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INTRCDUCTICH

Icing on aircraft becomes a factor of major importance in these days
of alldwéather flyings In certain oircumstgnces aircréft—may become heave
ily loeds? with ice, particularly, but not entirely, over leading edges
of wings and other parts, and the effect on flight may Pe serious, In
“mild cases it may 6n1y.render the rédid useless by coating the antennas and
oéusing it to break away. In other cases the carburetor intake may be
ohoked or the controls jammed by it, but the greatest danger probably lies
in *the effgct on the performance of the aireraft, due to tﬁe sheer wéight
of'accumulated ice, or mainly to the disturbance of the aerodynamioal
properties of the supportiﬁg surfaces causing loss of 1ift and setting up
vvibrafions sufficient in,magnitﬁde to throw the aircraft out of control or
even to cause structural failure. While not all icing is as violent as
this, mild cases can be very dangerous in that_it may ceuse vital instru-

ments to become useless,

1
THE PHYSICS OF ICE FORMATION

In studying ioing,Athere‘are'three different types of ioe;to be con-
sidered, ’
fne is clear or glaze ice whioh is olear and hard with a smooth and
. glassy appearance, although when mixed with sleet or snow it may'have,a
rough appearence, It is very difficult to dislodge when fofméd to any
appreciable thicknesS. ?his type of ice is the most dangerous 5eéaﬁse of
the above reason and also because of the blunt shape it assumes as it freezes
on the leading edge of the wing or strut‘withbits frontal area:enlafged.

The second type of ice is called rime ice. It is pure white, opaqus,



and gronular in structure., It crnsists of tiny ice pellets which have

little conesion or adhesion. Rime builds up into sharp nosed deposits on

1.

leading edges and does not alter the form of the airfoll to any extent,
althouzh its additiozal weirh and the increase in drag caused by it build-
ing up very much will be noticed, Ordinarily this type of ice dces not
build up to large amounts because it is easily shaken off by vibration.

For that reason if is seldom a dangerous type of ices However, at low
temperature, the tenscity of this form of ice increases and the formation,
if prolonged, soon reaches dangerous proportions,

The third and least dangerous type of ice is froste It is a light
crystalline formation and never assumes any degree of magnitude, There
are certain cases where this.type will be slightly dangerous because of
a light; rough deposit on an airfoil, destroyirg some of its lifting charsac-
teristics., lowever, the length of time that this deposit will remain is
short, because as soon as the airfoil reaches a temperature equilibrium
with the surrounding atmosphere, the frost will melt, providing the tempe
crature is above freezing,

The tvpes mentioned above are the pure types, In the case of the first
two there can be, and arc, many intermediate grades vetween the traﬁsparent
ice and pure white rime. The most common type is of & semi-opaque Laturé,
similar to partially melted and refrozen snow, Diagrams shic = g the charac-
teristic shapes of rime and clear ice will be found on the following pages

llost meteorologists agree that there are two prerequisites for any
type of serious icing on airerafts One is that there must be liquid water
present and the other is that the temperature must be 34°F, or below,

There are special cases in which these conditions do not hold, but the type

of ice formed is not dangerous to any large extent.

»

Liquid water must be present because precipitation in the frozen or
§011d Corm before striking the aircraft will not adhere to it but will be

blovn away. In order for this liquid water to be present, it wust usually
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be in the form of supercooled water. This is an important fact because,

as it is known from experiments, agitation of this supercooled water will

: gause solidifications The necessary agitation in this case is accomplished
'By an 'airfoil moving through this subcooled water and the resultan£ impact
.,Of the drops on the airfoil,

In determining the type of ice.to be formed, the icing time, or the
time it takes for the ice to form is of »rime importance. If the time is
relétivelj large, clear or glaze ice will be formed, while convérsely, if
the time is small, rime will be thé end product. Bleek?r has shéﬁn that the
icing time is directly proportional to the radius of the droplet of sub=-
cooled water and that the proportionality factor involved is dependent mainly .
on the vapor pressure existing in the air surrounding the droplet,

In order to demonstrate the processes involved in the formation of
ice on aifcfaft, let it be assumed *that there is water in 1iQuia form,
either as a cloud, or, perhaps, falling rain, at a temperature of -800.

As soon aé the plane strikes such a sub-cooled droplet, there is provided
the necessary agitation and freezing begins, . All of the droplet will not
freeze at once, however, For illustrative purposes, which will not inval-
idate the results in any way, assume the,dropiet consists of one cubic
centimeter of liquid water., It is known that to frecze one c.c. of water
80 calories must be removed therefroms It is also known thet at the instent
the droplet begins to freeze, the temperature of the mixture of ice and
water will immediately rise to 0°¢C. Thié rise in temperature can only be
accomplished as a result of heat being added, while at the same time heat
is being taken away from a portion of the dfoplet in order to bring about
the freezings Assuning that no heat is added from without, this added heat
must be removed from that portion of the droplet which freezes. Thus the
rise in temperature of the mixture from -800. wgll give a measure of the
number of calories required to produce this heating and thereby indicate

the fraction of the droplet which is immediately frozen on impact, In this



example, sinco it requires 1 calorie @o raise the teomperature of 1 co.c.
through 1 degreg Cea it’will require 1 x 8 or ? claories to bring the mix=-
ture up to O?C. And, since it requires the czpemditure of 80 calories to
freeze 1 o.ci,tcooling hes been'ppovjhed sufficient to freeze 8/%0 CeCo
or 10% of thef;olume of the droplets ‘Thus it can be said that the amount-
of water encéuntered by the plane in the form of cloud particles or rein
; \

drops, and wﬁich is immediately frogzen, is directly proportional to the de-
gree of under~cooling of the droplets, . ‘This point.will be considered later
with respect £o tho size of the dveplet‘(gs mentione&\earlier). _

If‘it was only that portion of the droplet which‘ireezes 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 o
very large part of the remaining water also fregzes that the icing con=-
ditions are considered such a hazard to fl&ing. it_is thfou%h the oper= -
ation of the process of evaporation that ﬁhe rem?ining portién of each
dropiet is largely turned to ices

Consider again, the originsl dropyét, 105 of iwhich has been changed
into ice, while the remaining 907 exists as water%at a temperaturé of OOCO
It ié here that the vapor preésure oﬁfthe suf?ounding air is very imgortant.
Over this wator at 0°C. t@pre is a gaturatjon{vapor pressure of 6,11 mb,,
vhereas the surrounding c¢loud air Will havé a saturation vapor pressure
corresponding to the temperature of -800.; or only 3.12 mbe Thus evapor-
ation will take place from the water surféoe bec;use of its higher wvapor
pressure as compared to the surroundingéair; To a¢00mplish the evaporation
of 1 cuce Of water it requires tﬁe additibn‘of approxinately 600 calories
of heat, To freeze the remaining 90% of Ehe original droplet, only Ix70x,%
which equals 72 calories needs to be removeds Ilence it is only necessary
to evenorate 72/600 or 12{ of the original droplet. liowever, as all heal

is added or subtracted from this droplek 1tself, some of the welter will be

lost, and ever. less heat will be requircd %o be taken away, This emounts



to about 27 so that the total amount of the drop to be evaporated is ape
proximately 10/% Under these conditions it is seen that, roughly 90% of

the water encountered by the plape'wouid be frozen, nearly nine tenths of which
is caused by evaporation, and this sart that is formed through evaﬁoration

is the most dangerous clear or glaze ices Thus it is evident that the process
of evaporation is of first importance in any consideration of icing cone
ditions of airoraft, particﬁlarly because of the strong ventilation afforded
byvthéir rapid relative movement through the air,

The size of the cloud particle or the sdb-cboled'water droplet has no
influence on the part of each that'is frozen either on impaet or through
subsequent evaporation, As was stated before, the pwrtion of each droplet
frozen on impact is directiy proportional to the deyrze of undercooling,
and so it is true that the rate of evapofation of the remaining liquid
portion, and the total amount to be frozen, will be directly proportionai
to the degree of undercooling,

At this point it is well to begin considering at what degrees of sub-
cooling certain size droplets can and ordinarily do exist, The different
types of ice have been observed to form most frequently from 34°F, to 0°F,,
although pilots have found ice at higher and lower temperatures., But, it
was not of sufficient amount to be hazardous,

About Soﬂ‘of the elear iose formation occurs above a temperature of
20°F, while about 557 of the rime ocours below that temperatures Temperature
is a minor consideration as compared with other faetors, though, in deter=-
mining the type of ice, as long as it is within the 34°F, to 0°F. range.

Air turbulence is an important faetor hcwevef, because larger drops will
be able to exist with increases in turbulence. One explanation advanced
for the fact that most glaze. occurs above ZOOF. is that at lower temperatures

large drops of water tend to freeze spontaneously. Therefore, only the

smaller érops in which rime forms are in sbundance, Below 0°F, the water



droplets usually become so small becauvse of the rarity of vater in the liquid
form that they are deflected with the air around the airfoil and other narts
of the plane, The reason they are defleotéd is because of their smallness
hey have not sufficient inertia to pemetrate the airstream at enough of an
angle To make contact with the plane.

In going on from here vapor pressure and,icing time will have to be
considered along with other factors, In theillustration piven above it was
seon that the difference in vapor »ressure was an Lmportant factor fn the
evaporation of the liguid water and the re#ultent freezing of the droplet.

In this illustration the air was assumed to have a relative humidity of

1005 Observations hove shovm that in such clouds where clear ice formations
wero reported, the relativehumidities ranged from 51% to 1007 with the
average being about 907,' /ith lower relative humiditiés, it can be seen that
the vapor pressures will also be lower so that there would exist e still
greater difference in vapor pressure between that for the water on the wing
of the pleane and that in the fras air. Hence evaporation and the resultant
freezing would take pliuc- 'ore rapidly. This explains the observed rapid
formation of ice as a plane emerges from a moist cloud into the corparative
ely clear, dry air above or below,

Under certain conditions such as that of heavy undercvooled rain, air-
craft will fail to pieck up large deposits of ices If the drops have large
radii and are undercooled only a few degrees, and the relative humidity is
great, the icing time will be large. The nart of the droplets not frozen
on impect have time to be blowvn away and if heavy enough rain is falling,
the water will even have time to collect and wash some of the allrgady.
frozen ice awey. As can be seen, this will definitely not give the air-
foil a load of clear ice, as clear ice depends upon many thin layers of water
to be successively frozen over each  others

At temperatures below 20°F. rime iec is most predominant because the

small droplets enable the icing time-to become very small, almost instan-



taneouse, Upon impact only a part of the drop freezes, but there is so
1ittle water in the drop that it does not spread over an appreciable area.
Consequently the formation is of a granular structures

The rate at which ice forms on an airplane part varies greatly accord=
ing to icing time, which varies with okher factors as méntioned, and with the
speed of the plane through the free airs Observations differ over wide
ranges from less than 05 in. per hour to as high as 2 in. per minute,
Pilots observations have indicated that a rate of one in, per minute is
not at all unusual,

At the beginning of this paper frogt was mentioned as a type of ice that
aireraft are troubled with at times, A few common causes for frost are:
(1) a plane faying thfough free air which is below the freezing point long
enough to assume the temperdture of the cold air, and then suddenly‘going
into warmer air so that the water vapor in this warmer air is condensed on
the plene as small ice erystals kmovm as frosts This occurence is not at
alldangerous because =s soon as the plane comes to the same temperature as
thesurrounding air, the frost will melt affs (2) If a plane has been stond=-
ing in the open atir long enough to collect a deposit of frosv, it should |
be brushed eff before take-off is attempted becanse the collection of frost
produces a surface that is not smooth and destroys the aerodynamical prop=
erties of the airfoil to some extent. This can become guite important in
the case of heavily loaded planes that do not have too much room in which
to take-off: (3) This third case is very gsimilar to the first case and is
usually only come across in the high latitudes. If there is an inversion near
the ground so that the temp, is below freezing, it is possible for an aire
£ and climb rapidly‘enough to still be very cold when it

plane to take-of

reaches the inversion and commences to collect frost due to the lowering

; . . 260
of the temp, of the wermer air to the dew point which is 32 Fe or less

If tho'plane is at maximm rate of climb, +this occurence may cause the air-



foil to become inelfficient enough to cause the plane to stall because the

formation is quite rapids
Summary

Points to remeaber about icing ares

¥

‘1) Ieing *+ " ~ly to be heaviest at temperaturc:

Ammn :
Trovelng »oinbe

w'rly close to the

(2) Clzer ice may be expected in clouds with appropriste emperatures, where

vertiecal currents strong enough to support the larger cloud droplets,

are found, i.eo. instability clouds or turbulent air,

" (3) Clear ice predominates above 20°F,

(4) Rime predominates below 20°F,

(5) Rime may be expected in clouds, with appropriate temperatures, wherein

vertical currents are not strong enough to support the larger droplets,

i.e. stable type cloudse

RGH.
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THE METEOROLOGY OF ICE FORMATION

If a pilot‘is familiar with the physical processes causing
an encountered or forecasted icing condition, his plans for avoiding
the region can be logically made. In this section of the paper, a
nﬁmber of meteorological situations with which ice is commonly as-
sociated are analyzed and the practicgl application of these studies
to flight plans is Euggested.

In general, the following practical considerations should
be realized for icing in addition to previously mentioned theofetical
considerations:

1. The danger of icing in regions above cloud forms is not
great,

2+ Ice may be formed in rain below a warm frént provided
the lower cold air has cooled the aircraft surfaces below 32°F.

3. Clear ice may be expected with appropriate temperatures
and when sufficient vertical currents are realized from the following:

(&) Convective action resulting from the heating of
surface layers.

.(b) Convective overturning or the forcihg aloft of
warm air at the forward portion of-ihe cold front.

{¢) Active upglide of warm moist air over a cold

front.

(d) The lifting of cold moist air under the warm front

due to the cohvergence of streamlines along the warm front.
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(e) The lifting of unstable air over mountein ranges.
(£f) All of the above conditions will be shown on the
diagram as being within a layer of unstable air, or if in a
stable layer, immediately above an unstable zone.

4, The diagranm will indicate stable conditions within
the zone of rime formation, wherein vertical currents are not strong
enough to support the larger droplets.

It should be noted here that in addition to the absolute
amount of liéuid water a cloud contains, the rate of deposition of
vice depends upon the mass of liquid water traversed per minute by
an airplane, and increases with the velocity of the plane. A free
balloon, moving with the wind, rarely experiences icing. Captive
balloons and kites exposed to prevailing winds undergp serious icing
only when exposed to the falling of supercooled rain.

Similarly, in forecasting the 32°F boundary from the ground,
it is absolutely essential to remember that the boundary also véries
with airplane velocity. Because of the impact and friction of air
particles on the plane, other factors being equal, the temperature
of the plane is always higher than the air temperature aend the dif-
forential increases as the plane velocity increases. Due to this
fact, the 32°F level of a plane in flight is higher than the meteoro-
logical 32°F level.

In cloud flying at altitudes between 3,000 and 7,000 feet,
the following figures are applicable:

Flying speed { mph) 100 150 200 250, 300

Approx. lifting of
32°F boundary (feet) 350 800 1500 2350 3400

During flight, the pilot should watch the free air temperature



closely and remember that it does not indicate the meteorological but
the increased temperature due to plane velocity.

This increased temperature rise in flight through a cloud is
abéut 40% lower than in clear air. Therefore a pilot, beforé flying

into dangerous ice clouds, should seek an altitude where the ther-

‘mometer reads 1°F to 5°F above 32°F (depending upon air speed). This

is in order to stay below the "velocity cloud freezing level" as
differentiated from the "velocity clear air freezing level."

As has been suggested previously, one of the mos% striking
things shown by material assembled is that not one case of icing was
recorded in which lifting by some method was not taking place. These
cases, however. were recorded in the Western States. It has happened
in other places that a plane flying through a relatively warm moist
cloud--without icing--has immediately picked up ice upon passing into
relatively colder clear air due to the difference in vapor pressures
in the warmer and colder air. This has been explained earlier in
this paper and noted as not very important.

Of 218 céses on which United Air Lines have definite infor-
mation up to 1938, the following occurred: |

2 in instability showers over flat territory.
34 in currents over mountains with no fronts nearby.

182 through or in close proximity to fronts (with orographic

and instability effects added in most cases).

The times when ice is formed from thick fog or from rain falling into

colder air are extremely rare in the Western U.S. region. Ice occurred

only twice in air that was definitely known to be stable, and in a

1&.



few more that may have been.

FRONTAL EFFECTS

Since about 85% of the observed icing of aircraft occurs in
frontal zones, 1t is evident that considerable study must be given to
the distribution of ice forming properties in those zones.

COLD FRONTS
icg formation along and in advance of cold froants increases
as the instability and noisture content of the air in the warm sector
increeses. Because of the unusually steep slope of cold fronts, the
horizontal extent of the ice area is generally smaller than along warm
fronts, dbut bécause of the more rapid lifting, vertical currents are
usually greater and the larger liquid droplets will cause severe ice
formation. A safe flight psth to avoid dangerous ice conditions is
illustrated in Figure _I .Where temperatures are below 15°F, ice par-
ticles will predominate in the cloud mass, and even if the frontal
cloudiness extends to higher altitudes than shown, only light ice will
be encountered unless convection is very étrong. The advisability of
flying west to avoid the icing areas adjacent to the cold front is
evident, for in climbing to the east, the area of severe ice formas-
tion would be encountered. The maximum altitude would, of course,
depend on the direction of flight and the top of the clouds.

An icing situation that is frequently observed along the
eastern slope of the Rocky Mountains occurs when the cold front of
& Pc air mass moves southwest and west against higher ground. The
example shown in Figure IT is from actual reports of pilots flying

between Albuquerque and Kansas City on morning of December 8, 1937.
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In this situation, a modified Pc alr mass is 1ifted ic above its con-
densation level by the encroaching cold air, and in this unstable state,
sustains adequate liguid particles at freezing temperatures.  The pilét
of an eastbound flight reported that when he attempted to let down from
8000 feet through the cloud mass at Amarillo, a 1/4" of ice formed in
50 seconds. Flight was then continued above the cloud mass until the
cold front was intercepted at 10,500 feet where breaks in the cloud'
deck were observed, and only light ice formed. The frontal clouds iﬁ
this case were only 20 - 20 miles in extent. After the flighf reached
the fresh cold Pc sector, no ice was deposited, although snow continued

to fall from the higher clouds along the frontal surface.

In Figure II is a cross section.of a warm front as described
by Byers in his "Synoptic and Aeronautical Meteorology," and is similar
‘to an actual condition which occurred between Pittsburgh and Newark on
December 11, 1933. The important features to be considered in this
example are the temperature distribution, the regions of {the cloud mass
where liquid particles and ice particles predominate, én@ the precipi-
tation forms. The heavy black line marks the limit of ice formation;
its position in the cold sector is predicated‘on the freezing isotherm
in the rain area, and in the warm sector includes all of the cloud
layer below freezing up Ep where liguid cloud particles cease %to exist
and only ice needles, flakes or dry snow prevail. Ordinarily, this
change in form occurs between 15°F and 10°F unless strong convection
prevails to above this level.

In flying through a warm front of thie type, it is evident
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that the only safe flight péth is one that will avoid the area where
liquid cloud particles predominate. This can be accomplished only by‘
flying at high levels, at 10,000 - 12,000 feet, or in ice particles
above 9,000 feet. At any level below 9,000 feet wheré supercooled
liguid predominates severe ice will be encountered.

In the case of a plane flying below a warm front, if freezing
rain is.encountered severe icing could be avoided by climbing gg;x if
that portion of the inversion above freezing is intercepted. It is
important to remember that only when near the surface front should the
inversion be sought by climbing, or well in advance of the front where
the reglon free of liquid particles can be reached without encountering

the area where liquid droplets do predominate.

WARM FRONT.WITH OROGRAPHIC INFLUENCES

The warm front condition Just considered may be transposed
into mountainous country as illustrated by Figure IM. The most
prominent difference is the loss of the lower section oflthe warm
front surface. This brings the freezing isotherm and the area of
the cloud mass in which liquid predominates closer to the surface.
liore rapid convection, induced by the steeper slope of the ground,
will tend to sustain larger cloud droplets and consequently increase
the ice deposit per unit time.

A higher mountain range results as shown in Figuie IV . The
important resulting change is the concentration of the icing zone
against the windward side of the mountain and its extension across
the top of the range. Safe flight remains possible only at high
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Widespread areas of icing conditions‘frequently_exist in
modified air masses over mountainous regions_with no definite warm
front, but in advance of a cold front. Figure M shows this con-
dition as it would be ipdicated on the weather map, and in cross sec-
tion. The air in advance of the cold front is NPP in_which the
mqistﬁre content has been increased through the evaporation of mois-~
ture from the earth’s surface. Under such conditions, this air would
have é conditionally unstable lapse rate, and once condensation starts,
mild turbulence will4hold the resulting liquid droplets in suspension.
Thus in those levels above the freezing isotherm, a severe icing con-
dition would result, as liquid water would be available in the cloud
MASSe

As Figure ;g; shows, each range of mountains will act as a
warn front, causing ice forming cloudiness to extend over the area,
and with strong wind, ice formation would exist to the top of the
clouds.

The combined effects of cold front and orographic lifting
of an alr mass rapidly lowers the temperature of the ascending warm
air mass and produces moderate to severelice. since the cooling and
condensation process is intensified, and liquid cloud droplets will

predominate in the cloud mass.

OCCLUSION

A‘cold front type occlusion existed in the Chicago area on
the night of December 7, 1937, and the cross section (Figure YT )
is based on data recorded by a pilot flying through the frontal

surfaces. The most outstanding feature of this situation is the
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low temperatures, below 10°F, in which icing occurred. As is to be
expected, ice occurred only along the frontal surfaces, where the neces-
sary conditions for formation are realized. Due to the low temperatures
of the warm aif mass, the amount of available water vapor is small, but
it is evident that even with the low temperatures, liquid droplets |
predominated in the cloud mass.

Flight through such frontal surfaces should be conducted in
a manner that will reduce the time of passage to a minimum, that is,
a rapid cliﬁb and descent through cloud masses. This is good prac-
tice, providing the thickness of the cloud deck is‘known with a fair
degree of accuracys If the warm sector had been solid cloud, heavy
snow would ordinarily be reported at stations below that sector. In
the absence of such reports, a relatively thin cloud stratum is to

be expected.

CONCLUSION

From the analysis of these situations, certain precepts to
be used in avoiding ice formation aloft are derived:

1. The regions of most severe icing are assoclated wlth
frontal surfaces.

2. Vertical convection sustains large water droplets and
thereby induces severe icing, providing temperatures are below
freezing. Cloudiness associated with strong convection should
‘therefore be avoided.

3. Temperature inversions to above freezing do nét always
exist above ice forming regions, even when freezing rain occurs.

Escape from ice by climbihg should not be attempted unless existence



of above freezing temperatures at higher levels is definitely known.

4. i:e evaporates very slowly in clear cold air and an ac-
cumulation of ice induces rapid collection of more ice if descent is
made through a cloud deck in which liquid droplets predominate and
the temperature is 32°F or lower.

5. When uncertain of ice distribution in clouds, flight in
clear air above the clouds 1s the safest flight path. The flight
run on climb and descent should be through broken or thin clouds
remote from the frontal surface.

6« A thorough study of the latest synoptic chart to dgter-

mine the position, slope and tendency of fronts before flight is at-

tempted is the only means by which ice forming regions may be located .

and the probable intensity of icing determined.
7. The falling of precipitation (especially, mist, snow,
sleet, etc.) from a cloud is indicative of ice formation therein if

the cloud is presumably or known to be at or below 32°F.

Z1.
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FRACTICAL SUMMARY

I

Sources of Icing on Aircraft

Flight through subcooled clquds: This is the most common soﬁrce of
rime.

Freezing rain aloft or on ground: A temperature inversion is
usually found aloft with temperatures above 32°, This is most
common sburce of glaze.

Freezing drizzle aloft or on ground: Temperature inversion to

gbove 32° aloft not dependable in ﬁhis condition.

Mixture of freezing rain, snow and occasionally sleet: This may

be encountered either aloft or on ground., Rough glaze results.

Wet snow aloft or on ground: Dry snow can also cause dangsrous

ice if the plane is removed from warm hanger. The initial melting,
then refreezing of snowflakes may produce a rough surface, pre-
venting plane from reaching safe flying speed on takeoff.

Carburetor icing: This may occur with free air temperature as

N

high as 70° if heat is not applied. Considered important today
with present type of carburetor in the larger and heavier aircraft.

Splashing of airport runwdy puddle water on plane during takeoff

when temperature is below freezing: This may produce rough coat-

ing on control surfaces which can seriously affect control of

plane.
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Frost formed on wings snd control surfaces while plane is on

ground: This can produce serious difficulty on an early morning
takeoff due to rough surface.

Frost aloft: This may form on a cold plane flying into a warmer
moist stratum of air. This melts or evaporates quicklyland is
unimportant.

Propeller icing during runup and takeoff in dense subcooled fog

on ground: Unimportant only so long as flight miniﬁums restrict

taksoffs in dense fog; otherwise power loss.

Flight through clouds or rain with apparent temperatures 32° to
35°F: This is occasionally reported and is probably due to
expansional cooling above leading edge of wing. But thermometers

are often in positive error by as much as 5° dus to frictionsal

heating.

I1

Weather Map Type Associated with Icing

Cold front: The icing may be quite severe through & narrow zone
if the wafmer air mass is conditionally or convectively unstable
and therefore producing a line of dense cumulus clouds. The
worst arrangement 1s a cold front of this type which strikes the
plane course broadside. If icing becomes severe in this case,
the heaviest icing zone may generally be avoided by detouring
slightly to the reér of the front.

Warm front in which the overrunning warmer air is unstable: The

heaviest icing should be found immedistely above the surface of
discontinuity aloft; i.e.,» in the upper part of the transitional

air between the two air masses (in. stable air the heaviest water
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pvarticles tend to settle to the bottom). Severe icing is often
escaped by changes of altitude of only 1,000 or 2,000 feet under
ﬁhese conditions as the clouds are often well stratified. 1In
changing altitﬁda the direction of slope of the frontal surface
must be kept in mind, e.g.,» with a steep frontal slope produced
by blocking pf air on western side of the Sierra Nevada or Rocky
Mountains, a pilot climbing eastward might climb at nearly the

same rate at which the frontal surface sloped upwards.

Warm front in which the overrunning wermer sir is convectivély

unstable: In this case cumulus clouds will form on the frontal
slopes, as well as the stratus type, and moderate to heavy icing
may extend up to 15,000 feet or higher. In general, the least

icing and smoothest air is found bensath the frontal surface.

“Upper fronts: Heavy icing may nearly always be avoided by flying

underneath the frontal surface aloft and in the lower layer of
stable air across the top of which the-upperifront is moving.

"Point of Occlusion" or Eye of Low: This is often a zone of

relatively heavy icing resulting from convergent lifting (surface
winds converge on this area from all sides), and from frontal
effects. If icing becomes too severe in this zone, the only-
definite out or alternative is to turn back or to climb to a
very high level.(?) Cumulus clouds may build up to 15,000 feet
or higher over a fairly wide zone at this time. Developmeﬂt is
generally sudden and without warning.

Orographic lifting: Some examples of this source of icing are:

W and MW winds carrying moist and unstable air of Pec origin up

the west slopes of the Alleghenies; E winds carrying unstable

24.
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PA alr up the east slopes of the Alleghenies in late winter and
spring: and E winds blowing upslope from GI to CX and DV. Ac-
cording to studies made by J. A. Riley of the U.S. Weather Bureau,
westerly gales over the Sierra Nevada in winter often cause a
zone of severe icing to extend from Summit to 11,000 feet and

to extend from 25 miles W of the mountains to 10 miles E of the
mountains. At these times, ice is generally not a prbblem at
12,000 - 14,000 feet. Thickness of the icing zone is greatest
with highest temperatures and highest wind veloeliden at Burmit,

Air Mass Instability: Some examples are: Pc air which has had

heat and moisture added to the bottom layers in crossing the

Great Lakes in winter; P, air with the same characteristics

A
which moves in from the Atiantic Ocean in late winter and spring
over the LG - KY sector (this air is often more unstable than
the Pc type on the western slopes of the Alleghenies); any cold
Pc air mass which moves éouthward over increasingly warmer

ground surfaces.

Stagnant Map with weak occlusion or obscure fronts: Charac-

teristic of a once active low which has filled in. ZFreezing

drizzle quite characteristic with this type and an inversion

in tempersture to above freezing aloft should not be expected.
Taps of clouds are generally 10,000 feet to 14,000 feet msl

and definite layers are generally present.
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