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PREFACE 

The white out modification program was conducted for the U. S. Army 
Snow Ice and Permafrost Research Establishment (SIPRE)* under Contract 
DA-11-190-ENG-100 with Cornell Aeronautical Laboratory, Inc., SIPRE 
Project 5010. 01303. A portion of the funding of this contract was derived 
from mbnies transferred to USA SIPRE by the Office of Ordnance Research 
(OOR); extensive logistic support of the Greenland field work was pro
vided by the United States Army Polar Research and Development Center 
(PRDC). 

The field work was carried out in northern Greenland during the sum
mer of 1960. Close coordination was maintained with SIPRE 's Climatic 
and Environmental Research Branch which participated actively in the 
summer program. The project is indebted to the following people and 
organizations for their enthusiastic assistance and support: 

1. Dr. R. W. Gerdel, chief, Climatic and Environmental 
Research Branch, SIPRE 

2. James R. Hicks, SIPRE 
3. Michael A. Bilello, SIPRE 
4. P. W. Espenschade, OOR 
5. D-r. M. Kumai, Hokkaido University 
6. U. S. Army Polar Research and Development Center 
7. Aviation Section, USA PRDC 
8. U. S. Army Engineer Research and Development Detachment 
9. U. S. Army Signal Corps Meteorological Unit 

10. U. S. Army Office of Ordnance Research. 

This report was reviewed and approved for publication by the Office 
of the Chief of Engineers, United States Army. 

)r£4~ """"'"---"'~ 
W. L. NUN 
Colonel, 
Director 

Manuscript received 20 March 1961 

Department of the Army Project 8-66-02-400 

s of Engineers 

* Redesignated U. S. Army Cold Regions Research and Engineering 
Laboratory, 1 February 1961. 
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SUMMARY 

A 2-month experimental program was conducted in Greenland to 
determine the extent to which arctic whiteouts and low clouds could be 
modified using cloud dissipation techniques. Seven seeding agents, 
applicable to supercooled or warmer-than-freezing clouds, were tried 
employing aircraft, tethered blimp-balloon_., and rocket delivery. 

Successful dissipation of supercooled clouds was achieved with dry 
ice. As little as 5 lb of dry ice per mile, dispersed from aircraft, 
produced efficient clearing action and line openings up to 2. 5 miles 
wide. An inexpensive seeding scheme, involving a tethered blimp
balloon and open baskets of dry ice attached at intervals along the tether 
line, was shown to be capable of opening holes in low cloud overcasts. 
Such a technique appears feasible for maintaining safe landing corridors 
at ice -cap air strips during fog and low stratus conditions. 

Seeding materials that were ineffective in dissipating the super
cooled clouds or warmer-than-freezing clouds encountered were liquid 
carbon dioxide, Greenland soil particles, silver iodide, carbon black, 
calcium chloride, and sodium chloride. 

Cloud hydrometeor and atmospheric nuclei m e asurements were 
made in relation to the modification tests. Specialized seeding equip
ment for specific arctic operations are recommended. 
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by 

James E. Jiusto and R. R. Rogers 

INTRODUCTION , 

Arctic whiteout is an atmospheric optical phenomenon that arises from the blending 
of snow -covered terrain with a meteorological obscuration or low cloud overcast. The 
combined effect can result in loss of orientation and depth perception. The U. S. Army 
maintains various installations in northern Greenland including the ice -cap outposts of 
Camps Century and Fistclench. Whiteouts and low cloud conditions impede air and ground 
transportation to these remote stations and would similarly plague strategic operations 
during any future military conflicts in arctic areas. Consequent! y, SIPRE':c has for a 
number of years been studying the intricate whiteout phenomenon. 

Gerdel and Diamond (1956) have defined five types of whiteouts, differentiated by weather 
conditions due to low cloud overcasts, water fogs, ice fogs, snowfall, or blowing snow. Re
cent investigations of whiteouts, notably those conducted by USA SIPRE (Reiquam and Dia
mond, 1959) and by the Cornell Aeronautical Laboratory (Jiusto, 1959), indicated that super
cooled low cloud overcasts and supercooled water fogs in Greenland can be modified by con
ventional cloud dissipation techniques. These two weather types caused 50 to 75% of the 
whiteouts observed at Camp Fistclench (Site 2) During the; 19 58 and 1959 summer seasons. 
Above-freezing ·whiteouts, rare at Fistclench, occur with greater frequency as more tem
perate, coastal regions are approached. Thus weather modification techniques and seeding 
materials applicable to both supercooled and 11 warm 11 cloud conditions are needed. A number 
of seeding agents and dispersal modes were evaluated in the initial study, which was aimed 
at eventually establishing a capability for: 

1. maintaining safe landing corridors at fixed ice-cap installations, 
2. equipping aircraft with appropriate seeding apparatus for executing safe 

descents when unexpected whiteouts are encountered, 
3. conducting uninterrupted ground transportation and strategic 

maneuvers during whiteouts. 

FIELD PROGRAM 

The weather modification program (21 June- 14 August I 960) consisted of two phases: 
an investigation of supercooled whiteouts at Camp Fistclench (Si weeks) and a study of 
above -freezing clouds and fogs at Camp Tuto (2i weeks). 

Fistclench is located on the ice cap approximately 220 miles east of Thule Air Base 
at an altitude of 6850 ft msl (Fig. 1). Atmospheric temperatures rarely are above OC 
during the summer season, and below freezing temperatures were always encountered 
during the seeding operations at Fistclench. In the Tuto-Thule region, surface tempera
tures during the period involved were above OC. Major emphasis was placed on seeding 
operatiorrs over the ice cap where whiteouts occur. 

An aerial photograph of Camp Fistclench (Fig. 2) illustrates the topographical features 
characteristic of the polar plain. Figure 3a shows the test wannigan and field site from 
which seeding experiments and supporting observations were made. Figure 3b shows the 
Tuto airstrip and adjacent terrain over which warm cloud seeding was conducted during 
the latter phase of the program. 

The following seeding agents were employed: 

1. Dry ice or solid carbon dioxide (C02 ) 

2. Liquid C02 
3. Silver iodide 
4. Greenland soil particles 
5. Carbon black 
6. Calcium chloride 
7. Sodium chloride 

>:C Redesignated U. S. Army Cold Regions Research and Engineering Laboratory, 1 February 
1961. 
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Figure 2. Aerial photograph of Camp Fistclench. 

The agents were dispersed into clouds or fog via: 

1. Aircraft - U -lA Otter and H-34 helicopter 
2. Tethered blimp-balloons 
3. Rockets. 

PART I: FISTCLENCH OPERATIONS 

Airborne dry ice seeding 

Dry ice (solid carbon dioxide) is generally recognized as the most effective seeding 
agent for dissipating supercooled stratiform clouds. A preliminary survey (Jiusto, 1959) 
indicated that typical low-cloud conditions over the Greenland glacier should respond 
favorably to this seeding agent because of: a) characteristic temperatures substantially 
lower than OC, b) a scarcity of natural freezing nuclei, and c) comparatively thin cloud 
structure. Dry ice pellets (-78C) dropped into a supercooled cloud reduce ambient tem
perature in their immediate vicinity, causing high supersaturation and immediate formation 
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a. Laboratory wannigan and 
test site at Fistclehch. 

Fig1.1re 3. Test sites. 

b. Tuto air strip and 
adjacent terrain. 

of large concentrations of condensed droplets. Because of the extremely low localized 
temperatures, many of these droplets quickly freeze. The difference in vapor pressure 
between the cloud hydrometeors of mixed phase then results in selective growth of the 
ice crystals at the expense of the water droplets. Under proper circumstances, snowfall 
and exhaustion of the cloud's water content ensue . . At -12C this vapor pressure difference 
is at a maximum and hence the seeding ·process is most efficient. 

Dry ice was made prior to each seeding mission from liquid COz... with two "Snowman" 
converters. __ The 10 -oz cakes of dry ice, produced by the converters, were crushed and 
dispensed in flight with a ham:mer -mill ice chopper. Characteristics of dry ice and re
lated equipm~nt are presented in Appendix A. The U-IA Otter ·aircraft was used for the 
four flights (Fig. 4). 

Flight 2 (Table I). The evening flight of 2 July 1960 was intended primarily as an 
instrument and procedural checkout. Consequently, only 15 lb of dry ice were carried 
aloft. On takeoff, a scattered stratus deck at 500 ft and an overcast cloud layer at 
9000 ft prevailed. Practice navigation patterns were made on the low deck (approximately 
500 ft thick, -3C} during which time the dry ice was dispersed at a rate of 1. 0 to 1. 5 
lb/mile. (Later tests revealed that the minimum effective seeding rate is approximately 
2 lb/ mile.} A slight trough was formed but distinct clearing action did not take place. 

During the first hour of the check flight, weather conditions over Fistclench deter
iorated to a 100-ft ceiling. Two gradual descents made in hopes of sighting the camp 
proved futile, thus necessitating a return to Tuto. The rapidly changing weather patterns 
of th-e Arctic and the hazards associated with ice cap flying were vividly demonstrated. 

Flight 3. Though cloud formations of 6 July 1960 were patchy and too high (bases 
4000 ft above the camp} to constitute a whiteout condition, a seeding flight was conducted 
to obtain operational experience. The broken cloud cells, more cumuliform than desired, 
had estimated thicknesses of 1000 to 3000 ft and often extended higher than the operational 
ceiling of the Otter aircraft (approximately 12,000 ft msl}. On the first two straightline 
runs, dry ice was released from within the upper half of a cloud cell at rates of 2. 5 and 
5 lb/mile. Cloud temperature was -9C. Though viewing conditions were difficult owing 
to an inability to top the cloud, it was evident that effective clearing action did not result. 
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Figure 4. U -lA Otter. Note fuselage chute 
through which seeding agents were dispersed. 
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A third seeding run wa s made in which a small cumulus cloud top was reached. Dry ice 
was dropped at a rate of 5 lb/mile in a 4-mile c ircular track. Cloud hydrometeor replicas 
were made before and after seeding with gelatin-coated slides exposed in the air stream. 
As indicated in F igure 5, the supercoole d cloud was part ially converted to ice crystals. 
Signific ant breaks in the overcast were observed 28 min after seeding. The holes, though 
spotty, provi d ed the first indication that widespread clearing might be achieved under con
ditions of continuous, l e ss convective cloud sheets. 

Flight 4 . On 15 J uly a stratoc umulus cloud over cast prevai led, causing a very light 
snowfall prior to takeoff. Cloud base a nd top heights were 700 ft (-8C) and 1700 ft (-9C) 
r espectively. Dry ice was dispersed into t he cloud 4 to 5 miles upwind of Fistclench 
from an altitude approximately 100 ft above the u niform cloud tops. In orde r to g a i n 
information concerning most effective seeding rates for modification of a r ctic clouds, dry 
ice was d ispensed at rat es of 2, 5, and 10 lb/mile in a horizontal 11 Z 11 pattern (3-mile long 
legs). 

A detai led log of subs e quent events i s containe d in Appendix B . Highly successful 
cloud dissipation w as achieved . Clear ing occurred in each leg of the pattern, but the 2 
lb/mile seeding rate was marginal in that the hole created refilled w i th cloud in about 
25 min . Results of the 5 and 10 lb/mile seeding r ates were almost identical w ith the 
maximum clear areas measuring approximate ly 4 m iles long by 2. 5 miles wide and per
sisting for mo re than 2 hr . Thus 10 square mile holes in the overcast were achieved with 
as little as 15 lb of dry ice. The s tr iking progre ssion of events following seeding wa s as 
follows: 

1) Crystallization of the supercooled water cloud began immediately. Within 
5 to 10 min, the seeded track could be distinguished by its darker texture 
and the appearance of sun dogs, s un pillars, and halos. 

2) Snowfall reached the ground from the seeded deck in 15 to 20 min. 

3) Clearing occurr e d 25 to 30 min after seeding. 

Because of pilot navigational skill and accurate meteorological data, the created breaks 
were vectored d i rectly over Camp Fistclench. A VFR (visual flight rules) landing was 
thereby effected under otherwise IFR (instrument flight rules) conditions. Shortly before 
the seeding operation an inbound aircraft from Camp Tuto was forced to turn back 
because of low ceilings at Fistclench. 



Flight 
no. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

Table I. Aircraft seeding flights. 
):( 

Date Location Aircraft Seeding agent Cloud conditions 
1960 or purpose 

2 July F i stclench Otter Equipment check Scattered middle 

2 July Fistclench- II a. Equip. check Low sc overcast, 
{e v e .) Tuto b. Brief dry ice test -3C 

6 July Fistclench II Dry ice Broken cu clouds, 

15 July II II Dry ice Sc overcast, 
-8 to -9C 

15 July pm II II Liquid C02 Double sc layers, 
-7 to -ll C 

16 July II II Greenland soil Sc overcast, -6C 
particles 

16 July pm II II a) Dry ice Low sc overcast, 
b) Liquid C02 

18 July II II Equipment check High ci 

5 Aug Tuto Helicopter a) Calcium chloride Broken sc clouds, 
b) Liquid C0

2 -2 to -3C 

6 Aug Thule Helicopter a} Calcium chloride Fog, +3C 
b) Carbon black 
c) Sodium chloride 

':c Cloud droplet samples were also obtained on three unlisted flights 
not associated specifically with seeding operations. 

clouds 

-9C 

-8C 

Remarks 

Trough observed 

Small breaks 

Succ e ssful wide spread 
~l e a ring 

No effect 

No e ff e ct 

a) Widespread clearing 
b) No effect 

No effect 

No .effect 



) 

EXPERIMENTS ON GREENLAND WHITEOUT MODIFICATION 7 

l 

f\ 
0 

) 

a. Cloud droplets before seeding. 

G 
(' ~' o c· 0 r::/J 0 

0 ' Q r I 
oo · ~ e;r. ~- \) a 
(6 0 6 
Q) 

0 

0 Cr 0 () HJ 0 

f) 0 
()0 /, () 
-0._ c 

0 
0 

\; r 0 

c \) () 

O o 
\ 

0 
" 1'.; 

l.. (, 

0 'J (. Gv () 
<:) / 

0 

b. Cloud hydrometeors (droplets and ice crystals} 
after seedi ng with dry ice. Flight 3. 
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Figure 5. Cloud hydrometeors before and after seeding with dry ice. 
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Flight 7. Du ring the early e vening of 16 July, another typical low-cloud overcast 
was seeded. Cloud bases varied from approximately 700 to 1000 ft with a cloud thickness 
of 800 to 1000 ft. Temperatures within the cloud varied from -7C to -8C. B ecause of 
fuel limitations and the desir e to test additional seeding materials, only a sin g l e run with 
dry ice was made. The dispersal rate was 5 lb/mile over a straig ht 2. 5 n1ile leg. Re
sults were similar to those achieved on flight 4 with a clear area approximately 3 by 2 
miles wide resulting. Figures 6 and 7 illustrate the striking sequence of events following 
seeding. 

Liquid C02 seeding 

B ecause of the logistic probl e ms associated with manufacturing and storing dry ice 
in remote areas such as Gre e nland, it was hoped that liquid C02 would produce equally 
favorable seeding results. Though low t emperature fields of approximately -78C are pro
duced in the vicinity of the spray nozzles, rapid evaporation of the liquid results in hori
zontal line seeding in c ontrast to vertical sheet seeding produced with falling dry ice pellets. 
The experimental program revealed that th e difference in efficiency between these two 
seeding technique s is great. 

Inverted cylinde rs of liquid C02 were vented below the aircraft fuselage via flexible 
tubing and small-diameter spray nozzles. A number of runs were made in supercooled 
cloud layers varying from -7C to -11 C employing seeding rates of 1 lb/ mile to 7 lb/ mile 
{fl ights 5, 7, Table I). The delivery was varied to include seeding at constant elevations 
within the upper third of the cloud and continuous seeding while making rapid desc ents 
through the cloud layers. The liquid COz did not produce any effective cloud modification. 
An expansion horn from a standard COz fire extinguisher was used on flight 9 { 15 lb/ m i le). 
This resulted in the partial production of fine agglomerates of solid COz . No observable 
cloud dissipation was achieve d, probably because the powdery pellets produced were too 
small to fall any significant distanc e before subliming. 

F urther investigation of d irec t methods for readil y converting liquid COz to pellets 
of dry ice is warranted . Such a development would be highly applicable to operational 
s ee ding in remote areas where dry ice handling is difficult and the e qu ipment might be 
routinely carried by aircraft for use when unanticipated whiteouts are encountered . 

D ry ice seeding from tethered blimp-balloon 

A novel weather 1nodification technique, in which low stratus clouds were seeded with 
dry ic e suspended from a tethered blimp-balloon, was successfully demonstrated. This 
scheme involves nucleation of a supercooled cloud as it moves through a stationary array 
of dry ice packages. Since the dry ice is not dispe rsed but held aloft within the cloud, 
relatively small quantities are require d for hours of continuous seeding. 

The 1200 ft 3 blimp-balloon is pictured in Figure Sa. E ight to ten baskets, each 
containing approximate! y l lb of dry- ice chunks , were hung at 25-ft intervals along the 
top of the blimp-balloon teth e r and lifted into the overcast. The plastic baskets were of 
open mesh construction, thereby allowing the dry ice to make direct contact with the moving 
supercooled cloud. 

Seeding results were similar on the two occasions {10 and 27 July) when the technique 
was employed. Th e thin stratus bas es were at an altitude of 600ft {-4. 5C) on 10 July and 
at 1100 ft {-lOC) on 27 July. As the baskets of dry ice penetrated the overcast, immediate 
nucleation took place. Visibl e ice plumes {Fi g. 8b) extended 300 ft downstream. Snow
fall commenced approximately 30 min later in a narrow band 1. 5 to 2 miles directly down
wind from the seeding site. A view of the horizon indicated no other visible snowfall nor 
had any been officially recorded during the day {10 J uly). 

Figure 9a shows the narrow band of precipitation {not e obscured horizon) which 
developed following dry ice seeding with the tethered blimp-balloon on 10 July. Significant 
clearing occurred shortly thereafter. The major line break shown in the foreground in 
F igure 9b was produced by the 27 July seeding operation. A wind shift of approximately 
3L deg i:Jccurre d during this seeding test and the area of precipitation and clearing was 
appro,priately displaced, providing added verification of the causative effects of the clearing. 
{The cloud breaks evident on the horizon in Figure 9b are of natural ong1n. They were 
separated from the test area by tens of miles or by more than 10 hr in terms of cloud 
movement. 
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Figure 6a. 

Figure 6b. 

Figure 6. Cloud troughs .after dry ice seeding-. 
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a. Open area- approximately 3x2 miles. Flight 7. 

b. Clear line approximately 4 miles from camp. 

Figure 7. Dry ice seeding results. 
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a. Blimp-balloon prepared for seeding run. 

b. Crystallization of supercooled cloud with dry ice. 

Figure 8. Seeding from a blimp-balloon, 10 July. 
Blimp-balloon Type S-1000, Sefang Co. 
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• • . . . 

a. Snowfall (center outlined area) follow
ing blimp-balloon seeding, 10 July 1960. 

b. Line break from blimp-balloon s ·eeding, 27 July 1960. 

Figure 9. Results of blimp-balloon seeding. 
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It is interesting to note that the snowfall on 10 July, where cloud temperatures of 
-4. 5C were involved, consisted primarily of ice needles (1 mm long). This is the snow 
crystal type to be expected fro1n Nakaya's (1951) controlled temperature-humidity ex
periments. On 27 July the occurrence of dendrites (single crystals 1 to 3 mm across 
with larger clusters) was not anticipated from the measured temperature condition of 
-lOC; dendritic crystal formations customarily occur in the range of -1

1
4 to -17C. Ex

amination of the crystals, however, revealed that the extremities of the dendrites con
sisted of hexagonal plates, which could be expected at -lOC temperatures. Thus, the 
crystal morphology appears to reflect the low temperature influence of the dry ice during 
the early stages of growth. 

These two experiments vividly demonstrated that significant dissipation of low stratus 
clouds over the ioe cap can be achieved with a modest amount of dry ice (about 10 lb/hr) 
and relatively simple equipment. A balloon-seeding technique could be readily implemented 
on an operational basis to help maintain safe aircraft-landing corridors during periods of 
low cloud ceilings and fog. Blimp -balloons mounted on mobile sleds could be directed 
upwind of camp an appropriate distance so that line breaks created by the dry-ice seeding 
would occur over the airstrip. By using two or more seeding blimp-balloons, spaced along 
a line normal to the wind direction, the width of the clear area could be increased as 
desired. 

Silver iodide 

The most frequently used substance for heterogeneous nucleation of supercooled clouds 
is silver iodide (Agi), which reportedly acts as a freezing agent at cloud temperatures as 
high as -6C to -8C (Mason, 1957). The Greenland test results and those of other investi
gators (Aufm Kampe, et al., 1957) now suggest that efficient cloud dissipation by Agl 
must require ambient temperatures lower than -IOC. 

Available Agi charges•:c consisting of mixtures of cheddite (786 g) and silver iodide 
( 16 g ) were to be exploded in radiation fogs of appropriate temperature. During the 5-wk 
program at Fistclench, only three radiation fogs occur red and two were so brief that no 
experimentation was possible. The third fog condition, during the early morning of 
28 July, lasted for slightly more than 1 hr. Slide samples indicated that the fog consisted 
exclusively of supercooled droplets ranging from 15 to 30 f.1 diam; air temperature was 
-lOC. Three Agi charges were detonated and the smoke plumes observed at downwind 
points by Signal Corps weather personnel. No fog dissipation or significant droplet crys
tallization was observed. 

Thus, one series of Agi experiments at -lOC , employing a non-conventional dispersal 
technique, failed to produce any observable fog modification. The seeding agent cannot 
be fully evaluated until more seeding statistics are accumulated with conventional Agi 
generators whose nuclei characteristics are better known. 

Greenland soil particles 

F enn and Weickmann ( 19 59) have reported that soil particles in the vicinity of Tuto, 
Greenland, serve as freezing nuclei at temperatures as high as -5C. Consequently, small 
amounts of moraine clay and Tuto sand were obtained along the coast and shipped to Fist
clench. The soil samples were pulverized manually to produce a majority of particles 
in the micron size range. 

Because of time limitations, only one opportunity arose for testing the material. 
The meteorological situation consisted of a typical stratus cloud layer at -6C with cloud 
bases and tops of 1000 ft and 1600 ft respectively. Three seeding runs at cloud top level 
were made in which the materials were alternately released at rates varying between 15 
and 55 lb/mile. No apparent effect on the cloud could be observed. Subsequent analysis 
of cloud hydrometeor replicas made within the seeded path gave no evidence of droplet 
crystallization. 

Rockets 

Six seeding rockets were supplied through the courtesy of the Office of Naval Research. 
Though these hail suppression rockets are not intended for cloud dissipation purposes, it 

>:C Charges normally compr ising the payloads of the Italrazzi Seeding Rockets described 
below. 
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PAYLOAD: 
786 g CHEDDITE - 16 g SILVER IODIDE 

PAYLOAD COMPARTMENT 

INITIATOR ROD FOR CHEDDITE EXPLO~IVE 

BLASTING CAP, APPARENTLY TO SEPARATE PAYLOAD 
COMPARTMENT FROM ROCKET BODY 

----BLACK POWDER PROPELLANT 

79"x~ STARTING FUSE 

----------STICK STAB Ill ZER 

Figur e I 0. Schematic diagram of Italian cloud seeding rocket. 
Ther e are two models: a 1000-m (3300 ft) model, flight time 10 
sec, and a 1500-m (5000 ft) model, flight time 15 sec. Figures 
shown are for 1000-m model, motor is 4 in. longer for 1500-rn 

model (24 in.) and stabilizer stick is 5 in. longer (84 in.). 
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I 

Figure lla. Figure llb. 

Figure 11. Rocket firing. 

was felt they would provide performance data helpful in the future design of rockets f,or 
combating whiteouts. The rockets (Fig. 10) are self-consuming (except for a stabilizer 
stick now replaced in later models by body fins) and capable of achieving altitudes of 
3000 to 5000 ft. The silver iodide heads could be removed and replaced with dry ice. 

Three rockets, each loaded with less than 1 lb of dry ice, were fired into overcast 
cloud decks. In one instance a thin spot formed in the penetration area of the cloud, and 
in another case very light snowfall was subsequently noted. Figure 11 shows a test firing. 

Further tests with more suitable rockets and/ or mortar -type devices are warranted. 
Some of the factors that should be considered are as follows: 

a. Whiteout conditions that can be mo'dified generally involve low clouds or fog of 
moderate thickness. Thus an altitude capability of 2500 ft is probably sufficient. For 
fogs, which often extend only a few hundred feet or less above the surface, lower peak 
altitudes are desired. 

b. A controllable burst-altitude feature ~s necessary (since seeding agents such as 
the nucleating iodides must be released within the cloud proper). A timer mechanism or 
baro-switch might be appropriate. Dry ice pellets must be released above the cloud layer 
so that the mate rial falls back through the entire cloud depth. 

c. For surface-based obscurations, the continuous release .of seeding material while 
the projectile is ascending would be valuable. This might be accomplished by having the 
dry ice compartment exposed to the air stream or by burning silver-iodide materials with 
the rocket propellant. 

d. The Italrazzi rocket's payload, less than 1 lb of dry ice pellets, was not adequate. 
This capacity should be increased by a factor of two to four. 

e. In order to effect continuous clearing over a significant area, a bank of directional 
launch~rs ,with rapid fire capability is desired. 

1vlany of the foregoing considerations strongly suggest that a mortar device may be 
more appropriate than rockets , especially in shallow fogs. Other potential advantages of 
mortars over rockets involve accuracy, reliability, safety, and cost. 
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Military operations 

The use of weather modification techniques in support of air operations in the Arctic 
was successfully demonstrated. Though cloud dissipation techniques can be effectively 
utilized only when certain conditions prevail, their use during these periods offers con
siderable advantage. During the course of the field program, a less obvious military 
application of these same cloud dispersal techniques became evident. 

Army infantry units conducting field maneuvers at Fistclench this summer indicated 
that the flat polar plain made concealment and surprise attack extremely difficult, if not 
impossible. In every seeding experiment where successful dissipation of supercooled 
clouds was achieved, snowfall preceded clearing. Though total snowfall accumulation 
was slight, the flurries were sufficiently active to reduce ground visibility to less than 
i mile. Therefore , the use of cloud seeding tq create 11 snow screens 11 for camouflaging 
military maneuvers appears promising. 

A prerequisite for snow stimulation is of course the presence of supercooled low clouds, 
a situation not uncommon over the Greenland Ice Cap. Since snowfall and not clearing 
would be the objective , clouds of any vertical depth or stability would be suitable. Thus the 
meteorological requirements are not as confining as for whiteout suppression. It would be 
necessary to seed clouds upwind of the target with the area and duration of precipitation 
controlled by the length and number of successive seeding passes made perpendicular to 
the direction of cloud movement. 

It is believed that Army drones would be an excellent seeding vehicle for both snow 
screenmissions and for certain whiteout dissipation operations. For safety reasons, it is 
obvious that manned aircraft can be used only in the less hazardous whiteout conditions. 
The summer flight program provided ample evidence that even in these moderate situations 
ice cap flying entails considerable risk. Drones could be employed regardless of the 
severity of the weather and could perform seeding maneuvers not feasible with manned 
aircraft. Efforts to incorporate drones into the whiteout program objectives are strongly 
recommended. 

Atmospheric particle concentrations 

Daily measurements of the concentration of condensation nucle i were made at Fist
clench with a type CN General Electric Small Particle Detector ~ Regardless of the meteor
ological situation, the counts were always less than 200 per cm1, the minimum sensitivity 
of the instrument. At Tuto , condensation nucleus counts made adjacent to the glacier and 
with a wind off the ice cap were also less than 200 per cm3. At other locations in the ,. 
Tuto- Thule region and with varying wind directio n s , the counts ranged from 500 per cm3 
to 5 x 104 per cm3 • High counts wer e associated with man -made sources of contamination 
such as nearby vehicle exhau st and chimney smoke. Measurements made along the coast
line with an on-shore breeze revealed marine atmosphere nucleus counts of 500 to 1000 
nuclei per crni , practically all larger than 0. 1 fJ. radius. 

A Meteorolog y Research , Inc. cold box (Model 306) was used for measuring concen
trations of freezing nuclei. Instrument deficiencies , some of which were aggravated by 
arctic conditions, permitted only qualitative interpretation of the data. The counts fol
lowed a trend similar to the condensation nuclei. Generally no freezing nuclei were 
observed in the air samples at Fistclench down to minimum achievable temperatures of 
-30C. Measurements in the Tuto area indicated freezing nucleus counts approacf1ing 
more typical mid-latitude values. 

These measurements are essentially 1n agreement with previous findings of high 
purity of arctic air samples (Fenn and Weickmann , 1959). The scarcity of freezing 
nuclei over the glacier suggests that crystallization of supercooled clouds (and ice cap 
precipitation) is initiated primarily by natural ice seeding from higher, colder clouds. 
On two occasions this phenomenon was observed in profile views of approaching cloud 
formations. 

Replicas of hydrometeor s 

In order to study the cloud physics of whiteouts and to evaluate seeding effectiveness, 
hydrometeors c.onstituting clouds and fog were sampled with gelatin-coated slides. The 
phase and size distribution of sampled hydrometeors was determined from characteristic 
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Table II. Precipitation and cloud particle characteristics. 

Description Temp Mean Std. Diam 
(C) diam dev. range 

(~) (~) (~) 

Cloud droplets before seeding>:C (16 July) -6 8. 1 2.3 3-15 

Cloud particles after seeding (16 July) -6 4.2 4.2 0-50 

Cloud droplets before seeding ( 15 July) -8 6.9 2.5 5-15 

Ground-collected snow from -6 134 52 40-300 
15 July seeding 

Ground-collected water fog (25 July} -5 16 3.7 10-25 

Ground-collected water fog (11 July} -5 17 5.5 8-30 

Cloud droplets before seeding ( 4 July) -1 8.5 2.8 0-20 

Cloud particles after seeding 6 July} -10 7.8 9.8 0-90 

* All seeding referred to 1n Table II involved dry ice. 

two-dimensional replicas , resulting from absorption of water droplets or melt e d ice crys
tals by the gelatin film. As shown in Figure 5, impinging water drops pro due e a c ire ular 
or elliptical film distortion (elliptical if the exposed slide is not kept normal to the sam
pled airstream), whereas ice crystals which are allowed to melt leave a crystal-like or 
irregular pattern, depending on snow crystal condition after impaction. The circular 
deformations in the gelatin film are approximately twice the actual water droplet diameters , 
primarily because of flattening of the droplets in the collection process. The replicas of 
ice crystals are about the same size as the crystals themselves. 

Hydrometeor characteristics compiled from some of the slides (Table II) illustrate 
the uniformity of droplet size distribution in unseeded clouds and show that the mean 
diameter of the cloud particles is reduced immediately after seeding. This effect is to 
be expected , since the introduction of dry ice into a supercooled cloud causes the forma
tion of many very small droplets and crystals. In a relatively short time, however, the 
average size becomes quite large, as demonstrated by the snowfall collected a half-hour 
after the seeding on 15 July (Fig. 12). 

Conclusions and recommendations concerning supercooled clouds 

a. It was experimentaqy shown that clear areas in supercooled clouds could be pro
duced at ice cap outposfs. Successful seeding operations were conducted from aircraft 
and from the ground with a tethered blimp-balloon. The blimp-balloon seeding technique 
should be refined for routine use. 

b. Of the various seeding agents tested during the summer of 1960, only dry ice was 
effective in dissipating clouds. As little as 5 lb/mile of dry ice released from aircraft 
produced line openings up to 2. 5 miles wide. The clear areas persisted more than 2 hr. 

c. Active snowfall which preceded clearing action reduced ground visibility to less 
than i mile. Because of possible strategic value over flat arctic terrain where conceal
ment of military maneuvers is difficult, such man-made "snow screens 11 should be in
vestigated further. 

d. A number of equipment developments were indicated for possibly more effective 
seeding operations, including: 

I) Adaptation of an Army drone for all-weather seeding purposes 
2.) Rocket or mortar-type seeding devices 
3) _Device for direct airborne conversion of liquid COz to dry 

ice pellets. -



18 EXPERIMENTS ON GREENLAND WHITEOUT MODIFICATION 

Figure 12. Replicas of snow crystals resulting from dry ice seeding. 
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PART II: TUTO-THULE OPERATIONS 

During the summer season in the Camp Tuto-Thule region of Greenland, low clouds 
usually consist of water droplets having temperatures above OC. Thus, only the so-called 
warm-cloud seeding materials were used at Tuto during the second phase of the experi
mental program. The materials dispersed i n the experiments were calcium chloride, 
sodium chloride , and carbon black, none of which caused cloud dissipation. 

Principles of warm-cloud seeding 

Hygroscopic salts serve as a sink for water vapor; carbon black absorbs solar radia
tion and acts as a heat source. Each of these processes will lower the relative humidity 
in the cloud. If the a i r is dried sufficiently, the cloud particles will evaporate and clear
ing should result. 

Carbon black. Because of its high solar absorptivity and great surface area per unit 
of mass , carbon black is a likely material to use for gathering solar energy to heat air. 
Van Straten et al. ( 19 58} have reported that this material, when injected in small quantity 
into or around cumulus clouds , brings about either dissipation or growth of the cloud, 
depending upon meteorological conditions. If sufficient carbon black, acting as a heat 
source for the satura.ted air, is introduced into a very stable stratiform cloud , som.e dis
sipation might occur , although this technique has never been demonstrated. To calculate 
the amount of evaporation produced by seeding with carbon black,* it was assumed that 
all radiation impinging upon the carbon black was absorbed, and that this energy was used 
simultaneously to heat the air and evaporate enough liqui d water to maintain saturation in 
the cloud. The air was supposed stable enough to preclude significant convection sub
sequent to heating . The calculation , based on these assumptions and on assumptions 
appropriate for meteorological conditions in Greenland, gave the result that 0. 02 g of 
liquid water could be evaporated in 1 min by seeding 1 m · of cloud uniformly with 1 mg 
of carbon black. Owi ng to the numerous assumptions required in the theoretical treat
ment, this derived value repr e sents only a first approximation to the solution of the 
problem. 

Salt. When particles of deliquescent salt are introduced into a cloud of water droplets, 
liquid water will condense upon the i r surfaces and they will be dissolved to form droplets 
of salt water. The saturation vapor pressure with respect to salt water is less than that 
over pure water, so the salt droplets will continue to grow at the expense of the water 
vapor in the air, and this vapor will be replaced by evaporation of the pure water droplets. 
If a sufficient quanti ty of salt is used, all of the pure water drops will be evaporated. 
Furthermore , if the resulting salt water drops are large enough, they will fall and thereby 
remove liquid water from the cloud. 

It is possible to calculate the reduction in relative humidity resulting from the addition 
to saturated air of a given quantity of material having known hygroscopic properties. 
For example , the relative humidity of 1 ml of saturated air at lOG and 900 mb will be 
lowered to 90% if 0. 06 g of CaClz, {or 0. 18 g of NaCl) is added to it. If cloud droplets of 
pure water are present, they will evaporate in the environment of 90% relative humidity. 
Houghton and Radford (1938) show in fact that all pure water droplets smaller than 50 J.l 
diam will evaporate in 35 sec or less in such an environment. Droplet evaporation will.J. 
in turn, increase the humidity; but for a cloud having a liquid water content of 0. 2 g/m~ 
{representative value for stratus clouds}, complete evaporation would raise the relative 
humidity to only 96%, so that additional condensation would not occur. If the salt water 
drops become large enough to fall from the cloud, clearing will result. 

Experimental results 

Carbon black. Two experimental seedings with carbon black were conducted near 
Tuto on 6 August. The first experiment was conducted in fog {about 6C) to determine 
whether or not (a) the material could be easily dispersed from the ground and (b) injecting 
a thin fog with carbon black would produce dissipation. The seeding agent was effectively 

* The carbon blacks Monarch 71 and Sterling R, both manufactured by Godfrey L. Cabot, 
Inc., were used. 
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dispersed by directing a jet of compressed carbon dioxide across an opening in the bag 
of carbon black. A dense plume of the material (Monarch 71) issued from _the hole and 
could be controlled to a limited extent by manipulating the carbon dioxide jet. The results 
were inconclusive because of the irregular pattern of the fog and the fact that natural wide
spread dissipation of the fog was commencing. The experiment did demonstrate, however, 
a suitable technique for ground seeding shallow obscurations with carbon black. 

The second experiment with carbon black (in this case Sterling R) was conducted with 
the H- 34 helicopter (flight 10, Table I). During the evening of 6 August the Tuto air strip 
was clear while a fog about 600 ft thick (3C) had Thule Air Base completely closed in. Con
ditions were ideal for observing any clearing effect following seeding, since the fog bank 
was stationary with a smooth, regular top. Seeding maneuvers were also facilitated by 
coordination with a ground tracking radar unit at Thule Air Base. Over a period of ap
proximately 1 min, 35 lb of carbon black was released while the helicopter flew just within 
the cloud top at 60 knots. On the assumption that the material was distributed uniformly 
in a volume 1 nautical mile long, 20 m wide and about 60 m deep, the concentration would 
cause dissipation (a clear trough in the fog top} in slightly more than 1 min, according to 
the theoretical calculation. The seeded area was observed for 25 min and no effect was 
noticed. 

Salt. Salt seeding experiments were performed during two helicopter flights (flights 
9, 10, Table I). On 5 August a broken overcast consisting of two cloud decks, the lower 
slightly warmer than freezing, was moving rapidly off the ice cap. The target chosen was 
the central part of a distinctive stratocumulus cloud about 4 miles long and 1 mile across. 
The calcium chloride was in powdered form, the particles having a median diameter of 
about 50 f.l· One hundred pounds of the material was dropped in 30 sec from a height of 
100 ft above the cloud tops with the helicopter flying at a speed of 40 knots. The seeded 
region was, therefore, about i nautical mile long, 20 m wide, and 60 m deep, having a 
volume of 7. 4 x 105 m 3 • The 100 lb distributed evenly throughout this volume would have 
a density of about 0. 06 g/m 3 , which is the theoretical (minimum} . requirement. No 
clearing was observed. 

On 6 August the fog situation offered good conditions to evaluate seeding results, as 
described above for the carbon black trial of the same flight. With the helicopter skim
ming the cloud tops at 60 knots, two 100 lb bags of calcium chloride powder were emptied 
at a rate of 100 lb/min. Sixteen minutes later, a slight furrow oriented in the same direc
tion as the seeded line was noticed in the cloud top. No clearing was observable half an 
hour after seeding, however. It is doubtful that the furrow was caused by the salt; more 
probably it was caused by the helicopter downwash. In any event, clear areas in the fog 
could not be created. 

Next, 300 lb of sodium chloride in powdered form (beam dust) was dropped over a 
2-min period with the helicopter flying at 60 knots just within the cloud tops. No cloud 
modification was observed. 

Conclusions concerning warm cloud modification 

None of the seeding agents dispersed in clouds or fog warmer than freezing pro
duced any significant clearing. The principal carbon black experiment suffered from 
relatively weak solar illumination, and a similar attempt should be made in strong sun
light before its effectiveness as a seeding agent can be definitely stated. On the other 
hand, the salts (CaCl~ and NaCl) were teste_d u_nde~ favorable seedi~g conditions and_ 
proved ineffective. Some degree of cloud d1s s1pahon should result 1f the concentrat10n 
of salt in the seeded area were steadily increased. However, handling larger quantities 
of salt would pose problems and probably could not be considered for operational cloud 
dissipation. 

It appears that new and unique methods are needed to solve the problem of warm 
cloud dispersal. The Thule region, because of its high frequency of summer season-fog 
and ready access from Camp Tuto (higher terrain, generally (ear), constitutes an ex
cellent field laboratory for warm fog investigations. 
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APPENDIX A: DRY ICE EQUIPMENT. 

Two dry ice makers* were used for converting liquid COz to dry ice. Each unit 
(Fig. A-1) produced 10 -oz cakes which sublimed to 8-oz cakes in 2 hr (in an insulated 
box). Approximately 30 sec are required to make one cake of dry ice. These converters 
are intended for laboratory use and limited production of solid COz. Under the rigorous 
conditions imposed, that of manufacturing 50-100 lb of dry ice in 1 hr, difficulties were 
experienced because of springing of the metal handle and improper sealing. A more 
rugged model capable of higher production rates is desirable. 

The dry ice made in the above manner has a density of approximately 0. 75 g/ cm3 , 

considerably less than that of commercial dry ice, which is rather brittle. This proved 
to be a desirable feature in that less fragmentation of the dry ice occurs when chopping 
the material to pellet size in the airborne ice crusher. t Table AI indicates the output 
size of pellets from the crusher. All seeding operations were conducted using the 
coarse-comb sethng. 

Table AI. Dry ice output from Hail Queen Crusher. 

Pellet size (in.) 

Powder 

Less than i 
1 1 
4 2 
1 3 
2 4 
3 - 1 4 

Coarse -comb setting 

15% 

30 

15 

15 

25 

Figure A-1. Dry ice production. 

Fine-comb setting 

50% 

25 

25 

* Dry Ice Machine P-2820, Scientific Glass Co. 
t Hail Queen Ice Crusher - Rotating Drum, Hammer -mill Type, 24 Volt. 



APPENDIX B: CLOUD SEEDING RESULTS, FLIGHT 4, 15 JULY 1960. 

Weather conditions 

A stratus overcast prevailed over Fistclench on the morning of 15 July. Very light 
snowfall ended prior to takeoff. The cloud deck, as measured on climb, had the following 
characteristics: 

a. Cloud bases: height, 700ft; temperature, -8C 
b. Cloud tops: height, 1700 ft; temperature, -9C 

Seeding operation 

Dry ice 
cloud tops. 
Fistclench. 

pellets were dispensed from a U -lA Otter aircraft flying 100 ft above the 
A "Z"-shaped seeding pattern was made 4. 5 miles upwind (southeast) of 
The three 3-mile legs were seeded at the following rates: 

0935-0937LST Leg HI seeded at 2 lb/mile rate 
0938-0940LST Leg /f2, 5 lb/mile 
0941-0943LST Leg #3, 10 lb/mile. 

Log of subsequent seeding observations 

0939 

0949 

0949G):c 
0950 
0953G 

0958G 
1000 
1002 
1008G 
1013 

1038 
1054 

While on the second seeding leg, the first leg could be distinguished by a 
darker appearance and change in cloud texture. 
After climbing to a higher altitude, the entire "Z'' pattern could be clearly 
seen as a dark track in the overcast. 
Line of snow seen falling from clouds (leg 1) southeast of camp. 
Sun dogs and pillars visible in each of the three legs. 
Sunlight shining through breaks over Fistclench. A complete halo was 
visible. 
Light snowfall noted at camp. 
Leg 1 was no longer visible, having refilled with cloud. 
Fistclench visible through the second seeded leg. 
A second, largel:" clear area noted from the ground. 
All of Fistclench visible through the clear area formed by a near fusion of 
legs 2 and 3. Clear area directly over camp. 
Clear area now to the northwest of camp No significant change in size. 
Aircraft descended VFR through clear area and landed. 

Signal Corps meteorological personnel recorded the following pertinent weather 
information during the seeding operation: 

a. WBAN-10 Form, Column 90 

''Breaks in overcast 1005 LST to 1020 LST due to seeding of clouds." 

b. Incoming solar radiation, as recorded with an Eppley Pyrheliometer (2 m 
above the ground), progressed from 0. 8 to 1. 4 langleys per min as the 
clear areas moved overhead. 

* G means ground observation. 


