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The Practicability of Dry Ice for On-Top Seeding of Convective Clouds

Epmonp W. HorLrovp III,! ARLIN B. SUPER! AND BERNARD A. SILVERMAN?

Burean of Reclamation, U. S. Departinent of the Interior
(Manuscript received 22 July 1977, in final form 23 September 1977)

ABSTRACT

Dry ice is shown to be an attractive agent for on-top seeding of convective clouds. A modest payload of
small dry ice pellets can effectively seed dozens of clouds, depending on cloud volumes encountered and
crystal concentrations desired. A dry ice pellet size of about 7 mm diameter is suggested for efficient use of
seeding agent when dropped from the —10°C level.

Supercooled convective clouds that were seeded on-top with dry ice were investigated to determine em-
pirical nucleation effectiveness values. The clouds were repeatedly penetrated to measure the resulting ice
crystal concentrations. The experiments gave conservative effectiveness values of 2 to $X 10" crystals per
gram of dry ice, but with possible error bars extending an order of magnitude to each side of those values.

A well-documented experiment giving effectiveness values twice as large is discussed in detail.

1. Introduction

This paper presents some new estimates of the
effectiveness of dry ice as a cloud seeding agent and
considers the practicability of using dry ice for convec-
tive cloud seeding in view of these and other estimates
of its effectiveness. Dry ice—solid carbon dioxide at a
temperature of about —80°C—was used by Schaefer
{1946) in his initial experiments that started the modern
era of weather modification. It was used in many
cloud seeding experiments during the late 1940’s and
early 1950’s. However, silver iodide (Agl) became a
much more common seeding agent because of its higher
effectiveness per unit mass and, more importantly, the
logistical ease and reduced costs associated with Agl
seeding near cloud base or from the ground.

Schaefer (1976) has recently urged a revival in the
use of dry ice in cloud seeding. The practicability of
using dry ice is obviously determined to a large degree
by what its effectiveness actually is, i.e., the number
of ice crystals resulting per gram of material used.
Schaefer states that it offers economy and superior
effectiveness (relative to Agl) at all temperatures
below 0°C. He indicates that in air at —16°C and at
least supersaturated with respect to water, more than
10" jce embryos can be formed per gram of dry ice.
Other investigators have reported values, usually
based on laboratory work, which generally range from
101 to 10! crystals per gram (Weickmann, 1957; Eadie
and Mee, 1963; Fukuta, 1965; Allee et al., 1972). The
latter work was with actual clouds, but ice crystal
measurements were limited. More recent laboratory

1 Miles City, Mont. 59301.
2 Denver, Colo. 80225.

work by Fukuta e! al. (1971) indicates an effectiveness
value of 8 X 10" crystals per gram from —2to—11°C.

2.' Dry ice seeding experiments

Several experiments have recently been conducted to
provide better estimates of dry ice effectiveness in
actual clouds, especially summertime cumuliform
clouds. These experiments, inspired by the work of
Allee et al. (1972), were conducted by one of the
authors (Holroyd) while working with the Common-
wealth Scientific and Industrial Research Organization
(CSIRO) in Australia and by all authors through the
U. S. Bureau of Reclamation’s High Plains Cooperative
Program (HIPLEX).

In all seeding experiments, the dry ice pellets were
dropped out a hole in the bottom of the airplane in as
continuous a fashion as practical. A hand scoop of
known volume was used and the number of scoops
recorded. The dry ice mass data are therefore
approximate.

a. Dry ice pellet sizes and mass

The dry ice used in both the American and Australian
experiments was obtained commercially in the form of
cylindrical pellets. They were transported from the
factory to the research site in various containers over
distances on the order of 1000 km. During storage the
pellets slowly sublimed. Therefore, there is a potential
for size changes from the time of manufacture to the
time of use in seeding.

To observe any size spectrum changes during storage,
a 13.5 kg sample of dry ice was placed in a cardboard
box, transported for 3 h, and then kept in the box in a

SQDXWKHQWLFDWHG _

'RZQORDGHG



50 JOURNAL OF

o]
Q
]

APPLIED METEOROLOGY

VoLUME 17

» [+ @®
o [¢] Q

N
o

CUMULATIVE PERCENT OF PELLETS

L 1

i I

DIAMETER

I | L AL -

Q

1 2 3

4 5 6 78910 mm 20

30 40

CYLINDER LENGTH

Fic. 1. Spectra of dry ice pellet samples showing only a slight reduction in
cylindrical lengths with time. The straight line is the spectrum adopted for the
numerical simulations of pellet sublimation.

chest freezer at —17°C. A typical diameter of the
pellets was determined upon acquisition. Each day
thereafter the mass of the remaining dry ice was
measured, the pile stirred, and a handful of pellets
removed for size measurement. Most pellets had
irregular ends but uniform’ diameters of about 15.5
mm. The pellet length used to calculate the median
values was an estimate of the length the pellet would
have if it were a perfect cylinder of the same mass and
diameter. Similarly, the small fragments were expressed
in terms of the length of perfect disks of 15.5 mm
diameter. The sample in this environment sublimed
in less than 4 days.

Fig. 1 shows the size spectra measured and the
spectrum adopted as a description of the typical dry
ice pellets. Table 1 shows the changes in mass, diameter
and length with time. It can be seen that, while the bulk
mass decreased rapidly, the pellet diameter remained
fairly constant. Compared to the mass decrease, there
was only a slight reduction in pellet length with time.
Visual examination of the stored dry ice showed that
pellets on the outer surface of the pile sublimed first,
while those on the interior of the pile did not change
size until the outer surface receded to that position.
These observations suggest that the mass decrease was
primarily due to changes in the number of pellets,
which resulted from the complete sublimation of

pellets on the outer surface of the pile. Intérior pellets
probably remain in a temperature environment of
about —80°C, and slight changes in length are appar-
ently associated with fragmentation during stirring
rather than sublimation.

It seems reasonably safe to assume that there is
little size change of most individual dry ice pellets
during storage. However, fracturing might reduce
cylinder lengths, perhaps by 509, while the pellets
are being loaded into containers for use on the aircraft
and while dispensing the pellets from the aircraft.

b. Dry ice sublimation rate

Fukuta et al. (1971) have theoretically derived a
sublimation rate of the form

dm ’
—-—d— =[(8.16X10~%d)/P](0.097T+9.4P+137.3)
{

X (0.097T+9.4P—25.4)
X[146.66X 102(d3/ P)iT-512(T—125.9)~1/6], (1)

where T is in kelvins, P in atmospheres, d in centimeters
and dm/dt in grams per second. They used a pellet
surface temperature of — 100°C.

Mee and Eadie (1963) actually measured the sub-

TasLE 1. Changes in dry ice pellets during storage.

Elapsed time . (h) 0
Remaining mass (kg) 13.6
Typical sample diameters (mm) 15.8
Range of diameters (mm) *
Median cylinder length (mm)

Sample size (pellets) 21

27 48 72 95
6.7 3.55 1.05 none

15.0 15.5 15.5 —

14.5-15.5 14.5-16.0 14.5-15.5 —

4.6 48 4.7 —_

50 39 7 —_

* Not accurately measured.

8QDXWKHQWLFDWHG _

'RZQORDGHG



January 1978 HOLROYD,
limation rate of pellets in a2 wind tunnel. Their pellet
density was 1.4 g cm™. They found that the sublimation
time ¢ (s) was

T,—25°C
——) @

1= 153M°-42(
T,—T,

for initial mass M (g). Slower sublimation rates
occurred at colder environmental temperatures T.
They appear to have used T,=—79°C as the dry ice
surface temperature. Their equation may be inverted
and differentiated (ignoring lapse rates) to obtain

dm Ts—Ta
= 1.556 ) 10-2M0-58 ( )
dt T:—25

—79—T,
=1.556 10-2M0-58 (— ) 3)

—104

where T, is the air temperature (°C). No corrections
for pressure were included in their work.

Both sublimation rates were used in a numerical
simulation to determine the amount of dry ice that
sublimed within the supercooled region of the clouds
investigated. The typical dry ice pellet spectrum,
expressing cylindrical sizes, was converted to a spectrum
of spherical pellets having the same volume or mass.
The terminal velocity of Fukuta et al. (1971),

Td\?
u=115X 102<;~) [em s™1], 4)

was used in an atmosphere having a lapse rate of 1°C
(152 m)~%. For the experiments conducted, dry ice
was typically dropped at —10°C and 5800 m (all
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elevations above mean sea level unless otherwise noted),
for which the Mee and Eadie sublimation rate indicates
about 329, of the mass was consumed in the supercooled
regions, assuming no vertical velocity. The Fukuta
el al. sublimation rate is slower as a result of a colder
pellet surface temperature and gives 139, of the mass
consumed in the subzero regions. In both cases the
remains of the larger pellets arrived at a ground level
surface defined at 800 m. This suggests that a smaller
size spectrum would have resulted in a more efficient
use of the dry ice for the conditions stated. Pellets
equivalent to a 7 mm diameter sphere (the smallest
size considered in the numerical experiment) fell to the
2°C level in the simulation using the Mee and Eadie
sublimation rate; they reached the 15°C level using
the Fukuta ef al. rate.

The dry ice pellets would have a longer residence time
in the supercooled region of clouds with strong updrafts,
and might even completely sublime above the 0°C
level in very vigorous turrets. However, the clouds
sampled in these experiments typically had both
updrafts and downdrafts of only light to moderate
(<5 m s71) magnitude.

c. Ice crystal counters

The clouds investigated were sampled with several
types of airborne instruments. They are listed in
Table 2 with abbreviations used later in this text.
Some of the instruments could discriminate between
water and ice while others yielded particle sizes only.

Each of the instruments has distinct capabilities and
limitations. The physical samplers (foil, Formvar,
oil-coated slides) are reasonably unambiguous in their
records, but they are laborious to examine and some-
times require interpretation. The electronic samplers

TaBLE 2. Instruments used for detecting or inferring ice crystal concentration.

Instrument*

Aircraft operator

CSI MRI uw CSIRO
IPC Ice particle counter (polarized light)
CSI-IPC a. CSI version, vertical beam X
UW-IPC b. UW version, diagonal beam x
PMS2 PMS 1-D probe (20-300 um) (optical array)
a. vertical beam x X
b. horizontal beam x
PMS3 PMS 1-D probe (300~4500 um) (optical array)
a. vertical beam b b3
b. horizontal beam
Foil Foil impactor (various brands) s s s s
Formvar replicator s
Slide Decelerator, oil-coated slide impactor s

(University of Wyoming system)

* Continuous operation, x; selected operation, s.
CSI: Convergence Systems, Inc.

MRI: Meteorology Research, Inc.

UW : University of Washington.

CSIRO: Commonwealth Scientific and Industrial Research Organization.

PMS: Particle Measuring Systems.
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TasLE 3. Approximate normalization of ice concentration
measurements (CSI’'s IPC=100 ¢71).

Counter code

IrC PMS2
Date CSI W CS1 UW
16 June 76 100 23 42 50 ¢
8 July 76 100 — 33 — {1t

[ice particle counters (IPC) and Particle Measuring
Systems (PMS) probes] readily produce data (Turner
and Radke, 1973; Knollenberg, 1970), but spurious
measurements can occur. Scattered sunlight and large
waterdrops can increase the counts of the IPC devices,
and an adjustable detector threshold prevents detection
of miniature - crystals. Theoretically, crystals having
their ¢ axis parallel to the laser beam should not be
detected at all. Heavily rimed crystals may block the
beam rather than rotate it and thus escape detection.
The PMS one dimensional counters cannot distinguish
among water drops, ice and artifacts. Crystals whose
smallest dimension is small compared to a channel
width may not be counted. The 509, light extinction
threshold may allow some flat transparent crystals to
escape detection. Intercomparisons of all the instru-
ments in the same cloud are therefore needed.

For a preliminary intercomparison, data from two
abundantly glaciated clouds were examined. One was
a natural cloud top penetrated by both the Convergence
Systems, Inc. (CSI) Aero Commander and the Univer-
sity of Washington (UW) B-23 on 16 June 1976. The
cloud had crystal concentrations well jn excess of
100 £~ The other was a dry ice seeded cloud penetrated
by CSI on 8 July 1976 and having typical concentra-
tions of about 45 £7%. CSI’s ice particle counter almost
always yielded the highest readings. Table 3 presents
the approximate measurements of three other instru-
ments when CSI’s IPC is normalized to 100 crystals
£-1. These normalization factors have a variance of at
least 259, due especially to crystal size and type, and
should be used as general guides only. The instruments
have been normalized to CSI’s IPC for convenience and
because all optical counters are likely to miss some
crystals; unless a counter gives multiple counts for
some crystals or has an incorrectly determined sample
volume, the highest counting instrument should be
most nearly correct. The time constant on the CSI-IPC
lets ice particles up to 1 cm diameter be counted only
once.

On the 16 June 1976 intercomparison flight, the
two aircraft flew a similar but not necessarily identical
track through the same cloud with about a 3 km
separation between aircraft. Intercomparison data
between the other instruments in Table 2 have not
yet been examined. In discussions with CSI and UW
personnel it was agreed that the UW-IPC instrument
was less sensitive than the CSI-IPC; its threshold was
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adjusted to ensure no counting of large water drops but
at the expense of not counting all small crystals.

Cold room calibrations (CSI, personal communica-
tion) of the CSI-IPC (modeled after the UW version)
showed near zero counting efficiency for 50 um diameter
crystals and about 209, counting efficiency for 150 um
diameters for presumably planar crystals grown
between — 16 and —20°C. A personal communication
from PMS personnel confirms a counting efficiency
of about 209, for depolarization instruments, with
variations due to crystal type and orientation. The
efficiency-size trend was confirmed on the 8 July 1976
experiment. While the crystals were still very small
immediately after seeding, the CSI-IPC counted fewer
crystals than the PMS2 instrument; after the crystals
had grown, it counted more than the PMS2 instrument.
These efficiency corrections have nof been applied to
the data discussed herein; to apply them would, of
course, increase the crystal concentration values given.

The CSIRO foil impactor (Bethwaite ef al., 1966;
Hobbs, 1977) was cautiously used because it did not
have heaters to prevent rime from building up and
immobilizing the shutter or tearing the foil. It was
rarely operated on initial passes to avoid the rime
problems. Its use was delayed until the cloud began
to visibly glaciate or could be assumed to have a
significant consumption of supercooled water by the
growing crystals. The natural background of ice
crystals at the time of seeding is therefore not available
for most Australian clouds. The CSIRO impactor was
operated at about 6 s intervals with an exposure time
of about 0.2 s to avoid overexposure of the foil. These
values were varied slightly from year to year but were
precisely determined with an oscilloscope.

No absolute calibration of the collection efficiency
of the foil impactor was made. The 25 um thick
aluminum foil was examined under an 8 to 40X
microscope. The illumination was adjusted so that the
clean foil appeared bright and any dents dark. Unex-
posed portions were also examined for comparison.

On 8 December 1972 an altocumulus cloud was
seeded along a line with dry ice. The —7°C columns
produced were sampled 12-36 min later. Linear
impressions of random orientation could be observed
among the dents in the exposed portions of the foil.
It is assumed that these are crystal length impressions.
A spectrum of these lengths (sample size 829 impres-
sions) is shown in Fig. 2. Ryan e al. (1974) have
indicated that —7°C columns can reach these lengths
in about 5 min. The lower sizes represent either the
smallest sizes sampled or the threshold of detectability
on foil, or a combination of the two.

In Fig. 2b the cumulative distribution appears to be
lognormal (straight line). The departures from the line
are possibly indicative of irregularities in the selection
of crystals to be measured. Departures to the left of
the line at small sizes, had they occurred, could have
been indicative of possible truncation due to insensitiv-
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ity of the foil. No 50 um impressions were resolved.
In any event the experiment showed that the CSIRO
foil impactor, with careful illumination of the foil, can
detect column crystals down to about 100 um lengths;
however, the counting efficiency is unknown.

d. Case studies of clouds

Several summertime clouds were selected for experi-
ments to show the productivity of ice crystals by dry
ice. In the American experiments near Miles City,
Mont., each cloud was penetrated before seeding to
measure natural ice crystal concentrations. The cloud
was then seeded by a separate aircraft dropping dry
ice pellets from just above or below the cloud top.
In the Australian experiments only one aircraft was
used near Emerald, Queensland, to seed the cloud on
the first pass and then look for crystals after the danger
of riming the foil impactor had lessened.

In nearly all cases a cloud was selected that was
reasonably isolated from others so that it could be
identified for repenetration. When selected, the clouds
had no visible glaciation and had firm boundaries.
Subsequent photo analysis showed that many tops
were descending at the time of seeding. The American
clouds are assumed to be continental in nature. Pre-
liminary cloud droplet and CCN measurements tend
to confirm this. The Australian clouds at 23°S latitude
and about 125 km from the coast are assumed to be

O,
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Fi1c. 2. The spectrum of column lengths measured on 25 um
thick aluminum foil. Part (a) shows a peak frequency of 250 um
for the sample size of 829 crystals. The cumulative distribution is
plotted on log-probability axes in part (b); the nearly lognormal
distribution shows no evidence of truncation at sizes 100 um and
larger.

SUPER AND SILVERMAN 53

mostly modified maritime tropical in nature, though
no supporting measurements were made. On many
days there appeared to be rapid ice multiplication at
relatively warm temperatures in the Australian clouds.
The clouds were presumably satisfying the Hallet and
Mossop (1974) ice multiplication conditions of large
droplets, graupel, and a top-dwelling at —5 to —10°C
for a while. Clouds were not seeded when rapid glaciation
was visually in evidence in neighboring natural clouds.
This still does not rule out the possibility that the
crystals sampled in the Australian clouds resulted
from causes other than seeding.

3. Data analysis

The glaciated cloud volume, typical crystal concen-
tration and mass of dry ice used need to be measured or
estimated to determine the effectiveness of dry ice in
creating ice crystals.

The cloud volume dimensions were determined from
the flight track and photography. The path length of a
penetration is known from integrating the true air
speed. Using the distance to a cloud, known from the
flight track, photographs of the cloud were measured
to give horizontal and vertical dimensions. A local
sounding by aircraft or rawinsonde was used to obtain
the altitude of the 0°C level. In this way many measure-
ments were available to define, with some probable
error, the supercooled cloud volume. This volume was
considered to be a rectilinear solid with length and
width determined by track lengths and by photos, and
thickness determined by height above the 0°C level
and by photos. .

The crystal concentrations were determined by the
instruments described above. To make some allowances
for nonuniformity of crystal concentration a linear
average of these concentrations across the entire cloud
was calculated for each pass. When many passes were
made, those selected as representative were at times
late enough to allow the crystals to spread appreciably
throughout the volume, yet early enough so that the
majority of crystals had not fallen to levels below the
sampling level. It was assumed that the crystals
filled the vertical cloud dimension from 0°C to cloud
top and that the natural background concentration of
ice crystals did not increase during these experiments;
these may not always be good assumptions. However,
in the case described in detail below it was verified
that the crystals did distribute themselves horizontally
and vertically throughout the described volume.

The effectiveness of dry ice is given by

LWHC
E=
M

)

for cloud length L, width W, thickness H, crystal
concentration C and CO; mass M. These values are
given for each experiment in Table 4.
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The measurement error was estimated in two ways.
The first was to sum the relative errors:

dE dL 4dW dH dC dM
— =t —t—t—. ©)
E L W H C M

This usually results in dE>E for these experiments.
While an upper limit of E4-dE is reasonable, a lower
limit of E—dE yields an absurd negative number.
Noting that the upper limit is E(14R) for R=dE/E,
the relative error, a lower limit of E(14 R)~! was chosen.
The values of total relative error R are also given in
Table 4. Typical values for individual relative errors,
like dL/L, are also summarized separately for the
American and Australian experiments.

The second error estimate was to combine all extreme
values in such a way as to achieve extreme effectiveness
values:

o (LEAL)(WdW) (H=dH)(C+dC)
min ™ (M:F dM) .

(7

This latter method produces larger error bars than the
former. It should be noted that these errors reflect
only variances in the measurements used. Assumptions,
such as those regarding the crystal distribution and
mass of dry ice actually entering and subliming in the
cloud, could make the actual errors larger than those
quoted.

These initial effectiveness calculations then need to
be adjusted. As mentioned above, only part of the
dry ice sublimes in the cloud [~309%, after Mee and
Eadie (1963); ~129, after Fukuta e al. (1971)
assuming no vertical air motions]. A final estimate of
effectiveness, using the former sublimation corrections
and the crystal counter normalization values (when
known), is given in the last column of Table 4. Correct-
ing for the Fukuta et al. (1971) sublimation rate
instead will raise these values by a factor of 2.4.
Corrections for updrafts and downdrafts are not
attempted; vertical winds encountered in the seeded
clouds were only a small fraction of pellet terminal
velocity and were of variable direction. Corrections for
the absolute counting efficiency are not applied because
they are not known for any of the instruments. For
example, the highest counting instrument, the CSI-IPC,
is known to count less than all the crystals; but the
width of the sample volume, as determined by the
laser beam, may be imprecisely known because of
sidelobes.

The values in the last column of Table 4 are arranged
in Fig. 3 from highest to lowest. The American and
Australian experiments are given different symbols
because the Australian results have not been normalized
to the American values. An average factor of 6 separates
them. The error bars in Fig. 3 are determined from
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F16. 3. The dry ice effectiveness for each experiment, arranged
in decreasing order. The numbers at the left are cloud identifica-
tions. The values plotted are those from Table 4 and use the Mee
and Eadie sublimation rate for dry ice within the supercooled
cloud. Crystal counter normalization is applied for the oval
symbols only. The error bars are from Eq. (7); errors resulting
from assumptions may exceed these.

Eq. (7); errors resulting from assumptions may exceed
these.

4. General discussion

Tables 4 and 5 and Fig. 3 describe ol of the experi-
ments in which turrets were penetrated for the purpose
of counting crystals after dry ice seeding, whatever the
success of sampling. Eight of the experiments, those
whose final values are included in parentheses in Table
4, can be excluded from final consideration. They are
useful only in being somewhat consistent with the
better values. Five of them are for clouds that were
only skimmed at the side or top edges by the sampling
aircraft. While cloud 4 on 3 July 1976 was reasonably
sampled, it was seeded by dumping the last of the dry
ice supply out of the plane, possibly all at once. The
pellets may have missed the tall, narrow, negatively
buoyant cloud. The two clouds in Australia on 3
February 1973 can be excluded because a smaller
adjacent cloud turret was found to have high natural
crystal concentrations in excess of those found afterward
in the seeded cloud. This suggests that ice multiplication
was active that day.

Natural ice crystals were not encountered in signif-
icant concentrations in the Montana clouds on the
pre-seeding passes, except as noted. A rate of seeding
was chosen to try to ensure that the concentrations of
crystal resulting from seeding greatly exceeded those
that might be present naturally. On 23 June 1976 the
highest average ice particle concentration measured
for any cloud not previously seeded with dry ice was
0.4 £ All other area clouds, even those seeded at
cloud base with AgI-NH4I showed 0.2 £ or less.

8QDXWKHQWLFDWHG

_ 'RZQORDGHG



56

(The updrafts in the latter clouds were found to be
insufficient to carry the Agl to the sampling level
before sampling ended.) An ice crystal survey flight
conducted at the same time by CSI showed negligible
ice particle concentrations in most clouds. Very few
natural clouds were found that day with concentrations
comparable to those in the dry-ice-seeded clouds, and
all of them were more than 50 km away from the
experimental clouds. The range to naturally glaciated
clouds was over 100 km on 8 July 1976, an experiment
described in detail below. In general, the natural ice
background for young clouds in Montana is very low
(McPartland ef al., 1977). Large ice concentrations,
approaching or exceeding concentrations produced by
seeding, have usually been found only in old clouds
whose tops have cooled well below —20°C.

The natural ice background in the Australian clouds
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was highly variable. At one extreme was a cloud cluster
on 6 December 1972 which, by its geographical location,
may have been continental in nature. Elements of the
cloud system were seeded with dry ice, but an analysis
of the nose, side and tail time-lapse camera films showed
that only natural towers of the cluster were sampled
with the impactor. The highest single-frame concentra-
tion was 1.7 ¢!, with most below 1 £71. At the other
extreme are old clouds and anvils where concentrations
sampled averaged 25 ¢! and peaked to 100 {7, as
determined from the foil. Clouds on two of the days
with obviously rapid ice multiplication averaged 22 £7,
but clouds were not seeded on such days. As can be
seen from Table 4, such high concentrations significantly
exceeded those found in the dry-ice-seeded clouds.
A natural background averaging 4 £™! was found on
23 March 1973, but the seeded cloud that day was

TaBLE 5. Seeded cloud conditions and descriptions.

tenf;)l;ra- Typic.:al temperat\!re and
ture at dew points at sampling levels
seeding Inside Outside cloud
Cloud level cloud T Tp Sampling
Date no. (°C) (°C) (°C) °C) aircraft - Comments
23 June 76 1 -7 -17.5 —35.5 -20.0 uw Possibly descending tall strato-
" cumulus.

2 -7 -7.0 —5.5 —-13.1 uw Tall stratocumulus, top descend-
ing at 1.7 m s71; natural glaci-
tion may have started.

3 July 76 1 -5 -7.0 —-35.0 -31 CSI TCU* poorly sampled—plane
not allowed to descend be-
yond skimming tops.

4 -8 —7.0 —5.0 -39 CSI TCU; natural crystals at 0.4 £
subtracted from concentration.
Final remains of dry ice supply
dumped out of plane, tar-
geting suspect.

8 July 76 1 —10 -7.0 -7.0 —20+10 CSI Rising, tall altocumulus studied
for 53 min.

20 July 76 1 —8.5 -9.5 -9 —16 uw TCU rapidly evaporating,
sampled 2 min after seeding
only.

21 July 76 1 -10 -=9.0 —-9.0 —18 uw TCU studied for 24 min.

7 Dec 72 1 —11 -6 ~36 CSIRO TCU with stationary top.

2 -13 -7 —36 CSIRO TCU with ascending top.

8 Dec 72 1 —9.5 -9.0 —14 CSIRO Thin altocumulus.

2 —4.5 —-2.0 ? CSIRO Fire-induced TCU. Flight data
no longer recorded.

3 Feb. 72 1 —12 -12 —16 CSIRO Rising TCU later became Cb.
Some natural ice present.

3 —12 —11.5 —16 CSIRO Mixed rising and subsiding TCU
bubbles.

15 Mar 73 2 -10.5 -10.5 —24 CSIRO Altocumulus.

3 —10.5 —10.5 —24 CSIRO Altocumulus, poorly sampled,
nearly missed on repenetration.

16 Mar 73 6 —-10.5 —10.5 —36 CSIRO Rising TCU, later became Cb.
Cloud volume poorly mea-
sured; only cloud edges
sampled for crystal concen-

: trations quoted. Stagnant TCU

23 Mar 73 1 -85 —8.5 -23 CSIRO poorly sampled. :

* TCU, towering cumulus.
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poorly sampled. On two other days with CO; seeding
some natural clouds, usually dissimilar to the seeded
clouds, were also sampled. Those days, however, are
also days excludable for poor sampling of the seeded
clouds or for suspected ice multiplication. Cloud 1
on 8 December 1972 was a noteworthy layer cloud in
that the only snow observed to fall anywhere in the
region of this altocumulus cloud was from the seeded
line. In summary, it is possible that some of the ice
crystals sampled in the seeded cloud in the Australian
experiments resulted from causes other than seeding.
In Table 5 the air temperature at the seeding level
can be considered to approximate the cloud-top
temperature at the time of seeding; the true value may
be up to 5°C colder, as in the 8 July 1976 case. None of
the adequately sampled clouds appreciably increased
their cloud-top altitude after seeding; so for them the
seeding level temperatures also approximate the coldest
temperatures achieved. Cloud-top temperatures may
also be approximated by multiplying the cloud thickness
above 0°C in Table 4 by a moist adiabatic lapse rate
appropriate to the region of 500 mb and —10°C. The
Australian experiments lacked temperature soundings
above the flight levels, so that the true cloud top
temperatures are unknown for those cases. Cloud-base
temperatures for all experiments were at or warmer
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than 0°C except for 8 December 1972 cloud 1. Base
temperatures could not be monitored during the
single-aircraft Australian experiments.

The four reliable American experiments show an
average nucleation effectiveness of about 2X10"
crystals per gram, using the Mee and Eadie (1963)
sublimation rate. Using the Fukuta ef al. (1971)
sublimation rate raises this average to 5X10". These
estimates are supported by the reliable Australian
values, which average a factor of 6 lower but which
must still be normalized upward to correct for the
expected lower crystal counting efficiency of the foil
impactor. Corrections for the absolute ice particle
sampling efficiencies for all instruments and for the
numbers of crystals within aggregates have not been
applied and should raise the effectiveness values further.

5. Discussion of the 8 July 1976 experiment

A patch of tall altocumulus clouds was selected for
dry-ice seeding on 8 July 1976. There were no towering
cumulus clouds in the area capable of raining to the
ground. There were a few cumulonimbus clouds visible
over 100 km away to the north and northwest.

Four aircraft were involved in the study. The seeder
and a cloud physics aircraft were near cloud top and
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FIG. 4. A length-time diagram of the seeded cloud of 8 July 1976. The cloud was penetrated through the center of the cloud at the
indicated times in a generally east-west orientation, The heavy line represents the boundaries of the liquid cloud; the shaded regions
give contours of liquid water content. The thin line represents the boundaries of the ice cloud; the segmented lines and the interior thin
solid line give the contours of ice crystal concentration. Mid-level convection continued to stir the crystals and regenerate the liquid

cloud for nearly 1 h.
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two cloud physics aircraft were near cloud base. One
of the cloud-base aircraft found a firm but rapidly
decaying base on one of the tall altocumulus elements.
The two top aircraft then penetrated it above; the
seeder aircraft encountered three bubbles on its east-to-
west pass while the cloud physics aircraft, flying a bit
higher, went into only the middle bubble. It was
decided to seed those elements on the next run. East—
west penetrations by the upper cloud physics aircraft
were made for most of the next hour following seeding.
The cloud-base aircraft encountered snow at its level
16 min after seeding but later had to leave because of
equipment failures. The other lower cloud physics
aircraft then climbed toward cloud base and encountered
light precipitation until 40 min after seeding. The
experiment ended when it was too difficult for the
upper aircraft to locate the ice remnants. A local
resident who watched the operation from the ground
and the crews of the lower aircraft all reported that no
precipitation appeared to reach the surface.

The entire experiment is illustrated in the length-
time diagram in Fig. 4 and the altitude-time diagram
in Fig. 6; a brief portion is illustrated in Fig. 5. The
western and northern edge of the system had distinct

clear air boundaries while the eastern and southern
edges had other cloud elements nearby. The first three
passes of the upper aircraft were at higher altitudes
than the rest of the passes. The tracks of the aircraft
through the diagramed clouds are indicated. After its
fourth penetration, the second of which was the seeding
pass, the seeding aircraft left the experiment. Fig. 4
presents the observations, at 5 s resolution, of the liquid
and solid components of the upper portion of the cloud,
based on those passes which were well within the cloud.
Edge and diagonal pass data are not shown; they were
used for confirming the lateral spreading of the ice cloud.
Fig. 5 shows the same measurements of ice particle
concentration and liquid water content for passes 4
and 5 in detail. In this figure the variability of the values
is illustrated; they are plotted versus penetration
distance using a 1 s resolution of a 5 s running mean.
The horizontal bar indicates the linear average of ice
particle concentration for the entire pass later used in
the construction of Fig. 6. Several such averages were
combined in the effectiveness calculations quoted
earlier. The tiny ice patch at about the 7 km position
on pass 5 was a late development in the apparently
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F1c. 6. An altitude-time diagram of the seeded cloud of 8 July 1976. The photographic cloud boundaries, the four aircraft tracks
and penetration times of cloud or precipitation are shown by the various solid lines. The calculated trajectory of the dry ice pellets
is indicated by the shading. The segmented contours indicate ice or large particle concentrations. The major part of the resulting pre-

cipitation came through the base about 20 min after seeding.

unseeded east bubble,
calculations. A

The heavy line in Fig. 4 shows the boundary of the
liquid cloud ; the shading shows the liquid water content
contours. The other lines are contours of the ice crystal
concentration. The decelerator slides that suffered no
melting showed both short and long columns and some
indications of aggregation. An aggregate, though it is
composed of many crystals, receives only one count from
the optical counters.

The three bubbles encountered are seen in passes
3 and 4 (Fig. 4) as the aircraft descends. The largest
liquid water contents, as determined by a PMS-ASSP
(axially scattering spectrometer probe) and generally
confirmed by a Johnson-Williams type liquid water
instrument, occurred at the time of the seeding run.
It appears that only the center and western bubbles
were seeded. A few ice crystal counts of 5 £ or less
were observed in the center and western bubbles on
the seeding run and in the eastern bubble later on.

it was excluded from the

This represents either the natural background or
crystals produced by the previous presence of the
aircraft, possibly through tip vortices. Large ice particle
concentrations were observed on the first pass after
seeding. Concentrations remained high at the sampling
level until 30 min after seeding. A pulse of high concen-
trations 3540 min after seeding may have resulted from
a weak updraft bringing them back up from below and
generating the small liquid cloud at that time. Other
liquid water peaks after seeding also seem to represent
small bubbles stirring the crystals, sometimes bringing
them back up from below, other times pushing the
crystals aside. The two main ice cores seem associated
with the high liquid water regions encountered on the
seeding pass.

Fig. 6 shows the ice concentrations in the vertical.
The cloud-top and cloud-base locations, shown by the
thick solid lines and data points, were determined by
time-lapse photography of the cloud from a camera at
the surface and from occasional hand-held camera
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photographs taken from the upper cloud physics
aircraft. The water base appeared to be constantly
rising. The ice appeared photographically at cloud
base at about 15 min after seeding and was confirmed
about 1 min later on a pass by the MRI cloud physics
aircraft. The UW aircraft measurements indicated
that the most intense portion of the snow shower
occurred before 25 min after seeding. Particle concentra-
tions for the lower two aircraft were taken from the
PMS2 and PMS3 probes. Though the snow would
definitely be melting, it is assumed that no appreciable
fragmentation or coagulation was occurring. The
concentrations quoted are the linear averages for the
pass and, therefore, do not represent any particular
location in Fig. 4. All interpolations and extrapolations
away from the sampling levels are obviously crude.

The temperatures plotted in Fig. 6 are from a
combination of aircraft and rawinsonde data. Dew
points measured by the upper two aircraft showed an
extremely dry layer near cloud top. Turbulence
measurements by an MRI probe on the upper aircraft
showed values of 0.8 cm? s7! outside the cloud. Values
averaged 5.1 inside the cloud on passes 2 and 3 and then
dropped steadily to 2.1 on pass 8 and were slightly less
than 2 for most of the subsequent passes. Updrafts
at the upper level reached an average of 6 m s™' in
the western bubble on passes 2 and 3. On pass 4 the
updraft values varied slightly around zero. Subsequent
values were typically about 1 m s~ and therefore in the
noise region of the instrumentation. The cloudbase
aircraft found updrafts of about 2-3 m s during the
early life of the experiment but little organization.
The aircraft soundings showed a dry adiabatic lapse
rate below cloud to the surface. A generally constant
mixing ratio, appropriate to the lowest cloud base, was
found throughout most of the subcloudlayer. A lesser
mixing ratio, appropriate to the final base, was found
for several hundred meters below the initial base.
Therefore, the cloud may have been initiated by surface
convection, but it appeared to be maintained only by
mid-level convection at its later stages.

The cloud seeded with dry ice was the only cloud
within sight that showed the presence of ice crystals
visually except for the cumulonimbus clouds on the
horizon. It was also the only cloud within 100 km-to
produce an echo on the 5.4 cm radar. That echo was
weak and first was noticed at about the 0 dBZ level
10 min after seeding when ice crystal concentrations
peaked over 100 £7! and the PMS3 instrument on the
upper aircraft showed a very small number of particles
(presumably aggregates) at the maximum size measur-
able, 4.5 mm. The echo vanished (less than 0 dBZ)
by 41 min after seeding when crystal concentrations
had decreased to less than 20 ¢! and diameters were
less than 1 mm at the upper aircraft level.

The PMS2 probe on the upper aircraft showed an
increasing crystal size after seeding. Part of this increase
was due to aircraft descent to temperatures of faster
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crystal growth rate. The growth of the largest crystals
is consistant with a growth rate initiated within a few
minutes of seeding and thereafter following the growth
rates of Ryan et al. (1974). The 90 percentile size as
measured by the PMS2 probe rose from 140 um at
4.5 min after seeding (sampled at —9.5°C) to 245 um
at 10.5 min after seeding (sampled at —6.5°C). Crystal
sizes thereafter increased very slowly. The 90-percentile
size of particles (presumably aggregates) measured by
the PMS3 probe was about 1.8 mm from 10-24 min
after seeding, while the median size reached only 0.75
mm. This is another indication of aggregation of high
concentrations of ice crystals following seeding, pre-
viously reported by Holroyd and Jiusto (1971). If one
could account for the large number of crystals contained
in aggregates, the dry ice effectiveness values cal-
culated for this experiment would probably increase
appreciably.

The visual, radar and high ice crystal concentration
characteristics of this cloud (and their timing) give
strong indications that the ice crystals observed in the
seeded cloud resulted from the seeding, especially when
compared to all the other altocumulus elements present
in the area. The crystal effectiveness estimate from this
experiment alone ranges from 4 to 10X10" crystals
per gram of dry ice. These are probably conservative
values due to crystal aggregation and undercounting
by the ice crystal counter.

6. Practicability of dry ice seeding

Cloud seeding with dry ice offers several advantages
over silver iodide provided that 1) it is practical to
carry and drop adequate amounts from on-top cloud
positions, and 2) on-top seeding is judged desirable for
reasons not discussed in detail here. Some of the
reasons for on-top seeding can be found in St.-Amand
and Elliott (1972), Summers et al. (1972) and Simpson
(1976a,b). Of perhaps most significance is the greater
visibility and ease of identification of the young, active
elements of a developing cloud complex from on top
rather than at cloud base.

Advantages of dry ice over Agl have been mentioned
recently by Smith (1974) and Simpson and Dennis
(1974). Some of the more important possible advantages
include the following:

1) Significant nucleation appears possible at warmer
temperatures than with Agl. Using the pyrotechnic
effectiveness values of Garvey (1975) it is evident that
dry ice produces more crystals per gram than Agl
pyrotechnics at temperatures warmer than —9°C.
There is some disagreement concerning the actual
threshold temperature of dry ice pellets falling through
a cloud (Eadie and Mee, 1963; Fukuta et al., 1971);
however, significant nucleation is reported at —2°C
for dry ice. The situation with Agl is more complex
with the fraction of particles nucleating ice depending
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in a complicated manner on time, particle- size and
temperature {Gerber, 1976).

2) Dry ice effectiveness is much less temperature
dependent than Agl effectiveness. This makes it more
practical to achieve a desired ice crystal concentration
with dry ice, especially in a cloud with significant
vertical development and corresponding large vertical
temperature gradient. Garvey (1975) indicates that
Agl flare effectiveness increases approximately three
orders of magnitude for a temperature decrease from
—8 to —16°C. In contrast, Eadie and Mee (1963) and
Fukuta et al. (1971) show little temperature dependence
for dry ice effectiveness.

3) Nucleation is nearly instantaneous with dry ice.
This is often not the case for Agl (Isaac and Douglas,
1972; Garvey et al., 1976; Gerber, 1976; and Dye
et al., 1976).

4) Dry ice pellets can be dispersed continuously
along a flight track, creating an initial distribution of
ice crystals that approximates a vertical plane or
curtain. The fractured ends of the cylindrical pellets
will cause them to drift laterally from the true vertical,
possibly to distances in excess of 100 m, giving that
vertical plane a significant initial thickness. The
resulting volume will be riddled by the numerous pellets
falling through it. This head start in dispersion should
result in more rapid mixing of ice crystals than accom-
panies the initial vertical lines created by dropping
only a few AglI flares, typically at horizontal intervals
between 100 and 200 m.

5) The more rapid mixing may be enhanced by the
dynamic effects of nearly instantaneous nucleation.
Unpublished findings of the Allee ef al. (1972) experi-
ments (Weickmann, 1974, p. 335) showed a greater
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horizontal spreading rate of their dry ice seeded lines
than with those nucleated by Agl in a stratocumulus
deck. A similar experiment (Jiusto and Holroyd,
1970; Weickmann, 1974) showed that the 10 cm
radar echo area from a dry-ice-seeded region of a
stratocumulus deck steadily increased more than three
times faster than a similar volume seeded with Agl
flares at cloud base, regardless of whether the time
of seeding or the time of first echo was used as the
starting time.

6) Dry ice does not pose and, what may be more
important, it is not perceived as posing an environ-
mental hazard through uptake by plants and animals.
While most of the available evidence suggests that Agl
as it is typically employed is not an environmental
hazard, suspicion and fear abound which are difficult
to dispel. Momtormg the possible environmental
effects of Agl is, in general, a requirement of most
large-scale seeding programs.

7) Dry-ice seeding does not involve the use of silver,
a relatively scarce resource.

8) For on-top seeding dry-ice seeding is more
economical than Agl.

The practicability of dry-ice seeding is heavily
influenced by the amount of dry ice needed to accom-
plish the desired effect, and the amount needed is largely
dependent on its effectiveness E. The amount of dry
ice M needed to generate a mean ice crystal concentra-

tion C in cloud turrets of volume V is given by
M=VC/E. (8)

This assumes that mixing from outside this volume can
be ignored and that thorough mixing of ice crystals
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Fic. 7. The effectiveness of dry ice (crystals per gram) determines the amount of seeding material
needed and the number of clouds treatable. The former is expressed as a function of cloud volume for
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