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FOREWORD 

This Is the final report on 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 Basr, 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, FBE, was the Air Force Project Engineer. 

The research effort was conducted under the Boeing supervision of Mr. F. K. 
Atnlp, 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 Mr. J. Strain and Mr. J. Bonawltz, respectively. 

Mr. Gerald A. Cornstock piloted the observer airplane over the Peterson 
Field, Colorado, high mountain route and was also backup pilot for this 
program. While acting In this latter capacity during a data gathering 
flight over the Griffiss AFB, New York route, Mr. Comstock 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 constructive 
comments and suggestions. 

This technical report has been reviewed and Is approved. 

dORDON 
U 

3RD0N R.  NEGAARp? Major, 
Chief, Design Criteria Branch 
Structures Division 
Air Force Flight Dynamics Laboratory 
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ABSTRACT 

This report presents procedures, analysis methods, and final results per- 
taining to the LO-LOCAT Phaje III program. Approximately 150 hours of low 
altitude (100 - 1000 feet) turbulence and associated meteorological data 
were recorded from 16 August 1968 through 30 June 1969. The original pro- 
gram was curtailed hy 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 tenns 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 meteorologi- 
cal and geophysical phenomena are evaluated. It was found that gust veloc- 
ity magnitude at low altitude is most affected by atmospheric stability and 
terrain. Gust velocity uns 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 ex- 
pressions. The turbulence, sampled for 4-1/2 minute intervals over a dis- 
tance of approximately 32 miles at absolute altitudes below 1,000 feet, 
was found to be basically stationary, Isotropie, and homogeneous. A high 
percentage of Phase III data were recorded over high mountains since very 
little high mountain data were recorded tinder 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 from other low altitude programs. 

This report consists of two volumes with each volume divided into two parts. 
Parts I and II of Volume I give the techniques and results of data analysis. 
Part I of Volume II 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 
contains the power spectral density and other frequency data plots. 

(Distribution of this abstract is unlimited.) 
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SYMBOLS 

Infrequently used symbolB are defined after the equation In which they are 
used. 

Symbols and Abbreviations; 

A thru H, J,  K 

A' thru H', J1, K» 

A(n) 

A(n) 

a 

B 

h 

C 

CC 

CDT 

CL. 

Cv 

c 

e.g. 

cpf 

cps 

DOY 

d 

Regression coefficient. 

Angle of attack equation coefficients. 

Angle of sideslip equation coefficients. 

Complex finite transform. 

Complex conjugate of A(n). 

"Universal Constant" in the longitudinal gust velocity 
component spectrum expression; shape parameter used In 
spectra mathematical expressions; constant in gust ve- 
locity rms distribution equation. 

Air stability ratio. 

Constant in gust velocity rms distribution equation. 

Constants in the analytical expressions of the peak 
count probability distributions. 

Constant in the Lumley-Fanofsky equation. 

Cloud cover (percent). 

Central Daylight Time. 

Airplane lift curve slope (radians). 

Constant in the Busch-Fanofsky equations. 

Length of mean aerodynamic chord (feet). 

Airplane center of gravity. 

Cycles/foot. 

Cycles/second. 

Day of year. 

Degrees of freedom;  distance traveled (statute miles); 
differential. 
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SYMBOLS 

Symbols and AbbrevlatlonB; 

Ej Normalized standard error of a regression coefficient 

E« Total crossings of the level a. 

e Base of natural logarithms (2.71828). 

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

F(x) Cumulative probability distribution function. 

f Frequency (cycles/second);function. 

f(r) Longitudinal correlation function. 

fb Frequency of occurrence in band b. 

fe Cutoff frequency of a low-pass filter (cycles/second), 

fj Nyquist or folding frequency (cycles/second). 

fa Sampling frequency (samples/second). 

QMS Qreenvich Mean Time. 

G, Ground speed (feet/second). 

g Earth's gravitational constant at sea level (32.17^ 
feet/second)2. 

g(r) Lateral or vertical correlation function. 

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

Hc Calibrated pressure altitude (feet). 

H(f) Filter transfer fuHction, 

Hg Symbol for the element mercury. 

Hj Indicated reading of tower altimeter (feet). 

Hj, H1 Indicated pressure altitude (feet). 

H^f) Constrained filter transfer function. 
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SYMBOLS 

Symbols and Abbreviations; 

Hp Pressure altitude (feet). 

Ht Terrain elevation (feet). 

h True heading (degrees). 

hB Magnetic heading (degrees). 

hn Filter weights at time tin At, 

h^ Constrained filter weights. 

h(t,r) Time doiLain weighting function. 

ho Constant in empirical scale length equation. 

1 Counter; time series sample. 

IAS Indicated airspeed. 

TRIG Inter-range Instrumentation Group. 

J Square root of minus one. 

Ka<b Constants. 

KIAS Knots Indicated airspeed. 

Kg Gust alleviation factor. 

Kt Bam recovery factor for OAT probe. 

k Spatial frequency (cycles/foot); order of the deriva- 
tive of the transfer function H(f); indicates number 
of records. 

L Turbulence scale length (feet). 

Lh Constant in empirical scale length equation. 

M True Mach number. 

m Maximum lag (fH/&f); slope of a line; number of func- 
tions of the input variables; and meters. 

mb Millibar. 

am Millimeter. 
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SYMBOLS 

Symbols and Abbreviations; 

N Total number of conditions, data points, samples, 
peaks, bands, or filter weights. 

NBM Narrow band frequency modulation, 

N0 Characteristic frequency from power spectral density 
(cycles/foot). 

N0L Number of zero level crossings. 

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

Npe Total number of peaks obtained using extrapolation 
technique. 

wa Crossings per mile of the level a. 

n Acceleration In g units;  counter; number of data 
points;  shape parameter In spectra mathematical 
expressions. 

OAT Outside air temperature (degrees Fahrenheit). 

On Run test observation of the mean. 

On Run test observation of the mean square. 

PSD Power spectral density. 

PST Pacific Standard Time. 

P, Static pressure (inches of mercury). 

P.j Indicated static pressure (inches of mercury). 

P0 Standard atmospheric pressure at sea level (29.921 
inches of mercury). 

Pi, P2 Intercepts of the exponential curves for the analyt- 
ical expressions of the peak count probability dis- 
tributions. 

Q Number of independent variables In the regression 
equation. 

qc Calibrated impact pressure (inches of mercury). 
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SYMBOLS 

Symbols and Abbreviations; 

q Indicated impact pressure (inches of mercury). 

RA Radar altitude (feet). 

R Richardson number. 

[ R] Rotation tor' rlx used to transform measurements from 
the airplauj reference axes to the earth reference 
axes. 

Rj Value of rms gust velocity at a given wind speed as 
read from least square line (feet/second). 

R(l) Autocorrelation function. 

Rxy (i) Cross correlation function. 

rms Root mean square. 

R(T) Gust velocity covarlance function. 

R(T)/R(O) Gust velocity autocorrelation function where T s 0» • 

• • • rL • 

r Distance (feet). 

rc Value of r at which the autocorrelation function 
crosses zero. 

S Airplane plänform wing area (feet ); horizontal 
distance - miles. 

SSE Sine of solar elevation. 

Ta Ambient air temperature (degrees Rankine), 

Tfllt# Time width of filter weight function. 

TQ Ground surface temperature (degrees Fahrenheit). 

Tj Calibrated outside air temperature (degrees Ranklns). 

TQ Temperature at sea level under standard conditions 
(518,69 degrees Rankine). 

Ts Air temperature at the surface (degrees centigrade). 
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SYMBOLS 

Symbole and Abbrevlatlona; 

TAI Temperature at 250 feet (degrees Fahrenheit). 

Txa Temperature at 750 feet (degrees Fahrenheit). 

TA3 Temperature at 1000 feet (degrees Fahrenheit). 

TAU Temperature at flight altitude plus 1000 feet (degrees 
Fahrenheit). 

TAT Temperature at flight altitude (degrees Fahrenheit). 

TD2 Dew point at 750 feet (degrees Fahrenheit). 

TD3 Dew point at 1000 feet (degrees Fahrenheit). 

Tot Dew pcint at flight altitude plus 1000 feet (degrees 
Fahrenheit). 

TDJ Dew point at 850mb (degrees centigrade). 

TOD Time of day. 

t Time (seconds); standardized variable. 

Ude Derived equivalent gust velocity (feet/second). 

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

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

V« Equivalent airspeed (feet/second). 

VT True airspeed (feet/second). 

{v| Represents the matrix of true airspeed conrponents 
corrected for pitch and yaw. 

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

V Airplane weight (pounds); wind speed (feet/second). 

NU Angle between airplane ground track and wind vector 
(degrees) positive - wind '-ector from the left, zero 
degrees - direct tail wind. 

VAU Wind direction at flight altitude plus 1000 feet 
(degrees azimuth). 
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SYMBOLS 

Symbols and Abbreviations; 

WQ Wind direction (degrees azimuth). 

WE Average easterly- winds (feet/second). 

WH Average northerly winds (feet/second). 

Ws Wind speed at the surface (knots). 

W6 Wind speed at TOOmb (knots). 

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

x Amplitude. 

xb Mid-band value. 

Xi 1 th value of x; predictors; coefficient of simple 
linear correlation; value of gust velocity rms at 
a given wind speed (feet/second). 

x0 Level of gust velocity (feet/second). 

xk(t1) kth record Included in the ensemble averaging 
scheme. 

x(t) Saiqpled value of time series. 

Y Dependent variable; regression function. 

or Angle of attack (degrees), positive - nose above 
relative wind; levels of gust velocity used In 
level crossing procedures; confidence limit. 

ß Angle of sideslip (degrees), positive - nose left 
of relative wind. 

r Standard lapse rate (0.00356 degrees Fahrenheit/foot), 
positive - tempenvture decrease with Increasing alti- 
tude. 

r4 Dry adlabatic lapse rate (0.0055 degrees Fahrenheit/ 
foot). 

7 Ratio of specific heats for air {l.ko). 

y 2 (k) Coherency function. 
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SYMBOLS 

Symbols 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). 

ANZC0 Incremental load factor (acceleration units). 

Ä?e Static pressure position error (inches of mercury). 

APBAIJ Pressure coefficient (dlmenslonless). 

APa Angle of attack differential pressure (inches of? 
mercury). 

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

ATUt Vertical tenrperature gradient (degrees Fahrenheit/ 
foot). 

ATH Horizontal temperature gradient (degrees Fahrenheit/ 
mile). 

AT, Atmospheric stability (degrees Fahrenheit/lOOO feet), 
positive - temperature increase with increasing alti- 
tude. 

At Time interval between data samples (seconds). 

AWD Vertical wind direction gradient (degrees/foot). 

AWH Horizontal wind gradient (feet/second/mile). 

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

AW, Vertical wind velocity gradient (feet/second/foot). 
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SYMBOLS 

Symbols and Abbreviations; 

j Drift angle (degrees), positive to the right. 

« Viscous dissipation rate (feet /second )j emlsölvlty 
factor; filter empirical error bounds (percent). 

i) Kolmogorov micros cale (feet). 

6 Pitch angle (degrees), positive - nose up. , 

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

X Taylor turbulence mlcroscale length (feet); character- 
istic wavelength (feet); terrain wavelength (feet). 

M Air viscosity (pound second/feet2); mean value; air- 
plane mass ratio. 

M2,M3 Constant in gust velocity rms distribution equation. 

Mjt(t) Ensemble average time function. 

v Kinematic viscosity (feet /second); degrees of freedom. 

» S.l^. . . . 

P Air density (slugs/foot3), 

p0 Standard air density at sea level (0.002378 slugs/ 
foot3). 

* Standard deviation of a statistical sample; standard 
deviation (fps) from gust velocity spectra between 
0.04l6 and 10 cps; Stefan-Boltzman constant. 

<rD Standard deviation about a least square line. 

oh Standard deviation of level crossing distribution. 

01 Standard deviation of noise. 

ffpe Standard deviation of primary peaks obtained using 
extrapolated value of Np,. 

'R Standard deviation of recorded data. 

a T Standard deviation obtained from the truncated gust 
velocity spectra (feet/second). 
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SYMBOLS 

Syaibols and Abbreviations; 

9t Standard deviation of the gust velocity time series 
(feet/second). 

9tx Standard deviation of terrain roughness (feet). 

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

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

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

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

9Zf9j Constant used In zms gust velocity distribution 
equation. 

r Lag time for the weighting operation convolution 
(seconds). 

4 One-dimensional gust velocity power spectral density. 

$ (k) Power spectral estimates. 

4 (n) Raw estimate of power spectral density. 

♦' (n) Averaged estimate of power spectral density* 

4xy (n) Estimate of cross power spectral density. 

♦JQ Power spectra 90 per cent confidence Interval, 

<p Boll angle (degrees), positive - right wind down. 

<t> Bate of roll (degrees/second), positive - right wing 
moving down. 

X Chi statistic. 

^ Yaw angle (degrees), positive - nose right. 

4> Bate of yaw (degrees/second), positive - airplane 
nose moving right. 

u Frequency (radians/second). 
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SYMBOLS 

SübBcrlpta and Superscripts; 

D Band number. 

D Based on the Dryden equation. 

e Extrapolated value. 

filt. Filtered value. 

H Horizontal. 

i Sample number. 

N Noise. 

n Counter. 

K Based on the von Kanaan equation. 

max Indicates maximum value. 

min Indicates minimum value. 

F Peak count; based on the Lumley-Fanofsky equation. 

T Truncated; obtained from tower. 

t From the gust velocity time series. 

u From the longitudinal gust velocity component. 

v From the lateral gust velocity component. 

v From the vertical gust velocity component. 

x Longitudinal. 

y Lateral. 

z Vertical. 

0 Initial value. 

1 Pertaining to quadrant 1; indicates LO-LOCAT Phases I and II. 

II Pertaining to quadrant 2. 

III Pertaining to quadrant 3; indicates LO-LOCAT Phase HI. 
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SYMBOLS 

Subscripts and Superscripts; 

IV Pertaining to quadrant k. 

Related to level crossing count. 

Primes Indicate Banned 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 Chartsj_ 

  1018 Sea level pressure (millibars) 

—.. 50     Temperature (* F.) 

Cloud Cover: 

O Clear 

(D^ 1/10 

O 2/10 or 3/10 

(& V10 

3 5/10 

Wind: 

9 6/10 

9 7/10 or 8/10 

0 9/10 

O Overcast 

<$ Sky obscured 

(§)calm ^ O 10 Knots 

 O * 2 Knots ^1—O 15 Knots 

-*—O  5 Knots k—O 50 Knots 

Tall points In the direction from which the wind is blowing. 
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SYMBOLS 

y Bain shower 

^r Snow shower 

**»■ Freezing rain 

| \ Thunderstorm 

Weather Chart Symbols (Contd,) 

Surface Charts_( Contd,): 

Precipitation: 

• • Bain 

** Snow 

»» Drizzle 

S Fog 

Fronts: 

Cold front 

Warm front 

Stationary front 

Upger Air Charxs_ 

 IJ^K) Height of pressure surface (meters) 

-— 1530 Intermediate height values (meters) 
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SECTION VI 

iIEOPHrSICAL CHAEACTERISTICS 

32. TERRAIN PROFIIES 

The primary purpose of the LO-LOCAT Program was to describe the probabil- 
ity distribution of the gust velocity rms values over a vide variety of 
meteorological and topographical conditions. Flight routes were estab- 
lished in California (Edwards route), Colorado (Peterson route), Kansas 
(McConnell route), and New York (Griffiss route) to achieve those objec- 
tives. 

It was found that several factors must be considered in the design of 
routes of this type. Predominant landmarks are desirable at the begin- 
ning of each leg. Heading of the aii^lane relative to the sun is an im- 
portant safety consideration for early and late flights. From an opera- 
tional standpoint, the amount of time each leg cannot be flown due to 
adverse weather must be taken into account. Features of the terrain sur- 
rounding a route leg may influence results as well as the terrain coinci- 
dent with the leg. This factor must be considered along with orientation 
of legs with respect to mountain ridge lines and prevailing winds. 

Characteristics of each route were determined by defining the terrain pro- 
file and calculating terrain roughness values and charar teristic wave- 
lengths. The terrain profile was determined by subtracr„ing airplane radar 
altitude from pressure altitude. Linear trends in the profiles were re- 
moved to reduce the effects of Gibbs' phenomenon when calculating the 
spectra. Altitude versus distance plots of terrain pro:'lies are pre- 
sented in Figures 32.1 through 32.4, 

Power spectral densities, standard deviations, and chai acteristic wave- 
lengths of the terrain profiles were calculated. Power spectra of ter- 
rain profiles for each route are presented in Figures 32,5 through 32.12. 

Terrain roughness rms values were calculated by: 

ll/2 

[it^-*)2] 'tr "I -S-I^l-X)" i (32,1) 

where x^ is the ith value of the terrain profile in feet, i = 1 to N, and 
x is the arithmetic mean. 



Characteristic wavelengths (x) in feet were obtained by: 

X =   — (32.2) 
ffi 

where: 

[/ 
-.1/2 

9 .       /    »(k)  dk (feet) (1   .3) 

■■[/: k2 ♦(k)dk 

1/2 

(cycle) (32.^) 

and: $(k) is the power spectral density of the terrain profile. 

Comparison of the McConnell route terrain spectra for Phases I and II with 
the Phase III terrain spectra shows that the Phase III spectra approach 
a constant power level at a lower frequency (longer wavelength) than does 
the Phases I and II data. The Phase III spectra were truncated at lower 
frequencies because of the high sensitivity of the ol  calculation to high 
frequency noise. Truncating the spectra at lower frequencies had very 
little effect on a.    The »! and hence \  values were affected considerably 
by the lack of valid high frequency information. The reduction in the valid 
frequency range of the terrain spectra is due to the increased speed of the 
airplane during Phase III and the response time of the altitude recording 
system, (Reference Appendix II), 

The accuracy of the terrain height measurement is also affected by the ter- 
rain roughness. That is, the radar altimeter is more accurate in measuring 
a ramp type rather than a step type altitude change. This is evidenced by 
the comparison of the Phase III McConnell plains, and Edwards high mountain 
data. The high mountain terrain spectra approaches the constant power level 
at a lower frequency than does the plains terrain spectra. Therefore, the 
upper limit of integration (a) in Equations 32,3 and 32.4 was varied from 
route to route but was generally 1,2/V cpf for the rough terrain data and 
2.5/v cpf for the plains or smooth terrain data vhere V is ground speed in 
feet/second. As a result, wavelengths are defined to approximately 500 
feet for mountainous terrain and 250 feet for the plains. 



The terrain roughness (fftr), wavelength (x),and terrain classification, 
along with a general description of each route, are presented In Tables 
32.1 through 32.4. 

The category altitudes of 250 and 750 feet are nominal absolute target 
altitudes at which the pilot was to fly the airplane. The actual flight 
altitude did not always correspond with the nominal target altitudes. 
For the greater part, this occurred for flight over the rougher terrains 
where small crevices and canyons Into which the airplane could not maneu- 
ver to maintain absolute contour flight Increased the average radar alti- 
tude. Tables 32.1 through 32.4 also present the average radar altitude 
for each test altitude for each leg. Figures 32.13 and 32.14 plctorlally 
Illustrate the data In Tables 32.1 through 32.4. As can be seen, the 
rougher the terrain the greater the deviation from the test altitude. 

The data obtained over Leg No. 6 of the Edwards route were categorized as 
both high mountain and low mountain data. This Is the result of changing 
the category after analysis of the terrain profile and roughness. A total 
of 31 samples of data obtained from 24 October to 14 November 1968 were 
analyzed as high mountain data. Fifty-five samples obtained from l4 No- 
vember 1968 to 8 January 1969 were analyzed as low mountain data. 



TABIE 32.1 

MDCONNELL ROUTE CHARACTERISTICS 

Leg 

f         Terrain Target 
Altitude 
(Feet) 

Average 
Radar Altitude 

(Feet) Classification 
1 '** 

(ft) 

X 

(ft) 

1 1 Plains kk 1*960 250 
750 

276 
749 

2 Plains 59 5100 250 
750 

269     | 
757 

3 Plains ^5 MlOO 250 
750 

267    \ 
750    t 

k Plains 59 4890 250 
750 

284 
761 

5 
Plains 62 4730 250 

750 
281    ! 
753 

i 6 
Plains 62 4310 250 

750 
276    1 
71*6    | 

! 7 
Plains 3h 4030 250 

750 
264 
74l 

1 8 Plains ill 6330 250 
750 

269 
756 

Gener 
lakes 

al geophysical features: Scatter 
, and paved and unpaved roads. 

3d to manerou s trees, small 



TABU: 32.2 

EDWAEDS ROUTE CHARACTERISTICS 

Leg 

Terrain 

Classification 
X 

Target 
Altitude 
(Feet) 

Average 
Radar Altitude 

(Feet) 

3 

k 

5 

6 

7 

8 

Low Mountain 

Desert 

High Mountain 

Water 

High Mountain 

Desert 

Low Mountain 

koz 

186 

66? 

11 

ska 

305 

^75 

667 

10960 

9760 

8720 

6560 

10660 

11080 

9670 

8070 

250 
750 

250 
750 

250 
750 

250 
750 

250 
750 

250 
750 

250 
750 

250 
750 

294 
695 

257 
738 

kjk 
820 

2^5 
769 

536 
843 

292 
7^7 

287 
711 

350 
721 

General Geophysical Features: Mountainous areas consisted of Joshua 
trees, large rocks, paved and unpaved roads, and flat sand. Desert 
areas consisted of brush cover, scattered trees, flat sand, and 
paved and unpaved roads. The water leg was located over the Pacific 
Ocean. 

* Classified as high mountain for turbulence samples obtained from 
2k October 1968 through 1^ November 1968 and low mountain from 
15 November 1968 through 8 January 1969. 



TABU! 32.3 

PECERSON ROUTE CHARACTERISTICS 

Leg 

Terrain Target 
Altitude 
(Feet) 

Average 
Radar Altitude j 

(Feet)    i Classification (ft) 
X 
(ft) 

1 1 High Mountain 5^ 9520 250 
750 

362     | 
637    \ 

!2 High Mountain 922 13030 250 
750 

363     1 
653 

3 High Mountain 503 13630 250 
750 

274     j 
673     1 

h High Mountain 806 11130 250 
750 

32k 
635 

5 High Mountain 662 9Sko 250 
750 

1*06    j 
666    ! 

6 High Mountain 518 10170 250 
750 

332    1 
578 

1 7 High Mountain 569 9950 250 
750 

357    | 
726    i 

8 Plains 90 7360 250 
750 

25^ 
710 

Gener 
land. 
Plain 
paved 

al Geophysical Features: I 
numerous trees, large rod 

s area was generally flat £ 
and unpaved roads. 

fountainous areas consisted of grass | 
M, and paved and unpaved roads.    | 
prass land, flat sandy soil, and 

6 



TABLE 32.4 

GRIPFISS BOUTE CHAEACTERISITICS 

Leg 

Terrain Target 
Altitude 
(Feet) 

Average 
Radar Altitude 

(Feet) Classification 
'tr 
(ft) 

X 
(ft) 

1 Plains 113 5100 250 
750 

265 
717 

2 Lew Mountain 214 53^5 250 
750 

244 
681 

3 Low Mountain PP? 6990 250 
750 

300 
689 

k Low Mountain 323 11500 250 
750 

297 
701 

5 Low Mountain 275 9200 250 
750 

358 
673 

6 Low Mountain 382 12650 250 
750 

364 
686 

7 Plains 161 5820 250 
750 

239 
675 

8 Plains 98 4400 250 
750 

237 
706 

General Geophysical Features: ] 
trees, numerous scattered lakes 

Numerous coniferous and deciduous 
, and small rocks. 
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33.    WIM) SPEED 

Wind speeds were computed at the rate of 100 data samples per second using 
data recorded by airplane Instrumentation di   '.ng each four and one-half 
minute turbulence sample.    These data were then averaged for each turbu- 
lence sample.    The equations used for these calculations are shown in 
Appendix V. 

The wind speed data were analyzed statistically.    The data within a cate- 
gory were grouped into 5 fps wide bands of wind speed.    The cumulative 
probabilities of these data were calculated and plotted versus the lower 
limit of the respective band.    For each category presented,  a minimum of 
30 wind samples were used to establish a cumulative probabl]Ity curve 
having adequate reliability.    Because of the need for a representative 
number of samples in each category,  various combinations of geophysical 
situations could not be analyzed.    However, the data presented indicate 
the variation of wind speed trends with respect to the most pertinent 
individual category components. 

Variations of wind speed with each of the five major category conponente 
(terrain, altitude,  stability,  time of day, and location) were investigated. 
The results are shown in Figures 33.1 through 33.5«    It should be kept in 
mind that these data were not obtained during all seasons at any of the 
test locations. 

Figure 33.1 shows the wind speed variation with the different types of 
terrain.    Winds were highest over the plains,  followed by high mountains, 
low mountains, and desert.    The data obtained over the water did not con- 
tain a sufficient number of samples to be analysed in this manner. 

Figure 33.2 indicates that,  with respect to altitude,  greater wind speeds 
were generally recorded at 750 feet.    Only at the largest -wind speed valuec 
is the probability greater of encountering a given wind speed at 250 feet 
than at 750 feet. 

The variations of wind speed with atmospheric stability are shown in Fig- 
ure 33.3.    These data show that the cumulative probability for a given 
wind speed was lover for the very stable atmospheric conditions than for 
a stable, neutral, or unstable condition. 

The effects of time of day on wind speed cumulative probabilities are shown 
in Figure 33.^.    No significant trend is noted in these data. 

A large variation of wind speed as a function of geographic location is 
shown in Figure 33.5. The winds recorded at the McConnell and Peterson 
locations were significantly greater than those recorded at Edwards and 
Griffiss. 

The season of the year category was not analyzed separately.    For the 
Phase III data, an analysis by both season ai.; 'i location was not made be- 
cause of the way the data were obtained.    At McConnell Air Force Base, 
Kansas,  approximately 90 per cent of the data were obtained during the 
stunner and only 10 per cent during the fall.    At Edwards Air Force Base, 
California,  data obtained during the fall accounted for approximately 
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80 per cent of the total.    Approximately 20 per cent of the Edwards data 
vere obtained during the vlnter.    At Griffiss, only four per cent of the 
data vere recorded during the summer with the rest being recorded in the 
spring.   Peterson was the only location where a significant amount of data 
vere obtained during more than one season of the year.   Approximately k& 
and 52 per cent were obtained during the winter and spring seasons,  respec- 
tively, at Peterson.    The wind speed cumulative probabilities for the data 
recorded at Peterson are shown as a function of those two seasons in Fig- 
ure 33.6.    The cumulative probability was significantly larger for a given 
wind speed during the winter. 

Because of the disturbance of atmospheric flow caused by the surrounding 
terrain, wind speed was analyzed to determine the combined effects of ter- 
rain and altitude.    The wind speed cumulative probability plots for these 
categories are shown in Figures 33«7 through 33.10.    The figures show ap- 
proximately the same effects of altitude with respect to data obtained 
over high mountains, low mountains, and plains;  i.e., greater wind speeds 
at the higher altitude.    The data obtained over the desert show very little 
variation with altitude, with the wind''speeds being slightly greater at 
250 feet.    The relationships of wind speed cumulative probabilities to 
terrain type appear to be approximately the same, regardless of altitude 
(Figures 33.11 and 33.12). 

In Figures 33.1 through 33.5^ each of the five primary category components 
are varied.    The most significant variations in wind speed cumulative prob- 
ability seem to occur vlth terrain type and location.    Actually, these two 
category components are tied together.    For example,  all of the legs at 
McConnell vere over plainsj  seven of the eight legs at Peterson vere over 
high mountains; and the only desert leg was at Edwards.    Therefore,  it 
vould be expected that these categories might shov similar effects.    Since 
there was such a significant variation of wind speed with these category 
components, geographic location was held constant while the other category 
components were varied.    In this manner,  the effects of the other category 
components could be more readily seen. 

A comparison of the same types of terrain at different locations is shown 
in Figures 33.13 through 33.15.    Winds were substantially greater over the 
high mountain legs at Peterson than over the Edwards high mountain terrain 
(Figure 33.13).    Winds over the low mountain legs, however, were approxi- 
mately the same at Edwards and at Griffiss (Figure 33.1^).   As shown in 
Figure 33.15; "the winds over these legs at McConnell and Peterson were 
approximately the same and somewhat greater in magnitude than the winds 
over the Griffiss plains. 

The wind cumulative probabilities of Figures 33.16 through 33.19 show the 
effects of atmospheric stability at each geographic location.    The general 
trend is for the winds to increase as the atmosphere becomes more unstable. 
The only exception occurs for the McConnell data.    At that location, there 
does not appear to be any significant wind change trends with atmospheric 
stability. 

Variation of wind speed cumulative probablli-' y with time of day is shown 
for data obtained at the various geographic locations in Figures 33.20 
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through 33 «SS.    The wind speeds et Edwards and Griff Iss show a tendency 
to increase somewhat as the day progressed.   The dawn data at Grifflss 
are not shown because of the small amount recorded.    Wind speeds at 
Peterson appear to be fairly consistent,  irrespective of time of day 
(Figure 33.22).    Wind speeds at McConnell showed a different relation- 
ship with time of day than did the data at the other locations in that 
the cumulative probability for a given wind speed is significantly greater 
at dawn than at either mld-moring or mid-afternoon (Figure 33.23). 

Wind speed characteristics during Phases I and II were also compared to 
those encountered during Phase III. 

As was the case for Phases I and II, the Phase III wind data were found 
to vary with category (see Eeference 1.2).    Location and season produced 
the greatest effects on these data,    A comparison of these data from the 
various phases is shown in Figures 33.24 through 33.27,    The Phases I and 
II data shown pertain only to the season corresponding to the Phase III 
data at a given location.    These comparisons sliow that the Phase III wind 
speed cumulative probabilities were smaller for the data recorded at 
Edwards and Griffiss, but greater for the McConnell and Peterson data. 
The Phases I and II wind speed data at Peterson are for the plains ter- 
rain only since the high mountain wind data at Peterson were not analyzed 
because those legs were not contour flown. 

The effects of altitude, atmospheric stability, and time of day on wind 
speed cumulative probabilities were approximately the same for all phases. 
During Phases I and II, the winds were highest at dawn for the Peterson 
route data, however, as mentioned previously, these data Included only 
plains legs at that location. 

There was only one plains leg at Peterson for the Phase III Program, and 
so there were not enough data, based on 30 samples as a minimum, to com- 
pare time of day effects on wind speed cumulative probability. However, 
the mean value for this plains leg was greater at dawn than at either of 
the other two times of day. 

A summary of the more significant findings of thle analysis is as follows: 

• The most significami changes in wind speed cumulative probabil- 
ity occur with changes in location.    Changes in season were also 
found to be significant through analysis of the Phases I and II 
data. 

• Wind speed cumulative probability tends to be slightly greater 
at 750 feet than at 250 feet. 

• Wind speed cumulative probability increases slightly as atmo- 
spheric stability decreases. 

• Wind speeds tend to be greater at dawn over the McConnell and 
Peterson plains than at the other times of day.    At the Grifflss 
and Edwards locations, the cumulative probability for a given 
wind speed increases as the day progresses.    Winds over the 
Peterson high mountains are fairly consistent, regardless of 
time of day, 
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• Trends in vlnd speed sta-tlstics, as affected by geophysical 
variations, were consistent during all phases of the LO-LOCAT 
Program. 

• With regard to season, wind speed cumulative probabilities vere 
greater at McConnell and Peterson, and smaller at Edwards and 
Griff iss during Phase III than during Phases I and II. 

• For the seasons of the year within which the data were recorded, 
wind speeds were significantly greater at McConnell and Peterson 
than at the other two locations. 

Wind speed and direction are listed in Appendix VI for each gust velocity 
sample.    The corresponding geophysical category for each saaiple is also 
listed.   An analysis of wind spectra is presented in Section 52. 
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Figure 33.21   Effects of Time of Day on Wind Speed Cumulative 
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Figure 33.22   Effects of Time of Day on Wind Speed Cumulative 
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Figure 33.24   Conparison of Wind Speed Cumulative Probabilities 
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Figure 33.25   Comparison of Wind Speed Cumulative Probabilities 
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3h.    VISCOUS DISSIPATION RAJE 

Dissipation of kinetic energy Into heat by viscous forces at the smallest 
eddy sizes Is a significant factor In the atmospheric energy balance, espe- 
cially In the lover atmosphere. Dissipation rates were calculated using 
the following equation (see Reference 1,2 for the derivation): 

«= 0.764 »t
3 /LR« (3^.1) 

The cumulative probabilities of encountering given dissipation rates were 
determined for variations In time of day and altitude. Figure 3^.1 shows 
the comparisons of these probabilities for the three times of day. The 
effect of stability at each altitude is shown in Figure 34,2. These data 
are clearly a function of stability but do vary some with altitude. Fig- 
ure 34,3 shows the variations with terrain. This shows that for rough 
(high mountain) terrain, the dissipation rate Is much higher than for flat 
(plains) terrain. This is because turbulence data were recorded over the 
high mountains primarily during the most severe season. A more reasonable 
indication of terrain effects Is probably indicated by the Phases I and II 
data shown in Figure 34.4. 

The viscous dissipation rate has been estimated in lower layers (Reference 
34,1) to range from 1 cm2/sec3 (1,08 x 10"3 ft2/sec3) at 500 m (1520 ft.) 
to 105 cm2/Bec3 (108 ft2/sec3) at the siuface. The data presented in Fig- 
ure 34.5 show a considerable amount of scatter when the scale magnitudes 
are closely inspected. Tie LO-LOCAT data lend support to these values. 
It can be seen (Figure 34.6) that a reduction of the scatter is made by 
separation of the data into stability categories. This indicates that 
as the stability becomes more unstable, the dissipation rate Increases. 

It is concluded that the dissipation rate decreases with altitude due to 
the primary influence of atmospheric stability which has a major influence 
on fft. The average values for each stability range determined for the L0- 
LOGAT data are considered representative of the altitudes flown. 
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SECTION VII 

TURBULENCE FORECASTING 

During the LO-LOCAT Phase III Program, a concentrated effort was directed 
toward meteorological observation and turbulence forecasting.    Improved 
techniques in forecasting turbulence intensity were developed through mul- 
tiple regression analysis using the recorded gust velocity nns values and 
meteorological data.    Subjective forecasting techniques employed for indi- 
vidual flights were varied at the particular site of each route, and was 
essentially dependent on the local synoptic situation.    Primary emphasis 
in the forecast centered on wind speed and direction,  cloud forms, and ter- 
rain type.    The forecast methods axe evaluated in this section showing the 
degree of success achieved for each location. 

Generally, the subjective and objective forecasts used for this program 
can be employed to increase the current turbulence forecasting skill.    The 
one most consistent indication of low level turbulence was vertical wind 
shear and lapse rate.    This is shown in the Richardson number as well as 
the diurnal trend for plains type terrain.    Mountainous terrain required 
a more specific knowledge of geographic geometry and greater details con- 
cerning wind velocity in order to predict the occurrence of mechanical 
turbulence. 

35.    METEOROLOGICAL DATA SAMPLING 

Three main types of meteorological data were recorded during this pro- 
gram:    that recorded in flight, that recorded by rawinsonde, and that 
derived frcn surface observations.    The meteorological data recorded in 
flight were primarily obtained during the surveys performed prior to the 
recording of each 4.5-mlnute turbulence sample.    During these surveys; 
air temperature, ground surface temperature, wind speed and direction, 
absolute and pressure altitude, airplane speed and heading, and pilot 
comments concerning the state of the atmosphere were recorded.    Vertical 
gradients were determined to define lapse rate, wind shear, and atmo- 
spheric stability parameters.    Standard Weather Bureau and Air Force 
rawinsonde observations were utilized whenever applicable; however, the 
greatest reliance was placed on the special observations provided at 
each base by the USAF 6th Weather Squadron (Mobile).   A Boeing meteo- 
rologist at each base of operations provided weather and turbulence fore- 
casts and recorded pertinent data for subsequent analysis.    Flight weather 
conditions were forecasted in cooperation with the Air Force base weather 
personnel.    Hourly surface observations were received by teletype from 
adjacent first order weather stations and special surface observations 
were provided by cooperative observers.    Meteorological information de- 
rived from pilot   debriefing was also recorded. 

Selected meteorological data recorded by the airplane instrumentation 
are listed in the Test Log, Appendix VI. 
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A sunmary of the climatological record comparing the average observed 
conditions during each flight period to the past or normal record Is 
given In Figure 35«1«    Records from the nearest U.S. Weather Bureau sta- 
tion were used for this comparison.    These stations are located at the 
Wichita, Kansas, Municipal Airport for the McConnell route; the Kern 
Courty Air Terminal, Bakersfleld, California, for the Edwards route; and 
Peter sen Field, Colorado Springs, Colorado, for the Peterson route.    Be- 
cause of the short flight period (26 days) at Grlfflss, this comparison 
was not made for that area. 

Cooperative Observers 

Cooperative observers in the vicinity of each route were asked to pro- 
vide observations at times coincident to that of each flight.    They were 
provided with sling psychrometers, thermometers, hand-held anemometers; 
observation guide-lines, and special recording forms.    It was suggested 
that they provide wet and dry-bulb temperatures, surface winds, and make 
visual observations with respect to precipitation, type, and per cent of 
cloud cover. 

With the exception of Edwards AFB, an adequate number of observers were 
recruited (6 at McConnell, 7 at Grlfflss, and 8 at Peterson).    The re- 
gional Weather Bureau Headquarters at Salt Lake City provided four ob- 
servers for the Edwards route.    Three of these could not be profitably 
utilized due to their location in relationship to the route. 

Most of the observers were untrained and the quality of their observa- 
tions was uncertain.    Cloud cover, visibility, and cloud type were the 
most difficult for them to determine.    Wind speed measurements were lim- 
ited In accuracy by the Instrumentation, and in some cases by unrepresen- 
tative locations.    Wind direction was estimated.    In some cases, observa- 
tion times deviated as much as three hours from the actual flight times. 

Rawlnsonde Observatlons 

Special rawlnsonde observations were provided by a detachment of the USAF 
6th Weather Squadron for each flight.    Data were recorded from the sur- 
face to 500 mb (too mb at McConnell).    Pressure, temperature, dew point, 
and wind velocity at levels of 250, 750, and 1,000 feet above the ground 
were recorded.    The sounding balloon was Inflated so as to rise at the 
rate of 500 feet per minute.   Whenever available, standard rawlnsonde 
observations from nearby fixed installations were also obtained.    One 
of the limitations of the special rawlnsonde observations was caused by 
the fact that the detachment had to be billeted at an Air Force Base to 
avoid extra expenses.   This limitation was particularly severe at Edwards 
AFB where the detachment was stationed at Oxrard AFB, which was a consid- 
erable distance from most of the flight legs.    It also had a different 
climatic regime from all but one of the flight legs.   The topography of 
the Edwards route was complex and no single rawlnsonde site could be found 
that would give observations representative of all the legs. 
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Sampling Sites 

McConnell Air Force Base^ KEmsas_-_l£ Aiiguflt_1268 to_25 Segten^er 1968_ 

The mobile rawlnsonde for the McConnell route was located at Cedar Vale, 
Kansas, which is approximately equidistant from all the flight legs. Since 
the entire flight route was over plains, one sounding was considered repre- 
sentative of a given flight. Hourly surface observations were obtained from 
Wichita, Chanute, and McConnell AFB in Kansas, and from Ponca City in Okla- 
homa. Wsather radar reports were available continuously from McConnell AFB 
and hourly from the Wichita Weather Bureau. Aperiodic observations were 
received from Bartlesvllle, Oklahoma. Six cooperative weather observers 
were located as shown in Figure 35*2. Surface wind data were available 
from TITAN II Missile sites located near Legs 1, 2, 7, and 8. 

Edwards Air Force Base^ Callfomla_-_8_0ctober_1968 to_8_January_1969 

The mobile rawlnsonde site was located about six miles north of Oxnard AFB, 
California, until 22 October 1968 when it was moved to Oxnard AFB. Edwards 
AFB also provided special rawlnsonde observations for each flight (prior to 
23 October 1968, only wiresonde observations were provided). In addition 
to these special observations, rawlnsonde data obtained at 0^*00, 1000, and 
l600 PST were routinely provided from Vandenberg AFB, California. These 
data were analyzed to assist in characterizing the upper air situation. 
The terrain in the overall route was complex and would have required sev- 
eral mobile rawlnsonde locations to obtain representative soundings for 
each flight leg. Hourly surface observations were obtained from the first 
order weather station shown on Figure 35«3» Only one cooperative observer 
(located at Juncal Dam) participated in the program. 

Peterson_FieldjL Colorado_-_20 January 1969_to 2 &te,£ 19§?_ 

The USAF Base Weather Station at Peterson Field was a 2h-h.ovr forecasting 
station having a storm detection radar. The U.S. Weather Bureau maintained 
a 24-hour observing station at the field and the Air Weather Service pro- 
vided observers to augment the observation section. 

The Weather Bureau Regional Headquarters at Kansas City provided the names 
and addresses of all cooperative weather observers in the vicinity of the 
Peterson Field route. All observers contacted volunteered to assist with 
the program, their locations are shown on Figure 35« ^ 

The meteorological observational network in the vicinity of the flight legs 
provided hourly surface observations from Buckley Air National Guard Base, 
Denver, Fräser, Eagle, Aspen, Leadvllle, Gunnison, Sallda, Pueblo, Alamosa, 
Trinidad, and Colorado Springs and limited surface observations from Castle 
Rock, Eleven Mile Dam, Antero Reservoir, Woodland Park, Cannon City, Mule 
Shoe Lodge, Walsenburg, and Westcliffe. 
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/^  Atlanta   /k     Sedan 

A  Grenola   ^  Hulah Dam 
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A Wichita WB, AP 

B Chanute FAA, AP 

C Ponca City FAA, AP| 

D Tulsa WB, AP 

Figure 35,2 McConnell Route 
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Flrat-Order 
Weather Stations 

A. Vandenbexg AFB F. Bakersfield 

B. Santa Maria G. Sandberg 

C. Santa Barbara H. Palmdaie 

D. Point Magu MS I. Edwards AFB 

E. Oxnard AFB 

Cooperative Station 

/Tv  Jimcal Dam 

Figure 35.3   Edwards Route 
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Hourly Surface 
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k - Eagle ^not shovn^ 
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6 - Leadvllle 
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11 - Trinidad 
12 - Colorado Springs 
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Figure 35.4   Peterson Route 

66 



36. FORECAST EVALUATIONS 

Subjective Forecasting Teclmiques 

The Second Weather Squadron at Offutt Air Force Base, Nebraska, Global 
Weather Center (GWC), provided special low-level turbulence forecasts for 
the Phase III LO-LOGAT flights. These forecasts were based on forecast 
values of the vertical wind shears, wind speeds from the 8urfp.ee to 1,000 
feet, pressure changes, and a value for terrain type. Forecasts were pre- 
pared for each type of terrain and specifically for the dawn, mld-momlng, 
and mld-aftemoon flights. The forecast consisted of a nondlmenslonal num- 
ber corresponding to a specific degree of turbulence as follows: 

GWC Numerical Forecast Expected Turbulence 

Less than 80 No Turbulence 

30 to 119 Light Turbulence 

Greater than or equal to 120 Moderate Turbulence 

An evaluation of the GWC turbulence forecast was performed by computing 
the correlation of GWC numbers to observed gust velocity rras values. The 
correlation was computed for the general case (all values) by using regres- 
sion analysis with inputs of either linear or squared terms. The resulting 
correlation coefficients are listed In Table 36.1; a value of zero indicat- 
ing no correlation and a value of 1.0 perfect correlation. The mean error 
between the actual gust velocity rms and that predicted from the regression 
equation is listed in Table 36.1. Also listed are the errors for regres- 
sion equations of rms values greater than a selected threshold value. This 
is of interest in defining how well the forecast predicted only the higher 
rms values. The best forecasts are shown to have been made for the plains 
terrain with errors of as much as kf per cent in some other categories. 

Another forecasting tool, the Showalter stability index, was compiled for 
each flight and the same type of regression analysis was performed as for 
the GWC forecasts. This index is an indication of either a stable or un- 
stable atmospheric condition between the 850 to 500 mb level. The results 
shown in Table 36.2 indicate that the Showalter stability index is poorly 
correlated with the gust velocity nns values. 

For comparison. Table 36.3 lists the results of regression tuialysis equa- 
tions to evaluate Richardson number as a forecast tool. The errors are 
quite large and the correlation coefficients are near zero. A more prac- 
ticable result is given from the analysis in Section 39« 

The evaluations represented by Tables 36.1 through 36.3 emphasize the dif- 
ficulty experienced in forecasting low altitude turbulence. These results 
indicate a need for improved methods in forecasting low altitude turbulence 
and in evaluating forecasting techniques. 
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McConnell Mr Force Base^ KBmeas_ 

Turbulence forecasting at McConnell AEB was accomplished using guidelines 
of the Air Weather Service Manual 55-8, Volume 1.    The forecasts were pri- 
marily based upon the Intensity of the surface winds, the vertical wind 
shear from the surface to 1,000 feet above the ground,  and the type of 
convectlve clouds observed or forecast for the period of a given flight. 
For wind shears of 3 to 5 knots per 1,000 feet, light turbulence was fore- 
cast; 6 to 9, moderate; and 10 or higher, severe.    For surface winds greater 
than 15 knots but less than 25.» light turbulence was forecast If the air was 
neutrally stable or unstable.    Similarly, moderate turbulence was forecast 
for winds greater than 25 knots.    When cumullform clouds were forecast; the 
following degrees of turbulence were forecast In their vicinity: falrweather 
cumulus, light turbulence; thunderstorms or towering cumulus, moderate; 
mature or rapidly growing thunderstorms, severe; and severe thunderstonns, 
extreme turbulence, 

Edwards Air Force Base^ C^lifo^i^ 

Turbulence varied considerably from leg to leg for a given flight.    Dur- 
ing the period from 8 October 1968 to 8 January 1969, atmospheric condi- 
tions In the area were generally characterized as stable.    Brief post 
frontal Instabilities did occur but showers and low clouds over the moun- 
tains usually prevented flights during these times. 

The most useful subjective forecasting aid for turbulence over the flight 
legs was wind direction and speed In relation to the terrain covered by 
each leg. Upper-air soundings from Vandehberg AFB, Oxnard AFB, and Edwards 
AEB, and surface observations from Sandberg, California were particularly 
useful In determining low-level wind conditions from the surface to about 
2,000 feet above the terrain. Sandberg was the only observing station in 
the mountains which reported wind velocities. 

Turbulence appeared to be highly correlated with terrain.    The pilot ob- 
served that the most severe encounters occurred near the higher peaks of 
Legs 3 and 5>    For this reason, the subjective techniques are categorized 
by flight leg: 

• Legs 1 and 8:   The pilot reported that any low altitude wind 
speed over 10 knots normally produced at least light turbu- 
lence over these legs.    A low-altitude wind direction from 
west-southwest through north-northwest or from east-northeast 
through south-southeast with speeds in excess of 25 knots re» 
suited In moderate or greater turbulence.    On several occa- 
sions, turbulence was encountered over the desert to the south- 
east of the mountains In an apparent lee wave effect. 

• Legs 2 and 7:    Turbulence was reported during only a few flights 
over these legs.    The low altitude flight path above the valley 
floor was apparently somewhat sheltered, even from possible ef- 
fects of strong northerly winds. 
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• Legs 3 and 5: The most severe turbulence was encountered on 
these legs. From a forecast standpoint, any lov altitude wind 
speed over 10 knots restated In reports of at least light tur- 
bulence by the pilot over one of the legs. A low altitude wind 
direction from northwest through northeast or from southwest 
through southeast, accompanied by speeds In excess of 25 knots, 
resulted In moderate or greater turbulence. An Interesting fea- 
ture Is that the reported turbulence occurred In a different 
position relative to the terrain, depending on the wind direc- 
tion. The highest turbulence Intensity wae generally encoun- 
tered on the lee side of a major terrain feature. 

• Leg 6: Turbulence was reported by the pilot on this leg less 
often than on Legs 3 and 5* In general, low altitude wind 
speeds of 20 knots or more produced at least light turbulence 
on this leg. 

• Leg h:    Turbulence was rarely reported on this leg over the 
coastal water. Light turbulence reported over this leg was 
most often associated with a strong offshore pressure gra- 
dient and a strong Santa Ana wind channeled down the Santa 
Clara River Valley. 

Major emphasis was placed on the low altitude wind from the surface to about 
2,000 feet above the surface, since this appeared to be a key factor related 
to reports of turbulence. Both the direction and speed of the low altitude 
wind must be forecasted over the flight area from available soundings and 
observations prior to the turbulence forecast. Given an accurate low alti- 
tude wind velocity forecast for the seasonal period of Phase III L0-L0CAT 
flights, one can, through terrain considerations, prepare a subjective 
low altitude turbulence forecast. 

Peterson^Fleld^ £olorado_ 

A method was devised to forecast turbulence for this flight route by making 
use of the rawlnsonde soundings taken at Peterson Field close to the time 
of each flight. The parameters used were the wind speed and direction at 
16,000 feet above sea level. The ruggedness of the terrain and the orien- 
tation of ridge lines with respect to the wind direction was a principle 
factor in forecasting the turbulence intensity for each leg of the route. 

• Legs 1, 2, and h;   For wind directions between 256 and 285 de- 
grees, moderate turbulence was forecast for speeds through 30 
knots and severe was forecast for greater speeds. For all other 
directions, light turbulence was forecast for speeds 20 knots or 
less and moderate for greater speeds. 

• Leg 3: For wind directions between 256 and 285 degrees, light 
turbulence was forecast up through 25 knots and moderate for 
greater speeds. For all other directions, a forecast of light 
turbulence was made up through 35 knots while moderate was re- 
served for speeds greater than 35 knots. 
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• Legs 5; 6, and 7:    For the range of directions between 256 
and 285 degrees, moderate turbulence vas forecast for all 
speeds up to 25 knots,  severe for speeds between 26 and ko 
knots, and extreme for speeds greater than ko knots.    For 
the two 15-degree sectors between 24l and 255 degrees and 
286 and 300 degrees, light turbulence was forecast for 10 
knots or less, moderate for 11 through 25 knots, and severe 
for speeds greater than 25 knots.    For all other directions, 
the forecast was light 'ip through 10 knots and moderate for 
speeds greater than 10 knots. 

• Leg 8: This was a plains leg and east of the mountain ranges. 
Forecasts for this leg were much like those over the McConnell 
route. 

Objective Forecasts 

The objective forecast models developed were based on multiple regression 
analysis (Appendix V).    Because most models developed use the gust veloc- 
ity rms as the dependent variable, an analysis of maximum gust velocities 
was conducted to determine if a turbulence index based on maximum gust 
velocity could prove i/vore significant.    It was found that the maximum gust 
velocities occurred frequently over the same legs of a particular course. 
This indicates that some local terrain feature or combination of terrain 
feature and wind pattern was responsible for the maximum gusts.    For in- 
stance. Legs 7 and 8 at Edwards AFB (Phases I end II routes) were subject 
to highly localized lee wave turbulence under certain stability and wind 
conditions, whereas the remaining legs would have light or no turbulence. 
Therefore,- only the gust velocity rms values were evaluated to develop fore- 
cast models.    In a case study of twelve of the highest rms values for each 
base. Section 38, it was found that variables such as vertical wind shear 
and Richardson number proved to be better indications of the turbulence 
level than when all of the data were used in this regression analysis.    It 
was decided to eliminate the lower gust velocity rms values from the Phases 
I and II data.   Analysis indicated that 2.^*0 fps was a suitable cutoff point 
for all but the water leg.    The small number of samples precluded the possi- 
bility of eliminating the lower gust velocity rms for this leg.    Similarly, 
all the Phase III data was retained since there were fewer samples than in 
the case of Phases I and II.    The regression equations derived for the L0- 
LOCAT Program are presented in Section k& of this report. 

Forecasting Skill 

The correct and incorrect number of turbiHerce intensity forecasts made for 
the McConnell, Edwards, and Peterson routes are listed in Table 36.^.    Tur- 
bulence intensities are expressed:    no turbulence, N; light turbulence, L; 
moderate turbulence, M; severe turbulence, S; and extreme turbulence, E. 
Also listed in Table 36.^ are the percentage of times various intensities 
were observed when a particular intensity was forecasted and the percentages 
of time various intensities were forecasted when a particular intensity was 
observed.    For example, consider light Intensity turbulence for the McConnell 
route.    Light turbulence was forecasted a total of nine times, and, of this 
number no turbulence ■was observed h/9 {kk.k'f)) of the time, light turbulence 
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was observed ^/9 (W-.^) of the time, moderate t\irbulence was observed 
l/9 (ll.]$) of the time and neither severe nor extreme turbulence were 
observed. On the other hand, light turbulenae was observed a total of 
26 times, and, of this number, no turbulence was forecasted 12/26 {k6.2$>) 
of the time, light turbulence was forecasted k/26  (15.^) of the time, 
moderate turbulence was forecasted 6/26 (23.1^) of the time, severe tur- 
bulence was forecasted 3/26 (15.^) of the time, and extreme turbulence 
wac not forecasted. It will be observed that the principal, negative slope 
diagonals of the table represent the correct forecasts. 

A further evaluation of the forecasts was made by calculating the Heidke 
skill score as described in AWSM 105-hO  (PiEV), 1955: 

Skill Score = F-D 
T-D 

vhere: F = a + d 

T=a+b+c+d 

D = (a+ c)(a+b} + (b+d)(c + d) = ^ number tbat 
a+b+c+d 

can be expected 
to be correct 
based on the sam- 
ple. 

and a, b, c, and d were determined from the following: 

Observed                j 

0 

(2 

Yes No To ;;al 

Yes a c a + c 

No b d b + d 

Total a + b c + d a + b + c + d 

This skill score can vary from -1.0 to 1.0. A score of 0.0 should occur 
when the total number of correct forecasts just equals the number expected 
to occur by chance. 

The turbulence intensity at McConnell was forecast correctly only 11.11 per 
cent of the time; however, if only the occurrence of turbulence is considered, 
the percentage rises to 31«^8. The skill scores are -0.1212 for the occur- 
rence of turbulence and -0 2000 for the turbulence intensity for McConnell 
AFB. 

The forecasts were consistently better for Edwards AFB. The turbulence 
intensity was correctly forecast 77*35 per cent of the time and the pre- 
diction for the occurrence of turbulence was 80.58 per cent correct. The 



skill scores for Edwards AFB are oAfSy for predicting the Intensity of 
turbulence and O.5298 for its occurrence. 

The intensity of turbulence at Peterson Field was correctly forecast k-$,Q 
per cent of the time and the occurrence of turbulence 97.8 per cent of the 
time.    Skill scores for Peterson Field are O.1986 for predicting the in- 
tensity of turbulence and zero for the occurrence of turbulence.   The zero 
skill score results from the fact that the forecasting scheme never fore- 
casts "no turbulence." 

TABLE 36.1 

VERIFICAiriON OF GWC FORECAgTS (PHASE III) 

Vertical Gust rms Values 

Terrain 

Linear(L) 
or 

Square(S) 

Overall 
Mean 
Error 

(Per Cent) 

Error 
Ahove 

Threshold 
(Per Cent) 

Threshold 
(fps) 

Correlation 
Coefficients 

High Mountains 
(Edwarde) 

L ko.oo 34.18 4.5 -O.0505 

High Mountains 
(Peterson) 

S 31.78 19.20 h.3 0.2176 

Low Mountains S kO,Q2 1<6.36 4.0 0.1981 

Desert L hi.36 47.36 2.5 0.3039 

Plains L 31.00 20.00 4.0 O.6285 

La teral Gust r ms Values 

Terrain 

Linear(L) 
or 

Square(S) 

Overall 
Mean 
Error 

(Per Cent) 

Error 
Above 

Threshold 
(Per Cent) 

Threshold 
(fps) 

Correlation 
Coefficients 

High Mountains 
(Edwards) 

S 30.21 19.07 4.5 0.0447 

High Mountains 
(Peterson) 

S 42.38 21.64 4.5 0.1574 

Low Mountains L 30.63 16.91 4.0 0.2974 

Desert L 30.13 29.79 2.5 0.4581 

Plains L 27.26 14.77 4.0 O.6087 
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TABLE 36.2 

VERIFICATION OF SHDWAUER IMDEX (PHASE III) 

Vertical Gust mis Values 
Overall Error 

Linear(L) Mean Above 
or Error Threshold Threshold Correlation 

Terrain Sq.uare(S) (Per Cent) (Per Cent) (fps) Coefficients 

High Mountains S 39.80 35.14 4.5 -O.O865 
(Edwardfl) 

High Mountains S 33.02 19.16 4.5 -0.0649 
(Peterson) 

Low Mountains L 43.92 45.27 4.0 0.1372 

Desert L 57.93 57.93 2.5 -0.0428 

Plains S 41,06 32.43 4.0 -O.2964 

La teral Gust r ms Values 
Overall Error 

Linear(L) Mean Above 
or Error Threshold Threshold Correlation 

Terrain Square (S) (Per Cent) (Per Cent) (fps) Coefficients 

High Mountains S 30.11 35.14 4.5 -O.O657 
(Edwards) 

High Mountains S 43.16 21.83 4.5 -O.O610 
(Peterson) 

Low Mountains L 31.02 49.15 4.0 0.2023 

Desert L 31.98 31.98 2.5 -O.0663 

Plains S 34.33 36.27 4.0 -0.3384 
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TABLE 36.3 

VERIFICATION OF RICHARDSON NUMBERS (PHASE III) 

Vertical Gust nns Values 
[ Overall !  Error 

Linear(L) Mean 1  Above 
or Error Threshold Threshold Correlation 

Terrain Sq.uare(S) (Per Cent) (Per Cent) (fps) Coefficients 

High Mountains 
(Edwards) 

L 33.73 44.25 4.5 -O.179O 

High Mountains 
(Peterson) 

L 32.57 18.87 4.5 -O.O529 

Low Mountains L MK08 i*6.02 4.0 -0.051K) 

Desert L 56.97 34.29 2.5 -O.1508 

Plains S H.59 36.06 4.0 -O.3344 

La teral Gust 1 ms Values 
Overall Error 

Linear(L) Mean Above 
or Error Threshold Threshold Correlation ' 

Terrain Square(S) (Per Cent) (Per Cent) (fps) Coefficients 

High Mountains 
(Edwards) 

L 26.39 34.62 4.5 -0.1683  i 

High Mountains 
(Peterson) 

L 42.99 21.73 4.5 -0.0764  j 

Low Mountains L 31.38 37.96 4.0 -O.0726 

Desert L 31.89 31.39 2.5 -O.1206 

Plains L 36.49 34.81 4.0 -O.3292 
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37. CA5E STUDIES - PHASES 1 AND II 

Twelve flight days, characterized by having recorded the highest vertical 
gust velocity nas values, were selected from each of the four locations 
for case studies. Although the gust velocity rms values had limited range, 
the maxlmum vertical gust velocities ranged from about l6 to 50 fps, with 
an average of about 27 fps. A short summary of the weather associated with 
each flight is £iven. This summary was derived from the three-hourly sur- 
face maps, the 700 millibar charts, and the data recorded by the airplane. 
No consistent synoptic pattern was discerned. 

The most consistent feature of the turbulence of these flights was the high 
vertical wind shears. The average wind shear over the low mountains was 
3.29 knots per 100 feet; for high mountains and plains, the values were Ir^ 
and I.53 knots per 100 feet, respectively. 

The next most consistent feature was the low value of the Richardson num- 
bers. For the low mountain legs the Richardson number (R) never exceeded 
0.015. R over the high mountain legs were small negative values, with the 
exception of one case where it was plus 0.^9. Over the plains there was 
less consistency: there was a high value of P..k2,  three values between 
one and two, one value between one-half and one, and seventeen values less 
than one-half. 

Higher average vertical gust velocity rms values were encountered over 
mountain legs than over the plains legs (high mountains 6.59 fps> low 

mountains 6.55 fps; plains 4.9^ fps). The lowest gust velocity ms values 
over the mountains was also higher than the average for the plains. Like- 
wise the highest gust velocity rms value for the plains was less than the 
average for the mountains. These same relationships also held true for 
the maximum vertical gust velocities averages: high mountains 33.^9 fps; 
low mountains 32.31 fps; plains 21.8l fps . There was some tendency for 
these extremes to occur during the spring season. This was true for 16 
our of 26 cases over the plains and for 6 out of ih cases over the low 
mountains. 

A diurnal increase in turbulence intensity appeared only for the plains 
legs: mid-morning and afternoon flights accounted for 2k out of the 26 
cases. The sine of the solar elevation being greater than 0.65 for these 
2k cases suggested that this might be due to convective activity. However, 
the high wind shears and the fact that unstable lapse rates were in the 
minority indicate that convective activity was not directly responsible 
for the diurnal Increase In those cases. 

1 

Large nag Cases 

Eight of the forty-eight case studies characterized by large vertical gust 
velocity nns values are presented below.    Selected gust velocity data and 
meteorological parameters are given for each case.    Surface and upper-air 
charts associated with each flight accompany the analyses. 
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McComelJL Mr Force BMe^Novembei^T^ 1966]_ 

General Synoptic Situation 

An area of low pressure was centered over the Kansas-Nebraska region and 
a diffuse cold front lay across central Kansas (Figures 37« 1 a&cl 37.2). 
Moist, stable air with clear skies covered the flight route. The winds 
at the surface were from the south at about 15 knots and at 850 mb they 
were from the southwest at 35 knots. The flight area is indicated by the 
dotted outline. 

Dawn Flight 

Although the gust velocity zms values for this flight are among the larger 
values observed at this base (vertical and lateral were 4.4 fps over leg 7^, 
the maximam vertical gust was still quite small (16 fps). The Richardson 
number was large and positive over leg 7; the meteorological conditions 
clearly were not conducive to any significantly large amounts of turbulence. 

Peterson_Fleld_(April 5;_126l)_ 

General Synoptic Situation 

A trough of low pressure extended from Idaho east-southeastward to Kansas. 
A cold front was in this trough and two more cold fronts extended south- 
ward on the east and west sides of Colorado. The data in Figures 37*3 
through 37.5 are for winds from the west at 15 knots prevailing at the 
surface, while at 700 mb, winds were west-southwest at kO knots. Scattered 
cumulus clouds and stable air predominated. 

Mid-Morning Flight 

Observed gust velocities were not large (maximum vertical gust over leg 8 
was 22 ffcs). The wind direction was essentially normal to the mountain 
range Immediately upwind from leg 8 and appeared to be the main turbulence 
producing element in the synoptic picture. The Richardson number was small 
and positive and the wind at flight altitude was 8 knots. 

Peterson_FieldjAprll 28^ 1^671 

General Synoptic Situation 

As seen in Figures 37*6 and 37.7* a trough of low pressure was over east- 
em Colorado. Winds in the flight area were generally from the south at 
5 to 10 knots. Dry, unstable air with scattered clouds prevailed. At 
1500 GMT, a diffuse cold front was Just east of the flight area, but was 
no longer discernible at l800 QMS,   At 700 mb (Figure 37.8), winds were 
southwesterly at 20 to 25 knots. 

Mid-Morning Flight 

A large negative Richardson number (R = -2.55)* for leg J,  resulted from 
an unstable lapse rate together with a small value for vertical wind shear. 
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The observed turbulence (maxlnium vertical gust of 18 fps on leg 7) was 
primarily attributed to thermal convection. 

Edwards Air Force Base_(Ma;£ 12^ 1967}. 

General Synoptic Situation 

A high pressure area off the west coast extended across California (see 
Figures 37«9 through 37«ll)« Winds over the test area were generally 
from the north at 5 to 15 knots. Scattered to broken clouds were present. 

Mid-Afternoon Flight 

The wind direction at 850 mb was essentially perpendicular to the range 
of mountains over which leg k passed. The wind speeds at 850 mb were 10 
to 20 knots and most likely were not sufficient to produce well-developed 
mountain waves. Nevertheless, the moderately strong wind shear (2.1 knots 
per 100 feet) together with the roughness of the terrain were undoubtedly 
adequate to produce the high gust velocity rms values which were encoun- 
tered (6.^ fps in the vertical). 

Griffiss_Alr_Force_Base .(May__26,_1967)_ 

General Synoptic Situation 

An intense low pressure system was situated just off the New England coast 
(see Figures 37'12 and 37-13). A high pressure area was extending down 
over the eastern Great Lakes region. Moist, stable air with scattered 
clouds prevailed. Winds at flight level were northerly at 30 to 35 knots 
while at 850 mb they were from the northeast at ^5 knots. 

Dawn Flight 

The lateral component, for leg 8, showed a maximum gust of 33 fps and the 
gust velocity rms value was 8.5 fps. Bue to the winds from the northeast 
at 850 mb, the airplane ras flying on the lee side mountains which rose 
to 1500 feet above the lowlands. A possible lee-wave situation may have 
been present, thus causing large gust velocities over relatively smooth 
terrain during stable conditions. 

Peterson_Fleld__( August_21, _196 7) _ 

General Synoptic Situation 

A weak high pressure system was situated over central Colorado with a 
slight trough of lower pressure over the eastern portion- of the state 
(Figure 37.1i0« Surface winds were about 10 knots from the southeast 
over the flight area. Broken clouds with some cumulonimbus were pres- 
ent. At 700 mb, the pressure gradient was nearly flat. 

Mid-^Aftemoon Flight 

The observe 1 gust velocity rms values for this case were the smallest of 
the selected cases of large gust velocities. The maximum longitudinal gust 
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for leg 7 was 12 fps and the corresponding gust velocity rms value was 
3.5 fps» Most likely the turbulence encountered here was thermal In na- 
ture. The wind was not in such a direction as to induce turbulence, and 
the high surface temperatures were indicative of convection. Wind at 
flight altitude was only 3 knots and the vertical wind shear was 0.6 knots 
per 100 feet. 

Edwards Air Force Base__(September 20^ 19672 

General Synoptic Situation 

Figures 37*15 and 37»l6 show that low pressure was situated directly off 
the California coast and a small, weak surface high pressure cell was 
located Just north of the Mexican border. Surface winds were very light 
and skies mostly clear in the vicinity of the flight route. At 850 mb, 
winds were from the east at 20 knots or less. 

Mid-Morning Flight 

A maximum vertical gust of 36 fps and a vertical gust velocity rms value 
of 7»^ fps were observed for leg 4, Unstable conditions with strong ver- 
tical wind shear (2.7 knots per 100 feet) combined to give the large gust 
velocities. A Richardson number of -0.03 was calculated from data ob- 
tained over this flight leg. 

Edwards Air Force Base_(December_13,_1257)_ 

General Synoptic Situation 

An extensive and intense high pressure area was centered over British 
Columbia with a ridge line extending southward into California. A low 
pressure area was located south of the flight route and is shown in the 
surface analysis for 1500 (MT in Figure 37.17* This synoptic pattern is 
frequently associated with Santa Ana winds, which are relatively strong, 
warm and dry off-shore winds observed along the southern California coast. 
A fast-moving cold front had passed through the area the previous night, 
bringing very dry air. The front became stationary for several hours near 
the Mexican border (Figure 37«17). Throughout the flight area the surface 
pressure gradient gradually Increased and the winds were forecast to in- 
crease. The surface winds, which varied in direction frc:a northwest to 
northeast, were influenced by the terrain. Figure 37'18 shows the surface 
conditions at l800 GMT, 

The synoptic pattern at 850 mb is shown in Figures 37.19 and 37.20 where 
the pressure-height gradient was not unusual. The air flow as represented 
from vertical soundings was from the northeast in contrast to the more 
easterly flow suggested by the pressure gradient. At this height (about 
2500 feet above lowest ground), the effects of terrain were still present. 
Low pressure indicated at both the 850 and 700 mb levels was centered over 
San Diego. 
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Dawa Flight 

Turbulence was encountered over legs 6, 7* euid 8, with maximum vertical 
gusts of 50 fps over legs 7 emcL 8. Neutrally stable air and scattered 
clouds were observed over the route. Winds at flight altitude were 20 
knots over leg 6 and 28 knots over leg 7« Legs 6 and 7 run through the 
Santa Clara River valley directly in the lee of the coastal mountains. 
A ravinsonde sounding vas not available and therefore it was not known 
whether lee waves were present In the valley. However, the wind at 850 
mb, which corresponds approximately to the heights of the mountains, was 
about 35 knots. This was more than adequate for the generation of lee 
waves if a stable layer was present at higher levels. This could ex- 
plain the difference o* 20 fps In the maximum gust velocity over legs 6 
and "J,   Leg 8 lies partly In the same valley so that lee waves could also 
be experienced there. Leg 8 also crosses part of the mountain range in- 
creasing the possibility of lee effects from some of the high isolated 
peaks. The wind shears were l.k knots per 100 feet over leg 6 and 1.3 
over leg 7« The Richardson numbers were small and negative. 

Mid-Morning Flight 

Turbulence was encountered over legs 7 and 8, with maximum vertical gusts 
of 50 fps on leg 7. Unstable lapse rates were recorded. Winds at flight 
altitude were 22 knots over leg 7 and 28 knots over leg 8. Wind shears 
were 2.6 knots per 100 feet over leg 7 and 2.3 over leg 8. The Richardson 
numbers were small and negative. 

Low xma Cases 

A total of four case studies were made on situations characterized by low 
gust velocity nns values.   The purpose of this was to see if there were 
any outstanding differences in the overall synoptic patterns as compared 
to the high gust velocity rms cases.    One case from each of the four loca- 
tions was selected. 

McCcnnell Air Force Base^NovemberJ^. 1^66^ 

General Synoptic Situation 

The flight area was located in the region ahead of a warm front which ex- 
tended eastward from a low pressure trough over west Texas (see Figures 
37» 21 and 37*22).   Winds at the surface and at 850 mb were approximately 
25 knots from the east.    Skies were mostly overcast with some rain occur- 
ring mrth of the fjght area. 

Mid^Aftemoon Flight 

The maximum gust, for the vertical component over leg 8, was 7 fps with 
a corresponding gust velocity rms value of 1.6 fps.   A large positive 
Richardson number was calculated. Indicating stable conditions with little 
wind shear.    Low gust velocity encounters would noimally be expected. 
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Peter8on_Pleld_(December_5i. l^l 

General Synoptic Situation 

A stationary front was located across south central New Mexico and the 
Texas panhandle. At the surface, a trough was located from north to south 
through eastern Colorado (Figure 37»23). Winds In the flight area were 
light and variable at the surface and were from the southwest at around 
25 toots at 700 mb (Figure 37.24). Broken to overcast skies predominated. 

Dawn Flight 

A maximum vertical gust of 12 fps and a vertical gust velocity nns value 
of 1.5 fps were recorded over leg 1.    The small values for the gust veloc- 
ities were undoubtedly related to the fairly small vertical wind shear 
(l.l toots per 100 feet) and the very stable lapse rate. 

Griffl8S_Air_Force_Base ^November JjS^ l$>Ti 

General Synoptic Situation 

A ridge of high pressure extended northward over Pennsylvania and New York 
from a high pressure system centered over North Carolina.    (See Figures 
37.25 and 37» 26).    Winds in the flight area were from the west at around 
10 toots.    Scattered to broken clouds with a few Isolated snow showers were 
present.    At 850 mb (Figure 37.27), winds were from the west at 25 knots. 

Mid-Afternoon Flight 

Stable conditions together with a wind trajectory coming over Lake Ontario 
combined to give low gust velocities for leg 7»    Leg 7 lies mostly over 
flat land on the western edge of the mountains.   The vertical gust veloc- 
ity rms value was 1.7 fps. 

Edwards Air Force BaBe_(December_6i 19672 

General Synoptic Situation 

An intense low pressure system was over the Gulf of Alaska and an accom- 
panying frontal system was located off the west coasts High pressure cov- 
ered Nevada and northern California (Figure 37.28).    Winds at the surface 
were light and variable.   At 850 mb (Figure 37.29), the surface high pres- 
sure was replace 1 by a trough of low pressure with winds still remaining 
fairly light at 5 to 10 toots. 

Mid-Morning Flight 

A maximum vertical gust velocity of 10 fps occurred over leg h and the cor- 
responding gust velocity uns value was 1.6 fps.    The lapse rate was stable 
and the vertical wind shear was 1.6 knots per 100 feet.   The wind at flight 
altitude was roughly parallel to the mountain range which is crossed by the 
flight track.    This accounted for the small gust velocities. 

81 



McCONNELL AFB 
DATE    - 7 NOVEMBER 1866 
TIME     - 1200 GMT 

SURFACE ANALYSIS 

Figure 37.1   November 7, L966 Surface Analysis, McConnell Route 
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McCONNELL AFB 
DATE    - 7 NOVEMBER 1966 
TIME     - 1200 GMT 

850 MB ANALYStS 

Figure 37.2   November 7,  1966 850 MB Amlyais, McConnell Route 

83 



PETERSON FLO 
DATE    - 5 APRIL 1967 
TIME     - 1500 GMT 

SURFACE ANALYSIS 

Figure 37.3   April 5, 1967 Surface Analysis, Peterson Eoute 
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PETERSON FLD 
DATE    -5 APRIL 1967 
TIME    - 1800 GMT 

SURFACE ANALYSIS 

Figure 37.4   April 5, 1967 Surface Analysis, Peterson Route 
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PETERSON FLD 
DATE    - 5 APRIL 1967 
TIME     - 1200 GMT 

700 MB ANALYSIS 

Figure 37.5   April 5, 1967 700 MB Analysis, Peterson Route 

86 



PETERSON FLO 
DATE -28 APRIL 1967 
TIME     - 1500 GMT 

SURFACE ANALYSIS 

Figure 37.6   April 28, 1967 Surface Analysis, Peterson Route 
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PETERSON FLD. 
DATE    -28 APRIL 1967 
TIME    - 1800 GMT 

SURFACE ANALYSIS 

Figure 37.7   April 28, 1967 Surface Analysis, Peterson Route 
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PETERSON FLD 
DATE    -28 APRIL 1967 
TIME     - 1200 GMT 

700 MB ANALYSIS 

Figure 37,8   April 28, 1967 700 MB Analysis, Peterson Route 
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EDWARDS AFB 
DATE    - 12 MAY 1967 
TIME     - 2100 GMT 

SURFACE ANALYSIS 

Figure 37.9   May 12, 1967 Surface Analysis, Edwards Route 
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EDWARDSAFB 
DATE    - 13 MAY 1967 
TIME     - 0000 GMT 

SURFACE ANALYSIS 

Figure 37,10   May 12, 1967 Surface Analysis, Edwards Route 
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EDWARDS AFB 
DATE   - 13 MAY 1967 
TIME    -0000 GMT 

660 MB ANALYSIS 

Figure 37.11   May 12, 19^7 850 MB Analysis, Edwards Route 

92 



GRIFFISS AFB 
DATE    - 26 MAY 1967 
TIME     - 0900 GMT 

SURFACE ANALYSIS 

Figure 37.12   May 26, 1967 Surface Analysis, Griff iss Route 
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GRIFFISS AFB 
DATE   - 26 MAY 1967 
TIME    - 1200 GMT 

890 MB ANALYSIS 

Figure 37.13    May 26,  1967 850 MB Analysis, Griff iss Route 
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PETERSON FLD 
DATE    - 21 AUGUST 1967 
TIME     - 2100 GMT 

SURFACE ANALYSIS 

Figure 37.1^   August 21,  1967 Surface Analysis, Peterson Route 
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EDWARDS AFB 
DATE    - 20 SEPT 1967 
TIME    - 1800 GMT 

SURFACE ANALYSIS 

Figure 37.15   September 20, 1967 Surface Analysis, Edwards Route 
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EDWARDSAFB 
DATE   -20 SEPT 1867 
TIME    - 1200 GMT 

860 MB ANALYSIS 

Figure 37.16   September 20, 1967 850 MB Analysle, Edvarda Boute 
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EDWARDS AFB 
DATE    - 13 DEC 1967 
TIME     - 1500 GMT 

SURFACE ANALYSIS 

Figure 37.17   December 13, 1967 Surface Analysis, Edwards Route 
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EDWARDS AFB 
DATE    - 13 DEC 1967 
TIME     - 1800 GMT 

SURFACE ANALYSIS 

Figure 37,18   December 13, 1967 Surface Analysis, Edwards Route 
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EDWARDS AFB 
DATE    - 13 DEC 1987 
TIME     - 1200 GMT 

850 MB ANALYSIS 

Figure 37.19   December 13, 196? 850 MB Analysis, Edwards Route 
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EDWARDSAFB 
DATE    - 14 DEC 1967 
TIME     - 0000 GMT 

850 MB ANALYSIS 

Figure 37.20   December 13, 1967 850 MB Analysis, Edwards Route 
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McOONNELL AFB 
DATE - 4 NOVEMBER 1966 
TIME     - 2100 GMT 

SURFACE ANALYSW 

Figure 37.21   November k, 1966 Surface Analysis, McConnell Route 
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MeCONNELL AFB 
DATE    - 6 NOVEMBER 1966 
TIME     - 0000 GMT 

850 MB ANALYSIS 

Figure 37.22   November k, 1966 850 MB Analysis, McConnell Route 

103 



PETERSON FLD 
DATE   - 5 DECEMBER 1966 
TIME    - 1500 GMT 

SURFACE ANALYSIS 

Figure 37.23   December 5, 1966 Siarface Analysis, Peterson Route 
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PETERSON FLD 
DATE    - 5 DECEMBER 1966 
TIME     - 1200 GMT 

700 MB ANALYSIS 

Figure 37.24   December 5, 1966 TOO MB Analysis, Peterson Route 
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GRIFFISS AFB 
DATE   - 16 NOVEMBER 1967 
TIME    - 1000 GMT 

SURFACE ANALYSIS 

Figure 37.25   November 16, 1967 Surface Analysis, Griff iss Route 
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GRIFFISS AFB 
DATE    - 16 NOVEMBER 1967 
TIME     - 2100 GMT 

SURFACE ANALYSIS 

Figure 37.26   November 16, 1967 Surface Analysis, Griff iss Route 
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GRlhFISSAFB 
DATE    - 17 NOVEMBER 1967 
TIME    - 0000 QMT 

860 MB ANALYSIS 

Fieure 37-2T   November 16, 1967 850 MB Analysis, Grlfflss Rovrte 
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EDWARDSAFB 
DATE    -6 DEC 1967 
TIME     - 1800 GMT 

SURFACE ANALYSIS 

Figure 37*20   December 6, 1967 Surface Analysis, Edvardß Route 
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EDWARDS AFB 
DATE    - 7 DEC 1967 
TIME     - 0000 GMT 

850 MB ANALYSIS 

Figure 37.29   December 6, 1967 850 MB Analysis, Edwards Route 
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38. CASE STUDIES - PHASE III 

Maximum gust velocity, as veil as gust velocity rms values, were signifi- 
cantly groater during Phase III than during Phases I and II, Case studies 
were made for six different flight days which were characterized by partic- 
ularly turbulent conditions. The predominant feature at both the Edwards 
and Peterson routes was the relationship between wind velocity and terrain. 
The greatest degree of turbulence was encountered when winds of 20 or 25 
knots or greater were oriented across the major mountain ranges at angles 
close to the perpendicular. Evidence of well-developed mountain waves was 
present in some of the cases and lacking in others. Large gust velocities 
were generally accompanied by a large vertical wind shear value. 

Edwards Air Force Base (7 November 1968) 

General Syno£tic_Situation_ 

High pressure was located over the central United States and southern 
Canada. A secondary ridge of this high pressure region extended south- 
ward into central California. An intense low pressure system was approach- 
ing the western North America coast. Figure 38.1 shows the synoptic situa- 
tion as it appeared at 2100 GMT. At 500 mb, a ridge oriented north-south 
along the coast intensified during the day. Wind at 850 mb was generally 
from the north at 20 to 30 knots (Figure 38,2), 

Md-Aftenioon Fllght_ 

Figure 38,3 is a more detailed analysis of the flight area. At the sur- 
face, winds of approximately 10 knots from the north were oriented perpen- 
dicular to the coastal mountains due to the fairly strong offshore pres- 
sure gradient. It will be seen that this pressure and wind pattern was 
present for most of the cases during which significant turbulence was ob- 
served. In the lee of the mountains along the coastal low lands, winds 
were generally parallel to the mountain range or oriented significantly 
towards the mountains, producing possible convergence. Moderate turbu- 
lence was observed over legs 3 and 5; both of vhich pass at right angles 
over major ridges. Maximum vertical gusts encountered for these legs were 
3^ and 37 fp8> respectively. Atmospheric stability was characterized as 
stable over leg 3 and neutral over leg 5« The corresponding Richardson 
numbers were 5«17 and -0,001, The remaining legs show substantially lower 
maximum gusts and gust velocity nns values. Turbulence was not reported 
by the pilot. Clearly, the nature of the terrain and the orientation of 
the wind were the primary factors in producing the observed turbulence for 
this flight, 

Edwarda Air Force Base (13 November 1968) 

General Syno£tic_Situation 

Figure 38.^ shows the surface synoptic analysis for l800 GMT, A large high 
pressure system was centered over the eastern Pacific Ocean at 37° N and 
135° W from which a broad ridge extended eastward into Oregon and towards 
Colorado. A minor ridge was observed to pass through central California 
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and south towards Yvcm, Arizona.    This ridge caused a generally high pres- 
sure gradient through the flight area.    Winds through this area were mostly 
from the north to east at about 10 to 15 knots.    The temperature pattern 
shown by the dashed Isotherms was generally Influenced by the topographical 
variation In surface heights. 

A low pressure center occurred over the southern California border at 850 
mb for 0000 and 1200 GMT as Indicated In Figures 38.5 and 38.6.   This was 
associated with a surface low pressure cell and frontal system which ex- 
tended through Arizona.    Winds at 850 nib through the flight area were north 
to northeast.    Little change was observed In the pattern of pressure-heights 
In the flight area during the 12-hour period.   At 500 mb, a broad trough 
having a north-south axis along the coastal states Intensified during the 
12-hour period examined.    Such development generally causes a slow-down of 
movement of surface systems. 

Mid-Morning Flight_ 

Stable and relatively dry atmospheric conditions prevailed over the route 
legs during this flight.    A detailed analysis of the flight area is shown 
in Figure 38.7»   The pilot reported moderate to severe turbulence over legs 
3 and 5 with the largest gust velocities occurring to the lee of major ter- 
rain features.   The north winds, in some local cases exceeding 25 knots at 
flight altitudes, crossed the coastal mountains.    Considerable variation 
was observed between the wind directions and speeds observed over individual 
legs, and it was concluded that this variation was closely correlated with 
the restating turbulence.    The large wind speed components for legs 3 and 5 
combined with the cross-rldge effects resulted in gust velocity rms values 
of 12.0 and 8.5 fps, respectively.    Gust velocity rms values less than 3*5 
fps were noted for the other legs of this flight.    Flight along leg k re- 
sulted in the lowest gust velocity rms value of this flight (1.2 fps). 
This leg is essentially parallel to and in the lee of the coastal ridge 
but over the Pacific Ocean.    It was concluded that the terrain effects on 
the winds did not extend far downwind because of the synoptic pattern. 

Mid^Afteinoon Flighty 

Figure 38.8 shows that the synoptic situation was still essentially the 
same as during the mid-morning flight. Coastal stations showed more of 
a tendency toward onshore winds than earlier in the day. The pilot re- 
ported turbulence as moderate on legs 3 and 5 and the''vertical gust ve- 
locity rms values for these legs were 6,2 and 6,6 fps, respectively. Stable 
atmospheric conditions were prevalent over both of these legs. 

Edwards Air Force Base (2 December 1968) 

General Syno£tic_Sltuatlon_ 

A region of high pressure was centered 600 miles off the California coast 
with a ridge extending eastward over northern California and Nevada.    Dur- 
ing the day, this ridge appeared to intensify.   A secondary ridge line lay 
roughly along the Sierra Nevada range as is seen In the l800 GMT analysis 
In Figure 38.9.    Winds aloft were generally from the north.   At 850 mb, 
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the high pressure ridge over California extended eastward and the winds 
tended to shift more to the east, (Figures 38.10 and 38.11). 

Mld-Monilng Flight_ 

A strong offshore pressure gradient prevailed over the flight area with 
winds at the surface from the north or northeast at 15 to 25 knots (Fig- 
ure 38.12). Maximum vertical gusts of kk and 37 fps were observed over 
legs 3 and 5; the pilot reported light and moderate turbulence, respec- 
tively. The pattern was essentially Identical with the previous cases 
and consisted of strong northerly winds oriented across the coastal ranges 
with significant turbulence over legs 3 and 5. Neutral stability prevailed 
on both legs. Vertical gust velocity TOB values were less than 3.5 for the 
remaining legs. 

Peterson Field (25 February 1969) 

General Synoptic Situation^ 

At the surface, a region of low pressure was centered roughly over Wyoming 
with a trough extending towards the southeast over eastern Colorado (Fig- 
ure 38.13). The upper air charts indicated a ridge line running north to 
south and passing over Kansas. The winds at 700 mb over the flight area 
were from the southwest at 20 to 30 knots as seen in Figure 38. l4. Sta- 
tionary fronts were located to the north and west of Colorado but did not 
directly influence the flight region. 

DaTO_Fllght 

Figure 38.15 shows the synoptic pattern for this flight. The pilot re- 
ported moderate turbulence on leg k and extreme turbulence on leg 5* The 
vertical gust velocity rms value recorded for leg 5 was 12.2 fps, and the 
vertical wind shear was 3.1 knots per 100 feet. Leg 5 passes along a ridge 
of peaks at the southern end of the Sangre de Cristo range. The 36-knot 
wind from the southwest recorded by the airplane strongly Indicated that a 
mountain wave type of disturbance was responsible for the extreme turbulence. 
The sounding made concurrently with this flight indicated a stable layer be- 
tween 14,000 and 17,000 feet which would tend to increase the mountain wave 
effect. 

ftld-Morning Fllght_ 

Figure 38. l6 indicates there was little change in the synoptic pattern be- 
tween the dawn and mid-morning flights. The low pressure trough had moved 
eastward, but the winds were still from the southwest over the major moun- 
tain ridges. Severe turbulence was encountered over leg 5 where the wind 
velocity was almost kO knots and the vertical wind shear approximated 3 
knots per 100 feet. 

Mld^ACtemoon Flighty 

Figure 38.17 indicates that the surface low pressure trough had moved fur- 
ther east. Severe turbulence was encountered on legs 5 and 7* The stable 
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layer, noted Just above the level of the peaks on the davn sounding, had 
become less pronounced. Vertical wind shear over legs 5 and 7 were unusu- 
ally high, being 5.7 and 5*2 fcnots per 100 feet, respectively, 

Peterson Field (26 February 1969) 

General Syno£tlc_Sltuation_ 

A low pressure center was located over eastern Colorado and moved slowly 
eastward. A cold front trailed southwestward from this system and a sta- 
tionary front extended eastward over Kansas. Figure 38.l8 shows the syn- 
optic situation as it appeared at iBOO CMT. An upper level low pressure 
trough moved across the state during the day. Its position at 0000 GMT 
can be seen In Figure 38.19« Winds over the flight area at 700 mb were 
generally from the west at 25 to 30 knots. 

öä\m_Flight 

The pilot reported severe to extreme turbulence on leg 5. This was accom- 
panied by a vertical gust velocity rms value of 11,7 fp8- Figure 38.20 
indicates winds at the surface were variable at 10 knots or less. The 
sounding taken concurrently with this flight indicated that winds increased 
from 3 to 28 knots between the 10,000 and 12,000-foot levels. A shallow 
stable layer at approximately 1^,000 feet dissipated later in the day. 
Standing lenticular clouds were present during this flight as well as 
the mid-morning flight. This evidence clearly points to mountain waves 
as being the primary cause of the observed turbulence. 

Mid-Momlng Flight_ 

Figure 38.21 shows that the surface winds had Increased in speed by mid- 
morning and were generally from the west. On this flight, the pilot re- 
ported extreme turbulence on leg 5 and severe turbulence on leg 6. The 
gust velocity rms values for these legs were 11.7 and 7.8 fps, respectively. 
Neutral stability was recorded for leg 5 and stable for leg 6. 

Md-Afternoon Flieht^ 

Surface conditions. Figure 38.22, were essentially the same as on the pre- 
vious flight. Extreme turbulence with a vertical gust velocity rms value 
of 15.0 fps was recorded over leg 5« The atmospheric conditions were con- 
sistent with other Instances of observed high intensity turbulence: an 
unstable lapse rate, a negative Richardson number, and a large vertical 
wind shear of 5 knots per 100 feet, 

Peterson Field (19 tfarch 1969) 

General Synogtic_Sit\ation_ 

At dawn, a low pressure system was located over western Kansas with its 
accompanying cold front extending across southern Colorado. During the 
day, tnis system moved east and cool air pushed into the state from the 
northwest. A high pressure area centered over eastern Oregon dominated 
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the northwest coast. Figure 38.23 shows the situation as it appeared at 
l800 GMT. The upper level trough associated with this system moved across 
Colorado during the day. Winds at 700 nib were generally from the west at 
30 to 35 knots as shovn in Figure 38.2^. 

Dawn_Flight 

The pilot reported severe turbulence for legs 5, 6,  and 7« Vertical gust 
velocity nns values for legs 5 and 6 were slightly more than 10 fps. The 
vertical gust velocity rms value for leg 7 was only 5.9 ffcs« Longitudinal 
and lateral gust velocity rms values were also lower for leg 7« A wind 
speed of h5 knots was observed on leg 6. Vertical wind shears for legs 5 
and 6 were nearly 5 knots per 100 feet. Figure 38.25 shows that the winds 
were predominantly from the west and were oriented nearly perpendicular to 
the major ridges. Although the sounding before this flight did not indi- 
cate a pronounced stable layer Just above the level of the peaks, there 
was probably a fairly strong mountain wave type of disturbance present. 
The lapse rate was generally stable above 600 mb, 

Md-Mornlng Flight. 

Vertical gust velocity rms values in excess of 8 fps were encountered over 
legs 1, 5^ 6, and 7- Wind shears and wind velocities approximated those 
observed during the dawn flight. Wind speeds at the surface had increased 
somewhat as seen in Figure 38.26. Speeds of 25 to 30 knots were not uncom- 
mon at the time of the mid-morning flight. The Richardson numbers for legs 
3* **■)  5j 6, and 8 were slightly negative. The turbulence encountered on 
leg 6 was Judged extreme by the pilot. 

Md-Afternoon Flight_ 

Although the gust velocity ms values and the pilot's estimates indicated 
a lesser degree of turbulence, the atmospheric parameters remained roughly 
unchanged from those of the mid-morning flight, A sharp inversion appeared 
between 16,500 and 18, SOO feet on the sounding associated with this flight. 
It was accompanied by a strong increase of wind speed with height. This 
feature was possibly associated with a lee-wave effect which was present 
locally in the area of the balloon ascent. Absence of the inversion earlier 
in the day led to the conclusion that it was not a major influencing feature 
of the observed turbulence. 
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EDWARDS AFB 
DATE    - 7 NOV 1968 
TIME    - 2100 GMT 

SURFACE ANALYSIS 

Figure 38.1   November 7, 1968 Surface Analysis, Edwards Route 
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Figure 38.2   November 1, 1968 850 MB Analysis, Edwards Route 
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EDWARDSAFB 
DATE    - 13 NOV 1968 
TIME     - 1800 GMT 

SURFACE ANALYSIS 

Figure 38.4   Liovember 13,  1968 Surface Analysis, Edvards Route 
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EDWARDS AFB 
DATE    - 13 MOV 1968 
TIME    - 1200 GMT 

880 MB ANALYSIS 

Figure 38.5   November 13,  1968 850 MB Analysis, Edwards Rout a 
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Figure 38.6   November 13, 1968 850 MB Analysis, Edwards Route 
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EDWARDS AFB 
DATE    - 2 DEC If «• 
TIME     - 1800 GMT 

SURFACE ANALYSIS 

Figure 38.9   December 2, 1968 Surface Analysis, Edwards Route 
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Figure 38.10   December 2, 1968 850 MB Analysis, Edvarda Route 
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EDWARDS AFB 
DATE    -3 DEC 1968 
TIME     - 0000 GMT 

850 MB ANALYSIS 

Figure 38.11   December 2, 3-968 850 MB Analysis, Edwards Route 
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PETERSON FLO 
DATE    - 26 FEBRUARY 1969 
TIME     - 1600 GMT 

SURFACE ANALYSIS 

Figure 38.13   February 25, 1969 Surface Analysis, Peterson Route 
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PETERSON FLO 
DATE    - 28 FEBRUARY 1968 
TIME    - 1200 GMT 

700 MB ANALYSIS 

Figure 38.14   February 25, 1969 700 MB Amtyals, Petersoi Route 
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107- I«* 105* 

Figure 38.15    February 25, 1969 Surface Analysis, Peterson Route 
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SURFACE ANALYSIS 

107° 
PETERSON FLD 
DATE    - 25 FEBRUARY 1969 
TIME     - 1800 GMT <MID-MORNING FLIGHT) 

Figure 38. l6   February 25, 1969 Surface Analysis, Peterson Route 
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SURFACE ANALYSIS 

1W- 

PETERSON FLO 
DATE   - 2S FEBRUARY 1960 
TIME    - 2100 GMT (MID-AFTERNOON 'UWNT) 

Figure 30,17   February 25, 1969 Surface Analysis, Peterson Route 
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PETERSON FLO 
DATE    - 26 FEBRUARY 1069 
TIME     - 1800 GMT 

SURFACE ANALVSIS 

Figure 38.18   February 26, 1969 Surface Analysis, Peterson Route 
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PETERSON fU> 
DATE    - 27 FEBRUARY 1969 
TIME    - 0000 GMT 

700 MB ANALYSIS 

Figure 38.19   February 26, 19^9 700 MB Anaiysis, Peterson Route 

13^ 



SURFACE ANALYSIS 

1C7* 

PETERSON FLD 
DATE    - 26 FEBRUARY II 
TIME    - 1500 GMT (DAWN FiBlltl 

Figure 38.20   February 26, 1969 Surface Analysis, Peterson Route 
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SURFACE ANALYSIS PETERSON FLO 
DATE   -. 26 FEBRUARY 1969 
TIME    - 1700 GMT MIO-MORNINGFL1QUT)     , 

Figure 38,21   February 26, 1969 Siirface Analysis, Peterson Route 
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PETERSON FLO SURFACE ANALYSIS 
DATE    - 26 FEBRUARY 1969 
TIME     - 2100 GMT (MID-AFTERNOON FLIGHT) 

Figure 38.22   February 20, 19o9 Surface Analysis, Peterson Route 
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PETERSON fLO 
DATE    - 19 MARCH 1969 
TIME    - 1800 GMT 

SURFACE ANALYSIS 

Figure 38.23   March 19, 1969 Surface Analysis, Peterson Route 
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PETERSON FLO 
DATE    - 19 MARCH 1969 
TIME     - 1200 GMT 

700 MB ANALYSIS 

Figure 38.24   March 19, 1969 700 MB Analysis, Peterson Route 
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SURFACE ANALYSIS PETERSON FLD 
DATE   - 19 MARCH 1969 
TIME    - 1400 GMT (DAWN FLIGHT) 

Figure 38.25   Maren 19, 19^9 Surface Anal^ais, Peterson Boute 



SURFACE ANALYSIS PETERSON FLD 
DATE    - IS MARCH 1969 
TIME     - 1700 GMT  (MID-MORNING FLIGHT) 

Figure 38.26   March 19, 19o9 Surface Analysis, Peterson Route 
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SURFACE ANALYSIS PETERSON FIELD 
DATE    - 19 MARCH 1969 
TIME    - 2100 GMT (MIO-AFTERNOON FLIGHT) 

Figure 3Ö.27   March 19, 1909 Surface Analysis, Peterson Route 
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39.    RICHARDSON NUMBER 

The relatlonehlp of Richardaon number to the intensity of atmospheric tur- 
bulence has been the subject of many investigations.    In many of these in- 
vestigations, either the turbulence and/or the meteorological data were 
approximated or there was a large time lapse between the meteorological 
and the turbulence recordings.    The sample size was seldom large. 

During the LO-LOCAT Program, more than 10,000 Richardson nuriber samples 
were calculated and compared to the corresponding turbulence intensity. 
Richardson numbers were calculated using the following equation: 

. -lllk ATaz, 
Ta      (AWZ)

£ (39.1) 

The tenns of equation 39'1 '»ere calculated as shown in Appendix V.    Vari- 
able bands of Richardson number values were chosen such that the largest 
number of samples possible would appear in each band while using the largest 
possible number of bands.    The distributions of gust velocity rms values for 
each of the bands of Richardson number were computed.    The cumulative prob- 
ability of encountering ims values equal to or greater than the given values 
for the various bands are shown in Figures 39-1 through 39.8 for the terrain, 
altitude, and time of day categories. 

The terrain categories of high mountains, low mountains, and plains (desert 
and water categories contained less than the minimal number of samples) are 
shown In Figures 39.1 through 39.3.    It can be seen in these figures that 
the probability of occurrence for equivalent magnitudes of gust velocity 
rms values is much greater for high mountains than for the other terrain 
categories.    For instance, if Richardson number was less than -0.2 for high 
mountain terrain, the probability was 80 per cent that the gust velocity 
rms value would equal or exceed k-.O fps.    The probability was 15 per cent 
for the same rms value occurring over plains terrain. 

The altitude categories of 250 and 750 feet are shown in Figures 39«^ an^ 
39« 5»    These figures indicate that the probability of encountering a gust 
velocity rms value of any magnitude for all Richardson numbers is slightly 
greater at 250 feet. 

The time of day categories of dawn, mid-morning,  and mid-afternoon are 
shown in Figures 39.6 through 39.8.    In general, the probabilities of 
occurrence of given rms gusts were greater at mid-afternoon than at mld- 
moming and dawn. 

Figures 39.1 through 39.8 graphically portray the fact that there is a 
significant increase in the probability of encountering any given gust 
rms value whenever the Richardson number approaches a value of 0.2.   This 
fact, also observed during Phases I and II, was reported in References 1.2 
and 39.1.    According to References 39.2 and 39.3> there are theoretical 
arguments that the critical Richardson number for the onset of turbulence 
is less than 0.25. 
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kO.    &.JABIL1TY BATIO 

A atablllty ratio was calculated for all turbulence samples recorded dur- 
ing Phase III usiDg the following equation: 

B--S-(4-)  (rd-ATM) (iK).l) 

References H0.1 and kO.2 suggest that since B is a function of wind speed 
rather than wind shear, it is a more suitable parameter than Richardson 
number to express convectlve instability.    The reason for this,as stated 
in Reference ^0.2,is that wind gradients at the lower levels are usually 
so small under unstable conditions that Richardson numbers become over 
sensitive to instrumental inaccuracies in the wind speed measurements. 
This was not found to be true.   The correlations of stability ratio and 
Richardsor. number with turbulence Intensity were essentially the  same as 
can be ss'in by comparing the stability ratio in Figures ^.l through kO.l 
with Richardson numbers in Figures 39« 1 through 39« 8«   These curves show 
that the stability ratio and Richardson numbers produce approximately the 
same results. 

The conclusion regarding stability ratio is that this parameter could be 
used in place of Richardson number, but it is not necessarily better cor- 
related with turbulence intensity than the Richardson number. 
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SECTION VIII 

BREN TOWER, THUNDERSTORM, MD WAKE TURBUIENCE INVESTIGATIONS 

tH. BREN TOWER FLYBY 

The 1,520-foot BREN Tover Is located approximately 7^ nilles northvesb of 
Las Vegas, Nevada, In restricted area R-W08, as shown in Figure ^1.1. 
Elevation at the 'oase of the tower is 3,6^0  feet above mean sea level. 
Terrain in the vicinity is rather mountainous with very little vegetation. 
The tower is situated on Jackass Flats, vhich extends to the east-northeast 
and west-southwest. Terrain elevation increases to a ridge of 5*000 to 
7,000 feet within 7 to 12 miles of the northwest and northeast of the tower. 
Skull Mountain rises to an elevation of 5; 500 feet within 3 miles southeast 
of the tower and Little Skull Mountain rites to 4,500 feet within k miles 
southwest of the tower. 

The BREN Tower is instrumented with temperature and wind sensors at the 85 * 
155, 295, ^35, 575, 715, 995, and 1,510-foot levels. Meteorological Re- 
search, Inc. Vectorvanes are installed at the 1^5, 565, and 1,505-foot 
levels. The MRI Vectorvanes respond to wind velocity, both in the hori- 
zontal and vertical planes, from which time histories oi* the three orthog- 
onal components of velocity can be derived. The response of each vane to 
fluctuations in azimuth angle, elevation angle, and wind speed was recorded 
on a strip chart. Only the vanes at the 1^5 and 565-foot levels were fully 
operational for this flyby. 

The LO-LOGAT T-33 airplane was flown near t.ie tower on 8 January 1969, to 
obtain concurrent airplane and tower measurements of low altitude turbu- 
lence. Eight passes, each approximately nine miles in length, were made 
on alternate 60-degree and 24o-degree magnetic headings. 

The first of eight flybys was begun at 1202 PST and the last flyby was com- 
pleted at 1227 PST. The first four passes were made near the top of the 
tower and the last four passes were flown near the 565-foot tower level. 
The wind was reported to be from the north at 27 fps. The pilot reported 
that the turbulence was light during the passes. Subsequent data proces- 
sing revealed the maximum gust velocity during the test to be approximately 
31 fps. The average of the maximum values for all eight passes was less 
than 15 fps. 

Atmospheric survey data were obtained prior to each flyby flown on the 60- 
degree heading. The surveys were conducted by flying the airplane over a 
fixed point at 100 feet and 1000 feet above the terrain. Survey data were 
used to determine the vertical gradients associated with the flybys made on 
both the 60 and 2^0 degree headings. 

The first and seventh passes were chosen for spectral analysis because of 
the good homogeneity and isotropy characteristics of the turbulence. Time 
histories of the gust velocity components for each of these flybys are 
shown In Figures kl,2 and kl.3.   Variables derived from inflight data are 
shown in Table hl.l for each of the two flybys. 
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TABUE kl.l 

BREN TOWER FLYBY DATA 

Variable Pass No. 1 Pass No. 7 

't.     (^s) 3.36 3.52 
't,   wO 3.52 3.56 
't.      ^ß 3.31 3-77 
W        (ftß) 26.5 25.8 
Wz    (tpa/tt) ,024 .067 
R .266 -.007 
Tc     (0r} 80 8k 
QAT    {0F} kh k9 
Hp      (ft) 5000 4100 
VT        fps) ^90 472 
d       (miles) 8.72 7.96 

Power spectral densities from inflight data are shown in Figures kl.h and 
4l.5. The von Karman scale lengths were approximately 600 feet. Homoge- 
neity, isotropy, and coherency characteristics are also shown in Figures 
kl.k and 4l.5. 

The surface synoptic analysis for the time of the flybys is shown in Fig- 
ure 4l,6. A no Id front moved rapidly through tue BREN Tower area about 
dawn and low-level winds shifted after frontal passage such that they were 
from the north varying from 15 to 30 knots. The 500 mb synoptic analysis 
showed a broad trough located west of the Rocky Mountains with moderate 
flow from the west-northwest over southern Nevada, The sky condition dur- 
ing the flyby consisted of scattered altocumulus below thin broken cirro- 
stratus; visibility was unlimited. Temperature data recorded at five- 
minute Intervals during the flybys are presented in Table kl.2 and indi- 
cate that low-level atmospheric conditions were neutral to unstaole. 

TABLE kl,2 

TEMPERATURE (0C) HiaTORY FROM BREN TOWER DURING T-33 FLYBY 

Tower Level 
(feet) 

Local Time (POT)                                             | 

1200 1205 1210 1215 1220 12?5 1230 

1510 5.07 5.25 5.56 5.80 5.95 6.03 6.07 
995 6.43 6.37 6.90 7.02 7.24 7.47 7.43 
715 7.19 7>15 7.71 8.00 8.00 8.22 8.34 
575 7.46 IM 8.00 8.36 8.37 8.47 8.69 
435 7.82 7.89 8.36 8.79 8,83 8.86 9.07 
295 8.32 8.37 8.88 9.25 9.31 9.29 9.58 
155 8.77 8.83 9.33 9.6l 9.66 9.73 10.09 

85 9.63 9.67 10.03 IO.56 10.75 11.03 11.12 
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Wind velocity data recorded at the tower over the time period Trom 11:57:52 
to 12:31:59 were read from the strip chart to obtain one-Becond averages. 
This provided a time history consisting of 2,0^8 data points.   A time his- 
tory of the fluctuating component was derived by subtracting the mean wind 
vector for the sample from each ore-second average wind vector.    The result- 
ing one-second turbulent fluctuation vector was resolved into orthogonal 
components referenced to the mean wind axis so that in the horizontal plane, 
the longitudinal component (u) was along the mean wind axis and the lateral 
component (v) was normal to the mean wind axis.    The component in the ver- 
tical plane (w) was used as calculated.    Time histories of the computed 
turbulence components showed maximum one-second average wind gusts of 16 
to 18 feet per second. 

Estimates of power spectral density were computed using the Cooley and 
Tukey fast Fourier transform algorithm (Reference ^l.l).    The raw spectral 
estimates were smoothed •using a technique described by Hi^ich and Clay 
(Reference ill.2) and Danlell (Reference kl.3).    The technique involved 
the averaging of adjacent raw spectral estimates to determine a smoothed 
estimate.    Application of this technique provides best results when enough 
raw estimates are averaged to smooth the spectrum and the averaging is per- 
formed over a sufficiently narrow frequency band width so that significant 
features in the spectrum are not smoothed into adjacent spectral estimates. 

When performing spectral analysis on discrete data from a continuous time 
series, the problem of aliased energy folded about the Nyquist frequency 
into the sample spectrum must be considered.    In this analysis, the unde- 
sirable effect of aliasing was suppressed (References hl.k and ^1.5) by 
taking one-second time averages. 

In the comparison of concurrent aircraft and tower measurements 
of the turbulence spectra, it was assumed that the mean wind speed 
is sufficiently high such that G. I. Taylor's hypothesis  (Reference 
18.2) applies.    If this hypothesis is valid, space turbulence 
ppectra from the T-33 aircraft measurements should be equivalent 
to time turbulence spectra from the BRTSN tower measurements. 
Also, Lappe (Reference Ul.6) reported that changes in the spectrum 
for varying flight path direction appeared no greater than the 
changes for identical flight paths. 

Turbulence spectra from the aircraft and tower data of^ the longitudinal, 
lateral, and vertical components for the 565-foot level are presented in 
Figures 4l.7, kl.Q, and kl,$.    The spatial frequency plotted on the ab- 
scissa was derived from the frequency scale by dividing by the mean hori- 
zontal wind speed.    The power spectral estimates were multiplied by the 
mean horizontal wind speed and normalized by dividing by the respective 
variances, 

The spectrum of the vertical gust velocity component obtained from the 
tower data is compared in Figure iH.10 with spectra publlr'.     by Kaimal 
in Reference hl.f,    Kaimal's data were obtained during unstable atmospheric 
conditions using the measurements from sonic anemometers located at several 
levels on the Cedar Hill Tower in Texas, 
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Figure Ul.l    BREN Tower Location 
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Figure   4l.6 Surface Synoptic Analysis,  8 January 1969,  2000 GATT 
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k2.    THUNDERSTORM TURBUIENCE 

The T-33 airplane was located at Tinker AFB, Oklahoma, from 8 May to 
23 May 1969, to support the research activity, Operation Rough Rider, 
directed by the National Severe Storms Laboratory (NSSL) of Nonnan, 
Oklahoma. 

Six flights, directed by an NSSL flight coordinator and an FAA controller, 
were conducted withln a 50-mile radius of the NSSL installation to obtain 
gust velocity and meteorological data near thmderstoims and convective 
cloud formations. Unfortunately, no severe thunderstorm activity devel- 
oped in this area during the above time period. 

The FAA controller provided air traffic separation and direction while 
the NSSL flight coordinator maintained surveys of possible unsafe weather 
situations and notified the pilot of any advisable changes in the flight 
plan. The 50-mile radius, shown in Figure 42.1, was determined primarily 
by the limitations in the radars capability to provide detailed weather 
information. Also, the control radar and voice communication capabilities 
were marginal beyond 50 miles. 

A total of thirty-five samples were recorded near thunderstorm activity 
and, on one flight, data were recorded during five passej made near the 
instrumented WKY-TV tower. 

Data were obtained as during standard low level flights. The sample 
lengths were 4-1/2 minutes in duration with exception to the tower flybys 
which were approximately 2 minutes in duration. Prior to each sample, 
5 seconds of data were recorded above and below the sample altitude to 
provide vertical gradient information. Terrain in the flight area gen- 
erally resembled the plains-type terrain on the McConnell route. The 
data samples were examined at various stages in the processing sequence. 
Only the twelve samples shown in Table 42.1 were considered to be valid 
in all respects. The primary problem with the other samples was the 
presence of extraneous noise spikes in the airspeed measurement. These 
spikes were probably the result of precipitation entering the probes pres- 
sure sensing ports. 

Time histories of the gust velocity components, normal acceleration at 
the airplane center of gravity, and total air temperature (ambient plus 
ram rise) were computed for each of the valid samples and are shown in 
Figures 42.2 through kZ.l3>   Meteorological data, gust velocity stand- 
ard deviations, and other pertinent parameters were calculated for each 
of these samples and are presented in Table 42.2. The maxlurum derived 
equivalent gust velocity for each sample was calculated from Equation 
42. IJ 

Ud« = (k) ANzco (tei.l) 

where: k =  £H  (refer to Section 15) 
CL. PO SV. Kg 
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Values of k, which varied with airspeed and altitude, and maxiraum equiva- 
lent gust velocity are also presented in Table 42.2 for each valid seunple. 

The gust velocity time histories in Figures 42.2 through 42.13 indicate 
that Increases in turbulence intensity may correspond to the proximity of 
the clouds. Also, there appears to be a total temperature variation cor- 
responding with the gust velocity variations, however, the degree of vari- 
ation Is inconsistent between samples. Exact correlations between total 
temperature and gust velocity variations were not accompllshed because the 
temperature measurement was not compensated for frequency response. In 
addition, this variable was smoothed using a 100 data point moving time 
averaging technique which decreased its frequency response characteristics. 
This problem was discussed in Section 18. 

Gust velocity power spectra are shown in Figure 42, l4 for three selected 
turbulence samples. These samples were chosen on the basis of exhibiting 
good homogeneous turbulence characteristics. The turbulence intensity, as 
indicated by the time series standard deviations, was less than or equal 
to that encountered during low altitude flight over plains terrain. 

Conclusions regarding these data are as follows: 

• The turbulence intensity recorded near these convective clouds 
was low. 

• Power spectra of the turbulence indicates that the -5/3 loga- 
rithmic slope relationship occurs near cumulus clouds. 

• Air temperature changes near the cumulus clouds occurred, in 
some instances, when turbulence was encountered. 

A more detailed analysis of these data will be accomplished by NSSL. 
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TABU; 42.I 

TEST LOG OF VALID DATA RECORDED FOR OPERATION 
KOUGH RIDER (1969) BY THE LO-LOCAT T-33A AIRPLAHE 

Date Test 
Sample 

No. Descriptive Flight Information 

12 May 1969 270 15 
18 

Flight to West (rear) and South 
of convective cloud southeast of 
Norman, Oklahoma 

15 May 1969 273 3 
12 
15 

Flight near convective cloud 
south of Norman (3600 and l800 

headings) and north of Tinker 
AFB (251° heading).    Build-ups 
to 20,000 feet. 

16 May 1969 274 3* Flight tinder convective cloud, 
3000 feet, 180° heading. 

20 toy 1969 275 9 
12 

Flyby of WKT-TV tower,  500 feet 
and 1000 feet, respectively,  120° 
and 300° headings. 

21 
24* 
27* 
30 

Cross country to Ponca City and 
return to Tinker AFB, flying at 
base of clouds.   A frontal line 
lay between Normal and central 
Kansas.    Only light turbulence 
was reported. 

* Power spectra corapjited for these conditions. 
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TABLE k2.2 

METEOROLOGICAL DAIA AND GUST VELOCITY STANDARD DEVIATIONS 

1     Test 1            270 1                     ^73 1      27^     1 |     ^ate 5/12 /69 1                 5/15/b9 5/1^69 
r*—s.^^         Sanple 

^^-^^^No. 
Variable   ^^^^ 15 i    18 i     3 12 1    l3 3        1 

't.    (fpfl) 1.71 3.01 1.61 2.16 2.32 2.57   j 

»t,     (^Pß) 2.09 3.34 1.67 2.34 2.47 2.73   1 

v   to*) 2.43 2.68 1.43 2.62 2.56 2.45   j 

T0      (0F) 87.2 94.5 91.3 99.7 100.7 95.5 

Ta      (0F) kh.9 44.9 64.8 66.4 66.4 67.0 

W         {fSB) 8.8 20.9 29.1 35.0 31.4 21.8   j 

WD      (deg) 62.5 243.2 195.7 161.4 ll)6.7 152.0 

ÄT8   (
0F/lOOO ft) -4.00 -3.31 -2.35 -5.50 -5.78 -3.57 

Rl 2.21 O.lilO 5.52 0.000 -O.056 0.316   I 

P8      (in.-Hg) 21.652 21.741 27.760 26.946 26.996 26.852 

VT       (1*8) 652.1 654.2 549.1 558.1 574.7 563.7   j 

Gs      (fps) 654.0 661.1 578.0 592.6 5it6.8 544.7 

AWZ   (fts/ft) 0.007 0.032 0.006 0.017 0.018 0.019 

AWH (fta/mile) 0.144 0.235 1.173 0.546 0.524 0.197 

S       (miles) 33.4 33.8 29.6 30.3 28.0 27.9 

B 87.81 23.19 2.55 -0.0279 -O.521 8.172   I 

wBRX (fps) 31 15 8 ! 23 17   I 14 

It       (l^s) 14.67 14.67 17.29   i 17.29 17.29 17.04 

Ude „a,      (fps) 16.6 11.0 1 6.9 9.5 11.2 
7,7 
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TABIE 42.2 (Contd.) 

METEOROLOGIGAL DATA AND GUST VELOCITY STANDARD DEVIATIONS 

Test ^75 
Date 5/20/69 

^—^^         Saa^le 
^^-«^^No. 

Variable    ^""^^^ 9 12 21 24 27 30 

»t.     (fP8) 2.42 2.16 1.66 1.80 1.76 2.18 

\     (ffs) 3.30 2.11 1.86 1.95 1.86 1.87 

\       (ft>B) 2.09 2.21 1.74 I.63 1.62 2.18 

To      (0P) 105.4 107.1 99.9 99.4 101.3 101.6 

Ta      (0F) 80.0 77.1 65.8 66.0 66.2 66.8 

W       (ffcs) 26.3 22.9 30.1 27.5 27.5 26.2 

WD     (dsg) 122.5 145.9 124.0 132.1 131.8 140.5 

ATB   (
0F/lOOO ft) -4.68 -5.8O -5.48 -5.08 -5.22 -5.19 

Hi 0.165 -0.199 0.007 0.432 0.4-34 0.099 

P8      (in.-Hg) 28.341 27.816 25.979 25.978 25.893 25.983 

V.x     (fps) 476.O 451.4 541.0 544.2 541.6 553.2 

Gs     (fpe) 449.8 472.2 552.2 526.3 523.5 533.9 

AWZ (fpa/fb) 0.017 0.009 0.012 0.008 0.006 0.014 

AWH  (fps/mlle) 0.648 0.846 o.4ii 0.258 0.223 0.033 

S       (miles) 7.5 15.2 28.2 26.9 26.8 27.3 

B 0.126 -0.247 0.0555 0.0002 0.0002 0.0002 

Wmax  (f^s) 10 12 11 9 10 15 

k      (fps) 21.16 21.16 17.60 17.60 17.60 17.60 

Ude max          (*?«) 12.7 9.5 8.8 9.7 9.7 7.9 
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Figure 42.1 Principal Flight Area of Operation Rough Rider 
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jjjh. WAKE TURBUIENCE 

The T-33 airplane was flown behind formations of C-l^l airplanes In an 
effort to qualitatively evaluate the wake turbulence environment gener- 
ated by these aircraft. This environment Is of special Interest when 
associated with paratroop drop tactics. Aircraft-Induced turbulence 
affects the accuracy and efficiency of the drop as well as controlla- 
bility of the aircraft and, consequently, flight safety. 

This testing was done on 10 June 1969, during LO-LOCAT flights 0284 and 
0285. Eighteen C-lkl aircraft were utilized. Although no troops were 
dropped during this testing, the procedures used were the same as for an 
actual drop. The aircraft flew the racetrack pattern shown in Figure 
43.1 in a clockwise direction. The pattern was traversed seven times. 

The C-lkl aircraft were flown In six elements of three aircraft each for 
the enroute portion of the racetrack pattern (i.e. that portion other 
than within the drop zone). Two different fomatlons of these elements 
were employed. The standard YFR in-trail formation concept was used for 
the first enroute portion. This concept is described in Reference 43.1 
and consisted basically of the element spacing shown in Figure 43.2. The 
elements were flown directly behind one another, and the element wlngmen 
maintained wing tip clearance on both the right and left to avoid Jet- 
wash and wing tip vortices. This formation was flown at a terrain clear- 
ance altitude of approximately 500 feet and an airspeed of 250 knots. 

A modified in-trail concept was used during the other six enroute por- 
tions of the racetrack pattern. This concept was the same as the stand- 
ard concept in that the longitudinal separation between aircraft within 
an element and between the lead aircraft of the adjacent elements was 
2200 feet and 2 miles, respectively. The element wlngmen maintained wing 
tip clearance to the right and left to avoid Jetwash and wing tip vortices. 
However, the differences were as follows: 

• The second element lead aircraft maintained a lateral position 
approximately 500 feet to the right of the number two aircraft 
in the first element. 

• The third element lead maintained a lateral position approxi- 
mately 500 feet to the left of the number three aircraft in 
the first element. 

• The fourth element followed the same track as element number 
one but flew at an absolute altitude of 600 feet rather than 
500 feet. 

• The fifth and sixth elements flew at 600 feet absolute alti- 
tude and with the same relative position to element four as 
elements two and three maintained with respect to element 
number one. 
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Figures 43.3 and k3A show the four different format Ions of the elements 
used during the seven passes over the drop zone portion of the racetrack 
pattern. Formation number 1 vas flovn for pass 1, formation number 2 was 
flown during passes 2 and 3* formation number 3 vas flown during passes 
k and 5, and formation number k was flown during passes 6 and 7. The 
longitudinal spacing within all of these formations consisted of 2200 
feet between adjacent aircraft, i.e. 6600 feet between element leaders. 
These formations were assumed at a predetermined slow-down point at the 
end of the enroute portion of the pattern. At this point, the pilots of 
the aircraft within an element retarded engines to idle and climbed to 
an altitude of 1000 feet above the ground. This restated In an airspeed 
of approximately 135 knots as the aircraft passed over the drop zone and 
closed the longitudinal distance between element leaders from 2 miles to 
6600 feet. These tactics were designed to increase paratroop concentra- 
tion in tezms of time and space while still maintaining a sufficient dis- 
tance between aircraft for flight safety. Following the drops, the air- 
craft descended to 500 feet and accelerated while maneuvering into the 
modified VFR in-trail concept to repeat the enroute portion. 

The lateral separation between adjacent elements (l and 2, 2 and 3, 3 and k, 
k and 5, and 5 and 6) in each drop zone formation was detezmlned by the set- 
up of the ground drop zone points of Impact. These approximate distances 
are shown in Figures ^3.3 and k3,k.   Additional details of the various 
0-141 procedures and formations as well as a synopsis of the wake turbu- 
lence severity as evaluated by the pilots of these aircraft may be found 
in Reference 43.2. 

The T-33 was flown behind the C-l4l aircraft during passes 1, 2, 3, 4, 6, 
and 7. The airplane was returned to McGuire AFB for refueling during 
pass 4. A summary of test infozmation is presented In Table 43.1. 

TABIE 43.1 

WJKE TURBULENCE TEST INFORMATION 

Pass 
No. 

Enroute VFR 
In-Trall 
Concept 

Drop 
Formation 

No. 

Gust Velocity 
Data 

Recorded 
L0-L0CAT 
Test No. 

1 Normal 1 Yes 0284 

2 Modified 2 Yes 0284 

3 Modified 2 Yes 0284 

4 Modified 3 No — 

5 Modified 3 Yes 0285 

6 Modified 4 Yes 0285 

7 Modified 4 Yes 0285 
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The pilot, during Test 0284, maneuvered the T-33 airplane hack and forth 
across the wake, cutting the C-lkl flight paths at approximately ^5 de- 
grees. The turbulence reported hy the T-33 pilot vas from very light to 
light. During part of Test 0285, the pilot flew the airplane from one mile 
to approximately 500 feet directly behind the C-l4l aircraft and in the 
same flight path. The pilot flew the T-33 up and down and hack and forth 
across the wake behind the sixth element in order to probe the environment 
as thoroughly as possible. 

Some difficulties were encountered in reducing the data. The LO-LOCAT 
data processing programs were designed for data samples of a given size 
whereas the wake turbulence sample size was "variable. Likewise, the pro- 
grams were designed to process only every third sample as gust velocity 
data, following two atmospheric survey samples at 100 and 1000 feet above 
the ground. It was impractical to perform the surveys prior to each gust 
velocity sample during the wake turbulence research. Therefore, because 
of these irregularities, the data were sptcially handled during processing. 

The shortness of some of the data samples caused a problem with the fil- 
tering program. As described in Appendix III, drift was removed from the 
L0-LOCAT gust velocity data by employing a digital filter to attenuate 
amplitudes at frequencies below 0.0^ cps. However, the procedure used 
with this filter required a minimum sample length. Some of the gust ve- 
locity samples recorded during this testing were not of sufficient length 
to permit the use of this digital filter. 

Because these particular samples were of a short duration, the drift was 
not excessive and was removed manually by replotting the unfiltered gust 
velocity time histories about a zero-mean. 

Another problem that was handled manually concerned high frequency noise 
which occurred on the gust velocity traces periodically. The noise was 
represented by gust velocity excursions ranging from approximately 15 to 
25 feet per second. This occurred primarily during periods of flight 
through relatively calm air during Test 0285 when the T-33 was flown 
directly behind the C-lkl aircraft. This noise occurred at a frequency 
of approximately 15 cps. After a review of the probe accelerations it 
was concluded that the gust boom was vibrating at its natural frequency, 
thus causing the problem. Although turbulence of the necessary wave 
length to excite the boom may be contained within the wake environment, 
the recorded magnitude was probably amplified by the vibrating boom. There- 
fore, the data were manually smoothed in these areas to eliminate the high 
frequency noise. 

The radar altimeter was inoperative during this testing. Also, the Doppler 
radar, which measured drift angle and ground speed, was inopsrative, pre- 
venting the calculation of wind speed. 

The gust velocity data are presented In the form of time history plots in 
Figures U3.5 through 43.^*0. The following items, when available, are in- 
cluded on the time history plots: 
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• Pertinent T-33 pilot comments recorded in flight. 

• Pass number and approximate location on the racetrack pattern 
(drop zone, leg, or enroute portion). 

• Type of C-lkl formation. 

• Recorded data, including true airspeed, true heading, and pres- 
sure altitude. 

Not all of the data samples recorded are presented In these figures. A 
total of 45 samples were recorded during both tests. Thirteen of these 
samples contained no significant turbulence data and these time history- 
plots are not shown. 

As would be expected, most of the turbulence samples shown are quite non- 
homogeneous. As the T-33 pilot maneuvered through the flight path of the 
C-l4l aircraft, turbulence was encountered only within certain areas. 
Table 43.2 presents the minimum and maximum gust velocity values recorded 
for each data sample. The T-33 pilot's comments indicated that very little 
of the wake turbulence caused any appreciable airplane response. This was 
probably due to the small size of the vortices and the short duration of 
time the airplane was within these vortices. 

The lack of the T-33 response to the wake turbulence was a hindrance to 
the pilot in locating the vortex activity. This was the only cue avail- 
able to the pilot. The mission plan was to have the pilot start the wake 
surveys at a safe distance behind the C-l4l fleet and, with each succes- 
sive 45° traverse, gradually close the distance from the fleet until the 
maximum vortex intensity which could be safely traversed was encountered. 
This plan could not be followed because the pilots motion cues did not 
indicate any significant vortex intensities. Thus, it is probable that 
the T-33 never traversed the highest intensity vortices because the data 
sampling turned out to be fairly random rather than consistent as would 
be expected from a planned orderly search for maximum vortex intensities. 

The velocity distribution of a viscous fluid within a vortex can be repre- 
sented as shown in Figure 43.4l. Viscous effects cause the fluid with di- 
ameter d to rotate as a solid body with a given angular velocity, w, while 
the angular velocity of the fluid outside diameter d decreases to zero with 
distance from the center. Several of the gust velocity time histories which 
best exemplify the shapes and sizes of the wake turbulence vortices encoun- 
tered during this testing were replotted on expanded time and amplitude 
scales so that the actual shapes could be more easily seen. These plots 
are shown in Figures 43.42 through 43.50. In order to stimate the sizes 
of these vortices, the differential time. At, was multiylied by the true 
airspeed of the T-33 to obtain a distance. The results of these calcula- 
tions are shown on the figures and are summarized in Table 43.3« 

It should be noted that the sampling rate of 100 samples per second may not 
be high enough to adequately resolve the maximum gust velocities shown in 
Figures 43.42 through 43.48. Thus, the data presented in these figures may 
be somewhat less than the maximum vortex Intensities actually existing in the 
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C-l^l wake. Also, the smallest At Is shown to be 0,0k seconds vhlch cor- 
responds to a frequency of approximately 12.5 cps. The amount of attenua- 
tion or amplification of data at th..j frequency was not investigated and 
is therefore an unknown factor that needs consideration if further evalua- 
tion of these data is attempted. 

The shapes of the gast velocity traces in Figures 43.^9 and ^3.50 are not 
as compatible with the theoretical shape of Figure k^.kl as are the traces 
in Figures 43.42 through 43.48. Thus, the diameters of the vortices for 
those two samples have not been calculated. They were plotted on the ex- 
panded scales, however, because they represent the highest magnitude gust 
recorded during this investigation. 

TABLE 43.2 

MINIMUM AND MAXIMUM GUST VELOCITIES 

1 Minimum Maximum 

Test 
Sample 

No. 
Gust Velocity - fps Gust Velocity - fps 
u V w u V w | 

0284 5 - 8 - 7 -10 8 9 8 
7 - 5 -10 -11 4 4 8 
8 -16 -14 -19 5 10 15 
9 - 9 - 6 -12 9 7 5 

l£ -6 -6 - 9- 6 8 8 
17 - 9 -11 -21 18 10 12 
18 -14 -15 -15 13 11 12 
19 - 8 -10 -iß 14 10 14 
20 -11 -19 -20 14 18 18 
21 - 7 -31 -23 8 17 31 
25 - 7 - 8 -20 1.1 14 12 
26 -17 -13 -12 8 12 14 
27 -6 - 8 -13 12 8 6 
29 -10 -15 -28 22 16 18 
36 -16 -35 -40 14 24 21 
38 -18 - 9 -14 18 13 14 
39 -20 -10 -Iß PP. 12 9 

0285 3 -iß -29 -23 19 17 21 
4 -12 -13 -17 u 11 12 
6 -17 -50 -63 10 19 J-l 
7 - 9 -33 -19 9 39 36 
8 -15 -25 -31 19 35 21 
9 -11 -19 -20 9 23 Iß 
10 -43 -31 -47 16 43 21 
11 -12 -l£ -14 12 17 13 
12 -26 -42 -36 13 24 29 
17 -14 -30 -59 35 49 13 
18 -18 -25 -19 18 20 19 
19 - 7 -16 -13 9 21 iß 
20 -18 -24 -20 18 17 18 
21 - 8 -11 -15 9 8 10 
22 -18 -22 -25 38 34 25 
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The following assumptions were made In calculating vortex diameters: 

• The vortices were cylindrical In shape. 

• They were penetrated through their centers. 

• The penetrations were perpendicular to their axes (actual 
penetration was approximately 45° to the axis). 

Whether or not the gust probe penetrated the exact center of a vortex 
would be difficult to ascertain. However, an Indication of this Is the 
magnitude of the component of gust velocity In the longitudinal, direction. 
If the vortices are cylindrical In shape and spinning around a horizontal 
axis, then the longitudinal component should theoretically be zero If the 
vortex were traversed directly through the center. Likewise, if a vortex 
were penetrated exactly perpendicular to the axis of rotation, then the 
lateral component of gust velocity would theoretically be zero. Thus, the 
relative magnitude of the gust velocity components indicate, within the 
limitations of the assumption mentioned above, the orientation of the vor- 
tices with respect to the direction in which they were penetrated. All 
three components of gust velocity showed some activity for most of the 
samples recorded. The longitudinal component showed the least activity. 
Therefore, the diameters calculated should be viewed as being rough indi- 
cators of the vortex sizes. 

TABIE 43.3 

CALCULATED VORTEX SIZES 

Test 
Sandle 

No. 
Gust Velocity 
Coiqponent Used 

Calculated  1 
Diameter - Feet 

0264 20 Vertical 19     1 

0284 20 Vertical 18     | 

0284 20 Vertical 28     | 

0284 20 Vertical 22 

0284 a Lateral 21 

0284 21 Vertical 29 

0285 3 Vertical 4i 

028.5 3 Vertical 37 

0283 7 Vertical 20 
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The size, velocities, and periods of duration of wake turbulence vortices 
are probably affected by airplane size, speed, and configuration, as well 
as meteorological conditions.    Unfortunately, the exact location of the 
T-33 with respect to the C-lkl aircraft was not known, although the pilot's 
comments approximate this information.    Therefore, the spatial boundaries 
of the wake turbulence cannot be closely defined.    For future testing of 
this type, it is recommended that some form of this data, such as radar 
tracking, be recorded so that the boundaries, and the relative intensity 
of the vortices within those boundaries, could be investigated.    In addi- 
tion, some type of time correlation between the airplane recording the 
turbulence environment and the airplanes creating the turbulence would 
be useful in obtaining more exact affects of the vario^is fonnations.    The 
formations of the C-lkl aircraft, as listed on the gust velocity time his- 
tory plots, were not correlated with the recorded turbulence data or with 
the T-33 position.    Thus, the type of fonaation for a given sample were 
determined by pass number and location on the racetrack pattern.    Likewise, 
pass number and pattern position were estimated by noting heading, altitude, 
and evaluating ground surface temperature (which was indicative of when the 
airplane was over water) to determine when the aircraft were in the enroute 
portion of the pattern over the ocean. 

The data indicate larger magnitude gust velocities during Test 0285 than 
during 0284.    However, it should be pointed out that the T-33 was flown 
closer to, and more directly behind, the C-l4l aircraft during Test 0285. 
In addition. Increased convective activity, and therefore, more atmospheric 
turbulence was reported by the C-l4l pilots in Reference ^3.2 during the 
latter test. 

In summary, these data should be considered only as a qualitative indica- 
tion of the C-l^l wake environment.   The lack of precise position infor- 
mation for the C-l^l's and the T-33 reduces the poBSibllity of accurately 
comparing these data to vortex theories.    Also, the sampling rate might 
not have been high enough to adequately resolve the gust velocities at the 
observed frequencies and the amount of attenuation or amplification of data 
at observed frequencies above 10.0 cps was not investigated and therefore 
should be considered as an unknown factor in the analysis of these data. 
Finally, the lack of T-33 motion cues prevented the pilot from being able 
to locate the uaximum vortices in a systematic manner.    It is thus possible 
that the C-l4l wake environment is significantly more severe than indicated 
by these data. 
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Figure 43.] Racetrack Pattern - Wake Turbulence Investigation 

199 



i iii$vm**muwtM i'•/■?""* 

• 

r ^        f 

^F 

2 Miles 

1 

^ 

^ 

2200 Pb. 

2200 Pt. 

i 

Element 1 

^ Element 2 

^h 

Figure 43.2 Element Longitudinal Spacing During 
Enroute Portion of Pattern 

200 



Direction of Flight ♦ 
—^    900 Ft. 

— 

+ + 
+ Element 1 + 

+ + 
+ + 

+ Element 2 + 
+ + 

+ + 
+ Element 3 + 

+ + 
+ 
+ 

+ 
+ 

+ 
+ 

+ 
+ 

+ 

Element k 

Element 5 

Element 6 

+ 
+ 

+ 

+ 
+ 

+ 

+ 
+ 

+ 
Formation No. 1 Formation No. 2 

Figure 1)3,3 C-l^l Element Formations in Drop Zone 

201 



Direction of Flight # 

900 Pt. 

+ 
+ 

+ 
Element 1 

+ 
-j-    Element 2 

+ 

780 Pt. 

780 Pt. 

+ 
+ 

+ 
+ 
+ 

+ 
+ + 

+ Element 3 + 
+ 

+ 
+ 

+ 
■ + Element k + 

+ + 
+ 

+ Element 5 

+ - 

+ + 
+ Element 6 + 

+ + 
Formation No. 3 Formation No. 4 

+ 
+ 

Figure k3.k C-lkl Element Fonnations in Drop Zone 

202 



Location on Racetrack - Drop Zone Leg 
Fass No. 1 
Type of C-lkl Formation - No. 1 

No Pilot's Comments 

Recorded Data: 

Vy = 299 knots 

h   - - - - 

HP = 730 ft. 

a 80 

• ko 

0 

> -ko\- 

I ö -80L CQ 80 

& 
• 1*0 

0 - 

,0 80rß-8oL 
& 
• ko 

8 0 

o -80 - 
10 

Longitudinal 

Lateral 

Vertical 

20  30 ko 
ELAPSED TIME - seconds 

Figure 43.5 Gust Velocity Time Histories - Test 0284, 
Sample No. 5 

203 



Location on Racetrack - Drop Zone Leg 
Pass No. 1 
Type of C-lkl Formation - No. 1 

N" Pilot's Conments 

Recorded Data: 

VT - 339 knots 
h   -  . . . 
HP . 950 ft. 

a   80 

0 

-1*0 

•80l- 0   80 

n    80 
& 

•   ijo 

o- 

-ito- 

-80- 

r Ü-80L 

-w<^. 

Longitudinal 

•**» 

•Lateral 

-t» 

Vertical 

4Mfc   iii>a« 

L -L J. JL 
0 UO       20       30       ko 

ELAPSED TIME! - seconds 

Figure 43.6 Oust Velocity Tine Histories - Test 0284, 
Sample No. 7 

204 

I 



mmmmmmmmmm 

Location on Racetrack - Drop Zone Leg 
Pass No. 1 
Type of C-l^l Formation - No. 1 

No Pilot's Comments 

Recorded Data: 

V, = 316 knots 

h - 90 

Hp- 1010 ft. 

a 60 

'  1*0 

Ü 

0 

-to 

-80L n 80r 

0 

-1*0 

0 

-to 

I 
r8 -80 

ö 
-80L 

-^«^ 

, Longitudinal 

- >i ■    ««i» f r Lateral 

•Vertical 

f 
J_ J_ X __l 

0        10        20       30        UO 
ELAPSES) TIME - seconds 

Figure 43.7 Gust Velocity Time Histories - Test 0284, 
Sample No. 8 

205 



Location on Racetrack - Drop Zone Leg 
Pass No. 1 
Type of 0-141 Formation - No. 1 

Pilot's Comments: 

Approaching drop zone 
3/4 mile behind rear aircraft 
Airspeed = 190 knots, altitude 1200 ft. 
Very light turbulence through wake 

Recorded Data: 

VT » 205 knotc 
h   - . _ . 

Hp= 1125ft. 
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•   ko 
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U 
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z: 
•    40 

«    80r B -80L 

1    kG 
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■ »< m/j^^ii—« 
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1 J 
0   10   20   30 
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Figure 43.8 Gust Velocity Time Histories - Test 0284, 
Ssiqple No. 9 
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Location on Bacetrack - Drop Zone Leg 
Pass No. 1 
Type of C-l4l Formation - No. 1 

Pilot's Comments: 

l/2 mile behind rear aircraft 
Heading = 335°, altitude = 1000 ft. MSL 
Very light vate turbulence 

Recorded Data: 

VT = 21k knots 

h   - 339° 
Hp = 1030 ft. 
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•   ko 

B 
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-30 

w%rii» % 

1   ko 

> .ko 

a    80r Ö -80 
a- 

1    ko 

0 - 

-ko- 

-80- g I 

Longitudinal 

jtifiimmm 

Lateral 

Vertical 

vyyxfc ■■->• 

_L J_ 
10       20        30        1»0       50 
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Figure 43.9 Gust Velocity Time ttLstorles - Test 0284, 
Sample No. 16 
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Location on Racetrack - Drop Zone Leg 
Pass No. 1 
Type of C'lkl Formation - No, 1 

Pilot's Conments: 

Approaching drop zone 
2000 ft. behind rear aircraft 
Heading ■ 85°, altitude ■ 1000 ft. MSL 
Very light turbxaence 

Recorded Data: 

VT - 30^ knots 

h   - 119° 
Hp = 970 ft. 

«  80 

i   ko 

P-llO 
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S -8oL     m 
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•  ko 
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Figure 1^3,10 Gust Velocity Tlae Histories - Test 028^, 
banple No. 17 
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Location on Racetrack - Drop Zone Leg 
Pass No. 1 
Type of C-l^l Formation - No. 1 

Pilot's Comments: 

2000 ft. behind rear aircraft 
Heading = 3^0*, altitude = 1100 ft. MSL 
Light turbulence 

Recorded Data: 

V, ■ 210 knots 

h   - 343° 
HP» UOO.ft. 

«    80 
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K 
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CO 

i -80 L 
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Figure 43.11 Gust Velocity Time Histories - Test 0264, 
■Sample No. 18 

209 



Location on Racetrack - Drop Zone Leg 
Pass No. 1 
Type of C-ll+1 Formation - No. 1 

Pilot's Comments: 

l/k mile behind 
Heading = 85% altitude = 1300 ft. 
Airspeed = 210 knots 
Very light turbulence 

Recorded Data: 

VT » 219 knots 
h  

HP» 1270 ft. 
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Figure 1+3.42 Gust Velocity Time Histories - Test 0284, 
Sample No. 19 
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Location on Racetrack - Enroube Portion 
Pass Ho, 2 
I'ype of C-UAL Formation - Modified In-Trail Concept 

Pilot's Comments: 

Descending to 500 ft. 
l/2 mile astern 
Light, sharp cuts - light turbulence 

Recorded Data: 

VT = 264 knots 

h - 162° 

HP« 580 ft. 

ca   80 

'   ko 

§     0 

8 -80 

'   ko 

§    0 

-ko 

8  -80 -L 

Longitudinal 

Vertical 

J_ J. 
0   10   20   30   l»o 
ELAPSED TIME « seconds 

Figure 43.13Gust Velocity Time Histories - Test 0284, 
Saarple No. 20 
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Location on Racetrack - Enroute Portion 
Pass No. 2 
Type of C-lkl Formation - Modified In-Trail Concept 

Pilot's Conmente: 

1 mile astern, closing to 3A mile 
Heading m 200*, altitude = 500 ft. 
Light turbulence 
Slight roll rate at 72 seconds into sample 
Cutting vake at approximately kO* 

Recorded Data: 

VT » 250 knots 
h   ■•* 218° 

Hp.^ 600 ft. 

S    80 
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Figure 11.3.1^Gust Velocity Time Histories - Test 0284, 
Sample No. 21 

212 



Location on Racetrack - Drop Zone Leg 
Pass No. 2 
Type of C~lkl Formation . No« 2 

Pilot's Comments: 

1 mile to the rear 
Heading a 55*, altitude - 2000 ft, MSL 
Airspeed » 250 knots 
Light turbulence, encountered some roll 

Recorded Data: 

Vp - 263 knots 

h   - 86° 

Hp« 1820 ft. 

« 80 

0 

~koU 

5 -80L „ 80 
& 

• 1*0 

« 80 
& 
1 ho 
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Figure ^3.15 Gust Velocity Time Histories - Test 0284, 
Sample No. 25 
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Location on Racetrack - Drop Zone Leg 
Pass No. 2 Recorded Data: 
Type of C-l^l Formation - No, 2 

VT » 205 knots 

Pilot's Comments: 
h   - 3490 

Hp = 850 ft. 
l/h mile behind, 1000 ft, altitude 
Heading ■ 3^5% airspeed ■ 200 knots 
Very light turbulence 

«    80 

1    ^0 

0 
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8 -80L 

*~yyb***0 
Longitudinal 

mm*m* 

n 80 
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Figure 43.16 Gust Velocity Time Histories - Test 0284, 
Sample No, 26 
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Location on Racetrack - Drop Zone Leg 
Pass No. 2 
Type of C-lto. Formation - No. 2 

Pilot's Comments: 

l/k mile behind 
Heading = Zki*,  altitude 
Airspeed ■ 236 knots 

nno ft. 

Recorded Data: 

Yp » 236 knots 

h -  

Hp= 1080. ft. 

to 

I to 

g 0 

i 8 .80 CO  80 

et 

I 
M 80^ 6 -80 

• 1*0 

> -llO 

8 .eoL 
0 
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X J_ X 
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60 

Figure^. 17Gust Velocity Time Histories - Test 0284, 
Sandle No, 27 
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Location on Racetrack - Drop Zone Leg 
Pass No. 2 
Type of C-lkl Formation - No, 2 

Recorded Data: 

V, ■ 237 knots 

Pilot's Connenta: 

Over drop zore 
Heading ■ 85°, altitude = 1200 ft. MSL 
Very light turbulence as I pass through wake 

Hp- 1210 ft. 

-80L 

Longitudinal 

0 20       20        30       kO 
ELAPSED TIME - seconds 

Figure 43.18 Gust Velocity Time Histories - Test 0284, 
Sample No, 29 

216 



• • 

1 1    .• 
1 %hs fa 
o n    n    n 

& >   Ä   w 

6 
O 

I 

I 
O 

H 

I 

•ri 
4» 

t a 
0 OO   I 

«WO) 

^ 

o 
ü 

f 

8   $     0    $    8 
i      i 

s 
s 

a 

o 
00 

8 

S 

S   S    o 
^    ^ fi    S 3   8 

I 
o 
m 

o 
CQ 
(U 

EH 

ta 
0) 

o 
+» 
CO 

•rl 
ü • 

> <ü 

+> & 

C5 C 
ON 

P 

fe 

sdj - MIOOiaA JBflf) 

217 



Location on Racetrack - Drop Zone Leg 
Pass No. 3 
Type of C-lkl Formation - No, 2 

No Pilot's Conments 

Recordfcd Data: 

VT « 22? knots 

HP= 1250. ft. 
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Figure 43.20Gust Velocity TUne Histories - Test 0284, 
Sample No. 38 
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Location on Racetrack - Drop Zone Leg 
Pass No. 3 
Type of C-lAl Formation - No. 2 

No Pilot's Comments 

Recorded Data: 

VT - 215 toots 
h   -  - - - 

Hp =  lli*0 ft. 

«   8ü 

0- 

-U0- 

y—long 

I o -SOL n   80 
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Figure l*-3.2lGust Velocity Time Histories - Test 0284, 
Saa^le No. 39 
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Location on Racetrack - Drop Zone Dig 
Pass No, 5 
Type of C'lkl Ponnatlon - No, 3 

Recorded Data: 

233 knots 

Pilot*a Comments: 

Airspeed a 230 knots 
Altitude ■ 900 ft. 
Heading a 75* 

Hp» 590 ft. 

« Qor 

i to 

8 -80 

Longitudinal 

i 1(0 

p -to 

8 -80 

80r 8 -8oL 
y— Vertical 

x J- ± 
10   20   30   uo 
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50       60 

Figure 43.22Gust Velocity Time Histories - Test 0285, 
Sample No. 3 
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Location on Racetrack - Drop Zone Leg 
Pass No. 5 
Type of C-lkl Formation - No. 3 

Pilot's Comments 

1500 ft« behind rear aircraft 
Heading = 355°, altitude « 900 ft. 
Airspeed s 190 knots 
Very light turbulence 

Recorded Data: 

YP ■  197 knots 
h   -  30 

HP-  650 ft. 
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.80 .   80 
St 
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Figure 43.23Gust Velocity Tine Histories - Test 0285, 
Sanple No. h 
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Location on Racetrack - Enroute Portion 
Pass No. 6 
Type of U-l4l Formation - No. 3 

Pilot's Cozments 

One mile behind rear aircraft, closing slightly 
Heading = 130°, altitude - 1100 ft. 
Now l/2 mile behind 
Directly In wake of rear Aircraft 
Slight turbulence 

Recorded Data: 

VT > 275 knots 

h - 125° 

EP= 9^ ft. 
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Figure 1^3,24Gust Velocity Time Histories - Test 0285, 
Sangtle No. 6 
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Location on Racetrack - Enroute Portion 
Pass No. 6 
Type of C-l4l Formation - Modified In-Trall Concept 

Pilot's Comments: 

2000 ft. behind and closing 
Airspeed a 250 knots, altitude ■ 500 ft. 
1500 ft. behind, very little turbulence 
Now 1000 ft. behind, light turbulence, no rolling 
Now 800 ft. behind, slightly more turbulence 
Slight rolling moment from right wing of C-l^l 

Recorded Data: 

VT ■ 271 knots 

h   - 230° 

HP »   350 ft. 

to    80 

•    ho 

0 

8 
J«o- 

-80 L co   30 
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Figure 43.27Gust Velocity Time Histories - Test 0285, 
Sample No. 8 
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Figure U3.28Gust Velocity Time Histories - Test 0285, 
Saniple No. 8 (continued) 
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Location on Racetrack - Drop Zone Leg 
Pass No. 6 
Type of C-lkl Formation - Modified In-Trall Concept 

Pilot's Comments: 

2000 ft, directly behind rear element 
Heading = 36O0, altitude = 500 ft,, airspeed = 250 knots 
In wake of all three aircraft 
Now 1000 ft, behind rear aircraft 
Airspeed = 290 knots 

Recorded Data: 

VT » 272 knots 

h - 8° 

HP= 310 ft. 
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Figure ^3.29 Gust Velocity Time Histories - Test 0285, 
Sample No. 9 
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Location on Racetrack - Drop Zone Leg 
Pass No, 6 
Type of C-l^l Formation - Modified In-Trail Concept 

Pilot's Comments: 

1000 ft. astern, Heading u kO9 

Altitude ■ 500 ft,, airspeed ■ 260 knots 
Njrf working vp and down, side to side 500 ft. behind 
Very light turbulence 

Recorded Data: 

VT » 270 knots 

h   - 190 

Up»  '*00 ft. 

n    80 

'   ko- 

8   0- 
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Figure U3.30 Gust Velocity Time Histories - Test 0265, 
Sample No. 10 
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Figure ii3.31 Gust Velocity TJjne Histories - Test 0285, 
Sample No. 10 (continued) 
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Location on Racetrack - Drop Zone Leg 
Pass No, 6 
Type of C-lkl Formation - No, 4 

Recorded Data: 

VT - 210 knots 

Pilot's Comments: 
h » 3^° 

Hp» 750 ft. 

Heading = 355°, airspeed * 200 Imots 
Working left to right across vhole formation 
Altitude m  900 ft,, very light turbulence 
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Figure 43.32 Gust Velocity Time Histories - Test 0285, 
Sample No. 11 
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Location on Racetr&ok - Drop Zone Leg 
Pass No. 6 
Type of C-lAl Formation - No, Jl 

Pilot's Coranents: 

Proceeding diagonally across formation 
Heading = 70a 

Crossing at 500 ft. behind rear aircraft, light Jolt 
Very light turbulence behind rest of formation 

hecorded Data: 

VT - 2hO  knots 

HP = 730 ft. 
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Figure 1^3.33Gust Velocity Time Histories - Test 0285, 
Sample No. 12 
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Location on Racetrack - Enroute Portion 
Pass No. 7 
Type of C-lkl Formation - No. U 

Pilot's Comments: 

One mile behind and closing 
Heading ■ 120°, altitude ■ 1300 ft. 
Airspeed m  310 knots 
l/h mile behind, directly behind lead aircraft 
Slight rolling moment at l/2 mile behind 
Now crossing 500 ft, behind rear aircraft 
Slight turbulence 

B    80,- n 
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Reoorded Data: 

VT ■ 306 toots 
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Figure U3.34Gust Velocity Time Histories - Test 0285, 
Saaqple No. 17 
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Location on Racetrack - Enroute Portion 
Pass No. 7 
Type of C-l4l Formation - Modified In-Trail Concept 

Pilot's Comments 

500 ft, behind rear aircraft In parallel course 
Now easing from left to right across formation 
Airspeed a 2^ knots, altitude = 580 ft. 
Very light turbulence, slight rolling moment 

Recorded Data: 

VT = 271 knots 

h ■ 220° 

HP= 370 ft. 
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Figure 1+3.37Gust Velocity Time Histories - Test 0285, 
Sanqale No, 19 
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Location on Racetrack - Enroute Portion 
Pass No, 7 
Type of C-lAl Formation - Modified In-Trail Concept 

Pilot's Comments: 

Crossing back across the rear element 
Crossing 500 ft. behind rear aircraft 
Very light turbulence 

Recorded Data: 

V, ■ 256 knots 

h   - - - - 

HP- 350 ft. 
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Figure 43.38 Gust Velocity Time Histories - Test 0285, 
Saiqple No. 20 
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Location on Racetrack - Enroute Portion 
Pass No. 7 
Type of 0-141 Formation - Modified In-Trall Concept 

Pilot's Comments: 

Closing on the rear element 1 2000 ft« behind 
Heading - 310°, altitude a 500 ft. 
Closing to 1000 ft. behind 
Crossing through wakes of all three aircraft 
500 ft. behind rear aircraft 

Recorded Data: 

Vp - 288 knots 
h   - 306° 

Hp . 320 ft. 
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Figure 43.39 Gust Velocity Time Histories - Test 0285, 
Sample No. 21 
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Arrow lengths Indicate relative 
magnitudes of velocities 

DISTANCE 

Figure 1+3.41 Fluid Velocity Distribution Within the 
Effects of Theoretical Vortex Flow 
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Figure 43.42 Gust Velocity Tin» History - Wake Turbulence 
Vortex Size and Shape Investigation 
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Test 0264 
Sangple No. 20 

At a 0.04 sec. 
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Figure 43.43 Gust Velocity Time History - Wate Turbulence 
Vortex Size and Shape Investigation 
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SECTION IX 

COMPARISON OF LO-LOGAT PHASES I AND II WITH PHASE III DATA 

kh.    GUST VELOCm RMS VALUES 

The gust velocity rms -values recorded during Phase III were compared to 
those recorded during Phases I and II of the LO-LOCAT Program. The com- 
parison was made with respect to three characteristics: magnitude, -varia- 
tion with geophysical category, and cumulative probability distribution 
shape. 

The Phase III rms values are significantly greater than those recorded dur- 
ing Phases I and II due to the following: 

• Longer wavelength turbulence was recorded during Phase III. 

• The Phase III and Phases I and II data were obtained during 
somewhat different geophysical conditions. 

As discussed in other sections, the T-33 airplane utilized during Phase III 
was flown approximately twice as fast as were the C-131 aircraft during 
Phases I and II. Since the frequency response range of the instrumentation 
was the same in both cases, the wavelengths recorded during Phase III were 
approximately twice those recorded during Phases I and II. These longer 
wavelengths are in the high power portion of the turbulence spectra and 
thus inertase rms values. 

The per cent of total data recorded during contour flight over the various 
types of terrain are shown in Table 44.1. 

TABLE 44.1 

PERCEOTAGE OF GUST VELOCITY DATA OBTAINED 
DURING CONTOUR FLIGHT OVER VARIOUS TERRAINS 

Type of 
Terrain 

Percentage 03 f Total 
Phases I and II Phase III 

High Mountain 7-5 46.5 
Low Mountain 24.0 17.0 
Desert 7.5 6.5 
Plains 59.0 20.5 
Water 2.0 4.5 

The gust velocity rms values for all phases of the program were found to 
be greater over the rougher terrains. Since a much greater percentage of 
the data were recorded during contour flight over the rough terrain during 
Phase III, it would be expected that these uns values would be larger than 
those recorded during Phases I and II. Not only is the percentage of high 
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mountain data recorded during Phase III much greater, but most of these 
data were recorded at Peterson where the gust velocity values are larger 
than those recorded over the high mountain terrain at Edwards. Table W-.2 
shows this comparison. 

TABLE Ml-, 2 

COMPARISON OF PHASE III HIGH MOUNTAIN DATA BY LOCATION 

Location 
N\Mber of 

Samples (fps) (fps) (fps) 

Edwards 

Peterson 

195 

658 

3.1^ 

5.10 

3.38 

5.65 

3.27 1 

All of the high mountain data oboained under contour flight conditions dur- 
ing Phases I and II were recorded at the Edwards location. The airplane 
located at Peterson during the first two phases was not flown contour over 
those high mountain legs due to safety-of-flight reasons. Therefore, the 
high mountain data obtained at Peterson were not considered when comparing 
Phases I and II with Phase III. 

The Phases I and II data were adjusted by assuming the same percentage of 
data were obtained as shovn for Phase III in Table kh.l.    In addition, the 
percentage of data referred to as high mountain in Table kk.l was broken 
down to reflect the number of samples recorded at Edwards and Peterson as 
shown in Table hh.2.    Thus, of the total number of samples recorded dur- 
ing Phase III, 11.1 per cent were recorded over high mountains at Edwards 
and 37»^ Per cent over high mountains at Peterson. It was assumed that., 
had data been obtained under contour flight conditions over the high moun- 
tain legs at Peterson during Phases I and II, the same ratio between those 
data and the high mountain data recorded at Edwards would have existed as 
is shown for the Phase III data in Table kk.2.    The results of these ad- 
justments on the mean values are shown in Table 44,3. 

TABLE 44.3 

COMPARISON OF GUST VELOCITY RMS VALUES - ALL DATA 

j   Component 
Phase III Phases I and II                   i, 

0t ~ fPs Adjusted *t ~ fps | 

Longitudinal 

Lateral 

Vertical 

3.60 

3.85 

3.39 

2.55 

2.79 

2.60 

3.31 

3.63 

3.38               j 
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This does not completely make the data from all phases equivalent. Another 
factor which must he considered is the season of the year during which these 
data were obtained. During Phases I and II, data were obtained during all 
four seasons of the year at each location. The data recorded during Phase 
III were primarily recorded during only one season of the year at each of 
the locations except Peterson. It was shown that wind speed varies with 
season (See Reference 1.2), It was also ahovm that, especially over the 
rougher terrain, turbulence intensity and wind speed are related (See Sec- 
tion Ik), 

There are many other factors which were different, to some degree, between 
the different phases. Although the geographic locations remained the same, 
the legs for the Phases I and II testing were extended in length, or re- 
placed with other ones, for the Phase III testing. Meteorological condi- 
tions were probably slightly different during one phase versus the others. 
However, the aircraft were flown at approximately the same absolute alti- 
tudes, during the same times of day, at the same geographic locations, and 
within approximately the same types of atmospheric stability conditions. 
Comparisons of the gust velocity rms values obtained during the various 
LO-IOCAT program phases required the consideration of the terrain type and 
season of the year, with respect to location. Therefore, cumulative prob- 
abilities of gust velocity rms values for Phases I and II are compared with 
those of Phase III for the same data categories. 

Comparison cumulative probability plots are shown in Figures hh.l through 
hh,km    A list of gust velocity rms mean values corresponding to the data 
presented in each of the figures is shown in Table kh.k. 

TABLE khA 

COMPARISON OF GUST VULOCITi EMS MEAN VALUES 

!     Geophysical Category Phases I and II  f   PI base Ii: . 

1  Terrain 
Season and 
Location (Ifcs) (ffcs) (fps) to*) (fps) (fps) 

i High Mountain Fall, Edwards 2.93 3.17 3.00 3.14 3.38 3.27 

*Low Mountain Fall, Edwards 
+ 

Spring, Griffiss 
3.1^ 3.4? 3.24 3.16 3.17 2.89 

F*LOW Mountain Fall, Edwards 
+ 

Spring, Griffiss 
3.14 3.47 3.24 3.43 3.49 3.17 

Desert Fall, Edwards 1.64 1.90 1.91 1.80 1.86 1.78 

Plains 

Summer, McConnell 
+ 

Winter, Peterson 
+ 

Spring, Peterson 
+ 

Spring, Griffiss 

2.4l 2.73 2.k6 2.80 2.80 2.53 

* Unadjusted V alues    ** Phase III dal 
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Two sets of values eure given for the low mountain data In Table kk.k and In 
Figure hk.2.   The reason for this can be understood by looking at the per- 
centages In Table 44.5 of the above category combinations that were recorded 
at each location.   This table Includes only the low mountain and plains data, 
since these axe the only data Involving more than one location.    The per- 
centages are shown In Table kk,5, 

TABIE 44.5 

RELATIVE AMDUMT OF DATA FROM VARIOUS LOCATIONS 

Terrain Location Season 
Percentage        | 

Phases I and II Phase III 

Low Mountain 
Edwards Fall 50 72 

Grlfflss Spring 50 28 

Plains 

McConnell Summer 5^ 65 

Peterson Winter 
Spring 

33 23 

Grlfflss Spring 13 12 

The percentages are similar between phases for the plains data> but not for 
the low mountain data. This difference for the low mountain data would not 
be important if these data showed approximately the same magnitude regard- 
less of the location. However, r.he rms values recorded at Grlfflss over 
low mountains were significantly larger than those recorded over the low 
mountains at Edwards. Table 44.6 shows the comparison for all phases. 

TABIE 44.6 

COMPARISON OF GUST VELOCITT RMS VALUES OVER LOW MDUNTAIN TERRAIN 

Season and Location 

Fall, Edwards 

Spring, Grlfflss 

Phases I and II 

't. 

iasl 
2.52 

3.76 

2.83 

4.10 

2.71 

3.'76 

?hase III 

2.81 

4.05 

2.75 

4.23 

2.53 

3.81 

Because of this difference, the Phase III low mountain data were adjusted 
In Table 44.4 to correspond to the Phases I and II data In terms of the 
percentages shown in Table 44.5. The mean Phase III values shown In Table 
44.6 were weighted as if each accounted for 50 per cent of the low mountain 
data, as was the case for the corresponding Phases I and II data. The ad- 
justed curves In Figure 44.2 were drawn by moving the unadjusted curves 
along the abscissa a distance equivalent to the differences between the 
adjusted and unadjusted values In Table 44.4. 
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ComporlRon of cumulative probability distribution curves for the three com- 
ponents of xms gust velocity shows a closer agreement for the Phase III 
data than for Phases I and II. The reason fir this is the same as for the 
peak count distribution and is discussed In Section 8. 

The comparison of these data from all phases Indicates that, for corre- 
sponding geophysical conditions, the Phase III gust velocity rms values 
are slightly larger (0.1 to 0.3 fpe) than those recorded during Phases I 
and II. This is probably due to the longer wavelength turbulence recorded 
during Phase III. 

The variations of the rms values with changes in geophysical category show 
the same trends for all phases. All phases showed Increased ims values for 
data recorded over the rougher terrains. Also, greater rms values were re- 
corded at the lower altitude and during the more unstable atmospheric con- 
ditions. Figures ^»4.5 through ^.7 show the variations of the mean rms 
values for Phase III and for Phases I and II with variations in type of 
terrain, altitude, and stability. These mean values were not adjusted for 
season and location differences as previously discussed. These figures 
show how the mean values are affected by changes in terrain, altitude, and 
stability; not how actual magnitudes vary between phases. Further varia- 
tions of the gust velocity rms values with the various geophysical category 
combinations are shown in Section 13 for Phase III and In Reference 1.2 for 
Phases I and II. 

The shapes of the gust velocity ims cumulative probability distributions 
from the different phases were compared. This comparison Included all con- 
tour flown data recordxid during the respective phases regardless of geo- 
physical category. Since it was shown that the Phases I and II and the 
Phase III xms data did not agree in magnitude unless adjusted to be equiv- 
alent with respect to geophysical conditions, the distributions were plot- 
ted versus a standardized variable t, where t was computed as follows: 

This permitted the removal of the effects of turbulence intensity, as rep- 
resented by the mean (M) and the dispersion of the distribution (a,), so 
that the data could be compared on the basis of distribution form only. 

The ims values not calculated because of low intensity turbulence (refer- 
ence Section 13) were accounted for in the calculation of /u and <r „ by 
estimating the distribution of these values within the gust velocity rms 
bands below 1.5 fps. These estimations were made by extrapolating the 
cumulative probability curves to zero (Figures 44.8 through 44.10). The 
number of samples within each of the lower bands was determined. The mean 
value of the samples within each of these lower three bands (0.0 to 0.5* 
0.5 to 1.0, and 1.0 to 1.5 fps) was assumed to be the mid-point value of 
each respective band. The estimated values are shown in Table kk.'J,    It 
should be noted that, within this section, all of the mean values which 
involve Phase III low Intensity turbulence samples (See Table 13.1) were 
corrected in this manner. The above correction is not applicable to 
Phases I and II since low intensity turbulence samples were not removed 
from those data. 
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TABIE 44.7 

ESTIMATED DISTRIBUTION OF GUST VELOCITY RM3 VALUES 

Band ~ fps 

Estimated Percentage 
of Total 

Estimated 
Mean Value ~ fpa 

't. 't. 't. "t. 't. 'tJ 

0.0 - 0.5 2.0 2.0 2.5 0.25 0.25 0.25 

0.5 - 1.0 4.2 4.0 5-0 0.75 0.75 0.75 

i.o - 1.5 6.3 5.8 7.7 1.25 1.25 1.25 

The dispersions of the distributions were corrected by noting that: 

•. =fFX('t.'" ** 1 
1/2 

(44.2) 

and 

iml 

Ct." ^2) r (44.3) 

where the subscript 1 represented the set of estimated rms values and the 
subscript 2 represented the set of calculated rms values. The dispersion 
of the distribution {v*z) for the combination of both sets of data is; 

-..■ |^[E<-£<.]-[^TIf (-) 
The values of the standardized variable, t, were calculated after these 
corrections were made. These values are shown in Figures 44.11 through 
44.13. 

The data from Phases I and II and from Phase III were represented by math- 
ematical expressions consisting of the sums of two normal distributions 
(See Equation 13.4 and Reference 1.2). The distribution shapes are some- 
what different for the various phases. This is due to the difference in 
geophysical categories for which the data were obtained and the fact that 
the gust velocities were measured over different frequency ranges during 
the two programs. 
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ks.   PEAK couwr 

Peak count data obtained during Phase III could not be combined with those 
data from Phases I and II,  (Reference 1.2), to obtain overall LO-LOCAT 
statistics.   This was because of the difference of the measured turbulence 
wavelengths between the phases.    Considering the filtering techniques used 
in data processing, the C~131 aircraft flying at 330 feet per second dur- 
ing Phases I and II were capable of obtaining turbulence data at wave- 
lengths ranging from 33 to 7980 feet.    The T-33, flying at 630 feet per 
second was capable of recording turbulence data at wavelengths ranging 
from 63 to 15,100 feet.    Thus, the wavelength spectrum was not the sane 
for the different phases and the high frequency of occurrence per mile 
of the 33 to 63-foot wavelengths measured during Phases I and II were not 
measured during Phase III. 

The relationship of peak count data to the various geophysical phenomena 
is similar to that shown for the xns values in Section kh.    Therefore, a 
direct comparison between Phases I and II and Phase III, accounting for 
difference in the percentages of data obtained under the various geophys- 
ical conditions was not accomplished for the peak count data.    Data from 
both Phases I and II and Phase III are shown in this section.   Variations 
of the peak count distributions with geophysical conditions for Phases I 
and II are compared with corresponding ones for Phase III. 

Figures 45.1 through 45.3 show the terrain effects on peak count cumula- 
tive distributions for Phases I and II and for Phase III.    Comparison of 
the different phases shows the Phase III data to have nearly the same dis- 
tributions for the same type terrain (except for high mountain) as for 
Phases I and II.    The high mountain data obtained during Phases I and II 
did not Include any samples from the Peterson route.    During Phase III, 
the most severe turbulence encountered was over the Peterson high moun- 
tains.   The reason for the distribution curve being higher for Phase HI 
than for Phases I and II is therefore due primarily to the effects of the 
Peterson high mountain data.    The relationship between the distribution 
curves for the different types of terrain is very similar for both pro- 
grams. 

Figures 4-5.4 through 45.6 show'the altitude effects on the peak count dis- 
tributions for Phases 1 and II .?nd for Phase III.    Comparison of the dif- 
ferent phases shows that the Phase III distribution curves are higher than 
those of Phases I and II.    The probability of exceeding a given.gust ve- 
locity is greater at 250 feet than at 750 feet above the terrain in all 
cases except at the very highest gust velocities.    The Phase III curves 
are higher than for Phases I and II due to the effects of the Peterson 
high mountain samples at both altitudes. 

Figures 45.7 through 45.9 show the effects of atmospheric stability on 
the peak count distributions for Phases I end II and for Phase III.    Here 
again, comparison of the different phases shows the Phase III data to have 
the highest distribution curves.   The distribution curves for all stabil- 
ities were higher for Phase HI due to the effects of the Peterson high 
mountain samples.    The relationship between distribution curves for dif- 
ferent atmospheric stabilities is very similar for both programs. 
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Figures ^5.10 through 45,12 show the effects of time of day on the peak 
count distributions for Phases I and II and for Phase III. As has been 
the case for previous comparisons. Phase III distributions are always 
higher. Very little variation with tins of day is shown for any phase. 

It can be concluded from these comparisons that the gust velocity data 
obtained during LO-LOCAT Phase III shows a higher frequency of occurrence 
of the larger gust velocities than those obtained during Phases I and II 
primarily due to the effects of the Peterson high mountain data. The 
relationship between the peak count distribution curves for different 
geophysical conditions is similar for Phases I and II and Phase III. 

A discussion of the relationship between the distribution curves for the 
three components of gust velocity is given In Section 8. This discus- 
sion shows the distribution curves to be In closer agreement, except those 
categories containing high mountain data, for Phase III than for Phases I 
and II. 
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^6. POWER SPECTRA 

The normalized spectra based on Phases I and II and Phase III data, along 
with normalized von Kannan spectra, are corapp-ed In Figures k6,l through 
k6,3»    The Phases I and II data define the spectra to higher values of kL 
and the Phase III data describe the spectra to lower values. 

The longitudinal gust spectra are In agreement for the different phases and 
agree well with the vou Karman spectrum. The Phase III lateral and verti- 
cal spectra are slightly different from those obtained during Phases I and 
II. These differences consist of a dip in both lateral and vertical gust 
spectra in the kL range from 0.1 to O.k IsL and a predominance of values 
higher than for Phases I and II and for the von Karman mathematical expres- 
sions at kL values less than 0.1, However, as explained in Section 23, 
these Irregularities appear to be caused by the Influence of airplane mo- 
tion. The Phase III spectra, therefore, were defined at the low kL values 
using the relatively low turbulence samples. These data are presented in 
Figures 23.5 and. 23.10 and are compared to Phases I and II and the von 
Karman mathematical expressions in Figures k6,2 and k6.3»   Assuming that 
the airplane motion effects (see Section 23) were caused by high levels of 
turbulence and that the vertical gust spectra obtained at 250 feet involve 
less isotropy and more airplane motion than the spectra obtained at 750 
feet, low turbulence level vertical gust data obtained at 750 feet were 
used to define the vertical spectrum shape at low frequencies. These data 
are also presented in Figure U6.3. The low turbulence level vertical gust 
data in Figure U6.3 agree well with Phases I and II and agree well with the 
lateral spectra in Figure U6.2. There are, however, a number of points Just 
below Phases I and II data at kL > 0.10. This is probably an Indication 
of a small amount of airplane motion being contained in the 750-foot data. 

The final turbulence spectra model determined from Phases I, II, and III 
data is shown and compared to von Karman spectra in Figure k6.h.   The final 
model is based on Phases I and II data at high kL values and Phase III at 
the low kL values with emphasis placed on the low turbulence level data. 
The final model is in good agreement vith the von Karman model except for 
lateral and vertical spectra at the very low values. At kL ^ 0.1, the lat- 
eral and vertical spectra are slightly higher than the von Karman model. 
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Figure U6.1   Longitudinal Oust Velocity  Power Spectre Comparison 

283 



lO* 

loP 

io- 

1l 
M 

io-8 

10-3 

•mmm m  «Ml   KtCMM 
O - «>••• I Md IX 
O - liMa HI 
rf . RIM« III Low 

TurbulwM Uval 
SMPIM 

10J»I l_L 11 mil i   i 11 mil -»IM im!     i   i i i mil 
io- io- 10° 

kL 

X01 l<? 

Figure h6,2   Lateral Oust Velocity Power Spectra Coaparlson 

264 



0 - RIM* I mi II 
O .flMM IK, 750 »t. 
(j m HtM« III, 250 Ft. 
9 m hem TurbuKno« 

Uval Data, 
750 ft. 

1 mil 1 1 1 1 mil 
lO» 10? 

Figur« U6.3 Vertical Gust Velocity Power Spectra Comparison 

285 



101 

rer 
w" — 

M 

10" 

10-3 

—— - won Kaman 
  Phaiea I, II, and III 

O - Extrwaitiea 

10- ]—i   i i mil I     I   II Mill I     II I Mill I     I   I 1 mi 
10" 10 -1 icP 10 1# 

Figure U6.U    Phase I,   II,  and III Turbulence Spectra Model 

286 



47» SCALE LENOm 

The von Kannan expressions gave a good representation of the experimentally 
determined spectra (see Section 28 and Reference 1.2). Therefore, the von 
Kannan scale lengths vere statistically analyzed and compared for all phases 
of the LO-iiOCAT Program. 

The scale length equations 30.4 and 30.5 show that if k2 and kj are con- 
stants then scale lengths are a function of (^t/»T)

5.  The average <r and 
*T values of the turhulence samples used in the scale length analysis are 
tabulated in Table 47.1 for both Phases I, II, and Phase III. Also included 
in this table are the average scale lengths calculated for the different 
phases. 

TABLE 47.1 

AVERAGE SCALE LENGTHS AHD STANDARD DEVIATIONS FOR 
PHASES I AND II AND PHASE III 

Parameter Phases I and II Phase III 
7t   (ffcs) 2.92 4.32 

1.54 1.80 

L,   (ft.) 387 715 

7t   (fpe) 
1 V 

3.20 4.77 

'TV ^
B
) 1.93 2.44 

LKV("0 it09 598 

9t     {tpB) 
w 

3.04 4.18 

7Tw (fps) 1.91 2.37 

w 
367 450 
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The average »t values presented in Table kj.l were determined from only 
those turbulence samples used for spectra analysis. Therefore, the vt 
values of Table kf .1 are significantly larger than those tabulated In 
Table kk.3 which are average values obtained from all Phase II turbulence 
samples. This Is the result of deleting from the spectra analysis those 
turbulence samples exhibiting low signal to noise ratios and those samples 
showing non-homogeneity and consequently low ^ values. 

The Phase III average values of *t and •■, presented In Table Vf.l are greater 
than those of Phases I and II. This is because no turbulence samples were 
recorded during Phases I and II that were comparable to the high intensity 
turbulence samples obtained over the high mountain legs of the Peteiöon route 
during Phase III. 

Table U7.I does not contain comparable data obtained under similar circum- 
stances during Phases I and II and Phase III. This comparison was made for 
the data obtained over high mountain legs of the Edwards route during the 
Fall season. Average values of 7t; *?}   and scale lengths are tabulated 
in Table U7.2 for both Phases I and II and Phase III. Also shown in this 
table is the average speed for each set of turbulence samples. 

TABIE 47.2 

AVERAGE SCAI£ LENGTHS AND STANHAED DEVIATIONS 
EDWAEDS HIGH MOUNTAIN TERRAIN, FALL SEASON 

PHASES I AND II AND PHASE III 

Parameter Phases I and II Phase III 

*t to») 
i     u 

3.02 3.33     1 

!     u 
1.58 1.35 

LR   (ft.) 
1        u 

U26 7^3     j 

7    (ffcs) 3.30 3.^    1 

1      v 2.05 1.70    | 

|LKv(ft.) klh 654 

1 ät    (ffrO 3.12 3.50 

», to») j     • w 
2,00 1.85    | 

L,    (ft.) 384 561  J 

?        (f*B) 333 60k    I 
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The values tabulated In Table 47.2 show that, for comparable categories, 
«r"t is larger for Phase III than for Pht ses I and II and that 5"T Is larger 
for Phases I and II than for Phase III. The 3uinulatlve probabilities of 
9t and *T, presented In Figure 47.1, show this trend. 

The Phase III äT values would be expected to be less then the Phases I and II 
9r values. The turbulence encountered during Phases I and II for the samples 
used in this particular analysis was assumed to be of the same intensity as 
that encountered during the comparable samples of Phase III. The theoreti- 
cal ratio of <fT fa     was computed from Equations 25.1 and 25,2 using the 

average speeds tabulated in Table 47.2_and was found to be equal to approxi- 
mately 0.93. The actual ratio of the o „      to the *, values in Table 47.2 Tni        Tj 

are, in all cases, less than this theoretical value. 

The Phase III *t values were expected to be slightly greater than those of 
Phases I and II even though the turbulence encountered during the two phases 
was assumed to be of equal intensity. This was because the Increased speed 
of the Phase III aircraft over that of the Phases I and II aircraft permitted 
the inclusion of longer wavelength turbulence in the Btatlstlcal analysis of 
the Phase III turbulence samples. 

Since the Phase III * _ was somewhat less than the theoretical value and the 
_ T 

Phase III fft was slightly greater than that of Phases I and II, the end 
result for a given set of comparable circumstances was that scale lengths 
computed from Phase III Inputs were larger than those of Phases I and II. 
Comparison of the Phase III scale lengths with those of Phases I and II in 
Table 47.2 Illustrates this fact. Cumulative probability plots of the 
scale lengths for the data shown In Table 47.2 are presented in Figure 
47.2. 

The difference in scale lengths between the phases is attributed to the 
large effect of the ratio '*/'». Since this ratio is a cubic function 
in the scale length equations (Equations 30.4 and 30.5> small variations in 
either at or aT have a significant effect on the calculated scale length 
values. The scale lengths would be expected to be larger for the Phase III 
than for the Phases I and II data since, due to the increased speed, longer 
wavelengths were measured. The scale lengths calculated from the vertical 
component would be expected to be less than those calculated from the 
longitudinal component due to the effects of the compressed longer wave- 
length vertical eddies near the ground. 

Cumulative probabilities of scale lengths for other comparative categories 
of Phase III and Phases I and II are shown in Figures 47.3 and 47.4. Fig- 
ure 47.3 shows those scale lengths calculated from data obtained over the 
plains legs of the McConnell route during the Summer and Figure 47.4 shows 
those obtained from the plains legs of Peterson route during the Winter and 
Spring. 
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^■8. RELATIONSHIPS BETWEEN TUKBUI.ENCE AND METEOROLOGICAL DAT/V 

Mviltlple Regreseion Analysis 

The independent variables utilized in the multiple regression program are 
listed in Appendix V. The Phases I and II data having gust velocity rms 
values below 2.kO fps were not utilized in the regression models. Values 
of rms below this magnitude showed poor correlation with the forecast data. 
Since the Phase III data sample was smaller than that of Phases I and II, 
it was not desirable to reduce it further by eliminating data. Instead, 
percentage errors were obtained for the gust velocity rms above and below 
an arbitrary value. Overall error was also determined. The arbitrary value 
was varied with the type of terrain and was chosen so as to include a sta- 
tistically significant sample of the higher gusts. The regression models 
are presented in such a way that they can be truncated if so desired. The 
variables enter the regression equation in decreasing order of significance 
as measured by the F-ratio criterion. Each independent variable is labeled 
according to its step entry. Thus XI enters in step one; X2 enters in step 
t^o, etc. A complete regression equation is shown for each entry step, 
utilizing the variables that have entered up to that point. For the Phases 
I and II models, the wind speed occurs most often in the regression equa- 
tions, followed closely by the sine of the solar elevation.  The Phase III 
equations, on the other hand, show a completely different pattern.. In these 
equations, the difference between the ground temperature and the temperature 
1000 feet above the flight level occurs most often, followed by the lapse 
rate, wind speed, and absolute altitude. 
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SECTION X 

COMPARISON OS  LO-IDCAT DAIA (PEASES I, II, AND III) 
WITH OTHER LOW AITITUDE TURBULENCE MTA 

Peak count, power spectra, and von Karman scale lengths obtained during 
LO-LOCAT Phases I, II, and III vere compared to data from seven other 
turbulence programs (References X.l through X.7). A short description 
of each of these turbulence programs is given in Section 50. A similar 
but less extensive comparison was made during Phases I and II and re- 
ported in Reference 1.2. Only those data for which the gust velocity 
power spectra conformed to Kolmogorov' s theory were used in making these 
comparisons. Data that exhibited anomalies associated with excessive 
gust velocity drift were not used in this analysis. 

According to Kolmogorov's theory, the gust velocity power spectrum in the 
inertlal subrange should decrease as a -5/3 logarithmic function with in- 
creasing frequency. LO-LOCAT Phases I, II, and III data showed very good 
agreement with this theory. The premise was established, therefore, that 
gust velocities from these other programs whose spectra did not show a 
definite -5/3 slope could not be a true representative of homogeneous tur- 
bulence. Excessive gust velocity drift was assumed to be present whenever 
the spectra deviated significantly on the higher power density side of a 
-5/3 line drawn through the inertlal subrange. 

This careful selection was necessary because of the different approaches 
used in removing the high amplitude, low frequency drift normally en- 
countered in gust velocity calculations. This drift was shown (Appen- 
dix III) to be caused Ly small amounts of drift in the individually re- 
corded parameters coupled with the mathematical operations involved, 
especially integration. The magnitude of the drift as well as the 
manner in which it was handled varied considerably from program to 
program. 

49.  PEAK COUNT 

The peak count data obtained during LO-LOCAT Phases I, II, and III were 
compared with those obtained during other low altitude turbulence programs. 
The data available from the other programs were in different forms. The 
peak count data, when available by class interval, were evaluated by the 
extrapolation technique previously discussed in Section III. The curve 
used for this e-.trapolation was the optimum curve developed for LO-LOCAT 
Phase III. 

The extrapolation technique provided an estimate of the characteristic 
frequencies associated with each program. It should be rioted, however, 
that the characteristic frequencies vary with the low-pass filter used 
and with the speed of the airplane. 

No attempt was made to categorize the data obtained from the various pro- 
grams. The selected data were comDlned for each program and are presented 
as nne  curve for each component of gust velocity. Longitudinal gust 
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velocity data from most of the programs were not believed to be satisfac- 
tory for analysis. 

The Reference X.6 (B-66) data were not peak counted into bands of equal 
width. Also, these data were not folded about the mean nor had the mean 
been set equal to zero. Therefore, for comparison purposes, these data 
were converted to a form compatible with the data from the other pro- 
grams. 

Figures 49.1 through 49.3 show comparisons of the peak count distribu- 
tions of those data selected for analyses from the various programs. 
Table 49.1 shows pertinent information concerning the various test pro- 
grams. 

The information contained in Table 49.1 should be taken into considera- 
tion when comparing the peak count distribution curves shown in Figures 
49.1 through 49.3. The reason the distribution curve for Reference X,2 
data is considerably higher than the others is due to several factorc. 
Among the more important factors are: very low terrain clearance, very 
rough terrain, contour flight, and short turbulence samples (one minute 
or less) selected vhen the turbulence was the most intense. The high 
speeds flown during this program also made it possible to measure the 
longer wavelength high amplitude gusts. 

The next curve in relative magnitude represents the LO-LOCAT Phase III 
data. This curve is lower than the one just discussed due to the effects 
of combining all types of terrain. Also, the LO-LOCAT data were obtained 
at higher terrain clearances and at lower airspeeds. 

The next lower curve is that data from Reference X.5. This curve is actu- 
ally higher than that for the Phase III data up to gust velocities of 20 
to 30 fps, depending upon the component of gust velocity. These samples 
were obtained over the mountains at relatively high speeds. These data 
were not obtained while contour flying, therefore, many of the higher 
magnitude gusts were not encountered. 

The curve for the Reference X.6 data is probably lower than the preceding 
one because of the somewhat lower airspeed, the combination of mountains 
and plains samples, and the combination of 200 and 1000 foot altitudes 
which were not contour flown. 

The L0-L0CAT Phases I and II data were obtained at the lowest speed of any 
of the programs discussed here. These data represent the largest number 
of turbulence samples. The curve is lower than' the preceding one because 
only a very small percentage of the samples were obtained over high moun- 
tains and no samples were obtained over the Colorado Roc'qr Mountains where 
the larger gusts were measured during Reference X.2 and Iß-L0CAT Phase III. 

The distribution curves for Reference X.l and Reference X.4 are very simi- 
lar since both sets of data were gathered during non-contour flight over 
the plains. 
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The average characteristic frequencies ohtained for ecch of these programs 
are shown in Figures ^9.1 through ^9« 3.    The characteristic frequency varies 
with the speed of the airplane when the same filtering is used during data 
processing.    This is illustrated in Figure ^9«^ where a curve has been fit- 
ted through all data points associated with the same filter.    The Reference 
X.l, Peference X,2, and Reference X.6 data were not filtered in the same 
manner as the data from the other programs.    The Reference X.2 values feil 
on the curve fitted through the other data points, but the Reference X.l 
and Reference X.6 values did not. 

Even though Reference X.l and Reference X.h data were obtained under very 
similar conditions, there is a large difference in the characteristic fre- 
quencies obtained for these two programs due to the different manners in 
which the data were filtered (Figure hy.k). 

TABLE 49.1 

PERTIKENT INFORMATION FOR LOW ALTITUDE 
TURBULENCE PROGRAMS 

1     Test Program 
Airspeed 

(fps) 
Terrain 

Classification 1     Terrain Clearance      ! 

Ref. X.l (F-106) 1+95 to   620 Plains ;   1000 ft. - Constant 
Pressure Altitude       j 

Ref. X.2 (F-106) 651 to   7^8 High Mountains 100 to 200 ft.   -         1 
Contour                           { 

Ref. X.k (B-52E) 495 and 620 Plains 500 and 1000 ft.  - 
Constant Pressure 
Altitude                         | 

Ref. X.5 (B-52H) 630 to    700 High and Low 
Mountains 

500 feet - Constant 
Pressure Altitude       \ 

Ref. X.6 (B-66) 608 Mountains and 
Plains 

200 and 1000 ft.  -     \ 
Constant Pressure       \ 
Altitude                        j 

LO-LOCAT Phases 
I and II (C-131) 

330 
High and Low 
Mountains, 
Plains, Desert 
and Water 

250 and 750 ft.  -       | 
Contour 

LO-LOCAT Phase 
III (T-33) 

630 
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A Ref. X.5 (B-52H) 
[^ Phases I and II 
Q Phase III 

Characteristic 
Frequency 
Peaks/Mile 

26.9 
50.0 
26.6 

20 40 60 80 100 
GUST VELOCITY AMPLITUDE . f pa 

120 

Figure 1*9,1   Coaparlson of Longitudinal Gust Velocity   Distributions 
for Different Test Prograas 
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Characteristic 
Frequency 
Peaks/Mile 

0 Ref. X.l (F-106) 
D Ref. X.2 (F-106) 
ORef. X.J+ (B-52E) 
A Ref. X.5 (B-52H) 
I^Ref. X.6 (B-66) 
CiPhases  I  and Il(C-13l) 
0 Phase  III (T-33) 

23.6 
IH.» 

Co.o 
% .2 

g 

20 40 60 80 
OUST VELOCITY AMPLITUDE - £p» 

100 

Figure k9,2   Coaparlson of Lateral Oust Velocity Distributions 
for Different Test Progri 
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ORef. X.l (F-106 
Q Ref. X.2 (F-106 
0Bef, X.k (B-52E 
A Ref. X.5 (B-52II 
^Ref. X.6 (B-66) 
[^Phases  I  and Il(C-13l)  (>0.C 
ÜPhase IIl(T-33) ^9.5 

Characteristic 
Frequency 
Poaks/Mile 

16.1 
53.6 
:'5.i 

20   ,        ^   40 60 80 

GUST VELOCITY AMPLITUDE . f ps 

100 120 

Figure U9.3   Comparison of Vertical Oust Velocity Distributions 
for Different Test Programs 
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30.    POWER SPECTRA COMPARISON 

The power spectra selected from the Reference X.l through X.7 programs 
were converted to normalized spectra by dividing the ordlnate (power den- 
sity) by the 9*L product and multiplying the abscissa k (spatial fre- 
quency) by the scale length L. Prior to normalizing in this manner all 
data from the various programs were converted such that the power den- 
sity and frequency scales were in the units of (fps)2//cpf and cpf, re- 
spectively. Since the von Karman mathematical expressions have been shown 
to be a good representation of LO-LOGAT spectra during Phases I and II 
(Reference 1.2) and Phase III (see Section 28), the spectra comparisons 
contained in this section were accomplished using the von Karman spectra 
as the standard. 

Reference X.l (F-106) Spectra 

The purpose of the Reference X.l program was to determine the structural 
response of the B-52 airplane to the low-level gust environment. The gust 
data were obtained using an instrumented F-106 airplane which was flown in 
close wing-tip formation with a B-52 airplane during low-level flight. 
The F-106 airplane was instrumented, maintained, and flown by Air Force 
personnel. 

The low frequency drift was filtered by segmenting the data sample into 
15-second intervals and calculating the best linear fit (least-square 
line) for the first interval of data and the arithmetic mean of each 
succeeding interval. A correction curve was determined using the least- 
squares line to the mid-point of the first interval and connecting this 
with the mean at the mid-point of each succeeding interval. The last 
straight line segment was extrapolated to adjust the data during the last 
part of the last segment. The correction curve was subtracted from the 
data containing the drift. The result was a gust velocity time function 
with a mean approximately equal to zero. 

Vertical and lateral gust velocity were calculated for twenty 5-inintrte 

data samples obtained during the Reference X.l testing. Those samples 
selected for analysis are shown in Table 50.1. The standard deviations 
listed were obtained by: 

■[/: ♦ (f) df 

1/2 

(50.1) 

where:   $(f) » PSD of the applicable function 

a a zero cps 

b = 7 cps 
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TABLE 50.1 

REFERENCE X.l (F-IO6) TUBBULENCE DATA 

Test 
No. 

Sample 
No. 

Mfps) LK (feetj   | 
V w V w 

45-2 11-1 
11-2 

2.7 
2.5 

3.1 
3.7 

660 
350 

530 
825 

12-1 
12-2 

3.0 2.8 
3.4 

825 900 
940 

13-1 
13-2 

3.4 4.1 
3.1 

660 970 
975 

14-1 - 3.7 - 1600 

15-1 
15-2 2.Q 

3.8 
3.7 530 

1100 
900 

16-1 3.3 4.0 800 i4oo 

45-9 45-1 
45-2 

2.8 
3.1 4"i 

650 
800 1500 

47-1 4.0 - 750 - 

48-1 3.7 - 620 - 

49-1 
49-2 

4.0 
3.7 

4.7 
4.5 

825 
1100 

1500 
1500 

50-1 
50-?; 

3.1 
3.0 

4.0 
3.5 

620 
820 

1200 
1200 

Also Included In Table 50.1 Is an estimation of the scale of turbulence, L. 
The scale length was estimated by determining the normalized power density 
value at 0.01 cpf of a line having a -5/3 logarithmic slope and providing 
a good fit to the spectra normalized by crt

2 in the Inertial subrange.    This 
power density value was then used to enter a plot of [$(fc)/*t

z] at 0.01 cpf 
versus L for the von Kanaan mathematical expressions. 

The average longitudinal scale lengths for these data as calculated from 
both the lateral and vertical components are 715 and 1136 feet, respectively. 
This is slightly higher than those scale lengths obtained from LO-LOCAT 
Phase III, however, these data were obtained at 1000 feet absolute altitude 
and the method of filtering prevented complete removal of the low frequency 
drift. 
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Figures 50.1 and 50.2 contain coniposite plots of the lateral and vertical 
spectra normalized by 't

2L. The average of these data for given values 
of kL are compared to the von Kannan spectra in Figure 50.3. This com- 
parison shows that some of the vertical spectra values are above the von 
Kannan line, indicating that there is more drift in vertical gust veloc- 
ity than in lateral. This effect is also seen in the scale lengths. On 
the average, vertical scale length is kOO  feet greater than lateral. 
Since L = fi'J0^,  any lov frequency drift which affects o t and does 
not proportionately affect *_ will cause L to be too high. 

Reference X.2 (F-106) Spectra 

The purpose of the Reference X.2 program was to investigate the intensity 
of low altitude clear air turbulence over mountainous terrain, specifically 
in the Sangre de Cristo Mountains. An F-106 fighter aircraft equipped with 
a gust boom and a NBFM recording system was used as the test vehicle. This 
was the same airplane and instrumentation vised during Reference X.l and was 
instrumented, maintained, and flown by Air Force personnel during this pro- 
gram, A total of 100 turbulence samples, which varied from approximately 
^5 to 60 seconds in length, were reduced to power spectra form. The tur- 
bulence data were recorded while contour flying at approximately 350 knots 
indicated airspeed at terrain clearances from 200 feet to Just above moun- 
tain peak elevation. The pressure altitude was generally about 12,000 
feet. 

Gust velocities obtained from this program contained a low frequency com- 
ponent which appeared to increase in frequency as the magnitude and fre- 
quency of the turbulence increased. A computer program was not available 
to digitally filter the data; therefore, because of scheduling require- 
ments, a correction curve consisting of straight line segments was estab- 
lished b^ manually estimating the drift during each sample. The low fre- 
quency component was removed by subtracting values of the correction curve 
from the calculated gust velocity data. A portion of these data were re- 
processed and re-evaluated (see Section XI) to determine if the results 
would be significantly changed if improved data processing techniques were 
used. It was concluded that this data in general was changed very little. 

Lateral gust velocity data from 2k  samples and vertical gust velocity data 
from 6? samples were selected for analysis. Time series standard deviations 
and turbulence scale lengths for the selected samples are presented in 
Table 50.2. 

The standard deviations in Table 50.2 were calculated in the same manner 
that LO-LOCAT values were calculated. The scale lengths were determined 
in the manner described above for Reference X.l. The average standard 
deviations for lateral and vertical gust velocities are-15.6 fps and 13.7 
fps, respectively. The average longitudinal scale lengths are 1U56 feet 
and 827 feet as calculated from the lateral and vertical components, 
respectively. 
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Composite plots of lateral and vertical gust velocity spectra, normalized 
l3y<rt

2L, are presented In Figure 50.lt and 50.5. The mean of these data 
are compared to von Kamnn normalized spectra in Figure 50.6. The com- 
parisons of these data with the von Karman spectra would have been better 
if the data had been corrected to 22 cps filters as discussed in Section XI, 

REFEREIJCE 

TABLE 50.2 

X.2 (F-106) TUBBULENCE MTA 

i Test 
1  No. 

Sample 
!    No. 

1     't Ifpsj 1    hn  tfeetj    | 
1   v w !  v 1    w   1 

2-7 10 10.1 . i   kko  I 
!       n. 12.5 9.k 1250 440 

| 2-8 ih - 9.4 - 1   900 1 

i 2-21 7 10.1 8.5 1050 580 
28 M 11.9 - 975 1 
29 Ik.k - 1900 - 

1 2-23 25 - 12.2 - 975 

i 2-34 l?. - 12.4 - 900 

| 2"35 
20 ^ 14.2 m 800 ! 
21 . ii.e - 1150 { 
23 - lk,l - 975 

1 2-36 15 ^ 13.9 _ 660 
20 - 13.2 - 41*0 
21 _ 11.9 m 530 1 
2k 15.1 12.4 1800 875 1 

1 2-39 6 — 14.7 _ 620 1 
7 . 12.4 - Iko  1 
8 26.0 - 1650 1 

9 - 15.9 - 1500 
13 - 17.1  j - 600 
15 _ 18.1 - 1020 
18 - 17.7 - 600 
19 - 19.3 - 980 ! 
20 15.5 13.5 1750 9IK) 
PI         \ 11.7 9.2  I 1350  | 620 1 
PP. 11.5 11.4  j 1050 360 | 
23 - 13.0 ! j 590 
2k - 10.2 -'    ! 1200 j 
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TABIE 50.2 (CQNTINUED) 

HEraaENCE X.2 (F-IO6) TUHBUIEMCE DMEA 

No. 
Sample 

No. 
't Uw) 1          LK (feeij         | 

V W V V 

2.1<0 10 17.9 14.1 l60O 875 
18 M 14.4 - 1050 
20 l£.3 12.9 1700 900 
21 . 21.4 . i4oo 
29 15.4 - 1750 - 

2-^1 6 _ 11.7 m 1350 
10 - 13.3 . 1000 
11 . 14.8 - 900 
12 m 12.8 . 1020 
13 m 14.1 m 620 
Ik - 14.1 m 980 
Iß . 15.3 m 790 
18 . 12.7 - 600 
19 . 17.4 m 1600 
23 - 12.8 - 94o 
23-1 - 12.8 " 870 

2.42 7 _ 11.2 _ 1130 
10 . 15.7 - 94o 
18 18.9 m 1250 - 

19 . 14.8 - 1250 
28 - 16.5 - 1150 
28-1 _ 16.8 - a'25 

2-^5 27 - 14.4 M 1400 

2.1<6 16 _ 11,5 m 760 
18 . 11.8 - 1050 
21 - 11.7 M 600 

2-1*9 13 — 19.4 n 760 
Ik m 12.7 «■ 820 
K3 m 15.6 . 980 
26 13.4 8.7 i4oo 260 

2-55 41 11.6 - 2100 - 

2-56 27 •■ 12.3 H 900 

2-57 6 10.1 8.6 900 470 
15 21.2 17.2 800 420 
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TABIE 50.2 (CONTINUED) 

REEEIRENCE X.2 (F-106) TUBBULENCE DAIA 

1   (Test 
I     No. 

Sample 
No. 

't 1 fft>sj Lr [feet)           \ 
V V V w       | 

1   2-58 10 13.8 825 
lh - 13.4 - 4-30   1 
21 13.7 a* ikoo 1 

25 17.2 - 1750 1 

1   2-59 11 13.1 11.3 130G 740   | 
12 17.8 14.6 1200 430 
12-1 - 21.3 - 1050 
13 22.6 15.8 2200 680 
31 lh.2 14.7 1200 850   1 

i   2-60 14 14.8 12.3 1100 675 
23 19.2 11.9 1500 a6o 

\       28 - 13.7 m 470 

Reference X.3 (T-38) Spectra 

The purpose of this program vas to determine the dynamic response charac- 
teristics of the T-38 airplane to atmospheric turbulence. The program con- 
sisted of seventeen flights conducted in the vicinity of Edwards AFB, Cali- 
fornia, from April through August 1961. The atmospheric turbulence data 
were obtained using a Norair designed boom. This boom, installed on the 
nose of Ihe airplane vas 26 inches long and incorporated a Giannini Con- 
trols Corporation differential pressure type angle-of-attack and sideslip 
sensor. The gust velocity time histories obtained during this program also 
contained low frequency, long period trends upon wbich the gust data were 
superimposed. A high pass, moving average type numerical filter having a 
period of 2.25 seconds was employed to remove the low frequency trends. 
The original gust velocity time series was passed through this filter to 
capture all frequency components below approximately 0.4 cps. The result- 
ing low frequency time series was subtracted from the original time func- 
tions to yield smoothed or filtered data. 

Nine samples of lateral gust spectra and three samples of vertical gust 
spectra were available from which five lateral samples and the three verti- 
cal samples were selected for this comparison. The gust velocity standard 
deviations and scale lengths for the samples selected are presented in 
Table 50*3. The standard deviation values were calculated as the square 
root of the area under the spectrum from 0.5 to 25 cps. The scale lengths 
were estimated in the same manner as described previously. 
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IABLE 50.3 

KKFKKliINCE X.3 (T-38) TURBULENCE DAJA 

Test 
No. 

Sample 
No. 

»    CfpsJ LxCfeetJ            | 
V V V w 

196'-11 6 2.51 too 
196-14 h, - 2.42 m koo 
228-13 2 _ 1.92 _ koo 
228-16 8 - 2.28 _ koo 
230-JJL 7 - 2.54 - 300 
253-12 6 2.36 . 300 - 

253-15 k 2.14 _ 600 - 

253-19 2 

 1 

2.02 - 600 - 

The noimlized spectra obtained from these data are shown in Figures 50.7 
and 50.8. The average of these spectra is compared to von Karman spectra 
in Figure 50»9« There is not sufficient data involved in the average to 
warrant definite conclusions, however, certain observations are worth not- 
ing: (l) the vertical spectra and scale length more closely resemble those 
obtained for the LO-LOCAT Program than does the lateral data, and (2) drift 
still remains in the data. Evidence that drift remains in the data can be 
seen by reviewing the modulus squared of the filter function explained in 
Reference X.3. Here it can be seen that the filter used reacts as a damped 
oscillatory signal and does not completely attenuate the data below 0.5 cps. 

References X.4 (B-52E) and X.5 (B-52H) Spectra 

The Reference X.4 and X.5 data are discussed together because of the simi- 
larity of the test beds, instrumentation, gust velocity calculations, fil- 
tering, and results. Included in the objectives of these two programs was 
the deteimination of the turbulence environment and the response of the 
B-52 airplanes to that turbulence. The test beds consisted of a B-52E 
and a B-52H airplane. The instrumentation, gust velocity calculations 
and filtering were all very similar to those used during the LO-LOCAT 
Program, and are discussed elsewhere in this report. 

A total of 38 samples from these two programs were selected for comparison 
to LO-LOCAT data. The time series standard deviations -and estimated scale 
lengths are presented in Tables 50.4 and 50.5. 
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TABLE 50.^ 

RKb'KHfcINCE X.4 (B-52E) TURBULENCE DATA 

Test 
No. 

Sample 
No. 

»t (fps' L. (feet)           ! 
V W V w 

51-10 1 2.32 2.55 450 320 
2 2.62 2.47 500 290 
4 2.18 2.50 31tO 320 

21 2.66 3.29 450 510 
99 2.6l 2.86 470 450 

51-11 15 2.02 1.98 310 l60 
16 2.53 - 260 M 

17 2.50 1.70 260 120 
19 2.70 2.04 640 ito 
20 _ 2.83 m 1*00 
21 3.04 2.43 600 200 
22 3.53 3.^5 580 470 
23 2.01 2.10 480 450 
24 2.01 1.92 825 390 
25 - 1.89 - 500 
26 1.80 2.31 700 925 
27 2.4l 2.19 1320 620   l 
28 2.03 1.80 270 i4o 
29 2.36 2.05 700 265 

51-16 23 2.25 aa 520 m 

24 . 1.66 _ 825 
25 1.80 1.52 290 .140 
28 2.33 m 410 _ 

29 2.08 - 21*0 - 
30 2.69 2.46 530 350 

51-17 18 2.19 2.79 360 800 
19 2.09 2.17 975 580 
20 2.02 2.05 640 380 
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TABLE 50.5 

KEFERENCE X.5 (B-52H) TUHBULENC/S DATA 

Test 
No. 

Sample 
No. 

't Ifpsj Lrtfeet)    I 
V w V w 

13-1 27 4.26 3.51 600 320 

13-2 9 
14 

6.35 
7.56 

5.57 
4.82 

360 
1050 

270 
270 

13-5 10 
12 

7.23 
5.2.3 

6.05 
4.77 

1220 
koo 

530 
290 

13-6 17 4.05 - 670 - 

13-9 10 
14 
16 

4.10 
3.24 

3.11 
3.73 
3.81 

680 
530 

330 
44o 

, 825 

13-10 17 4.38 2.68 600 160 

The average longitudinal scale lengths for the B-52E data Is 525 feet and 
4o6 feet as computed from the lateral and vertical gust velocities, respec- 
tively.    The scale lengths for the B-52H data are 679 feet and 382 feet for 
the lateral and vertical components, respectively.    These are in good agree- 
ment with the LO-LOGAT Phase III average scale lengths. 

Composite plots of the spectra for these data are presented in Figures 
50.10 through 50.13.   Plots representing the average of the composite spec- 
tra are presented in Figures 50.14 and 50.15«    These data agree well with 
the von Karman spectra except at kL values ^ 10*1 where the observed data 
are high. 

Reference X.6 (B-66) Spectra 

The primary objective of this program was to perform a study of low alti- 
tude turbulence.    Longitudinal, lateral, and vertical gust velocities were 
recorded under a variety of meteorological and geophysical conditions simi- 
lar to the L0-L0GAT Program.    The data from this program were digitally 
filtered.    The choice of filter, hovever, varied from sample to sample, 
since the data were filtered until the area under the spectrum was equal 
to the variance of the time series.   A detailed description of this filter 
is presented in Reference X.6. 

Scale lengths were calculated for 42 data samples.    These scale lengths 
were obtained using both an area procedure based on the autocorrelation 
function and a least squares procedure .    The values based on the two dif- 
ferent methods were in good agreement.    The scale lengths varied from 153 
to 1327 feet and averaged approximately 630 feet. 
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Some difficulty was experienced In selecting good samples for comparative 
purposes and for the calculation of von Kamen scale lengths because a 
definite -5/3 logarithmic slope could not be defined. It was deduced 
that the problem was caused by an abundance of high frequency noise. Gen- 
erally, only eamples In which this noise was wir.in-Ai were selected. In 
the calculation of scale lengths, the noise was Ignored since it was not 
a factor except to the degree that the standard deviation used for nor- 
malizing was affected. 

Lateral gust velocity data from 58 samples and vertical gust velocity data 
from 5C samples were selected for analysis. The standard deviations and 
estimated scale lengths are presented in Tables 50.6 through 50.8. 

The data in Tables 50.6 through 50.8 were obtained vhen the airplane was 
flylng at 360 KIAS. The Group A data (Table 5O.6) were obtained over 
farmlands at constant pressure altitude equal to 1000 feet above the high- 
est terrain. The Group B (Table 50.?) and Group C (Table 50.8) data are 
for rough terrain, high and low mountains combined, and were obtained at 
constant pressure altitudes equal to 200 feet and 1000 feet above the high- 
est terrain, respectively, 

TABIE 50.6 

gBMgMOE X.6 (B-66) TÜBBULEMCE DATA, - GROUP A 

Farmlands - 1000 Feet 

Reference X.6 
Identification No. 

't U*B) Ixlieei)          I 
V w V w 

G55B63521 . 3.72 1350 
G55B63522 3.01 3.^6 800 970 
G6IK62521 m 2,33 _ 900 
G6:iKß2522 - 3.10 . 600 
G65K71521 3.05 2,81 700 900 
G65K71522 2.98 2,67 560 550 
G73S61521 2.84 3.28 510 825 
G83W61521 I.85 M 800 - 
G83W71521 2,2k 2.21 450 k80 
G66W61521 2.98 . 700 
G86W71521 3.69 3.84 820 1250 
G87W61521 3,20 m 770 - 
G87W71521 3.33 m 600 . 
G89W71521 3.11 3.26 860 1100 
G91S61521 3.36 . 670 - 
G92S61521 3.32 3.32 580 600 
G101Kß252l 4.95 4,76 1050 1050 
OIOIIQ62522 5.51 h,9h 1300 1100 
0103K71521 . 4.05 . 1200 
0111561521 2,92 kM 550 1250 
011^361521 3.9^ 4.31 970 1100 
Average 7^6 9^5 
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TABI£ 50.7 

REFERENCE X.6 (B-66) TURBUIMCE MIA. - GBOUP B 

High and Lov Mountain - 200 Feet 

Reference X.6 
Identification No. 

»t   (fpB) un reet; 
V w V w 

QlkKP-PlPl . 5.16 . 550 
C-31«22122 - 5.29 - TOO 
G37K22121 ^.75 - 1050 - 
G54E1U21 3.85 3.38 1450 825 
GJ^KMl?? 3.39 3.92 800 TOO 
G57E23121 - 4.65 - 950 
G57E231?? - 5.39 - 850 
G62K22121 3.26 2.40 1325 800 
n63Ki.n2i 2.97 3.15 410 380 
063101122 3.18 3.23 450 470 
G69S2D22 3.59 - 1350 - 
G63Vmi21 4.20 3.56 750 470 
065^11121 m 3.11 . 400 
GÖTVmiPT ~ 3.6o m 500 
GÖSWlllPl 4.30 _ 650 - 
G91Sni21 . 3.84 mm 500 
G92SU121 4.22 4.37 600 470 
G92S21121 4.38 - 825 . 
G9ks-\-\-\?-\ 5.10 - 800 - 
G91*s?n?i 5.53 ^.99 850 650 
G100KP2121 5.39 - 1050 - 
G100K2312?. 5.56 _ 1200 - 
G10to,112] 8.1Ö M i4oo - 
Giiosmsi 3.98 . 580 - 
Giiisn.121 3.58 . 600 - 
G111S211P1 3.08 - 650 - 
Average 884 6l4 
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TABLE 50.8 

REFERENCE X.6 (B-66) TUHBULENCE MIA - GROUP C 

High and Lov Mountain - 1000 Feet 

i       Reference X.6 
1   Identification No. 

't (fps) LK( feet)         ! 
V w V v       | 

05^11521 3.69 mm 1300 
G54E11522 - 2.93 - 850   | 
G57E23521 - 6.65 - 1750 ! 
G57E23522 ■■ 5.18 mm 600 
G62K22521 1.90 1.4T 970 390 ! 
G62K22522 2.60 2.25 l800 900 j 
G63KU521 2.68 2.57 1250 530 1 

i           G63K11522 3.25 2.86 775 580 j 
1           G73S11521 2.09 - 1030 ! 
|           G73S11522 1.91 - 1130 1 
|           G73S21521 2.11 - 1350 - 
|           G83W11521 3.06 3.33 450 610 j 
I           G86WU521 3.97 3.84 700 700 i 
!           G87WU521 - 3.92 - 970 

Ge9W11521 2.76 3.42 500 970 
G92STL521 3.8? 4.71 800 1750 
G92S21521 2,65 - 820 ■ 

j           ai00K22521 5.24 3.80 i4oo 7^   | 
G100K22522 k.kl 3.78 1200 680   | 
G100K23521 5.24 - 1450 j 
G100K23522 5.56 . 1400 
G104K11521 5.59 6.30 950 1700   li 
GlOto.1522 6.28 - 1400 i 
G1.11S11521 2.93 3.72 530 1350   j 
G113S81521 3.30 - 660 - 
Gl 14S1J.521 3.9^ 3.6l 1000 970 

1           G114S21521 4,31 4.48 1200 1650 ! 
Average 1035 999 
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The average scale length for each group Is listed In each table. Certain 
similarities can he seen between these data and the LO-LOCAT data. Both 
sets of vertical scale length data are smaller at the lover than at the 
higher altitudes, and both the vertical and lateral scale lengths obtained 
over rough terrain are larger than those obtained over smooth terrain for 
the comparative 1000-foot altitude. 

Normalized spectra are not presented for Reference X.6 because the data 
were not readily convertible to nozmallzed spectra due to the reduced size 
of available spectra plots and high frequency noise. The method for ob- 
taining the estimated scale lengths vas also rendered less accurate than 
for the other data due to the above problems. 

Reference X.7 (B-$8) Spectra 

The purpose of this program vas to compute data vhlch could be used to 
evaluate gust criterion for strength design. Investigations vere con- 
ducted in an attempt to deduce values for the scale of turbulence from 
the gust velocity data measured during the B-58 and RB-57F flight test 
programs. 

Only one sample of gust velocity spectra. Figure 50,}£,  vas presented in 
Reference X.J. These data vere recorded with an Instrumented B-58 air- 
plane flying at 900 fps at an absolute altitude of 1200 feet. No spectra 
of turbulence recorded by the B-57 airplane were presented. 

The B-58 spectrum vas analyzed in Reference X,7, for various combinations 
of prevhitening, post darkening, and filtering velghts. The turbulence 
scale lengths presented varied from 47100 feet to 2815 feet depending on 
the combination of techniques used. The most satisfactory data vere ob- 
tained using a 0.015 Gamma filter with no prevhitening. The scale length 
published, however, vas higher than that estimated by the method used to 
evaluate scale lengths from other programs. The scale length for the most 
satisfactory data vas 2815 feet compared to an estimated value of 2250 feet. 
The spectrum has a -5/3 logarithmic slope except at the high frequencies 
where the presence of noise is evident. 

It vas concluded In Reference X.7 that the scales of turbulence seem to 
increase with increasing speed. This same tendency has been noted during 
IO-L0CAT, 

Based on the assumptions made in selecting the power spectra to be used 
in this analysis, It Is concluded that the spectra of turbulence at low 
altitudes from various Independent research programs are consistent, and 
their shape can be approximated by the von Kaiman mathematical expres- 
sions with scale lengths generally less than 1000 feet. 
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SECTION XI 

ADDITIONAL RESEARCH 

Analyses of the LO-LOCAT data shoved that the statistics of measured atmo- 
spheric turbulence are significantly Influenced by the resolution of long 
wavelengths. Low frequency Instrumentation drift affects computed gust 
velocities and hence their power spectral densities. This Is due to mag- 
nification of low frequency errors by the Integrations tliat are required 
in the probe motion terms In the computation of gust velocities. The pur. 
pose of this additional research was to determine whether or not longer 
wavelengths could be better resolved by using modified data processing 
techniques. Gust accelerations and wind velocities were calculated and 
analyzed to determine If the long wavelengths could be better resolved. 
The confutation of guat acceleration rather than velocity eliminates the 
necessity for integrating, with respect to time, the acceleration measure- 
ments which magnifies drift errors. It was theorized that direct conversion 
of gust acceleration spectra to gust velocity spectra in the frequency do- 
main could result in less error at the low frequencies due to the drift. 
The spectra of the longitudinal and lateral components of wind velocity were 
calculated at frequencies one decade lower than those for gust velocity. 
The computation of wind velocities were at such low frequencies that the air- 
plane motion terms could not be Included in the computations. 

Thirty turbulence samples were selected for this additional research. These 
samples were chosen based on the availability of the gust velocity power 
spectra, the degree of homogeneity, and the geophysical conditions under 
which they were measured. They are shown in Table XI. 1. Geophysical con- 
ditions associated with the samples vary only in time of day and season. 
They were all recorded at 750 feet above high mountains of the Peterson 
route when the atmosphere was classified as being stable. 

Many improvements In data processing techniques were developed during the 
course of the LO-LOCAT program. Extreme gust data obtained during the High 
Intensity Gust Investigation (Reference X.2) and processed in 1964 did not 
have the benefit of these improved techniques since they were developed 
later. The Reference X.2 data have provided the basis for the specifica- 
tion of turbulence criteria for design of aircraft to operate in the ter- 
rain following mode. A portion of the High Intensity Gust Program data 
was re-evaluated therefore, to determine if the results from this program 
would be significantly changed if the data were reprocessed using the im- 
proved data processing techniques. 

Twenty-five of the High Intensity Gust Program turbulence samples were cho- 
sen for re-evaluation. They are shown in Table XI.2. The samples were cho- 
sen based on the magnitude of the gusts and readability of the magnetic tapes 
on which the data had been recorded. 
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TABTJ3 XI. 1 

LO-LOCAT PHASE III SAMPIÜS SEIECTED FOR 
 ADDITIONAL RESEARCH 

Category 
Test 
No. 

Sample 
Number 

teg 
No. 

Max. Anpl. - fps 
u V w 

122213 ??1 3 1 20 20 22 
PPT 15 5 22 28 26 
22? 3 1 Ik 16 20 
227 9 3 28 24 34 
239 3 1 20 30 28 
2^3 9 3 12 12 14 
2hS 12 6 3^ 32 26 
258 12 k 12 16 16 
258 18 6 14 14 16 

122243 153 3 1 18 18 14 
155 3 1 34 3^ 38 
155 22 7 ko 54 42 
163 9 3 18 24 20 
163 21 7 30 ko 34 
178 12 k 10 10 14 
178 18 6 12 14 14 
192 18 6 ko ko 30 
200 12 k 10 10 12 
209 3 1 18 20 24 
209 15 5 38 50 3^ 
209 21 7 26 30 24 

122313 ??? 6 2 20 28 20 
23^ 3 k 24 22 26 
2kh 6 2 12 18 18 
2k9 3 3 26 26 28 

■• 253 3 1 14 16 15 
253 18 7 18 12 14 
259 3 1 24 18 24 

1221^3 159 15 7 38 38 38 
162 18 6 34 48 44 
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TABIE XI.2 

EEGH INTENSITY GUST (F-106) SAMPLES 
SELECTED FOR ASDITIOmL RESEARCH 

Test 
No. 

Sample 
Number 

Max. Anqplitude -  fDB 
u V w   j 

2-39 7 30 ^5 ^ 8 50 105 75   | 
9 ho 75 50   I 

10 ko 70 60 
12 35 65 ko 1 
13 ^5 85 50   \ 
15 50 120 50   1 
18 35 85 75 
19 50 90 65   ] 

2-41 10-1 25 50 45   j 
10-2 35 75 70 
13. 35 95 55 
12 ko 65 35   1 
13 30 75 55   \ 
Ik 35 85 65   | 
16 50 95 ^5 
18 35 70 50 
19 35 105 70 
21 1*0 110 60 
23-1 ^5 75 45   1 

2-59 11 30 ^5 ko 
12-1 30 60 ko 
12-2 65 170 85 1 
13 ^5 75 55 
20 50 90 65 
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51.  GUST ACCEUBAIION IMVE3TIGAJI0N 

The three-component velocities sensed by a gust probe, relative to the probe 
are the aggregate of true gast velocities and velocities of the probe, both 
with respect to the earth. Basically, determination of true gust velocities 
involves subtraction of the probe velocities from the probe sensed relative 
velocities. 

Relative velocities are sensed as Impact pressures. However, probe motion 
velocities, measured relative to the earth, are sensed in terms of accelera- 
tions which are then integrated in the time domain to obtain probe velocities 
with respect to the earth. When the accelerations are integrated with re- 
spect to time, any quasi-bias errors appear as trends (drift). This causes 
the probe velocities at low frequencies to be less accurate than the relative 
velocities. Drift is known to exist at extremely low frequencies. The ac- 
tual motion data at these frequencies is small, and when accelerations are inte- 
grated in the time domain the drifts tend to mask the motion information. 

The gust acceleration technique was devised to improve the resolution of cal- 
culated gust velocities at very low frequencies. Calculations are performed 
in terms of gust accelerations rather than gust velocities. The gust accel- 
eration spectra are then integrated in the frequency domain to obtain the 
gust velocity spectra. 

Drift effects are removed from directly calculated gust velocities by high- 
pass filtering. Gust accelerations too must be high-pass filtered prior to 
conversion to gust velocity; however, the advantage of the gust acceleration 
technique is that the relative amplitudes of unfiltered accelerations at low 
frequencies are far less than the relative amplitudes of unfiltered gust 
velocities, and therefore, less filtering is required. 

. 
Gust Acceleration Equations 

Equations 51.1 are derived by differentiating gust velocity equations.    The 
assumption of small angles was made to reduce the number of terms.    It was 
made after differentiation. 

ü « v[(A-^-a)-(4 + ^)(^+|8)] + v+ SOV^ny + en,) 

v « V(^a + a^-^-0)-v(^+3)+ g(nx^+ny+0nz) (51.l) 

w » v(0/9+/8^-9+i)    V(«-o)+ 6(nx0- ny0 + ne -i ) 

If the small angle assumption is made prior to differentiation all the terms 
Involving V except V^, Vß, YB,  and Vo disappear. 

The effects of small angle assunqptions were analyzed. Gust velocities for 
Test 221, Turbulence Samples 3 and 15, were calculated with and without small 
angle assumptions. As shown in Figures 5i.l and 51.2 for Sample 3; only 
slight differences were noted. 

Gust accelerations for Test 178, Turbulence Sample 12, were calculated using 
equations 51.1 and also using equations where small angle assumptions had 
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been made prior to differentiation.    Spectra of these data were computed at 
the maximum resolution (Af ■ 0.0037 cps) possible.    The spectra were compared 
and found to be esjentlally equal.    Table 51.1 shows standard deviations (<r) 
of these data ove:   the frequency range of zero to 0.1036 cps.    Equations 51.1 
are, therefore, a (equate for evaluation of the gust acceleration technique. 

TABLE 51.1 

COMPARISOIT OF GUST ACCELERATION STANDARD DEVIATIONS - fps2 

Component 

Gust Acceleration a (0 to 0.1036 cps) 
Small Angles 
Assumed After 
Differentiation 

Small Angles 
Assumed Before 
Differentiation 

u 

v 

w 

0.858 

0.528 

0.733 

0.9^- 

0.524 

0.584 

Differentiation 

Equations 51*1 require the differentials ot a, 0, $, $, $,  and V. An anal- 
ysis was performed to determine how these variables could best be arrived at. 
Newton's Forward and Backward Interpolation Formulae (Reference 51»l) solved 
for the first derivative were used In the analysis. Gust velocity time se- 
ries were differentiated using various numbers of differences in the equa- 
tions. Erratic results were obtained when more than one difference was used. 
Inspection of the differences showed that errors were being magnified for 
differences greater than first differences. It was determined, therefore, 
that differentiation should be accomplished using: 

(4f)n ■ if (^ - ^) 

n ■ 0 

(51.2) 

n■ 1,2,3, • < • n 

As a further check on the differentiation,* the second moment of the area of 
the gust velocity spectrum, olf was calculated for Turbulence Sample 22, 
Test 155/ using Equation 51*3. 

[/: 
-1V2 

k    «(k)    dk (51.3) 
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The standard deviation of the tine derivative of a function Is related to 
<r1 over the same frequency Interval as shown In Equation 51, k. 

»i 2T V ♦u/*t (51^) 

The standard deviation was computed directly from the time history of the 
time derivative of gust velocity using Equation 51«5» 

*u/*t 

[2 700        . —   v2     T 
V1    (Xn-*") „e « J 

1/2 

(51.5) 

The standard deviation of the time derivative was also computed from the 
area of the gust acceleration spectra as shown in Equation ^1.6. 

•", " L / ♦A(f)   df ] 
1/2 

(51.6) 

Comparisons of   o au/,t computed from Equations 51.^ through 51»6 are shown in 
Table 51.2.    The fact that these standard deviation values all agreed well 
indicated that the differentiation and gust acceleration spectra were being 
correctly computed, and that errors were not being introduced at either low 
or high frequencies, 

TABLE 51.2 

COMPARISONS OF GU£>x' ACCEUSRATION gPANDARD DEVTATTQNS - fn«2 

Component 

Frequency 
Range 

cps 

CTau/at 
Equation 51,4 

CTau/at 
Equation 51.5 

aau/at 
Equation 51.6 

u 0-50 139.2 121.8 121.8 

u 0-25 93.6 — 90.4 

V 0-10 71.4 — 69.4 

u 0-10 50.3 — 50.2 

w 0-10 70.6 — 71 

Attitude Versus Rate Measurements 

Truncated (0-0.1036 cps) standard deviations were calculated for gust accel- 
erations which had been obtained from Test 178, Sample 12, using differentiated 
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attitude gyro data for   0,   $, and ^.    These were compared to corresponding values 
from gust accelerations using rate gyro data.    Only slight differences were noted, 
the largest of which was for the vertical component ap shown in Table 51.3 • 
Therefore, rate gyro measurements were used for the rate of change of attitude 
variables in Equations 51.1.    (it should be noted that the data in Table 51.3 
should not be compared directly with data shown in Table 51.1 because different 
processing techniques were employed for that data.    For example, true airspeed had 
been high pews filtered at 0.04 cps in connection with another investigation.) 

TABLE 51.3 

EFEECTg OF gATB MEASUREMENTS IN GUSTJäLCCELERATION CALCULATIONS 

Component 

a (0-0.1036 cps) 
Using Rate 

Measurements 

cr (0-0.1036 cps) Using 
Differentiated 

Attitude Measurements   | 

1       u 
0.705 fps2 0.675 fps2 

1         V 0.5^1 fps2 0.521 fps2       ! 

!     w 0.480 fps2 0.716 fps2        j 

Variable Mean Values 

The variables nx, ny, and nz in Equations 51.1 are made to have mean values 
as near to zero as possible by computing the mean of each measurement then 
subtracting it from each time series sample of the measurement.    The same 
is accomplished for rate gyro measurements.    This is done to minimize low 
frequency errors. 

In the evaluation of rate variables in Equations 51.1; means had not been 
subtracted from the differentiated attitude measurements.    These means were 
small (Table 51.k) however, their effect was evaluated.    Also,  it was con- 
sidered possible that the subtraction of the mean of differentiated airspeed 
might have some effect on results. 

TABLE 51.4 

MEAN VALUES 

Differentiated 
Measurement Mean 

de 
dt 

d^» 
dt 

\            dt 

1            dV 
dt 

0.00088871 deg/sec.     | 

-O.OO45623   deg/sec. 

-O.OO45623    deg/sec. 

0.21883       ft/sec.2 
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The gust accelerations were recalculated using differentiated attitudes end 
airspeed from which the means had been subtracted.    Little difference was 
noted as shown In Table 51.5. 

TABLE 51.5 

EFFECTS OF DIFFffiflimiF fiJBSPEED AND ALTITODE MEANS 

Component 

a (0-0.1036 cps) 
Without Means 

Subtracted 

a (0-0.1036 cps) 
With Means 
Subtracted 

u 0.675 fpe2 O.667 fps2 

V 0.521 f^B2 0.529 fps2 

w 0.716 fps2 0.715 3ps2 

Integration of the Gust Acceleration Spectrum 

If a time series is infinite in length, and has a zero mean, it and its de- 
rivative may be expressed by; 

m 

X(t)» y^ (an C0S "nt + ^n Sin Wnt ) 
n>o 

(51.7) 
m 

X(t)" Tj (-an Wn sin «nt + bn Wn cos «it) 
n-o 

These time series have an infinite number of power spectrum values given by: 

♦x(«h)- T( a^ + b2n) 

♦*N " T «2 ( a^ + b2n ) 

0, 1, Ö, • • J » (51.Ö) 

and are simply related by Equation 51» 9* 

♦xK)- ~* ♦*(*») 
«nc 

(51.9) 

The gust acceleration technique was devised to use Equation 51*9 for converting 
gust acceleration spectrum values to gust velocity spectrum values.    In this 
technique acceleration spectrum estimates are converted to velocity spectrum 
estimates at the fine resolution (maximum resolution possible, Af = l/T). 
The procedure from this point on is equivalent to that used for gust velocity 
data.   The fine resolution estimates are averaged over frequency Intervals to 
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give the desired final resolution and then "banned" to obtain the smoothed 
spectrum estimates. Gust velocity standard deviations calculated from the 
areas of the computed gust velocity spectra are used to represent the gust 
velocity time series standard deviations. 

The errors involved in using Equation 51» 9 for finite turbulence samples 
were evaluated. Spectra of the three components of gust velocity for Test 
155; Turbulence Sample 22,  were computed. The same gust velocity time se- 
ries were differentiated. Gust velocity spectra were calculated from the 
differentiated gust velocities using the technique established for gust ac- 
celerations. The directly computed velocity spectra and those obtained using 
the «| transformation were compared. These comparisons are shown in Figure 
51.3. 

For further evaluation of the accuracy of the confutations, the standard de- 
viations calculated from the areas of computed gust velocity spectra were 
compared with the standard deviations calculated from the gust velocity time 
series. These comparisons are shown in Table 51.6« 

TABLE 51.6 

COMPAEISONS OF GUST VELOCITY SEANDAED DEVIATIONS - fos 

Component 

From Gust 
Velocity 

Time Series 

From Gust 
Acceleration 

Spectra 

V 10.3 10.4 

w 6.6 6.8 

u 7.6 7.8 

mgh-Pass Filtering of Guflt Accelerations 

Some degree of high-pass filtering is required to remove the drift in gust 
acceleration data.   This can be seen from the comparisons given in Table 
51,7 and Figure 51.4. 

TABLE 51.7 

COMPARISON OF STANDAED DEVIATIONS AND SCALE LENGTHS 
CALCULATED FROM FIUEERED AND UNFILEERED GUST 

ACCEIERATION DATA (TEST 15Q. SAMPLE 15) 

Component 
Unfiltered Filtered             | 

at - fps           L - Ft. at - fjps           L - Pfc. 

u 26.6               38,647 6,2 453 

V 23.3               20,944 8,2 834 

w 18,2                 7J294 6.3 331 

One set of spectra in Figure 51.4 are from directly computed gust velocities 
which were filtered in the time domain below 0,046 cps. The other eet are 
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from gust pcceleratlone which were converted to gust velocities without high- 
pass filtering. Drift In the unfiltered data is obvious. Slopes of the spec- 
tra between the first and second estimates are approximately -1^/3,  nearly 
three times steeper than those for the inertial subrange. Scale lengths and 
standard deviations are extremely high. 

As discussed in Appendix III, data end extensions are required to give the 
desired sample length after high-pass filtering. For gust velocity data the 
method of folding and inverting the required number of samples about the first 
and last data samples was found to be the most accurate. Unfiltered gust ve- 
locity time functions are basically ramp functions due to large drifts en- 
countered when acceleration measurements are inte^ated. Simply folding out 
the ends to allow filtering yields a function similar to a back-to-back saw- 
tooth. This results in the introduction of erroneous low frequencies. Fold- 
ing and inverting, on the other hand, maintains the ramp trend and therefore 
gives more realistic results. 

Unfiltered gust acceleration time functions do not have the ramp function 
characteristic. Folding and inverting them introduces low frequencies since 
they do not necessarily start and stop at the same magnitude. More realistic 
results were obtained in this case when only the ends were folded out. PSD's 
of filtered and unfiltered gust accelerations are compared in Figure 51.5« 
One striking thing about comparisons of gust acceleration and gust velocity 
spectra (e.g.. Figures 51«^ and 51.5) is how small variations of gust accel- 
eration at low frequency cause dramatic changes in gust velocity. 

Next, the feasibility of filtering in the frequency domain was investigated. 
This technique appeared attractive for the gust acceleration data since: 

• Spectrum estimates were available at high resolution, a necessity 
for accurate tranr format ion. 

• End extensions are not required as in the time domain filtering 
approach, 

• Frequency filtering is computationally expedient. The filter 
transform can be combined with the transform for converting from 
acceleration to velocity. This virtually eliminates one computer 
run (for time filtering). The result was a sizeable savings in 
both flow time and computer usage. 

Turbulence Sample 15 from Test 159 was chosen for the analysis of filtering 
effects. The gust acceleration data had been obtained during a standard 
production computer run. No attempts had been made to introduce the special 
techniques (airspeed mean removal, differentiation of attitude measurements, 
etc.) previously investigated. A mixture of attitude and rate gyro measure- 
ments Imd been vised in the calculations, i.e., 

9 t 4 *  f i ät t   e> i> ,  t 

where dots indicate rate gyro measurements. 
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Filtering In the frequency domain was accomplished as follows: 

♦''f> ■ $$  0<f)2 (51.10) 

vhere: 

♦ v(f) = Filtered gust velocity estimates 

♦ A(f) = Unflltered gust acceleration estimates 

G(f) = Filter gain factor 

The gust acceleration data were subjected to time domain filtering. This 
filtering was the same as used for LO-LOCAT gust velocity data (attenuation 
below 0.0^ cps) except end extensions were folded rather than folded and 
Inverted. Figure 51.6 Illustrates the results obtained. Good agreement Is 
shown between frequency and time filtered data except for the first point. 
Here the frequency filtered gust acceleration more closely agrees with the 
spectrum computed directly from the toist velocity. 

Therefore, the 30 turbulence samples In Table XI. 1 were processed as follows: 

• Calculate gust accelerations using Equations 51»1« 

• Use the attitude data previously used In gust velocity calcula- 
tions for $, 4>}  and ^ and rate gyro measurements for d, $,  and^. 

• Filter In the frequency domain. 

Accuracy of Gust Velocity Spectra Computed from Gust Accelerations 

Gust accelerations were calculated for the 30 turbulence samples using the 
0.0^ filter. These spectra were converted to gust velocity spectra. Aver- 
age, normalized gust velocity spectra were calculated. Spectra obtained from 
the gust acceleration are compared to those obtained directly from gust ve- 
locities in Figures 51« 7 through 51»9» Von Karman spectra are also shown 
for comparison. 

Essentially the same results were obtained by the two methods for longitu- 
dinal and vertical spectra. Lateral spectrum values obtained from the gust 
acceleration appear to agree with the von Karman spectrum slightly better 
than those from the gust velocityr Also the dip in the spectrum from .01 
to .04 KL appear to be reduced somewhat. 

Gust velocity standard deviations were calculated based on the square root 
of the areas under the gust velocity spectra which had been obtained from 
the gust accelerations. Limits of the integration were from zero to fifty 
cps. These were compared to directly computed gust velocity time series 
standard deviations. Distributions of the differences obtained are shown 
in Figure 51« 10. Tne standard deviations from the gust acceleration tech- 
nique were slightly less in vhe  case of longitudinal gust velocity and 
slightly greater for vertical and lateral. 
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Turbulence scale lengths were calculated from the gust velocity spectra ob- 
tained by the gust acceleration technique.    They were calculated based on 
the von Karman mathematical expressions.    Distributions of differences be- 
tween these scale lengths and those computed originally are shown In Figure 
$1.11.    Scale lengths from the gust acceleration technique were slightly 
larger for the longitudinal and vertical components.    As In the case of gust 
velocity standard deviations, the largest scale length differences were noted 
for the lateral component. 

As shewn by Equation 51. ^ the standard deviation of gust acceleration Is 
directly related to «i calculated from gust velocity.    The gust accelerations 
calculated were evaluated by making this comparison.    Both the gust acceler- 
ation a and the gust velocity 0i were based on the frequency range from zero 
to ten cps.    The gust velocity time series had been high-pass filtered; how- 
ever, high-pass filtering was not accomplished for the determination of gust 
acceleration standard deviations.    As mentioned previously, the gust accel- 
eration power density is very low at low frequencies and therefore, high- 
pass filtering had negligible effect on the value of the gust acceleration 
standard deviation. 

Distributions of gust acceleration o and gust velocity 9l values, adjusted 
to the same units, are compared in Figure 51» 12.    Close agreement between 
the two distributions is shown. 

Accuracy of Gust Velocity Spectra From Gust Accelerations with Less High-Pass 
Filtering 

The possibility of altering the filter transfer function to provide less fil- 
tering of the gust accelerations while maintaining valid grast velocities was 
investigated. 

Maximum resolution gust velocity estimates were obtained from Test 178, Sam- 
ple 12, gust accelerations computed using differentiated attitude measure- 
ments.    The characteristic of these data is Illustrated in Figure 51«13t    In 
the case of gust acceleration, practically all the drift Is concentrated In 
the first five maximum resolution spectrum estimates.    It appeared that there 
should be little difference between directly computed gust velocity spectra 
filtered out to the twelfth estimate and gust velocity spectra obtained from 
gust acceleration filtered out to the sixth estimate. 

The filter gain factor shown In Figure 51,ik was used.    This placed the 
frequency below which attenuation occurred at 0.026 cps which is approxi- 
mately one-half of that previously used.    Ten samples were rerun with this 
modified filter.    Four of these samples were also run without filtering. 
Effectiveness of the 0.026 filter compared to the 0.0^6 filtir Is indicated 
in Table $1.8.    Tbo amount each filter reduced the unfiltered standard 
deviation Is given. 
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TABU! 51.8 

COMPARISON OF GUSTVEIßCITY STAMPED DEVIATIONS 
 WITH TWO BJFFEBENI HI-PASS FILTERS  

Test Sample Component 

Reduction in Standard Deviation 
Percent 

O.O^ Filter 0.026 Filter 

159 15 u 
V 
w 

76.3 
64.8 
64.8 

75-6 
61.3 
63.8 

178 12 u 
V 
w 

52.0 
44.2 
27.8 

48.0 
44.2 
25.0 

221 3 u 
V 
w 

45.1 
37.7 
65.2 

42.2 
34.8 
60.0 

221 15 u 
V 
w 

58.2 
31.4 
18.2 

55.4 
29.1 
13.6 

The 0.0^ filter reduced the standard deviations an average of 48.8 percent 
while the 0.026 filter reduced them an average of ^.l percent. 

It would appear, based on the samples aralyzed, that the 0.026 frequency 
domain filter was essentially as effective as the O.O^ frequency domain 
filter in removing drift. 

Average spectra were computed for the 10 turbulence samples that had been 
filtered with the 0.026 filter.  Average spectra were also computed for the 
same 10 samples filtered with the 0.046 filter. The spectra are conrpared in 
Figures 51.15 through 51.17. As indicated by the plots and Table 51. 9 > the 
0.026 filter yielded slightly higher turbulence scale lengths. This is to be 
expected since the range of frequencies involved was extended to larger wave- 
lengths. 

TABIE 51.9 

FIUEER EFFECT ON SCATS LENGTH 

Conponent 

u 
v 
w 

Average Scale Length 
6.Ö46 PlUer '    - 

823 
769 
616 

Feet 
Ö.Ö» Hlierl 

1100 
929 
762 
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The question naturally arises that if filtering below 0.026 workd so well 
for the gust acceleration technique., what would be its effect on directly 
computed gust velocities? Gust velocities calculated for Sample 12 of Test 
178 were subjected to high-pass filtering both in the time and frtquency 
domains. The frequency domain filter had the gain function shown in Fig- 
ure 51« 1^ with attenuation below 0.026 cps. The time domain filter con- 
sisted of the Ormsby gain function shifted to attenuate below 0.023 cps. 

The frequency domain filter gave obviously erroneous results as shown in 
Figure 51.18. This was expec- *d since previous analysis (Figures 2.15 through 
2.17, Reference 1.2) had she*..-, that the large excursions in unfiltered gust 
velocities distort spectra calculations throughout the frequency range. Since 
frequency domain filter operates on the estimates themselves, these errors are 
reduced only at low frequencies. 

The time domain filter removes the large excursions prior to spectrum cal- 
culations. Spectra of gust velocity time series filtered in tte time domain 
below 0.023 are compared in Figure 51,18 to gust acceleration spectra converted 
to gust velocity e.^timatss and filtered below 0.026 in the frequency domain. 
Higher estimates at the low frequencies and higher standard deviations and scale 
lengths for the time domain filtered data are attributed to the shallower slope 
of this filter. 

Determining the Distribution of the Gust Velocity Level Crossings by Using 
Gust Acceleration Data "" 

As discussed previously, the shape of the gust velocity spectra, scale 
lengths, and standard deviations can be satisfactorily determined from gust 
acceleration data. The airplane designer is also interested in the level 
crossing distributions of gust velocities. These too, it was found, can be 
determined from gust acceleration data. 

The probability of the gust velocity being equal to or greater than a given 
level, «, is given .by: 

p
6 -  Nag/^Lg (5l!ll) 

Where Nag is the number of times the gust velocity crosses a given level 
with a positive slope and 'NL    is the total uumber of times the gust veloc- 
ity crosses the zero level. 

Likewise, the probability of the gust acceleration being equal to or greater 
than a given level is: 

P.  = • a Naa/N 
(51.12) 

By dividing Equation (3.. U) by Equation (5LJ.2),   one obtains: 
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Pa can be determined directly from the gust acceleration data.    Example 
plots of this parameter versus the standardized variable, t, are shown in 
Figure 51.19; wfeftre: 

t « y / ffv 
/   y (51.1^) 

where y = the amplitude level andffy is the standard deviation. 

The amplitude levels of gust accelerations were calculated at rather arbi- 
trarily selected levels of 100 fps^.    Also shown on these plots for compari- 
sons are Pg versus its respective standardized variable.    Gust velocity level 
crossings were determined at 2 fps intervals, as discussed elsewhere in this 
document, 

N^g in Equation 51« 13 can be derived from Rice's equation: 

Kre = - -ll (sample length in seconds) (51.15) 

The r-'-ximum gust velocity may be estimated as shown in Equation 51.16. 

Max. Gust = 5 ^tg (51.16) 

For a normal distribution, the percent probability that an observed value 
differs from its mean by more than 5 a ±B 5.73 X 10-5, Reference 8Ji-.    A 
plot of Otg versus the maximum gust recorded for the 30 turbulence samples 
studied is shown in Figure 51.20.   As observed. Equation 51.16 fits the ex- 
perimental data very well. 

The ratio Nag/Naa in Equation 51.13 may be determined by interpolation of the 
curves shown in Figure 51»21.    The plots of Nag NLa versus ta

2 - tg2 were 

N«a NLg 
calculated from samples for which the number of levels of acceleration was 
at least eight.    The curves are apparently functions of scale length (spec- 
trum shape).    The interpolation was accomplished as follows: 

• The scale length and ffg was determined for the sample. 

• The gust velocity standardized variable, t  , was then calculated 
for each 2 fps interval of gust velocity. 

• Values of   ag    La were obtained from tha curves in Figure 51.21 
Naa NLg 

and cross plotted versus scale length on semilog paper. 

• The value of a*    La was determined from the cross plot, at the 
Naa NLg 

appropriate scale length. 

• Nag was then calculated by multiplying the quantity -SS 
Ia oy 

No a N L g 
NLg Naa 

363 



The probabilities of th^ gust velocities being equal to or greater than 
given magnitudes vere computed from the level crossings. The probabilities 
obtained from gust accelerations and those obtained directly from the gust 
velocity time functions are compared in Figure 51.22, 

The probabilities conipared reasonably well for all three components for the 
particular turbulence sample sele^ed. Some of the samples, especially 
those which have a small number of levels, (i.e., smaller standard devia- 
tions) probably would not have compared as well. However, it is believed 
that if these calculations had been performed for all 30 turbulence samples 
combined, then the gast velocity probability distributions for the entire 
30 samples obtained from acceleration data would have agreed reasonably 
well with those obtained from gust velocity data. 

It should be noted that the relationships defined in the curves of Figure 
51.21 could be better e«itabliehed. For example, the number of levels of 
accelerations would have more closely agreed with the number of levels of 
gust velocities if acceleration level interv-als of 80 fps2 instead of 100 
fps2 had been selected. Also, more samples should have been used to estab- 
lish the relationships; however, time did not allow for a more detailed 
analysis to be accomplished. In order for gust acceleration data to be 
used to determine gust velocity distributions, reletionships similar to 
those shown in Figure 51«21 would have to be known for all possible cate- 
gories. It is possible that more general, all inclusive, sets of relation- 
ships could be established. For example, the ordinate and abscissa for the 
data shovn in Figures 51*21 were arrived at by dividing Rice's eq,\iation for 
gust velocity level crossings by his equation for gust acceleration level 
crossings which results In: 

NLg Naa " (51.17; 

If the probability density functions of level crossings are used, the ap- 
propriate relationship is: 

"T» = =l/8(t'-tl) (51.18) 

where: 

Fg = The probability density function of the gust velocity 
level crossings, and 

Fa = The probability density function of the gust accelera- 
tion level crossings. 

Fg would be determined in a manner similar to that described for determin- 
ing Nag. Once Fg is established. Nag would be determined either by: 
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Pg da (51.19) 

or from Equations 51» 17 and 51» 18 as follows: 

«. 
N "g «g  Fa*.r 

NLe N, as 
T La 

(51.20) 

This approach may result in a more satisfactory general solution because 
the effect of band levels of gust acceleration and velocity are included. 

However, it was not the purpose of this discussion to define the exact re- 
lationships necessary for determining gust velocity distributions from gust 
acceleration measurements for all possible conditions, but it was the inten': 
to show that the methcd was feasible. 

Comparison of Primary Peak, Level Crossing, and Amplitude Count Statistics 

Gust acceleration level crossing, amplitude counts, and primary peak statis- 
tics for the 30 samples of Table XI,1 are compared in Figure 51.23. The 
probability distributions for the three components of each of the three types 
of data are essentially the same varying with the standard deviation of the 
data. The standard deviations are given in Table 51.10. It can be seen 
that the level crossing and cumulative primary peak probability distribu- 
tions agree very closely. The cumulative amplitude count probability dis- 
tributions are slightly lower than the other two. 

TABLE 51.10 

PRIMAHY PEAK, AMPLITUDE, AND LEVEL CROSSING 
STANDARD DEVIATIONS FOR CATEGORY 122000 

Component 

Gust Acceleration Standard Deviations - fps2    \ 
Primary 
Peaks 

Amplitude Counts 
(Time Series} 

Level 
Crossings 

u 
V 
w 

124 
132 
iko 

99 
100 
10? 

108 
132 
Ikk 

Normalized level crossing probability density functions are shown in Figure 
51.24, , Not only are they the same for each gust acceleration component, gust 
acceleration and velocity functions are in good agreement especially at high 
values of t. This is possibly due to the fact that pooling of the turbulence 
samples by band causes the overall distribution to approach a limit distribu- 
tion. 

The gust velocity statistics used for comparison were calculated from the com- 
bination of all the L0-L0CAT Phase III data obtained at 750 feet above high 
nountalns In staole air. This Involved 1^7 turbulence samples, 117 more than 
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that for tue gust acceleration sta^ istics. The scope of this study did not 
allow segregation of the 3C gust velocity samples which correspond directly 
to the 30 gust acceleration samples analyzed. The procedure required would 
nave Involved a complete rerun of the 30 gust velocity sawpües. It appears 
however, that had thia been dono, the statistics would have been essentially 
the same. 

The implication iti that it may be possible to obtain gust velocity time se- 
ries statistics directly from cust acceleration statistics if at leaet 30 
Eampleo are pooled for the cclculatior^s.   Assuming that gust velocity and 
acceleration values have the same normalized density function, gust veloc- 
ity probabilities would he determined by integrating the acceleration func- 
tion aad unnormalizing using the gust velocity standard deviation. 

This procedure would be valid without question if gust velocity amplitude 
samples were normally distributed.    Any stochastic process,  such as the de- 
rivative of a function,  derived by linear operations from a normal process, 
is itself a normal process.    This fact is proved in Reference 51«2.    Unfor- 
tunately the -"elocity and acceleration distributioiis deviate from the nor- 
mal as shown in Figure 51.25.    The data shown in this figure are compared 
to Rice's equation for level crossings which was derived assuming that a 
function and its derivative are characterized by normally distributed am- 
plitudes. 

The dashed curves of Figure 51«2if were developed based on Rice's equation 
for individual turbulence samples.    Their equation (51.21) describes the 
distribution resulting from pooling, by band, a number of level crossing 
distributions, each of which is from a function with normally distributed 
amplitudes. 

^'-t[t^r^'ik] (51-21) 

where: 

E      N0' 
l-l 

Values of »i and IL for the thirty samples in question were used in Equa- 
tion 5',-'21 to establish the dashed curves. They were normalized by the 
overall level-crossing standard deviation. 

The gust acceleration level crossing normalized probability density data 
of Figure 51.24 were fit with the solid curve having Equation 51» 22. 

-1,451 -0.6 721 /„ ppx 
<TL  f (o) = 1.42 e    + 0.0121 e \^-^) 

Equation 51»22 yields the cumulative probability function of Equation 51«23. 
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PH-  J   f(«)   da 

-l,U5t .o.672t 
« 0.982 e +   0.018 e 

(51.23) 

This fvmctlon is compared in Figure 51.26 to cumulative probabilities com- 
puted from actual gust velocity level crossing counts.    Good agreement of 
Equation 51*23 with the data tends to substantiate the notion that pooled 
gust acceleration data possess a reproductive property such that gust ve- 
locity and acceleration distributions are closely related. 
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0   Longitudinal 
0   Lateral 
□   Vertical 
 Equation 51.23 
— — From Equation 51.21 

4 6 8 10       12 
STANDABDI7ED VARIABLE (t) 

Figure 51.26   Actual Gust Velocity Level Crossing Probabilities Compared 
to Equations from Gust Acceleration Data 
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$2.  WIND SPECTRA 

Values of wind velocity were computed at 100 samples per second for each tur- 
bulence sample. The north-south and east-west components were calculated as 
shown by Equations V.lö through V.20 in Appendix V. Longitudinal and lateral 
wind components referenced to the initial airplane heading (to be consistent 
with the calculation of gust velocities) were then computed as follows: 

Quadrant I: 

Wu - WR   COS 
ho + WE   COS (90 - h0) 

Wv = WMl
x sin h0 - WEl sin (90 - h0) 

Quadrant II: 

Wu . w»  cos (360 - h0} - WE,, COS (h0 - 270) 
Wv = -Wi,n sin (360 - h0) - WEn sin (h0 - 270) 

Quadrant III: 
(52.1) 

wu = WNni   cos (h0 - 180)  -   WEni  cos (270 - h0) 
Wv = WBlu   sin (270 - h0)   - WNnI   sin (h0 - l8o) 

Quadrant IV: 

Wu - WElT cos (h0 - 90) - W«,, cos (180 - h0) 
Wy = WN„ sin (1Ö0 - h0) + WEIY sin (h0 - 90) 

The 30 data samples chosen for analyses were the same as those chosen for the 
gust acceleration investigation (Section 51). These samples are tabulated in 
Table XIJ. and were chosen based on the availability of the gust velocity power 
spectra, the degree of homogeneity, and the geophysical conditions under which 
the samples were measured. All of the samples were recorded at 750 feet above 
the terrain over high mountains .at the Peterson route when the atmosphere was 
classified as being stable. 

Low-pass digital filtering was performed to prevent aliasing. The data were 
then sampled at 10 cps- which gave a Nyquist frequency of 5 cps, and high-pass 
filtering was perfomed to remove long-period trends and frequencies below .00^ 
cps. 

The wind velocity time series were numerically filtered as shown in Equation 
52.2. 

N 

xi =    y;   hn (x1+n) (52.2) 

* 
where X i+n   are the input samples and Xi the output samples. The Ormsby fil- 
ter weight function, at discrete   equi-spaced intervals, At, is given by: 
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cos 2 T n At f c - COB 2 irn At (fc + Af) 

Where hn are the 2 N +1 filter weights for n = 0, ±1, ±2, . . . ±N, f <. Is the 
cutoff frequency and f c + Af Is the termination frequency. The gain factor 
of the low-pass filter Is shown In Figure 52.1, High-pass filtering was ac- 
complished In two passes to conserve conroater effort. The gain factor for 
the flrtit pass is shewn in Figure 52.2. The gain factor for the second pass is 
shewn in Figure 52.3. Even though the end result was to be high-pass filtering, 
the filtering was accomplished as low-pass, The resultant data was then sub- 
tracted from the original data leaving high-pass filtered data. Amplitudes at 
frequencies from approximately .OOk cps to 1.0 cps were essentially unattenuated. 

As discussed in Appendix III, when data are filtered, N values are lost from the 
beginning and end of the time series because of the required non-circular sums 
of the lagged products required by Equation 52.2. The scheme used to extend the 
data so that the output time history length equalled the input time history 
length was to fold and Invert the first and last 2550 date values about the first 
and last data points, respectively. 

The effects of filtering are shown in Figure 52.^ where time histories of 
filtered wind velocities are compared with unflltered wind velocities. It is 
apparent from this figure that both linear 'örends and frequencies lower than 
.00U cps were removed from the data. The linear trend illustrated in this 
case is defined as a straight line whicii connects the end points of the un- 
fllterea data. 

It Is also apparent from Figure 52.4 that there Is a striking difference In 
the characteristics of the lateral wind velocity time function compared with 
the longitudinal. The lateral component contains higher amplitudes at fre- 
quencies of approximately .25 cps (the airplane's Dutch roll mode) and the 
longitudinal component contains higher amplitudes at much higher frequencies. 
This occurred because longitudinal wind velocity Is more sensitive to the 
higher frequency fluctuations In VT, and lateral wind velocity is more sen- 
sitive to airplane motion which occurs predominately at a frequency of ap- 
proximately .25 cps. 

This can be ascertained from a study of the wind velocity equations refer- 
enced to Initial airplane heading and written as functions of true airspeed, 
ground speed, heading, and drift angle, as follows: 

Wu = -VT cos (h - h0) + G, cos (h - h0 + «) 
(52.4) 

Wv = -VT sin (h - h0) + G, sin (h - h0 + «) 

Airplane motion in Equations 52.4 is primarily manifested by variations in the 
(h + j) quantity. Equations 52.4 show that longitudinal wind velocity Is more 
of a function of V T and less of a function of the quantity (h + 5 ) than is the 
lateral component. No attempt was made to account for airplane motion effects 
In the calculations of wind velocities. Attempts to account for motion effects 
in the time domain would have been uiwise since It has previously been shown 
that there is a significant amount of drift at frequencies much below 0.04 cps 
in those parameters in the gust velocity equations which correct for airplane 
motion. oqc 



Power spectral densities of wind velocities for the 30 turbulence samples 
are shown in Figures 52.5 through 52.31*. These data have been normalized 
by their respective tic^ series variances. Only the frequency range from 
approximately .00k to .l^S cps is shown in these figures, since this range 
is considered to be the most valid due to band-pass filtering and airplane 
motion effects. 

The wind spectra show indications of isotropy for the longitudinal and lat- 
eral directions. The longitudinal spectra are usually higher thin the lat- 
eral at the lower frequencies, and it is generally lower than lateral at the 
higher frequencies. This is best shown by comparing the average normalized 
lateral and longitudinal wind spectra plotted in Figures 52.35 and 52.36. 
Scale lengths of the average normalized spectra appear to be on the order 
of 6000 feet for both longitudinal and lateral. Also shown in Figures 52.35 
and 52.36 are plots of the von Karman longitudinal and lateral spectra for a 
scale length of 6000 feet. The agreements of the average wind velocity 
spectra with the von Karman expressions are fairly good. 

There was less deviation in the longitudinal spectra from the average than 
there was in lateral. The average percent deviation of the first point on 
the spectra from the first point on the average spectrum was Uh.8  for longi- 
tudinal and 53.^ for lateral. The larger variations in the lateral spectra 
are no doubt due to its greater sensitivity to airplane motion, as discussed 
previously. 

Turbulence power spectra plots are shown In Appendix IX for those samples 
corresponding by test and leg number to the wind velocity spectra plots 
presented in Figures 52.5 through 52.3k.    Comparisons of the wind spectra 
with the respective gust velocity spectra reveal that wider point-to-point 
variations occurred ±n wind spectra than in the gust velocity spectra. One 
reason for this is because the degrees of freedom for the wind velocity 
spectra are reduced by a factor of ten since: 

Degrees of Freedoai = ^V (Sample length in seconds) (52.5) 
maximum wavelength in feet 

Sample lengths for both wind and gust velocity time series are the sane while 
the maximum wavelengths Involved differ by a factor of ten. 

The wind spectra differ from the respective turbulence spectra throughout the 
ft-equency range. This can be seen in Figures 52.35 and. 52.36 where the average 
nornAlized wind spectra are compared with the average normalized turbulence 
spectra and the respective von Karman expressions. Different spectra (scale 
lengths) are to be expected even when homogeneous, Isotropie turbulence is 
measured over different frequency ranges. The  fact that this difference will be 
apparent at all frequencies can be visualized as follows: 

1.  Consider the longitudinal correlation curves shown in the sketch where 
the data were obtained with instrumentation which could adequately mea- 
sure turbulence over the frequency range from f j^ to f 3. 
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1.0 

I fclH 

T 
a 

O'v- 

frequency range f j^ to f 5 

frequency range fg to f, 

2.  Then if t at same turbulence is measured with a system which could only 
measure tirbulence over a range from f 2 to fj where fg > f ^ then 
for a ranckm process the longitudinal correlation, f(r), would be reduced 
at a glvna crrelation distance, r, as shown in the sketch. 

3*  S jace the irAegral scale lengths are defined by: 

f   f(r) dr. (52.6) 

then Ld (f2 to f3) will be less thap !.„ (f1 to f3). 

h.     The relation between the longitudinal velocity spectrum, ♦u(k), and the 
longitudinal velocity correlation f(r) is given (Ref. 21.l) by the 
Fourier Cosine transformation of f(r): 

♦u(k) 
M 

k   j    dr f(r) cos (2ir f^) (52.7) 

It is apparent from Equation 52.6 that the spectra for the two correlation 
curves will differ since f(r) [f i to f^ j f(r) [f to ^ 

Since the correlation curves are different, then the level crossing distri- 
butions, the standard deviations, spectra shapes, and other statistical para- 
meter's defining the turbulence environment must also be different. One 
significance of this is that the turbulence parameters to be considered for 
airplane design will vary depending on the turbulence wave-lengths to which 
the airplane will respond. 

During L0-L0CAT Phases I and II the correlations of longitudinal and lateral 
surface winds at Wichita, Kansas, with those measured by the U.S. Weather 
Bureau for locations at considerable distances from Wichita, were calculated 
and plotted in a manner similar to the above sketch (Figure 4.79, Ref. 1.2). 
Integration of that curve yielded scale lengths on the order of 322 miles. 
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This Is further proof that different scale lengths are to be expected when- 
ever the frequency interval over which the turbulence is measured is changed. 
Comparisons of von Karman scale lengths from various phases of the program 
are shown in Tahle 52.1. 

TABLE 52.1 

AVERAGE SCALE LENGTHS CALCUIATED DURING THE LO-LOCAT PROGRAM 

Measurement*- 
Average Scale Length - : ''eet 

Longitudinal Lateral Vertical 

Phases I and II Surface 
Wind Correlations 1,690,000 1,690,000 mmm 

Phase III Wind Velocity 
Spectra 6000 6000 mmm 

Phase III Gust Velocity 
Spectra 71^ 632 508 

Phase I and II Gust 
Velocity Spectra 411 1*65 kk9 

* All average values are for measurements at the 750-foot altitude except 
for the surface wind correlations. 
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53. HIGH IKTEN3ITY GüST PROGRAM RE-EVALUATION 

The original High Intensity Gust Program digitized data tapes were processed 
vising the same sequence of computer programs as used for LO-LOCAT Phase III. 
The major differences In these computer programs over those used originally 
are as follows: 

• Low-pass digital filtering of measured altitudes to minimize 
noise content. 

• Smoothing of the static pressure and outside air temperature 
measurements using a one second moving average. 

• Gust velocity equations that did not Involve small angle as- 
sumptions. 

• Removal of spikes In the data If the differential between 
adjacent data points (at a sampling rate of 100 samples per 
second) of the gust velocity components exceeded 30 feet per 
second. 

• High-pass digital filtering to remove lew frequency drift 
from computed gust velocities. 

Problem Areas 

Some problem areas were encountered during the reprocessing of these data. 
One area Involved the low-pass filters used during recovery of the data from 
the flight tape. When these data were digitized originally the ground sta- 
tion was equipped with 10 cps low-pass filters. These filters tend to at- 
tenuate the data to some extent below 10 cps and they were subsequently re- 
placed with the 22 cps filters. Figure 53.1 shows a comparison of the gain 
factors of these two filters. Since it was necessary to use the original 
digitized data tapes for reprocessing, the data were attenuated to some ex- 
tent below 10 cps. The effect of the 10 cps filters on the data and how it 
was compensated will be discussed later. 

The distance from the airplane center of gravity accelerometers to the gust 
probe tip was not accounted for in the gust velocity equations (Equation 
V.12) when the da£a were reprocessed. The omission of this value resulted 
in the jib and fy  terms being equal to zero in the vertical and lateral 
gust velocity calculations, respectively. Longitudinal gust velocity cal- 
culations were not affected. In order to determine the effect of this 
omission, a turbulence sample with considerable airplane motion was repro- 
cessed with the correct value of / included. Figures 53.2 and 53.3 show 
that there is only a small difference in lateral and vertical power spectra 
caused by omission of the /^ and jth terms. 

An additional check of this problem was accomplished by obtaining the mini- 
mum and maximum values of 9 and ^ and calculating corresponding jlh  and /^ 
values for each turbulence sample. Table f>3.1 shows these extreme values 
as well as the average of these extremes for all 25 samples. It should be 
noted that these extreme values of 0 and ^ do not necessarily occur at the 



same Instant as the extremes in gust velocity. An instantaneous value of 
gust velocity could however, vary as much as the extreme values shown for 
a particular sample. 

TABLE 53.1 

EXTREME VALUES OF   I'd AND  fa 1 

i '* i i 
Minimum Maximum Minimum Maximum 

Test Sample ft/sec. ft/sec. ft/sec. ft/sec. 

2-39 7 -1.88 4.14 -5.48 3.96 
8 -6.39 8.95 -IO.34 7.02 
9 -3.^9 4.76 -3.78 3.14 

10 -4.51 4.65 -4.16 5.30 
12 -2.80 4.52 -5.86 4.18 
13 -5.62 7.04 -6.52 5.22 
15 -5.78 7.49 -II.87 9.57 
18 -6.89 8.6l -9.69 5.98 
19 -9.55 9.42 -9.O8 6.91 

2.kl 10-1 -2.20 3.82 -3.85 3.06 
10-2 -4.76 8.59 -6.53 4.31 
11 -5.06 7.21 -5.OI 5.50 
12 -3.10 3.82 -5.64 3.80 
13 -5.25 5.17 -8.67 4.66 
14 -3.15 7.40 -4.77 4.50 
16 -4.82 5.56 -5.31 5.31 
16 -3.94 4.24 -9.29 4.85 
19 -4.10 5.81 -9.73 6.29 
21 -3.92 5.72 -6.18 4.87 
23-1 -6.57 6.10 -9.27 6.96 

2-59 11 -4.50 2.45 -2.4l 3.66 
12-1 -5.12 3.17 -4.42 4.86 
12-2 -10.41 9.47 -8.11 9.02 
13 -6.63 4.32 -7.48 7.16 
20 -6.96 5.50 -5.89 5.59 

Average 5.10 5.92 6.81 5.43 

Comparison of Gust Velocities 

Gust velocities which were computed during re-processing were high-pass fil- 
tered using the filter developed for the LO-LOCAT program (Appendix III). 
The major difference between these samples and those from the LO-LOCAT pro- 
gram is in sample length.    The high intensity gust investigation samples 
that were reprocessed averaged only 66   seconds in length.    Figure 53.4 
shows a vertical gust velocity time history sample before and after this 
filter was applied.    As shown in Figure 53.4 the high-pass filter removes 
low frequency drift.    When these samples were processed originally they 
were high-pass filtered using a combination manual and automatic technique. 
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Straight line segments were manually drawn through the gust velocity time 
histories. This segmented line was then subtracted by computer from the 
data to yield high-pass filter data. 

The difference between the two high-pass filtering techniques should be most 
api.arent when comparing the maximum and minimum values. This is because the 
position of the high-pass filtering curve would determine the extreme values 
of gust velocity. Figures 53.5^ 53.6, and 53.7 show comparisons of the orig- 
inal and reprocessed extreme values of the three components of gust velocity. 
These figures show that the extreme values of gust velocity were increased 
more often than not by the reprocessing technique. 

Figure 53.6 shows one large incremental value of gust velocity which was re- 
duced from approximately -170 to -102 fps by reprocessing. This was the most 
extreme value calculated originally. Further Investigation of this sample 
(Test 2-59^ Sample Number 12-2) revealed that a very high amplitude noise 
spike in static pressure had occurred at the same instant as the extreme 
gust. This spike resulted as an increase in the extreme gust velocity dur- 
ing the original processing. The smoothing routine u.^ed to smooth static 
pressure during reprocessing removed the effects of this spike. A special 
run was made with no smoothing. In this case the effects of the spike were 
removed by the spike removal routine used during reprocessing. The extreme 
value was again -102 fps. This example Illustrates the value of both the 
smoothing and spike removal routines used during the L0-L0CAT programs. 

Figure 53.8 shows comparisons of original and reprocessed values of ms gust 
velocities. The lateral and vertical rms values tended to vary in a random 
fashion due to reprocessing. The longitudinal values tended to be decreased 
more than they were Increased but only by small amounts. The reason for 
this was probably due to difficulties in manual smoothing of longitudinal 
gust velocities which were changing greatly due to airplane maneuvers dur- 
ing contour flight over the mountainous terrain. It is concluded that gust 
velocities were changed very little when the data were reprocessed. 

Gust Velocity Amplitude Analysis 

The primary peak, amplitude, and. level crossing count procedures of ampli- 
tude analysis were performed on these samples during reprocessing. These 
procedures are described in Section III of this report. 

Figures 53.9* 53.10, and 53.11 are examples of primary peak, amplitude, and 
level cross!: igs count distributions respectively for the same turbulence 
sample. The curves shown on the plot in Figure 53.9 represent those fitted 
by computer to the data points. These curves are the same as those developed 
for LO-LOCAT, Phase III data. The form of the equation is discusced in Sec- 
tion 8. The curves shown in Figure 53.11 represent Rice's equation (Equa- 
tion 10.2). 

Figure 53.12 compares the peak count distributions obtained originally for 
an Individual turbulence sample with those obtained during reprocessing. 
This figure indicates only slight differences in the peak count distribution 
due to reprocessing. Amplitude and level crossings count were not performed 
originally so no comparisons could be made. 
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The peak, arap'Mtude, and level crossings count data obtained for each sam- 
ple was combined Into a single category. Figure 53.13 Is a combined peak 
count distribution for all the reprocessed turbulence samples. The distri- 
bution for the longitudinal component falls below the other two components. 
This Is probably due to the loW frequency response of the total pressure 
syscem caused by the low frequency response of the long pneumatic tubing 
runs used In the total pressure sensing system of this test airplane (Ref- 
erence X.l). Figure 53«1^ compares the lateral gust velocity peak count 
distribution for the reprocessed samples with a comparable category from 
DD-IßCAT Phase III. Figure 53.15 shows a similar comparison for the ver- 
tical gust velocity component. Except at the lower amplitudes the High 
Intensity Gust peaks show a higher rate of occurrence than for LO-LOCAT 
Phase III. The higher rate of peak occurrences for the High Intensity 
Gust Investigation at the higher gust velocities Is due to the selection 
and reduction of data only from very turbulence patches of air. The Phase 
III distribution Is higher at low amplitude for two reasons. First, the 
T-33 airplane flew at slower speeds and as a result measured shorter wave- 
lengths (higher frequencies). Second, many llgh'c turbulence samples were 
Included In the pooled Phase III peak count data. 

i. 

Figures 53.16, 53.17> and 53.18 show the primary peak, amplitude, and level 
crossings count probability distributions, respectively for all the repro- 
cessed samples combined. Comparison of these three figures shows the level 
crossings count to have the highest probability distribution curve and am- 
plitude count the lowest with peak count In between. This relationship is 
consistent with that found for LO-LOCAT data. 

Values of characteristic frequency were calculated, by three different meth- 
ods. In the first method, N0 (in cycles per foot) was obtained from PSD 
data using Equation 11.1. 

In the second method Np (peaks per mile) was determined by extrapolation of 
the peak count distribution curve P-S described in Section 8. In the third 
method values of N0L (crossings per mile) were obtained using Equation 11.2. 

Average values from each of these methods were calculated for the 25 selected 
samples and are shown in Table 53.2. Also shown in this table are average 
Np values for a coraparabl, LO-LOCAT Phase category (Category 110003). 

TABLE 53.2 

COMPARISON OF CHAEACTERISTIC FREQUENCIES 

N0 (occurrences/mile) 

Longitudinal Lateral Vertical 

15.9 22.1 26.6 

Np (peaks/mile) 5.3 10.5 1^.9 

NQL (crossings/mile) 11.2 17.2 24.6 

Np (LO-LOCAT Phase III 
(Peterson - High Mts. -250 feet) 

23.9 31.^ 1*6.2 
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The average value for the longitudinal component was the smallest and verti- 
cal the larg jst with lateral falling in between for all three computational 
methods. 1h±B relationship is consistent with results obtained for LO-LOCAT 
Phase III dt'ia. As discussed in Section 11 the characteristic frequency ob- 
tained is dependent upon the frequency range of the turbulence being inves- 
tigated. Due to the higher speed of the F-106 airplane and selection of only 
high intensity turbulence patches for investigation, these characteristic 
frequencies are smaller than those obtained for Phase III. 

The values of characteristic frequency obtained using level crossings data 
are considerably larger than those from peak count. This is because gust 
velocity level crossings values correspond to unextrapolated peak count 
values. The reason for gust velocity peak count extrapolation is explained 
in Section 8. 

The peak count characteristic frequencies were obtained using a curve devel- 
oped for LO-LOCAT Phase III tota to extrapolate the distribution curve to 
zero amplitude. This curve was an optimum curve for Phase III data but had 
a tendency to give low values for these data. The High Intensity Gust In- 
vestigation Np values are considered to be somewhat low and as a result 
caused ape values to be high. Reasonable agreement between characteristic 
freqv.encies obtained from PSD and level crossings data were obtained. 

The average gust velocity standard deviation values obtained from the three 
different counting techniques are given in Table 53.3- The average time 
seri«8 atandard deviation values («t) compare well with the level crossings 
standard deviation (^L)- T^16 peak count standard deviation (^pe) values are 
larger than for the other two counting techniques. These values are larger 
because the characteristic frequency values (Table 53.2) used in the calcu- 
lation of »pe (Equation 8.5) are smaller than for the other two techniques. 
The peak count characteristic frequencies were obtained by extrapolating the 
peak count distribution curve to zero amplitude using a curve developed for 
LO-IXXJAT Phase III, Better agreement between »pe, and other standard devia- 
tion values would have been obtained had sufficient high intensity gust sam- 
ples been reprocessed to develop a new extrapolation curve for the peak 
count distributions. 

TABLE 53.3 

AVERAGE STANDARD DEVIATIONS FOR THE REPROCESSED 
HIGH INTENSITY GUST IKVESTIGATION SAMPLES 

CTt 

u V w 

12.43 24.17 16.06 

ape 16.31 26.33 19^75 

CTL 12.93 25.02 16, «r 

The chi-square test for statistical normality was performed on each sample 
reprocessed. The chi-square procedure is described in Section 7. A cumu- 
lative probability distribution of the chi-square values from the 25 samples 
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is shown In Figure 53 •19«    Levels of significance based on the number of 
degrees of freedom for these data are shown.    This figure indicates that 
approximately 96 percent of the longitudinal, 92 percent of the vertical, 
and only 56 percent of the lateral turbulence samples were accepted as 
normally distributed at the 0.02 level of significance.    The lateral gust 
velocities were probably much less normally distributed than the other two 
components and the L0-L0CAT data (Figure 7.l) due to their higher magnitude 
and the shorter sample lengths associated with the High Intensity Gust In- 
vestigation Program.    The object of this program was the investigation of 
high intensity gusts.    It involved the selection of short time intervals of 
high intensity gusts, usually in the area of mountain lee waves.    If longer 
time Intervals with less lee wave activity had been selected, the three gust 
velocity components would probably have been more nearly equal in wavelengths 
and more normally distributed. 

Frequency Analysis 

Power spectral densities were computed for the 25 turbulence samples se- 
lected for reprocessing.    These data had been recovered from the flight tape 
and digitized when the ground station was equipped with 10 cps low-pass ana- 
log filters.    As previously discussed, these filters attenuated the data to 
some extent below 10 cps.    It was not within the scope of this program to 
reprocess all samples through the ground station.    Therefore, to determine 
the effect of the 10 cps filters, the spectrum for a turbulence sample which 
had been processed with them was converted to what it would have been for 
22 cps filters using Equation 53.1. 

*(f)2P  =   ♦(f) 22 ^ '10 
r g (f)22 i 
["51f)i;J (53.1) 

Figures 53.20 through 53-22 show the change in gust velocity spectra due to 
the different filters. As shown by these figures the power spectra is in- 
creased at the higher frequencies by using the 22 cps filters. The power 
spectra originally computed is also shown in these figures so that spectral 
shapes can be compared. The change in spectral shape between the original 
and reprocessed data is insignificant except at the lowest frequencies. 
This difference is attributed to the effects of the improved high-pass fil- 
■cering performed during reprocessing. 

Figures 53-23 through 53-25 show the average spectra normalized by fft for 
the reprocessed samples. These spectra are corrected to represent data ob- 
tained using 22 cps filters. The average spectra obtained at 250 feet alti- 
tude over the high mountains of the Peterson Field, Colorado, route during 
LO-IOCAT Phase III are also shown on these plots for comparison purposes. 
The Phase III spectia has a shallower slope than the reprocessed spectra. 
The longitudinal spectra had the steepest slope. This was no doubt due to 
the lowered frequency responsa caused by the long tubin« runs as mentioned 
previously. However, both fie lateral and the vertical spectra appear to 
have slightly steeper slopea than the L0-L0CAT spectra. This may also be 
due, in part, to a frequency response problem. The frequency response char- 
acteristics of the probe and associated instrumentation used during the High 
Intensity Gust Investigation was never adequately determined. 
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Contrary to what would be expected, the LO-LOCAT PSD curves In Figures 53.22 
through 53.25 extend to lower spatial frequency than the High Intensity Gust 
PSD curves. This is due to the method used during calculation of the PSD's. 
The Af used for the relatively short High Intensity Gust samples was consid- 
erably larger than for much longer LO-LOCAT Phase III samples. This large 
Af was uned in order to maintain approximately the same statistical confi- 
dence as for the Phase III spectra. Statistical confidence is discussed in 
Section £0. The degrees of freedom and confidence interval for the High 
Intensity Gust PSD were 52 and ±38 percent, respectively, compared with ^5 
and ±k2 percent for Phase III. The Af used for K)-L0CAT Phase III was 0.0^16 
cps and for the High Intensity Gust Investigation it varied from 0.1^9 to 
.298 depending on sample length. Due to the large Af values used, the first 
spectral estimate for the High Intensity Gust samples occurred at a consid- 
erably higher spatial frequency than for the LO-LOCAT Phase III samples. 

Spectra obtained for the reprocessed samples were compared to the von Karman, 
Bush-Panofsky, and Lumley-Panofsky mathematical spectra. The expressions for 
these mathematical spectra are given by Equations 28.1, 28.2, 28.7, and 28.8. 
Experlmental-to-mathematical ratios were computed by dividing the experimen- 
tal spectra by the mathematical spectra. These ratios were plotted versus 
spatial frequency. A ratio of 1 indicates perfect agreement between exper- 
imental and mathematical spectra. Average experimental to mathematical 
ratios were computed for the reprocessed samples and are shovn in Figures 
53.26 and 53.27. The broken lines in these figures represent 10 cps low- 
pass filtered data. The solid lines represent data corrected to 22 cps fil- 
tering. The data corrected to indicate 22 cps filtering shows better agree- 
ment with the mathematical expressions than does the 10 cps filtered data. 
Longitudinal spectra does not show as good agreement with mathematical spec- 
tra as do the lateral and vertical components. Again, this is due to the low 
frequency response of the long pneumatic tubing runs in the total pressure 
system of the airplane. Figures 53.26 and 53.27 shows that the reprocessed 
lateral and vertical spectra relationship to mathematical expressions is 
similar to that shown for L0-L0CAT in Figures 28.1 and 28.3, respectively. 

Homogeneity as described in Section 21 was Investigated for the reprocessed 
samples. Figure 53.28 shows the average homogeneity versus spatial frequency 
for these samples. These samples show good homogeneity, probably due in part 
to the method of data editing used. Each of these turbulence samples was 
selected from time history plots using apparent homogeneity as one of the 
criteria. For this reason computed homogeneity was expected to be good. 

The statistical independence of these samples was investigated using the 
coherency function as described in Section 20. The average lateral to ver- 
tical coherency function versus spatial frequency is shown in Figure 53.29- 
The lateral to longitudinal coherency is not shown due to the knovn longi- 
tudinal frequency response problem, When two parameters have a coherency 
equal to zero they are completely independent. Inspection of Figure J;3.23 
indicates that the average statistical independence increases for these 
samples as spatial frequency increases. 

The isotropy of these turbulence samples was also investigated, Isotropy 
was computed as described In Section 22. Figure 53.29 shows the average 
vertical to lateral isotropy ratio versus spatial frequency for the 25 
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selected samples. Longitudinal to lateral isotropy ratios are not shown 
due to the longitudinal frequency response problem. The isotropy ratios 
shovn In Figures 53.29 indicate more isotropy with increasing spatial fre- 
quency. The vertical and lateral components also indicate less isotropy 
at the lover frequencies vhen compared with the LO-LOCAT data. This is 
probably because the airplane was flown at a lower altitude during the 
High Intensity Oust Investigation, and the longer wavelengths of the ver- 
tical component are being more attenuated. 

Turbulence Scale Lengths 

Scale lengths were computed for the reprocessed samples using the von Karman 
Equations 30.2 and 30.3. The scale lengths computed included some error due 
to the use of 10 ops low-pass filters. As discussed previously, these fil- 
ters tend to attenuate the data at higher frequencies. Both <rt  and 'T are 
affected by this filter and both are involved in the confutation of scale 
lengths. Corrected »t and «p values were computed for a turbulence sample 
to determine the effects of the 10 cps filter. Scale lengths for this sam- 
ple vere then re-computed using the corrected *t and vT values. Scale 
lengths were decreased by the following: longitudinal by 9 percent; lateral 
by 11 percent; and vertical by 13 percent. The scale lengths for all sam- 
ples were therefore decreased by these percentages. The average value of 
these cormcted scale lengths axe given in Table 53.4. Also shown in this 
table for comparison purposes are the average values for comparable LO-LOCAT 
Phase III scale lengths. As shown by this table, considerably larger scale 
lengths were obtained for the High Intensity Gust Investigation. 

The longer scale lengths probably occur because of the steeper slope of the 
spectra which would attenuate the relative magnitude of 'T, and also because 
the airplane was flown at a higher average speed during the High Intensity 
Gust Investigation (713 f^ps conqpared with 6kQ fps) which would result in 
longer wavelengths being measured. 

TABIE 53.4 

COMPARISON OF HIGH mTENSITY GUST INVESTIGATION SCALE 
IENGTHS WITH THOSE OBTAINED DURING LO-LOCAT PHASE III 

LO-LOCAT PhBue III 
High Mountain, 250 Feet 

High Intensity Gust 
Investigation 

Average Scale Length 
in Feet 

I*» Lkv Kv 

775 

1432 

636 

1335 

452 

616 
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SECTION XII 

CONCLUSIONS 

The LO-LOCAT Phase III Program was based on statistical analyses of approxi­
mately 1800 samples of turbulence data and meteorological data recorded at 
absolute altitudes below 1,000 feet. These data were obtained by an instru­
mented T-33 aircra:f't which new approximately 56,000 miles during 299 low 
altitude flights. Turbulenc~ was also measured near an instrumented tower, 
near thunderstorms and in the wake of C-141 aircraft formations. From the 
numerous variables recorded, hundreds of items were calculated and analyzed. 
Conclusions drawn from these analyses follow: 

• 

• 

• 

• 

• 

• 

• 

• 

• 

Gust velocity rms values become larger as the terrain becomes 
rougher, as altitude above the terrain is decreased, and as 
atmospheric stability decreases. 

The gust velocity rms distribution may be descr ibed by the com­
bination of two Gaussian distributions. 

Gust velocity rms values show more correlation with wind speed 
over the rougher types of terrain than over the smooth terrains. 

1ne von Karman spectra expressions have good correlation with 
the experimentally determined spectra. The Dryden expressions 
do not give as good a representation of the data. In the low 
f r equency, long wavelength portion of the spectrum, an expres-
sion suggested by Busch and Panofsky also correlates well with 
the data. It was noted that experimental spectra tend to "~-- ~ 
slightly underestimated at the lowest frequencies by the von Karman 
mathematical expressions. 

Scale lengths increase with increasing terrain roughness and those 
derived from the vertical and lateral components are greater for 
the 750 foot altitude than for the 250 foot altitude. 

Drift exists in all computed, unfiltered gust velociti~s. The 
dri:f't is not characterized by constant amplitude or frequency, 
but varies from sample to sample. Dri:f't retooval by filtering, 
therefore, is mandatory for consistent, accurate results in the 
frequency domin. 

The LO-LOCAT Phase III signal-to-noise ratio is at an acceptable 
level when O't ~ 1.4 f'ps. Standard deviations of gust velocit y 
as low as 0.28 fps were obtained from data obtained in smooth air. 

Probable errors in the calculation of LO-LOCAT gust velocities 
are ±2 fps with maximum errors of ±4 f'ps. 

Normalized LO-LOCAT spectra agree basically with those analyzed 
from other research programs. The data from one of these programs, 
The High Intensity Gust Program (Ref. X.2), were reprocessed using 
the same sequence of computer programs as were used for LO-LOCAT 
Phase III. Gust velocities were changed very little when these 
data were reprocess~d. 



Approximately 88 per cent of the 4 -1/2 minute 'tllrbulence samples 
are normally distributed at 0.02 level of significance based on 

• gust velocity amplitude statistics. However, neither gust velo­
city ncrgust acceleration distributions are normally distributed 
in the strictest sense and Rice's equation consistently underestima~es 
the distributions. 

• An average of 77 per cent of the t"..lrbulence samples obtained 
during Phase III are stationary at 0.02 level of significance. 

• There is an increased probability of larger gust velocity peak 
values with increasing terrain roughness, decreasing altitude, 
and decreasing atmspheric stability. Probabilities associated 
with stable, neutral and unstable conditions are nearly the 
same. 

• There is little variation in peak count distributions with time 
of day. 

• Gust velocity time series data obtained during LO-LOCAT Phase 
III show a higher frequency of occurrence of the larger gust 
velocities than those obtained during Phases I and II primar­
ily due to the effects of the Peterson high mountain data. 

• The maximum discrete gust velocities encountered are 71.0, 
76.9, and 74.5 feet per second for the longitudinal, lateral, 
and vertical gust velocities, respectively. The maximum value 
for the vertical component occurred over Leg 3 of the Edwards 
route while the maximum for the longitudinal and lateral com­
ponents occurred over Leg 5 of the Peterson route. 

• Favorable agreement exists between the probability distribu­
tions of maximum derived equivalent vertica~. gust velocity and 
maximum vertical gust velocity. 

• Probability distributions of maximum gust velocity values for 
the longitudinal and vertical gust velocity components show 
good agreement. Higher probabilities associated with the lat­
eral component are mst likely influenced by the legs which 
ps.rallel the mountain , ridges on the Peterson route. 

• Gust accelerations can be used to calculate the statistics of 
gust velocities. One advantage of using gust accelerations 
rather than directly computed gust velocities to obtain these 
statistics is that less filtering is required because the rel­
ative ~plitudes of unfiltered accelerations at low frequencies 
are leea than those of unfiltered gust velocities. Another 
~~~tage is that filtering ~ be performed in the frequency 
domai n. l'his results in a considerable savings in the computer 
effort required. 

• Good agreement is exhibited between normalized spectra of gust 
velocities obtained from BREN Tower and the LO-LOCAT research 
airplane. 

• Fewer spectra of turbulence near convective clouds exhibits a 
-5/3 logarithmic slope relationship between power density and 
frequency. 
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• Wind speed over rough terrain and lapse rate provide good 
correlation with turbulence intensity. 

• Spectra of longitudinal and lateral wind components show 
indications of isotropy tor the two components. Scale lengths 
were on the order of 6, 000 teet. 

• FOrecasting of turbulence intensity is most successful when 
baaed on vertical wind shea:;.• and lapse rate in conjunction with 
local geographical conditions. 

• The highest probability of encountering significant turbulence 
occurs when Richardson number is in the r a.nge of ±0. 2. 'Ihe 
probabilities decrease sharply tor given values of gust velc ..!­
ity rms as Richardson number increases. 

• Stability ratio is t\8 good an indication of turbulence inten­
sity as Richardson number. 
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