown in
Table 2 (for the -8°C to -12°C layer) and
Table 3 (for -6oc to -12°C layer). Results
show that the rocket network densities
depend on the rocket types, terrain heights
and the season. With regard to the requirements for the standardization
and fixing
of the network density, the following
general conclusion can be made:

It appears that extending the range
of rockets does not necessarily
open the
possibility
of network reduction.
In fact,
it may be that even rockets now in use
have overspecified
ranges. Although it is
not usually discussed,
all rocket launches
must have a clearance from the Federal
Flight Control Authority. A reqnest is
granted only if the air corridors are free
or if not, aircraft must be above the some
safety level. Otherwise, the request is
put on hold status. We have briefly
checked the logbook of the Kr~evac hail
suppression
centre (commanding
about 150
launchers).
During the period from April
to August 1989 its seeding operations
lasted for the total of 3819 minutes.
However, it was on hold status for 5377
minutes. It appears that they are frequently unable to shoot when they need to.
The reason for this are the very high
safety levels for the rockets in use 28,000 ft for the medium range PP-6
rocket and 33,000 ft for the long-range
TG-10. These are almost exactly the usual
heights of airliner corridors,and
it would
be worthwhile
to check what the scores
would be if the safety levels were one or
two thousand feet lower.Possibly,
slightly
lower maximum trajectory
tops seeding activities could be performed without hindrances.

i) Network density does not change
significantly
if the (-6°C to -12°C) layer
is seeded instead of (-8°C to -12°C) layer.
2) Density of the network based on
the medium range rockets should be 3 km;
for the stations with elevation above
900 m MSL it should be 4 km.

large

Density of the network based
rockets should be 7 km.

on the

3) In the beginning of the season,
due to the low level of the target layer,
long range rockets (TG-10) should be used
only for stations with elevation below
300 m MSL. These rockets should not be installed on the stations with elevation
above 900 m MSL. It appears that long-range
rockets like the TG-10 should be installed
only with the medium range rockets. Use of
the medium range rockets has fewer limitations with regard to the station elevation as well as the season they can be
used. Only in the spring they are not
optimal for use in the stations with elevations above ii00 m MSL due to the limitations of the minimum admissible trajec-

Anyway, from the purely economic
point of view it does not seem reasonable
to reduce the network density by extending
the rockets range. Introduction
of the
current long range rockets was
92

necessary to have the abilf~y to reach the
target layer at all times. Going for even
longer ranges is, however, subject to
"catch-22"
constraints.
We cannot have an
economic system with two thousand full-time paid rocket operators. And, if we
engage as rocket operators just symbolically paid farmers, as we do, rocket
expenditure
is by far the largest item
in the suppression
bill. Although, due to
the Yugoslav hyperinflation,
it is impossible to get any meaningful
numbers, we
can get an estimate by noting that Seasonal engagement of one rocket operator
is equivalent
~o the price of about two
rockets. With some 25,000 rockets fired
annually
it is obvious that operators
for the current network cost just a small
percentage
of the money used for the
rockets. It does not seem reasonable
to
reduce this cost by introducing
new, more
expensive rockets.
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Our final conclusion regarding the
Serbian hail suppression
rocket network
is that it is too dense for the rockets
in use. We have stated general guidelines
for its reduction. Introduction
of new
of new rockets with longer range, however,
would not pay off. Rather, further network
reduction could be attained by redesigning
rockets to have a lower minimum trajectory
.elevations,
which would enable long range
rockets to be used on the high elevation
stations and throughout the season.
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Abstract.
In analyzing
past hail suppression
cloud seeding programs,
the best
test of hail suppression
efforts to reduce crop-hail damage is the amount of
money paid out on insured crop acres. The National Crop Insurance
Services
data supply these data. The size of the sample that these data represent
and
the homogeneity
of the sample across the state can be determined by looking at
the total utilized cropland acres in each county and the total liability for
each county. Weighted Loss Cost values are preferred
over Simple Loss Cost
values in the analysis of crop-loss due to hail damage.
i.

SOURCES

OF DATA

AND LIMITATIONS

The two main sources of hail data
available are National Weather Service
Reports and Crop-Hail Insurance data.
Only four weather reporting stations in
South Dakota have any quality hail-day
records which extend back over a period
of time longer than a few years.
Furthermore,
hail-day data are not
necessarily
measures of hail damage
suffered [Changnon,
1969). The volunteer
weather observer may also fail to observe
small hail falls or occurrences
of hail
by night (Changnon,
1969). The Crop-Hail
Insurance data maintained by the National
Crop Insurance Services (NCIS) in Chicago
give a statewide coverage of insurance
losses paid along with the total insured
liability.
Since these NCIS data are
used by the crop-hail insurance industry
to set premium rates for crop-hail
protection,
they must accurately reflect
the actual amount of crop-hail damage
sustained
in an area. The reliability
and accuracy of the NCIS data must be
above reproach.
The NCIS data were employed in this
study because of the widespread liability
coverage in South Dakota and because the
most meaningful
measure of the success or
failure of a hail modification
program
would be reflected in the insurance data.
These NCIS statistics
are compiled from
about 75 per cent of the hail insurance
industry in the United States (Heverly,
personal communication).
About five to
seven and one-half per cent of the crops
of South Dakota are insured for hail
damage and therefore the NCIS data present
hail damage information
on about 3.75 to
5.6 per cent of the cropland across the
state. (Donnan,
et al, 1976, p. 45).
The
NCIS data are a meaningful expression
since they are available for a representative portion of the cropland acres
across the state. In addition,
the data
do reflect the actual amount of crop-hail
damage sustained by the crops (Changnon,
1969). No crop-hail
data are available
for the non-insured
acres of the state.
This study is based only on data for the
insured acres.
Although hail insurance data appear to
be the best measure for evaluating hail
suppression
projects, direct comparisons

of the loss in one month with the loss in
another month cannot be made. Similarly,
comparison of losses for one year cannot
be made with another year without certain
adjustments.
The adjustments
to consider
for analyzing changes between crop seasons
and years include the following factors:
i) the varying susceptibility
of a crop
to hail damage during the growing and
maturing seasons, 2) the varying amount
of liability from year to year, and 3) the
changing value of the dollar and hence the
value of the crop between years.
The NCIS employs a crop conversion
factor to account for the different damage
susceptibilities
various crops will
experience during hail storms (Heverly,
personal
communication).
The use of these
conversion
factors equates all crops to
that of wheat, i.e., the damage suffered
by a crop is converted in value to record
keeping as though it were wheat. This
conversion
of the hail data by the NCIS
all but eliminates
the problems of degrees
of susceptibility
to hail damage for
different crops.
The problems of variations
during the
growing season of a crop to hail damage
are not of concern in a study such as
this. The NCIS data do not include dayto-day data, so day-to-day comparison
of
hail occurrence
is not possible.
The
timing of hail occurrence
and of the hail
damage are not in question.
Rather, a
look at total growing season changes in
the rates of crop-hail damage are being
considered.
The value used in the NCIS data to
measure the occurrence
and intensity of
hail is the loss cost value. This loss
cost value is nothing but a per cent pay
out, based on the ratio of dollars paid
out to total dollars of protection.
All
things being equal, if the total
liability decreases,
the total dollars
paid out would also decrease accordingly.
Conversely,
as total liability increases
from one year to another, all things
being equal, one would expect more money
to be paid out in crop-hail
damage claims.
A major advantage of using the NCIS
data then, is that these data are a direct
measure of the hail damage, and thus are
the most meaningful
quantitative
data for
use in evaluating modification
efforts.
Because these data are already being

To obtain a comparable measure, the
average percent of the total state
utilized cropland acres by county was
determined.
This value was calculated
by
dividing each county’s total number of
utilized, acres by the state total number
of utilized acres times i00. This value,
the county’s per cent of the state’s
total, was multiplied by the total state
liability to obtain an expected liability
by county on a yearly basis for each of
the years 1961.-1975.
For each year (1961-1975),
a difference
of mean t-test was performed on the 67
paired values of expected and observed
liabilities
(Table I). At the 0.05 level

routinely compiled by the insurance
companies,
they can be obtained at a
relatively low cost.
2.

PROCEDURES

Crop-hail insurance data were obtained
from the NCIS for the state of South
Dakota for the period 1948-1982.
The
data are for each county by year and
include: i) the annual amount of liability (in thousands of dollars), and 2)
annual loss cost value.
A test to determine the homogeneity
of
insurance liability with respect to
seeding status (seeded and nonseeded
counties)
was performed.
This was accomplished to determine if crop insurance
practices for protection from hail damage
in seeded counties was any different from
that in nonseed counties.
It was shown
that. the percent of crops insuredin a
county tend to be relatively uniform
across the state.
The NCIS just s~arted collecting
data
in 1985 pertaining to the number of acres
insured on a county basis. Therefore,
obtaining a surrogate measure for the
total insured acres by county was
necessary.
This measure was based on the
available data on total liability by
county and total utilized cropland acres
by county.
Data for cropland utilized acres were
available on a county basis for the years
1956-1975 from the South Dakota Crop and
Livestock .Reporting Service. Since no
seeding activity took place, in South
Dakota for the years 1956-1960, the period
1956-1975 was selected to test for the
distribution
of hail insurance and to
test for the differences
between seeded
and nonseeded counties with respect to
crop insuring practices.
The counties range in size from 405
square miles (Clay County) to 3465 square
miles (Meade County).
The per cent
the county farmland in utilized cropland
acres ranges from a low of three per cent
(Shannon County) to a high of over 70 per
cent (Lincoln
County).
Total county
utilized cropland acres range from a low
of 33,000 acres (Custer county) to a high
of 616,000 acres (Brown County).
simply compare the total liability on a
county basis would be meaningless
in
light of the varying sizes and amounts of
utilized cropland acres for the counties.
Liability, the total value for which
crops are insured against hail damage, is
a function of how many acres of crops are
being grown: that is, a function
of the
number of utilized
cropland
acres. The
larger counties or the counties with more
utilized cropland acres have a potential
for a higher insured crop value or
liability.
The smaller counties,
or the
counties with a lower number of utilized
cropland acres tend to have a lower total
liability.
Since total liability
for a
county is the only available measure of
the amount of insurance, it is used as
surrogate for the number of insured acres
in a county.

Table I
A Two-Tailed Paired-Sample
T-Test for the
Difference Between Means of Observed and
Expected Liability for Each County of
South Dakota for Each Year 1961-1975

Year
1961
1962
1963
1964
1965
1966
1967
1968
1969
1970
1971
1972
1973
1974
1975

Mean
Diff
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

34
79
33
52
52
55
06
36
71
36
18
45
60
78
83

S.D.
40026
455.66
43413
38192
45858
¯ 469 22
52001
500 25
498 02
459 39
614. 60
504 82
618 30
909 10
1040 98

Std.
Error
48.90
55.66
53.04
46.66
56.02
57.32
63.53
61.11
60.84
56.12
75.08
61.67
75.53
ill.06
127.17

Calc.
T

Prob)IT

0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.00
0.01
0.01
0.01
0.01

0.9944
0.9887
0.9951
0.9911
0.9926
0.9923
0.9993
0.9953
0.9906
0.9949
0.9981
0.9942
0.9937
0.9944
0.9948

of significance,
the null hypothesis
of
no difference
in the mean could not be
rejected.
This test of the difference
of
means shows that a model of proportional
allocation of liability based on cropland
utilization
is not significantly
different
from that which has been observed.
These
implications
lead to the conclusion
that
insured acres are proportional
to cropland
utilization,
and therefore, represent,
on
the average, a five per cent sample
proportionally
distributed
over the state.
In 1975, there was a total of
14,190,000
utilized cropland acres in
South Dakota. The total state value of
crops insured against hail damage was
$107,226,000.
By using an average value
of $i00 insured .value per acre (Shane,
1986), the estimated number of insured
acres is 1,070,000.
This value represents
about seven and one-half per cent of the
total utilized cropland acres for 1975.
By employing the NCIS crop-hail data, a
sample of seven and one-half per cent of
the utilized cropland acres has been
obtained.
As shown above, the liability
is evenly distributed
over the utilized
cropland
acres for each county. These
data also imply that the insured acres
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Table

are evenly distributed
over the utilized
cropland acres in each county.
The NCIS data can be used as a basis
for examining hail damage to crops.
These data are homogeneous
with respect
to distribution
over the utilized cropland
acres.
3.

METHOD

IZ

Results of Analysis of Variance on Percen
of Utilized Cropland Acres Between Regions
of South Dakota: 1956-1975 Data
iSource

OF STUDY

DF

SS

MS

2
64
66

27534.8
4067.4
31602.2

13767.~
63.6

Area 1 vs
Area 2, 3

1

20652.8

324.97*

Area 2 vs
Area 3

1

5158.3

81.17"

Between
Within
Total

i

One of the first questions which had
to be addressed before further analysis
of the hail damage data for South Dakota
could be performed, was the question of
homogeneity
or heterogeneity
of the state
with respect to insurance liability and
land utilization.
To deal with this
question, the average per cent of utilized
cropland acres was computed for each
county. The adjusted average liability
(the liability expressed in terms of 1982
dollars) for each county over the period
1948-1982
was calculated.
Based on the
findings presented in these two figures,
the state was divided into three areas
Figure I). An analysis of variance
on

F
216.63"

Contrast

,*Significant

at the 0.05 level.

performed.
For each of the fouE years
the results indicate no difference at the
0.05 significance
level (Table
Table

Figure 1

III

Results of T-Test of Difference
of Means
on Transformed
ADjusted Liabilities
Between Seeded and Nonseeded Counties
Transformed
adjusted liability (TAL)
is defined as the insured liability
of a county divided by that county’s
number of utilized cropland acres

The Three
Divisions

Study
of South

Dakota

the percent of utilized cropland acres
between regions was performed (Table II).
This test compared the means of the
utilized cropland acres of all the
counties of each area over the years
1956-1975.
A similar test was performed
on the difference
of means of adjusted
liability between areas over the years
1948-1982.
This test compared the means
of the counties’ liabilities
adjusted to
1982 dollars over the 35 years of record.
The results indicate that the three areas
are distinctly
different at the 0.05
significance
level with respect to
utilized cropland acres and adjusted
liability.
A final group of tests was performed
to test the homogeneity
of the transformed
adjusted liability values (county liability divided by the number of utilized
cropland acres in the county) over the
seeded and nonseeded
counties.
A t-test
of the difference
of means of the
transformed
adjusted liabilities
of the
seeded and nonseeded counties for the
years. 1972, 1973, 1974, and 1975 was

1972

1973

26
7.21
5.64

42
7.79
5.18

46
11.72
7.20

45
12.07
7.48

~ of Co.
Mean
S.D.

41
7.90
4.97

25
7.27
5.34

21
9.97
4.83

22
11.33
4.94

# of Co.
Mean
S.D.

0.52

0.39

1.99
S=Seeded

1974 1975

-1.02

1.99
Counties

-0.42

1.99

Computed

1.99

: N=Nonseeded

t

Tabulated

t

Counlies

The three areas as defined in Fignre I
are distinctly different allowing comparisons to be made between
these areas. In
addition, the adjusted liability proved
to be homogeneous
with respect to seed
status, making liability a valid measure
for analysis of the seeded versus nonseeded counties.
4.
4.1

MEASURE

OF LOSS

COST

Simple Average Loss Cost
Measures of loss cost over space or
time can be obtained through a process of
simple averaging.
For example,
the
average loss cost for the state on a
yearly basis is obtained by summing the
loss costs for each county for the desired
year and dividing this value by the number
of counties (67). The loss cost averages
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can also be accomplished
on the basis of
seeded and nonseeded counties by summing
the loss cost values for the seeded
counties and dividing by the number of
counties of record, and summing the loss.
cost values for the nonseeded counties
and dividing this sum by the number of
counties
of record. Similarly,
average
loss cost values can be calculated
on the
basis of the areas of the state and the
seeded and nonseeded status of the
counties included in those areas.
The employment of the average loss cost
value does have its disadvantages.
Since
loss cost is simply a ratio of losses paid
out to total insured liability, extreme
local events, such as low liability, have
a greater weight than is appropriate.

the time value of money. In the temporal
vein, the value of the liabilities
and
hence the loss costs are dependent on the
changing value of the dollar over the
years. This suggests
that an additional
transformation
of the liability be made
by expressing
liability in constant
dollars.
The adjusted weighted average of loss
cost takes into account the time-value
of
money. The adjusted
weighted
average
loss cost is computed by summing the
products of the loss cost values and
liability and a dollar conversion factor
divided by the sum of the products of the
liability and a dollar conversion factor.
The Gross National Product (GNP) inflation
factor was employed
in this study. Other
indices such as personal consumption
expenditures
could be employed, but the
GNP was selected in this study as the most
meaningful reflection
of overall
inflation.

Weighted Average Loss Cost
When several counties as a group for a
single year or a single county over
several years were compared, a weighted
loss cost value was employed.
This
weighted loss cost value as suggested by
Rose and Jameson (1986) avoids an extreme
local event of low liability linked with
high loss cost from having a greater
weight than is appropriate
in expressing
losses. The weighted
loss cost is
obtained by dividing the total dollar
losses paid out by the total dollar
liability
times i00. The weighted
loss
cost average for a county is obtained by
summing the products of each year’s loss
cost and corresponding
liability, and
dividing this sum by the sum of the
liabilities
over all years.. Similarly,
average weighted loss cost values can be
obtained on an area based on all years of
record, and state averages on the basis
of seeded or nonseeded years.
The following example points out the
effect of an extreme local event of low
liability linked with high loss cost for
a single county within a group of
counties.
This occurrence
would cause a
much higher average loss cost value than
appropriate.
For the year 1961,
Pennington
and Fall River Counties made
up a group of contiguous
seeded counties
in western
South Dakota.
Pennington
had
a total liability of $254,000 with a loss
cost value of 2..07, while Fall River
County had a total liability of $6000 and
a loss cost value of 40.16. The simple
average of the loss cost values for the
two counties is 21.11; this is implying
that $21.11 was paid out for each $i00
of insured.liability
for the two county
area, or a total $63,330.
The actual
losses paid out were $5257.80 for
Pennington
County and $2409.60 for Fall
River County:
a total of $7,667.40.
The
actual amount paid out is far less than
the amount which the simple average loss
cost value of the area would suggest.
The weighted loss cost value for the two
county area ~s 2.949, and when it is
multiplied
by total liability,
it does
yield the correct total amount of losses
paid out.
The weighted averaging process has the
disadvantage
of not taking into account
4.2

5.

CONCLUSION

The analysis of past cloud seeding
programs designed to suppression
crophail damage, can be accomplished
utilizing the crop-hail insurance data
maintained
by the National Crop Insurance
Service (NCIS). These data were shown
be a uniformly distributed,
representative sample of the cropland in South
Dakota. The employment
of the weighted
loss cost proved to be desired over the
simple weighted loss cost value in the
analysis.
6.
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Abstract In this work we present an analysis of the characterlstics of storms
in the Middle
Ebro Valley
that have not been
seeded.
The object
is to have this for comparison
with future
seeded
data from a hail suppression
project.
For this we have
used radar images,
adhering
to a criteria
of observation,
to
classify
the storm types.
Our sampled
data was sub-mitted
to
rigid statistical
guidelines,
permitting
us obtain the measured
values
of the variables
such as: area traversed,
average
life
time, maximum reflecti-vity
and heights at the moment of reaching
peak values.

I.

INTRODUCTION

The history
of hail suppression
in
the Middle Ebro Valley dates back to 1969.
Farmers that were tired of the occasional
but continuing
crop damage
due to hail
began to use burners.
These burners
were
the activated
charcoal
type
and were
placced
at varius
points
in the Middle
Ebro Valley.
In 1974 a combined effort was made to
coordinate
a hail suppression
proyect. The
Ministry
of Agriculture,
farmers,
local
and provincial
administration
installed
a
network
of ground
generators.
These were
modeled after the French L" ANELFA system,
(Dessens,
1985). At the same time an "X"
band radar
was incorporated
in the hail
suppression
progam
to observe
storms
formation
and movement,
(D~vila
et al.,
1975-86
and Aparicio
et al., 1987).
The
area that was selected
consists
of portions of the provinces
of Logro~o,
Navarra,
and a small
zone
of Alava.
This
"historic area" is show in figure I.
Before
the confidence
of the farmers
could be gained
in this type of weather
modification,
the project defence area was
extended to other areas of the Middle Ebro
Valley.

FIGURE

In 1984 the Ministry of Agriculture,
in
colaboration
with the Autonomy of Aragon,
installed
a "C" band
- 250 Kw power
output
meteorologic
radar near the city
of Zaragoza.
The object,
among
others
was to analyze the behavior of the storms
and general cloud mass in the Middle Ebro
Valley.
Figure
I illustrates
the study
area, circular with a radius of 140 km and
the center
positioned
at the Zaragoza
Aiport.

I: Study

area:

Middle

Ebro

Valley

During 1984 and 1985 a hail suppression
project
was operational
in the area of
1,000,000
Ha. Aircraff
in cloud top penetrations
using Agl pyrotechnics
was the
method incorporated.
Extremely
dry conditions prompted
the decision
to discontinue this system of cloud seeding. For this
reason an in-depth
study of the characte-
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Although
there are many existing
methods of classifing
storms, by viewing
the
structure
with radar,
we can basically
distinguish
between
ordinary
cells
and
supercells (Browning, 1962).

ristics of the storms in this area was not
accomplished.
The pressure
of the Farmers
Association,
who had been trying to suppress
hail damage
for 15 years,
forced
their wishes to be respected that only AgI
ground
generators
be incorporated
in the
"historical"
area.

In whichever
case, normally
and to a
first approximation,
unicellular
storms
(which
we will call group I) are closed
systems
that tend to drift with the mean
tropospheric
winds
(Browning,
1977).
These
are short-lived,
by dissipating
soon after
forming,
and are considered
relatively
simple
structures.
If two or
more ordinary
cells are associated,
they
are known as multicell storms (group II).

In this work we will refer to some of
the results found when the meteorological
radar
data
was analyzed,
as mentioned
before.
During.
the specifified
period
between 1984 and 1987. The meteorological
radar
observations
were intended
to be
made within the zone (or in the immediate
vicinity)
where
storms
wereknown
to
develop.
The hail suppression
seeding
operations
limited
our study to the days
when the cloud
masses
were not treated
with by AgI nuclei resulting from seeding.

On occasions
a storm will develop into
a longer lasting structure
with a duration
of at least
50 minutes
and producing
reflectivities
of 45 dBZ or greater.
In
these cases
strong
updrafts
are formed
(possibly
reaching
30 to 40 m/s in velocity). Storms of this nature are known as
supercells.
These
storms
can produce
different
intensities
and forms
during
their lifetime.
If a supercell
produces
only one cell,
we can say that
it has
unicellurlar
characteristics
(group III).
However,
if we can distinguish
ordinary
cells that can be deferenciated
within
the supercell,
the storm is a supercell
with multicell characteristics
(group IV).
This is similar
to the classification
proposed
by Fankhauser
and Mohr (1977).
Therefore,
we can consider
group II and
IV as one which can distinquish
between a
multicell
complex
of moderate
or strong
intensity.

The data for this study was collected
between
the summers
of 1984 and 1987. A
total of 1297 cloud masses formed during a
total of i01 days however, only 645 thunderstorms
developed
as a result.
These
storms were within a total of 94 days and
were a designated as "active days".
To give a better
characterization
of
the storms
in the study
area,
we have
classified
them with respect to the structure presented by the radar images.
The result of seeding for hail suppression "should
give" as a result:
a sudden
increase in maximum reflectivity
and/or an
increase
in the overall
cell structure,
covering a larger area therefore producing
a larger
quantity
of precipitation.
In
reality the theory of competing
embryo is
not necessarily
a consideration
in dynamic
seeding
(as some authors,
such as Dennis
(1980)
call dynamic
seeding)
when
nuclei are introduced into a storm center.
However,
considerable
literature
exists
to support
the probability
that where
seeding takes place there will be a small
augmentation
in precipitation.
At least
there
is sufficient
reason
to hope for
this possibility.
There is a increase
in
the cell heigth resulting from seeding and
for this reason we have introduced this as
a variable
in our measurementes.
In this
work we are going to refer to the following characteristics
found in each type of
storm: area traversed,
average life time,
maximum reflectivity
factor, height of the
i0 dBZ contour
vertically
cut at the
maximum
reflectivity
point
and maximum
height
of storm.
Hopefully
in the near
future
there will be the opportunity
to
collect additional data for comparison.

2.

CLASSIFICATION

OF STORMS:

In an analysis of storm characteristics
in the Middle
Ebro Valley,
we used this
criteria,
apart from the meteorological
radar data, to segregate the cloud masses.
A zone of intense
precipitation
was taken
into consideration,
whereas the reflectivity factor
was least
45 dBZ and maintained for at least 5 minutes
(Foote
and
Mohr, 1979).
In the application
of this
criteria
we were able to reduce the 1297
samples
of first echos to a total of 645
storms.
The results
of using this criteria has represented
a significant
restriction
by reducing
our initial
samples
by 50%. However,
we prefer to follow this
criteria
as it guarantees
a better compar±son with analysis
carried
out in other
zones.
Of the 305 days that the data acquisition system was completely
operational,
94
days (33.81%)
showed
the presence
of
least
one active
storm.
The quotient
between
the 645 storms and the 94 active
to
average
6.86
days
was
found
storms/active
day.

CRITERIA

Our results for the classification
of
storms in the Middle Ebro Valley using the
criteria previously explained
are shown in
Table I.

When one observes
the structure
of a
storm with a meterological
radar,
a mass
of active
cloud is detected.
This means
that the area of the cloud
that forms
precipitation
can be one or several cells.
Normally in the form of towers.
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TYPE

OF STORM

GROUP

UNICELL
MULTICELL
SUPERCELL

(unicell.)

SUPERCELL

(multicell.)

CASES

%

I

350

54.3

II

250

38.8

III

26

4.0

IV

19

2.9

TOTAL

645

TABLE

A total of 556 storm samples were used
in our calculations
in the distance
traversed
by storms.
Table
3 shows
the
results
found for the different
types of
storms.
We can
clearly
see that
the
supercell
storms
of the multicell
charac
teristics
represent
the greatest
area
covered.
A distance
of 97.50 Km. Whereas
the unicellular
storms
of less displacement measured 30.81 Km.
To determine if there exists a significant difference
between
the different
pairs of groups, formed by the four groups
of storms,
we applied
the Mann-Whitney
Test, (Calvo, 1987). We then could observe the existing
differences
between
all
the pairs of groups except between
II and
III, (table 4). In those the traverse
for
this type of storm does not depend
on it
being multicellular
or a supercell
with
unicell
characteristics.
The statistical
and significant
level
being
IZul=0.72
resulted in 46.65%.

i00

1 : Types of storms.

This table shows that the most frequent
storms are those with uni-cellular
characteristics.
Within
these,
the supercell
(as expected)
, is less
evident.
The
unicells
standout
as being more frequent
than the storms that are more complex and
are considered
multicells.

3.

4.

To calculate
the area traversed
by a
storm,
we must consider
the movement
of
the most active
part, (Browning,
1977).
This is recorded from when the radar first
detects the storm until the echo representing the storm is lost.
Of the total of 645 detected storms, 89
or 13.8% of them proved
to be stationary
in nature.
This means
that
from their
formation
through their growth and dissipation they remained virtually in the same
location.
This phenomenon
was also observed by Knight
et al..1982
during
their
studies
in the Central
High Plains
of
Colorado,
(6% in the 52 active
storm
days). Concluding
that storms with unicellular
characteristics
have a greater
possibility
of being stationary
than any
of the other groups, (see table 2).

OF STORM

UNICELLULAR
MULTICELL
SUPERCELL

(unicell.)

SUPERCELL

(multicel.)

TABLA

GROUP CASES

Table 5 illustrates
that the unicell
storm
type has a shorter
average
life.
The 31.59 min., is a clear contrast to any
other,
such
as, the
supercell
group
(nearly
2 hours in duration
is reached),
and the multicell
group (nearly
I hour).
Battan (1953)
and Knight et al. (1982).,
encountered
values
somewhat
inferior
for
the unicells.
However,
in respect
to the
average life of the supercells observed in
the Middle
Ebro Valley,
were generally
inferior.
Although
one case was found to
last 3 hours.
Something
similar
was
encountered
by Rinehart
et al. (1984),
also Carte et al. (1978) amongst others.

%

I

68

76.40

II

20

22.47

III

0

00.00

IV

1

1.12

LIFE TIME

We have taken as the average
life
time; the interval
of time during which a
storm
maintains
a minimum
reflectivity
factor
of 45 dBZ. (Foote
and Mohr. 1979
and Federer
et al. 1978/79).
This life
time falls within the time from the moment
the storm is detected
on the radar screen
until the moment of disappearance
on the
monitor,
which
is the final
phase
of
dissipation.

AREA TRAVERSED

TYPE

AVERAGE

After applying the Mann-Whitney
Test
to the different
groups,
we obtained
the
results
shown
in the Table
6. Aswe can
see, all the groups except the supercells,
show differences
between them.

2: Frequency
distribution
of
stationary
storms,
depending
on the type, in a total of 89
cases.
i00

TYPE

OF STORM

GROUP

UNICELL
MULTICELL
SUPERCELL

(UNICELLULAR)

SUPERCELL

(MULTICELL)

CASES

I

282

50.72

30.81

25.50

II

230

41.37

68.11

48.60

III

26

4.68

61.92

48.44

IV

18

3.23

97.50

66.83

556

100

49.85

44.15

TOTAL

TABLE

3: Study of the variable distances
different types of storms.

TYPES OF STORMS

TO COMPARE

TYPE

to

I&II
I&III
I&IV
II&III
II&IV
III&IV

10.03
3.76
5.41
0.72
2.15
2.19

0.00
0.02
0.00
46.65
3.13
2.86

4: Application
of the Mann-Whitnev
Test "U" to the distance
traversed by different pairs of storm types.

OF STORM

GROUP

UNICELL
MULTICELL
SUPERCELL

(UNICELL)

SUPERCELL

(MULTICELL)

CASES

I

309

52.02

31.59

27.02

II

241

40.57

58.02

49.87

III

26

4.38

113.92

70.09

IV

18

3.03

127.28

66.72

594

100

48.81

47.77

TOTAL

TABLE

5: A study of the variable
different storms types.

TYPES OF STORMS

TO COMPARE

Unicell & Multicell
Unicell & Supercell (unicell)
Unicell & Supercell (mult±cell)
Multicell & Supercell (unicell)
Multicell & Supercell (multicell)
Superc.(unicell)
& Superc.(multic.)

TABLE

respect

GROUP

Unicell and Multicell
Unicell and Supercell (unicell)
Unicell and Supercell (multicell)
Multicell and Supercell (unicell)
Multicell and Supercell (multicell)
Suprcell (unicell) & Supercell (multicell)

TABLE

with

6:

average

life

GROUPS

I & II
I &III
I & IV
II & III
II & IV
III&
IV

Application
of the Mann-Whitney
variable
average
life ~t45) of
I01
storm groups.

in respect

Izul
6.66
7.11
6.25
4.48
4.49
0.90

to

~ (%)
0.00
0.00
0.00
0.00
0.00
36.82

Test "U" to the
different
pairs of

5.

MAXIMUM

REFLECTIVITY

FACTOR

In Table 7 we can see a clear difference
in the variable
that agrees
with
that type of storm.
The obvious
results
showed that the unicells
were less intense. The Test of Mann-Whitney
showed
no
significant
difference
between the supercell
with unicell
characteristics
and
multicell
(IZul=0.97.
with one of 33.2%,
enabling
to consider
them equal for the
variable
time of average
life inside the
same group).
It is obvious
that the rest
of the types
of storms
are different
between themselves
to a level of significance of 0.00%, with its maximum
reflectivity factor necessary/ for its evolution.
(see table 8)

TYPES OF STORMS

The general form in which the values
of this variable
were observed,
relating
to the different
types of storms
in the
Middle Ebro Valley, coincides
with values
observed
by other authors.
The unicells
reveal
this concordance
(Knight
et al.
1982 & Dye et al. 1983).
The supercells
with multicell
or unicell characteristics
(Knight et ai.,1982;
Jameson et ai..1980:
Nelson.
1983;
Krauss
et al.. 1984
and
Foote. 1984 amongst others).
The value of
the reflectivity
factors of the multicells
(Group
II) , did not reach
the higher
values of 60 dBZ (Heymsfield.
1983; Knight
et al. 1982).

GROUP

UNICELL
MULTICELL
SUPERCELL

(unicell)

SUPERCELL

(multicell)

CASES

I

295

52.96

51.19

4.58

II

222

39.86

54.35

6.00

III

23

4.13

62.35

4.13

IV

17

3.05

63.18

5.28

557

I00

TOTAL

TABLE

%

7: A study of the variable factor of maximum
according to the type of storm.

TYPES

OF STORMS

TO COMPARE

GROUPS

Unicell & Multicell
Unicell & Supercell (unicell)
Unicell & Supercell (multicell)
Multicell & Supercell (unicell)
Multicell & Supercell (multicell)
Superc.(unicell)
& Superc. (multic)

TABLE

I
I
I
II
II
III

& II
& III
& IV
&III
& IV
& IV

53.27i

6.01

reflivity

Izul
6.01
7.15
6.08
5.64
4.97
0.97

0.00
i 0.00
0.00
0.00
0.00
32.92

8 : Application
of the Mann-Whitney
"U" Test to the
variable maximum reflectivity
factor (Zmax) with
respect to different pairs of storm types.

ciate those heights.
The actual
and what
is "seen" by the radar does not exceed one
km. This height reflects
the highest
and
lowest intensities
of the updrafts
found
inside the cloud mass.

I0 dBZ CONTOUR HEIGHTS VERTICAL CUTS
TAKEN AT MAXIMUM REFLECTIVIT¥
POINT.

The I0 dBZ contour
indicates
the
limit of the active portion
of the cloud
mass.
However
the maximum
height
(which
we denominate
as Htopzmax)
that
this
contour reaches
does not exactly
correspond
to the height
of the cloud
when
observed
visually.
According
to Saunders
et al. (1962). 10 cm radars can differen-

As we can see in Table
9 that
the
supercells
(groups
III & IV) are the
storms
that reach the greatest
vertical
development,
at the same moment
showing
the highest
reflectivity.
Heights
of
~
nearly two kilometers
are reached,
signi
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7.
ficantly higher than the heights displayed
by the unicells
and multicells.
In the
Mann-Whitney
Test application
of this
variable,
the supercell
did not present
significant
differences.
On the contrary,
the rest of the groups
remained
well differenciated.
(table I0).

MAXIMUM

HEIGHTS

The maximum
height
of a cell
is
expresed
as "Hmax", and is the height, in
kilometers,
that the I0 dBZ contour
reaches during its life cycle.
On many occasiones
the
coincides
with the height

TYPE

OF STORM

GROUP

SUPERCELL

(unicell)

SUPERCELL

(multicell)

295

52.96

10.05

1.86

II

222

39.86

10.48

1.96

III

23

4.13

12.29

1.67

IV

17

3.05

12.27

1.41

557

I00

10.38

1.96

TOTAL

TABLE

9 : Study of the variable
Tops of the of vertical
cuts
(RHI) at the maximum
refectivity
point in respect
different storm types.

TYPES

OF STORMS

TO COMPARE

GROUPS

Unicell & Multicell
Unicell & Supercell (unicell)
Unicell & Supercell (multicell)
Multicell & Supercell (unicell)
Multicell & Supercell (multicell)
Superc.(unicell)
& Superc. (multic)

TABLE

height
top of

%

I

UNICELL
MULTICELL

CASES

maximum
of the

I
I
I
II
II
III&

& II
&III
& IV
&III
& IV
IV

.i0: Application
of the Mann-Whitney
ble Tops,
a vertical
cut at
reflectivity
(Htopzmax)
with
pairs of storm types.

Htopzmax

+ 1.52

with a coefficient
of correlation
"r"
0.89 . and a confidence level of 99.9%.

~(%)

2.18
4.99
4.56
4.05
3.65
0.20

2.90
0.00
0.00
0.00
0.03
81.59

"U" Test of the variathe point
of maximum
respect
to different

interior.
In 68.4% of our cases,
heights
that
exceeded
i0 km were
observed.
Although
a percentage
of the storms
that
had less development,
but not because
their
intensities
were less,
as their
observed
maximum
reflectivities
averaged
50 dBZ. A total of 557 cases were used to
create a new regression
line between
the
maximum
reflectivity
factor,
indicating
the level of intensity
in the cloud,
and
the maximum
height
reached
during
its
deve 1 opment :

the vertical
cut at maximum
reflectivity
point
(Htopzmax).
This is to say, that
when the storm reached maximum intensity,
it also
reaches
its maximum
vertical
growth.
This
in general
lines,
represents values very similar as we will note
further
on. The results
of our study
revealed this coincidence
in 63.25% of the
557 available
cases. The regression
line
between both heights is:
Hmax = 0.90

IZul

Hmax = 0.17

of

Zmax + 1.84

with a correlation
index of 0.5 and level
of significance
0. i% , a clear
linear
relation
can be made between
the variables.

During our case study, occasions
were
found when storms reached a maximum
of 15
km in altitude,
taking
note of the important updrafts
that occur in their
103

In general
the storms
in the Middle
Ebro Valley
maintain
an average
height
superior
to the storms
observed
by Held
(1978) in the South African Highveld,
and
the ones detected
by Lipovscak
(1982)
Istra (Yugoslavia).
They heights are less
than the storms observed
by Miller et al.
(1975) in South Dakota and similar to the
ones found by Waldvogel
et al. (1979)
Switzerland.

8.

In application
of the classification
of
then storms,
adhering
to the radar criteria,
we found
those
with
unicell
and
multicell
character
demonstrate
a very
different
behavior
between themselves
for
the variables;
average
life time, maximum
reflectivity
factor, height of the I0 dBZ
contour
at maximum
reflectivty
and maximum altitude.
If these
types of storms
are considered
together
with supercells
the values would be wide spread. However,
no substantial
difference
is demostrated
between supercells
with unicell
characteristics
and supercells
with multicell
characteristics
if the variables
mentioned
are considered.
If one thinks
of the
structure
of one or the other
as being
quite different.

In Table
ii, we observe
the maximum
height that was reached by the storms. It
is less for the unicells
(I) than for the
rest of the groups, however the supercells
don’t show a difference
between
themselves, if we distinguish
between the unicell
(group
III)
and multicell
(group
characteristics,
~ = 45.12%, (table 12).

TYPES OF STORMS

GROUPS

295

52.96

10.41

1.87

II

222

39.86

ii.00

2.02

III

23

4.13

13.19

1.32

IV

17

3.05

12.87

1.29

557

i00

10.84

2.01

MULTICELL
(unicell)

SUPERCELL

(multicell)

CASES

I

UNICELL

SUPERCELL

CONCLUSIONS

TOTAL

TABLE

II: Study of the variable
types.

TYPES

OF STORMS

maximun

TO COMPARE

GROUPS

Unicell & Multicell
Unicell & Supercell (unicell)
Unicell & Supercell (multicell)
Multicell & Supercell (unicell)
Multicell & Supercell (multicell)
Superc.(unicell)
& Superc.(multic)

TABLE

12

height

I
I
I
II
II
III

& II
& III
& IV
&III
& IV
& IV

for different

storms

IZul

~(%)

3.60
6.23
5.13
5.04
3.81
0.75

0.03
0.00
0.00
0.00
0.01
45.12

: Application
of the Mann-Whitney
"U" Test to the
variable Top heights of vertical cuts at the maximum
reflectivity
factor
(Htopzmax)
in respect
to different pairs of storm groups.
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WINTER OROGRAPHIC CLOUD SEEDING STATUS IN THE I1N-TERMOUN~AIN ~
V~ST
by
Aflin B. Super
Denver Office
U.S. Bureau of Reclamation
ABSTRACT
The current status of winter orographic cloud seeding technology was reviewed to assist in lhe
consideration of a snowfall enhancementprogram for the Black Hills of South Dakota. l-Io~,ever, this
material is relevant to the intermountain west in general. The emphasis is on the physical evidence that
key processes occur in the hypothesized chain of events from release of seeding agent to snow reaching
the ground. The range of opinions concerning the technology is briefly noted. Someproblems related
to reliable production of silver iodide are discussed. Evidence is reviewed from a numberof locations
showing that excess supercooled liquid water often exists during portions of winter storms, though
usually in limited amounts. Muchof the liquid water is found near the windwardslope and crest of the
mountains. The main problem with seeding winter orographic clouds is the transport and a~sociated
dispersion of the silver iodide between its release and the supercooled water zone. An associated
problem is ensuring that the seeding agent reaches a sufficiently cold region of liquid cloud in an
appropriate concentration. While adequate transport and dispersion can be difficult with airborne
seeding, it is a special problem with low-level ground generators. Evidence is cited showing that ground
seeding projects have frequently failed to enhance the silver content of the target area snowfall. It is
recommendedthat the silver content be monitored in all winter orographic projects which use silver
iodide as a minimumfirst step in documenting whether or not the seeding agent was transported to the
target. Where practical, additional testing of the physical hypothesis should be accomplished to improve
validation of winter orographic cloud seeding.
’Based on an oral presentation at the Conference on the Science and Technology of Cloud Seeding
in the Black Hills, Rapid City, South Dakota, October 16-17, 1989
1. INTRODUCTION AND BASIC CONCEPTS
tend to be much more frequent in winter storms
near the west coast than in the interrnountain
west. These and other differences dilute lhe
transferability of results from west coasl
mountains to the Black Hills. A more general
discussion of the current status of winter
snowpack augmentation throughout the West is
given by Reynolds (1988).

The puqgose of this paper is to review the status
of winter cloud seeding in mountainous ten’ain as
a basis for considering the application of this
emerging technology for snowfall enhancement in
the Black Hills of South Dakota in particular, and
the intermountain west in general. The current
water shortage in the Black Hills motivated this
review. The below normal snowpack in that
region during recent winters has resulted in low
reservoir storage, rapid lowering of well water
levels and an increasing awareness by the
residents that a serious water shortage has been
developing. Even if the next few winters yield
above average snowfalls, future water shortages
are to be expected due to climatic vm’iability and
increases in population and consumption. Thus,
it is prudent to consider the potential of whater
cloud seeding for the Black Hills and surrounding
region. The material presented also should be
relevant to muchof the intermountain west.

The results of statistical evaluations generally will
not be considered, partially because of the
difficulty of transferring results based on
statistical evidence from one region to another
without accompanying physical evidence. Each
project’s statistical evaluation must be carefully
considered on its own, very preferably in light of
a reasonable physical hypothesis and
accompanying physical evidence that key
processes in that hypothesis routinely took place.
Unfortunately, due to lack of resources or
adequate observing systems, most past statistical
experiments lacked sufficient physical evidence.
Braham (1981) stresses the need to improve
understanding of basic cloud processes in future
field experiments. Gabriel (1981) discusses some
of the possible problems that can resttl~ from
improperly applied statistical approaches, it is

Discussion will focus on evidence from the
intermountain west because it is more
representative of the Black Hills than, for
example, the mountain ranges of C’,difornia. It is
knownthat both ice multiplication and convection
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beyond the scope of this paper to attempt to
evaluate the relevance of statistical results from
various projects to the inten~ountain west in
general, and the Black Hills in particular.

precipitation increases, even in a drought, to an
equally strongly held and incorrect view that
seeding invariably leads to avalanches, severe
flooding, decreased downwindprecipitation, and
other weather ills.

Orographic clouds are wholly or partially
produced by the forced uplift of moist air which
can occur when airflow is forced over mountains
or hills. If the associated cooling of the lifted air
results in the relative humidity exceeding 100
percent, tiny droplets will condense from the
water vapor in the air. These droplets, muchlike
those found in a fog, will result in a visible
cloud. If the cloud is colder than 0°C, any
existing droplets will be supercooled, that is,
colder than the freezing point of bulk water but
still liquid due to their small sizes. The terminal
fall velocity of the tiny cloud droplets is very
low so even slight upward motion in the
atmosphere can keep them suspended. These
supercooled water droplets will not freeze unless
they get very cold (around -40°C), condense
or contact a small particle (an ice nucleus) that
can cause them to becomea ice crystal, or freeze
onto a larger and faster falling ice particle that
collides with them.

Fortunately, the range of viewpoints among
scientists is considerably narrower. For example,
the most recent statement of the 10,000 member
American Meteorological Society (1985)
weather modification notes that "Precipitation
amounts from certain cold orographic cloud
systems apparently can be increased under
favorable conditions with existing technology in
the western United States." Yet the statement
goes on to say, "In all cases where indications of
precipitation increases have been suggested,
confirmatory experiments are required before any
of the technologies can be considered
scientifically proven. The establishment of the
physical mechanisms active in any demonstrated
modification effect is also needed to achieve
general scientific acceptance" (underlines added).
The capability statement of the Weather
Modification Association (1989) is more positive,
stating, for continental clouds, "Evaluations of
both research and operational winter orographic
cloud seeding programs indicate that 5-20%
seasonal increases in precipitation can be
achieved." So some scientists believe that a
viable technology presently exists capable of
producing modest snowfall enhancement. Others
see encouraging suggestions that certain clouds
can be affected but lack of scientific proof that
significant seasonal increases are achievable.

Cloud seeding involves the formation of ice
crystals in clouds that are supercooled but have
few natural ice nuclei. In general, these are
clouds between 0°C and about -20°C, though the
temperature at which significant natural ice
crystals form can vary markedly, and factors
besides temperature may be involved. In order
for precipitation to occur, some of the droplets ¯
must be converted to ice which can grow rapidly
into snowflakes inside a supercooled liquid cloud.
The snowflakes can settle to the ground if they
grow large enough and fall far enough before
being carried downwindof the mountain barrier.
Typically downwardmotion of the airstream to
the lee of the barrier will evaporate the cloud
droplets and sublimate the ice crystals so seeding
involves a "race" to get snowflakes to the ground
before the zone of downwardmotion is reached.
Refer to Grant and Kahan (1974) or Dennis
(1980) for a more detailed discussion of the
physical processes involved.

3. PHYSICAL CHAIN OF EVENTS FROM
SEEDING TO SNOWFALL
The conceptual model of what should happen
following seeding of a winter orographic cloud
has not changed markedly since Ludlam (1955)
wrote his classic article on the subject. Similar
ideas were restated in different form by Super
and Heimbach(1983) in discussing what general
statements could be made about artificial seeding.
They noted that, "In order for cloud seeding to
increase snowfall from winter clouds over
mountainous terrain~ several links in a physical
chain of events must exist. First, seeding
material must be successfully and reliably
produced. Second, this material must be
transported into a region of cloud that has
supercooled water or ice supersaturation in excess
of that which can be converted to ice by naturally
produced ice crystals. Third, the seeding material
must have dispersed sufficiently upon reaching
this region so that a significant volumeis affected

2. VIEWPOINTS ABOIY-F WINTER
OROGRAPHIC CLOUD SEEDING
Although winter orographic cloud seeding has
been used operationally for four decades, a wide
range of viewpoints exists about the effectiveness
of the technology. The range among some
laymen is especially pronounced, from the view
that cloud seeding can always guarantee large
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by the desired concentration range of ice nuclei
or the resulting ice crystals. In the case of silver
iodide (AgI) seeding this requires, fourth, that the
temperature be low enough for substantial
nucleation to occur. Once ice crystals form, they
must remain in an environment suitable for
growth long enough to enable fallout to occur,
generally prior to their being carried beyond the
mountain barrier where downslope motion, cloud
evaporation and ice crystal sublimation typically
exist."

and the specific chemical formulation of the AgI.
Therefore, while reliable AgI production is
attainable, it should not be taken for granted.
It is noteworthy that the rate of production of ice
nuclei vanes substantially with the local
windspeed. Garvey (1975) shows the output froln
several ground generators as measured in a cloud
simulation laboratory for both light and strong
winds in the vertical wind tunnel trom which
samples were drawn. Outputs can vary by over
an order of magnitude as stronger ventilation
affects flame temperature, quenching rate,
coagulation losses, and other factors, resulting in
higher ice nuclei production. The large majority
of field programs make no provision for
artificially controlling the airflow by ground
generators, so the output varies with the natural
wind. In practice, this variation often is minor
compared with the temperature dependence of
AgI discussed in section 7. Moreover, other
important factors affect ice nuclei effectiveness.
These include the nucleation mechanism, which is
related to the specific chemical and physical
nature of the particles, and cloud characteristics
such as droplet sizes and concentrations.

Wewill next examine the status of knowledge for
each of these essential links in the chain of
physical events leading from release of the
seeding agent to more snowfall on the ground.
This will allow us to better evaluate the overall
status of the technology of winter orographic
cloud seeding and how it might benefit an area
such as the Black Hills.
4.

PRODUCTION OF SEEDING MATERIAL

Wewill discuss only AgI, the most common
winter orographic seeding agent. It is beyond the
scope of this paper to discuss in detail the several
forms of AgI and their characteristics. It can be
said that successful and reliable production of
AgI is well documentedin the laboratory, and it
can also be reliably produced in the field.
However, a note of caution is in order concerning
reliable operation of AgI generators. Any
mechanical device involving plumbing, pressure,
flow of gas and corrosive fluid, and flame
requires careful monitoring. Furthermore, AgI
generators must function in a harsh outdoor
environment. Monitoring is particularly necessary
for the more complex radio-controlled systems
used at remote locations. These sort of
"housekeeping details" are not often discussed in
the open scientific literature, but a numberof
technical reports show the need to carefully
monitor the field production of AgI. For
example, Hobbs et al. (1975) reported on the
results of airborne tracking of AgI from radiocontrolled generators in the San Juan Mountains
of Colorado. They stated, "High ice nucleus
concentrations (attributable to silver iodide
pa~licles) were sometimes measured immediately
downwind of generators which were not supposed
to be in operation, while on other occasions no
ice nuclei were detected immediately downwind
of generators which were supposed to be in
operation." Even manual generators should be
checked frequently for proper operation as they
are also prone to flameout, clogged nozzles, and
other problems. Moreover, ice nucleus output
varies markedly with the type of generator used

5. AVAILABILITY AND LOCA’I’ION
SUPERCOOLED LIQUID WATER

OF

The second key link in the physical chain of
processes is the routine transport of the Agl to a
region of cloud with supercooled liquid water
(SLW) present. Wewill firsl address when and
where SLWexists before discussing attempts to
target that region with AgI.
Aircraft observations of winter orographic clouds
have been made for many years, but are usually
limited to brief "snapshots" during the entire
course of a storm. A more serious problem is
that safety considerations constrain aircraft
measurementsto altitudes well .above the surface.
Upward motion and moisture content should be
greater near the mountain slopes than at higher
levels, resulting in more SLWproduction near the
surface where aircraft sampling is often
impractical. The tendency for greatest SLW
content near the windwardslope of a barrier is
clearly shown by Hobbs (1975) from a composite
of 22 aircraft missions over the Cascade
Mountains, and by Hill (1986) based on
vibrating wire sondes over the Wa~atch
Mountains of Utah. Holroyd and Super (198d-)
examined data from many aircraft passes over the
flat-topped Grand Mesa of Colorado and showed
that SLWwas concentrated over the windward
slope and barrier top, with higher water contents
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convert a large fraction of excess SLWinto
precipitation sized particles. The transport and
dispersion (T&D)of AgI has been the weakest
link in many, probably most, attempts to seed
winter orographic clouds. Rangno (1986) and
others have noted that achieving adequate T&D
may the most difficult problem facing winter
orographic cloud seeding. Yet the large majority
of projects have assumed that the released AgI
was transported and dispersed into the desired
cloud region, resulting in an appropriate ice
crystal concentration. It also has been assumed
that a large volume of cloud was affected, even
though the spacing between generators was large
in several programs. Wewill see that these
assumptions were often incorrect, at least in the
limited number of projects where physical
evidence permits evaluation. It should be noted
that T&Deffectiveness cannot be judged in the
large majority of projects for lack of observations.
However, the physical evidence that does exist
gives cause for concern.

nearer the surface. The empirical evidence that
SLWis concentrated near windward barrier slopes
and crests is supported by numerical modeling
results such as presented by Young(1974) and
Blumenstein et al. (1987).
Since deployment of the microwave radiometer
(Hogg, et al., 1983), a wealth of continuous SLW
observations have been made from several
locations in the intermountain west including the
Park Range of Colorado (Rauber, et al., 1986),
the Grand Mesa of Colorado (Boe and Super,
1986; Thompsonand Super, 1987), the Mogollon
Rim of Arizona (Super and Boe, 1988; Super and
Holroyd, 1989) and the Tushar Mountains of
Utah (Sassen, 1985; Rauber and Grant, 1987).
Microwave radiometer measurements provide only
the integrated amount of SLWalong the direction
the reflector is pointed with no information about
its spatial distribution. Fortunately, several of the
cited studies were supported by aircraft and
Sassen (1985) had lidar available so the
approximate locations of SLWzones were often
documentedor inferred.

Many seeding programs have used ground-based
rather than aircraft seeding, generally because of
economy. A typical ground-based operation has
AgI generators located at low levels in the valley
or plain upwind of the barrier to be seeded. The
airflow near mountain crest elevations during
storms is used to determine what direction is
upwind. Manual generator locations are often
chosen for convenience of operation, near
someone’s home, or at least near all weather
roads. Remote control generators have been used
by some projects but they are more expensive
than manual units, and reliability has often been
less than desired.

There is a remarkable similarity amongthe
research results from the various mountain ranges.
In general, SLWis available during at least
portions of manystorms. It is usually
concentrated in the lower layers, and especially in
shallow clouds with warmtops. Average
integrated amounts are normally limited implying
low cloud liquid water contents, in agreement
with aircraft observations. This means that
seeding cannot produce more than moderate
snowfall rates except in rare cases. However,
where estimates of the SLWflux have been
made, it has been found that the seasonal amount
of SLWpassing over the barrier is a large
fraction of the streamflow from the same area.
This suggests that considerable SLWpasses
overhead during a winter, unused by nature. The
challenge is to determine what fraction of the
excess SLWcan be brought to the surface by
seeding. There is also some evidence that much
of the seasonal SLWflux may be concentrated in
a few large storms that already provide
considerable snowfall during their efficient stages.

One problem with low-level generators is that
both windspeed and direction at easy-to-reach
sites are usually quite different than experienced
near mountain crests. Large mountain ranges
tend to have "barrier jets" of the type discussed
by Parish (1982) for the Sierra Nevada.
Consequently, material released low on the barrier
slope maybe transported parallel to the barrier
rather than up and over it into the cloud zone.
Another serious problem with low-level releases
is that the seeding agent may simply be "pooled"
in the blocked flow near valley floors just as
smoke pollution is in many cities and towns near
mountain slopes. The material will eventually be
flushed out, but probably not when needed during
storms, and likely its path will be other than up
and over large barriers. Examples of this
phenomenon are given by Walsh and Leverson
(1979), Cooper and Marwitz (1980), and Benner
and Long (1986).

6.
TRANSPORTAND DISPERSION OF AgI
INTO THE SLW ZONE
It has been established that SLWoften exists in
winter orographic storms, tending to be at low
levels over the windward barrier slope. Wenow
will examine evidence for transport and associated
dispersion of AgI into that zone, intended to
result in an ice crystal concentration adequate to
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Yet another concern is that generators may be
spaced too far apart so that the plumes never
merge, resulting in unseeded regions between
plumes. It is knownthat instantaneous plume
widths may be rather narrow in some situations.
The meander of the plume with time may result
in a relatively large area being affected over the
course of a storm, but the area of effect at any
momentmay be small, seriously diluting seeding
effectiveness.

Silver iodide generators were operated at low
elevations in the upwind valleys. Only 11 of the
145 samples had silver contents significantly
greater than background.
Reynolds et al. (1989) discussed the results
silver analysis for 1,681 snow samples taken
downwind from 24 ground-based generators, most
of which were used by 3 operational projects.
Even though most sites used remote control
generators at relatively high elevations, "Silver
sampling indicated a fairly low percentage of
silver in snow over most sampling areas." The
percentage of samples with enhanced silver levels
was shown for each of the 13 sampling sites.
Only two sites had above background silver
levels more than 13 percent of the time. It was
speculated that much of the AgI may have been
transported below crest levels without passing
over the barrier. Other reasons for the poor
results may be too wide spacing between
generators and failure of some generators to
operate properly.

Even where high elevation generators are used,
the targeting problem can be difficult. The local
airflow maybe significantly different than the
larger scale flow so that transpo~ is not as
expected. In all cases some verification should
be sought that the seeding material is generally
being transported where and when expected. A
relatively simple "first step" is to examine
whether any silver from the silver iodide ended
up in the target area snowfall.
Analysis of the silver content of snow has been
reported from some seeding projects. Finding
enhanced silver contents does not prove that AgI
seeding resulted in ice crystal nucleation, as
scavenging by natural snow and accreted cloud
water will transport silver to the surface.
However, the lack of silver above background
levels strongly suggests a targeting problem. The
technique described by Warburton et al. (1989),
in which an inert tracer with the same size
distribution is released with the AgI, can indicate
if the silver was brought to the surface partially
by nucleation. This promising approach has not
yet had widespread application so we will
consider only the more commonpractice of
sampling for silver.

It has been documentedthat generators located
well up the windward slope of mountain ranges
can provide AgI plumes with 0.5 to 1.0 kilometer
vertical extent in both stable and neutral
atmospheres. Cloud layers with embedded
convection should experience greater vertical
mixing. The horizontal extent of the plumes
varies with the mechanical turbulence present,
distance downwindof the source mad other
factors, but often exceeds 3 to 5 kilometers in
crosswind extent by the time the barrier crest is
reached. Examples of T&Dhavestigations
supporting these claims include Super (1974),
Super and Heimbach(1988), Holroyd et al.
(1988) and Super et al. (1989). These studies
used aircraft track.hag and high altitude release~ of
AgI, except for the latter which tracked sulfur
hexafluoride tracer gas.

Warburton et al. (1979) showed silver analysis
results from the central Sierra Nevada, where five
generators on the windward barrier slope were
intended to affect the Lake Tahoe-Truckee River
catchment area on the lee slope. Frequent
samples were collected in the target area during
eight seeded storms. Above background silver
levels were present only 18 percent of the time.
In addition, vertical profiles were sampled at 10
sites after the winter seeding program ended.
Analysis of over 700 samples showed that
"seeding silver" was present in only 10 to 20
percent of the seeded periods’ samples.
Moreover, the "excess" silver often appeared in
narrow time and spatial zones, suggesting seeding
plumes of limited width which were over
particular sites for periods of 0.5 to 4 hours.

Additional evidence for successful targeting with
high level generators is given by silver-in-snow
analyses as reported by Super and Heimbach
(1983) and Heimbach and Super (1988), both
the Bridger Range of Montana, and by Stone and
Warburton (1989) for the Lake Almanor project
of Califomia with westerly flow. However, the
latter study indicated poor targeting with southerly
flow, even with high altitude releases. It is
interesting that the statistical analysis of Mooney
and Lunn (1969) suggested significant
precipitation increases with cold westerly storms
but not with the cold southerly category.

Long (1984) reported the results of silver analysis
of snow from the Tushar Mountains of Utah.

There is an open question as to how high up the
windward slope a generator should be located. If
II0

too low, the AgI may not be transported up the
windward slope and dispersed into the cloud. If
too high, insufficient time may exist for adequate
vertical and horizontal dispersion of the AgI as
well as for ice particle formation, growth and
fallout to the intended target, especially if that
target is the wind’yard slope. The "best" location
is as far downthe slope as possible while still
achieving T&Dover the barrier. The exact
"best" location will vary from storm to storm and
even during a storm. Airflow modeling in
complexterrain is still inadequate to predict
where the "best" location is in any given situation
so the decision must be based on empirical
evidence, either from other T&Dinvestigations
or, preferably, from those conducted over the
mountain range in question.

seeding, physical verification of targeting success
is highly recommended.
Onceit is established that the seeding agent is
transported into a sufficiently cold SLWregion
for ice nucleation to occur, and is dispersed
through a significant volumeof the cloud, the
question of achieving an appropriate concentration
of active ice nuclei remains. Horizontal and
vertical dispersion rates and transport speeds
influence the resulting ice nucleus concentration
for a given source strength (generator output).
Estimating the "best" ice nucleus concentration to
convert SLWto precipitation for particular
conditions is a complex problem involving the
specific modesand rates of ice nucleation, the
production rate of SLWcondensate, ice particle
growth and fallout processes, and other factors.
Rauber and Grant (1986) have calculated that
even limited vertical velocities can produce
sufficient condensate for diffusional growth of
over 50 per liter small ice crystals. As crystals
become larger and accretional growth commences,
fewer ice particles (and, hence, ice nuclei) may
effectively convert the condensate to precipitation.
However, model results by Young (1974)
suggested little difference in precipitation
production for 50 or 100 ice nuclei per liter for
the same assumed conditions. A detailed
microphysical model such as Young’s should be
used to estimate the appropriate ice nucleus
concentration for particular conditions.

Aircraft seeding, though significantly more
expensive than ground seeding, has the advantage
that the material often can be released within the
altitude zone one is attempting to affect. The
targeting should, therefore, be muchmore certain.
However, the question of volume filling remains.
While a ground-based seeding agent may be
widely dispersed by the mechanical turbulence
induced by airflow over rugged terrain, dispersion
from higher altitude aircraft releases maybe quite
limited in stratiform clouds as shown by
Karacostas (1981) upwind of the Sierra Nevada
Califomia and by Hill (1980) upwind of the
Wasatch Mountains of Utah. Hence, the affected
vertical zone may be shallow and lines of AgI
released across the wind may not merge with one
another before reaching the SLWzone unless the
seeding lines are released close to one another.
But that means a single seeding aircraft can treat
only a limited crosswind distance. Hence,
additional aircraft would be needed to seed a
large mountain range, markedly increasing the
cost. On a more positive note, the observations
over the Grand Mesa reported by Super and Boe
(1988) showed more rapid along-the-wind plume
spreading, apparently caused by terrain-induced
acceleration in the horizontal airflow when
crossing the barrier. A single aircraft could likely
seed a 50-kilometer portion of that particular
mountain range with typical windspeeds.

A reduction of SLWshould be associated with
effective seeding which is intended to convert
much of the SLWinto precipitation particles. It
is bateresting to consider evidence for any SLW
decrease from physical seeding experiments.
Super and Heimbach (1988) reported on two
experiments on January 15, 1985, with SLW
observed crosswind of, and within, an AgI plume.
No differences were obvious in liquid water
content although mean ice particle concentrations
clearly increased from near 1 per liter in the
crosswind control zones to about 10 per liter in
the seeded zones. Super and Boe (1988)
described four seeding experiments on March 18,
1986, which compared SLWin a 5-kilometer
zone immediately upwind of the target from
periods with AgI seedlines present with natural
periods shortly before and after. Liquid water
amounts appeared to be reduced by approximately
half in two cases, and not at all in the other two.
The apparent reductions were not related to ice
particle concentration which averaged about 10 to
20 per liter in the seeded zones and less than 1
per liter in the controls. Deshler et al. (1990)
show some evidence of decreases in the water
content of their December18, 1986, seedlines

The effectiveness of aircraft seeding (as well as
ground-based seeding) can be expected to vary
substantially amongmountain barriers, depending
upon atmospheric stability and winds during
storms, the geometry of the mountains and other
factors. It should not be taken for granted that
aircraft seeding will always work well just
because the material can be released at the
desired level in the atmosphere. As with ground
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after about 20 minutes, although natural
variability is high. The vertically integrated SLW
from a surface microwave radiometer decreased
markedly as the seeded volume passed overhead.
However, SLWamounts did not rapidly recover
after passage so the authors state that, "It can
only be speculated it" seeding contributed to this
decrease in liquid."

cloud at temperatures wanner than abom -6°C,
but easy to produce enough (perhaps too many)
at temperatures colder than -15°C. Therefore, it
may be impractical to seed warmclouds from the
ground with Ag[ because the material will not
disperse vertically to cold enough levels to create
the necessary concentration of ice crystals. Super
et al. (1989) discuss this problem for Arizona
winter clouds where most storms may be too
warmfor AgI to be effective in the lowest
kilometer above ground, the zone where surface
released tracer gas was normally found. The
statistical evaluation of the Bridget Range
Experiment by Super and Heimbach (1983),
supported by physical Observations of successful
T&D(and further by the measurements of Super
and Heimbach, 1988), suggested that even as far
north as Montana about half the winter storms
were too warm Ibr ground seeding.

These examples suggest that seeding rates and
subsequent concentrations of ice nuclei may have
been too low to convert most of the liquid water
to ice particles. Thus, while seeding in these
experiments clearly emhancedice particle
concentrations within the clouds, and may have
increased surface snowfall in some cases, the
effectiveness of the water-to-ice conversion may
have been limited by too few ice nuclei. The
important question of appropriate ice nuclei
concentrations certainly deserves further
investigation, by both modeling and field
experiments.

The warmer storms tend to hold the most
moisture so it is very important to improve our
ability to create ice particles in warmsupercooled
cloud zones. Even aircraft seeding with AgI may
not be effective if all the SLWis warmer than
about -6 to -8°C. Work such as repo~ted by
DeMott et al. (1983) is improving the warm
temperature nucleation with AgI. Agents that
work at even warmer temperatures may be
required in somesituations. Dr3, ice will create
ice at even slight supercooling but has to be
dropped directly into the SLWcloud. That can
result in other potential problems, such as the
inability to disperse the material through a large
volume before it reaches the cloud. Widespread
dispersion is possible with AgI which can be
released upwind of lhe clouds. Ground seeding
with propane, described by Reynolds (1989), may
hold pro~nise in some locations. Newbacterial
nucleation agents may also help in warm
conditions (Levin et al., 1987; Wardand DeMott,
1989). But both these approaches have yet to
undergo thorough field testing.

Wehave discussed some of the problems
involved in the T&Dof AgI intended for seeding
mountain clouds. Successful T&Dcan be
achieved in many situations. However, this key
process requires careful planning which should be
followed by observations to insure that the T&D
is usually proceeding as planned. It is not
practical to monitor all seeding attempts, but it is
highly advisable to monitor a number of them at
the onset of a program to document that the
clouds are, in fact, being seeded. Clearly, the
goal of enhanced precipitation cannot be realized
unless the seeding agent reaches SLWcloud with
reasonable frequency and in appropriate
concentrations. Yet few projects have managed
to demonstratethat this critical process routinely
occurred, hnproving upon this situation in the
future is a worthwhile goal for the field of
weather modification.
7.

TEMPERATURE IN THE SEEDED ZONE

It is beyond the scope of this paper to discuss the
AgI nucleation process in detail. However, the
specific process is very important to the final
outcome following release of a seeding agent. It
is noted that a numberof different nucleation .
modes are possible depending upon the specific
type (solution, combustion chemistry) of AgI
used, and cloud characteristics.
Sometypes are
fast acting, such that all the nuclei potentially
active at one temperature produce ice crystals ha
a few minutes (Fhmegan, et al, 1984). Other
types are muchslower, continuing to form ice
particles an hour or more "after encountering SLW
even at one temperature. Fukuta (1986) argues
for use of the slower acting (contact freezing)

The temperature of the SLWzone is a very
important factor to consider in deciding which
method of AgI release to employ for a given
mountain range. The effectiveness of AgI as an
ice producing agent is very temperature dependent
as shown by Garvey (1975) and others. Only
fraction of all the AgI particles produced by a
generator have the ability to create ice crystals,
but that fraction increases by about a factor of
ten for every 4°C decrease in temperature over
the range of interest in cloud seeding. What that
meansis that it is very difficult to produce
enough active AgI particles to effectively seed a
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types in somesituations as this "automatically
avoids over-generation of ice crystals." On the
other hand, rapid nucleation may be highly
desired where time is limited before the cloudy
air evaporates to the lee of the barrier. The
specific type of AgI to be used in a given project
deserves careful consideration.
8.

ICE PARTICLE

hypothesis for such projects should consider
reliable production of seeding material, its
transport and dispersion into SLWcloud,
subsequent nucleation of an appropriate
concentration of ice particles, and their growth
and fallout to the surface before reaching the lee
subsidence zone downwindof the barrier.
Seeding material, generally some form of AgI,
can be routinely produced by several types of
generators if care is taken in maintenance. It was
shown that most SLWis normally found in the
lowest kilometer above the windward barrier
slope in the absence of convection. A number of
studies have shown that AgI released well up the
windward slope will be transported over the
barrier while mixing through 0.5- to 1.0-kilometer
depth due to mechanical turbulence. Plume
widths of 3 to 5 kilometers or more can be
achieved by the time the seeding material reaches
the crestline.
Hence, much of the SLWregion
can be seeded with ground generators. However,
the temperature in this zone is frequently too
warmfor significant ice formation with
conventional types of generators and AgI. This
indicates a continuing need to develop agents that
are effective in slightly supercooled clouds
(between 0 and about -6°C), and which can
released well upwind of the SLWzone to insure
adequate dispersion.

GROWTH AND FALLOUT

The processes involved in the growth of ice
crystals into snowflakes following nucleation, and
subsequent fallout, are reasonably well
understood. Manyof the factors involved have
been demonstrated in the lhboratory, at least for
short periods (e.g., Ryanet al., 1976) and for
longer times in actual clouds (e.g., Holroyd,
1986). Computerized numerical models exist that
handle the physical processes in considerable
detail; for example, Young(1974) and Cottc.n
al. (1986). Someaspects of the modeling still
rely on inadequate theoretical understanding, such
as aggregational growth of manyice crystals into
individual large snowflakes. But even a relatively
simple model can be used to predict where
seeding material should be placed in order for
snowfall to reach a target (Rauber et al., 1988).
The weakest point in use of models may be in
supplying adequate input measurements rather
than in the models themselves. There is no
means to routinely monitor the three-dimensional
SLWdistribution,
for example. Moreover, SLW
usually varies considerably even at the same level
with frequent dry regions encountered by
sampling aircraft flying through orographic
clouds. Similar comments could be made about
the airflow over mountain barriers. Nevertheless,
numerical calculations can give a good estimate
as to whether or not a particular barrier is
seedable for given conditions. Times from ice
nucleation to snowflake fallout to the surface
often vary from about 15 to 60 minutes. With
typical windspeeds a region as large as the Black
Hills should be seedable much of the time when
the necessary SLWexists at cold enough
temperatures and the T&Dof the AgI is
sufficient to affect a large fraction of the SLW
zone.

The most serious problem for successful snowfall
enhancement in the intermountain west continues
to be the transport and dispersion of appropriate
concentrations of the seeding agent. While
successful targeting might be accomplished from
the ground in some instances, and from aircraft in
others, the success of several past applications is
questionable. Projects employing valley or
foothill releases of AgI generally have not offered
supporting physical evidence that the agent
reached the SLWzone, so their targeting is an
open question. However, in those limited
projects that used low-level releases and measured
silver (or other tracers) in the target area
snowfall, there is evidence suggesting that desired
targeting often was not achieved. Several but not
all projects that used high-level generators and
silver or AgI monitoring were able to demonstrate
the seeding agent was transported to the tat’get
zone.

9.
CONCLUSIONSAND
RECOMMENDATIONS

Projects using aircraft seeding should ensure that
parallel seedlines are released close enough to
each other to merge before reaching the SLW.
Someprograms have attempted to affect long
barriers with a single aircraft in spite of physical
evidence that free air dispersion is limited. Only
a fraction of the targeted cloud volumeis likely

This review of the status of winter cloud seeding
has attempted to show where physical evidence is
reasonably solid and where it is weak in our
attempts to enhance snowfall on orographic
barriers in the intermountain west. The physical
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to be filled with Agl which must seriously
seeding effectiveness.

reduce
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SEEDING SUMMERTIME CONVECTIVE CLOUDS
I
TO INCREASE BLACK HILLS RAINFALL

U.S.

A. S. Dennis
Bureau of Reclamation
Denver CO 80225

Abstract.
Data from two Reclamation-sponsored
randomized
cloud seeding experiments
near the Black Hills of South
Dakota are combined with data on size distributions
of
showers to estimate the potential for modifying
summertime
precipitation.
The analysis
suggests that increases
amounting to roughly 12 percent of the natural precipitation
are possible through a combination
of microphysical
and
dynamic effects.
Convective
clouds around 6 km deep are
judged to be the most promising targets for seeding to
increase summer rainfall.
INTRODUCTION
From 1963 through 1972 the South
Dakota School of Mines and Technology
(School of Mines) conducted a series
cloud seeding experiments
in the western
Dakotas to test effects of seeding upon
rainfall from summertime
convective
clouds.
Almost all of the experiments
were conducted as a part of the Bureau
of Reclamation’s
Project Skywater.

cumulus clouds, well away from other
showers, with updrafts of at least
2 m-s I below cloud base and cloud top
temperatures
less than -10°C were
selected
as test cases. The existence
of a radar echo did not prevent the
selection of a cluster of growing clouds
as a test case."

I.

By definition,
each test case
lasted 1 hour, which is about twice the
lifetime of a typical convective cell in
a multicell
thunderstorm.
The principal
response variable was the radarestimated rainfall (RER), which was
determined from X-band radar data
recorded by the on-line computer.
No
corrections
for attenuation
were
attempted.
For data logging purposes,
the area around the radar site was laid
off in squares I0 nautical miles on a
side.
A test case normally occupied
two squares at one time, and all echoes
in the designated squares were
considered to be part of the test case.

The most important of the School of
Mines projects near the Black Hills were
the Rapid Project and Project Cloud
Catcher.
Both projects
dealt with
summertime
convective clouds near the
eastern edge of the Black Hills. The
purpose of this paper is to combine
findings from the Rapid Project of 1966
to 1968 (Dennis and Koscielski,
1969)
and Project Cloud Catcher I of 1969 and
1970 (Dennis et al., 1975a) with
previously
published information
on size
distributions
of convective
showers in
order to assess the potential impact of
seeding convective
clouds upon total
summer rainfall over and near the Black
Hills.

In 1969 and 1970, a three-way
randomization
was used, with the choices
being no-seed, salt seed, and silver
iodide seed. All seeding was done from
an aircraft operating in updrafts below
cloud base. Attention
was concentrated
on updrafts under new cloud towers
adjacent to existing showers.

2.
CLOUD CATCHER: AN EXPERIMENT
ON
INDIVIDUAL
CLOUDS AND CLOUD CLUSTERS
2.1

Experimental
Desiqn
Cloud Catcher was directed from a
radar site about I0 km east of Rapid
City. It was one of the first cloudseeding experiments
to use an on-line
computer for recording
and preliminary
processing
of radar data (Boardman and
Smith, 1974).¯ It used a single, moving
target area to test the effects of seeding on isolated convective
clouds or
cloud clusters.
Quoting
from Dennis et
al. (1975a), "Distinct
clusters

Cloud

Salt seeding was accomplished
by
releasing up to 50 kg of powdered sodium
chloride during the first 30 minutes of
each test case. Seeding
of a silver
iodide case was accomplished
by burning
flares, each containing 120 g of silver
iodide, one at a time in place in wingmounted racks. A flare burned for about
5 minutes, and up to 6 flares were used

IBased on an oral presentation
at the Conference on the Science and Technology
Seeding in the Black Hills, Rapid City, South Dakota, October 16-17, 1989.
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of

(RER) ~/s = -4.02 + 1.43(CDP)

on a test case if the updrafts lasted
long enough. There was no attempt to
overseed the clouds to produce dramatic
dynamic responses.

where RER is in kilotons 2 and CDP is in
kilometers.

Eighty Cloud Catcher cases were
recorded in 1969 and 1970, with 33 of
them being no-seed cases, 18 silver
iodide cases, and 29 salt cases. The
relative lack of silver iodide cases can
be attributed
in part to the lack of
sufficiently
powerful blocking in the
randomization
scheme. In 1970 the random
decision for the first test case of each
day was applied to subsequent cases on
that day, if any. This arrangement,
which was intended to reduce
possibilities
of contamination,
had the
unfortunate
effect of aggravating
the
imbalance among the three classes of
test cases.

Dennis et al. (1975a) found
indication
that rainfall from salt cases
exceeded that from no-seed cases of the
same depth, but the statistical
significance
of this result was somewhat
weak, with the p-value for the test for
differences
in adjusted means being
0.06. [The test for differences
in
adjusted means allowed for the fact that
the distributions
of CDP varied for the
three classes
of test cases.
CDP
averaged 6.5 km for the no-seed cases,
5.2 km for the silver iodide cases, and
5.8 km for the salt cases.]
RER for the silver iodide cases
exceeded that from no-seed cases of the
same depth. CIt should be noted that,
on figure I, the values of CDP for the
silver iodide cases are those actually
observed, rather than the values that
would have been observed had the clouds
been left unseeded.)
The difference
in
adjusted means was statistically
significant,
with the p-value being 0.01
under the assumption
that all test cases
were independent.
Although
the
significance
is weakened by the fact
that in 1970 all cases occurring on one
day received the same treatment,
this is
a surprisingly
positive result to emerge
from only two seasons of
experimentation.
It is assumed,
for the
purposes of the exercise presented in
this paper, that real differences
exist
between the no-seed and silver iodide
cases.

2.2
Effects of Seedinq on Individual
Clouds
The radar data from Cloud Catcher
showed that cloud seeding with either
silver iodide or salt can stimulate
precipitation
in cumulus congestus
clouds.
"First echoes" from new
precipitation
shafts in clouds seeded
with either silver iodide or powdered
salt appeared closer to cloud base than
first echoes in unseeded clouds (Dennis
and Koscielski,
1972). The average
height of first echoes above cloud base
was 3.4, 2.1, and 1.6 km for the noseed, silver iodide, and salt cases,
respectively.
This result is evidence
that seeding speeded the formation of
precipitation
in the clouds studied, as
is the fact that clouds greater than
2 km deep generally precipitated
after
seeding with either silver iodide or
salt, whereas unseeded clouds did not
precipitate
until they reached about
4 km depth.

Dennis et al. (1975a) derived the
following regression
equation for the
Cloud Catcher silver iodide cases:

Dennis et al. (1975a) presented
statistical
analysis of the Cloud
Catcher test cases of 1969 and 1970. In
particular,
they studied RER as a
function of cloud depth (CDP), which was
defined as the highest radar echo top
recorded in the test case minus the
height of the cloud base. They obtained
straight-line
relationships
by plotting
the cube root of RER against CDP.
Figure i, which is patterned after their
figure 4, has been replotted using data
from table A.2 of Dennis et al. (1974).

(RER)’/3 = -2.62 + 1.44(CDP)

(2)

where the units are as in (i). The
difference
in the intercepts
of CI) and
(2) is 1.40, which is very close to the
change associated
with a l-km difference
in CDP. That is, the value of RER for a
silver iodide case approximates
that for
a no-seed case with CDP i km greater.
Table 1 has been prepared to
provide additional insight into the
implications
of (I) and (2),
particularly
when combined with
information
to be presented below on the
frequency distributions
of shower sizes.
Application
of (1) and (2) leads
columns 3 and 5 of table l,

Dennis et al. (1975a) found the
equation of the regression
line for the
no-seed Cloud Catcher cases to be:

2A metric

(i)

ton is the mass of 1 ms of water.
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3.
A kiloton

is equivalent

to 103 m

storms can reduce their precipitation
efficiency,
and the lack of silver
iodide cases with CDP exceeding i0 km in
the Cloud Catcher sample, we can not
draw any conclusions
about the effects
of silver iodide seeding on such clouds.
It is for this reason that the entries
in column 5 of table 1 end at CDP equal
to i0 km.

respectively.
Comparison
of columns 3
and 5 indicates that rainfall from
clouds of any given depth up to i0 km is
increased by silver iodide seeding as
practiced
in CloudCatcher.
Expressed
as a percentage
of the expected or noseed rainfall,
the calculated effect
decreases from small to large clouds;
expressed
in terms of rain volume, it
continues to increase.

2.3

Consideration
of Dynamic Effects
The Cloud Catcher radar data
indicated that the additional
rainfall
associated
with clouds of a given depth
was not due to increases in peak
rainfall intensity, but rather to
additions in space or time, or both, of
additional
precipitating
areas similar
to the natural showers (Dennis et al.,
1975a). In other words, the showers
responded
to seeding by becoming more
numerous, increasing
in horizontal
extent, lasting longer, or some
combination
of all three responses.
Such a result could be produced by
microphysical
effects alone, but it is
judged more likely to represent some

It is unlikely that the linear
relationship
between (RER) I/s and CDP for
silver iodide cases shown in figure 1
extends to clouds with depths as great
as ii or 12 km. Uncertainties
about
inferences
based on regression lines are
greatest when one deals with the
extremes of the size range, rather than
the mid-range,
and extrapolation
is
considered
undesirable.
The situation
is made worse in this case by the fact
that the largest value of CDP among the
silver iodide cases was just i0.i km.
In view of indications
from some cloud
modeling studies (Orville, 1984, p.54)
that silver iodide se~ding of large
Table

i. - Relative abundance
of clouds, rainfall per case, and
total contribution
to convective rainfall, all as functions
of cloud depth, for no-seed and silver iodide cases

(i)

2
3
4
5
6
7
8
9
i0
ii
12

(2)

48.4
22.8
12.0
6.8
4.0
2.4
1.5
0.93
0.59
0.38
0.24
i00

(I)
(2)
(3)
(4)
(5)
(6)

(7)

(8)

(3)

0.00
0.02
4.9
31
95
210
410
690
ii00
1600
2300

(6)

(4)

(5)

0
<i
60
210
380
500

0.02
4.9
31
96
220
420

620
640
650
610
550

700
ii00
1600
-

<i
ii0
370
650
880
i010
1050
1020
940
610
550
7190

4220

(7)

(8)

1.4
17
64
160
330
580

70
390
770
1090
1320
1390

930
1400
-

1400
1300
940
610
550
9830

Cloud depth (CDP) in kilometers.
Relative number of cases for ~ = 0.35 -I, no rmalized to i00 .
Rainfall (10S.m s) per no-seed case.
Contribution
to total convective rainfall (arbitrary
units)
all clouds expected with CDP in range indicated.
Rainfall (10S.mS) ’ per silver iodide case according to Eq. (2),
assuming no change in CDP due to seeding.
Contribution
to total convective rainfall (arbitrary
units)
all clouds expected with CDP in range indicated,
assuming
all clouds seeded with silver iodide and no change in CDP
due to seeding.
Rainfall (10S.m s) per silver iodide case according to Eq. (2),
assuming
an increase
in CDP of 600 m due to seeding.
In this
case, the CDP shown in column 1 refers to the cloud left
unseeded.
The observed clouds would be 600 m taller.
Contribution
to total convective rainfall (arbitrary
units)
all clouds expected with (unseeded) CDP in range indicated,
assuming all clouds seeded with silver iodide and an
increase of 600 m in CDP due to seeding for all values of
CDP up to 9 km.
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Project
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in k969-20.
dynamic
effects
as well,
perhaps
an
be observed
rather
than
the no-seed
intensification
of secondary cloud
values as shown. Comparison
of columns
towers around the major precipitation
5 and 7 shows that the additional
impact
cells,
of a 600-m increase in cloud height upon
rainfall would be comparable
to that
The analysis to this.point has
revealed by the regression analysis.
taken no account of possible increases
in CDP, the depth of the tallest
We repeat, for emphasis, that the
precipitation
echo in each test case.
increases in CDP would not be uniform.
An increase in CDP due to seeding would
Cloud model runs using North Dakota
shift a point on figure 1 corresponding
Pilot Project data (Dennis et al.,
to a seeded cloud some distance to the
1975b) suggest that the increases in
right. Analysis
of the Cloud Catcher
cloud height are greatest for clouds
radar and aircraft data with the aid of
with (unseeded)
top temperatures
in the
cloud models showed no increases in CDP
range from -I0 to -30°C, that is, to
associated
with salt seeding, but
clouds with CDP from 2 to 6 or 7 km, and
suggested increases in CDP due to silver
nonexistent
for most cases with CDP
iodide seeding, with maximum cloud..top
greater than 10 km (smith et al., 1986).
in a test case rising, on average, by
Because of the many uncertainties,
there
perhaps 600 m (Dennis et al., 1975a).
are no entries in column 7 for clouds
The model analysis showed no skill in
whose depth is ~0 km or greater.
assigning increases in CDP to particular
days; however, the increases must vary
2.4 Potential
Effects of Seedinq
from day to day, or even from cloud to
Assemblaqes of Convective CiQ.~.d~s
In order to determine the potential
cloud, depending on the ambient
conditions.
Any changes in rainfall
impact upon Black Hills summer rainfall
associated
with changes in CDP would be
of seeding all available
convective
in addition to those indicated in column
clouds, it is necessary to develop some
5 of table i. Column 7 of. table 1
statistics
regarding the size
provides an estimate of the total
distributions
of natural clouds and the
rainfall increases produced by the
contributions
of the different size
categories
to the natural rainfall.
For
combination
of increases in CDP (a
possible dynamic effect) and changes in
this purpose, it is not sufficient
to
the relationship
between RER and CDP
look at the size distribution
of the
(probably a combination
of dynamic and
Cloud Catcher cases, because many
microphysical
effects).
The numbers in
factors influenced their selection,
column 7 were obtained by adding 600 m
including location with respect to the
to CDP and applying (2); it would be the
enhanced cloud tops that would actually
£igu£e

Z,

-
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"REVIEWED"
the other uncertainties
in the analysis.
All results should be interpreted
as
indicating
only general trends, rather
than as exact calculations
of the
possible rainfall increases.

radar, visibility
below cloud base, and
a need to develop a statistical
base by
sampling clouds rather uniformly
distributed
along the size range from
cumulus congestus
to moderate
thundershowers.

Column 2 of table I, which shows
the relative frequency of clouds of
different sizes, was obtained by
applying (4) with the parameter
~ set
0.35 km I and normalizing
so that the
total number of clouds considered
came.
out to I00. This is a truncated
distribution.
Ignoring
clouds with CDP
exceeding 12.5 km is of little
consequence
as far as number of clouds
is concerned,
although such clouds may
be significant
in terms of total
rainfall.
On the other hand, there are
many clouds with CDP less than 2 km.
Dennis and Fernald (1963) quoted work
earlier authors showing that the
exponential
distribution
they observed
for radar echoes from isolated showers
extends down-scale
to the visual
dimensions of small cumulus clouds.
However, we can ignore such clouds in
the present case because they do not
produce any precipitation
whether seeded
or unseeded.

Numerous studies have shown that
small convective
clouds greatly
outnumber
large ones. For example,
Dennis and Fernald (1963) found that the
radii of radar echoes from showers in
many parts of the world follow an
exponential
distribution.
Miller et al.
(1975) fitted exponential
distributions
to the diameters of echoes in the North
Dakota Pilot Project radar data from
1972 to determine the parameter ~ in
N = No exp(-~D)

(3)

where N is the number of shower echoes
with diameters between D and (D+dD), O
is a constant reflecting the number of
showers in the space-time
domain
studied, and the parameter
~
characterizes
the size distribution.
They found ~ for the entire data set to
be about 0.35 km "I , in good agreement
with Dennis and Fernald (1963).
As the
height of a convective cloud tends to
approximate
its diameter (e.g., Miller
et al., 1975), we assume that the
exponential
relationship
with a similar
value for ~ holds for CDP..

The numbers in column 4 of table 1
are the products of the corresponding
numbers
in columns 2 and 3. They show
the relative contributions
of clouds of
different sizes to the total natural
convective
rainfall over the Black
Hills, and peak for CDP around i0 km.
As the bases of summertime
convective
clouds .near the Black Hills are, on
average, very close to 3 km above sea
level, the i0 km value corresponds
to
large storms with cloud tops about 13 km
above sea level. This number agrees
with the common perception
that much
Black Hills summer rain falls from large
thunderstorms.

Equation (3) was derived from
hourly snapshot
views. As there is a
positive correlation
between echo size
and echo lifetime, a large shower has a
greater chance of showing up in such a
census than does a smaller
one. Miller
et al. (1975) studied a supplementary
sample of 479 echoes, from which echoes
that were obviously multi-cellular
were
excluded; they found a roughly linear
relationship
between echo diameter and
echo lifetime
(r = 0.65). Therefore,
order to make table 1 reflect more
closely the size distribution
of all
echoes that form, exist, and dissipate,
as opposed to the size distribution
observed at a given moment, we have
modified (3) as follows:
N’ = No D-I exp(-~D)

The entries in column 6 of table 1
for all values of CDP up to i0 km were
obtained by multiplying
the
corresponding
numbers in columns 2 and
5, and represent the expected rainfall
from silver iodide seeded showers
according
to (2) and (4). On
assumption
that seeding would not be
done on clouds more than I0 km deep or,
if it were done, would have no effect,
the entries of column 4 for such clouds
are repeated in column 6.

(4)

There is a further complication
in that
the snapshot views must catch some
undefined fraction of the echoes in
their growing or dissipating
stages,
thereby leading to underestimates
of
their maximum size. No satisfactory
method of adjustment
for this secondorder complication
has been devised.
Therefore no allowance is made for it in
the calculations
that follow. It is
considered
a minor factor compared to

A comparison
of columns 4 and 6
ignores the possibility
of increases in
CDP but suggests, nevertheless,
that
silver iodide seeding can increase the
total rainfall from isolated summertime
convective clouds by a factor of roughly
1.7. It is instructive
to consider
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from clouds or cloud clusters
values of CDP around 6 km.

where the predicted increases come from;
this can be seen in figure 2, which
shows the rainfall contributions
as a
function of CDP for both no-seed and
silver iodide cases, as well as in
table i. Small clouds are numerous
and
respond well to seeding (percentagewise), but they produce very little rain
whether seeded or not, so the impact of
seeding them is not great. On the other
hand, large clouds are scarce and the
effect of seeding (percentage-wise)
drops off as one moves to large clouds.
The contribution
to the additional
rainfall peaks for CDP between 6 and
7 km. Clouds in this size range are
significantly
smaller than the ones that
produce the bulk of the natural
rainfall.
’ ~ SEED 2 ~ SEED 1 ii~!~

with

In summary, the Cloud Catcher
results, combined with some modeling
studies and data on size distributions
of shower echoes, indicate that silver
iodide seeding could increase total
rainfall from isolated convective
clouds
or cloud clusters near the Black Hills
by a factor somewhere
between 1.5 and
2.5, with much of the increase coming
from moderate shower clouds or small
thunderstorms
with tops from 7 to I0 km
above sea level.
In order to draw conclusions
about
the impact of seeding isolated
convective
clouds upon total summer
rainfall near the Black Hil~s, one
requires information
on the contribution
that isolated convective
systems make to
that rainfall.
It is also necessary
to
consider the possibility
that seeding
one convective cloud might suppress
rainfall from other clouds in the
vicinity through dynamic effects (e.g.,
Simpson
and Dennis,
1974). Some
information
about both of these points
can be drawn from the results of the
Rapid Project although, as we shall see,
some questions
remained unanswered
following its completion.
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2. - Contributions
to total
shower rainfall from clouds
of different depths under
assumptions of no seeding,
silver iodide seeding
without changes in cloud
depth (Seed i), and silver
iodide seeding with 600-m
increases in cloud depth for
clouds with depth less than
i0 km (Seed 2).

3.1Experimental
Desiqn
The Rapid Project of 1966-68 has
been described by Dennis and Koscielski
(1969). It used a randomized
crossover
design, with two pairs of target areas
laid out east of the Black Hills, one
pair for days with southwest flow and
one pair for days with northwest flow.
This arrangement
minimized cross-target
contamination.
Each target area
2.
encompassed about 2500 km
Days were classified in advance as
southwest-flow
or northwest-flow
days.
They were also classified
according to
the synoptic situation into four types,
of which the most important
were shower
days and storm days. Shower days and
storm days had the same requirements
regarding
precipitable
water and upper
winds as determined
from the Rapid City
rawinsonde.
Storm days were
characterized
by forcing by large-scale
weather systems, as evidenced
by
positive vorticity advection at the
500-mb level; they normally produced
substantial
rainfall, often from squall
lines. Shower days were characterized
by absence of positive vorticity
advection
at the 500-mb level; they
normally produced only isolated showers,

The entries in column 8 of table 1
for all values of CDP up to 9 km are the
products of the corresponding
numbers in
columns 2 and 7. They account for the
possibility
of increases in CDP of 600 m
as a dynamic response to silver iodide
seeding. On the assumption
that there
would be no increases in maximum height
for clouds with CDP of i0 km or greater
(Smith et al., 1986), the entries
column 6 are repeated in column 8 for
these large clouds.
The differences
between columns 4 and 8 of table 1 (see
also fig. 2) suggest a 2.3-fold increase
in total shower rainfall through a
combination
of microphysical
effects,
with the maximum contribution
coming
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which were
Hills.

often

limited

to the

suppression
effects in the unseeded
target, the Rapid Project results
foreshadowed
those obtained later on
Cloud Catcher.
That is, the most
promising clouds to be seeded for
potential rainfall increases are cumulus
congestus and towering cumulus, and the
rainfall increases obtainable
on days
when such clouds predominate
are very
large, when expressed as a percentage
of
the natural rainfall on those days.
Adding up the numbers in table 2 for
shower days pertaining to seed and noseed targets yields totals of 4.87 and
1.73, respectively.
The ratio of those
two numbers is 2.8, which agrees
surprisingly
well with the estimate of
2.3 obtained from the Cloud Catcher
data. One can hypothesize
that the
Cloud Catcher cases correspond to the
shower days of the Rapid Project, and
that the storms on the Rapid Project
storm days are samples of a different
type of phenomenon,
which is completely
outside of the shower size distributions
expressed
by (3) and (4). While further
study might enable one to improve on
this assumption,
it is not possible to
be more precise at this time.

Black

The static seeding approach was
followed.
Ice crystal formation
was
induced in supercooled
cumulus clouds
for microphysical
effects, with the
principal effect sought being an
increase in precipitation
efficiency.
The experimenters
were aware that
dynamic effects might be produced too,
but dynamic effects were not
deliberately
sought. The seeding
rate
was kept low to reduce the possibility
of overseeding.
Several
seeding agents
were used. By far the most common
treatment was the release of silver
iodide from an acetone generator on an
aircraft flying in updrafts below cloud
base. Sodium iodide was used as the
solubilizing
agent. Only one generator
was used at a time, with the release
I.
rate being approximately
300 g.h
¯ Seeding directions were radioed to
the pilot from the radar station east of
Rapid City. The objective
was to treat
all promising
cumulus congestus and
towering cumulus clouds that were over
or approaching
the seed target area.
Seeding was sometimes
suspended when the
only target clouds available were large,
heavily glaciated cumulonimbus
clouds.

Table 2*.

3.2

Results
The Rapid Project included 98
operational
days, of which 27 were
shower days and 50 were storm days.
A
more extensive breakdown is given in
table 2.

Average rainfall (in mm) per
gauge per operational
day
and seed/no-seed
ratios in
target areas for all days of
given type on Rapid Project

(Number of days by category
north-area entries)

follows

SW-flow

The Rapid Project was evaluated
on
the basis of observations
at a network
of almost i00 rain gauges.
Under the
randomized
crossover design, there was a
seed target area and a no-seed target
area each operational
day. The rain
gauge data (table 2) show that the seed
target received more rain than the noseed target on shower days, but less
rain on storm days. Statistical
analyses by Chang (1976) showed that the
differences
on shower days were likely
real, with the p-values being 0.01 and
0.09 for southwesterly
flow and
northwesterly
flow days respectively.
However, the p-values for the storm
days, 0.35 and 0.61 for southwesterly
flow and northwesterly
flow days
respectively,
were too large to support
any conclusions
about effects of seeding
on those days.

Shower
North

area,

Seed/no-seed
South area,
Seed/no-seed

seed N
seed S
ratio
seed S
seed N
ratio

0.99 / 6
0.69 / 8
1.4
1.83
0.30
6.0

NW-flow
days
0.91 / 7
0.64 / 6
1.4
1.14
0.i0
II

Storm days
North

area,

seed N
seed S
Seed/no-seed
ratio
South area, seed S
seed N
Seed/no-seed
ratio
* after

Dennis

2.18 /15 0.89 / 7
2.82 / 14 4.32 / 14
0.77
0.21
2.36
1.37
2.97
3.18
0.79
0.43

and Koscielski,

1969

We turn next to the possible effects
of seeding isolated convective clouds or
cloud clusters upon total seasonal
rainfall.
The indicated
effect is
modest, in large part because of the
scarcity of’shower days. The Rapid
Project, which was in the field 6 days a
week from roughly June 1 to August15

If one assumes that the differences
in rainfall patterns on north-seed
and
south-seed
days represent rainfall
increases in the seed target rather than
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randomized
crossover
experiments
when
strong dynamic effects are present or
suspected.

for 3 years, logged only 27 shower days.
For an operational
project, one should
plan on about I0 days per season
providing good seeding opportunities
over a small, fixed target area.

4.

SUGGESTIONS
FOR FUTURE RESEARCK
Cloud Catcher I left some unanswered
questions about the effects of silver
iodide seeding on convective clouds,
particularly
when the convective
cells
are clustered
together.
It provided
evidence of significant
rainfall
increases
due to silver iodide seeding
of clouds of moderate size, but it did
not make clear how the individual
cells
reacted to produce the apparent
increases.
These unanswered
questions
were to be addressed
in Cloud
Catcher II, which was in the field in
1971 and 1972. It used an S-band radar
to avoid attenuation
by precipitation,
a
floating target design, and quite
sophisticated
programming
in the on-line
computer which controlled
the radar
scans, logged and processed
the radar
data, and provided real-time
graphic
displays to the project meteorologist
(Boardman and Smith, 1974).
Unfortunately,
seeding suspensions
following the Black Hills flood of 1972
and program cuts in 1973 led to
termination
of Cloud Catcher II before
its potential could be realized.
Lingering questions
on the part of the
general public about whether or not
cloud seeding contributed
to the 1972
flood make it doubtful whether seeding
of Black Hills summer clouds will be
attempted again during this century.
Nevertheless,
this section considers
what a new round of experiments
miqht
entail.

The data in table 2 on numbers of
shower and storm days and on average
rainfall per operational
day in the
unseeded targets indicate that shower
days contribute
about 7 percent and
storm days about 93 percent of the
natural summer rainfall on the east side
of the Black Hills. (Contributions
from
other types of days, which include
frontal overrunning
situations,
are
negligible
after early June.) Combining
the data in table 2 for seeded targets
on shower days and unseeded targets on
storm days, we find that the shower days
now contribute
some 16 percent of the
total rainfall, which is increased
thereby by about 12 percent.
The preceding calculations
rest on
the assumption
that results of Cloud
Catcher and the Rapid Project can be
extrapolated
to larger areas.. In fact,
interactions
among the seeded clouds
might complicate matters considerably.
A seeding strategy for increasing
rainfall can not be selected
intelligently
without having the target
area clearly in mind. Consider,
for
example, the Rapid Project shower days
with southwesterly
flow (table 2).
There is no doubt that, in both the
north and south targets, rainfall was
heaviest on days when the particular
target was seeded. [We do not know what
fraction of this favorable result was
due to suppression
effects in the noseed target.] Therefore,
if one wants
more rain in the north target area, he
should seed it; if one wants more rain
in the south target area, he should seed
it. However,
if the objective
is to
maximize total rainfall over the two
target areas, the recommended
treatment
would be to seed the south target
always. Seeding the south target
yielded an average rainfall across the
two target areas of approximately
1.3
mm, compared to an average of only 0.65
mm when the north target was seeded.

In assessing
the status of seeding
of convective
clouds, it is of some
value to compare the South Dakota
results with those obtained subsequently
in other places.
Statistical
analyses
of the second Florida Area Cumulus
Experiment
(FACE-2) failed to prove the
existence of rainfall increases for
either the total target area or for the
floating targets encompassing
the cells
selected for treatment (Woodley et al.,
1983). Subsequently,
Gagin et al.
(1986) used computerized
cell-tracking
techniques
in a detailed post-hoc study
of convective
cells within seeded and
unseeded
cloud systems
on FACE-2.
They
found evidence suggestive
of rainfall
increases for clouds that were treated
early in their lifetimes
with more than
8 silver iodide flares. Their results
for such cases were in good agreement
with the estimates based on table i,
namely, that rainfall from a moderate
shower cloud can be multiplied
by a
factor of 2 or 3 by silver iodide
seeding.
However, unlike Dennis et al.

Of course, the Rapid Project did not
test the more obvious treatment for
maximizing
total rainfall, namely,
seeding clouds in both target areas on
the same day, whenever and wherever they
appeared, nor, for that matter, did it
test the option of not seeding at all.
This exercise points out the need for
clearly defined objectives in selecting
a seeding strategy,
as well as the
ambiguities
that arise in the
interpretation
of results from
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(1975a), Gagin et al. (1986) found
difference
in the relationships
between
cell height and other variables,
including rainfall volume, for unseeded
and silver iodide seeded cells.
Therefore,
they interpreted
all of the
apparent FACE seeding effect in terms of
changes in cell height.
On the other hand, Rosenfeld and
Woodley (1989) found for a seeding
experiment
in Texas a "large indicated
effect of treatment on cell rain volume,
despite the small indicated effect on
maximum cell heights."
It is
interesting
to note that the Texas
result, which is only tentative due to
the small number of cases analyzed to
date, is in line with the Cloud Catcher
seeding hypothesis,
which stressed a
combination
of microphysical
and dynamic
effects, rather than the hypothesis
in
the Texas project design, which was
patterned after FACE and considered
increases in cell height as the
principal,
if not the sole, source of
additional
rainfall (Rosenfeld
and
Woodley, 1989).

Project storm days with southwesterly
flow, there were indications
of rainfall
decreases at the edge of the Black
Hills, but of substantial
increases some
30 to 40 km northeastward,
still within
the target areas (Dennis et al., 1976).
It appears that, for that particular
situation,
additional organization
or
clustering
induced by seeding was still
beneficial
over the open prairie, but
could not be produced (or was not
beneficial)
over the Black Hills
themselves.

.

Any future experiments
near the
Black Hills should be designed to shed
light on these questions, as well as
interactions
between the clouds and the
Black Hills themselves.
Seeding clouds
over the Black Hills to maximize
precipitation
requires consideration
of
wind, temperature,
and moisture fields
over the entire area. Kuo and orville
(1973) showed how the interactions
between the Black Hills and the air
streams passing over them set up
preferred areas for cloud and shower
formation.
Because seeding influences
cloud dynamics, one should not assume
that seeding over one part of the Black
Hills does not influence subsequent
cloud developments
elsewhere.
A unifying concept, which seems to
bring together various pieces of
evidence,
is that rainfall increases are
produced when seeding helps convective
clouds merge into clusters, rather than
continuing
as single-cell
showers
(Dennis
et al., 1976). Such
organization
promotes the precipitation
efficiency
of clouds.
It also appears
to increase the total amount of water
vapor processed,
which accounts for the
great attention paid to cloud mergers in
cloud seeding experiments
in Florida and
Texas (e.g., simpson and Dennis, 1974;
Rosenfeld and Woodley, 1989).
The apparent success of seeding on
Rapid Project shower days has already
been noted, as well as the lack of
overall success on storm days. On Rapid

These inferences
are only tentative,
but suggest a possible strategy to be
followed in any.future
field
experiments.
On shower days, only
clouds supported by low level
convergence
induced by the Black Hills
themselves have any chance of producing
significant
showers.
Seeding would be
directed at the most promising growing
clouds, wherever
they occurred.
On
storm days, as evidenced by positive
vorticity advection (synoptic-scale
forcing), systems over the Black Hills
would organize with no help, and seeding
there likely would have no effect.
However, clouds forming in the less
disturbed
regions might be of a size
(CDP around 4 to 6 km) that could
stimulated to further growth and
organization.
Evaluation
should be on
both a cell or cluster basis and an
area-wide basis to study the larger
scale effects.
Continued work with powerful
numerical
models, such as the new threedimensional
models developed
by Clark
and others (e.g., Smolarkiewicz
et al.,
1988), is required to sort out the
various possible
effects.
In time, it
should be possible to integrate detailed
parameterizations
of microphysical
processes in individual
clouds into
three-dimensional
mesoscale
models
capable of simulating
air motions over
and around the Black Hills. The output
of such models would suggest additional
seeding hypotheses,
and might even
provide statistical
controls for seeding
experiments.
This would be an extremely
important development,
as it would
provide to single-area
experiments
a
degree of sensitivity
now obtainable
only with target-control
or randomized
crossover
experiments.
As we have seen,
the interpretation
of results from
target-control
or randomized
crossover
experiments
is ambiguous when strong
dynamic effects are present or
suspected.
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ATMOSPHERICTESTS OF AN ORGANIC NUCLEANTIN A SUPERCOOLEDFOG
William L. Woodley
WoodleyWeather Consultants
Boulder, Colorado

and

Thomas J. Henderson
Atmospherics Incorporated
Fresno, California

Abstract: An organic artificial ice nucleant (Pseudomonassyringae) was
dispersed as a fine powderfrom an aircraft within a supercooled fog over
MonoLake, California on 2 December1989. The dispersal took place about
30 m below fog top at a temperature of-8°C. Twotest runs about 3 to 4 km
in length were made;10 gmand 100 gmof nucleant were distributed over the
test track during the first and secondruns, respectively. Followingeach test
run, a highly instrumentedcloud physics aircraft flew tracks within the fog
that were orthogonal to the original test track. Particle measuringprobes
(FSSP, 1D-Cand 2D-C)were used to determine fog characteristics and
quantify a seeding signature.
The light seeding rate (10 gmover the test track) of P. syringae produced
detectable seeding signature, probablybecause the monitoringaircraft missed
the treated plume. The heavier rate (100 gmover the test track), however,
producedan obviousseeding signature that was first detected about 5 minutes
after release of the nucleant. The signature began with high concentrations
of relatively small (50 to 100 #m)particles, and the ice crystal concentration
decreased with time as their size increased. The mean, median and modal
particle sizes at a particular time are virtually equal in the plume,suggesting
a common
origin for the ice crystals.
P. syringae clearly producedglaciation of a supercooledfog at temperatures
of about -8°C in agreement with laboratory test results. Additional
atmospheric tests are planned at warmertemperatures.

1.

INTRODUCTION

For the past 40 years, modern cloud seeding
technology has been largely focused on the ice nucleation
processes which are central to the natural production of
snow and rain over muchof the earth’s surface. Within
these atmosphericprocesses, the ration of ice particles to
supercooledliquid water often establishes the efficiency of
clouds and storm systems to produce precipitation at
groundlevel. In manycases, the concentration of naturally
occurring ice nuclei (IN) is lower than required for the
most efficient precipitation process, even at temperatures
as cold as -20"C. (Pruppacher and Kleth, 1980). For this
reason, a number of substances such as silver iodide
(Vonnegut, 1947) have been selected to act
supplementary IN within a broad range of cloud seeding
programs throughout the world.
Becausemost naturally occurring IN found in clouds
are not particularly active at temperatures warmerthan
about -10*C, there has been a continuing search for a
source of IN, either natural or artificial, whichhave the
ability to convert supercooledcloud droplets to ice crystals
at the warmestpossible temperature. Solid carbon dioxide
(dry ice) is an excellent candidate and, since its early
demonstrateduse in 1946 (Schaefer, 1948), has been used

in manycloud seeding programs. However,dry ice suffers
from availability in remote areas, storage problems,
quantities required for airborne dispersal, and its effective
dispersal is restricted to altitude wherethe temperatureis
colder than 0*C.
The presence of microorganismsin precipitation has
received a numberof investigations dating back more than
20 years (Gregory, 1967; Schnell and Vali, 1972, 1973;
Maki,et al, 1974;Schnell and Vali, 1976;Vali, et al, 1976;
Lindow,et al, 1978; Maki, et al, 1978; Yankofsky,et al,
1981; Lindow,et al, 1982; and Levin, et al, 1987, 1988).
The value of these investigations is noteworthybecause of
the ice nucleation properties of somenaturally occurring
microorganismsat telnperatures near 0°C. P. syringae was
one of the major candidates for investigation within many
of these research programs.
In more recent years, the Eastman KodakCompany
developedthe expertise and productionfacilities necessary
to produce large quantities of beneficial bacteria,
principally P. syringae. The material has found its wayto
TM Snow Inducer,
Snowmax
a product of Kodak’s BioProducts Division useful in snowgunsinstalled at manyski
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for areas where fog decks provided a more stable outdoor
laboratory.

TM is a freezeresort areas throughout the world. Snowmax
dried preparation of the natural bacterium P. syringae
which is grown in large fermenters, frozen in a manner
similar to that used in freeze-driedfood, and then sterilized
TM is not a product
by electron beamradiation. Snowmax
of engineering,it is a natural bacteriumselected solely for
its ice nucleationability.

2. DESIGN OF TIlE
SYRINGAE

TESTS OF PSEUDOMONAS

The subsequent tests of the P. s,-n-ingae organic
nucleant were madein super-cooled fog o~’er MonoLake,
California (see Figure 1). These tests were makein the
context of a larger study of Aircraft-ProducedIce Particles
(APIPs), called MOLAS
(Mono_Lake _A_PIPsStudy).

In November1987, representatives from Kodak
cameto Fresno, California, wheresomepreliminary tests
TM material as a potential
of Snowmax
ice nucleus for
weather resources managementprograms were conducted
in the facility at AtmosphericsIncorporated. Ice crystals
were artificially producedin a three-compartmentfreezer
chest, and these crystals were captured on Formvarcoated
slides. The qualitative experimentswere conductedin the
temperature range of-4"C to -20"C, with crystal habit and
temperature relationships noted (Henderson,1987).

MonoLake is 1968 m MSLand has a surface area
of about 250 km2. ]t has no outlet and is completely
surroundedby higher terrain rising to 3,500 mMSLnearby
to the west. During winter weather whena high pressure
systemis well-established over California, the surface air
east of the Sierra range is cold and supercooledfog occurs
over Mono Lake and Mono Valley to the east. A
temperature inversion of a few degrees may persist for
periods of 3 to 5 days and the fog, whichformsbeneath the
inversion, is stabilized by condensationrates from the lake
surface being equal to the droplet evaporation/sublimation
at the top of the fog layer.

The results from these preliminary laboratory tests
were encouraging ennugh to warrant more sophisticated
characterization tests in the isothermal and dynamiccloud
chambers at Colorado State University. These more
quantitative tests were conducted in March 1988. The
results (Ward and DeM0tt, 1989) were so dramatic that
plans wereorganized for a field test of P. syringae. These
airborne tests were conducted hy Atmospherics
Incorporated near Hawthorne,Nevada. During the two day
tests in September, 1988, it was demonstrated that
TM dry powdercan be dispensed from aircraft
Snowmax
and
significant visual glaciation effects can be producedat incloud temperatures as warmas -5°C. (Rogers, 1988).

Theflight tests were simple in design and execution.
A set amountof P. syringae was released as a fine powder
from a Cessna421 test aircraft flying about 30 mbelowfog
top. The King Air 200T cloud physics aircraft of the
University of Wyoming
followed closely behind the seeder
aircraft until it entered the fog and began its release of
nucleant. The scientist aboard the KingAir set its pointer
to the position wherethe seeder aircraft initially entered
the fog and the pilot then flew tracks that were orthogonal
to the track of the seeder aircraft (see Figure 1). The

Becauseof the constantly changing characteristics
of evensmall cumulusclouds, and the difficulty in dealing
with their dynamicproperties, further tests were planned

THE "MOLAS"PROGRAM
(MONOI_AKE _APIPS STUDY)
MONOLAKE, CALIFORNIA

Figure 1 Mapshowingthe geographic context for the MOLAS
(Mona_Lake A_PIPsStudy)
Program. The aircraft flight patterns have been superimposed.
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seeding track wasnormally3 to 4 kmand the flight legs of
the cloud physics aircraft within the fog averagedabout 1
kmeither side of the track of the seeder aircraft.
Since the MOLAS
effort has demonstrated the
reality of APIPs(reports in preparation), both the seeder
and monitoringaircraft were flown at relatively low power
settings to minimizeany possibility that the aircraft
themselves would produce ice crystals that might be
ascribed erroneouslyto the organic nucleant. This potential
problemis somethingthat must be consideredin all future
cloud physics studies that makeuse of aircraft platforms.
The hydrometer concentrations, sizes and habits
were determined using three probes manufactured by
Particle MeasuringSystems,Inc. of Boulder,Colorado,that
are flown routinely aboard the University of Wyoming
King
Air 200T aircraft. These include: a ForwardScattering
Spectrometer Probe (FSSP), and OAP-200X(1D-C)
OAP-2D-C
(2D-C) probes. The FSSPdetects particles
to 30 #min size in increments of 2 #m, the 1D-Cdetects
particles up to 187 #min diameter in increments of 12.5
#m, and the 2D-C detects particles up to 500 #m in
intervals of 25 #m. Water contents within the fog were
estimated using Johnson-Williamsinstrumentation. More
information on the University of WyomingKing Air data
system can be obtained by referring to Endsley et all.,
(1986).
3.

TEST RESULTS

On the day (2 December1989) of the P. syringae
test flights, supercooledfog covered the lake surface and
the valley to the east and was bankedagainst the Sierra
range to the immediatewest (Figure 2). Fog top was 2060
m MSLat a temperature of about -8°C. The temperature
rose to over +8°Conly 500 mabovethe fog. A partial plot
of temperatureversus height is provided in Figure 3.

Figure 2 Photograph above the supercooled fog
over MonoLake on 1 December1989.

Temperature vs Height over MonoLake on 2 December1989
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The P. syringae nucleant was dispersed as a fine
powderfrom the front windowof a Cessna421 aircraft °n
two test runs of 3 to 4 kmin length. Onthe first run, 10
gms of nucleant were distributed, while on the second,
about 100 gmswere released. Followingeach test run, the
KingAir 2007cloud physics aircraft flew tracks within the
fog that wereorthogonalto the original seeding track. The
flight track for the secondcase is shownin Figure 4. The
tracks of the seeder and monitoringaircraft, movingfrom
north to south, coincided until 102450 PST, when the
Cessna aircraft entered the fog for commencementof
seeding and the KingAir aircraft begana turn to the east
to setup its monitoringruns. Therest of the track is that
of the KingAir, as it crossed the seeding track five times
for measurements.

A visual inspection of the 2D-Cparticle images
during portions of the five monitoringpasses is possible in
Figure 5. The vertical lines in each panel are 800 ~rn long
and the particles can be scaled by using this line as a
reference. The times (in sees) in the left marginof each
panel are the elapsed times between the passage of the
seeder aircraft and the times that the monitoring aircraft
intercepted the seedJng track. If the times are short, the
nucleatedparticles mightbe too small to be detected b3’ the
2D-Cprobe.

A summaryof the pass measurementsis provided in
Table 1. Note that fog water contents averaged 0.20 to
~, the mean (averages over 6 see.) maximum
0.25 gm/m
droplet concentrations ranged between 100 and 150
drops/cm~ and the mean (6 sec averages) droplet size
ranged between 10 and 17 #m.
Natural ice in
concentrationsof 1 to 2 crystals per liter wereencountered
in the undisturbed fog near the time of the test runs.

Nothingis evident in the imagesduring the first two
passes. Note the two large ice particles during the latter
portion of pass 1 (panel 2). Suchparticles, althoughlow
concentration, were commonduring ll~e MOLAS
program.
Theyhad an origin that was independentof the aircraft and
the nucleant releases.

UV KING

AIR

FLIGHT

TRACK

DATE, 891202

Examinationof the 2D-Centries in Table 1 suggest
that the light seeding rate (I0 gmover the test track)
P. syringae produced no detectable seeding signature.
Thereis no evidenceof increasedice crystal concentrations
during the fonr monitoring passes that began about 1
minuteafter the release of the nucleant at 100833PST.Ice
is present with mean(5 sec averages) sizes 50 to 100
during all passes, but the concentrations are low. If there
was a seeding signature, it was missed by the monitoring
aircraft.
The entries in Table 1 suggest a different
circumstancefor the heavier seeding rate. About5 minutes
after release of the nucleant at 102450PST, maximum
ice
crystal concentrationsof 155crystals per liter weredetected
as the monitoringaircraft traversed the test track. Mean
particle size at first penetration of the plumewas 85 #m.
Six minutes later the maximum
particle concentration had
decreasedto 40 per liter but the meanice crystal size had
increased to 166 #m. This appears to be a seeding
signature that warrants closer examination.

Figure 4 Flight track of the University of Wyoming
KingAir during the second test of the P. syringae
nucleant on 2 December1989.

Table 1. Pass Data Summaryfor MOLAS
Date Begin
Time
(PST)

12/2 100833
12/2
12/2
12/2
12/2
12/2
12/2
12/2
12/2
12/2
12/2

100948
101142
101436
101700
102450
102554
102748
103012
103248
103606

FSSP CON
FSSP d
2D-C
Avg TAS PASS TRF Avg. Max HIN
MAX HIN
MAX MAX CON
d
3)
(m/see) #
0C Jl~ LWC
(#/em
(microns)
(#/i)
(5 see
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Comments

d~op ef 10 gm Of Pseudomcnas
fro~ Cessna 421
no evidence of pluae
no ~widenee of plume
no ewidence of plume
no e~idence of plume
drop of 100 gm of Pseudsno~as
no ewidenee of plume
~o e~idence of plume
ob~@~s penetration of plume
stSli in plume
still in plume

&rPingae

The imagesfor passes 3, 4 and 5 suggest a different
story. Manysmall ice crystals are evident during pass 3 and
these particles grow larger with time while maintaining
their relative uniformity in size. This appears to be a
seeding signature.

P1
lOOs.
P2
180s.

Further quantification of the apparent signature is
madein Figures 6 and 7 in whichparticle totals and mean,
medianand modalparticle sizes are presented, respectively.
Theplots are for the 5 secs of each pass that is centeredon
the time that maximum
2D-Cice crystal concentrations
were observed.

Figure 5. 2D-Cimages of the ice crystals on 2 December
1989 during the testing of the P. syringae nucleant. The
multiple vertical lines in each panel are 800 #min length
and can be used to size the particles. The elapsed time
betweenthe imagingof the particles and the time of their
generation appears at the left margin of each panel.

Plots of the total numberof particles in each bin
over the 5 secs centered on the peak crystal concentration
shownothing noteworthyfor the first two passes following
release of 100 gmsof P. syfingae. Thethird pass at 103037
PST shows a dramatic increase in the number of ice
crystals, especially in the size. range of 75-100/~m. The
fourth and fifth passes showa lesser numberof particles
but those that remain have grownlarger with time. With
the exception of the first two passes in whichno signature
was noted, the plots resemble a normaldistribution.
Plots of the mean, median and modal ice crystal
sizes in Figure 7 showthat these measuresare nearly equal
within each of the last three monitoringpasses. This near
uniformity in particle size suggests a commontemporal
origin for these ice crystals --- in this case, nucleationbythe
organic nucleant when it was released from the seeder
aircraft.
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Figure 6 The total number of particles in each bin on
each pass duringthe secondtest of the P. syringae nucleant.
The totals are over the 5 secs centered on the time of
maximum
measured crystal concentrations.

Mcdlan~x~

Modal//

Figure 7 Mean,median and modalparticle sizes for each
monitoring pass. Thesestatistical measuresare for the 5
secs centered on the time of maximum
measured crystal
concentrations.
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4.

CONCLUSIONS

There is little doubtthat the P. syringae particles
nucleatedice crystals in a supercooledfog at -8°C, since the
aircraft were flownat powersettings during the nucleation
tests that should haveeliminatedthe generationof Aircraft
ProducedIce Particles (APIPs). To our knowledgethis
the first test of this nucleant in the atmospherefor which
quantitative confirmationof its nucleating capabilities has
been possible. The seeding signature begins as high
concentrations of small particles whichgrowwith time. The
mean,medianand modalparticle sizes are nearly equal in
the plume, suggestinga common
origin for the ice crystals.
Theprimary initial crystal habit appears to be columnsor
needles, whichrime dnring the growthprocess.
Our failure to detect a seeding signature for the
release of the 10 gmof nucleant must be interpreted as a
failure to penetrate the plumeby the measuring aircraft
due to the limited dispersion and resultant areal extent of
the plume. Passage of the measurementaircraft just a few
meters above or below the track of the seeder aircraft
could account for missing the plumein the light seeding
case.
Additional atmospheric tests of the P. syringae
nucleant at warmertemperaturesare desirable to learn its
true nucleation caoabilities in a temoeraturezone that is
not serviced well by conventionalnucleants, such as silver
iodide. Theseinitial quantitative atmospherictests indicate
that P. syringae mayprove to be a valuable tool for
artificial nucleation in the atmosphere.
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"ILEVIEWED"
SOME CHARACTERISTICS 0F AERIALLY-RELEASED
AgI PLUMES IN ALBERTA
James A. Heimbach, Jr.
University of North Carolina
Asheville, NC 28804
ABSTRACT
Two cases of tracing aerially-released plumes using a Langer ice nucleus detector are
described. In one, plumes from 2AgI-NH4I-acetone, NEI-TBI wing flares and NEI-TB1 drop flare
sources are compared. For the other, a plume from a single seeding pass is traced for three
hours and seven minutes. The results show the acetone source to be very efficient, producing
as many ice nuclei as the NEI-TBI wing flares (effective at -20°C). The drop flare curtain was
difficult to detect. The linear seeding mode was found to treat laFge volumes and the spread
of the plumes was consistent with current understanding of transport and dispersion.
1. INTRODUCTION

by an $ in Hg venturi. Height was determined
accurately below lOOOm AGL with a radar altimeter.
Positions were recorded manually using a system of
checkpoints announced by the pilot. Since the
Baron was used mainly in support of surfacereleased plume tracing over a target to the
southeast of Calgary, it was based in Okotoks, 160
km south of Penhold.

This paper deals with two case studies in
which aerially-released AgI plumes were traced.
These were conducted during the summers of 1984
and 1955 as an adjunct to tracing surface-released
plumes during the Ground Generator Assessment
Program (GGAP) which was part of the Alberta Hail
Project (AHP).

Ice nuclei were traced using a Langer (1973)
acoustical IN detector belonging to Colorado State
University (CSU) .
Table 1 summarizes the
counter’s specifications.
For both cases
presented in this paper, IN counts were recorded
on strip charts along with checkpoint encounters.
The electronics for the IN counter indicated
cumulative
count which was reset for each
penetration. Estimates of the time lag to plume
edge, which is the time between initial plume
contact and the first indicated IN detection, were
made during ground tests. Estimates of lag to
mean IN detection and smoothing characteristics of
the counter were also found but these parameters
were not as consistent as the lag to edge. The
plume edge calibrations found in ground tests
agreed with aerial observations of known plume
positions in the air.

¯ Four means of convective cloud treatment have
been applied operationally in Alberta: cloud top
(drop flares), cloud base, surface release, and
aerial line seeding.
The first two were the
primary treatments during the AHP managed by the
Alberta Research Council (ARC) whose operations
were based in Red Deer. The last two were applied
by I.P. Krick Assoc. of Canada, Ltd., during
earlier operations
from 1956 through 1968
sponsored by the Alberta Weather Modification,
Coop. Surface-based releases were again tested in
1975, and 1977 - 1985 by the same under the
sponsorship of AHP. Although cloud-top and cloudbase are accurate in terms of assuring some part
of the cloud is seeded, concerns remain regarding
the timeliness of treatment and whether the AgI
has been sufficiently dispersed (see for example
Dennis, 1980; and Stith and Griffith, 1986).

Table i. Characteristics of IN counter for i984
and 1985 field seasons. Parameters are
for 2AgI-NH41.

The line, or patrol seeding mode enables the
rapid treatment of a large air mass for convective
elements to draw upon and time for the Agl plumes
to disperse within the volume. Line seeding has
been done in Israel since 1960 and a computer
simulation of its effectiveness was reported by
Gagen and Aroyo (1985). They concluded that
aerial
seeding
can provide
sufficient
concentrations
of ice nuclei (IN) in target
volumes and that maximum exposure times to
threshold concentrations are 20 to 50 km downwind
of the seeded line. To increase area coverage,
the modeling showed multiple aircraft to be better
than a single aircraft with higher output.

19~
Cloud chamber temperature (C)
Vacuum
(mb)
-1)
Sample flow rate (L min
1)
Atomizer flow rate (L min?
2)
Atomizer pressure (ibs in
Humidifier temperature (C)
Efficiency factor

-20
160
9.0
2.5
Not
recorded
25-27
100:1

1985
-20
160
10.3
0.85
3.7

20-24
less
than
100:1
Time to edge (s)
25
34.50.0125S
~ 20,*
S = total number of counts registered during pass
~hrough plume.
Use whichever is less.

The relative effectiveness of three types of
airborne AgI sources is addressed for the first
case study. This is relevant to the economics of
an operational program. The second case study
examines the long-term plume dispersal from a
single aircraft.

Prior to the 1984 field season,
the
efficiency of the CSU counter was determined at
the CSU Cloud Physics Lab (Sackiw et al, 1984).
An efficiency factor of approximately i00 was
determined, depending on the type of nucleant.
That is, for every IN detected,
99 were
undetected. Several modifications were made to
the counter prior to use in 1985. These included

2. INSTRUMENTATION
The tracking platform for both cases was a
Beechcraft Baron B58, a twin reciprocal-engine
aircraft. Air speed during tracing was 56 to 62 m
s-1 and 15 deg wing flaps were used to maintain a
level attitude at this speed. Vacuum was provided
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-I.
horizontal convergence on the order of 10-4 s

rebuilding the humidifier and the atomizer.
Higher counts in 1985,
including far more
efficient detection of the Krick arc source,
suggest a better efficiency for the 1985 season,
however,
the degree
was not quantified.
B_a~kgroundIN counts were consistently less than I

1,8 kr
tAcetone,
o
ver Airport,
I 129MDT
Course

SEEDING AGENTS
Three types of IN were dispersed for the
cases reported herein. The Aerosystems, Inc. E-16
airborne wing-tip acetone generator w~s used forboth cases. It burned 2~ by weight AgI in a 2AgINH4I-acetone solution consuming 135 gm AgI per
hour. NEI-TBI wing-mounted flares and drop flareswere used in 1984. The former burned 150 gms AgI
in 4 min. and the latter burned 20 gm Agl in
approximately
40 see which corresponds
to
approximately 1.5 km. It was assumed that there
was no delay time on the drop flares. The source
strength effective at -20°C for the wing-tip
acetone generators, wing flares and drop flares
were 7.4XI0i~ (140 kn wind) (Demott
and Grant,
1986),
5.6X1012 and 5.6X1012 IN s-I respectively
(Garvey, 1975).

Rever~

Fig.

I. Flight paths and details of plume
eneounter~ fe~ acridly-released pi~es of
J~y 27,

4. COMPARISON OF THREE PLUME TYPES, JULY 27, 1984
On July 27, 1984,
three aerially-released
plumes were traced. During this period the winds
were from the SW at the surface, veering to WNW at
1.$ km (all elevations are given in MSL). The
terrain in the vicinity of the flights averaged
about 1.1 km. Figure 1 illustrates the flight
tracks and plume encounters. Two AHP seeding
aircraft made three linear passes. The acetone
pass was N - S, 1.8 km directly over the airport
at 1129 (all times MDT).
Only one acetone
generator was operated. The drop flare run by the
second seeding aircraft started at Delburne 45 km
to the east of the airport, and 32 flares were
released at 5 sea intervals from 3.4 km on a N - S
run. The second aircraft then maneuvered to the
NW and made a run at 1.8 km burning wing-mounted
flares from N - S 25 km to the E of the airport.
The tracing aircraft flew W - E traverses at 1.8
km with the Penhold Airport on the western leg.
The tracing aircraft had previously taken off from
Penhold at 1123 and passed over the airport
approximately 5 min after the acetone plume was
released there. A total of four tracing passes
were made.

Flcre
1230

0 j
0

(/

M~--’
:0

.~,,
¢O

Km Ecst of
Fig. 2.

-------~J ~\
60

80

Airocrt

Plume encounters of final E - N pass, 1230
- 1242, JuZy 2~, 1984.

The sparse sho~ing of the acetone
plume on
two passes ilZustrates
a limited vertical
diffusion for 35 min which made plume detection
difficult althou~ the aircraft ma~nbaine~ the
same altitude as the seeder. The poor showing of
the drop flares could be expected for three
reasons. First ~he ZN were immediately spread
vertically over Z,~ km, second, the flares were
spaced 334 m, amd third, the north edge of the
curtain was over ~elburne and WNW winds would have
transported it somt~ of the tracing pass. That
any drop flare X~ were detected is attributable to
wind shear.

Although the westward passes through the
acetone plume were well-defined with high counts,
the eastward passes through this plume were
inconclusive. Ice nuclei detected on the second W
- E pass may have been a residual from the
previous westward pass. All four passes through
the wing-mounted flares were well-defined. None
of the passes through the drop flares were
satisfactory in terms of a clear plume edge and
one of the encounters was made during course
reversal. Figure 2 shows an example of three
plume penetrations for the final E - W pass of 27
July 1984.
The curves are calibrated IN
concentrationsnot compensated for lag.

An economic conclusion drawn from this flight
is that the silgLe acetone burner produced
approximately
t~e same concentrations
of IN
effective at -2~°C as the wing-mounted flares. In
1984 prices, thim corresponds to approximately
seventy-five and lhree dollars per 4 mi~ seeding
for wing flare a~d acetone sources.

Pairs of plume edges taken during sequential
flights in the same direction show the acetone
plume to have moved approximately 6 m s-1 to the
east and the wing-mounted flare plume to have
moved at approximately 3 m s-I. This suggests
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significantly west of the main plume. All were
found after convection had started, suggesting
they were residuals from slow IN flushing near the
surface. Tracing was halted due to fuel and crew
limitations.

S. DISPERSION AND LONGEVITY OF LINE PLUME: JULY
18, 1985
The dispersion characteristics of one seeded
line were measured in the flight of July 18, 1985.
On this day, an upper level ridge was buildir~g
over British Columbia, and on the surface the
western portions of Alberta were coming under the
influence of high pressure. In the vicinity of
Penhold, the morning was clear, and convective
mixing was not evident until the afternoon. The
first Cu’s were noted by the Baron’s crew at 1244
and light turbulence at 2.3 km was first noted at
the same time. Figure 3 shows the details of the
flight paths. The AgI source was a wing-tip
acetone generator. The seeding aircraft, a Piper
Aztec, had two of these generators but only one
was used with the other held as a backup. Since
there was a strong zonal component, the seeding
aircraft flew N - S passes just west of the
Penhold airport at 2.4 km on a 28 km path. A
total of seven passes were made starting at 1140.
Only one pass, the first heading south, released
Agl. This conclusion was drawn because only one
plume was detected and the western edge of the
plume was IO km to the east of the traverse before
the. last traverse was completed. Flame outs of
this type of generator were common and there was
not a flame indicator.
seeding :"
run /.
N

IN were found in high concentrations for 3 hr
7 sin.
The vertical spread of the plume was
clearly limited until convection was established,
then the vertical motion appeared to be rapid.
Plume edge positions indicate that the westerly
wind component increased from i.i to 3.6 m s-I at
2.4 km during the northern tracing traverses. In
-1
the southern traverses this increased to 5 m s
between 2.6 and 3.0 ks.
2.59
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Fig. 4. Details of aerially-released IN plume on
July 18, 1985.

@ Checkpoint
Fig. 3. July 18, 1985 flight patterns.
The tracing aircraft took off from Okotoks at
1055 with the IN detector cooled to operating
temperature. The Baron passed through the Agl
track shortly after the seeding aircraft passed
the airport heading south. The first series of
passes was W - E with the airport on the west end
of the leg. A second series of W - E passes was
made approximately 12 km to the south of the
first. The move to the south was necessitated by
a northerly component to the wind.
Several
elevations were sampled in both series.

6. DISCUSSION
Sequential pairs of plume edges sampled in
opposite directions were used to define plume
widths in the W - E (approximately downwind)
direction listed in Table 2. Representative
downwind distances and times are averages of the
edges. Pairs were disqualified from consideration
if there were insufficient IN to define an edge
and if the edges forming a pair were not within 15
mln. Downwind dispersion rates on the order of
0.2 to 2.0 m s-1 are shown, excluding the 1338
width of the 1985 case which showed a decrease.

Figure 4 details the plume encounters of this
flight.
The first portion of the flight was
smooth and two passes at 2.6 km found no IN.
Earlier a haze layer topping at this level was
noted. Ice nuclei were found at 2.1 km indicating
subsidence. By the time the southern traverses
were completed, convective mixing dispersed the
plume to at least 3 km and down to the lowest
level sampled, 1.4 ks. An aircraft sounding taken
at 1433 showed lapse conditions existed to above
3.0 km. Three areas of sparse counts were found

The downwind component of dispersion for a
line source has two contributions: the initial
dispersion of the sequence of seeded lines in
moving air, and turbulent diffusion (molecular can
be neglected). In mathematical form,
~t = (~i2 + Crx2)0"5’
where ~() indicates the standard deviations
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(I)

remained strong and coherent. Photodeactivation
or other losses were not a factor for the acetone
source. The NEI-TBI sources were not traced long
enough for comment on this matter. In view of the
rapid treatment possible for a volume of air,
predictable dispersion and longevity, line seeding
offers a legitimate strategy for operational cloud
seeding.

total, initial and turbulent spread in the
downwind direction in the order found in (1).
a box (or "top hat °, ) distribution is assumed
within
the initial plume width, w
i,
~i2 = wi2/12.

(2)

For the case studies, wi of a single line was set
somewhat arbitrarily at 100m, implying ~i = 29 m,
and for the scales involved this is negligible.
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The parameter for downwind dispersion, o
x,
was assumed to be equal to Oy, which is listed by
Turner (1969) as a function of downwind distance
for various stabilities. The spread of the pl~m~es
found experimentally can be parameterized in the
same terms by assuming that sequential pairs of
edges taken in opposite directions contain 95% of
the plume, or gt = width/4. For the two cases,
the ’~" stability class was assumed (unstable).
Table 2 compares
the quantities
derived
accordingly.
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Some conclusions can be drawn which have
operational implications. In both cases, a single
line dispersed
rapidly both laterally
and
vertically. The lateral dispersion rates reached
2 m s-1 and the vertical spread was controlled by
the mixing depth. The wing-tip acetone generator
was shown to be a very effective source for
airborne seeding. There were some problems with
the type used due to clogging and some undissolved
residual was found in the batch used. The use of
wing-tip acetone generators is cheaper than flares
because the former consume AgI slower and gets up
to two orders of magnitude more IN per gm AgI than
the flares. The 1985 case tracked a plume for 3
hr and 7 min, and throughout that period the plume
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Rapid City, South.Dakota 57701-3995

Abstract. This paper updates a report to the World Meteorological Organization
TWM-~in 1981 made by a "panel of experts" in cloud modeling, chaired by the author.
The primary uses of cloud models are reviewed and two tables constructed, one which
details the types and uses of cloud models in weather modification and references to
the models, and a second table describing the computational tasks involved in running.
the models. Someoutstanding problems are mentioned and reasons given for hope
regarding the numerical simulations of cloud seeding effects.
I.

INTRODUCTION
Cloudmodels have been used in weather
modification
researchfor over 20 years,with
more promisethan performance-- but perhapsmore
has been expectedof them than possible.Recent
developments
concerningnew observingequipment
and faster,largercomputersgive hope that the
modelpredictionscan be checkedin well-designed
Field experiments.For example,multiparameter
radarsand speciallyinstrumented
aircraftprovide
the capabilityto measurethe initiation,development,and dissipationof both liquidand ice
precipitation
in convectiveand stratiformclouds.
More significantto cloudmodification
scientists
iis that this precipitation
developmentcan now be
followedin both seededand unseededcloudsand
simulatednumerically.Cloud physicistshave
powerfulnew meansto test theoriesof
precipitation
developmentand modification.
The purposeof this paperis to reviewtile
varioustypesof cloudmodelsand theirapplication to cloud modificationproblems.I use as the
basis of the review,a reportpreparedfor the
WorldMeteorological
Organization
(WMO) in 1981
a panel of expertsin cloudmodeling(WMO, 1981).
An updateof portionsof that reportare given
below,in particular,revisedtablesof cloud
modelapplications
and computerresources
required,and appropriatereferencesto papers
publishedsince 1981 regardingcloudmodeling
applicationsto cloud modification.
Unfortunately,
this updateof referencesappliesto the. western
literature.Articlesfrom the Soviet,Yugoslavia,
Chinese,and otherscientificjournalswould have
increasedthe numberof articlesand
representativeness
of the list.
2.

THE PRIMARYUSES OF CLOUDMODELS
The 1981 reportoutlinesseveraluses of cloud
modelsin weathermodification
researchand operations. The first,hypothesisdevelopment,has
been an importantuse of cloud modelsfor many
years. The dynamicstimulationof clouds by cloud
seedingwas First observedin the 1940’s(Kraus

and Squires, 1947) and later capitalized on by
Joanne Simpson. A one-dimensional, steady-state
cloud model was an important part of the project
development. More recently, multidimensional,
time-dependent models are providing results that
aid in hypothesis development.
The seconduse, the assessmentof cloud
seedingpotential,relatesto the evaluationof
the "seedability"
of a givencloud or cloud type
or collectionof cloudsin a geographical
region.
Largenumbersof soundingscan be evaluatedin
the simplermodels for such characteristics
as
enhancedcloudgrowth afterseedingwith ice
nucleants.Fewer cases, but more complexinteractionsof the cloud microphysics
and dynamics
after cloudseeding,can be testedin the fully
interactingmultidimensional
cloudmodels.
The development of these more sophisticated
models allows quantitative
estimates to be made
of the effects of seeding and the conditions that
optimize the treatment. For example, questions
as to seeding location, seeding time, and seeding
amount can be answered through a series of
modeling calculations.
The results may then
impact on the design of a field experiment, a
third use of cloud models.
The increase of computer resources and power
has made it possible to apply a greater variety
of models to operational projects, although this
capability has not been utilized
much. Again,
the one-dimensional models have been utilized
most often for this task, a fourth use of cloud
models.
Finally,cloudmodelshave often been used
to help evaluatefield experiments.Important
effects,such as enhancedcloud growthor time of
firstecho can be predictedby the models and used
in the statisticalanalyses.Also, categoriesof
days can be establishedby the predictedreaction
of the cloudsto modification,
thus helpingto
stratifythe data for analysispurposes.

IPrepared for the IUGG/IAMAPSymposiumon the Scientific
Status of Weather Modification, XIX General
Assembly of the International
Union of Godesy and Geophysics, 20 Aug 1987, Vancouver, Canada.
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normally fully coupled models. A change in one
dependent variable due to cloud seeding can
affect every other dependent variable.

3.

TABLEOF CLOUD
MODELUSES
Several characteristics
oF cloud models, as
applied in cloud modification research and operations, have been summarized in the two tables
included in this review. A brief discussion of
the various models and their characteristics
is
included here.

The bulk water or detailed microphysics
terminology alludes to the degree of complexity
of the simulated cloud microphysics. The detailed
microphysical models normally treat a number of
categories for the condensate fields and, as part
of the solution, solve for the evolution of the
size distribution
of the particles.
As many as
50 or more equations may be needed to represent
the precipitation
and cloud particles.
In contrast to this, the bulk water microphysical models
assume a size distribution
For the particles and
require only one equation for each type of precipitation (rain, snow, graupel/hail).
Consequently,
these simpler qffcrophysical models take only a
Fraction of the computer time required For the
more detailed micro~)hysical models.

Many types of cloud models have been
developed. In 1981, the models were classified
as
zero, one, two, or three-dimensional, steady-state
or time-dependent, coupled or uncoupled, and
finally as Lreating bulk water microphysics or
more detailed microphysics. The zero-dimensional
models are essentially parcel models or those
models that treat a group of particles or, in
somecases, single particles.
Coupled and uncoupled models refer to the
degree of interaction between the microphysics
and dynamics of the cloud and the environment
(if included in the model). Steady-state airflow
assumptions preclude microphysics/dynamics interactions and are hence used in models that are
classified
as uncoupled. Multidimensional models
which solve nonlinear thermodynamic, dynamic,
microphysical, and electrical
equations are

The models depicted in Tables I and 2 are
categorized as to the type of cloud seeding
effects ~o be expected -- precipitation
initiation,
precipitation
change and the amount,
precipitation
redistribution,
hailstone s~ze and
impact energy change, fog visibility
change, and

Usesof Modelsin CloudModification
Model
s
I OD - closed
parcel

A~I A~2 A~3

A~4

A5

A6

A~7

B ~

References

X

.......

6, 19, 20, 21, 25,
26, 27, 40, 42, 44

IDS - uncoupled
(kinematic)

X

.......

24, 33, 49

lOS - coup1~

X

X

0

lOT - coupled

X

X

0

-

2DS- uncoupled
(klnef~tlc)

X

X

X

X

2DT- coupled

X

X

X

X

X

3DT- coupled

X

X

X

X

-

X

X

X

3DT- mesoscale

X

....
X .-

-

X
X -

X X X

-

2, 3, 16, 23, 32,
43, 46, 47
8, 10, 1S, 34

....
X.

5, 17, 41, 48

Sno~models

1, 7, 9, 14, 18o
22, 28, Zg, 30, 3~,
37, 38, 39, 45

Cloud~n~erec~|ons
part of sotutto~.
Potenttel for C
limited by compu=er
resources,

4, 31
X

A1 -Precipll~tton tn|tJatton tn cloud
seedingeffect)
A2 - Sign of ~hechange(plus or m~nus
A3 - Amount
of precipitation
A4 - Locationof prec|platton
AS - Hatlstonostze andassocta~-~d
parameters
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Remarks

X 11, 12, 13, 35

Ref. (13) has
expllctt clouds.

A6 - Fog dJsstpat|on
A7 - Lt9htningfrequency
B - Operational use
C - Evaluation, covar~a~es,etc.
0 - Needso~herrelated measurement
makequant1~t|veesttmte

Co~ou~t,lonal Task|CDC6600)

Model
O0

Grtd
Points

Peripheral
or Core
Storage

Computer
Ttme
1 CloudCase
COC6600~

Real
Time
Simulation

1

103

10 seconds

1DS

102

104

10 seconds

lOT Bulk+

102

103 - 104

Wamcloud
(detat led)**

102

105

Axtsy~raetrtcor
Slab-symmetric
(single sell)

104

105 - 106

103 to 104 seconds
(0.25 to 3 h)

Slab-syametrtc
(multtce11)

104

105 - 106.

104 to 105 seconds
(3 to 30 h)

180rain

3DT Bulk

105

106 - 107

105 to 106 seconds
(30 to 300 h)

~0 mtn

3DT Hesoscale

105

106-107

104 to 106 seconds
(3 to 300 h)

Severalhours

6 x 102. ~o
10 mtn
6 x 104 seconds 100mtn

60 mtn
120at n

Z x 103 seconds
60rain

-* Divide by 30 for CRAY-1times or 100 for CRAYX-~Pmachines.
+ "Bulk" refers to bulk watermtcrophysics.
** "Del~iled" refers to simulationsof the evolution of the particle spectra. In 9eneral, mndelswith
detailed microphystcs
w111take several times longer to solve than the bulk water ~odelsof the
seemdJmens|on,
dependin9on the numberof size cate9ortes.

lightning frequency change. Most of these seeding
effects ~re tested in convective-type clouds, but
a few models also treat stratiForm clouds and fog.

Table 2 giw~s some estimates of the
computational resources that are needed by the
various models, in terms oF a Control Data
Corporation 6600. These numbers should be divided
by 30 or I00 for the equivalent time needed on a
CRAY-I or CRAYX-MP machine, respectively.

Finally, in Table i various auxiliary uses
are noted for the models, such as their operation
status, and the use oF models to provide covariates
for statistical
evaluation purposes.

4.

Table 1 then summarizes the uses of cloud
models in cloud modification,
updated from the
1981 report. 2 Nearly all the models have been
used for precipitation
initiation
studies, very
few for operations or evaluation oF Field projects
or for predictions of hailstone size distribution
changes. As indicated in the table, the amount of
precipitation
predicted by the one-dimensional
models is more worthwhile and dependable iF a study
has been made oF cloud top versus rainfall
and used
in the quantitative
estimates of precipitation.
Several references have been added to this table.

Various needed developments of the models were
indicated in the 1981 report and some are still
pertinent. More effort needs to be applied
towards the simulation of cloud seeding effects
in warm rain models. More than likely this will
involve the development and use oF detailed
microphysical cloud models in cloud seeding modes.

SOMEOUTSTANDING
PROBLEMS
One of the biggest problems is attracting more
young scientists to the problems of cloud modification and cloud modeling. This should occur as
the models improve and the results indicate new
and effective ways oF modifying clouds.

2The updates to this table have been made by the author and are not necessarily
original panel.
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the views of the

processes in hurricanes and mesoscale convective
systems and the development of lightning.
The
cloud modelers are more cognizant of the
importance of aggregation and graupel to the
precipitation
processes.

The cold rain models would be more effective
if the rain simulations were improved in the bulk
water microphysics and the ice parameterizations
were also improved. Priority
items for better
parameterizations are ice initiation,
cloud ice
to snow transformations, aggregation, and snow
to graupel transformations.
Cloud seeding simulations of silver iodide in Eulerian type models
also require some development.

Most of these effectshave been describedin
observations,
simplercloudand precipitation
models,and one or two-dimensional,
time-dependent
cloud models.However,three-dimensional
cloud
models with many precipitation
ice processesare
comingon line and shouldlead to many more
excitingresultsinvolvingstormdevelopment,
particularly
in associationwith the new radar
and aircraftobservations
now availablewhich
are Focusedon ice processes.

The modeling of hailstorms and hailstone
evolution is developing effectively
in twodimensional and three-dimensional cloud models,
but is stretching the capacity of even the
largest, fastest supercomputers. The complexity
of hailstone growth involves variable density
hailstone, variable shapes, and complex terminal
velocities,
among other things. The use of
hybrid microphysical models For hailstorms needs
assessment. It is necessary for cloud seeding
simulations of hailstorms to treat the evolution
of the hailstone size distribution,
because a
change in the distribution
is one of the desired
outcomes of the seeding.

Another important modeling development is the
greater advancement and use of mesoscale models.
This should allow the effects of cloud seeding on
the cloud scale to be more readily incorporated
into mesoscale models. Several questions were
posed in the 1981 report regarding area-wide
effects and are still
pertinent.

Of course, improvement of numerical techniques
is always desirable. Significant i~nprovements
have been made in the treatment of particle category simulations so that "numerical spreading" of
particles into neighboring particle categories
is eliminated. This work is largely due to
Peter Smolarkiewicz at NCARand applied by
Richard Farley and students at SDSM&T
to the hail
problem. Modeling techniques to improve scale
interactions and the treatment of open boundary
conditions are also advancing. Lastly, turbulent
mixing, entrainment calculations,
and lightning
discharge simulations are receiving attention of
the modelers.
All of these model developments require good
data sets to assess the quality of the model
results. Of particular
importance to the modelers
is to have data sets available to them of both
unseeded and seeded storms. With the dropoFf of
field experiments in cloud modification in the
United States, very few opportunities exist to
obtain seeded storm observations.
A big impetus to the comparison of cloud
models with high quality data sets has been the
sponsorship of international
cloud modeling workshops by the World Meteorological Organization.
Very successful meetings were held in 1985 in
Irsee, FRG, and in 1988 in Toulouse, France.
Good interactions between the modelers and
observationalists
have occurred in these
meetings.
5.

SIGNSOF HOPE
The literatureis beginningto show examples
of very good comparisonsof cloudmodelingresults
with observations
of cloudsinvolvingice microphysicalprocesses.These resultsinvolvethe
interactions
of microphysical
and dynamical
processes.In some cases,they show the strong
compensating
effectsof changesthat occurwhen
one microphysical
processis affectedby seeding
or by ice multiplication.
In other cases, they
show realisticdevelopmentof ice precipitation
and hail and the associatedcloud circulations.
Realisticcloud seedingsimulationsare involved
in some of the studies.Cloud physicistsare
becomingmore awareo~ the effectsof ice
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1) How would the distribution
of
precipitation
over an area be altered by cloud
seeding?
2) Can seedingof individualclouds within
a cloud grouplead to a more Favorablee~vironmeritthroughthe redistribution
of heat,moisture,
and momentumto Facilitate
the developmemt
o-F
successivegenerationsof clouds?
3) Can seedingof individualcloudswithin
cloud fieldresultin suppressionof neighboring
cloudsor in the creationof new or bigger and
longer-lasting
cloudsthroughthe processes~f
downdraFt interaction or cloud merging?
4) What is the mode and mechanism of
interaction between a seeded cloud field and
the mesoscale environment?
Posing these questions emphasizes the
importance of modeling to the weather modification
problem. It see:ns unlikely that observations
could, by themselves, sort out the many complexities and effects of cloud seeding on the
mesoscale precipitation
patterns and amounts.
Consequently, it will take strong efforts in
modeling on the cloud and mesoscale to identify
the signals to look for in the observations.
Neither models nor observations can be empec%ed
to solve the problems; used in concert, they may
bring success to a field that has sufiered much
From declining SUpl)or~ but which holds ~o m~cb
promise for the present and future ~ater problems
of the world.
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Abstract. The Illinois
Precipitation
Enhancement Project/Precipitation
Augmentation
for Crops ExpeFiment (PEP/PACE)illustrates
someof the more important issues requiring consensus-building in weather modification,
PEP/PACEshows how project leaders
can build support amongkey interests within a state, In terms of debate and differing perspectives, it points up disagreements between proponents of basic and applied
science, and between federal and state perspectives in developing a n6w technology.
There are lessons for how administrators of large-scale R&Dprojects must seek to balance
scientific
and political
values generally, if those projects are to run the gauntlet of
pressures they face over years, This essay is written from the state perspective, since
the moving force for PEP/PACEover the years was a state science organization. The
problems faced by those seeking to forward weather modification in lllinois
illuminate
issues in developing and applying the technology generally at the state level, To the
extent there were mistakes made, proponents of weather modification can learn lessons.
But there are lessons also from the achievements, particularly
in keeping a program
going many years under sometimes adverse circumstances.
I,

BACKGROUND
ANDSETTING
The most important fact about PEP/PACEhas
been that it has had a consistent advocate, The
moving force for weather modification in 111inois
for the past two decades has been, the lllinois
State Water Survey (SWS). Established in 1896,
SWSis a long-term research organization that is
part of state government, under the Department of
Energy and Natural Resources, It is also closel~
affiliated
by law with the University of lllinois
(through facilities,
funding, and joint appointments) and is located on the university campus
in Champaign-Urbana. This helps provide a unique
arrangement (from the standpoint of state government) for stable conduct of research,

interests, SWSbegan looking into the new technology and becamesufficiently
interested to hire
its first
group of atmospheric scientists,
However, the interest could not be sustained by the
results obtained or resources available.
During
the 1950’s, for the most part, weather modification was on the backburner of the SWSresearch
agenda,
2o

ORIGINSOF PEP: THE VANDALIAEXPERIENCE
If one were to point to any specific event or
set of events that triggered renewed interest in
weather modification in SWSit was the Vandalia
experience of 1964. In that year, a commercial
seeding organization was proposing to become
active in Vandalia, a small rural area in Fayette
County in southern lllinois.
The county agent
serving Vandalia came to SWSand asked for advice.
SWSdid not believe the particular methods to be
used would work, and so advised the agent.

One of its missions is to assist the state
agricultural
industry through research on various
water-related issues. SWSreceives a base level
of funding from the state and whatever additional
funds it can acquire from federal and indus.trial
sources. In 1987, its budget was $6.3 million
($3.0 million state, $3.3 million federal)..It
had a staff of 250, of which 148 were scientists
and engineers from a variety of disciplines,
including atmospheric sciences.

The agricultural
interests of Vandalia decided to believe the commercial seeder, not SWS,
and went ahead with a program of localized summer
seeding, Money was raised and a l-month program
run, Heavy rains did fall,
While SWSdid not
believe the commercial seeder had anything to do
with the rains, the commercial seeder probably
took credit,

The existence of SWSpoints up the degree to
which organized science and technology have been
linked with this most important industry to lllinois.
The industry is big -- it is agribusiness
-- and technically
advanced. It looks to science
and technology as.a helper, not a threat. It
also has long looked to the University of Illinois
and the three scientific
surveys as major sources
of information on science and technology.

SWSatmospheric scientists decided then and
there, that if weather modification was going to
take place in lllinois,
SWShad not only to be
part of the process (as sources of disinterested
scientific
advice), but also participate in advancing the technology through scientific
research.
Limited research attention to innovative means of
purposeful cloud changes had occurred (Semonin
et al., 1962), and further assessments of how to
evaluate rain changes resulted (Huff, 1966).

The involve~Dent of SWSin weather modification
goes back to 1947, 1 year after the first cloudseeding experiments by Schaefer and Langmuir, in
New York. At the urging of local agricultural
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It is important to note, even at this early
point, the mix of scientific
and institutional
interest driving weather modification.
Also it
should be noted that there was conflict between
scientists in SWSand commercial seeders, and that
this conflict was played out before a constituency
absolutely critical
to SWS.

period of agency expansion and "territorial/subject
matter" expansion to be the top agency.

3.

PLANNINGFORA PROJECT:INTRA-AGENCY
CONFLICT
There were not many weather scientists within
SWS,but they were able, profe~sionally active,
and vigorous. They included Richard Semonin and
Floyd Huff, and were led by Stanley Changnon, then
36, a meteorologist and geographer, who was becoming increasingly interested in weather modification through his individual research and professional activities
outside Illinois
(Semonin and
Huff, 1967). He saw weather modification as
technology emerging nationally.
This was a time
when NSFwas originating the National Hail Research
Experiment (NHRE), for example. A man with institutional
instincts as well as scientific
curiosities,
Changnonand his co-horts saw weather
modification as an opportunity for SWSto move
forward.
SWSscientists began becoming more active in
the national weather modification movementincluding hail suppression (Changnon, 1969). They
began talking about a project with the Bureau of
Reclamation (BuRec). BuRec had a large research
program in several states including mountain cloud
seeding under way in. Colorado and one in cumulus
clouds to make rain in South Dakota. It was interested in testing and diffusing the technology
it was developing in the West to the Midwest. Its
primary interest was precipitation
enhancement,

The project.that
was accepted was to |ast
approximately I0 years and cost $15 million.
BuRec’s initial
commitment was $300,000 for the
first
year. BuRec indicated it would fund the
effort 1 year at a time, but that there was good
reason to believe the funds would be available.
While BuRec’s major emphasis in the west was snowpack enhancement, through winter seeding, and SWS’s
orientation
was s~mmerrain seeding, the goal of
both organizations was precipitation
enhancement.
With the first year funds, SWSwas able to hire
additional research staff, as well as obtain
needed equipment. The team now numbered twelve.
BuRec and SWSagreed that PEPwould have four
phases (Changnon, 1973a):
Phase I: Phase I included a preliminary investigation and estab]ishment of good hypo%heses.
Here,SWSwanted to look at the atmosphere and its
impacts. Basic studies would be undertakem to
determine appropriate milestones in the project,
so that success or failure would be clear. Seeding
would not necessarily take place. Phase I would
consist of a series of studies and activities
aimed at finding out the likelihood of success of
enhancing summerrain in lllinois
and surrounding
states. The inner characteristics
of many summer
clouds produced by varying weather conditions
(cold fronts, warm fronts, stationary fronts, etc.)
would be measured to discern the frequency of potentially
modifiable clouds (Changnon 1972).
Phase II: If Phase I showed there Nero enough
suitable clouds tba% could be feasibly seeded, then
Phase II could be launched at a suitable site in
Illinois,
This would be a multiyear field project
involving actual cloud seeding experiments,
using airplanes, based on knowledge gained in
Phase I.

Changnonbecamehead of the atmospheric
sciences group at SWSin 1968 and obtained agreement with the director of SWS,William C.
Ackermann, that the SWSwould move strongly into
weather modification~ Changnon was now more than
a researcher: he was becoming an institutional
advocatefor weather modification,
and had discovered.that advocacy would mean conflict,
The
chief of SWSwas supportive -- especially if the
atmospheric scientists could bring additional
funds from the federal government-into his agency.

Phase III:
Phase 111 would provide time to
analyze the data and interpret
it. This was thus
an evaluating phase.
Phase IV: In Phase IV, there No~ld be a
final analysis and the knowledge and results
acquired above would be transferred to all interested users.

4.

ADOPTION
OF PEP
It took two years for SWSto work out details of a project with BuRec, which had its own
ongoing commitments. In this period (1969-70),
the SWSreceived a contract with BuRecto study
rainfa11-crop yield relations in lllinois
and the
method developed pointed to the great value of
added rain in July and August to Illinois’
two
primary crops, corn and soybeans (Changnon and
Huff, 1971). There were no particular
disagreements between SWSand BuRec at this point. There
were just the usual delays in getting two organizations -- one federal, one state -- to synchronize their bureaucratic gears. In 1970,
BuRec told SWSit would fund the proposed Precipitation
Enhancement Project. A major proposal
was written, submitted, and a contract awarded in
early 1971. SWSleaders were told by BuRec in
1969-70 that its interest in SWSwas due to the
high quality of SWSscientific
staff and because
it wanted to expand east from their traditional
efforts in the 17 western states, Changnon and
Lambright (1987) have noted that this was

As noted, the original time frame for the
total project was Con years, with the most time
given to the field e~periments. T~ese e~periments
would be scientifically
designed, and randomized.
The experiment’s goal was to establish t~e efficacy
of weather modification in Illinois’and
further
refine the technology (Changnon, Ig73a).
At the time S~S and BuRec reached agreement
in 1970-71, there seemedto be commonality of interest, With BuRec paying for the actual project
and the state funding salaries of several SWS
staff, it appeared to be a model federal-state
scientific
project. BuRec thereby would extend
its domain beyond the western states into the Midwest, while SWSwoul~ establish itself
as the
principal weather modification group in the Midwest, and a major force in the field nationally.
Everybody would gain, or so it seemed,
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IMPLEMENTING
PEP: THE ILLINOIS FRONT
SWShad observed other weather modification
projects. It was cognizant that many had run into
trouble because their scientific
leaders had not
understood the importance of building a base of
support amongthe people who would be affected by
the project. As Myron Tribus, former Assistant
Secretary of Commercefor Science and Technology
wrote in 1970: "A scientist
can bombard a nucleus
with neutrons without asking permission of the
nucleus. He cannot engineer the environment without consulting the people who will be affected"
(Tribus, 1970).

2. In addition to attending meetings and
giving talks, SWSprepared literature
that would
inform non-scientist readers about weather modification,
in general, and PEP, in particular
(lllinois
State Water Survey, 1971).

5.

3. SWSdid a de facto "market survey,"
hiring a sociological group from Colorado to study
attitudes in the relevant potential sites for the
experiment. The results indicated a willingness
to give weather modification a try. This was a
homogeneousagricultural
economy. The common
interest of the farmers was more water, Man had
already altered the land environment substantially
to produce more crops. Why not extend man’s capability
to the atmosphere? There was a sense in
lllinois
agribusiness that man~nature~ and technology could work in harmony (Krane and Haas, 1976).

SWSwas acutely conscious of the need to
take time to prepare the public for the field experiment. That was one reason for Phase Io Not
only did SWShave to better understand the clouds
it wished to seed but also it needed to make sure
the affected publics and their elected representatives would be receptive to altering the physical
environment (Changnon and Huff, 1979).

4. As part of the scientific
work, SWSdid
impact and risk-benefit
studies, and conveyed its
conclusions, to the extent they were available, to
farmer-audiences. For example, the silver iodide
seeding materials would not cause harm to health;
the enhanced rainfall
would not alter the ecology
of animals and other species, there would not be
so much rain as to cause floods; cloud seeding
would not rob Peter to pay Paul. These and other
concerns were put at rest, as best SWScould
(Changnon, 1973a),

Hence, the early implementation (or Phase
period) took place on two fronts: the federal
scientific
front, which involved SWS-BuRec
interactions; and the state-public,
which entailed SWSlllinois
relations.
SWSknew it had to have both
fronts working in tandem to have a successful project (Changnon, 1979).
The leader of PEP spent time on both focal
points; one day talking with scientists,
another
day dealing with political
interests.
PEPwas not
the only weather modification project SWShad in
the mid-1970’s (it becameinvolved in NHRE,for
example). But it was the centerpiece of SWSefforts. Unlike so many other weather modification
efforts,
which were examples of top-down or federal
science imposed on a particular
site, PEP was to
be an example of grass-roots science, in which the
project derived from scientific
and public interests
in the state and the site would be fully supportive in every way,

5. In addition to dealing with farmers as
individuals,
SWSdealt with key leaders of the
agricultural
community, These were identified
as
the county agricultural
commissioners. Each
county had five elected officials.
These individuals presided over county agricultural
programs.
SWSscientists
went to meetings of these commissioners and explained what PEPwas all about, and
how it could ultimately benefit Illinois
(Achermannet al,, 1974).
6. SWSdecided it needed a general policy
framework in lllinois
within which PEPcould be
carried out. WhenPEP was conceived, it was seen
as a long-term venture that had to be protected
in various ways from "contamination" by indiscriminate seeding activity.
SWStherefore hired
an expert lawyer to draft a weather modification
law for lllinois,
making use of the best thinking
and "model laws" in states available at the time.
It allied itself with the powerful Illinois
Farm
Bureau. As a consequence, in 1973, a regulatory
regime was enacted in lllinois
for weather modification (Ackermann et al., 1974)o

Also, what SWShad going for it was a "state
culture" in which the dominant economic interest
(agribusiness) was pro-technology. This cultural
attitude translated generally into political
receptiveness from the legislature
for SWS.As a
man who had grown up in Illinois,
Changnon as PEP
leader had been educated at the University of
lllinois,
and worked for SWShis entire professional career, he was sensitive to how to present
technology in an Illinois
setting, He dealt comfortably with farmer groups, and his research had
often focused on weather and agricultural
issues
like crop insurance and irrigation.
As a scientist
and quasi-state bureaucrat, he was willing to labor
hard and "work the system" in behalf of weather
modification.

Thus, in a variety of ways, SWSeased the way
for weather modification on the home front. The
result was that those who were most directly
affected by PEPgave support, rather than opposition, to the project. There was legitimacy, a
sense of public consent. PEP was to be an example
of grass-roots technology.

To build a state support system for weather
modification and to head-off possible "people
problems," SWStherefore engaged in the following
strategies in the period 1971-73:

But the time SWStook in building a state
political
base for weather modification contributed to problems on its other front -- that of
the federal government.

Io Changnon, Ackermann, and other colleagues
spent a great deal of time going to agricultural
meetings around the state, speaking to farmers
about weather modification and what SWSwished to
do (Ackermann et al., 1974).

6.

IMPLEMENTING
PEP: THE FEDERAL
FRONT
BuRec was growing unhappy. Phase I was not
moving into cloud seeding trials fast enough.
While it could certainly understand the need for
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political
constituency-building
in Illinois,
it
was increasingly restive. It was uncomfortable
with the overt rationale for Phase I, namely the
need for additional scientific
planning, measurements, and feasibility
testing of clouds in
Illinois.
This was seen as too basic a research
orientation.
BuRec could not see why SWShad to
reinvent so much of the wheel -- with BuRec’s
money. After all, argued BuRec, the federal
government had sponsored all.this
convective
cloud research in South Dakota.and elsewhere.
Would not the methods and findings there be transferable to Illinois,
without all this additional
extremely fundamental site-specific
work?
In 1972, BuRec and SWSstaffs crossedswords over PEPat a project review at the BuRec
headquarters in Denver. BuRec project monitors
indicated to SWSwhat they expected SWSto do.
SWShad its own views, and tempers flared, A
while later, Changnonsat down with Archie Kahan,
head of the BuRecweather modification program
(who had not been present at the confrontational
meeting). While loyal to his subordinates, Kahan
indicated he understood the SWSposition~ Both
felt there had been an accommodation.
7.

PEPTERMINATED
In 1973, SWSwas informed that BuRec would not
provide any more money for PEP, The state of
Illinois
could fund the project if it wished, but
BuRec was pulling out. The reason given for the
decision was that BuRec was having budget troubles
and it had to retreat to its "core program." This
was in South Dakota and the West. The Midwest
(especially Illinois)
would be nice to have
part of its program, but it was not essential,
While budget problems clearly were key, the
reasons for the termination were complex. There,
was indeed a federal budget reduction in 1972 in
weather modification, and this forced BuRecreprogramming (Changnon, 1973b), But SWSmight
have fought more strongly to keep its place in the
program, as other states did, The Chief of SWS
was unwilling to seek support from Illinois
congressmenfor funds for PEP(add-ons to BuRec),
either before the budget cut or when it occurred.
SWSChief Ackerman did not want to get the SWS
involved in the "federal political
process." So
SWSlost out when BuRec"made adjustments" in the
wake of the budget crunch of 1972,
Also, in retrospect, it appears that different
views (SWSvs. BuRec) about how fast to move into
actual cloud seeding trials hurt the SWScause,
These pointed up a basic difference between BuRec
and SWS, BuRec was applications-oriented
and
believed that weather modification was a technology already in a developmental Cperhaps even
transferable)
mode. SWS, although applied in
tone generally, was relatively
basic scienceoriented when it came to weather modification,
It
held that there had to be more site-specific
fundamental research on cloud physics and dynamics
before sending airplanes up to seed, Thus, for
various reasons, the BuRec-S~Smarriage cameto an
end.
PEPran 3 years. BuRec spent approximately
$700,000. lllinois,
through SWSsalaries, contributed approximately another $400,000, But when
the million dollar plus project ended in early
1974, it had never gone beyond Phase I (Changnon,
1979).

8.

DOLDRUMS:
KEEPINGCAPABILITYALIVE
For SWS,going to the state government to sustain PEPwas not seen as a viable option. First,
Illinois
had been sold on PEPas a cooperative
federal-state
effort in which the federal government would bear most of the costs, Second, S~S
wanted PEP to be a federal project in part because
it wanted the project recognized as having widespread significance.
SWSsaw PEPas a national
research project, based in 111inois and representative of the Midwest (Changnon, 1973a). It was
source of pride of place in weather modification.
In addition, there was no guarantee the state would
not take an even more applied emphasis than BuRec.
Hence, SWSdecided to put PEPon hold, and seek
alternative federal funds.
SWSdid make the decision to stay in the field.
While keeping alert to the potential of alternative
funding for PEP, SWSnow had to maintain the
capability painfully constructed to gear up for the
BuRec project. Semonin and Changnon (1974) used
results from studies of how St. Louis accidentally
alters the weather to infer what it meant for
applied weather modification.
SWSpersonnel were
used on small projects of various kinds, Project
head Changnonhimself sometimes had to go far
afield from his "hard science" under-pinnings.
For example, he became head of a major technology
assessment of NHRE,a project that linked him (and
several SWSstaff members) with social scientists,
lawyers, and ecologists~ Such coBtacts undoubtedly broadened Changnonand his staff, making them
more capable of supplying leadership and dealimg
with the public in terms of a large-scale weather
modification project. All that was needed was a
large-scale project to which to apply their skills,
The SWSweather modificatiom group, meanwhile,
stayed busy and employed through various efforts
funded by NSF and other agencies. In 1975, SWS
even became a part of the BuRec team again, BuRec
was planning a new effort in the high plains of
Montana, Texas, and Kansas (HIPLEX project),
Would Illinois
help BuRecdesign the project, as a
credible "outside" group? SWSsaid yes (Ackerman
et al,, 1978). This effort provided several key
staff with the experience of planning an entire
large experiment in great detail,
But these and other activities,
which maintained SWScapability,
were holding actions at
best, What SWSstill
wanted was to resurrect PEP
at the first opportunity.
Toward that end, SWScontinue~ to nurture the
Illinois
political
support base (Changnon, 1975a).
Changnon was in a good position to do so. From
1974 to 1986, he served as chairman of the illinois
State Weather Modificatio~ Board, which issued
licenses for seeding activities
under the 1973 law,
This body was highly attentive to the quality of
the operational projects in Illinois,
Weather
modification had a somewhatsullied reputation in
other states. SWSwanted to protec% its status in
Illinois.
In 1976-77, a moderate drought afflicted
the
Midwest, including I11inois. Commercial seeders
made their case and farmer-users listened. While
providing funds for limited operational seeding,
these users were not sure what they were buying.
SWStook the occasion to convene a meeting of Deans
of Schools of Agriculture in Illinois,
Indiana,
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Michigan, and Ohio. It obtained agreement from
these leaders that the role of weather modification in enhancing rainfall
was still
uncertain,
and there was the need to carry through on PEP,
to determine the efficacy of weather modification
in the Midwest. A plan for a long-term midwestern
experiment was jointly developed by the SWSand
these four state universities
(lllinois
State
Water Survey et al., 1978).

cloud seeding was moderately heavy in 1976-80 and
the justification
for a major scientific
experiment had to be recognized by the promoters of
these projects, as well as those who were skeptical.
However, the funds from NOAAfor PACEwere way
below what had been anticipated.
The reason was
that between the time of initial
planning by SWS
and NOAA,and the actual decision by NOAAto fund,
NOAA’s priorities
changed. The agency made a
decision to have a FACEII project, to try to confirm what had been done previously in Florida,
rather than to moveimmediately to a new site and
project in Illinois.
This was also counter to the
strong national recommendations of an independent
assessment of the entire field (Weather Modification Advisory Board, 1979).

In 1977, following up on the meeting with
the Midwest Deans, Changnon began adapting the
original PEP design to incorporate a larger and
more diverse number of scientific
participants.
However, the basic four-phase plan was not.altered.
While keeping his staff busy with bits and pieces
of weather modification activity,
keeping active
and visible himself in national weather modification affairs,
and shoring up support in lllinois,
he intensified
his hunt for funds from agencies
at the federal level (Changnon, 1975b, 1977;
Changnonet al., 1978).

WhenSWSfound out about this change, it had
to drastically
curtail
its own plans. The result
was that PACEproceeded with minimal federal funding. Over the 1977-80 period, all that SWSreceived from NOAAwas $500,000.

The U.S. weather modification community was
small and relatively
tightly-knit.
The federal
scientist-administrators
who sought to maintain
and enhance their programs needed performers of
the credibility
of SWS.Having potential political support in the Midwest, through SWS,was an
added benefit. Hence, if Changnon was looking for
a sponsor, there was -- sooner or later -- a
sponsor who could use SWS.

This meant none of the impact studies from the
four universities
could be funded, and PACEwould
have to hold in Phase I until NOAAcould finish
FACEonce and for all, and/or redirect its priorities.
The carefully constructed coalition among
SWSand Midwest universities
gradually fell apart,
amidst great frustration
at SWS. Evaluation by
SWSscientists of the eight cloud seeding projects
in Illinois
during 1976-80 revealed little
evidence of success in making rain (Changnon and Hsu,
1981), and this helped cause disillusionment
in
the technology amongthe agricultural
community.

In 1977, the National Oceanic and Atmospheric
Agency (NOAA) and SWSbegan talking seriously.
NOAAhad a weather modification program whose
primary project then was the Florida Area Cumulus
Experiment (FACE). This was a major project
involving precipitation
enhancement. Its orientation was more one of scientific
understanding
than actual precipitation
production, as was the
case with the BuRec effort.
For a variety of
reasons, NOAAwas at this point anxious to continue its work -- but not necessarily in Florida
(Weather Modification Advisory Board, 1978).

I0. A TP~OUBLED
IMPLEMENTATION
Given this shaky beginning, implementation was
bound to be difficult.
From the SWSperspective~
NOAAnever fully and properly informed SWSof its
change in priorities.
NOAAdid send promised weather aircraft,
for a
2-day period in 1977, and another brief period (I0
days) in 1978o But in 1978, the NOAAcrew and SWS
scientists
becameengaged in a dispute over which
clouds to enter and when. In addition, SWSpriorities in radar support were not what NOAAwanted
and felt were needed. The question was raised as
to who was in charge of what in this project.
NOAAultimately decided it needed the planes in
other weather research projects than in Illinois.

9.

PEPREVIVEDAS PACE
SWSwrote two proposals during late 1977 and
early 1978 to NOAA.Meanwhile, SWSused in-house
funds to launch some basic meteorological studies
(Phase I work previously begun under PEP). Scientists at the four schools of agriculture (lllinois,
Indiana, Michigan, and Ohio) also wrote proposals
to be part of the new project that was concerned
with impact studies. What was being proposed was
called PACE,for Precipitation
Augmentation for
Crops Experiment. As a natural extension of PEP
(SWS) and FACE(NOAA), PACEfit the needs of
organizations.

SWSdid try to continue on, with the modest
funds it received from NOAA~as well as those
available in-house~ In 1981, the Reagan Administration came into power and looked for ways to
trim the non-defense federal budget. Noting that
FACEII "failed" to confirm FACEI, the administration drastically
curtailed NOAA’sweather
modification project, forcing termination of even
the "stretched-out"
and previously reduced PACE
effort (Changnon and Lambright, 1987).

SWSwas thinking in terms of a long-term
to 1.5 years) experiment costing from $20 million
to $30 million.
This would allow SWSto begin
where it left off in PEP, taking advantage of new
knowledge that had accumulated since 1973o Because of inflation
and other reasons, the costs
would inevitably be greater than in PEP. In 1977,
FACEofficially
began through a combination of
NOAAfunds and reprogrammed SWSmonies. As in the
past, SWShad begun promoting PACEin the scientific
community (Changnon and Ackerman, 1979), and
had begun re-educating the constituency in lllinois
about the "new" PEP (Changnon and Ivens, 1979).
This was important since the use of operational

II.

A SECOND
HIATUS
Now began a second period in which there was
no focused weather modification project ~round
which SWScould mobilize personnel and other
resources. This was a difficult
period~ In 1980,
Changnonhad becomeChief of SWS,and thus his
responsibilities
broadened well beyond weather
research and modification.
He was as personally
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Changnon agreed to see what could be worked
out. He spoke with some key Illinois
agribusiness
and political
leaders (including the governor’s
staff).
They told him to go ahead. Their view was
that if the federal government would put up most of
the money for weather modification, 111inois would
do its share, and together they would try to influence NOAAand the administration to go along.

committed to the field as ever, but now he had to
champion an institution
as a whole, rather than a
particular
group and program. There was no one
under Changnonwith his same combination of scientific
enthusiasm for weather modification and willingness to enter the political
thicket. The
Illinois
Weather Modification Law was scheduled to
be ended in 1981 under Illinois
sunset law on all
regulations, and sustaining the law for weather
modification required extensive.negotiations
with
state government staff.

In 1984, Congress awarded to NOAA$380,000 to
pursue weather modification research in 111inois.
The SWScontributed about $150,000 im staff salaries. PACEwas alive again.

Moreover, the internal and external constituencies were becoming more dispersed. A number of
the SWSsenior scientists who had been involved
with weather modification were retiring or shifting
their interests.
The overall budget for weather
modification at the federal level was down. Hence,
it was not possible to maintain capability by moving elsewhere for funding within the field.
Externally, there were problems not only with the
diminished federal constituency, but also with a
less interested state constituency.

13.

IMPLEMENTATION
UNDER
DURESS
PACEwas reborn, but for how long? ~t could
not look beyond 1 year of funding at a ti~ne, Also,
it becameclear to SWSthat NOAAwould net be an
easy partner with which to work. ~il|iams was gone,
and weather modification appeared to have no strong
support inside the agency from senior managers.
The man who replaced Williams, William ~od|ey, was
bequeathed a program that was embattle~, to say the
least.

During the early 1980s there was plenty of
rainfall
in Illinois.
Indeed, Lake Michigan was
overflowing its shores at times. Operational seeding was accordingly cut back. Economic times had
also toughened for lllinois
farmers and this
coupled with the lack of evidence of rain enhancement in the operational projects of 1976-80
(Changnon and Hsu, 1981) led to cessation
further operational projects (none since 1980 in
Illinois).
With no federal projects after 1981,
the relative absence of activity led to a diminution of attention and thus support. Weather modification research in Illinois
was in trouble.

Funding did come to SWSfrom NOA&a~d the
state. Over the 4-year fiscal pe~iod, 1984-8~,
through congressional interest,
NOAAprovided a
total of about $2 million in response to four
proposals from SWS.An additional ~0.6 million
came from Illinois.
But, from the SWSperspective, ~mplen~entation
has been tortuous. In its view, NOAAhas often not
cooperated.
NOAAundoubtedly felt it was doing the best it
could in a horrendous budgetary environment. It
naturally wanted to control its budget and ~riorities.

Yet Changnonremained convinced that there
was a need to resolve whether weather modification "
in Illinois
could be accomplished, if only he could
get a substantial scientifically-based
project restarted and, most importantly,
maintained. He
kept trying. The state was developing a water
plan. Changnon, as Chief of SWS,was in a position
to influence that plan and did so. The result was
that, as issued in 1983, the plan included weather
modification as a potential technology that had to
be researched and possibly applied in the context
of Illinois
water policy (Changnon and Semonin,
1982).

In 1986, the Inspector General’s Office of the
Department of Commerceinvestigated PACE, the three
other state research programs, and NOAAmanagement
of the federal/state
program. It was critical
of
NOAAmanagementand recommendedthat the federal/
state program in NOAAbe shifted to BuRec (Office
of Inspector General, 1987). In respomse to this
report~ NOAAmanagementindicated they were against
loss of the program (Mack, 1987). Ultimately,
the
federal/state program was left with NOAA.

12.

A LASTSTANDFORPACE
In 1983, Merlin Williams, head of weather
modification in NOAA,contacted Changnon. As the
latter knew, Williams had been engaged in a lastditch effort to save weather modification research
in NOAA.He had designed a federal-state
cooperative program in 1978, having madean end-run around his own agency and the Carter and then
Reagan Administrations to do so. Under the program, states would provide some funds for weather
modification activities
of interest to them (e.g.,
research or operational seeding). NOAAwould in
turn provide additional moneyspecifically
for
piggyback research.
NOAAand the administration (especially OMB)
strongly opposed this program. But Congress required NOAAto participate,
and pass-through monies
went to NOAAand made available in a grants program.
Williams had had North Dakota and Utah involved
since 1978, then Nevada in 1981. He now wanted
lllinois
to becomepart of the program.
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The adverse setting inevitably ~urts the conduct of science, leading to pressures on researchers to show quicker payoffs. Thus, federal ~OAA
was perceived as unsympathetic. Bu~ a non factor
was operating in Illinois.
Commercial cloud seeders had been telling user-farmers that t~e technology was "readier" than the SWSscientists
stated° These seeders wanted commercial contracts,
but they were undermining SWScredibility
w~th its
farmer constituency and lllinois
legislature.
The
state government, continuing to put substamtial
sums into weather modification research, and hearing from commercial seeders, wanted returns on its
investment. Under the circumstances, C~angnon
decided SWShad no choice but to move into Phase II
if the Phase I results were promising. He had to
take some heat from his scientists
for what they
regarded as bowing to "political"
pressure, The
issue was one of balancing scien±ific a~d political
values, in order to keep a project going.

Meanwhile, the long struggle for weather
modification in lllinois
had taken its toll.
While SWSstill
had able scientists
on its staff,
it had lost many of the early experienced people
to other areas of research. The instabilities
and
uncertainties
proved too much for them. Changnon
himself retired in 1986 as Chief of SWS,and now
works part-time as a senior scientist in his
former agency. Much of his time for PACEis
devoted to managing, defending, and securing
resources for weather modification.
Even he sometimes despairs of maintaining PACEas a viable
scientific
project in a hostile federal-funding
environment.

That PEP/PACEhas survived in spite of all its
trouble is itself significant
and in some ways
remarkable. That it has succeeded in making scientific
progress in understanding clouds and how
they function, as well as impacts of weather
changes on agriculture and water is even more
noteworthy. In understanding why PEP/PACEhas
survived and achieved what it did, the key factor
has been SWS. It has been an island of stability
in a sea of change. Its greatest political
success -- and this has contributed to PEP/PACE’s
survival and technical advance -- has been in
avoiding disabling debate in lllinois
and instead
creating a substantial base of support for weather
modification within that state.

The new head of SWShas many priorities
to
address other than weather modification.
Given
the dilution of staff talent at SWSnoted earlier,
and all the other changes taking place, there are
harbingers for the future of weather modification
in lllinois
that are not good after 16 years of
struggle.

There are many reasons PEP/PACEhas created
relative consensus in lllinois.
First, and foremost, SWS,early on, sold weather modification as
an aid to agriculture.
Even though SWSaimed at
scientific
research, it advocated weather modification as another tool the agricultural
community
could turn to practical advantage. As a state
agency, with university linkages, SWShad credibility
with manyquarters in Illinois
when it
spoke up for weather modification.

An observer of the lllinois
scene cannot help
but wonder whether PACEwill ever be completed.
There are many factors working against implementation, and few that are favorable. Howmany lives
can a project have, before its time runs out?

Significantly,
SWSdid not advocate weather
modification as a tool available for immediate
use, as did the commercial seeders. Rather~ it
spoke of developing a new technology for possible
use.

14. CONCLUSION
The major purpose for reviewing the above
history of weather modification in lllinois
is to
illuminate the kind of debates that impact on
"big science" projects in a state public environment, and to indicate the mechanisms that are used
directly or indirectly
to resolve such conflicts.
The purpose is not to study disagreement for its
own sake, but to try to understand its place in
the advance of a new technology, such as weather
modification.

Whenfield work was undertaken, it was carried
out in an area where attitude surveys indicated
support for what was being done° There was consent from the affected publics and their elected
representatives,
so much so that SWSwas able to
spearhead a new law protecting the well-designed
programs from indiscriminate
seeding, Even
though this law was later adapted, it remained a
symbol of a state that took the development and
regulation of weather modification seriously and
an organization within the state that could get
things done scientifically
and politically.

Debate can sometimes be healthy in terms of
ventilating
issues that otherwise fester. But it
can also cause problems, The development of
weather modification has been hindered by the
absence of a stable federal policy and sufficient
funding.

SWSactively and continually worked to minimize conflict.within
its Illinois
domain~ It
managedcontroversy with a skill that illustrates
what a state-based scientific
organization.can do
in behalf of a new technology. By building a
consensus within lllinois,
SWSmade it possible
for PEP/PACEto survive and make substantial contributions
despite many adversities.
But to do
more technically,
SWShas needed more politically
than Illinois.
It has needed the federal government, for PEP/PACEwas and is a national project
with wide regional applications and requiring
large and steady expenditures over a long time.
To be a national project, it required a larger
constituency -- and consensus.

The principal project that aimed at focusing
scientific
R&Din behalf of weather modification
was that which was known as PEPin its first
incarnation, and PACEin its latter.
(Since it was
truly the same project throughout, we will refer
to it here as PEP/PACE,unless a point specific to
PEPor PACEis intended.)
PEP/PACEwas established as a 4-phase project.
Begun in 1971, it took 15 years to reach Phase II,
There was disagreement amongscientists
over
whether it was "ready" to move to Phase II when it
finally
did make that transition.
The original
design called for PEP/PACEto be completed in
approximately a decade. It is thus many years
behind schedule, and may never be completed.

SWSthus illustrates
the limits as well as
strengths of state-based advocacy of weather
modification.
SWSproved unable to manage the
larger debates that bedeviled weather modification at the federal level.

The debates -- scientific
and intergovernmental -- are at the root of the slippage, They
have caused innumerable project delays. Twice,
the project has had to be put on hold, While
there have been many scientific
papers produced by
individuals under project auspices, the project
per se has not yet achieved its goals. Survival
has been so much at issue that it has had only
limited success in achieving its objectives.

The division of labor amongfederal agencies
is such that there have been only two agencies
that have supported applied science in precipitation enhancement (BuRec and NOAA). If SWScould
have gotten sustained support from either of these
sponsors, it might have achieved its goals. It
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did not get that support. Part of the reason has
lain with budget cuts which forced BuRecand NOAA
to make choices. But the scientific
disagreements
SWShad with those agencies did not help its cause.
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TIME FOR A CHANGE
V’mcentJ. Schaefer
Schenectady, New York

It has been more than forty-four years" since I spread six pounds of crashed dry ice into a cloud over the .~nrnir
Mount Greylock in Massachusetts and triggered a fall of snow from a supercooled cloud. While the snow prob~b~, did not
reach the ground, it inaugurated ~ tremendous amountof publicity, research, entrepreneurship and controver~e. Within
few years, preposterous claims were being made to farmers, local governments and others for the contro2 o[ tl~e iocat
precipitation patterns, rainfall, the reduction of hail damageand other weather related phenoment~
Meanwhile, our group had embarkedupon an intensive study sponsored by the defense establishment to determine the
possibility and limitations of this exciting ability to modify supercooled clouds in a massive way. After five yea~ of
research in the northeoz’t and southwest using B-17s, B-29s, and lesser aircraft, the KoreanWarneeds took aw~,: the pilots
we had spent a year or more training so we decided to terminate what was called "Project Cirrus’". A populaz gccount of
our activities along with a Final Report summarizedthe activities we conducted in carrying out 272 flight opezaeions and
much intensive laboratory studies. Few baste changes have occurred in this field since 1952 when we termi~ated our
activities.
Manymarvelous"fieM instruments, sophisticated cloud physics aircraft and ground based sensing gear suct~ ta, radar,
lidar, computer and similar devices have been developed since those days and control procedures haee become available
having a precision that was unknownin early days. Despite all of this equipment and the mounting of elaborate.program4
controversy still plagues the field. Whyis this so?
I believe the b~z~ic problemlies in the erroneousassumptionthat it is possible to use stat£rticr to ’>rove"the effect of
cloud seeding activities. Manyyears ago in a talk before the National Academyof Sciences at Scitenectad)~ in discussing
his ideas concerning convergent and divergent phenomena(the latter nowcalled "Chaos"), Dr. lrvhtg Langi~uir ~aid, "We
will be able to control the weatherbefore we can predict it." [t is" nowclear after several years" of stagnatio~t in the research
field of weathermodification that it is quite impossible to.find cloud systems which repeat themselves to the degree ~eeessao,
if randompairs are to be comparedto each other. Seeking, this illusion has cost the taxpayers" millions of dor, lar~ b~zt nto~t
devc~tating has been the conclusion that weather modification "doesn’t work", "the weather is lust too masffve", oz "~itere
aren’t any supercooled clouds anymore".
Thus, I believe the time is right to completely abandonthe randomization procedures used during ti~e p~t ge~teration
and to embarkupon a new effort bused on the use of the physical evaluation of seeding, effects. In the procesg o.¢ caro,ing
out such field studies it is essential that a thoroughunderstandingis achieved in applying the seeding materiaJ.s in ttte right
place, the right amountand the right time. t Too often one or more of these factors has been disregarded or o~,erg~ked and
thus the project is headedfor failure shortly after it has been started. Overthe years other substancez be~ide.~ dO, ice and
silver iodide have been proposed us substitutes but none have replaced these two substances which were propo3edb)’ Schaefer
and Vonnegut in 1946. There are many other ways of achieving, a localized environment comer thun -40°C ()~) than
utilization of solid CO,. (dry ice). However,none of these can comparein cost, versatility or availability.
The number of viable ice embryos which can be produced under optimum conditions by these two mateeia~ is little
short of fantastic. These range from 10’~ to 10" per gramof dry ice or silver iodide. Dependingon dilution proee.rse.~, the
number of such embryos which develop may be reduced by one or two orders of magnitude but even they ave ~¢ient to
matchor surpass Nature in the methodsthat often initiate or control weather systems. That is why f believe tt~e~e i~ t~igh
potential in properly understandingand exploiting, techniques that can lead to a realistic control of certain t~’..pes of weather
phenomena.As the new approach to divergent phenomenadevelops, it emphasizes the critical role that trigger ti~e effects
which control subsequent developmentof a process. It is this aspect of weather that offers hope that it mc~be possible to
initiate a massive changein a system constituting a chaotic state and shift it toward a convergent ph~t~e.
There are manyphysical effects which can be observed and exploited to establish the effectiveness of ~n effor~ to
control the direction of a weather.~,stem. A few of them include: 1) field observations of snow type, 2) observatio~ur of the
sizes and concentration of precipitation particles, 3) the concentration of cloud condensationnuclei, 4)
in the atmospherefollowing the precipitation cycle, 5) the appearanceand intensity of radar echoes, 6) tl~e cloaca behavior
following the seeding, operation, 7) the electrical nature and changes in the cloud system, 8) the appearance. ~.pe and
quantity of cloud remaining, in the sky after precipitation has occurred, 9) the timing and shifting of pha-te (liquid or .wtid)
following the introduction of seeding materials, 10) the timing sequence in the development of radar echoes. Su~’l~ ~e some
of the physical parametersthat merit the attention of explorution mindedscientists. The job aheadis still a cheI1e~gingone,
but I amconfident that some of the newer youngscientists I knoware up to these requirements and l am .~ure a’~ll hm,e a
f~cinating time in achieving meaningful results.
I hope that we have a few influential senior scientists in Americaequal to the job and whohave the real h~aginc~tion,
fortitude and leadership qualities necessary to put such a program together. The stakes are high but tl~e t~.~zg.t~ and
benefit/cost ratios so advantageousthat such efforts will be well worth the efforts" expended.
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ABSTRACT
Snomax TM Snow Inducer, Pseudomonas
syringae,
has undergone
preliminary
field studies
to determine
its ability
to produce
ice particles
in
cumulus
type clouds.
Initial
results
show the production
of ice
particles
at concentrations
of 100’s/liter
within
8 minutes
after
seeding with Snomax TM at temperatures
near -5°C.

i.

Introduction

The presence
or absence
of ice particles in continental
cumulus clouds generally
determines
its
efficiency to
produce
.rain on the ground.
Typically,
except
~or the low
concentrations
of
biogenic
ice nuclei
(Schnell
and Vali,
1976;
Levin and Yankosky,
1988; Vali et
al.,
1976)
the atmosphere
has a very
].imJted
supply
of active
ice nuclei
at
temperatures
warmer
than -15°C.
Even at
-20°C the average number of effective
ice
nuclei in the atmosphere
is only about 1
liter -I
(Pruppacher
and Klett, 1980).
Consequently
this deficiency
of effective
ice
nuclei in
continental
convective
clouds,
with
cloud
top temperatures
greater
than about -12°C,
produce
little
or no rain (Pruppacher
and Klett 1980).
It is known
that large
numbers
of
living
and dead microorganisms
can be
in rain, hail and snow (Gregory,
found
1967;
Parker,
1968; Parker and Barsolm,
1970;
Mandrioli
et al., ].973). These
microorganisms
were assumed
to be swept
out or collected
by falling
hydrometeors
until Schnell
and Vali (1972,
1973) reported that some of these microorganisms
were actually used as freezing nuclei.
Vali et al. (1976)
isolated
a bacterial
culture
from decomposing
leaves
which was the most effective
in producing
freezing
nuclei.
Maki et al., (1974)
identified
the bacteria
as Pseudomonas
syringae,
a bacteria
normally
found
on
plant surfaces as an epiphyte.
This ice
nucleation-active
bacteria was found to be
active
at temperatures
between
-2 ° and
-10oc (Maki and Willoughby,
1978; Lindow
et al., 1978; Yankofsky
et al., 1981b;
Lindow et al., ].982).
Figure
1 compares
the bacteria],
freezing spectrum of Snomax
to AgI and dry ice. AgI activates
between
-8 ° and -12eC, while Snomax will initiate
the the formation
of ice at significantly
ten~peratures
(Ward and
DeMott
warmer
1989).
Snomax (Pseudomonas
syringae) aerosols
were found to be highly efficient and fast
acting,
apparently
nucleating
ice by a

Figure
I. Compa~on of the ice ¢rystal
yield
ve~ temperat~e
for Snomax,
dry
ice, and two of ~te more efficient
Agltype ice nu~eat~ng
aerosols
from solution
comb~tion
and
pyrotechnic
form~ation.
(from Ward and DeMott, 1988)

condensation
freezing
mechanism
and at
rates comparable
to those of dry ice (Ward
1988).
Preliminary field
and DeMott,
tests
with
Snomax
showed
visible
glaciation effects at temperatures
as warm
as -5°C (Ward and DeMott, 1988).
These
results
suggest
a great
potential
for
Snomax as another ice nucleating agent for
use in weather modification.
This
paper
reports
some initial
results
of seeding
cumulus
clouds
with
Snomax
for the purpose
of ice production
for weather modification
purposes.
2.
2.1

PROCEDURE
Seeding

Hypothesis

To study the effects
of Snomax
as a
cloud-ice
initiating
agent,
cumulus
type
clouds were used. These cumulus had cloud
top temperatures
warmer than -6oc and had
little or no natural ice.
These clouds
were seeded
with a
mixture of
80%
Pseudomonas
syringae
and 20% silica base
at the rate
of 20 g min -I during
the
entire
time the aircraft
was in-cloud.
After seeding,
subsequent
penetrations
were made through
the cloud near the same
height to measure the number of ice particles.
The liquid water content of the
cloud
was also
to be measured,
but a
153

minutes after
seeding no
significant
amounts
of ice particles
were detected.
Airframe
icing occurred
on each of the 3
penetrations.
This cloud grew and event-.
ually formed an anvil.
Determination
of
ice crystal concentrations
at c]oder temperatures
higher
in the cloud
was not
attempted.
The fifth candidate was similar to the
fourth,
and was seeded
on the first two
passes
through
the cloud with a total of
30g of Snomax.
On the first pass through
the cloud
there were
very few
ice
particles
detected
(Fig 2a) Cl oud te mperature
was somewhat
variable,
and the
ride was moderately
turbulent
(fig. 2b).
The second
pass,
3 minutes
later,
was
smoother
with a more consistent
updraft.
There were more ice particles
detected,
but still not in high concentrations,
and
with a more uniform
cloud
temperature
(Fig. 3).
During
both the first
and
second passes the aircraft
accumulated
as
much as 7 mm of ice on each pass.

malfunction
with the liquid
water probe
made this impossible.
A series of clouds
at different temperatures
were to be used
to determine
the effects
of Snomax as an
°
ice nuc!eant
at temperatures
between
-2
and -6oc. To do this a relatively
large
field
of cumulus
mediocris
to cumulus
humilis were necessary.
2.2 Instrumentation
Quantitative
measurements
of
the
number of
ice particles
and general
atmospheric
conditions
were accomplished
by using
a SPEC model III ice particle
counter,
Rosemont Temperature
Probe, EG+G
system
dew point hygrometer
and a Loran
position
indicator.
These values were
acquired and recorded by an airborne
data
system using a Z-80 based microprocessor.
This system was designed to record data at
one second
intervals
and be written
to
floppy disks.
The ice particle
counter
(IPC) is
cross polarized ice particle counter which
uses the concept
reported
by Turner
and
Radke (1973)
and is explained
by Lawson
and Stewart (1983). The measurements
with
the higher particle
counts were smoothed
by using a 5 second average for that point
similar to Lawson and Stewart (1983).
The Rosemont temperature
probe uses a
platinum
resistance
temperature
element
°
and has a range of +50
to -50°C with an
accuracy
of 0.5°C
and a resolution
of
0.1°C. Comparison
of this instrument
with
others
during
the North Dakota
Thunderstorm Project (Boe et al., .1989) showed
consistent
error of 1.0oC colder than the
actual
temperature.
For the purpose
of
this paper the graphs have been adjusted
to show the actual
temperature
(l°C has
been added to the measured temperature).
The aircraft
used was a Beechcraft
Duke which has been suitably
modified
to
accommodate
the instruments
for weather
modification
experiments.
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RESULTS

A total of five different
clouds were
seeded with Snomax.
The first two candidates were within a series of clouds which
were approximately
3 to 4 km apart. Analysis of the flight track shows that after
seeding
the initial
flight
path was not
intercepted.
Consequently
there were no
measurements
made of the seeded areas.
The third
candidate
was seeded
at
temperatures
between
-1.5 o and -2.5oc of
which there were no ice particles detected
before seeding.
Subsequent penetrations
were conducted
at 3 and 5 minutes
after
seeding.
Little
or no airframe
icing
occurred
during any of the penetrations.
There were also no signs of growth by the
cloud during
the duration
of the experiment. Ice particles
were not expected
at
this temperature
because according to Fig.
1 the activation
temperature
of Snomax was
not reached.
After climbing
back to the -5oc level
a fourth candidate was chosen for seeding.
On subsequent
passes
at 3, 6 and
II

-7-8
5

10
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Time in Cloud
Sec
Figure 2. a) ice. pa~’~tiele
and b) cloud ~emperatu~e
ing penetr~lion.

c¢,ne.e~¢t’~atioH
of i~!~i~!
seed-

There were some definite
changes
in
the cloud by the time of the third pass (7
minutes
after initial seeding).
The cloud
had grown approximately
2000 ft in height
since seeding.
Upon entering
the cloud
the ride became
turbulent
with varying
degrees
of
updraft
and
downdraft
intensity.
Significant
numbers
of ice
particles
were detected
along with warmer
temperatures
as shown in Fig. 4. During
this pass the aircraft
accumulated
only
small amounts
of airframe
ice.
These
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ca~’,ccn~"~ation
I7 ~n~C~b after

observations
are consistent
with the 200
seconds
required
for the dry bacteria
to
grow to a 15-20 um diameter
hydrometeor
found by Levin et al., (1987) and the 3
5 minutes
required
for 90% nucleation
found by Ward and DeMott (1988).
During
the fourth
pass through
the
cloud (12 minutes
after initial
seeding)
there were no major changes
except there
was
a
greater
concentration
of ice
particles shortly before exiting the cloud
(Fig.
5).
Airframe
icing was again
m~nimal.
At this time the cloud
had
started to show signs of forming an anvil
and had grown approximately
6000 ft above
its original seeding height.
The final pass through this cloud was
17 minutes after the initial seeding pass.
At this time graupel
and raindrops
were
¯ hitting
the windshield
along with high
concentrations
of ice particles
(Fig. 6).
This cloud
had now grown
into a small
cumulonimbus
with an anvil.
Subsequent
passes
through
this cloud
were not attempted¯ due to its size and nature.
The field of cumulus around these two
seeded
clouds
was still relatively
the
same as when we started.
The two seeded
clouds
eventually
ingested
some of the
neighboring
smaller
clouds.
Two other
cumulus clouds near the seeded clouds were
penetrated
at the -5°C level, looking for
natural ice with only small amounts found
(similar
to Fig. 2a and 3a).
These
"control"
clouds
were
monitored for
approximately
I0 minutes without signs of
growth or natural ice production.
Upon descent
past cloud
base the
fourth and fifth seeded clouds
were producing rain to the ground with
occasional
cloud to ground lightning strokes.
4.

CONCLUSION
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"REVIEWED"

A REPORTON THE CONFERENCEON THE SCIENCEAND TECHNOLOGYOF CLOUD SEEDINGIN THE BLACK BILLS
HaroldD. Orville
Instituteof AtmosphericSciences
South DakotaSchoolof Minesand Technology
Rapid City, South Dakota 57701-3995
The past few yearshave seen a diminishing
watersupplyin the Black Hillsof westernSouth
Dakota and easternWyoming.Water levels in the
reservoirsin the regionhave decreasedto less
than 50% of capacity,some as low as 10%. This
causesgreat concernabout futureagricultural
and
municipalwatersuppliesin the area, particularly
in lightof the fact that the BlackHillsare a
waterresourceFor an area much more extensive
than the Hills themselves.Plans are underwayby
variousgroupsto drillwells,repairirrigation
ditches,improveconservation
methods,and study
and definemore preciselythe surfaceand ground
watercharacteristics
of the Hills.
In recognition of these problems, a conference
was held in Rapid City at the South Dakota School
of Mines and Technology on October 16-17, 1989,
designed to highlight the water problem, discuss
the status of cloud seeding to help alleviate the
problem, review what has been accomplished by
cloud seeding in the region in the past, and
outline the main steps in pursuing an operational
and research project in the region. Many experts
in the field were invited to give presentations.
The conference was open to the public and various
municipal, state, and industrial
officials
were
invited to the sessions. The City of Rapid City,
Pennington County, West Dakota Water Development
District,
South Dakota School of Mines and
Technology, and the Institute
of Atmospheric
Sciences (IAS) co-sponsored the conference.

Harold Orville.
The winter of 1988-89 and the
spring of 1989 had been a time in ~hich articles
in the Rapid City Journal and me~nosfrom Orville
to several groups had drummedup interest with
regard to weather modification as a potential aid
in alleviating
the drought. A white paper was
prepared concerning the cloud seeding potential
of the Black Hills and is available to anyone
interested as Bulletin 89-3 fro~ the Institute
of
Atmospheric Sciences (IAS). The citizens of Rapid
City and Pennington County, through the West
Dakota Water Development District,
contributed
enough moneyto fund a small pilot project which
ran from 22 April to 15 June and ~as reported on
later in the conference.
The conference was organized to satisfy
following objectives:

the

Provide information to the public
(over 400 man-years of scientific
experience was available From the
personnel at the conference).
2.

Identify

and discuss critical

issues.

3. Make decisionsaboutfutureactivities.
Form an organization
Cot identifyan
existingone) to take the actions
decidedupon,if any.
In this introductory
presentation,
several
concernswere discussed,such as: L) could
Flood be caused(which harkensback to the 1972
Rapid City flood);2) will the water still
availablefor others,if additionalwateris precipitatedon the Black Hills;and 3) what will the
cost of such a projectbe. Most of these issues
were treatedI)y speakersduringthe cenference.

MayorKeith Carlyleof Rapid City openedthe
conferenceand relatedsome of his experiences
over the past coupleof yearsas the realization
of the impactsof the droughtdeepened.He noted
that four out of the last five yearshave been
droughtyears in this area. He had asked for
waterrestrictions
in 1988,but that was not
approvedby the CommonCouncil.A Drought
Committee,underthe Chairmanship
of
Dr. R. A. Schleusener, was Formed in the
beginning of 1989 and has helped him educate the
community and decide upon appropriate actions to
take.

The Black Hills topographywas shownand the
principalreservoirspointedout. The Black Hills
providegood upliftof moistair for windsfroln
most any direction,but the greatest~plift comes
with winds from the southeast.The generalmotion
of the weathersystemsis from the Nest, but lowlevelFlow brings moisturein frem the south or
southeastmost often. The dynamicseF the clouds
are enhancedover the mountains,|eadingto extra
precipitation
there (nearlydo~ble the amountof
precipitation
found 50 to I00 miles east of the
mountains). The clouds weaken as they move off
the Hills and then produce less precipitation.
This is often referred to as a rain shadow effect.

In 1988-89,6,000 acre-feetof waterhave been
conservedby methodstakenby the City;this
translatesto about12 feet of capacityin the
PactolaReservoir.Recreationis at least a
$21 millionindustryin the BlackHillsand is
suffering-From
the low level of the reservoir.
Severalthingsbesidesconservation
are beingdone
to help. A forest thinningprogramis being considered,whichhas a potentialfor increasing
runoffby possibly32% (to about11% in the
Pactolawatershed).

Papershavingto do with definingthe problem
were presentedduringSession1, which Dr. Paul
Smith of the IAS chaired.Mr. Jazzes Millerof the
IAS describedthe climatologyof the Black Hills.
He showeda tree ring indexrepresentative
of the

Next,a bit of the historyand settingfor
this particularconferencewas givenby
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Black Hills which indicated a few periods in the
past in which droughts were more severe and longer
lastingthan the presentsituation.Averageprecipitationover the Black Hillsis approximately
21.3 inches,with 1989 comingin at a littlebelow
average.Greateramountsoccur in the northern
Hills,less in the southernHills. Most of the
1980’shave been belowaveragein the BlackHills’
divisionstations.Mr. Milleralso showed the
normalprecipitation
by month,indicatinga maximum in June and an averageof about 11 inchesof
precipitation
from Novemberthroughthe end of May
(one period of potentialcloud seeding).The
amountof precipitable
water in the atmosphere
maximizesin July~ The 24-hourprobabilityof
precipitation
shows abouta 20% chancein the
wintermonths,increasingto 30% in the springand
approaching50% in June. This indicatesthat the
numberof days of precipitation
in a monthranges
from about6 days in the wintermonthsto slightly
less than 15 days in June.

Pactola Reservoirs. Deerfield was built in 1949
and Pactola in 1956. Pactola Damwas filled
in
1962 and stayed nearly full until 1987. The two
reservoirs are a pooled storage operation with
Deerfield having about 15,000 acre-feet and
Pactola about a 55,000 acre-feet capacity.
Pactola was down about 8 feet in 1987, 77 feet
in 1988, and more than 45 feet in 1989. The net
inflow over the last three years has been about
two-thirds of the 30-year normal. The inflow in
July and August of 1989 was 14% of normal. The
1989 usage has actually been less than in 1988:
i0,000 acre-feet in 1989 and 14,000 acre-feet in
1988. Mr. Laymon also indicatedthat Angostura
and BelleFourcheReservoirsare down to 10% oF
theirstoragecapacity.
Mike Strub of the RapidCity PublicWorks
Departmentindicatedthat the populationof Rapid
City was 19,000in 1940; city officialsare
planningin the next 50 yearsto expandto serve
120,000people.The demand is expectedto exceed
the currentwater supplyby 1991. The City
eventuallyexpectsto have 15,000,000gallons
(46 acre-feet) per day coming from 12 to 15 wells
in the Rapid City area that are now being
constructed.

At the surface, the winds were shown to be
pri~narily from the west through northwest with
a secondary maximumfrom the southeast at the
surface in the winter and spring. At 700 mb
(about I0,000 it), the winds are primarily from
the southwest to the northwest; these are the
directionsfrom which cloudseedingwould
probablybe done most Frequently.

John Mattson,an attorneyfrom Deadwoodand
one of the operatorsof the Deer Mountainski
area,commentedon the needsof waterfor the ski
industryin the northernHills. Artificialsnow
makingmachinesare in use at one area,but more
naturaland artificial
snow is neededFro(n
NovemberthroughMarch.

Mark Anderson of the USGSspoke on the
hydrology of the Black Hills.
He mentioned that
precipitation
had been below the meanfor the last
five years, and that the last three years have
been more than one standard deviation below the
mean. He indicated that the Cheyenne River flows
at about 94 cubic feet per second (that is, about
190 acre-feet a day) at Edgemontin the southern
Hills, and 320 cubic Feet per second at Wasta to
the east of the Hills.
This shows the influence
of the Black Hills in adding water to the surface
water supplies. The Cheyenne River above Edgemont
is Fed by an average of 13 gallons per day per
acre in the watershed. The Belle Fourche River
west of the state line yields 27; Rapid Creek,
150; and Spearfish Creek, 312 gallons per day per
acre. The runoff efficiencies
(ratio of runoff to
precipitation
in the various watersheds) are for
the Sturgis watershed, about 27%; Spearfish Creek,
22%; Rapid Creek above Pactola, 8.3%; and the
Powder River Basin in Wyoming, 5.3%. Fall River
runoff in the 1940’s averaged 29 cubic feet per
second and in the 1970’s and 1980’s has averaged
only 21.5 cubic feet per second, a significant
drop.

John Percevich of the Pactola Pines Marina
discussed the problems of the water level in
Pactola and its influence on summeractivities.
There is a moderately large boat industry in the
area, which is suffering from the low water levels
of the various reservoirs.
Alex Asbridge, representing the City of
Custer, discussed the problems of low water level
in the Black Hills.
Custer was one of the first
cities to feel the effects of the water shortage
and has had to limitexpansionof new businesses
becauseof the low water supply.
Jerry Marsh represented the irrigators
of
Rapid Valley and mentioned that their largest
request for water was in 1985 when they asked for
8,600 acre-feet.
The average each summer was a
request of 5,400 to 5,500 acre-feet.
Hank Scholtzrepresented
the miningindustry.
Even thoughtheiruse of wateris substantial,
they do not consumemuch water. Five large scale
miningoperationsuse about200 gallonsper
minute,about322 acre-feetper year.

Mr. Andersonemphasizedthat the BlackHills
and its precipitation
are a resourceto an area
which is very large comparedto the BlackHills.
All of westernSouth Dakotaand some of eastern
Wyomingare served by the Black Hills. The
Madisonaquifercoversa Five-statearea;the main
inputis from the Black Hillsand the Big Horn
Mountains.The Rapid Creek loss to the Madison
aquiferaveragesabout 8 cubicfeet per second,
but increasesup to 14 cubicfeet per secondin
dry years. A well near ReptileGardenssouth of
Rapid City has droppedapproximately
20 feet since
the beginningof 1988, and a total of 50 feet
sincemid-1987.

Professor Gabor Vali from the University of
Wyominghad discussed Wyomingwater problems with
the State Engineer and reported the following
information.
The Belle Fourche and Angostura
Reservoirs are fed from water From Wyoming.
Keyhole reservoir is in the eastern end of
Wyoming. It is at 10% capacity as are the other
reservoirs just mentioned. Wyomingis not too
concerned about the cloud seeding in the Black
Hills or in eastern Wyomingbecause 90%of the
water that goes into Keyhole is reserved For South
Dakota, 10% for Wyoming. The state officials
see

BruceLaymonof the U.S. Bureauof Reclamation
in iluwullr~portedon the storaueof Deerfie]d
and
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oF those states(Utah,California,Nevada,Idaho,
Wyoming,Colorado)are involvedin orographic
activities.Arizonamight also be added to that
list. Twenty-eightthousandsquare miles were
involvedin the orographiccloudseeding.

no great problem with cloud seeding in the Black
Hills with regard to Wyomingactivities.
A short session, Session 2, chaired by
Harold Orville of the IAS and held after lunch on
Mondaywas concerned with the scientific
background of weather modification.
Arlin Super,
who has been involved with much of the research in
orographic cloud seeding in the western United
States with the Bureau of Recl~mation, read portions of statements from the Bulletin of the
American, Meteorological
Socie~(~)and
the
~:~n~~-di~i-~’a~i-O~
~’s~Cf~t-i
~ (~A-)concerning
the potentialfor orographiccloud seeding.The
BAMS statementsuggestsa 10-15%increasein
orographicseasonalprecipitation,
whilethe WMA
suggests5 to 25% increasesin seasonalprecipitation. Many of the basics of orographiccloud
seedingthat he describedare also coveredin the
informationbulletin(Bulletin89-3 of the IAS).
Dr. Superpresentedsome very interestingresults
from the BridgerMountaincloud seedingproject
that showedcloud seedingeffectiveness
in
reducingthe amountof supercooledwater in the
atmosphereand increasingprecipitation
on the
ground.He indicatedthat the atmosphericconditionsfor seedingcan oftenchangewithinone
hour or so, so observations
of currentconditions
are quite important.He recommendsseeding
throughoutthe stormperiodeven thoughoptimal
conditionsare not alwayspresent.Dr. Super
considersthe productionof silveriodideand its
transportto the cloudsas a difficultproblem.
He believesthat some projectsin the past have
failedto actuallyseed the cloudsvery
effectively.
Paul DeMottof ColoradoStateUniversity
reportedon the variousseedingmaterialsthat can
be used on a cloud seedingproject.He mentioned
four Categoriesof materials:1) inorganics,such
as silveriodideand lead iodide;2) organics,
such as DN or metaldehyde;
3) coolants,such as
C02, propane,LN2 or liquidair; and 4) biological, such as bacterianucleants.Mr. DeMott
discussedcloud seedingdevices.The releaserates
from aircraft generators are somewherearound onehalf a gram per minute and from pyrotechnics about
20 grams over 40 seconds. He presented activity
curves for the materials and compared some of their
model results concerning activation of nucleants
with ti~eir laboratory results. He indicated that
solid carbon dioxide could provide I0 ~2 to I013 ice
crystals per gram of sublimed C02 and silver iodide
agents I0 ~o to 10~6 particles per gram.
The last paper in this session was given by
Don Griffith
of North American Weather Consultants
and involved the current winter orographic cloud
seeding activities
in the United States.
Mr. Griffith
used reports published by the
National Oceanic and Atmospheric Administration
(NOAA) to illustrate
the amount of activity
going
on. Reporting procedures are required of all
operators so that NOAAcan keep track of how much
cloud seeding is being done in the United States.
Mr. Griffith
gave information which indicated
14 states with 33 activities
were in operation in
1988; 6 of those states were pri(narily
involved
with orographic winter programs. Nearly 63,000
square miles were involved in the target areas
in alI of these states. In 1989, approximately
13 states were involved in activities
with about
56,000 square miles as target areas. Again, six

Mr. Griffith
also showed a comparison of
weather modification activities
fro~ 1978-19~8,
which indicated the number of activities
decreasin
froln about 70 to a few less than 40 presently.
During this time period, the square miles have
decreased to about one-fourth of the 230,000
square miles covered in 1978. He indicated that
the numbers of programs fluctuate and are a ~unction of the drought cycles and federal funding.
Session 3, chaired by Paul Smith, covered
various cloud seeding experiences in the Black
Hills and nearby areas. Wilbur Brewer and Harold
Orville reported on the spring project in the
Pactola watershed. Mr. Brewer indicated that
2,700 grams of silver iodide had been dispensed
during 11.5 hours of seeding operations. Harold
Orville presented information on precipitation
during the month of May, which is the only time
that cloud seeding was done over the Pactola
watershed. The average precipitation
was slightly
less in the watershed than outside, but was well
within the natural variability
of precipitation
in
the region. However, with so few hours of seeding
there could not have been a very significant
effect on the precipitation
in the watershed.
Several factors restricted the number of hours of
seeding. They were I) a lO-day legal delay before
the project could start, in which a good seeding
situationoccurred;2) aircraftnot well enough
deiced,so that a largestorm situationwas
missed;3) aircraftrestrictedon one occasionto
the airportin Bowman,when the runwayswere not
clearedoff; 4) time of ferryfrom Bowmanto Rapid
City using up some of the potentialseedingtime;
and finally5) Air Force restrictions
on the air
space,which eliminateda few hours of potential
seeding.Also, under bad weatherconditions,the
seedingaircraf~were restrictedfrom Flyingbelow
10,000feet (msl) over the BlackHills.
Consequently,
of the potential40 to 50 seeding
hours, only about11 hoursof seedingwere
actuallyaccomplished.
HaroldOrvilleconcludedthat the important
things learnedin the springprojectwere the
following:
1.

Ground generators should be added to a
project;

2.

Well deiced aircraft

should be used;

Aircraftshouldbe deployedat an
airportfacilitynear the Black Hills;
possiblyRapidCity, ~ewcastle,or
Spearfish;
4. Radar wouldbe very usefulFor cloud
seedingopportunityrecognition;
5. Satellitedata would also be very
useful;and
Most importantly,
many seedable
situationsoccurredduringa month
in whichprecipitation
was below
average.
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ArnettDennisfrom the Bureauof Reclamation
reportedon the experiencesof cloud seedingin
the summertimein the BlackHills in the 60’s and
70’s. He stressedthat by increasingthe cloud
tops a slightamountby cloud seeding,500 meters
or so, potentialincreasesin precipitation
of 30%
might occur. He also mentionedthat seedingin
one of the target areasin the Rapid Projectmight
affectthe otherarea, so measurements
over a
largearea are neededto evaluatethe cloud
seedingeffects.
In the final paperof this session,Bruce Boe
from the North DakotaAtmosphericResourceBoard
reportedon their summercloudseedingprogram.
They operatewith 90% countysupport,10% state
support.He mentionedfour componentsfor a
successfulproject:I) planning;2) evaluation;
3) regulation;and 4) education.Their operating
budgetis about $0.07per acre over 5,000,000
acresof land.
Stan Changnonspokeat the eveningbanquet.
He made a connectionbetweenweathermodification and the climatechangewhichseems to be
occurring.Many climatemodels predicta ~arming
and a drying in the northernplains.He warned
not to expecta smoothtransitionfrom one climate
to another.He expectsthat weathermodification
will come back in vogueas water shortagesbecome
worse. He concludedthat the Black Hills is the
rightplaceand now is the righttime for a
responsible
long-termcloudseedingresearch
and operationalproject.The text of his Fine
talk is availablefrom the IAS.
Session4, chairedby R. A. Schleusener,
was
concernedwith evaluationand costsof cloud
seedingexperimentsand operations.On Tuesday
morning,ProfessorGabor Vali discussedthe
physicalevaluationof a project.He said that
the main purpose of such an evaluation is to
answer the question, "Do we know what we are
doing?" The aims of any physical evaluation are
to I) assess the potential of cloud seeding;
2) help design a project to develop proof of
concept; 3) support the statistical
evaluation
that should be done on any project; 4) help in
the optimization of the project with regard to
targeting, the seeding rates, the type of seeding
material, and the safeguards to be used; 5) help
in the transfer of the results to other regions;
and 6) provide cause-and-effect relationships
and
proofs. He said that all of these items are functigrisof the meteorological
situation.Physical
evaluationsare a necessary,even thoughan
expensivepart of a cloud seedingproject.
Professor Vali mentioned that the main methods
and tools used for evaluation were aircraft,
radar, microwave radiometers, surface stations
for measuring rainfall
and snowfall, and tracer
studies for finding out where the airflow and the
seeding material is going. He mentioned that the
synthesis of the observations is helped by models
of the seeding situation.
Roy Rasmussenof the NationalCenter for
AtmosphericResearchand AppliedResearch
Corporationspokeon the use of numericalmodels
for evaluation.He reportedon his experience
using modelsin Thailandto help formulate
hypothesesfor cloud seeding.He used onedimensional,
two-dimensional,
and three-dimensional
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models to aid in this work. His work on mesoscale
modelshas indicatedthat airflowabout mountains
can be modeledquite well,and that we have a good
chanceof also simulatingthe precipitation
processes,both in seededand unseededconditioos
in these models.Many of the cloud models that
Dr. Rasmussendiscussedare availablefor the
BlackHillshave been developedby SDSM&T
scientists,and are plannedto be appliedin
the futureto Black Hillsconditions.
ProfessorPaul Mielkeof CSU discussedthe
statisticalevaluationof a project.He admitted
that there are some situationswhichare "lookand
wow!" situations.Supercooledfog clearingis an
exampleof that type of evaluation.He discussed
target-onlydesign,target-control
design,and
crossoverdesigns(whichhe considersthe preferable approach).He recommendsfor the Black Hills
a 24-hour experimental unit with eight 3-hour
analysis units within each of the experimental
units. He would stratify
by 6-hour soundings and
use the crossover design with 50-50 randomization.
He estimates 20 experimental units per season
giving 160 analysis units.
Don Griffith
spoke briefly on someoperational
cloud seeding considerations concerning how to
mount a program over the Black Hills.
He
suggested that persons or corporations with
experience in conducting winter orographic cloud
seeding programs should be contacted and employed
in such a program. The Weather Modification
Association (WMA)has a certification
program and
would be a good organization to contact. He
stressed that persons or corporations with the
available resources, with adequate insurance
coverage, and with the proper background are
needed to run a good operational project. He
thought that the Black Hills was a very excellent
area in which to conduct an orographic cloud
seeding project. In summary, he stressed that you
need qualified personnel, suitable equipment, and
a good design to run a successful operational
project.
Tom Hendersonof Atmospherics
Incorporated
presenteda paperon the cost of an operational
project.His financialevaluationwas excellent
and gave much informationof use to the conference
personnel.He categorizedthe expensesinto those
for personnel,weatherdata acquisition,
radar,
aircraft,groundgeneratorsand consumables,
seedingagents,utilitiesand leases,transportation,insurance,and communications
and setup.
He estimatedthat a BlackHills programlasting
sevenmonthsand involvingfive people,one radar,
two aircraft,and 40 groundseedinggenerators
would cost nearly$300,000.He estimatedthat a
projectfor the PactolaWatershedwould be
approximately
$100,000less.
Paul Smith of the Institute
of Atmospheric
Sciences discussed the cost of the research component of a cloud seeding project for the Hills.
He considered that better climatology of the Black
Hills was needed, along with better knowledge of
the precipitation
processes in the Black Hills.
More knowledge about transport of material, and
more information about nucleating agents and their
activities
in the Black Hills were also needed for
such a project. A statistical
design is needed.
Muchrelated research going on regarding cloud
seeding in the western United States could be used

in the Black Hills project. He stressed that
several years oF data are needed to conduct a
meaningful statistical
evaluation. Physical and
modeling evaluations are important components of
a research project.
The bottom line in his talk was that the cost
of a thorough research component would be comparable to the operationalcost. A qualityradar
and researchaircraftare very.expensiveas are
the lead scientistand personnelinvolvedin the
evaluationand researchtasks.The least expensive type of work would be like that done in
associationwith the seedingprojectin North
Dakota,in which historicalcrop-hailinsurance
data were analyzedFor about $25,000.On the high
end of evaluationcosts is the federal-state
cooperativeprogramfor weathermodification,
with
costs of about $500,000per year on the projects
they are studying.
The final paper of the Conference was given by
Dr. Roger Reinking of the National Oceanic and
Atmospheric Administration (NOAA) who discussed
several items concerning operations and research
in weather modification plus the budget picture of
the federal government. He commentedthat money
for operations would generally not come from the
federal government. He mentioned that a user tax
has been established in Arizona which provides
about $750,000 per year for weather modification.
This is based on the acre-foot of water use.
He mentioned two pertinent programs in the
National Science Foundation, the mesoscale and the
physical meteorology programs, which have about
$12,000,000 in research, but that weather modification is a very small part of those programs.
The Bureau of Reclamation has been nearly zeroed
out in their funds recently but they hope to
increase their program in the near future. NOAA’s
federal-state
cooperative program provides about
$2.2 million per year for weather modification
studies and has been relatively
steady for the
past Few years. He sees no support from NASA,
the Department of Defense, or the U.S. Forest
Service for weather modification.
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The conference ended with a brief discussion
of the results and the objectives that Harold
Orville had suggested in his opening remarks. It
was agreed that many problems still
need to be
solved in weather modification,
but that enough
was known to support an orographic cloud seeding
project in the Black Hills.
There were no critical questions that had to be answered before an
operations and research program could be mounted.
The main problem was where to find financial
support for such a program, and that has not yet
been resolved. [Later evaluation for Leonard
Duberstein of the Bureau of Reclamation in
Billings,
Montana, has indicated the cost of a
full-season cloud seeding program in the Black
Hills to be approximately $300,000 for the entire
Hills (competitive bidding might bring that down
considerably) and $240,000 or so for the Rapid
City watershed. The amount of extra water to be
gained is estimated to be of the order of i00,000
to 200,000 acre-feet for the Black Hills and
30,000 to 60,000 acre-feet for the smaller watershed, yielding the cost for an acre-foot in the
watershed ranging anywhere from $1.00 up to $8.00
to $10.00. Estimates of extra water in the reservoir are more difficult
to make. There are two
components to consider: I) the extra runoff due to
the added seeded precipitation;
and 2) the extra
runoff due to the increased runoff efficiency
caused by the cloud seeding. Item (1) involves
seeded precipitation
only; item (2) involves both
seeded and unseeded precipitation.
For example, if
the runoff efficiency is originally
7%, then the
runoffefficiencydue to the seededprecipitation
may increase I% to 8%. Item (I) becomes 8% times
30,000 acre-feet equals 2400 acre-feet and item (2)
becomes 1% times 360,000 acre-feet (annual average
precipitation
in the Pactola watershed) equals
3600 acre-feet for a total of 6000 extra acre-feet
of water in the reservoir.]
It was certainly the feeling of most of the
people at the Conference that a long-term project
was needed; a year-by-year project is not the
optimum way to go. A well designed five-year
operational project with the associated research
and evaluation would be desirable.

