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FOREWORD

This report is a summary of the results of statistical analyses per-
formed on the low-level critical atmospheric turbulence {LO-LOCAT) data
conducted from March 1, 1969 through March 1, 1971. This report was
prepared by the University of Dayton Research Institute (UDRI}). The work
accomplished was administered by the Air Force Flight Dynamics Laboratory
under Contract F33615-69-C-1477 with Mr. Paul Hasty as Project Engineer.

The research was conducted at the University of Dayton under the
management of Mr. Nicholas Engler, Project Director of the Applied Systems
Analysis Section of UDRI. The technical effort was performed by Dr. McCloskey,
Mr., Luers, Mr. Ryan, and Mr. Engler.

This technical report has been reviewed and is approved.
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Gordon R. Negz.{rd, Major, USAF
Chief, Design Criteria Branch

Structures Division
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ABSTRACT

LO-LOCAT is an extensive low level turbulence program utilizing
statistically representative samples of turbulence data obtained over a wide
range of meteorological, topographical, seasonal, and time of day conditions.
UDRI has attempted to identify which of the various meteorological and envi-
ronmental conditions affect the turbulence as reflected through a number of
turbulence parameters. The turbulence parameters considered were: o,
the standard deviation of the gust velocity; b, the turbulence intensity; L,

the scale of turbulence; and N_, the characteristic frequency.

o
The basic method of mathematical analysis was a stepwise regression

scheme which related the environmental conditions to the various turbulence

parameters based upon statistical priority. It is felt that the regression

scheme provides a detailed outline of statistical relationships which can be

used as a guide for further investigation,
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SECTION I
INTRODUCTION

Military bombers and logistic aircraft, as well as commercial trans-
ports, are designed to carry large payloads for long range at high speed and
altitude, and as a consequence, are characterized by a high degree of structural
flexibility. This structural flexibility gives rise to substantial amplification
to the gust-response characteristics (such as stress, bending moment, center
of gravity acceleration). The gust velocity inputs are due to the atmospheric
turbulence environment which appears to be consistently more severe at the
lower altitudes. In recent years, a military operational requirement has been
added which entails high speed low level terrain following in order to avoid
radar detection. At least two catastrophic incidents have been attributed to
clear air turbulence environment; and other aircraft have sustained significant
structural damage in this low level terrain following mode. These results
make it imperative that a better definition of the atmospheric turbulence
environment be determined.

Some of the pioneering efforts in applying results from the theory of
generalized harmonic analysis (or Power Spectral Analysis) to the analysis of
gust loads on airplanes in continuous rough air are shown in References 4 and
5. In these references, and in others where Power Spectral Analysis methods
have been fruitfully applied to experimental data, the following limitations were
typical:

(1) Many of the parametric identification signatures were not
recorded or were lost due to compositing of data prior to acquisition.

{2) Vertical accelerometers were used as the primary source
of experimental data, thus limiting the data to one direction.

{3) Transformation of acceleration data to true gust velocity was
accomplished using assumptions of single degree of freedom, Dryden or
wind tunnel spectrum model, and scale length of 1000 feet.

These programs were invaluable, but the data were limited in gquantity
and relied on indirect methods to determine the probability density distribution
of the standard deviation of the filtered gust velocity time history (¢). Advances
in instrument technology and calibration techniques following these programs
made the calculation of three dimensional turbulence in the lower frequency
range possible. Improved computers using large quantities of data made
the accomplishment of a turbulence research program on a statistical basis
feasible.



A contract called Low Altitude Critical Air Turbulence {LO-LOCAT)
was awarded to the Boeing Company in April 1966, This LO-LOCAT program
is a part of an overall effort known as ALLCAT. ALLCAT is designed to
investigate atmospheric turbulence outside clouds from the earth's surface
to an altitude of 200, 000 feet. The Boeing Company LO-LOCAT contract
involved collection of turbulence data for terrain clearance altitudes below
1000 feet grouped into statistically representative samples obtained over a
wide range of meteorological, topographical, seasonal, and time of day
conditions.

The University of Dayton initiated a study on 1 March 1969 for the
Development of Low Altitude Gust Criteria for Aircraft Design. The primary
source of data for this study has come from the Boeing Company LO-LOCAT
study. The calculated data from the Boeing Company study were recorded
on magnetic tapes which will be referred to as the "Air Force Combined Tapes''.
There are two different tape formats available. One tape format called "Time
History Tapes'' gives the three components of the gust velocity time history,
peak count, amplitude count, power spectra, and, for the Phase III study,
the level crossing count. The other tape format, referred to as "Master"
tapes, gives minimum and maximum values, standard deviations, scale
lengths, meteorological data and various other data.

The purpose of this program is to '"Determine a probabilistic mathe -
matical model, which agrees with the experimental turbulence environment
in the 0-1000 feet terrain altitude region, to predict gust criteria for use in
advanced vehicle systems''.

The participation of the University of Dayton in the fulfillment of
this goal is as follows:

(1) To develop a mathematical model for turbulence which conforms
with current acceptable procedures in the spectral approach to gust response
and design requirements.

{2) To develop a procedure and to calculate values for certain
basic design criteria parameters (such as P's, b's, L's, etc.) using data
extracted from the "Air Force Combined Tapes''.

(3) To determine the effect that the available environmental
conditions have on the turbulence environment as reflected through a number
of recorded turbulence parameters.



SECTION II
DISCUSSION OF THE LO-LOCAT PROGRAM

The Boeing Company at Witchita, Kansas was awarded a contract by
The Air Force Flight Dynamics Laboratory to conduct a (data gathering)
program {LO-LOCAT) to investigate the characteristics of attnospheric
turbulence below 1000 feet terrain altitude. The (LO-LOCAT) program
consisted of three phases of testing. The data collection for Phases I and
II utilized four C-131B aircrait as instrumentation platforms and measured
turbulence wavelengths up to 7000 feet in length. The purpose of Phase III
was to extend the statistical definition of the turbulence environment and to
define wavelengths up to 14, 000 feet by using a higher speed (T -33A} air-
plane as the instrumentation platform. Figure 2.1 is a schematic of the
LO-LOCAT Program presenting the position of the University of Dayton
Research Institute with respect to the total endeavor of the program.

The FPhase I and II LO-LOCAT atmospheric turbulence data were
obtained over a 15-month period. Each C-131B aircraft was located at a
different base (Edwards - California, Peterson - Colorado, McConnell-
Kansas, Griffiss - New York) and was flown specified routes to give a wide
range of topographical and climatological conditions. Each route consisted
of eight straight legs, each of which was approximately 20 nautical miles
in length. The legs were traversed in the same direction on each flight at
approximately 180 knots. Five and one-half minutes of time history
constituted a turbulence leg sample.

The LO-LOCAT Phase III data were obtained during a 10 -1/2 month
flight period. A T-33A was instrumented and flown at approximately 360
knots over essentially the same routes as established for Phases I and II.
All legs were extended to a length of 30 nautical miles to obtain a data
recording time interval of four and one-half minutes. Some legs were
relocated due to this extension in length,

Normally, three missions were scheduled every other day during
all three phases of testing, one at dawn, one at mid-morning and one in the
afternoon. This schedule was varied as necessary when weather conditions,
aircraft maintenance problems, or other factors interfered. All flight legs
(with the exception of the high mountain legs of the Peterson routes) were
contour flown; that is, the pilot followed the terrain contour as close as
safety allowed at either 250 feet altitude or 750 feet altitude. On any one
flight date, only one contour altitude was flown, with the test altitude being
alternated on successive flight dates. For example, all legs from a given
base would be flown at 250 feet altitude for the three time periods and two
days later only 750 feet altitudes would be flown. The terrain of the
Peterson legs, Phases [ and II, was so severe that constant terrain altitude
could not be safely maintained; thus altitude definitions assigned for these
legs were low altitude and high altitude.
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2.1 Flight Test Procedure

2,1.1 Pre-Flight
{(a) Instrumentation checks
{(b) Pilot is briefed by meteorologist concerning weather

(c) Pilot decides whether to fly mission and/or exclude
certain legs

Note: Plane is not flown in clouds or rain to preclude
moisture accumulation in gust probe,

2,1.2 Pre-Leg

{a) Pilot stabilizes aircraft at 1000 feet terrain altitude
and flies over the leg starting point. Ten seconds of atmospheric survey
data are recorded at this altitude.

{b} An instrumentation standardization cycle is initiated
automatically. During this cycle the pilot initiates a descending turn to 100
feet terrain altitude on a course to pass over the leg starting point.

{c) At completion of the standardization cycle and/or the
combined descent turn maneuver, the aircraftis stabilized and ten seconds
of atmospheric survey data are recorded at 100 feet altitude as near as possible
to the first survey location.

(d) The pilot makes a climbing turn to the designated terrain
altitude for the day so as to pass over the leg starting point on the preassigned
course heading.

2, 1.3 Flight Leg

As the aircraft approaches the leg starting point, the pilot
actuates the sequencing switch to record leg gust data. Throughout the leg
the pilot attempts to maintain the assigned speed and terrain altitude. The
pilot switches off the recorder on completion of the leg and flies to the
starting point of the next leg to repeat the cycle.

2.2 Data Processing and Categorization

The detailed steps taken by Boeing to reduce the raw data to time
histories of the longitudinal, lateral, and vertical true gust velocities, the

5



power spectral density of these quantities, and the calculation of associated
parameters are well documented in References 1 and 2.

2.2,1 Phase I andIl Data

The resultant data compilation for the Phase I and II study
consisted of 669 reels of magnetic tape which were delivered to USAF ETAC,
Asheville, North Carolina., Three of these tapes, which have been termed by
UDRI as "Master Tapes', were duplicated by ETAC and delivered to the University
of Dayton in May, 1969, The remaining 666 " Time History Tapes'' contain the
gust velocity time histories, peak and amplitude count data, and power spectral
densities for the longitudinal (u), lateral (v), and vertical (w) components.

The University of Dayton had intended to use only the "Master
Tapes' to perform the required study on Phases I and II data. It was found that
the probability density distribution of the root mean square gust velocity, ¢, from
the data of Phases I and II did not conform to the assumptions and methodology
of such classical developments as NACA 1272, NACA 4332, (Ref. 3 and 4) etc.
and that to utilize the methods outlined in the above reports, empirical peak count
or level crossing data would be necessary. The logistics involved by having
ETAC duplicate 666 tapes, ship them to the UDRI, and then have UDRI extract
the required peak count data from these tapes, seemed horrendous. It was
estimated that the time history data (u, v, w) usurped more than 98% of the tape
space. Thus, if all data (other than time history data) were extracted by ETAC
from these tapes, less than a dozen tapes would be involved., A formal request
was made to ETAC in September, 1969, to perform this extraction, and the
resultant tapes (three in number) were received during March of 1970,

Appendix A gives the details of data contained in the Phases 1
and II master tapes. The parameters are grouped into simulated card type images
and each parameter is described with dimensional units, method of determination
{description or by equation) and reference.

2, 2.2 Phage III Data

The calculated data for the LO-LOCAT Prograrm, Phase III,
were recorded on 117 magnetic tapes. These tapes are referred to as the ""Air
Force combined tapes' and were received by UDRI in late January, 1970, Tape
T117 can be considered the master tape for the Phase III data. This master
tape contains additional parameters to those shown in the three master tapes of
Phases I and II. The changes and/or additions to the master tape format of
Appendix A are shown in Appendix B,

The remaining 116 tapes contain the gust velocity time histories,
primary peak, amplitude, and level crossing count data, and power spectral
densities for the longitudinal (u), lateral (v) and vertical {w) components. All
data, with the exception of the gust velocity time history data, was extracted

6



from the 116 Phase III tapes and collected on a single tape. The format of this
tape matches the format of the three tapes generated by ETAC containing the same
information for the Phases I and II data.

The Two Master Tapes from the Phases I and II, and Phase III
Programs along with the four (three from Phases I and II, 1 from Phase III) tapes
containing peak, amplitude, level crossing, and PSD data, served as the input
turbulence data for the UDRI analysis of Clear Air Turbulence for Low Level
Design Criteria.



SECTION III
DETERMINATION OF PARAMETERS OF GUST EXCEEDANCE EQUATION

The present model set forth by military specification for the deter-
mination of gust induced response exceedances for aircraft design is given as

Yz YA -
N(y) _ ( /A ) ( /A
N = P exp B + P, exp 5, ) (3.1)
0
where

N(y) = average number of response peaks per mile exceeding the
value y

N0 = average number of response peaks per mile in continuous
turbulence

v = response quantity (acceleration, bending morent or stress)

A = gust response factor relating gust velocity to the response

parameter y.

P, P;, by, b; are parameters of the turbulence environment which
will be discussed in greater detail in the following pages. The historical develop-
ments in the evolution of the load exceedances (Equation 3.1) are basically
contained in References 3, 4, and 8. In all of these developments, use is made
of Rice's equation which relates frequency of exceedance at amplitude level x
of a random time history x(t).

ce J1/2 2,2
1 2 ¢ -x"/20
N(x) = = [o o ¢ (v au e (3.2)
[#a]
[ ¢ () duw
o]

This equation was derived (Ref. 5) under the assumption the time history is
stationary and Gaussian. The equation is exact for the number of level crossings
per second with positive slope at a given value x, but is an approximate expression
for the number of peak exceedance above a given value of x. For large values

(x >2¢) the number of level crossings at amplitude x approximates the number of
peaks exceeding x.

Examination of Equation 3. 2 indicates that the number of peaks per
second above a given value depends upon o®, which is the area under the spectrum,
#(w), and upon the radius of gyration of the spectrum about the origin.



Ref. 3 provides one of the original developments for converting gust
and acceleration peak data into a form appropriate for use in spectral calculations.
In this report the application of Rice's equation to turbulence patches resulted in
the following assumptions and conclusions:

{(2a) The spectral shape of a gust turbulence patch for a given altitude
appeared to be invariant with weather conditions and varied only in intensity
(root mean square gust velocity). Based on these assumptions, Equation 3.2
relating to gust exceedance can be rewritten as

2

mm=%e‘xn& (3. 3)

where the constant No represents the expected rate of zero crossings of the gust

velocity with positive slope and can be considered the characteristic frequency of
the random disturbance x(t}.

(b) By assuming linearity in the input {gust) - output (response)
relationship, a transformation was made in the frequency plane, relating the
output spectra of the response variable y to input spectra of the gust velocity x
through the frequency response function Hy.

2
T o(W)y=H (W) ¢ (w) (3. 4)
Yy y x

For a given altitude, gross weight, speed, etc., the frequency response function
was also considered invariant and the substitution of pr(w) into Egquation(3. 2) will
give

2 2
Niy) = Noe - /ZUY (3.5)

where the constant No represents the expected rate of zero crossings of the

response (accelerometer) with positive slope and is the characteristic frequency
of the response y.

In Ref. 3, application to Rice's equation was through the use of the
response Equation (3.5). This was due to the fact that the primary source of
data was from VGH recordings. Equations (3. 3) and/or (3. 5) apply to individual
sample flight records which approximate a Gaussian disturbance. A grouping
of operational data would be expected to cover a continuous variation in intensity,
therefore, three different exponential probability density distributions of the
root mean square acceleration were assumed in Ref. 3. One of these assumed
distributions had a form which, when transformed to f(o), gave

1 fé_" ~0'2 2
ﬂﬂ:nge /2b {3.6)



The expected number of gust exceedances for the limiting case of a continuous
variation in ¢ was specified as

2
N(x) J‘ fo)e " /20% do . (3.7)

Substitute Equation (3. 6) into Equation (3. 7) and integrating gives

1;("): Pe “/b . (3. 8)

8]

Early NACA studies using limited operational data encountered two
general types of turbulence, 1) severe,which was generally associated with storm
conditions and 2) moderate or less severe,which was usually associated with
moderately rough clear air,

Ref. 4 developed expressions in terms of Ucle for two different types

of probability distributions which were called storm and non-storm. Through
the use of relations hetween Ude and A, and the application of collected operational

data, values were determined for P;, P;, by, and b; using a two-component
probability density distribution of the form

1+ /2 2 1\/- 2
flo) = P, b-\/-— ex p(--—-ﬂ-:-2 /+ exp( ; . (3. 6a)

2

The substitution of Equation(3. 6a) into Equation (3. 7) and integrating gives the
cumulative probability of exceeding the gust velocity x,
N{x) -X

N
o

Fx) = = P; e “x/bl + P, e /ba . {3. 8a)

It can be shown in like manner {Ref. 3 and 4) that with appropriate substitution
and transformation and by using the assumed probability density distribution of
Equation (3. 6a), the response relationship can be specified by Equation (3. 1).

Nl\g_y) = Pl [= -Y/Ab! + Pz c HY/Abz
o}

10



3.1 Application to LO-LOCAT Data Using Master Tape Data

Past experience has shown that Equation (3. 8a) provides a good fit to
empirical peak count gust velocity data. UDRI did not initially pursue this
approach for two reasons. First, a direct calculation of F(x) from gust velocity
peak count data requires peak count distributions which were not contained in the
Master Tapes. Second, the Master Tapes did provide the standard deviation (7)
and other related data for each flight leg; therefore, since the data was obtained
from non-storm conditions, and since the probability density distribution f{s)
was heretofore an assumed expression, an effort was made to apply the results
of this data to previously developed continuous turbulence theory. If, for
example, the empirical distribution of f{¢) could be duplicated by a simple
mathematical expression and when substituted into Equation (3. 7} providing a
closed form solutionand good correlation with F(x) from empirical peak count
data, methods could be devised whereby peak counts would no longer be needed.
The following paragraphs point out some of the problems encountered in applying
LO-LOCAT data to classical continuous turbulence theoretical developments,

3.1.1 Application to Rice's Equation

The application of Rice's Equation (3. 2) to a stationary Gaussian
patch of gust turbulence results in Equation (3. 3). The Master Tapes for Phases
I and II provided Ng values for 16% of the flight legs based on calculations from
the truncated spectrum (See Appendix A}. Also the maximum and minimum
recorded peaks were provided on the Master Tapes.

A representative value of Ny for the Phases I and Il data is N, = 1.5
crossings/second. A five and a half minute flight leg would yield approximately
330 N, = 495 peak counts. The cumulative probability of meeting or exceeding
the largest peak count, xp,,,, in a five and one-half minute flight leg is on the
overall, 1/495. The probability of exceeding the maximum peak count can also
be estimated from the exceedance distribution given by Equation (3. 3). For
LO-LOCAT f{light legs, X,,,,/¢ has consistently been found to be greater than
five for each flight leg. Substituting this value into Equation (3. 3} yields the
probability of exceeding as;

6

NG _ 37410

N
o}

a value immensely different from 1/495. The consistent occurences of unusually
large ratios of x .. /o makes the stationary Gaussian assumption highly suspect.

Although the UDRI did not feel that this test convincingly proved the
nonapplicability of Rice's theory to LO-LOCAT data, it did provide strong
indications that the assumptions made in Rice's development {Stationary, Gaussian)
are not satisfied by the individual flight legs from LO-LOCAT data.

11



3.1.2 Application to a Continuous Variation in o

In the preceeding discussion, it was pointed out that under the
assumption that the aircraft encounters turbulence of all intensities {continuous
variations in root mean square gust velocity) having the same spectral shape
(fixed value of L for the von Karman model), that Equation {3.7) can be used to
determine F(x) the cumulative probability of a level crossing exceeding the value
x. The verification of Equation (3. 7) using LO-LOCAT empirical data requires
the determination of F(x) = N{x)/Ny in terms of peak count exceedances. The
assumed probability density distribution of ¢ Equation {3. 6a) has gained wide
acceptance for use in Equation {3.7) because it allows an analytic integration
that results in a cumulative probability function of exceedances, Equation (3. 8a)
that fits empirical data quite well. Section 5.3 contains numerous examples
to substantiate this fact. However, the goodness of fit of the frequency distribution
(Equation 3. 6a) to empirical data had not been checked until recently since
suitable data was not available. The first such data was derived during the B-66
Low Level Gust Study. Although the ¢ values from the B-66 study cannot be
considered as a random sample of all ¢ values, they were fit by a modified chi-
square distribution {Ref. 3. 3) and this density function was used in Equation
(3.7) and numerically integrated to obtain F(x). The resulting F{x) did not
agree with the observed distribution of peak counts as it was concave downward
instead of the characteristic concave upwards shape, and, hence drastically
underestimated the probability of high values of x,

The observed values of ¢ from the LO-LOCAT program do provide
a random sample for the 0-1000 feet altitude band. A brief look at the histogram
of the o values from the LO-1.OCAT program indicates that the density function
ig different from that of Equation (3. 6a). That is, a sketch of Eguation {3. 6a)
would appear as in Figure 3.1,

f(er) = Equation (3. 6a}

(o) /

p
Figure 3.1: Sketch of Analytic Expression for f(c).

while the histogram of f(¢) for the LO-LOCAT data appeared as ia Figure 3. 2.

12



J““‘f(ﬂ‘) Empirical Data

flo)

o
Figure 3.2 Sketch of Empirical f(¢) from LO-LOCAT Data

Figures 3.1 and 3. 2 show that the density function f{c)} provided by Equation (3. 6a)
cannot be used to fit empirical f(¢) data yet the resulting cumulative distribution
obtained from Equation(3. 7} does provide a good fit to the empirical peak count
data.

To further test the validity of using the model of Equation (3.7) a
function was found that did provide a good fit to the data. The density function

used
2

B 1 r 1 (o - M)
) s TRy LaTs e e (3.9)

is a normal distribution truncated at ¢ = a. The truncation was necessary due
to the unknown effects of noise at the small values of 0. A comparison of
Equation (3.9) to LO-LOCAT Data is contained in Ref. 1, p. 123, for L= 2.75,
b=1.31, and a=1. A substitution of Equation (3. 9) into (3. 7) yields

_ 1 1 o 00 -x?2 {o-u)?
F(x) = - Fa) 370 Ja € ST T 33T g {3.10)

Since a closed form solution to the integral could not be found, F(x) was
determined by numerical integration. Figure 3.3 shows the results of F(x)
calculated by Equation (3. 10) versus the empirical LO-LOCAT Data. Again,
the results are unacceptable.

Thus, using an F(c¢) that fits the observed data, an unacceptable F(x)
results, and using an f(o) that does not fit the data an acceptable F(x) results.
From this contradiction, it would appear that the necessary assumptions
regarding the model of Equation (3. 7) are not met and that it is impossible
to determine an acceptable distribution of F(x) through the exclusive use of
data contained on the Master Tapes (See Figure 3. 4).

13



Curnulative Probability of Exceedance F(x)

F{x)} From Truncated Normal Distribution

Compared to Empirical Observations

F(x) from truncated normal

x Empirical-Reference 1, p. 273,
All Contour Legs, Phases I and II

Lateral Component

|

i

5 10 15 20 25 30 35 40 45 50

x ~ft/sec
Figure 3.3 Comparison of Empirical to Analytic Expressions for
Cumulative Probability of Exceedance
14
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Conclusions

The technique of gbtaining the cumulative probability of exceedance
F(x) by employing the theory of Stationary Gaussian Processes has been shown
to be non-applicable to LO-LOCAT turbulence samples. Extreme gust velocities
are encountered on a much more frequent basis than would uccur probabilistically
if turbulence were truly stationary and gaussian. The introduction of the empirical
f{c) into Equation (3. 7) also resulted in poor correlation with empirical peak
count observations {(Figure 3. 3). The fruitless attempts at using Master Tape
data for determining the parameters of the gust exceedance equations are
schematically shown in Figure 3.4. As a result the UDRI was unable to
determine F(x) merely from the ¢ values for individual flight legs. A detailed
study was made of three classical reports. Ref. 3, 4, and 6 were reviewed
with the perspective of determining whether the techniques used in these reports
to determine F(x) were applicable to the LO-LOCAT data.

The approach pursued in the above reports relied upon peak count
accelerometer response data and appropriate transformation to determine
cumulative exceedance curves. In each of these reports an assumed probability
density distribution of turbulence intensity was used either directly or indirectly.
The most commonly used expression for f{c) is shown in Equation {3, 6a).

As a result of these {indings, and from discussions with AFFDL
personnel, it was decided to obtain F(x) directly from the peak counts of all
the flight legs. Since peak counts were not available on the Master Tapes of
Phases I. II or III, a request was made through AFFDL to the National Records
Center (Asheville, North Carolina) to extract the peak count data from the 666
time history tapes of Phases ] and II data. These tapes were received at UDRI
in March of 1970. The Phase III time history tapes (117} were sent directly to
UDRI from the Boeing Company for extraction of peak counts. These tapes
were received in late January 1970.

3.2 Calculation of F(x) from Peak Count Data

To determine the cumulative probability distribution F(x) from the
peak counts three techniques were considered: {1) A graphical fit to the
cumulative distribution of the peak counts, (2} an analytic fit to the frequency
distribution of the peak counts and {3} an analytic fit to the cumulative
distribution of the peak counts (See Figure 3. 5).

3.2.1 Graphical Method

The usual method of estimatingthe parameters P;, P;, by, and
bz is a graphical technique derived from a plot of F(x) versus x on semi-log
paper. From such a plot, the cumulative probability is piece-wise fit by two
line segments. Although this procedure does provide a satisfactory fit to the
data the determination of values for the parameters P,, P,, b; and b, depend

16
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to a large extent upon the subjective decisions made in {1} fitting the curve to
the data points, and (2) determining the slope of the fitted curve. Another
undesirable feature is that the graph of the data must be drawn before any fit
can be made. Hence, any large scale operation of the graphical method is time-
wise prohibitive.

3.2.2 Analytic Fit to Frequency Distribution f(x)
The approach taken is that the cumulative distribution of peak

count exceedance is F(x) and that a reasonably good fit of the observed distri-
bution of peaks is:

- -x/b
Flx)= P, e x/®y + P, e x/b; (3.11)
thus the density function of (3.11) is expressed as
P, -x/b, P, -x/b (3.12)
= —— o —
f(x) 5, e i~ e
For this density the first three moments are given by
m, = [“ xf(x) dx = P, b, +P; b (3.13)
0
my = [ 7 5 f(x) dx + 2P, b2 + 2P, by’ (3.14)
0
my= [ % %} f(x) dx = 6P, b} + 6P, b (3.15)

0

Defining P; +P;, = 1, there are four equations in four unknowns if the sample

moments are substituted for m,, m;, and my . Thus, the solution is given
by
r 2 2 2 wE
b, = —Z(m3 —3m1 mg) + L4(m3 -3m1 ml; ) - 24(211’11 - M3 ) (3m2 - 2m3 m, )]
2 - 2
_ mz - 2m1 bz (3 1?}
b1 2y by )
_ oy - by 3.18)
Pl - bl - bZ (
P, = 1-F {3.19)
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Careful examination of these equations indicates the difficulty of using this
approach for the problem. Typically, Py is much larger than P,, and hence,
the first term of Equation (3. 12) will dominate. Thus, it would be expected
that 2m,;? -m, would be close to zero, and, since this term appears in the
denominator of Equation (3. 16) the estimator for b, would be highly sensitive
to the sample moments. A similar comment can be made for every term in
the expression for b,. That is, if P, = 0, and theoretical moments are
substituted in Equation (3. 16), the expression for b, is indeterminate.

As a sample problem, Phases I and II data were taken from Ref. 1,
page 273 item 10. Three different methods were used for estimating the
moments for this particular distribution.

Method (a) considered the discrete moments of the rectangular
density histogram with centroid at the mid-value of the rectangle.

Method (b) assumed that the first five data blocks could be sufficiently
described by the density distribution.
1 —X/m1

e

f{x) :EE

{3.20)

m; was estimated initially by using Method (a). The moment contribution from
the first five data blocks was then calculated by using m; in Equation (3. 20)

to analytically estimate f{x) over the first five data blocks. The contribution
from the remaining blocks was calculated by Method (a).

Method (c) assumed the probability density distribution could be
expressed by a series of trapezoids (i.e., linear segments when plotted on
semi-log paper}). The moments m; and m,; were calculated by integrating
Equations (3.13) and (3. 14) over the trapezoids.

Table 3.1 is shown to compare the three methods of estimating the moments.

TABLE 3.1
COMPARISON OF THREE METHODS OF CALCULATING MOMENTS

Method m; My ma
a 2.38223846 10. 7427613 80.070224
b 2.38306104 11.4915558 86.1175969
c 2.306803581 10. 69103930 80, 44875562

Though the moments are in general agreement, a substitution of these values
into Equations (3.16), (3.17), (3.18), and (3.19) shows the extreme sensitivity
that exists,
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Table 3.2 presents these results.

TABLE 3.2
P's AND b's FROM THREE METHODS. OF CALCULATING MOMENTS

Method Pl Pz bl bz
a 1.00718 -. 00782 2.3357 -4,14395
b . 9975 . 0025 2.3701 7.5166
c . 99998 . 00002 2.3062 42,2445

Methods (a) and (b) were applied to other models of cumulative peak
count probability, and the extreme sensitivity provided equally disastrous
results. Since the methods of moments approach has not provided generally
acceptable answers using three different integration schemes, this approach
was abandoned.

3.2.3 Analytic Fit to Cumulative Probability Distribution F(x)

In an attempt to find various analytical fits to the cumulative
distribution of peak counts, it was observed that in several instances test
data plotted on Weibull probability paper provided a straight line over the
majority of the amplitude range. The only regions where linearity dropped
off was in the extreme ends of the amplitude range. Although the Weibull
function did not lend itself to a determination of the parameters of F(x) as
given in Equation (3. 8a), it was still felt that the best approach was to use
Equation (3. 8a) since from this equation the load exceedance Equation (3. 1)
could be easily evaluated. Hence, it was decided to automate the Graphical
procedure described in Section 3. 2.1, that is, the determination of the P's
and b's from empirical peak count data using the model Equation (3. 8a). If
a computerized method is not used, the task of determining P's and b's for
the LO-LOCAT data becomes insurmountable. If the method is not objective,
a statistical interpretation of the data is impossible. The following paragraphs
describe this computerized program.

In order to develop an objective method it was first necessary
to find a function that would fit the curnulative empirical peak count data.
Equation (3. 8a) could not be fitted directly to the data to find a function because
the very small probabilities of large gust velocity are not given sufficient
weight by this fit. It was found, however, that the log, F(x) could be
represented by a quadratic of the form

Ln F(x)= A + Bx + Cx? (3.21)
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and provide sufficient accuracy in the fit for large values of x.

The cumulative probability of exceedance is determined at
gust velocity bands of 2 ft/sec by cumulatively summing the peak counts
obtained from the time history tapes. After taking the logarithm of the
cumulative probability at each band, Equation (3.21) is fit to the data by least
squares.

To eliminate the effect of instrumentation noise which produces
ficticious gust velocity in the low amplitude bands, the cumulative probability
for the 0-2 ft/sec band is not used in the least square fit. The constant A in
Equation (3. 21) reflects the percentage of data in the 0-2 ft/sec band that is
considered noise. Transformation from Equation (3. 21) to the function:

—X/b1 -X/bz

Fix)= P, e +P; e (3.22)

requires a representation of F;, P;, by, and b; interms of A, B and C.

If C, the coefficient of x* is negative in Equation (3.21), this
indicates that the cumulative probability function is concave down. The best
fit that can be made with Equation (3. 22) to such data is to define P, = 1 and
P, = 0. Thus, the natural logarithm of Equation (3. 22) reduces to:

Ln F(x)= -x/b;.
b; is evaluated by a least squares linear fit of the form
Ln F{x) = A - m x

1
where m = 5 For the case when C is positive P;, P, b;, and b, are deter-
1

mined from the coefficients of Equation (3. 21) as follows. b; is defined as
the negative reciprocal of the slope of Ln F{x) at x = 0.

Thus
b]_ = - I/B

To determine b, the point of transition between the influences of the
first and second terms of Equation (3. 22) is chosen as x, = *m  where Xm 18

the maximum gust velocity encountered. b, is defined as the negative recriprocal
of the Ln F(x) half way between x_ and xyy,. Thus

3 Cx

—I/ba =B+ 2

P, and P, are calculated by solving the system of equations
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P, +P, = 1 (3.23)

Py exp (-XC/bA ) + P, exp ('xc/bz)‘: exp (Bxc+ Cxcz‘) (3. 24)

Equuation (3. 24) imposes the condition that Equation {3.21), after a
logarithmic translation by A units to compensate for instrument noise, and
Equation (3. 22) coincide at the mid-gust velocity (xc).

A computer program has been written to implement this technique of
obtaining P's and b's. The program has been used on approximately 120
cumulative distributions for various categories. Section 5.3 shows plots of
the distributions and resulting P's and b's. In all but 16 of the 120 cases the
technique produced P's and b's that provided an excellent fit to the empirical
data. The remaining cases were characterized by the occurrence of large
gust velocities, generally in excess of 30 ft/sec. The technique was modified
for these cases by defining b; as the negative reciprocal of the slope of

Equation (3. 21) at }fZ(':" instead of at x = 0. The calculation of b; and the P's

remained the same as previously. Plots of the empirical distributions and
the analytical function (Equation (3. 21) for the 16 cases showed the modified
technique provided a gocd representation for the empirical data.
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SECTION IV
SENSITIVITY ANALYSIS

A sensitivity analysis was performed on the LO-LOCAT data to determine
which flight and environmental conditions had an influence upon the turbulence
encountered by the aircraft as reflected through a number of turbulence para-
meters obtained from the gust velocity time histories. The turbulence para-
meters considered for each low level leg were:

1) ! Oy OW-—the standard deviation of the longitudinal, lateral, and

vertical component gust velocity time histories.

Z) u , ¥ , and w --the maximum component gust velocities
max  max max

encountered for the leg.

3) u . ,v . s andw _ --the minimum component gust velocities
min’ min min
encountered for the leg.

4 N , N , and N --the characteristic frequency of the turbulence
ou oV ow

components.

5) Lu’ Lv’ and L --the scale of turbulence for the Von Karman model
W

of turbulence,

Turbulence parameters (1)-(3) are obtained from the filtered gust velocity

time histories and are available for each low level leg. Turbulence parameters
(4)-(5), however, are obtained from a power spectral density (PSD) analysis of
the gust velocity time histories and are available for only a fraction of the

low level legs--roughly 20% of the legs for Phases I and II and 40% of the legs
for Phase III,

The flight and environmental conditions investigated as possibly relating
to the turbulence parameters {1)-{5) were initially (1} location, (2) altitude,
(3) atmospheric stability, {4) time of day, (5) season, and (6) terrain. A
subsequent investigation extended the analysis to (7) wind speed, (8) wind
direction, (9) Richardson's number, (10) vertical wind gradient, and (11) wind
angle with the aircraft.

4.1 Regression Analysis
The principal analytical procedure used in the sensitivity analysis
was the stepwise regression procedure BMDOZR. In this program the flight

and environmental conditions were used as the independent variables with
the various turbulence parameters used as the dependent variable. The use
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of this procedure eliminated any subjective bias or preconceived notions
about the data in that the resulting regression equations are developed in a
stepwise fashion, with each environmental condition being considered
according to its statistical significance to the turbulence parameters. The
regression analysis on Phases I and Il was conducted in three basic steps.
First a regression was performed on each turbulence parameter for the u,
v, and w components at each location {(Edwards, Griffiss, Peterson, and
McConnell) using environmental conditions (2)-(6) as the independent
variables. Second, the analysis was extended to include the meteorological
conditions (7)-(11} for each component location combination in an effort to
improve on the relationships established in the initial regression procedure.
And, finally, the data from all three turbulence components was analyzed
together, using environmental conditions {1)-(11} as the independent
variables.

4.1.1 Analytical Procedure

The eleven environmental conditions were initially broken down into
categories as given in Table 4. 1. The categories for conditions {1}-{6) were
established by the Boeing Company and are coded into the record for each
low level leg on the "Master Tape'' received from Boeing. The categories
for conditions (7)-(11) were established from meteorological considerations
by UDRI. Each category was then represented by a dichotomous variable
which took a value one if the condition was present for the given leg and took
a value zero if the condition were not present for the leg given. For example,
the dichotomous variable representing the category "Dawn'" would take a
value one for those legs flown at dawn and take a value zero for those legs
not flown at dawn. These dichotomous variables were then used as the
independent variables in the stepwise regression procedure BMDOZR with
the various turbulence parameters used as the dependent variable.

Since the dichotomous variables take only values of zero and one,
this regression procedure reduces to a decomposition of low level legs
into categories represented by the dichotomies of the independent variables
with the regression coefficients indicating a measure of the effect produced
in the turbulence parameter by the flight conditions of the dichotomies. In
addition, the order of entrance of the dichotomous variables into the
regression equation ranks environmental conditions on their order of
influence to the dependent turbulence parameter.

After several test runs it was evident that the regression coefficients
must be referred to a common environmental condition in order to compare
results from different runs, The dichotomous variables representing the
underlined categories in Table 4.1 were therefore eliminated from the
analysis in the first two regression phases. The elimination of these
variables does not suppress the effect of any of these categories but merely
references the effects in the analysis to these conditions.
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TABLE 4.1
DECOMPOSITION OF ENVIRONMENTAL CONDITIONS

Environmental Condition Condition Categories

1) Location Edwards, Griffiss, Peterson, McConnell

2) Altitude 250 Ft., 750 Ft,

3) Season Spring, Summer, Fall, Winter

4) Time of Day Dawn, Mid-Morning, Mid-Afternocon

5} Atmospheric Stability Very Stable, Stable, Neutral, Unstable

6) Terrain High Mountains, Low Mountains, Plains,
Desert

7) Wind Speed WS < 15 Ft/Sec, 15 Ft/Sec <WS <30 Ft/Sec,

9)

10)

11)

30 Ft/Sec <WS <45 Ft/Sec, WS >45 Ft/Sec,
0% <« WD < 90°, 90° < WD < 1809,
180° < WD < 270°, 270° < WD < 360°

Richardson's Number R<.25, .25<R<1,0, R>.10
Vertical Wind Gradient WG <.02, . 02 < WG <.06, WG >.06
Wind Angle with the 45° < WA < 90° ° <WA < 45°
Aircraft 270° < WA < 3150 3152 < WA < 360°

‘900 <WA < 1350 )

it %<« < °
2250 < WA < 2700/ 13 <WA =225
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4.1.2 Results on Phase I and II Gust Velocity Standard Deviations

The results of the stepwise regression analysis for 1265 low level legs
at Edwards Air Force Base during Phases I and II with the standard deviation
of the lateral component of the gust velocity as the dependent variable and
environmental conditions (2)-(6) as the independent variables are given in
Table 4. 2. At step 0 the mean lateral standard deviation for the 1265 legs
is given as 2,77 ft/sec. At step 1, the legs are decomposed into two groups,
those flown in very stable air having a fitted mean oy of 3.24 - 1.31 = 1.93 ft/sec,
while those not flown in very stable air have a fitted mean 3. 24 ft/sec. The
category ''very stable air' was considered first because the dichotomous
variable representing this category was most strongly correlated to the
dependent variable in the regression procedure. Additional categories are
considered in their order of influence upon the residual of the dependent
variable after the effects of the dichotomous variables already considered
have been removed. In this case, the category ''desert' produced the next
strongest effect upon the lateral standard deviations of the 1265 legs. At
this stage the legs have been decomposed into four groups with, for example,
the predicted mean lateral standard deviation for legs flown in very stable
air over the desert given as 3.47 - 1.31- .79 = 1. 37 ft/sec. and for legs
flown over the desert not in very stable air as 3.47 - . 79=2. 68 ft/sec. The
decomposition continues for nine steps with the coefficients being referenced
to the eliminated categories under each environmental condition. No
coefficients for categories Fall and Winter are given because no discernible
difference in the dependent variable was detected for these categories.

The final correlation coefficient of 0. 658 indicates that the decomposition
presented explains 100(. 658) = 43. 3% of the total variation in the lateral
standard deviation of the 1265 Edwards legs. Additional information can

be obtained from Table 4. 2 by noting some of the interlocking relationships
between the coefficients. Note, for example, at step 5, that the entrance of
the category dawn into the regression procedure alters the value of the
coefficient for very stable air from the previous step. This phenomenon
occurs because the categories dawn and very stable air are highly correlated
and part of the effect of the category dawn is carried by the category very
stable air until dawn is entered into the regression equation. The correlation
between these two categories is illustrated in Table 4. 3 where the frequency
of occurrence of each time of day stability condition is given for the Edwards
iegs.

Even though stability and time of day categories are strongly correlated,
the analysis in Table 4. 2 illustrates that atmospheric stability has the stronger
influence upon the dependent variable. This result is verified by the results
in Table 4.4 where the mean lateral standard deviation of the gust velocity
is computed for each stability time of day category for the Edwards legs.

While this table illustrates many of the relationships established in Table

4.2 there is considerable distortion present in the means of Table 4.4 due

to the fact that all categories are not uniformly distributed among the 12
stability time of day categories. For example, no leg flown over the desert at
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TABLE 4,3
NUMBER OF FLIGHT LEGS AT EDWARDS BY STABILITY AND TIME OF DAY
ATMOSPHERIC STABILITY

Very Stable Stable Neutral Unstable
s Dawn 421 114 15 4
P
A
@ Mid-Moraing 63 131 211 150
0
E Mid-Afternoon 60 130 204 118
=
TABLE 4.4

MEAN SIGMA FOR EDWARDS LEGS BY STABILITY AND TIME OF DAY
ATMOSPHERIC STABILITY

Very Stable Stable Neutral Unstable
= Dawn 1.76 2,42 3.67 4.25
)
'8  Mid-Morning 1.84 2.84 3,41 3.92
v
E Mid -Afternoon 1.89 2.79 3.05 3. 68
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dawn at 750 ft. altitude encountered neutral or unstable atmospheric conditions.
The results of the extension of the regression analysis to the longitudinal

and vertical components of the standard deviation of the gust velocity at
Edwards are given in Tables 4.5 and 4. 6. These tables indicate consistent
relationships for all three components with generally smaller standard
deviations occurring in very stable air and over the desert. A comparison

of these results with the Peterson data in Tables 4.7 - 4.9 shows that there is
a stronger seasonal effect and a stronger time of day effect at Peterson with

a corresponding decrease in the influence of atmospheric stability. The final
decomposition in Tables 4, 2, 4.5 - 4.9 together with similar results for
McConnell and Griffiss have been recorded in Table 4. 10. This table basically
summarizes the relationship of the component standard deviation ¢, oy, and
ow to the environmental conditions (2) - (6). Important characteristics are

as follows:

1) Altitude -- A negative coefficient indicates that generally smaller
standard deviations were obtained during the 750 ft, legs. The magnitude
of the coefficient is consistently smaller for the vertical components indicat-
ing a weaker dependence upon altitude in this case.

2) Atmospheric Stability-- Stability is the most influential of the
environmental conditions considered, with generally less turbulence being
encountered with increased stability of air.

3) Time of Day -- Generally smaller standard deviations were observed
at dawn with the strongest influence occurring in the vertical component.
There was very little detectable difference between the mid-morning and the
afternoon standard deviations except at Peterson where considerably larger
values were observed during the afternoon.

4) Season -- There were few consistent trends for season except that
generally higher standard deviations were observed during spring. In
general, the seasonal effect is smaller at Edwards than at the other bases
with practically no seasonal effect observed in the lateral and longitudinal
components.

5} Terrain -- There are no strong terrain effects except at Edwards
where generally smaller standard deviations were observed over the desert,

6) Correlation Coefficient -- While the correlations are not excessively
high, it seems worth noting that the correlations are consistently higher
for the vertical component at all four bases. This shows a stronger
influence of the vertical standard deviation upon the environmental conditions.

An extension of the regression procedure to include the meteorological
environmental conditions (7}-(11)} for the Phases I and II data indicated that
wind velocity was the most important of these conditions relating to the com-
ponent gust velocity standard deviations. The results of the regression
procedure for the Edwards lateral standard deviations are given in Table
4.11. A comparison with Table 4. 2 indicates that the environmental conditions
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(2)-(6) enter the regression procedure in roughly the same manner with
wind velocity exerting an additional strong effect when added to the list of
independent variables. In this procedure, strong winds indicate more
turbulence with light winds indicating less turbulence as reflected through
the component gust velocity standard deviations. Wind Angle also seems to
have some effect with less turbulence being experienced when the aircraft
is flying into the wind.

The differences in Tables 4.2 and 4. 11 at steps 0 and 1 are caused by
the fact that a few legs had to be deleted from the extended regression because
all of the environmental conditions were not available for some legs. The
improvement in the regression procedure with the addition of the meteorological
conditions can be observed by noting the increase in the correlation coefficient
in Table 4. 11 over that obtained in Table 4. 2. These results obtained at
Edwards are typical of those obtained at the other bases when the meteorological
conditions are added to the list of independent variables.

As a final analysis on the gust velocity standard deviations, all the data
from the four bases and the three components were used in a regression
analysis with environmental conditions {1)-{6}) as the independent variables
and introducing dichotomous variables to represent the three components.
Wind speed was also added to the list of independent variables since a relation-
ship to this meteorological condition was observed in Table 4. 11, In addition,
no dichotomous variables for the categories of conditions {1)-{(6) were
eliminated since there was no need for comparison between runs. The results
of this regression analysis are given in Table 4,12, The results of this
analysis are similar to those found earlier except that the base Griffiss enters
into the regression very early. This result indicates that generally more
turbulence was encountered at Griffiss than under similar environmental
conditions at other bases. This statement is verified by Table 4. 13 which
contains a listing of the average gust velocity standard deviations by base and
terrain type. The fact that Griffiss does enter into the regression equation
indicates that the effect produced is unique to Griffiss and cannot be explained
by any of the environmental conditions considered.

4.1.3 Results on Other Turbulence Parameters

The regression analysis described for the gust velocity standard
deviation was also performed on several other turbulence parameters to
determine if the various parameters contained similar information about the
turbulence.

4.1.3. 1 Maximum and Minimum Gust Velocity Regression
Using the maximum component gust velocities for each
leg as the dependent variable, the stepwise regression procedure was performed

for each location and component with environmental conditions (2)-(6) as the
independent variables, The results with u,, .4 at Edwards are given in
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TABLE 4,13

PHASES I AND II

MEAN SIGMA BY BASE, TERRAIN, AND COMPONENT

Edwards
High Mountains

Edwards
Low Mountains

Edwards
Desert

Griffiss
Low Mountains

Griffiss
Plains

Peterson
Plains

McConnell
Plains

Ty

Longitudinal

2.94

2. 66

39
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Lateral

3.16

T
Vertical

3. 26

2.93
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Table 4. 14. These results are typical and a comparison with the results

on ¢, in Table 4.5 indicates general consistency in that the independent
variables enter into the regression equation in roughly the same order to
produce the same pattern of dependence upon the environmental conditions.
The relative magnitude of the regression coefficients is similar, indicating
the two turbulence parameters ¢, and umax contain much the same information
about turbulence. Table 4. 15 contains the results of a similar run for uy,,,,
at Peterson and Table 4. 16 is the summary table for the maximum gust
regression at all bases. A comparison with Table 4. 10 shows good consistency
with the earlier results. One notable difference in the results is that the
correlation coefficients for the maximum gust regressions are consistently
lower than the corresponding coefficients for the o, oy, and o, regressions.
This implies that the parameters ¢y, o,, and o, relate more strongly to the
environmental conditions than do the corresponding parameters Uy ae: Vipaxs
and Wi, -

The regression procedure was also performed using the minimum gust
velocity as the dependent variable. The results were very similar to those for
the maximum gust velocity. A typical example is given for u. ;. at Edwards
in Table 4.17,

4.1.3.2 N, Regression

For approximately 20% of the low level legs, a PSD
was performed and for these legs the turbulence parameter N, was used as the
dependent variable in the regression analysis. The results for the three
components at Edwards are given in Tables 4. 18 - 4,20 and the summary for
all bases is given in Table 4.21. General trends of the N regression are
as follows:

1) Generally smaller values of N, were observed at 750 ft. altitude
with the weakest dependence upon altitude occurring in the longitudinal
component,

2) Larger values of N, were observed in very stable air with little
dependence occurring in the other stability levels.

3) Generally larger values of Ny occur at dawn, with the strongest
dependence occurring in the vertical component.

4} No strong trends with season, except for generally larger values
of N, occurring in the fall and winter in the vertical component.

5) Little dependence upon terrain, except for larger values of N,
occurring over the desert.

6) The correlation coefficient for the vertical component is consistently
larger than the correlation for the lateral and longitudinal components.
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4.1.3.3 Scale of Turbulence Regression

The scale of turbulence L for the Von Karman model
was also used as the dependent variable in the regression procedure. The
summary table of results for this regression is given in Table 4. 22, General
trends present in the data are as follows:

1) Generally longer scale lengths occurred at 750 ft. altitude with the
weakest dependence occurring in the longitudinal component.

2) The dependence upon stability is inconclusive with no overall trends
occurring, However, there is a fendency to slightly smaller scale lengths
with increased stability.

3) Generally shorter scale lengths occur at dawn at all bases except
Edwards where just the opposite is true.

4) Longer scale lengths generally occur in spring, but the dependence
upon the other seasons is inconclusive.

5) Terrain seems to have little effect upon the scale of turbulence,
but there does seern to be a negative influence over the desert at Edwards.

6) The correlation coefficients at Edwards and Griffiss are considerably
smaller than those at Peterson and McConnell. In all cases, however, the
longitudinal correlation is the smallest of the three components.

4.1.4 Results of Regression on Phase III Data

There was considerably less data available in Phase III than in Phases
I and Il with considerable imbalance in the number of legs flown under the
various environmental conditions. For example,no data was obtained in
fall and winter at Griffiss and none at 750 ft. altitude at McConnell in Phase
III. This imbalance has a tendency to confound the effects of the environmental
conditions making comparisons with results for Phases I and II less meaningful.
However, the Phase III data at Edwards is reasonably balanced among all
environmental conditions except season which had a minimal effect at Edwards
during Phases I and II. The Edwards data was therefore, used in the regression
analysis with g, Ny, and L as the dependent variables and the environmental
conditions (2)-(6) as the independent variables. The summary table for these
regression analyses at Edwards is given in Table 4. 23, A comparison of
these results with those obtained from Phases I and II leads to the following
observations on the turbulence and its relation to the environmental conditions:

¢ -- Regression
1) Terrain has a stronger effect on ¢ in Phase III

2) The stability of the air has a weaker influence on ¢ in Phase III
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3} The time of day has a weaker influence on ¢ in Phase III

4) The correlation coefficient is consideraly smaller in Phase III
for both the longitudinal and vertical component ¢ regressions

No -- Regression
Generally smaller NO'S were observed in Phase III with less influence
upon all the regression parameters.

Scale of Turbulence Regression

1} Generally longer scale lengths were observed in Phase III with a much
stronger relationship to time of day. That is, scale lengths were generally
500 ft. longer at dawn in Phase III, while earlier phases indicated an increase
in scale length of less than 100 ft. at dawn.

2) Terrain had a stronger influence upon scale length in Phase III with
generally longer scale lengths occurring over high mountains.

3} While somewhat longer scale lengths were observed at 750 ft. altitude
in Phases [ and II, no dependence upon altitude was detected in Phase III.

A comparison of the means of the dependent variables for the various
phases is given in Table 4. 24, While the o values are roughly the same in all
phases, it was found that N, was considerably smaller in Phase III and the
scale of turbulence L. was considerably larger in Phase IIIL.

4,2 Extreme Value Analysis for Phases I and II Data

The regression analysis on the extreme gust velocities encountered for
each leg in Phases I and II revealed several dependencies of the extreme values
upon the environmental conditions. A further analysis of the extreme values
has been conducted to determine the distribution of the extreme values for the
purposes of extrapolation to the probability of occurrence of extremes not
encountered in the study and for comparison of distribution parameters under
various environmental conditions,

A computer program has been written to compile the available maximum
and minimum values into frequency distributions. Since the maximum gust
velocity and the minimum gust velocity showed similar distributions, the
two components were combined by taking their absolute value for the purposes
of the extreme analysis.

Plots revealed that the cumulative distributions of extreme values
could be represented quite well by a log-normal distribution with parameters
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a and . That is, the loge of the extreme values followed a normal distribu-

tion with mean a and standard deviation . The cumulative distribution of
extreme values will, therefore, plot as a straight line on log-normal paper.
That is, normal probability scale on the ordinate and a log scale aleng the
abscissa. Such a plot of the cumulative distribution of extreme values has
been made for the various terrain conditions for the longitudinal, lateral,
and vertical components in very stable air in Figures 4. 1-4.3. In addition,
the distribution parameters a and B for the three components under the
various stability conditions have been tabulated in Tables 4.25 - 4.27, The
median extreme gust, the 1% extreme gust, and the 0. 1% extreme gust have
also been tabulated for the various flight conditions in these tables. Since
both the minimurm and maximum extreme gusts were used in this analysis,
the 1% extreme gust for a given category refers to the extreme, either
positive or negative, that would be expected to occur once in 50 flight legs
of 5.5 minutes each under the given condition, or equivalently the extreme
gust velocity that would be expected once in 275 minutes of flying under the
given condition. The 0.1% extreme gust represents the extreme that would
be expected to occur once in 2750 minutes or 45. 83 hours under the condition.

The extremes presented are only examples of the values that can be
calculated. Actually, the expected extreme gust velocity for any given
number of flight hours can be calculated from the log-normal parameters a
and B as shown in Table 4. 28,

The log-normal distributions on the extreme values presented in Tables
4.25 - 4,27 show similar trends to those exhibited in earlier regression runs
on the turbulence parameters. In particular, there is a difference in the
distributions of extremes with respect to atmospheric stability in that the
a and B values vary considerably under the various stability classes. There
were also large differences in the parameters under the various terrain
categories but this effect is confounded with the location effect in that most
of the data under certain terrain categories was obtained at a single location.
In particular, all of the desert data was obtained at Edwards and most of the
plains data was obtained at McConnell. The fact that location does exert an
effect on the turbulence encountered was illustrated previously in the results
obtained in Table 4.12.

A comparison of Tables 4.25 - 4, 27 shows that there are differences in
the distribution of extremes for the three components, but that these differences
are small when compared to the effects produced by stability and terrain.

This result was also obtained in examining other turbulence parameters as
shown in Table 4. 12.

An examination of the parameters of the extreme distributions reveals
that the parameter B increases with increased stability of the air. This
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behavior indicates more variability in the distribution of extremes under

very stable air even though the median extreme is smaller under this condition,
The implications of this behavior are given in Figure 4. 4 which contains a

plot of the extreme distribution under all stability conditions for the longitudinal
component over desert terrain. This figure illustrates that even though more
severe turbulence would be encountered with increased instability in the air,
the ultimate loads under the various stability conditions would be similar.

That is, atmospheric stability is not responsible for ultimate loads encountered
by an aircraft even though atmospheric stability would seem to be important

in the accumulation of damage to the structure of the aircraft. Similar trends
as those reported in Figure 4.4 were observed in the other components and
under the other terrain conditions.
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SECTION V
ANALYSIS OF PEAK COUNT DATA BY CATEGORY

Cumulative probability exceedance curves have been determined for
various categories from the peak counts of Phases I and II and Phase III data.
The technique discussed in Section 3. 2.3 has been used to determine the P's
and b's from the analytic fit. This section of the report discusses the P's and
b's calculated under various categories with respect to the influence each cate-
gory has on the turbulence parameter ¢. Comparisons are made between the
results from Phases I and Il data and those from Phase III. A final discussion
is a comparison of LO-LOCAT data {Phases I and II and Phase III) with the
results of other turbulence investigations

5,1 LO-LOCAT Data

Cumulative probability exceedance curves have been calculated on the
basis of decomposition by the six categories - LOCATION, TERRAIN, ALTITUDE,
STABILITY, SEASON, and TIME OF DAY. Prior to the discussion of these
decompositions, it is worthwhile to observe the statistical balance of the data
relative to each category. Table 5.1 shows the percentage of flights in the
decomposition of each category for the Phases I and Il and Phase III data.

The total number of flight legs for Phases I and II {(7632) and Phase III {1600)
data is also given. Phases I and II data shows a good balance in the categories
Location, Altitude, and Time of Day. In the category Terrain, only 6% of the
data is over desert and 2% over water, both at Edwards. An overabundance

of legs, 51%, were flown over plains. The category Stability shows only 10%
of the legs in unstable air. Nevertheless, there is a large enough sample of
unstable legs (716) to be statistically meaningful. The category Season shows
somewhat fewer legs flown in spring and winter than in the other seasons. It
is important to observe the percentage of legs for each condition of the Phase
III data relative to the Phases I and II. For example, Griffiss Phases I and II
data have been shown to have a larger mean sigma than the other bases. Since
only 9% of Phase III data is from Griffiss, as compared to 20% of Phases I and II,
one would expect this effect to result in a decrease of the mean sigma for all
flight legs from Phase III data. This point is discussed further in Section 5. 3,
where the Phase Il exceedance curves are compared to Phases I and II. In
the Terrain and Season categories, Phase IIl data also shows a notable differ-
ence from Phases I and II. A majority (54%) of the Phase III legs were flown
over high mountains, while only 17% were flown over plains. The corresponding
figures for Phases I and II data are 20% and 51%, respectively. Phase III data
consisted of a smaller percentage of summer flight legs (16%) and a larger
percentage of spring and winter legs than Phases I and II.

5.2 Cumulative Exceedance Curves from Peak Counts

The peak counts from all Phases I and II flight legs were accumulated
in two-feet-per -second bands and fitted to the analytic function {Equation 3.2) by
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Phases I and II
Phase III

Phase I and II
Phase III

Phase I and II
Phase III

Phase I and II
Phase III

Phase I and II
Phase III

Phase I and II
Phase II1

TABLE 5,1

PERCENTAGE OF FLIGHTS BY CATEGORY
PHASES I AND II VERSUS PHASE III DATA

Peterson

2%
4 8%

High Mts

20%,
549,

250 Ft
459,
56%

Very Stable

29%
31%

Spring
19%
32%

Dawn
31%
28%

Location
Edwards McConnell
23% 30%
36% 7%
Terrain
Low Mts Plains
21% 51%
19% 17%
Altitude
750 Ft Non Contour
42% 13%
44% -
Stability
Stable Neutral
37% 24%
29% 249
Season
Summer Fall
27% 40%
6% 32%
Time of Day

Mid-Morning Mid-Afternoon
35% 34%
37% 35%
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Griffiss
20%
9%

Desert
6%
7%

Unstable
10%
16%

Winter
149%
30%

Total Legs

7632
1600

Water
2%
3%



the techniques of Section 3. 2. 3. The number of peak gounts in the 0-2 ft/sec
band was modified to account for instrument noise by deleting this point from
the least squares quadratic fit used to obtain P's and b's. The modified
number of peak counts in the 0-2 ft/sec band is defined as the intercept of

the quadratic fit. All of the Phase III flight legs were accumulated and P's
and b's determined in a similar fashion, Figure 5.1 shows the cumulative
exceedance curves for the Phases I and II and Phase III data.* Notice that
the b; parameters are similar to the two curves even though the probability
of exceeding a large gust velocity is much higher in the Phase III data. The
difference in the two curves is due mainly to the decrease in P;, or the
corresponding increase in P;, for the Phase III data. This behavior indicates
that the light to moderate turbulence has the same intensity for all phases

but that severe turbulence was encountered more often in Phase III. Possible
explanations for the more frequent occurrence of severe turbulence in Phase
III are as given below:

1) The Phase III program, with the faster T-33 aircraft, was designed
to measure longer atmospheric wavelengths, up to 14, 000 ft. Boeing has
reported that there is some reason to suspect that the longer wavelengths
are assoclated with the very high gust velocities and therefore account for
the higher degree of turbulence experienced in the Phase IIIl Program.

2} As shown in Table 5.1 the Phase III data is not statistically balanced
among the location, terrain and season categories. In particular, there is
an over abundance of data at Peterson over high mountains in Phase III where
generally heavy turbulence was encountered and very little data at McConnell
where generally light turbulence was encountered. Such an inbalance would
tend to make the Phase III data look more severe than that of earlier phases.

3) 1In Phases I and 1I, it was found that more severe turbulence was
encountered at Griffiss than at other bases under similar environmental
conditions. Griffiss, being merely a geographical position, could not in itself
cause turbulence but rather an unidentified metecrological cause could be
strongly manifested at Griffiss. Such a situation could be occurring at
Peterson in Phase III where unusually high turublence was encountered.

The regression analysis indicated that little difference was observed
between the mean sigma for the 250 ft. altitude legs and that of the 750 ft.
legs. To determine if the same is true for the peak count probabilities the
cumulative exceedance curves were obtained for all Phases I and II flight
legs at 250 ft. and for all legs at 750 ft. The results appear in Figure 5. 2.
Little departure is seen between the 250 ft. and 750 ft. curves. Very little
effect on peak count gust velocities can be attributed to the difference between
altitudes at 250 ft. and 750 ft.

*For Phases I and Il a maximum gust of 66 ft/sec in the vertical component
was observed at Peterson during a non-contour flight - Category No. 242343,
During Phase II the maximum gust was 76 ft/sec over high mountains at
Peterson.
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Cumulative Probability

Phases I and II
All Flight Legs
All Components Combined

0 (Includes Peterson Non-Contour)
10 P, = .99989 b, = 2.822
P, = .00011 b, = 10.309
10-1 Phase III
™ All Flight Legs
Pl = 932 bl = 2. 866
P, = .068 b, = b6.840
1072k
10_3r
Phase III
-4
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Figure 5.1 Cumulative Probability of Exceedance, Phases [ and II vs. Phase IIL
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Figure 5.2 Cumulative Probability of Exceedance, 250 ft, and 750 ft. Altitude

68

54

58



The cumulative probability curves for each component of Phases I
and II data is shown in Figure 5.3. Some difference is noticeable between
the curves. In particular, the lateral component indicates a higher probability
of a gust velocity than does the longitudinal or vertical component. Similar
results are obtained for the Phase IIl data, as seen in Figure 5.4. Even
though discernible differences are observed between components, they are
small compared to the difference that will be shown to exist for other category
parameters. It is worthwhile to recall at this time that in the regression on
¢, a difference in ¢ attributable to a component was not observed until the
eleventh step of the stepwise procedure as shown in Table 4. 12.

5.3 F{x) for Categories Based on Sigma Decomposition

The o regression for Phases I and II and Phase III data indicated
the Stability, Geographic Location, Desert and Non-Desert Terrain at
Edwards, and Dawn and Non-Dawn Time of Day have the highest correlation
with the turbulence parameter sigma. Since ¢ is the standard deviation of
the time history of a turbulence sample, one would antiticpate that the para-
meters that influence o would also influence the cumulative peak gust velocity
probabilities. Hence, initially the ¢ decomposition served as the basis for
determining cumulative probability of exceedance curves.

Cumulative probability exceedance curves have been determined for
each gust velocity component according to the decomposition by the variables;

1) Four Bases

2} Four Stability Conditions

3} Desert and Non-Desert Terrain at Edwards
4) Dawn and Non-Dawn

It was felt that this decomposition into 40 classes provided an upper
limit on the number of parameters that could possibly influence turbulence
from a practical standpoint of design criteria. P's and b's have been
determined for each component of each class. Sample plots of the resulting
curves are presented in Figures 5.5 and 5. 6.

A comparison was then made to observe if the effect of, for example,
stability on the sigmas was similar to its effect on the P's and b's. The
parameter b;, the negative reciprocal of the slope of the first exponential
component, was anticipated to behave in a similar fashion to ¢. b; reflects
the effect of very large gust velocity and would appear to be less related
to the standard deviation of the gust velocity ¢ than b;. Tables 5.2 - 5.5
show the P's and b's for the lateral components, at each base, for each
stability condition, and Dawn and Non-Dawn., The corresponding mean sigma
is also presented.
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Figure 5.4 Cumulative Probability of Exceedance, Phase Ill, Longitudinal,
Lateral, and Vertical Components

71



Cumulative Probability

Cumulative Probability

) ,......40".j,,....;0*. 80t

et _g0” et

F
RPN L Y. L VT L PTI L ATV L AP

n-l

Edwards Desert
Dawn
Yery Stable
‘Longitudinal
ZP1 = 0, 92540 bl =L.2111
1-"2 = 0. 07460 bz = 2. 11434

NS S Mt e S M e o S S S, Stk S
D 2 4 5 8101214 161620222426283
gust velocity

Griffiss
Dawn
Stable
Vertical

A

P a1 b, = 2. 7487

9 2 4 & 8101714 1510702274252820223
gust velocity

Cumulative Probabili

lity'
P L N L.

i

F

L4 a2ty

Cumulative Probab

F

o 10‘31_! IlLJl!!la-.l- 1 l_]ll!l#o‘,l lJlI!!l'IO-QI_! lllll!#‘o-‘l V1 !1!1!!#—0'

Edwards Degert
Non-DPawn

Very Stable
Longitudinal

P1 = 0. 99754 bl = 1. 82408

Pz = 0. 00246 hz = 1. 42997

b b LI 010

-

et

g
NPT AL

g0

Al J R ALLE

1o~

21 6 810121 ISIB202221262830323‘I3633“0'4_2‘[“’-[5'-185052‘54565360
gust velocity X

Griftias

Non -Dawn
Stable
Vertical
P1 = . 99453 hl = 2. 34323

Pz = 0. 00547 ‘hz = 4. 7171783

4

AR S e/ e A T R, e kA, An s s e e, a2 e
24 6 8104214 1618202274 262030323436 36 U0 Y24y 648 5052 54 56 50 80
gust velocity %

Figure 5.5 Cumulative Probability of Exceedance for Various Classes

72



0‘!

F
a-!

Cumulative Probability
04

04

McConnell
Non-Dawn
Very Stable
Longitudinal

Pl = 0, 95654 hl

= 0, 04345 bz =3 52199

82022 2‘1 25 28 30
ocity

= 1. 74895
PZ
T
4 6 8101214 1B

gust ve

lity

i
PN L AU A 1

Cumulativ eF Probab

F
LS LT L T L AT 1

Cumulative Probability

-4 EG-’
Bl 3 B 111l AN R TET]

;0

McConnell
Nen-Bawn
Yery Stable
Lateral

P

10 0. 99523 bl =1 71391

= 0, 00477 = 3, 89362

2

a0 oK

-1 -1
PP L AT 3

A

Probability

F
-3

. L L.

Cumulative

Sl A

EX) 6 8 IDI?I'IIS15202221262330323‘&35JGMUUZ‘NHEMUSOS?SHSBSBSO

gust velocity

LU LA L I Lo

‘D
Petersen = o
Non-Dawn 4 Pectersen
Neutral 3  Non-Dawn
Langitedinal M ] Unstabla
‘P = 093641 b =1.89275 %‘ Longitudinal
-
y = 004359 by = 384073 o] Py 3 "1 = 195427
21U 6 ﬁhzmlsmzo:nusza 30232943 %8680 mi:,cusx mzz 2425253032:”53““2&&1 50 52 514 56 34 80
. gust velom ocity
Figure 5.6 Cumulative Probability of xceedance or Varmus Classes

73



TABLE 5.2

COMPARISON OF VARIATIONS IN b1 AND ¢ BY
STABILITY AND TIME OF DAY -GRIFFISS

LATERAL

VERY STABLE
STABLE
NEUTRAL
UNSTABLE

VERY STABLE
STABLE
NEUTRAL
UNSTABLE

GRIFFISS
DAWN
Pl PZ bl b
. 737 263 2.262 2. 532
1.0 - 3.484
1.0 - 4,237
SIGMAS

DAWN

2.133
3.888
6. 083

74

NON-DAWN

P P

1 2

. 848
. 719
. 936

. 152
. 281
. 064

NON-DAWN

2.903
3.603
4.154
4. 464

by

2.217
2.801
3.058
2.976

bz

3.205
3. 003
4.464



TABLE 5.3

COMPARISON OF VARIATIONS IN by AND ¢ BY STABILITY

AND TIME OF DAY, PETERSON

LATERAL PETERSON

DAWN NON-DAWN

Pl PZ bl bZ P1 PZ bl bZ
VERY STABLE .8579 |.1421[1,.965|2.705 .96881 .0312 1,868 |3.789
STABLE . 9684 | .0316}11.802]3.984 .9402 | .0598 2,251 |3.656
NEUTRAL . 7581 1.241913.279 3. 948 .9292|.0708 | 2.753 | 4,003
UNSTABLE .8688}1.1312|1.557}2.401 .9161} .0840 ¢ 1,905 |3.039
SIGMAS

DAWN NON-DAWN
VERY STABLE 1. 628 2.094
STABLE 1.653 2. 887
NEUTRAL 3.500 3.263
UNSTABLE 1. 321 3. 041
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TABLE 5,4

COMPARISON OF VARIATIONS IN b; AND ¢ BY STABILITY
AND TIME OF DAY, MCCONNELL

LATERAIL McCONNELL

DAWN NON-DAWN

Pl PZ b1 bZ Pl PZ TD1 bZ
VERY STABLE LO - 1.4921 . . 9952 1.0048]11.714 | 3,894
STABLE Lo - 2.010% - .6700 [.330072.096 }2.105
NEUTRAL 1.0 - 1.998; - . 8936 |.1065| 1,946 | 2. 737
UNSTABLE | I - 2.039| - LO - 2.370 -
SIGMAS

DAWN NON-DAWN
VERY STABLE 1,291 2.052
STABLE 2.951 2. 899
NEUTRAL 3.435 3,177
UNSTABLE 3.292 3.405
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TABLE

5,5

COMPARISON OF VARIATIONS IN b; AND ¢ BY STABILITY
AND TIME OF DAY, EDWARDS

LATERAL EDWARDS
DESERT
DAWN NON-DAWN
p
1 P, by b, P P b b,
VERY STABLE 1.0 - | 1.480 ; 849 | .515]| .992 1 1.372
STABLE 695 .30 1.916] 2.028 .938 | .062| 1.508 | 2.632
NEUTRAL - - - . 742 | .258] 1.934 | 2.183
UNSTABLE i - - - 965 | .035] 2188 | 3.906
EDWARDS
NON-DESERT
DAWN, NON-DAWN
Py P, B b, P P, Y o,
VERY STABLE  .961) .038 2.058] 4.048] .991 | .009| 2.314| 4.950
STABLE 746 .253 3.571] 4.149] .855 | .144] 2.557] 3.623
NEUTRAL 893] .107 3.699] 6.173( .825| .175| 2.512| 3.268
UNSTABLE - § . . 895 | .105] 2.695( 4.237
SIGMAS
DESERT AND NON DESERT
INCLUDED
DAWN NON-DAWN
VERY STABLE 1. 765 1,878
STABLE 2. 420 2.817
NEUTRAL 3. 675 3. 230
UNSTABLE 4. 250 3,811
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b; is influenced by Stability and Time of Day in the same fashion as
is sigma. In general, sigmas increase with decreased stability, b;'s behave
likewise. When a sigma value is unusually large, the corresponding b; generally
reflects the same phenomenon. For example, Peterson-Neutral-Dawn gives
o = 3.5 which is considerably larger than the sigma for Peterson-Unstable -
Dawn. Similarly, the by for Peterson-Neutral-Dawn is larger than for the
other stability conditions. The same trends hold when comparing Dawn to
Non-Dawn data. When the mean sigma for Non-Dawn increases over Dawn,
the same effect is nearly always observed in b;. The similarity between
the influence of a parameter on o and on b; has led the UDRI to use the results
of the ¢ regression to estimate the relative effect the parameter has on the
cumulative peak count distribufions. The order in which the parameters were
found to influence sigma is the order that has been used to decompose the
cumulative peak count distributions,

The Regression Analysis on sigma of Phases I and II and Phase III
data found Very Stable Air to be the most important predictor of sigma.
Griffiss has been chosen as the second most important parameter because
of the strong correlation found in Phases I and II data. Phase III data was
not sufficiently balanced with respect to geographic location to determine
the influence of each base. The third most important characteristic was taken
as Stable Air because of its influence on Phases I and II and Phase III data,.
Cumulative probability of exceedance curves were determined for Phases I
and Il and Phase III data for each class in the decomposition sketched below.

All
Legs

Very Nat

Stable Very
Stable

Not Not

Griffiss Grifliss Griffiss Griffiss

Not Not
Stable Stable Stable Stable
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Figures 5,7 - 5.11 show the cumulative probability curves and give the P's
and b's for each of the ten classes of Phases I and II and also Phase JII data.
Figure 5. 7 shows that large differences exist between the stability conditions
for Phases I and II and Phase III data. Even though the cumulative probability
curves for the Phases I and II data are considerably different from those of
Phase III, it is interesting to note the similarity between the b; 's and b, 's.
For all flight legs, the b;'s and by 's compare as follows: Phase III b; = 2. 866,
Phases I and Il by = 2.822. Phase III b;= 6. 840, Phase I and II b; = 10. 309,
Since each exponential component ~x /by (e -x/b; ) has similar slope for the
Phases I and II and Phase III data, the intensity of turbulence experienced

is about the same, but there is a much greater probability of being in
turbulence of intensity b, with the Phase III data than with Phases I and IL.
This is further delineated in Figure 5.7 by observing the transition point
between the influences of the first and second exponential components. For
the Phase III data, the transition point occurs at a gust velocity of about

16 ft/sec. On the Phases I and II data, the transition occurs at 34 ft/sec.

For both Phases of data, the very stable flight legs showed markedly
less turbulence than the other flight legs. F¥or Phases I and II data a sharp
drop in intensity (b} of the second component was ocbserved, This would
indicate that generally less severe turbulence was encountered in very
stable air during Phases I and II. In Phase III however there was about the
same intensity of turbulence b, for very stable legs as for non-very stable
legs. This fact, plus a sharp decrease in P; for the very stable legs would
imply that while severe turbulence occurred under both stability conditions,
it occurred less frequently in very stable air.

Figure 5.8 shows the further decomposition of the Phases I and II
data by the category Griffiss and Non-Griffiss. As anticipated from earlier
studies on ¢ reported in Table 4. 13, the exceedance curve shows stronger
turbulence at Griffiss than at the other bases. However this decomposition
does not yield as strong a separation in the cumulative probability curves as
that produced by the very stable - not very stable decomposition because the
Griffiss decomposition is only of secondary importance in relation to the
initial stability decomposition. Figure 5.9 shows a similar breakdown by
the base Griffiss for the Phase IIl data. This graph appears to contradict
the results of Figure 5.8 by showing stronger turbulence for the Non-
Griffiss legs. It will be shown later that the discrepancy between the two
graphs can be explained by the presence of a large amount of high mountain
data at Peterson and Edwards in Phase I1I where severe turbulence wars
frequently encountered,

A further decomposition of both Phases I and II and Phase III data
by Stable Air adds little change to the cumulative probability curves (Figures

5.10 and 5.11) and is not considered significant to design criteria.

To further investigate the relationship between Phases I and II and
Phase III data, the base Edwards was investigated., Edwards was chosen
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because of the balanced distribution of each category of Phases I and II data
relative to Phase III. Table 5.6 shows the category decomposition at Edwards
for each of the Phases of data. The percentage of flights in each condition
from Phase III agrees favorably with those of Phases I and 1I except with
respect to season. A seasonal bias in Phase III data should not bias the
results since Season has been shown to have very little correlation to g.
Figures 5.12 and 5.13 show at Edwards a) all flight legs, b) High Mountain
Legs, and c) Not High Mountain Legs for Phases I and II and Phase III. The
comparison of all flight legs from Phases I and II with Phase IIl shows poor
agreement, Again, the probability curves are much higher from the Phase

III legs than those of Phases I and II. However, when the High Mountain data
is extracted from Edwards, an interesting result is apparent. The Not High
Mountain data at Edwards from Phase III agrees exceedingly well with the

Not High Mountain Edwards data from Phases I and Il. To test whether

this relationship is unique to Edwards, a comparison was made between Phase
IIT data (from all bases} not flown over high mountains and the corresponding
data from Phases I and II. The results are presented in Figure 5.14.

By ignoring the High Mountain Phase III data, the rest of the Phase III
data shows cumulative probability curves that agree remarkably well with
Phases I and IJI. The question is why is Phase III High Mountain data more
turbulent than Phases I and II. One possible explanation is the following:
All High Mountain data was flown at Peterson and Edwards. Phases I and II
High Mountain data at Peterson was flown non-contour, thatis, instead of
attempting to rmaintain a treacherous 250 or 750 ft. above mountain terrain, a
low altitude or high altitude course was followed. On Phase III legs, however,
an adventurous pilot flew 250 and 750 ft. contour legs. The possibility exists
that aircraft maneuvers associated with flying a contour profile over high
mountains have not been eliminated from the gust velocity time histories.
These large gust velocities associated with the High Mountain Phase III flights
may not be true gust velocities, but fictitious results from aircraft maneuvering.
This would also explain why the correlation from the regression analysis of
Phase III data is smaller than for Phases I and II. 1If the large gust velocities
are really maneuver-related, they will not correlate to stability or the other
categories. This explanation however is not without difficulty. Both Phases I and II
and Phase III High Mountain Edwards Legs were flown at 250 ft. and 750 ft, Table
5.7 shows the mean radar altitude of all the flight legs flown at Peterson and
Edwards over High Mountains versus planned terrain altitude. From Table 5,7
it is observed that there is little difference between Phase IIl mean radar
altitudes and those of Phases I and II at Edwards. Hence it appears the flight
profile was essentially the same as that of Phases I and II. Why then is Phase III
High Mountain Legs at Edwards more turbulent than Phases I and II. Another
difficulty with the maneuver explanation is the similarity between the cumulative
probability curves for three components. If the high gust velocities were maneuver
induced one would anticipate the effect to appear primarily in the lateral and
vertical components - not the longitudinal. This is not substantiated by Figure 5, 4.
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PERCENTAGE OF FLIGHTS BY CATEGORY AT EDWARDS

Phases I and II
Phase III

Phases I and II
Phase III

Phases I and I1
Phase III

Phases I and II
Phase III

Phases I and II
Phase III

TABLE 5.6

EDWARDS
TERRAIN
High Mnts. Low Mnts. Plains Desert
28% 36% 29%
34% 38% 20%
ALTITUDE
250 ft. 750 ft.
46% 54%
51% 49%
STABILITY
Very Stable Stable Neutral Unstable
35% 24%, 25% 16%
48% 23% 16% 13%
SEASON
Spring Summer Fall Winter
19%, 34% 34% 13%
- -- 81% 19%

TIME OF DAY

Dawn Mid morning Mid afterncon
35% 33% 32%
31% 41% 38%
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Water
7%
3%

Total Legs
1745
582
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TABLE 5,7

MEAN RADAR ALTITUDE CF HIGH MOUNTAINS

AT PETERSON AND EDWARDS

PETERSON MEAN RADAR ALTITUDE

Phases I and IT Phase III
250 ft. 1254 ft. 340 ft,
{Low Altitude)
750 ft. 1693 ft. 655 ft.

(High Altitude)

EDWARDS MEAN RADAR ALTITUDE

Phases I and 1T Phase III
250 ft. 367ft, 469 ft.
750 ft, 728 ft. 826 ft.

g0




5.4 Conclusions

Cumulative probability exceedance curves (P's and b's} have been
obtained for LO-LOCAT Phases I and II and Phase III by various category
decompositions based upon the influence a parameter has on sigma. A
comparison between by, a peak count exceedance parameter, and mean
sigmas verified that parameters that influence o also influence b; in the
same way. This fact substantiates the use of the sigma regression decomp-
osition for defining a cumulative peak count decomposition,

The following specific conclusions have been obtained from the
analysis of Section 5,

1) There is a large separation between the cumulative probability
curves for all of Phases I and Il data and for Phase III data.

2} If the Phase III High Mountain data is not used in the analysis,
the cumulative probability curve for the remainder of the Phase III data
{Not High Mountains} agrees remarkably well with the corresponding Phases
I and II data.

3} Phase IIIl High Mountain data appears statistically to be from a
different population. The cause has not been ascertained but several
possibilities have been discussed,

4) The most important parameter correlating to turbulence is
Very Stable Air. P's and b's have been obtained for the decomposition into
Very Stable legs and Non Very Stable legs.

5} The second most important parameter for correlating to
turbulence is associated with Griffiss. The geographic location Griffiss,
however, is not the cause, but only reflects a correlation to certain meteo-
rological conditions that exist at Griffiss.

6) A further decomposition of peak counts by the third parameter
of influence, Stable Air, produced minor changes in the cumulative probability
curves.

7) There is negligible difference between the cumulative probability
curves for the flight legs at 250 ft. and those at 750 ft.

8) Small differences in the cumulative probability curves for the
three components u, v, and w were observed. The lateral component shows
somewhat higher peak velocity probabilities than the other two components.
However, this difference was negligible compared with the effect produced
by other environmental conditions.

91



5.5 Comparison of LO-LOCAT Data to Results from
Other Turbulence Investigations

In Section VIII of Reference 7, John C. Houbolt develops expressions
for load exceedance curves, and shows how various parameters of these curves
vary with altitude. The LO-LOCAT data is restricted to clear air turbulence
and to a small altitude segment of the atmosphere. Houbolt data refers to the
general atmospheric environment, including storm and cloud conditions. Never-
theless it was felt that it would be useful to eizpress the results of the LO.LOCAT
data analysis in the Houbolt format. Comparison for various cases considered
in Reference 7 are as given below,

Case A - Houbolt develops the equation

N -a] X -az X
BN = . 993 ext( v )+.007exp(z—ﬂ-_—-—)
o w W
where
1 /2
a7 = [.993 +.0074%]
a
az = —G.—l—
P =

Proportion of time in an intensity O

Since UDRI uses the form for exceedance curves of

N -x -x
—_— =P —_ P —_—
N 1 exp ( . ) + P, exp ( oy )

it is observed that P; can be compared to . 993, P, to . 007, —%— to —a-'-l—a.nd
1 a
1 W

a
— to =% algebraically it can be shown that 1-33~ =% and o = a;b;.
bz Cr'w b1 W

The following table compares UDRI's Phase I and II values to
Houbolt's Case A,

Houbolt UDRI
P . 993 . 9999
P, . 007 . 0001
o 1.2 3.65
- 3. 00 2. 94
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Houbolt UDRI

. 333 . 406

L4 R

L . 278 . 110

b,

For Case B, Houbolt developed the equation
N - -X
— = P — + P ——
N, exp (= )+ Py exp (AUZ)

Curves for P= P, + P, are given as are T, values. The following
Table compares UDRI's Phases I and II values to Houbolt's Case B.

Houbolt UDRI
P, .7 . 9999
P, . 0005 . 000l
71 3 2.822
oz 6 10,309

Results of other low level turbulence programs are given in
Reference 9 and the results summarized in Table 5.8. While these earlier
turbulence programs do not cover the wide range of environmental conditions
included in the LO-LOCAT Program, they none-the-less provide valuable
information about particular segments of the atmosphere. Further details
about these low level programs are given in Reference 9.
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TABLE 5.8

SOURCES FOR LOW-LEVEL TURBULENCE DATA

DATA SOURCE

AND TYPE OF L
DATA P, b, F, b, ({eet)
NACA TN 4332

0-2000 ft 0. 34 4.6 0. 00025 9,4 1000
MIL.-A-8866

0-1000 ft 1.0 3.9 0 500
ASD-TR-61-235

0-1000 ft 1.0 2.72 { 0.01 5,44 500
SEG-TDR 64-24

low level contour 0,989874 3.62 | 0,0026 7.62 1000
B-66, vertical

peak count 1,0 2,7 - - 500
B-6G, lateral

peak count 1.0 3.1 - - 500
F-106, vertical

peak count - - 0. 068 10.65 500
F-106, lateral

peak count - - 0. 068 14. 06 500
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SECTION VI
ANALYSIS OF PEAK COUNT DATA BY LEG

Peak count data for the low level legs in Phases I and II have been
provided by ETAC at the request of UDRI. This data contains the number of
gust velocity peaks encountered for each leg by component in histogram form
in gust velocity increments of 2 ft/sec. A turbulence parameter, b, has been
determined from these data for each leg by component and this parameter used
as the dependent variable in a regression analysis. The purpose of this
section is to show that the turbulence parameter b relates to the environmental
conditions in roughly the same way as does ¢, the standard deviation of the
gust velocity time history. That is, the parameters b and ¢ contain much
the same information about the turbulence, thus adding creditability to the
results of the regression on both parameters. The parameter b is not used
in determining the gust load exceedance equation but b does provide a measure
of the intensity of the turbulence encountered on each leg.

6.1 Determination of the Turbulence Parameter b by Leg

A plot of N(x)}, the number of gust velocity peaks greater than gust
velocity x, versus x on semi-log paper revealed that for most legs the
relationship was approximately linear. Figures 6.1 - 6.3 give typical examples
of such plots under various environmental conditions. It was therefore decided
that N(x) could be adequately represented by a relationship of the form

-x

N{(x)=N_e /b

Taking logarithms of both sides, gives

In N(x) = In N - —
0 b
A linear least squares fit is then made to In N(x)} versus x to obtain
values for In N and b, using the peak count distribution in increments of
2 ft/{sec. The data in the 0-2 ft/sec interval is ignored in the least squares
fit because the peak count in this interval is often contaminated due to the
presence of noise.

6.2 Regression Analysis by Leg

The b turbulence parameters for each leg of Phases I and II data
are used as the dependent variables in a regression analysis with the environ-
mental conditions (1) - (6) and the three components used as the independent
variables. The results of this analysis together with the previously obtained
results on ¢ are given in Table 6.1. A comparison between the regression
results on the two turbulence parameters shows general consistency with a
few notable differences as listed below:
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1) The quantity b was generally smaller than ¢ for a given leg.
In fact, using the mean values at step 0 in the regression analysis shows that

cnlcrl

= 0,713, A plot of the relationship b = 0. 713 ¢ for a representative

cross section of legs is given in Figure 6. 4.

2) The terrain features Desert and Plains enter into the b
regression with negative coefficients while High Mountains and Low Mountains
enter into the o regression with positive coefficients. While the two regressions
indicate essentially the same relationship to terrain the dependence is expressed
in a different way. This difference indicates why sorne dichotomous variables
were omitted in earlier runs to give a standard frame of reference for the
results.

3) The regression coefficients in the b regression are generally
smaller than those in the ¢ regression. This is due to the generally smaller
values of b obtained for each leg but can also be attributed to the fact that
the correlation coefficients in the b regression are smaller. Smaller
correlations indicate a weaker dependence of the b parameter upon the environ-
mental conditions which in turn produces less of a separation in the distributions
of the b values under various environmental conditions. '
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SECTION VII
APPLICATION OF LLO-LOCAT DATA TO DESIGN CRITERIA

In order to properly design an aircraft, the manufacturer must have a
representative statistical mathematical model of the gust velocity environment.
Use of power spectral methods allows this to be done, as both the continuous
nature of atmospheric turbulence and the variation in turbulence intensity
with wavelength are considered. Modelling of the atmospheric turbulence
environment is made in terms of {a) a spectrum shape {the Von Karman
model with specified scale of turbulence L}, (b} an RMS gust intensity
variable g, {¢) scale parameters, bj and bp, indicative of probable intensities
of turbulence, and (d) parameters, P, and P,, depicting the portion of flight
time spent in turbulence. These relationships have been discussed in Section
IIT. The generalized prediction equation for any load parameter (acceleration,
bending moment, stress, etc.} can be expressed by:

Ny) /A V/a
= P, ex (—«———— Yt (==
N, 1 P bl ) P2 exp =
2
where

N(y) = average number of response peaks of the aircraft per foot
exceeding the value y

No = average number of response peaks per foot in turbulence
{characteristic response frequency)

¥ = response parameter (acceleration, bending moment or stress)

A = gust response factor for a particular location on the aircraft

relating gust velocity to the response parameter v.

Py, PZ’ by, and b, are the parameters that define the cumulative
probability of gust velocity exceedance by Equation 3.2, In order to
determine the gust response factor (A} and the characteristic response
frequency (No) it is essential to have a PSD model which represents the
spectrum shape, Reference 1 shows that the Von Karman spectra provided
the best fit to the calculated PSD data for all gust velocity components. The
Von Karman spectra is given by:

2
o (@) - o L 1 +8/3(1.339 Lq )

[1+ (1.339L0 )2]“/6

It is noted that

2

o = Jcp ()da.
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The response y can be related to the input by a linear trzasformation

2
= H
@, (0) | :«“”I v Q)

which relates the cutput spectra of the response variable y to the input spectra
of the gust velocity through the frequency response function H . This
response function H _is defined as the response y resulting fror? a sinusoidal
gust encounter of unit amplitude at each frequency  over the required
frequency range. The aircraft manufacturer must determine these values

using equations of motion and model or lumped-mass approach for the response
value involved. The frequency response function is not only determined for

a specific parameter and a specific location on the aircraft but is alsoc a function
of the aircraft configuration including wing area, gross weight and associated
weight distribution, airspeed and altitude.

The expression for A is

and since

[+ 0]
2 _ 2
g 2 = JO v (Q) lHy(ml dq

then

(0
i - Uom—r—t - ENCRL an ]2

The characteristic response frequency, N _, is a function of the RMS of
the second moment ofthe response PSD dividedoby the RMS of the area under
the response PSD curve and therfore:

[=e]

o [Hy(@|* ¢ (2 do _1/2

]

0]

“lﬂym)lz ® (Q) do
Q

NO:ZTT[J‘

The LO-LOCAT data cousists exclusively of clear air data., No storm
flights are included. Hence, one is cautioned against applying the results
indiscriminantly to aircraft design without regard to percentage of time flown
in storm and non-storm conditions, The LO-LOCAT program consisted of
flying specific routes on a scheduled basis without regard to the degree of
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turbulence anticipated except that if a storm was encountered the flight was
aborted. The data sample can be considered a random sample of the gust
environment of the atmosphere during non-storm conditions, The LO-LOCAT
data is also, of course, limited to design criteria applications in the 0-1000
ft. terrain altitude region.

The following section gives the authors' recommendations for the P,
P,, by, b; and the Von Karman L for the 0-1000 ft. altitude region in non-
storm flight conditions.

7.1 Gust Environment Parameters

The cumulative probability exceedance curves for all Phase III flight
legs have been shown to be considerably larger than those of Phases I and II.
However, if one considers only those Phase IIl legs NOT flown over high
mountains, there is good agreement with Phases I and II. All of Griffiss data
as well as Edwards legs not over high mountains have been shown to produce
similar cumulative exceedance curves as their Phases I and II counterparts.
The cause of this phenomenon in Phase III high mountain legs has not been
deduced. Several possibilities have been considered:

(a) Due to a faster aircraft the Phase III data contain wavelengths
to 14,000 ft., or twice as long as those measured in Phases I and II. The
presence of larger amplitudes in these wavelengths could result in the higher
cumulative probability curves. If it is true that the large gust velocities are
associated with the longer wavelength, then one should anticipate the effect
to appear over all terrain conditions. This has not been observed., As stated
previously, only the Phase III High Mountains terrain shows higher cumulative
probability curves.

(b) The Phase III high mountain data may be biased with aircraft
maneuvers induced by contour flying over rugged high mountain terrain. This
explanation is plausible for Peterson data. The Phases I and II high mountain
data at Peterson were non-contour flown and presumably required little aircraft
maneuver. The resulting data did not significantly differ from the rest of
Phases I and II data. On the other hand, Peterson high mountain Phase III
data were flown contour at 250 ft. and 750 ft. altitudes. These data show the
extreme gust velocities not encountered in Phases I and II. Since altitude
has been shown to have only minor effect on turbulence, there is little reason
to suspect that 250 ft. or 750 ft. contour flights would experience considerably
more turbulence than non-contour flights. On the other hand, both Edwards
high mountain Phases I and II and Phase III legs were flown contour at 250 f{t.
and 750 ft. The Phase III high mountain legs experienced the same extreme
gust as at Peterson, while the Phases I and II high mountains Edwards legs
did not differ significantly from the rest of the Phases I and II data.
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{c) The high mountain Phase IIl extreme gust velocities are caused
by some unknown meteorological condition prevalent in the Phase III legs, but
not present in Phases I and II. Had this condition been known and considered
in the regression procedure, it could have explained the differences between
the two phases of data.

The possible causes mentioned are not exhaustive, Further investigation
is necessary to determine the representativeness of Phase III high mountain
data.

Since no direct cause of the high mountain Phase III data could be
determined, and since the rest of Phase III data is compatible with Phases
I and II, it was decided to combine the Phase III not high mountain data with
all of Phases I and II. Cumulative probability exceedance curves are calculated
for this grouping of data and are recommended for use in design criteria for
the 0-~-1000 ft. altitude region in non-storm conditions. In addition, the cumu-
lative probability curve is also presented for Phase III high mountain legs.

7.1.1 Cumulative Probability Curves

Figure 7.1 shows the cumulative probability curve for all of
Phases I and II and not high mountains Phase III data. The corresponding
P's and b's are also listed. Phase III high mountain data is also shown. Of
the parameters investigated, very stable air has been shown to have the
greatest influence on turbulence. A decomposition of the data of Figure 7.1
into legs flown in very stable air and those not flown in very stable air is
given in Figure 7.2. It is recommended that this decomposition be used for
aircraft design by estimating the percentage of time an aircraft flies in very
stable and non-very stable air. If this type estimate is not feasible from
presently available knowledge, Table 7.1 can be used to correlate very stable
air with other parameters. From Table 7.1 it is seen that dawn is highly
correlated with very stable air. Over 71% of all legs flown at dawn were
flown in very stable air. Mid-morning shows fewer very stable air flights
and mid-afternoon only 5. 4%.

A further decomposition of Figure 7.2 by the second highest
correlation parameter to turbulence, Griffiss, is not recommended. Griffiss
is not the cause of higher intensity turbulence but only reflects the effects of
certain meteorological conditions which produce the results. Since the results
for Griffiss are not applicable to other geographic locations, a further decom-
position to include flight legs at Griffiss and not at Griffiss is not useful to
design criteria. A further decomposition by the third highest correlated
parameter, stable air, produces only minor changes in the cumulative proba-
bility curves and is not recommended for use in design critera. Table 7.2
summarizes the recommended P's and b's for the 0-1000 ft, altitude range.
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Cumulative Probability

Phases I and II All Legs

1 Phase III Not High Mountains
All Components Combined
P, =.99986 b, = 2.605
P, =.00014 b, = 8.684
10!
Phase III High Mountains
P, =.85 b; = 3.365
P, =.15 b, = 6.947
-2
10”F
-3
10 Phase III
High Mountains
10'4~
107
All Phases I and II
and Phase III Not
High Mountains
10'6L
-7
10 |
107
A | | T | 1 N I i1 1 { [ 1 | 1 L 1 I |
2 6 10 14 18 22 26 30 34 38 42 46 50 54 58 62 66 70 74 78

Gust Velocity ft/sec

Figure 7.1 Cumulative Probability of Exceedance for Phases I and II and Not
High Mountains Phase III Legs; Phase III High Mountains Legs
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TABLE 7,1

PHASES I AND II FREQUENCY AND PERCENTAGE
VERY STABLE AIR

Edwards Griffiss Peterson McConnell Total

Dawn Frequency 421 307 215 529 1472
Percentage 76. 0% 76. 8% 59. 0% 72, 1% 71. 7%
. . Frequency 63 55 109 140 367
Mid-Moraing 5o centage  11.4% 10.2%  27.0% 19.4%  16.5%
) Frequency 60 18 26 16 120
Mid-Afternoon p entage  11. 7% 3.3% 8. 2% 1.8% 5. 4%
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Cumulative Probability

10

10'3

10

10

-6

10

10

10

Phase III, High
Mountains, Not Very
Stable

Phases I
and II and

Phase III Not
High Mountains

Very Stable 7’

Phase III

High Mountainslﬂ
Very Stable

All Components Combined
Phases ] and II and Phase III Not High
Mountains, Not Very Stable

P, = .99978 b, = 2.678

P, = .00022 b, = 8.033

Phases I and II and Phase III Not High
Mountains, Very Stable

. 9975 by = 2.099

L0025 by = 5,211

1

P,
F;

1

High Mountains, Not Very Stable
P]_ = . 88 bl = 3,387
P, =.12 by = 7. 165

High Mountains, Very Stable

Phases I and I and
Phase III Not High
Mountains, Not Very Stable

L i % i 1 I 1

i

P, = .983 b, = 2.931
P, =.017 b, = 8.033
i i 1 A1 1 t 1 1

14 18 22 26 30 34 38 42 46 50 54

58 62 66 TO T4

Gust Velocity ft/sec

Very Stable Legs
108

Figure 7.2 Cumulative Probability of Exceedance, Very Stable -vs- Not



TABLE 7.2

RECOMMENDED P's AND b's FOR 0-1000 FOOT ALTITUDE
NON-STORM CONDITION
Data Includes All Phases I and II Legs
and Phase III Legs Not Over High Mountains
All Components Combined

P, P, by be
All Legs . 99986 .00014 2.605 8.684
Very Stable . 99750 . 00250 2.099 5,211
Not Very Stable .99978 . 00022 2.678 8.033

Data Includes Phase III High Mountain Legs Only

All Components Combined

Py P; by bz
High Mountains .85 .15 3. 365 6.947
High Mountains
Very Stable . 983 L0117 2.931 8.033
Hi .
igh Mountains o .12 3.387 17165

Not Very Stable
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The stepwise regression procedure has shown in Table 4,12
that there is very little difference in the gust velocity time histories by component
since none of the component variables enter the regression scheme until the
eleventh step. A breakdown of the data therefore by component is not recom-
mended since this decomposition provides a relatively small separation in
the data. However, since it has been customary to separate data by its long-
itudinal, lateral, and vertical compoents, the two curves in Figure 7.1 have
been decomposed by component in Figures 7.3 and 7.4 for comparison with
earlier results,

7.1.2 Von Karman L's

The regression analysis on L indicated that the order in which
parameters influence the scale of turbulence L is different from their order
of influence on ¢ or the cumulative probability curves.

For example very stable air has the highest correlation to
sigma, but is not highly correlated to L. Altitude, on the other hand, showed
the highest correlation with I for Phases I and II legs. The comparison of
Phase III Von Karman L's to those of Phases I and II also showed contrasting
difference. Furthermore, these differences cannot be explained by eliminating
the high mountain Phase III data. The mean of the Phase III L's is considerably
larger than that of Phases I and II even if the high mountain data is excluded.
The Phase III legs also showed considerably more scatter in the L value. The
standard deviation of all Phase III Li's is 349 feet compared to 152 feet for all
of Phases I and II. Reference 2 indicates difficulty in obtaining a randem
sample of L's for Phase III data. Many legs flown in light turbulence did not
satisfy the necessary test to run a PSD. Consequently, it is possible that the
mean of the L's has been biased.

In spite of this difficulty with the scale length data, mean
L's were determined for Phases I and II for the group of (a} all flight legs,
(b} legs at 250 feet, and (c) legs at 750 feet. The decomposition by high
mountains and not high mountains served to define L's for the Phase III data.
The decompositionof the Von Karman L's was also obtained by component
for each of the groups mentioned above. The results of these calculations
are given in Table 7. 3,

7.2 Example

To illustrate the use of Tables 7.2 and 7.3 in design criteria, the
following example is presented:

Determine w) , the estimated probability of exceeding the response

Ng
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Cumulative Probability

10

10

Phases I and II All Legs

Phase III Not High Mountains

Longitudinal
) P, = .954 by = 2. 258
PZ :.046 bz :3.691
Lateral
P, =.935 b; = 2.258
-2 P, = .065 b, = 3.184
Vertical
P; = .99953 b; = 2.605
-3 P, = .,00047 by, = 7.816
!
Lateral
.ﬁ_
LongitudinaL'_%
Vertical
al
-7
| S I SR N 1 [T T S 1 L Y EE IO G L
2 6 10 14 18 22 26 30 34 38 42 46 50 54 58 62 66 70

Gust Velocity ft/sec

Figure 7.3 Cumulative Probahility of Exceedance for Phases I and II
and Not High Mountains Phase III Legs by Component
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Cumulative Probability

1 Phase III High Mountains
Longitudinal
P, =.915 b; = 3.763
{ P, = .085 b, = 6,947
10 Lateral
Lateral P, = .88 by = 3.995
P, =.12 b, = 7.186
i, ,
10 k \\ Vertical
‘ Py, = .78 by = 3.908
P, =.21 b, = 6,079
3]
10 L
Longitudinal
-4 )
10 L Vertical
10
10'4-
-7
10 A 1 1 4 L Il A 1 1 B I | i 1 1 1 | 1 i B | ) -
2 6 10 14 18 22 26 30 34 38 42 46 50 54 58 62 66 70 74 78

Gust Velocity ft/sec

Figure 7.4 Cumulative Probability of Exceedance for Phase III High

Mountains Legs by Component
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TABLE 7.3

MEAN VON KARMAN L's

Phases I and 1II

Component Altitude
250 ft. 750 ft,
All Components 342 442
Longitudinal Component 368 411
Lateral Component il 465
Vertical Component 302 449
Phase III
Component Terrain
High Mountainsg Not High Mountains

All Components 704 564
Longitudinal Component 813 687
Lateral Component 704 555
Vertical Component 579 430
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parameter y (acceleration, bending moment, stress, etc.) for an aircraft
flying a) 40% of its missions at dawn and 60% at non-dawn, b) 75% of its
missions at 250 feet altitude and the remaining 25% at 750 feet, and c) all
of its missions under clear air (non-storm weather conditions).

Since the flight time is not defined by stability, the time of day
correlation to very stable air {Table 7.1) is used. A 40% mission time at
dawn and a 71. 7% probability of being in very stable air at dawn gives
.40 x . 717 = 28. 7% in very stable air and 11, 3% in non very stable air.

The remaining 60% of the missions are at non dawn. With no further infor-
mation given,. one assumes equal mission time at mid-morning and mid-
afternoon. The percentable of non-dawn flights in very stable air is therefore
(from Table 7.1) 1/2(16.5% + 5.4%)} = 11.5%. The 60% non-dawn flights
decomposes into 6.9% in very stable air and 53. 1% in non very stable air.
Summing the 40% dawn and 60% non-dawn flights gives:

28.7% + 6.9% 35, 6% in very stable air

11.3%+53,1% 64.4% in non very stable air.

The associated P's and b's from Table 7.2 are:

P Pz bl b,
Very Stable . 9975 . 0025 2.099 5,211
Not Very Stable . 99978 . 00022 2.678 8.033

Using these values of the P's and b's in the generalized load equation and
weighting by the percentage of time in very stable and non very stable air,
gives the probability P(y) of exceeding the response parameter y as:

-v/A /A
Ply) = §—(—Y) = . 356 [ . 9975 exp(z”logg) + . 0025 exp (———}5”{2“ ]
Q a .

+. 644 [.99978 exp (%‘-’-é—%) + .00022 exp {———;’{;;‘3”

The calculation of A requires the response function HY’ which is determined

by the manufacturer, and an L value which defines the Von Karman Spectra.
{A value of o for the Von Karman Spectra is not required to calculate A since
its appearance in both numerator and denominator of the expression for A
cancels,) For the 75% of the mission time at 250 feet, the corresponding

L for Phases I and 11 data is obtained from Table 7.3 as 342 feet. For the
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25% at 750 feet, the value of L is given as 442 feet. Weighting the values of
L by the proper percentages and employing the previous equation for P(y),
gives the final expression for the probability P(y) of exceeding y as:

Z

{y)

Ply) = /A (342)

2.099

+ .0025 exp (

o 5,211

= .75 [ 356 [,9975 exp ( -y/A (342) ]

+. 644 [ 99978 exp (j.éé_%?) + .00022 exp ( -Yi/%Ac(é:Z)”

2.099 5.211

+ . 644 [ 99978 exp (:ﬂéA';éL'?‘BLZ)J + .00022 exp (-VéAO(;:Z)}]}

+ .25 [.356 [ 9975 exp (M) + .0025 exp (—-——-—-—--Y/A (442) ]

where the Expression A{342) denotes the value of A obtained from an L = 342.
Similarly A (442) is the value of A obtained from an L = 442,
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SECTION VIII
CONCLUSIONS

The analysis of the LO-LOCAT data by UDRI essentially involved a
stepwise regression scheme whereby various turbulence parameters were
related to environmental conditions experienced by the aircraft. Having
identified the environmental conditions with the strongest influence upon the
turbulence parameters, gust velocity exceedance curves were obtained under
the various conditions using peak count data obtained from ETAC. A summary
of the results obtained from this investigation is given below.

(1) In Section III it was reported that the gust velocity exceedance
curve could not be obtained satisfactorily from the distribution of ¢'s of the
gust velocity time histories. It was therefore necessary to obtain the
exceedance curve directly from the peak count data supplied by ETAC. An
analytical procedure was therefore developed to adequately fit the peak count
data to an expression of the form

F(x) = P e'-x/b1 +P

X
1 e /b,

2
under various environmental conditions. The Cal-comp plotter was then
utilized to graphically represent the relationship established.

(2) Of all the environmental conditions considered it was found
that very stable air had the strongest influence in reducing the turbulence
encountered by the aircraft as reflected through the turbulence parameter o.
It was therefore recommended that data on atmospheric stability be used in
the future as a major factor in the prediction of turbulence.

{3) Stronger turbulence was encountered at Griffiss than under
comparable conditions at other bases. No environmental conditions considered
could explain the excessive turbulence.

(4} Except for the high mountain Phase IIl data, the gust exceedance
curves for Phases I and II data agreed with the curves for the Phase IIl data.
The cause of the differences has not been determined, but several possible
explanations have been proposed. Further investigation is warranted.

(5) Generally longer scale lengths L. were observed in Phase III
and generally smaller NO values were observed in Phase III,

(6) The regression analysis on the turbulence parameters o, NO’
and L provides a detailed outline of how the turbulence is related to the
environmental conditions as well as providing information about the relationships
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between environmental conditions. The information obtained from the regression
analysis has also been used as a guide for fruitful avenues of investigation.

That is, relationships uncovered by the regression scheme have been pursued
analytically and frequently illustrated graphically.

(7) Some difference in the cumulative probability curves for the
three components u, v, and w was observed. In particular, the lateral
component shows somewhat higher peak gust probabilities than the other two
components. However, the differences in the cumulative probability curves
produced by the three components is small when compared with differences
produced by such environmental conditions as atmospheric stability, wind
velocity, terrain type, and location.
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APPENDIX A

PHASE I AND II MASTER TAPE DATA CONTENT

This appendix describes the content of the Phases I and II master
The parameters contained on the master tapes are grouped according
to 15 card types. With each flight leg is associated one of each of the card
The flight legs are given signatures as follows:

1} Six digit category number
2) Test number

3) Condition number

4} Leg number

5) Date of test

6) Run number

These signatures precede the data on each card. The parameters
contained on each card have been defined by an equation and/or a referenced
document where additional information is available. One can see from page
120 that, for example, the first card image {01) gives values for seven para-
meters with lapse rate being the last entry.

SUBSCRIPTS

Pre Leg 100 ft. Observation Run (10 sec)
Pre Leg 1000 ft, Observation Run (10 sec)
Data for First 5 sec of Leg or Condition
Data for Last 5 sec of Leg or Condition
D3-7797-6 SECT. 2, Boeing "LO-L.OCAT Phase III R and D

Status - Monthly Report'', 1 September through 30 September
1968,

D3.7797-7 SECT. 2, Boeing "LO-LOCAT Phase III R and D
Status - Monthly Report"”, 1 October through 31 October 1968,

LO-LOCAT Report ASD-TR-69-12, Reference 1 of text,
D3-7797-10 SECT. 2, Boeing "LO-LOCAT Phase III R and D

Status - Monthly Report', 1 December through 31 December
1968.
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Parameter Units How Determined Remarks
on LV | Page 11, REF, 23
True Ainpeed—-VT ft/eec average value 33,000 V,r on Pg. 184, REF, 3 Leg
Ground Speed—-(}s ft/sec average for 33, 000 values {Doppler) Page 190, REF. 3 Leg
Wind Velocity-W ft/sec ‘i"d(\f’.r C‘-s.h,él Earth Referenced page 185, REF, 3, Leg
— page 24, 25, REF. 1
Wind Direction WD deg. WDcf(WN,WE) earth referenced page 185 186, REF. 13 Leg
2 page 24, 25 REF. |
Richardson No. ~Rl none {z 10'3(I‘d-I‘)ITlu}I(AWVIAH) page 69, REF. 3, Pre Leg
T,*5.59F/1000' ~adiabatic lapse rate page 26, 27, REF. )
Std. Dev. Terrzin it pages 2-6, REF. 4 Leg
AT page 27, REF. |
Lapse Rate~]" deg F/1000 £t I'=1000 " see equ. vert. temp. grad, Pre Leg
{02}
Ground Surf. Temp, d F value from Barnes radiometer pre leg pages 190,219 REF, 3, Pre Leg
"TAR 8- pass corrected for emisaivity pages 5-8, REF, 2
Alr Temp.~1 deg, F T (T ,M) t aT ~459.4 page 190, REF. 3, Leg
[ a 1 a4
page 11, REF. |
Static Pre..»?s in, hg. Pstl"sl-APs PS 1s mean value page i1, REF. ! Leg
Distance~S miles s-osﬂsi;;%‘ou-“’-m- page 28, REF. | Leg
Radar Al~RA ft. uverage for 33,000 values page 8, REF. 2 Leg
Wind Angle WA deg. WAV, ,G_, 5 W flight path referenced Leg
s 25, REF. 1
2 10.= 372 {734.7 Page &5 :
Viscoslty-p 1b. sec, /it p=317000)7 29T F 1515 page 29, REF. 1 Leg
a
{03) 2. 4 - —
Density~p lb.sec, 2 g=.04118?(P5I'1‘.) Page 29, REF, | Leg
Yert. Wind Grad. AWEV — e— _ -
Ew., AWEV {tt/eec}/nt 2H =(WEI-WE]°)HHID-H1) page 26, REF, | Pre Le
aH
Yert, Wind Grad,
AWN
AW Ny (ft/wec)/it V = (WHN -WK R
NS......._Z}_l_. W =( N.i WNIO)/(HIO-HIJ page 26, REF, 1 Pre Le
Yert, Delta Wind Angle AW — e
. BWDy deg/ft h{ '(WDl*WDlo)/(H]o-Hl) Ground referenced Pre Le
page 26, REF. 1
AH
(04)
AT AT .= = -
Vest. Temp, Grad~=  deg F/it A T T M -H ) page 26, REF. 1 Pre Le
Yert. Wind G Ay Y; 21172
ert. Wind d ay v ft
n ra A {ft/eec) AWV AW V AWH'V page 26, REF. 1 Pre Le
“an
Horlz, Wind EW Grad (ft/ sec)/it
.. AWEQR : 3 =(WE -ws s page 29, REF. | Leg
5
Horle, Wind NS Grag it/ sec)/it AWNH
. AWNH = 'CWNS'WZ”S page 29, REF. 1 Leg
s
Horiz. I:\l;;“'ind Angle deg/mile AWDH
- H s = (WD;3-WD,)/s page 29, REF. 1 Leg
3
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Parameter Units How Determined Remarks
{os}) . .
Horis. Temp Grad.~ AT, |deg F/mi. AT ={T, +4H, T -T,.}/S 1=, 00356
H H 3 32 2
. " -H RA Page 28, REF, |
AHy,=(Hy ~Hy 1#RAL-RA,
AWy 3 2172
Horix. Wind Grad.~ (ft/uee)/ml LW, AWE AWN page 29, REF. 1
5 5 "N"F )\
Horixz. Press C-rad-APH in hg. fmi APHH(HPJ.HPZ.AHBZ}JS page 28, REF. 1}
Headlng~h deg. ave, for 33,000 counts; h:hm+Ah page 24, REF. 1, Page 185, REF. 3
(06)
Charact, Frequ. Long cyc/ft No =ollo~.truncated spectrum (. 04-10cps)| page 8, REF. 3, page 17,18, REF.
54(3 ]IIZ
0,= k) dk e 8, REF, 3, , f
Charact. Frequ, Lat. eyelft 1 [ "1“ } Prg REF, 3, page 17,18, REF
ky /2
Charact. Frequ., Vert. cycflt g= [5; #i{k)dk page 17, 18, REF. 1
]
‘T(' 04-10 cpe) Long. ftlsec integral of the truncated pages 71,72, REF. 3
- 2
v.‘.(. 04-10 cps) Lat, it/ sec spectrum (. 04-10 cps) pages 71,72, REF. 3
c,r(. 04~10 cpe) Vert. ft/aec pages 71,72, REF, 3
@7 i .
A »33-10 cpa) Long. ft/aec integral of the truncated page 72, REF. 3
u.r{. 33-)0 cps) Lat. ft/sec spectrum (. 3310 cps) Equ. 4. 12 page 72, REF. 3
o [-33-10 cpe} Vert. {t/sec page 72, REF. 3
T
372
L, Von Karmao {Long. )}t =10 2 ! 1 l pages 74-78, 15-17, REF. 3
- 3 . X
Ky Lxy Tralv [Ku?? Fd/ 57| PREes 18, 19, REF, 1
o, 1 1 .
Lx Von Karman {Lat.} |ft LKU = n7 (# {:3—3‘213 R—l-gz“) piges 74-78. 15-17, REF. 3
v U . pages 18, 19, REF. |
L., Voo Karman (Vert.) |t Same as Ly using vert. o's pages 74-78, 15-17. REF. 3
Ky A pages 18, 19, REF. !
L. other model 7 Long. 43 Egua. (4.15-4.18) pages 74-78, 15-17, REF. 3
pages I8, 19, REF. 1}
L other model ? Lat. 1t Equa. (4. 15~4, 18} pages 74-78, 15-17, REF. 3
pages 18, 19, REF, 1
L other model 7 Vert, ft Equa, (4.15-4.18) pages 74-78, 15.17, REF. 3
pages 18,13, -REF+—d —
08
{(u): Gust Vel Long ft/eec from peak count dist. vs lower band limit page 60-61, REF. 3
see page 317
Max Gust Vel Lat ft/eec from pcak count dist. vs lower band imit page 60-61, REF. 3
sce page 317
Max Gust Vel Vert ftl/sec from peak count dist., vs lower band llmit page 60-61, REF, 3
sec page 317
Min Gust Vel Long {t/see from peak count dist. va lower band limit page 60-6), REF. 3
see page 317
Min Guat Vel Lat ft/sec from peak count dist. vs lower band limit page 60-61 REF. 3
sec page 217
Min Gust Vel Vert {t/aec from peak count dist. vs lower band Hmit page 60-61, REF. 3
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[ umts How Determined Remarks
($)
y Longltudinal ftfrec page 61, REF. 3, Page 15, REF. 1
standard deviation of amplitude count
'l Latitudinal ft/asc distribution {time histories) page 61
—I'"Verf.lcal ft/eec page 61
A0,
No. of Runs Long none
based on amplitude chservations
No. of Runs Lat note see page 312 of Sept. 1967 Canadian page 21.23, REF, 1
Aeronautice and Space Journal
No. of Rone Yert none
Run Test Level Long none
max. level of significance at whicha
Run Test Level Lat none stationarity hypothesis may be macde {a ! Page 21-23, REF, 1
determined from & table of run statiatics
Run Test Level Vert neone
{10)
Blope of Cum. Preb. none
Density Long
Slope of Cum. Prob. none !‘..eut squares solution to d;te:mlmt pages 59,60,66, REF, 3
Density Lat slope of log | F'{x)]vs {xb] page 33, REF, ]
Slope of Cum. Prob, none
Densily Vert
Q1) 2
Rormal Slope, Leng (ft/wec)” Normal probabllity density fet pages 6-7, also
et 3 Lat (ltlte:)z slope » IIZUZ NASA 1272, page 33, REF. 1
tadd Vert | (ft/aec) o Ftxive o I,pl oRe, Fix)va x21e7 page 105, REF. 3
{12) y
CHI Square Long none Nb
2 N 2 amplitude data page 60, REF. 3
1at none X = "1{‘ z f, - N also pg. 312, Sept. 1967
b=1 Canadian AS]
Yert none
CHI Square Long none 2 page 60, REF, 3
B fet of X 2nd number of degrees of
Level of  Lat neae freedom=mzN, =1
Sig. Yert nene and CHI square tables
(151N
Yiscous Dissipation Rat
E, (tzhe=3
2 3
E; 1" /eec
Ey ftzlsec3
E, 25
2 3
Eg it°/eec
E, It sec?
(14}
Eq 12 leec>
Es ftzflec3
Eq it/ sec? Derivation From Page 78-81, REF. 2
18-81, REF.
E]o ftzlcec3 Page 76-81, R 3
Eyy ft2fuec?
E,, ¥ faec?
(15}
EIS 1% /secd
E ft2fsec?
L3 3
E\. ft°Feec
Eg ¥ lsec?
2,142 .
Taylor Microscale it. lﬂ[—’?%‘—‘l—] pege 78, REF. 3
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APPENDIX B

ADDITIONS AND CHANGES TO MASTER TAPE CONTENT FOR PHASE III DATA

Parameter Unlts How Determined Remarks
(1)
[0 )] wr .-—’-gtx-i)z L
% Longitudinal rec, v N el % pr- 95, 100 ref. A,
. 18 £ 4
@ Latitedinal . Jave, PE + ¥
% is mean gust velocity value
[ Yertical ft. fuec.
Neo. mean runs, Leong. Rano
No. mean runs, Lat. nons
No. mash rons, Verk. nons See card Image type {09) in
Pharesland I
wYH pr "N mesn yuny none
acceplance, Long.
nY* or NY mlean runi none
Acceptance, Lal
"¥* or YNY mean runs none
acceptance, Yert.
Ho. of mean tguate pone
yuns, Long.
No. of mean square nope Exsct definition for caleulatian
Tuns, Lat of theso values are not presently
svailable
No. of mean squars none
yunun, Verv
*Y" gz "N mesn square none
#uns acceptance, Long,
"¥" or "N" mean sgquarre noma
Tuns acceptance, Lat. Exact definition for calculatlon
of theae values sre rat prosently
*Y'' gr "N" mean square none avallable
FURS acceptance, Verk
%)
s ﬂ.z.fu:’
2 3
By f54see Dazivation from Pi. 78-81, Ret. 3
. - a .
El! nl’.“J PR T8-8), Ref. 3
£, nlreed?
L
1sp ? 2
Tapler Microsesle . | S & pe- 30, Rel. 1
Kolma M 1t 22} 174 .
geren Microscale 3 LI v iws . PE- 30, Rel 1
16}
itudinal
Opr Loagitu fifaec Nt ‘:b)z 12
0p» Lateral ftinue o] 2>
P oloaa w
l'. Yertical 1ttonc ps. 20,21, Ref. 1
N 14 total number of peaka
i® numbar of peaksin the
b-th band
is the mid-valus of th
o ol ue ol
N'. Longitadinal none
N {0 total number of pesks
H’. Lateral none N i3 found by extrapolation of PEs 21, Ral 1
the eumulative distribution
II'. Vertical Bone corves
[t5]]
.l: Longltudinal tleec
. 2
oy Latersl ftfsec o [1;:( I X iz PR 95, Ref. 2
oyr Vertical fi/anc =1 Mol
NL. Longltudinal nona
E, The number of lavel
"’_‘,' Lateral Bone N = ]a croesings per mile of pe- 95, Ref. 3
the Jevel x(t) 28 is
!“,' Verticsl rona semputed [or cach leve
um
By
H, Lapse Rate Parametere Exact definition for cal-
not ured) tulation of there valuen are
°u not presently wvailable
x [ral? oY
B B-T w Td--il-’— pe. T, Ref, 1
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