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ABSTRACT

Analysis of data obtained during the High Altitude Clear Air Turbulence
Program in the altitude range 45,000 to 70,000 ft. indicated that probability
densities and exceedances of root-mean-square (RMS) gust velocities varied
significantly with the character of underlying topography and to a lesser
degree with altitude. The relative frequency of occurrence of large RMS
values increased with terraii. roughness. The components of the RMS gust
velocities were linearly related,with the lateral and longitudinal component
values being larger than the vertical.

Iengths of the turbulent regions ranged from less than one mile to 130 miles,
with the frequency of occurrence decreasing rapidly with increasing length.
Because the long regions were small in number, relatively few power spectral
density curves were derived over the frequency range necessary in computing
scale lengths. Large scale lengths (generally 8,000 to 16,000 ft) and
relatively steep slopes (-1.5 to -1.7) were suggested for mountain-related
cases and for the lateral and longitudinal components from the few spectra
available. Scale lengths were equally as large but slopes significantly
less for the flat terraln spectra and for the vertical component. No
obvious relationship existed between spectral shape and altitude or wind
direction.

The frequency of turbulence varied from 2.7% to Lt.6% for flights over flat
terrain and high mountains, respectively. Above 60,000 ft. moderate turbu-
lence was not uncommon over mountains but rarely was noted over low relief
or water.

The fairly high number of turbulence cases above thunderstorm tops was
largely influenced by location of base sities and by turbulence searching
techniques. Consequently, thunderstorm turbulence was not classified

separately.

Thuese analyses resulted in suggested changes in the standard deviations of
the root-mean-square gust veiocltles, the ratios of turbulent flight miles
to total flight miles and the form of the power spectral density curves in
current use for the design and operation of aircraft in the 145,000 to 65,000
ft altitude rangee.
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SECTION I
INTRODUCT TN

This report consists of a discussion of those characteristics of high
altitude clear air turbulence that are of direct interest to those engaged
in the design and operation of advanced aircraft. Specifically, the prob-
ability density distribution of the root-mean-square gust velocities, the
proportion of flignt miles in turbulence,and the scale of turbulence are
given as functions of altitude and underlying topography.

Factors such as the "scale length of the turbulence”, distribution of gust
velocities, turbulence above thunderstorm clouds and the relation between
clear air turbulence and the flight direction with respect to the wind and
mountain ridges are discussed in detail.

The results presented in this report were obtained through the use of
statistical and theoretical analyses of the complete set of data from the
HICAT flight program. In many instances the data published by Crooks, et
al. (1,2) vere supplemented with unpublished data.

The general organization of this report is as follows. First, the prob-
ability density distributions of the root-mean-square gust velocities
obtained from truncated power rpectral density curves vere determined for
the entire HICAT sample and for the sample divideéd into altitude and topo-
graphic categories. Next, ‘he shape, slope, and associated turbulence
*scale lengths®™ of the power spectral density curves were determined.

Once the appropriate mathematical representations of the spectra weve
obtained, the relationship was established between the total root-mean-
square gust velocities and the root-mean-square gust velocities obtained
from the truncated spectra. This led directly to the probability density
distributions of the total root-mean-square gust velocities. The staidard
deviations of thesc velocities gives the "b's" for the equations

comonly used by structural engineers.. Then the proportion of flight time
in turbulence (the "P's” of the equations used by the engineers) are given.
The remainder of the report discusses other characteristics of high alitude
turbulence.




SECTION II
PROBABILITY DENSITIES OF ROOT-MEAN-SQUARE GUST VELOCITIES

Types of Root-Mean-Square Gust Velocities

Two different values of the root-mean-square gust velocities have been found
to be usefu. for the design and operation of aircraft. One of these values
corresponds to the square root of the area under the power spectral density
curve between wavelength (frequency) limits that are within the range of the
measurements. The second value of the root-mean-square just velocity fre-
quently used is given by the square root of the area under the complete
spectrum. This is the value used in most analytical representations of the
gust velocities. Procedures for estimating the total areas 1f the areas
under the truncated curves are known are discussed in Section IV.

The HICAT Sample

In the HICAT program the turbulent regions varied in length from approximately
1 to 115 nautical miles. The distribution of the lengths of the turbulent
regions 18 discussed in detail by Ashburn et al. (3) and Ashburn (4). The
procedure that was adopted for computing the spectra required that the largest
wavelength in the spectra be represented by at least twenty samples. Thus,
the long wave limits of the computed spectra were determined by the observed
lengths of the turbulent regions. The lower wavelength limit of apprc<imately
130 ft. vas determined largely by the response of the instruments, the speed
of the aircraft and needs of the designers of aircraft. The root-mean-squere
gust velocities were computed from the spectra with the long wavelength limits
set at 1,000 ft., 2,000 ft., 4,000 ft., 10,000 ft., and 20,000 ft. for all
turbulent regions whose length was at least 20 times the long wavelength limit.

The size of the sample of root-mean-square gust velocities decreased signifi-
cantly as the upper truncation line was moved to longer wavelengths. This is
shown in Table I.

TABLE I

Mumber of RMS Gust Velocities Computed for ya.rious Truncation Limits

Upper Wavelength

Truncation Limit Number of Cases
2,000 ft. E (A = 2,000 ft) ] 197
4,000 £t. [ RMS (A = 4,000 ft) ) 116
10,000 f£t. [ RMS (A -1o,ooo £t) ] 46
20,000 ft. [ RS (\ =20,000 f£t) ] 9
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The critexria for each of the cases listed in Td(le I vere:

a) The RMS (1 = 2,000 ft) gust velocity for the vertical component was
equal to or greater then 0.5 ft/sec.

b) Relilable spectra for all three gust velocity components were avail-
able.

.

The division by season, type of underlying terrain and altitude of the 197
cases of RMS (A = 2,000 ft) is given in Table II.

TABLE IT

Diztribution of RMS () = 2,000 ft) Cases by Season, Terrain and Altitude

Winter Spring Summer Autum All Seasons
Water 2 11 18 0 31
Flatland 19 25 5 4 53
Low Mountains 17 4 0 13 34
High Mountains 37 1k 0 28 79
211 Terrain 75 54 23 45 197
45,000 to 49,900 ft 6 5 L 6 21
50,000 .0 54,900 rt 34 15 15 6 70
55,000 to 59,900 ft 16 26 3 17 62
> 60,000 ft 17 8 0 16 41

Selection of Sample

The distribution of lengths of the turbulent regions encountered in the HICAT
flight program (Ashburn, U4) was such that approximately 85% of the turbulent
regions were long eunough to permit the computation of RMS () = 2,000 ft) under

————




the criteria established by Crooks et al.,(l, 2). The corresponding percent-
ages for RM8 (1 = 10,000 ft) and RMS (X = 20,000 ft), where there had been no
malfunctions of instruments, were approximately 20% and 5%, respectively.

These data, along with the results presented in Tables I and II, indicate that
if a stalistical summary of the RMS gust velocities is to be made by categories
of underlying terrain, season or altitude, then only the RMS () = 2,000 ft)
values provide an adequate sample size. Selecting the RMS (A = 2,000 £t) values
for the analysis has some obvious disadvantages from the point of view of study-
ing important characteristics of the spectra but this choice had to be made if
the root-mean-square gust velocities were to be investigatec as functions of
altitude, season and terrain.

Relationship Between lateral, Longitudinal and Vertical RMS (\ = 2,000 ft) Gust
Velocities

Correlation coefficients, r, between the lateral-vertical, longitudinal-vertical,
and the lateral-longitudinal RMS (X = 2,000 ft) values were computed using the
following relationship:

D> Ty, T
R ot Sl Sf

ViZx?- (Zx)P1Zy2 - Ey)2

vhere the summations are taken from 1 = 1 to 1 = n and the x, and y, are the
appropriate RMS () = 2,000 ft) values. The results given in the second column
of Table III were obtained by giving equal weight to the values published by
Crooks et al (1, 2). The results given in the first colum were obtained by
weighting each value according to the length of the time in turbulence. For
example, a turbulent region that lasted for 500 seconds of flight time was
given five times the welght of a turbulent region that was traversed in 100
seconds. If the turbulence that lasted 500 seconds was stationary in char-
acter, then it could have been divided into five 100 second turbulent regions.
This is the justification for weighting the RMS () = 2,000 ft) values by the
time in turbulence. In general there was no statistically significant
difference between the results obtained by no weighting and weighting. The
relatively high correlation coefficlents given in Table IIT suggest that the
components of RMS (A = 2,000 ft) are linearly related and hence may be
represented by

RMS () = 2,000 ft)L = m RS (A = 2,00 1’1:)v + 8,
RS () = 2,000 ft), = m, RMS (\ = 2,000 ft)v +8, (1)

s (A = 2,000 £t), = gy RS () = 2,000 ft)F +.e3
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TABLE III

Correlation Coefficients Between Components of Gust Velocity

Correlation Coefficients
Weighted by Time
Ia Turbulence Fon-Weighted

Lateral-Vertical .899 .938

Water Longitudinal -Vertical .T96 .835

=2 . Lateral -Longitudinal <793 847

ﬂ Lateral -Vertical . 965 .937

§i Flatland | Longitudinal-Vertical .92 .908

S Lateral-Longitudinal .946 .39

Low Lateral-Vertical .870 845

™ Mountains | Longitudinal-Vertical .883 .890

% Lateral -Longitudinal .896 .870

= High Lateral-Vertical . 966 . 960

Mountains ( Longitudinal-Vertical .962 .962

Lateral-Longitudinal .96l . 960

Lateral-Vertical +955 .950

All Cases | Longitudinal-Vertical .953 . 950

Lateral-Longitudinal .950 .9l

45,000 to | Lateral-Vertical .938 . 950

49,900 Ft | Longitudinal-Vertical .948 .961

Lateral-Longitudinal .867 .881

ol 50,000 to | Lateral-Vertical .963 .963

'§ 54,900 Ft | Longitudinal-Vertical . 964 .963

ped Lateral -Longitudinal JOUT ST

,_1

f 55,000 to | Lateral-Vertical .967 <943

al 59,900 Ft | Longitudinal-Vertical .958 .946

pa Lateral-Longitudinal .958 . 940
[£ Y —

60,000 Ft | Lateral-Vertical .951 <951

and Above | Longitudinal-Vertical . 955 <954

Lateral -Longitudinal <971 97

w— R
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The values of m, @m,, m, B., 8, and 8, are given in Table IV. These values
may be used for two p\:ﬁose%. girst, éhey relate to the problem of estimating
the degree of isotropy of the turbulence. Secondly, if the existence of tur-
bulence 1s defined in terms of the vertical component of the RMS (\ = 2,000 ft)
then equations (1) may be used to establish the definition of turbulence in
terms of the laterel and longitudinal camponents.

The data presented in Table IV supplement the detailed discussion of the ratios
of the components of the root-mean-square gust velocities that was given by
Crooks et ail. (1) by presenting an analysis of a larger sample and by dividing
the sample into altitude and terrain categories. This new analysis indicates
that the ratio of auy two of the components of RMS (X = 2,000 ft) 18 not a
constant but varies with the magnitude of the root-mean-square gust velocities.
Further, the analysis indicates that the relationship between any two of the
components changes significantly with altitude and terrain category.

The values given in Table IV may be looked upon as useful in providing the
best estimate of the relative magnitudes of the components of RMS (A = 2,000
ft). The relationships between the components of ¢ are given in Section III.

Probability Densities of the Rooct-Mean-Square Gust Velocities

The probability densities of the root-mean-square gust velocities obtained
from the HICAT program may be represented by histograms or by analytical
functions. The histograms represent the data more directly. Analytical
functions are more coavenient to use but present difficulties, 1) in the
aticmpt to determine if the analytical functions satisfactorily fit the
data and 2) 1in determining the value of using the analytical function
beyond the range of the data.

In the effort tu determine the probability densities of the HICAT root-mean-
square gust velocities the following assumptions were made:

a) The sample size was adequate for only the root-mean-square gust
velocities computed from the spectra with the truncation limits
130 ft. and 2,000 ft.

b) The analytic function is given by
L (x-i'zz
P (x) =8/ (2/m) exp|- 5 (2)
28

vhere x represents_the root-mean-square gust velocity and hence can
only be positive, x is the minimum value of the root-mean-square
gust veloclty for the air to be considered turbulen%, and s is the
standard deviation of the root-mean-square gust velocity.

c) X = 0.5 ft/sec for the vertical component and x = 0.5m, + 8) ft/sec
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for the lateral component and X = 0.5m, + B, ft/sec for the longi-

tudinal component. The values of m , 8. and B_ are tsken from
Table IV. R ! 2

d) The svandard deviations of the root-mean-square gust velocities
derived from the HICAT data are as given in Table V.

STARLE V
Standard Deviations of RMS (A = 2,000 ft)
Gust Velocities

——r ohe ——— s e

Vertical Lateral Longitudinal Number
Component Component Component Seconds
Water (0.597) 0.456](0.801) 0.604](0.505) 0.409 6210
Flatle:nd (0.564) 0.608|(0.63%) 0.792|(0.480) 0.535 16845
Lov m‘ﬁﬁ‘{.am (0.879) 0.858](0.859) 1.00 |(0.817) 0.915 8137
High Mountains (1.47) 1.25 {(1.52) 1.27 |(1.42) 1.27 19388
All Cases 2.938 0.960 0.910
45,000-49,900 ft. 0.610 0.690 0.484 5510
50,000-54,900 ft. 0.963 1.027 0.930 20095
55,000-59, 900 ft. 0.897 0.830 0.832 15445
> 60,000 ft. 1.09 1.20 1.19 9900

# Figures in parentheses are based upon using equal veights for all turbulence
observations. The other figures are¢ based upon calculations weighting each
observation by the time in turbuleance.

The standard deviations based upon the weighting by the time in turbulence
are the recommended ones because weighting each run equally distorts the
contrioutions of the short runs.

The underlying topography appears to bave a significant effect upon the
standard deviation of the root-meah-square gust velocity. The figures
presented in Table V indicate an increase in the standard deviation with
an increase -in surface roughness. The standard deviation for the lateral
component is the largest for all of the categories of underlying topography.
For the water and flatland categories the longitudinal component has the
smallest standard deviation but as the terrain becomes rougher the longi-
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tudinal component increases relative to the vertical component,

The standard deviations for all three components are smallest in the 45,000
ft. to 50,000 ft. altitude band and greatest for the altitudes above 60,000
.ft. This increase in the standard deviation with altitude does not hold in
the 50,000 - 60,000 ft. altitude range. Almost all turbulence above 60,000
ft. altitude occurred over mountains and was generally more intense than the
average turbulence encounter below 60,000 ft. The data are inadequate to

make it possible to definitely separate the altitude effect from the terrain
effect.

The probability densities of the root-mean-square gust velocities were com-
puted from Equation 2 and the results are shown in Figures 1 - 5. It is
important to note that these probability densities relate to the truncated
spectra and not to the total spectra. The probability densities for the

root-mean-square gust velocities derived from the total spectra are dis-
cussed in Section IV.

Figures 6 through 1i consist of exceedance curves of RMS () = 2,000ft) for
each of the three components and for the four categories of underlying
terrain. The straight lines are exceedance curves based upon the standard
deviation computed from the HICAT data and the assumption that the distri-
butions are normal. The standard deviations were camputed by using both
plus and minus values of RMS (A = 2,000 ft) - x. These are the values given
in Table V. The dats points fit the normal distribution reasonably well
except for the cases over water and the highest values of RMS (A = 2,000 ft)
for the mountain cases. There are insufficient data at this time to make
possible a definitive conclusion relating to these departures from normal

The sample size 18 relatively small. In this report the assumption will be
made thut the distribution of RMS (A = 2,000 ft) is normal.

If the distributions of RMB gust velocitles are assumed to be normal for the
classifications of terrain or altitude then the distribution for all cases
put in one group canmot be normmally distributed because the sum of two normal
distributions with different standard deviations is not a normal distribution.

The probability density distribution for all cases then would be represented
by

21 Ee2 =y

_ = = e 28 S = e 2, +----(3)
P (d) =P r s . 1 +FP, m™ 8, 2

where the P P2 --=-=-P would be the proportion of time in turbulence
for either the terrain or altitude classifications and the Bys By = = = B)

are the appropriate standard deviations.

Effect of the Definition of Turbulence Upon the Standard Deviations of the
Root-Mean-Square Gust Velocities.

The results given in Table V were based upon X = 0.5 ft/sec for the vertical




componant of AMB (L = 2,000 ft).

If the definition of the lower bound of

turbulence for this component is changed to x = 1.0 ft/sec then the standard
deviations of the weighted values are as given in Table VI.

TABLE VI

—

Comparison of Standard Deviations of RMB (. = 2,000 ft)"
When x = 0.50 and x = 1.00 ft/sec for the Various Components

Vertical Component Lateral Component Longitudinal Component
Underlying X X X
Terrain 0.50 ft/sec|1.00 ft/sec|0.50 ft/sec|1.00 ft/sec|0.50 ft/secj1.00 ft/sec
" Water 0.456 0.409 0.604 0.457 0.409 0.433
Flatland 0.608 0.k4s 0.7 0.543 0.535 0.451
Low
Mountains 0.858 0.482 1.00 0.621 0.915 0.534
High
Mountains 1.25 0.946 1.27 0.929 1.27 0.969

These data suggest that the standard deviation showr lecs variation with
different x values than with classifications. In this report x = 0.5 ft

was used because an examination of the data indicated that this value appears
t0 be in closer agreement with the definition of turbulence used by Steiner

(5). -

10
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SECTION III
SCALE LENGTHS (F HIGH ALTTTUDE CLEAR AIR TURBULENCE

Matheantical Representation of Spectra

Current procedures for computing power spectral densities of measured gust
velocities yleld numerical values that define irregularly shaped pover
spectral denerity curves. Smooth curves obtained by "fairing" or by "least
squares fit" are used to represent the principal features of these power
spectral deneity curves. The mathematical expressions that are most fre-
quently proposed to represent these smoothed power spectral density curves
contain three parameters. One of these paramseters, the root-mean-square
gust velocity, 0,18 a measure of the intensity of the turbulence and has
the effect of moving the curve upward or downvard in a direction parallel
tc tbe ordinate. The second parameter, m, determines the slope of the
curve at the high frequency end. The third parameter, deeignated as the
scale length, L, is a shape parameter that defines the rate of change of
slope at the low frequency portion of the curve.

Crooks, Hoblit, and Mitchell (2) discuss in detail fcur families of
functions that have bean proposed to represent pover spectral density
curves. The first family includes both the Von Karman spectrum (m = -5/3) —

and the Dryden spectrum ( m = -2) as special cases. The general form of the
equation for this family, designated the Taylor-Bullen family, is

oc 1, [1+2(n+l)b2§QL)2]
= h
) T [1+b? ( ][)2 ]n+ 3/2 (&)

where n and b are constants.

The second family, designated the Taylor-Bullen longitudinal family, is
defined by

2
_ 20 L - 1
Ha) - m [+ b2 (Q L)aln +1/2 (5)

The third family, designated the sharp-knee family, is defined by

a) =
1+ (L™

end the fourth family, proposed by Hoblit ard designated the mild-knee
family, is defined by

Congtant 1
Q+aL)™
22
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Figures i2 a-e 1llustrate the curves defined by Taylor-Bullen, sharp-knee
end the mild-knee equations form = -5/3 and for five values of the scale
length, L. Inspection of these curves and of the equations leads to the
following conclusions relating to the interpretation of the HICAT spectra
given by Crooks, et al, (1, 2).

where the Constant =

a) For the cgse of the low frequency truncation line at
2.5 x 10" cycles/ft., there ic a significant difference
) between the equations when L < 1,000 ft. For 1,000 <L
< 4,000 ft. the "mild-knee" equation differs signifi-
cantly from the other equations. For L > 4,000 ft. the
difference between any two of the equations is insigni-
ficant.

b) For the low frequency truncation liue at 107* cycles/ft.,
there 18 a significant difference between the "mild-knee”
equation and the other equations for L < 8,000 1t. When
L > 8,000 ft. there 18 no significant difference between
the equations.

Crooks et al., (1,2) computed thg root-mean-ﬁquare gust velocities for the low
frequency truncation line at 1077, 2.5 x 1077, 1077, and 5 x 107> gycles/rt.
There were relatively few cases for the truncation line at 5 x 1077 cycles/ft.
If the hypothesis is made that the power spectral density curves are adequately
represented by any of the equations listed above and that the slope at the high
frequency (7.4 x 1077 cycles/ft.) end of the curve is known, then the value of
the scale length, L, can be relafed to the ratio of RMS_(2.5 x 10™')/RMB (10-3
cycles/ft.) and also of RMS (10 ' cycles/ft.)/ RMS (10~3 cycles/ft.). TablesVII
-VIII and Figures 13 and 14 give the values of these ratios for various values
of the slope, m,and scale length, L. A detalled analysis of the method used

to calculate scale lengths from RMB ratios is presented in Appendix I.

Figures 12 and 14 and Table IX indicate that for values of m = -5/3, the
difference in the ratios of the root-mean-square gust velocities for scale
lengths averaging 2,000 ft. and 4,000 ft., using the mild-knee equation, is
relatively large. Consequently, i1f the mild-knee equation adequately re-
presents the HICAT spectra, then only gross determinations of the scale
length can be made.

Scale Lengths for the Total HICAT Sample

Scale lengths representative of the total HICAT sample may be obtained by
several methods. Crooks, Hoblit, and Mitchell (2) obtained composite spectra

' by two different methods and then estimated the scale lengths by visually

comparing the composite spectrs with the curves defined by Equatione L4 - 7.
The first set of composite spectra were obtained by first preparing cumulative
probability curves for the psd values at each of various frequencies. Each

b
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value vas weighted according to the length of the turbulent region. Then
probability levels were selected and the ped values corresponding to these
probability levels were plotted as a function of frequency. In this way
composite spectra were obtained that represented the 0.5, 0.1 and the 0.01
probabilities, respectively. This method of obtaining composite spectra has
the advantage of clearly indicating any differences that might exist in the
spectra representing turbulence of different intensities. The second set of
composite spectra was defined by the average of the normalized spectra. '
The results obtained by Crooks, et al., are summarized in Table 10.

TABLEVII. RM3 (2.5 x J.o"‘ cycles/ft.)/RMS (1073 cycles/ft.) for the Mild-Knee
Equation (Equation T). .

m
L — -1.3] -1.k] -1.5] -1.6] -1.67] -1.7] -1.8] <1.9] -2.0
500 f£t.| 1.303| 1.338| 1.375| 1.6 1.446] 1.459]| 1. 1.556 | 1.610
1,000 1.361] 1.407| 1.bsT{ 1.512} 1.553} 1.572 ] 1.635| 1.7041} 1.779
2,000 1.504 | 1.458| 1.518} 1.58%} 1.634| 1.657| 1.735| 1.821 | 1.913
3,000 .20} 1.480| 1.5M%| 1.615] 1.669| 1.693| 1.778| 1.870| 1.970
4,000 1430 ) 1.491| 1.558°7 1.632) 1.688| 1.723| 1.801| 1.897| 2.
5,000 1.437] 1.499| 1.567] 1.642| 1.670) 1.725| 1.816| 1.915| 2.
6,000 1.4 1.504] 1.573] 1.650§ 1.708| 1.734%}| 1.826| 1.927| 2.
8,000 1.446| 1.510] 1.581} 1.659| 1.719| 1.745] 1.839| 1l.9%2| 2.
10,000 1.450| 1.514) 1.586f 1.665) 1.725| 1.752| 1.848 ; 1.952 | 2.066
15,000 | 1.ksk| 1.520) 1.593| 1.673| 1.73k 1.762] 1.859| 1.965| 2.08




TABLE VIII. RS (10'1‘ cycles/ft)/ RS (10-3 cycles/ft) for the Mild-Knee
Equation (Equation 7)

L -1.3] -1.4] -21.5] -1.6 j-1.671 -1.7]-1.8]-1.9]-2.0

500 ft.! 1.414 {1.466 §1.523 [1.586 [1.633 §1.654 {1.729 {1.809 {1.896
1,000 1.523 {1.598 {1.683 | 1.777 |1.848 [1.880 {1.995 |2.21T7 {2.259
2,000 1.618 {1.716 {1.828 | 1.953 [ 2.050 | 2.093 {2.250 |2.k25 |2.618
3,000 1.662 |1.772 |1.897 | 2.039 | 2.148 |2.198 |2.377 |2.577 {2.801
4,000 1.689 |1.805 {1.939 | 2.090 | 2.207 { 2.261 {2.453 }|2.670 |2.913
5,000 1.706 {1.827 |1.966 | 2.124 {2.246 | 2.302 |2.50% |2.718 {2.988
6,000 1.718 [ 1.843 |1.985 | 2.148 | 2.275 [ 2.332 |2.541 | 2.T7T | 3,040
8,000 1.734 { 1.863 [2.011 | 2.180 {2.312 }2.372 {2.590 {2.837 |3.115
10,000 1.7k | 1.876 | 2.028 | 2.200 {2.336 | 2.398 |2.622 }2.875 |3.162
15,000 1.759 ] 1.895 | 2.051 | 2.230 | 2.370 | 2.434 {2.667 | 2.930 | 3.228

All of the composite spectra obtained from either the cumulative probability
procedure or 'chg averaging procedure with the spectra truncation line taken
at 0 = 2.5 x 197 cycles/tt (X = 4,000 £t) indicate an infinite scale length.

The scale lengths may also be determined through the use of the computations

given in Tables VII and VIII and Figures 13 and 14 combined with the values of the
root-mean-square gust velocities published by Crooks, et al., (1, 2). If the
slopes of the average spectra (Table X ) are used, scale lengths of 1,200,

6,000 and 3,000 ft. for the vertical, lateral, and longitudinal components,
respectively are indicated. If only the sgts of spectra are used for which

the vertical component of the RM8 (5 x 10~ cycles/rt) is equal to or greater
than 1.0 ft/sec, then the slopes are found to be as indicated for the 0.5
probability level and the scale lengths are 2,000 ft, 3,000 ft, and » for the
vertical, lateral and longitudinal components, respectively.

In Figure 15 composite spectra and their associated scale lengths and slopes
obtained by yet another method are presented for the three components of the
gust velocity using the total HICAT sample. The composite values were arrived
at by (1) aversging the logarithms of the ordinate values at various fre-
quencies and (2) taking the antilog of the averages. The advantage of this
method over one which uses direct averages of the ordinates 18 that the latter,
because oi distortion due to the logaritim scale, tends to give unequal wei,.t
to spectra with less bending at low frequencies whereas composite spectra de-
rived from averaging logarithms more closely resemble the median value.

8cale lengths of over 8,000 feet are obtained by this method of averaging the
logarithms of the o tes. Spectra with root-mean-square gust velocities
(truncated at 5 x 10™* cycles/f+) > 1.0 ft/sec and extending to 10~t cycles/
ft vere used in obtaining the camposite spectra.

Figure 16 1llustrates the results obtained when the data used to determine the
spectra for the vertical component given in Figure 15 are divided into two in-
tensity classes. The composite spectrum representing the high intensity cases
has a steeper slope and a shorter scale length than the spectrum for the low
intensity cases but the difference appears insignificant.
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TABLE IX. Range in Computed Values of 8cale Length for Various Errors in
m and Ratio of the Root-Mean-S8quare Gust Velocities.

E in
(g;rx IOEP;/ RE
(1073)

Range in L

(Mean 1 = 2,000 ft)

Range in L
(Mean L = k,000 ft)

- 1700 to 2600 ft 2800 to 6000 ft
+ 5% 900 to 6000 ft 1500 to
Error in m
(Mean m = -1.67)
+ 2% 1700 to 2600 ft 3000 to 8000 ft
+ 5% 1400 to 4500 ft 2000 to
Error in Ratio of
RM8 Values Combined
with error in m *
+2% 1500 to 3500 ft 2200 to 15000 ft
+ 5% 750 to * 1000 to *
Brrgiinms -3
(107)/rMs (107°)
+ 2% 1700 to 2500 ft 3300 to 5000 ft
+ 5% 1400 to 3000 ft 2500 to 9000 ft
Error in m
(Mean m = -1.67)
+2% 1700 to 2400 ft 3200 to 5600 ft
+ 5% 1500 to 3500 ft 2500 to 13000 ft
Error- in Ratio of :
RMS Values Combined 1500 to 3000 ft 2600 to TO00 ft
with error in m
1100 to 6000 ft 1700 to
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Scale Lengths of Composite Spectra Representing Topographic and Altitude

Categories.

Three methods vere used to determine the scale lengths of the composite
spectra representing the topographic and, altitude categories. The runlts:
In the first method the composite spectra wereri

are presented in Table XI.
obtained by averaging the logarithms of the individual spectra ordinate §
values as explained earlier in the section. :
in Figures 17 and 18. In the second and third methcds ssgleleosthsm;‘-‘

ob ed by comparing

calcula

(1073 cycles/ft) and FM8 (10

values for the mild-knee equation listed in Tabl
description of these methods is found in Appendix L

TABLE XI. BScale Lengths of Composite Spectra

values of B (2.5 x 10

3

These spectra are {llustrated
cycles/rt)/R8 :i

cycles/tt)/ BB (1073 cycles/ft) vith the

es VII and VIII. A detaifed

I

=

Lateral Component Ilmgit\ﬂind'

2 wBd T e

Cowzutatione of the scale
method described by Houbolt (5).

Category Vertical Component [émponent
Figure Table | Table| Figure| Table] Table Figure| Table| Table
17&18 |vix | v | 17&218] viTx | vII |17 &18 VI
Altitude
< 59,000 Ft| 8,000 - - 16,000} 8,000y 16,000}/ = -
Altitude - [
> 59,000 Ft| 8,000 ® - 16,0001 8,000 * 16,000y = -
Flatland '&,O(X) bod h’m B,W had m,m m’m [ J o _
Low ,//
Mountains 16,000 ® ® 4,000} 3,500 5,500} 16,000} -
]
Righ :
Mountains k, 000 = l15,000{ 8,000 = 8,000 16,/)00 - -
/

lengths can be made using the correlapion function
This method requires data vhich is essentially

unfiltered. The data sample avallable from HICAT - records, hovever, was high-

pass filtered and c
sulting in scale lengt

rived using other techaiques.
In the following section the ‘cale lengths given by the composite specira

(Pigures 15 t
velccities obtained

gust load calculations.

o 18) will be used in converting the root-mean-square gust
frca the truncated spectra to those useful in aircraft

baracterized by rapidly decaying correlation functions re-
hs about one oxrder of magnitude lower than vhat was de-

NP
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SECTIOR IV

STANDARD DEVIATION OF THE ROOT-MEAN-SQUARE GUST VELOCITY

N
Introduction ~—

Aircri ft gust load calculations are based in part upon the probability density
distrinution of the root-mesn-square gust veloclty. This probability density
distribution is conventionally defined as the sum of two normal density distri-
butions weighted by Pl and P2, :

P o) - (Pl/bl) o/ exp (.og/ 2b12‘) .
(roe) Bem (4 7)) @

vhere Pl and P, are the proportions of total flight time in "non-storm" and
"storm" turbul€nce respectively; b, and b, are the standard deviations of the
root-mean-square gust velocity, 0., in non-storm turbulence and storm turbu-
lence respsctively. O, =0 - x; & is the true root-mean-square gust velocity
and x is the minimum value of O to be classified as turbulence. The root-mean-
square gust velocity is equal to the square root of the area under the complete
pover spectral density curve. Power spectral density curves computsa from
measurements have truncation limits that are a function of the length of the
turbulence record, instrument capabilities and the computation technique. If
the power spectral density curves computed from the gust velocity measurements
are found $0 be adequately represented within the frequency range of the
measurements; by an squation {e.g. one of Egquatiocns 4 through 7) then this
equation may be used to determine the area under the curve with the frequency
1imites set at O and », providing an assumption is made that the -equation
adequately represents the spectra at frequencies outside the range of the
mecsurements. '

This assumption suggests the following example. Consider, two observations
of turbulence with equal rogﬁ-mean-s uare gust velocities computed from
spectra truncated at 5 ¥ 10 . cycles/ft. (X = 2,000 ft). In one case the
turbulence region is juz® long enough to compute tiie spectrum out to this
truncation limit. In the second case the turbulegge region is long enough
to provide a spectrum to a truncation limit of 10~ cycles/ft. (X = 10,000
tt). e that the two spectra have the same slope and curvature up to
5 x 1277 cycles/ft. (X = 2,000 f£t) and bence can be represented by the
sawe equation within the common frequency range. In such a circumstance
the physical situation in the turbulert region from which the shorter
record was obtained 18 assumed identical to that of the longer record @
vhich is, of course, not necessarily so. However, for purposes of this
section the assumption is considered valid.

Py
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Estimating b.'s g ' ‘
1l - € .

In Section II_ the probability density distributions were determined for the
measured root-mean-square gust _yelocities ot_mai‘ned from the spectra betvween
the truncation 1limits 7.4 x 10 7 and 5 x 30 cycles/ft. These probability
density distributions were cocverted into probability density distributions
of 0,1, through use of the following proce‘edure:

6!

&) The "mild-knee" equation (Equation 7, Section III) was assumed to
. best represent all the power spectral density curves. It should be
noted, however, that for L's on the order of those derived from the .
HICAT spectra (8,000 - 16,000 ft) the choice of equations has only R
a small effect on the results.

b) The values of scale length, L, and slope, m, given for the various
composite spectra discussed in Section IIT were applied to the in-
dividual spectra. Consequently, the individual spectra were
assumed to differ from each otber only in the "scale factor” that
indicates the relative intensity of the turbulence. iy

l’ .

c) TableXIIvas used to convert the root-mean-square gust velocities
obtained from the truncated spectra to the root-mean-square gust
velocities obtained fram Equation 7 between the limits O and ®
cycles/ft. ; ) .

The justification for the assumption made in (a) was that those spectra ob-
tained from the long turbulent regions were best represented by the "mild-
knee" equation. As the discussion in Section IIT indicated, no definite
choice between Equations 4 through 7 gould be made for the spectra obtained
from the relatively short turbulent ions.

The justification of the assumption mgde in (b) was that the scale of.tur-
bulence, L, could not be determined for the spectra with the truncation at

5 x 10~% cycles/ft. and hence values for'L had to be assumed. The L's given
by the composite spectra appeared to0 be the most reasonable. The slopes of
the composite spectra were used s0 as to be consistent with the scale
lengths. '

The standard errors of the b, 's listed in Table XIII are estimated to be at\

least 50% of the values 1istdd. The uncertainties in the values of the

b, 's arise principally because power spectral density ~urves computed from

tiie gust velocity measurements cover a relatively limited frequency range,

Errors ca the evaluation of the bl's arise because

a) The values of s, (standard deviation of RM8 (A = 2,000 ft) may vary

as much aé 50% as the definition of the lower boundary of turbulence
is changed over reasonasble limits. In the pregsration of Table XIII
turbulence was defined to exist if Uy (5 x 107 cycles/ft) > 0.5 £t/ x
[-1- 109

36




TABLE XIT

S Ratio of GT to Root-Mean-Square Gust Veloc’ty
From Spectra Truncated at 5 x 10’“ Cycles/Ft (Based on Mild-Knee Equat;ge)
™~

} -
e n - N\
| A ' P
] L 1,3 1 1.4} 1.5 | 1.6 {1.67 | 1.7 | 1.8 | 1.9 | _£.0
it . )
§ 500 Ft 1.29.] 1.33 | 1.38 | 1.43 | 1.46 | 1.48 | 1.54 | 1.60 | 1.66
,
i -
; 1,000 142 | 149 | 1.57 | 1.66 | 1.73 | 1.76 | 1.86 | 1.98 |2.11|
; 2,000 .} 1.59 |1.70 | 1.83| 1.98 | 2.10 | 2.15 | 2.34 | 2.55 | 2.80
; 3,000 1.70 | 1.85 | 2.02 | 2.21 | 2.37° | 2.4 | 2,70 | 3.00 | 3.35 \
3 4,000 .78 ) 1.96 [ 2.26 | 2.40 3 2.59 | 2.68 13.07 } 3.38 }3.82
| | 55000 1.85 | 2.05 | 2.28 2;56 2.78 | 2.89 | 3.27 | 3.71 | 4.23
i - 6,000 1.91 | 2.13 2.39‘ 2.70 | 2.95 | 3.01 | 3.50 | .01 | k.62
. 8,000 2.00 | 2.26 | 2.57 | 2.94 | 3.24% | 3.38 | 3.92 | 4.55 | 5.30
; 10,000 2,08 | 2.37 | 2.72 | 3.1 | 3.49 | 3.65 | k.27 | 5.01 | 5.9
i 15,000 2.23 | 2.58 | 3.00 | 3.5% | 3.99 | 4.20 | 5.00 | 5.99 | 7.18

T

37

o ——— ot




. i1!ii |I|
ghez [aL*2 |o2“T |o°t | O°E |E°2 €6°T- |69°T- |Sh°T- |0009T POO‘g 1000°g [T6°0 {96°C 3.oﬁoa8ﬁ2

HE2 |LE°2 J02°T |0°n | @°E j9°2 66 T~ |69°T- [SH°T- |000‘9T POO‘g j000‘g |6T°T [02°T {60°T ¥F_
000¢09 <
ne*2 |oGez |o2°T |g*2 | 9°2 |2*2 §6°1- |69°T- {Sn°t- |000‘9T boo‘g jooo‘s (€80 [€8°0 om.opuoRHMM
. - 000

T9°2 |n6°2 |02°T T°¢ | €°€ JE*2 1SS~ 1S9°T- [Sh T~ |0QVYT 000‘G [000‘G [€6°0 [EO°T {96°0 K3 006 ‘%S
- 000¢05
nl*2 1g*z |02°T o T | 22 |&°T 65T~ |69°T- [SHh°T- |000f9T P0O‘g P00‘g 187°0 [69°0 {T9°0 K 006 “6h
~ 000¢SY

g9°2 |26°2 |LE°T j9°*q | 9°q |h°¢E 09°T~ |SL°T- [SS*T- {000°9T jooo‘g [000¢g™|L2°T [L2°T {G2°T jsurwiunoy L
_ ©  yBTy
gne [h9'e TT°T |T°E | #°E |6°T 66T~ |oL°T- [Ooh°T- owoumﬂ Tood 000°¢p {26°0 oo..m 99°0 TSSq:oz
. a0y

g1°e |T2°2"|86°0 |S°T | 0°C |2°T GHeT- |0S°T- |S2°T- |000°9T j000‘g [000°g [nG°0 16L°0 |T9°C | PUSTI®TI

T™meg |€2°c | 660 |2°T | S°T |6°0 GheT~ |0S°T- |S2°T- |000‘gT Jo0o‘g [000¢g |TH*O |0 *0 |9n°*0O I938M

*Buot | 397 Paasp }Buo)sawr |3z |*Puor |e3er 3X9A {*Buor | *3w7 [*339p [BuoT |e3wl jaep | AxoBejw)

£ P3

JAoon\\rC x (098/33) Tq w (33) 1 (°98/33) s

2

~

1

POUITRQINT, TV IVOTO FPNITAITY UBFH X0 X pue 'q ‘m ‘T ‘@ JO sonTep

-  f

IIIX TIEVE > ' v

LS




e amm e+ —e—— g ®

b) The scale length, L, can only be crudely estimated for the spectra
obtained from short records. BHere it was assumed that these
spectra have the same distribution of L's as the spectra from long
records. .

¢) Various methods of determining composite spectra yleld different
values of L and m. The values given in Table XIII are considered

a best estimate.

If the definition of the lower limit of turbulence that is given in (a) 1s
accepted then the lower limit of 9., for turbulence becomes a function of L
and m. These lover limits, X (seeTEquation 8),are also listed in Table XIIT,
In Section V the lower limit of turbulence used to define the ratio of tur-
bulent flight miles to total flight miles 18 defined 1in terms of the cg
normal acceleration, where frequently occurring peaks of + 0.10g are equated
to a U RM8 (1 = 2,000 ft) of 0.5 ft/sez-
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SECTION V
RATIO OF TURBULENT FLIGHT MILES TO TOTAL FLIGHT MILES

Definition of Turbulence

When an aircraft that is flying through a portion of the atmosphere in which
there are nc clouds undergoes accelerations that cannot be directly attri-
butable to the movement or setting of the control surfaces, the aircraft is
sald to be in clear air turbulence. The accelerations of the aircraft are
functions of the weight and characteristics of the aircraft in addition to
the atmospheric gusts. If the ratio of the turbulent flight miles to the
total flight miles is to be computed, definitioms of turbulent and total
f1ight miles are required. -The definition of the turbulent flight miles

must include statements that give (1), the lower limit of accelerations

that are considered to be turbulence, (2), the frequency interval of interest,
and (3), a quantitative evaluation of the duration of the turbulence. If the
turbulent regions are not randomly distributed in space and time, the ratio
of turbulent flight miles to total flight miles is elso a function of, (1),
the distribution and total number of flight miles by altitude, season, and
topographic region, (2), turbulence search or avoidance procedures, if
succeseful, and (3), pattern flying through a known turbulent region.

In Section II, for the purpose of determining the probability density distri-
bution of the vertical component root-mean-saquare gust velocity, turbulence
vas defined to exist when U, RMS (X = 2,000 ft) vas equal to or

greater than 0.5 ft/sec. Txis definition of clear air turbulence is in
apparent conflict with the definition given in terms of the aircraft acceler-
ation. For the purpose of determining the ratio of the turbulent flight
miles to the total flight miles, the definition of turbulence given below in
terms of acceleration of the aircraft was used because the gust data were in-
complete from the HICAT flight program and non-existent from the NASA U-2
flight program. In addition, the turbulent region had to be approximately

8 miles long to provide adequate data for a spectra of minimum usable length.
Thus, if the RMS gust velocity was used to define turbulence, all turbulent
regions shorter than 8 miles would be ignored.

In his review of the VGH data from 768,000 miles in the altitude range 40,000
to 70,000 ft. of NASA U-2 flights Steiner ( 5 ) defined turbulence to
exist "whenever the accelerometer trace was disturbed and contained gust
velocities (presumably "derived" gust velocities, U, ) greater than 2 ft/sec."”
Crooks (1) defined turbulence to exist whenever the cg normal acceleration
trace showed frequently occurring peaks of + 0.10 g. The beginnings and
endings of turbulence were given to the nearest 5 seconds and turbulence of
less than ten seconds duration was counted as no turbulence. A comparison
of the maximum U, values of the HICAT and the NASA flights indicates that
Crooks' and Steiner's criteria for turbulence are approximately equivalent.

The classification of the HICAT turbulence and non-turbulence flight miles
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by altitude, underlying topography and by season was done subjectively.

The principal difficulty was assoclated with patterns or repeated flights
through a region that was found tc be turbulent gn the flight through the
region. In general, the turbulence was found to vary in intensity and
duration for each flight through the region. Approximately 345,000 fligat -
miles of the more than 500,000 flight miles were used in the determination
of the ratio of turbulent flight miles to total flight miles. The 155,000

miles not used were associated with pattern flights, test flights and in-
strument failure.

Ratio of Turbulent Flight Miles to Total Flight Miles for Cetegories of
Altitude, Topography and Season.

Table XIV lists the estimated ratio for the HICAT flights of the turbulent
flight miles to the total flight miles for categories of altitude, topo-
graphy and season. The topographic categories vwere defined as follows:

a) Flatland - relief differences less than 3,000 ft
b) Low Mountains - relief differences 3,000 to 7,000 ft
c) High Mountains - relief differences over 7,000 ft.

Turbulence was presumed to exist if the cg acceleration trace frequently /
exceeded + 0.10x. Table XV compares the ratios given by Steiner (5) for éhe
NASA U-2 flights, the HICAT program and by MIL-A-8861A for altitude Jntervals.
Table XVI1lists the ratios of the turbulent flight miles to tota
miles that are recommended by the authors for use in the desigp@inddPpe

of advanced alrcraft. The ratios obtained from an avalysis of “UQEMICAT data
vere judged to be high meinly because ¢f the search procedures used. The
NASA flights were probably distributed more ne=Iiy to the expected flight
operations. This also justified lowerirg the ratios obtained from HICAT data.

The proportion of the total flight miles that are turbulent varies signifi-~
cantly with the definition of turbulence. The relative magnitude of this
variation 18 illustrated in TableXVII. This table alBo clearly indicates
that there is little change of the relative frequency of occurrence of
turbulence with altitude over mountains and a relatively large change with
altitude over flatland and water.

The numbers of HICAT flight miles by season and topography are shown in
Table XVIII. Flightsover mountains were predcminantly made in the winter.
Flight miles were spproximately equally distributed by season over fiat-
land and water., Table XIX indicates the proportion of the total flight
miles that were turbulent in categories of season and topography. There

was relatively little turbulence during summer and autumn over water and
flatland.
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TABLE XIV

Ratio of Turbulent Flight Miles to Total Flight Miles

Category / Total Flight Miles Ratio Turbulent
65,000 - 69,900 r: 16,000 miles > 0.01¢
60,000 - 64,900 87,000 0.014
59,000 - 59,900 107,000 ' 0.028
50,000 - Sk, 900 105,000 0.047
45,000 ~ 49,900 | 39,000 0.042
45,000 - 69,900 345,000 0.031
Water 124,000 0,027
Flatland 132,000 0.027
Low Mountains 49,000 0.036
High Mountains 40,000 0.049

e s mEmm e
Winter (Dec. - Feb.) _ 108,000 0.038
Spring (Mar. - May ) 81,000 . ] 0.039
Summer {Jun. - Aug.) 71,000 0.019
Autumn (Sept. - Nov.) 85,000 0.024
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TABLE XV

Comparison of Steiner (NASA U-2), HICAT and MIL-A-8861A Data

Stetner ( ) HICAT w(lgéBJ)A
Altitude Flight Ratio - | Filight Ratio Ratio
» Interval Miles | Turbulent | Mlles Turbulent Turbulent
60,000-70,000 Ft | 576,000 | 0.006 | 103,000 0.015 0,001
150,000-60,000 Ft | 141,700} 0.020 | 212,000 0.035 0.002 |
ho’(m-so,m Ft 2‘9’500 00025 30,000 000’4‘2 0.005
40,000-70,000 Ft[ 768,100 0.009 345,000 0.031 -

TABLE XVI

Recommended Ratios of Turbulent Flight Miles to Total Flight Miles

Category Ratio Turbulent
65,000-70,000 Ft 0.010 :
80, 00055, 000 0.010 '
55, 000-60, 000 0.020
50,000~55, 000 0.030
45,000~50,000 0.030
k5,000-70,000 0.020
Water 0.018
Flatland ) 0.018

'~ fow Mountains 0.022
High Mountains 0.030
Winter 0.024
3pring 0.02L
Summer 0.01%
Autumn 0.018
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Buaber of Occurrences by Terrain of Turbulence with Vertical .RMS

TABLE XVII

Greater than Listed Values for Given Altitude Bands

Water, Flatland (100 Samples)

Mountains /220 Ssaples)

Altitude Band Atituce Sezd
U, B8 (% = 2,000 rt) <55K  55-60K 60K ft | <55K  55-60K  S60Kft
0.5 ft/sec 68 28 % 3P 35 33
1.0 ft/sec 16 6 0 20 20 25
>1.5 ft/sec i b 0 13 10 15
>2.0 ft/sec 2 L ) 10 5 7
2.5 ft/sec 1 0 0 7 2 2
TABLE XVIII
Flight Miles by Season for Four Terrain Types (HICAT Flights 54 to 285)
A1l
Winter Spring Summer Fall Seasons
Vater 2h,050 [ 35,88 | 37,670 | 25,3% |- 123,890
Flatland 26,70 | 3,860 | 21,700 | 46,880 | 132,280
Low Mountains 31,330 ’ 5,580 4,87 7,240 49,020
High Mountains 22,390 59600 | 6,37 5,280 39,640
All Terrain 107,40 | 81,90 70,610 8k, 790 34, 730
TABLE XIX °

Percentage Flight Miles with Turbulence > Light (cg peaks > +0.10g) and Moderate in

Parenthesis (cg peaks > + 0.25g) by Season for Four Terrain Types (HICAT Flights 54 to 285)

Vinter Spring Summer Pall Sea:gl

. Water 3.5(1.2) | 3.7(0.%) | 1.7(0.2) [ 1.970.3) | 2.7(0.5)
Flatland 3e5(0.8) | 3+6(0.9) | 1e2({0.1) | 2.2{0.1) | 2.7(0.5)
Tow Mountalns Bo3(2.5) | 2.9(0.5) [ 0.B(0.7) | 3-5(0.8) | 3-603.T)

High Mountains 4.1(2.1) | 6.9(1.4) | 6.6(1.5) %7(2.1) | %.9(1.8)

All Terrain 3.8(1.6) [ 3.9(0.7) | 1.90.3) | 2.%(0.3) | 3.1{0.8)

4

-




e BT PRI P BT Y

prteey

ha o s e v b et Vgt S o S

bt

SECTION VI
TURBULENCE ABOVE THUNDERSTORMS

Clear Air Turbulence Above Thunderstorms in the HICAT Program

In the HICAT flight program nearly one tenth of all the clear air turbulence
observed during the periods that the aircraft was flying over water or flat-
land areas was associated with {lights above tmmderstorms. During the
flight program the pilote definitely identified 42 cases of flights above
thunderstorms. Turbulence was observed on 41 of these occasions. Table XX
lists scme of the characteristics of the turbulence.

TABLE XX

Characteristics of Turbulence Above Thunderstorms

- o . 8

Estimated Altitude Number Mean Length Ude Mean RMS
Above Thunderstorm of Cases | . of Turbulent ( Max. ) Ud
Region Mean Max. €
1,000 - 3,000 ft 16 22 nm 7.0 tt/sec | 1.60 ft/sec
4,000 - 5,000 ft 13 i7 4.9 G.52
6,000 - 9,000 ft 12 10 2.5 0.76
\, Lt ) e
> 9,000 ft 1 0 <. A4 - -

The mean length of the turbulent region for those cases of flights 1,000 to
3,000 ft. above thunderstorms 1s approximately 30% larger than the estimates
found in the literature of the mean diametér of thunderstoims. This agree-
ment is considered to be relatively good when the variability of the size of
thunderstorns and the small HICAT sample are considered. Data relating to
the true gust velocities are not given in Table XX because true gust velo-
cities were only given in four cases. In general, the turbulent regions were
noet long enough to provide the data needed for the power spectral density
computations over a useful frequency range. The decrease in the length of
the turbulent ‘regions and in the intensity of the turbulence as indicated by
the derived gust veloclty, U. , with increasing altitude above the thunder-
storm appears reasonable al the results may be fortuitous because of

the small Bample.
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TABLE XVII

Buzber of O:currences by Terrain of Turbulence with Vertical RMS
Greater than Listed Values for Given Altitude Bands

Water, Flatland (100 Samples)| Mountains (120 Samples)
Altitude Band Altitude Band
U, R () = 2,000 ft) <55K  55-60K 60K £t | <55K 55-60K  S60Kft
0.5 ft/sec 63 28 4 32 35 33
1.0 ft/sec ' 16 6 0 20 20 25
>1.5 ft/sec b 0 13 10 15
>2.0 ft/sec 2 1 0 10 5 7
>2,5 ft/sec 1 0 0 7 2 2
TABLE XVIII

Flight Miles by Season for Four Terrain Types (HICAT Flights 54 to 285)

-

Winter Spring Summer Fall se:_]slong

Water ek, 950 [ 35,880 | 37,670 | 25,30 | 123,8%0

Flatland 28, 7ho 34,860 21,700 146,880 132,180

Low Mountains 31,330 5,580 4,870 7,240 49,020

High Mountains 22,3% 5,600 6,370 5,280 39,640

ALl Terrain 107,410 | 81,90 70,610 | 84,790 34k, 730
TABLE XIX '

Percentage Flight Miles with Turbulence > Light (cg peaks > + 0.10g) and Moderate in
Parenthesis (cg pesks > + 0.25g) by Season for Four Terrain Types (HICAT Flights 54 to 285)

3

Ly

Winter | Spring | Summer | Fell Seaggs
Water 3.5(1.2) | 3.7(0.%) | 1.7(0.2) | 1.9(0.3) | 2.7(0.5
Flatland 305(0e8) | 3¢6(049) | 1e2(0e1) | 2¢2(0e1) | 2.7(0s5)
Low Mountains Te3(2eh) | 2.9(0.5) | 0B{0<T) | 3+5(0.8) | 3.6(1.7)
High Mountains Tel(2.1) | BeO(1.F) | 5eb{345) | HeT(le1) | %.9(1.8)
A1 Terrain 3.8(1.6) | 3+9(0-7) | 1.9(0.3) | 2.4(0.3) | 3.1(0.5)
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SECTION VI
TURBULENCE ABOVE THUNDERSTORMS

Clear Air Turbulence Above Thunderstorms in the HICAT Program

In the HICAT flight program nearly one tenth of all the clear alr turbulence
observed during the periods that the alrcraft was flying over water or flat-
land areas was associated with flights above tmnderstorms. During the
flight program the pilots definitely identified 42 cases of flights above
thunderstorms. Turbulence was observed on 41 of these occasions. Table XX
lists some of the characteristics of the turbulence.

TABLE XX

Characteristics of Turbulence Above Thunderstorms

Estimated Altitude | Number Mean Length Uge Mean RMS
Above Thunderstorm of Cases of Turbulent (Mean Max.) Ud
Region . €
1,000 - 3,000 ft 16 22 nm 7.0 ft/eec | 1.60 ft/sec
4,000 - 5,000 ft 13 17 b9 0.92
6,000 - 9,000 £t 12 10 2.5 0.76
> 9,000 ft 1 0 - -

The mesn length of the turbulent region for those cases of flights 1,000 to
3,000 ft. above thunderstorms 1s spproximately 30% larger than the estimates
found in the literature of the mean dlameter of thunderstorms. This agree-
ment is considered to be relatively good when the variability of the size of
thunderstorms and the small HICAT sample are cousidered. Data relating to
the true gust velocitles are not' given in Table XX because true gust velo-
cities were only given in four cases. In general, the turbulent regions were
not long enough to provide the data needed for the power spectral density
computgtions .over a useful frequency range. The decrease in the length of
the turbulent regions and in the intensity of the turbulence as indicated by
the derived gust velocity, U, , with increasing altitude above the thunder-
storm appears reasonable altﬁ&xgh the results may be fortuitous because of
the small sample.
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The relatlve [ragiency of Tliphts «bive thardarsee we in “he “aliT progrem
may ve high because of <he turtricac. seesing flig..t prugean and lecausc

the bases and Lid of operatacn wers deliterately (lwesn t0 provide flipnie
in sreas of high tourder.tcwm incidence. Thundersro;™'e are, hovwever.
difficuit 2o ilentify from abcve in Lbe dayiive and hence, the airerefi o)
have been £bove thinderstorus .n ocesslions when “ne pilois vere unubie %0
identify the wnderiying ciouls as thurder.torms. £leo, the HICAT urogrs:
lacked a conmigtert fosrmet for pilsats reroriiog clundarstoms when in smooth
tlight. /"

- ——re = oo

Clear air turbulence was ohrerved in the stra..spherse at times wheo the:
wer » no thunderstcrms below the alrcerafu, <bia svgeeaste that clear aelr
turbulence ovszevved above thwrdesstoras is not nezeswarily directly uhye?o-
o1y relaced to the existenc: of a thunderstor Lielow. The recoxrd of 41
observations of curbuienca ont of 42 reports o thunierstoras Lelov he i
aircraft suggests ithat the tarbuleace awa the thundersiorm activity is 2igni- :
Ticantly velated,

YWorld-Wide Tistrilution of Thwaderstorms ;

Thunderatorms are reiacively eksily 1 -~vtiiied in a quelitative cinse 0t a
quantitative der{.:ition is difficult . deviez. Dennis (7; defined 8
thundersiorm as & shower complex in which there zr~ one or izore zeils pro.
duelng lightning and within wnich the edge-tu-edge :ell separation doess not
exceed 30 km (19 milee). Some sreas of the world hayve t miderstormas con-
sisting of only onz cell wiils «<iher parte of the wirle pavd - o W otatl
aquall lines with menv celis .0 edcanding o 2pus o Sl cae wi Kl.Ometers
in length. The - .. e gaven cloud mass may be in diffz.rent stages of
development. One cell may be near the end of its life cycle at the time a
new cell is starting to grow rapidly. The duration of thunderstorms is also
variable. Prophet (8) has shown that the duration increases with increasing

- size of the radar echo area of the thunderstorm. For our present purposes,

Brooks'(9) estimate of the average duration as one hour will be accepted.

The world-wide distribution of thunderstorms has been given by Brooks (9),
World Meteorological Organization (10), and the Handbook of Geophysics (11)
in terms of "thunderstorm days". A thunderstorm day is defined as a local
calendar day on which thunder is heard. Schonland (12) estimated that one
out of seven thunderstorm days have more than one thunderstorm within
audible distance. In:this report it will be assumed that one out of seven
thunderstorm days has two thunderstorms.

4
The literature relating to the thunderstorms contains & number of estimates
of the average size of thunderstorms and of the area seen by one observer.
The estimates of these two areas are usually so nearly equal that in this
report they will be assumed to be equal. To determine the relative pro-
portion of the total area of a region that is covered by thunderstorms it
is not necessary to know the numerical value of the ares of the thunder-
storms because, if n is the number of thunderstorm days for a given period
of time, then, for any mean area of the thunderstorm, the ratio, F, of the
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categorizing thunderstorm turbulence in a separate class.
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Section VI
WORED-WIDE DISTRIBUTION CF TOPGRAPHIC CATEGORIES

In Sectious II, III, and V data were presented tbat support the hypothesis

that the underlying topography has a significant effect upon the probabiljty

density of the B gust velccity, the scale lengthyand the proportion of time

in turtulence for the altitude interval undar consideration (45,000 to

65,000 fi.}. The categories of topography were defined in terms of differ-

ences in 2levation and not of elewiion. Figures 19 to 26 sbow the world-

vide itstribution of ‘hese topogriphic categories. Note that there is &

sign’ fivant difference between these maps and maps that indicate altitude

only. Plateaus are shown as {latlind sven though they may be at a

relatively great elevation. .

The effects of mountain ridges may extend to as :mich as 50 miles leeward
depending upon {ie wind speed and direction as? upon the stability of the
atwosphere.

The distridbution of che easth’s surface arew in terms of toyogrephic cata-
goeries 18 23 f0llous:

Fet e 71,
Flawland 23%
Low Mountains 3%
High Mountains 3%

In the HICAT flights approximately 26% of the flight miles were flown above
mountains, a figure substantially greater than the 6% of the earth's surface
area in this category. It appears that the proportion of time in turbulence
expected from several flights randomly distributed throughout the world
would be less than the figures recommended in Section V, Table XVI, for the
altitude and season categoriles.
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SECTION VIII
FREQUENCY OF OCCURRENCE OF MURBULENCE AS A FUNCTION OF HEADWIND AND TAILWIND

Turbulence has been shown to have occurred more frequently during periods
vhen the aircraft heading was upwind (Ashburn, Waco, and Mitchell, (3)). A
further investigation, using only the 264 runs with wind speed > 20 kts,
has shown a westerly wind component in 86% of the runs (Figure 27A) and an
aircraft heading with a westerly component 61% of the time in turbulence
(Figure 278B). These findings would indicate a higher expectancy of turbu-
lence with a heading into the wind. This is shown to be the case in Figure
27C where 62% of the flight time in turbulence coincided with a headwind
component. This increased to 67% for turbulence > moderate. The classifi-

cation of turbuleace was based on peaks in the cg acceleratinn traces (see
Section V).

During several flights, the aircraft was flown in a pattern course, en-
countering turbulence more than once in the same area. There were 184 runs
in pattern flights where the wind equalled or exceeded 20 kis. Over 60% of
the time in turbulence was again associated with headwind conditions. This
indicates that time of day or selection of flight path cannot be used to

explain the increased frequency of occurrence of turbulence with s headwind
component.

A distinct difference, however, occurs between the pe.centage of time in
turbulence during headwind conditions for the early flights S4 to 179 (6T%)
and the redirected flights 180 to 285 (53%). Because the uncertainties in
deriving winds were greater in the early phase of the HICAT program, it is
concluded that the headwind-turbulence relationship may be explained, in

part, as a result of errors in the cc jputed winds in the first set of
flights.
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SECTION IX -

POWER SPECTRAL ISENSI‘I’! CURVES AS FUNCTIONS
OF AIRCRAFT HEADING WITH RESPECT TO WIND DIRECTION

Introduction

Several spectra with long wavelength cutoffs of 10,000 ft (10'1,‘ cycles/ft),
normalized by passing them through the same point at the shortest wavelength,
were compared for six flights (Figure 28). Of special interest was the
heading orientation with respect to wind direction. Each flight contained
spectra from runs obtained in pattern flight over the same general area.

Sets of two flights are presented for high mountains, low mountains, and
flatland topographic categories.

High Mountains

(1) Flight 114: Figure28A shows three spectra from runs east of the
Sierra Nevada ridge line. Turbulence was light. Winds recorded at Jakland,
California, and Winnemucca, Nevada, were 80 kts from the southwest at 20,000
ft. Runs 10 and 11 were hoth crosswind and nearly overlapping in space, yet
produced spectra with significantly varying slopes for 3 > 2,000 ft. All
three spectra bend upwards with slopes from 1.67 to 2.64 at longer wave-
lengths compared to slopes all close to 1.50 for )\ < 2,000 ft.

(2) Flight 280: Figure 26B. The three runs had moderate to severe turbulence,
headings. nearly parallel to the windflow and a bending upwards (steeper slopes)
at X » 1,000 ft. Run 10, the spectrum with the largest RMS (2,000) value, 1is

the least steep of the three. The flight was between the crest of the Rockies
and Denver.

Low Mountains

Flight 90: Figure 28C. These spectra were computed from data obtained over
North Island in New Zealand. Turbulence was light to moderate. As with the
previous spectra there is good agreement for X\ < 1,000 ft but variable slopes
at long wavelengths. Again, the spectrum with the highest RM3 (2,000), Run
12,has the shallowest slope at long wavelengths. The steepest spectrum (Run
5) has the lowest RMS (2,000).

Flight 102: Figure 28D. These two spectra agree over all wavelengths and
represent conditions on the lee side of the Great Dividing Range in southeast
Australia. Moderate turbulence was present. Headings appear crossvind in
both cases, although aircraft winds were too variable to establish a definite
heading-wind orientation. The spectra bend considerably downward beyond A =
1,000 £t, having elopes of 1.36 compared to 1.64 at short wavelengths. A
similarity exists between these and the shape of the spectra for Flight 90,
Run 12. The runs of Flight 102 and 90, Run 12 were above low mountains
(elevation differences < 4,000 ft) whereas the other samples were aspoclated
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with mountains having relief differences > 6,000 ft.

Flatland

Flight 107: Figure 28E. Four spectra are reproduced here from data
obtalned over southeast Australia during light to moderate turbulent
conditions. Slopes vary appreciably for % > 1,000 ft. The spectrum from
Run 6, with a crosswind component in the heading, behaves similar to Run
8 which had a heading nearly parallel to the wind, In contrast to the
mountain samples Run 9, with the highest intensity, has the steepest
slope. The spectra from Runs 6 and 8 bend considerably for A > 1,000 ft.
with slopes of 1.05 compared to 1.66 for \ < 1,000 ft.

Flight 198: Figure 28F. These were from samplings over thunderstorms in
the southeast United States. Slopes vary from 1.19 to l.k4 for A > 1,000
ft. and are close to 1.60 at short wavelengths for all spectra. The bending
at long wavelengths is similar in magnitude to many of the flatland and low
mountain samples. All of Flight 198's spectra were crosswind and fairly
high in intensity showing that the variation in shape under similar orient-
ations can be large.

Summa ry

Spectral shapes for mountain wave samples appear to depend more on turbulence
intensity than flight orientation with respect to the wind. Low intensity
spectra tend to bend upward at long wavelengths. The low signal to noise
ratio at long wavelengths could be a factor in causing the upward bending.
The variation in spectral slopes is as great for similar headings as for
different headings with respect to wind direction. The shape of flatland
spectra also show no correlation between aircraft heading and wind direction.
Their slopes vary considerably at long wavelengths and in general are much
flatter than the high mountain samples.
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Figure 28A and 28B. Power Spectral Density Curves for Various Alrcraft
Headings - High Mountains.
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SECTION X
DISTRIBUTION QF TRUE GUST VELOCITIES

Introduction

On 15 February 1968 the personnel of the HICAT Project and the National
Center for Atmospheric Research coopersted in an investigation of turbu-
lence associated with mountain waves over the eastern Rocky Mountain area
near Boulder, Colorado. Four aircraft participated in the experiment.

Each aircraft flew a track between Kremling and Akron, Colorado. Each
aircraft flew at different altitudes. The HICAT alrcraft flew at altitudes
of 54,000 to 66,900 ft. For this particular flight the true gust velocities
at 0.08 second intervals have been tabulated. Trends were not removed.

Distribution of the True Gust Velocities for HICAT Flight 280, Run 11.

Flight 280, Run 11 wgs made at 61,500 ft. altitude. The heading was 273°
and the wind was 276 at 17 knots (almost & direct head wind). The maxi-
mum U, values were + 10.5 and -10.3 ft/sec. Root-mean-squage gust velo-
citied for the spectra truncated at A = 40,000 ft (2.5 x 1077 cycles/ft)

are 4.21, 5.22, and 5.48 ft/sec. for the vertical, lateral and longitudinal
components, respectively. The corresponding root-mean-square gust velocities
obtained from the time histories with trends removed were 4.87, 12.19 and
10.86 ft/sec. The true airspeed was 419 knots and the length of the turbu-
lent period was 539 seconds. A subJective classification of light to
moderate was assigned to the turbulence.

Figure 29 illustrates the cumulative frequencies of gust velocities of glven
magnitudes for each of the three components. Trends were not removed. If
the gust velocities were normally distributed the curves would be straight
lines. The curves indicate that the gust velocities are not normally
distributed and that the turbulence was not isotropic. Computed means are
1.19, 3.65, and - 0.00 £t/sec. for the vertical, lateral and longitudinal
components, respectively, and the corresponding standard deviations 4.53, 12.6
and 15.1 ft/sec. The data used to construct Fig:re 29 are fram one sample of
turbulence. Analysis of other data is required before broad conclusions may
be reached on the distribution of gust velocities.

Crooks et al (2) list the root-mean-square gust velocities computed from

the time histories as 4.87, 12.19 and 10.86 ft/sec for the vertical, lateral
and longitudinal components, respectively. These are significantly different
than the values given above. The difference is assoclated with data sampling
techniques, removal of trends, and the grouping of the data into histograms.
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SECTION XI
SUMMARY AND CONCLUSIONS

The principal goal of the analyses presented in this report was to determine
numerical values for the standard deviation of the root-mean-square gust
velocities (b.), the scale lengths and slopes of the power spectral density
curves, and the ratios of turbulent flight miles to total flight miles.
These numerical values are given in Tables XIII and XVI. The values of bl
are shown to increase significantly with roughness of terrain for all three
components. Numerical values are 0.9 to 3.4 ft/sec for the vertical com-

ponent, 1.5 to 4.6 ft/sec for the lateral component and 1.2 to 4.6 ft/sec
for the longitudinal component.

There was no well defined trend in the variation of bl with altitude. For
the total HICAT sample b, was equal to 2.3, 3.0 and 3.0 ft/sec for the verti-
cal, lateral and longitu&im.l components, respectively. The dats were in-
adequate to determine if a further breakdown of each category into “storm"
and "non-storm” sets would be useful. The values of the b, 's given in this
report are dependent, to a large degree, upon the choice o} slopes, m, for
the power spectral density curves. When the b,'s given in Table XIII are

used, it is important to use the appropriate ues of X along with the values
of b.. ]

1 )
Composite spectra were obtained by the use of several techniques, each of
which yield different values of m. None of the techniques indicated con-
sistent slopes of -5/3. The slopes that are recommended in this report
(Table XIII) vary from -1.25 for flights over water to -1.55 for flights
over high mountains for the vertical component of the gust velocity. Com-
parable values for the lateral component are -1.50 and -1.75 and for the
longitudinal component are -1.45 and -1.60. No significant change of m with
altitude was noted. The values of m for the total HICAT sample are -1.45,
-1.65 and -1.55 for the vertical, lateral and longitudinal components, res-
pectively. All composite spectra indicated relatively large scale lengths.
A scale length of at least 4,000 ft. for all three components is recommended
&8 beat fitting the data.

Other conclusions presented in this report may be briefly summarized as follows:

1. The computed values of the P' but not b. 's are significantly affected by
the selection of the lower bound of turbllence.

2, The ratio of turbulent to total flight miles was found to be 0.027 for
f11ights over water and flatland, 0.036 for flights over low mountains
and 0.049 for flights over high mountains when effects due to pattern
flying were removed. These ratios were reduced approximately 35% after
examining figures from NASA U-2 programs which contained less blas
towards turbulence searching techniques. The overall ratio of turbu-
lent to total flight miles was, in addition, considered to be high

because of the larger amount of miles flown over mountains (26%) than
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vould be expected on a random, world-wide basis (6%).

L 4

Turbulence decreased substantially with altitude over flat terrain
but showed 1little dropoff with altitude over mountains. Winter
appesred to be the season with maximm turbulence.

Clear air turbulence existed above thunderstorms at infrequent periods.

Therefore, no separate classification was made of turbulence assoc-
iated with thunderstorm activity.

Root-mean-square gust velocities obtained by truncating the spectra
at A = 2,000 £t may in most cases be assumed to have a normal prob-
ability density distribution, except at large values of the RMS.

The probability density distribution of the individual gust velocity
values (sampled every 0.08 seconds) has been shown to différ from a
normal distribution in one case over mountains.

Power spectral density curves for selected cases over various topo-
graphic categories showed a wide range of shapes. There was no
apparent correlation between spectral shape and orientation of the
aircraft with the wind. The mountain wave associated spectra had
the steepest slopes with the lower intemsity cases showing greater
bending upwa=d.
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APPENDIX I
DETERMINATION OF SCALE LENGTH BY RMB RATIOS
The equation:
LV (i'%'e' n/\) 5/3
vhen integrated between a truncated ) and the shortest A , yields the RMS

for the truncated X : 1/2
Y
e (V) = | [
A‘
1 @ 1 ) - 1/2
= c / — e
£ ZrLye/3 L /3
L 1+ 1+
-8 (-FF
For the HICAT data, Lb = 130 ft.
An gsion for the scale length obtained by solving for L in sbove can

be rather\ involved. Consequently, an alternative method may be used to
arrive at|/L which involves calculati: g ratios of selected RMS values from

—the data and equating these to similar ratios obtained from the family of
mild knee equations.

N N 1/2
H <1 -
o) ( 1+ a%x)a/s (“ﬂ)%
e () :
sy i ' & kb .
RE () I S — I __
% = rer&)e/a (x 2—;3)2/3
8 AN ‘ s’
where ) was selected as 4,000 ft. or 10,000 ft. and 1,,2 as 1,000 ft.
. - 1/2
1 . ) S .
("1 + 0.000628L)2/3 ("1+0.0403L)2/3
RMB_ () = 10,000 ft) _ I I
RB () = 1,000 ft [ T +0.00688L)-/3 ~ ( 1.*0.0083L)2/3
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APPEIDIX I (Cont)

and 1/2
1 L 1
RS (L = Lo00 £t) | (1T +0.00357L)2/3 (1 +0.0683L)2/3
RMS (X = 1,000 ft) ;) )
(T +0. 2/3 ~ (I +0.0883L)2/3
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