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FOREWORD

1., Purpose. To provide preliminary results of Project CLOUD TRAIL for Air
Vieather Service forecasting, observijg, and climatological activities.

2, Scope. This Report presents findings based on winter and spring data
collected in Project CLOUD TRAIL. The Project has provided accurate observations
of the occurrence or non-occurrence of contrails, cirrus clouds, and high~level
turbulence. The data have been used as a basis for improved methods of forecast-
ing contrails, cirrus clouds, haze, and turbulence at the heights of operation of
jet aircraft as well as for constructing contrail probability curves which do not
require the specification of relative humidity. Section IV of this Report presents
a test (based on CLOUD TRAIL data) of the accuracy of the method in AWS TR 105-110,
June 1953, for estimating the height of cirrostratus slouds. Individual final re-
ports and/or manuals are plammed on the phases covered in the various sections of
this Report.

3. Additional Copies. This Technical Report is stocked at Headquarters MATS,
AG/Publications. Additional coples may be requisitioned from Headquarters iir
Weather Service, ATTN: AWSAD, in accordance with AWS Regulation 5-3.
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Colonel, USAF
o
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Chief of Staff
Lt. Colonel, USAF
Adjutant
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I, INTRODUCTION

Project CLOUD TRAIL was established within the Air Defense Command in con-
Junction with Air 'eather Service to collect high-level weather information from
Jet aireraft. The aircraft were to accumulate sufficient datg to serve as a basis
for improved methods of foracasting contrails, cirrus clouds, haze, and turbulence
al the heights of jet aircraft operation. To obtain these data, the observational
phase of the Project ran from 1 December 1954 to 15 December 1655, During this
period 36 fighter-interceptor umuadrons based in the United States collected data
over 23 upper-air soundirg stations. The procedure employred was as follows:

a., Bach day fvom approximately one hour before to two hours after 1530Z,
two aireraft were vectored to a point 25,000 feet above an upper~air sounding
station., The aircraft then climbed to the maximum altitude obtainable, maintain-
ing position within 30 miles of the station.

b. The wingnan observed whether or not the lead aircraft produced exhaust
trails and whether they were continuous or intermittent, pronounced or faint, in-
cluding bases and tops of layers in which the trails formed.

¢, The aircraft attempted to penetrate all cirrus and haze layers, avoiding
holes in the cloud layers. The leadman estimated the coverage of each such layer
in tenths as well as the measured heights of cirrus and haze bases and tops actual~
1y penetrated., During the climb he also reported whether or not turbulence was en-
countered and its intensity, giving the bases and tops of each layer.

Preliminary Project results based on winter and spring data are preseprted in
Sections II through V. Final results will appear in individual reports and/or
manuals on the various topics concerned.

II. CONTRAIL-PROBABILITY FORECAST CURVES

Air Yeather Service 'fanual 105-100 presents theoretically-derived curves which
indicate the pressuvre~temperature-relative humidity relationship necessary for con-
trail formation by the exhaust from jet aircraft (see Figure 1). This graph is
composed of three main regions — Yes, Possible, and No, In the Yes region, trails
theoretically will form even in completely dry air; in the Possible regions, trails
will form provided the relative humidity is above the critical value shown on the
graph; in the ¢ region, trails should not form cven in an initially satuvrated en-
vironment. Empirical evaluations (AWS TR 105-103, 105-112, ard 105-126) have veri~
fied the accuracy of ihe Yes and No regions. Lack of relative humid:ty data has
made impossible such an evaluation of the Possible region.

In the Yes and Mo regions, which would comprise the greatest part of most
soundings, the pressure and temperature alene are sufficient to determine whether
or not trails will form. A significant portion of almost every sounding, however,
lies in tl:.2 Possible region. Here, relative huridity values must be uged in order
to issue a forecast. Unfortunately, relative humicity is not measured at the low
temperatures where trails form; hence, it = .3t be estimated. Since little is known
concernirg upper-air humidities, such estimates cannot be considered even as in-
formed guesses, To bypass this obstacle, it was decided to obtain sufficient data
to make an empirical study of contrail frequency as a function of pressure and *em-
perature alone. In this way the associated mean relative humidity at each pressure
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temperature valve is absorbed into the frequency curves. This method doss not
allow a Yes-l'o forzscast of points falling in the Possible region as would be the
case if humidity data were available. It does, however, permit a statement as to

the relative frequency (i.e., empirical prcbability) of contrail formation for any
given value of pressure and temperaturs.

}
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Fig, 1. Graph of the Required Relative Humidity
for Contrail Formation as a Functior of
the Pressure and Temperature of the
Inviroument.
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A. Procedure

Project CLCOUD TRAIL data are being used for constructing the contrajl fre-
quency curves. As the data cards are received by AWS Scientific Services, the
associated soundings are plotted from data contained in the Daily Upver Air
Bulletins., The contrail, cirrus, and clear air turbulence levels are entered on
each sounding. This part of the project has been completed for the winter and
spring seasons.

For six selected pressure levels — 350, 300, 250, 200, 175, and 150 mb ~ the
occurrence and non-occurrence of contrails and the associated temperatures were
picked off. A tabulation was made of the mmber of contrail, no contrail, and total
cases at each degree of temperaturs at each pressure level. These data were
smoothed using three-degree running totals and the percentage frequency of trails
determined for each degree of temperature. A plot of contrail frequency against
temperature was made for each pressure level and smooth curves draim. (See solid
curves, Figures 2 and 3; dashed curves =are discussed in c laber paragraph.) The
temperature values for several selected contrail frequencies — 0, 10, 25, 50, 75,
90, and 100 — were picked off, weplotted on a préssure-temperature gravh, and
smooth curves drawn (Figures 4 and 5). For comparison the four theoretically-
derived contrail curves from AWSM 105-100 are entered in Figures 2 to 5 as dashed
lines.,

B. Analysis

Before discussing the individual empirical probability curves shown in Figures
2 and 3, it is useful to consider some of the physical relationships involved. A
study of Figure 1 shows that near the Of relative~humidity curve a small change in
temperature is equivalent to a large change in relative humidity. The opposits is
true near the 100% curve. Assuming an equal chance for all relative humidity values
at every pressure-temperature point, resulting contrail frequency curves would start
out flat, then become progressively steeper toward the upper end (Figure 6). If the
relative hunidity values were evenly distributed, but had a minimum or maximum cut-
off above 0 or below 100% respectively, the flattening effect would be reduced
(Figure 7). Other irregularities in the atmospheric humidity distribution would
influence the probability curves in yet other ways. A normal distribution of rela-
tive humidity about a mean of 50¢ with a standard deviation of 209 results in ex~
treme flattening of the lower ends of the curves (Figure 8). Vith *his distribution,
68% of the cases wquld fall between 30 and 70% relative humidity; 95% of the cases
would fall between 1C and 90% relative humidity.

The empirical probability gurves of Figures 2 and 3 show the expected flatten-
ing at the lower end. However, the progressive steepening ¢f ths remainder of the
curves continues only to probability values of 70 or &0%; thereafter, the curves
inflect somevnat to the left, It is difficult to explain this flatiening ¢i the
upper part of the cuvrves on the basis of any reasonable distribution of relative
hunidity in the atmosphere. It is probably due, at least in part, to temperature
errors, 3Such errors might arise in the radiosonde instrument itse’f, in the print~
ing of the Daily Upper Air Bulletins,” or in an~lysis. Time and/or snace differ-
ences between the ballonn and pilot rencrts alsc might lead to significant errors

¥ qhe curves in Figure 3 are based on checked temperature data, which

eliminates observer and tranasmission errors, Ho significant decrease
in flattening resulted.
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(RELATIVE HUMIDITY)

*
°
o
150 AN T T
\
2 200 |- -
P~
£ AN
o 100 % 9o 550‘ ‘ a\
w 2%0 + % .
&
300 |- .
\ \1
330
-85 ~453 ~40 -3%5

TEMPERATURE (°c)

Fig. 4. Contrail Probability as a Function of Temperature and
Pressure - U. 5., Winter. ©Solid lines represent ob-~
served values of contrail probability. Dashed lines
represent minimum values of relative humidity for con-
trail formation at indicated temperature and pressure.

under certain situations. Temperature errors tend to be self-compsnsating in the
Possible region of the graph, with just as meny cases reported too cold as too
warm., In the Yes and Ko regions, however, temperature errors can act in but one
direction. Erroneous reports would fall in these regions which properly belong
inside the Possible region. This would result in a flattening of both the lower
and upper ends of the probability curve. However, as was pointed out earlier, the
low probability (high relative-humidity) end of the graprh is not very sensitive to
small temperature differences; whereas, the high probability (low humidity) end is
extremely sensitive to temperature. Hence, the effect of temperature errors would
be reflected much more strongly in the upper ends of the curves than 3. the middle
or lower portions.

Any pilet~reporting errors would also mainly affect the upper end of the
probability curves, It is much more likely that a pilot or observer might miss
a trail that actually exists than report dne where none has formed.
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Fig. 5. Contrail Probabilitv as a Function of Temperature and
Pressure - U. S., Spring. Solid lines represert ob-
served values of contrail probability, Dashed lines
represent minimun values of relative humidity for con-
trail formation at indicated temperature and pressure.

A firal weakness in the curves is a scarcity of data at certain temperatures.
It is particularly harmful when data is scarce near the O and 100% ends of the
probability curves. The lack of data at certain temperatures is not due to an in-
adequate collection program, but to the normal temperature range which exists in
the atmosphere for a piven altitude and season., The mmber of observations avail-
able at each pressure~temperature point is shown in Tables I ard II. Assuming that
a satisfactory sauple consists of 20 or move cases, all curves except those for the
300-mb level show some unreliability at one end or the other, The two hiphest lay-
ers are based on rather small semples of data throughout. 7This does not mean that
the curves 23 a vhole are unrepresentative of actual conditions. Tt dces mean that

the regions of sparse data are more subject to disto.tion by any errors that might
be present,

Before isswing the final report, the probability curves for all four seasons

will be compared with one another to dsteimine the reliability of apparent pecu-
liarities in individual graphs.
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TABLE I

Pumber of Individuel Aircraft Observations
at Fach Pressure-Temperature Value
-Winter-

t
Temperature , Pressure (mb)
° " 350 1300 250 T 200 75 T 150
1
A =35 ! L6 ! 2 t 1 ! 1
236 ' 22 1t o ! 1 1 1
=37 1 18 o ! ! 1
-38 ! 46 ! 1 ¢t 1 1 1
-39 1 38 9 1 3 1 t
~40 ! [Q 1 5 ' 3 ! 3 t 1 !
41 1 31 ! g 1t 3 1 0 0 !
12 1 39 1 18 1 1 0t 0o 1t
43 1 3] ! 18 ¢ 2 o o
Iy 1 L2 ot 29 1 3 1 2 o !
~45 1 2 1 35 ot (3L 5 1 1 0t
L6 ! 23 1 L ! 9 1t 5 11 1
=47 ! n 57 ! 0 g 4 ! 2
~48 ! 1 ¢ 50 ¢ ZARE n 2 0
2 N L B S B VAR o 6 1
-0 ‘T 7 43 1 29 ¢ 10 ot 6 g
-51 t 2 L 1 27 1 U 7o 5
~52 1 3 '__3%"'1 32 1 g ¢ 6 t 7
-53 t 0o ! 17 ¢ 21 ¢ 17 ¢ 6 ! 5
~5h 1 3 ' 16 ' 78 ! 11 ¢! 9 1 i
-55 ! ! 8 ! 39 ¢ 21 1 16 1 6
-56. ! ! 7 51 1 25 1 3 ! I
-57 1 o1 v 37 1 16 v 13 ¢ 9
-58 ! 1 1t 34 1 20 ¢ 13 7
~59 ' 1 2 ! 29 ! 16 t 12 ' ]
-60 ' ! ' 10 ! 21 13 ¢ 11
~-61 ! ! 1 10 ! 15 1 g 8
62 ' 1 1 6 1 17 ' 8 ' i
-63 ' ' ' 1+ 18 + 11 3
64 1 1 1 2 1 U ! L 1 L
£ ~65 ' 1 ' ' 32 ¢ 21 ! 7
t 1 ! 1 1 1
1 ' ! 1 1 1

NOTE: The temperature range inclosed between the two horizontal lines at
each pressure level is the range where, thecretically, contrail
formation is determined by atmospheric relative humidity.
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TABLE II
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Fumber of Individual Aircraft Cbservations

at Bach Pressure-Temperature Value

-Spring-
1
Temperature Pressure (mb)
°c t_ 350 1300 ' 250 1200 ' 175 1 _ 150
1 ! 1 1 1 1
A ~35 U T I ! ' ! '
36 ' 45t 7 o ' 1 1
-37 t 38 2 1t 1 1 t
-38 1 83 1t 9 1 t t '
-39 t 5 ¢ 1 1 1
~LO ' 36 ! 28 ! ! 1l !
=41 t LI ! 35 1 t t 1
=42 1 26 ! L1 1 ! 1 ! 1
-43 t 7 33 L 1 1
AN t 12 ! 39 t L 1 2 1 t
~-45 1 17 58 1 3 L ! 3 1
-46 v 9 v 59+ g o7 1t
47 1 5 1 62 12 ! 3 ! 1
-48 ! 6 1 L5 t 23 { 2 1 8 t
~L9 ! 5 ! 28 t 18 ! 5 1 L 1
=50 ' 1 39 ! 36 ! i3 1 g 8
- -1t 1 28 v 39 + 16 ' 5 1 1
- -52 1 1 10 ! 61 ! 9 ¢ 6 1 1
~53 1 ' g 2 1 12 ¢ 7 3
~54 ! ! 5 t 70 ¢ 26 1 15 ! 1
=55 oL v o 23 v 16 o1
~56 ' ' 3+ 5 v 18 '__18 + 15
~57 ' ' 1 0+ 2 ' 26 v 26 13
-58 o2 v 27 v 30t 22 1T 13
-59 ! 1 1 ' 17 ! 39 1 36 1 18
-0 ; o7 v 38 v 3% 0 2%
-f1 t 1 ' Lo oot 1 ! 19
~62 t 1 1 | 38 ' kYA [} 6
63 1 1 1 t 32 ! 9 1 6
-64 t ' 1 t 23 1 17 i L
5& -65 s i t 1 26 1 36 1 8
1 ' ! ! 1 1
1 1 1 1 1 t
KOTE: The temperature range inclosed between the two horizontal lines at

each pressure level is the range where, thecretically, contrail
formation is determined by atmospheric relative humidity.
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Fig. 6. Theoretitcal Contrail-Probability Curves., These curves
are based on pressure-temperature relative humidity
relationship shown in Figvre 1, and assuming an equal
cheice of all relative humidity values for O to 100%
for each pressure-temperature point.

, Discussion of Winter and Spring Curves

In both winter and spring, the contrail-probability curves slope upwa=d to the
left, For any fixed value of temperature, therefore contrail probability de-
creases with height. The usual lapse rate is much stee;er than the vrobability
curves in the troposphere, however, and less stc.p in the stratosphere. Consequent~
1y. on the average, contrail probability increases with height uwp to the tropopause,

then decreases, A detailed study of this relationship will appear in the final
study.
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Fiz. 7. Theoretical Gontrail-Probability Curves for 250 mb., These
: curves are based on the assunption of an equal chance for
all relative hunidity values from ml'ir £ B £ Rnl'ax’

As mentioned earlier, there is some question »egarding the validity of the
flattening of the pper part of the individual contrail-probability curves
Figures 2 and 3), Donseguently, the lower part of each curve was extrapolated

values can tentatively be considered as giving the true pressure-temverature re-
lationship Tor 100 contrail occurrence. (Cf course s all extrapolaved values are
to some extent subjective,) For purposes of forezasting, however, it is not de-
3 sirable to eliminate errors with which tho forecaster rust contend under actual

problem also will be discussed in more detail in the final renort,

11

smoothly upward without inflection (dashed cusrves), The resulting 1003 probability

operating conditions. For the present, therefore, it is recommended that the solid
curves shown in Figures  and 5 serve as the basis for probability forecasts, This
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Theoretical Contrail~Probability Zurves. These cvrves are
based on pregsure-tenpersture relative bumidity relationship
shovn ir Figure 1, and assuiing a normel distribution of
relative hunidity about a mean of 508 with & o of 20%.

]

Apart from their primary use, the contrail-probability curves are of interest
for the information they previde regarding the relabive humidity at high altitudes.
If the relative humidity were the same at all altitudes, the contrail prohability
curves would parallel the relative humidity curves., However, in Figure 4 it is
secr, that the probability curves cross the relative hmidity curves toward higher
valves up to some altitude, then cross back toward lower values. This inaicates

12
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that on the average the relative humidity increases with height up to the critical
altitude, then decreases. The critical altitude for the winter season was between
200 and 220 mb. The contrail-probability relative-humidity relationship for the
spring season was similar to that for the winter season except that the critical
altitude was between 150 and 175 mb. The level of maximm mean relative humidity
is probably related to, although somewhat higher than, the mean height of the
tropopanse, which fell at 247 mb in winter and 227 mb in spring. Since it avpears
that relative humidity continues to increase for some distance above the tromovause,
the fall-off in contrail probability above the tropopause would be less sharp than
expected from the temperature inversion alone.

ITI. CLIATOLOGY OF CIRRUS

Viith the advent of high~altitude aireraft, the importance of eirrus to mili-
tary operations has increased, Favigation, refueling, bembing, and reconnaissance
are among the overations which can be hampered by widespread decks of cirrostratus.
Despite its importance, however, little actual knowledge has been available regard-
ing the altitudes and temperatures at which cirrus occurs. It has long been known
that visual estimates of cirrus heights are generally exceedingly inaccurate (see
A4S TR 105-110). In order to increase our knowledge, it was necessary to gather a
large collection of data taken from actual cirrus penetrations. This necessitated
the use of high-flying jet aircraft.

One set of observations made by Project CLOUD TRAIL aircraft dealt with the
bases and tops of cirrus layers as measured by actual cirrus penetrations. Since

’r the aircraft ascents were made over radiosonde stations, accurate temperature
measurements were available for all reported heights. Unfortunately, the radio-

sonde is unable to measure relative humidity at the low temporatures where cirrus
occurs,

The statistical summary of the cirrus data, as obtained from the associated
aireraft and radiosonde measuremsnhvs, is ghown in Tables 1II, IV, and V. The data
were treated separately by season, latitude; and cirrus coverage. At present,
studies have been completed for only the winter and spring seasons. Latitude ef-
fect was studied by dividing the stations into a northern (N) and southern (8)
group, then combining them %US). The dividing line used was 39°N. Cirrus coverage
also was broken down into two groups, scattered (1/10 - 5/10) and brol-en (6/10 -
10/10). The Table ¥ includes mean values of the height and temperature of the
cirrus bases, and thiclness of the cirrus layers. In Tables IIIand IVthe mmber of
cases i3 given first, followed by the cumulative percentage in parentheses.

In general, it is seen that the cirrus occurred at temperzturzs near ~47°C
and at a height near 30,000 feet. Broken layers occurred at somewhat lower alti-
tudas and higher temperatures, and were significantly thicker than scattered layers,
Cirrus in the south occurred at slipghtly higher altitudes and temperatures, and was
somewhat thicker than in the north. Surprisingly, thire was little seasonal change
in cirrus height; however, the cirrus occurred at somewhat higher temneratures and
the layevs were significantly thicker in spring than in wvinter.
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TABLE III

Februvary 1956

Distribution »f Cbserved Values of C3rrus Height,
Thickness, and Temperature — Winter

Fo. of Cases

1/10 - 5/10 Coverage

¥o. of Tasges

6/10 ~ 10/10 Coverage

1 1
I'eight ' 1 _n [ [ . [ - 1
(1600is ££) ' us , S-Us , Us | D gs , S )Us , U;)
N N - N B N N
25-28 '18§29) ' 7§2§) ' 25(§7; ' 28253) ro9(35) v 37(47)
29-32 1 25(68) ' 9(53) ' 34(63) * 20(91) ' 12(81) ' 32(87)
33-36 123(89; t 7(77) v 20(85) * 2(9s) ' 5(200) ' 7(96)
37-40 vo6(98) v 5(93) o+ 11(97) * 3(100) * O 1 3(100)
> 10 1 1(100) ' 2(200) * 3(100)* O ' 0 't e
Thickness ! )
(200ts ft) !
£ 5 113(22) ' 5(19) v 18(21 ' (k) ' 0(0) 1 7(10)
6-15 1 20(56) t 9(52) t+ 29(55) t 12(38) ' 2(9) v 14(29)
16-25 1 23(78) v 6(7n) v 19(77) + 6(50) + 6(36) 1 12(46)
26=35 v 5(86) t 5(93) ' 10(s8) ' 8(66) ' 4(55) 1+ 12(63)
36-45 ' L(9B) v O(93) t k(9B v 3(72) ' 3(88) t  6(TL)
46-55 vto1(95) v 1(96) v+ 2(95) + 6(8u) ' 2(77) v 8(82)
55-65 to2(98) '+ 0(96) ' 2(98) ' o(8h) ' 1(82) + 1(83)
65-75 t 0(98) t 0(96) t+ 0(98) ' a(92) ' 3(95) t+  7(93)
> 75 : 1(100) : 1(100) : 2(100) ' 4(100) * 2(200) ' 5(100
Temperature !
(°c) f
! 1 1 ] ] 1
-31/35 vo2a(h) v et 3 v 20k v 1(5) 1 3(5)
-36/1,0 v 2(7) v 4(20) v 6(11) ' 8(22) ' 3(19) 1131(21)
~L1/45 ' AR(33) ' 2(28) ot 16(32) ' 20(ak) v 8(57) v 18(48)
-46/50 110(52) ot 7(s6) ¢ 17(53) v 12(71) v s5(8L) v 17(74)
-51/55 ' 15(80) ' 3¢68) ' 218(76) * 7(87) ' 3(95) ' 10(89)
-56/60 vo(93) v o4{8s) v 11(90) v 4(96) ' 1(100) 't 5(97)
-61/65 1 3(98) ot 3(96) ' 6(97) ' 1(98) ' o ' 1(99)
L 66 t 1(100) ! 1(100) 2(100) 1(100) * © ! 1(100)
] 1 1] ] 1 1

e e yur =
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TABLE IV

Distribution of Chserved Values of Cirrus i'eicht,
Thickness, and Temperature — Spring

No. of Cases
1/10 - 5/10 Coverage

No. of Cases
6/10 -~ 10/10 Coverage

1 1] ] t 1) 1]
(mggfg“gt) , N-US , S-US , US ,N-US , S-US . usT
1 1 4 1 3 ! (% ! (¢ (%
25-28 ! 32&§;) ! 7%2%) ! 39&3%) ! 25(h0§ 120(h5) ' 35(42)
29-32 vo38(72) v 15(69) ot 53(7L) r 16(66) v 6(73° v 22(é8)
33-36 t20(93) v+ 7(91) v 27(92) ' 16(92) ' n(91) ' 20(92)
37-40 voo2(95) v 2(97) v L(96) * 5(100) t+  2(200) ' 7(100)
> 140 1 5(100) '+ 1(100) * 6(200) * © t 0 10
Thickness !
(100ts £t)
£ 5 vo13() v 6(19) v 19(i5) ' 2(3) 1oc{o) v 2(2)
0-15 vo26(K2) v 7(B1) v 33(41) v 7(15) v 3(w) v 10(15)
16-25 tOIA(56) v 6(59) v 20(57) ' 10(32) ' 4(33) ' 14(32)
26-35 voaa(7) v a(72) v 18(71) ot 13(s0) * 3(48) v 1u(49)
36-45 vo3(75) v A(75) v L(75) v 5(58) v 2(57) v 7(58)
L6-55 v 10(83) v o u(88) v u(86) ' 5(67) v+ 3(71) + 8(é8)
56-65 voon(39) v o(88) v 4(89) v 6(77) v 1(76) (7D
66-75 toA(ve) v oo(e8) o+ 1(90) v 3(82) v o(76) ' 3(80)
>175 1 9(200) * 4(200) * 23(100) ' 11(200) ' 5(100) * 26(100)
Temperature !
(°c) !
1 1 1 1 ] 1
-35 ro5(6) v 2(8) voo(6) v 12(=0) v 4(19) v 15(19)
-36/40 1o16(25) v 3(21) v 19(23) * 7(32) ' 7(52) ' 14(38)
~41/45 to1L(40) v 6(46) v 20(k1) v 10(50) v+ 3(67) ' 13(55)
~16/50 vo25(69) v 6(71) v 31(69) ' 12(71) +  3(81) v 15(74)
~51/55 1oL4(85) v 4(88) v 18(86) ' 9(88) t+ 2(91) ' 11(88)
-56/60 113(98) v 1(92) v 12(96) ' 6(98) v 1(95) ' 7(97)
61,65 + 2(200) ' 2(200) ' £S200) ' 1(200) * 2(100) *  2(100)
£ 66 10 ) 10 10 10 10
1] 1 1 ] 1 1
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TABLE V

February 1956

Scasonal lfean Values of Cirrus Height, Thickness, and Temperature

Winter
1/1C - 5/10 Coverage 6/10 - 10/10 Coverage

! 1] 1 1

N-Us ts-Us Us K-S ' §-USs ! Us
300 39 ! 300 1 39
1 t 1 H
1 ] 1 !

Peipht (£t) 31,080 ' 32,810 ' 31,640 | 28,920 ¢ 30,470 ' 29,430
1 1 1 1

Thickness (ft) | 1,850 ! 1,930 ' 1,170 3,120 ' 3,%0 ' 3,390
] t 1 1

Tempsrature (°C) -9 ' =50 ~50 “47 45 v =46
1 1 1 3

Spring

! 1 1 1

fleight (ft) 30,630 ' 31,380 ' 30,820 30,300 ' 29,640 ' 3G,120
1 t ] 1

Thickness (ft) 3,000 ' 3,390 ' 3,100 Ly470 v 4,750 v 4,550
1 1 1 1

Temperature (°C) 47 v =6 -7 ~h5 -3 v S
1 1 1 1

1€
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IV, HEIGHT ESTIMATES OF GIRROSTRATUS CLOUDS

In 1953 AYS TR 105-110, "Lemorandum on Eslimating the Height of Cirrustratus
Clouds," was disseminated to all “*~+achments. The estimated height is detemmined
by the intersection of the 907 contrail-iu.-casting curve with the sounding.
Cloud-height measurements were made by RB-47 «~d RB-36 aircraft on rouvtine flights.
The average absolute error, based on JO2 cases, ."as 3500 feet. The test was 1lim-
ited to cloud decks abeve 25,000 feet.

Because ol the relatively small amount of data, and the fact that the air-
craft were generally flying at only a small range of elevations, it was decided to
make a more thorough evaluation of the method., Project CLOUD TRAIL was the first
project to provide sufficient, accurate data to allow such a study to be made.
Although tests to date have not been carried sufficiently far to be conclusive, it
appears as if the method gives a mean absolute error of about 3000 feet when ap-
plied tc genuine cirrys layers. However, it has been found that in the warm sea-
sons not all clcud layers above 25,000 feet.are necessarily cirrus; frequently,
the temperature is sufficiently high to indicate the probability that the cloud
layer is altostratus. The final evaluation of accuracy will, therefors, apply only
to cloud laysrs based at temperatures below an as yet undetermined critical value,
near ~35 or -40°C,

V. HIGH-LEVEL TURBULENCE OVER THE U.S.

The effects of turbulent air flow of such dimensions as to alter the smooth
flight of aircraft have long been experienced in the lower levels of the atmosphere.
Such turbulent flow contains elements of upward motion and an experienced pilot
lnows the warning signals for such conditions. He reacts to these warning signals
formed by the vertical motion, such as cumulus, towering cumulus, thunderstorm and
mnountain wave clouds, by cutting his flying speed down in an effort to reduce the
shock of the turbulence to his aircraft. This warning system is fairly successful

in the lower levels since there is generally enough moisture present to allow the
clouds to form most of the time.

With the coming of jet aircraft it was expected that we would now be able to
fly over most of the "weather", Unfortunately, in tho case of turbulence, at lecast,
this did not prove to be correct. Turbwlent air flow affecting aireraft, although
probably caused by quite different factors than in the lower levels, is fairly com-
mon above 25,000 feet., At these upper levels, however, there is usually not enough
moisture in the air for the relatively small vertical motions to form clouds;
therefore, at the optimum altitudes for jet aircraft operations, the turbulence
generally occurs without the benefit of the cumuliform cloud warning system. Thus,
the jet pilot has little or no chance to slow down his airecraft and reduce the shock
of the turbulence. Since the grsater speed of the jet aircraft intensifies the
shock of a given strength of turbulence over %hc effect of the same turbulence on a
siower type aircraft, it is unfortunate that the high level turbulence has this in~
sidious aspect of occurring just "out of the blue" without warning. Albthough this

‘lear-air turbulence does occur below 25,000 feet,.ercentage-wise it is much more
prevalent in the upper levels.

The turbulence associated with mountain-wave conditions can and cnes extend
to very high levels. Even the high-level turbulence caused by this wery signif’cant
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phenomenon is sometimes quite sevsce and warrants serious consideration. In order
to avoid confusion with that hish-level turbulence which occurs over flat country
and ocean areas, the generally more dangerous phenomenon of mountain wave condi-
tions will be considered separately and forecast according to rules set down by
Jenkins /1 7, /27, Golson /3 /, and others., ( See Figure 9.) Therefore, in
the remainder of this report the emphasis will be on high-level turbulence not in-
duced by orographic barriers.
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A. Nature of High-l.evel Turbulence

The victure of the rature ard physical make up of hipgh-level turbulerce is far
from crystal clear. This is understardable sirce it is vrdouvbtedly vossible to
have more than one combination of factors capable of causing such turbulence; hence,
its physical dimensions must include the whole possible spectrum, both with regard
to time and space. However, we can draw some general conclusions from past re-
search programs about the nature, shape, and size of these high-level turbulent
areas and their 3-dimensional distribution. Generally, this rough turhulent air
flow causes the aircraft to react in a manner similar to a fast speed-boat as at
pounds over rough and choppy water or to a car being driven over an irreguvlarly
cobble-stoned =~ Zace. The areas of turbulence are generally shallow (1000-200C
feet thick), narrow in width (10-30 miles), and elongated (probably oriented in %ue
directior of the wind), frequently being scveral times longer than ther are wide.
In horj .ontal distribution, the turbulent areas occur as scattered patches and are
inter- persed with smooth areas such that the ratio of turbulence to non-turbuience
varies from 1 to 1 to about 1 to 8 or 10. In the vertical, the turbulence often
occurs in multiple layers, frequently being found above, teclow and mainly on the
c*cl;n%z—sige of strong maximum-wind-speed centers that move along the jet streams

L/, [ 57/

Although the lack of adequate upver air data, narticularly duvring strong wind
conditions, has been a serious handicap to studies cttempting to relate this terou-
lence to stability and flow criteria; the need for learning more about this phenom-
enon is urgent. Therefore, high-level turbulence as an element to be remorted was
added to Project CLCVD TRAIL which was being developed to obtain pilot revworts of
the observed heights of contrails and cirrus clouds. Pilots of the Alr Defense
Comnand '8 interceptors from many bases in the Iinited States narticipated in this
program by making a climb to altitude over the rawinsonde station closest to their
base at 15002 and observing these vhenomena, (See Introduction, p.l.) Thus, with
some 23 upver-air sounding stations in the United 3tates covered nearly every day
and with the flights coordinated with the 1500Z soundings, some very valuable data
on turbulence were collected,

8, Summarvy of Ohservational Data

The data collection phase of Project CICUD TRAIL was started by the Alr Defense
Command shortly after 1 December 1954. Some of the turbulence statistics for the
first four months of the program are given in Table VI,

TABLE VI
CLCUD TRAIL Reports of Turbulence by ADG Jet Aircraft
' ldsgions ' % of liissions ' Most Intense ' Jayers of
Missions ' 3Renorting ' Zeporting Tur~ ! Turbulence !  Turbulence
Jompleted : Turbulence : bulence ! Beported !
' . : Lt led Sev : Singl~'iultiple
L) L | ¥ . L ) T
Dec ' 292 ! 131 ! L5% v8 39 5 v 84 ' 47
Jan ' 325 L 113 ' 35% 158 45 10 v 73 1 4e
Feb 274 ' 80 ' 299 v50 2 2 ' 6L, v 16
Mar ' 309 ! 73 ! 247 '3 30 5 ' 55 ! .
Total 1200 ! 397 v (Avg)33% 1233 1,2 22 ' 276 1 121
(192 128 2%)
19
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T

From these data we see that, on the averape, for ihe stations sampled which
were fairly representatiwve of the whole United States, turbulence was encountered
above 25,000 feet on about: 1/3 of the 1200 missions {lown fran December 1954
through March 1955. However, for individual stations this figure varied tremen-
dously both with time at individual stations and with space between stations of
different geographical location. Of the missicns thiat reported high-level turbu-
lence, 302 encountered more than one layer of turbulencc, with three layers not be-
ing unusual. Generally, the more intense uses of turbulence were associated with
those missions reporting multiple layers of turbulence. However, there were-many
more observations of light tv+bulence, which also sometimes occurred in several
layers, than there we- . or the more intense turbulence. 1In the data given above,
only one report o” turbulence was counted for each mission, and that vas the moust
intense turbule'.ce encountered regardless of the number of layers reported.

C. Limitations

It should be noted that these data have certain definite limitations which
were unavoidable in this program. .In the first place, the pilots evaluation of
the turbulence was strictly subjective., Secondly, since a turbulent area is made
up of patches of turbulence interspersed with generally larger areas of non-
turbulence, it would be perfectly possible for an aircraft to climb right through
a turbulent layer and not observe any effects of the rough air. This appears to
have been the case in some situat in _this study where an aircraft would climb
throupgh a region repo 2 be very rough by ather aircraft in the general area;
yet, the pilot of the original plane would observe no turbulence, This condition
implies that we must think of turbulence encounters on a probability basis. Fin-~
ally, since making these flights for Project CLOUD TRAIL is not the primary mis- Py
sion of the Air Defense Command, there were times when the weather situvation was
so poor that it did not warrant making the flight. There are certain well estab-
lished indications that these bad weather situations may also be the times and
areas when the more intense turbulence would have probably been encountered had
the mission been flown. Thus, there may well be a built-in bias in the data col-
lection phase which would reduce the mumber of observations of the more intense
turbulence, In addition, the reported altitudes of the ohserved turbulence are
subject to the usual errors of aircraft altimeters. Therefore, these data because
of the stated limitations and bias do not lend themselves to a pure statistical
analysis, and the conclusions drawn from the figures above must be viewed in this
light,

-~ »”

D. Meteorological Aspects and Indications

In the interest of trying to associate the observed arzas of turbulance with
some measurable meteorological parameters, the reports of each mission flown were
studied together with the corresponding distribution of wind and temperature both
in the vertical and on the standard constant-pressure surfaces, The findings of
this proliminary study are not concrete, but there were certain trends of indica-~
tions that should be noied.

First, the occurrence of light turbulence, although much more prevalent than
the more intense type, was not as clearly associated with specific synoptic situa~
tions ¢4 was the latter., The impression is given that the mildly turbvlent air
flow not only can be associated with a number of things but that it apparently can
be propagated in space from the scene of its origin. It mey frequently be the re-
sult of reflection on such interfaces as the tropopause, and it is found to he
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present well after what appears to be the stimulating force is gons. Of course,
this condition may well be the final stages of more intense turbulence vhich is
being dissipated. In view of these facts, it seems desirable to refer to the some-

what clearer association between metcorological parameters and the more intense
cases of turbulence.

In the reported cases of moderate or severe turbulence, most of the time the
synoptic situation was one with a strong jet stream (indicated by the 300~ or
200-mb chart) either over or somewhat to the south of the station. In addition to
this primary requirement. - _uter of high-speed winds that move along the jet
stream was in the pe.cral vicinity of the station. These situations are most often
associated with v.ry bad surface weather north of the axis of the jet and under the
leading half of che maximum wind-speed center. There are no quantitative rules to
determine thi turbulence condition but only the indication that the region was
under the iriluence of the jet stream and the maximum wind-speed center. There
appears to be a preference for this region to be below and on the north or cyclonic
side of the jet maximum, but there are indications that this is not always the case,
Once the constant-pressure charts have given a general picture of the preferred
synoptic situation, much detail can be gained from the upper air soundings of the
ststion itself. 4s a maximum wind-speed center moves in, the increase in winds
aloft can be noted on subsequent soundings, and the pronounced shear zones which
appear to be associated with these cases of intense turbulence are easily detected.
In addition, the temperature sounding is very helpful, particularly in the absence
of upper-wind data, since the turbulence frequently occurs either in or just below
the tropopause inversion or other distinet variations in the lapse rate.

A minority of cases of more intense turbulence did not occur under the stated
synoptic situation. In this group were included situations involving the passage
of sharp trough lines (with frontal zones probably being involved) and deep cold
Jows with the possibility of smaller scale high-velocity winds and wind changes
associated vith the turbulence. There were also a few situaticns at certain loca-
tions which probably represented mountain waves but these were not prevalent since
the stations included in Project CLOUD TRAIL were selected to keep this effect at
a mininum,

As a check on these indications of which synoptic situations are associated
with pronounced turbulence, the reports of missions flown through regions which
were not under the obvious influence of the specific regimes mentioned were studied
and found to have very few reports of turbulence. There were some exceptions, but
most of the relationships were good.

Thus, it appears that one fairly reliable way of removing the unexpected as-
pect of a pilot running into pronounced clear air turbulence at high levels would
be to forecast its probable presence whenever a jet stream with a madimum wind
spsed center, a sharp trough line, or a deep cold low is moving into the area.
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