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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS
TECHENICAL NOTE NO., 439

METEOROLOGICAL CONDITIONS DURING THE FORMATION
OF ICE ON AIRCRAFT

By L, T, Samuels
INTRODUCTION

The hazard resulting from the formation of ice on
airplanes makes it highly desirable to ascertain all pos-
gsible meteorological information pertinent thereto in or-
der to !avoid or prevent ite formatlion, The object of
this paper is $6 present the results of a number of rec-
ords recently secured from asutographic meteorological in-
struments mounted on airplanes at times when ice formed.

Ice is found to collect on an &airplane in appreciable
amounts only when the airplane is in some form of visible
molsture, such as cloud, fog, mist, rain, etc,, and thse
dair temperature is within certain critical limits,

There are two principal types of ice formation that
collect under such conditions, and in vlew of the different
effects of each of these on a plane they will be discussed
separately under their respective headings, viz., clear
ice and rime,

Clear ice.~ This 1s the same type as that commonly
known as '‘zlaze,!" which forms on the ground, trees, and
other objects from rain when the temperature of these ob~
Jectas is below 0%c. It usually is smooth and glassy in
appearance, but when mixed with snow or sleset it may be
rough; also, when freezing takes place slowly, ridgas are
likely to form. . _

This deposit ugually is heaviest ¢gn the entering edge
of the plang where 1t &ssumes a blunt-nosed shape tapering
off toward the rear, Occasionally the wings are ice-coat-
ed on both top and bottom with icicles along the ftralling
edge. In most cases the ice adheres firmly to the surface
of the airplane.
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" Rime,~ Rime consists of hard, whitish, opaque ice pel-
lets or grains, fregquently intermixe& with & frost forma-
tion of l1ight feathery crystalline structure. From obser-
v&tione of rime deposits on mountains, Kohler (reference 1)
d@scribed the formation as snow~white, plug-like, truncated
odnes with the small end toward the surface upon which i+t
is deposgited., The plugs showed a fibrous siructure-and
occasionally shiny surfaces. The particles from which the
plugs were composed were firmly held together but the
plugs themselves could saslly be separated from one an-
other., Their interior was usually of granular appearance.
The spaces between the plugs were filled with a powder com-
posed of these graina, From laboratory tests by Scott
(reference 2) the granular structure of rime appeared to
be coarsor at the 1ower temperatures of formation,.
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Unlike clear ice, rime builds outward Trom the lead-
ing edges of the airpland into a sharp-nosed shape, As a
rule it does not adhere to the planme us Tirmly ae clear
ice and is lessresidstant Yo the vibration and wind force
encountered 1n flight .

F? ite~ A third type of depoeit of lesser importanca,
however, than ‘clear ice and rime, whlich sometimes forms
on airplanes is frost, This is of a light feathery ocrys-
talline structure such as often is observed on ground od-
jocts in the early morning. It does not adhere to the air-
plane very firmly and is never dangerous as it has very
little resistande to the vibration and wind force encoun%
tered in f£light., - i e e =

Effects of 1ce deposit.~ Ae a rule the first notice~
able effect of an ice deposit is an increase in - vibration
of the airplane followed by incraasing difficulty in its
control. Ae the deposit becomes heavier the vibratlions |
may catuse severe structural étrains with a poseibility of
fracturing individual parts. The deposit frequently stops
up the nozzld of the alr-speed indicator thus rendering
that instrumént useeless., Other instruments may also be
affected, An ice formation on the propeller is likely to
Pproduce a difference in weight of the blades which may be~
come sufficient to cause the engine to break loose. Forced
landinﬁs frequently.nra“necessary due to 1cing. '

Tt T — ‘———--,1-_-.4._..1:._._—-?" = _'.'.._,_,._- . . © R

The cnief dangers to 1ighter—than~air craft regult
from the ice being thrown off the propeller and possibly
puncturing the gas containers, Also, the distridbution of
the ice om the airship may cause structural stralns with
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the possible collapse of a nonrigid or semirigid type.
Ice collesctions on the radio antennae may result in their
breaking, In general, however, ice deposits on lighter-
than~air craft are less serious-in their effects than on
airplanes. (Referench*,)»” :

A deposit of clear ice is a greater hazard to an air-
plane in flight than one of rime. The reason for this is
that clear ice formations, by virtue of theilr blunt-nosed
shape, break up the normal air flow over the surface of
the airplane and theredy reduce the 1lift, increases the
friction, and cause sxcessive vibration, The wsight of
the ice also adds to the danger, although this factor in
itself usually is of less importance. On the other hand,
the contours formed by rime produce less detrimental aero-
dynanical effects, and moreover, rime 18 much more easily
blown and shaken off the airplane.

Besults of observations.— The records obtained by the
Weather Bureau, previously referred to, were classified
according to the two general types of formation, viz,,
clear ice and rime, together with the respective temper-
atures, relative humidities, clouds, and elevations above
ground at which the formations occurred, This classifica~
tion includes 108 cases where rime formed, 43 cases in
which clear ice formed, and 4 cases when both rime and
clear ice formed during the same flight, It is evident
from the above figures that there was a preponderance of
rime by the .ratio of 2.5 to 1, while in onrly a very few
cases both types of ice formatlon occurred during the same
£light,

Table Il containsg a summary of the observations shown
in Table I, In examining these tables, it should be kept
in mind that the airplans usually continued to climb after
ice began to form and therefore the temperature was gener-
ally lower where the formation ceased than where i% began,
Also, the heavier coatings are in most cases a conseguence
of the airplane being subjected to ice-~forming conditions
for a longer time than when the lighter coatings formed,

The following points of interest are brought out in
Table II:

1, The temperature averaged 1.8°C, lower during tie
rime formations than during those of clear ice.
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2. The average tempsrature interval, i,e., range of
temperature from beginning to end of zormation, for rime
and clsar ice was: the same, viz,., 3 1 G.

3e The relative humidity averaged practically the same
during the rime formations _as during those vf clear ice.

In this connection it should be stated that owing to the
fact that the airplasne usually was c¢limbing while the ice
formed, the resulting lag in the humidity elesment would
tend to indicate valaies somewhat too low, particularly at
the lower part of the stratum wherein the ice formed, EHow-
ever, it is reasonable to assume that unsaturated condi-
tions frequently obtain within clouds since tabulations by
Pick (reference 4) show that fogs often occur with a rela-
tive humi&ity of leea than 100 per cent.

4, The average :elative humidity interval, 1.8.,, the
range of humidity from beginning to end of formation, was
practically the same for rime and clear ice, the humidity
being about 2 pe¥ cent higher at the end of the formation
than at the beginning., This difference is probably due
to & 1arge extent to the 1ag mentloned above in paragraph 3.

5, The average time interval during which the forma-
tioneg occurred was only slightly greater for clear ice
than for rime. vizm. 643 and 6.1 minutes, respectively.

The average elevations at which rime formed were
somewhat highé» than those for’ cleaf# ice, with the excep~
tion of the hesasviest dcatings, in which case the clear ice
formations occurred &t a greater average height than ‘those
of rime.

.—— =

7 The average thickness of the stratum in which the
formation occurred was somewhat greater for clear ice than _____
for rlme, _ . - s

8, The fact that clear ice has, in genersal, a more
~gerious effect than rime is well brought out by the follow-
ing figures which give the percentage of flights listed in
Table I which were terminated because of ice formatlon.

PN ek e e - -

Terminated : :
becanse of Thilckness . .
1ice formation - of lce :
Clear ice 31 per cent 1/4 inch or more
Clear ice 13 i Less than 1/4 inch
Rime 4 " 1/4 inch or more

Rime 0 H Less than 1/4 inch

Rl

P
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In Figure 1 are shown the actual number of cases when
sach of the two types of ice formation occurred at vari-
ous temperatures, the latter representing the mean of the
temperature range through which the formation occurred.

Probably the most outstending featurs shown by this
chart 1s the fact that rime formed more frequently than
clear ice at all temperatures., From this it is obvious
that temperature alone cannot be used as a safe criterion
for indicating which type of formation will occur on any
particular occasion,

Addlitional features shown are:

1) The temperatures at which the most frequent depos-
1ts occurred were higher for clear ice (- 4%¢. to -5° C.)
than for rime (—6 ¢. to ~79G. e These values agres close-
1y with those found by Peppler (reference 5) from kite ob-
servations, The latter indicated that clear ice formed at
an average temperature of -4°C. and rime at -69¢C,

- 2) The extreme tem gerature range during clear ilce de-
posits (0. 5°G. to =17.57C. ) was slightly less than that
for rime (0.5°C. to -20.5%C.).

In thie connection it is interesting to note that
Kohler (reference 1) observed a thin layer of clsar lcs
which formed from a "wet fog! at -23.6°C.

In Figure 2 are shown the percentage fregquencies of
clear ice and rime formations gt various temperatures,
the latter, as in Figure ], representing the msan gqf the
temperature range thyough which the formation occurred.
It should be understpod that the percentages indicated in
Flgure 2, as well as bthose in Figures 3, 4, and § are with
reference to the tote} numbher of each of the rggpective
types and not to the total numbgr of both types.

A significant feature phown in this chart is the tend-
ency for clear ice to form g} relatively higher temperas-
tures a greater percentage of the time than rime, 3By com-
putation it is found that 58 per cent of fthe tobtal number
of clear ice formatlonﬂ occurred at temperatures at, or
above, -5°C., whereas o6nly 37 psr cent of the total num-
ber of rime formations occurred at those temperatures.

Figure 3 shows the percentage frequencies of both
types of formatlon gt the temperatures at which the ice

began to form,
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It is evident from this chart thaet the clear ice for-
metions began most frequently at a slightly higher tem-
perature (0°C.) than those of rime (~-2°0.). Both types
began forming at the same maximum temperature Cu)o
Rime began forming at a lower temperature (-20°¢ G ) than
clsar ice (-17°9C.). By _computation it is found that in 74

per cent of the total number of clear- ice deposits the fem- ~~

perature at the beginning of the formation was -5 Guy oOr
higher, as coempared to only 55 per cent in the case of rime,

Since, as previously pointed out, both clear ice and
rime may form over practically the same range of tempera”
ture it is necessary to conclude that one or more other
factors are decisive in determining which type is deposit-
eds We may also conclude ‘that the other decisive factors
Just referred to change in thelr potency or relative fre-
guency with temperature, so that the factors favoring the
formation of clear ice, for example, are mére frequent or
more powerful, or both, at higher temperatures than at
lower temperatures. . L -

In Figure 4 are shown the percentage frequencies of
clear ice and rime FTormations at various heights above
the ground, the latter representing the mean of the height
interval in which the formations occurred, The following
features are evident in this chart: '

1) A very promounced maximum frequency of occurrencé
of both clear ice and rime at relativerLy low heights,
viz.,, between 500 and 1,000 m (1,640 and 3,281 ft.).

2) Pronounced secondary maximum frequencles of occur-
rence between 2,500 and 3,000 m (8,200 and 9,842 ft.) for
clear ice and between 4, OOO and 4,500 m (13, 123 and 14,764
ft.) for rime. These primary and secondary maximum fre—
quencies of occcurrence are possibly related to layers of
maXximum condensstion, Such & laysr was found by Lewils
(refarence 6) between 500 and 1,000 m (1,640 and 3,281 £t.)
above ground where the maximum frequency of strato~cumu1ue
cloud bases occurrsd,

3) Low frequencles of occurrenéé o6f both types of ice
formation between 1,500 and 2,500 m (4, 920 and 8,200 ft, )
above ground,

4) Both types of formation occurred throughout the
samse strata and with small and prectically equal percent-
ages of frequency at the lowest and greatest helghts
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reached. The maximum heights where icing occurred coincide
with the maximum heights of the flights.

Iﬁ'Figure 5 are shown the percentage fregquencies of
both types of ice formation for various cloud and weather
conditions. The following features are brought out:

1} Both clear ice and rime formed most freguently in
gstrato-cumulus clouds. .

2) TWhen in rain but not in cloud, the formation was
always clear ice, whereas when in rain and cloud, the for-~
mation wees sometimes rime and sometimes clear ice.

3) When above cloud and not in any form of precipita-
tion, the formation was always clear ice. In such cases
the deposit formed from moisture collected on the airplane
while passing through the cloud.

4) Comparatively high percentage ffequencies af clear-
ice formations occurred in alto-gtratus clouds and of rime
in stratus clouds.

5) ©No ice deposits were reported in cumulus cloudk.
This is doubtless due to the fact that most of the observa-
tions were made before daylight -(about 5 a.m., 75th merid-
ian time), when cumulus clouds are seldom present.

An examination of the prevailing temperature lapse
rates occurring in these observations showed no relation-
ship between the lapse rates and the types of ice formation.

The relative distribution of the number of occurrencses
of both types of formation from the data at hand is shown
in Table III. It will be noted therein that the ratios
of rime and clear ice deposits vary considerably for the
four stations. As was previously stated this ratio. for
the observations for all stations combined was 2.5 to 1,
with a preponderance of rime. ©However, these ratios for
the individual stations are as follows: Chicago, 1.7;
Cleveland, 7.5; Dallas, 5.5; and Omaha, 0.6. It is also
found that the Tatios between the light and heavy deposits
vary considerably among the iadividual stations, e.g., the
heavy coatings of clear ice predominate at Chicago and
Cleveland, whereas the light coatings of clear ice predom-
inate at Omaha and apparently at Dallas. The heavy coat-
ings of rime predominate at Cleveland and apparently at )
Dallas, whereas the light coatings of rime predominate at
i Chicago and Omaha.
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Cleveland had the greatest number of rime formations,
with. Chicago second, Dallas third, and Omaha fourth, This
same order, however, did not occur in the case of clsar
ices While this may be partly due to the smaller number
of observations of this type, it is probably due also in
part to other factors such as available nuclei and pre-
vailing winds with respect to neardy water areas,

It is shown in Table IV that the average temperature
was lower during the rime formations than during those of
clear ice at every &tation.

A comparison of the ratlos of the total number of
cages of both types of ice deposits to the average amount
of lower clouds reveals no proportionality. (See Tables
III and IV.) The average heights where the formations oc-
curred were approximately the same as the average heights
of strato~cumulus (i.e., lower) clouds in which the maxiw
mua number of formations occurred. (See Table II,) - Thers-
fore other conditions than the incidence of clouds at sub-
freezing temperatures must be sought as controlling fac-
torss A possibdility in this connection is the relative
number: 0f. available nuclel as a factor in the determina-
tion of the size of the cloud-droplets,

A comparison of the average temperatures during the
ice formations (Table IV) with the average Tor the season
at. corresponding heights shows lower temperatures during
the times of formation with one ex¢sption, viz., Cleveland,
for clear ice, This station had relatlively few cases of -
clear ice deposits and it. seoms probable that this rela-
tively high average tsmperature at the time of formation
is due to the proximity of Lake Erie and the prevailing
winds which were moatly off the lake at those timos, Greatw
er temperature differences wWill be uoted in the case of
rime than for clsar ice at all stations,

FPactors bearing on the type of icoe formation.- It has
boen shown that other factors than temperature have an ime
vortant bearing on the nature of the ice deposit, 1,e.,
clear ice or rime, One of these factors presumably is the
-size of tho water droplets. It ssems probable that, 1In
general, large droplets tend to form clsar ice, whereas
small droplets usually produce rime, This view is strengthe-
ened by the fact that the deposit formed waile flying in
»ain, i,8,, When not encountered w1th cloud particles, is
always of the clear icoe fype. Xohler (reference 1) came to
the conclusion that when a suffliclent number of large un-
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dercooled droplets impinge on a suitable object, the freez-
ing of a portion of the water deposited liberates latent
heat of fusion which, if not conducted away with sufficient
rapidity, causes the temperature of the deposit teo rise,
Possibly as high as 0°¢. This permlts the spreading and
flowing of the water droplets referred to above and a layer
of liquld admixed wlth some ice results. By virtue of this
higher temperature the saturation vapor pressure over the
deposit will now be higher than the vapor pressure about
the subcooled droplets in the cloud and evaporation will
occur and hence a cooling of the deposit, an effect which
under the conditions given above, when combined with the
loss of heat by conduction to the passing air stream and
to objects upon which the water is deposited produces
freezing of the remaining ligquid and gives rise to clear
ice.,
_ On the other hand, small droplets are_more 1ikely to
freeze immedlately upon striking the airplane. This is
in part due to the greater coanvexity and different dis-—
tribution of mass and cohesive forces in smaller droplets,
all of which hinder them from spreading and flowing and
ald in maintaining their spherical form., Since there is
& greater exposed surface area about a given mass of wa-
fer in the form of small droplets than about an equal mass
which has spread and flowed from larger droplets, the re-
moval of the latent heat of fusion liberated is probably
more rapld in the former case. Hence, in general, small
droplets have a greater speed of crystallization than have
large droplets, a condition which, in the opinion of Koh-
ler (reference 7), is conducive to the formation of rime.

It ssems probable, however, that small droplets might
also produce clear ice wherse the circumstances are such
that the liberated healt of fueion is not conducted away
with sufficient rapidity. .

K6hler thought it probable that the type of ice for-
mation depends to a considerable extent upon the speed of
crystallization at which the liguid water freszes, there
being a critical value for this speed which, when excesd-
ed, produces rime or frost and when unattained produces
clear ice. He thought it possible also that a higher
critical value of the speed in question might exist which,
when exceeded, produced frost instead of rime.

The speed of crystallization, in turn, depends on the
degree of concentration of the dissdlved salts serving as
nuclei and on the temperature of the subcooled droplets,
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(Reference 7,) Thus for a given concentration asnd a rel-
atively low temperature the speed of crystallization is
relatively high, whereas, for the pame concentration at

a relatively high temperature the speed of crystalliza-
tion i relatively kow, Also, for a given temperature
and a low concentration the speed of crystallization is
relatively high, whereas, at the same tempsrature and a
high concentration the speed of carystallization is rela-
tively low,

From meastrements of the concentration of salts in
clear ice and rime deposits and the corresponding sizes
of fog and cloud droplets on mﬁuntains in Burope, togeth-
er with certain assumptions, Kohler (reference 7) concludes
that the sizes of droplets in clouds, from which no pre-
cipitation is falling and which exist simultaneously at the
same elevation, depend on the respective sizes of the salt
pParticles .about which cendensation has occurred, His cal-~
culations show that high concentrations are assoclated .
with small droplets and, vice versa, B

1t will be poted that)it was ghtated abeve that small
droplets are associated with a high concentration of salt
nuclei, that the latter produces a relatively low speed of
crystallization and further, that the latter generally
tends to produce clear ice. From other considerations it
was concluded that small droplets generally tend to form
rime. Thus we find from two sets of considerations that
small droplets tend to form both clear ice and rime, It
must therefors be concluded that further investigation
of this phase of the subject is necessary in order to de-
termine gualitatively and guantitatively the manner in
which the various factors operate to produce the particu-
lar type of ice depcsit, A parallel line of reasoning
appllies to large drcplets, :

Another possible factor bearing on the type of ice
deposit 1s the mass of water striking a unlt® ares in unit
time, (Reference 7.,) It is obvious that the mass of wa-
ter in question depends on the amount of watsr per unit
volume of the cloud and on the speed of the airplanse,
When the mass of water striking a unit area in unlt time
is large a sufficient amount of latent heat may be liber~
ated so as to produce clear ice in the manner previously
described.

Scott found from wind-tunnel experiments that the
alr speed apparently has little effsct upon the character

bl
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of the ice formation. (Reference 2.)

The formation of frost on aircraft, previously re-
ferred to, is a result of sublimation, i.e., 2 change di=-
rectly from the gaseous to the solid state, and therefore
requires a state of supersaturation with respect to ice.

Sudden ice deposits.,- It has been suggested by vari-
ous authors that supersaturation, with respect to ice, in
clouds composed of subcooled water droplets may be re-
sponsible for comparatively sudden and heavy deposits oce
casionally reported by pilots. Humphreys (reference 8)
has shown, however, that at a temperature of -10°¢., 4if
all of the eXcess vapor in the air, i.e., assuming & con-
dition of supersaturation with respect to ice, were de-
posited, it would be equivalent to a layer of clear ice
one inch thick on the froant of an sirplane after the labt-
ter had flown for a distance of 72 miles, It is probabdle
though that only a small part of the excess vapor encoun-
tered would be dsposited on the alirplane

An occurrence of a sudden deposit together with a
possible explanation was recently reported by A, Hansen.
(Reference 9.) The following is quoted therefrom,*

"In a summer cumulus cloud with sbtrong heat convec-
tion, the speed indicator stopped functioning almost imme-
diately because of icing of the nozzle upon flying into
the cloud., The bumpiness was such that the airplane did
not respond to the movements of the rudder. After 5 or 10
seconds the corrugated ribs on the top side of the wing
were concealed under a layer of ice, which had not thick-
ened on the front edges, but the entire visidle wing sur-
face was apparently equally heavily coated. The thermom-
ster showed about 0°0., the air was very wet, the height
was about 3,600 m (11,811 ft.). In consequence of the
excessive &emands, the airplane guickly lost altitude in
spite of the thermal convection and wide-open engime and
soon fell out of the cloud base, Here the ice mslted
quickly and at about 1,000 m (3,281 f£t.,) had completely
-disappeared.

IThe suddenness of the icing and the unusual form of
the ice covgr even in the region of dynamic pressure re-
duction cannbt be explained in the usual manner. It seems

*TPranslated by J. C., Ballard, Aerological Division, Weath~
er Bursau. . .
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plausible that here the "triple point"* plays a part, If
the vapor pressures over water and ice are squal, the heat
of vaporlzation and heat of fuslon may be exchanged for
one another in the presence of liguid water, Since the
process ig intermolecular and no sxternal heat exchange'
is assumed, 1t can take place practically instantansously,
S4nce the heat of vaporization is about eight times as
great as the heat of fusion, a partial ovaporation must
form an eightfold quantity of ice. The veaporlzation can
be caused by dynamic pressure reduction on tho airplane;
for example, on the top side of the wing. Through consid-
eration of the triple point, the manner and speed of this
special type of icirg follow gquite naturally.t

In connection with the foregoing, 1t is interesting
to note in Table I that .in most cases where rapid icing
occurred the temperature was not much below the freezing .
point, and i1t seems possible that the physical explana-
tion of at least a part of the ice formation in those
cases 18 gimilar to that given by Hansen. .

In general, no lce formation will occur at tempera~
tures above freezing. However, occasionally cases are re-
ported where it does form in wet clouds or in rain at tem-
peratures slightly above freezing, and in such cases it is
probable that the ice is formed by eveporative cooling,
the extent of which varies inversely as the relative hu-
midlty,

Undercooled water Aroplets.- In connectlon with the
occurreace of undercooled clound droplets, it 1s of inter-
est to note that these are found at surprisingly low ten~
peratures. A. Wegener (reference 10) observed a "fog-bow'"
in Greenland at a temperature of -34°C,, indicating that
the fog particles were in the liguid state,

At Little America, headquarters of the.  Byrd Antarctlc
Expedition, both cloud and fog particles were frequently
observed in the-llguld state at very low temperatures,

W, C. Haines (reference 11), meteorologist of this expedi-
tion, states as follows regarding this:

*The triple point"is\the temperatufe (0.005200.) and wvapor
pressure (4,58 mm o mercury) for which the three states -~
" vapor, liqguid, and solid - can exist together in egquilib-
rium. 4t the tripls point the saturated vapor pressures

for ice and water are identical,
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"Fog, while infrequent, was interesting from the point
of view of showing that water particles can, and do, exist
in the atmosphere at temperatures far below the freezing
point, Considerable attention was given by Mr. Henry T,
Harrison and myself in observing this phenomenon. We used
great care in examining fog or mist when it occurred before
recording it as such., 1In every case when the fog was
dense and lasted for an appreciable length of time, a de-
posit of rime would form on the windward side of objects
due to the impingement of the undercooled fog particles,
Fogs were observed at temperatures of -26 C,, ~30 C., and
“‘44: Cn

"During kite flights at Little America, when clouds
of the stratus or-strato-cumulus type were entered, the
kites and wire would always be covered with rime on reel-
ing in, thus proving beyond doubt that the clouds were
composed of water particles. The lowest tempegature ob=
served at the cloud bass was approximately -18 C, Howev-
er, these clouds had the same appearsnce as those of sim-~
ilar type observed at -45° C.e, oOT -50%6, Who can- gsay def-
initely but that they also were composed of water parti-
clest!

The complete explanation of the manner in which water
exists in the liquid state at such low temperatures is not
known, Kohler (reference 7), from his investigation of
the solid substances found in rime, ics, and snow, is of
the opinion that this is primarily due to the congentra-
tion of salts dissolved in the droplets., While Eohler-is
inclined to belisve that sea salt is the chisef source of
these nuclei, Lenard and Ramsauer (reference 12) have shown
that the effects of ultra—violet solar resdiation upon cer-
tain atmospheric constituents may produce hygroscopic nu-
clei of composition different from that of sea salts and
equally, or more.,effective in respect to their hygroscopilc
properties. Such substances dissolved in the droplets
would have the same effect as regards subcooling as sea-
salt nuclei, Solutions of any of these substances may be
cooled to various temperatures below 0" 0., before freezing
occurs, depending on the concentration and kind of sub-
stance, the degree of ionization, the radius of the drop-~
lets and possibly, also, on other factors.

Othey conditions favorable or unfavofable to ice for-
mation;~ A deposit o6f frost may occur when an airplane de~-
scends rapildly from & region where the temperature is below
freezing into a warmer, dbut still subfreezing stratum,
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which is nearly or entirely saturated., In such a case
the formation occurs instantly dbut stops as soon as the
airplane attains the same temperature as that of the sur-
rounding air,

Another condition conducive to frost is in air nearly
saturated and-the temperature at, or below freszing. The
reduced air pressure, and consequently lowered temperature,
just above the wings in such a region might_be such that
condensatlon would cause a small amount of frost to form.

Sleet, by 1tself, doses not collect on an airplane.
However, when mixed W1th rein it is likely to form & rough
and dangerous coating.

Clouds composed of ice’ spicules do not form any appre—
ciable deposit. .

Dry snow does not adhere to an airplane, A mixture
of snow and rain or cloud droplets, however, is likely %o
form a dangerous deposit of frozen slush, -

Ice deposits from freezing rain may often be partlal-
ly romoved or prevented by flying in the inversion, i,e.,
warmer layer, which usually exists above such rains,

A 1light deposit may form on an airplane flying in a
region where cloud droplets are of such small size as %o
rendsr them invislble, providing the temperature is below
freezing, emtt A

Methods of determining whether ice will form.~ The
fact that ice deposits of appreciable amounts do not occur
unless the airplane 18 in some form of visible moisture,
is of prime importance because in this way the pilot is
visuwally warned, providing he knows the air temperature.
The latter can be ascertained by means of a distant indi-
cating thermometer, At night visible moisture can gener-
ally be detected by means of a light on the airplans.

In view of the important difference in the effects
of clear lce and rime formations on an airplane in flight,
it is obvious that any means of determining which of the
two types 1s likely to form on any particular occasion
would be of great benefit. While temperature cagmnot be
used as a sole criterion in regard to the particilar type
of ice formation it ls, however, the principal criterion
as regards the probability of any formation at all. With-
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out upper air observations the temperature aloft must, of
course, be estimated from surface conditions., To do this
properly one must assume & certain lapse rate, l.e.,, ver-
tical change in temperature, The lapse rate prevailing

at any partlcular time depende on & variety of factors,
the principal ones being (a) time of day, (b) season,

(¢) latitude, (&) nature of the surface, i,e,, land or
water, (e) cloudiness, (f) wind velocity and direction,
(g) atmospheric pressure distribution, and (h) precipita-~
tion., As many of these factors as possible should be tak-
en into consideration.

The following will assist in estimating the tempera-
ture lapse rate at any particular time,

On the average the temperature decreasss about 0,6°C.
per 100 m (328 ft,) elevation. In the lower levels, i.s.,
the first 1,000 m (3,281 f£t.) or so, the lapse rate may
vary from slightly more than 1°0.. per 100 meters to a large
negative value, i.8., the temperature may increase with
elevation, The latter conditlon is called a temperature
inversion and is a common phenomenon at night and early
morning during clear, calm weather. It is most pronounced
in winter and at higher latitudes. A solid cloud layer
at night tends to minimize the intensity of the nocturnal
inversion, as then terrestrial loss of temperature is ma-
terially reduced by the return radiation from the cloud.
The intensity of nocturnal inversions is likewise reduced
by wind which mixes the air and thereby prevents extremse
stratification.

During mid-~afternocon, particularly in the warmer sea-
son, the lapse rate generally increases until i1t reaches,
or slightly exceeds, the adlasbatic rate for dry air, i.s.,
1%. per 100 meters, An overcast sky during the daytime
tends to keep the lapse rate low, as then the clouds in-
tercept a large part of the solar radiation by absorption
and reflection,

Precipitation tends to decrease the lapse rate. The
lapse rate within & cloud is usually less than in clear
air, except that immediately above shest clouds there is
often a %temperature lanversion,

For more detailed information regarding the effects
of these and other factors bearing on the tempesrature
lapse rate reference should be umade to & good textbook on
meteorology.
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'The determination of the size of cloud droplets from
ground observations is difficult. An inciplent rsin con-
dition is a fairly certain indication of large droplets.
This may be indicated by the appearsnce of the clouds and
a8 knowledge of general weather conditions at surrounding
stations.

Some indication of the size of cloud droplets is af-
forded by the presence of a corona which, if very close to
the sun, or moon, signifies relatively large droplets,
whereas, when the corona 1s large, i.e., farther away from
the sun, or moon, the droplets are correspondingly small-
er, This criterion, however, would probably be of little
practical value, since coronag are visible only when the
clouds are thin and under such conditions the dangser of
icing usually is not serious,

The presence. of & halo indicates clouds composed of
ice splcules which, as previously stated, do not form any
appreclable ice deposit,

Low pressure areas usually are more favorable for ic-
ing conditions than high-pressure sareas, since the former
are generally attended by considerable cloudiness and pre-
cipltation. Favorabls lcing conditions are likely to ob-
tain in regions to ths leeward of large bodies of water
where temperatures of freezing, or lower, frequently occurj
also over high terrain where flights at high elevations
are necessary.

In closing, it is desired to state that one of the
chief difficulties in a study of this kind is the frequent
impossibility for the pilot or observer to claessify cor-
rectly the type of ice formation since it usually is melt-
ed by the time the airplane reaches the ground, Since
meny of these flights were made before daylight this dif-
ficulty was especlally pronounced, Also, there is a cer-
tain amount of confuslon in the minds of many as to what
congtitutes rime and what clear ice. It is hoped that -
the descriptions given here will make possible & mors ac-
curate classification in this respect in future obdserva-
tions, It is belisved, however, that so far as averages
are concerned, .the values found would not change apprecla-
bly with additienal observational data.

It is desired to acknowlsedge -the cooperaﬁion of the
National Air Tramsport, Inc.,, Chicago, Ill,, with the
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Weather Bureau in the procurement of a number of alrplane
observations during ice-forming conditions. During the
winters of 1928-29 and 1929-30, regular mail planes fly-
ing betwsen Chicago and New York and between Chicago and
Kansas City, were equipped with aero-meteorographs when
conditions appeared favorabdle for ice formation. ULocal
flights such as are now made daily at the Weather Bureau
sirport stations at Atlanta, €a., Chicago, Ill., Cleve-
land, Ohio, Dallas, Texas, and Omaha, Nebr., however, pro-
vide far more satisfactory data for a study of this kind
than do flights made over great horizontal distances.

I am indebted to Mr. L. P. Harrison of the Aerologi-
cal Division, Weather Bureaun, for many helpful suggestions
during the preparation of this paper.

Weather Buresu, .
Weshington, D. C., October 26, 1932.

REFTERENCES

1., Ebhler, Hilding: Studien {iber die Nebelfrostablager-
ungen auf denm Pgrtetjgkko. Naturwissenschaftliche
untersuchungen des Sarekgebirges in Schwedisch -
Lappland, Bd. II, Abt. 1 Meteorologie Lief, 1,
Stockholm, 1919,

2. Scott, Merit: Ice Formation on Aircraft and Its Pre-
vention. Jour. Frank. Inst., Nov., 1930.

3. Andrus, C. G.: Ice Formation on Alrcraft. Chapter 13,
in Aeronautical Meteorology, 24 ed., 1930, by ¥W. R.
Gregg. The Ronald Press Co.

4, Pick, W. H.: Fogs During Winter with Unsaturated Air
at Verious Town, Rural, and Seaside Stations in the
British Isles. Quar. Jour. Roy. Met. Soc., Vol. 55,
1929, pp. 305-306: and Further Note on Fogs During
Winter with Unsaturated Air. Quar. Jour. Roy. Met.
Soc., ¥ol. 57, 1931, pp. 103-104.

4

5, Peppler, W.: Reilf- und Eisbildung in der freien Atmos-
' phére. Beitr. z. Phys. 4, frelen Atmosphlre, 1922-3,
Bd. X, 8. 38.



18 N.A.C.A., Technical Note-No.‘ééév
SR

6. Lewisg, 0. L.: Altitudes of the.Basestof.aner Clouds
ag Determined from Xite and Balloon Observations.
Monthly Weather Review, June,~1921. o

7. Kbhler, Hilding: Zur Kondensation des Wasserdampfes in
der Atmosphlre. ZErste und zweite Mitteilungen.
Geofysiske Publikationer, Vol:; II, Nos. 1 and 6,
Kristiania, 1923.

8. Humphreys, W. J.: Supersaturation and Icing of Airplanes.
Monthly Weather Review, June, 1930.

9. Hansen, A.: Unusual Type of Ice Formation on Airplane,
Erfahrungsberichte des Deutschen Flugwetterdienstes,
March, 1932, Hergesell Band. .

10. Wegener, Alfred: Frostlibersdittigungen und Cirren. Met,.
Zeit. Bd. 37, Heft 1/2, 1920. )

11, Haines, W. C.: Meteorological Qbservations in the Ant-
arctiec, Bull. Am. Meteorologlcgl Soc,, Oct., 1931.

12, Lenard, P.,, and Hamsauer, C.: fver die ¥irkungen ultra-
violetten Lichtes auf Gase unter besonderer Bertick-
sichtigung der Vorghnge in der Erdatmosphlre. Met.
Zeit., 1912, p. 150. - T

BIBLIOGRAPHY*

Carroll, Thomas, and McAvoy, William H.: The Formation of
Ice upon Airplanes in Flight. T.¥. No, 313, N.A.C.A.,
.1929. ’ ' - - :

Carroll, Thomas, and McAvoy, William H.: Thé_FBrmation of
Ice upon Exposed Parts of an Airplane in Flight. T.X,
¥o. 293, ¥N.A.C.A.,, 1928, :

Kopp, W.: Danger of Ice Format1on on Airplanes. T.M. No.
459, N A.C.A,., 1929, T

Hebner, E.: The Jeopardizing Action of Ice Formation on
Airplanes. Report No. 25 of the German Meteorological
Service, 1928. Published by the findenberg Aeronautical
Observatory, District of Beeskow.

R

*See footnote, page 2C.

[
I



N.A.C.A. Technical Note No. 439 19

Andrus, C. G.: Meteorological Notes on the Formation of
Ice on Aircraft. Monthly Weather Review, Jan., 1930,

Smith, W. L.: Weather Problems Peculiar to the New York-
Chicago Airway. Monthly Weather Review, Dec., 1929,

Steiner, R. 0.: The Icing of Airplanes. Meteorological
Zeitschrift, 1930, ¥ol. 47.

Geer, W. C., and Scott, Merit: The Prevention of the Ice
Hazgrd on Airplanes. T.N. No. 345, N.A.C.A,.,, 1930.

Knight, M., and Clay, W. C.: Refrigerated Wind-Tunnel Tests
on Surface Coatings for Preventing Ice Formation. T.N.
No. 339, N.4A.C.A., 1930.

Jaumotte, +¢ An Extraordinary Case of Supersaturation in
the Free Air. C(Ciel et Terre, X1LI, No. 3, March, 1925,
pp. 42-49. (Abstracted in Monthly Weather Review, Feb.,
1925.)

Theodorgen, Theodore, and Clay, William C.: Ice Prevention
on Aircraft by Heans of Engine Exhaust Heat and a Tech-
nical Study of Heat Transmission from a Clark Y Airfoil,
T.R. No. 403, N.,A.C.A., 1931.

"Robitzsch, M.: Die Verwertung der durch aerologische Ver~
suche gewonnenen Feuchtigkeitsdaten zur Diagnose der
Jeweiligen atmosphfrischen Zustlnde. Arbeiten des
Preuss. Aeronaut. Obs., bei Lindenberg, Bd. XVI, Braun-
schweig, 1930.

Schinze, Gerhart: Die aerologisch - synoptische Darstel-
lung der grosszligigen StrBmungsglieder troposphlirischer
Zirkulation und ihre Bedeutung flir die Diagnose speziel-
ler Wetterlagen insbesondere Vereisungsgefahr. Erfahr-
ungsberichte des Deutschen Flugwetterdienstes, p. 153, 2.
Sonderband. Berlin, Jan., 1932. :

Wegener, Kurt: Die Verelsung von Luftfahrzeugen. Met.
Zeit., Heft 4, April, 1930.

Wegener, Kurty pPie Vereisung des Flugzeuges. ‘Archiv der
Deutschen Seewarte, Bd. 49, No. 10, 1931.



20

N.A.C.A, Technical Note No. 439

Hellman, Gustav: Classification of the Hydrometeors.

(Pranslated by C. Abbe, Jr.) Monthly Weather Review,
July, 1916.

*4A

paper by W. Bleeker, entitled "Einige Bemerkungen fiber
Eisansatz an Flugzeugen,! Met. Zeit., Bd. 49, Heft 9,
1932, pp. 349-354, came to the attention of the author
after the completion of this paper. Bleéker emphasizes
the effect of evaporative cooling in the freezing of
water droplets; also the time regquired for a drop to
freeze ("Vereisungszeit") is considered to be propor-
tional to the rsdius of the drop and thus a factor in
determining the amount of deposit. Applications of the
above, computations based thereon, and other topilcs are
also discussed. -
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TABLE II.
Type | Thick- |No. of| Average |Average Average [|Average Average Average Averarge
ness cages | temper- |temper- rslative |relative time height thickness
ature at |ature humidity |[humidity during abhove of stratum
which interval | at which |interval which ground in vhich
formation|in which | formation|ln which formation | where formation
occurred |formetion { ococurred |formation . occurred. | formation | occurred
occurred occurred. occurred
(+ indicates
higher I
midity at
end. -of for-
matlion than
at beginning;
vice verse.)
(Y ’C Percent | Perceat min. meters meters
Glear | 1/4 in.
ice | or more| 19 -5.8 3.5 92 + 2 7.5 2,476 876
Clear | Loss
ice | than .
1/4 in.{ 19 | -5.9 2.4 90 +3 3,7 1,943 499
Clear | Un-
tce | known 5 3.1 3.8 86 +2 8.4 2,372 696
Clear
ice | All 43 ~5.5 3.1 90 +2 6.3 2,245 562
Rime |1/4 in.
or more| 5O -6.3 3.3 92 + 3 6.6 2,151 bB2a
Rime | Less
than
1/4 in.| 62 | -B.6 2,7 89 +2 4.8 2,482 395
Rime |{ Un-
known 6 -5.2 5.3 93 - 2 13.7 3,764 828
Rime | All 108 -7.5 3.1 91 + 2 6.1 2,399 479
Clear | A11 4 6.6 4.8 87 +10 9.5 2,891 718
ice

and rime during same observation
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TABLE III.
Types Thickness Number of cases at

Chicago | Cleveland | Dallas | Omsha
Clear ice 1/4 in or more 10 6 0 3
Clear ice |Less then 1/4 in, 3 2 1 11
Clear ice |Unknown 2 0 1 2
Clear ice |All 15 8 2 16
Rime 1/4 in. or more 4 38 4 1
Rime Less than 1/4 in. 20 22 2 8
Rime Unknown 1 0 5 0
Rime A1l 25 80 11 9
Clear ice
and rime
during same
observation|All 1 2 1 0

TABLE 1V,

Average temper- ! Average temper- |Average Averags
ature during the | ature for Nov, amount of amount of
ice formations 1921 to April, low clouds. intermediate
as obteined from | 1932, incl., 8:00 a.m. clouds, 3:CO
data in Table 1 for the E.S.T. for g.n., E.S.T,.,
for heights Nov., 193L for Nov. 193L

to April, to April,
1932, incl. 1932, incl.
L (Scale 0-1Q)| .(Scale 0-10C)
2,245 | 2,399
Clear ice| Rime meterst meters®*
Chicago -4.8 -8.1 -2.6 -3.3 4,3 - l.2
Cleveland | ~2.8 -5.8 -2.8 ~3.4 5.0 2.0
Dallas -3.0 -7.1 6.5 4,9 4.4 C.6
Omaha, -7 4 -9.5 -0.5 -l.2 4.8 0.8
¥
i
* Average helght above ground at which clear ice formed.
%% Average height above ground at waich rime formed, (See Table II.)
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range through which each formation occurrcd.
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Tig.2 Percentage freguencies of clear ice and rime formations at vari-
perature range through which each formatlon occurred
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Fig.3 Percentage frequéencies of clear ice and rime formation at the
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N.A.C.A. Technical Note No.439 Fig.4
o w 8§ 2 § 3
3 «Q o 8 Eg @ <3, E} < o o
O o Q 0 ﬁB [¢a} —~ — — ~ ~
~ G < ¥e] x — 1 1 &
S o3 % 3 & 8 ®o8
s 2 § ¢ 8 § % & § §
Heightl,feet !
2 \\ ) :
4 R

T

Clear

e e o
r
'-lo
[¢]

[

—~
e
///,/x
N

}
-
~
-~
-~
J

Percentage frequency

X
e
|
\
W
A=y

=)

Hl

5

)]

-
v
"4
/
-~
-~
’——

o]

[e)]
-
/</
~ ey
N
~
~
~1
7
Pd
Ce
4

X

X
i]r- —y
o
S
7o)

t
(@]

500~1000
4500-5000]
5000--5500

1000-1500
1500~-2000
2000-2500
2500--3000
3000-3500
3500-4000

4000-450

Height ,meters above ground
Fig.4 Percentage frequencies of clear ice and rime formations at various
heights above the ground, the latter representing the mean of the
height interval in which the formatiens occurred.



N.A.C.A. Technical

8916

Note No.d39

B MOUS*'* 18]
1968 % MOUS

-._.J.O .Pw

19918

¥ 'THCAS

aoug
¥ "UD3S

#ous P " 19—

aoug ¥° 45"V

2
uq
n

100718

P UTBH'TD 45

188Ts
% urey’ - 418V

utey ¥ *58|

uieg ¥ o'y

2pNoTo

[ T1

rime formgtions for various cloud and weather conditions.

soTeq ULy

BPOOTO SAOQVF-

atsyH ﬁ.um.L

\\\\\;tff”’xx\“x sCledqr ice
O

Usd P 0H- 495 5 K]
BTN
. .\\ -

..D.O.i —4} 3 = U./.v.n

’ \

* 9SSk th %‘A\I“I
~
48] \\ux\\\\\ ——o-
\ 1- --1
19+ 98 == , il
tQ ] m o ~ _.M

£fouenbaxy eS8vquasaed



