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ABSTRACT 

During the summer of 1965, the CRREL cloud physics group carried out a study. of 
fog modification by propane and dry ice seeding on the Greenland Ice Cap, an area with 
one of the lowest concentrations of atmospheric pollution on earth. The nuclei of 
supercooled fog droplets before seeding were observed using electron microscopy and 
electron diffraction methods. The nuclei of ice crystals formed by dry ice and propane 
seeding were also observed using the same technique. The nuclei of the supercooled 
fog droplets and the ice crystals formed by·seeding were found to be hygroscopic sea 
salt particles that were easily distinguished from the clay mineral nuclei of natural 
snow crystals. The sublimation temperature of carbon dioxide is -78.5C. The boiling 
point of liquid propane is -44.5C at 1 atm pressure. It is concluded that the ice 
nucleation of super·cooled fog by dry ice and liquid propane seeding is due to thermal 
effects. 
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INTRODUCTION 

Methods of fog modification differ depending on the type of fog concerned: warm fog, super
cooled fog, or ice fog. One of several evaporation methods is generally used for warm fog dis
sipation: The air temperature ofthe warm fog can be raised above the dewpoint by burning fuel 
oil. The warm dry air above the fog layer can be mixed with the air of the fog layer by the. use 
of a helicopter (Hicks, 1965). Or carbon particles can be scattered over the. warm fog layer to 
increase the absorption of solar radiation. 

Seeding agents for ice nucleation are used for supercooled fog dissipation. Water vapor. 
pressure on the ·supercooled droplets is higher than that of ice crystals at the same temperature. 
Ice crystals nucleated by the seeding agents finally grow in the supercooled droplets to the re:
quired size for precipitation. Dissipation. of ground fog and low level stratus clouds by this 
method takes 30 to -50 min (Kumai and Francis, 1962). 

The above methods, however, are not effective for lee fog reduction. Instead, water vapor 
from sources such as cooling ponds and coal of high water content must be limited (Kumai, 1966). 

Supercooled ground fog and low stratus cloud on the Greenland Ice Cap have been modified 
by seeding with dry ice, liquid carbon dioxide, Greenland soil particles, silver iodide, carbon 
black, calcium chloride, and sodium chloride (Jiusto and Rogers, 1961). The most effective seed
ing agent was dry· ice. 

During the summer of 1960, nuclei in snow and ice crystals on the Greenland Ice Cap were 
investigated under natural and artificially stimulated conditions by the electron microscope and 
electron diffraction methods (Kumai and Francis, 1962). The results of the electron microscope 
analysis indicate~ that the natural snow crystals. occurring in· the summer on the Green.land Ice 
Cap are formed mainly of clay mineral particles by heterogeneous nucleation. 

The CRREL cloud physics group modified supercooled fog by liquid propane seeding on the 
Gr.eenland Ice Cap during the summer of 1965. The Greenland Ice Cap has one of the lowest 
concentrations of atmospheric pollution on earth and is one of the most convenient areas for 
studying the mechanism of ice nucleation of supercooled fog. 

This report describes the nuclei of supercooled fog before and after seeding by liquid 
propane and dry ice and discusses the nucleation process. 

METHOD 

Liquid propane (C 3H8) can be used as a nucleation agent for supercooled fog by discharging 
it through a small nozzle into the atmosphere. The air temperature in the immediate vicinity of 
the nozzle is reduced due to the latent heat of vaporization of the liquid propane. The boiling 
point of liquid propane at 1 atm pressure is -44.5C, which_is the temperature of spontaneous 
nucleation of supercooled fog droplets. The liquid propane aerosol i~ obtained from a propane 
dispensing apparatus (Hicks, 1967) with a maximum discharge rate of about 3 lb/min for a single
hole nozzle of 1

,{6 -in. diameter. 
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Propane is available commercially as heating fuel and is explosive at a fuel/air ratio of 2.3 
to 4.5% by volume. Fire hazard distances from the propane dispensing apparatus have been " 
measured with an explosimeter: Propane' concentration in the atmosphere depends on the distance 
from the dispensing apparatus, the rate of discharge, windspeed, and. wind direction. ·In the calm 
wea~her associated with fog, no fire hazard was indicated by the explosimeter at more than 3m 
from the nozzle of the propane dispensing apparatus with a 3 lb/min discharge. 

EXPERIMENTS 

Fog modification tests were conduct~d at Camp Century on the Greenland Ice Cap, 220 km 
east of Thule. The test- area was about 2 km east of the main camp. During the period of fog, 
wind was generally southeast at less than 7 m/ sec • The temperatures were between -3C and 
-18C. Dense ;::;upercooled fogs are formed in this area by the advection of moist air over the . 
ice cap and by nighttime radiational cooling of mo~st air. Radiation fogs on the other hand are 
shallow and. short lived. 

During the summer of 1965, five supercooled fogs were seeded with liquid propane aerosols 
and all produced similar results. In one casa, advection fog .appeared at 1800 hr on 12 July and 
continued to 2400. The visibility was 2000 m at 1800, and decreased to 200m at 1900. Three 
propane dispensers were positioned 10 km upwind of the project control station at 800-m intervals. 
Propane seeding was started at 2100 and continued for about 1 hr using a single-hole nozzle at a 
discharge rate of 3 lb/min.. The wind direction was southeast, speed was between 1.4 and · 
5.1m/sec, air temperature was around -12C, depth of the fog layer was estimated to be about 
50 m, and relative humidity was between 94% and 99%. · 

Minute iQe crystals formed by the liquid propane seeding grew in the supercooled fog. Forty 
minutes after seeding started, a faint halo due to ice crystals forme~_ by seeding was observed 
3 km downwind. After the precipitation of the ice crystals, a clear area about 2 km wide and 3 km 
long appeared. 

RESULTS 

Liquid water content and size distribution · 

The mass of fog droplets and the chloride content were determined by the. u~e of a gelatin 
reagent film containing colloidally dispersed red silver dichromate (Farlow, 1957). The diameter 
of the fog droplets in the atmosphere was estimated from the diameter of the droplet print on the 
gelatin film. The correlation between the droplet diameter and the pr~nt diameter was measured 
by comparing them with droplets of known mass (Fig. 1). · The relation is expressed by the 
empirical formula 

1 1 
y --x2 +- x 

1250 3 

where. y is the diameter of the droplets, and x is the pfint diameter on the film. 

The liquid water ·content and size distribution of the fog droplets were measured as follows. 
The gelatin film was cut into 5-mm-wide 30:mm-long strips which were attached to the shaft (5 mm 
diam) of an anemometer.. The strips were kept facing towards the y;irid during the fog. ·The volume 
of sampled air containingfog droplets was calculated from the eJtposure time and the windspeed. 
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Figure 1. Droplet diameter and the printed diameter on 
a gelati n film containing colloidally dispersed red sil

ver dichromate. 

The collection efficiency of fog droplets on the film can be computed from the theoretical 
considerations of Langmuir et al. (1946). Their work indicated 

18 Pa 2 CU 
¢ 

T/ Ps 

and 

2p
8

U 
K x a 2 

97!C 

3 

where ¢ and K are parameters for calculation of the collection efficiency; Pa = 0.00104 g/ crn 3
, the 

density of air at -10C at 1900 rn above sea level; C = 0.25 ern, the half-width of the gelatin film; 
U = 240crn/ sec, the mean wind velocity ; TJ = 1.658 x 10-4

, the viscosity of air at - 10C at 1900-rn 
elevation; Ps = 1 g/crn 3

, the density of a fog droplet ; and a = radius of the fog droplet in cgs units . 
The collection efficiency of fog droplets ranging from 611 to 65/1 diameter on the gelatin film at 
Camp Century, Greenland , was ·estimated from the diagram of Langmuir et al. (1946) using the 
parameters ¢ and K. 

The advection fog droplet spectra were observed by the use of the gelatin film from 2000 to 
2150 on 12 July at a 1.5-rn height above the snow surface. Fog droplet prints on a chloride
sensitive gelatin film are shown in Figure 2. The fog droplet diameter was calculated from the 
print diameter by the use of the experimental formula shown in Figure 1. The concentration and 
size distribution of the fog droplets are given in Figure 3. The fog droplet concentration, maximum 
frequency diameter, diameter range, and liquid water contents from 2000 to 2150 on 12 July 1965 
are given in Table I. 
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Figure 2. Fog droplet prints on a chloride-sensitive gel 
atin film. 
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Figure 3. Concentration and size distribution of 
fog droplets on the Greenland Ice Cap on 12 July 

1965. 
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Table I. Advection fog droplet spectra on the Greenland Ice Cap. 
Liquid propane was released 10 km upwind (southeast) of the ob-
servation area at 2100 on 12 July 1965. Estimated visibility was 

200m from 2000 to 2040, 300m thereafter. 

Fog droplets 

Air Wind Max freq Dia.w Liquid 
Time RH temp speed Cone diam ran ge H 20 content 

(% ) (oC) (m/sec) (no./cm
3

) ( f.L) ( f.L) (g/ m3) 

2000 4.2 20 8 6-48 0.020 
2005 4.8 15 9 6-48 0.017 
2025 99 -9.7 3.4 11 9 6-34 0.013 
2030 99 -10.0 2.7 6 12 6-46 0.013 
2035 4.2 8 9 6-56 0.016 
2040 2. 1 8 9 6-45 0.018 
2045 2. 2 7 14 9-30 0.015 
2050 -11.2 3.0 7 12 6-48 0.015 
2055 99 2. 1 14 8 6-30 0.013 
2100 99 -11.8 1.8 10 8 6-48 0.014 
2105 2. 1 7 8 6-34 0.013 
2110 1.8 8 8 6-34 0.011 
2115 96 -12.1 1.6 5 14 6-30 0.008 
2120 1.5 10 8 6-27 0.008 
2125 1.9 7 9 6- 27 0.007 
2130 96 2.0 5 12 6-24 0.006 
2140 1.4 4 12 6-24 0.005 
2150 94 -12.2 1.4 0.2 10 9-14 0.0002 

Giant sea salt nuclei 

A gelatin reagent film containing colloidally dispersed red silver dichromate was used to 
identify giant sea salt nuclei in fog droplets. The identification was made by the color change of 
the film from red to white after formation of silver chloride due to the reaction between red ·silver 
dichromate and chloride ions. The sensitivity of the film was measured by the use of fog-size 
droplets of known concentration of sodium chloride. It was found that sea salt particles larger 
than 10- 12 g can be identified from the results of the tests. About 72,000 fog droplets collected on 
three separate occasions were examined by this method. Giant sea salt nuclei larger than 10- 12 g 
were found in 22 of the 72,000 supercooled droplets observed in the advected fog on the Greenland 
Ice Cap. The mean concentration of fog droplets was 9/ cm 3

• The average concentration of fog 
droplets containing giant sea salt nuclei(> 10- 12 g) was 2.8/ liter of surface atmosphere at Camp 
Century on the Greenland !ce Cap. Giant sea salt nuclei have also been found at Barrow, Alaska, 
using the same method (Kumai, 1965). It is concluded that giant sea salt nuclei move inland over 
the Greenland Ice Cap. 

Ice nucleation by liquid propane seeding 

At the center of each natural snow crystal occurring during the summer on the Greenland Ice 
Cap, a clay particle was found by electron microscopy (Fig. 4). The nucleus was between 0.1 and 
41-L in diameter. The clay mineral has a pseudo-hexagonal system similar to that of an ice crystal. 
The misfit of basal planes between the clay (kaolin) and ice is 2.3%. A nucleus found at the center 
of the snow crystal showed that both the a-axis and c-axis of the ice were parallel to those of the 
nucleus. It is concluded that a snow crystal is formed by epitaxial growth on a clay mineral. 

On 12 July, dense supercooled fog formed at Camp Century. No ice crystals were found in the 
supercooled fog before seeding· (Fig. 5). However, ice crystals were formed by liquid propane 
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Figure 4. A nucleus (kaolin ) found in a snow crystal formed 
on the Greenland .Ice Cap. 
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Figure 5. Supercooled fog droplets before seeding. 
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Figure 6. Supercooled fog droplets and ice crystals formed 
by liquid propane seeding. 

Figure 7. Hygroscopic nucleus in a fog droplet before seeding. 
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Figure 8. Hygroscopic nucleus in an ice crystal formed 
by liquid propane seeding. 

seeding (Fig. 6). In each fog droplet was a sea salt nucleus in the size range 10- 12 to 10- 15 g 
(measured by electron microscopy using the electron diffrac.tion method - Figure 7). A sea salt 
nucleus was also found)n each ice crystal nucleated by liquid propane seeding (Fig. 8). A clay 
nucleus was not found in snow crystals nucleated by liquid propane seeding. Supercooled fog i~ 
nucleated by liquid prop.ane seeding, but not by propane gas. The boiling point of liquid propane 
is -44.5C at 1 atm pressure. Since this is the temperature of ·spontaneous nucleation of supercooled 
fog droplets, it is concluded that the ice nucleation of supercooled fog by liquid propane seeding 
occurs through a thermal effect. 

Ice nucleation by dry ice seeding 

Cloud chamber experiments on ice nucleation by dry ice seeding were conducted to detect the 
mechanism of ice nucleation in a snow tunnel laboratory on the Greenland Ice Cap, where the 
natural air is as clean as- any on earth. ·Supercooled fog droplets were made by breathing in the 
2-liter cloud chamber which was kept at -15C. The supercooled droplets were collected before 
dry ice seeding on prepared electron microscope grids to permit examination of the nuclei of the 
droplets. Electron photomicrographs were made of the po~ition on the grid from which the droplets 
had evaporated to permit observation of any possible nuclei. The residues from ten droplets were 
observed. One droplet had a particle of 0.1-11 diameter in the residue. The other photomicrographs 
of the droplets' residues did not show any substances at magnifications up to x 10,000. 

The supercooled fog droplets were seeded by suspending dry ice particles about 5 em over ·the 
cloud chamber. ·The sublimation :temperature of dry ice is -78~5C. Dense tiny ice crystals were 
produced in the thin layer of air which was suddenly cooled by contact with .the dry ice particles. · 
These tiny ice crystals dropped into the supercooled fog in the cloud chamber. They grew rapidly 
in 'the supercooled fog and were then observed in the light beam as glittering ice crystals. For 
observation of the ice crystal nuclei, they were collected on the electron microscope grids placed 
on the bottom of the chamber as shown in Figure 9. The crystals· ranged from 7/l to 3011 in diameter. 



FOG MODIFICATION STUDIES ON/THE GREENLAND ICE CAP 9 

Figure 9. Ice crystals formed by dry ice seeding. 

The ice crystal concentrations varied between 10 and 100 crystals/ cm 3 in each ·experiment. The 
nuclei of 104 ice crystals collected in these experiments were examined by the electron microscope. 
Ten percent of the crystals had observable nuclei between 0.07 fl and 0.4f.L in diameter. They were 
somewhat smaller than those (Fig. 4) of natural snow crystals. The ice crystals may have been 
produced by heterogeneous nucleation on the aerosols in the air. The other 90% of the ice crystals 
formed .by dry ice seeding may have been produced by homogeneous nucleation in aerosol-limited 
air. 
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