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Any discussion of the problem of ice formation in the atmos-
phere should early treat of certain fundamental processes or
phenomens inherent to the changes of state from water vapor to
condensed water in droplet formations and, finally, to the
various forms in the solid state--- clear ice, rime, and frost.
These processes or phenomena are: (1), the condensation of water
vapor in the atmosphere, (2), the existence of under-cooled water
in the atmosphere, and (3), the processes involved in the freez-
ing of under-cooled droplets. These will be discussed in the

above order.

Section I
The Condensation of Water Vapor in the Atmosphere

The amount of aqueous vapor that can exist in a given volume
of the atmosphere depends upon the temperature. Supersaturation
may be produced under laboratory conditions but is not believed
to occur in the free atmosphere. If a"state of saturation is
said to exist, a condition of equilibrium prevails, i. e. as
many molecules of water are entering the free water surface,
per unit time, as are escaping to the space above. These water
molecules in the space above the water surface exert an inde-
pendent pressure in accordance with Dalton's Law. This is
called the vapor pressure and, since the number of molecules
which contribute to this pressure is dependent upon the tempera-
ture, we may say that the saturation vapor pressure is also
dependent upon the temperature. It is directly proportional to
the temperature. If we start with a condition of saturation and
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lower the temperature, we produce one of two conditions. Hither
we bring about supersaturation or, if suitable nuclei are present,
condensation of water vapor will take place thereon and small
water droplets will be formed. The natural processes by which

portions of the atmosphere are cooled sufficiently to bring about

b

condensation are: (1), cooling by mixing or through contact with
a surface which itself has lost heat by radiation or is otherwise
cooled; (2), spontaneous cooling by radiation; and (3), dynamical
cooling by expansion.

Cooling by mixing or through contact with a cooled surface pro-
duces advective sea and land fogs.

Spontaneous cooling by radiation produces the fogs which are
common on clear cool nights when the wind movement is light. This
form of cooling, in conjunction with advective effecte, is also
responsible for the stratus clouds so frequently formed at the
base of subsidence or turbulence inversions. These clouds are
common around the perifery of polar air masses and semi-permanent
anticyclones.

Dynamical céoling by expansion is the most effective process of
all. Such cooling may be due to the convective action resulting
/from )
the heating of surface layers, producing cumulus clouds; to the
convective overturning or the forcing aloft of warm air at the
forward portion of the cold front type of discontinuity, producing
cumulo-nimbus clouds, or by the active upglide of warm moist air
over the warm front or by the lifting of cold moist air under the
warm front due to the convergence of stream lines along the warn

front, producing nimbus, stratus, or alto-stratus clouds. The

lifting of moist air in crossing mountain ranges is also impor-
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tant in this respect-- the cloud types produced depending upon
the stability of the air,.

The cooling of portions of the atmosphere, by whatevey process,
will yield condensation only provided nuclei in sufficient num-
bers are present. Ilany investigztions have been conducted in
efforte to determine the exact nature of such nuclei. Recent
discoveries have been made in this connection which prompt a
radical revision of our ideas regarding the nature of these
nuclei., It had formerly been believed that minute dust particles
and ions of dissociated hygroscopic gases constituted the nuclei
avout which condeunsation takes place. It is true that conden-
sation will take place about dust particles, provided other more
effective nuclei are not available. The well known Aitken's
"dust counter" had, for years, been used to determine the number
of nuclei available in different samples of aire. It has develop-
ed, however, that the "dust particles” counted by this ingenious
device are not dust at all but other more effective nuclei. Indeed
it has been demonstrated that no increase in the number of nuclei
was oObserved in a sample of air that had been deliberately made
dusty. Thus it is now believed that the particles counted by the
Altken device are not dust at all, but other forms of nuclei.
Hence it is quite probable that the ordinary dust particles play
an unimportant r0le in condensation within the atmosphere.

It has been shown that & fourfold supersaturation is required
before cordensation will take place on negative ions, while a
sixfold supersaturation is required for condensation about positive

ions., This relative effectiveness of ions of opposite charge has

peen misunderstood by some, leading to an erroneous conclusion
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that negative ions could be regarded as nuclei of condensation
for the atuosphere. But since there is no reason to believe that
such a degree of supersaturation exists in the atmosphere, and
which has never been recorded, it appears that such iomns may be
definitely eliminated from consideration here.

What, then, are the effective nuclei within the atmosphere?
Hygroscopic nuclei from evaporating sea-spray are, without doubt,
carried into the atmosphere by turbulent and convective action.
Also, more strongly hygroscopic nuclei are derived from the com-
bustion of sulphur which is present in large quantities in coal
and coke. In this connection it is interesting to note that
minute particles of sodium chloride have been shown to becone
deliquescent and form water droplets when exposed in air with =a
relative humidity as low as 75 per cent. Other more strongly

hygroscopic nuclei may result in condensation at still lower

values of humidity. Table No.l shows several examples of cloud
formations existing at low humidities, that at Oklahoma City on
April 6, 1935 being the most notable and indicating alto-cumulus
clouds of 500 meters thickness in which the humidity ranged from
51 per cent at the base to 54 per cent at the top. BSuch observee-
tions certainly suggest that the nuclei of condensation within
the atmosphere consist of such hygroscopic material.

K8nhler has conducted investigations concerning the nature of
atiospheric nuclei wherein samples of cloud and cloud air have
been analyzed. ZFrom such ahalyses he has not only provided:

interesting and valuable informetion about the size and number of

nuclei of condensation, and the size and number of cloud droplets
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per unit volume, but he has rather definitely shown that the for-
mation of cloud and fog droplets are dependent upon nuclei of
sodium chloride, magnesium chloride, and calcium sulphate, and,
therefore, derived from sea-spray. The acceptance of the pPropo=-

ition that nuclei of condensation do consist very largely of
these materials, with their verying degrees of solubility in
water, will contribute to an understanding of the capricious be-
havior of water in the liquid state at low temperatures,

Kénler's messurements of the size of cloud droplets show &
range in the diameter from 0.011 mm to 0.0638 mm, the average
being 0.0276 mm. Many thousand such droplets could exist per
cubic centimeter, the number depending upon the density of the
cloud. thler has found that the water content of cloud ( ex-
cluding water vapor) ranges from 0.l2 gram per cubic meter in the
less dense clouds to 1.84 grams per cubic meter in the most dense
clouds. Conrad and Wegener have found maximum values approsching
5 gram perAcubic meter., However, their values are based upon the
assumption of 100 per cent relative humidity in clouds and, in
some cases, of conditions of supersaturation, whereas KShler, in
noAcase, found‘a relative hunidity in clouds as high as 100 per
cent. His values varied from 92 per cent to 97 per cent, whiveh
are in close agreement with the values listed in table No. 1.

The numerous caeses shown in this teble wherein relative humidity
values are considerably below 100 per cent in clouds show that
it is decidedly unsafe to assume complete saturstion in all clouds

Initially, cloud droplets formed on nuclei of the same kind are

uniform in size, soon, however, due to different rates of con-

densation on the droplets in various portions of the cloud, g
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difference in size will result. Once this condition is establish-
ed, it is interesting to note that, due to the larger vapor press-
ure about the smeller droplets of greater convexity, these droplets
will evaporate and the water vapor therefrom condense on the larger
droplets. Thus the larger droplets are continuously being formed
at the expense of the smaller ones. Through such processes we may
expect to find cloud droplets within the atmosphere through a

wide range of sizes. Droplets less than 0.025 mm in diameter are
generally classified as cloud or mist. ZLarger droplets, ranging

in size up to 5 mm, are found in various classes of rain., The
larger drops, requiring for their support forces operating against
the acceleration of gravity, are associated with strong vertical
motions and are, therefore, confined to regiomns where these currents
are produced. The smaller droplets, on the other hand, are found
in clouds or fogs which are produced primarily by radiational
cooling and hence may be expected in regions not associated with

strong vertical currents.

Section II
The Existence of Under-cooled Water in the Atmosphere

It has been a matter of common laboratory experience that water
could be cooled far below its normel freezing point before solidi-
ficaetion took place. Further, that as soon as the smallest par-
ticle of the substance in the more stable phase, (ice), is intro-
duced, the under-cooled water is immediately transformed into it.
The saturation vapor pressure over water in this under-cooled

stage has a higher velme than over ice at the same temperature.
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Thus when there is contact between this metastable phase and the
stable phase the vapor of the former will diffuse toward the
latter and there sublimate. This process willcontinue until all
the under-cooled water is converted to ice.

It is also well known that a slight agitation of under-cooled
water will result in its almost immediate change to the solid
state. ZExperimental researches have been conducted for the pur-
pose of determining the tendency of under-cooled 1liquids to
solidify by themselves, without the introduction of any crystall-
ized particle. It has been found that microscopic crystalline
nuclei meke their appearance at different parts of the liquid
and then grow until all the liquid has been solidified. It appears
plausible that agitation, such as referred to above, might well
assist in the arrangement of these crystalline nuclei, from which
point the transformation is completed,

A very important consideration in connection with the existence
of under-cooler water in the atmosphere is the fact that, since
the salts of evaporating sea-spray constitute the principle nuclei
of condensation, each cloud droplet is in fact a salt solution.

It is also well known that when a foreign substance is dissolved
in & liquid, the freezing point of the solution is lower than that
of the pure solvent. The solution will begin to freeze at that
temparature where the vapor pressure of the solution and that of
the pure solid solvent are the same. That is, where the solution
1s in equilibrium with the solid solvent. Only »t this point can
the two phases co-exist. Figure No.l will serve to illustrate

this point.
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Temperature

Figure Ho. 1

The curve A-B shows the variation of vapor pressure of the solid
solvent with temperature, while the curves C-C: ﬂ-D: and E-E'
represent vapor pressure variations with temperature ofisolutions
of three different concentrations. The temperatures shown by

the points C, D, and E, where the vapor pressures of the solutions
and the solid solvent coincide, are the freezing points for the
three solutions. This phenomenon may be understood by considering
that since the free surface of the solution must contain some
molecules of the solute and therefore less molecules of the pure
solvent, and since the vapor pressure of the solute is always less
than the vapor pressure of the solvent, we may properly expect
that as we add more of the solute, lower vapor pressures will be
messured for the solution and hence the freezing point will be

lowered.

t
If P is the vapor pressure of the pure solvent and P that of

the solution, then



P-P!' = n
P I
where n is the number of gram molecules of the solute in N

gram molecules of the solvent.

It has been discovered that the depression of the freezing
point of & given solvent is constant for the addition of one gram
molecule of any solute to 100 grams of the solvent. For water,
this value is 18.7 degrees Centigrade. This is designated by
chemists as the molecular depression of the freezing point. Thus
if the concentration of & given solution is that produced by the
dissolving of one gram molecule of sodium chloride in 100 grams
of water we would expect the solution to have its freezing
point lowered 18.7 degrees C. This rule, however, holds only for
dilute solutions and it is probable that the extreme under-
cooling of water is due in part to the presence of other sub-
stances in solution. KO&hler has said: "The small amount of other
salts than sodium chloride, for very concentrated solutions,
plays a not unimportant r6le. The magnesium ®malts on account of
their great hygroscopic characteristics and the calcium salts on
account of their relatively smell solubilities®.

The solubility of sodium chloride in water is such that the
freezing point may be depressed as much as 22 degrees C. Other
salts would cause depressions of the freezing point of their
solutions in accordance with their molecular weights, provided
jonization 4did not take place in solution. Indeed this relation-
ship is used to determine the : .lecular weights of solutes from

the expression:



m

t = B

where t is the depression of the freezing point, & the molecular
depression, and m the humber of grams solute of molecular weight
I dissolved in 100 grams of the solvent.

It is interesting to note that the lowest temperature recorded
in Table No.l, at which ice was reported, was -22 degrees C. TIwo
observationsof rime are shown in this table with temperatures as
low as -26 and -28. In this connection it should be pointed out
that, due to the difficulty of observing the formation of rime
in small quantities, it may, at times, be confused with snow or
ice crystals which already represent the crystalline state and
do not show the existence of under-cooled water. L.T. Samuels,
in his investigation of clear ice and rime deposits, found no
temperatures lower than -23 degrees C. On the other hand many
reliable observations have shown the existence of water in the
ligquid state at much lower temperatures. Xohler has reported
cloud partiwles in liquid form at temperatures as low as -28.
Wegener, in his Greenland travels of 1¢12-13, found water drop-
lets at -34.5 degrees, and W.C.Haines has reported observing
fogs at Little America at temperatures of -26, -30, and -44.

Several attempts have been made to explain the existence of
under-cooled water in the atmosphere and sowme of these have
attributed the phenomenon to the increased pressure resulting
from the greater vapor pressure of very small droplets of
great convexity. It would require a pressure of about 150
atmospheres to lower the freezing point as much as 1 degree.
Thig feature of increased pressure is, therefore, of little



importance in accounting for the very low temperatures that have
been observed. If, however, we accept the demonstrated fact that
szlts of evaporated sea-spray constitute the principle nuclel of
condensation, we can at least provide a partial explanation of

the existence of under-cooled droplets in the atmosphere. Kohler,
in his paper " Zur Kondensation Des Wasserdampfes in der Atmosphire®
says: "The introduction offl salt partlcles here makes 1t very clear
that fluid water can and must exist in-<the atmosphere at very low
temperatures". The full explanation seems to rest with the fact
that the under-cooled droplet is not only a solution with the
freezing point depressed on account of the addition of some foreign
matter to the solvent, but also to the fact that the initial
alignment of molecular agregates, so necessary for solidification,

is being delayed.

Section III

Processes Involved in the Freezing
of Under-Cooled Water on Aircraft.

In the preceding sections of this paper it has been shown that
fog and cloud particles, ranging in size from 0.0ll mm to 0.0638 mm
in diameter, and rein drops up to 5 wm in diesmeter, are formed
principally about nuclei of evaporating sea-spray and therefore
consisting of sodium chloride, megnesium chloride, and calcium
sulphate; that the larger droplets are associated with strong
vertical motions and are, therefore, confined to regions where
these currents are produced; that the smaller dropletg may be
expected in regions where radiation is the cooling process

jeading to condensation, or in regions where there is an absence
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of strong vertical motion; finally, that the explanation of the
existence of under-cooled droplets rests in the fact that these
small globules of water are actually salt solutions of depressed
freezing point wherein the alignment of molecular agregates has
been retarded and which will be prompted to solidify by any form
of agitation. It is now proposed to discuss the process of the
freezing of such under-cooled droplets as they are encountered
by aircraft in flight.

Pilots have reported three different kinds of ice deposits
encountered in flight, viz., clear ice, rime, and frost.

Clear ice is smooth énd glassy in appearance, although when
mixed with sleet or snow, may assume a rough appearance. It is
very tenacious and has a tendency to form in a mushroom shape
with its frontal area enlarged. It forms near the leading edge
of the airfoil or strut and, due to the irregular shape into
which it builds, results in a loss in 1lift and an increase in
drag. It is much the most dangerous type of icing.

Rime is pure white, opaque, and granular in structure. It
consists of tiny ice pellets which have little cohesion or ad-
hesion. Rime builds into sharp-nosed deposits on leading edges
and does not alter the form of the airfoil materially. Further,
due to its granular structure, it is constantly being lost
through vibration. This form of icing is seldom dangerous.

Frost is a light crystalline formation which never developes
in such quantity as to become of much importance. It is the

least dangerous of the three forms.
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In order to demonstrate just what processes develop during the
icing of aircraft, let it be assumed that we have water in liquid
form, either as cloud, or, perhaps, falling rain, at a tempera-
ture of -8 degrees C. which, from Table No. 1, will be seen to be
within the average range of temperature for clear ice formation.
Also, let it be assumed that the cloud partioles encountered are
of the average diameter of 0.03 mm. ZEach droplet then consists
of 1.4 x 10-8'00. As soon as the plane strikes such a droplet,
there is provided the necessary agitation and freezing begins.
But not all of the droplet will freeze at once. We know that to
freeze 1 cc. of water we must remove 80 calories therefrom. We
also know that at the instant the droplet begins to freeze the
temperature of the mixture of ice and water will immediately rise
to 0 degrees C. Actually the tempemature of the droplet will
rise only to the freezing point of the particular solution with
which we are dealing, because that is the only temperature at
which ice and gur solution are in equilibrium. However, since
we do not know the exact concentration of the solution let us,
for simplicity, assume that the temperature rises to 0 degrees C.
This rise in temperature to O degrees can only be accomplished
as a Tresult of heat being added, while at the same time heat is
being taken away from a portion of the droplet in order to bring
about the freezing. Assuming that no heat is provided from
without, this added heat must be removed from that portion of the
droplet which freezes. Thus the rise in temperature of the mix-
ture from -8 degrees to 0 degrees will give us a measure of the

number of calories required to produce this heating, and, thereby,
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the fraction of the droplet which is immediately frozen on impact.
In this example, since it requires 1 calorie to raise the tempera-
ture of 1 cec. through 1 degree, it will require l.4 x lO_8 X 8 or
1l.2 x 10-8 calories. And, since it requires the expenditure of
80 calories to freeze 1 cc., we have provided the cooling suffic-

ient to freezme 11.2 x 1078 cc. which represents 10 per cent of
80

the volume of our droplet. If we should assume the droplets to
have a higher initial temperature, say -4 degrees C., we would

find that only 4/80 or 5 percent of the water would be frozen on
impact. On the other hand, if we should assume a cloud temperature
of -20 degrees C., we would find that 25 per cent of each droplet
would be frozen on impact. Thus we can say that the amount of
water encountered by the plane in the form of cloud particles or
rain drops, and which is immediately frogen, is directly propor-
tional to the degree of undercooling of the droplets.

If it was only that portion of the droplet which freezes on
impact that concerned us, and the remaining portion was permitted
to run off as water, the icing of aircraft would not be of much
importance., It is because a very large part of the remaining
water freezes also that the icing conditions are considered such
a hazard. It is through the operation of the process of evapora-
tion that the remaining portions of each droplet are largely turned
to ice.

Let us consider, again, our origihal droplet, 10 per cent of
which has been changed into ice, while the remaining 90 per cent

exists as water at a temperature of O degrees C. Over this water



at 0 degrees C. we shall have a saturation vapor pressure of 6.1l
millivars, whereas the surrounding cloud air will have a saturation
vapor prewsure corresponding to the temperature of -8 degrees, or
only 3.12 millibars. Thus evaporation will take place from the
water surface just as we observed in the section on condensation
that the smaller cloud droplets with higher vapor pressure evapor-
ated and condensed on the larger droplets of lower vapor pressure.
To accoumplish the evaporation of 1 cc. of water it requires the
addition of 600 calories. TFor our particular average droplet it

8

will Tequire 1.4 x 10”2 x 600 or 8.4 x 1076 calories. To freeze

the remaining 90 per cent of the original droplet we need to re-

8

move 90 per cent of this amount, or l.4 X 107° x 80 x .90 which

eguals 1.008 x 10-6 calories. Hence we need only to evaporate

1.008 x 107° or 12 per cent of the original droplet. Thus it is

8.4 x 1079
clear that the process of evaporation is of first importance in
any consideration of icing conditions. Under the conditions
chosen for our example roughly 88 percent of the water encountered
by the plane would be frozen, nearly nine tenths of which is
caused by evaporation. The size of the cloud droplet has no
influence on the proportion of each that is frozen either on impact
or through subsequent evaporation. A particular size of droplet
was used in the computation only for the purpose of making the
illustration specific.

Just as it was found that the portion of each droplet frozen on
impact is directly proportional to the degree of under-cooling,

so is it true that the rate of evaporation of the remaining liquid

portion and the total amount to be frozen will be directly pro-
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portional to the degree of under-cooling. If we start with a
temperature of -20 degrees C, 25 percent of‘each droplet will

be frozen on impact. Only one tenth of the droplet need be evap-
orated to freeze the remaining portion and, due to the relative
great difference between the saturation vapér pressure over

water at O degrees C. (6.11 MMb.) and that of the cloud air at

-20 degrees C. (1.04 mb), this evaporation will take place about
S times as rapidly as in the case where we assume a cloud air
temperature of -8 degrees.

It should be noted that in these examples we have assumed a
relative humidity of 100 per cent in the cloud air. As has been
mentioned above and as can be seen from Table ¥No.l, clouds often
occur with relative humidities considerably below 100 per cent,
The values noted in the table for clear ice formations range from
51 per cent to 100 per cent, with the average being about 90
per cent. Under such conditions there would exist a still great-
er difference in vapor pressure between that for the water on
the wing and that in the free air, Hence evaporation and the
resultant freezing would take place more rapidly. This considera-
tion would seem to suggest that icing would take place more
readily while flying through portions of a cloud or fog wherein
the relative humidity is lower. This also explains the observed
rapid formation of ice as the plane emerges from a cloud into the
comparatively clear air above or below.

In a few instances ice has been reported as occurring at tempera=-
tures above freezing. This does not occur often but it is

theoretically possible. Two cases of this kind are listed in
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Table No.l. The explanation of this phenomenon depends upon the
assumption that the relative humidity within the cloud is less

than 100 per cent. A temperature of 2 degrees is about the upper
1limit for ice formstion. If we assume an air temperature of 2
degrees C. and a relative humidity of 100 per cent, the wvapor
pressure of any water striking the plane will be exactly the same
as that of the cloud air. Hence there will be no evaporation and
no freezing. If, however, we assume the same air temperature, tut
now a relative humidity of 90 per cent, we would have a difference
in vapor pressure of 0.705 millibar. A certain amount of evapora-
tion would take place and a very little freezing. The temperature
of the ice and water on the wing would be reduced to 0 degrees. At
this point the saturation vapor pressure of the ice and water mix=-
ture would be essentially the same as that of the cloud alr. Hence
no further evaporation would take place. Under such conditions,
therefore, ice would form very slowly because of the small diff-
erence in vapor pressure and the deposits would be small.

The formation of ice at temperatures above 0 degrees C. is also,
in part, caused by the evaporation brought about by the adiabatic
cooling of air in passing over the vacuous space above the airfoil,

If we assume a cloud air temperature of O degrees C. we see
that there is no expenditure or gain of heat in bringing the water
and ice mixture to a temperature of O degrees. DBut here any evap-
oration which may be started by encountering cloud air of less
than 100 per cent relative humidity will require the expenditure
of the heat of evaporation. Since to freeze 1 cc. of water we

need only remove 80 calories, only 80/500 or 13.3 per cent need



be evaporated. Cloud air with a temperature of 0 degrees must,
therefore, be considered dangerous along with that found at lower

temperatures.

Section IV

Discussion of Observationsl Data

Table No.l has been prepared from a study of teletype reports
of upper air soundings made in the United States during the winter
of 1934-35, and in which ice formations were reported. During the
early part of this period reports from the eastern portion of the
country were not available, but it is believed that the data are
sufficient in volume to yield representative information.

One of the most convincing features of these data is the close
conformity of the regions wherein ice was encountered to the region

of cloudiness. This may be seen from the following extract of

Table No.l
Avg, Avg, Avg. Clouds
elev.at elev.at Thick- Avg. Avg. Avg.
which which ness elev. elev. thiek-
formation formation of of ness
began ended base top
(meters) (meters) (meters) (meters) (meters) (meters)
Clear
ice 2890 3362 551 2824 3251 553
Rime 3205 3768 507 3128 3695 613

I{ has often been claimed that both clear ice and rime are form-
ed, at times, above and below clouds. This, of course, may hapoen
as 1s suggested by the explanation offered for the formation of

ice at temperatures above O degrees C. That is to say, that under
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such conditions we must have first accumulated water on theé
aircraft and then encounter a zoune whereim the relative humidity
is less than 100 per cent. This latter condition can be realized
by going above or below the cloud. But here, by going above the
cloud, there would be no new supply of water to be encountered
and only that small portion which hadbadhered to the plane would
be frozen. Hence under these particular conditions the danger of
icing would be very small but the formation would take place very
rapidly. On the other hand one might argue that flying below a
cloud and in rain would continuously provide a new supply of water
spreading over the plane and thereby suggest that this might be a
region of dangerous icing conditiogs. In the region of falling
rain below a cloud the temperatures will usually be too high for
ice to form and the relative humidity will also remain very high
so that cooling by evaporation would be a very slow process. There
is only one case listed in Table No.l where ice was encountered
below the base of the cloud, this being in the report for Cheyenne,
Wyoming for April 8, 1935. There are only two cases where ice was
reported in regions: above the cloud. The small differences in the
levels of ice formation and those of cloud forms, noted in the
above extract of Table ¥Wo. 1, are, in&%ost every instance, due to
ice being first noted within the cloud and not at the exact level
of the vase. Thus it appears that the hazard of ice formation
may in most cases be avoided by avoiding flight through clouds.

It is the realm of low temperatures that water exhibits its
most capricious hehavior. Table No.l shows that clear ice has

been observed forming at temperatures ranging from 2 to -22
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degrees C., while rime has been observed at temperatures from -2

to =28 degrees C. Thus it would seem that temperature alone is

not a safe criterion upon which to judge the type of ice formation
to be expected. Theoretically we would expect clear ice to be
formed at higher temperatures than rime because, as explained in
Sectidn III, the smaller amount the tempersture is depressed below
0 degrees C., the smaller will be the portion of each droplet
frozen on impact. Hence a belatively large amount is left in
liguid fomto spread out in the familiar mushroom shape and freeze
into clear ice by subsequent evaporation. In the case of a larger
depression of the temperaturé of under-cooled droplets we have found
that a very large portion of the droplet may be frozen directly on
impact. And in the case of very small droplets the speed of crys-
tallization may be so rapid as a result of the large amount of
initial freezing and the relatively small amount remaining to be
frozen through evaporation, which process will be aided by the large
difference in vapor pressures at the lower temperatures, that there
would be little or no spreading of water, but instead the almost
immediate and complete freezing of the entire small droplet, Thus
with lower temperature and smaller droplets we might expect rime

to form whereas with higher temperatures and larger droplets we
should expect clear ice to form. The average teuperature of the
base of clezr ice formation, as taken from Table No.l, was -6.6
degrees C., while the average temperature of the base of rime for-
mation was -1l.1 degrees C. Figure XNo.2 shows the percentage
frequency of occurrence of clear ice and rime formations at the

various temperatures.
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This shows clearly the prevalence of clear ice at the higher
temperatures. Seventy-eight per cent of the clear ice observed
occurred at temperatures of -8 degrees C,, or higher, while only
thirty-six per cent of the rime occurred in this temperature
range.

Yo data are available showing the relative size of cloud drop-
lets during ice deposits but it appears reasonable to assume that
the smaller sized droplets are associated with rime deposits,
while clear ice may be expected when larger droplets are encount-
ered. In agreement with this we might expect rime to be encount-
ered most often in the regions where convective action, sufficient
to support the larger droplets, is absent, and clear ice to be
found most often where relatively strong vertical currents, are
encountered.

It is mislesading to attempt to show any correlation between the
existence of icing conditions and the various types of clouds.
This results from the difficulty of definitely classifying the
clouds under all conditions, as well as the fact that flights are
seldom made through certain kinds of clouds. For example, any
curve showing the percentage frequencies for both clear ice and
rime formations in the verious cloud forms will show pronounced
high frequency for A.St. clouds and pronounced low frequency for
Cu. clouds. The high frequency recorded for A.St. will undoubt-
edly be largely due to the fact that this type is a formless
cloud which may often be reported when the observer has not been
in position to observe the true form. The spreading top of the

Cu.Fb.or the base of a wide-spread layer of thick A.Cu. clouds
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may often quite reasonably be mistaken for A.3t. clouds. On the
other hand, the very nature of Cu. clouds, being considerably
separated one from another, makes it almost always possible for
the pilot to aveoid flying through such clouds. Hence we find
very few reports of icing conditions in Cu. clouds. Providing
temperatures are appropriate, there is no reason to say that any
one type of cloud will yield icing conditions more often than
another, We can only state that the type of ice encountered will
be governed by the degree of turbulence or vertical motion
associated with the cloud forms. Thus we should expect clear ice
to be associated with those clouds wherein considerable vertical
motion is encountered and rime to be found most often in clouds
wherein there is the absence of any considerable vertical motion.
A large number of characteristic curves were plotted for sound-
ings in which ice was reported. These curves were studied in
commection with the synoptic weather maps which agreed in time
nearest to that of the sounding. The following relations were

discovered:

l. Clear ice occurs in unstable air or in & cloud
which has been developed by instability Jjust below
the 1ce level and which has, through momentum,
carried through a short distance into stable air.

2. Clear ice occuirsg where considerable turbulence
prevaills,

5. Rime occurs in stable air and where little or

no turbulence prevails.
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Figures Yos. 3 to 17 show the synoptic maps and the character-
istic curves for a number of the observations listed in Table No.l,
Figure MNo. 3 shows & situation on November 25, 1934 where clesgr

ice was reported at Spokane, Wash. The map shows Spokane to be
in 4Ppl air a short distance behind a cold front type ocplusion.
While the upper wind data are not shown the pressure distribution
indicates that fairly high upper winds from the W or WHNW, with
resulting turbulence, must have prevailed. Further, the liftin
of this air, which has had a four day trajectory over a water
area and is therefore very molst, as it passes over the occluded
front and the wountain ranges may be expected to result in de-
veloping considerable instebility. The characteristic curve
shows both instability and turbulence. Clear ice was encountered
in A.Cu. clouds in potentially unstable air between 2750 meters
and 3000 meters,

Figure YNo.4, for November 29, 1934, shows much the same con-
dition at Spokane as in the preceding case, except that a lesser
degree of turbulence,due to smaller values of upper wind speeds,
will prevail. Clear ice was reported in A.Cu. clouds between
;2430 meters and 2800 meters. Here the characteristic curve
shows the ice to have formed in air that is practically in
eguilibrium but which is immediately above an unstable stratum.

Rime was reported at Billings, lMont. on December 6, 1934, Both
the synoptic mew and the characteristic curve of Figure 0.5
stiow this sounding to have been made in stable air throughout.
Note that the winds at upper levels are nearly parallel to the

mountains and therefore can not be expected to produce much

-24 e



turbvulence. It should be noted also that the rime was reported

in 8t. clouds between 1700 meters and 1900 meters. St. clouds zre
distinctly lacking in any vertical motion, which condition we have
observed is favorable for the formation of rime.

Figure No. 6 shows the conditions prevailing when clear ice was
observed in a sounding made at North Island, Csglifornia on Dec-
ewber 8, 1934. This is a case where ice was observed in a zone
where stable conditions prevailed, but where unstable conditions
are shown below. ZExtreme turbulence was reported between 2800
meters and 4200 meters. Ice was encountered between 3700 meters
and 4200 meters,

Figure ¥o. 7 shows the conditions prevailing when clear 1lce was
observed at Spokane, Washington on December 13, 1934. Tote that
this ice was observed in stable air, but air which was well mixed
through turbulence. This ice was reported in A.St. clouds between
2600 meters and 2820 meters.

Clear ice was reported in a sounding made at Spokane on December
2b, 1934. PFigure No. 8 shows that the ice formed in stable air
which was immediately above a zone of potentially unstable air,
Also the characteristic curve shows that considerable turbulence
prevailed, as might be expected from the strong pressure gradient

and the general orientation of the isobars.

(=51

®

igure Yo. 9 shows the conditions for soundings made at Spokane,
Washington and Murfreesboro, Tennessee on January 27, 1935. Clear
ice was observed in over-running Rpp air at Spokane in a zone which

was ib equilibrium and above a turbulent stratum of 1380 meters

thickness which latter was potentially unstable. Rain was observed
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falling during this sounding between 3700 meters and 5110 meters.
Rime was observed at Iurfreesboro in stable Pc air. It is inter-
esting to nate that on this date clear ice formed at Spokane at a
temperature of-10 degrees C. while rime formed in the stable air

at Murfreesboro at a temperature of -8 degrees C. , thus showing
that the degree of stability or instability of the air is a better
criterion of the type of ice to be expected than is the temperature
alone.

Figure Yo. 10 shows another condition for clear ice formation at
Spokane on February 21, 1935. The characteristic curve shows the
ice forming in absolutely unstable air which appeared well mixed
by turbulence.

Rime was repcrted’in the sounding made at Selfridge Field, Mich-
igan on February 28, 1935. Figure No.ll shows this formation to
have occurred in stable Pc air.

Figure Yo. 12 shows the condition prevailing when ice was encount-
ered on March 17, 1935 at Spokane, Fargo and Selfridge Field. Clear
ice was found in unstable air at Spokane, while rime was observed at
Fargo and at Selfridge Field in stable Pc air,

Figure ¥o. 13 shows the conditions on March 19, 1935 when clear ice
we.s reported at Spokane, North Island znd Murfreesboro. The character
istic curve for the Spokane sounding shows clear ice forming in an
unstable zone. In this case the cloud type noted was St.Cu. which
had formed below a subsidence inversion and had carried through the
base of the inversion for 100 meters, thus accounting for the ice
observed in the stable stratum just above the inversion. Rime was

observed at North Island in stable air. Clear ice was observed at
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lurfrees boro in a thick stratum of unstable over-running Tg air.

Figure Fo. 14 shows the condition at Oklahomz City on ¥arch 21,
1935 when clsar ice was reported. The characteristice curve shows
the ice to have formed in a stable stratum but that this air was
immediately above a deep zone of very unstable Tg air. Clouds
were encountered during this sounding at 3360 meters and the plane
was still within the cloud at 5020 meters wheh the descent was
started. Clouds of such thickness show clearly evidence of con-
siderable vertical motion.

Figure No. 15 shows the condition for clear ice formation at
Cheyenne on April 1, 1935, The characteristic curve stows the
ice forming in an unstable stratum.

Figure No. 16 shows the condition for clear ice formation at
Murfreesboro on April 11, 1935. The characteristic curve shows
clearly that the formation occurred in very unstable Tg air.
Turbulence was reported between 1350 meters and 4670 meters. Ice
was encountered at 35450 meters.

‘Figure No. 17 shows the conditions preveailing at lMurfreesboro
on April 12, 1935, In this case we observe that stable Pc8 air
now occupies this area and rime, as is to be exmpected, is the
type of icing observed.

In summary the following may be said:

l. Icing conditions may be expected in any form
of cloud wherein the teuwperature is 2 degrees C.
or below.

2. The danger of icing conditions in regions

above or below cloud forms is not great.

S.a.Clear ice will predominate at temperatures of
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-8 degrees C. or above.

B.Clear ice may be expected in clouds, with approp-
riate temperatures, where we have vertical currents
strong enough to support the larger cloud droplets.
These conditions may be expected where we have:

(1) Convective action resulting from the heat-
of surface layers.
(2) Convective overturning or the forcing aloft
of warm air at the forward portion of the cold
front.
(3) Active upglide of warm moist air over a
warm front.
(4) The lifting of cold wmoist air under the
warm front due to the convergence of stream
lines along the warm front.
(5) The 1lifting of unstable air over mountain
ransess.
(6) All of these conditions will be shown on
the QE diagram as being within a layer of
unstable air or, if in a stable layer, this
latter will be immediately above an unstable
ZONe,

'5.zRime will predominate at temperatures below -8

degrees C.

bRime may be expected in clouds,with appropriate

temperatures, wherein vertical currents are not
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strong enough to support the larger droplets.
¢ The 6pdiagrems will indicate stable con-

ditions within the zone of rime formation.
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