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NOTiCE

Whern Government drawings, spectl.Ications, or other data are used for any
purpose other than in connection with a definitely related Government
procurement operation, the United States Government thereby incurs no
responsibility nor any obligation whatsoever; and the fact that the
Government may have formulated, furnished, or in any way supplied the
said drawings, specifications, or other data, is not to be regarded by
implication or otherwise as in any manner licensing the holder or any
other person or corporation, or conveying any rights or permission to
manufacture, use, or sell any patented invention that may in any way be
related thereto.

This document is subject to special export controls and each transmittal
to foreign governments or foreign nationals may be made only with prior
approval of the Air Force Flight Dynamics Laboratory (FBE) , Wright-
Patterson Air Force Base, Ohio, 45433.

The distribution of this report is limited because it contains informa-
tion that would significantly diminish the technological lead time of
the United States and friendly foreign nations by revealing formulas,
processes, or techniques having a potential strategic or economic value
not generally known throughout the world.

vain1 as 0

.. .. .:U .... ..... .........

:, ... .......... . . .

Copies of this report should not be returned unless retuni is required
by security conslderstions, contractual oblig~ations, or notice on a
speciflc document.
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FOREWORD

This is the final report oi the Low-Low Altitude CAT research work con-
ducted under Contract Number F33615-68-C-1468 (LO-LOCAT Phase III). The
report was prepared by The Boeing Company, Wichita Division, for the Air
Force Flight Dynamics Laboratory, Wright-Patterson Air Force Base, Ohio.

The LO-LOCAT Phase III project was part of Advanced Development Program
682E (ALLCAT) and was under the direction of ADP 682E Program Director,
Mr. E. Brazier, and the Technical Coordinator, Mr. Neal V. Loving.
Mr. Jan Garrison, FEB, was the Air Force Project Engineer.

The research effort was conducted under the Boeing supervision of Mr. F. K.
Atnip, Program Manager. Mr. C. F. Peterson was the Project Pilot. Mr.
D. B. Marshall was in charge of instrumentation, Mr. H. H. Depew directed
the data processing effort, Mr. J. D. Gault was in charge of data analysis,
and Mr. W. B. Moreland (Boeing-Seattle) directed the meteorological fore-
casts and analysis. Airplane maintenance and inspection were the respon-
sibility of Kr. J. Strain and Mr. J. Bonawitz, respectively.

Mr. Gerald A. Comstock p~iloted the observer airplane over the Peterson
Field, Colorado, highi dountain route and was also backup pilot for this
program. While acting in this latter capacity during a data gathering
flight over the Griffiss AFE, New York route, Mr. Coms-tock was fatally
injured in a forced landing following an engine flameout.

Authors of this report, other than those shown on the cover, were Messrs
D. E. Gunter and K. R. Monson.

The report was submitted by the authors 17 August 1970. It was reviewed
by Mr. Jan Garrison and Dr. T. Swaney (Boeing) who made many constructuve
comments and suggestions.

This technical report has been reviewed and is approved.

WAR R.L R .Maor USAF

Chief, Design Criteria Branch
Structures Division
Air Force Flight pynanics Laboratory
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ABMACT

This report presents procedures, analysis methods, and finas . eults per-
taining to the 0-LOCAT Phase III program. Approximately 150 hours of low
altitude (100 - 1000 feet) turbulence and associated meteorological data
we-e recorded from 16 August 1968 through 30 June 1969. The original pro-
gram was curtailed by approximately six weeks due to the crash of the T-33
research airplane. A model of the turbulence environment at low-level is
presented in terms of gust velocity primary peaks, level crossings, ampli-
tude samples, rms values, and gust maxima, as well as derived equivalent
gusts, turbulence scale lengths, and power spectra. Mathematical expres-
sions for turbulence spectra, scale length and primary peak statistics are
shown. Correlations between atmospheric gust velocities and meteorological
and geophysical pbenoena are evaluated. It was found that gust velocity
magnitude at low altitude is most affected by atmospheric stability and
terrain. Gust velocity rms values above 1.5 fps may be approximated by
truncated Gaussian distributions. For wavelengths less than 15,000 feet,
turbulence spectra are best represented by the von Karman mathematical
expressions. The turbulence, sampled for 4-1/2 minute intervals over a
distance of xpproximately 32 miles at absolute altitudes below 1,000 feet,
was found to be basically stationary, isotropic, and homogeneous. A high
percentage of Phase III data were recorded over hiSh mountains since very
little high mountain data were recorded under contour flight conditions
at low level during Phases I and II. Phase III data are compared with
data from Phases I and II and with data fron other low altitude programs.

This report consists of two volumes with each volume divided into two parts.
Parts I and II of Volume I gi•¢i the techniques and results of data analysis.
Part I of Volume II provides the details pertaining to data acquisition, in-
strumentation, calibrations and checks. data processing, and data quality.
Data tabulations and plots and a log of pertinent information concerning the
program are also presented in Volum II Part I. Part 32 of Volume II con-
tains the power spectral density and other frequency data plots.

(Distribution of this abstract is unlimited.)
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SYMOB

Infrequently used symbols are defined after the eqatioun in which they are
used.

Symbols and Abbreviations:

A Regression coefficient.

A thru H, J, K Angle of attack equation coefficients.

A' thnu H', J', KI Angle of sideslip equation coefficients.

A(n) Complex finite transform.

A(n) Complex conjugate of A(n).

a "Universal Constant" in the longitudinml gust velocity
compoment spectrum expression; shape parameter used in
spectra mthemtical expressions; constant in gust ve-
locity rms distribution equation.

B Air stability ratio.

b Constant in gust velocity rms distribution equation.

b, b2  Constants in the analytical expressions of the peak
count probability distributions.

C Constant in the Lumley-Panofsky equation.

CC Cloud cover (percent).

CUM Central Daylight Tim.

CL. Airpla lift curve slope (radians).

Cv Constant in the Busch-Panofsky equations.

c Length of mn aerodynamic chord (feet).

C.g. Airplane ceater of gravity.

cpf Cycles/foot.

cps Cycles/second.

WY IDy of year.

d Degrees of freedom; distance traveled (statute miles);
differential.
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Symbols and Abbreviations:

Normalized standard error of a regression coefficient

Na Total crossings of the level a.

• Base of natural logarithms (2.V.828).

F F-ratio or F-test of significance in regression
analyis.

F(x) Cumiulative probability dirt~pution. function.

f Frequency (cycles/seoond);fuiction.

f(r) Logitudia correlation function.

fb Frequency of occurrence in band b.

re Cutoff frequenct of a low-pass filter (cycles/second).

fl Nyist or folding frequency (cycles/second).

Sampling frequeney (samples/second).

GM Greenwich Mean Time.

O * Ground speed (feet/second).

9 Earth's gravitational constant at sea level (32.174
feet/s=ond) 2 .

g(r) Lateral or werLical correlation function.

H Altitude above the earth's surface (feet); true alti-
tude (feet).

Calibrated pressure altitude (feet).

H(f) Filter transfer function.

H6 Sybol for the eleent marcury.

r ,Indicated reading of towr altimeter (feet).

j R Indicated preunm altitude (feet).

Constrained filter transfer function.tod
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Sybols and Abbreviations:

R? Pressure altitude (tet).

Bit Terzan e~awstIo (feet).

h Tre heai (degrees).

ha IgStic usa (ags).

h Filter wSJit5 at tim t * n At.
/

O raitlmd filber .vaeibts.

h(t,r) Tim doman wiaitiu function.

ho cnstnt in eirical 2061A imam equation.

I ~ ~ ~ Qmter; tim SIMere .'e

no Indicated aliups*LIs erarmd Ia tm•~

squae l'oot a m

K&O•b Conattmtts.

Mt Indicated .irspeed.

KS w oust v) fl,-actor.

it Rm recovery fator for OM p2~be.

k Soatial frequanc ( i~efloati order of the deriw.-
tIve af th trasfe fmtwlon f); Indiamtes nmt wx
of mr6

L so~lmem~a Imagth (U660.

Lk onsanxt In empirical WWAl IMAMg eqialMa.

u ~xIum In (16M&); .3ive of a lI.; nod, of fme-
tion of the Iv vasriables; an meters.

Ob •
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Symbols and Abbreviations:

N Total number of conditions, data points, sales,
peaks, bands, or filter eights.

oM Narrow band frequency modulation.

No Cbaracteristic frequency fro. pover spectral density

(cycles/foot).

NOL Number of zero level crossings.

Np Total number of peaks per mile obtained using extrap-
olation techniqu (characteristic frequncy).

Np. Total nmber of peaks obtained using extrspolatiton
tecbnlqw.

N, Crossin per mile of the level a.

n Acceleration in g units; coumter; number of data
points; shape parwarter in spectra mathematical

OT Otide air twte (degree. Fahrenheit).

0n Run test o~servation of the men.

ORi Bm test observation of the mea square.

POD Power spectral density.

PM Pacific Standard Tim.

ps static presswe (inches of mareury).

pg, Indicated static pressure (inches of meraury).

POtanrd atmpheric pressure at am level (29.921
inches of macr)

Pl, P2  Interaepts of the s•wmtial curves for the aimlyt-
1call eprissiaon of the peak count probability dis-

Q •Nube of Indepnent variables in the regresalic

qeflibmted I~wt pressure (inh.. of mercury).
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Symbols and Abbreviatim~s:

q1  Mmdi: ted qIs~ct Vesmne (Inches of nercuy).

R RIcWzrsam moez,.

(ii Rotation umtrix vsed to transform mssimayets from
the airpm referenc ams to the earth reference

R, Vkhw atn o - m vel ocity at a given wind speed as
read from least square Lim (feet/second).

J(IM uoo~~t~ fiuction.

1,Y (W crossw irltc fmuction,

r b~~out -m Sqae.

R(r) Ort, velocity co0ariuaes f~mat1on.

RN RO)Ot veoitdy ~ ifunction where r 0

r Disatmne (feet).

r, Tal. of r at whaich the autocorrelation, functioni

S AlrplmM planfru wing mreu (fee~t2 ); boriZontai
adimtme - Ed aIn

533 Sine Of solar eleyuticm.

Abimat air t~ i (degrees hankin).

2 fit. Tim wIdth af flltsr wI$t fmwticm.

flwnuz vtac. t-tur (aegre.. Fabrunbeit).

T, N-Mbzmted vataiu& Sir UAFMtWO (degrees hamkim).

T, I at em Immlo umrW standard caattI--

TSAir ofs w at the swfwe (dognmee centIgp e).



SYMBOLS

Symbols and Abbreviations:

TAI Temperature at 250 feet (degrees Fahrenheit).

TA2 Temperature at 750 feet (degrees Fahrenheit).

TA3 Teperature at 1000 feet kdegrees Fahrenh1,it).

TAk Tepersature at flight altitude plus 1000 feet (degrees
Fahrenheit).

TA7 Temperature at flight ýt•ude (degrees Fahrenheit).

TD2 Dew point at 75 feet degrees Fahrenheit).

TD3 Dew point at 1000 feet (degrees Fahrenheit).

TDI Dew point at f•igbt altitude plus 1000 feet (degrees
Fahrenheit).

TD5 Dew point at 850mb (degrees centigrade).

TOD Time of day.

t Time (seconds); standardized variable.

Ude Derived equivalent gust velocity (feet/second).

u Logitudinal gust velocity (feet/second); positive-aft.

V True airspeed or groumd speed (feet/second).

V, Equivalent airspeed (feet/second).

VT True airspeed (feet/second).

tV Represents the matrix of true airspeed components
corrected for pitch and yaw.

v Lateral gust velocity (feet/second), positive to the
right.

W A wirpleweight (pounds); wind speed (feet/second).

SAngle between airplane ground track and wind vector
(degrees) positive - wind vector from the left, zero
degrees - direct taii wind.

WAh Win direction at flight altitude plus 1000 feft
(degrees azimuth).

Xmii1
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Spfotl and Abbreviations:

WD WWz direction (degrees azimuth).

V1  Average easterly winds (feet/second),

Average northerly vinds (feet/second).

WS Wind speed at the surface (knots).

w6  - ina speed at 700mb (knote).

w Vertical gust velocity (feet/second), positive-
Mpvard .

x Amplitude.

Xb kidd-band value.

x: i th value of x; predictors; coefficient of simple
linear correlation; value of gust velocity rms at
a given wind speed (feet/secoud).

Level of gust velocity (feet/second).

Xk(tl) kth record Included in the ensemble averaging
scheme.

XMt S]amld value of tiles series.

Y IDependmzt variable; regrescion function.

a Aagle of attack (degrees), positive - nose above
*relativen; levls of gust velocity used in
level coing procedures; confidence limit.

U Angj.e of s$deslip (degreea), positive - nose left
of reL•tive wbad.

r sanard apse rate (0.003% degrees Fahrez-heit/foot),
positive - texper'ture aoce"se with increasing alti-
tke.

rd Dry ,diahtic lape rate (0.0055 deeme Fahrenheit/
foot).

Ratio of specific hosts or air (1.4o).

72 (k) Coberency function.

xxmv
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SYMBOLS

Smbols and Abbreviations:

A Incremental or difference.

Af Change in frequency (cycles/second); frequency range
spanned by filter roll-off; frequency interval be-
tween adjacent PSD data points.

AH Distance above or below reference point (feet);

difference in terrain elevation (feet).

Ah Static pressure error (feet).

aizco Incremental load factor (acceleration unite).

APo Static pressure position error (inches of mercury).

4P,/q 1  Pressure coefficient (dimensionless).

AP. Angle of attack differential pressure (inches of
mercury).

Apo Angle of sideslip differential pressure (inches ofmercury).

ATaz Vertical temperature gradient (degrees Fahbrtheit/
foot).

ATH Horizontal temperature gradient (degrees Fahrenheit/
mile).

AT8  Atmospheric stability (degrees Fahrenbeit/lO00 feet),
positive - temperature increase with increasing alti-
tude.

At Tim interval between data samples (seconds).

AWV, Vertical wind direction gradient (degrees/foot).

AWN Horizoiatal wind gradient (feet/second/mile).

AWwzv Horizontal east-west wind gradient (feet/second/
mile).

AW1  Vertical wind velocity gradient (feet/second/foot).
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Symbols and Abbreviations:

Drift angle (degrees), positive to the right.

Viscous dissipation rate (feet /second 3); emissivity
factor; filter eairical error bounds (percent).

KoiMugrov microscale (feet).

9 Pitch angle (degrees), popitive - nose up.

0 Rate of pitch (degrees/second), positive - nose
moving up.

Taylor turbulence microscale length (feet); character-
istic wvelength (feet); terrain wavelength (feet).

5'Air viscosity (pound second/feet 2 ); man value; air-

plane mss ratio.

&2,,u3 Constant in gust velocity rms distribution equation.

sam(sble average tim function.

vKine~tic viscosity (feet 2/second); degrees of freedom.

S3.1416 ....

0 Air density (slugs/foot 3).

00 Standard air density at sea level (0.002378 slugs/
foot 3).

6 Standard deviation of a statistical sample; standard
deviation (fps) from gust velocity spectra between
0.0416 and 10 cps; stefan-Boltzmn constant.

SD Standard deviation about & least szqure-•lne.

OL Standard deviation of level crossing distribution.

o •Standard deviation of noise.

e Standard deviation of primry peaks obtained usi
extrapolated value of N1.

SIStandard deviation of recorded data.

WT Standard deviation obtained from the trwncated gust
velocity spectra (feet/second).
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Symbols and Abbreviations:

at Standard deviation of the gust velocity time series
(feet/second).

atr Standard deviation of terrain roughness (feet).

'a. Standard deviation of angle of attack differential
pressure (inches of mercury).

Standard deviation of sideslip differential pressure
(inches of mercury).

ar Standard deviation (dispersion of the distribution)
of gust velocity rms (feet/second).

Standard deviation of the derivative of the time
function divided by 2WV (cps for gust velocity).

a2v 03 Constant used in ms gust velocity distribution
eqiation. 0
Lag time for the weighting operation convolution

(seconds).

* One-dimensional gust velocity power spectral density.

' (kW Power spectral estimates.

* (n) Raw estimate of power spectral density.

t' (n) Averaged estimate of power spectral density.

t,, (n) Estimate of cross power spectral density.

t9o Power spectra 90 per cent confidence interval,

SRoll angle (degrees), positive - right wind down.

* Rate of roll (degrees/second), positive - right wing
moving down.

x Chi statistic.

Yaw angle (degrees), positive - nose right.

Rate of yaw (degrees/second), positive - airplane
nose moving right.

Frequency (radians/second).
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Subscrips and Superscripts:

b Band number.

D Based on the Dryden equation.

• Extrapolated value.

filt. Filtered value ,

H Horizontal.

I Sable nuber.

N Noise.

n Counter.

K Based on the von Karmn equation.

,M Indicates •n value.

min Indicates mini- waue.

P Peak coit; based on the Liuley-Panofaky equation.

T Truncated; obtained from tower.

t From the gust velocity time series.

u From the langitudiW gust velocity coaponenz.

v From the lateral gust velocity caqeownt.

w From the vertical gust velocity coxmpent.

x Lim tudinia.

y Lateral.

s Vertical.

o Initial value.

I Pertaining to quadrant 1; indi.stes LO-ICA Phases I and II.

n1 Pertaining to qadt•nxt 2.

XII Pertaining to •,azent 3; Indicates W-WCAT P-ase III.
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Subscripts and SuperscEripts:

IV Pertaining to quadrant 4.

RelE.ted to level crossing count.

Prime 1Idieate Huied estimates unless otherwise noted.

Overbars depict time means.

2 Refers to starting point of leg.

3 Refers to ending point of leg.

32 Refers to difference between start and end.

Weather Chart Symbols

Surface Charts:

-- 1018 Sea level pressure (millibars)

- - - - -5. Temperature (" F.)

Cloud Cover:

0(Clear 0 6/1o

1/10 * 7/10 or 8/10

(3 2/10 or 3/10 * 9/10

4/10*overcast

( 5/10 @ y obscuredI

Wind:

--)1 2 Knots 15 Knot's

. C.O 5 K--ts 50 Knots

Tail points in the direction froa which the wind is bloving.
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Weather hart SSymbols (Contd.)

Surface Charts (C/ntd,):.

Precipitation:

Rain $ Rain shover

** Snow * Snov shower

'' Drizzle - Freezing rain

- Fog iT Thnmderstorm

Fronts:

Cold front

Wh= front

SStationary front

IWer Air Charts

"15410 Height of pressure surface (meters)

----. 1530 Intermediate height values (meters)
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SEO3CTION

Knowledge of the characteristics, causes, and effects of atmospherig tur-
bulence has become incnasingly important during the last few years. In-
dications are that the need for this knowledge will continue to increase
in the future. This is due to several factors. Many economic' and safety
considerations are related to increased aircraft life through decreased
fatigue-failure. The effects of atmospheric turbulence on the handling
and ride qualities of airplanes have become increasingly significant as
the demand for improved performance bas Increased.

Older generation aircraft, due to their relatively slov speeds, operated
well into the inertial subrange of atmospheric turbulence. As a result,
they had to cope mainly with the low power, high frequencies of turbulence.
Requirements for high performance have brought about the use of highly flex-
ible structures in aircraft design. Increased speed bas caused airplanes to
be rqsponsive to the higher power long wavelength turbulence components while
increased flexibility has decreased structural response frequencies. As a
result, aircraft rigid body and structural response frequencies are coinci-
dent with frequencies of atmospheric turbulence which are capable of signif-
icant driving forces. It appears that future aircra may be responsive to
turbulence frequencies in the frequency range where atmospheric turbulence
power spectral density, in theory, remains at a large constant value with
further decreases in frequency. The detailed definition of turbulence char-
acteristics it. this realm has., therefore, become increasingly pertinent.

Military missions include terrain contour flight at low altitude to avoid
radar detection. In this region of the atmosphe-e, near ground level, there
is a frequent occurrence of high magnitude turbulence. Therefore, detailed
knowledge of the atmospheric environment at low altitudes has become partic-
ularly important. The Air Force has long recolpized this fact and in their
continuing efforts to design better aircraft, contracted The Boeing Company
to participate in an extensive investigation of low altitude turbulence. The
research program was designated Il-IDCAT (Low-Lov Altitude Critical Atmospheric
Turbulence). ID-ICA was established as part of an overall program known as
AiLCAT (Reference I.1). ALiCA4 was devised to define a model of atmospheric
turbulence over a wide range cf altitudes as follows:

SA3titude (Feet)

TOLCAT 0 - 250
LO-LCAT 250 - 1,000
LOCAT 1,000 - 20,000
MKCAT 20,000- 40,000
HICAT 4o,000 - 70,000
HI-HICAT 70,000 - ý)0,000-

1
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Research of the lower atmosphere had been accoulished in the past. These
programs were vorthwhile- contributions, but the data were limited in quan-
tity and/or resolution of long turbulence wavelengths. Advances of instru-
ment technology and calibration techniques folloing, these program made
the meaourement of lower frequencies possible. Improved ccmputers made
the accomplishment of a turbulence ;esearch program based on statistical
analysis of large quantities of data feasible.

The purpose of the LO-ICAT Program -nas to determine the turbulence envi-
roment below 1,,000 feet above the grotcm. This va done by utilizing
statistically representative samples of turbulmece data obtained over a
wide range of meteorological, topographical, seasonal, and time of day
conditions. Basically, the following general items ere studied:

"* Probabilities of encountering given levels of tubulence inten-
sity.

"* Frequency ealysis of atmospheric turbulence utilizing the power
spectral netbod.

"* Correlation of atoelrc turbulance Vith meteorological and
geo sical conditions, and associated forecasting techniques.

The WO-It)CAf TProp consisted of three phases. Phasa I anIy_±eh
are discussed in Reference 1.2, involved the use of fb-ur--- •-Il0B aircraft
as instrumentation platforma. Each of these aircraft W5 stationed at a
different base within the United States, and was flown over a specific
route laid out near the base. Me routes vere located in Nev York, KDnsas,
Colorado, and Califonia and r established to provide a wide range in
topographical and clrtnological conditions. Data were gathered for ap-
proxie��� 15 onths.

The C-131B aircraft vexe flown at an average airspeed of approzcimtel.y
330 fps. The instrumntation hd. adeq.uate frequency response .dovn to
ao0.o cp; t2hrefore,, ivelengths vp to 8,000 feet were
investigated.

Phase Iin of the 10-IDCW. Program ias accopbed in order to extend
the statistical deflnitIUn of the turbulence ervircmmnt and investigate
lovger 'uvelengths. A T-33 airplane was utilized and vs f3own at an
average speed of te 630 fps. OLs highe speed, with the
sa basic instrentatiin used during Phases I and II, meue possible
the s of turbulence wavelengths up to 15,500 feet.

Th Phase TTT data vere recorded over -approximately a 0-mnth period.
Data vere gathered at the saw geographical locations as during Phases
I and II.

A specific route for the airplane to follow was laid out at each base.
Each route consisted of eight straight legs ptel k5 statute
miles long. All legs were traversed in the sae direction co each flight.
Four and one-half minutes of data, recorded while flying over each leg,
constituted a turbulence sample. Prior to-flying each leg, eteoro]ogical
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data were obtained at 100 and 1,000 feet above the terrain. These data
werm obtained in the saw vertical air mass '-t the beginning of each legy
and were used to compute vertical gradients of temerature, pressure, and
wind.

Flights were scheduled nearly every week day not required for routine nmin-
tenance of the airplaie and instrmntation. Three missions were scheduled
each flight day; a t a s dan, -one at id.-morning, anid.one in' the afternoon.
The airplane was maintained and flown by Boeing personnel. Two specific
altitudes, 250 feet and 750 feet above the terrain, were used for the gust
data gthering portion o the flights. Only one altitude was flown on a
given day. The pilot followed the terrain contour, as closely as safety
allowed., using a radar altimeter to maintain a constant absolute s~titude.

This report primarily covers t•results of the research conducted under
Phase III of the pxrogram. Resuts from additional research of the long
wavelengths of turbulence and a comparison of Phase III data with the data

from Phases I and II and other turbulence programs are also included. Vol-
Ime I is divided into two parts and gives the techniques and results of
data analysis. Volume II is also divided into two parts. Part I provides
the details pertaining to data acquisition, instrumentation, calibrations
and checks, data processing, and data quality. Data tabulations and plots,
and a log of pertinent information concerning the program are also presented
in Volume II Part I. Part II of Volume II containxs the power spectral den-
sity and other frequency data plots.

Pertinent data obtained during LO-ILCAT Phase III were recorded on mag-
netic tape. These tapes were delivered to the Air Force Flight Dynamics
Laboratory.

The T-33A. airplane was instrumented to measure meteorological and gust
velocity data. A radar altimeter, DIbpler radar system, radi onter, and
outside air tera ture probe ccomrised the basic instrumentation used
to obtain meteorological data. Atmospheric turbulence was sensed by in-
strumentation contained in a -Boeing-desigaed gust probe mounted on the
end of a nose boom. Probe data were supplemented by airplane attitude
and roll rate infcrmtion obtained at the boom base. Instrumentation
contained inside the gust probe sensed the following:

* Sidzslip and attack angles
: Vertical, lateral, and longitud-inal accelerations
• Static and imact pressures
* Pitch and yaw rates

Fine and coarse st were provided, in some instances, to improve
resolution. Also,' the temperature of each transducer was mintained at
135" F by termotatically controlled heaters.

Details of the instrumentation are presented in Appendix ..
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2. 1M AZCIIA'0Nhii

All data were cate~rized vith respect to selected pqpbysical conclitione
I Adr ich they were obtained. This fbzno a combasis for comparison
of the data, points out speific effects of now of the w*re 'Importaa~t
cateezy vazmmftersip and pzovides a systamitic kwtbod of anal7inia. At
the beg1zmiug of the W..WCA? Propin, six swami casoxri*S vu d
In an aiiptdoraG- of silioaa.~ see Incli type of tarrmii,
altit~ude above the terrain (abeolute- altiLtuft), stinsmpb.,ic stalimty,
tIm of d@ny, easo of the year.. and geographic location. ~Me gnuil
&VOaI wre diwijied Into the comrommtm indicated In the fbrl~owlag list:

Type of I'irmnd

2. Lov Xmomwtn
3. Dweark

4.plaism
~. SMsp(nat used)

6. Ibter

Abeol~ute Altiti~ad

1. 25D Feet
2. F3 eet

--- erc Stability

1. Very' stable AT,> -20F/1O0 ft.
2. Stable -2!711OCO f t. z Are> -507/100 ft.
3. haztra] -5*7/1fl0ft. z ve> -6*F/ufl0ft.
)4. Umstable seý -6'7/l00 ft.

?3m of Day 5U0W MD - W(rIL TMD 1 30 XWKM

1. hnowSnieIr m
2. id~mrvi~ngg 0900 0930 11)0
3. Md-afterco 1500 1)13D lI00

Sesamon of the Year

2. Simr - Jww 21 to Septemer 2D
3. 7.11 - Septemer 21 to hkmbr 2D
4. Winter - Deaumer 21 to March 2D

1. gfaf Air Pbios Duo,(.lfri
2. Grif ftsm Air Mau Dme,, Usv York

4. Ne~o*U. Air Fmr Dame Kom"



The number beside each cateqory component, or element, was used as a code
for that particular element. All data recorded during a turbulence sample
vere then categorized by the %p iate six-digit number. The foLLoving
example illustrates this method:

Category go. 4 24

14 - Terrain Feature, plains
2 - Altitude, 70 Feet
2 - Atmospheric Stability, Stable

3 - Tim of Day, Afternoon
2 - Season, Sumer
4 - Location, IeConnell AFB

Som of the dta vitbin different categories were pooled when the data
shoved lke characteristics. This vs dwoe to improve statistical anal-
yses by increasing saple sizes. For example, suppose that data vithin
category 422324 shows the wne characteristics as data vithii, categories
422124 and 42222, i.e., time of day shoved no effect on the data. Then

all the data veve put together within the category 422024, where the 0
Indicates that all tims of day are included.

All category numbers, except stability, were assigned prior to data pro-
cessing. The nmber for atospheric stability was assigned after the
vertical temperature gradient had been couputed for each turbulence sam-
ple.

3. DMK ARALYSIS

The IDLOCA Phase IM data vere edited in a number of ways depending on
the statistic being analyzed. Te various metbodB of editing and analysis
are discussed in each section of this document along vith the particiUar
type of 0ta involved. Tim hi stories of individual paramtere measured
during each test vere evaluated to deterzine if instrumentation malfunc-
tio. occurred. Data involving malfunctions were eliminated for all anal-
ys* The tim series standard deviations of angle of sideslip and angle
o attac m urements ere computed for each sample. !When these values
indicated a lov signal to noise ratio for par%,cular turbulence samples,
the turbulence samples were case handled to conserve computer time. They
vere not eliminated from statistical calculations.

A sch tic shoving the primary steps involved in the data processing,
editing, and analysis functions is presented In Figure 3.1.

Ourt velocity statistics were determined based on primary peaks, amplitude,
and ieel crossiog counts. The distributions of guat velocity peek and
Owlitidea values were compared to ==1 distributions. The level cross-
Ing asta , copred to Rice's e"wtion (Reference 3.1). Values of
c•reacteristic freqimcy calculated frx peak and level crossing count
data were oWared with those calculated fron the power spectrfl density.
fezqncy of exceeftne and the probability of exceeding given levels of
gust velocity were determind.
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Gust velocity £,t _ard deviations, determined from peak, amplitude, and
level crossings count data were coqmared. The cuulative probability of
these data was calculated.

Power spectral densities of the gust velocity components were calculated
and plotted for those turbulence samples recorded over the even numbered
legs on the even numbered flights and for those recorded over the odd num-
bered~legs on the odd numbered flights.

The spectrg were normalized by the gust velocity variance w and also by
L rt. Mathematical representation of the spectra was investigated by com-

paring the experimental spectra with the comonly used mathematical expres-
sions as suggested by von Karman, Dryden, and others. The integral scale
of turbulence, essential to the representation of the spectra by mathe-
matical expressions, was analyzed. Turbulence qualities buch as homoge-
neity and isotropy were also evaluated.

Although important parameters are included in the category components,
there yere other possible parameters which might affect the turbulence
intensity. The turbulence recorded during Phase III was compared to some
of these paveeters. They included wind speed, wind direction. stability
ratio, Pichardson number, air temperture, ground surface temperature, and
other meteorological parameters obtained from rawinsonde equipment, ground
observers. and -/nopotic charts.

Analysis of the data by category Iequired a pooling of data showing like
characteristics. Obviously, many combinations of the category components
were possible. If-all possible combinations were used, only a small amount
of data would be in each combination. Therefore, the data were pooled for
category components which hWd the em-lieet effects in order to determine
reliable" Atatistics of the data. -'

Peak count, gust velocity power spectra, turbulence scale length, and gust
velocity rms data obtained during Phase IIJ were coepared to correspond-
ing data obtained during Phases I and II. Corresponding data from the
various phases could not be indiscriminately pooled together because of
differences in the 6onditions undrj which they were obtained as discussed
in Section IX.

4. 1DATA GAPS IN .[HE TML NCE NDIEL

LO-LOM Phases I and II data can be used to define a turbulence model for
all terrain types except high mountain, for all timeb of day except night-
time, fpr various weather conditions except atorms, for contour flight at
altitudes of 250 and 750 feet, and for at least four locations.

Turbulence data were Pot recorded under contour flight conditions et low
level over the high mountain terrain at the Peterson route during Phases
I and II as shown in Figure 4. 1. Turbulence data were not recorded at
Lighttime nor during periods of inclement weather. Although the, data
were recorded at each location during all seasons, the climatology-for
that particular year may not have been representative of the average.
It was the piupose of Phase III to extend the statistical definition
obtained during Phases jI and II and to define longer wavelengths.
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Segments of data significant to the normal atmospheric system, for which
adequate samples for a statistical model were not obtained are defined as
data gaps.

The best method ýo develop a turbulence model based on LO-IDCAT data would

be to:

* Evaluate the variation of Phases I and II data with season.
These statistics are shown in Table 4. 1.

* Assume that corresponding seasonal variations would have oc-
curred during Phase III and expand the data (with the excep-
tion of high mountain data) accordingly.

0, Evaluate the relationship between high mountain data at
Peterson and pertinent climatology which existed at the time
it was gathered. The geophysical situation during Phase III
is discussed in Section VI.

* Estimate the Peterson high mountain data in the gap based on
the climatology which normally would exi.st during the time
period of the gap. Records of normal climatology are avail-
able from the U.S. Weather Bureau.

Once the Phase III data have been applied., other considerations must •be
made. These include: -

* How well the geophysical situations encountered during LO-LOCAT
-tch those for the developrunt of a particular model.

0 The compatibility of the range of turbulence wavelengths mea-
sured with that of an airplane being designed.

* The effects of not gathering data under storm conditions dur-
ing ID-IDCAT.

Of the three other considerations mentioned, the first is probably the
least significant. The ID-LOCAT Program was designed to cover a large
number of geophysical situations. Chances are, the geophysical condi-
tions under which it is desired to develop a turbulence model may be well
matched. Not a great amourt of data were obtained over water but from
all indications. low altitude atmospheric turbulence over water at wave-
lengths less than 15,000 feet is relatively insignificant.

The difference between the range of turbulence wavelengths measured and
the range to which an airplane being designed would respond is a highly
significant consideration. It is necessary to extrapolate the data avail-
able in an attempt to arrive at an eslimate for the range in question.
Effects of shifting the wavelength window through which the turbulence

* ,is viewed is discuseed throughout this report.

9
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TABLE 4.1

SATISTICS OF (UST O IW]EUBXTY ('=) WmrH
SEASON AND DCATION WE=G PHAES I AND II

Guspt veloi• =w~er

Cateo0 y , 5 e '31 . 95af

100011 3a14 0.93 3.38 0.95 3.61 1.04
100021 3.21 1.32 3.59 1.53 3.13 1.09
100031 2.93 1.29 3.17 1.33 3.00 1.38
100041 2.78 1.31 3.05 1.37 2.74 1.28
200011 2.78 0.88 3.09 0.97 3.20 1.00
200021 2.74 0.92 2.77 1.09 3.22 112
200031 2.52 1.15 2.83 1.29 2.71 1.25
200041 2.69 1.14 3.07 1.28 2.72 1.17
300011 2.72, 0.99 2.90 1.02 3.20 1.22
300021 2.32 1.01 2.17 1.00 2.92 1.28
300031 1.64 0.86 1.90 0.92 1.91 1.31
300041 1.55 0.70 1.91 0.79 1.83 1.00
600011* 0.93 0.41 1.00 0.30 0.,82 0.31
600021* 0.56 o.18 0.72 0.23 0.65 0.27
600031 0.89 F52 1.08 0.56 0.90 o.56
600041* o.61 0.25 0.82 0.26 0.59 0.26
200012 3.76 1.6 • 7.71c i.68 3.76 1.28
00 3.03 1.07 3.22 1.17 3.21 1.11
2o0032 3.00 1.28 3.31 1.47 2.99 1.10
00 3.21 1.32 3.59 1.53 3.13 1.09
4=12 3,W7 1.9" 4.07 1.60 3o43 1.27
400022 2.78 0.93 2.82 0.92 2.76 0.94
400032 2.81 1.25 3.02 1.27 2.61 1.04
400042 3.08 1.31 3.39 1.44 2.81 1.05
400013 2.4 1.05 2.95 1.23 2.71 1.33
S2.14 0.96 2.48 1.03 2.4o 1.20

0033 1.89 o.86 2.21 1.00 1.84 0.91
400043 2.43 0.94 2.77 1.00 2.40 1.00
4(50014 2.80 1.19 2.98 1.24 2.73 1.1)

0024 2.08 0.84 2.05 1.05 2.15 0.91
400034 2.30 1.02' 2.49 i.o4 2.22 0.93
400044 2.79 1.08 3.02 1.15 2.48 0.97

• Less than 30 samles involved

NOTE: S - mean of the standard deviations

* = standard deviation of the gust velocity time series
standard deviations
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The third consideration is also important. If a coalete' model Is being
developed, the data must be adjusted to account for the fact that W0-LCAT
data were not measured during adverse veather. The extent of the adjust-
ment required is given in Tables 4.2 and 4.3. These data were taken from
Reference 4.1. Turbuleace data used in the adjustment must come frm pro-
grams other than LIOCALU. TwL such so s are References 4.2 and 4.3.

A multiplicity of types of data were '~a~ned and analyzed during LO-WCAT.
These data may be applied in nvmrOus Vays to the evaluation of atmospheric
turbulence at low altitude,: depending on the application. Exaples of ap-
plications and adjustments that my be made are shown in Sections JX and X
of this report. In these sections, the W-I1CAT Phaseý III data are a...
Jyze& with data from Phases I and II and with data from other l0w altitude
turbulence programs.

TABLE I4.2

IM24 OF WEATVHER DAYS

Spring Sumer Fall Winter YearlyLocation La Dols Days Ds,• ŽL
cConnel <9 <9 <9 9 -18 45 (12.3)

Edwards 9 - 18 9 - 36 9 - 18 9 -27 99 (27.1)

Peterson <9 <9 <9 <9 36 (9.85)

Griffi• s 9 -18 <9 9 - 27 18 - 27 81 (22.2)

TA=Z 4.3

-UM OP ITr I MRSTO1 DAYS

Spring 8ummr Fal) Wint~er Yearly
Location Dasp RI M
MCCOel 10 20 10 1 - 5 45 (12.3)

Edwards 4 (1.1)

Peterson 10 30 5 0o 1 46 (12.6)

IG iffi,.5 0 1 -• 5- 0 1 21 (.-75)

11



SEMV1 ION Ii

It was found, based on primary peak, amplitude, and level crossing counts
and rms values that gust velocity mag•itude becomes larger as the terrain
becomes rougher, as altitude above th? terrain is decreased, and as-the
atmosphere ,becomes less stable. Statistical distributions of gust veloc-
ity primary peak, amplitude and level criussing data were found to be in
reasonable agreement with each other. (See Figures .1.10 through 11.12).
The distributions of the primary peaks were found to be definable by an
equation using the component Gaussian process. The distribution of the
gust velocity rms values was also defined by using the combination of two
Gaussian equations (see Figures 13.35 ýhrough 13.37).

Gust velocities in excess of 70 feet 1,r second were encountered. The
maximum value for vertical gust velocity was 74.5 fps and occurred over
leg 3 of the Edwards route. The maximum gust velocity for longitudinal
and lateral components were 71.0 and 76.9 fps, respectively, and occurred
over leg 5 of the Peterson route. The probability distribution of the
ma1mum derived equivalent vertical gust velocity agreed well with that
of the maximwn true vertical gust velocity.

The nondimensionalized power spectral density of atmospheric turbulence
did not show any variatioD -ihich might be associated with different geo-
physical or meteorological phenomena. Good agreement between nondimen-
sionalized von Karman and measured spectra was exhibited. The von Karman
spectra; however, did s-1 $tly undarestimate the power of the measured
spectra at the low values of kL, the nondimensionalized spatial frequency.
The average value of the measurqd scale lengths was 600 feet; this average,
however, is more representative of the turbulence found around the high
mountains over the Peterson route in Colorado than of turbulence in general.

Forecasting of low altitude turbulence intensity was most successful when
based on vertical wind gradient and lapse rate. It was found that the
greatest chance of encountering nignificant turbulence exists when the
Richardson number is in the 10.2 range. As the Richarcson number in-
creases, the chaace of high intensity turbulence decreases rapidly. The
stability ratio was found to provide a good indicition of turbulence in-
tersity, but did not, as suggested by other investigators, provide any
advantages over the Richardson number.

Taylor and Kolmogorov microscales and viscous dissipation rates and sta-
bility ratios were evaluated. They were copared to values obtained by
other investigators.

LO-IDCAW Phases I, II, and III data were compared. Basic information con-
cerning the three phases is shown in Table 11.1. The Phase III data tended
to have higher turbulence magnitudes. This increased magnitude is attrib-
uted to the measurement of longer wavelength turbulence and measurement of
turbulence over high mountains. An eiample of meauring longer wavelength
turbulence is shown in Figure 17.1 where the vertical gust velocity cam-
ponent contains a wavelength of approximately 14,300 feet with a magnitude

12
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exceeding 74.0 fps. The wavelength appears at a frequency of approximately
0.04 cps in the timw history. This same long wavelength turbulence, if en-
countered during Phases I and I., would have appeared at a frequency of 0.02
cps due to the lower speed at which the C-131 airplanes were flo. PThases
I and II gust velocity measurements in this frequency realu would, have been
attenuated approximately 80 per cent by the data filtering techniques 'used
to alleviate the effect of drift. This is illustrative of the fact that
there is turbulence, some of which is significantly high in intensity, that
contains wavelengths longer than 7000 feet.

IO-LO-AT data were compared to that from other low altitude turbulence pro-
grams. Because of the variety of filtering techniques used, only those
samples which were most agreeable to Kolmegorov's theory were used. Based
on the method of selecting the spectra, it was concluded that the spectra
of turbulence at low altitudes from various independent researchers are
consistent in that their shape can be approximated by the von Karman math-
ematieal expressions with scale lengths generally less than 1000 feet.

During the course of this program, three additional turbulence investiga-
tions were accomplished. These were the BEEN Tower Flyby, Thunderstorm
Turbulence Investigation, and the Wake Turbulence Investigation. The BREN
Tower Flyby Investigation was accomplished to compare turbulence data re-
corded from an instrumented airplane and an instruWnted tower. Although
the turbulence levels were slightly different, the normalized spectra were
in good agreement. The Thunderstorm Turbulence Investigation was accom-
plished to investigate turbulence near thunderstorms and convective clouds.
Unfortunately, no severe thunderstorms developed in the area during the
period of investigation. It was found that turbulence intensities near
convective clouds were low and that the power spectra of turbulence near
convective clouds exhibits a -5/3 loga•rit e slCpe relationship betw.e-n
power density and spatial frequency. Air temperature changes near cumulus
clouds occurred, in some instances, vuen turbulence was encountered. The
Wake Turbulence Investigation consisted of flying the Phase III airplane
behind formations of C-141 airplanes in an effort to qualitatively evalu-
ate the wake turbulence environment generated by these airplanes. The
maximum gust velocity encountered was 63 fps and the estimated size of
the vortices varied from 19 to 41 feet in diameter. Although high gust
velocities were encountered, the time duration of the gusts were so short
that the T-33 airplahe did not respond to the turbulence and the pilot re-
ported very little turbulence.

Since tie major findings of LO-IDOAT Pbase III were the significant influ-
ences on atmospheric turbulence statistics of the longer wavelengths of
turbulence and turbulence over high maontains in Colorado, additional re-
search was accomplished. Gust accelerations and wind velocities were cal-
culated and analyzed to determine if the longer wavelengths could be better
resolved. The most pertinent of extreme gust data obtained during the High
Intensity Gust Investigatiop was reprocessed using techniques developed dur-
ing the LO-IDCAT program to see if the new techniques would alter the results
originally obtained.

Spectra of longitudinal and lateral wind components showed indications of
isotropy for the two components. integral scale lengths were found to be

13



on the order of 6000 feet. A technique was devloped whereby the sutatistics
of gust velocities can be doetukined using gust acceieraticnks, This tech-
niqus proved~ to have two distinct advantages. Me gust accelerations re-
quires less high-pass filtering due to their low paver at low frq10ls
The technique also requires cosdrbyless comuter' a r ksince filter-
Ing mm be pertIbzmd In the freqiuncy rather tha the tim doma~in. kAlysis
of the reprocessed Nigh Intensity Gust Investigation data shoved that the
original iesult&were affected very little by the 1D-IWCM processing tech-
niques*

It Is believed that enough statistical amoto n low altitulo twrbu-
lenceD is avalible from various program such that adequate gust criteria
can be estblihed for aircraft *ich are sensitive to Invelmgtifs leoss
than 15,000 feet. In the -plcto of theme dafta to gust criteria for
the missaion aeurn~ of a given aIrplu the fb~loving should be amn-
sidered:

0 * difference In speed it which the WD-WCA data were obtained
uk'I that associated with the mission. Itm'bulmnce data recorded
at bighI speeds vill iuxuitly have the longer -6Ioveuat better
defined. This causes the gust velocity probability distributions,
average scale lengthsk, etc. to vary as a fiunction of speed.

* The -52WIICal conditswos I~ ubidi the data wwor obtalned.
Turbulence data ibr wavelonths less thon 8,,000 feet were ob-
taib" during Ph""e I and 32 fbr all mswons at diffoerat,
locastlons, for all terrold type mept fte high antaini, tbr
a wide rang. of teoroogio conditions except thse iuwolr-
ing precipitation and otwmj, and fbr all times of dW ay ezcI
ing kdarkess. Phase 331 data vere not recorded during ali sea-

sasat each of the route locations.

MwffZ 11.1

Phasfs I& 11 PhasefII

Aircraft usned to obtain data It C-131's £ T-33

Flight period -9-15-66 - 12-2M-67 8-26-68 - 6-30-69

Number of turbulence data l,~299
f lights

low altitule tiubtulenc aq06"s 8,871 4,938

tomwr sompes 0 8

ftnudeutraorm ttUIbulnc Bol" 0 55

Vsk U~tCA W*~a saMAle 0 4

A ~. .~



TABIR 11. (Contd.)

BASIC ID-OIA'W MOWTION

Phape I & II Phase III

Turbulence sample average 21 mi. 32 mii.
length

Turbulence sample average 5.5 min. 4.5 min.time interval

Average tuzbulence PSD weve- 33 - 7,980 feet 63 - 15,100 feet
length band

Aircraft average. ground speed 332 fps 630 fps

Wt bandwidth* 0 - .scps 0 - cps
WT bandwidth 0.3l s.69 -10 cps

. bandwidth 0.04 - 10 cps m.04 - 10 cps

Hot wlie data bandwidth 5 - 500 cps N/A

u time series samples analyzed 6,553 1,730
statistibally

v time series samples analyzed 6,270 1,709
statistically

V time series samples analyzed 6,508 1,716
statistically

u non-contour sampler 1,113 0

v non-contour samples 1,091 0

w non-contour samples 1,118 0

u rw values analyzed 7,670 1,762
statistically

v rm values analyzed 6;621 1,74o
s •tieticall

v rw values analyzed 7,630 1, 76
statistically

Oust velocity seoles for which 1,775 904
spectra were calculated

* inflced belov 0.0o6 and above 10.0 cps by high end lov pass filters.
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TABLE n1.1 (Coalnxeldd)

BASIC WD-WCAT WNTIME 0 /

.Ples I& n II PhM, nI

u spectra eliminated due to 296 313
irregulaJritieo**

v spectra eliminated due to 514 380
irregularities*

v spectra eliminated du to 306 408

I u spectra analyzed 1,272 591

i 11 em v spectra analyzed 1,061 524

u gmou Vspectra obaldded 1,259 7 0

u spectra obtained during non- 207 0
contour fliht

Y spectra obtained during non- 200 0
contour filaft

v spectra obtained during nn- 210 0
contour flight

ouft velocity time series saples 33,000 27,000
per turbulence sample

Tim interval - spectre 0.01 sec. 0.02 sec..
calculations

Oust velocity sanples in spectra 33,000 13,500
calculations

Freqwm~cy interval -spectra 0.01&3L cps 0.o41L cps
calculations

tquist feency 50 cps 25 cpa

Nmber of frequncy estimates - 1,2o0 600
PSD

Miles covered recording accept- 135, 90O 55, 750
able turbulence data

1bre of acceptable tnbulten 600
data

9pectrin degrees of freed= -55 55
•,dvidu3l. samplesh

etcI .smanolee, higb afrplin tion .f1tet, lw vtua1netxo ty,
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SETION III

GUST VEU3CITY TimK flCION

5. RUN FM FOR 0IW1IOAT

One of the assumptions normally .mde in the analysis of turbulence data is
that it is stationary. Stationarity generally means that statistical pro-
perties computed over a ihort interval of time do not vary more than would
be expected due to normal mpling variations.

In order to verify that the stationarity assumption vs valid, it was nec-
essary to perform a test for stationaritj on each turbulence sample. Dur-
Ing I-1-CAT Phase III, the run test procedure for stationarity, as described
in Reference 5.1, Ims used. Two separate run tests, one on the gust velocity
-man values and one on the man-square values, were performed for each turbu-
lence sample. The use of mean-square values vsn suggested in Referenje 5.2.
Run test observations were obtained using the following equations:

b

on E= X I (Mean) (5.1)
i-a V - 9i

b 2

o" 1.35 -xj (Me.n-Square) (5.2)

where:

a 135a 13k

b 135n

n 1, 3,5, .. 199

A total or 100 observations vere made for each run test. Each observation
. (0, or o,). iks compared with the obs-rvatio sean and assigned a sign-
plus when above and zinus when below the mean. The number of runs is de-
fried as the number of sets with like sigas. The nuber of runs and whether
or not the sample was acceptMd as,• tationary at the 0.02 level of signifi-
cance for both runm test jmetbods us th determined. This ws done by com-
paring the atuial number of runs to the expected number of rims at a given
level of siglzificance.

The expected naber of runs at L level of significance of 0.02 was determined
using the foU-oving equations:

, ,- 1



2 N1 12 +(5.3)
N1+ N2

2N 1W2 (2H 1N2 -N 1-3 2 ) (5. 1.)S°" (N +W 1)2(N,.+ N2- 1)

where:

N1 = Total number of plus values (On or )

N2 = Total Number of minus values (On or O•)

Using the above information, the expected number of runs (E) was then cal-
culated:

E = 2.326 s) -0.5

where 2.326 corresponds to the 0.02 level of significance.

When the actual number of runs fell between the two values of E, the sta-
tionarity hypothesis was accepted at the 0.02 level of signi:icance.

Run test data were obtained for all turbulence samples recorded after Flight
Number 177. Due to a computer progrwaming problem, run ,t to were obtained
for only some of the flights prior to Number 178. Run tests were, however,
performed on a total of 802 turbulence samples.

The results for both run tests performe1 during ID-WCAT Phase III are
shown in Table 5.1. This table shows that over 80 per cent of the turbu-
lence samples tested by a run test of the means were accepted as stationary.
The mean-square test accepted from 60 to 70 per cent of the samples depend-
ing upon the component of gust velocity being tested. This indicates that
the mean-square test is the more stringent. The average of these teiVs for
all components indicat- that 77 per cent of the samples my be accepted as
stationary.

When a table such as the one in Reference 5.1 is used to determine the ex-
pected number of runs corresponding to a given level of significance, the
assumption that N1 i 1 in Equations 5.3 and 5.4 is made. The results of
making this anssmption are illustrated in Table 5.1. As shown, the per-
centage of turbulence samples accep+ed as stationary is reduced by using
the N1 1 N2 assumption. The mean-bquare test is affected much more than
the test of the means.

A number indicating the degree of stationarity for each turbulence sample
was not computed. &over, since homgnity is the property vhich in
spce corrdinates corresponds to the stationarity property in time coor-
dirates, these tv properties my be considered similar. Numrical valven
indicating the degree of homogeneity were computed for turbulence samples
for which power spectra were computed and are presented in Section 21 and
in Appendix VTII.
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TABLE 5.1

PE OF TURLCE SAMPLES ACCEPTED AS STATIONARY
AT THE 0.02 LEVEL OF SIGNIFICANCE

Test of Means Test of Mean Squares
U 11 V, U V w

Analytical
Method 85.1 80.7 88.3 77.4 60.1 70.7

Table
Method 77.0 71.2 79.0 42.o 28.5 45.5

6. ENSEMBLE AVERAING

A random process my be classed as either nonstationary, stationary, or
stationary and ergodic. Atmospheric turbulence, over long periods of time,
must be considered to be nonstationary. Statinnarity implies that statis-
tical properties computed over short time intervals do not vary more than
would be expected due to normal sampling variations. The fact that turbu-
lence is nonstationary is seen by comparing mean square values computed
from turbulence samples for different dbys. Also, in mountainous regions
where the terrain is not homogeneous and the wind currents vary considerably,
mean square values for adjacent 4.5 minute turbulence samples have been
found to varY fr 3 to 75 (s 2 .

Over a small area and a short time interval, turbulence can usually be con-
sidered to be stationary. Atmospheric turbulence cannot be considered to
fall into the stationary and ergodic class since ergodicity implies that
each record of an ensemble is -itatistically equivalent to every other record
and that ensemble averages over a large number of records at fixed times may
be replace4 by corresponding time a,.•ra-gs on a single representative record
of the ensemble.

Refeýrence 6.1 indicates that to obtain a well defined statistical represen-
tation of a random process that is nonstatiorary or stationary and not
ergodic, ensemble averages should be computed. Sin!e atmospheric turbu-.
lence could fall into either class, ensemble averages were calculated for
several categories of data. This aversging of a number of samples gave
high statistical confidence, as discussedi in Section 20.

Ensemble uvvraging was acccuplished by taking an ensemble (group) of records
and avsnraging the ensemble at corresponding times. Individual points of the
ensemble average time function p,(t) were calculated by:

I

9 (t(
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Each of the 270-second records used -ere considered to be self stationary.
e

Ensemble average time functions were computed for each of the eight fol-
lowing category combinations:

High mountain, 250 foot, stable (112000)

High mountain, 250 foot, neutral (113000)

High mountain, 250 foot, unstable (114000)

High mountain, 750 foot, stable (122000)

High mountain, 750 foot, neutral (123000)

High mountain, 750 foot, unstable (124000)

Plains, 250 foot, unstable (414OO0)

Plains, 750 foot, unstable (424000)

Power spectra and coherency functions were calculated for the ensemble aver-
age time functions. Isotropy and homogeneity characteristics were evaluated
and the spectra were compared to the von Karman mathematical expressions.
These data are presented in Figures 6.1 through 6.8. Isotropy, homogeneity,
and coherency checks gave essentially the same results as those from the
principle analyses (Section v).\ The observed spectra agreed well with the
von Karman spectra. pie scale lengths from the ensemble time function, with
the exceptign of two points, agreed fairly well with those representing the
average of Phe scale lengths for the individual samples. These data are pre-
sented in Figure 6.9. The ensemble average scale lengths varied with category
in the same way that ifrividui.l sample scale lengths varied. That is, gener-
ally speaking, scale Lengths increase with increasing terrain roughness, in-
creasing altitude and decreasing stability.

It was concluded that short, relatively self-stationary seev.Ants of turbu-
lence data can be accurately evaluated statistically without resorting to
ensemble averaging techniques.
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7. GAUSSIA DISTRIUTION CMCK

Gust velocity amplitude values computed for each turbulence sample were
checked for normality using the chi-squared goodness-of-fit test. This
test compares the actual distribution with a normal distribution.

A chi-squared test was performed on each four and ore-half minute turbut-
lence sample using 28 bands (Nb) with widths of constant probability. The
degrees of freedom for each sample were (Nb-i). 'I'm hundred (N) gust ve-
locity amplitude values were used in the calculati3ns of X2 values by equa-
tion 7.1:

x (7.1)
hal Fb

where:

fb = observed frequency

Fb = theoretical frequency

Since: fb
b - b Nb;

x2 U- 200 (7.2)

b-I.

A cumulative probability distribution of the chi-sqjare vulues for all ID-
LOWAT Phase III data is shown in Figure 7.1. TaeveJ of sijnifianca based
on the number of degrees of freedom for these data are shown. Inspect Fm
of this figure shows that qrximely 87 p1,r cunt uf tbe vertical, 88 per
cent of the longitudinal, and 89 per cent of the late!81 Guot ;elkciy sam-
pies were accepted as Gaussian at the 0.02 level of significance. Approxi-
mately 10 pea cent more samples were accepted during Phases I and II (Ref.
7,2). This is attributed to the fact that turbulence saWIXes were taken
over a 60 per cent longer distauce (lapvmie.iy 32 wilep,) during Phase III.
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8. PRIMARY PEAK COUNT

In the peak count procedure each maximum positive or negative excursion of
a gust velocity time history, between adjacent crossings of the mean, is
defined as a primary peak. A graphical illustration of this procedure is
presented in Figure 8.1. As shown in this figure secondary peaks are not
considered, and only the primary peaks which fall within each 2 fps wide
band are counted.

In this procedure, high frequency, low amplitude data are counted as pri-
mary peaks in the lowest band. Figure 8.2 shows a peak count distribution
plotted on semi-logarithmic scales and illustrates how it was extrapolated
to obtain the peaks in the lowest band. The shaded points indicate the
cumulative number of peaks in the lowest band as they were originally
counted. The unshaded points at zero gust velocity are the extrapolated
values. The extrapolation technique had the effect of compensating the
error induced by not counting the secondary peaks and thereby adjusted
the cumulative probability of the peak count data to be more compatible
with that of the level crossings data.

The extrapolation was performed by fitting a curve through the data points
using the least square method. The curve fitting was accomplished by com-
puter and consisted of fitting the general polynomial (Equation 8.1) to the
distribution.

Yj = AO + A2 Xi2 (8.1)

The coefficients Ao and A2 were determined such that the following quantity

was a minimum:

2

e ~ ~ -A 2 X] (8.2)
1-1

where:

X, = (x, + 20) in fps, where x, is the gust velocity

Y = log (Fb ), where Fb is the cumulative number of peaks per

mile occurring in a given band

W =The weight applied to each Yi. For this application the
following Wi values were used:

W O W6 =6

W2 = 20 W7 = 4

W3 = 15 W8 = 2

W4 = 10 W9 through W L= 1

W5= 8
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e = error or difference between observed and analytical vulues
of Y

N = Number of data points being fitted

A0, A2 = Constants

The following equations were obtained by taking the partial derivatives of
f(x) with respect to each coefficient:

AoD W, + A2  WI - WI Yi =0 (8.3)

A. W, Xi + A2  W, W1 XiYi = 0 (8.4)

Simultaneous solution of these equations yields values of the coefficients
for use in Equation 8.1. The coefficient Ao is the extrapolated log(ype).

Details of the least squares cum fit are given in References 8.1 through
8.3.

After positive and negative peaks were added for each band and accumulated,
cumulative peaks per mile were calculated by dividing the cumulative number
of peaks in each band by the miles traveled while obtaining the turbulence
sample. Cumulative 4bability was calculated by dividing the cumulative
number of peaks for 4ach band by the cumulative number of peaks for the
lowest band (for peak count, this is an extrapolated value). The proba-
bility density is the change in probability from one band to the next higher
one divided by the band width.

Figure 8.2 is an example of a peak count cumulative distribution for a par-
ticular turbulence sample. The curves shown on this plot represent those
fitted by computer to the data points. The characteristic frequency of the
peak count data, NP, is defined as the cumulative peak per mile value de-
termined by extrapolating the cumulative distribution curve to zero gust
velocity. Figures 8.3 and 8.4 are examuples of peak count cumulative prob-
ability distribution and probability density distribution for the same tur-
bulence sample as shown in Figure 8.2.

The turbulence sables on which the peak count was performed all had means
which had been set to zero. A standard deviation was calculated about this
mean for each gust velocity sample using the grouped data technique dis-
cussed in Reference 8.4. Standard deviation values, presented in Section 1-,
were computed from the following equation:

______(8.5)

The subscript e denotes that an extrapolated value for cumulative peaks, as
discussed previously, was used in this calculation.
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Those turbulence samples set aside from the normal data processing routine
because of low signal to noise ratic ' Nto:rvssed in Appendix III, Section
111.5) were included in the gust veloc.ty peak count aistributions so that
the effects of low intensity turbulence would be present in the final anal-
ysis. Inclusion of these turbulence samples was accomplished in the fol-
lowing manner. (1) The category number associated with each of these tur-
biulence samples was determined (Table 8.1 is a list of the number of samples
involved with respect to category number). (2) One low signal to noise
sample was processed for each different category number to obtain peak count
data representative of that category. (3) The representative data, multi-
plOid by a factor equal to the number of samples involved in each category
(Table 8.1), were added to the peak count distributions initially computed
in the normal data processing routine.

Figure 8.5 is a plot of the peak distribution for the overall category.
The snaded points illustrate the effect of including low intensity turbu-
lence samples. Only the points at zero gust v-.Jocity were changed a no-
ticeable amount; all other points were essentially unchanged. Also, the
inclusion of the low intensity turbulence samples slightly lowered the
cumulative probability distribution curves of those data in the categories
involve4. Figure 8.5 also compares the peak count distribution curves for
the gust velocity components for the overall category. Lateral gust veloc-
ity has the highest distribution curve and longitudinal the lowest with
vertical crossing over between them. The relationship between components
of gust velocity for all categories analyzed is shown in Appendix VII.
Those categories which contain high mountain data show a relationship be-
tween components similar to that for the overall category. Categories which
do not ccr~tain high mountain data generally show a closer comparison between
lateral and vertical distributions with longitudinal always slightly lower.
The reason lateral is higher for the high mountain data is probably due to
the effects of flying parallel to and on the leeward side of high mountain
ridges.

The distributions of the three components, for the categories other than
high mountain, agreed much more closely during Phase III than they did dur-
ing Phases I and II. High-pass filtering attenuates the long wavelength
amplitudes of the longitudinal co>a2-.t more then the vertical or lateral
because the longitudinal component contains higher power at the long wave-
lengths. The attenuation of these long wavelengths wan less severe during
Phase III than during Phases I and II. This occurred because the Phase III
data were recorded using a higher speed airplane which made possible the
measurement of longer wavelengths as discussed elsewhere in this report.
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TABLE 8.1

ER OF LOW I PEI 'EI IF J1UMULEM SAWIMP 3LES U
I PACH CATEGOY FOR A ALY OF
PEAK, AWL==, AMD MMV C3)SIG M(W~

Category Number Catgory Number
Number of Samples Number of Samples

321131 1 611241 1
4U1124 6 611331 5

421113 1 613-341 1
423-124 15 621131 6

142113)4 8 623u 1a 2
421234 3 621231 5
42234 1 621241  3
424124 1 621331 4
6lu1i 2 621341 1

The peak count, amplitude count, and level crossings count distributions
obtained for each tirbvlence sample were ccwpiled on a master computer
tape as they were processed. These distributions were recorded on the
master tape according to category number. For IO-IDCAT Phase III, data
were stored in 260 out of a pos3ible 19M different categories on this
tape. Some of these categories contained many samples, otherp had only
one. In order to obtain distributions which were statistically reliable,
it was necessary to combine categories so that none contained fewer than
30 samples.

The master tape data were processed through a computer program which had
the capabili•ty of combining categories in any selected combinations.
Those samples not categorized with respect to atmospheric stability be-
cause of iamlid outside air temperature data could not be handled by the
computer program and therefore, were not included on the master' tape, nor
included in the statistical analysis. The combined category distributions
obtained frott this program were then plotted. Table 8.2 lists those cate-
gories which contained 30 or'more samples. TMe total number of samples
included in ejach category, as well as the number of low intensity twubu-
lance samplea ineluded. in the total are also included in Table 8.2. Plots
and listings oi peak count distributions and probabirity distributions for
these categories are given in Appendices VII and VIII, respectively.

Analytical. expressions of the peak count probability distributions were de-
termined for each of those categories involving individual category compo-
nents as well as the all data category. These expressions were determined
using a technique similar to that described in References 8.5 and 8.6. This
technique involved the selection by least-squares fit techniques, of two ex-
ponential curves which, when added together, would result in a curve repre-
senting the distribution in question. This expression takes the following
form:

F(x) - P, e *x(- -) P exp(- (8.6)
b b3
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where:

F(x) = Cumulative probability distribution function

PF, P 2 = Intercepts of the exponential curves

0 1 2, 1/b 2 = Slopes of the exponential curves on semi-logarithmic paper

x = Gust velocity ulitude

Table 8.3 shows the values of P 1 , P 2 , bl, and b 2 for the above mentioned
categories. The values are valid out to the mximum gust velocity value
measured for each category as given in Appendix VIII. Experimental data
corresponding to the fitted curves is given in Appendix VII.

Confidence limits were computed for the categorized primary peak count
cumulative distribution functions. Since each distribution analyzed con-
tained many turbulence samples, each point on the distribution curve is
representative of the mean at that point of all samples contained in the
category. The central limit theorem states that for large samples, mean
values are distributed nonrmally without consideration of the underlying
distribution. The confidence limits were therefore calculated using the
procedure for a normal population with unknown standard deviatlon, as de-
scribed in Reference 8.4. Peak count distributions and their confidence
limits for all categories analyzed are given in Appendix IX. Figures 8.6
through 8.11 illustrate the relationship of the 99 and 95 per cent con-
fidence limits to the distribution of all of Phase III data.

An analysis of the peak count data with respect to those categories involv-
ing individual category components as well as the all data category is con-
taibed in Section U1. A comparison of the various counting techniques is
also contained iD that section.
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TABLE 8.2

TOTAL NUMBER OF ¶MULEB SAMPLES IN EACH COMBINED
CATEGORY DISPTRIBUION AND THE NIMBER OF LOW

INTENSITY TURBUIENE SAMPLRS INCIU -
PEAKj AMP IX!• AND IZME CROSSINGS COUNT

Total Number of
Number of Samles Low Turbulence

Categor, U. v w- Samplea

000000 1730 1709 1716 66
200000 w 841 846 0
200000 297 297 297 6
300070 115 115 175 1

S396 380 382 35
600000 76 76 1 30
o0oooo 899 887 891 15020000 831 822 825 51
001000 661 558 560 64

132OOO 479 475 477 0
000030 393 387 397 1
oo4ooo 297 289 289 3
000100 465 462 465 42
000200 644 637 639 13
01300 6211 612 612 0
022000 599 599 599 30
00302 0-35 134 95 0
000003 743 736 742 1

1oooo4 253 249 240 34
211000 609 6.o8 609 0
L12000 314 14 i31 0
13000 339 38 39 0
22 o000 64 64 64 0
121000 112 312 112 0
122000 147 39 3 0
123000 95 94 95 o
1•4000 5o 49 50 0
211000 60 65 60 2
212000 31 31 31 1
213000 33 33 33 0
42-4ooo 33 33 33 0221000 65 65 65 0

312ooo 32 32 31 2
4LUooo 52 5 3 52 6L1:2ooo 39 39 39 0
4100 57 54 55 0

421000 55 54 54 27
422000 33 30 31 1
42-1oo 39 38 38 0
424000x 71 70 69 1
621000 32 32 32 21
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~nd Gust
Velocity

- fps
8

6

2
2

-ean 0
1

r i___Zak -2

-4

3v 3 -6

Gust Cumulative
Band Velocity Plus Peak Minus Peak Cumulative Peaks per Cumulative Probability

No. (fps) Ident. Ident. Peaks Mile* ?robabillty Density

1 0 @ 1 35 1.0o0o .o714

2 2 ) 6 30 .8571 .1428

3__ (4) 4 20 .5714 .0715

4) 6)C 3 15- .4285 .214 3

V'I: Thiss s oly an illustration and should not be congidered as typliýal of

turbulence data.

(~) () (~) Secondary Peaks - Not Counted

* For this exa le , assume 0.2 statute miles is the length of the above record.

FIgure 8.1 Primary Peak Count Example
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9. AMOILJUM COUN

The amplitude count technique of analysis was used on the time series of
the gust velocity components. Valuea for each component were computed by
the gust velocity progrm (A•endix V) at 100 samples per second. In this
procedure, amplitude bands 2 fps wide were placed on either side of the
zero man. The mw er of nineles contained in each band was determined
and the sa les in the corespond positive and negative bands were
added together. This procedure is iUstrated in Figure 9.1. Amplitude
data were used to compute cumulative distributions, cumulative probabil-
ity distributions and probability density distributions. The technique
used to calculate these distributions is also sown in Figure 9.1. The
time sales standard deviation (NJ for each gust velocity component was
computed from the following equation:

U 1/2
"" "1 /xl-i)2 (9.1)

Examples of amplitude count cumulative distribution, cumilative proba-
bility distribution, and probability density distribution for an dini-
vidual turbulence sample are sbow in Figures 9.2, 9.3, and 9.4, respec-
tively.

Amplitude data were cobined for the ama categories shown in Table 8.2
and the data frm turbulence samples of lov intensity were accounted for
in the same namner as described in Section 8.

Amplitude count cumulative probability distribution plots for the Phase
MII data are sbown in Figure 9-.5 Plots for the 42 categories of Table

8.2 are shown in Appendix VII end listings of these data are presented
In Appendix VIII.

Comaris=A of peak, amplitude, and level crossings count are made in
Section U.
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turbulence data.

Figure 9.13.nplitu& Count Sxw~le

51



3
/ ~10

0 I,02gtummi
13 Later-al,

Vertical

Test 0044
2 Semple No. 003

10 - Category 4e2432
K"les -29.3

10
0

110.
-2

10

-3
10

-4

10.

0 51 20 25 30
Figur 92 U Mt VELOCI A~JW~nM M

Figre 9.2 Gust Yelocity Anp3ltude Co~mt CuwJ1tLve Dtributionfor an Individm Tuxrbulence 8mqle

52



0

10 � tongitudinal
El Lateral
> Vertical

Test 0044
1 Sample No. 003

. Category 424324
10 Miles 29.3

-2
10

S -3

• 10

-4
• ~10-

-5
10

-6
10

-710

0 5 10 15 20 25 30
Ou"t VILOctY AUPOJU" . F"

Figure 9.3 Gust Velocity Amlitude Count Cun•ulative Probability
Distribut-Ii for an IndividU&J Tuubulence Sample

53



Latertial

Test O00&4
SeRmple No. 3

10Category 44':
miles 29.3

I102

I~f

10 7

10 10

Figur 9.4 Gurt Velocity Amplitude Cawmt Probability Density Distributicm
for an Izniividmi1 Tutulnealm wla

54



100y 0 ILongitudinhl

0 Lateral
, Vertical

10-l

'10

-•-5
10
10"-

0 20 40 60 80 100

AT VELOCITY AMPUTUWE. - PS

?igupr 9.5 Amplitude Commt Cnmulativ Probability Distributions
55

. .



10. LEVEL CROSSINGS CO'

Another method of gust velocity amplitude analysis wWs the level crossing
technique. Levels of gust velocity were established at 2 fps intervals
from the zero mean. Crossings with a positive slope were counted. Figure
10.1 illustrates the level crossings technique. This figure shows how
crossings of corresponding positive and negative levels were combined.
Crossings of the zero level were a special case and were doubled to account
for crossings with both positive and negative slopes. The nuber of level
crossings per mile, probability of exceedance, and probability density dis-
tributions were calculated as shown in Figure 10.1. Detailed discussions
of the level crossings analysis technique can be found in References 10.1
and 10.2.

A level crossings standard deviation (es was calculated using the follow-
ing equation:

r2 21/2
.LE[ XO (10.1)• L mNOL

According to Rice (Reference 3.1), level crossings count provides a de-
scription of a stationary Gaussian process. The level crossings distri-
butions obtained for each turbulence sample were compared with a distri-
bution obtained from Equation 10.2 (Rice's equation).

N(x) NOL eXo P (, X, (02

where:

N(x) = Expected number of crossings per mile of a given .>

positive and negative level

NOL = Total nmnber of zero crossings with positive andnegative slopes per mile

x0 Level of gust velocity in ft./sec.

ft Standard deviation of time series (Equation 9.1)

Figure 10.2 is an example level crossing distribution plot. The curves
shown on these plots represent a distribution obtained from Rice's equ-
tion. Agreement between LO-IDCAT data and Rice's equation ws found to
be best for the i.ogitdiinl component. 4ice's equation underestimated
nearly every LO-OCAT sample measured. For a further discussion of Rice's
equation. eee Section 51.
Figures 10.3 and 10.4 are level crossings probability distribution and
probability density distributicn plots, respectively. of the same turbu-
lence sample as shown in Figure 10.2. The probability distribution, Fig-
ure 10.3, shows a higher probability of occurrence of the smaller gust
velocity values than the probability distributions obtained frra either
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the peak count data (Figure 8.3) or the. amlitude count data (Figure 9.3).
This is also shown in Figure 10.14 where the probability density is lover
at one than it is at nine feet squared per second squared.

Low iz1teisity turbulence samples were accounted for in the same Yinner as
described in Section 8. Also, samples were categorized using the same
technique as discussed in Section 8.

Comparison of the peak, amplitude, and level crossings count are given in
Section ii. The distributions and probability distributions of the level
crossings count data for those categories shown in Table 8.2 are plotted
in Appendix VII and listed in Appendix VIII.
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8 0 0 8 4o" 1.0ooo .1250
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4 2 4 4 20 .5000 .0625

2 3 6 3 15 .3750 .1875

0 14

-2 3

-4 2

-6 2

-8 0
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12. OOWARISN Or COMT3310 2TKIaq

The peak, ap.litudeo and level crosingos comt techniques used for amlyz-
Ing gtst velocity tim series data were coqmd. Data for an IUAidvidtl
turbulence sample and the all data cateory are semn here to Illustrate
the relationshIp betwee oounting techniques. This relationship is slmilar
for all cateoris so they viii wt be abaft. Plots PA listings for all
the categi..s investigated are ave•lable in A;pmd.x VII and VIII, respec-
tively.

Occurrences per mile of peak. and level crossUV for a single tufbulance
s mple are caupared In Figures 11.1 throg•h 11.3. Tse plots ulxv that
merally a poster rew cy of o ro. of level croesizgs than of

peaks above a givesn ust velocity cea be. expected for all three cowponents
of gut velocity. Fisum 11.4 throuiua u.6 provide a oarnism of peaks
and level crossings er mile for the all data cateary. 'Swe figures hv
a ras very sin lar to tha4 shorn for a single turulence sample.

Themaltive no r of peaks In the first band should agree vith the mia-
bea of level crossi•gs counted in the first bond. 2sdo in because the peek
cont tecbhique coumts th" positive and negtive peek eursims fofloving a
crosin of the zero mmnA and the level crossingm technique dubles the ni-
ber of croesiU of the sera Oan Vith a poitiW slope. Therefore, it should
be noted that the ztrepolted peak count cluulAtive occrrenes per mile
equal the level crri amams per zLie at zero gust velocity. This
may be sees by compag the e peak count valu•s of Figure 8.2
vith the 16ve mosjsgs count valb of Figure 10.2 at the zero gust ve-
locity level,

prqbabilyae of mutering a gust velocity equal to or greater tbm a
given rAlm for the three counting techmiques are oh in Figures 1.- 7
throuj 11.12. Figaws 11.7 throudh 11.19 shmv these -- m- for a sin-
gle tuzbumwa inqpl. L.jures 11. 10 thraui 11. 12 ubov the cofarison .for
VAP all data cateuwy.

relationship between the cating teckmiqms is very siilar for both
the sinq. samplend the all data cateiry. Also, there i little vari&-
tion fna m o om nt of gust velocity to aother. In gam•r, the WWI-
t mount distrib•ztios 4e loer sad the level crossings are h**e"- The
peak ooiwt Vprmobability curve raiete the aqpUtvide count curve at the
low gust velocity vajuss Uod approadhe the level crossing cur"e at the
blowr gut velo&ities.

ProbabAlIty desnity 41stribution, sbtemed from a single turbulemce saWple
uoin the thre oounmtif tecdques, are mn in Figures 11.13 throug U.115
for the three Owt velacity oamoants. Figures 11.16 tthrus 11.18 s2hv
the some~ai. for the all dam& catery. nomlituds comunt probea-
bility desity COXrbmi~ c 18ei lowr thM for pek oot for the
sinal tubeae ms , as s.. in Figue, 11.1.3 tb 11.15.
level crozaus & nity cww bs a kmp nr my gust velocity and a
a! M-mIt stoper thm th others. Zis Is IrMaPssI I WI of the
level crmss s probability dmmrty cmrv for an lndITiMal sale with
a serum gust velocity grefftor then zi 10 fps. Fb a SamPle
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with a mdxmum gust less than approxatey .0 fps, the density curve is

shaped very much like the peak and amplitude count curves. The reason for
the difference in curve shape is due to the increased number of zero cross-
ings for those turbulence samples of low intensity. Figures 13.16 through
11.18 show that generally level crossings have the highest probability
density curve and amplitude comt the lowest with peak count in between.
The differences between the three curves are small and their shape is gen-
erally the same. There is no hMp in the level crosaings curve as there
vas for some individual sampW1e. This is due to the cowining of many
turbulence samples of both high and low inteneity into this category.

Gust velocity standard deviations from amplitude count, peak count, and
level crossings were calculated as shown by Equations 8.5, 9.1, and 10.1.
Figures 11.19 through 11.21 show comparisons of the cumulative distribu-
tions of these standard deviations for the three gust velocity components.
All OD-LOCAT Phase InI data aWe included.

The level crossings standard deviations sbhov a higher probability of oc-
currence than for peak count or amplitude count. This relationship is
similar for rli three co-ponents of gust velocity, except the peak count
distribution is higher relatively for the vertical component.

It should be noted that the characteristic frequency, No, as referred to
in this report is not the actual characteristic frequency of the turbu4ence
but is equivalent to the intercept of the peak count cumulative distribu-
tion function. Measum nt of the actual characteristic frequency of the
turbulence would require calculation out to very high frequencies (arnund
30,000 cps).

Values of the characteristic frequency were obtained by tnese different
methods. In the first wethod, No (in cycles per foot) was obtained from
PSD data using Equation 11.1.

No usa I/fcycles per foot (u.i)

No was converted to cycles per mile and muitiplied by tvo to obtain oc-
currences per mile.

In the second method, N. (peeks per mile) was determined by extrapolation
of the peak count distribution curve as previously described in Section 8.

A third characteristic frequency, NOL (croain&s per mile), as calculated
from level crossings data using Equation 11. 2.

NOL -19.55 ý (11.2)
VP-

where:

I, a Total number of crossings cf zerc- level vth both positive
and negtive elope.

V . Average speed during turbulenee swale.
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Avcr.rge values for each method are given in Table l.l.

TABLE 32I.1
COMPARISON OF CHARAC!RIIC FREQ• IES CAUIATED FROM

POM &0ECTrRA, PEA COUR~, AjTD LLVM cmosinmu DU

Characteristic Frquency Longitudinal Lateral Vertical

N0 (occurrences/mile) 25.09 30.19 35.08

N (peaks/mile) 25.34 31.44 45.85

NOL (crossingsimile) 55.79 47.18 63.31

These averWaes represent Phase InI data. Power spectra and No values were
calculated for approximately 50 per cent of the data processed. In addi-
tion, characteristic frequency values were not calculated for irregularly
shaped spectra (i.e. no-h-geneous turbulence or turbulence samples having
low signal-to-noise ratios). NP and No; values were calculated for all tur-
bulence. sarples processed. Extraneous Njp and NOL values defined as those
wtich deviated more than four standa,'d deviations from the mean were removed
before aeaig

The characteristic frequency of the logitudal co nent is the smllest
and vertical is the largest. This is true for both No and NP. Conp&rison
of corresponding No and N. values shows reasonable agreement between the
two methods of computa~iQu, except for vertical where No is significantly
less than N•. This is believed to be due to the removal from analysis of
a higher proportion of the N. than Np data. These No values were removed
primarily because of distortion of the spectra at higher frequencies.

T values of characteristic frequency obtained using level crossings data
t considerably larger than those obtained from peak count. This is be-
cause the level crossings values .orrespond to what the peak count values
would have been had they not been extrapolated. The reason for extrapolat-
ing to obtain tfle characterirtic frequencies from peak count data is ex-
plained in Sect ion 8.

It should be noted that the charActeristic frequencies obtained using the
peak count and level crossings method aie dependent upon the frequency
range of tintbulence beipg investigated. During LO-CAT Phases I and II,
the C-131B test airplanes ver! flown at an average speed of Approximately
330 feet per aecond while gatheuing gust velocity data. These gust velocity
data were filtered so that only the frequency band from approximately 0.o4
to 10 c.as was .vetained. This frequency band corresponds to a range of gust
velocity wavelengths ranging from 7980 to 33 feet. During ID-LOCAT Phase
T• the T-33A test airpiane was flown at an &verage speed of approximately

630 feet per. second. The saw band of frequencies was passed during data
processing as for Phases I and II. With the higher airplane speed and the
"same filtering bands, the new range of gust velocity wavelengths obtained
ranged frcm 15,100 to 63 feet. -he sewnt of' the turbulence spectrum
investig-Ated during ID-LOCAT Phase III wav therefore shifte. toward longer
wavelengths from that of Phases I and 1I.
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The average values of N" obtained during Phases I and II were 50 peaks
per mile for the longdtudna. coponents and 60 for lateral and vertical
components. Comparison of these mlues with those obtained during Phase
III shows the difference between them to be a factor of approximtely 2.
This difference is due to the high frequency of occzwrence per mile of
the 33-63 foot wavelength gusts which were measured during Phases I and II.
Wavelengths less than 60 feet were not measured during Phase III.

S4
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12. C IATION OF P.K .MBt NWITH(,,t ' C CAT..

Peak, am1ituft.e and l.evel crossings wount d1str1i~timas az~e very similar
In the way they Wary with alfferent geopIhyhical phienou. ¶ibresfore, only
the peek count distributions a useff In this douent, to Illustrae these
variations. Paot and listings of data from all three counting techniques
are presented In Appendices VII and VIII.

Figures 12.1 thraugS 12.3 show the terrain effects on peak count distribu-
tions of the threo gust velocity components.` These plots show that the ram-
ber of peaks per mile exceeding given values are, in general, laxger for
high mountain data and decrease for low montains., plains, desert, and water
in that order.

Peak prqbabil~tiez of the plains data are higher than that of the desert
data, even though the average desert terrain was rougher thsn that of the
plain. This was probably caused by the fact that higher wind vlocities'
were recorded over the plains resulting in a higher percentage of Mechan-
ically generated turbulence.

A distnct chne vas seen in the distribution cu-ves for terrain effects
bet"en the Phase III Interim Report (Reference 12. 1) and tJis report.
There was n change in water and desert distribution curves since no addi-
tional data verl obtained for these categories. The plains, po wuntaln,
and high mountain distribution curves were raiaed considerably. This was
due primrily to the effects of'the more turtulent air encountered over the
Peterson route. These effects were not included in Reference 12.1.

Figures 12.4 through 12.6 presert the altitude effects om peak count dis-
tributions. These figures show greater frequencies of occtwrence of gust
velocity peeks at 250 feet than at 750 feet.

'lirjrus 12.7 through 12.9 show the effect of atmospheric stability on peak
count distributions. In general, very stable air has the lowest distribu-
tion, whereas, the distributions of data obtained in wtable. neutral, and
umstable air are nearly the se. This was not the case for the Phase III
Interim Report data where the difference between distributions for the very
stable and other stabilities ins not so distinct. The 4istribution curves
for all four stabilities were ralsed above what they were for the interim

\ analysis. But, the curves for stablQ, neutrel, and unstable were raised
considerab1• ewre than the very stable curve. This vi probably due to the
fact that a muxh smaller percentage of the very stable data, as copared to
too othet three stabilities, ceam from the Peterson route.

figures 12.10 through 12.12 sbow the effect of tim of day on peak count
distributions. Tse plots show that the distributions do not very wignif-
icantly with time of day. The only distinguishable characteristic is that
the distribution for ftin starts out below the others at mall "t veloc-
ities, but crosem over at about 30 fps end genally is h±ier .frcm there
3a. This in probaly due to the effects of the high perrentage of the low
intenity Urbulance samples tbft ware inclued in the dawn category. Furty-
two of the 66 low Intemsity tuz get saemles (Table 8.2) were obtained at
dawn. " Also., the effects of very stable smples should be considered, since
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68 per cent of the dawn data was very stable. The curve for dawn data was
lower at the smaller gurt vtlocities, however, due to the effects of the
higher intensity turbulence samples obtained at Peterson, the curve is
higher at the larger gust velocities.

Figures 12.13 through 12.15 show the variation of peak count distributions
with geographical location. The distribution for the Peterson route was
the highest. This is due to the high mountain terrain and the season of
the year during which this route was flown. The Edwards distribution is
the lowest at the smaller gust velocities due to the effects of the water
and desert legs, but increases rapidly with increasing velocity due to the
effects of the mountain legs. The distriLbution for the Griffiss route is
somewhat higher than for the McConnell route due to the effects of low
mountain legs at Griffiss.

It will be noted that the lateral couponent for the Peterson route exhibits
a higher distribution than that of the vertical component, while, for the
Edwards route, the vertical component is higher than the 'ateral. This is

due to location of those legs with respect to the more rugged terrain char-
,cteristics. The legs at Peterson parallel.ed the ridge lines while at Edwards
the legs crossed over the ridge lines. Thus, higher lateral than vertical
gust velocities would be experienced over the PetersoL route and higher ver-
tical than lateral gust velocities would be experienced over the Edwards
route.

The variation of peak count distributions with season was not determined
during Phase III, since the airplane was not flown over each route for a
full year.
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SECTION IV

GUST VEI ,?T""y 7MNSTES•Y

The time series standard deviation ('t) of each of the three gust velocity
components was calculated by the following equation:

1/2

a . [ __ (xiji) 2 = rms (with 0=O) (9.1)

The values for xi were taken from the time histories of gust velocities which
were computed at the rate of 100 samples per second giving 27,000 values
for each four and one-half minute turbulence sample. Therefore, for this
particular calculation, N = 27,000. The mean gust velocity value is indi-
cated by x.

Since the mean value, 7, is made essentially equal to zero by high-pass
filtering, the standard deviation is actually equal to the root-mean-square
(rms) value as shown. The two terms are used interchangeably in this report.

13. GUST VELOCITY RMS STATISTICAIL ANALYSIS

The rms values were grouped into amplitude bands of 0.5 fps and the cumu-
lat1*1e probability distribution (CPD) was calculated. These CPD values
give the p'xbabilities of a gust velocity rms value being equal to or
greater than a given value. The cumulative probabilities determined for
all data recorded during the Phase III program are shown in Figure 13.1.

The cumulative probability distribution curve for lateral rms gust velocity
is higher than for longitudinal since a high percentage of the turbulence
data were obtained while flying parallel to mountain ridge lines. The curve
for vertical rms gust velocit-: was lower than for longitudinal due to the
compression of the vertical eddL: s near the ground.

For categories which did not contain any high mountain data the cumulative
probability distribution curves for longitudinal and lateral rms gust veloc-
ity were in general nearly the same.

The CPD of rms values for various geophysical categories was calcu.ated.
In order to assure a good statistical sampling, a minimum of 30 data sam-
ples per category was established as the criteria necessary for a valid
analysis.

The gust velocity rms distributions are shown as functions of terrain type,
absolute altitude, atmospheric stability, time of day, and geographic loca-
tion in Figures 13.2 through 13.6. As can be seen, the results are similar
for all three gust velocity components.
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The highest gust velocity rms values were recorded over the high mountain
legs and the lowest over the water (Figure 13.2). in general, the gust
velocity rms cumulative probabilities are larger at a given rms value for
data recorded over the rougher terrain. The only exception occurs for
data recorded over the plains and desert. Larger guLt velocity rms values
were recorded over the plains, even though the desert terrain was some-
what rougher (see Section 32). This is attributed to the fact that the
winds were significantly greater over the plains (Section 33).

The data were recorded at the two nominal altitudes of 250 &nd 750 feet
above the terrain. Resultant gust velocity rms probabilities are shown

4 in Figure 13.3, and, as can be seen, the rms values are greater at the
lower altitude.

The effect of atmospheric stability on gust velocity rms values is shown
in Figure 13.4. The lowest rms values were recorded when the atmospheric
stability was classified as very stable. The cumulative probability in-
creases with decreasing atmospheric stability, although the differences
between these values for the stability classifications of stable, neutral,
and unstable are very small.

As the time of day during which the data were recorded varies from dawn
to mid-morning, to mid-afternoon, the cumulative probability of encounter..
ing a gust rms of a given magnitude increases. This is shown in Figure
13.5.

Gust velocity rms CPDN are shown as a function of the four geographic loca-
tions. The greatest gust velocity rms values are associated with the
Peterson and Griffiss routes, as shown in Figure 13.6. As mentioned pre-
viously, Peterson was the only location where data were obtained over more
than one season. These winter and spring data are shown in Figure 13.7.
T•e cumulative probability is greater for a given gust velocity rm= value
during the winter season.

Based on the findings of Phases I and II and on the data in Figures 13.2
through 13.6, it appears tiat c )mbinations of terrain, altitude, and. sta-
bility are primary factors in the determination of gust velocity rms cumu-
lative probability distributions. The diotributions for the combinations
of the three category components are shown in Figures 13.8 through 13.27.
In each of these figures, only one of these category components is varied,
while the other two are held constant. Only data obtained over high moun-
tains and plains are analyzed in this menner. Combinations of these three
category components involving data obtained over the other types of terrain
did not generally contain a sufficient number of turbulence samples. Like-
wise, the data obtained over the plains, at 750 feet, during the condition of
very Stalle atmospheric stability did not contain the necessary 30 samples
and is not shown in Figures 13.8 through 13.27. However, these figures show
the effects of variations in the geophysical parameters for rough and smooth
types of terrain.

The data in Figures 13.8 through 13.27 indicate approximctely the same re-
suits as were indicated in Figures 13.2 through 13.6. Gust velocity rms
values are greater over the rougher terrain, at The lower altitude, and for
atmospheric stability conditions other than very stable.
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The data obtained over the lcw mountairs, desert, and water were not suffi-
cient to permit an extensive investigation of geophysical effects. However:
these data were analyzed as a function of altitude and type of terrain (F4.g-
ures 13.28 through 13.33). The high mountain and plains data are also shown
for comparative purposes. In general, it was found that for the various com-
binations of terrain, altitude, and atmospheric stability, gust velocity rms
cumulative probability becomes greater, for a given rms value, as terrain
becomes rougher, altitude decreases, and atmospheric stability becomes more
upstable.

It has been found that the effects of noise are significant at the smaller
gust velocity rrms magnqitudes. According to theory for normal distributions:

2 2 (13.)
R t 9

where:

St = standard deviation of the turbulence

9 = standard deviation of the noise

9R = standard deviation of the recorded data

If ex is assumed constant for a given category-, this value becomes a greater
and greater percentage of #i as ft becomes smaller and smaller. Therefore,
at lower turbulence intensities the distribution is distorted by the high
percentage of noise content in the data where the noise has a greater effect
on the distribution than does the turbulence.

Daring the IW-IDCAT Phase III Program, gust velocities were not computed
for turbulence samples when the level of turbulence and hence, the signal-
to-noise ratio, was known to be small. The criteria used to determine the
level of turbulence were the values of the angles of attack and sideslip
differential pressures as sensed by the gust probe pressure poits. Gust
velocities were calculated only for turbulence samples where the standard
deviation of both the anrle of attack differential pressure (or) and angle
of sideslip differential pressure (uw) were greater than 0.07 and 0.05
inches of Hg, respectivel-. This is discussed further in Appendix III,
Section 111.5.

Because of the low signal-to-noite ratio of some turbulence samples, the
cumulative probability di.stributions have not been plotted below a gust
velocity rms value of 1.5 fps, since this is the lowest band limit 'which
is greater than the minimum valid gust velocity rms value of 1.4 fps. The
number of turbulence samples having rms values below 1.5 feet per second
were used to compute the probabilities for the data above 2.5 fps. The
number of turbulence samples not processed due to the o, and to criteria
were assumed to have gust velocity rms values below 1.,5 fps and were in-
cluded in the ci'mulative probability distribution calculations by being
added into the total number of turbulence samples within the category
being investigated. For example, the following distribution
which excludes those samples not .ie d ud sni !r-_rttriP but in-
cludes -hose having a Ar less than a. nxd r -etr the o. aid- r i'•
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No. of Cumulative Camilative
Band (E20) Samples Distribution Probability

0- 0.5 0 200 200= 1.
2000

0.5 - 1.0 10 200 200 = 1.000

1.0 -1.5 20 190 L 0.950
200

1.5 - 2.0 40 170 170 = o.85o200=

2.0 - 2.5 80 130 130 = o.65o

2.5 - 3.0 4o 50 0 0.250

100

3.0 - 3.5 10 10 20 -0.050

Suppose that, because of the wa and w A criteria, 50 samples were not pro-
cessed. Then the following tabulation illustrates the method used to ac-
count for these 50 samples when calculating the gust velocity rms proba-
bility distributions.

No. of Cumulative Cumulative
Band (fps) Samples Distribution rrobability

0 -05 0 +* 250 250 1.000250=

0.5 -1.0 10 +*

.0 -1.5 20+ *

1.5 -2.0 .40 1.70 = 0.680

2.0 -2.5 8o 130 130 0o.520

2.5 3.0 40 50 M = 0.2x

3.0 -3.5 10 10 10 = O

* Unknown Dats of 50 107



It should be pointed out that this procedure was only necessary for cate-
gories which included data obtained over plains, desert, and water legs.
It was over these types of terrain where the data having low signal-to-
noise ratios was gathered. Categories consisting exclusively of data ob-
tained over high or low motu.taans were not involved. The number of low
turbiulence samples within the categories pertaining to the peak count,
amplitude count, and level crossing data analysis are shown in Tables
8.1 and 8.2. The number of samples included in those tables is not entirely
applicable to the gust velocity rms value analysis because of the following
reasons.

"* Peak count, amplitude count, and level crossings data were
put on a master tape, as explained in S-ction III. The pro-
gram by which this was accomplished was designed to put t.~e
data on tape in the order of the six-digit category. The
atmospheric stability category component was not defined for
some of these low turbulence samples because of instrumenta-
tion malfunctions. Therefore, these particular samples could
not be used in the peak count, amplitude count, and level
crossings data. The gust velocity rms values were not con-
strained by this six-digit category number. Thus, even though
stability war not defined for some low turbulence samples,
tnese samples were still included in category combinations
including components other than stability.

"* When the gust velocity rms values were being individually re-
viewed it was noticed that a number of values obtained over
the water leg at Edwards were less than 1.0 fps. These data,
questionable because of their low signal-to-noise ratios, were
treated as low intensity turbulence samples in Lhe gust veloc-
ity rms analysis.

Table 13.1 shows the number of low intensity turbulence samples and the
corresponding total number of samples included in tne category combina-
tions utilized in the gust velocity rms analysis. A tabulation of all
valid- e values is presented in Appendix VI. The number of low intensity
turbulence samples consists of those not processed due to or and w# cri-
teria and those low intensity samples recorded ov.er the water legs as
mentioned above.

According to the theory of isotropic turbulence, Wt = = ýt.. Refer-

ence 13.1 suggests that this relationship does not hold true for turbulence
up to about 1000 feet above the ter;min. This reference proposes that the
relationship between the rms values of the three components is a function
of atmospheric stability and absolute altitude.

For very stable, stable, and neutral atmospheric conditions:

et, = 't, _ 1.2- 0.00017 iH (13.2)
tw It1
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TABLE 13. 1

TOTAL NUASBRB OF SAMPLES AND NUMBER OF LOW INTEISITYTURBULENCE SAIPLES INCLI-DED IN GUST VELOCITY RM[ ANALYSIS

Total Number of
Number of Samples Low intensity

Category u v w Turbulence Samples

ooo00o 1762 174o 1746 113
100l O 653 851 853 0
20W000 297 297 297 0
300000 115 115 115 1
4oooo0 415 395 401 50
600000 83 83 81 62
010000 909 894 900 37
02O0000 853 846 846 76
001000 570 564 568 85
002000 480 477 478 t
003000 394 369 391 0
oo4ooo 296 289 288 0
000100 491 485 490 67
000200 648 641 642 24
000300 623 614 614 22
000001 601 607 o05 62
000002 135 134 135 0
00(003 751 74'7 750 i
ooooo4 270 253 257 50
oo0043 397 395 396 0

000013 354 352 .354 1
111000 114 113 114 0
112000 14o 1-c 140 0
113000 129 129 129 0
114000 64 64 64 c
121000 n14 114 j14 0
1220-00 147 147 147 C
12300 95 94 95 0
12 14o0 50 50 50 0
411000 51 46 51
4120i0 4o 40 40 o
4a.3000 58 )5 56 o
4oO 50 44 44

•21000 56 5 5 28

42-•00 3 3 331 "
423000 39 3A- 3e) 0

120000 40k -
210000 157 4 --- 0

32200W 51 51
410000 199 F85 '19 1 8

610000 42 4)

620, -,)0 41 _ _ ..... _ _ _ _....

log9



For unstable atmospheric conditions:

dt l etv;t- - ;-t= 1.3 -o.ooo58 (13.3)

t'r tv

Values from Equations 13.2 and 13.3 are compared to ID-LOCAT Phase III
data in Table 13.2.

TABL1E 13.2

LO-LOCAT GUBT VELOCITY IM RATIOS COMARED TO T3)SE
RlCOMMM BY RKJEdCE 13.1

Values W-WOCAT
Absolute Predicted Phase III Data
Altitude Atmospheric by Equations Ut ety
(H)) - Ft. Stability 13.2 and 13.3

250 Very Stable, 1.16 1.07 1.13
Stable, and
Neutral

250 Unstable 1.15 1.11 1.14

750 Very Stable, 1.07 1.05 1.15
Stable, and
Neutral

750 Unstable 0.86 0.99 1.06

The data show appurwmately the same magnitudes as predicted by the equa-
tions. At the 750 foot altitude, smailer ratios occur for unstable than
for very stable, neutral, and unstable comditions.

Reference 33.1 %lso presents the vertical gust velocity rms cunulative
probability distributions from several different turbulence r'search pro-
grams, as well as a distribution trecommended for data at an absolute alti-
tude of 500 feet. The data from the ID-IDCAT Phase III Program are co,•ared
to those distributions in Figure 13.34.

The gust velocity rms cunuJative probability• distributions for all three
components can be closely represented by portions of two normal distribu-
tions, i.e.:

a 2 b
"11.5 --
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where:

X t

a = dispersion of the distributions

S= mean of the distributions

and: subscript 2 refers to that portion of the probability distribution
between rms values from 1.5 to a, and subscript 3 refers to that portion
of the distribution between rms values from a to b.

The constants for Equation 13.4 are shown in Table 13.3 for each component.
The agreement between the distribution of the recorded data and the distri-
butions represented by the equation is shown in Figures 13.35, 13.36, and
13.37.

TABLE 13.3

GUST TELXCITY IM4 DISTRIBUTION CONSTANTS

Gust Velocity Component
Constant u v w

a 4.79 4.75 5.30

IA2 3.35 3.46 3.23

02 1.70 1.65 1.70

'3 1.79 0.98 0.65

o3 3.59 4.79 3.79

b 14.oo 17.00 14.oo
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14. GUST VELOCITY RKM VERUS ILI• Mum= WIND VELOCITY

The relationship between gust velocity rms values and recorded in~ight
wind velocity was investigated with respect to type of terrain an6 alti-
tude above the terrain. The terrain and wind involved during ID-LOCAT
Phase III are discussed in Section VI.

An analysis of rms values as a function of wind speed was accomplished by
two different methods. The first method involved plotting the gust veloc-
ity rms values versus wind speed. The slopes and intercepts of first-order
least square lines (Equation 14.1) which best fit the data were computed:

et = YO + mW (14.1)

where:

m = slope of line

yo = y intercept

The standard deviation of the data about the least-square line was calcu-
lated as follows:

or 2 (-1/2

101D. _..+ (xi- Y(.2

where:

x, = value of gust velocity rms at a given wind speed

BR = value of least square line at the given wind speed

The standard deviation of the data about the least square line indicates
the degree of data scatter. The- results of this method are shown in Fig-
ures 14.1 through 14.8. The applicable least square line and + one stan-dard deviation lines for the data are shown on each plot.

The slope of the least-square line indicates the effect of wind speed on
gust velocity rms values; the greater the slope, the greater the effect.
The wind speed-turbulence relationships of Figures 14.1 through 14.8 are
summarized in Figure 14.5 by showing the slopes of the least square lines
plotted as a function of terrain and altitude.

For the second method of analysis, the gust velocity rnm values were sep-
arated into several different groups. The particular group within which
the rm value for a givem data sample was placed was dependent upon the
corresponding wind velocity for the sample. Each grotp covered a wind
speed band of 10 fps. The cumulative probability of gust velocity rms
was then calculated for each group. Probability plots were constructed
and are shown in Figures 14.10 through 14.13. Not all bands contained
enough data for statistical reliability (30 samples), therefore., %ll
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combinations of terrain and altitude could not be statiticml31. aunlyzed.
A greater change in the vind versus gust w ti p ivth terrain
than with altitude van indicated (Figure 14.9/). Theref=GeO the data ver
categorized on the basis of terrain type Wy. Figure 111.10 throaih
14.13 show tae cumulative probaoility distribdions of gust velocity ru
values as a funec1 io of wind speed for g~m types of terran. The ver-
tical and longitudinal gust velocity ru veuaa ehibit m;apouimte4 the
same relatioaship with respect to wind speed for both the high and lov
mountain data. The lateral caowmt shows a greater onasip wvith
wind speed over the high oumtain terrain than either the ln inal or
vertical components, while over the lov mountain termrai the opposite is
true. This may be due, in part, to the vind direction effects discussed
later.

The effect of altitude on the vind saeed versus rm value relationsip
seem to be smanl. For all data, except those recorded over lov mountain
terrain, gust velocity rme values showed slightly mD-m correlatim vith
wind speed at the 250-foot altitude.

Gust velocity me values from legs vithln the proximity of predoinant
mountain ridges vere studied with respect to wind direction. In order
to study the effects of being on the leeward or windward side of a ridge,
only legs which were completely on one side or the other were chosen.
Also considered vas the wind direction vith respect to the ridge (perpen-
dicular, diagonal, or parlmlel) when the turbulence va being recorded on
the leeward side. The dsta from legs 5, 6, 7, and 8 of the Peterson route
are the most applicable to this tna of amlysis. The McConnell route, of
course, consisted entirely of soýoth terrain. Although the EdMwards and
Griffiss routes dir include rough terrain there were no close predominant
ridges completely on one side of a leg.

The layout of the Peterson legs is shown in Figure IV.3 of Appendix IV.
The sam ridge line us used for a wind direction reference on both leog
5 and 6 and was assumed to rum in a north-south direction. The predomi-
nant ridge was assumed to mm In a 310 direction for leg 7. For leg 8,
the wind direction ws referenced to the emý ridge line as for leg 7,
except that effects of wind bloving from the direction of the mountains
near Colorado Springs ware also taken into accowxt. Therefore, the ridge
line ws assumed to curve and rm frm 3i0 to 360 for leg 8 data. The
data were categorized by winddirection., as shown in Thble 14.1.

The plotted data are sown In Figur 14.14 through 14.29. Owt velocity
rme values were plotted versua ind speed for wind direction category. In
Figures 14. 14 thromuh 14.25, the dat for different categories ware platted
separately and approximwate imezý lines ware drawn through the data. Thwef
mean lines for each log are shown In Figures 14.26 througt 14.29. Certain
trends can be seen although the data are widely soattered.
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The mst s iifi.cant differences between the gust rms values recorded when
wind direction was perpendicular to a mounmtin ridge and those recorded
for a diagonal wind direction occur for the leg 7 data. The reason for
thi may be the fact that the first part of leg 7 does not rum along any
predmaniant mountain ridge. The airplane required only approximtely 32
statute miles to record a 4. 5 minute turbulence sample although the legs
were laid out to be approximately 45 statute miles long. Therefore, ap-
proximately one-half of the data recorded on leg 7 were recorded prior to
when the aircraft reached the beginning of the ridge. Some effects of the
ridge would probably be included when the wind direction was perpendicular
to the ridge or diagonal from _272.50 to 317.50 (see Table 14.1). Less
effects should have been present when the wind blew diagonally from 182.50
to 227.50. Only approximately 8 per cent of the wind directions that were
classified as diagonal were between 182.50 and 227.50. Thus, diagonally
categorized data of leg 7 are probably more related to what could be ex-
pected frcm parallel or windward wind direction data.

TABLE 14.1

WIND DIFECTION CATEGORIZATION

Airplane on Leeward Airplane on
Side of Ridge Windward

Wind Side of
Wind Direction Wind PI•rection When Categorized Ride

When Categorized When Categrized Perpendicular Wind
e No. Parallel to Ridge Diagnal to Riýde ta Ridge Direction

5 and 6 157.5" to 202.5" 202.50 to 247.5" 247.5" to 292.50 o to 18o°
and and

337.5" to 22.5" 292.5" to 337.70

7 137.5" to 182.50 182.50 to Z-7.5" 227.50 to 272.5° 00 to 180o
and and

317.5" to 2.5° 272.5" to 317.5"

8 137.5" to 182.5" 182.5" to 227.5" 227.50 to 272.50 0* to 160°
and and

337050 to 22.5" 272.5" to 337.50

Unfortunately only a snall amounmt of data were recorded when the wind
direction was either parallel to the tl•dge or the airplane was on the
windward side of the ridge. The preveuilinA wind direction over all legs
was such that the airplane was usuall on the leeward sides of the ridges.
This is probably o-e reason for the higher gust velocity rms values re-
corded at Peterson than at the other three locations. Only approximately
17 per cent of the wind direction data recorded vver legs 5, 6, 7, and 8
at Peterson were classified as parallel or windward. Although these data
are fev, there are enough to inmdcate that lower gust velocity rms values
were zecorded during these wind conditions on legs 5 and 7 than during
conditions when the wind direction was categorized as perpendicular or
diamm]. Alsom, the correlatIon between gust velocity rms values and wind
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speed was less for data recorded on the windward sides of the mountain
ridges. This agrees with the results shown in Figure 14.9 regading the
effects of terrain on the relationship between gust velocity rms and wind
speed. The windward and parallel data recorded on leg 6 are mostly clus-
tered at the low wind speeds and are inconclusive.

Leg 8 is classified as a plains leg but data were evaluated with respect
to wind direction because of its proximity to a predominant mountain ridge
and rough tereain. The gust velocity ms values show a different correla-
tion with wind speed, depending upon how the wind direction was categorized.
The gust rms values for the perpendicular -n-' diagonal grouping generally
increased slightly with .,ncreasing wind speed. An opposite trend is noted
f6r the parallel and 'ý,iadward data, and these data contain greater gust
velocity ran valueb at the lower wind speeds.

For data recorded on legs 5, 6, and 7, the gust velocity rms values, and
their relationships to perpendicular and diagonal wind speeds, are signif-
icantly larger for the lateral comqonent than for either the vertical' or
the longitudinal cmponents of turbulence. This is probably because the
airplane was flown parallel to tho ridges on these legs and, therefore,
the predominant winds blowing across these ridges were side winds with
respect to the airplane. The peaks and openings along these ridges would
cause an intermittent side wind, or lateral wind component, and increase
the lateral gust velocity rms values.

Relationships between vertical gust velocity ms values and wind speed
were investigated in Reference 14.1. This reference suggests that for
flight over smooth terrain, the rms gust-wind speed relationship varies
primarily as a function of atmospheric stability, while over mountainous
terrain, the effects of stability do not appear to be significant. The
LO-LICAT Phase III data were also investigated with respect to tcrrain
and stability. These data are shown in Figure 14.30 where the slope of
the least-squem lines of wind versus gust velocity" rms data are plotted.
The data were plotted for all three coaponents of turbulence. The only
significant variation with stability occurs for data obtained over the low
mountains. '"r these data, the relationship between wind and rms gusts
becomeL less as the atmosphere becomes more unstable. The relationship
over high mountains ia slightly less during very stable conditions than
during conditions of stable, neutral, and unstable atmospheric stability.
Stability seeus to have very little effect on the relationship of data
obtained over the plains.
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15. MAXIV U EaLVED EmJIVALEN GUST VECiIS

An approximate maximum and/or minimum value of derived equivalent gust
velocity was calculated for each turbulence sample. These values were
used' to establish the approximate turbulence level encountered and as
an immediate guideline in determining if gust encounters were of a mag-
nitude to warrant an airplane structural inspection. Maximum incremen-
tal acceleration from a one g mean was determined from "quick-look"
strip charts of vertical acceleration at the airplane center of gravity.
Computation of the derived equivalent gust velocity was accomplished
using the equation:

U a[ C W ]NZCG (15.1)Use~ " L. Po0 SVe K9

where Kg, the gust alleviation factor, is expressed as:

K .88 (15.2)

and M, the dimensionless airplane mass ratio, is defined by:

2W
,* 2Wpe~s (15.3)

CL.PcgS (53

Using the equation of state, p (air density) may be expressed as:

-.o~.o2 t a• .. 0412
PC T/ (1.4

(7P,

The values of U de equation constants for the T-33A airplane are defined

below:

c = mean aerodynamic chord = 6.72 feet

g = gravitational constant = 32.2 feet/sec2

p = standard day air density = .002378 slug/feet 3

S = wing area = 238 feet 2

Constant values were determined for the equation variables to facilitate
calculations in the field. This was accomplished by using an average gross
weight for the airplane over the route (12,500 pounds), an equivalent air-
speed approximated by target airspeed (591.15 feet per second), and the
slope of the lift coefficient versus angle of attack curve at a Mach num-
ber equivalent to target airspeed and average altitude (5,91/rndian). The
ratio of static pressure to ambient temperature was estimated from data
obtained during Phases I and II. This ratio was calculated by averaging
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these data over a corresponding seasonas time period for each similar
route leg. The values for this ratio and the simplified Ude equation
derived by substitution of the assigned constants into Equation 15.1
are given in Table 15.1,

Cumulative probability distributions of Ud, values calculated during
Phase III are shown in Figures 15.1 through 15.4. A comparison of the
Ude cumulative probability distributions to those of the maximum recorded
gust velocities is discussed in the next section.

The absolute values of the maximum derived equivalent gust velocities are
tabulated in Appendix VI for each turbulence sample.

TABLE 15.1

U de EqIATIONS AND E91ATI0N.CONSTOTS

PST Ud i/W
Route _LeM n 6/°•] (ft/sec) Route Leg ( #/'R: (ft/sec)

McConnelli 1 .0534 16.31JIZC Peterson 1 o0439 1 5. 9 5ANcG

3 34 4

5 I 5
6 6
7 7 •

8 8 .0499 16 .17LZCG

Edwards 1 .0500 16.l-8ZC Griffiss 1 .0477 16 .O9wzcG
2 .0550 16.37'-" 2 .0477 16.09"'
3 .0500 16.18 6 3 .0445 16.00
4 .0550 16.37 4 .0415 15.85
5 .0500 16.18 5 .0415 15.85
6 .0528' 16.29 6 .0415 15.85
7 .o528 16.29 , 7 .0445 i6.oo
8 .05oo 16.18 8 .o477 16.o9
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16. MAXJ34UM GUsT VELOCITY DURENG EACH SAMPLE

The maximum absolute values of each gust velocity cozponent for each tur-
bulence sample were obtained. Absolute values not calculated because of
low signal-to-noise ratios were represented by average values estimated
from typical low sigma turbulence samples. The cumulative probability
distributions of these data, as well as of the maximum absolute derived
equivalent gust velocities were calculated and are shown in Figures 15.1
through 15.4. Figure 15.1 shows the overall cumulative probability as
obtained from all categories; Figure 15.2, the probability with respect
to terrain; Figure 15.3, the probability with respect to altitude; and
Figure 15.4, the piobability with respect to time of day. Comparison of
the vertical gust velocity component with the maximum derived equivalent
gust velocity indicates fairly good agreement in practically all cases.
Comparison of the three calculated gust velocity components shows that
the cumulative probability distributions of the vertical and longitudinal
components are very similar for all the categories presented. The lateral
component, however, shows probabilities higher than the other components
for the overall category, the high mountain category, the time of day
category, and the altitude category. The high mountain data is included
in these categories and it appears that the cumuative probability dis-
tribution of the lateral component is higher than that of the longitudi-
nal or vertical because of flying parallel to the high mountain ridge lines.

Other factors to be considered when comparing gust velocity components are:

0 High-pass filtering of the gust velocity components attenuates
the magnitude of the long wavelength amplitudes of the longi-
tudinal component slightly more than the vertical or lateral
components because the amplitudes of the longitudinal compo-
nent are higher at the long wavelengths, as discussed in Sec-
tion V

* The long wavelength amplitudes of the vertical conmonent are
smaller than those of the lateral or longitudinal components
because of the airplane's close proximity to the ground,
allowing measurement of the compressed wavelength vertical
eddys.

* Incomplete removal of the effects of airplane motion from the
gust velocity components tends to increase the level of the
lateral component during flight over plains, water, aid desert
and would also tend to increase the level of both the vertical
and lateral components during contour flight over the high and
low mountain legs. This effect is believed to be the major
source of error in true gust velocity calculations. The mag-
nitudes of these errors are small and are discussed in Appen-
dix III.
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17.MMMAND1aR TUWJUIX1C 8A*IS

Tim histories of the longitudinal, lateral, and vertical gust velocity
components were plotted for turbulence samples during which the maximum
value of one or more of the components equaled or exceeded ±50 feet per
second.

Samples meting the above criteria were not encountered over the McConnell
or Griffiss routes. One turbulence sample meeting these criteria was en-
countered over Ghe Edwards route vhile seventy separate occurrences were
encountered during flight over the Peterson route. The criteria were ex-
ceeded only on those samples flown over terrain classified as high moun-
tain. Tim histories of the gust velocity components for the single
Edwards encounter are presented in Figure 17.1 and those for the Peterson
occurrences are shown in Figures 17.2 through 17.71. A data block included
on each figure identifies the test number and the leg over which these data
were obtained. Also tabulated L- the data block are the dmaimu and mini-
mum gust velocities, turbulence time series standard deviation, and, if
available, the average wind direction and velocity, average ambient air
temperature, average true airspeed, average radar altitude, and category
number.

The vertical gust velocity component in Figure 17.1 should be particularly
noted. These data show a turbulence wavelength of approximately 14,300
feet with peak magnitudes of 74.5 and -65.0 feet per second. The long
wavelength component appears at a frequency of approximately 0.04 cycles
per second in the time history. This same turbulence, if encountered dur-
ing Phases I and II testing, would have appeared as 0.02 cycles ker second
data due to the lcver areed at which the C-131 aircraft were flown. Phases
I and II gust velocity measurements in this frequency regime would have been
attenuated approximtely 80 per cent due to the low frequency data filtering
techniques utilized to alleviate the effects of instrumentation drift. This
is a cogent exmple of the fact that there is turbulence at low altitude con-
tUning wavelengths longer than 7,000 feet and is the reason why, in compar-
ing Phase IU results with Phases I and II for equivalent categories, that:
(1) the probability distributions of gust velocity peaks are higher, (2) the
probability distributions of gust velocity rms values are higher, (3) integral
scale lengths are longer, (4) Taylor's microscales are longer, and (5) the
viscous dissipation rates are less.

The number of Peterson turbulence samples and the number of samples during
which a particular gust velocity component met the 50 feet per second cri-
teria axe tabulated, with respect to leg numer, in Table 17.1. This tabu-
lation show that the totai. number of severe turbulence encounters over leg
five exceeded that of the other legs by a factor greater than two. As
shown in Appendix IV, leg five .rocedes south along the eastern slope of
the Sangre dIe Cristo Culebra Range. The wind direction at the time of
these encounters varied from 254 to 319 degrees; therefore, the airplane
was on the lee side of the range where the mot severe turbulence would
most likely occur. Also, on leg five, the lateral ccnonent exceeded 50
feet per second during more turbulknce samples than did the longitudinal
or vertical components.
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TABLE 17.1

TAIATIO1 OF SAeLES AoND O ONENTS

EQUAL TO OR MWECEDINQ 50 FPS

Number of Number of Gust Velocity
Peterson Leg Turbulance Samples nento a 50 f

Number . 50 fps u v w

18 8 o
2 9 5 3 1
3 0
4 7 2 6 2
5 25 12 23 11
6 11 3 10 4
7 10 4 10 3
8 0 - -

Total 70 27 60 21

The above set of conditions for leg 5 were analogous to those encountered
on legs 1, 4, 6, and 7, viz; for turbulence samples gathered on the lee
side of a mountain range, the lateral component exceeded 50 fps during
more samples than did the vertical or longitudinal component. It should
be noted that almost always the lateral component exhibited higher posi-
tive than negative excursions when the airplane was flying south (legs 4
and 5) and higher negative than positive excursions when the airplane was
flying north (legs i, 6, and 7). The lateral component is defined as pos-
itive for gusts from the left of the airplane.

The longitudinal component for leg 2, Figures 17.10 through 17.18, exceeded
50 feet per second during more sewvere turbulence samples than did either
the lateral or vertical components. This again is probably due to the south-
westerly direction of the leg with respect to the wind direction. The wind
direction for the time histories shown varied from 241 to 306 degrees with
one sample showing winds from 47 degrees.

The striking similarity of the gust velocity components depicted in Figures
17.11, 17.12, and 17.13 should also be noted. These turbulence samples
were gathered over leg 2 of the Peterson route on three separate flights
conducted on the sam day. The elapsed time between the first turbulence
sample gathered during the dawn flight and the last turbulence sample gath-
ered during the mid-afternoon flight is approximately seven hours. Time
histories -having the scorere turbulence characteristics similar to the thre
mentioned above were also obtained 19 and 23 days later as shown in Figures
17.14 and 17.18.

Thn most severe continuous turbulence encountered occurred over leg 5 and
is shown in Figure 17.38. The time series standard deviations were 15.45
fps, 19.05 fps, and 15.04 fps for the longitudinal, lateral, and vertical
gust velocity components, respectively. None of the mximu excursions
occurred during this particular turbulence samle. These maximum values
occurred as shown in Figures 17.1 for the vertical component, in Figure
17.33 longitudinal component, and in Figure 17.34 for the lateral component.
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18. GUST VELOCITY MAGNfIifE VERSUS TEMPERATUR COBEIATIONS

Since the advent of high altitude commercial and military flight activity,
at least one program (Reference 18.1) has been accomplished to relate tur-
bulence to air tempeiatures. The objective in determining this relation-
ship was to predict the occurrence of CAT so that evasive action could be
implemented. The feasibility of determining a correlation of turbulence
with both air and ground surface temperatures was evaluated during the
LO-LOCAT Program. Throughout the program, air and surface temperatures
were recorded.

The coherency function between indicated OAT and vertical gust velocity
and GST and vertical gust velocity was calculated as shown by Equation
18.1. This fu'mction indicates the degree of statistical correlation be-
tween two variables. A value of 1.0 would indicate perfect correlation
and a value of zero would Indicate no correlation.

Ox y(k) 12 (18.1)

xY *(k) t (k)

Four turbulence sampleb, one in each stability class recorded at 250 feet
were chosen for this analysis. The coherency function for OAT and GST
with respect to the vertical gust velocity component is shown in Figures
18.1 through 18.4. The degree of correlation is very low for GST and only
slightly higher for OAT at frequencies between l0-4 and l0'3 cpf. f

It is concluded that OAT and GST values recorded durirg this program are
not correlated with gust velocity rms values. This may nave been due to
certain limitations in this data. Poor frequency response characteristics
of the transducers would adversely effect any correlatioc of temperature
with gust velocity.

The frequency input to the radiometer used to measure ground surface tem-
perature could be altered by the speed of the airplane when flying above
a terrain whose features vary significantly. If the radioweter has rela-
tive-ly slow response characteristics) the speed can have considerable
effect on burface temperature measurements. Figure 18.5 showrs th2 change
of the PSD slope of GST with respect to ground speed for several data
samples recorded over various "plains like" terrain segments. The slopes
shown in this figure were obtained over that portion of the PSD frequaency
range where the power spectra decreased in an approximate logarithmic
fashion. This terrain type was chosen because of the sharp contrasts in
surface feat-ares which gave temperature changes. This figuare shows that
as the ground speed increases, the -lope of the ground surface tempera-
ture PSD also increases. This indicates a frequency response problem
since increasing speed and hence increasing frequency increases the amount
of attenuation of the higher frequencies.

The PSD of indicated ambient air temperature out to 0.0065 cpf in Figure
18.6 shows that the response is near a -5/3 logarithmic slope, which is
what would be expected (Reference 18.2). The low frequency true airspeed
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variations are evident in the -higher power deviations above the -5/3 slope
since this parameter has the temperature effects due to ram rise included.
Because of these variations &ue to airspeed, it is probable that true
ambient temperature could provide a more meaningful correlation with gust
velocity.

Standard deviations of ground surface temperature (GST) and vertical gust
velocity for the plains leg at Peterson Field are compared in Figure 18.7.
This figure indicates that there is no direct relationship between the
standard deviations. It dces show the increase in gust velocity rms with
decreasing stability noted throughout the analysis of LO-LOCAT data. A
similar comparlson of OAT standard deviation versus gust velocity rmsvalues showed a greater degree of scatte;.

It is apparent that the radiometer and the OAT data should be corrected
.for frequency response before any valid correlation to gust velocities
can be determined.
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SECTION V

CGUST VELOCITY SPEmTR

Powe s sctra were calculated for 904 of the 1938 total four and one-half
minute turbulence samples recorded during this program.

Of the 904 samples, 185 were discarded because the data from all three
components exhibited low signal-to-noise ratios, instrumentation anomalies,
or high coherency and an additional 98 were discarded because all three
components showed non-homogeneity characteristics. This resulted in a
total of 621 samples remaining for analysis of the above characteristics
for each gust velocity component; 455 of these samples were considered to
exhibit valid data for all components and 136, 69, and 41 additional sam-
ples were considered valid for the individual longitudinal, lateral, and
vertical components, respectively. Thus, broken down into the individual
components, the total number of samples considered valid with respect to
the longitudinal., lateral, and vertical components were 591, 524, and 496,
respectively. These latter numbers of samples were used to obtain normal-
ized spectra, ýruncated standard deviations, comparison of experimental-
mthemtical. spectra, and average turbulence scale lengths while the 455
number of samples were used in evaluating coherency and isotropy. Power
spectral density data for these 455 conditions are presented in Appendix IX.

12. INSTUM ATKION ANOA.LIES, LOW INTENSITY TJIMULENCE

An example of power spectra, with suspected instrumentation problems, is
presented in Figure 19.1. It is obvious that the spectra are suspect due
to the large hump in the lateral spectrum, which occ-ms at the airplane
short period mode. 'qperience has shown that when spectra such as that
shown in Figure 19.1 are obtained, it can itltimately be proven to be
caused by instrumentation problems.

An exmple power spectra plot of low intensity turbulence is presented in
Figure 19.2. Turbulence data samples containing low sitgnal-to-noise ratios
typically had ot values less than 1.4 fps, irregularly shaped spectra (i.e.,
spectra which do not have a definite -5/3 logarithmic slope and in which
the power turns t~ward at the higher frequencies), and uncommonly large
integral, scale lengths.
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20. STATISTICAL CON IEENCE AWD IMEMM(I

Confidence

Turbulence sample lengths were established to give a compromise between
statistical confidence and turbulence statIonaarity considerations. Alias-
ing was prevented by the use of a high sampling rate to give a large fre-
quency span between the break-point of the low-pass filter and the Nyquist
frequency. Gust velocities were calculated using a sampling rate of 100
spa which results in a Nyquist frequency of 50 cps. PSD's were calculated
by averaging adjacent points which resulted in a sampling rate of 50 spa
for the P19D calculations. The break-point of low-pass filters used was
22 cps the Nyquist frequency for the PSD calculations was 25 cps.

With negligible aliasing, the stability of uniformly spaced power spectral
density estimates my be judged by analogy with a chi-square variate with
d degrees of freedom where:

fi

With the nvmber of data points n = 13,500, A f = 0.0416 aps and fN = 25 cps,
approximately 45 degrees of freedom were obtained for individual samples.

Statistical reliability was also evaluated by defining an interval of con-
fidence on either side of the measured -ectrum. The interval indicater
the amount of variation that may be expected in the spectrum.

Based on 90 per cent confidence the equivalent degrees of freedom are de-
fined in Reference 20.1 as:

400k= 1+ (20 Log 10o*9 0 )2 (20.2)

and:

(OLog1 0 * 90 )2  100 (20.3)
k- i

where: k (20.4)

T2
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and: T. = effective record length = T• .. &.(T) (20.5)
3

Tm = total lag = mat (20.6)

T, = length of record = nAt (20.7)

At = time between data points = 0.02 seconds

p = number of data pieces = 1
1

m = number of frequency estimates = __I - 601 (20.8)
Af

therefore:
2 

l o o T m(i0 LoglO 9 o 9 -2T_ ?pTM- T m (20.9)

100 m At = 300 m
2nAt- 2 pmAt- mAt 6n-5m

3
Converting to natural logs and solving for t9o, the interval of confidence
on either side of the measured spectrum is defined as:

90 P U [.-)r-3 0 0m 1/2 (20.10)

The 80 per cent confidence is determined in a similar manner except that
the equivalent degrees of freedom are defined as:

250k." ] ÷(2 0Logo 0 8 (20.)

and:

#8o exp . 16-7- (20.12)

The 90 and 80 per cent confidence intervals Iiere upproximately +42 per cent

and ±32 per cent, respectively, for the individual data samples.
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If it is assumed that the pooling of turbulence samples in a category is
equivalent to placing them end to end, then the statistical confidence for
averaged spectra ie quite high. Degrees of freedom are increased by a
factor equal to the number of samples pooled. Confidence bands are reduced
as shown in Figure 20.1. Thib occurs since m remains the same and n is in-
creased by a factor equal to the nunfier of samples pooled.

Independency

The statistical independence of the gust components u, v, and w was evalu-
ated using the coherency function. The coherency function between u and v,
end veand w, was calculated, e.g.:

2 __ _ _ (20.13)

Two parameters are said to be completely dependent (coherent) if their co-
herency function is equal to 1.0 and completely independent (not coherent)
if the coherency is equal to zco. Due to statistical variations in the
recorded data, electronic noise, etc., a coherency of zero is impossible to
achieve. The gust velocity components are therefore considered to be inde-
pendent if the coherency function approaches zero.

The coherency function was evaluated by category. This was accomplished
by comparing average data from different categories. The average coher-
ency function was calculated by determining the value of the coherency
function of each sample at spatial frequencies of 5 x 10-5, 7 x 10",

x 10f 1.5 x l10, 2 x 1O•, 3 x lO", 4 x lo0, 6 x l', I x l0",

1.5 x 10 3 , 2 x 10-3 , 4 x 10- 3  7 x 10-3 , 1x 10 2 , and 1.5 x 10- 2 cpf.
The values obtained at each of these frequencies were then averaged and
the standard deviation calculated.

No significant or consistent difference in coherency was associated with
different categories. The magitude of the coherency function was rea-
sonably small indicating statistical independency, especially at the
shorter wavelengths. The maximum value of the average was less than 0.15
as can be seen in Figure 20.2. These data represent the average of coher-
ency values for all categories. Statistical independency for individual
turbulence samples is shown in Appendix 1K.
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21. HDMOGEIEITY

Only turbuler-e samples considered to be homogeneous can be used to accu-
rately define valid/scale lengths and spectra shape. Those samples con-
sidered to be non- L geneous were eliminated from the data being used to
define scale lengths and spectra shape.

Homogeneity is the property which in space coordinates corresponds to the
stationarity property in time coordinates. The entire analysis of gust
velocity time histories as recorded by an airplane is based upon the va-
lidity of Taylor's hypothesis. Assuming Taylor's hypothesis to be valid,
then spatisl homogeneity of the turbulence sample is indicated by the sta-
tionarity of the time history. Detailed discussions of Taylor's hypothesis
may be found in References 21.1 end 18.2. An indic~tion of turbulence homo-
geneity was obtained by dividing the un-normalized spectrum of the middle
third of a data sa0ple by the um-normalized spectrum of the entire sample
for each gust velocity component. Homogeneity is indicated when the spec-
trmn ratios are 1.0. Each turbulence sample for which power spectra were
calculated was individually evaluated for homogeneous characteristics.
The method used for evaluating these characteristics involved plotting
the spectrum ratios versus spatial frequency (see Appendix IX for example
plots) and visually examining each plot. Those spectrum ratio values which
did not approximate one throughout the frequency range were considered to
be indicative of nonhomogeneous turbulence.

Homogeneity characteristics of the turbulence were studied by calculating
the mean value of each spectrunm ratio. Mean values which were, less than
one were replaced by their reciprocals. Cumulative probabilities of these
mean values were then computed and plotted for evaluation.

Note that, if the shapes of the spectra are the same, the mean of the ratio
of two un-nonnalized spectra is equal to the ratio of the variances from
each spectrum. That is:

2 t
0 k) .. 2L (21.1)

4&( k)2  W2

where: subscripts 1 and 2 refer to the middle third of the
data sample and tli ' entire data sample, respectively.

Since essentially all the homogeneity characteristic plots (Appendix IX)
have a zero slope, the tw spectra are either coincident or paraelel.
Therefore, it is concluded that the ratio of the variance of the middle
third of the data sample to the variance of the entire sample could be
employed as an indicator of homogenelty and would give results similar
to the results from the spectrum ratio method which was used throuhout
the LO-LOCAT program.
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The cumulative probabilities of the spectrum ratio mean values are shown
for all three components in Figure 21.1. These data include the turbulence
samples which were considered to be both homogeneous and nonhomogeneous.
It was determined from the stationarity run test, Section 5, that an average
of 77 per cent of the data may be considered to be stationary. Based on
this percentage, it can be seen from Figure 21.1 that the data may be con-
sidered to be homogeneous when the spectra ratio mean is between 1.0 and
approximtely 1.4. When the ratio is greater than 1.4, the data are non-
homogeneous according to the run test criteria.

As discussed above, the homogeneity characteristics of the W-LOICAT data
were evaluated visually from the spectrum ratio plots. Only the data for
the samples considered to be homogeneous are plotted in Figure 21.2. Ap-
proximately 93 per cent of these data are between the values of 1.0 and
1.4. Thus, the visual method of homogeneity determination and the sta-
tionarity run test give approximately the same homogeneity charactec.itic
results.

Figures 21.3 through 21.6 show variations of homogeneity as functions of
the categories of terrain, absolute altitude, atmospheric stability, and
tiLe of day. The data contained in these figures are those from botn the
homogeneous and nonhomogeneous turbulence samples. All of these figures
are comprised of the same data and vary only by which a particular cate-
gory component is held constant. The data in these figures show that the
turbulence becam more homogeneous as: (1) terrain roughness decreased;
(2) atmospheric stability dccreased; and (3) time of day progressed from
dawn to mid-afternoon. Altitude appears to have very little effect on
the homogeneity characteristics of the data.
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22. ISOTROPY

A turbulent field which is isotropic is one in which there is no preferred
direction and therefore all average functions describing this field must
remain unchanged regardless of a rotation or reflecticn of the coordinate
system. Experimental evidence has shown that most localized turbulence is
nearly isotropic (local isotropy).

According to References 21.l, 18.2, and 22.1, the isotropic characteristics
will follow *(k)/*v(k) = 1 and @u(k)!0v(k) will vary from 1.0 to 0.75 with
frequency and scale length. The characteristics of the experimental data
were established by dividing the i'nnormalized power spectra of u and w by
the unnormalized ower spectrum of v. In this manner, if the turbulence is
isotropic, the w/v spectra ratio will be equal to 1.0 and the u/v ratio will
approach a form similar to that in Figure 22.1. Figuire 22.1 illustrates how
the u/v ratio varies with the scale length and was calculated using the von
Karman equations for turbulence spectra.

Unnormalized spectra ratios were determined at selected spatial frequency
values for each homogeneous turbulence sample. The selected frequencies
were the same as those used in the coherency Azalysis (Section 20). The
mea value of the spectra ratios at each frequency was calculated and plot-
ted versus frequency for selected categorieL. Isotropy characteristics for
the combined categories and with respect to terrain, altitude, stability,
and time of day are shown in Figures 22.2 through 22.6. Isotropy charac-
teristics for the individual turbulence samples are presented in Appendix
IX.

Theoretical longitudinal to lateral spectia ratio values indicative 3f isc-
tropic turbulence were detenmined from the von Karmen expressions (see Sec-
tion 28) and are shown in Figures 22.2 through 22.6 for comparison purposes.
The von Karman spectra ratios shown in Figures 22.2 through 22.6 were deter-
mined from Figure 22.1 by using the average of the longitudinal and lateral
scale lengths applicable to the set of categorized data analyzed. As stated
previously, if the turbulence is isotropic, then the vertical to lateral
spectra ratios should be equal to 1.0 throughout the frequency range regard-
less of scale length.

Standard deviations of the ratios from the mean at each frequency were cal-
culated. These values based on all of the vertical to lateral ratios are
shown in Figure 22.2. Standard deviations of the longitudinal to lateral
ratios are not shown. This ratio varies as a function of scale length.
Therefore, standard deviations in the lower frequency range are increased
due to the scale length variations (see Figure 22.1) and do not give a
true indication of variations in isotropic characteristics.

There is a trend for the turbulence to be slightly more isotropic over
rough terrain than over smooth terrain and at 750 feet compared to 250
feet. There is very little difference in the isotropy characteristics
of the data recorded during the different aýmospheric stability condi-
tions. The turbulence data recorded at dawn show much less isotropy
than the data recorded at either mid-morning or mid-afternoon. It should
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be noted, however, that 85 per cent of the dawn data analyzed for iso-
tropic characteristics were obtained over the Peterson route. This is
because the majority of turbulence samples gathered at dawn over the
McConnell route had low signal-to-noise ratios and were, therefore,
not included in the analysis. Also, the number of dawn flights over the
Edwards route was limited due to inclement weather. The discussion in
Section 17 points out that lateral gust velocities at Peterson were
larger than the other two components of turbulence. Thus, the vertical
to lateral and longitudinal to lateral unnormalized spectra ratios
from the Peterson data and, consequently, the dawn data are less than
required for isotropic conditions.
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23. NOMIL SPECTRA

The power spectra were normlized by dividing the power magnitude by 0, L
and plotting versus kL. Spectra shift up and down in power with a reipec-
tive .ncrease or decrease in gt2, and change shape with a change in L.
Therefore, normalizing in this manner permitted ccqpri5son of the spectra
for different categories without having to accoxmt for the influence of

Sand L.

Change in the shape of the normali.zed spectra with categcory variation
was evaluated by comparing the average normlized spectra for the differ-
ent category classificatioas. The average spectrum for a category was de-
termined in the same way that average coherency V'nctione were determined
in Section 20.

Spectra, normalized by le L, obtained over different types of terrain were
compared for high and low mountains, and rough and smooth terrain. Rough
terrain refers to the combination of high and low mountain data and smooth
terrain refers to the combination of plains, desert, and water data. No
consistent or significant difference in spectra shape resulted because of
terrain. Figures 23.1 through 23.3 show comparisons of those categories
which exhibited the maxim= differences._

The lateral gust velocity spectra in Figure 23. exhibit a peculiarity
that is also present to a lesser degree in the rtical gust velocity
spectra. This appears as a dip at akL of 0.2 and is believed to be caused
in part by incomplete removal of probe mt., ch occurs at approxi-

ftmately 0.3 cps. This 0.3 cps probe motion, accownting for variations
in ground speed and scale length, falls in the kL range from approxi-
mately 0.14 to 0.46 UL. An example plot of sideslip differential pres- '>

sure illustrating the probe motion is presented in Figure 23.4.

The removal of probe motion is more difficult inlateral gust velocity
than in vrtical or longitudinal because of the greater amoumt of motion
in the lateral direction in this particular frequency range.

It has been found in the past, Reference 1.2, that certain errors generated
in calculated gust velo~cities are a function of the &mount of airplane
motion. Since airplane motion and hence, probe motion, is inherently
larger laterally thian vertically or longitudinally, l&teral gust velocity
is inherently more inaccurate.

Furtk !ndtcation that airplae motion contributes to the dip in the
.pectrc- w_- cl.tained by ccoaring the normalized spectra of low inensity
taorulence saqples to those of high intensity turbulence level. The as-
sumption here is that the lower the intensity of turbulence the less
error is induced by airplane motion.

Figure 23.5 illustrates this comparison. The data represented by squares
were obtained from 10 Saples exhibiting a relatively low intensity of
turbulence ft B 1.78 fps) but still sufficiently high so as not to be ad-
versely affected by noise. The solid line connecting the circles repre-
aer:ts tne average of over 100 high inftenity turbulence samples, ; 5.13 fps .



This comparison indicates the samples representing the low turbulence
intensities are in better agreemnt with the results from Phases I and
II and with the von Kaxmn spectra. In partic-UJr, the Lower intensity
turbulence data are in better agreement with the von Karman mathematical
expressions at kL values below 0.1 than with the average of the high tur-
bulence data.

An example plot showing the dip in the spectra for an individual sample
is presented in Figure 23.6. Numerous samples containing this type spec-
tra shape produced the effect seen in Figure 23.2. The location of the
dip in each sample shifts due to different ground speeds and scale lengths
and the averaging effect which produces a smoother function over a broad
range of kL values.

Comparison of average spectra, normalized by A L. to determine effects
caused by altitude are presented in Figures 23.7 through 23.9. Figure
23.7 contains a comparison for longitudinal gust velocity. So signifi-
cant or consistent change in longitudinal gust velocity can be attrib-
uted to the effect of altitude. The maximum, change due to altitude was
noted for the lateral gust velocity component as shown in Figure 23.8.
Here, however, the difference is again Imnluenced by increased airplane
motion effects while contour flying at 250 feet as compared to '[50 feet.

The difference obtained in the vertical spectra for the two different alti-
tudes is.prviented in Figure 23.9. The vertical gust spectra for the 250-
foot data are consistently lower in power in the kL range of 0 .1 to 0.4
and are consistently higher at kL values less than 0.06. The difference
in the spectra in the kU range erom 0.1 to 0.4 is similar to the charac-
teristic previously discussed for lateral spectra. The existence of air-
plane motion in tbo 250-foot altitude data is the result of a generally
higher lve± of turbulence at 250 feet than at 750 feet. A comparison of
low Intensity turbulence to high intensity turbulence data, botL obtained
at 250 feet, did produce indications of increased probe motion in the kL
range of 0.06 and less. This is shown in Figure 23 '10. The conclusionis that there is no effect due to altitude und the differvnc•e seen dre dl,
mostly to probe motion. Thin seem valid since low frequency power in vertical

gust spectra would not be expected to increase with de-re'ruing frequency.

As in the case of altitude, no consistent or significant changes in the
shape of the spectra were found to be caused by atmospheric stability
variations, The spectra ctpariaon for the different stabilities is
presented in Figures 23.11 through 23.13. The mximum difference ob-
tained in the comparison for time of day effects on the spectra shape
are presented in Figures 23'.14 through 23.16.

Plots showing the scatter bands for a selected category combination are
presented in Figures 23.17 through 23.19. These data show the mean, u,
and (s ± w) obtained by the averaging process previous]y discussed. The
scatter bands for all other categories analyzed were in good agreement.
The I rregularity in lateral gust spectra is shwn in Figure 23.18.

hlots of normalized PSD's for the turbulence samples exhibiting valid
data for all three gust rolocity c-onpoents Are presented in Append I i X1X.
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24. CROSS SPECTRA

The cross spectra of longitudinal with vertical gust velocity and longitudinal
with lateral gust velocity were calculated primarily for use in the computation
of coherency functions associated with the turbulence samples for which power
spectra were to be calculated. A limited number of the turbulence samples were
plotted in the forms of cross-spectra, cospectra and quadrature spectra in an at-
tempt to investigate the contribution of energy from each component to the corre-
lation between the components being analyzed and to possibly define an "isoLtopic
limit" representing the wave nvmber beyond which there is no significant contri-
bution to the Reynolds stress. It is suggested in Reference 18.2 that both the
energy contributio and the isotropic limit may be obtained from cross-spectrum
information. i/

According to Roference 18.2, the longitudinal-vertical quadrature spectrum
(imaginary part of the cross spectrum) will give an indication as to what part
of the turbulence eddies are being passed through when gust velocities are
measured. 7his is 1risualized by assuming eddies of equal wavelength arranged
as shown in Figure 24.1. If these eddies are penetrated below center, the
gust velocity tine histories of Figure 24.2 will result. If they are pene-
trated above center, the time histories of Figure 24.3 result.

In direct frequency terms, the quad-spectrum can be thought of as the average
product of u and w' within a narrow frequency interval divided by the interval.
w' is w displaced to the left 90 degrees. Note that when w is displaced 90 de-
grees to the left, passing through the bottom of the eddy gives a negative quad-
rature power value (u and w' are out of phase), and rassing through the top gives
a positive value (u and w' are in phase).

Representative plots of the cross-spectra, cospectra, and quad-spectra ob-
tained during -0-LOCAT Phase III are presented in Figures 24.4 through 24.15.
Trends of the quad-spectra are shown in Figure 24.16. The trends were ob-
tained by smoothing each longitudinal-vertical quadrature spectra (Figures
24.6, 24.9, 24.12, and 24.15). These curves were then averaged for the
categories noted. All curves show the bottom of the largest eddies being
sensed, on the average, as would be expeCted since the eddy radius is much
larger than the measuring height.

More isotropy i6 shown at 750 feet than at 250 feet, as was found by the analysis
of isotropy in Section 22. Reference 18.2 suggests an isotropic limit of 1.7
times the height. Thtse values, 1270 aýid 425 feet, are shown in Figure 24.16.
The curves indicate that eddies smaller than 1270 and 425 feet were sensed both
above ana below their centers, giving center i-ndication6 on the avcrage. The
fact that the quadrature power of 750-foot data reaches the center indication
at the longer wavelength and stays there with decreasing wavelength indicaLes
that these data are more isotropic than the 250-foot data.

More isotropy is indicated over high mountains than over the plains. The q'ua&d-
rat•re spectra for plains deviates from a center indication at a shorter -ave-
length than the quadrature spectra for high mountains. The plains clu-ve has
a top indication, on the average, for wavelengths between 1700 and 5iQ ilee,.
This indicates that wavelengths from 500 feet to at least 1700 feet were
pressed in the vertical direction. Wavelengths larger than 1700 feet for aSl
the curves were probably compressed; however, this can not be concluded from the
data slnce 750 feet was the maximum measuring height. These results aSKree -1th
those •btat_, d during the general analysis of isotropy in Section 22.
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25. TRUNCATED STANIDARD EVIATIONS

The truncated standard deviation is the square root of the area under the
truncated spectrum. The lower truncation limit of the Phase III spebtra
in cps was increased by a factor of two over that oi Phases I and I1.
This was done to make the lower limit in terms of spatial frequency essen-
tially the same despite the approximate factor of two difference in speed
between the Phases I and II aircraft and'the Phase MII aircraft.

The truncated standard deviation was calculated as follows:

Phases I and II

T2 O(k)dk (25.1)

J. 33

Phuse III

12.
VIII

9~ T (k)cl1k (25.2)

VIII

where: VI and VIII are the ground speeds flown during

Phases I and II and during Phase III, respectively.

It should be noted that the upper limit of integraticn was held constant.
This was not changed because the area under the truncated spectrum at the
higher spatial frequencies contributes only a small amount to the total
area under the spectrum. However. because of this, the truncated stan-
dard deviations obtained from samples of like categories would be expected
to be slightly higher for Phases I and II than for Phase III if the speed
for the Phase III category is exactly double that for the Phases I and II
(ategory.

Since the truncated standard deviation is calculated from that portion of
the spectrum in the inertial subrange defined. by #k) = Ak-5/3 and since
VTII m 2VI, the relationship between equation 25.1 z•id 25.2 can be ex-
pressed as:

TIN 0.965 'TI (25.3)
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Cumulative probabilities of the truncated standard deviations from Phases I
and II spectra are compared in Figures 25.1 and 25.2 to those obtained from

the Phase III spectra. The low mountain and plains category data were uti-
lized for this comparison because these data were considered to be compare.-
ble with respect to the geophysical categories for the different phases and
consisted of enough samples to be considered statistically reliable. The
comparisons show that, for like geophysical categories, the truncated stan-
dard deviation values obtained from Phases I and II spectra are, in most
instances, equal to or slightly greater than those obtained from Phase III
spectra.
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26. GUST VELOCITY DISTANCE HISIORY POWER SPECTRA

The power spectral density of clear air turbulence defines the energy con-
tent of the turbulence at given wavelengths (1/k). The wavelength being
in terms of distance traversed over the ground per cycle of turbulence.

In relating the wavelength of the turbulence to distance traversed over
the ground rather than through the air mass, a more accurate definition
of the turbulence is obtained. The assumption is made, of course, that
the turbulence is relatively stationary with respect to the grotmd and
does not move with the air mass. This assumption seems valid since the
type of turbulence being meaeured is either of a mechanical or convective
nature and the turbulence generated in either case would be Yore stationary
in relation to the ground than to the air mass.

If the turbulence is generated by wind flow over a mountain or some simi-
lar object (mechanical), the turbulence will persist until the protuberance
in the wind flow corridor is eliminated or a predominant change in the pre-
vailing wind flow occurs. In this case, the turbulence in the general vi-
cinity of the mountain will not move with the air mass. If the turbulence
is generated by convection, the turbulence will remain as long as a tem-
perature gradient remains. Since the gradient exists due to the difference
in ground and air temperature, then the turbulence must remain relatively
stationary with respect to the ground.

This leads to the conclusion that turbulence properties may be defined
more accurately if studied in terms of distance rather than time. Some
investigators contend that if the airplane speed over the ground does not
vary significantly throughout the data collection interval that one may
work with the time function and subsequently convert the spectra to a func-
tion of spatial (distance) frequency. This hypothesis was proven to be
true. Power spectra of each of the three components of gust velocity were
calculated for four samples with the gust velocity being in terms of both
time and distance. These samples were selected on the basis of having
large variations in ground speed, being homogeneous, and having an ade-
quate signal-to-noise ratio.

The power spectrum as a function of spatial frequency, k, was obtained by
using the time function and calculating each spectrum in terms of fre-
que•rcy, f, in cps and then converting to k by dividing f by the average
ground speed for the 4-1/2-minute sample. The power spectrum was also
calculated on gust velocity distance history data. The gust velocity time
history was converted to distance history using instantaneous ground speed
values prior to spectrum calculations. The resulting spectra were in terms
of spatial frequency k.

These normalized spectra for gust velocity distance hiatory and time his-
tory data are compared in Figures 26.1 through 26.4. The turbulence sam-
ples cover a gust velocity rms ratge from 2.64 to 3.55 4ps with scale
lengths varying from 199 to 659 feet. The pertinent data, along with the
maximum speed cha0ge during each &ample, (AV),is preserted in Table 26.1.
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As can be seen from the spectra comparisons in Figt-3s 26. 1 t .rouh 26.4,
there is essentially no difference in the spectra even for a sample hav-
ing a AV = 106 fps. It should be noted,, however, that this to the maximum
change and for this particular case was encountered over a 90-second time
interval while contour Ujqing over the mountains.

Although scale lengths were not calculated using the distance hiitories,
the normalized spectra practically overlay, and therefore, the scale
lengths would not differ. This good agreement indicates that 'he use
of average speeds for the calculations of k in Justified.

TABLE 2.1

COMPARISON OF DISEAM HISTORY AND
TIE HITORY STAWU EEVIATI0ONS

Scale
Standard Deviation - fps Length

AV (_mx) Tim Distance LK
Test Legj (fps *) Variable History History (ft)

40 4 643 32.1 u 3.18 3.17 644
v 2.74 2.72 342
w 2.76 2.74 262

46 4 597 57.6 u 3.56 3.55 658
v 3.21 3.19 359
w 3.01 2.99 263

46 6 589 61.7 u 3.24 3.21 442
v 2.76 2.74 239
w 2.67 2.64 199

87 7 616 106.1 u 2.72 2.72 614
v 2.78 2.78 602
w 3.44 3.44 659
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27. SPECTRA ]RI HIGH mm Fim

One ubjective of the Phase III Program was to define low altitude turbulence to
wavelengths in excess of 21,500 feet for a limited number of turbulence samples
recorded while flying at the maximm speed. The airplane maximmu speed, however,
ws over than originally expected and the -a1mm= wavelength measured was there-
fore only 18,000 feet. The meado= overage wavelenxth for Phase III is approxi-
mately 15,000 feet, vhereas it is 16,7W0 feet for the turbulence samples recorded
at high speed. The lower maximum speed is attributed to an increase in the air-
plane drag characteristics caused by the installation of externally mounted in-
strumentation.

A total of 54 turbulence samples, during which the ground speed was equal to or
greater than 675 fps, were selected for analysis. These samples were obtained
over Leg 6 at both the McConnell and Peterson routes using maximum engine thrust.
These legs were selected to give maxiu flight safety.

Tventy-n•no of the 54 selected gamples exhibited the necessary homgeneity char-
acteristics required for a valid analysis. The time serees rms values and scale
lengt-hs for these data are preiented in Table 27.1. The average rms values are
3.69, 3.75, and 3.30 fps for u, v, and w, respectively. The corresponding aver-
age scale lengths are 7W, 502, and 362 feet. These values are in general agree-
ment with the rest of the Phase III data recorded over the plains.

The reeulting normalized spectra and isotropy and coherency characteristics are
presented in Figures 27.1 through 27.3. These data agree in general with the rest
of the Phase III data. Lateral gust velocity spectrum values obtained at high
speed are compared in Figure 27.1 to the normalized spectrum obtained at 250 feet
above the plains and desert terrain. The spectrum for 250 feet was used since a
high percentage (76%) of the high speed samples were obtained at 250 feet.

These high speed samples were included with the lover speed samples for statisti-
cal aalyses discussed elsewhere in this report.
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TABLE 27.1

TLUMMICE SAMWLES HEOOEIED AT HIGH My=

Test Leg Category Wavelength "t (I LK_(feet)
No. No. No. X (feet) I v w u v V

24 8 414324 162Do 3.99 4.22 3.19 695 636 239
32 8 424324 16400 3.29 3.08 3.38 1118 531 718
40 8 412234 17100 2.07 2.31 2.50 308 335 353
46 8 412234 16800 2.46 3.14 2.68 480 4oo 294

161 8 414343 16900 3.00 2.76 2.59 640 435 285
162 8 4-.143 16600 2.98 3.18 -- 767 750 --
163 8 424243 16500 4.07 5.53 4.02 546 895 375

1.66 8 411243 16300 2.94 2.04 -- 1191 321 --
170 8 411U43 16900 3.15 -- -- 67 -- --
171 8 414243 17000 5.35 5.37 4.33 850 467 336
172 8 413343 17300 4.55 4.80 -- 722 701 --
185 8 414343 16200 3.72 3.51 3.36 796 419 269
187 8 423243 165oo 2.47 2.85 2.20 777 673 452
188 8 423343 16300 3.49 3.65 3.61 964 687 547
190 8 413343 16600 4.51 5.37 -- 649 768 --
209 8 424243 16500 2.87 2.58 2.54 1078 483 469
211 8 412.143 16900 3.02 3.37 2.67 251 216 231
212 8 414243 17100 5.80 5.71 4.64 838 470 318
213 8 413"43 16500 5.51 4.99 3.85 861 338 244
220 8 413313 165WO 4.09 3.59 3.41 1180 382 381
224 8 413213 16600 3.23 3.34 3.29 489 356 300
225 8 414313 16700 5.58 5.58 3.93 1218 766 331
230 8 412213 16600 2.85 2.69 2.55 592 328 238
231 8 414313 165Wo 4.65 3.92 2.88 1 5L7  612 327
233 8 423213 16800 4.26 4.47 4.57 968 639 664
236 8 413213 16300 3115 2.86 3.31 664 257 346
241 8 413213 17500 3.35 3.31 3.36 693 374 300
246 8 414213 i1740o 3.35 3.57 3.03 797 473 316
255 8 413213 16500 3.48 3.38 3.35 729 351 362

343



101-

" "M - Longitudinal

C)- L.ateral
- Vertical

--- Lower Speed Lateral Spectrum

100 (Reference Figure 23.8)

_ n J\

-J

0

* V

F-

10-3 .-

10II 100 I01

kL

Figure 27.1 High Speed YlIght Gust Velocity Power Spectra

344

l'-



00

ri HI

o rd

~4-4-3

r4-

I I2 0

3 44



r-4)

c I )

'04

I0 00

346)



28. F A CAL M T COWARISON

Use of the power spectral density approach in aircraft design 'predicates
the need for a nmthenmtical model of the PSD curve. Many mathematical
expressions have been proposed to represent the atmospheric turbulence
spectra. The expressions most widely used in the aircraft industry at
the present time include, expressions suggested by Theodore von Karman
(Reference 28.1) and H. L. Dryden (Reference 28.2). These expressions,
as shown below, vary according to the gust velocity component being rep-
resented.

von Karman Vertical and Lateral -

[24ý;( . LKv [2+ 377.5,(LKITk}M(2.1
,t K 1 + 70.78 (L~vk 'i6 (28.1)

von Karman Longitudinal

1• = ILKu[~jk 1 IK (28.2)F6.71 [1+70.78(LKuk) 2 ]5/6

Dryden Vertical and Lateral -

, -,(k)l LDY C2 + 6(2rLD,, k)2 ] (28.3

S[i+ (2,LD, k)2 ] 2 (2.

Dryden Longitudinal -

ft, (k) 4LDU 284
I t! JID 1 + (2 jLD~k)

2

As suggested in Reference 28.3, the equations may be represented by the
following general forms:

Vertical and Lateral -

It, k 2L(I+83T2a2 k2(n +1)1
2 2  2 )fn3/2 (28 .5)

Olt, (1+4Ta2k 3/
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Longitudinal -

4(k) 4L (28.6)
V, 1 (l+ 4I a2 k 2 )n+.i/2

t

where a is related to the scale of turbulence, L, as follows:

am L[( 1)

Thus, depending upon the value of n chosen, various expressions for the
power spectral density msy be derived. If n = 1/2 these general equations
produce the Dryden expressions. The v=a Karman equaripns are the special
form of the general equations when n = 1/3.

Mathematical expressions suggested by N. E. Busch and H. A. Panofsky (Ref-
erence 28.4) and by J. J. Lumley and 11. A. Pawofsky (Reference 18.2) to
describe the turbulence power spectra were also evaluated.

Busch-Panofsky Vertical and Lateral -

F *(k) o.6I cI
- 2 /

Lumley-Panofsky Long tudinal -

Vt~)LP C2[1. '2930 k) 1180 (28.8)

Theoretical spectra defined by Equations 28.1 through 28.8 were compared
to the experimentally determined spectra frum the Phase III program.
These comparisons were made by dividing each experimental spectrum by
the mathematical expression and plotting this ratio versus spatial fre-
quency. A ratio of 1.0 indicates perfect agreement between the experi-
mental and the mathematically defined spectra. These plots are shown
in Appendix IX.

The von Karman expressions were analyzed throughout the entire Phase III
program. The Dryden expressions were analyzed for data obtained at the
McConnell, Edwards, and Peterson routes. The Lumley-Pawfaky and Bush-
Panofsky expressions were evaluated for data obtained at the Griffiss
location. 348



Average values of these experimental to mathematical ratios were computed
and plotted. This was done by determining the value of the ratios for
each turbulence sample at certain values of spatial frequency. These
ratios were then averaged at each of the chosen frequencies. The results
are shown in Figures 28.1 through 28.3. These figures show the mean values
and the standard deviation of the ratios about these mean values. All of
the mean values shown in Figures 2b.1 through 28.3 are plotted in Figure
28.4 for purposes of comparison.
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The power spectral density of tuxtuleace has been found to be a function
of spatial frequency to the -5/3 power in the inertial subrenge. This
is illustrated in the Phases I and II data and by the Mmase III data.
Because of this, the von Karmen •tazmatical expressions give a good
representation of all components of the turbulence spestra within this
frequency range. In the low frequency, long wavelength portion of the
spectra, the vertical and laterl expressions showt s• deviation from
the measured data. It appears this is due in part to lifficulties encoun-',
tared in accounting for all the vertical and lateral mation of the air-
plane at low frequency. Inngitudinal spectra agree well with the von
Karman mathematical expressions

The correlation between von Karmen and experimental spectra is shown in
Figure 28.1. The disagreement in thi low frequency portion of the lat-
eral and vertical spectra where the von Karmen expression underestimates
the speotra power in discussed further in Sections 46 and 47.

The Dryden expressions show a greater amount of disa•g•rmet with the
ex•e ntally dete.mined data, especially at the higher frequencies
(Figure 28.2) where the Dryden oxpressions have a -2 logaritbmic slope
rather than the -5/3 slope of the data. At the/lower frequencies, the
Dryden expressions show the same type of di•s eent s those suggested,
by von Karman in that they underestimate the power of the spectra. This'
underestimtion is slightly more for the Dryden expressions, however.

The LbAley-Panofsky expression for the longi.1 udinal component of turbu-
lence shown good agreement with the experimentally determined data at
the higher frequencies (Figire 28.3). However, at the lower frequency
values this expression deviates from the date, significaatly. In this
area the mathematical exprssi'n un'?erestimates the experimentally de-
termined spectra by a factor of appixaadmtelý 2.5.

The Busch-Panofaky mathematical expressions for verticao. and lateral
spectra ute in good agreement with the axperimental data (Figure 28.3).
This agreement extends throughout the frequency range investigated ex-
cept for the vertical component at the highezu end of the frequency range.
At the high frequenc4 es the experimentally determuiied vertical spectra
shoved ame deviation from the theoretical -5/3 slope (see Sections 46
and 47). At the -.ov frtu enzy end of the spectra tbese expressions show
the best agreent of tose studied.

The results discussed hore for the von Ksxru and D$den expressions are
timilar to those obtained during W-IDCAT Phases I and U (Reference 1.2).
The Lulerj-Panofsky •pression, which was also evaluated durin-g Phases I
and II, shows more disagreement with the experiuta2Lly determined spectra
at the lover frequencies for the Phase i da4&. The Phase III data ex-
tend to lover Iftequency vaaies than the Pbhass I and II data because of
the higher speed aircraft used as the ir'trumeetation platform The
rhase3 I and II data ex" ,erid to a low "patil. frequency of approximately
1.5 x 10- cyf, whezras tne Phase ILT Uta in rpFaes 28.1 through 286.
&.v plotted to a lou fl-riency value of 7 x 10-5 cpf. The Busch-Pawxfaky
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expressions were not analyzed during Phases I and II. Instead, an expres-
sion suggested by U. 0. Lappe (Reference 14.1) was investigated and the
results showed the same type of disagreement as that discussed above for
the Dryden expressions.

It is felt that the low frequency portion of the spectrum sbe-uld be stud-
ied further through the use of higher speed aircraft. This would pro-
vide a more accurate record of the long wavelength data. SDectra models
based on the data from all three phases are shown and cow.ared to the
von Karman spectra in Section 46.

3
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30. TWULEJCE SCALE INCiAi

In order to use either the von Ka.s=- or Dryden mathematical expressions
(Equations 28.1 through 28.4), a value for, the integral scale of turbu-
lence) L, must be known. L ts defined as the area under the autocorre-
JAtion curve:

= r(30.1)

L,,=f f(r) d

and,

- =~ (r) dr (02

w-here:

f(r) = longitudina.L autocorrelation function

g(r) = lateral or vertical gutocorrelation function

The magneitude of tbe integral. scale, or scale length, is an indication of
the average eddy Aize. It can be sho"'2 that these scale lengths Ln the
three orthogonal directions are related by L. - 2 L i= 2 L , for isotropic
turbulence and that L, = L.,g, Lv = 2L., and L, = 2L,. It sh0uld be pointed
out that Equations 28.1 through 28.4 ari written in termTs of longitudinal
scale length. Thus Lu, L.., and L, are long-itudinal scale lergths calcu-
lated from the longitudinal, lateral, and vertical gust velocity compo-
nents, respectively..

Scale lengths may 1. mputed from the autocorrelation function if Taylor's
hypothesis is vElid (Reference 2P.1). They may also be computed from the
spectr•m in. the following mnner. Standard dev-iation has beer, defined as
the square root of the area under the spectrum. For the computation of
scale length, a truncated standard deviation, 'wT covering only the inertial
subrange of the spectarn is defined in Section 25 as:

o: ' (k) ]1[1 (30.3)

where:

k2 o .667/V

k 3 iu! V
For cal2i8t2ons of L using the von Karman expressions, Equations 28.1 and

28.2 were sinmlified by noting that, in the iiertial subranfe, 37'.5 (LK) 2

and 70.. 78 (LK) 2 » 1. Thus, the onl.r terms remaining in the numerators
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and denominators of these expressions were those terms containing L and/or
k. The resulting expressions for 4 (k), from either Equation 28.1 or 28.2
were substituted in Equation 30.3. The resulting expression was integrated
and solved for scale length, yielding Equations 30.4 and 30.5, respectively.

Longitudinal Scale Length - Vertical or Lateral Component

1 1 3/2

L~ 0.110 )v- - - 1 304
kKv (2/3 2/

Longitudinal Scale Length -Longitudinal Component

"LKu- 0.0717 1/. -~ 3)2 (30-5)

Scale lengths used in the Dryjden expressions were determined in the same
manner. Equations 28.3 and 28.4 were simplified by noting that (2 JLK)2

» 1 in the inertial subrange. The resulting equations obtained by in-
serting these simplified equations into Equation 30.3 and integrating were:

Longitudinal Scale Length - Vertical or Lateral Component

LD, -0-152 (21.L- 1(30.6)V, I k3 /

Longitudinal Scale Length - Longitudinal Component

LDdLO.IUl 2(30k7)

Equations 30.4-and 30.6 are expressions for the longitudinal scale length
as computed from the vertical or lateral gust velocity components while
Equations 30.5 and 30.7 representive longitudinal snale length as computed
from the longitudinal component of gust velocity.

As mentioned previously, scale lengths could also be calculated from the
area under the gust ve'ocity autocorrelation function. Basically the
autocovarian(!e function R(r) was normalized by dividing it by R(O) whý:re:
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2I
S() (k) dkai (30.8)

Jo

thus yielding the autocorrelation function R(r)/R(0). The long tudinal
scale length could then be computed from the longitudinal comyonent:

L - GS J RE(T)/R(o)]dr (0o.9)
0

The area was multiD-1.'d by ground speed to convert from units of time to
units of distance. Equation 30.9 is for the cýalculation of lon-
gitudinal scale length from tne longitudinal component. If calculated
from either of the transverse components, the scale length obtained from
Equation 30.9 must be multiplied by two to get longitudinal scale length.

During the LO-LOCAT Program, scale lengths wer- computed from the power
spectrun, as shown by Equations 30.4 through 30.7. However, autocorrela-
tion functions were calculated for a few randomly selected turbulence
samples, and scale lengths were compuced using Equation 30.9. The scale
lengths calculated by the two different methods were compared.

The autocorrelation functions from one of the samples used for these
scale length calculations are shown in Figures 30.1 through 30.3. The
areas under the curves were manually computed to the point where the
function crosses zero. This assumes that the function oscillates about
zero. from that point to infinity with positive and negativ• areas tend-
ing to caupel each other. The functions obviously cannot be calbulLted
out to infinity. Likewise, calculating them out to greater and greater
lag times means decreasing the value of Af, the distance between fre-
quency samples, and thus, decreasing the confidence level of the data.
Therefore, it is not known whether these partAcular functions do, in
fact, oscillate about zero.

Comparisons of scale lengths calculated by the two methods are shown in
Figures 30.4 through 30.6. Scale length values agree well when calculated
from'the longitudinal component of turbulence. However, scale lengths
computed from the lateral and vertical components differ accordirg to the
method used. As can be seen in Figures 30.5 and 30.6, the va3ues obtained
from the autocorrelation functions are somewhat larger in magnitude than
those obtained from the power spectra.

Both of these methods are based on the assumption that the -ion Karman ex-
pressions describe gust velocity spectra shapes. Since the autocorrela-
tion function is the Fourier transform of the power spectrum, it would
seem that.the differences in scale lengths from the two methods of
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calculation occur because the area wnder the autocorrelation function
beyond where the function crosses zero could not be considered.

Reference 22.1 suggests another method for calculating scale length from
the autocorrelation function. This method considers only the point at
which the autocorrelation function crosses zero, i.e.:

L= o.02 rc (30.10)

where:

r. T V

and ,c = value of T at which autocorrelation function crosses zero

Comparisons of scale lengths calculated using this method and using the
power spectra method are shown in Figures 30.7 through 30.9. It should
be noted that when Equation 30.10 was used for calculation of scale length
from the vertical and lateral autocorrelation functions, the results were
multiplied by two to correspond to the longitudinal scale length.

Compared to scale lengths calculated from the area under the autocorrela-
tion function, Equation 30.10 showed less agreement with the power spectra
method for the scale length from the vertical and lateral components and
"about the same agreement for scale length from the longitudinal component.

Still another method for calculating scale length was suggested in Refer-
ence 28.4. This method also involved use of the power spectra. Scale
length was calculated by multiplying the power density of the spectra by
spatial frequency, k, and p]ott~mg this product veiaus i/k. The scale
length was defined as being proportional to the value of i/k at which
W4(k) is a maxinjmm

L = A _ (30.11)

km

where:

A = constant of proportionality 4•

k, = value of kwhere MO) / a 2isa maximum

The von Karman spectra expressions were used to determine A. Equations
28.1 and 28.2 were multiplied by k, Cifferentiated, set equal to zero,
and solved for L. The resulting expressions for scale length were:

L Ku =0.1456 L (from longitudinal component) (30.12)

LKV = 0.2119 L (from lateral and vertical components) (30.13)
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Scale lengths calculated by this method are compared to those calculated
from Equations 30.4 and 30.5 in Figures 30.10 through 30.12. The agree-
ment for scale length from the longitudinal component is good, Values do

not agree well for scale lengths ccomuted from the vertical and lateral
components, however. This may be due to excessive airplane motion included
in the vertical and lateral gust velocities (See Section 23). The method
of Equations 30.12 and 30.13 involved use of spectra values at the rela-
tively low frequencies while the scale lengths calculated by the method of
Equations 30.4 and 30.5 were a function of the spectra in the inertial sub-
range where the data were considered to be more accurate.

Another problem that arose concerning the use of Equations 30.12 and 30.13
was the difficulty in determining a&value for 1/k,. The turbulence samples
chosen for making these comparisons t mere the same as those used for the com-
parisons in Figures 30.4 through 30.9. However, not all of these samples
could be used. For sme of these samples, there was no distinct peak in
the value of k4(k)/#2 . so that an accurate value of 1/k, could not be
determined. The values of the spectra were such that the maximum value
of k(k)i/F2 in this frequency range extended over a large range of 1/km
values. This occurred in over half of the turbulence samples selected
and these samples were not included in the analysis.

Since the von Karmun expressions gave a good representation of the experi-
mentally determined spectra for all three components, the scale lengths
from these expressions were awJyzed statistically by category. The cumu-
lative probability distributions of these scale lengths for all the Phase
III data, regardless of category, are shown in Figure 30.13.

The von Karman scale lengths are 'bhown as functions of terra~h, absolute
altitude, atmospheric stability, and time of day in Figures 30.14 through
30.17. The general trend of the data in these figures indicates that scale
length tends to increase with increasing terrain roughness, increasing abso-
lute altitude, and decreasing atmospheric stability.

Scale lengths recorded at dawn are greater than those recorded during the
other two times of day when calculated from the lateral component. When
calculated from the longitudinal and vertical components, the probabilities
at dawn are less for the smaller values of scale length, but tend to become
greater than at mid-morning or mid-afternoon at the larger scale length
values. This seems somewhat inconsistent withofL statistics. For a given
airspeed (therefore, given values of k2 and k 3), scale length is a function
of (eJ .,)3 (see Equations 30.4 and 30.5). As shown in Section 13, ft
increases from dawn to mid-morning to mid-afternoon. Thus, it would seem
that the smallest values of scale length would occur at dawn. The reason
why this is not so requires consideration of how the turbulence samples
were chosen for the scale length calculations. As previously discussed
in Section 19, the power spectra were edited and analyzed according to
the attributes of the data. Low intensity turbulence samples were gen-
erally honhomogeneous and exhibited high coherence characteristics which
resulted in turbulence spectra of generally poor quality. Therefore,
these data were not considered valid for spectral analysis. Many of
these low intensity turbulence samples were obtained at dawn since, as
previously mentioned, the intensity of turbulence at this time of day was
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generally less than at the other times of day. However. the turbulence
samples obtained at Peterson over the high mountains have been shown to
consist of gurV velocities greater than at the other locations. Many of
the dawn turbulence samples obtained st Peterson were of great enough
magnitude to be used for spectral analysis. Thus, approximately 85 per
cent of the dawn turbulence samples chosen for spectral analysis, and
consequently, scale length calculation, were obtained at Peterson. The
data obtained at mid-morning and mid-afternoon were more evenly distrib-
uted among the four locations. This caused the gust velocities in the
dawn category to be higher thau at the other times of day for the power
spectra turbulence samples. The values of Ut used for scale length cal-
culations are shown as functions of time of day in Figure 30.18.

The conclusions concerning variation of scale length with tiae of day
should be made with respect to the considerations discussed above. The
distributions of 't and vT for all PSD samples (not only those chosen for
analysis) tend to indicate that scale length values increase from dawn to
nid-morning to mid-afternoon.

During Phases I and II of the LO-LDCAT Program, (Reference 1.2), scale
lengths at the 250-foot altitude were found to be primarily a function
of terrain, increasing with greater te-rain roughness. At the 750-foot
altitude, atmospheric stability appeared to have the greatest effect on
scale lengths. As the atmosphere became more unstable the scale lengths
showed a tendency to increase in magnitude.

The Phase III data were investigated for the same trends. Figures 30.19
and 30.20 show the variations of scale length with terrain for data ob-
tained at each altitude. Scale lengths at the 250-foot altitude tend to
increase with increasing terrain roughness. Those recorded at 750 feet
show the same tendency, but to a somewhat lesser degree. Scale lengths
are shown as a function of absolute altitude and at'mcspheric stability
in Figures 30.21 and 30.22. The only distinct variation that occurs is
for scale lengths calculated from the longitudinal component at the 250-
foot altitude. The reason for the very stable data showing higher prob-
abilities at the larger values of scale length is analogous to the situa-
tion existing in the scale length analysis with respect to time of day.
Otherwise, no consistent or predominant trends are noted in these data.
Thus it would seem that, of the categories investigated, the primary vari-
ations in scale length are a result of changes in type of terrain and the
altitude above the terrain. The effects of terrain at each altitude, dis-
cussed above, are shown in Figures 30.19 and 30.20. The effect of altitude
over each type of terrain is shown in Figures 30.23 through 30.25. Scale
lengths from the vertical component seem to be affected by altitude slightly
more than those calculated from the other two components. Larger scale
length values were recorded at the higher altitide. The results are sum-
marized in Figure 30.26 where mean scale length values are shown. A sum-
mary of the altitude-stability analysis is shown in Figure 30.27. There
were not enough scale length darta obtained over the desert or water to
permit a statistical analysis.
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The following conclusions are included in Reference 30.1 for the behavior
of longitudinal scale length fran the vertical component as a function of
altitude and stability:

0 Scale length increases with altitude for atmospheric stability
conditions other than very stable.

* Under very stable conditions, scale length is nearly constant
with altitude.

With respect to these conclusionp, the scale length from the vertical com-
ponent does show a substantial increase with increase in altitude for the
stability conditions other than very table (Figure 30.27). However, a
similar relationship is seen for W very stable conditions, although the
effects of altitude appear to bl less.

The scale lengths from the 14itudinal and lateral components do not show
these same variations with iltitudo for the various stability conditions.
These scale lengths show Vhe greatest inc~reases with increased altitude for
a stable atmosphere. Altitude change has no effect on these values for
neutral stability. Scale lengths from the longitudinal component had
greater mean values for the data at 250 feet than for the data at 750
feet for the very stable and unstable atmospheric conditions.

According to Reference 30.2, the scale lengths for clear air turbulence
below an altitude of 2,500 feet for use in von Karman equations are to
be calculated as:

Vertical Component

TLKw 0 H (30.1)4)

Longitudinal and Lateral Components

LKu= LKv- 184H 1 /3 (30.15)

It should be noted taat differe-nt equations are used for the w and v com-
ponents. Therefore, in the following discussion, the subscript v is used
to signify the lateral couponent and w the vertical component.

A comparison between the scale lengths reconmended b) these equations and
those obtained during the LO-LOOX Phase III Program are shown in Table
30.1.
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TABLE 30.31

WLOCATW PHASE In,. SCAlELE O1MM F13E VON KARMNI ~PESSIONS
COMPARED TO TBDSE RECOI44MED BY KM-F-008 7A UL~f

Reference 30.2 Av"erage LO-WCA!
Absolute Recommended Phase III

Altitude(H) Ft. Scale IAegth Ft. Scale Length- It.
LKu LKV IK-w LKu LFv LYW

25 1159 1159 250 715 569 394
750 750 -714 32 508

With the exception of scale length computed from the vertical component,
scaje lengths calcalated from Equations 30.14 and 30.15 over estimate
the LO-LOCAT Phase III experimentally determined data.

Although the Dryden expressions do not fit the ID-LOCAT data as well as
the von 1(arman expressi .ns, the Dryden expr-essions are. used in aircraft
design. Reference 30.2 states that the use of the Dryden expressions is
permissible when it is not feasible to use the von Karman forms. Accord-
ing to this reference, the scales of turbulence to be used in the Dryden
equations for flight below 1,000 feet are:

L w = H (30.16)

LDu = LDV = 100H13 (30.17)

Table 30.2 shows how the Phase III data compare with values calculated
from Equations 30.16 and 30.17.

TABLE 30.2

LO-LOCAT PIHI III SCALE LENUM FOR DRYDEN RESSIONS
CoMPWARD 1O MUSE RECMOMD BY MIJF-0o8785A (uSAF)

Reference 30.2 - Average L0-IDW
Absolitte Recommended Phase III

Altitude(H) - Ft. Scale length - Ft. Scale Length Ft.
LIu LDv UDw LDu LDv LDw

250 630 630 250 509 502 389

750 %909 909 750 512 538 465
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The Dryden scale lengths, with the exception of those calculated from the
vertical component, are over estimated by the Reference 30.2 equations, as
was the case with the von ann scale lengths. Equations 30,14 through
30.17 do indicate aq increase in scale length for a corresponding increase
in altitude. This trend was also noticed in the IO-WOCAT data. Likewise,
the Reference 30.2 equations agree with the LO-WOCAT data in that the scale
length from the vertical component is more dependent on altitude than are
the scale lengths determined from either the longitudinal or lateral com-
ponents.

The cumulative probability distributions of the Dryden scale lengths are

shown in Fig-Te 30.28.

Under isotropic conditions:

L, = L, L, (30.i8)

However, Reference 13.1 also states that as the ground level is approached,
the scale length, as computed from the vertical component, decreases. Ref-
erence 13.1 suggests the following expressions as •the approximate relation-
ships between scale lengths calculated from the different components of
turbulence:

For 50 ! H-9 500 feet:

Lu L,

- L 1.30 -o.o006H (30.19)

For H > 500 feet:

Lu Lv
-L, 1 (30.20)L,- Lv

For absolute altitude levels of 250 feet and 750 feet, these expressions
yield ratios of 1.15 and 1.00, respectively. The values are compared to
values from the LO-LOCAT Phase III exper1imentally determni.r!d data in Table
30.3.

TABLE 30.3

LW-LOCAT PHASE III CALE LENGT H RATIOS COMPARED TO
THOSE -ECCH4= BY REFENC`tE 13.1

____________ - -LO-I0CAT Phase 11I~t

Ll.u LK., LD %. LDv

Absolute Values Predicted By I '-- -- L LD

Altittude(ff) - Ft;. fquations 30.19 and 3.J20

250 1.15 1.82 1.44 1.31 1.29

750 1.00 1.40 1.25 1.10 1.16
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Alth, -gh the ratios computed fom the LO-LOAT Phase III data are some-
what .Jarger t,'an those predicted by Equations 30.19 and 30.20, the fact
that the ratios e e reduced in magitude with increasing altitude above
the -verTain is apparent. The ratios computed for the Dryden scale lengths
shot bet .er agreement with the values predicted by Equations 30.19 and
30.20 than do the von Karman ratios. If the same form as Equations 30.19
and 30.20 is used, approximations ýor the Phase III relationships would be
as f~llows:

LKu LKv
L = - = 1.73 - 0-0005H (30.21)

LDu LD, S= - = 1.39 - .00034H (30.22)

LDv LDv

These are only approximations. Equations 30.21 and 30.22 assune a linear
relationship between the scale lengths at 250 and 750 feet and were de-
rived by assuming th following average values:

LKu LKv

L.. 1.63 at 250 feet (30.23)L Kw Kw •

LKu LKv
- - = 1.32 at 750 feet (30.24)

LKy LKv

_Du = '1.30 at 250 feet (30.25)
L D~w L o•w

LDu LDY

- = - = 1.13 at 750 feet (30.26)
LDw LDw

The values were obtained by averaFtng the appropriate values in Table 30.3.

According to Lappe in Reference 30.3 the type of terrain n~y be tacen into

consideration by uaing the following formula for calculatin-i L:

L = ho + h T (30.27)

where L, rnd h. are defined as follows:

365



Terrain Class La ho

smoth '2/3 135

I ov MountaLn.s 1/2 300

High Moumtaltns 1/8 675

Values from Equation 30.27 are compared co Phase IIn vor Karman srale
lengths in Table 30.4.

Scale lengths obtained over the liamB legs were used for the smooth ter-
rain classification in Table 30.t.

TAKE 30.4

L-JLOCAT PHLS, III SCALE NM COWARD To T
IW0Q BY ABYTR.(-7 -i9

-Average LO-LOCT
L From Phase InI

Equation Scale t Zth- Ft.
Absolute Type of 30.27 L', L L

Altitude(R) Ft. Terrain Ft. ,,,

250 Smooth 402 655 456 291
250 Lo. Mount. 425 671 518 4aD
250 Hi. Mount. 706 775 636 452
750 Smooth 635 640 572 503
750 Io. mount. 675 697 608 476
750 Hi. Mount. 769 765 663 520

It should be pointed out that L, "as calculated in Reference 30.3 was de-
signed for use in the mathematical spectra expression suggested therein,
and not for use in the vonfKarwn equations. The Reference 30.3 mathe-
matical expression ws evaLurted durinj Phases I and II and it was found
that experiotal data did not correlate well with that expression. How-
ever, the fact that terrain is ccnsidered in the calculation of L is in
harmny with the results obtained during the LO-LOCAT Program. The re-
suts from Eqmtlon 30.27 agree better with the experimentally determined
data than did results from Equations 30.14 and 30.15, where only altitude
in conwidereC,

The aversge values of the van Karmwn and Dryden scale lengths, regardless
of geophysical category, are shown in Table 30.5. It should be kept in mind
that these maan values are biased due to the umeven distribution of data in
the different categories.
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TABLE 30.5

LO-LOC.T PHASE III AVE"A SCALE LENUMS

rK LKv , 1 Ft Tu Lv
caleLI DKV DV DrW7i

598 450 511 519 427

In Section 28, mathematical expressions (Equations 28.7 and 28.8) for the
PSD suggestedbyBusch and Panofsky and by Lumley and P•Pofsky were analyzed.
Scale length, as such, is not contained in these expressions. Instead., C,
is used in the Busch-Psanofsky expression and C is used in the Lumley-
Panofsky expression. These parameters were calculateck in a manner similar
to the Yon Karman and Dryden scale lengths. Equations 28.7 and 28.8 were
simplified by noting that in the inertial dubrange 1. 5(Cvk)4/3 >> 1, and
(2950 k) 5/ 3 >> 1, respectively. If these expressions are substituted into
the t-uncated standard deviation expression (Equation 30.3),and integrated,
the following result is obtained:

-3 1s k 3i 2 (30. 28)
cv = 0.517 k - 3 k2/3(

S 2 2/3 Y2C =0.172 (T~ (2/3 -;- )3-9

Thus, C and C, are related to scale length and, from the preceding equa-
tions (30.28 arnd 30.29) and Eqiations 30.4 and 30.5, the following rela-
tignships were derived:

4. 7o _ (30.30)

C 0.415 (L?)/ 3

The c=Wulative probability distributions of these parameters are presented
in Fig-'-es 30.29 through 30.3i. In Referenice 18.2, a value of 2.45 is sug-
gested for C. For the LO-WDCAT Phase III Program, a mean value of 3.5k was
determzind. The man values cf C, calculated from the vertical and lateral
components are 1805 and 2243, respectively.

It should be pointed out that all data analyzed "ithin this itscusion were
derived frocm only homngeouo turbulence samples (see Section 19). Scale
lengths fcr low frequency data-are d~ecuuutk in Section 52T,
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31. .LIUCROSCALES

The Integral scale length is defined as being equal to the area under the
gust velocity autocorrelation curve. The Taylor microscale can also be
defined from the autocorrelation curve as the intercept on the y axis of
a parabola fitted to the vertex of the curve. The Taylor microscale rep-
resents the average eddy size where viscous forces dissipate turbulent

energy,

Taylor wicroscales were calculated using the following equation (Refer-
ence 18.2):

S15 e (31.1)

where v is the klnematic viscosity and e is the viscous dissipation rate.
Viscous dissipation rates pertaining to Phase IIl data are discussed in
Section 34.

The cuuu1utive probability distributions of Taylor's microscale for the
time of doy categories are shown in Figure 31.1. As has been the case
-in the past (Reference 31.1), the distribution is shown to be very close
to a log-normal. There is a slight difference in the distribution for
dawn than for other times of day. The distributions by altitude and
stability in Figure 31.2 show a definite difference between very stable
and the other stabilities. It appears that the microscale in the dissi-
pation range increases as altitude increases and rs the atmosphere becomes
more stable. High mountains and plains distributions shown in Figure 31.3
indicate that the microscale does not vary significantly between smooth
and rough terrain.

Re.erence 31.1 suggests that the turbulence spectra should be a tinction
of the kinematic viscosity and the rate at which the energy is dissipated.
A scale length formulated in the form of:

(3).1/4 2)2

is referred to as the Kolmogorov microscale. This length is much smalIer
than Taylor's microscale and represents an eddy sire where viscous forces

u=te, dissipating turbulence fluctuations into heat. Figure 31.4
inhos the cimIltive probability of the Kolmogcrov microscale for the time
of day categories indicating slight changes with time of day. Figure 31.5
gives the probability au a functiom of altitude and stability, shoving that
the values increase slightly as altitude increases and stability decreases.
Terrmiu effects lhown in Figure 31.6 indicate & trend. toward longel tincro-
scales for plains type terrain.
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Reference 18.2 indicates that values on the order of 10 cm (0.328 feet) and
approximately 1 mm (0.00328 feet) for Taylor and Kalmogorov microscales, re-
spectively, are to be expected in the atmosphere "near the surface." Table
31.1 suamarizes the average values as determined during Phase III.

TABLE 31.31

AVERA&( TAXLOR AND DN1GMW MICCOALES

u Taylor Kolmogrov
(Feet) eet)

250 0.84 0.0033

750 0.90 0.0036

Comparison of lhase III data with Phases I and II data reveals that• there
is a 90 per cent increase in the average Taylor microscale for data re-
corded at-Q feet during Phase III. This can be primarily attributed to
the 5: ust velocity standard deviations recorded during Phase III.

The average Taylor microscales obtained during Phase III are compared in
Figure 31.7 with those presented by Taylor in Reference 31.2 and by
IboCready in Reference 31.3 an veil as with thse obtained during Phases
I and rl (Reference 1-2), tLhe BUSN Twer fly-bye (Reference section 41),
and the flights supporting the Operatiou Rough Rider Project (NSSL).

the average palmognrov microacales cttained during Phase III are compared
in Figure 31.8 with theme presented Va Reference 18.2 by Iinnley-Panofsky
as vell as with those obtained during Phases I and II, the BREN Tower fly-
bys, and the flights supporting the Operati Rough Rider t (NSSL).
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