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Introduction

The single purpose of this thesis is to make availeble to the pilot,
in his own terms, conclusions about weather phenomena that directly affect the
sirplane in flight. It is hoped that’ herein is provided basic information and
guides which the pilot mey use to help him determine flying procedure when
confromted with weather conditioms ranging from the best to the most ominous.

; ~ The writers do not intend that this treatment be considered any-
thing but an extremely generalized condensation of meteorological infermetion.
All of the conclusions are qualitative rether than quentitive and their real
benefit lies in giving the pilot the semse of the important weather factors
and their effects rather than the exact magnitude of all the factors.

Of necessity, to treat amy synoptic situetion in detail, certain
terms and processes must be introduccd and used with which the average pilet
has only & nodding scquaintance. The average pilot does not know what an
equivalent potential temperature lapse rate is and doss not care. Ie counts
on the forecester interpreting present weather conditions and future trends
in a pilot's language. The interpreting of meteorological information about
general conditions into terms and working tools already familier to the pilot
hes been the aim of the writers. However, it was felt necessary to use the
torms "stability" and "instability." Under the trestment, "Thunderstorms',
these terms have been carefully illustrated at lemgth. With this exception
the writers heve not devoted more theam a line in explanation of any word or
process but have restricted themselves to the very adequate words and phrases
already in every-day use by the weather conscious pilot.

In the appendix a few words not used in the text but often encountered
by the flier are simply defined. It is belleved that every person concerned
with the weather should know the meanming of these words in order to umderstend
better weather phenmomens as discussed by the meteorologist and treated in
books. In the appendix is a temperature scale gradusted in both degrees
centigrade and fahremheit. The simple formlze which the pilot may use to
couvert reedings from one scale to the other is added for convenience.

Also in the appendix is a list of abbreviations of air mass symbols
with the specific air masses they indicate, Of the several systems of air
mass symbols in use, that introduced in its final form by Dr. Irving Krick is
considered because the writers feel that those abbreviations are the most
informetive.



Determination g_:g‘_' Winds Aloft by Cloud Forms

To the pilot kmowledge of the wind direction and velocity at flying
levels is highly desirable. To compensate for balloon run information, the
pilot should be able to estimate the winds aloft from certain types of cloudse
The veristion of winds aloft is entirely relative; the informetion most impor-
tant to the pilot is the location of the level of most favorable winds. The
rules developed in this section have been found to be of real assistance in
enabling pilots to make the most of variation in upper winds. ‘

cumuli clouds, from the fair weather cumulus to the cumilo-nimbus
or thunderhead, are the best type indicators of the winds at cloud levels.
The reasong for the superiority of the cumulus cloud are as followss (1)
is confined to a relatively small horizomtal area. (2) On the average over
the earth's surface, it is the most commonly observed of all cloud types. In
general, the cumulus cloud is & separate entity. Even in an aree of many
cumuli clouds the observer easily ocan identify the members within the group.
This individusl identity enables the pilot to meke his observation in the
minimum of time end to obtain the maximum of information by study of the cloud
as & whole. There are three specific criteria which may be used. They are
a5 follows:s (1) travel of shadows cast by clouds, (2) variation of cloud
shape, (3) circulation in the cloud boundary layer.

cumilus cloud movement represents true wind at the cloud level. For
practical purposes the clouds shadow travel over level ground accurately
indicates true wind., However, the pilot should take into account the type of
torrain over which the shadow is moving. As shown in figure 1, the apparent
shadow travel over steep slopes should be corrected for velocity error
created by slant projection of the rays of the sun. The illustration has been
simplified by neglecting the effects on the cloud of updreft and downdreft
cauged in the air by the ridge. In other words, the conclusions derived are
true only for clouds moving at a level high above the ridge.
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Note that for shadow travel upslope the resultant error is small and
. negative. The error caused by downslope movement is large and positive. With
practice the pilot should be able to estimate the shadow movemsnt within an
accuracy of twenty per cent in velocity and ten degrees in direction.

As brought out in figure 2 the air within a cumulus cloud is ascending
and the top is constantly chenging. Hence, the rearmost boundary of the shadow
is a better indication of the mean wind velocity then the forward edge of the
shadow. The distance AB in the figure below, is a measure of the error caused
by the building up of the top of the cloud during the observing interval.

. Figure 2

The second criterion by which the pilot may estimete the winds aloft
is the variation in the shape of cumulus type clouds. Zimmermen's theory of
the effect of the winds on cloud forms is based on the assumption that wind
veloeity increases with altitude through all flying levels up to the base of
the stratosphere. This assumption may be in error in specific instences such
as that shovm below in figure 3. However, in general, it properly may be -
essumed thet the velocity of the wind actually does increase with altitude,
as illustrated in figure 4.
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In figure 4 the greater rate of increase of wind velocity with
altitude up to about two thousand feet, over the rate of increase from two
thousand feet up to the base of the stratosphere, is a result of the effect
of ground friction. This usually observed variation in the rate of increase
of wind veloocity with altitude is considered under "Air Roughness.”

Nature has provided the pilot with multitudinous large scale ascend=
ing balloons in the family of cumuli clouds. This is true because these are
convective type clouds and the air within them is moving upward as well as
moving elong with the horizontal component of the wind at each lovels But a
cumulus cloud is better than a balloon three feet in diameter in that the
cloud shape presents a picture of the average horizontal path the air within
the cloud is following for as thick e layer as the cloud is from bottom to top.

Lssume & bubble of air is moving up through the wind pattern repre-
sented in figure 4, above. The resultant path of the bubble relative to the
earth is & curve in the form of an are, bent in the direction of the prevailing
wind, as shown in figure 5 below. Comsidering the rising colum of elr thet
makes up the cumulus cloud as the bubble, the cloud itself should be built
eround the same type of curve as the arc., In figure § two cumuli clouds have
been placed in an ideslized wind flow pattern such es figure 4 represents.
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Figure 5

Note that no matter how high or low and no metter how thick or thin
the cloud is, the same arcing configuration results. This headd~up, tail-down
shape is common to the cumulus clouds, The degree of arcing is dependent upon
the difference in velocities at different levels. The individweal cloud mey
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vary from one with & slight hunch to the other extreme--a cloud with a pressed,
driven look. This difference in the degree of arcing indicates to the observer
the actual differential between the low level velocities end the high level
velocities. In order to be able to estimate the magnitudes of the high level
velocities, the pilot if practicable, should obtain the low level velocity from
the shadow travel of the rearmost portion of the cloud. The real value of .
this method of estimating the upper winds is in obtdining information for the
pilot to use in making en accurate estimate of the level of most favorable
winds for the purpose of his flipht,

The second criterion, circulation in the cloud boundary layer, is
another valuable indicator, The action of visible wisps in the boumdary of
the cloud gives corroboratory evidence of the winds at the cloud level. The
effect of friction between layers of different velocities is to retard the
faster moving air above and produce multitudinous intermittent arcing trajec=
tories. The resultent whods of air act as "rollers" between layers of different
speeds. The condensed moisture in the cloud boundsry offers an excellent
picture of these rollers. Although the sinking action in the lee side of the
roller tends to evaporete the droplets and render the lee side invisible, the
cloud droplets in the upper semicircle of the arc mekes thet part eesy to
observe. Bocause the wisps are small scale compared to the cloud, the cloud
boundary conbeins meny wisps as illustrated below in figure 6.
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Figure 6

Note that the whorls along the rear side of the cloud are much less
obvious than those at the top and forward side. This fact is of aid in
estimating at a glance the wind direction. The frayed portion of the cloud is
to the front and the relatively smooth surfaces are to the rear of the cloud.



A1l of the above discussion has been from the standpoint of cloud
outline from the side view. It follows that, in outlime, the cumulus cloud
should presént the least deviation from a symmetrical silhouatte to the
observer either upwind or downwind from the cloud. Therefore, after the
pilot has determined the line along which a group of cummli clouds most nearly
conform to the idealized picture, line 4, figure 7, he should make the
additional check of determining the line along which the outlines of the
clouds lesst conform to the idealized side view, This line is marked B in
figure 7, below. Obviously, the two lines, A and B, will Dbe perpendicular.
The wind will be blowing parallel to line B and in the direction indicated by
the shape of the cloud, the tops of the boundary wisps, and the shadow travel.
The pilot should be careful to restrict his line of sight to a given level
during any one observation of clouds in different directions.

WIND DIRECTION
9
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Figure 7



The result obtained in this menner then mey be compared to results
obtained by other series of observations of cloud shapes end boundary wisps
at levels above or below the first considered in order to form a real basis
for en estimate of the variation of wind direction with altitude.

‘ There are other type clouds which should be discussed under this
section, The most important point to be made is that the following cloud.
types offer to the pilot indications of the winds aloft not as reliable as
indications already discussed offered by the cumilus cloud. The cumulus
cloud moving in the general eir stream without orographic restriction is the
best winds aloft cloud indicator the pilot hes. The restriction that the
cloud move without orographic influence places even a special kind of the

cwnulus family (in the semse thet it is comvective) on the doubtful list. Two

types clouds that may be unreliable in that they may not indicate both velecity

and direction of the upper winds are the convective cloud that remmins prac-
tically stationary ebove or to the lee of a mountain peak or ridge and,
secondly, a layer of stratus clouds. The first of these may be called crest
type clouds with special names determined by the location amd‘appearance of
the cloud with respect to the mountain, as illustrated in figure 8 below:
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Figure 8

If the pilot remembers that the reason a cloud exists over the
mountein in the first place is that the air has been cooled to its dew point
by 1ift over the mountain, the difference between the lenticular and banner
clouds becomes a difference in the velocities in the air moving over the
mountain., The true lenticular cloud that is symmetrical with respect to the

vertical lies in a smoothly flowing eirstream. As discussed under "Roughness,

alr of even moderate velocity will be extremely turbulent over a mountain.

Therefore, a true lenticular cloud will exist only in relatively slowly moving

eir. On the other hend, the banner cloud appears to be a flag flying from
the mast of the mountain and sometimes is cclled a flag cloud.

A4



Tn extreme cases, such as the banner cloud associated with Mount
Everest the reduced pressure caused by the Bermoulli effect to the lee of the
mountein has been oredited with maintaining the cloud for its great length
of six miles. That is, the pilot observes a crest cloud extending well beyond
the region where the downdraft should have dissipated the ecloud, he may rest
assured thet the wind velocity at the ocloud level is great., Hence, the
location relative to the mountain of the convective eloud that remains practi-
cally stationary is & good indicetion of the magnitude of the wind et that
level. OFf course, the wind direotion for all tut the true lenticular cloud
is easy to determine. The wind is blowing from the mountain to that portion
of the cloud fartherest from the mountain.

Stratus olouds are the least reliable of winds aloft indicators,
In the first place, the upper winds associmted with stratus clouds are usually
of only light to moderate velocities, For our purposes, a layer of stretus
cloud will include the solid end extensive stratus sheet and a secondary
classification, the Helmholtz waves or long parallel bands of cloud with
clear intervening spaces. The solid and extensive sheet is dismissed herewith
as being totally unreliable, Even the shadow travel of the edge of the sheet
may not represent the true wind. The minute whorls along the edges do indicate
the relative winde throurh a thin layer, but the variability of the light winds
may be associated with these oloud types invelidates gemeral econclusionse.
However, some informetion may be derived from the kind of stratus that is
formed in long nerrow bends with clear intervening spaces or the Helmholtz
weves. Here the most obvious criterion, shadow travel, is valueless. The
bands of c¢loud in this type of formation are contimuously being formed on the
‘1ifting side of the band and conbtinuously being dissolved on the descending
lee side. The wind is moving throurh the clouds and may not be moving them
at all, as in Tigure 9.
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. If this type of cloud is moving over the ground, the actual wind
velocity may be considered to be greater than the speed of the cloud. Note
that one conclusion thet may be derived from the formation of these bands
of clouds is that the wind is perpendicular to the long axes of the cloud
bands or the crests and the troughs of movement. The pilot is cautioned not
to confuse this wave arrangement of stratus bands with long colums of cumli
clouds observed, moving along with the wind. 1In coastal reglons as in south
Texas, the air flowing northward from the Gulf of Mexico often has set off
within it serles of cumli clouds arranged in long columns whose axes are
parallel to the wind direction. In this case, the pilot should determine the
wind direction by using the criteria that apply to a cumlus cloud.

Finally, the pilot should keep in mind in meking eny estimate of
the winds that in the highest fly‘\ng levels over the United States the gemeral
air movement is westerly. It is only in association with the desepest and most
intense synoptic cyclones that winds above twelve thousend feet becomes easterly.

In conclusion, aids a pilot may use in estimating the wind velocity
and direction of the winds aloft are as follows:

I. Velocity and direction

A, Cumlus type clouds
1) Shedow travel
2) Variation in the shape of the cloud
3) Circulation in the cloud boundary layer

'B. Crest type clouds associated with & mountain
1) locetion with respect to the mountain (excluding true

lenticular cloud)

II+ Direction only
A. TFelmholtz waves of alternating clear a:u' and stratus bands,
1) Orientetion of axes
B. Winds above 12,000 feet are usually wesbterly

III. Velocity only
' A. The convective cloud associated with & mountain
l) The true lenticular cloud
. B, Vind veloeity usually increases with altitude

Iv. Neither velocity nor direction
A. Solid stratus sheet

Alr Roughness

Passenger comfort and even flight safety mey be considered a function
of the violence of eir roughness., In order that a pilot may reduce to a minim.m
the effect of roughness in the free air, he should know what air roughness is,
the different classifications of air roughness, and criteria that indicate
violent air roughness. This phenomenon may be defined as the effect on the
airplene of rapid chenges in vertical motion of the air through which the
airplane is flying., It is caused in either, or & combination of, two ways:
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(1) convection in saturated air; and (2) the influence of the surface of the
earth on air flowing over it. The first of these causes is discussed under

thunderstorms. Air roughness, as discussed in this section, will be confined
to that caused by the influence of the ground on the air stream above it, and

for brevity, will be called orographic roughness.
Orographic roughness may be further subdivided into three types

as follows:

1) Small scale turbulence associated with frictional effects
betweon air layers of different velocities.

2) Small scale convection of umsaturated air over orographic hotspots.

3) Llarge scale turbulence associated with sudden displacement of
air from its trejectory by large lend obstructions.

The first type, turbulence from frictionel effects, is here considered
orographic beceuse the greatest change in wind velocity usually takes place
between the ground surfece and the gradient wind level which is reachsd at
approximately two thousand feet. The extensive mathematical theory developed
for this phenomenon indicates that the roughness effect on the airplane in -
flight from this type of turbulence may become very great. This conclusion
is well substantiated by experience of pilots who have had difficulty imn
landing in a "gusty" wind. The violence of the turbulence varies directly as
the square of the meean or average velocity and inversely as the distance the
level considered is from the ground. For the pilet then, this type of rough-
ness may be expected to be a meximum near the ground at the time of highest

wind ax indicated below in figure 10.
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The rule for the pilot is, obviocusly, the higher the flying level
chosen, the smoother the flight will be. A corollary admonition is to exercise
ceution in landings end take-of{s. .

The second type, the small scale convection over local orographic
hot spots, is familiar to every pilot, It is this type of air flow that
bewilders the unsuspecting pilot who seemingly camnot actually settle down
to a landing on e runway on & hot aftermcon. The high rate of insoletion has
heated the hard surface of the runwey to an appreciably higher temperature
than the adjecent ground. The air over the runwey soon is hotter than the air
at the same level over the grass. The air over the runway expands, rises, and
is replaced by air moving in from the sides of the runway, ceusing a conbtinuous
supply of rising air. The seme phenomenon causes the commonly observed bump
after take~off from & grass field adjacent to plowed ground, and the sudden
loss of lift just sfter crossing the dowuwind edge in landing at the same
field. The side view of this type field is shown below with the airplane in
the two critiocal locations.

VNG CIRETTION

Figure 11

The third and most important type of orographic air roughness, that
caused by the departure of air from a smooth approximetely horizontal trajectory
to a trajectory of vertical motion, is a result of the air stream being forced
to conform to rough terrain. Even if no cloud forms are visible, as the pilot
proceeds he should be able to visualize the flow of air over the rough country
under him. With little practice the resultant flow picture will emsble the
pilot to avoid dangerous downdrafts and unnecessary discomfort due to roughness.
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Beginning with the idealized case of air flow perpendicular to a
long unbroken ridge, we will prodeed to typlcal topographic situetions., The
number of possible solutions, of course, is infinite but conclusions derived
from discussions of seversl typical situations will be useful in arriving
at general rules for the use of the pilot in flying over rough country.
Conformal flow over an unbroken ridge may be epproximated by setting up &
flow pattern as shown in figure 12.
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Figure 12

The maximm trajectory displacement takes place at the surface amd
the displacement is observed to be less and less in the air stream above the
level of the crest of the ridge. The region of comvergent flow, or crowding
of air, directly above the ridge crest must have asmaterially increased
velocity in accordance with Bernoullits law., The meximum downdraft effect
is on the lee side and close to the section of steepest slope. If the air
below the level of the crest has a relative humidity close to a hundred percent,
the cooling of the air in the rising section indicated may cause condemsation
but the subsequent rise in temperature in the descending curremt will quickly
evaporate the droplets. However, as discussed under thunderstorms, if the air
is initially conditionally unsteble, the condensed portion of the eir over
the ridge crest will resist the expected sinking action. If the degree of
convective instability is sufficient, the newly formed cloud will actually
build up and subsequently move off with the upper eir stream. Both of these
cases are shown in side view, figure 13. Note the effect of the persistent
cloud on the flow of air on the lee side of the ridge. The region of maximum
downdraft is displaced well to the leeward.
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Returning to smooth flow without condensetion over the ridge crest,
another interesting result derived from theoretical investigations is that the
first sinesoidal wave sets up subsequent but less pronounced waves of ampli-
tudes and wave lengths determined by the intensity of the original wave,
Illustrated below, figure 14, this conclusion is substantiated by the commonly
observed riffles in weter to the lee side of a dam or similar obstruction.

Figure 14
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The visible effect of this riffle flow in air is to produce &
stationary cloud over the orest and to the lee of the ridge, but only in the
case illustrated in part in figure 13a, where the affected air originelly was
nearly saturated. These clouds are often observed in Scotland where the
Peninne Mountains form an obstruction for the preveiling winds. On two
occasions the same day, one of the writers definitely located one of the first
waves to the lee of the Pelloncille Mountains of southwestern New Mexico eand
to the lee of the Chiricahua Mounteins of southeastern Arizoma although there
were no cloud forms in the extremely dry air.

There is a third classification to be discussed before we sum
together the considered effocts In order to obtein the idealized flow pattern
perpendiocular to an unbroken ridge. Air, just as amy other moving matter, has
inertia and resists a change of direction. After the air stream has been
deflected upward in its trajectory by the upslopeland, it tends to continue
moving in its new dlrection until other deflective forces overcome its
directionel inertim. As the alr stream reaches the crest of the ridge,
gravity tends to turn its trajeotory toward the valley to the lee of the ridge.
However, this tuining action takes time end tho result, illustrated in
figure 15, below, is.that a large baock eddy tends to form to the lee of the
ridge just as eddies form along the sides of the main current of a river.
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Figure 15

Now we are ready to combine all of the considered causes of orogra-
phical roughness (excep'b the borderline case when air is initially near satu-
ration as desoribed in figure 13). The first figure below, figure 16, shows
the flow during the afternoon of the day. The second figure, figure 17, shows
the flow during the night.



Figure 16 Figure 17

Note the effect of the influence of convection over hotspots. During
the day the slopes of the ridge warm the adjacent air and accentuate the 1lift-
ing of the air in passing up the windward side of the ridge. During the night,
the slopes of the ridge cool the adjacent air and accentuate the downdraft
to the lee of the ridge.

Because the conclusions illustrated above apply to an unbroken ridge
which is found only occasionally in nature, it will be helpful to apply the
general derivations to three typical orographic formations in order to approxi-
mete veriations in the idealized flow pattern as actually found by the pilot
in flight over: 1) A mountain pass, 2) a mounmbain peak, 3) the shoulder of
a mountain ridge. : :

Considering a motmbain pass as a definite break in the ideal ridge
it is immediately apparent, from the assumption that air will flow as water,
that the air stream will definitely converge into the pass from the windward
side eand diverge from the lee side. As illustrated below in figure 18b, this
action of extreme convergence serves to accentuate the frictional component
of roughness found in the ideal case.
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- Note that the region of severe roughness extends even farther to the
les than it does in the unbroken ridge flow. This conclusion has been sub=
stantiated by reports from pilots stating that the region of rouglmess south
of Cajon Pasg between the San Gabriel Mountains end the San Bernardino lbun-
tains extends almost to March Field (a distahcé of approximetely 25 miles)
even in moderate northerly winds. Furthermore, the downdrafts to the lee is
mich more severe than the 1lift to the windward because the air at low levels
in the valley upwind from the pass does not take part in the mean flow to the
extent that thé air near the ground does on the downward side of the pass.

In other words, the pilot should not judge the intensity of the downdraft to
the lee of the pass by the lift felt to the windwerd,

The second of the typical orogrephic formetions, the mountain peak,
hes the minimum relative effect on the airstream above and around it. The
diversion of the eirstream caused by the mountain peak is not as intenke e
process as the convergent flow through a moumbain pass. In particular, the
isolated and symmetrically sherp mountein pesk ceuses the least deformation in
the airstream for a given flat plate area exposod because the diverted alr may
transmit its deflection through a relatively unlimited horizomtal extent of
air, ocausing the crowding of air to be reduwced very muich in comparison to the
case of the mountain pass. Therefore, as shown in figure 19 below, the pilot
who might expect a violent downdraft to the lee of the mountain such as
Sierra Blanca of Hudspeth County, Texas, actually would not experience as real
a loss of 1ift as he would in the same flow of air perpendicular to a ridge
of the same altitude. On the other hand, the same pilot flying fairly close
to the shoulder of such a mountain will find himself in & relative side wind,
as shown in top view, figure 19, below.

Figure 19

It should be rememberéed, however, thet if a symmetricsel moumtain
peak is as large as Mv. Rainier, Washington, the fact that its effect on the
air flow is less than a ridge of similar magnitude should not be used. A
symmetrical mountain will cause turbulence no matter what direction the wind
is blowing. One of the writers has experienced the extreme severity of tur-
bulence to the lee of Mt. Rainier on occasion of strong windse.
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The third of our typlcal formations, the shoulder of e mountainous
ridge s is exemplified by El Capiten in Culberson County, Texas. The resultant
air flow over and around this mountaln in an east or west wind of even moderate
velooities is approximately as illustrated in top view, figure 20&, and end
view, figure 20b.

Figure 20

Note the result is really a combination of the flow pattern over an unbroken
ridge and an accertuatiom of the Ilow patterm eround one side of a mountain
peak. The side flow around the shoulder of a ridge is a maximum because all
of the air approaching the shoulder must be forced up over the ridge or take

" the lower level, end route. The natural rssult is that the displacement of
the air stream around the shoulder of the ridge is o maximum. As discussed
under the section, "Ceilings and Visibiliti e*", an inversion marks a stabilized
layer of air which resists upward motion. If the pilot notices thet the top
of the layer of air containing smoke or other particles which reduce visibility
is at the same level as the top of the ridge crest, he may count on the side
flow around the shoulder being a maximum.

"From the disocuzsion above concerming the effects of orographic
roughness, some factors may be listed which indicate information useful to ths
pilot. The time when downdrafts are abt e meximm for a given situation iss

ls During the night hours.
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Locations where downdrefts may be expected are:

1. To the lee side of orographioc obstructions.

2. To the lee of the riffle wnve set up by a major obstruction.

3. To the lee of a cloud at the top of, or moving away from, an

obstruction.
Conditions mecessary in order that downdrafts will be & maximum are:

1. Greatest wind velocities.

2. Tind direction perpendicular to the long axis of the obstruction.

3. Oreatest slopes to the lee of the obstruction. :
Time when roughness is at a maximumn for a given situation iss

1, During the hours when the sun is highest.

In a given region of roughness the zone of maximum roughness is:

le In a mountain pass.
2. In the lowest levels.

Conditions necegsary in order that roughness will be a maximum sre:
1. Greatest change of wind velocity with altitude.
2. Maximum orographic obstructions.

3. Greabest change of heating characteristios of the ground in
~adjacent areas.

‘eilings and Visibilities

If a woy +o formulate simple oriteria to determine the future ceiling
and visibilitr couid be devised, the comprehemsive weather forecasting services
now extant could be replaced by each pilev meking his own accurate flying
forecast. Ths purpose of this section is vo provide the pilot with a few
simple sids to emable him %o grasp more fvi.y the picture presented by the
meteorologist and to formulate an estimate of the weather tendeney in the
ovent he does not have recourse to a weather office and must make a decision
based on the trend the weether will take. It is emphasized that none of the
conclusions in this section should be used to nullify any part of the detailel
airline forecast renderel by the meteorolegist. The conclusions derived in
this section are, of necsssity, extremely general end cannot possibly confoun
in detail with any given synoptic situstion es well as a specific airline
foreoast.

: In general, ceilings may be consldered a function of the lowest
contimous level of condensed moisture. Usually the lowest level of ceudensed
moisture will be in cloud form but may be in the form of rain drops in the
case of heavy rain beneath the clouds, causing the effective celling to be
loss then the lowest level of eloud particles. Visibility, teo, may be con~
. gidered & function of the extreme case of the lowest level of continuous
- condensed moisture or fog. In addition, visibility is a function of haze and
smoke. :
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There are threo #ids available to the pilot to help him deternine
the weather tendency or probable change in ceiling and vwib:.llty in any ‘given

gituatione.

1.
2e
3e

They are as follows:

The frontal disturbance.
The synoptic high.presssure aree.
Wind velocity and direction.

A front is a zone of demarkation and interaction between two large air masses,
the temperature and water content of which usuelly differ considerably in
magnitude, Fecr our purpose, & frontal disturbance maey be conzidered & concen-
tration of weather phenomena associsted with reduced ceilings and visibilities.
There are two general types of frontal disturbancess (1) cold and (2) varm.
The besic difference betwesn them is simply the relative motion of the front
over the ground.
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As illustrated above in fipure 21, the intersection of the cold
front with the ground is continuously displeced by the cold air. Similarly,
the intersection of the warm front with the ground, figure 22, is continuwously
displaced by the warmer air., Note the effect of friction between the ground
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and the moting air in changing the slope of the front near the ground. In
particular, notice the extreme exazgeretion of the vertical scale. The gmound
distance represented is equal to 100 miles and the vertioal represents only
one mile. There are several factors which coutribute to the difference ,
between the cloud systems normally associated with cold end warm frontse. Both
the cloud systems ceuse ceilings and visibilities to bLe lower than in sur-
rounding regions but there is considerable difference in:

1. Area affected.
2+ Rate.of change ui‘ conditions at a given poink.

As illustrated below, im figure 23, the normal cloud pattern asso-
ciated with a cold front is relatively narrow in cross section.

Figure 23

The cold front usually is a faster moving front than the warm, which
accentuates the rapidity of change of conditions at a point passed by the cold
typo disturbtence. The fact that the intersection of the cold fromt with the
ground is of“en called the squall line or " ufllq.d shift line" is a good indication
of the turbulence and qulckly changing conditions associsted with the cold
front. A typical cold front passape at a shation may cause sky conditions to
change from high scattered clouds to mid lsvel overcast through zero - zero
conditions with precipitations and back arain to broken and then.scattered
clouds in a time intoerval of three hours or even less. On the other hand, as
illustrated below in figure 24, the cloud systen associated with & warm frond
is much more extemsive.
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Figure 24

In controdistinotion o the usual more rapid movement of the cold
front, the cloud system associated with a werm front may teke & day or more
to pass a given point. The transition from the high scattered olouds through
solid overcast with steady precipitation to graduelly lifting ceilings after
the frout passare is generally slow and rather steady.

From the necessarily brief discussion above, several conelusions may
be drewn £0 &id the pilot in visualizing the general aspects of the weather if
he knows that a frovb of either type exists in a region close emough to affect
the ceilings snd visibilities alonpg his flight line.

I. Ceilings
fie Cold fronbt
(1) Sector of minimum ceiling narrow (25 = 75 miles)
(2) Rate of movement of ~loud system fast (15 = 40 m.p.h.)
Be 'larm front
(1) Scctor of minimums ceilings wide (75 = 300 miles)
(2) Bate of movement of cloud system slow (5 - 20 m.p.h.)

Because visibility is a function of heze and smoke in addition to the extrorme .
case of the lowest continuous level of condensed moisture or fog, fronts do
nob have as direct a relationship to visibilities as they do to ceilings.
However, the pilot mey consider the region of ninimum ceiling associated wiih
a front as a region of greatly reduced visibility and in that sense apply tls
above conclusions to the effect of frontal disturbences on visual reference
near the ground.

The high pressure arsa in the synoptic or general sense may be con-
sidered a region of unlimited eeiling. There is an oxception to this rule,
however, importent emough to comsider. In the air to the east and southeast
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of the center of a high pressure area, local squalls with or without precipi=-
tetion may be caused by the imstability (discussed under thunderstorms) induced
by & rapid flow of cold air from the north over the wermer surface of the earth.
This phenomenon is usually of a local cheractor and the squalls may be avoided
by the pilot. The effect of a high vressure erea on visibility is not as
favorable nor as eesy to generalize. As a whole, the very fact that a high
pressure area is stable and not conductive to cloud formation tends to mele

it en arca conductive to lower visibility. Perticularly, in thiekly populated
areas and coastal reglons, the stability of the air tmnds to confine to the
lower levels the smoke and haze found in these arees. The apparent top of the
smoke and haze commonly observed by pilots marks the buse of the stabilized
layer. /s the high pressure mainteins, the stabilized layer beoomes more and
more pronounced and slowly settles to a lower level, although during the heat
of the day it will tend to 1ift appreclably. If the pilot kmows reletively
high pressure exists in the region of his flisht he may counsider its effect

on cellings and visibilities as follows: .

High pressure area
Le Ceilings ,
(1) Unlimited except in possible local squelis
De Visibilities
(1) Generally ten milos or more
(2) In thickly pcpulated areas
(2) May be roduced considerably by smoke below stabilized
layoer (1500-5000 f£t.)
(3) In cowstal wroas
(2) Iny bo roduced considerably by haze below stabilized
layer (1500-5000 f£t.)

Wind velocity and direction affect both ceilings and visibilities.
Obviocusly, o moving ~ir stroam tonds to carry with it any substance that is
embodied in i%ts mass or that exists along its bounderies. Consideration of
the wind direction and velocity often is the omnly mecans the nilot has availe
able to estimate the ceiling and visibility at a given location. Orographiec
modifications in the air stream both in trejectory und substances available
to wind transport should bo kept well in mind by the pilot in making his
decision. The surface over which the air will move before reaching the
location in question may entirely change conditions of ceiling and visibility
within the air betweon the time of observaetion and the time the air arrives
at the given location. DIownslope or sinking movement will tend to dissipate
clouds; upslope or lifting movement will tend to incresse the thiclkness of
pre-existent clouds. 4 trajectory over a dry land surface will not affect
appreciably a pro-existent cloud.layer; a trajectory over a water surface may
accentuate cloudiness. In general, a strong wind will tend to keep the
colling above a certain minimum, usually about three hundred feet. Howewer,
there are two exceptions to this rule: (1) if the wind &s continuously
upslope, the ceiling and visibility promptly reduce to zerc - zero; and (2) if
the air has a dew point appreciebly hirher than the surface over which it is
being carried, the ceiling and visibility quickly will drop to zero = zer-o and
will sbay that way il the surface happens to be e good snow cover.
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1.8 has besen well evidemced by the prect dust storms of recent yenrs, f
if the surface ground is dry and not protected by veretntion, wind of even
moderate velocity will cause extreme reduction in the visibility,

In conclusion the pilot may comsider that wind velocity and direction
hes the following effects on ceilings and visibilities:

I« Vind direction
As Ceiling ,
(1) Dovmslope movement will dissipate cloud forms
(2) Upslope movement will accoutuate cloud forms
{3) Trajectory over water may increase cloudiness
By Visibility
(1) Upslope wind tends %o induce zero conditions
{(2) fTrajectory over a dust source will diminish visibility
(3) Trajectory from & smoke source will diminish airport
visibidity
II., Uind velocity
As Ceilin[j;
(1) Strong wind tends to prevent zero conditions (300 ft.)
(2) If continuously upslope, strong winds increase persis-
tence of zero comditions
Be Visibility
(1) Strong winds tend to dissipate smoke
{(2) Strong winds over a dust source reduce visibility

Lirereft Ieing

_Ice is ome of the most important hazards to modern aviation. It is
dangerous because, to date, no completely satisfactory method has been developed
for comtrolling ico, after it hus formed on the airplene., The denger lies
neither in the ignorance of its potentisl existence, nor in the ignorance of
the processes by walch it is formed on the airplane. These processes are
indeed quite simple.

The pilot who observes ice formiug on his eirplane is not necessazily
in trouble. It is possible in speeifie insbtances that he could continue his
course unaltered without mishep. Ie will, however, sooner or later, rum iato
serious trouble if he does not have at least a rudimentary lmowledge of the
following factors:

(1) Type of ice forming torsther with its effect

(2) Vhy a cortsin type of ice is forminr

(3) How to use the tools he has in determining the type of ice
to be expected

(4) Procedure to minimize danger after the ice bezins forming

There are two types of ice formetion: (1) rime ice, and (2) clear
ice. Rime is a vhite, opaque, granular substence composed of small, loossly
bound ice particles; clear ice is penerally e colorless, transparent, smooth
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substance composed of amalramnted frozen drops of weter. [ modified type of |

clear ice is the type which has been imprernated with snow, or sleet, during
its formation, rendering it opaque and loss well !mét than pure, clear ice.

The extreme tenacity of clear ice makes it hirhly resistant to
cracking cnd removal by de-lcing equipment. The modified type of clear ice is
more easily removed, for the reason that its structure is somewhat wealiened
by air bubbles induced by the snow and sleet. On the other hend rime hes so
little adhesive power thet in most instances the vibration of the airplane
will breck it off. Clear ice forms on the leadimg edre of the exposed surface
in the shape of a mushroom, while rime builds forward in a streamline shape,

figure 25.

{lear Ice ' ' Rime Ice
Figure 25

It is irmediately evident that clear ice increases the wing loading
send impeirs the cheracteristioc of the eirfoil by increasing drag and decreesing
1ift, wibth the possibility of subsequent loss of control of the eirplane. Rime
has little cdverse effect In these respects, although the weight effect may
become approciable. The snow impregnated type of clear ice, being more éasily
cracked and removed, produces effects less dangerous then pure clear ics, bub
is considerally more danrerous than rime. Therefore, it can be said that
clear ice is by far the more dengerous of the two distinet types.

Both clear ice and rime ice form in either of two different ways:
(1) when the temperature of water before coming into conbact with the airplane
is above freezing; and (2) whon water has bheen subcooled to a temperature
below freezing before striking the airplane. It will be noted that the terms
"above freezing" snd "below freezing" have been used., " This hes been done with
the idea of incorporating into the discussion the possibility of icing-atca
free air temperature above 0°C. Icing under this condition is possible
because of the effect of evaeporation cooling et the surface of the airplane
when the relative humidity is less than 100%. It frequently happens that the
relative humidity within a cloud is less than 100% and this is generally true
of the outer boundery layer of the cloud where evaporation is taking place.
The difference between the free air temperature end the actual reduced tempere-
ture et the alrcraft surface may be sufficient to cool below 0°C. water coming
into conbact with the surfece. Investigation by lleleal shows that ice forms at
temperatures as high as 2°C. but that ice which forms abowe 09C. is not severe.
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The low relative humidity in the thin boundary layer of the eloud accounts
for pilets reporting that icing 1s heavier in this boundary region than it is
toward the center of the cloud.

Tt hes been found thet cooling by the Bernoulli effect around the
eirfoil is offset by heat due to friction between the eirfoil and the air
flowing over it.

(1) 1eober whose temperature is above freezing coming inbo contact
with an eirplane surfsce whose temperabture is below freezing. & type of
situation in which this may occur is illustrated below in figure 26.

Reindrops, falling from a warm front, and striking en airplene flying
in the colder air beneath the frout, freeze upon the airplene, if its surface
temperature is at the time, or beeomes by evaporation cooling, zero decrees C.
Icing also occurs when an airplane picks up water within a cloud whore tempera=
tures are above freozing, and then enters & region where the vemperature is
below freezing. Ls the airplene is cooled by the surrounding air to the icing
renge, the waber accumulatod on its surfacos freczes., Ordinarily it is said
that icing occurs only where visible molsture is presont. Provided that the
airplone surface does mot recch a temporeture of zoro degrees centigrade until
after it emerges from the cloud, icing may oocur oubtside the region of visible
moisture. The lattor ocece, which is rolativoly unimportent because of its
borderline charectoristio and the laoclk of & continuous supply of moisture,
is the only exception to the rule that for ice formation water in the visible
form must be present in the eir.

e

o BEM
FReNT Figure 26
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Impect with sub~cooled weter droplets within e cloud or below a
cloud from which they are falling. It is not within the scope of this peper
to analyze the process of the sub~cooling of the water droplet., Vabter droplets
may remain in the liquid state at temperatures as low as 40°C. Agitation
starts the freezing process. Impact with the airplene supplies the necessary
egitation,

Part of the droplet is frozen on impact; evaporation from the balance
freezes a largze portion of that balance. Table 1 and figure 27 show the
remarkable effect of sub-cooling on the emtire freezing process. The relations
shown are independent of the originel size of the dreplet.

Subgooling Frozon on Irozen by Lost in Process of Portion of Original

C pe.ob Ivaporation Eveporption ‘ Droplet Frozem

i) %(B) a %(c)

0 0 8647 13,3 86.7
"'4: 5 82‘3 12.7 87*3
-3 10 78.0 12.0 88.0
=20 25. 6540 10.0 90,0
24 30 6047 D63 90.7

Table 1

Joo SIS
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The following important results are brought out by Table 1 and
figure 27:

(1) The percentege of the droplet frozen on impact, line L, is
directly proportional to the depree of sub-cooling of the dreplst.

(2) The percembtage of the original droplet frozem by evaporafion,
line B, decreases linearly with the degree of sub-cooling.

(3) The total portion of a droplet frozen, line C, is virtually
independent of the desree of subegoling (86.7 = 90,75 for range of 24°C.).

(4) The greater the percentare frozon at the instant of impact the
smaller the percentare frozen by eveporation.

The differentiation between the eifects of impact and evaporction
freezing is significant. That part of the droplet frozem on impact is restricted
%o the point of impaet. Iowevor, thet portiom frozen by eveporation takes en
appreciable time to solidify and during this time is spread oub and beck over
the airplane surface. This spreading action during the freezing process is
why clear ice has its well-lmilt, homopeneous structure and mushroom shepe.

So far, we have analyzed the freezing process of the droplet from the
guantitative standpoint. It has been pointed out that impact freezing is
virtually instentoneous but no mention has been mede of the rete of evaporetion
freezing,

Ho complete anslysis of the rate of evaporation as related to air-
ceraft icing hes boen mede. Dut it is generally agreed ameng scientists thatb
vapor pressure differential bebween the evaporation surface end the outside
air, torethor with the velocity of eir flow over the evaporation surfece are
the comtrolling factors. The vepor pressure differential is proportional to-
the degree of subcooling of a droplet before it strikes the airplene surfaces
Figure 28 below shows the effect of subcooling on the rate of evaporation.

g

Rete of DIwvaporation e

TFreezing ////
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Subaeooling -C

Figure 28
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No deta are available on the effect of velocity of air flow over the
eirfoil. Experiment along this line should be of great assistance in clarify-
ing some unlmown factors of aircraft icing., It is safe to assume that the
greater the velocity of flow over the airfoil the faster the evaporation
process becomes.

The emount of spreading of a particular droplet is limited to a
certain extent by the rate of the evaporation freezing process. Therefore, &
greet degree of subcooling and high eirspeed are factors which tend toward the
less dangerous phenomenon, formation of rime ice.

In 2 given situation, a large droplet will spread over a greater
area than a small one. In other words, the larger the subcooled droplet, the
greater will be the tendency toward clear ice when it is struck by the air-
plane. A4s shovm in the discussion of thunderstorms, the size of the weter
droplet is a function of the vertical velocity within a cloud. This is why
J» Ko lacey (IL.I.T. Thesis, 1936) has correlated severity of leing to the
lapse rate which, of course, is the determining factor of instability, hence
vertical velocity within a cloud. '

The airplane pilot has several tools which he can use to grect
advantage in predicting the type of ice he will encounber. These are: (1)
Qutside air temperature, (2) Turbulence or roughness, (8) his vision.

Qutside air temperature can be recd directly from the free air
temperature thermometer which is installed in the cockpit of almost every
modern airplene. loNeal (Journal of Aeronautical Seienmces, Vol. 4) has shown
the following relations of outside air temporature to icing.

(1) 1Ice may be expected in any cloud where temperature is 2%¢, or
less. That occurring above 0°C. is relatively unimportant.

(2) On the averare, clear ice prevails abede =8°C; rime ice prevaeils
below -8°C. Clear ice may form below -8%¢. '

(3) The lower the temperature the preater the tendemcy toward rime.

Turbulencd or roughness is a measure of vertical velocities within
the air, and as explained above, has a definite bearing upon the type of ice
to be expected.

(1) If before entering a cloud from below, above, or from its side,
the air outside the cloud is extremsly rough, clear ice may be expected within
the cloud if the temperature is below 2°C.

(2) 1If while flying within the smooth air of & cloud where rime ice
is forming, roughness is encountered and increases, it is an indication that
clear icing impends. '

(3) Smooth air is indicotive of rime icing.
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What the pilot can see from his airplane mey be used to great advan~
tage as follows:

(1) Dangeroug icing occurs only where visible moisture, i.e., some
eloud form, is present in the air.

(2) Appearance of large raindrops beneath a cloud is sufficient
evidence that clear icing will be encountered if the pilot enters the cloud or
flies through the rein beneath the cloud in & region of icing temperature.

(3) Recognition of cloud forms is an adventage to the pilot. Cleer
icing is more likely to occur in the convective type clouds of the oumlus
femily; rime ieing in stratus clouds.

(4) Clear ice should be expected in fromtal clouds where appropriate
temperatures exist.

(5) Dry snow indicetes a safe condition; wet snow indicates possibil~
ity of relatively dangerous clear icing, amd climbing should decrease the danger.

(6) Rime icing mway be converted into clear icing when passing from
regions of flat terrain to mounteinous regions where lifting is eccentuated by
orogrephic influences.

Finally, the pilot should know $hat procedurs to take to minimize
denger after ice begins forming, A gemerel plem is outlined below.

If rime ice is forming there is no immediate danger provided that
the airplane is equipped with airfoil deicers. However, the pilot is warned
in this connection that in one particular case, that of the warm front thunder~-
storm, he may suddenly run §nto severe icing conditions, after he has been
picking up only light rime ice. The diagram below, figure 29, shows the
synoptic situetion and its vertioal cross-section.

4

/
Synoptic Situation / Cross-section A=B
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In regions (C) and (D) the air will be smooth and perhaps only
light or moderate rime ice will be encountered. Suddenly and without warning
the pilot finds himself in a thunderstorm region (E) where very severs icing
is eneountersd. The pilot should be on the lookout for this situation, and at
the first signs of severe turbulence he should turn back.

If clear ice is forming, the pilot should chenge his flight plans in
order to avoid taking on a dangerous amount of clear ice. His decision is
influenced by several factors; namely, (1) the altitude of the 2%¢ temperatuge
level above the ground; {2) type of terrain below him; and (3) the height of
the cloud base above the ground. In general, descent is to be preferred to
climbing if the pilot is essured that descent is reasonably safe. It is
obvioys.thet the pilot must lmow the nature of the ground over which he antici-
pates descent. The height of the cloud base and 2°9C. temperature level should
be obtained from s nearby sirweys station. In mounbainous areas in partiocular,
and at other places, if possible, the descemt should be planned so as to breal
through the cloud over the reporting airways stetion.

When clear ice begins forming, a rood rule is to double back to the
region where no clear ice was forming.

“hen clecr ice is forming in rain in the cold air beneath a warm
front, the pilot should descemd below the 2°C. level or, if & field is avail-
able, land irmediately. If this is impossible, and there is mo indication of
werm fronmt thunderstorms (lightning or severe turbulence) climb as fast =s
possible for the top of the cloud system.

If rime ice is forming over flet terrain do not fly toward a moun-
tainous region unless there is assureance that the cloud system is not contin~
uous to and over the mountsains. Rime ieing, in fact, might be converted into
clear iecing over the mountain region.

Lvoid climbing into cold front clouds to minimize icing conditions.
Never climb into & thunderhsad to awvoid ice.

It is by far eesier to avoid severe icing than it is to escape it
after it storts forming. Therefore, before takeoff the pilot should be sure
thet he hos the best available lcing informetion for the route which he is to
fly. Too much emphasis cannot be placed upon the adventare of Imowing the
synoptic situation, If the weather conditions over the proposed route are
known, the pilot will Imow where to expect ice and how to change his flight
plans when severe icing is encountered. Always consult the weather specialist
before talte=off.

Frost qumation on Lirer It

Frost, which has been dismissed by Taylor (Leronsutical leteorology,
Revised Ldition, 1940), by llcNeal (Journal of Aeromauticzl Sciences, Vol. 4,
Hove, 1936«0cte 1937) as reletively unimportent cousidered from the icing
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standpoint, may prove to be a hazard to the unsuspecting pilot. Dangerous
frost may be divided into two classes: (1) TFrost thet forms on the airplane
overnight, preventing teke-off; and (2) frost that forms in flight just after
take~off. ' '

Conditions favorable for the formetion of frost are as follows:
(Napier Shew, Menuel of lMeteorology).

(1) Good radiating surface

(2) still eir

3) Clear sky

(4) Thermal insolstion of radietimg surface, i.e., not in contact
with a surface from which it might receive heat by conduction.

(5) Falling temperature, temperature and dew point close together
and just above 0°C or lower.

For the pilot the above conditions may be sifted down to a few simple
rules. There must be insufficient solar insolation to heat the airplane sur-
feces and therefore frosting must be expected at night. Lirplane surfaces are
well insoleted from outside sources of heat except the surrounding air. It
is inoconceivable thet any effective heat could be grined or lost through tires
and oleo struts. Regardless of the radiating capucity of the airplane sur~
facos, heat is readily lost by comduetion to the surrounding air. Freedom of
eirculetion around the surfaces affords transport of heat from their viecinity.
Tt follows that the temperature of the airpleane surfaces may be comsidered,
.for practiccl purposes, the same as that of the ground from which radiation is
oscurring.

For the pilot who might be required to leave his airpleane out over-
night preflight frost conditions are:

1) o noticeable wind

(2) Clear sky

(3) Temperature falling and close to dew point

(4) TFree air temperature just above 0°C or less.

Then these conditions exist, the wings end control surfaces of the
airplane which is to be left out over night should be covered. This precaution=
ary measure is much easier tham removing the frost deposit when the temperature
is below freezing., The pilot who may be forced to stake out his eirplane at
night without facilities to cover the wings and control surfaces should not
attempt to teke off before removing the frost, however arduous the task mey De.
in attempt is demgerous.

In fact, once frost,even though very thin, has formed on the airfoils,
teake~off is nracticelly impossible, due, it is believed, to disturbed flow over
the sirfoils caused by the frost., This important fact wes verified by one of
the writers. Frost varying in thiclmess from 1/32 to 1/8 inch had formed on
the upper wing surfeces of a standard type army airplene which had been left
out during the night. The weirht of the deposit wes calculated to be not in
excess of 150 pounds and that weight was evenly distributed over the center of
gravity., Three attempts to take off over a 5000 foot rumway were unsuccessful.
On the same morning two other airpleanes could not teke off for the same reason.
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It is interesting to caleulate from e theoretical point of view why
heavy frost has been known to form on take-off from interior Alasksn airporbs.
It should prove to be of some value as the Army will soon begin operations from
Feirbanks, .laska, In addition to warning the pilot that such a phenomenon
does ocour, he will be snabled to prediet deangerous frosting conditions from
e preliminary sounding.

Smow rediates with near black body efficiency. H. vexler (lomthly
“eather Review, Vol. 64, April, 1936) presents an intereatimg.study of an eir
mass sounding over a snow cover at Fairbanks, Alaska, in December, 1932. It
wes found that a steep positive temperature lapse rate (marked increase of
temperature with altitude) existed from the surface to 2500 feet. The sounding
taken when the air wos calm with a clear sky showed Poler Canadien air, trapped
by the mountains in the lower levels, with overrunning Poler Pacific air above
the top of the inversion. (See figure 30).
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A study of Fairbanks soundings shows that this type situation occurs
frequently in the winter., A Fairbanks sounding which typifies this condition
is showm im figure 31, -~ 7 t ‘
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Sounding, February 6, 1940
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Even though anm airplane is kept in & heated hangar et night, it
must be rolled out on the line for warm~up: As previously explained, its
structure soon attains by conduction the temperature of the surrounding aire.
Upon take=off, ascent into the inversion places ths airplene in air, the dew
point of which is continuously higher tham the temperature of the airplene.
Only after piercing the inversion will the airplane cease picking up frost and
start, by sublimation, to lose that frost already formed. (Figure 32.)
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The airplane will be warmed by heat of vaporization and hest released
by formation of frost and by conduction to relative warm air through which it
climbs. Ibs temperature change 18 represented by the positive slope of T¥.
However, this weiming has served lts purpose in forming the frost, and although
little is formed, the flight charsoteristic of the airplane is impaired.

Conditions from which the pilot may recognize the probability of
frosting just after tekew~off.

(1) Marked decrease in temperature during the night with temperature
far below freezing, Ordinarily e snow cover is required to glve the necessery
low temperatures.

(2) calm air
(3) Clear sky
The pilot whose airplene begins to pick up frost on teke~off should

remain as low as possible. In so doing he will not penetrate the region where
the dew point of the air is higher than the temperature of the airplane.
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Thunderstorms

The thunderstorm,characterized by lightning and thunder is a gigantic
exhibijion of the potential power of the atmosphere. Electric potemtials,
thousands of times greater than men has ever been able to produce, are created
within the thunderstorm, The release of this electrical potential in jagged
bolts of lightning produces thunder. The sensetional displays, lightning and
thunder, are of minor impordence to the airman. The forces which create them,
together with other resulting phenomena, heil, turbulence, and ieing are
important.

The analysis of lightning has countributed valuable thunderstorm infor-
mation. Simpson's theory of lightning is now almost universally accepted by
meteorologists. Iis theory can be summarized briefly:

* (1) The raindrop is composed of two electricel layers, the immer
positive, the outer negetive.

(2) Yo raindrops can fall through eir whose vertical velocity exceeds
1575 feet per minute (8 materq/sec); the smaller drops ere carried aloft, the
larger ones ruptured by the force of the air upen them.

(8) Rupturing of the raindrops peels off the outer negative layer
and cerries it aloft in the form of spray. The positive nucleus maintains its
form and being heavier, is displaced relatively a shorter &dstance upward,
compared to the displacement of the negatively charged spray.

(&) Separation of opposite charges builds up an electrical potential,

, (8) Lightning occurs when the eletrical pobtential is strong enough
to bresk down the dielectric air between the charges. Considering the potential
of the earth, before the above process begins within the cloud, reletively the
same as the air above the earth, it is evident that the above process estabe
lighes a difference in potential between the earth and the negative region of
the cloud and also between the positive region of the cloud and the earth.

Thus lightning flashes within the cloud and from cloud to earth are expleined.
A diagram, figure 33, according to Simpson, represents conditions stated above.

Lightning, in one respect, may be classified as an aid to the pilot.
It serves as & warning thet vertical veloeities within a cloud exceed 1575 feet
per minute. Indeed, they mey be much greetor. Humphries (Physics of the Air)
states that in order to support hail one inch in diameter, vertical velecibtiocs
of 5200 feet per minute must exist; to support the 3 inch hailstone, 10,200
feet per minute. Shaw (lenual of leteorology) gives evidence that hailstones
of greater diameter than 3 inches have fallen.
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A short investigation will show what ceauses the greet vertical
veloecities within the thunderhesd. Consider two cloudless columms of air
represented by (a) and (e), figure 34, Note that the only difference between
column (&) and columm (e) is the value of the temperature deorease with height;
i.e., the lapse rates of the ecolumms. Also assume that the dew point, the
temperature at which condensation bégins, is inibtially the same for air in the
lowest level in both (a) and {e). It will be shown that (a) is stable air and
that (o) is conditionally unstable air. Thunderstorms oceur in air which is
originally conditionally unstable end the difference between the two columns
is therefore highly significant.

Now suppose that some force, F, which will be discussed later, is
applied to & small volums, V, within colum (a) as indicated by the arrow.
V is forced upward, and, because of deersase of atmospheric pressure aloft, it
expands, hence cools. Nature provides that the rate of cooling shall be approx=
imately 5% per thousand feet of ascenb=known es the adisbatiec rate of cooling.
The cooling within V as it is lifted is independemt of the btemperature of the
air in the column surrounding V.

At some hipher level, as indicated by (b) figure 34, the temperature
of V has decreased to 19°C which is colder than the surrounding air whose tem-
pereture is 25°C. V, being colder than the surrounding air, is heavier, .and
if the force, F, be removed, V will sink downward. If ¥ continues to act onV
up to some level indieated by (e¢) fipgure 34, the coeling process continues.
When the temperature of V decreases to the dew point of V, which remains wirtu-
ally constant durin-~ the ascent, condensation sets in. A cloud is formed.
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Condensation liberates heat just as evaporation cools. V is warmed
by the heat which is liberated by the condensation process, but as indicated
in (o), V is still colder than the surrounding air and tries to sink eerthward.
The cloud which hes formed flattens out, as shown in (e¢) and becomes the com-
monly observed, stable stratus eloud. If now force, F, be removed, V will
descend and the cloud will evaporate and disappear, as indicated in (d) figure
34. The conclusion is that, if at all levels V is colder than the surrounding
air, the column itself is stable.

Now oonsider the column of air represented by (e) figure 34 end note
that at the lowest level the small volume, V', is identicel to the small volume,
¥;,at its lowest level, as shown in (a) firwre 34. Assume that V' is lifted
by the same force, F, to some level as represented by {(f}, figure 34. At this
altitude the temperature of V* is 199C, and, level for level, the same as V as
shown in (b) figure 34. The temperature of the air surrounding V' at this
altitude is 20°C. Now if force, F, be removed, V!, being colder by 1°C. and
therefore heavier than the surrounding eir, will sink. At this altitude it
§till exhibits the oharacter of stable air. r

Let force, F, continue acting on V'. At & level represented by (g)
figure 34, Vt will be ovoled to its dew point end condensation starts, forming
a cloud. In this case the heat liberated by the condensation process is
sufficient to raise the temperature of V' above the temperature of the surround-
ing air. This is possible because, as was shown above, there waes only a alight
© difference of temperature, 1°C at the next lower level, before condensation
started., llote that V' now has & témperature of 12°0C. which is 2°C warmer than
the surrounding air. Being warmer, V! is lighter and continues to fise of its
own accorde A vertical force, F' has been created within V' itself, and at the
same time the retarding opposition of stability has been removed.

Neglecting friction, a force produces scceleration as long as the
force actss V!, therefore, accelerates upward until the force, F', again becomes
zero; i.e., until its temperature at some higher altitude agein becomes egual
to that of the surrounding air. It will suffice bo sey here that nature pro-
vides thet at some higher altitude coincidence of temperature of V! and ibs
surrounding air shall exist; that above this particular eltitude V! shall
become the colder. When the height of coincident temperature is passed the
force, F', is reversed, but V' continues under its momentum somewhat higher,
stops, end then starts downward. The ebove process has formed the femiliar,
towering cumlo~nimbus cloud, represented by (h) figure 34.

During the process the water droplet, minute abt the condensation
level, inoreases in size by amalgamation with other droplets and by further
ocondensatlion upon its surface. If the force, Pf, is strong enough to accelerate
Vt to velocities exceeding 1575 feet per minmute, the larger droplets as here-
tofore pointed out, will be ruptured and lightning and thunder ensue.
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Since V! wes transformed from e stable to an unsteble state, we con-
clude that the column of air was originally conditionally unstable. 1le also
note that the determining factor of stability or instability is the tempera-
ture chanpe with respect to altitude, the lapse rate within the colum.

Neither the lapse rate of the column of air nor the dew point of
Vvt is a random coincidence. Both factors depend directly upon the past history
of the air within the column. If the column of air hes remained over relatively
werm water for an appreciable time, the colum is affected in two important
ways: (1) the lower levels of the column ere warmed by the water; end (2)
the lower levels of the column piok up oonsiderable molsture from the water.

Tarming of the lower levels of the colum establishes the oondition-
ally unstable lapse rate, which, as shown above, is necessary to thunderstorm
formetion. Now the dew point of V' is determined by the amount of moisture at
the lowest level within the eir column, (e) figure 34. High moisture content
means high dew point. The higher the dew point of V', the lower the altitude
at which condensation occurs. It is obvicus that the lower the condensation
level, the greater the distance remaining above this level through which force,
Ft, may act in acoelerating V'. In short, therefore, thunderstorms of maximim
intensity will occur in air which has maximum moisture content in the lower
levels.,

A study of air mass soundings shows that air which has remoined over
the Gulf of llexico or the South Atlantic Ocean for four or five days during the
spring, summer and fall, end air which moves out of interior Canada, Alaska or
Sibveria during spring, summer and fall and travels for six or more days over
the Pacific Ocean develop characteristic thunderstorm lapse rates and moisture
contents., These air masses are named, respectively, Tropical Gulf, Trapical
Atlantic, and Polar Pacific. Vhen entries on the synoptic chart indicate that
such eir exists over a region (see appendix for air mess symbols) thunderstorms
may be expected provided that some force, F, is available to set them off.

The force, F, is supplied in either one, or a combination of two or
more of four different ways:

(1) convective lifting by radiation heating from the earthts surface.
Figure 35,

(2) Lifting of warm air by the forward motion of the cold front.
Figure 36.

3) Upglide of warm alr over a warm front. Figure 37.
(4) lMechanicael lifting over mountain slopes. Figure 38.
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Orogrephic hotspot (h) reradiates heat received from the sun.
vVt is warmed, as shown, above the temperature of surrounding

air, and being lighter (warmer) ascends.
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Forward movemend, Fpye of cold front exerts mormal force, Fy

on warm air ahead of it. F

has vertical component, F.
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Forward movement, Fp, of warm air up warm front resolves into

horizontal component, Fﬁ, and vertical

component, F.
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Forward mevement, ¥, of warm alr up the mountain slope.
has horizontal component, Fh, and vertical component, F.

At night the upper boundary layer of a cloud is cooled by evapo-
ration from the top of the cloud. Referring to figure 35, it is evident
that cooling the top of V” has the same effect as warming it from below.
This 1lifting force is not strong enough to set off a thunderstorm but it
does account for the frequendly observed increased intensity of the pre~
developed thunderstorm in the early morning hours.

The altitude of the ice crystal level, the level of 0°C. tem-
perature within the cloud, is an important factor. Refer to figure 39.
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If the ice crystal level (I.C,L.) 1is below the base of the cloud
or just within the cloud as represented in (a) figure 39, snow is formed
and lightning rarely occurs although snow lightning is sometimes observed.
If the ice crystal level is considerably higher within the cloud, as shown
by (b) figure 39, lightning) thunder, rein, and hail may be expected. If
the ice crystal level 1s near the top of the cloud, (e¢) figure 39, no hail
will occur, but lightning, thunder and rain mey be expected. It must be
borns in mind that the intensity of the phenomena of each case above and
also the turbulence within the cloud in each case is determined by the
potential power within the alr as heretofore discussed.

The convective type of thunderstorm and the mechanically lifted
thunderstorm, both treated above, are generally classified as alr mass
thunderstorms. These types are usually isolated and are not dangerous to
the pilot, because they may be circumnavigated. The warm front and cold
front types, introduced above present special problems which we will now
discuss, A cross-section of a warm front is reproduced below in Figure 4.

(c)
> Ny
S — » et Whiee-et Y
B e - D)
Figure 40

If the pilot is flying blind at a position (a) or (b) in the
clouds above & warm front, he may suddenly run into a thunderstorm (e),
The best way to avoid this situation is to fly above the cloud system. If
this is done, the thunderstorm can be observed and circumnavigated.

Cold front thunderstorms present the greatest problem to the
pilot, Along the cold front, thunderstorms are sometimes so close together
that the pilot cannot circumnavigate the danger area, The pilot may,
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however, be able to negotiate a line of cold front thunderstorms with a fair
degree of comfort and safety, if he is familiar with the forees involved in
and around the thunderstorms. An idealized thunderstorm pattern is shown in
figure 41 on the following page.

The descending air, D, below the cloud is caused by the cooling
effect of rain and hail falling through the cloud. The air in region C
being cooled, is heavier than the surrounding and therefore déescends, The
forward motion of this downdraught is due to the forward motion of the whole
system as Indicated by the arrow to the righthand side of the figure. The
large updraughts, 4, in front of, and within the cloud, are the result of
forces within the cloud as explained above. The scud or roll cloud, 5, is
a vortex at the base of the cloud between the ascending currentsi A» and
the descending currents, D. Vortices of less intensity than the scud cloud
may be expected at positions above and below the scud cloud, as indicated
by the dotted ellipses.

There must be a counter-setiling outside of a thunderstorm to
compensate for the tremendous upflow within the cloud. In the case of the
isolated thunderstorm, this counter-settlingmay be quite ineffective, as
it is spread out over a wide area. Close grouping of thunderstorms along
a cold front may, however, convert this counter-~settling into an Intense
down~draught, as shown in figure 42.

T T 3 & T

Figure 42

In this case, contrary to appearances, it is safer to fly beneath
the thunderstormi i.e., to fly through the dark rain area below the thunder-
storm rather than the light space between individual thunderstorms. Flight
should be made as far below the base of the cloud as the terrain permits.
Flight through the scud cloud should never be attempted. as the turbulence
in this region is prohibitive. The next best course is to fly through the
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thundercloud just above the scud oloud. In no case should flight be &at-
tempted through the higher regions of the thunderstorm where destructive
turbulence will probably be encountered. Thunderstorms extend generally
parallel to the cold front, but they move with the upper air which is
usually at an angle with the front as indicated in figure 43, below.

It is evident that in order to avoid running into a succession
of thunderstorms, passage through the cold fromt should be made at the
angle shown in figure 43.

Fly course (a) from
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Pigure 43

Conclusions:

(1) Lightning serves as a warning that vertical velocities in
excess of 1575 feet per minute exist within the cloud. No case has yet
been reported where lightning has seriously damaged the well-bonded, modern
aircraft, although it may readily put the radio equipment out of order.

(2) The size of hail is a measure of the vertical velocities
within the thunderstorm. It is kmown that vertical velocities in excess of
10,000 feet per minute have existed. Large hail may seriously damage the
aircraft which it strikes.
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(3) Icing, under favorable temperature conditions, discussed
under icing, may be very severe in the thunderstorm and will be worst at
or just above the ice crystal level.

(4) 1Ilsolated thunderstorms should always be circummavigated.

(5) Blind flying in the clouds above a warm front should be
avoided, if possible, if there is reason to believe that the air above the
front has thunderstorm characteristics.

(6) Cold front thunderstorms may sometimes be negotiated but
extreme caution must be exercised in doing so.

(7) Destructive turbulence may be encountered in any well-
developed thunderstorm.
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APPEIDIX

Por converting temperature readings from sither of the standard
scales to the other the approximate, simple formulae below will be found
easy to use. By comparison with a scale graduated in both centigrade and
fahrenheit, it is obvious that the pilot, by using the formulae will .
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obtain results sufficiently accurate for his purpose.
= 1/2 (P ~ 32). F=20) - 32

s A s e e

(Commonly used terms expresseds where possible, in a descriptive
manner. )

An AIR MASS is any portion of the parth’s atmosphere not less than five
hundred miles wide,» the temperature and water content of which
at a given level is about the same.

A FRONT is the zono of demarkation and interaction between two dissimilar
gir masses.

FRONTOGENESIS is the process of creation and formation of a front.
FRONTOLYSIS is the process of dissipation or dying out of a front.
STABILITY is the characteristic of air which resists upward motion.

14

CONDITIONAL INSTABILITY (also potential or convective or thermodynamic
instability) is the characteristic of air which resists upward
motion, if unsaturated; but tends to ris¢ if saturated.

ABSOLUTE INSTABILITY is the characteristic of air which tends to rise even
if it is unsaturated.

MECEANICAL INSTABILITY is the characteristic of air which tends to overturn
suddenly and completely because heavier air lies over a lighter
layer.

An ISOBAR is a line joining points on the earth of a given air pressure.

An ISALLOBAR is a line joining points on the sarth of a given change of
air pressure.

An ISOTHERM is a line joining points on the earth of a given temperature.

PRESSURE GRADIENT is the rate of change of air pressure per unit of distance
on the earth at a given time.

FRESSURE TENDENCY is the rate of change of air pressure per unit of time
at a given point on the earth.

LAPSE RATE is the rate of decrease of temperaturs with altituds.
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ADIABATIC IAPSE RATE is the lapse rate of unsaturated air in equilibrium.
(5 1/2 degrees F. per 1000 feet.
10 degrees C. per 1000 meters.
3 degrees C. per 1000 feet.)

SATURATED ADIABATIC LAPSE RATE is the lapse rate of saturated air in
equilibrium.
(2 1/2 to 4 1/2 degrees F. per 1000 feet.
1 1/2 to 2 1/4 degrees 0. per 1000 feet.)

DEW POINT is the temperature to which alr must be reduced to cause satura-~
tion.

RELATIVE HUMIDITY is the percentage ratio of the amount of water in air
to the amount of water the air could hold if saturated.

SPECIFIC HUMIDITY is the ratio of the weight of water to the welght of
dry air in a sample of moist air.

ABSOLUTE HUMIDITY is the ratio of the weight of water to the volume of
air in a sample of molst air.



