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re t opersicrs cmzn expect Iciag probsbili-
ties to vary wvidely throughout the yezr Irom nesr zers In the nold Arcil
areas in winter up tc 7 percent in arems where grester cioudlorss and
warmer hemperatures prevail. The data alse revesl & gensral tendency of
i colder cloud temperatures to reduce The probedility of icing in egually
? cloudy conditions.
INTRGAICTION
Knowledige of the Treguency of ifcing <o or
specialized sircraflt operetions is reguired oF
; The need =md d= n re-

the asircraft-icing problem,

i quired for =z particulsr aircraft can be DeTt e ) Irdime
cperators and military-operstions snalysts 17 tne probebilily of encoun-
' tering icing hes been esteblished for the aress, seasons, znd =ltitudes
. in which the sircralt is to operate. Previous meteorciogical stundies onm :
¢ - icing conditions heve nct shown hov freguently Icing can De =xpeciel over i
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world-wide areas on a yeer-rcund basis. Past data were obtained on

Flights wade primarily tc determine the extent and megnitude of meteoro-
logical conditions conducive to iLcivg.

As a part of a program conducted by the NACA Lewis laborstory to
obtain more extensive icing-cloud data, a study was made of the icing
data in thousands of in-flight metecrclogical reports, in order to deter-
mine Che relative frequency of encountering icing clouds in zs many
regions as poscible throughout the year. These reports were taken from
the weather reconnaissance flights made Dy Air Weather Service. Appre-
ciation is extended to this branch of the U. S. Air Force for supplying
the originzl’ date records and alsc to the Wright Air Development Cernter
(ARDC) for assistance in processing the large quantity of data assermbled
for this study. The weather reconnaissance flights have accumulsted,
over the past several years, a vast quantity of meteorological records
taken over the Pacific, Atlantic, and Arctic oceans. This large guantity
of data, representing many flying hours, wes necessary to establish re-
liagble icing statistics btecause of the generally infreguent occurrence
of icing conditions.

This report presents z tabulaticn znd preliminary analysis of the
icing probabilities and associated data for several specific aress over
the three cceans. The results are separated into the four seascons of the
Jear and are restricted tc Tixed flight levels of 700 an? 500 millibars.
Data are also included from flights =t 1500 feet, which encountered wvery

ittle icing beceause of the predominance of ebove-freezing temperatures
at this level. The probzbilities of icing were relsted tc the freguencies
of cloud penetraticns and 4o the measured cloud temperatures,

A set of punched cards containing all of the data from the weather
reconnalssance reports used in this study is on file at the Nationzl
th C

Weathner Records Center, Askhville, Nerth Caroline.

DEXCRIPTIOR OF WEATHER RBCONNAISSANCE FLIGHTS
Geographical Lecation and Survey Period

The weather reconnaissance flights made by Alr Wezther 32 2 Re 38
using WB-29 aircraft, were along establ ishea tracks that vwere not altered
appreciscly during the period of survey. These tracks, in the northern
hemisphere, are plotted on the mep shown in figure 1. The flights origi-
nated from Air Force bases in Alaska for the Arctic aress; Japan, Guan,
Hawaii, and California for the Pacific aress; and Dermuds, the Azores,
and England for the Atlantic areas., Straight-line courses were flown,
starting near the Air Force vase ani returning :c the originating base
af'ter covering up tc 2400 miles for the complete flight., These long
flights were made almost entirely over ocean sreas, The track desim
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the pressure levels were flown. The altitude flown most freguently,
considering ail the tracks, was the 500-millibar level. The predeter-

=y
CHE

mined pressure altitude of each flight wis mainteined regardless of
weather conditions, unless severe turbulence or icing, or areas suspected
of severe turbulence or icing (thundﬁrstorms}, reguired & change of 2lti-
tude or course. Flying at a constant pressure level resulted in changes
in true altitude above the sea surface, Variatioas in the stmospheric-
pressure pattern along the track throughout the year resulted in true
altitudes ranging between 15,000 and 19,000 feet at the 500-millibear
level and between 8000 and 11,000 feet at the 700-millibar level.

GUaT

Reporting procedures. - The in-flight weather observations were
teken at predetermined positions along each +rack., These reporting posi-
tions (plotted as circles on the map of fig. 1) were established at
100-mile intervals, giving between 20 and 24 observations about 1/Z hour
apart for each Tlight. Exceptions to the duration of these flights
occurred pecause of abortive missionc or special flights. Ususlly one
light was made each day slong each track, providing deily weather records
for every position along the track.

11 the weather observations were made by trained personuel using
standardized reporting procedures. The observer reported conditions st 2
eack position on a coded message form developed by the Air Weather Service
and adopted as the Internationally approved weather reconnaissance code.
Instructions for the use of the code are contained in reference 1. For :
each observaticn, the aircraft was considered to be at the center cof =
vertical cylinder 30 nautical miles in radius, and meteorclogical condi-

evlinder

tions were reported as occurring within this cylinder.

Although many weather elements were cbserved, only & few were zpplied
tc this study, namely: the occurrence or nonoccurrence of icing, flight
in clouds or clear air, zir tcmperature,, presswre level, locztion, and
date of flignt. The icing repcrts gave datz on the irtensity and type

of ice and on tne location of the icing ares; the code also provided Tor
the reporting of icing when It cccurred between reporting positioms.
The reporting of fllight in cloud: was divided Intc four categories, de-

-\ o

fined as being "on instruments” (1) 25 percent of the
cent of the time, (3) 75 percent of the time, und (4) a
The measured air temperature was corrected for kineti
being reported in code form,

Icing was usually detected visually on the black surface .
wi.g leading edge and on the “orwand edges of antennas. Most flights
were scheduled for daylight howrs,. zlthough this was not elways ssible,
particulariy in the Arctic regions in winter. A code Tigure was provided
to indicate where cbservation was impossible becavee of darkness.
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METHOD OF ANALYSIS AND FRESENTATION OF DATA
Use of Punched Ca—d

i T informetion availsble from tae westher recou-
guired the use of machine methode for convenience In
i £ itexs reported by the observers were pupched
cards in the original coded ltrm. EBach posiiion report re-
ds 1o irenscribe the large amount of date con-
carce were later condensed inmto z simgle card
e I lists the cboerved data as it war punched
umns on the single ceard. This summary card provides space
d layers. Io ceses vhere more
summery card wLs made, whick con-
g informetion (cerd volumms 1 o 10) =nd the
ons thet Included reports of
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Tavle II lists 100 cerd groups separsted according to this procedure,
with the corresponding nusber of cbeervetions for esck group. The years
that were included witkin eech seeson are also listed. The smount of
date in eech group veried considerably because of ¢ differences i
Tlight operetions among the beses during the periods chosen for the
study. Since the date were not troken down by months, Zsts for & par-
ticular seascn and yesr should not be concidered egually distrivuted
throughout the three months included iz each season.

Selection end Eveluation of Jcing Dste

] tion of items for detziled presentstiion wes besed on theixr

importance in the siudy of two aspects of icing climetology: (13 the

reletion of Iving tc clouds and tempersture and {2) the extent znd Ire-
i

guency of icing encounters.
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In the study of icing with respect to clouds and temperature, only
reports of icing occurring st the time of observaticn were included,
since simultaneous data on temperature and flight conditions were re-
quired. All observations in which icing (past or present) was r rorted
were examined individually, and those in which icing ocourred at the time
of observation were tabulated with the associated terperatures ard
flight conditicns.

In the determination of the extent and frequency cf icing encounters,
it was necessary to establish the distance from each observation position
to the beginning and ending of the icing area. Inmdividual segquences of
reports were examined and the total length of each icing ‘encounter was
determined, based on the assumpticn that the distance between reporting

positions was 100 nautical miles.

In a number of the icing encounters, the intevpretation of the data
was complicated by errors and inconsistencies  in tne codea reports.
Rejection of all inconsistent repcrts obviously would have led tg = seri-
ous bias in the results. An attempt was made, therefcre, to interpret

doubtful data so as to introcduce & winimum of bias.

RESULTS AND DISCUSSION

Icing in Relation to Clouds and Temperature
Data con free-air temperature, flignt in clouds, and icing for each
flight track, season, and altitude for which an apprecizble nurber of
cbiervations occurred at temperatures below Ireezing are listed in table
III. The data groups in table II with most of their observations above
freezing are got ‘rcluded in table III. For each flignt level, tne foi-
lowing three items were tabulated by s° temperature intervals:

(1) Total number of cbservations N

(2) Number of observatioms in which the flight was repcrted o te
continuously or internittently in clouds n

" (3) Number of observations in which icing was reported as occurring
at the time of observation x

Also included in table III for each 5° temperature range are values for
the ratios of in-cloud and icing observations to total cbservations
(n/N and x{N, respectively) and the ratio of icing 0 in-cloud obser-
vations (x/n

These results are summarized in table IV, which includes also the
average temperatures for total Observations, cloud Observations, and

icing observations. , .
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Frobability of clouds znd icing. - The ratios “/H and xfE are

oo

ical estimates of the probability of flight in ~louds cor icing

statist

conditions, respectively. The icing-to-cloud retic x/n is & statisti-
cel estimate of the conditional prodbability of icing when clouds are
«noWn to be present. For the date groups listed in table IV, the proba-

icing varies from zero te nearly 7 perceni, with half the velues
below 2.3 percb“t. The ;robch;l ty of fiight in clouds varies from 1.5
to Z8 percent, with &z median of 1Z2.8 percent, aznd the icing-to-cloud
ratio veries from zerc to 54 percent with = median of 19 percent.
The 1rterpretat¢un of these ratiocs as estimates of probebility is
bazsed on the concept of p gsabz~: ¥y &s ‘Le rercentage of successes in a
large number of -paeyeﬁ‘b“, crials of a discrete event. In this case,
‘he event is the chservetion of the occurrence or nonoccurrence of cloud
renetration or icing at z pearticular time. An observation may be regarded
& discrete event when the cbserveilon period is shert compared with
the interval between observations and (Z) the usual duration of flight
clouds or lC'!]g. Successive observations may be regarded as iﬁdﬁg&ﬁd-
s repeated trisls if the distance between them is large compared with

€]

*

e ] v
'_J
S

o

art
the scsle of cloud w.séeo—c on the wvezther TED.

tructions to observers (ref. 1), the time of the flight-

: :s defined &5 the time zt which the aircreft is at the

slinder 30 nsutical miles in radius; 21l elements are ob-

e o this iime &s possible. The reporting of icing "at the

rresent position” refers specifically to the "time of the flighi-level
(including cloud penmetration) is de-

observation.” 'Flight condition’
Tined &s the average during the time recuired to make the flight-level
observation. Thus, both elements appear to te based on & short-pericd
observation near the center of the observeiion cylinder rather than oz

the entire 60-nsuticel-pmile dismeter, and it ir probebly Jjustifisble to
regard them zs discrete events.

The reguirement of independence of repeated trisis obviously s not
fulfilled becasuse of the short distance between successive observi .ions
as compered with the large-scaLe cloud systems. Although not independent,
the observetions are still unbissed, berause the Tlight trecks, times of
flight, and observation procedure were esteblished in sdvance and were
not modified significantly because of existing weather conditioms.
Therefore, the ratios provide unbiased estimates of the probabilities
""h@u&h the reliabi}_ity of the estimates is less than the nurber cf

E1T
otservations would indicszte.

®

Icing-to-cloud ratio as & function of tegpersture. - At temperatures
ppreciably below freez‘ng, the icing-to-cloud retic x/n represents the
ction of the clouds penetrated that conteined liguid-water dropliets,

he remainder that dié not cause icing being composed entirely of ice
Since the probaebility of ithe formastica of ice crystals in

o0

I‘

() rf‘

rystals.
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clouds increases as the temperature is reduced, the ratic x/n should
be primarily a function of temperature. Figure 2 shows tle sverage rela-
tion between icing-to-cloud ratic and temperature as revealed by table
ITI. The rapid decrease of the icing-to-cloud ratio and the assoclated
icing probarility with decreasing temperature is clearly evidant fronm
these data. Data from temperatures of 0° to -20 C are not izcluded in
figure 2, because kinetic heating frequently prevents icing in this
temperature range.

An examination of table III reveals wide variationsz in the individual
values of x/n from the average values of figure 2. Appiication of
statistical tests shows that these variations are considerably larger
than would be expected from random sampling if the true value of x/n
were a function of temperature alone. Moreover, the variations in x/n
are not distributed at random. Since certain areas and seasons have
consistently plus or minus departures from the over-all average values,
perhaps the icing-to-cloud ratio is not a function of temperature alcne
but is also a function of season, altitude, and geographical location.

292

Seasonal and altitude effects. - Over-all seasonal and altitude
effects are shown in figure 3, which presents separate curves chowing the
variations with temperature of cloud probability n/N, icing probability c .
x/¥, and icing-to-cloud ratio x/n for the “cur seasons and the two
principal flight levels, 700 and 500 millibars. Tn the interpretaticn
of these results it should be noted that the apparent seasonal variations
are influenced to an unknown extent bty climatclogical relations that exist
between season, altitude, and geographical location.

Because of climatic factors, the various geograpnical areas are not
represented equally for all seasons at a given temperature, or for all
temperatures at a given season. For example, the data sample for winter
at 500 millibars at -20° C contains 5 observations from "Ptarmigan" track
and 959 observations from "Lark."” On the other hand, the summer sample
at the same altitude and temperature contains 1031 cbservations from
"Ptarmigan" and 194 observations from "Lark." The difference in the
corresponding values of the ratios may be due to geographical rather than
to seasonal effects. Similar interactions exist when the data are clac-
sified with respect to geographical areas instead of season, making it
difficult to separate the effects of the various factors.

Some significant features, however, are discernible in figure 3.
The icing-to-clcud ratio at 500 millibars decreases centinuousiy with
decreasing temperature for all seasons, and it generally has maximum
values in winter and minimum values in spring. The 700-millibar data,
on the other hand, fail to show a continuous decrease of icing-to-cloud
ratio with decreasing temperature except in spring. For spring, the
x/n curve of 700 millibars parallels the 500-millibar curve, but the
actual value. are lower at all temperatures. In other seasons at 700

Fd
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larger percentege of observations sbove freezing leads fc & Ilower icin
probebility. Icing probatbilities can exist, however, when the zverage
temperstures are above freezing. The data presented in this way chow the
practicel utility cf the over-asil ratic x/N s=s z measure of icing prob-
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ness in summer and & meximum in winter. th have relatively low icing
probabilities, with & meximum in winter or spring and with 1

icing in summer.” Since the mezr temperatures are close to free
over-ell icing-to-cloud ratios are inversely reletec to tempersture.
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These circumstances give rise to & very high icing probability. o sum-
mer, the Tempersiure is above freezing most of the Lime, and- the cloudi-
ness is less than in winter; hence, the icing probebility is very low.

" [t Y A » - . . - - - .« s e

Tocn” trecik at 700 millidars is charecterized ty & high probability
of clcudiness throughcut the yesr with relstively small seasonal veris-
tione. The icing probebility and icing-tc-cloud retic slse show rels-
tively small seasonasl changes in spite of 2 rather large ceasonsl variz-

.

tion in tempersture

Conditions on "Ptarmigen” track are unigue smong the areas studisd
since this track does not lie over open waler but over the polar ice cap
The surface is covered with snow and ice in wirter and spring sné cconsi
of melting ice in summer, with open waler aiong the southern pertions of
the traeck, Thus, the surface temperature in summer and early fell is
near 0° C, and in winter and early spring it is much colder. The very
low probebilities of icing in winter and spring are the result of low

temperstures combined with low probabilities of cloudiness.

th
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Seasonal patterns at 500 millibars. - 4% the 500-millibar ievel,
temperatures are predominantly below Ireezing over practically all the
OCean areas of' the world. Most of the aress and seasons includsd Il s
study were entirely balow freezing, and even the warmest were belcow
freezing in over Y5 percent of the Observations (table 1I31). Thus, the
percentage of observat.ions above freezing is not z significant factcr in
determining the icing probability at 500 millibars.

The tracks at 500 millibars may be divided intc w0 groups depending
on the season of occurrence of the maximum probability of icing and
cloudiness, as follows:
(1) Group A; meximum icing in summer, maximum cloudiness in spring
or summer: Vulture I, Buzzard Kilo, Buzzard Delta, Loon, and
Ptarmigan

(2) Group B; maximum icing in fall, meximum clcudiness in winter cor
spring: Petrel, Lark, and Gull

The seasonal variations in (1) icing probability, (2) cloud prote-
bility, (3) icing-to-cloud ratio, and (4) average temperature are shown
for the 500-millibar level in figure 5. The data from the three "Guil"
tracks are combined because no one of tre Gull tracks had dataz for the
entire year. Although there is considerable variaticr within each groug,
the over-all patterns are felrly consistent. For group A, the annusal
variations cf cloudiness, icing, ani temperature are approximately in
phase. For group B, the cloudiness and temperature are nearly opposite
in phase, and the icing maximum tends to cceur before he maximum of
cloudiness. Except for "Vulture'.and "Petrel," the icing-to-cloud ratic

%

5 b, .
generally follows the annual varigticn ol temperature.

Frequency and Extent of Icing Encounters

Data on the frequency and extent of icing encoun
in table V(a). For each flight track, seascn, end al
includes frequency distributions of +h following three guantitie

(1) Horizortal extent of individuasl icing encounters
(2) Total distance in icing on each flignt (at given flight level)

(3) Number cf encounters on each flight (et given flight level)

The items presented in table V(a) were cbteined directly from the
flight data. The numbers in the teble are the actual counts of the vases
in each category, with the exception of the flight lengtn and the numver
of flights with no icing. The length of flight was taken as the number

T e
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of regular repcrting positions af +he given flight level, multiplied by
100 nautical miles. The iotal ruEber of flights was found by dividing

T “tions,

the totel number of cobservations by the number of reporting posit
and the number of flights with no icing was obtained by subtracting the
number with icing from this total. Thus, incomplete flights were trans-

lated into an equivalent number of complete flights.

Probability of encountering icing in flight of given length. - For
Tlight planning, design, ana mission analysis, it is desirable to know
the probebility of encountering icing a2 given number of times on &
flight of a given length, and the probzble extent cf icing when it is
encountered. The probability of any particular number of icing encounters
for the 500- or 700-millibar portion of a particular flight track may be
estimated from the freguency distribution of the encounters per flight
(table V(a)). Because of the small number of cases in each date group,
however, the statistical relisbilitly of these estimates is rather poor.
Moreover, the probabilities estimated in this way are applicsble only to
the particular length of flight for which data were cbtaiped. ZEstimates

of higher reliability and more general applicability may be obtained by

establishing a relaticn between the percentage of flights with various
aumbers of Icing encounters and the average nuzber of encounters per

M 3 ohe
- d o .

This relation is showm in figure 8, in which the percentages of
ights with at least one, two, 2nd three icing encounters | are pictted
functions cf the average nusber of icing encounters per flight =,
ch data point in figure £ represents combined dsta from two or more
grcups having nearly the same value of = (except the last point on “he
rignt, which represents only one dsta group). The religbility cof the
individual data pcints is indicated Dy vertical-line segments Tepresenting
8 range cf one standard dovistion of each side of the sample value. The
empirical curves are drawn tc rerresent estiimated aversge relstions based
on the data pcints. Any vertical line from top o bettom in figure 6§ is
divided by these curves imtc four parts representing the probability of

0, 1, 2, and 3-cr-more icing encounters cn & Tlight Zor which the average
nuzber of encounters i< given by the abscisss.

Thecretical curves computed from Poisson's distribution equation
(ref. 2) are also shown in Tigure &. These curves show the probability
of at least 1, 2, and I ccecurrences of an event in =n independent trials,
each having a probability of p, when n is large and p is smell; the
product np = = is the abscissa. The differences between the empirical
and theoretical curves result from ihe fact that the individual encounters
are nct independent. Because of +ne large scale of the major synopti
weather systems, there is a tendency for either clear or cloudy weather
to occur over a large area. Once icing is encountered, therefcre, the
probability of a second encounter is greater than it would be if the

icing areas were distributed at randorm.
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The empirical curves iu figure 6 may be used to obtain an estimate
of the probability of encountering icing at least once or twice in a
flight of any length, in an area for which the average frequency of en-
countering icing is known. The average frequency of encountering icing,
which was obtained by dividing the total number of encounters by the
total distance flown at a given flight level, is given in teble V(b) as
the number of icing encounters per 1000 miles of flight. The product of
this number and the length of a proposed flight in thousands of miles
gives the expected (average) numher of icing encounters m.

For example, to estimate the risk of icing on a flight of 800 miles
at 700 millibars over the Bering Sea ("Loon" track) in summer, the ex-
pected number of icing encounters is given by m = 0.775x0.8 = 0.62.

From the empirical curves of figure 6, it is found that, for m = 0.62,

the probability of at least one icing encounter is 0.43, the probability
of two or more encounters is 0.15, and the probability of 3 or more en-
counters 1s 0.03, The probability of no icing is given by 1 - 0.43 = 0.57.
The probability of exactly one encounter is 0.43 - 0.15 = 0.28. The
probability of two encounters is 0.15 - 0.03 = 0.12. The estimated proba-
bilities presented in the last four columns of table V(b) were obtained

in this manner. For values of m greater than 1.5, the probabilities
given in table V(b) were calculated from Poisson's equation.

Probable extent of icing encountered. - In addition to knowing the
probability of encountering icing, it is also useful to know the probable
extent of icing when encountered. This information is also presented in
table V(b), which lists the average length of icing encounters and se-
lected values from the frequency distributions of length of icing encoun-

ters as follows:

Lower quartile . . . . . . . . . . Exceeded in 75 percent of encounters
Median . . . . . . .. .. . . .. Exceeded in 50 percent of encounters
Upper quartile . . . . . . . . . . Exceeded in 25 percent of encounters
90th Percentile . . ., . . . . . . Exceeded in 10 percent of encounters

These values were determined Ty~ v roximating the cumulative frequency
distributions (table V(a)) with suocth curves. The results are fairly
reliable for the groups with lerge =arounts of data, such as the "Buzzard"
tracks, but are only rough estimates for the small samples.

Probability of Flight in Icing

The probabllity of flight ‘n icing was discussed in a previcus sec-
tion where the ratio x/N (table IV), based on discrete observations, was
used as an estimate of the probability. A different (though not independ-
ent) estimate of the over-all probability of icing for each data group
was determined from the analysis of frequency and extent of icing
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encounters. This estimate (miles of icing per 100 miles of flight,
table V(b)), which was obtained from a summation of the lengths of the
individual icing encounters, utiliizes the additional information in the
original data on the beginning and ending of icing between reporting

positions.

A comparison of the two estimates is shown in figure 7, which gives
an indication of the consistency, though not the absolute accuracy, of
the estimates. The agreement is sufficiently good to lend some support
to the assumption made previously, that the duration of the individual
observations was small compared with the interval between them. Because
of the more -omplete utilization of the available information, the value
of miles of icing per 100 miles of flight is regarded as the more reliable

oz the itwo estimates.

Type and Intensity of Icing

The observer, in reporting the type of ice that formed on the air-
craft, distinguished among rime ice, clear ice, & combination of rime and
clear ice, and frost. For the 4600 icing observations (including icing
reported both at and between reporting positions), 72 percent were called
rime ice, 10 percent clear ice, 17 percent a combination of both, and 1
percent 1rost. The reporting of frost, which was defined as icing in
clear air, can be considered questionable, since this small percentage
of the tctal observations is within the range of inherent coding and
analysis errors considered for the over-all data.

Icing in precipitation, either rain or snow, occuricl in about 20
percent of the icing conditions. About 55 percent of the icing in pre-
cipitation was reported while flying in snow. The remaining encounters
were reported in rain and drizzle (30 percent) and in showers (15 percent).
The occurrence of freezing rain was not reported as such and could not be
clearly determined from the observational data. Practically all the
reports of icing in precipitation also established that the aircraft were
in clouds at the time; supercooled clouds could thus have been responsible
for the icing rather than the reported rain or drizzle. The relatively
infrequent occurrence of icing in precipitation shown by these data veri-
fies the generally established criterion (ref. 3) that icing is less
probable i precipitation areas.

The intensity of icing was reported for the most part in qualitative
categories of light, moderate, and heavy. A quantitative rate-of -icing
table provided in the code was seldom used. The intensity categories

were defined on the basis of the effects of the icing on the aircraft
(ref. 1). Ice accumulations that could be handled adequately by the

ice-protection equipment and that did nut necessitate changes in course,
altitude, or airspeed were coded as light icing; whereas, icing that
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exceeded the capacity of the protection system and, I

be a serious hazard to the flight was interpreted as heavy icing. An
intermediate icing condition was labeled as mcderate icing. The fre-
quency of these reported intensities, related to the total obserwvations,
was tabulated as follows: light icing, 87 percent; moderate Icing, 1lZ
percent; and heavy icing, 1 per:ent.

continued, woulcd

[

Quantitative values may be applied tc these intensity categories by
referring tc previcus measurements of itotal ice accumulations experienced
on domestic air routes, as measured by HACA pressure-type icing-rate
meters (ref. 4). The total accumulation of ice from an icing encounter
was found useful as a criterion of icing conditions in terme of the
effects on the aircraft (loss of airspeed, etc.)j. If it is assumed that
the frecuency of icing intensities is the same for domestic and ocean
areas, the measur-ments of ice accretions previously repcrted for domes-
tic routes can be used.

Figure 8 shows a plot of the probability of exceeding finite ice
accreticns during a given icing encounter, measured by icing-rate meters
on domestic air routes repcrted in reference 4. If the probabilities ef
the three intensity categories are assumed to be the same as the measured
probabilities shuwn on the curve, light icing would include ice accre-

tions up to about % inches, with moderate icing ranging between 13 and

5 inches, and heavy icing exceeding 5 inches. The limits of ;‘gnt icing,
as noted from the pilot comments in reference 4, were also about l% to

2 inches ice accretion. (The reconnaissance aircraft and those used on
the domestic routes used similar ice-protection eguipment.) t shoula
be noted that these values were obtained by integrating the accretion
rates measured on the small sensing probe of the icing-rate meter. Ac-
tual total ice thickness, particularly cn airplane wings, would be much
less because of the lower collection efficiency of larger bodies.

CONCLUDING REMARKS

The data included in this report are restricted tc specific flight
.levels and selected areas of the oceans. Further application of these
results to the operational analysis of specific missions cr to the for-
mulation of ice-protection design requirements would require a method
for extending the results to apply to ocean areas in general. Nc direct
and simple correlations were immediately evident between the icing
probabilities and the many variables existing in the over-all data of
this report. The effects of altitude, geographical location, and cli-
matic factors such as seasonal variations in clcoudiness and temperature
are all interrelated in such a way that classificaticn of the data in
terms of one variable is influenced by the correlated variations in

other variables.
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TABLE IV. - SUMMARY TABULA. ICN OF TOTAL, CLOUD, AND ICINCG NBSERVATIONS ¥TTH

kS

CORRESPONDING RATIOS AND AVERAGE 7EMPERATUFZ3

Emservations: N, total; n, clouds; x, 2c1ngJ

T T - T T
[ Seaacnl Flight Track L?ummary total | Average percent | Average temperature
| lewel | =y e !
| i | N } n x| n/K | x/N| x/n[ NI D I fx ol
| Spring [ 500 m& | Vulture I| 2045 | 185] 93 [ 9.0 | ws1 s 7.2l 1] =1.5 DM
Buz Kilo | 2485 | 351 98 | 14.1 | 3.9|28 | -15.5] -12.7 | -9.4 ggg
! | Buz Delta | z4e4 | 623] &3 | 18:0 | 1.6 /10 | -24.0 | -21.9 | -15.8 >
Loon 3750 | 646) 18 | 17.2 51 3 | 225.7 -27.0 {-23.7
| Ptarmigan | 3420 | 20&| 2 6.1 <.1’ 1 | -34.8|-33.51-21.5
‘ Gull I 1117 ((1€6) | 285 ~11wslenial 1g + ras T iNIN oM S
Gull II 1746 1 167 23 | 9.6 | 1,31 14 | -13.7 | -14.7 | -15.5
! Lark 200012501 288 [T 1%e= P asliTerh Slhea it s
| Petrel I | 2096|195/ 51| 9.3 | 2.4 28 ; NG | AR < 6
Fethel | FEEERI all 155 el e e L R il R i
i | Palcon 1046 | 43| 3 4474.1 | .34 7 { -26.7 | -24.9 } -25.3
700 mb ‘ Buz Delta | 2521 | 475] 76 | 18.8 | 3.0 | 18 RG] T B
Loon 1317 [ 273] 48 | 20,7 3.6[ 16 | -14.1 | -13.3 | -10.5
| Ptarmigan | 1309 [115| 10 | 8.8 | .61 s | -20.4 -18.6 | -14.59
Gull I 02| 531 4 | 17.5 | 1.3 ’ 8 ool [ ER vl | Shae
Lark 106 | 14f 2 | 13.2 [1.9 /14 | -5.6 | -3.8-10.0
{ | Bagle | 542 86) 15 | 15.5 | 2,817 | -.8| 1302| -4l5
ilsoo £t [ Palcon 1039 [291) 25 | 28.0 [ 2.4 | 3 f 2.2] 0.8 -4.6
Summer | 500 mb l Vulture I | 2125 | 258 88 | 12.2 | #1138 | -4.7 -4.6] -4.7
Buz Kilo 12393 13900171 | 16.3 | 7.1 44 | -5.6| -5.0 4 -5.0
Buz Delta | 2353 |267/104 | 12.2 | 4.4 |36 | -10.6 | 8.5 7.5
| Loon 2882 |452] 58 | 15.7 2.0; LY S Loz TR L e o ;-14.9
Ptarmigan | 3193 [414| 36 | 13.0 | 1.1 | 8 | -23.5 | -23.1 |-23.1
Gull I 443 | 301 12 | 6.8 [2.7/40 | -8.3| -8.1] -7.6
Gull II 519 | 16{ 7E{d e | 173 {46 | 8.3 |-T0.0 |-10.3
| Gull III 477 | 321 9 8.7 /1.9 /28 | -6.8 S L
! Lark 302y 15e1 SEINON G R L s e R = R . .
! Petrel I 1389 | 74| 16 | 5.3 | 1.2 (22 | -9.8 |-11.1 | -9.6
Petrel I | 654 | 58] 16 | 8.9 | 2.5 /28 | -9.1 | -9.0 | -9.,2
f7oo mb | Buz Delta (1793 |210| 13 | 11.7 | 0.7 | 6 &l | 332 1L040T
! Loon | 852 |153| 41 | 18.7 | 4.8 |26 | -2.9 | -3.5 | -5.5 ; :
| Ptarmigan | 714 | 92| 41 | 12.9 5.7 (45 | -6.3 | -6.4 | -7.1
| Eagle 363 { 16{ O | 4.4 |0 O | 5.8 4.0 --een
Pall  [500 mb | Vulture I |1829 |152] 52 8.3 | 2.8 % | -5.41] -5.0 | -4.9
| Buz Kilo (2576 [313(132 |13.2 | 5.6 ’42 “10:7 | wee | =o%
[ Buz Delta |2348 362| 80 | 15.4 | 3.4 |22 | -20.0 =g o R ll=3,A
| Loon 5597 |5501 35 [15.3 | 1.0 | 6 |-27.1 |-26.3 |-23.1
| Ptarmigan (3246 [235| 12 | 7.2 | .4 | 5 |-32.8 |-29.3 |-26.9
Gull III 368 | 2| 10 | 8.7 2.7 (31 | 6.6 | -6.7 | -5.89
| Lark 2357 1265| 66 | 11.2 | 2.5 (25 |.14.1 |[-17.4 |-16.2
Petrel I (1242 [146f 45 |11.7 | 3.6 ({31 |-11.1 |-12.6 |-11.2
l (Petrel IT | 284 | 39| 19 |13.7 /6.7 (49 |-10.1 |-10.9 |-10.6
1 H
1700 mb | Buz Delta |1887 |277| 55 | 14.7 | 2.5 |18 | -5.7 t -7.6 |-10.3
Loon 817 (1561 31 {12.1 (3.8 (20 l<11.0 | -9id | 97
Ptarmigan | 657 | 87! 33 |13.2 | 5.0 |38 (-17.7 |-16.2 |-17.1
| Lark , 221 | 29| 2 |13.1 (1.4 |10 Ery M TR
| Eagle sS4 |37 3 (elewer | Nle { 8 | 2684 O -2.3
Winter (500 mb | Vulture I [1821 |102] 55 | 5.3 | 2.9 j54 | -6.0 | -2.4 -a.si
Buz Kilo [2080 |165| 48 o D= N s e o BT = S b
Buz Delta [1925 [248| 35 |12.9 | 1.8 |14 |-23.0 {-21.0 |-26.6
Loon 3230 409| 18 |12.7 | 6 |4 (-34.3 |-32]8 |-26.2
Ptarmigan |2533 | 39| 1 DRSSE= e | i S RV o e B T = S o
Oull I 860 | 72| 17 | 8.4 | 2.0 |24 [-15.3 |-15.3 |.13.3
| Lark 2699 (400} 75 |14.8 | 2.8 (19 |-19.9 |-19.6 |-18.5
Petrel I |2332 |384| 88 |16.5 | 3.8 (25 |-15.7 {-16.9 |-15.8
Petrel II | 872 {128 36 [14.7 | 4.1 128 /-14.4 |-14.4 |-12.8
Falcon 339 | 18] 4 5.3 (1.2 122 |-30.1 j-28.2 |-25.0
700 mb Buz Delta 1547 {277/100 {17.9 | 6.5 |36 |-18.9 |-19.3 l-1£.8
Loon 740 157| 31 |21.2 |4.2 {20 |-17.8 1-15.1 l-14.7
Ptarmigan +83 SIHISES 4.9 .7 {14 -28.6 [-25.2 [-23.0
Gull I 670 |106] 29 |15.8 |¢.3 {27 -1.0 | -2.0 | -4.9 ; 4
Lark Tpoily 2510 ¢l 197 el |18 -2.5 | -3.0 { 4.7
Petrel I 248 | 331 2 |12.5 .8 | 8 1.2 | -1.6 {=1%.%
Eagle 240 | 44| 7 18.3 2.9 |16 tasil CaRon [y ==
1500 ft {Lark - 12168 |616] 1 |28.4 |<.1 I<1 7 T e . p
Falcon 261 | 85| 13 |24.3 | 5.0 (20 0 I
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