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FOREWORD
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report number is LR 21718, dated July 29, 1968, The manuscript was released
by the authors on September 27, 1968 for publication.
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This report consists of two volumes. Volume I contains the main body of
the report plus Appendix I, Detailed Analysis, and Appendix II, Data Process-
ing. Volume II contains Appendix III, HICAT Flight Test I.og, Appendix IV, Time
Histories, Appendix V, Gust Velocity Power Spectra, and Appendix VI, M¢‘eoro-
logical Summaries of Tests,

This technical report has been reviewed and is approved.
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Chief, Experimental Mechanics Branch
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ABSTRACT

This report describes the high altitude clear air turbulence (HICAT)
measurements and meteorological correlations derived from Air Force U-2 flights
with emphasis upon the results achieved since 13 March 1967, the program
extension date. The program effort required the measurement of CAT velocity
components at altitudes of 45,000 to 70,000 feet in 6 geograpkic areas.
Instrumentation carried aboard the U-2 consisted of a PCM System, an inertial
navigation system, aerodynamic and aircraft response sensors including a fixed
vane gust probe, oscillograph recorder, and a digital magnetic tape recorder.
Instrumentation capabilities permitted CAT measurements ii the wavelength
range from about 100 to 50,000 feet. The program objective was to determine
the statistical characteristics of high altitude CAT so as to improve struc-
tural design criteria. In addition, meteorologicel forecasts and analiyses
were to be correlated with the CAT measurements to improve CAT itorecast pro-

j cedures. In the Extended Progrsm, 18.3 hours of high altitude CAT were located
and recorded in flights covering over 156,000 miles from bases in England,

* Louisiana, Maine, Panama, Florida, and California. Actual vertical, lateral,
and longitudinal gust velocity time histories and power spectra were deter-
mined and analyzed. Peak counts of true vertical gust velocity and derived
equivalent gust velocity were obtained. A practical procedure for forecasting
high altitude CAT was developed. The pilot's log, gust velocity time historics
and power spectra, as well as flight tracks and meteorological descriptions of
all the tests appear in Volume II of this report.

Distribution of this Abstrect is unlimited.
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SYMBOLS

Induced cg normal acceleration.

Longitudir~? acceleration in aircraft axes (ft/secz);
positive * - rd.

Latera ration in aircraft axes (ft/secz); positive to
the r .-

Normal acceleration in aircraft axes (ft/secz); positive
upward.

Vertical acceleration in earth reference axes (ft/secz);
positive upwerd.

Mean aerodynamic chord.

Cospectrum function, -
Cosyzetral estimates

Wing 1ift curve slope (1/rad).

Alpha-vanz rate-of-change of normal force coefficient with
angle-of-attack (1/rad).

Beta-vane rate-of-change of normal force coefficient with
side-slip angle (1/rad).

Cyclic frequency (cycles/sec).

Numerical filtering cutoff frequency (cycles/sec).
Rolloff frequency.

Sampling frequency = 1/ At (.amples/sec).

Numerical filtering termination frequeﬁcy (cycles/sec).
Probahility distribution function.

Measured alpha-vane normal force (1b); positive up.

Measured beta-vane normal force (1b); positive to the left,

xix
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SYMBOLS (Continued) !

Acceleration of gravity (ft/secz)

Statistical frequency cf occurrence.

Statistical frequency of exceedan-e,

Time domain weightiné function of nomerical filter (1/sec).
Transfer function designed for numerical filter.

Transfer function of ﬂpmerical filtering weights.

Corrected pressure altitude (ft).

1

Indicated pressure altitude (ft).

Amplitude of frequency response function determined by cross
spectrum method.

Amplitude of frequency response function determined by power
spectrum method.

Degrees of freedom.

Fuselage flexibility factor (rad/ft/sec2).
Gust alleviation factor = .88 pg/(5.3 + pg).

Scala of turbulence (ft).

Raw power spectral estimates.
Moment arm from gust probe to accelerometer location (ft).

Number of spectral estimates, or slope cf the power spectral
density high frequency asymptote on a log-log plot, or mass of
gust sensing vane (lb-sec2/ft).

Indicated Mach number.
True Mach number,

Frequency of exceedance of parenthetical quantity.

Number, or total number,

i
!
!
!




‘Static pressure (lb/fta).
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SYMBOLS (Continued)

Characteristic frequency (cps).
Number of numerical filtering weights.

Ambient pressure (lb/fta).

Differential pressure (1b/ft2).

Quadrature spectrum function.

Quadrature spectral estimates.

Time domain transfer function of unit elevator impulse.
Autocorrelation function.

Estimates of autocorrelation function.

Cross correlation function.

Estimates of cross correlation function.
2

Wing area (ft°).

Yane area (ftz).

Time (aec).
Ambient temperature (deg C).

Total temperature (deg C).

Elepeed time of a data run (sec).

Longitudinal gust codponent in earth reference axes measured in
the horizontal plane psrallel to the average grid heading of the
aircraft over the duration of a run (fps); positive aft.

Luteral gust comprnent in earth relference axes measured in the
horizontal plane and perpendicular to the average grid heading of
the aircraft over the duration of the run (fps); positive to the
left.
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SYMBOLS (Continued)

Vertical gust component in earth referaence axecs measured
perpendicular to the horizontal plane (fps); positive upward.

Derived eguivalent gust velocity (fps); positive upward.
Fquivalent airspeed (fps).

Indicated airspeed (fps).

True .- jeed (fps).

Aircraft grid-X-velocity in earth reference axes (fps); posi-
tive to the east.

Aircraft grid-Y-velocity in earth reference axes (fps); posi-
tive to the north.

Central smoothing weight.

Kumerical filtering weights.

Aircraft weight (1b).

Transfer function of ideal integra*ion = 1/2nf.

Transfer function of Simpson's one-third rule integration.
Transfer function of trapezoidal rule integration.,

Random function.

Dis2rete function.

Load, stress, or other quantity varying with time.

Discrete function,

Angl:-of-attack (rad); positive for relative wind upward.
Sideslip angle (rad); positive for relative wind from the right.

Gamma. function

Inclination with respect to the horizontal cf the instantaneous
relative wind (rad). ' '
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SYMBOLS (Continued)

Elevator angle (deg).
Altitude static position error correction (ft).

Mach number static position error correction.

Incremental value. When used for time series data, increments
are with respect to mean or linear trend of data.

Sampling interval (sec).
Velocity discrepancy (ft/sec).

Wind direction angle (deg); clockwise from north to the direc-
tion the wind is blowing.

Aircraft pitch angle (rad); positive nose up.

Aircraft pitch angle measured by inertial platform (rad);
positive nose up,

Aircraft pitch rate (rad/sec).
Turbulence wavelength (ft).

Aircraft heading angle (rad); clockwise from north.

Aircraft mass ratio - 2W/pg C, c 8.
o
o
Air density (lb-sec“/ft’).
Air density at sea level (lb-secz/fth).

Air density ratio, p/po, RMS value of time history.

Standerd root-mean-square deviaticn,
Standard deviation of any gust velocity component, w. (fi/sec).
Standard deviation of y.

Time lag (sec).
Aircraft roll angle (rad); pcsitive right wing down,

Aircraft roll angle measured by inertial platform (rud); posi-
tive right wing down.

xxiii
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SYMBOLS (Continued)

é Aircraft roll rate (rad/sec).

o ) Power spectral density function.

Qh Power spectral density estimates,

@xy( ) Cross spectrum function.

ﬁxyh Cross-spectral estimates.

¢ Aircraft yaw angle (rad); positive nose right.
@ Aircraft yaw rate (réd/sec).

W Angular frequency (rad/sec).

Q Reduced frequency = 2n/\ (rad/ft).

NOTE: A bar over a symbol indicates a mean value,

A caret over & symbol indicates that a filtering transformation
has been performed.

METEOROLOGICAL SYMBOLS USED:
Thunderstorm
Rainshowers

Rain

T

RW

R

<::> Line of radar echoes.
+

Area of radar echoes.

Increasing
+/- ~ Increasing slowly
+/+ Increasing rapidly
- Decreasing Intensity of radar echo.
-/- Decreasing slowly
-/+ Decreasing rapidly
xC No change
RE " No radar echo.
NA Observation not available,

xxiv
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SYMBOLS (Concluded)

NO Equipment not operating.

o |
: : Area of severe weather forecast. E
| W | V!

hhh Height of radar echo tops.

hhh Height of radar echo bases.

—XX Cell movement with speed xx (knots). )

AN Distance (nautical miles)

AT Temperature chg.nge (°Kelvin). i' ‘
AZ 'Height change (meters). ' ‘
AP Pressure change (millibars). !
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GLOSSARY OF RADIOSONDE OBSERVATION STATIONS

UNITED STATES
Station No. Code Nome
(w-30)*
Loe WAL Wallope Island, Virginia
ho3 DIA Dulles Airport, Virginia
425 s Huntington, West Virginis
503 TEB Teterboro, New Jersey
506 ACK Nentucket, Ma = 4
518 AR Alheny, Mew York
520 PIT Pittsburgh, Pennsylvania
528 BUP Buffalc, Naw York
606 P Portland, Maine
T2 CAR Caribou, Maine
(w-31)
201 =X Key West, Floride
202 MIA Miani, Floride
206 JAX Jacksonville, Florids
208 cHs Cherleston, South Carolina
21 TPA Teapa, Florids
21 P8 Valpariso, Florida
222 PNS Pensacols, Florida
226 MOM Montgomery, Mississippd
23R BVE Boothville, Louvisians
235 JAN Jackson, Mississippl
30h HAT Hatteras, North Carocline
au AN Athens, Georgla
n7 680 Greensboro, North Carolina
327 BRA Nashville, Tennessee
3% MEN Memphis, Tennessee
(w-32)
240 ICH Lake Charles, Louisisna
248 SHY Shreveport, Louisians
250 BRO Browmsville, Texas
251 CRP Corpus Christi, Texas
255 ver Victoria, Texas
259 o8v Fort Worth, Texas
261 T sl Mo, Texas
265 Mr Midiand, Texas
266 ABI Adilene, Texas
340 LT Littls Rock, Arkanses
Wk EM Fort Saith, Arkansas
353 [ Oklahoma City, Oklah
363 an Amarillo, Texss
5 cBI Columbia, Missouri
1113 Dc Docge City, Kansas
W6 o Topeha, Kanses
k63 61D Goodland, Kansas
69 ) ] Denver, Coloredo
52 PIA Peoria, Illinods
{W-33)
9 DAY Dayton, thio
553 A Qmaha, Wedragha
968 North Platte, Nebraska
2’! 4 Flint, Michigsn
693 [ ] Green Bay, Wisomsin
] Buron, South Dakota
::: (3.4 8t. Cloud, Minnesota
m Intersstional Palls,
Mionesota
(W)
76 2 lander, Vyoming
g 01 Bolse, ldaho
“ e Salm, Oveson
¢ s Mamarck, Forth Dakote
78 [ ] Glasgow, Montana
m (. 4 Oreat Falls, Momtane
[ ] Spokese,
™ wu » Washington

*“Maletype cireuit {dea. uo.

Station No.

Station No.

Z8E

Station No.

SESUEISRETEY

-2

E§§§§§§§§§§§§§§§EE REEEIRRY

UNITED STATES (Cont)
Code Neme

(vs-35)

ELP El Paso, Texas
Thecson, Arizona
Yuea, Arizons

Montgomery Fleld, Ban Diego, Calif.
San Nicolas Islend, Celifornia
los Angeles, Celifornia
Albuquerque, New Mexico

Winslov, Arizona
Yucca Flat, Nevada
ias Vegas, Nevada

Vandenburg Air Force Bage, California
Grand Junction, Colorsdo

Ely, Nevads
Oskland, Cslifeornis
Salt Lake City, Utah
Winnemuccs,

Nevada
Edwards Air Force Base, Californis

CANADA

Sable Island, Nova Scotia

Maniwaki, Quebec
Argentis, Newfoundland
Saven Islands, Quebec

Stephenville, Newfoundland
Goose Bay, Newfoundland

Nitchiquon, Quebec
Moosonse, Omtario

Name
Monterrey, Mexico

GEESVENZEERAGRRINNANAR smssuzes] ERREESEEEURRAIES
i

DeBily, Netherlands
Uecle, Belgivm
Brest/Guipavas, Prance
Treppes, Prance
Manay, Frence

K5dn, Gerwany

Ocsan Weater Ship “I" (59°F, 19"W)




Section I

SECTION I

INTRODUCTION

BACKGROUND

The establishment of desigp criteria for the faster, higher flyirng aircraft of
the future requires a detailed knowledge of the intended operating environment.
Sometime before 1962 the Air Force Flight Dynamics Laboratory recognized the
need for better definition of the atmospheric turbulence environment, particu-
larly for altitudes above 50,000 feet (Reference 1). Turbulence data available
then was derived almost entirely from NASA veul record.ings acquired during U-2
operations totaling 192 flights in five world areas (Refereice 2). These
flights were generally macéc for purposes not directly related tc atmospheric
turbulence. About half of the data from these flights, or approximately 5-1/2
hours, were for turbulence above 50,000 feet.

The Air Force realized the danger of relying soiely on the acceleration
response of the U-2 aircraft as a measure of turbulence at high altitudes. A
supersonic or hypersonic vehicle of possibly radical corfiguration, flying
four to ten (or more) times the speed of the U-2, will obviously have a some-
what different response to turbulence than the U-2. An aircraft flying at
these high speeds would be affected much moi-: by longer turbulence wavelengths
and less by the shorter vavelengths than the relatively siow flying U-2. For
these reasons, the Air Fcrce initiated a program to measure high altitude clear
air turbulence (HICAT?) at altitudes above 50,000 fzet in several areas of the
world, The prircipal objective of the program was to statistically define the
characteristics of high altitude CAT so as to improve structural design cri-
teria. To accomplish vhis result, an Air Force U-2 was instrumented so that

trve gust velocity components ercountered along the aircraft flight path could
be determined.

Lockheed-Californie Company was directed to install and maintain the turbulence
measuring instrumentation in the U-2 as well as to process and analyze the )
data. In this jJoint eifort, the Air Force was to supply the instrumentation,
maintain and fly the HICAT aircraft, and provide overall direction of the pro-
gram. Under a separate contract (Reference 3), Lockheed was directed to uti-
lize the data gathered in the flight program to develop an analytical model of
high altitude CAT. Such a model could then provide meteorologists with an
overall basis for the prediction of the occurrence and intensity of atmos-
pheric regions of turbulent air. An adequate model would permit the assess-
ment of CAT for almost any high altitude route based upon weather data records

;Aircraft velocity, center-of-gravity acceleration, and altitude

2For broader applicability, the program title was changed by the Air Force to
High Altitude Critical Atmospheric Turbulence in 1967.
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Section I

of prior years. Such an analysis could provide pseudo-operational statistical
data of considerable value to the aircraft designer particularly in the evalu-
ation of aircraft structural fatigue due to CAT.

PROGRAM HISTORY

Most of the alrcraft instrumentation for the first phase of the program
was provided off-the-shelf from Air Force inventory. In many instances
standard instruments were supplied which were not particularly intended
for turbulence research, This first HICAT instrumentation system was
designed so that the analog signals from the sensors modulated the output
of strain controlled oscillators to produce frequency modulated signals.
The FM signals were then recorded onboard the aircraft with a magnetic tape
recorder,

In the case of the gust probe, the govermment-furnished differential pressure
instrument was designed for low altitude measurements and not adaptable to
very high altitudes. Consequently, at the request of the Air Force, Lockheed
designed and built a high altitude gust sensor. The sensor design was based
upon the fixed-vane principle which had been utilized successfully in a prior
investigation of tail buffeting turbulence on the U.S. Navy P-3A patrol bomber.
Fortunately, it was possible to adapt the fixed-vane gust sensors to the nose
boom previously fabricated for the differential pressure probe.

The first HICAT checkout flight cccurred on 20 February 1964 and the first
HICAT search on 3 April 1964. In the period ending 15 July 1964, 18 HICAT
search flights were completed, 5 from Edwards Air Force Base, Calijfornia,

L from Patrick Air Force Base, Florida, and 9 from Ramey Air Force Base,
Puerto Rico. In this initial phase of the program, the HICAT aircraft had to
be shared on a day-to-day basis with other higher priority Air Force programs.
For this reason, the flights only occasionally coincided with optimum turbu-
lence forecasts. Nevertheless, about 6 hours of high altitude CAT of predom-
inantly light-to-moderate intersity were encountered on these flights.
Turbulence in the wavelength range from 60 to 2500 feet was located and
recorded approximately 14 percent of the time at altitudes above 50,000 feet.
The program successfully demonstrated the feasibility of locating and measur-
ing significant amounts of high altitude CAT. Complete documentation of this
phase of the HICAT program is presented in Reference L.,

Recognizing the need for better instrumentation to obtain longer wavelength
measurements, the Air Force redirected and extended the HICAT program on

15 February 1965. The redirection required installation of a new digitel
instrumentation system capable of measuring turbulence waves up to at least
12,000 feet and possibly up to 60,000 feet in length, First flight with the
new instrumentation occurred 8 October 1965 at Edwards Air Force Base, After
several check flights, high altitude CAT search flights were resumed on

16 November 1965, and continued under the redirected conmtract until 17 Febru-
ary 1967. During this period, 11L4 high CAT search flights were performed along
with 32 incidental flights. Over 29 hours of CAT were recorded in the opera-
tions conducted from bases in Hawaii, New Zealand, Australia, Puerto Rico,
Alaska, California, and Massachusetts. This phase of the HICAT program is
deacribed in detail in Reference 5.

e s oo
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On 13 March 1967, the HICAT program was again extended, this time under a new
Air Force contract (Reference 6). In this extension the HICAT search flights
were to be conducted from bases in Great Britain, Louisiana, Maine, Panama,
Florida, and California. In addition, the extended program was improved in
two important aspects. The first improvement required the addition of a full
time meteorologist to the HICAT field team. In this way high altitude CAT
forecasts and search techniques could be improved, meteorological coordina-
tion and air weather data acquisition assured, and meteorological data
analysis considerably enhanced. The second improvement provided for a more
extensive and detailed analysis of the flight measurements than was possible
under the original contract. For completeness this analysis was to consider
the data gathered under the original contract and presented in Reference 5 as
well as the new CAT data.

PROGRAM PHTLOSOPHY . .

It is important to distinguish HICAT flights from those U-2 flights made for
other purposes and identified by the term "operational". Operational flights
are frequently used to obtain VGH statistical data with respect to the
incidence of high altitude CAT encountered randomly. HICAT tests on the other
hand involve deliberate flights into regions of turbulence or suspected
turbulence. The emphasis is entirely upon measuring the turbulence so as to
define its intensity as a function of spatial frequency or wavelength. An
equally important objective of the HICAT flights is to sample in so far as
possible the entire known variety of atmospheric phenomena associated with
high altitude CAT. In this way considerable meteorological insight can be
gained and high altitude forecasting techniques significantly improved.

T v B
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Section II

SECTION II
INSTRUMENTATION SYSTEM

The primary airborne data acquisition system is a digital pulse code modulation
(Pcﬁg system. The sys.cm accepts both analog and digital data signals from
various remote sources in the test aircraft (Figure 1) and processes them into
a digital format at 25 semples per second. The system block diagram is shown
in Figure 2. Data from this system is recorded on l-inch magnetic tape in a
parallel format comprised of 10 data bits, one parity bit, and one synchroniz- .
ing clock bit. The analog data signals are also recorded concurrently in o
analog form on an oscillograph for purposes of quick-look analysis and data
sensor performance evaluation after each flight. These data signals are sup- P!

" plied to the oscillograph following the low-pass presample filtering that takes
place within the PCM system. The effect of the analog filtering is illustrated
by the PCM frequency response data shown in Figure 3. The mojor components of
the instrumentation system are housed in the aircraft Q-bay just behind the
pilot. The basic HICAT instrumentation list including sensor characteristics
is shown in Table I.

Analog data signals are routed to the PCM system from e variety of sensors
located throughout the test aircrafi. A fixed-vane gust probe mounted on a
nose-boom provides measurements of vertical and lateral gust forces. An iner-
tial navigation system provides information on aircraft attitude, vertical
acceleration, horizontal velocity, and horizontal displacement. Additional
acceleration, temperature, angular rate, altitude, and control surface position
informetion is supplied from other sensors appropriately located throughout the
aircraft.

Each analog signal is conditioned to a O~ to +5-volt level prior to entry into f b
the FCM system. Signal conditioning equipment includes attenuation networks,
dec amplifiers, and phase sensitive demodulators. The PCM system also accommo- :
dates five channels of external digital information which is entered directly P
into the system through switch closures on the pilot's control panel and other
remote locations.

The digital magnetic tape generated in the airborne system is subsequently
processed through a PCM ground station. This equipment decommutater the time-
multiplexed data and makes it available to a buffer-formatter which assembles
the aate into a preprogrammed computer-compatible format. Under control of the
formatter, an output tape deck generates s gapped-format magnetic tape which is
then processed through digital computing equipment. The ground station also
provides for limited visusl display and digital-to-analog conversion of selec-
ted data channels. The airborne oscillograms are used primarily as editing
alds preparatory to ground station processing.

Detalls of the airborne instrumentation, the ground station and field checkout
equipment are presented in Appendix II of Reference 5.
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Section II

ALTIMETER TRANSDUCERS

PITCH, ROLL, AND YAW RATE GYROS

LEFT AILERON POSITION POTENTIOMETER

e by N arty e P,

LOCKHEED GUST PROBE
1} NORMAL AND LATERAL GUST SENSORS
2) NORMAL AND LATERAL ACCELEROMETERS
3) PTOT STATIC TUBE AND AIRSPEED TRANSDUCER

TOTAL TEMPERATURE PROBE

OSCILLOGRAPH SYSTF.4
PCM SYSTEM
MAGNETIC TAPE RECORDER
TIME CODE GENERATOR
POWER SUPPLIES
IN=3 INERTIAL NAVIGATION SYSTEM
CENTER OF GRAVITY NORMAL, LATERAL, AND
LONGITUDINAL ACCELEROMETERS
—
// /
“ P —
LEFT WING NODAL ACCIE:.E«OMH:R-A < RIGHT WING NODAL ACCELEROMETER
RUDDER POSITION POTENTIC ‘TR
J ~— ELEVATOR POSITION POTENTIOMETER

Figure 1 Aircraft Instrumentation Location Die, vam

INTEGRATED
OSCILLOGPAM
COMTCL SY3Tem

]asccglnooum
2 |

)
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I -» =gl PROGRAMMER
| 1 1 =
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|l Tl |
amncs | [ormema |
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Figure 2 HICAT Digital Instrumentation System Block Disgram
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Section II

AMPLITUDE RESPONSE
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Figure 3 HICAT PCN Frequency Response With Pessive Low-Pass Filters
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TABIE I

HICAT INSTRUMENTATION LIST AND SENSOR CHARACTERISTICS

B Rt

(10}

linearity, hysteresis, zero stability, etc., of the basic instruments
(2) Natural frequency 155 cps, demping ratio 0.4% critical
(3) Approximately equal to 0.02 degrees
(4) Includes effecta of scme signal conditioners
(5) Natural frequency 300 cps, damping ratio TOf critical
(6) MNatural frequency 3000 cpe, dmmping ratio <1f critical
(7) At 120 knots
(8) Stability is 0.1% FS per 6 months.
(9) Natural frequency 15 cps, damping ratio 7uf critical
Driven from ship’s fuel consumption instrumentation

Inst . Ship Mfr and Model Inst Meas Systea Accm‘w(l)
Messurement Type Location No. Range Range | Resolution | (% FMS)
o-vaze Porce!®) | vane Probe Lockteed PP 3809 (#1216 {e216 | .oob (3 [e1,3t")
5
8-Vane Force'2) | vane J " " $2 1b 21 .00k 1p(3) 42,3t
Probe Norm Acc'®) | pcc " United  PAL-5655 | 1.0 $3.0g |1.0 $3.0g| .006g 10.9
Controls
Probe Lt Aceld) | Ace " " " 13g *3g .006g $0.9
o sorm ace'®) | ace 7S 408 " " 1.0 $1.5g |1.0 #1,5g] .003g 20,3
CG Lat Acc(S) Acc " " " t.5g t.5¢ .001g $0.8
G Long Acc(S) Acc " " " t.5¢ +.5¢ .001g $0.8
L wing Nod Acc’?) | ace ¥s 175 " " 1.0 £1.5g |1.0 #1.5¢] .003g £0.9
R Wing Nod Acc'>) | Ace " " " 1.0 #1,5g [1.0 #1.54 .003g 0.9
Tnd Atrspeea'® |4 Press. | Prove Rosemount 831Vh | 0-1 peic | 0-200 Kn | .20 kn{T’ £1.0
Coarse ALt Press. | A/C Kose "  pP9éD |0-15 pei |0-T5 kft | 28-620 ft 12,2\
Fine nt(a) Press. " . 830 61 |0-2 psi h6-75 xrt! 20-83 rt | 20.8
vernier Att{® |4 Press. [ " " 830G |.125pel |Iner 1.2-5.2 ¢ [ 0.8
& 521A 46=T5 k
Total Temp Temp J » 102 c,-80°%c 0,-80°% | .08% 0,2
Piten Rate 9 Gyro " R.C. Allen F2B80-0b5|£10°/6uc | £10°/Sec | .02%/8ec |20.b
Roll Rate (9 Gyro " " " £10°/8ec  ; £10%/Sec | .02%/Sec | 20.8
You Rate!?) Gyro . n . £10°/8ec ! 210%/Sec | .02°/Sec |20.8
L Afleron Pos Pot L Wing | Giennini 851725-93 360° { 215° .06° 12,2
Elevatar Pos Pot Tail " " 360° |-25° +30% .05° s2.2)
Rudder Pos Pot " " " 3%60° | 10° .o° 2,20
Puel Counter ) | cur Fus SODECO - Pl Losa |Full Losd .5 cal
Pitch Angle Stable | Q-Bay Litton  LN-3-2A | £90° " 415° .03° £0.51
Platform | Fs 288 ’.
Roll Angle " i " " +90° i 215° .03 10.51
Yeading Sine " " " " £1.0 £,707 21%-16% |s0.52
Zeading Cosine . " " " 1.0 £.707 11%,18° |20,52
Vert Accel " " " " |1 t8g 1.0 #1.0g .002g 10.7¢
X-Velocity " " " " +2000 £1000 f:j 2 fps :1.1( )
Y-Velocity " n l " l fye I $1000 fye| 2 fpe 21
X-Distance " " " " ole-to- 2500 nmi | 1.0 nmi 2.7
Pole
Y-Distance " " " " $1500 nmi) { 2500 omi | 1.0 nmi 1.7
NOTES: (1) Accuracy determined by using equation (8), Section 5, and includes such factors aJ

t
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Section III

SECTION III

DATA ACQUISITION

HICAT BASES OF OPERATION

The data acquisition phase of the HICAT program was designed to obtain CAT
search flights in various areas of the world over all types of terrain. When-
ever possible the optimum season for high altitude CAT in a particular region . X
was selected on the basis of the best available meteorological opinion. The .
actual selection of a particular base of operaticn was made by the Air Force,
consistent with the requirements for U-2 operations. In the current (i.e.,
extended) program HICAT searches were conducted from the following bases:

O AR ASEN P O A 8
L e Y 3 : S
i PR ka N
) Y P S
X LA C e
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ERR e

e Royal Aircraft Establishment {(RAE), Bedford, England, U.K.
e Barksdale Air Force Base, Shreveport, Louisiana, U.S.A.

o Joring Air Force Base, Limestone, Maineg, U.S.A.

e Albrook Air Force Base, Balboa, Canal Zone (Panama)

e Patrick Air Force Base, Cocoa, Florida, U.Z2.A.

PR

e Fdwards Air Force Base, Edwards, California, U.S.A.

The schedule of HICAT operations is shown in Figure 4. Approximately one
month of search flight operations was performed at each base,

e o+ e e

HICAT PILOTS |

The U-2 HICAT flights were performed by Edwards Air Force Flight Test Center
V/STOL Operations Branch pilots under the command of Lt. Col. James J. King.
Pilots flying HICAT missions in addition to Lt. Col. King were the following: ' ;
Lt. Col. J. H. Ludwig, Majors T. H. Smith, A. P. Johnson, J. G. Basquez, i -
K. J. Mason, and Captain R. E. Palmer, '

HICAT FLIGHT SCHEDULING

When the program began, it was thought that HICAT flights would be made at
optimm t{imes during the day as determined by the field meteorologist. The
realities of remote flight test operations and the limitations of meteorological
forecasts resulted in some practical compromises. Aircraft, instrumentation,
and veather permitting, flights were scheduled Monday through Friday as long

as twc or more pilots were available. (hWhen only one pilot was available, as
occurred part of the time in Maine and Panama, only three flights a week were
planned.) RNormally, HICAT flights were schedvlied during daytime hours with
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Section III

the takeoff at about 10:00 AM local time. For the few night flights that were
made, takeoff was scheduled between 4:30 PM and 8:00 PM local time.

HICAT FLIGHT PROCEDURES

On the day of a flight, a flight plan was prepared, based upon a CAT forecast
der.*ved from the most recent weather observations. The pilot was then briefed
n le high altitude CAT conditions predicted en route and any special flight

tests to be performed.

If the flight was to be over water and more than 200 miles from land, an addi-
tionael aircraft was required to patrol the search area to provide navigational
aid and air rescue support. A C-97 Air Rescue transport was used for this
purpose in England and Panama.

The flights usually began about midmorning, as mentioned above, snd were of
three to six hours duration, The instrumentation was operated continuously
throughout the flight. The aircraft normally began the CAT searches at an
altitude of about 50,000 feet. If no turbulence was encountered, the aircraft
alternately climbed and descended at altitudes abcve 50,000 feet while en
route., If significant CAT was encountered, fairly level stralght runs were
made through the turbulence. During these runs, the autopilot was turned off
and control activity minimized. In crder to define the CAT area an X-pattern
was frequently flown,

. .Flight procedures differed somewhat in those HICAT tests coordinated with the

‘meteorological investigations conducted by other organizations. Four tests
were flown from Barksdale Air Force Base in conjunction with the National
Severe Storms Laboratory (NSSL) of the Institutes for Environmental Research at
Norman, Oklahoma. In these tests the HICAT aircraft was vectored by the NSSL
radio back and forth over thunderstorm areas on the basis of ground radar
ubservations.

Five tests were flown from Edwards Air Force Base in cooperation with the
investigation of mountain waves conducted by the National Center for Atmospheric
Research at Boulder, Colorado. The procedure followed for these tests required
the aircraft to fly roughly east and west over the Front Range Mountains Just
west of Boulder or over the Sangre de Cristo Range west of Pueblo, Colorado.
Successive runs of about 100 nautical miles length were performed while
increasing the altitude in 3000-foot increments for each run above 50,000 feet.

CAT intensity was usually evaluated subjectively by the pilot as well as from

a mechanical cockpit accelerometer. Pertinent weather observations (i.e., winds,
clouds, etc.) were noted along with necessary flight and navigational inf:..ma-
tion. On most flights the pilot als> took 35mm color photogrnphs of the clouds
(if any) in the vicinity of the CAT area.

During many of the flights when the air was especially asmooth, control pulses
and smooth symmetric pitch maneuvers (roller coasters) were performed. This
was done in order to check the polarity and behavior of the instrumentation as
well as to check the efficacy of the gust velocity determination.

e e o
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At the end of a HICAT flight, the pilot was debriefed by the Lockheed field
meteorologist and the Lockheed field engineer. These meetings were tape
recorded for later evaluation in conjunction with the meteorological analysis.
Also, immediately after the flight, the quick-look oscillograph record was
processed and examined. Turbulence penetrations were evaluated as well as the
performance of the instrumentation., Peak turbulence accelerations were deter-
mined at this time in order to classify the intensity of the CAT encounter and
for comparison with the pilot's notes.

HICAT SEARCH STATISTICS

As the Flight Test Log appearing in Appendix III shows, 106 HICAT test flights
were made totaling 477.6 flight hours. Of these flights, 92 were planned
searches for high altitude CAT, with 66 resulting in CAT encounters ranging in
intensity from light to severe. In addition, high altitude CAT was encountered
in 6 of the 14 incidental flight tests. The incidental flight tests or non-
search tests included aircraft check flights, instrumentation check flights, and
ferry flights. Overall, 18,3 hours of high altitude CAT were recorded, 17.8
hours resulting from planned searches based upon CAT forecasts. Figure 5
summarizes the relative success of HICAT searches at each of the bases of
operation. The figure indicates that on a percentage basis the Iouisiana

flights encountered the largest amounts of CAT and the Maine flights the least
amount of CAT,

The following tabulation summarizes all the HICAT flight experience including
that from the Initial and Redirected HICAT programs:

Tests
_Ilrngg_gﬂ Test Period Tests Enc;)uugx;ring :i-\jf-}sxt }}?ogﬁ
Initial Feb 64 - Oct 6k4 33 17 k.5 7.4
Redirected  Oct 55 - Feb 67 146 8k 649.5  29.2
Extended Mar 67 - Feb 68 106 el 477.6 18.3
All Feb 64 - Feb 68 285 173 1221.6 sk.9

Track maps of the HICAT search flights in the current (Extended) program are
presented in Appendix VI along with a meteorological description of the condi-
tions at the time of each flight and pertinent pilot comments. Track maps for

the Initial program appear in Reference 4 and those for the Redirected program
are presented in Reference 5, Volume III.
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ROYAL AIRCRAFT ESTABLISHMENT
: SEDFORD, - ENGLAND
i
1
4 BARKSDALE AFB, S HICAT SEARCHES
! LOUISIANA ? Nlonmiacn Tcnvmr

Al 1 1 1 i
NOTE: GAPS IN THE
LORING AFB, SCHEDULE RESULT FROM
MAINE FERRY FLIGHTS OR 3
NON HICAT ACTIVITY R

; ALIROOK AFS,
; PANAMA .
PATRICK AFS,
FLORIDA {
EDWARDS AFS,
CALIFORNIA
. . ‘

| 1 |
FES MAR APR MAY JUN JUL AUG SEP OCT NOV DEC JAN FEB

1967 { 1968

Figure 4 Schedule of HICAT Operations ?z

j SEARCH TIME ABOVE 45,000 FT
CAT TIME ABOVE 45,000 FT

BEDFORD [: 5.14 HR {100%) ,
1.0HR (1.9%) .

srcsoAE] ] 50.3 HR (100%)
4.2FR (8.4%)
| oane [ ] 30.5 HR (100%)
0.5 iR (1.6%)
amoox ] 45.5 HR (100%)
2.9HR (65.2%) .
amck [ ] 32.4 HR (100%)
, 1.6 (5.5%)
- EDWARDS ] 130.0 HR (100%)
' 7.41R (5.7%)
e 3411 HR (100%)
17,00 (5.2%
Figure 5 CAT Percentage in Search Flights by Base
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SECTION IV

DATA PROCESSING

GENERAL

The purpose of the data processing phase of the HICAT program was to retrieve
edited raw turbulence data recorded digitally on an airborne PCM magnetic tape,
convert the data to a computer-campatible formal on the HICAT PCM Ground Sta-
tion, and then process it through a series of computer programs designed to
provide data for e statistical analysis of high altitude clear air turbulence.

Automatic data handling techniques were essential in processing the large
volume of data required for the HICAT program. The totel amount of data pro-
cessed was equivalent to about 18 hours of turbulence. This required the
processing of approximetely 70 million datas points and the preparation of
several thousand plots of gust velocity time histories and power spectra. An
IBM System/360 Model 50/75 computer was used to process the data and to per-
form the statistical computations., A CALCOMP automatic plotter with magnetic
{ape input was used for the graphical presentation of the data.

DATA ACQUISITION

Flight test data were recorded simultaneously on both a PCM magnetic tape and
an oscillogram., The PCM magnetic tape was used as the primary recording medium
and the oscillogram was used for a quick-look evaluation of the test data and
the instrumentation system by the field team.

After the postflight evaluation, all of the test data including the quick-
look oscillogram, PCM megnetic tape, instrumentation and flight data sheets,
track maps, meterological data, pilot's flight log and pilot's photos were
transmitted to the HICAT project office at the Lockheed-California Company in
Burbank, California, for distribution and processing., Figure 6 diagrams the
data acquisition activities at the field site.

DATA OPERATIONS

In order to verify the quality of the PCM magnetic tape and check for pcssible
malfunctions of the airborne PCM data acquisition system, the airborne PoM
magnetic tape was played back through the PCM ground station as soon as i was
received. The time recorded on the tape was checked by mesrs of a translated
visual display in terms of days, hours, minutes, and seconds. Each of the data
channels was giver a rudimentary check by means of a visual decimal display.
Fourteen digital-to-analog convertere on the ground station coupled to a
direct-write oscillograph recorder could be used for further checking and
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PREFLIGHT PROCEDURES

© METEOROLOGICAL ANALYSIS & FORECAST
© INSTRUMENTATION CALNRATION & CHECKOUT
® FLIGHT PLAN PREPARATION

ARSORNE I PILOT DEBRIEFING I
QUICK-LOOK

OSCULOGMM

[
DESCRIPTION OF CAT POSTRLIGHT

@ VERIFICATION OF h—ttind ANALYSIS
© EVALUATION OF DATA PREFLIGHT METEORO- Y FIELD METEOROLOG!ST
ACQUISITION SYSTEM LOGICAL FORECAST
AND RECORDED DATA
® DETERMINATION OF
ARCRAFT MAXIMUM
ACCELERATIONS FUGHT DATA REPORT

[ ] I')Eé'ul RECORDED AIRBONE ® EVALUATION OF TEST FLIGHT

& REQUESTS FOR SUPPORT DATA
& QUICK-LOOK OSCILOGRAM o OTHER PERTINENT INFOR-
MATION

® FLIGHT DATA REPORT

Figure 6 Data Acquisition Activities at the Field Site

troubleshooting. Notice of any instrumentation system malfunctions discovered
in this checkout was immediately transmitted to the field team.

Instrumentation and flight data records received from the field team after
each flight were appraised to obtain the current status of the instrumentation
calibrations and configuration prior to the processing ¢f any data.

DATA EDITING

The airborne oscillograph record was utilized to select data samples for com-
puter processing. When the airborne osclllogram was unsatisfactory or missing,
an oscillograph record was generated on the PCM ground station fram the air-
borne magnetic tape. The editing process consisted of the following basic
steps:

e Evaluation of instrumentation performance

® Selection of turbulence samples to be processed and determination of
their start and stop times

et e e et
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® Determination of turbulence intensity and character

® Determination of aircraft attitude and control motions during CAT
penetrations,

Details of the editing process from the analysis point of view are presented
in Section V.

PCM DATA PROCESSING GROUND STATION

The editing results defined the tape sections to be processed by the PCM ground
station, The ground station then performed the following functions: retrieval
of data from the airborne magnetic tape, decommutation, digital-to-analog con-
version with asnalog displey, conversion of the data to computer-compatible
format, and the recording of reformatted data onto computer magnetic tape, The
flight data, originally recorded on tape at 1-7/8 inches per second, was played
into the ground station at 30 inches per second, or 16 times the real-time
recording speed,

A more detailed description of the ground station is provided in Appendix II of
Reference 5.

COMPUTER SYSTEMS OPERATIONS

Six computer programs were designed to process and analyze the turbulence data
recorded on the ground station output tapes:

1. Basic data program
2. Gust velocity program
3. Statistical analysis program

Lk, Spectral analysis program
5. Elevatur response program
6. Numerical filtering progrem.
A deteiled description of these programs appears in Appendix II.

Routine reduction of the turbulence data recorded on each ground statior mag-
netic tape culminated in the production of two additional tapes corresponding
respectively to the first two programs above: (1) an intermediate tape con-
taining the reduced basic measurement samples in engineering units; and (2) a
final output tape recording the variables, the derived equivalent gust velocity,
and the 3-axis gust velocity components. The analysis programs (the third and
fourth programs above) were designed to accept either of the two computer-
generated tapes as their data source, The last two programs were used in a
special investigation of selected turbulence samples. The elevator response
program accepts the intermediate basic data ocutput tape as its data source,
The program generates a tape formatted identically to the intermediate basic
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data tape except that it contains additional elevator response data. The
numerical filtering program accepts the final gust velocity output tape as its
data source. Its function is to numerically high-pass filter selected quanti-
ties from the final gust velocity output tape and generate an output tape
containing these filtered parameters. This output tape is again formatted
identically to the final output tape.

Figure 7 diagrams the operations required to convert the airborne tape to an

i edited and calibrated computer tape. Figure 8 indicates the sequential opera-
T tions involved in the implementation of the various HICAT computer programs.
i The heavy lines indicate routine processing. The dashed lines indicate

e optional programs used for special investigationms.

BASIC DATA PROGRAM

The basic data program utilizes the tape generated by the ground station to
perform certain reduction functions for each measurement. In this process the
program reads, disassembles, and translates the packed PCM data into a
standardized computing format. The frame times were monitored to ensure that
the correct time interval was maintained. The measurement samples were then
calibrated into engineering units and error checked to detect and correct
spurious data points. Finally, the calibrated measurement samples were low-
pass filtered by applying selected sets of Martin-Graham numerical filtering

DIGTAL AIRSORINE
RECO*DED QINCK-LOOK
ARBCANE OSCILOGRAM
TAPE

{ o EVALUATION AND
EDITING OF
:i':‘ svsrem RECORDED DATA
‘-—-—-
@ INSTRUMENTATION
GROUND STATION SYSTEM PERFORMANCE
1 & MISSION PERFORMANCE

(7O FIELD PROJECT
ENGINEER)

I
* STATUS OF AIRSORNE 1
INSTRUMENTATION AND
SUPPORT DATA ’

PIELD T8AM
CALIBMATION
proRt
DATA
- X= & Y-UISTANCE FOR
PLIGHT TRACK MOTS
i uznuu CLAISIPICATION
SUMPORT DATA
BASIC DATA
MOOMM INMY

Figure 7 Airborne Tape Conversion Flow Chart
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welghts designed to pass only the useful frequency response range of each
measurement. A description of the derlvation and application of the numerical
filters designed for HICAT data is given in Appendix II.

Upon completion of data reduction, the basi. data were recorded on magnetic

tape and also tabulated in a time series. When necessary, fully annotated
time history plots of the basic data could be generated.

GUST VELOCITY PROGRAM

The gust velocity progrem used the tape generated by the basic data program
to compute and output on tape the following paremeters for the CAT data:

1
® Aerodynamic variables such as VT, Hﬁc’ ta’ MT’ ete.

o Derived equivalent gust velocity

® Gust velocity component terms

] Gust velocity vertical, lateral, and longitudinal components

Y Wind velocity and heading.
The methods employed to determine these parameters are presented in Appendix IT.
The gust velocity program was designed to compute the gust velocity components
by several alternate methods utilizing various combinations of measurements.
These options were made available so that some gust velocity components could
still be obtained despite an instrument malfunction. ’
Time histofy plots of gust velocities and other parameters recorded on the
final data tape may be generated as required.

STATISTICAL ANALYSIS PROGRAM

The runs found to be acceptable after reviewing the basic data were processed
in the statistical anelysis program, This program utilizes two statistical
counting methods to determine the frequency of occurrence of "peaks" in the
data. The two methods are described in considerable detail in Section V, as
well as in Appendix II. Time series standard deviations (i.e., RMS values)
were also computed in both counting methods. This information was computed
routinely for cg norual acceleration and derived equivalent gust wvelocity in
order to evaluate the turbulence intensity level,

SPECTRAL ANALYSIS PROGRAM

To define ihe statistical characteristics of the turbulence data in the
frequeacy domain, the gust velocity components and other selected parameters
recorded on the compute.-zenerated tapes were processed through the spectrul

18
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analysis program., This program employed techniques developed by Tukey
(Reference 7) to compute power spectral estimates. It 1s completely described
in 4ppendix II. Tabalar listings of the spectral datea and spectral plots

were automatically generated by this program.

ELEVATOR RESPONSE PROGRAM

Unit impulse time responses are used in this program to remove the effects of
elevator motion < .m cg normal acceleration and derived equivalent gust
velocity time hisvories. The data generated by the program is compatible with
the other analysis programs. The program is described in Appendix II.

NUMERICAL FILTERING PROGRAM

This program was designed to apply a number >f high-pass digital filters to the
data contained on the final gust velocity tape. A discussion of the program
is presented in ~ppendix II. The filtering program generates an output tape

containing the desired filtered quantities in a format compatible with any of
the HICAT analysis programs.

19
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SECTION V

ANALYSIS AND DISCUSSION OF RESULTS

GENERAL

The HICAT program results are based upon flight measurements of aircraft cg
acceleration response and the true or ausolute gust velocity components

-together with measurements of the related aerodynamic and meterological

variables. These measurements are compiled for analysis in statistical tabu-
lations, time histories, peak counts, and gust velocity power spectra. A
comprehensive presentation of all the HICAT measurements available for
analysis is provided by the HICAT Test Summary, discussed briefly below and
presented in Appendix I.

It is the purpose of this section to describe and analyze these results with
emphasis upon the point of view of the aircraft structural designer. The
main features of this presentation are the following:

e A description of the CAT data editing procedures and the equdtion
used to compute gust velocities from the flight measurements.

° An examination, by geographical region, of CAT relative frequency
of occurrence and intensity per flight mile within various altitude
bands. This analysis is based mainly upon Uy, peak counts deter-
mined from time histories of the aircraft cg acceleration response.
The effect of elevator input upon Uz, determination is described.
True gust velocity peak counts are also analyzed.

® An evaluation of the true gust velocity power spectira utilizing two
different averaging methods to obtain spectra for aircraft design.
The representation of gust velocity spectra by various mathemati-
cally defined curves is also discussed.

° An examination of certain special statistical relationships of CAT
to determine probability distributions of rms velocities for the
three gust components, to determine the isotropy of the turbulence,
and to evaluate the stationarity of the vertical gust velocity.

HICAT TEST SUMMARY

The HICAT test summary table, Appendix I, provides a brief tabular description
of all high altitude CAT encounters in order by test and run number. Test
conditions are summarized by tabulations of time, location, altitude,airspeed,
temperature, heading and wind. The turbulence is classified by intensity and
terrain, as well as by values of cg acceleration, derived equivalent gust
velocity and true gust velocity. The table is intended to convey the scope of
the results while at the same time characterizing each CAT run with sufficient
detail to permit an independent assessment of the measured data.
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1
| .
DATA EDITING b

§ The selection of CAT samples for data processing and analysis was based upon
; an edit of the flight measurements recorded on the quick-look oscillogram, ;
i Turbulence samples were selected primarily from an evaluation of the cg nor- *
mal acceleration response of the aircraft. The acceleration sensitivity of 1
the oscillograph trace was approximately 0.9g per inch, which provided a ’
reading resolution of 0.0lg. If continuous rapid cg acceleration disturbances
were observed in excess of +0.05g, turbulence was considered to be present.
Small, high-frequency oscillations in the gust probe measurements normally ,
provided further evidence of the presence of (AT. Usually, the pilot would ?
confirm the presence of CAT by activating his oscillograph event marker.

‘ B
A turbulent region as defined above was considered to be significant (i.e., b
worth processing) if frequent cy acceleration peaks of $0.10g or more were i
observed. In this event, sample3 start and stop times were noted to the :
nearest 5 seconds. An attempt was madc to note all significant samples. b
However, those turbulence patches of less than 10 seconds duration, corre- !
sponding to about one mile in physical length, were usually ignored. CAT _
encountered in turns, particularly unsteady turns, was usually excluded also. f

Generally speaking, no special attempt was made to edit recordings that did |

not contain the relatively rapid oscillations normally associated with the {

confused mixing of turbulence (nearly always noted by the pilot). It was, i

of course, recognized that some long wave phenomena (e.g., gravity waves or B

undulances might exist apart from those regions cormonly identified as ;
|

turbulent., However, no such perturbations were observed except for those
rare oscillations caused by the pilot or ty a malfunctioning autopilot.

Each edited sample was characterized by a subjective description of the CAT
in words as well as in terms of the estimated level of the cg acceleration

i
i

peaks. In general, the following classification, derived originally from b
HICAT pilots' comments, was observed. ;
|

Frequently occurring peak

& increment CAT description
$0,05 to $0.10 Very light (VL)
$0.10 to %0.25 Light (L)
$0.25 to *0.50 Moderate (M)
$0,50 to $0.75 Severe (S)
+0,75 or greater Extreme (X)

3After processing in the ground station, CAT samples are usually called runs
and referred to by a run number,
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Figure 9 illustrates the relationship between the data editor's subjective
evaluation of CAT intensity and the various measures of turbulence intensity,
i.e., cg acceleration, derived equivalent gust velocity, and true (absolute)
gust velocity. The measurements are rms values computed from time series
data or, in the case of the vertical gust velocity, power spectral data.

As an aid to later analysis, the aircraft attitude during the turbulence
penetration was noted, i.e., level, climbing, descending or turnirg. In this
connection, average rates of climb or descent less than about 400 feet per
minute were considered to be level.

Frequent or excessive use of the controls as evidenced by changes in control
surface positions or fuel flow rate were also noted. Relatively slow, large-
amplitude motions of the elevator were suspect if the turbulence was very
light and occasionally resulted in a CAT sample being passed over.

DISTRIBUIION OF TURBULENCE BY ALTITUDE

The amount of turbulence encountered in a given altitude band obviously depends
upon the amount of turbulence which naturally occurs in the particular band

as well as the time or distance searched within the band. FigurelO graphically
depicts the number of miles flown in 5000-foot altitude bands above

45,000 feet for each base of operations and for all bases and for all bases
including data from the Redirected program. Figure 11 shows the number

of miles of turbulence encountered in the same altitude bands in similax
fashion.

These two figures considered together appear to indicate a possible increase
in {he occurrence ot turbulence in the 50,000 to 55,000-foot hand when ail
bases are cousidered.

GUST VELOCITY TIME HISTORIES

The gust velocity time histories are presented in Appendix IV, Volume II. A gust
velocity time history is shown corresponding o each run for which gust
velocity power spectra are presented in Appendix V.

A typical gust veloclity time history appears in Figures 12 and 13. The first
figure presents time histories of the three gust velocity components along
with derived equivalent gust velocity, corrected pressure altitude and
ambient air tempersture. The second figure shows the associated time
histories of true airspeed, roll angle, aircraft heading, elevator position,
cg longitudinal acceleration, and cg normal acceleration.

Determination of Absolute Gust Velocity Components

The determination of the absolute gust velocity components of atmospheric
turbulence from an aircraft regquires the measurenment of (1) the motion of the
air disturbances with respect to the aircraft and (2) the motion of the air-
craft with respect to the ground. In the HICAT instrumentation system the air
disturbances relative to the aircraft are meesured with a gust probe; the
aircraft motion relative to the ground is determined by an inertial platform.
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The basic equations used to determine the vertical, lateral, and longitudinal
gust velocity components from the HICAT meacurements are given below:

[ ==
]

VpAe + Vy APAG - VA0 + anzdt + L, A8

[=1
I

L = VTAﬂ- VTAaA¢ + VTAqJ- Avy, cos A+ avy, sin A+ kall

[«
1

. AV, - AV, sin A - avy, cos A

The A's indicate zero-mean quantities. Linear trends are removed from the
gust components after all the terms are summed. When inertial platform
megsurements were defective, independent acceleration and rate gyro measure-
ments were used to compute the gust velocities as described in Appendix II.

The derivation of all of the gust velocity equations is given in Appendix IV
of Reference S.

Determination of Derived Equivalent Gust Velocity, Uz.

The derived equivalent gust velocity is a fictitious gust velocity inferred
from measured airplane cg normal accelerations. The concept has been used
for many years to determine airplane structural design loads and accelerations )
for gust conditions. It is based on & simple theory in which the following i
major assumptions are made:

° The airplane is rigid.

° The airplane is free to rise but not pitch.

[}
° The airplane is in steady level flight prior to entry into *he gust.

° The .‘gust velocity profile is a one-minus-cosine shape with a

J length of 25 ving chorde.
A ; &der these assumptions, the maximum airplane acceleration, in g's, is given
. . cna Po 8 Vo K '
.“m * N Ude () 3
or, coaversely, ot
W

e T |G IVE | o @
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vhere
.88
K, = 53 h . (3)
W
Hg " T peas *)
a

In equation (2), Uge is the maximum gust velocity in the une-minus-cosine
profile. The subscript "d" in Uge stands for derived and the "e" far equiva-
lent It emphasizes the fact thet when Uje 1s obtained from flight-measured
cg normal accelerations using equation (2), it is not an actual gust velocity
but a derived equivalent quantity. Uge can be interpreted as the gust velocity
that would produce the measured valve cf Asg if the restrictions contained
in the basic assumptions were met. One assumption that is not even closely
met is that pertaining to gust shape; the simple one-minus-cosine shape of
fixed length bears little resemblance to the actual complex gust velocity pro-
files measured in the atmosphere. Kevertheless, it has been found that this
highly simplified theory gives a very good indication of the relative acce” 2r-
ations experienced in turbulence by various airplanes. As a result, it has
been & very useful design tool. If statistical data on cg accelerations of
existing airplanes are converted to Uge form by means f equation (2), then
the acceleration experience of a new airplsne can be predicted by means of
equation (1). This approach has been used for many years both in establishing
design loads and in defining repeated loads spectra for fatigue analysis;

only recently has it been supplemented by newer theories that are more precise
both in their description of the gust pattern and their treatment of the air-
plane dynamics.

It is clear, however, that the derived equivalent gust velocities inferred
from cg accelerations are, in fact, fictitious gust velocities that bear
little relation to actual gust velocities that might be measured directly.

It is also clear from the above derivation that Uz, should be regarded as
applying only to peak values, obtained from the measured peak values of Aa,.
As a matter of convenience, however, it has become common practice to apply
the bra~keted term on the r!ght-hand side of equation (2) to the entire Ay
time history and to designate the resulting variable Uye. Thue, when peak
values are read from the time history, no further conversion is necessary.
Also, this term can be regarded as a normalizing factor which places not only
peak values of acceleratiin, but acceleration time histories as well, on a
common basis largely independent of the characteristics of any individual
airplane. In the HICAT program a time history of Use is computed for each
run from the messured time history of cg normal acceleration. Average valuzs
are used during a run for all quantities in the expression for Ujge except a1y,

hude = Ud(p/po)ua, 80 that at sea lovel Uy, is equal in magnitude to the

derived gust, Ud'
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The variations during any single run of these other quantities are generally
small enough to have a negligible effect on the values of Uy,. Values of S,
¢, and an used in calculating Uze Were as follows:

8 = 600 £t2,

c = B.4re,

cL as shown in Figure 1.
o

PEAK COUNT AND EXCERDANCE DATA

~ Obgectives

The gust velocity peak ccunt anzliysis has two objectives:

° Determination of the level of turbulence encountered and co-relation
with existing pudblished data, particularly the VGH data presented
for the U-2 in References 2 and 8. )
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° Determination of the staticmnarity of turbulence ‘as traversed
by the airplane) by comparing HICAT cumulative peak count
distributions with peak count distributions given by theory
for a stationary Gaussian process (Rice's equation).

In support of the first objective, primary emphasis was placed upon peak
counts of the derived equivalent gust velocity, Uy,. Relatively complete
Ujge peak counts were obtained. Peask counts of absolute gust velocities were
also obtained, However the number of such peak counts was limited for the
following reasons:

(1) The very long wavelength components of the turbulence corresponding
to frequencies of 0.015 cps or less can contribute substantially
to the peak count data, yet are of uncertain validity because of
instrumentation resolution limitationms.

(2) With high pass filtering performed to remove the very long wave-
length camponents from the data, the resulting pesk counts depend
upon the filter used. The proper interpretation and use cof such
peak counts is not evident at this time. It is not clear how
such peak counts might be used directly in developing design
criteria, and inasmuch as the filter characteristic 1s quite
arbitrary, valid comparisons with peak count data obtained in
other programs would depend upon agreement as to the filter to
be used,

(3) To date, gust velocity peak counts have been of value chiefly in
establishing gust intensity statistics from VGH data for normal
operatiors., In the HICAT programs, there has been no attexpt to
obtain elither a random sample of the atmosphere or one that would
simulate normel aircraft operations. Consequently, in this program,
axtensive peak counting has been considered to be of secondary
impcrtance, and tbe pzasure of relative turbulence intensities
given by the HICAT Uy, peak counts is considered alequate.

As a result, pesk counting of absolute gust velocities was confined to a few
of the more severe turbulence encounters.

In support of the second cbjective, determination of CAT statiomarity, peak
counts were obtained of both Uy, and the vertical component of sbsolute gust
velocity for a number of representative runs. :

Procedures

Two different procedures, described below, were used in peak counting the
HICAT data.
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Mean Crossing Count - In the first procedure, peaks were defined ns maxima

occurring between adjacent zero crossings, based on the time history

after removal of linear trends. ‘This definition iz & very simple one that
has been used quite generally. In obtaining the peak count, the peaks were
classifidd by absolute magnitude within various intervals - that is, bnth
positive and negative peaks were included and combined. The numbers of
peaks falling in the various intervals were then accumulated, starting with
the highest interval. Thus the resulting peak count curves give the number
of peeks in excess of any given value of the parameter counted.

Positive Slope Ilevel Crossing Count - In the second peak counting procedure,
the number of positive slope crossings cf positive levels defines the
number of peaks in excess of that level. Similarly, negative slope
crossings of negative levels define negative peaks®. This peak counting
technique is inherently cumulative, so that a cumulative sum is obtained by
simply combining the counts of positive and negative peaks. This technique
gives the kind of peak count that is predicted theoretically for a stationary
Gaussiar process by Rice's equation, as discussed in this section under
Stationarity. Comparison of peak count curves obtained in this manner with
the corresponding theoretical curves given by Rice's equation for the same
runs provides information that can be extremely important when measured gust
velocity rms values are used in establishing a model of the almosphere

tor design use.

Classification Intervals - The classification intervals for both neak
counting techniques were 0.05g for Aay and 1.0 foot per second for U;, and
absolute gust velocity. In order to eliminate the counting of many insigni-
ficant peaks in the mean crossing method, a threshold was established about
the mean equal in magnitude to +10% of the basic counting interval. However,
since the emphasis in the positive slope level crossing count is upon the
frequency of occurrence or peaks of all sizes at all “evels, no threshold
was used.

Comparison of Results Using Mean Crossing and Positive level Slope Crossing
Procedures - The peak counting procedure that is most preferred for relating
actual peak counts to available theory, as noted above, is the positive slope
crossing procedure. On the other hand, frequency of exceedance data are
often available only on a mean crossing basis. 1In fact, peak counting of

the vast body of VGH data would probably be quite difi'icult on any other
basis. Consequantly, it is of interest to compare the results of the two
types of count.

SBoth positive and negative crossings of the zero or reference level are
counted.
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Such comparisons are shown, for a r2presentative collection of runs, in
Figures 15 ard 16. The particular runs chosen are those used in the investi-
gation of stationarity later in this section.

Figure 15 shows the effect of the peak counting procedure on Uge peak counts.
The curves given by the two methods will usually coincide at both ends. The
number of positive-slope zero crossings is equal or within one count of the
total number of individual positive peeks, and usually the one highest peak
will define the same point on both curves.® In between, the "positive-slope
level crossing" curve is always higher than the "mean crossing” curve. This
relation must hold because wherever the time history reaches a maximum,
decreases through a level (but not to zero), and then increases through the
level to another maximum, there will be only one mean crossing peak but two
positive slope level crossings.

The closeness of the curves given by the two procedures is somewhat variable,
but generally the agreement is very good. The maximum difference between the
two curves on the frequency-of-exceedance scale ranges from a factor of 1.10
for case 107-14 to 1.40 for cases 102-2, 266-12, and 266-17.

Inasmuch as the Uy peak counts are firequently distorted by pilot inputs to
the elevator, it is of interestv to conppare the peak counting procedures also
on the basis of high-pass~-filiered time histories of the absolute gust
velocity. Such comparisons are shown in Figure 16, The time histories used
were of the vertical component of the gust velocity and were high-pass filtered
using the 7000-ft filter described under "Peak Counts of Absolute Gust
Velocity" later in this section. The filtered time history of absolute gust
velocity is a quantity that should be rcughly comparable to Uze. Ideally,
Uge 8lso results from high-pass filterinz of the absolute vertical gust
velocities, where, in this case, the filler is the airplane. The difference
between the peak court methods is a little greater in Figure 16 than in
Figure 15, whereas oae might have expected it to be less because of the
absence of any effect of pilet action. Ir Figure 16, the maximum difference
bcuween the two curves on the frequency-of-exccedance scale ranges from a
factor of 1.20 for case 147-4 to 1.9 for case 220-10.

The smaller difference between methods for the Uje data than for the U, data
may be related to the band width of the data, A very narrow band random time
history will consist of successive cycles at almost constant frequency, which
vary only gradually in amplitude. For such a time history, almost any con-
ceivable peak counting procedure will give the same result. It is only where
the time history contains a wide band of frequeucies that rules are needed

to define what is meant by « peak. The U, time history has a band width
extending from roughly O.l1 cps (the termination frequency of the high-pass
filter) to 5 cps (the cutoff frequency of the low-pass filter). On the other
hand, the Uge tine history is confined to a considersbly narrower band width.
The termination frequency of the airplane as a high-pass filter is about

0.5 cps (as indicated by the frequency-response functions shown under the discus-
sion of A Values for Use in Determininge;, Distributions later in this section);

6Under certain conditions it is possible to have several crossings of the
highest level with only one maxima.
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and the low-pass filter cutoff frequency used in cbtaining cg normal
acceleration and Uze is 3 cps. Thus there is some reason to expect a smaller
difference between methods for the Uje peak counts than for the absolute gust
velocity pesk counts.

Ude Peak Counts

The Uge pegk count data presented herein represent virtually all of the
turbulence encountered during the 1965-1967 and 1967-1968 HICAT programs.

A limited amount of turbulence data, however, was not included for a variety
of reasons. Peak counts were obtained only for the portions of the flight
records identified as runs, as expla‘ned under Daia Editing.

Difficulties with the airborne instrumentation vprecluded obtaining peak counts
from some runs. Peak counts were not obtained for runs in which maneuvering
was conspicuous and led to load factors that could be misinterpreted as
significant gust response. As noted earlier, the oscillograph records were
edited so as to provide runs containing reasonably continuous turbulence.
Accordingly, some very short bursts of rough air were not classified as

runs so peak cocunts were not made of these data. Finally, some runs contained
measurement anomalies, caused by radio transmission interference or other
electrical noise, which prevented their being processed. The data that were
lost or discarced for these reasons amount to only a very small percentage of
the total in the peak count summary and, hence, do not affect the conclusions
regarding the peak coun% data.

HICAT peak count data were obtained during flights upecifically directed
toward locating and measuring turbulence. As a result, the HICAT data would
be expected to reflect a more severe exposure than VGE data obtained in
routine operations. The latter data would reflect a more random sampling of
the atmosphere, or perhaps actually a bias toward less frequent and less
severe turbulence. Such a bias could result from the use of turbulence
avoidance proczdures or from the possibility that operational missions would
be less frequently carried out under the type of weather conditions likely
10 occur in conjunction with turbulence. Another factor that might augment
tvhe severity of HICAT encounters is that, in a number of instances, once a
turbulent region was found, repeated passes were made through the same region
in different directions. On the other hand, there were two or three
occasions when the pilot _maneuvered the aircraft out of the turbulence
becanse of its severity.! As a resuli, for these cases some of the higher
gust velocities may have been missed.

The miles tlown in high altitude CAT are considered to be those "runs" defined
under Data Editing. Generally, the criterion used as a guide in breaking the
flight records into runs was that the c¢g acceleration trace be continuously
disturbed (*0.05g) and exhibit frequent peaks in excess of *0.10g,

7§evere turbulence in the sense that airframe fatigue load damage was
possible although actual cg accelerations were well below limit values.
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corresponding to an average Uz, of ahout 1.7 fps. This criterion is, of
course, arbitrary and quite subjective in its application. In fact, some
of the very long runs needed to establish power spectral densities at the
longest wavelengths included scattered regions in which no *0,10g peaks
ocecurred,

The Uy, peak counts presented in this section were obtained by the mean-

crossing method for consistency with the peak count data available from VGH
recorders for operational flights., Flight miles are statute miles and were
obtained from flight time by multiplying by an average airspeed of 700 fps.

Sammary of Data by Location - The peak count data obtained from the 1965-1967

HICAT flights are summarized in Figure 17 taken from Reference 5. Figure 17
presents frequency ol occurrence of derived equivalent gust velocity, Uge,
per flight mile from each of seven bases of operatior, together with the
summation per total flight mile (statute).

The peak count data obtained from the 1967-1968 HICAT program are summarized
in Figure 18. Figure 18 presents frequency of occurrence ¢t derived equiva-
lent gust velocity, Uje, per mile from each of six bases o operation,
together with the summation per total flight-mile., It can be seen that the
most severe turbulence in either program was encountered during the 1967-68
flights from Edwards AFB, California. The maximum measured incremental value
of cg acceleration, 1l.1g, resulted in a maximum value of Uz, of 22 fps§

Envelopes of the 1965-1967 HICAT and 1967-1968 HICAT date presented in Fig-
ures 17 and 18 are compared in Figure 19. Figure 19 clearly shows that on a
flight-mile basis the 1967-1968 HICAT data contain much higher and lower levels
of turbulence than the 1965-1967 HICAT data. The combined total for both
programs is also shown,

Most Severe Individual Runs - The frequency of exceedance curves of Uj. per

flight mile for two of the HICAT runs in which the highest Uge and cg normal
acceleraticn peaks were recorded are shown in Figure 20. Run 18 of Test 266
contains the highest peak, a cg acceleration increment cf 1.1 and a Uy, of
22 fps, recorded in the HICAT program. Run 14 of Test 266 does not include
as high a single peak, but otherwise its exceedance curve is considerably
more severe than that for Run i6.

These curves, particularly that for Run 14 of Test 266, exhibit a much shal-
lower slope than shown in Figure 18 for either the average for Edwards AFB
or the average for the entire 1967-68 HICAT program. This shallower slope
indicates that the turbulence encountered in these two runs is much more
severe than the average for all runs. The 'l;, peaks encountered in Run 14
of Test 266, for example, at a given frequency of exceedance per mile in
turbulence, range from 2 to nearly 4 times as great as those shown by the
curve representing the average c¢f all of the Edwards AFB runs.

To obtain an indication of the cg acceleration peaks experienced in these
runs, the Uy, values can be divided by 20 to approximate the acceleration in g.

8Mis value cccurred without gignificant elevator jnput and was associated
with a true gust velocity increment of about + U0 ft/sec,
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Etffect of Altitude - A breakdown of irequency of exceedance of Uj, by altitude
bands is shown in Figure 21, All available data from both the 1985—1967 and
1967-1968 HICAT programs are included. The 50,000-55,000 foot band shows the
highest turbulence levels. The turbulence level decreases as the altitude
inreases, with the exception of the lowest altitude band of 45,000 to 50,000
feet. The lower gust severity in the 45,000~50,000 foot band may reflect a
real trend, or may be the result of an inadequate sample for this band.

Comparison with U-2 Operational VGH Data - Figure 2 presents a comparison by
altitude band of the exceedance data obtainsd in betn the redirected and
extended HICAT programs with similar data obtained with VGH recorder during
operational U-2 flights. The operational data were obtained in a continuing
program, the first significant results of which were presented in Reference 2.
The results shown herein were taken from Reference 8; they represent roughly
three times as many miles of flight as the earlier reference. The flight niles
represented by the HICAT data and by the cperational data, in the pertinent
sltitude range of 50,000 to 70,000 feet, compare as follows:

Flight Miles, Flight Miles,
Altitude Band, Ft HICAT Operational VGH
50,000~60,000 217,000 142,000
60,000-70,000 116,000 577,000
Total in these bands 333,000 ~;I;j5;;

As noted in Reference 2, the date sample available at that time reflecting
operations over Japan showed turbulencsz of much greater severity than samples
from other geographic areas. It was found, moreover, that the high gust fre-
quencies shown for the Japanese operations resulted primarily from just two
turbulence encounter~s, both at about 52,700 feet, over a total distance of

35C miles., The Uy, frequencies c¢f exceedance were therefore shown, in both
References 2 and g, separately with and without inclusion of the Japanese data,
and are shown gimilarly in Figure 22.

Regardless of whether or not th2 Japanese data are included, both the HICAT
data and the operational data indicate the turbulenc: exposure to be more
severe for the 50,000-60,000 foot band than for the 60,000-70,000 foot band.

In the 60,000-70,000 foot band, and in the 50,000-60,000 foot band with the
Japanese data excluded, the operational gusi velocities are seen to be only
ahcut half as high as the HICAT gust velocities, at a given frequency of
exceedance.

In the 50,000-60,000 foc* band, even with the Japanese data included, the HICAT
exposure is somewhat more severe than the operational exposure. The nearly
constant vertical distance between the HICAT line and the operational VGH line
(the two highest solid lines) suggests a different percent of time in turbulence.
The indication is tlav the percent of time in turbulence was about thre» times
a8 high in the HICAT flights as in the operational flights. Both the higher
percent of time in turbulence in the HICAT program and the greater average
severity of the turbulence cncounterad (as indicated by the shallower slopes)
are consistent with tne deliberate efforis in the HICAT program tvo find
turbulence,
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Section V

Comparison with Current Design Requirements - Figure 23 presents the variation

of Uge with altitude presently used in design of military aircraft (Refer-
ence 9). Superimposed on this figure are the maximum values of Uge obtained
in the HICAT program to date, including the date from Test 33 reported in the
HICAT interim report (Reference 4), as well as the data from the 1965-1967 and
1967-1968 HICAT programs. Approximately.436,000 miles have been flown in
HICAT flights to date (including flights made before the program redirection),
and the design values of Uz, between 45,000 and 70,C00 feet have not been

exc ~ded. A signficant margin exists between the highest recorded value of
Uge aud the Gesign value at the corresponding altitude.
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Effect of Elevator Motion on U&e Data

A striking feature of some of the Uje time histories obtained in the HICAT
program is the occasional presence of "gusts" of unusual duration - 10 seronds
or more - and substantial magnitude, as illustrated by the following sketch

(a portion of Test 266 Run 12):

+10 Ude
5 OMW%
-10 =
+2 o= ELEVATOR POSITION
E 0 %‘AW
-l e
L 1 1 1 1 1 L }
60 80 100 120 1ko 160

EIAPSED TIME, SEC

Three such "gusts" eppesr in “his time history - alternately negaiive, posi-
tive, and regative - from time 90 to 120 seconds.

Gus's of this duration would be of little note in en absolute gust velocity
trece. But Uge - the derived equivalent gust velocity - is simply the airplane
cg normal acceleration multiplied by a ccnstant. And the airplane response
characteristics are such that, no matter what the duration of the gust, a
significant acceleration in one direction ordinarily would not persist for
longer than two or three seconds. Thus it is not surprising that the elevator
position time history shown above apparently confirms that the Tqe €xcursions
result from a maneuver produced by the pilot.

If what 1s observed in this very short sample of one run characterizes the
major part of the HICAT data, then the removal of the effect of the maneuver
from the Us, time histories would have a significant effect on the Uge Pezk
counts. Clearly, the highest peaks would be substantially reduced, and many
more low pesks would be counted.
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Section V

8 guantitative evaluation of the effect on the peak counts of removing the
maneuver contribution would be of considerable interest. In determination of
Uge Or cg acceleration peak counts from VGH or other data, and in calculating
Oy Gistributions from the peak counts, it is easy to forget that the accel-
eration time histeries may not represent purely the effects of turbulence and
that, in fact, it may be quite difficult t» separatz the effects of turbulence
from tne effects of mencuvers. The maneuvering found to occur in some HICAT
flights may cr may not be representative of that occurring in operational
flights from which VGH reccrds are obtained. Wevertlieless, an attempt Lc
evaluate the magnitude of the manvuver effect in a limited number of HICAT
ruus appeared to be worthwhile.

For thies purpose, analysis was performed on four runs. For convenience, the
egnalysis utilized the 2g acceleration time bistories; manifestly, exactly the
same results would have been obtained using the Ude time histories instead.

It might be mentioned that not all elevator motion should necessarily be
regarded as due to maneuvering. If the pilot is flying essentially "stick-
free," the elevator may tend to float in direct response to the turbulence
itself and in response to the airplane motions induced by the turbulence.
Similarly, the pilot may attempt to alleviate specific gusts by control motion
and nay thus hecome part of the airplane dynamic system. In the work described
in the following paragraphs, it is the total effect of the elevator motion

that is evaluated.

Method of Removing Effect of Elevator from Uge Time Histories - The method used
to remove the effect of elevator motion from the cg normal acceleration time
histories is identical to that described in References 10 and 11, First, a
test is conducted during flight in smooth air and ai the selected altitude and
airspeed, an elevator pulse is introduced. This consists of displacing the
elevator substantially and then returning it to the trim pocition, all in a
period of about a second. From the recorded time histories of the elevator
motion and the resulting cg acceleration, it is possibLle to calculate the cg
acceleraticn time history that would result from a unit elevator displacement
impulse ~i.e., an elevator pulse of infinitely short duratinn, The elevator
time history measured irn an actual run through turtulence is then divided into
many very short elements, each of which is treated as an impulse. Superposi-
tion or the cg acceleration time histories produced by each of these Impulses
then gives the cg acceleratinon time history produced by the elevator motion
over the entire run. The specific applicetior of this procedure to the HICAT
data is described in Appendix I.

For HICAT, two elevator pulse tests were conducted, one in which the elevator
pulse was positive and one negative. The resulting unit-impulse responses
were averaged. Inasmuch as the flighv coudivions were nearly identical, the
two unit-impulse responses should have agrsed  Uafortunately, the differences
were sufficleat to cast some doubt on the tccuracy with which the effects of
elevator motion could be removed. Also, the unit-impulse response used applies
exactly only for the particuiar speed, altitude, airplane weight, and cg
position at which obtained, whereas *he vorious (IICAT runs all differ somewhat
in flight condition. It should be emphasized, therefore, that in the work that
follows, the effect of the elevator motion is never completely removed. At
best, only some substantial part will be removed, perhaps on the order of two
thirds to three quarters of the total effect.
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Section V

Selection of Runs feor Analysis - A total of four rw.s was chosen for evaluating
the effect of elevator motion on the cg normal acceleration. They are:

Test Run Duration, seconds Altitude, feet EAS, Knots
262 11 400 59,000 130
265 17 165 60,000 125
266 12 450 56,000 129
266 7 65 54,500 138

Test 266-7 is not included in the list of runs used for power spectral

analysis (Table II) because of its short duration, but is included here because
of the large amount of elevator motion and the accompanying cg normal
acceleration peaks it contains.

In selecting the above runs it was necessary that they be for flight conditions
close to that for which the unit-impulse response was calculated (55,000 ft,
139 KEAS), as the response of the airplane varies considerasbly with both
equivalent airspeed and air density. It was also required that the runs con-
tain a substantial amount of elevator motion.

iscussion of Time Histories - The time histories cf the four runs analyzed are
shown in Figures 24 through 27. - For tests 262-11, 265-17, and 266-12 five time
histories are shown. The first (at the bottom of each figure) is the adjusted
elevator position. This is simply the actual elevator position with the mean
value for the entire run subtracted out. The second time history (moving up
the page) is the cg normal acceleration. This is shown as measured, with the
acceleration due to gravity included. It is also shown after high-pass filter-
ing (4th from the bottom) for comparison with corrected cg normal acceleration.
The 3rd time nistory is the induced cg normal acceleration. This is the
inerement of cg normel acceleration which is calculated as due to the elevator
motion. It is obtained by approximating the adjusted elevator position by a
series of impulses, and applying the time response due to a unit elevator
impulse to each of these impulses. The responses due to these impulses are
then summed et each instant of time to give the induced cg normal acceleration
time history. The corrected incremental cg normel acceleration (5th from the
bottom) is obtained by subtracting both the mean acceleration and the induced
cg normal acceleration from the cg normal acceleretion time history. This is
the cg normal acceleration that theoretically should have resulted from the
turbulence had no elevator motion been present during each run., It has been
high-pass filtered to remove long term trends produced by trim changes and
inaccuracies in the correction process.

Examining these four time histories, it is evident, first, that there is a
strong tendency for cg normal acceleration peaks te correspond with elevator
position peaks. In Figure 2L, in fact, the twc time histories are remarkably
similar in shape. Next, the induced cg acceleration time hListory is seen to
reproduce, fairly closely in some cases, the shape of the cg normal acceler-
ation trace; the most conspicuous difference between these two time histories
is in the frequency components of wavelength shcrter than one or twc seconds,
which are largely supprecsed in the induced acceleration time history, The
corrected incremental cg normal acceleration trace reflects the close
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similarity of the cg acceleration and induced cg acceleration traces. In
Figure 24, for example, nearly all evidence has been lost of the numerous high
peal:s of several seconds duration, and the highest peaks are decreased by
approximately a factor of 2. Thus it is quite clear that in this run nearly
all of the large peaks of several seconds or more duration are primarily the
result of elevator motion,

A somewhat different characteristic is shown for Run 266-7, in Figure 27.

Here there is no visual evidence of actual maneuvers, as the longest wave-
lengths evident are no longer than about 2 seconds, Nevertheless, removal of
the elevator effect reduces the cg acceleration excursions by a factor of

three or four., In this case, it appears thst the pilot may have been ettempting
to control the respomse of the airplane to turbulence and was actually
accentuating it. Note that the shortness of the run made high-pass filtering
unnecessary and consequently the filtered uncorrected cg acceleration time
history was omitted.

Discussion of Peak Counts - Peak counts of cg normal acceleration vere com-
puted for the three runs for which filtered time histories are shown. A
comparison of the peak counts before and after the effect of elevator motion
is removed, on tlLe basis of both the filtered and unfiltered time histories,
is shown in Figure 28. The "mean crossing" peak count procedure was used.

The significant curves in each figure are those representing the filtered data
(dash lines). Although the change in the peak count curve due to removing

the elevator effect differs in magnitude from run to run, the qualitative
features are the same. The highest peaks are reduced significantly. whereas
the total number of peaks increases. The effect of the high-pass filtering

is seen to be significant only for Run 266-12; this is the run for which it
was clear from the time histories that a filter was needed.

Discussion of Coherencies - Various coherency functions of interest were
coxputed for the three runs investigated and are shown in Figure 29. Probally
the most illuminating figures are the first one for each run. These sl.ow the
coherency hetween the cg acceleration, both uncorrected and corrected, and

the absolute gust velocity. At frequencies above about one cps, the two
coherencies are nearly the same and fairly close to unity. At lower fre-
quencies, the coherency drops off and is especially low between the uncorrected
acceleration and the gust velocity. It followe that in this frequency range
there must be some input other than the gust velocity that is producing the

cg acceleration response, This evidently is the pilot irput to the elevator.
The lack of coherency indicates an independent (or perhaps nonlinesr) pilot
maneuver input rather than an input in which the pilot responds linearly to
the turbulence as part of the airplane dynumic system. '

The s0lid line curves at the bottom of Figure 29 are also orf interest. The
consistently low coherency over the frequancy range, hetween gust veloclty
and elevator position, indicates that there is no stiong tendcncy fxr the
elevator to respond to the gust input, either directly or through the action
of the pilot,

50
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Section V
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Section V

Concluding Remarks - From the varlous time histories and peak count curves
shown, it is evident that pilo* inputs to the elevator increassd the larger : 1
acceleration and Ua. values in some of the HICAT runs ty facto-~s ranging from :
around 0.2 tu as much as 4.0, The runs analyzed are not typi:al of all the
HICAT data, however, since the basis for their selection was the appearaiice
of significant motion in the el:vetor time histori:s. Therefore, it would
appear that for the HICAT data as a whole the effect of pilot input would
average considerably less.

Hoitwise, 5o

T A G R A MR 0 A

A Values for Us: ir Determining o, Distributions from VGH Data T

Background - In establishing probability distributions of rms gust velocity !
for use in airplane design, there has been great dependerce upcun the vast :
store of VGH data obtained under operational conditions.

To derive o, distributions from the cg acceleraticr: peak counts available from

the VGH data, two quantities, A anl Ny, must be known. Both quantities depend

upon the airpiane, the flight condition, and the assumed shape of the gust .
power spectral density function. A is the ratio of the ru. cg acceleration to

the rms gust velocity, l.e., A : g fous t is analogous ‘o the ratio ay/Uge

used in cbtaining Ugqe peak counts from cg acceleration data. Ny is the char-

acteristic frequency of tne cg acceleratiion response.

In design, A and N, are determined analytica'ly. A frequency-response func-
tion is first obtained by dynamic analysis. At each frequency, the gust power
spectral density is then multiplied by the square of the amplitude of the
frequency-response function to give the power spectral density ot the cg
acceleration. The rms values of the cg acceleration and tkc gust volocity are
obtained as the square roots of the areas under the respective power spectral
density curves, and A is given by their ratio. N, is the radius of gyraticn
of the cg acceleration power spactral density about zero frequency.

For use in determining o, distributions from flight data, R is usually obteins
bty meens of simple theory in which the airplane is considered to be rigid and
to be free to plunge (vertically) but not pitch. Tie shape of the gust power
spectral density function used in obtairing A must be the same as will be used
when applying the resulting o, distributions to design. Ng need not be known
exactly; an estimate is made bases on any source that may be available,

The simple theory for obtaining A has been found to give good results when
applied to the piston engine ganeration of transport aircrait. Analysis shows
that the pitch freedom has little effect on the response; and the analysls
provides a factor (close tc ui.ity) that can be appliesd to account for the effect
of flexibility and elsstic mode dynamic response. For other airplanes, how-
ever, flying at different altitudes, it is likely that the simple theory is
inadequate. The presen:e of gist-measuring instrumentation on a U-? airplane

in the HICAT program offered a1 excellent opportunity tov determine frequercy-
response functions in flight, cormarc the resulting A values with those given e
vy the simrle thecry, and establish realistic values of N.. ’ -
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Determination of Frequency Responsc Functions and A Values - Two methods are

Reference 12.

system to tvhis disturbance:

¢, (f) =

given simply by

T

the input and the system resyponse.

e G R BPAE ER I e, T

e (f) =
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The first is called the spectrum method.

familiar relationship between the power spectrum of a randum disturbance
(the input) and the power spectrum of the response (the output) of a linear

la(e)| 2 =

H(f) =

! . avellable for determination of frequency-response functions from flight data.
; Both methods are described, and their relative merits discussed, in

(e} 2 o (£)

3 . Y cais discussior the input or disturbance is the gust velocity and the
b . output or respons: is tbe aircraft cg acceleration.

cf absolut> gust velecity and airpiane cg acceleration available from the

. o flight records, the amplitude squared of the frequency-response funeiion is

®,(£)
Qfoi

The second method is called the cross spectrum method.

From th*s relationship, the frequency-
response function is given by the expression

e, (f)

Do)

Both ¢4, (f) and H(f) are, in general, complex quantities, Thus, the
frequency-response function obtained by this method defines phase angle as
well as amplitude. Inasmch as @xz(f) is complex it can be written

c(£) - i q(f)

It follows Cirectly from the

Thus, with power spectra

It follows from the
less familiar relationship. for linear systems, between the power spectrum

{®,{f)) of a random inmput listurbance and the cross spectrum (®,,(f)) between
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#shere c, the real part, is called the co-spectrum and q, the imaginary part,
is called the quadrature spectrum. The amplitude squared of the frequency-
response function, which is the quantity used in calculsting A and N o? is
then given by

[e(£)2 + [a(£)]?

]

The frequency-response values giver by both methods are, of course, averages
over the same bandwidths as the power spectral Grneity curves from which
they are derived.

|H(f)s2 =

An adv ntage of the cross spectrum method that is scmetimes important is that
it provides information cn phase angle as well as amplitude. Where experi-
mentally determined frequency-response functions are to be used only for
determination of A and No values, however, this advantage is not pertinent.

A more important advantage of the cross spectrum method is that the frequency-

yesponse estimates are less subject to systemalic errors or distortions arising

from a variety of noise errors. Thus, use of the cross spectrum method would
tend, in the present application, to eliminate the effect of extraneous pilot
inputs to the elevator; although any elevator motione that followed linearly
from the turbulence itself, either directly or through the pilot as a part of
the dynamic system, would be accounted for.

Frequency-response functions were obtained by both the spectrum and cross
spectrum methods from the records of five representative HICAT runs. These
runs were felected to include at least several runs for which the turbulence
intensity was substantial, several runs with fairly good stationarity, and
runs having variovs amounts of elevatc~ input relative to the turbulence
irtenslity. The following taoulation identifies the runs and pertinent
characteristics.

Power spectra of airplane cg acceleration were then computed from these
frequency~response functions, on the assumption of two diirerent shapes of
gust power spectrum; that given by the Von Karman formuls with L = 2500 feet
(now generally in favor) and that given by the Drydea formula with L = 1000
feet (much used in the past, for example in Reference 13). The formulas fcr
these two shapes are given und.r Mathematically Defined Gust Velocity Power
Spectral Densivy Curves in Appendir I, The frequency-respoase functions

and cg acceleration spectra obtained for these five runs are shown in
Appendix I.
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Section V

Elevator
W%
Test and Duizgion Rgi %" Stationarity Mction j
Ruz Lo. (sec) (;,ps!)! Evaluation Relative to ;
Gust Intensity 3
220-10% 225 1.k2 Fair Medium
264-18 2ko 2.26 Fair Small
266-10 455 2.98 Poar Medium
266-12 450 1.26 Good Large
266-18 185 3.13 Good Small
*Low altitude
**¥RM4S value between shortest wavelength and a wavelengih cutoff of !
2000 £t (see Qust Velocity Spectral Plots, Section V). i

A closer examination of the results for one representative run, however,
will be illuminating. for this purpose, the various plots for Run 12 of
Test 266 are grouped together in Figure 30. The amplitude squared of the
frequency-respcnse function is shown first, in Figure 30(a). The spectrum
method is seen to give considerably higher values than the cross spectrum
method, especially at the lower frequencies. The ratio of the amplitudes
given by the two methods is as low as 1,15 in the frequoncy range between
1 and 2 cps, but increases to nearly 2.0 at 0.6 cps and is on the order of
50 at 0.1 cps or less. Both methods show peaks at about 0.6 cps and about
2.2 cps. The first clearly reflects the longitudinal short-period mode

response. The second is believed to reflect the response in the wing first
bending mode.

The effect on the frequency-response functions of removing the effect of
elevator motion on the cg acceleration, by the method described earlier in
this section, is shown in Figure 30(b). Above about 1 cps, the effect of
removing the elevator motion is negligible. At the 0.6 cps peak, the value
given by the cross spectrum method is reduced s=lightly, while the value
given by the spectrum method is reduced substantially; the agreement between
the two methods is thus improved. In the very low frequency range, O to
0.2 cps, removing the effect of elevator motion improves the agreement
tremendously. Thus it is concluded that much of the disagreement between the
two methods is due to elevator inputs not linearly related, or perhaps not
directly related in any fashion, to the gust velocity.
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Section V

The disagreement between the frequency-response functions given by the two
methods bears an interesting relation to the coherency functions, shown in
Figures 30(c) and (d). Comparing first Figures 30(a) and (c), it is seen
that in the frequency range from 1 to 2 cps, where the agreement in
frequency-response functiors is good, the coherency is excellent, lying in
the range .85 to .90, At the 0.6 cps peak, where the frequency-response
functions begin to disagree more markedly, the coherency has dropped to as
low as 0.50. In tche frequency-range of O to 0.2 cps, where the agreement

is extremely poor, the coherency is less than 0.15. Comparing Figures 30 (b)
and (d), the same relation is seen in the 1 to 2 cps range., But at the

0.6 cps peak, where the disagreement in frequency-response functions is less,
the coherency has increased from 0.50 to 0.65. At frequencies below 0.2 cps,

the czherency has increased markedly - at 0.15 cps, for example, from 0.13
to 0.40.

The influence of the frequency-response function on tne computed A velues
depends upon the area under the cg acceleration psd curve. Psd curves
obtained from the frequency-response curves of Figures 30(a) and (b) are

shown in Figures 30(e) and (f). Figure 30(e) emphasizes the great importance
of the frequency-response tunction at the very low frequencies. In Fig-

ure 30(a), the discrepancy between the two methods in the O to 0.2 cps range
is quite inconspicuous. But when the frequency response is multiplied by the
gust spectrum, to give the power spectra shown in Figure 30(e), the importance
of this region beccmes evident. Even with the effect of the elevator nominally
removed, the spectrum method results in a much greater area under the curve

in the O to 0.2 cps range than given by the cross spectrum method.

Results and Discussion - A values obtained for the five HICAT runs analyzed

are shown in the following tabulation:

X [g/(£t/sec)]

Von Karman Gust Dryden Gust
Test and Run . -
Number Spectrum, L = 2500 ft Spectrum, L = 1000 f%
Cross Cross

Spectrum Spectrum | Theory Spectrm Spectrum | Theory
220-10" 0.0246 0.0278 0.0187 0.0278 0.032k4 0.0238
264-18 0.0157 | 0.c302 | o.o1xk | 0.0185 0.0347 | 0.0140
266-10 0.0148 0.0268 0.0140 0.0183 0.0286 0.0175
266-12 0.0184 0.0287 0.0134 0.0221 0.0321 0.0166
266-12%* '0.0186 0.0244 0.0134 0.0225 0.0275 0.0166
266-18 0.0163 0.0232 0.0139 0.0198 0.0280 0.0171

*Low Altitude
**¥Elevator Motion Removed
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Values are shown based on both c¢ross spectrum and spectrum methods of
determining the experimental frequency-response functions and also as given
by simple theory. The theoretical values are based on theory developed
originally by Fung (Reference 14), in which the airplane is considered rigid
and free to plunge but not pitech:; the values shown in the table were obtained
from Figure 5-2 of Reference 15 for the Von Karman spectral shape and from
similar curves, unpublished, for the Dryden spect.~al shape.

To better show the comparison between experimental and theoretical values,
ratios ol experimental to theoretical A are shown in the following table:

Apyp. /AmHEORY
Test and Run Von Karman Gust ] Dryden Gust
Number Spectrum, L = 2500 ft Spectrum, L = 1000 f%
r——-———-r: .
Cross Cross
Spectrum Spectrum Spectrum Spectrun
220-10% 1.31 1.48 1.17 1.36
264-18 1.38 2.65 1.32 2.48
266-10 1.06 1.91 1.04 1.64
266-12 1.37 2.14 1.33 1.93
266-12%%* 1.39 1.82 1.36 1.66
266-18 1.17 1.67 1.16 1.63
Average 1.26 1.97 1.20 1.81
(excluding 266-12%%)

*Low Altitude

*¥gElevator Motion Remo -2d

N, values obtained for the five HICAT runs are shown in the following table:

N°~%ummnmmmemw~mm
Test and Run Von Karman Gust Dryden Gust
Number Spectrum, L = 2500 ft Spectrum, L = 1000 ft
Cross Cross ]
Spectrum Spectrum Spectrum Spectrum
220-10% 0.77 0.79 0.67 0.66
264-18 0.81 0.50 0.75 0.46
266-10 1.08 0.66 0.97 0.65
266-12 0.73 0.55 0.76 0.567
266-12%* 0.72 0.62 0.73 0.68
266-18 0.90 0.72 0.87 0.66
Average 0.86 0.64 0.80 0.62
(excluding 266-12%%)

*Low Altitude
#*¥Elevator Motion Removed
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Section V

A velues obtained experimentally using the cross spectrum method are seen to_
average about 20 to 25 percent higher than those given by the Fung theory. A
values given by the spectrum method are seen to be nearly twice the theoret-
ical values, N, values are seen to average about 0.80 to 0,85 by the cross
spectrum method and 0.50 by the spectrum method.

Whether the spectrum method or the cross spectrum method is more appropriate

is not immediately evident. As noted on page 55, (4th paragraph) and

as discussed at length in Reference 12, the cross spectrum method gives
frequency-response (transfer function) estimates that are less subject to a
variety of noise errors than does the spectrum method. The cross spectrum
method, therefore, would appear to give a truer relation between gust velocity
time history and the acceleration time history resulting directly therefrom.
Also, the transfer function that it defines is the one lhat probably will be
matched more closely by the best available theory (at the present state of the
art). Nevertheless, it is important that the entire design procedure, including
the collection and processing of VGH data, lead to airplane loads that reflect
the total accelerations that occur in turbulence, including -the "noise" that is
not linearly related to the turbulence. It is pertinent, therefore, to examine
which method of transfer function determination is most likely to accomplish
this result,

Suppose that the cross spectrum method is used. The resulting transfer func-
tion will be used to infer gust velocities from VGH acceleration data., These
gust velocities will be overestimated, because a "correct" transfer function
is applied tc the entire acceleration - that part which is noise as well as
the part actuaily due to the gust velocity. In design, a "correct" transfer
is again used (the only kind available). The resulting acceleration, being
derived from overestimated gust velocities, will also be overestimated, and
this overestimation will provide for the noise likely to be present in flight
of the new airplane through turbulence.

On the other hand, suppose that the spectrum method is used. Gust velocities
will be correctly inferred. In design, the "correct" transfer function, used
with the "correct" gust velocities, will lead to a "correct” evaluation of
the accelerations due directly to the turbulence. But the increment in
acceleration due to noise - which will actually occur - will not be accounted
for. Thus it would appear that A's and N,'s based on transfer functions given
by the cross spectrum method are the appropriate ones to use for design appli-
cation although those given by the spectrum method may give a truer picture

of the actual turbulence,

If the ratios of experimental to theoretical A found here are considered valid,
oy distributions obtained from U-2 VGH data, utilizing the simple theory
described earlier, would appear to be too severe for design use by a factor of
roughly 1.2 to 1.25.

Peak Counts of Absolute Gust Velocity '

High-Pass Filtering of Absolute Gust Velocity Time Histories - Peak counts of
airplane acceleration (and, in turn, Udefgﬁave been obtained from VGH recovds
for many years and utilized in the design of aircraft as well as in the study
of atmospheric turbulence. The simple physical significance of the peak
count presentation makes it appear desirable for application also to absolute
gust velocity measurements.
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Peak counts of absolute gust velocity, however, must be performed and
interpreted with some care because of the uncertainties which accrue at very
low frequencies (long wavelengths) due to instrument errors and lack of
measurement resoiution. These effects may manifest themselves as noise and
yet still appeer almost indistinguishable from true turbulence. In the dis-
cussion that follows, it is shown that high-pass filtering is necessary to
minimize this uncertainty, but that some of the turbulence is unavoidably
removed along with the noise.

Theoretical Effect of Low Frequency Components on Peak Counts - An indication
of how much the presence of noise may influence the peak counts can be
obtained by consideration of the power spectral density (psd) of the measured
turbulence. The many gust velocity psd's shown in Appendix V generally con-
tinue to rise more or less according to the -5/3 power of frequency down to
the lowest frequencies shown. Whether the lowest frequency components of the
turbulence as measured are primarily turbulence or primarily noise will affect
the conclusions drawn as to the magnitudes of the gust peaks actually present
in the atmosphere. The difference in magnitudes can be evaluated by means of
Rice's equation9.

W) = &2

where:

w = any given component of the gust velocity.

T = rms value of w, equal to the square root of the area under
the psd curve,

N(w) = average number of crossings per unit time or distance,
with positive slope, of the value w (in effect, the number
of peaks in excess of w).
No = characteristic frequency, equal to the radius of gyration of

the power-spectral density function of w about zero frequency.

It is seen that N(w) depends upon N, and oy, both of which can be evaluated
from ithe power spectral density.

To show the effect of the low frequcncy components on the magnitudes of the
peaxs, frequency of exceedance curves were calculated based on the two sim-
plified psd curves shown in Figure 31. The two curves designated A and B are
truncated vertically at the low frequency «<nd at points a and b, respectively,
and at the .igh frequency end at c. The three values of 1/\ can be regarded

9This equation applies theoretically only to a stationary Gaussian random
process. It is known that high altitude clear air turbulence does not fully
satisfy this requirement; but the trends deduced from the equation should be
valid.
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Section V

as arbitrary. Actually, however, point ¢ was taken as the upper limit of
integration for the HICAT psd's (5 cpe) for a typical £light speed of 700 fps.
Point b was taken as the effective cutoff frequency of the 7000 £t filter
defined in Appendix I; this frequency is such that, in Figure 92, the area
under the trunceted psd curve is the same as under the filtered psd curve.
Point a is at one-fourth the frequency of point b. The vertical position of

the psd curve in Figure 31 is such that RMS 2 (as defined under Gust Velocity
Spectra Plots) is 1 fps.

0 -
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10 \\
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Section V

Veluee of @ and N, for the two ped's were evaluated analytically. The fol-
lowing results were cbtained:

Curve A Curve B Ratio, A/B
T, fps 2.96 1.82 1.63
N,» cps 0.000773 0.00125 0.62

The resulting exceedance curves, as given by Rice's equation, are shown by
the two solid lines iu Figur2 32. The highest peak expected in a L-minute
run at 700 fps is indicated at a frequency of exceedance of 5280/(700)(%)(60)
.0317 per mile. For each curve, the intercept at w = 0 is equal to 2N,.

(The factor of 2 appears because crogsings of both positive and negative levels
are combined.) The abscissac, at any given vaiue of N(w)/N,, are proportional
tooy. It is seen taat, as the longer wavelength components ere added, as in

© goirg from curve B tc curve A, the exceedance curve shifts slightly down but

expands substantlally to the right. For the particular case shown, a reduction
by a factor of 4 in the low frequency cutoff results in a factor of 1.55
increase in the expected magnitude of the largest pesk., Similar results are
obtained when whe psd‘s 2re truncated horizontally at points a and b instead
of vertically.

High-Puss Filtering as a-Means of Removing Noise - From the above results, it
1s clear thet the presence of the low frequency components will have a major
effecy on the resulting peak counts no matter whether the campcnents are con-
sidered to be turbulerce, cr instead are considered to be noise and in some
way semcved from the time histories. If noise is indeed present at the lower
fraguencies, a high pass digital filter can be applied to the measured time
histories tc eliminate the frequency components involved. In the use of such

a Filter, however, s decision must be made as to the frequencies to be
eliminated.

In terms of power spectral densities, it would be most fortunate if a Crequency
could be found such that everything above this frequency were clearly turbu-

lence and everything below, noise. This would be easy if the psd were found
to have a shape such as:

P8D

ﬁm TURBULENCE

‘\3_-

FREQUENCY

A filter would simply be chosen that eliminated the freyuency components in
the noise iange and retained those in the turbulence range.
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Section V

Unfortunately, such shapes do not seem to occur. Instead, as noted earlier
the measured psd's almost invarisbly show a trend in which the psd continues

to increase with decreasing frequency. Thus there is undoubtedly an overlap
of turbulence and noise:

NOISE

PSD

TURBULENCE

FREQUENCY

The filter, of course, has no way of distinguishing between turbulence and
noise; it acts upon the total of noise and turbulence, attenuating only as a
function of frequency. Consequently, if the noise is to be removed, a st~
staniial part of the turbulence may have to be remcved alson. In adliition,
there is some uncertainty regarding the frequency below which the noise
becomes significant., To be sure that very little noise is retained, the
filter cutoff frequency must be chosen relatively high, i.e., toward the
shorter wavelengths.

The quantitative effect on the peak count curves of removing substaniisl con-
tributions to the time history in the low frequency range was discussed above;
representative results were shown in Figure 32. This earlier discussion
regarded the components being removed as noise; the results are equally
indicative, however, of the effect of removing the low frequency ccmponents
of the actual turbulence,

How much of the turbulence is left in after filtering is clearly rather
arbitrary, depending upon the filter characterictics selected, For the
filtered time bistory and the peak counts derived therefrom to have ‘the most
meaning, it would be desirahle for the filier characteristics tc be

(1) simply Aefined
(2) the same from progrem to program.

The simplest filter for analysis purposes would re a sharp one. This filter
would pass without reduction all components ahove o given frequency and remove
campletely all thcse below this frequercy. Svush a {ilter is lupractical to
realize, however, and some compromise is necessary. Some degree of standardi-
za lon of filter characteristice irom program to prugram, orn the other hund,
sbould be practical. Comparison of peak counts would then te meaningful and
useful, even th-1gh it might not b practical to make direct application on

an sbsolute baais.
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In summary, for absolute gust velocity peax count to be meaningful, it is
clearly necessary to high-pass filter the time histories to remove any noise
that may be present; such filtering, however, will certainly rcmove some
unknown amount of the turbulence along with the ncise.

Selection of Filter Characteristics ~ The definition of twou digital filters
for use in high-pass filtering the HICAT absolute gust velocity data is dis-
cussed in Appendix I. The two rilters selected are of the Marlip-Graham type.

The first is virtually identical, on a spatial frequency basis, to that used
in the LO-LOCAT program. It passes all wavelengths up to 7000 feet and vir-
tually eliminates a1l wavelengths longer than 17,000 feet. The second retains
considerably longer wavelength components. It passes all wavelengths up te
20,000 feet, and virtually eliminates all wavelengths longer than 4G,000 feet.
These two filters are designated herein as the T000-1Toot filler and the
20,000-foot filter, respectively.

HICAT Peak Count Data - Peak counts of the vertical component of absolute gust
velocity are shown for selected HICAT runs in Figure 33. Three peak count
exceedance curves are presented for each run. They are derived respesctiveiry
from the gust velocity time series ibtained without high pass filteriug as
well as with 20,000 ft and 7C00 ft high-pass filtering. The peak counts

shown were obtained by the positive slope crossing method.

In all of the figures, the three curves tend to plot in the same relation to
each other as predicted by theory (Figure 32). In particular, the effect of
filtering is to increase the intercept at Uy = O and more importantly to
reduce the Uy values at low exceedance levels. However, the separation of *ue
curves is much less than the theory predicts. For a fantor of 4 difference ir
cutoff frequency, the theory was seen to predict a factor of 1.55 in gust
velocity at a frequency of exceedance level of one ir 4 minutes. For the
7000- and 20,000-foot filters actually nused, the effective cutoff freuencies
correspond to wavelengths of 10,200 and 26,300 ft respectively. (These fre-
quencies are such that, in Figure 96, the areas are the same under the
truncated and the filtered psd curves.) For these filters. differing in cut-
off frequency by a factor of 2.6, the theory predicts a 1.35 factor in gust
velocity (Figure 32). In contrast, the curves obtained by applying %he 7000-
and 20,000-ft filters to thne measured data differ by faciors ranging from
roughly 1.02 to 1.26 at comparsble exceedance levels (0.03 to 0.10 peaks per
mile). At roughly this same frequency of exceedance level, the gust velccity
of the unfiltered time history ranges from about 1.00 to 1.22 timec thet
associated with the 20,000-ft fiiter.

The quantitative discrepancy between theory and test is apparently explained,
at least in part, by a smaller contribution of long wavelength guste to the:
origi.ai unfiltered time history than assumed in the theoretical calevlations
The power-spectral denalties that have been calculated for thesa runs are not
conclusive in tnis respeci, as they generally are not defined through the
very-low-frequency range of interesi. The slopes of the psd curves, however,
at the lowest frequencies at which the curves are defined, are much shallower
thar the -1.67 slupe assumed in the theory. 1ln four of the five cases, Lhese
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Section V

slopes lie in the range -0.7 to -1.3. In the fifth case (Run 266-12), the
slope has a relatively constant value of -1.6 up to 12,000 ft, the longest
wavelength resolved and for this case the difference between the peak count
curves for the TO00- and 20,000-ft filters was one of the largest, i.e., in
closest agreement with theory.

In general it appears that the effect on the peak count curves of high pass
filtering, or of the filter cutoff chosen, is considerably less than would
have been inferred from the theoretical treatment of an idealized case in the
previous sectior. This result provides evidence that the very low frequency
"noise" in the HICAT data is relatively insignificant.

In comparing the measured peak counts with the theoretical curves of

Figure 32, much of the measured data are seen to plot epproximately as straight
lines, in contrast to the parabclic shapes obtained theoretically. This dif-
ference is probably due primarily to lack of stationarity, as discussed later
in this section.

It will be noted that one of the runs shown, Run 220-10, is a low altitude run
at a mich lower true airspeed. Use of the available digital filters at this
reduced speed resulted in filter termination frequencies corresponding to wave-
lengths of 7700 and 2700 ft instead of 20,000 and 7000 ft, respectively. The

results for this case are quite comparable to those for the high altitude cases.

Peak count data for a number of runs are totaled and plotted in Figure 3li(a)
end (b). These were obtained by the level crossing procedure. Uge peak counts
for the same runs are also shown for comparison. In Figure 34(a) eight runs
are included; the 7000-ft filter was used. In Figure 34(b) curves are shown
for a smaller number of runs but based on both the 7000-ft and 20,000-ft fil-
ters. Uge values are seen to be roughly 2/3 of the Uy values at the same fre-.
quency of exceedance, in both figures. However on a derived basis, Uy, is

seen to be about 40 to 80 percent larger than the corresponding Uy values
indicating that the true gust velocities are overestimated by the derived gust
equation for the U-2.

A comparison of peak counts for the three components of 20,000-foot filtered
absolute gust velocity for a typical run are shown in Figure 35. The relative
intensities in the three directions indicated by the pesak count curves are
roughly the same for the lower values or absolute gust velocity.

GUST VELOCITY POWER SPECTRAL ANALYSIS
Generel |

The power specirum or powér spectral dengity of a function (e.g., a gust
velocity time histcry) describes the manner in which the total average power
of the function (velocity amplitude squared/cycles per second) is distributed
over the frequency range. In essence it provides a statistical measure of
the mean square amplitude of a measurement for each of a number of narrow
but discrete frequency bands, The square root of the sum of all these values

over the frequency range of the spectrum gives the rms value of the spectrunm
data,
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Normally, power spectra from uniform time series data are computed and plotted
as a function of frequency in cycles per second or radians per second. How-
ever, fur atmospheric turbulence, it is desirable to interpret the frequency
in terms of wavelength in feet per cycle or inverse wavelength in cycles per
foot. Thus, to obtain the ordinates of the spectra in cycles per foot, the
ordinate and abscissa values are respectively multiplied and divided by the
aircraft speed in feet per second.l0

The methods used for computing power spectra and associated statistical func-
tions are described in detail in Appendix II.

HICAT Power Spectral Considerations

One of the most importar: objectives of the HICAT program is to determine gust
velocity spectra for turbulence waves ranging from about 100 feet to as much
as 50,000 feet in length. Spectral determinations of uniform statistical
relisbility require that turbulence sample lengths increase in proportion to
the largest wavelength of interest in the spectrum. Since turbulent patches
and hence turbulent recordings vary considerably in length some patches will
be too short for a reliable long wave spectrum analysis but quite adequate for
a medium or short wave analysis.

107ne averaege true airspeed of the aircraft for each turbulence run was the
value used for the HICAT spectra.
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Section V

In the HJCAT program, spectra are always computed so as to provide a selected
minimum level of statistical reliability equivalent to 20 sample lengths of
the longest wave or 80 statistical degrees of freedom. This is done by vary-
ing the wavelength resolution of the spectrum in several discrete steps to
suit the turbulence sample length (see Reference 5, Section V). In effect,
this means that some spectra will extend to much lower frequencies and longer
wavelengths than others. The rms values (called RMS Spectra on the plots,
e.g., see Figure 36) characterizing individual spectra are thus not comparsble
unless the spectra cover the same wavelength range.

To enable spectra with different low frequency limits to be compared, addi-
tional rms values were computed using the following standard long wavelength
cutoffs: 100C, 2000, 4000, 10,000, 20,000, and 40,000 feet. The high
frequency or short wavelength limit was established for convenience at the
wavelength corresponding to 5.0 cps and thus vaeried slightly with aircraft
speed, e.g., at 700 feet per second, 5 cps corresponds to & wavelength of
700/5 or 1L0 feet.

Gust Velocity Spectra Plots

The plots of the power spectra of the verticasl, lateral, and lcngitudinal gust
velocity components are presented in Appendix V. Figure 36 of this section
shows typical examples of vertical, lateral, and longitudinal spectra,1l

Note that the rms gust velocity characterizing the entire spectrum as well as
the rms values for variaas intermediate wavelength cutoffs are tabulated on
the plots. The intermediate wavelength cutoffs are abbreviated by dropping
the thousands, (i.e., 1 = 1000 ft, 2 = 2000 ft, etc.).

Figure 37 compares the envelope of all the HICAT spectra with similar data
obtaired from the Douglas NB-66B High Altitude Gust survey (Reference 16 ) and
the Australian TOPCAT program (Reference 17 ). The HICAT spectra overlay the
TOPCAT spectra which were also clear air but fall slightly below the upper
limit of the B-66 thunderstorm data, as might be expected. To provide a low-
altitude yardstick for comparison, a spectral envelope of moderate intensity
tu;bulence for HICAT landing approaches is shown. Note the characteristic
~-5/3 slope.

Mathemetically Defined Gust Power Spectral Density Curves

For use in aircraft design, as well as for comparison of measured data with
various proposed theories, it is often desirable to represent atmospheric
turbulence power spectral density curves by means of mathematical expressions.

To agsist in finding simple, mathematically defined curves that best fit the
measured shapes, several families of curves are developed and presented in
Appendix I. Four basic families are included, For each basic family, curves
are provided for high-frequency exponents, m, of -1, -7/6, -4/3, -3/2, -5/3,
-11/6, and -2, respectively, For each value of m, curves are shown for scales
of turbulence, L, of 500, 1000, 2000, L4000, and 8000 f£t, and w.

UThe gust velocity time history from which these HICAT spectra wer2 abtained
appears in Figures 12 and 13,
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Figure 37 Comparison of Gust Velocity Power Spectral Envelopes

Figure 38 compares the four families for an m of -5/3 and an L of 1000 ft and
o . It should be noted that all curves shown are arbitrarily positioned ver-

tically to be asymptotic to the same m = -1.667 straight line.

To indicate

the correct relative levels of the Taylor-Bullen longitudinal and Taylor-
Bullen Transverse spectra, for completely isotropic turbulence, the longitu-
dinal spectrum shown should be lowered in the ratio 0.75.

Average Spectral Shape

It can be observed that the shapes of the gust velocity power spectra shown
in Appendix V display considerable variability. As a result, some sort of
averaging of the many curves is desirable to obtain a shape useful for air-
Various ways of:obtaining such an aversge are possible. One

craft design.
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Section V

possibility would be to normalize all the curves by dividing by‘u% and take a
simple average. This approach was, in fact, used for a number of the HICAT
runs. A somewhat different approach, however, which appears to offer several
distinct advantages, is used herein for the major part of the analysis.

Cumulative Probability Approach - This latter approach can best be understood
by following the detailed description of its application to the HICAT data as
given below. A brief summary at tnis point, however, is pertinent. From the
many power speciral density (psd) curves that are to be averaged, a cumulative
probebility curve is prepared of the psd values read at a given frequency
(inverse wavelength). This process is repeated for various frequencies cover-
ing the range of interest. A probability level is then selected, and the psd
value corresponding to this probability is read from each curve. kach of the
psd values resd corresponds to a different frequency, and a plct versus fre-
quency gives the desired average psd curve.

The advantages of this approach are the following:

° Under the normalizing and averaging approach, turbulence of all
intensities contributes equally to the averages. But very mild
turbulence is of negl®gible importance to airplane design and is
much more subject to inaccuracy of measurement. Tt is therefore
desirable to look separately at turbulence at various intensity
levels. This is accomplished under the cumulative probability
approach simply by reading power spectral densities from the
probability curves at more than one probability level,

L In normalizing the power spectral densities in preparation for
averaging, the vertical, lateral, and longitudinal gust power
spectral densities would ordinarily each be normalized by dividing
by their individual.cwz'walue. A direct comparison of intensities
in tic three directions is thus lost.

] Because of uncertainty in measuring the very long wavelength com-
ponents of the turbulence, the true overall rms gust velocity is
quite uncertain. The appropriate rms to be used for normalizing,
therefore, is an arbitrary one obtained by integration of the psd
between appropriate limits. The value obteined will differ
materially, depending upcn the limits selected. For example, the
ow value obtained by integration with a lower limit at N = 40,000 ft
may be 2 to 3 times that obtained using a lower limit o” 2000 ft.
This vast difference in the rms value that may be used to describe
the same patch of turbulence has led to much confusion in the past.
To minimize such confusion, great care is required in the use of rms
values, and wherever their use can be avoided, it would appear
desirable to do so.

] The procedure in which average psd curves are ottsined from cumula-
tive probabilities is believed to be particularly sypropriate for
arriving at a spectral shape for design use. For example,
consider two airplanes. Airplane A feels »redominantly gust
frequencies over a narrow vand in the vicinity of \ = 4CO ft, and
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Seation V

airplane B over a narrcw band in the vieinity of M = 20,000 %,

The design loads obtained for these two airplanes will depend

upon the design gust power spectral densities at their respective
frequencies., If design power spactral density curves utilize

everage shepes obtained as described above, the design power spectral
density values will be exceeded with the same probability feor both
airplanes, regardlesr of whet turbulence intensity may be selected as
a design .level. C(learly, th: two airplanes will. be of consistent
strenguh, as desired; the possivle variation of spectral shape

from one patch of turbulence to ancther is quite unimportant.

While real airplanes generally resywond over broader frequency bands
than assumed in this illustration, the general line of reasoning
still applies and the same conclusions hold.

The HICAT gust velocity spectra chosen for analysis are listed in Table II.
Only spectre were selected of intensity such that RMS 2 values were 1 fps or
greater. Specira indicative of instiument malfunctions or those from time
histories containing obvious instrumentation malfunections or other irregulari-
ties were excluded. All spectra from both the Redirected =sad the Extended
programs meeting these requiremenis were utilized.

First, all of the power spectra were faired to eliminate obvious irregularities
such as the closely spaced oscillations at the high frequency end. For the
most part, at the low freguency end the curves were l=ft unfaired from the
lowest frequency to a frequency four or five times this value, with the fairing
becoming progressively heavier as the frequency increased beyond *this point.

A typical example of how the curves were faired is chcw: in Figure 39.

The faired curves were then read at frequencies corresponding to wavelengths
of 200, 400, 1000, 2000, k00O, 10,000, 20,000, and 40,000 feet. It can be
observed that all of the measured spectra provide data at wavelengths of 200,
400, 1000, end 2000 feet, while progressively fewer curves extend to wave-
lengths of 4000, 10,000, 20,000, and 40,000 feet,

At each of these frequencies, cumulative probebility curves of power spectral
density (psAd) were prepared. In obtaining each probability distribution, the
psd values read were grouped into an adequate number of equal bands to facili-
tate piotting. Inasmuch as the longer runs actually represented larger

samples of data, the various runs were weighted by length in accordance with
the following table:

Actual duration of Assumed duration of Besulting numkber of
run in minutes run in minutes times counted
1.33 - 3 2 1
3 - 5 L 2
5 -7 6 3
7 - 9 8 b
9 - 11 10 5
11 ~ 13 12 6
13 - 16 ik 7
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Hi t
. ; TABLE IT RUNS USED FOR AWALYSIS
1 i
‘ Test Run Test Run Test Run Test Run Test Run Test Run
54-3 16L-4 257-13 265-17 267-15 280-1.
‘ 88-9 180-2 262-8 265-31 267-16 280-12
90 -9(#) 180-k 262-10 265-38 267-22 280-13
i 96-12(F) 190-3 262-1). 266-10 267-25 280-16
{ 102-2 197-7 26L-6 266-12 267-26 281-2(L)
k 102-3 166-3 264-13 266-14 267-28 282-2
e 102-5(L) 198-9 264-1k 266-16 269-4(L) 282-3
) ] 102-6 198-12 26L-16 266-18(L) 273-2 282-4
Y 102-8 198-13(L) 264-18 266-22 279-2(L) 233-2(L)
- 102-9(L) 202-8 (F) 265-2 267-8 279-3
102-12(L) 233-3 265-12 267-9 280-3(F)
S 102-16 247-4(L) 265-1k 267-11 280-6
107-8 | 2e7-11 265-15 267-14(L) | 280-10
Note: (F) = Lcngitudinal component excluded
(L) = Iateral ccmponent excluded
10t ; TEST 2654 €C 54515
- - OATT 30 4AN BD-
STRAT. TIME21-S2-35
U A ; coel . UMTION . 7 -0
f < | o s TINE INCR 0,080
3 < NG, PAINTS 1750
: d DEG FAEEGOW 140
j Q s : WIND: 163%/.43 KN
i R IR
: £
& N
: 1
¢ A
; L
; ¥
g 10t
VERTICAL
& RS Spectra  1.4237
RMS 2 1.2317
§ RMS 1 1.0048
.
] .
o 10 w4 g -3 g -t 19 !
e INVERSE MRVELENGTH-CICLES/FY

Figure 39 Example of Fairing of Gust Velocity Fower Spectral Density Curves
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Section V

s il

The resulting curves are shown in F gures 40, 41, and 42. Curves for
frequencies corresponding to M = 20,000 ft and A= 40,000 feet are not shown
because there were too few runs in CAT of sufficient duration (13 minutes or
more) to resolve these long wavelengths.

The curves in Figure 40 include only wavelengths (\) from 200 tirough 2000 feet

and utilize data from sll the runs listed in Table II. The curves in Figure Ll \
extend to a wavelength of 4000 ft; in preparing these curves only thase runs o
were included for which psd values were availsble at h= 4000 feet. Similarly, '
the data in Figure L2 extend to a wavelength of 10,000 ft, and only those runs
were included for which psd values were available at X = 10,000 feet.

A 1 NS NN R R INE: B, T a1 i

In Figure 40, -2ach of the cumulative probability curves was faired by means of
a straight line, as shown. Psd values were read as indicated by the plus
sy.bols, at probcbilities of .01, .1, and .5. The values at 2 probability of
.01 were read from the straight line; at probabilities of .1 and .5, however,
where e .ch point represented a large sample, the value was read either from
the actual st¢raight line segment through the plotted points, or at a more
representative average location if the actual curve was somewhat irreguler.

At each of the three probability levels, the psd values thus read were thren
plotted versus inverse wavelengths to give Figure 43. An average psd curve
was thus obtuined at each of thrsc piovbalility levels. The curves correspond-
ing to the lower probability levels are m3st pertinent for direct practical
application, ac they reflect the mor: severe turbulence. The curves corre-
sponding tvo the ":igher probability levels, however, are based on much more
data and are statistically more reliable,

The cumulative gust probability curves of Figures 41 and 42 were treated in

the came way as the corre:ponding curves of Figure LO, except that in

Figure 42 only two of the three probsbiiity levels could be read. Also, the
cumulative probabilities shown in Fig.re 42 are considersbly more lrregular
than those appeering in the preceding figures, so that somewhat more judgment
was recessary in reading values at the two probability levels. The sane basic
rules followed for the X\ = 2000 {t and A= LOLO {t groups of curves were
applied here with slightly ..ore leeway. The resulting power spectral deusities
ave shown in Figures LL and L5.

Aversge Normalized Spec‘rum Approach - The number of HICAT runs for which
psd's might be ohtair:d with reasonsble confidence ai wavelsagths cf 20,000
or 40,000 £t is quite liaited, totaling only about 6 for tne corhined 1955-67
and 1967-68 programs. As a result, the cumulative protability method for
obtaining an average spectral s'ape was found rot to be usable for these runs,
In order to obtsin average spectral shapes that would extend to the 20,000 te
10,000 ft wavelength vange, & more direct spproach was used. This involved ‘
normalizing the individusl faired spectra by dividing th~ density estimates Ly

the square of a suitably defined rms valu® and tekiy g a simple average .o wach ,
frequency. For comparison, the same procedure is alsy applied to the spectre P
defined to A\ = 10,000 ft for runs somprising the ten special HICAT teste
described in Appendix I. The ncrmulizei spectra usel for this purpose are
presented in Figures 101 and 102, Appendix I,
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Section V

Normalization of the spectral components was based c¢a the RMS 2 value of the
component gust velocity. Use of an individual normslizing factor for each of
the three components permits a direct comparison of spectral shape in the
three directions, at any desired frequency. Selection of RMS 2 as a basis for
normalizing is somewnat arbitrary. As noted earlier in pointing out the
advantages of the cumulative probability approach, the true rms is quite
uncertain because of the inherent difficulty in accurstely measuring the long
wavelength components of the turbulence. Therefore, a spectral rms, with the
integration confined to a frequency range for which there is no doitbt as to
the validity of the measurements, provides a much more concrete basis for
normalizing than an rms computed directly from the time history.  The
quantities RMS 2, RMS 4, and RM3 10 would all be acceptable as a resvlt of
this consideration. However, since RMS 2 is available for all runs for which
psd's were determined, it was used.

Averasges were obtained for each group of normalized spectra and are shown in
Figures 47 and 48, These spectra are discussed on the next page.

Results and Discussion - Cumulative Probability Approach - Average spectral
shapes obtalned by the curmlative probability approach described above are
shown in Figures 43, L4, and 45.

For all three gust velocity components in Figure 43 (maximum N\ = 2000 ft), the
psd curves plot as straight lines. The vertical and lateral gust velocity
components for the .1l and .0l probability levels are parallel. At the .5
probability level, the psd's have a shallower slope than the psd's at the low
probability levels. The slopes of the psd's for the longitudinal gust com-
ponent are equal for the .5 and .l probability level; the slope is slightly
steeper at the .0l probability level. The slopes for the vertical and longi-
tudinal gust components are somewhat shellower, at all wavelengths and at all
three probability levels, than the -1.67 and -2.00 vslues currently used in
design and analysis. The lateral component curves for the .l and .0l proba-
bility levels have a slope which is comparable to that currently being used
for design and analysis, but the curve for the .5 probability level is more
shallow. The absence of any bending in the psd curves, within the frequency
range shown, makes it impossible to infer a scale of turbulence by visually
comparing the psd's with the mathematically defined psd's shown in Appendix I.

The results obtained for maximum A = LOOC ft, shown in Figure W4, ar: similar

to the results for maximum A = 2000 ft and the slopes are very nearly identical.

Again the absence of any bend in the curves over the range of' frequencies shown
makes 1t impossible to infer a specific scale of turbulence from the mathe-
matically defined psd‘'s although one may infer that the scale of turbulence
cannot be less than some particular value.

The curves of average spectral shape obtained for wavelengths up 10,000 ft

are shown in Figure 45., Despite the lecway in reading values from the cumla-
tive probability curves (Figure 42), the scatter of the points on the psd
plots is not great. At the longer wavelengths included in these figures, some
slight bending of the curves is evident. Scales of turbulence at which the
mathematically defined curves of Appendix I fit these experimental curves are
roughly as follows: '
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Section V

Scale of Turbulence, L, ft

Vertical Lateral Longitudinal
Family Prob.=.1 Prob.=.5 Prob.=.1 Prob.=.5 Prob.=.1 Prob.=.5
Taylor-Bullen 2000 2000 2000 1800 4000 4000
Sharp Knee 2000 2000 1500 - 1900 2000 2000
Mild Knee Looo 4000 3500 3500 Looo Looo

It should be emphasized, however, that for these spectra the curvature is so
slight, especially when considered relative to the scatter of the plotted
points, that a scale of turbulence is not reliably defined. Consequently
the tabulated scales should be regarded as minimum values.

Comparisons between the psd's for the vertical, lateral, and longitudinal
components of turbulence, all at the 0.1 provability level, are shown in
Figure 46. All three curves show the psd for the vertical component of
turbulence to have & somewhat shallcwsr slope than that for the lateral com-
ponent. The longitudinal component for maximum X = 2000 f% and 10,000 ft has
a shallowcr slope than either the vertical or lateral components; for maximum
A = LOOO ft, the lcngitudinal component is intermediate between the slcpes
for vertical and lateral.

Results and Discussion - Average Normalized Spectrum Approach - The spectral
shapes obtained by averaging the normalized spectra are shown in Figures L7

and 48. Figure 47 covers the full range of wavelengths from 200 to 40,000 ft.

Figure 48 shows the average spectrum for each component of gust velocity for
runs covering the range of wavelengths from 200 to 10,000 ft that were used
for detailed meteorological analysis in Appendix I.

In Figure 47, all three curves are very nearly straight lines over the entire
frequency range, although the vertical spectra might Le viewed as starting o
bend down at the lowest frequencies, and the lateral spectra changes slope at
roughly the midpoint of the frequency range. Inferred scales of turbulence
are:

Scale of Turbulence, L, ft

Family Vertical 5523225 Longitudinal
Taylor-Bullen 3300 1000 6000
Sharp Knee 8000 >8000 4000
Mild Knee 16000 >4000 >8000

|

3 o -~ o O et UL
T i

——— 3o VSR e




= *3d 000°0T = Y UNWTXBW ‘34 000°0t; = Y WomxeR 5 3 V
g squauodmos § ‘RyTsusg Texydads Jamod squsuodmo) € ‘L31susg Tex3zoadg asmog o
: b POZITOWION JO 93BI9AY-309ITd Qh oINn3Td POZTTRLION O 98BIDAY-300ITd Lt SMBTd R |
o o
15 L4/STIDAD "HLONTIIAVM IS8IANI 1/5370A) ‘HIONTIIAVM ISBAN
. 20t g0t g0t -0t z-0! g0t -0 -0
, f “ w ] 101 i T w B T 7.0
,, dlil W *
m : H o
| ; it . 1 4 w m
! | B
-+ [ J
1 —— O s— 2 S
1 46 % M b I g
=0t S —F—
@ N | L@
2 - T 4 8
< il . <
z m TN a
VDS W S Y 3
- 8 H — 3
, < T i i m
- o — ot
=k o 5 e s
B : o H ~G
by £ | i i :
Ll - pd } IR T — . — 4
T 3 15 : ! ' g
L] 1 > ! ! [
1 Land 1 -
] g ! 4
114 w M m
g : 3
== TN = o3
lz r lz
= t =
9 m :
& _ % 8 TR
m 3 Mr S M G2 W"..
- 2 e Vel n 3 ; 2
u — TYNIGNLIONOT o IRRE |
ot WA i “
i
anwnoSz swe | | '
3AILD34S3Y DL AIZITWYWION dsd :
— g '. M
% oo— ~ = “02 W
i
»




i
i

TRT TS

PRI e S oo

ey bl

kg g e e ea e

et inp et + B ot

e . R Tl W5 i

Section V

Slopes of the three curves in Figure 47 are as follows:

Average Slope -
Wavelength Range

Component : < 1000 %
Vertical -1.34
Lateral -1.65
Tongitudinal ~-1.50

In Figure 48, all three curves are also very nearly shraight lines over the
entire frequency range. Inferred scales of “urbulence are:

Scale of Turbulence, L, ft

Family Vertical Lateral Longitudinal
Taylor-Bullen > 2000 > 3000 2000
Sharp Knee > L4000 > 3000 3000
Mild Knee > 8000 > 8000 3000

The three curves in Figure 48 all have a slope of about -1.71. A comparison
of the average slopes obtained from Figures 47 and 48 with the slopes obtained
using the cumulative probability approach shows that, over the high frequency
range alone, the slopes for the lateral and longitudinal gust components are
in good agreement. The slopes of the psd's for the vertical component, how-
ever, show more variation. The value of -1.34 obtained from Figure 47 is
considerably lower than the value of -1.71 obtained from Figure 48, whereas

the values from the cumulative probability approach fall between these values,
with a tendency towards the higher wvalue.

Average slopes over the full range of wavelength in Figure 47 are somewhat
lower than the slopes over the high frequency range alone, whereas, in
Figure 48, the average slopes are more nearly constant throughout the fre-
quency range. This is probably due to the tendency of the psd's to bend
down at longer wavelengths, and it would be expected that more bending would

have occurred in psd’'s extending to A\ = 40,000 ft than in psd's extending to
A = 10,000 ft.

Although the average p3d's are generally fairly straight lines over the entire
frequency range, individual spectra are often much less regular. This irregu-
larity is clearly shown in the plots of normalized spectra in Appendix I, In
Figure 101, for example, a number of the curves break away from a

fairly steep high-frequency slope at wavelengths between 2000 and 10,000 ft
and then resume the original slope at somewhat longer wavelengths. Upon
averaging, the result is a nearly straight line of considerably shallower
slope than might be thought characteristic of the individual spectra. It is
believed likely in some cases that the initial breaking away from the high-
frequency slope is a real property of the turbulence, whereas the resumption
of the steep slope at longer wavelengths represents the presence of noise.
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Concluding Remarks - In assessing the spectra shown in Figures 43 through u48,
it is felt that the data vp to wavelengths of 10,000 ft (and possible extrapo-
lated to 12,000 or 15,000 feet, if a larger sample size were available) pro-
vide valid representations of the atmosphere, At wavelengihs of 20,000 ft and
above, the situation is less clear because the data sample is much smaller,
the gust intensity level is generally considerably less, and the possibility
of some extraneous influence is correspondingly greater. However, even these
latter spectra are believed to be conservative from a design standpoint.

In evaluating the scale of turbulence, it shouid be remembered that the range
of valves shown here apply to average power spectra. Individual power spectra
making up the average may have somewhat larger or smaller scales though only

a few spectra actually bend over and become flat within the range of the HICAT
measurements, However, based upon the apparent bending of the average spectra,
a scale of turbulence in the range 2000 to 4000 feet would appear to fit most
of the analyzed data.

SPECIAL STATISTICS
Probsbility Distributions of RMS Gust Velocity

Probability distributicns of rms valves of the three components of absolute
gust velocity, for the runs for which all three components are available as
identified in Table II, are shown in Figure 49. fThe rms gust velocities upon
which the curves in this figure are based are the RMS 2 values; these were
obtained by integrating the power spectral densities over the frequency range
from .0005 cycles per foot (A= 2000 ft) to the highest frequency at which the
Jower spectral densities were defined, corresponding to 5.00 cps and averaging
about .007 cycles per foot. The low frequency limit of integration was
selected for this figure as the lowest frequency common to all the power
spectral densities obtained,

Cumulative probability distributions rather than probability densities are
shown because this form of presentation is more amenable to drawing quantita-
tive conclusions. For any given rms gust velocity, the cumulative probability
read from the appropriate curve is the probability that the given rms gust
velocity is exceeded,

Also of interest are similar probability distributions of rms values bhased
upon irnclusion of longer wavelengths., For this reason, probability distribu-
tions of RMS 10 are also presented, in Figure L. Thes» latter probability
distributions are based upon & somewhat smaller data sample, however, since
RMS 1C values were obtained only for runs of at least 6.7 minutes duration.
The rms gust velocities upon which the curves in Figure 49 are based are the
values obtained by integrating the power spectral densities over the frequency
range from ,0001 cycle per foot (N = 10,0CC ft) to abous .007 cycle per foot.

It is also felt that probability distributions of rms values emphasizing con-
siderably shorter wavelengths than RMS 2 would be of value, particularly for
comparing the three components of gust velocity. All runs include wavelengths
down to approximately 100 to 150 feet; however, the low frequency limit of
integration for which rms values are available is 1000 feet. Consequently

the desired probability distributions mist be of some other quantity which

can be related to the rms values. A suitable quantity for this purpose is
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Section V

the square root of the faired psd at some appropriate single frequency. Such
a quantity is proportional to the rms value, as intensity varies, for a given
shape of power-spectral density curve and; therefore provides a measure of
relative gust intensities at shorter wavelengths. A frequency corresponding
to A\ = 200 ft wac selected to define this quantity which is then designated
,/452 . The resulting probability distributions are shown in Figure 50. The
square root of the faired psd values upon which the curves in this figure are
based can be interpreted as being a coastant times tne rms values that would
be obtained by integrating the power spectral densities over a very small
frequency range at .0C5 cycles per foot.

To converi the rms and ,/ﬁ values plctted herein to rms values that would be
obtained if various shapes of power spectral density function were fitted to
the data and the integration carried out from zero to infinite frequency, the

rms (or square root of psd) values would be multiplied by approximately the
following factecrs:

Factor For

Spectral Shape RS 10 RMS 2 v ®200
Von Karman, L = 2500 ft 1.h2 2.48 L2
Dryden, L = 1000 ft 1.15 1.97 A1
Dryden, L = 2000 ft 1.t 2.72 1

The fectors for RMS 2 and RMS 10 were obtained from the theoretical curves
noted by evaluating the ratios

@@ JJ () ¢2)
o A

0001

>1P‘

respectively for RMS 2 and RMS 10. The factors for,/ o Were obtained by
calculating &,  irom the equation defining the spectrai shape, at a frequency
1 / \ = ,005 ecycles ver foot, and from this obtalning cr/‘/T , the desired factor.

In obtaining the probability distributions shown in Figures 49 and 50, varia-
tion in length of runs was accounted for approximately by weighting the
various runs, as discussed previou:ly under Average Spectral Shape.

The probebility distributions shown apply to the flight time included in "runs"
as defined under Data Editing in Section IV, of 80 seconds or mere duration.

To convert to a basis of total flight time, all of the curves would be shifted
down in roughly the ratio .033, which is the ratio of time in runs of 80 sec-
onds or more dure“ion to the total flight time for which date are available.
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Section V

. The flatness of all the curves for rms gust velocities below 1.0 fps, or @
; : below about 5 fps/,./cpf , is due to excluding date in mild turbulence - that
: is, turbulence of -2 intensity less than 1 ft/sec.

It should be emphasized that each rms value utilized in preparing these fig-
i ures was an overall value for & given run, and that in many of the runs the
i rms gust velocities varied significantly curing the run. If this variation
were to be taken into aceount, the probability distributions would show much

higher rms values at the low probabliity levels. This phenomenon is discussed %
in detail under Stationarity.

Isotropy

] Knowledge of the probable isotropy of turbulence is important chiefiy tc
t provide answers to the following questions:

; ) First, should the turbulence intensities used For design be the
i same for the three components of turbulence, vertical, lateral,
$ and longitudinal? This question is important because design

: levels are ordinarily based primarily upon measurement of air-
plane center-of-gravity normal acceleration during a great
many hours of routine operational flight. Thus, the design
intensity of the vertical component of gust velocity is
established fairly directly. The determination of realistic
design intensities of the lateral and longitudinal components
must depend upon more complete data from a much smaller

sample, such as provided by the HICAT program.

e s e

() Second, should the airplane be considered to be subjected to the

o design intensity of all three components of turbulence simultaneously,
B or when one component is at its meximum is it probable that the

intensities of the other two will be significantly lower?

The isotropy of the turbulence measured in the HICAT program is indicated in

this report in three ways. Each is discussed separately in the following
paragraphs.

Isotropy as Indicated by Gust Velocity PSD's - First, in order to determine
whether the lsotropy plcture 18 the same &t ell frequencies (inverse wave-
lengths), the comparative psd plots shown in Figures 46 through 4B are
examined. The resulis differ somewhat from figure to figure. However, it :
appears reasonsble to give the greatest weight to Figurc U6, which represents *
the largest samples. On this basis, the figures collectively indicate that
all three components have about the same intensity (as measured by padg at

the shortest wavelength at which measurements were made (100 to 150 ft
They also show the vertical component to decrease in intensity, relative to
the lateral as the wavelength increases. Thus, at the longer waveiengths,

“the vertical component of turbulence appears to be somewhet less severe than

the lateral. The longitudinal component tends to fall between the vertical
and the lateral.
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For isotropic turbulence, psd's of the vertical and lateral components should
agree, Theory indicates, however, that ratios of the longitudinal component
to the laterel or vertical component in the constart exponent reginn of the
psd depend upon the exponent and have the following values:

/0 5/
FYL Ratio of longitudinal
Ratio of longicudinal to lateral spectral
Exponent to lateral pad rms velocities

-2 2/3 817
-5/3 3/L .866 i
-3/2 b/5 .895 ;
-i/3 6/7 .926
-1 1 1.000

In the HICAT program, the direction of flight through the turbulence presum-
ably is random, Hence the turbulence should appear isotropic in the horizontal
plane, and the tabulated ratios between longitudinal and lateral psd values ;
should hold. In comparing the vertical component with the lateral or longi- i
tudinal, however, isotropy does not appear to be so recessary, as the
mechenism generating the turbulence might be inherently directional,

Tor an exporent of -3/2 %o -5/3, characteristic of the HICAT psd's, the
theoretical ratio of longitudinal tc lateral psd's is seen from tue table to
pe atout .75 to .80. ' The general impression given by Figures 46 and 47 '
is that the actual ratio is closer to unity, especially at the shorter wave- b
lengihs. However, the differences are perhaps so small as to be buried in ’
the scatter of the dsata.

PRSP IEIR LIPS

The comparison of vertical and lateral components does seem to indicate the
turbulence to be isotropic at the shorter wavelengths but to be clearly less
severe in the vertical directicn than the lateral as the wavelengths increase.

Isotropy as Indicated by Probability Distributions of RMS Gust Velocity - In
the second approach to evaluation of isotropy, the rmms values and, similarly,
the,/ ®200 values of the three components of gust velocity are read from the
cunulative probability curves of Figures 49 and 50 at a given probability
level, and the pertinent ratios are calculated. This approach is considered
to be somewhat more reliable than the first because the vertical, lateral,
and longitulinal intensities were all obtained from the same group of runs.

It is seen first that the ratio of longitudinal to lateral gust velocity is _
roughly 1.00 for /@200 » 0.90 for RMS 2, and 0.82 for RMS 10 throughout the !
probability rang . The corresponding theoretical value, as indicated by the
table in the preceding section, is in the runge 0.86 to 0.90. The values
based upon RMS 2 and RMS 10 are in reasonable agreement with the theory; the
value based upon,/%aoo cannot be considered in agreement with the theory,
but does reflect a continuation of the trend defined by the RMS 2 and RMS 10
ratios. The general trend with wavelength is qualitatively the same as
indicated by the psd curves of Figure L6,

93
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Section V

Ratios of lateral to vertical gust velocity are as indicated in the following
table:

(V®200) 17 (RMS 2), 0 (RMS 10),,r
Region of Curve (\/¢200)VERT‘ (RMS 2)VERT. (RMs 10)VERT.
Low intensity, 1.15 1.25 1.45
high probability »
High intensity, 1.00 1.20 1.25
low probability

The ratio tends to decrease with increasing turbulence intensity, with the
high-intensity values being probably the more significant. The trend with
wavelength is qualitatively the same as indicated by the psd plots; the
vertical and lateral components are approximateily equel in intensity at the
short wavelengths, whereas the lateral component becomes significantly more
severe at the longer wavelengths.

Isotropy as Indicated by Probability-Paper Plots of Ratios of RMS Gust
VelocIty - The above approaches give infurmation pertinent to answering the
FIrst question posed, i.e., What relative intensities of vertical and lateral
gust are appropriate for design? They do not, however, shed any light on the
isotropy of individual patches of turbulence.

For this latter purpose, as well as to obtain an indeperdent indication of
the average ratios amongst the three components, a third approach was
followed. Ratios of longitudinal to lateral, lateral to vertical, and
longitudinal to vertical spectral rms gust velocities were obtained for all
the available runs listed in Tabl~ II. These ratios were also calculated
based on the square root of the psd's at A= 200 feet. Probability distri-
butions of the ratios were then obtained, weighted according to cGuration of
run as described previously in the paragraph entitled Probability Distribu-
tions of RMS Gust Velocity. Plots of these probability distributions on
probability paper are shown in Figures 51, 52, and 53. The probability
indicated by the curves is the probability that the ratio is less than the
indicated value.

A Gaussian, or normal, probability is indicated by a straight line on such a
plot. The value of the variable at a probability of 50 percent is the mean.
The difference between the mean and the value read at a probabllity of 15.9

or 84.1 percent is the standard deviation.
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A summary of the pertinent values as obtainzd from the carves follows:

-
V% 200 RMS 2 RMS 10
Ratio 70% 70% 70%
Mean|5%% | Probability Mean|S o |Probability|Mean 5% |provenility
Band Band Band

Long/Iat (1.00(.11 | 0.89-1.11 [0.93|.14 | 0.79-1.07 [0.79].10 | 0.69-0.89
Lat/Vert {1.06{.11 | 0.95-1.17 {1.24{.21 | 1.03-1.45 |1.57(.37 | 1.20-1.94

LongyVert|1.06] .09 | 0,97-1.15 |1.16|.26 | 1.00-1.32 |1.24]|.16 | 1.08-1.40

The distributions for the ratio of longitudinal to lateralvf_—- s RMS 2, and
RMS 10, shown in Figures 51, 52, and 53, respectively, are almost stralght
lines. The respective mean values of 1.00, 0.93, and 0.79 are in excellent
agreement with the ratios of 1.00, 0.90, and 0.82 indicated in the section
entitled Isotropy as Indicated by Probability Distributions of RM3 Gust
Velocity. In 70 percent of turbulence encounters, it would be expected that
the ratio of longitudinal to lateral intensities would lie between the two
valuef listed in the above summary table under the headings "70% Probebility
Band."

Examination of the distributions for the ratio of lateral to vertical /¢ ’
RMS 2, and RMS 10 shown in Figures 51, 52, and 53, respectively, indicates a
fairly gocd straight line fit. Indicated means are shown in the sunmary table
above. The mean values agree quite well with ratios obtained at a probability
of about 0.5 from Figures 49 and 50 and listed after "Low intensity, high
probability" in the table on the preceding page. The variation of tne ratio
with turbulence intensity noted on the basis of Figures 49 and 50, is

quite possibly a real effect, as the presentation of the gust intensity ratios
versus probability is inherently dominated by the lower intensities, of less
interest.

The above discussion of the ratios of lateral to vertical applies generally
to the longitudinal-to-verticel curves in Figures 51, 52, and 53. The values
of the mean are consistent with means of 1,00 or less on the longitudinal~-to-
lateral curves.

Summary - Bach of the three approaches used above to investigate isotrcpy, in
general, shows the same relationship amcngst the three components of gust
velocity, the lateral component tends to be the most severe, and the vertical
component tends to be the least severe. All three components tend to be about
equal in severity (say within 15 percent rms) at the highest measured fye-
quencies (roughly 0.007 cycles per foot); however, the lateral ccmponeat tende
to become somewhat more severe at the lower frequencies. For example, at a
waveleagth of 10,000 feet the ratio ol lateral to vertical rms ranges from

1.25 to 1.5, The observed percentage differences amongst the three componerts,
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Probability Distribution of Gust Velocity Component Ratios, RMS 2
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Section V

however, are not considered large enough, in view of the samples siues s
gvaiiable, to justify & conclusion that high altitude clear air turbulence,
on the average, 1s anisotropic. On the other hand, irdividual runs show
considerablv more variation amongst the three components than do the averages. ’
i
|
i
|

The standard deviations obtained from the probability paper plo*ts of ratios
of rms gust velocity, which range from 0.09 to 0.37, show that fairly large
variations in isotrophy exist from run to run.

Stationarity

Definition - By "stationarity", as the term is used in this report, is mesat
the property of & time history whereby the statistical parameters of the iire :
history, such as its mean, its root-mean-square value, its power spectral : |
density, and so on, do not change with time.l2 P

Importance of Stationarity - In any application of measured rms gust velocity
values to problems of structural design or, perhaps to a lesser degree, ride ;
confort, stationarity of the sample is of major importance. Stationarity is

important because of its effact on the relationship of peak values of load or

acceleration to ras values. For determining the strength needed to withstand

one-time loading, on either a "limit" or an "™ultimate" basis, the peak value !
expected once in some very long time, such as thu life of the airplane, is
needad. For evaluating resistance to structural fatigue, the expected fre-
quency of occurrence of peaks over a wide range of load levels is required.
Rms values are a necessary measure of turbulence intensity, but are of actual
use only as a means of determining expected pesk values.

In the application of the continuous turbulence concept to problems of struc-
tural design and ride comfort, the atmosphere is first idealized as consisting g
of finite patches of turbulence, each of which, as traversed by au airplane, i
is ctationary and Gaussian. This finite patch model is then usually replaced i
by one in which the intensity varies continuously, but so slowly with time

that the theoretical input-output relations still hold,

12718 definition should not be confused with s different one sometimes used in
atmospheric turbulence studies. A time history of gust velocity or of airplane :
response results from the passage of an airplane through a pattern of gust i
velocities that ordinarily is assumed "frozen" in space. The stationarity of i
the time history is then a reflection of the homogeneity of the frozen pattern.
If the terminology were to be chosen with emphasis on ths turbulence itgelf -
instead of nassage of the airplane through it, what is called "stationarity” P
in this report would then be called "nomogeneity." The term "stationarity” T
would then be used to denote the property whereby the statistical parameters :
representative of a given homogeneous regicn in space remain constrnt with b
time. This usage is employed in reports of the Low-level Critical Air Turbulence
Program conducted under USAPF contract No. AF 33(615)-3724. However, when tur-
bulence is measured by an airplane passing through the turbulence, all that is
directly measured is a time history, not an instantaneous pattcrn in space. Also,
any applicatior of the results of the turbulence measurements will be to the
prediciion of statistical characteristica of a time history of an airplane
flying .arough turbulence. Consequently, in this report, the term "homogene-
ity" will not be used, and "stationsrity”" will refer to the properties of ths
measured time histories rather than to the pattern of the turbulence.
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The prediction of load (or acceleration) peaks due to turbulence is invariably
based on Rice's equation, which relates frequency of exceedance to load level:

1 2
X
Ny) = B e 2/oy)

-

This equation can be derived theoretically, under the assumption that the time
history is stationary and Gaussian,3 The quantity N(y), although its formal
definition is not in terms of "peaks", provides a good approximation to the ‘
number of peaks per unii: time in excess of given values of y, for any rzason-
able definition of a "peak." The approximation is especially good for values
§ of y/c greater than 2 or for time histories characterized by a narrow-band

‘ power spectral dersity.

o et e iR S De e e e e e
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For flight through many patches of turbulence of various intensities, as
would be experienced over the entire life of any given airplane, Rice's equa-
tion is applied, in effect, to each patch separately. The exceedances con--
tributed by all the various patches ure then added together to give a total.

Rice's equation, which relates peak values to rms intensities, is clearly of
great practical importance. Its validity, however, depends upon the gust time
histories being both stationary and Gaussian. The degree to which these two
conditions are met, therefore, would appear to be among the more important
properties of atmospheric turbulence to measure. In past programs directed
toward the measurenent of absolute gust velocity time histories, howaver,
little if any attention has been given, quantitatively, to these properties -
either separately or in terms of their overall effect on the closeness with :
which Rice's equation applies.

¥hether any given sample of turbulence is Gaussian may be rather difficnlt to
determine, and no attempt has been made in connection with the HICAT data.

Not only must the gust velocity itself be Gaussian, but the joint probabiiity
distribution between the gust velocity and its first derivative must also be
Gaussian. Furthermore, until it is established that the function is stationary,
it is not at all clear how one could tell whether it is Gaussian, since, as
will be evident later, a time history made up of two segmeats of different
intensities, ecach of which is stationary and Gaussian, will not have &

Gaussian distribution overall.

1311: sho:ld be noted that the Gaussian nature of the time history does not
result in & Gaussian distribution of the peaks. A Gaussian time history 1is
characterized by a Gaussian - or normal - distribution of values read from
the time history, either at random or at an arbitrary uniform time interval.
Rice's equation, which, as noted above, approximates the probability distribu-
tion of the peaks, has the same mathematical form as the equation for tle
Gauseian probability density. But Rice's equation inherently represents a

i cumulative distribution. Whea it ig differentiated to give the probability

density, it no longer has the Gaussian form.
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But it is quite evident from sven a casual glance at the HICAT time tistories,
shown in Appendix 1V of this report or Appendix VI of Reference 5, that a
turbulence penetration of several minutes duration is usually far from
stationary, Typically, patches of relatively severe turbulence are inter-
spersed with regions of comparable duration where the turbulence is clearly
less severe, or even quite mild.

How important this lack of stationarity may be to structural design depends
upen how the model of atmospheric turbulence to be used for structural design
is developed. A necessary element of ell such models is a probability dis-
tribution (or a set of such distributions) of ¢.. These distributions have
been determined in two ways. v

The earliest power spectral models, developed in NACA TR 1272 and TN 4332
(References 13 and 18), utilized peak counts of airplane cg normal accelera-
tion obtained by VGH recorder to deduce probability distributions of oy With
this approach, stationarity was no particular problem. The orly requirement
was that the turbulence intensity vary gradually enough so that the input-
output relationship for a stationary Gaussian process would apply. If the
turbulence intensity stayed sensibly constant for periods as short as 15 or

20 seconds, this requirement would be met. In fact, even if the turbulence
were not Caussian, the effects would tend to be the same in deriving the model
and in applying it to new designs so that approximately correct loads for the
new designs would result.

More recently, major programs have been instituted in which large bodies of
turbulence data are collected in a time history form suitable for processing
to give power spcctral densities of absolute gust velocity. The first of these
was the B- % low level gust program (Reference 19) in which power spectira were
obtained fur scne 385 four-minuie samples of turbulence. With such data
available, the former indirect method of obtaining &, distributions could be
bypassed; a 0y value wes available for evach four-minute run, and the proba-
bility distributions could be obtained directly.

However, examination of the B-66 data indicated an anomaly. In comparing the
B-66 gy, probability distribution with that proposed in NACA TN 4332, the B-66
distribution wa3 secn to be much'milder. Yet the Uge peak counts obtained in
the B-66 program were more severe than those from which the TN 4332 ¢, distri-
bitions were derived.

In attempting to account for this discrepancy, it was found that a major source
was the failure of Rice's equation to predict tne peak-to-rms ratio. And
there was rather convincing evidence, discussed below, that this fallure was
due to lack of stationarity. Thus it can be concluded that when o, distribu-
tions are obtained by the second approach, the stationarity of the turbuience
sarples will have a major effect on the o, distributions obtaincd.

Theoretical Effect on Peak Count Curvas of Lack of Stationarity - In other
programs in which airplane load time histories had been recorded during flight
through turbulence (in particular, the Electra flight test program conducted
in mid-1960), examination of the records indicated a distinct likelihvod that
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runs of four-minute duration would include some t'ractions that were sensitly
non-stationary. Furthermcre, for test runs of two %Yo five minutes' duration,
Rice's equation ordinarily predicts ratios of peak-to-ims load of about 3 to
3.5; yet values of this ratio as high as 5.or 6 had occasionally been noted in
the flight records. It was felt that it would be illuminating, therefore, to
examine theoretically the effect of nonstationarity {with respect to turbulence
intensity) on the peak-to-ims relationship. A Gaussian process would be
assumed.

For this purpose, it is convenient to plot exceedance curves on coordinates of
log N(y) vs y2. On these coordinates, Rice's equation plots as a straight
line, as shown in Figure 54{(a). 1In this figure, y has been replaced by s
specific quantity, Uje. As noted earlier, y can be any quantity that varies
in response to a varying gust velocity a: an input. The cg normal accelera-
tion is such a quantity, and Uge is simply this times a constant. In

Figure 5i(a) the units of N(Uge) are number of positive slope crossings per
duration of run. Thus, a value of N(Uge) = 1 denotes the one highest peak in
the run.

It is to be enphasized that the derived equivalent gust velocity is not of
interest as such, but only as an indicator of characteristics of the turbulence
itself. Peak counts of absolute gust velocity, especially if the time his-
tories are first appropriately filtered, can be used just as well for this
purpose. In fact, if pilot input effects are small, the Uge time history can
be regarded as s time history of absolute vertical gust velocity to which a
particular filter, the airplane trarsfer function, has been applied.

For a sample of turbulence that is stationary and Gaussian, a plot of log
N(Uge) vs Uge will. be a straight line, since Rice's equation will apply.
Figure 54(a) represents such a case.

Suppose now, that an actual patch ¢f turbulence consists of two portions, both
stativnary but of different rms levels. For example, consider a patch of
which the first 90 percent yields an rms of 1.75 fps and the last 10 percent
an ms of 3,50 fps. The overall rms will be

-\/0.90 x 1.75% + 0.10 x 3.50° = 2.00 fps

The expected exceedance curve for such a patch can be obtained by adding
together the contributions of the two parts, taking account of the relative
time in each as shown in Figure 54(b).

The significent result shcwn in this tigure is that the expected highest peak
for the actual nonstationary patch is 4O percent higher than that obtained by
application of Rice's equation to the patch as a whole, It is clear that if
the only rmr gust velocity considered were that for the patch as a whole,
calrulated airplane load peaks would be low by some 30 percent. Similarly,
if rms values for many runs were obtained in the same way and a probability
distribution obtained, the highest load peaks would again be substantially
underpredicted.
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It might be remarked that, in‘the example shown in Figure 54(%), the

10 percent of the time at the high rms value nced not be at either the
beginning or the end of the run, but might heve occurred in the middle; or it
might heve occurred in still smaller portions, distributed at intervals
throughout the run. In all cases, the exceedance curve would have been the
same. The only requirement is that the individual stationary portions be
long enough, or the rms level vary gradually enough, so that the theoretical
input-output relations for a stationary random process apply.

The same principle would apply if mcre than two rms levels were present. Here,
the sum curve in Figure S4(b) would have bezn made up of the sum of three or
more stralght lines. 1t is interesting to note that even with a continuous
variation in gy over the run, it is likely that the actual exceedance curve
can be approximated quite closely by adding as few as two or three straight
lines, representing a correspondingly small number of diccrete oy values.

Comparison with B-66 Test Data - To sec whether actual turbulence camples
would display & shape of exceedance curve similar to that of Figure 54(b),
exceedance curves were prepared from the published Uz, peak count data for the
B-66 tests. The resemblance was indeed striking. Moreover, the ratio of
measured peak value to peak value predicted by Rice's equation was found to
average about 1.3, which together with other factors, was sufficient to
account for the anomaly in the comparisons with the TN 4332 data. !{Reference 13).

Thus it became very clear that if ¢ probability distributions are based on
Ty velues obtained as averages over runs of roughly four minutes or longer

duration, the resu’ts will be dangerously misleading for use in predicting

airplene load or acceleration peaks.

Lationarity of HICAT Test Data - A comparable examination of the HICAT data
was therefore considered to be In order. 3Jeveral examples of plots of N(Ude)
versus (Ude)2 and of N(Uy) versus (Uv)2 are shown in Figures 55 and 56. The
Uy time histuries used in obteining these plots were high-pass filtered using
the 7000 £t filter described under Peak Counts of Absolute Gust Velocity.
These plots represent the fcllowing runs:

Test and Duration

__Run Base Location (sec) RS Uge
88-9 New Zealand 110 0.87
102-2 Australia 235 1.78
107-8 Australia 960 1.1k
107-14 Australia 670 0.7h
147-4 Puerto Rico 255 1.90
164-k Alaska - 215 1.h2
220-10 Maine (low alt.) 270 1.95
266-12 California L60 1.74
266-17 California 180 2.3%

Cases (test and run) 88-9, 107-8, 107-14, and 147-4 were selected more cr less
at random, covering a range of durations, locations, and rms levels. These
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were later found not to include the runs that appeared most stationary fron
their time histories. As a result, cases 102-2 and 16k-L from the 1965-1967
HICAT program and cases 266-12 and 266-17 from the 1967-1968 program were
added, Case 22C-10 was added as a single sample of low-altitude turbulence,
obta.ned during a landing approach,

Tn all cases the experimental curve has the characteristic concave-upward
shape indicated thecretically in Figure 54(b). Also, in all cases, a very
close fit to the test points is obtained by adding only two straight-line
components, to give the curve labeled “sum," This closeness of fit is rather
remarkable when one notes thc many different intensities displayed in several
of the time histories (Appendix IV).

In Figures 55 and 56, the lines representing Rice's equation are plotted using

the Uy, and Uy rms values obtained from the time histories, and N, values
equel %o the total number of peaks counted vsing the mean crossing procedure.

Ratios of the Uge and Uy values read from the falred test-data curve to those
read from the curve of Rice's equation at N(Uz.) or N(UV) = 1 are as follows:

2
ae Ude2 Ude ol 0 Uy
Case Test Rice Ratio Ratic Test Rice Ratio Ratio
88-9 25 7.9 | 3.16 1.78 21k 65 3.30 1.82
102-2 54 37 1.46 1.21 289 105 2.75 1.66
107-8 76 19 4.00 2.00 151 29 5.21 2.29
107-1% | 36.5 6.2 | 5.79 2.41 100 15 6.66 2.58
W7-4 70 41 1.70 1.31 92 Ll 2.08 1.4y
164 -4 h2.8 | 23 1.86 1.37 81 37 2.19 1.48
220-10% | 94 42 2.24 1.50 h9 30 1.63 1.28
266-12 | 78.5 | 37 2.12 1.k6 120 6k 1.87 1.37
266-17 | 81 60 1.35 1.16 .- .- —-- -—-
| *low altitude run

(Reliable Uy data were not available for case 266-17 because a large roll
angle occurred which exceeded the range of the instrumentation (£15°) during
most of the run.) For even the four cases for which the time histories had
the app: .rance of rather good stationarity (102-2, 16k-k, 266-12, and 266-17),
the Uqe und Uy ratios tend to be substantially greater than unity. (For

only one of these, 266-17, was the ratio of 1.16 fairly close to unity.)

And values of these ratios in the vicinity of 2.0 or more evc scen to occur
for two runs thet appeared least stationary.
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In cumparicon, application of the same technique to the 27 four-minute runs
from the B-65 low level gust study (Reference 19) for which Uy, peak counts.
viere available gave ratios fairly well scattered over the range 1.05 to 1,57.
The range for the B-66 data is seen tc be lower than for the HICAT dfaatta..l[‘L
This difference igs consistent with the impression, gained from visuwl exam-
ination of records of earlier low-altitude flights of the. contractor's
airplanes, that low-altitude turbulence tends to be more nearly stationary
than high altitude turbulence,

Applicability of Rice's Equation to the HICAT Data - The qualitative agreement

in shape between Figure 5L{b) and the curves shown in Figures 55 and 56,
together with the conspicuous lack of stationarity in many of the t'me his-
tories, makes it quite plausible that lack cf stationarity is the predominant
reason for the disagreement between the measured exceedance curves and the
theoretical curves given by Rice's equation. The fact that the ratios
obtained in the B-66 analysis include some close to unity further suggests
that no other cause is necessary.

The possibility is certainly not ruled out, of course, that some of the dis-
crepancy between measured p=ak counts and Rice's equation is due to the time
history nnt being Gaussian. Indeed, if the constant-rms portions into which
the run is considered to be divided arc vanishingly short, it night be more
valid to regard the time history simpliy as non-Gaussian. The distinction

is believed to be of secondary importance, however, What is important is
that, for whatever reason, the peak-to-rms ratio is not in agreement with
Rice's equation, and the degree of disagreement is an important property of
the turbulence, Nevertneless, it does appear that the disagreement between
Rice's eguation and test is due primarily to lack of stationarity and that
the magnitude of this disagreement can be regarded as a useful measure of
stationarity.

Conluding Discussion - The significent conclusions with respect to station-

arity of the HICAT data are:

1. Examination of the gust velocity time histories indicates signifi-
cant rariations in intensity throughout the run, in nearly all runs.
This veriaticn appears to be more pronounced than that for low-
altivule turbulence.

2., Apparently as a resul: of this lack of stationarity, the ratios of
peak 'ralue to rms value for any given run, of any airplane response
quantity, are in excess of tne ratios predicted by Rice's equation
by factors ranging from 1.16 to 2.58.

3. ' Any prebability distrivution derived from average-over-the-run oy,
values will lead to a gross underprediction of the higher load
peaks when applied in airplane design.

thbte that the HICAT Juw altitude case (220-10) yields ratios within the

range establiched for the B-66 data.
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A systematic evaluation of staticnarity for all the HICAT runs is beyond the
scope of the present program. In fact, such an evaluation is not necessary
because no attempt was made to obtain a random sample of turbulence intensi-
ties from which a probability distribution could be cbtained that would be
useful for design. 1In other programs, however, cverall probability distri-
butions of rms gust velocity may well be an important output. If so, it is
extremely irpcrtent that the effect of nonstationarity be properly accounted
for. A techrique for accomplishing this might invelve breaking down each

. run into two or more rms levels in accordance with the concept illustrated in

Figures 55 and 56.

DATA QUATLITY EVALUATION

Frequency Response

PCM Frequency Response - The pulse code modulation (PCM) system low-pass
filters and digitizes all the HICAT measurements. To check the input/output
relationships of this vitul system, an end-to-end frequency response %est was
performed. The results as obtained from the magnetic tape recording are

shown in Figure 3 in Section II. Figure 3 indicates the PCM system amplitude
response to be flat within about 3% from O to 5 cps, and attenuated to a value
of 2% at 12 cps. Also, Figure 3 shows the average phase lag per channel in
the fregquency range from O to 4 cps is 4l degrees/cps corresponding to a con-
stant time lag of 0.11L seccnd. This response is due almost entirely to the
analog filters. ‘

Transducer Frequency Response - In general, all of the primary gust maneuver-
ing instrumentation (i.e., gust sensing vanes, eirspeed, total temperature,
and accelerometers) have frequency responses flat tc within 14 over the fre-
quency range of interest (up to 5 cps), with the exception of the gyro and
vertical platform measurements. These have flat responses up to the numerical
filter cutoff frequencies shown for individual measurements in Table IX,
Appendix II.

Noise and Drift Effects

Instrument Noise - Undesired signals of whatever origin are usually referred
to as noise, High frequency noize associated with the transducer measurements
was removed or at least greatly attenuated by the passive low-pass filters of
the PCM as indicated by Figure 3 of Section II. To further reduce the noise
and thereby improve the quality of the computed gust velocities, numerical
lew-pass filters were used. The characteristics of these filters are illus-
trated in Figure 162, Appendix II. The measurements and their respective
filtess are listed in Table IX, Appendix II, The filter cutoffs were

selected to correspond approximately with the upper end of the useful response
range of the individnal measurements.

System Noise and Drift - The noise and long term drift behavior of the gust
measuring system were examined by evaluating several "zero-input" ground test
records as if they were high altitude gust penetrations. This was accom-
plished by computing gust velocities in the ususl wayld after setting the mean
values of total temperature, pressure altitude, and indicated airspeed to give
a calculated true airspeed of about 700 feet per secund. The resulting drift

AISExcept that linear trends were not removed,
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time histories are shown for each gust velocity component and for each test in
Figure 57. The vertical gust velvcity is near zero at the end of the run
bezause the platform vertical acceleration (the main source of vertical gust
Jarift) was integrated with respect to the mean value of acceleration, In the
case of the lateral and longitudinal gust velocities, th: platform performs tUhe
integration internally and provides a velocity signal which contains the main
drift error.

Since linear drift effects will normally be removed in the determination of
the gust velocities, the deviations of most interest are the nonlinenr ones.

The drifte illustrated (pcssibly, though not necessarily, typical of high
aliitude tests) do not appear to have significant deviations at periocds of
interest (< 30 seconds) to HICAT.

Examination of the gust velocity spectra in Figure 58, which was computed for
the longest of the drift runs, confirms this observation., The power spectral
density of any of the guat velocity drift components at a wavelength of
20,000 feet is very small ccupared to any of the long wave turbulence specira
shown in Appendix V.

To make the comparison easier and more meaningful a minimum level HICAT spec-
trum wags established and ie shown in Figure 58, TLis spectrum roughly
approximates the lower border of the HICAT gust PSD envelope in Figure 37
while providing an SMS-2 gust intensity of 1.0 ft/sec. By dividing the power

spectral density of this spectrum by similar values from the drift spectra,
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7

an estimatel® of the instrumentation system signal-to-noise ratic is obtained
for each gust component. Figure 59 shows the result and indicates the rela-
tive quality of the component velocity measurements on the basis of signal-
to-noise ratio. The vertical component is clearly the best, while the lateral
and longitudinal are generally of lower qualityl7. However, all components
have minimum level signal-to-noise ratios of about ten or better on a power
beasis.

Gust Velocity Measurement Accuracy

Component Accuracy - The measurement accuracy of each HICAT transducer appears
in the final column of Tsble I, Section II. These are percentage rms values
of the transducer measurements before they are filtered and digitized in the
PCM system. The table indicates ell the measurements which are used in the
gust velocity equations have basic aczuracies of 1.3 percent rms or better,
Limitations of calibration equipment and procedures will contribute ancther
0.3 to 1.0 percent to this figure.

16

It mst be emphasized that this is only an estimate since the noise in
actual flight can be increased by pilot inpute, vibration, elastic mode
resnonse, etc., and will vary from test to test. At the sar: time the sig-
nal will normally be larger than the minimum level shown.

l7In Reference 5 it was shown that the resolution of the vertical gust instru-

mentation was about a factor of two better than that for the other two gust
measurements. '
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The analog filters attenuate the measurement signals slightly, depending upon
the frequency. This effiect varies from filter to filter, but can be as much
as %wo or three percent at 5 cps. At frequencies less than 1 cps, the
average attenuation amounts o less than 0.5 percent of the input amplitude.

The PCM digitizing process introduces ancther very small error. %his errcr
is #0.5 percent il/2 of the least significent bit, which is equivalent to
an accuracy capability of 0.1 percent.

Gust Velccity Errors - A rough estimate of the error in the gust velocity
determiration mey be established from examination of the basle gust velocity
equations and ccnsideration of the error in the various individual measure~
ments. ¥For this purpose the gust velocity equations are reproduced below in
somewhat simplified form, ignrring second order terms.

= - ’
UV = VTAO VTAG + AUPGZ \5)
U, = VTAﬁ+ vTAq: - AUPGY (6)
Up =&V, - AUPGX {7

By applying the fulliowing relationships from Reference 20, the error may be
estimated f>r each gust velocity component. "

y= F(xl, x2....xn)

i=1
where
2 .
Vy = varisnce of y
Xe = ith-numbered x term contributing an error
o2 _ \
i variznce of the ith term.
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The resulting equaticns for the one~sigma error are as follows:

[ 2 . 2. 2, 2]
o = |{v, o)\ +(Aoc ) + (-J 0')2 +(.¢~eo- ) +0 (9
Uy ( T n) ( V& T8 VT UZ

L 4

/2

EUL = 1<VT “p)e +(-f‘f3°'vT)2 + (VT o’J‘ +(AlP¢VT)2 + o-SY (10)

4

Y
Up |_ Vo +‘TU}{] (12)

The rms error (neglectirz linear drift) was estimated for each measurewent as

follows:
- AN E) — ° - -
¢, = 10,20 0 = $0.12 ey 2.8 fps Ty, 1.4 fps
T ¥
£ o0° @ = = i

An average airspeed of 700 fps was used ror v& with tue other constant values,
gelected to be representative of fairly severé high sltitude CAT, as follows:

By meking the appropriate substitutions in equations (9), (10), and (11), the
following gust velocity error estimates were obtained:

One-Signa Gust Vele ity Eiror

: Gust Component o Error
3 - e
Vertical 3,1 fps
Laterul $3,7 fps

Longivudinal 3.1 fps
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From a tneoretical ctandpoint, gust velocity errors other then systematic

errors should be less than the values indicated about 70 percent of the time,
Since the assumed randomness of errors is always questionable, it may be more
significant to consider the relative magnitude of the: errors, On this basi:,

the lateral component appears to have a significantly larger error than th:
other two components because of c¢ombined heading and airspeed measurement errors.

Gust Velocity Errors in Roller Coaster Maneuvers

Several times during the course of the HICAT program, smooth symmetric pitch
maneuvers or roller cossters were performed in calm air to verify the per-
formance of the instrumentaticn and check the gust velocity equations. If the
alr is perfectly calm and the instruments ere calibrated accurately and working
properly, the result of the gust velocity determination should be very nearly
zero, i.e., in agreement with the test conditions.

The implications of this statement can be best understood by examining &
somewhat simplified vertical gust velocity equation, as it applies to a roller
coaster,

U, =Y,

r = Vi (A a- A6) +fAe.zd’c

For Uy to be exactly zero at all times during the maneuver requires that the
difference in the first term precisely cancel the second term, This, of
course, will not happen unless the measurements are perfect in amplitude as
well as phasels. Normally, this is not the case and a small discrepancy will
result. This discrepancy can result from small errors in all the components
as well as from a large error in Jjust one.

Figure 60 illustrates the behavior of the individual measurement terms and the
resulting velocity discrepancy for an actual roller coaster maneuver. The
angle of attack and acceleration are seen to have almost exactly the same
phase,with the result that the maximum value of the integral (i.e., the plunge
velocity) occurs when Vp A is zero and Vp A6 is at or near its peak. The
resulting velocity discrerancy in this case is 4.5 feet per second.

It is important to realize at this point that the elevator input in the roller
coaster maneuver is not the same as a pure gust input. In a roller coaster
the cg accelerction associated with the vertical (plunge) velocity is produced
by pitching the alrcraft nose in the direction of the plunge, whereas in
turbulence {without elevator motion) the aircraft will ordinarily respond
oppositely from stability considerations but can also pitch or plunge inde-
pendently, i.e., rendomly. Thus the velocity diecrepancy assoclated with a
roller coaster is evidence of an imperfection in one or more of the measure-
ments in the system, but it is not necessarily a measure of sctual gust
velocity error in turbulence. This latter error can only be established by
identifying the error contributing components and then determining the contri-
bution of each component to the overall gust velocity measurement on an rms
basis,

lBCompensating errors are possible but exactly compensating errors are very
unlikely.
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Figure 60 Roller Coaster Manevver Gust Parameter Time History

It should also be recognized that pilot inputs in turbulence are analogous to
performing roller coasters in turbulence and thus produce similar errors. If
pilot inputs are small or absent, then the error from this source will he

spall or absent. The system errors will remain, of course, but without aug-
mentation by the pilut.

In previous HICAT work (Reference 5) an apparently significant velocity
discrepancyl? was shown to occur in roller coaster maneuvers. The amplitude
of the error appeared to increase with the period and amplitude of the conmtrol
input. 1In order to better evaluate this effect a series of roller coaster
maneuvers of differing oscillatory periods were perform:d. Figure 61 shows an
example of the gust velocity time histories obtained from one of these
maneuvers. The vertical gust component shown has a 15-second oscillation of
roughly +3 ft/sec amplitude obviously resulting from the pilot's elevator
motion. However, the 15-second oscillation is very small or absent entirely

19Although the individual source(s) producing the discrepancy were never
clearly identified, considerable effort was made to improve the quality of
the measurements and thereby reduce the discrepancy. These efforts cone
slsted of improving calibration procedures, increasing ertical accelera-

tion resolution by reducing the range and installing a rew airspeed
transducer.
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from the lateral and longitudinal gust velocity time histories. The nonzero
lateral and longitudinal components appear to result from longer period

secondary effects (i.e., changes in heading, speed, altitude) rather than
directly from pitch control input.

Or: the basis of data from this maneuver and others like it, the vertical gus*
velocity error per degree of elevator deflection was determined and plotted in
Figure 62. It iniicates clearly that the error per degree increases with the
period of the ma....vr, as noted earller.

The actual magnitude of the gust velocity discrepancy is shown in Figure 63
as a function of the peak vertical velocity of the aircraft measured in the
various roller coaster maneuvers. The figure indlcates errors of about the
size estimated earlier (i.e., in the Gust Velocity Error section) which
increase linearly with overall vertical velocity input.

The percentage velocity discrepancy20 as 8 function of roller coaster maneuver
period is presented in Figure 64. The percentage decreases from 10 to 4.7 over
the range of maneuver periods from U to 35 seconds corresponding to gust
wavelength of about 2800 to 24,000 feet. As Figure 64 shows, the 10 percent
discrepancy values are actuallyonly 1 to 2 ft/sec in magnitude and come from
low amplitude maneuvers where the measurement resolution was poorest.

At much lower periods than those shown (i.e., T<1.0 sec), the gust velocities
are measured almost entirely in terms of V since gross aircraft responses
are negligible., Accuracy of this term is of the order of # ft/sec; however,
velocity differences as small as 0.2 ft/sec are resolved.

Alternate Gust Velocity Calculation

In case of a malfunction or failure of one or more of the gust .easuring
instruments, and in particular the inertial platform, some backup instruments
were provided. These consisted mainly of normal, lateral, and longitudiinal
accelerometers near the aircraft center of gravity and angular rate gyros in
the nose. Figure 65 and Figure 66 show a comparison by component of gust
velocity spectra computed using platform measurements with similar spectra
computed using integrated cg accelerations and angular rates, i.e., the
"alternate" measurements. Some relatively small discrepancies are noted in
the vertical and lateral spectra at the longer wavelengths. In general,
however, the agreemant between the two kinds of spectra appears to be very
good.

Low Altitude Gust Velocity Spectra

In order to provide additional confidence in the high altitude gust velocity
spectra determinations, it is desirable to compare them with similar measure-
ments made by other investigators with different instruments, If the charac-
teristics of measured spectra agree, the presumption is usually that bora sets

2°'rho aiscrepancy between two quantities both of which are believed in error
is usually divided by two in determining the percentage; however, this was
not done in this case.
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Section V

of measurements are correct. Unfortunately, this particular kind of check is
not possible with the HICAT data because similar high altitude measurements
have not been made as yetu21 However, this difficulty may be partially cir-
cumvented by using the HICAT system to obtaian low altitude gust velocity
spectra for which an abundance of compariscn data exist, most notably the
Boeing LO-IOCAT data (Reference 21).

Low altitude spectra were obtained from the landing approach portion of three
HICAT tests. The spectra appear in Figure 67. Note that all the gust velocity
component spectra appear to have well defined -5/3 slopes and to be reasonably
isotropic. This agrees with other low altitude gust velocity data and in par-
ticular the extensive LO-J,OCAT data. Time nistories for these tests are
included with the high sititude CAT data in Appendix IV, Volume II.

211t is expected that some gust velocity data will eventually be obtained
from XB-70 teste.
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Section VI

SECTICN VI

METEOROIOGICAL ASPECTS

A major goal of the HICAT program was the collection and analysis of
meteorological dats pertinent to the study and determination cf the physical _
conditions associated with clear air turbulence. R

This sectiorn of the repcrt lists the sites zelecled for ssepliing and teiis :
why the, were selected, describes the forecast procedures used a«t the varioue H :
sites, discusses some data collection problems, snd comrents concerning
accuracy of upper level observations. Methods of pradictiag CAT are also
discussed. A discussion of the relation between metzorological anwlyses and’
obser red turbulence and an evaluation of HICAT forecast methods are presented.
Finelly, the HICAT procedure for the prediction of turbuleace in the 30,00
to 70,000 foot range is submitted.

et

L]
i

In ordzr to substantiate the analysi:c methods descrited herein a detailed
analysis of ten HICAT tests is providad in Appendix IG. WMeteorological sum-
maries are compiled for all the HICAT search flights in Appendix VI, Volume IT.
The sumparies include flight track waps, RAOB charts cof terperature versus
pressure, and 70 (or 10C) mb charts of temperature and wind. Detailed infor-
mation about individua” CAT encounters (i.e., rwis} is provided in the HICAT
Test Summary Table in Appendix JA.

anhens St BAAAIAIY. A o PE ST OB 0 W b
’ “ <

SITE SELECTION AND FIELD FORECAST METHODS

Site Selection and Discussion of Operations

Six sites were selected from which to base the U-2 flights for the HICAT pro-
gram. These sites were selected to provide z variety of meteorological and
geographical conditions for the stud;' of high alticude clear air turbulemee
grd, in additiorn, to complement the data obtuined during- the oreviuvas HICAT
flight program. The six haces of operation were as follows:

(1) Bedford, England: March-April, 1967

A British base of operations was selected Lo provide an opportunity
to fly over the British Isles during periods ot intense tropospheric
storms and their associated jetstreams. An adaditicnal objective was
to fly tke U-2 in coajunction with ean instrumented Canberra aircraft
operated by the Royal Aircreft Bstablishment (RAE). The Canberra.
sampled sltitudes in the 20,00C to 40,000.foot range aiong the
same route flown by the U-2. '
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(2)

(3}

(8)

(5)

(6)

Barksdale Air Force Base, Iouisiana: Mgy 19C7

The primary purpose of operetions from this base in the central

Ui .teg Stutes waz to fiy over srexs of convectlve acilvity, i.e.,
thunderstoims, sqrall lines, snd fronts. Misclons were planned and
éajly ilaiso:. was maintained with the National Severe Storms labora-
tory (NSSi) at Worman, Cxlskom=. NSSL predicted when and where con-
vective activity conld be axpectd., If Lue area of interest was
within the range of th2 laboravory's radar network, IHICAT flights
were schediled te ccordinate with the NSSI Rough Rider flights. If
the probability of stoom activity was low, then HIUAT missions were
plannea to investigate areas of tarbulence predicted by Glcbal
Weather Central {“WC) o the HICAY metsorclogist.

Loring air Force Pise, Maine: Juue-July, 1967

Hew England, Nova Scotia, and Rewfoundland frequently have low pres-
surc systems that movz southwest Lo mortheast across this region.
Alcft. jebstreams frequently ~onverge and intensify. These condi-
tions are favorable for the production of abundant turbulence.
&rother reason for sel:cting the site was its proximity tc future
supersoni: transport routes.

Albrock Air Force . se, Canal Zone (Panama): July-August, 1967

The primery objective for conducting HICAT tasts from Penams waes to
investigate turbulence over the Tatertropical Convergence Zone
(I12).22 The months of July and August are favorable for I1TZ activ-
ity. A secondary objective was to measure turbulence iutensity over
well-developed isolated thunderstorms.

Numerous :1issions were completed abouve well developed thunderstorms
and three flights were conducted over the ITZ, viz., tests 227, 228,
and 231.

Patrick Air Force Base, Florida: September-October, 1967

Florida was selecved as the base from which to irvestigate clear air
turbuience over & tropical storm or hurricane. September is con-
sidered the month most favorable for hurricane development.

Two hurricsnes formed and moved witkin range during this period.
Flights were made over hurricane Doria on 11 September (Test 2Ul)
and Beulah on 20 September (Test 247).

Edwards Air Force Base, California: Nov-Dec 1947, Jan-Feb 1968

When originally planning the HICAT winter activity, it was expected
that HICAT flights would be conducted from Okinawa and a base in the
Mediterranean area. However, for a number of reasons, this period
of the project vas completed at EC ~ds AFB, Calilfornia.

22The axis, or & portion of the sxis, of the broad tradewind current of the
tropics. This axis is tne dividing line between the northeast trade winds
in the northern hemisphere and the southeast trade wirds in the southern
hemisphere.
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In retrospect, this was a fortunate turn of events, since more
turbulence, in terms of intensity and duration, was encountered in
flights from Zdwards AFB than at any of the five previous locations.

Joint tests were conducted with the National Center for Atmospheric
Research to investigate turbulence ussociated with mountain waves
{Tests 279, 280, 281, 282, and 283).

Forecasting Methods

During the initial HICAT program and the redirected HICAT program, local
meteorological facilities personnel were utilized for forecasting. In most
cases, these personnel had little or no experience in forecasting CAT at
levels above 40,000 £t. Consequently the Global Weather Central (GWC) fore-
casts were used to some extent at 21l the basec. These forecasts comprise the
only strictly comparable methods used at more than one hase until the advent

of the extended HICAT program and the employment of a field meteorologist for
the HICAT Project.

England - CAT forecasting at Bedford, England, was a joint effort by British
and HICAT meteorologists. The forecasts utilized Global Weather Central (GWC)
dats together with analyses of the 100, 70, and 50 mb cnnstant pressure sur-
face, tropopause height, RAOBs, and in some cases Richardson numbers. Jet-
streams were routinely observed that crossed over the Scottish mountains.
Whenever possible, an attempt was made to fly in the Global Weather Central
(GWC) forecast area as well as in the most favorable area selected by the
HICAT and British meteorologists.

Louisiana - HICAT forecasts at Barksdale AFB (near Shreveport) were made with
the assistance of base forecast personnel. The forecast method required analy-
sis of the 70 mb pressure surface and horizontal temperature gradient. Also

at this time, analyses were begun of the 70 mb Az (12 hour height change in
meters of the 70 mb surface). RAOBs were analyzed and inspected tor vertical
temperature gradients., Particular attention was pald to the presence of

inversions as related to the Haymond technique for forecasting turbulance
(Reference 22).

Maine - At Loring A¥B the forecast procedure was essentially the same as that
at Barksdale AFB, Iouisiana. Basic weather maps analyzed were the 100 and

70 mb constant pressure surfaces with horizontal temperature gradients over-
layed, Az (70 mb height change chart), RAOB analyses, and chart of the thick-
ness variztion between the 70 mb and the 50 mb levels. By analysis of the
thickness varlation, determinations concerning temperature advection were made.

The overall forecast was a cooperacive effort between the HICAT meteorologist
end Loring AFB forecasters. The Global Weather Central (GWC) forecast was
received and evaluated each operational day. The GWC and HICAT forecasts
agreed about one-fourth of the time. When the forecasts did not correspond,
an attempt was made to fly the HKICAT aircraft in both areas.
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Panama - At Albrook AFB, data analyzed were the 70 mb constant pressure

chart with isotherms, the Az chart, the 70 mb-50 mb thickness and RAOBs.

The locally analyzed surface map was used to determine the degree of activity
in the Intertroplical Convergence Zone. Pilot and radar reports were also
used to augment these data. Howard Air Force Base, Canal Zone, weather per-
sonnel cooperated with the HICAT meteorologist in the turbulence forecast
effort.

Operations from Panams clearly indicated the difficulty of operating over
regions where there are few weather stations. An average of eight RAOBs
were received each reporting period for an area of 3,600,000 square miles -
approximately one-tenth the number received for a similar area in the United
States. Unfortunately, GWC forecasts, because of higher priority transmis-
sions, were frequently received too late to be useful.

Floridas - Weather personnel at Patrick AFB assisted the HICAT meteorologist
in making high altitude forecasts for operations over the southeastern states
region. Forecasting procedures, except those for hurricanes, were initially
quite similar to methods used at the previous three locations. A few
synoptic events occurred, however, which indicated that a distinctive rela-
tionship between horizontal temperature gradient and streamlines of the wind
flow pattern might be used as a parameter for forecasting the location of
turbulent areas. Subsequent analyses for these characteristics proved
favorable.

California - At Edwards AFB the 100, 70, and 50 mb analyses of constant pres-
sure surface, isa.llohypse,23 thickness patterns, and RAOBs were utilized when
appropriate. Additlonally, and as was done during the final phases of opera-
tions from Patrick AFB, a detailed analysis was made of the horizontal and
vertical temperature gradients and the horizontal two-dimensional wind
‘vector field,

The first upper level pattern, based on the thermal trough and wind flow
method that indicated turbulence, was observed on 17 November, 1967. The
pillot encountered moderate to severe CAT in the forecast area. This method
of forecasting was used on subsequent missions.

AVATIABILITY AND LIMITATIONS OF METEOROLOGICAL DATA

At the beglnning of the Extended HICAT Program (March 1967), a comprehencive
literature survey was conducted to determine what meteorological information
was available relative to analysis and forecasting of turbulence in the
upper troposphere-lower stratosphere.

As indicated in the preceding forecast methods discussion, there was little
need for high altitude forecasts in the past, except for the operation of a
few special purpose Air Force aircraft. There were some theoretical studies
noncerning turbulence in general that had some relevance, but at that time
they had not been tested. It was necessary therefore to develop analysais

23A line of equal change in height of a constant pressure surface over a
specified prior interval of time.
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techniques from which high altitude turbulence forecasts could be made. A
prerequisite was that thr forecasts be based upon data available on the
national weather reporting network.

DATA ACCURACY

During the HICAT program a continuing effort has been made to reduce the
errors normally associated with the analysis and evaliation of meteorological
data. It is believed that the errors are at a minimum <ven though in some
instances it was necessary to make choices between tsu or more data sources
(e.g., aircraft ovservation, teletype reports, national weather records
center data), when obviously only one could be correct. When these problems
occurred, personal judgment regarding the proper selection of data was the
only recourse. Some aspects of weather deta errors ars discussed below.

Radiosonde Data

Since nearly all correlations of turbulence with meteorological facteors
invelve the use of radiosonde and rawinsonde data, mention should be made of
the accuracy of this data. It is probable:, however, that discraepancies
resulting from the spatial distribution of radiosonde stations (approximately
250 um between stations in the U.S.A.) and from time differences between
soundings (usually 12 hours and up to 24 hours in same foreign countries)
have more effect on the results than the accuracy of the instruments
themselves.

Hodge (Reference 23) has deduced that resolution of ground equipment and
evaluators plus interpolation errors cause a scatter band of around 1°C in the
sounding profile. The scatter increases with height, probably due to the
longer time interval between reference points in the upper levels resulting in
& larger number of temperature interpolations. An error of 1°C in a 2000-foot
layer would result in a 7-foot height error (Reference 24). Scatter resulting
from the plotting of soundings of one radiosonde observation recorded on two
sels of ground equipment imply that the or portion of the scatter does not
result from the radiosonde itself (Ref. 20). Factory flight simulation tests
have shown that errors greater than 1°C occur in using the U.S. Weather Bureau
radiosonde only 1l percent of the time. The rawinsonde ballon system can be
affected appreciably by precipitation and ice formetion. In addition, the
drag coefficient increases as the balloon changes shape from approximately a
teardrop near the surface to a spnere at higher levels (Reference 2k).

Other factors influencing the reliability of wind data include lack of
coharence between significant levels used in determining the temperature
sounding and the levels of reported winds, rounding off of direction (to the
nearest 10° in some countries), and the decreasing religbility of both
recorded speeds and directions as the angle of the balloon approaches the
horizon. In Australia, where wind speeds in the winter may extceed 100 knots
over large height intervals, it is not uncommon for a balloon to travel

100 miles or more from the station by the time it reaches 60,000 feet. This,
in turn adde to the difficulty of coordinating the spatial distribution of
turbulence reports with radiosonde data.
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Comparison of U-2 and RAOB Duta oo

During the climbout portion of HICAT Test 102, temperature measurements were ,' ;

obtained based upon two-second averages of the sampled date. These values .

{ are plotted in Figure 68 and compared with radiosonde observations from

laverton (the flight's point of origin) and Waggae (about 230 miles northeast
of Laverton) as well as with the U.S. Standard Atmosphere.

ke O TR

A close agreement exists between the flight measurements and the radiosonde
data from laverton, despite a time discrepency of over one hour. Agreement
with Wagga data is not as good because of the distance from Wagga to the
climbout flight path. Since the wind direction at Laverton deviated very
little with height, the distance the balloon travelled can be approximsted
by knowing its ascent rate and the average wind speed over the layer from sur-
face to 56,000 feet. Thus, the distance is approximatvely 55 miles. Average
wind directions over this layer for Laverton and Wagga were 215° and 225°
respectively. The aircraft's heading from takeoff to the levelirg out point,
90 miles northeast of Laverton, was 30°; only 5° away from the direction the
balloon was traveling. Hence, it can be concluded that the flight measure-
ments and Laverton's radiosonde data were sampled along paths in close
approximation with each other.

Accuracy of Wind Data

Three principsl techniques are used tc measure winds at the HICAT flight alti-
tudes. The most commonly used technique is referred to as RAWIN. The RAWIN
system consists of a radar giving azimmth and elevation angle of a conven-
tionel, balloon-borne radiosonde. When GMD-2 radar or equivalent is availsble,
g tiie slant range distance is also obtained. The other two principsl systems
consist of higher precision radar and either a Rose balloon or & Jimsphere
f balloon. These balloons are fixed diameter, super-pressure balloons that are
o especially designed to follow the wind more nearly than the conventional

. balloons. The Rose balloon is a smooth sphere, and the Jimsphere balloon has
irregularly space protuberances upon a 2-meter diameter sphere.

None of these systems directly indicates the wind at a given altitude. The
wind velocity is computed using the korizontal positions at two distinct times.
During this time interval the balloon has risen through a finite altitude
interval. Hence, the computed wind for the midpoint of the altitude interval
is based upon the horizontal distances of two points at different sltitudes.
The difference between the true wind and the computed wind is a function of
the accuracy to which the time interval and the positions of the two points
are known compared to the magnitude of the altitude interval. Tor the present
purpose it is not necessary to discuss the relative merits of the Rose and the
Jimsphere balloons. It is sufficient to state that detslled studies and
experiments with the Rose and Jimsphere balloons and their radar tracking
systems have definitely established that there are many features of the wind
that are not detectable by the widely used RAWIN system. In tlhie RAWIN system
the points used to compute the wind are approximately 600 meters different in
altitude. In the Rose and Jimsphere systems the difference in altitude is
approximately 50 meters. Also, the higher precision radar used in the Rose
and Jimsphere systems determines the balloon positions more accurately by

e e i i s~ ————— et
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approximately an order of magnitude. The results obtained by the Jimecphere
and the Rose balloon systems indicate wind profiles significeantly different
from the profiles obtained by the RAWIN system. For example, the Jimsphere
system gives the winds at 25-meter intervals of altitude and these profiles

show many fluctuations of the wind with altitude that the RAWIN system does
not distinguish.

Unfortunately, the Rose and Jimsphere wind sensor systems are relatively new;
they are used at only a few selected locations and for special purposes while
the older RAWIN system is the only system used routinely and extensively.
Further limitations are placed upon the practical use of the wind date by the
methods used to transmit and store the RAWIN data. The winds are reported
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for significant pressure surface altitudes (e.g., 70 mb surface level) and
for 5000-foot altitude intervals above 20,000 feet. Directions are reported
only to the nearest 10°. These widely spaced altitudes combined with the
inaccuracy of the wind determination for any givern altitude make it impossible
to compute small scale vertical wind shears.

For these reasons the wind observations available to the aviation meteorolo-
gist lack the resolution desired for accurate calculation of wind shears at
the HICAT levels and are considered inadequate for use in the prediction of
high altitude clear air turbulence.

ANALYSES

Prior to the beginning of HICAT operations on 16 November, 1967, from Edwards
Air Force Bage, California, a number of meteorological analysis techniques
had been tested with varying degrees of success. Analyses of tropopause
slopes, horizontal and vertical wind shear, Richardson numbers, isobaric sur-
faces, pressure height changes, and thickness patterns did not provide any
outstanding indications that these parameters could be developed into objec-
tive forecast techniques. It should be recalled that any forecast technique
developed must be based on the use of routinely available teletype and
facsimile data.

A'discussion of the problems and results of various analyses during the
extended phase of the HICAT program follows.

Temperature Gradients

Horizontal Gradients - That a relation exists between horizontal temperature
gradients and clear air turbulence in the troposphere has been recognized for
some time. Kedlec (Reference 25) in his analysis of 963 airline flights wrote,
"a refinement in the theory that atmospueric teumperature changes may indicate
clear air turbulence indicates that a rate of temperature change of 1°C per
minute with a total change of 2°C is the most effective combination for
detecting impending significant lurbulence."

The fligbts studied by Kadlec were generally at altitudes below 40,000 feet,
80 1t was not established whether his hypothesis would apply to the lower
stratosphere. It is significint that Corwin (Reference 26) observed a hori-
zontal temperature gradient of 5°C/120 nm to be associated with CAT in the
tropospheric range of 15,000 to 40,000 feet.

Vertical Gradients - ‘e essoclation between CAT and large vertical tempera-
ture gradients has alsc been recognized for some time. 3S. M. Serebreny
(Reference 27) stated in 1954, “Turbulence is a result of an abrupl increase
or decrease of wind velocity in the thermal gradient. The stronger the verti-
cal shear the more stable “he lapse rate." This comment concerned turbulence
observed in the troposphere but was consldered probably applicsble to
turbulent conditions in the HICAT range.
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Frederick B. Haymond, CWO, USAF (Reference 22) in evsluating 953 forecasts for
100 U-2 flights out of Davis-Monthan Air Force Base, Arizona, observed that
excellent forecast verification was achieved LUy predicting stratospheric CAT
to occcur in areas and near levels of large inversicns as follows:

<1.5°C/1000 ft No CAT
1.5° to 2.5°C/1000 ft Light CAT
2.5° to 4.0°C/1000 £t Moderate CAT
>4°C/1000 £t Severe CAT

D. T. Prophet (Reference 28) has postulated that these vertical temperature
gradients are manifestations of the character of the turbulence producing
wave. He has calculated wave dimensions and the approximate rms vertical
accelerations that an aircraft might experience in the area of a vertical
sounding.

Temperature Gradients in HICAT Tests - From the foregoing it appeared that
horizontal and verticel temperature gradients would be useful Indicators of
high altitude clear air turbulence. The unknown factor, of course, was )
whether the relation between horizontal and vertical temperature gradients and
CAT in the stratosphere would be similar to the relatior. between horizental
and vertical temperature gradients and CAT in the troposphere. Ultimately Lt
was determined that when correlation between space and time2 and observed
CAT was good, temperature gradients were considered to be better indicatcrs

of turbulence in the 50,000 to 70,000 foot range than any other routinely
available meteorological data. In this context the temperature g 'adients

include large lapse rates as well as large inversion rates obtaeined from
RAOB reports.

A suggested relation between temperature gradients and CAT is indicated in
Teble ITII. This relation is based on studies of high altitude CAT histories
of measured turbulence encounters between 45,000 and 70,000 feet and the

associated meteorological analyses. The section on HICAT Forecast Procedures
refers to specific examples.

TABIE IIT TEMPERATURE GRADIENTS AND HIGH ALTITUDE CAT

Temp Gradient ??;};;n§;§ (°X7§géga%t) Turbulence
Small <1.0 <l-1/2 None to very light
Medium 1to2 1-1/2 to 2-1/2 Light to moderate
Iarge >2.0 >2-1/2 Moderate to cevere

2“Space: altitude $1000 feet und radius of 100 nautical miles of RAQR
gtation, Time: 12 hours or leas.
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, The horizontal temper.iture gradients referred to in-Table III are those ’
; measured from analysis of the appropriate pressure surface. Accurate deter-
i mination of the horizontal temperature gradient for an interval less than
the sprcing hetweer R..B stations is a somewhat subjective procedure. This
facvor must be considered when using the table as o forecast guide.

Associited with the horizuntal and vertical temperature gradients are wave
patterns that appear in temperature analyses along the TO mb surface. These
: . waves, a8 define® by horizontal temperature analysis, are about 300 to

. T 1000 nm long. As the wavelength decreases and the ratio of wave height to
o : wavelength increases, the following relations between turbulence and wave
A patterns have teen ol .erved:

[}

o Iarge waves have been found to be ass'ociated with moderate or
greater Cal, medium waves v.th light to moderate CAT, and small
waves with light or less CAT.

e In terms of the ratio of wave height to half wavelength, large
waves ‘have a ratio of approximately ’+/3 or greater, medium waves
have a ratio of about 4/3 to 3/U4, and small waves a ratio of about
3/k or less.

An example of a medium wave and the determination of the ratio is shown in
Figure 69. Examples >f medium to large waves appear in Figures 129, 146, and
152. Small wave examples appear in Volume II, Appendix VI, Tests 214, 217,

and 263. Waves tend to be large in sreas of pronounced cyclonic curvature of
the maximum velocity wind flow. In areas of straight line or weak anticyclonic
wind flow, waves tend to be small. Compare this with the large wave over the
ABQ, DEN, AMA area in Figure T77.

Constant Pressure Suarfaces

The mandatory reporting levels corresponding closely to the operating alti-
tudes for project HICAT were at 100 mb, 70 mb, and 50 mb. The 70 mb chari
was adopted as being most representative of the level of interest. Analysis
) of the constant pressure surface and horizontal terperature field, which are
ususlly overlsyed on one chart, were drawn separately in order to reduce

- personal tias. One particuls:ly notable feature apparent from the analysis
of the 70 mb constent pressure surfaces and associated winds was the manner
in which the observed winds seem to vary from the gradient winds. The wind
X flow is often across the height contours (agecstropic) and when such is the
i case the result is rising and subsiding air.

Examination of the 70 mb constant pressure surface charts (Figures 70 through
73) illustrate the short wave (300-800 mi) appearance of the 70 mb pressure
suriace as compared with the usually uniform long sine wuve (1000 to 3000
miles) characteristic of the 500 mb, 300 mb or 200 mb surface. Note also
th ¢t in comparing the 70 mt winds, for example, with the 70 mb constant
prassure surface (Figures 73 and 77), the winds vary consiierably from
geostropic flow.

13
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Figure 69 Medium Height Horizontal Isothermal Wave lattérn

Pressure Height Changes

Analyses of the change in height, in meters, of the 70 mb constart pressure
surface were completed on approximately 4O tests. 1t was thought that if
turbulence was in fact directly associated with vertizal motion, ther clasges
in heights (Az) of the constant piessure surface wcild he a good irdicator
of the possible existence of turbulent areas. No conclusions were reached
concerning this method for locating turbulence; however, it is be..eved the
procedure warrants further study.

Thickness Variation Between Constant Fressure Surfaces

One reason for thickness analysis is to de‘ermine if thermal change is
occurring in a layer. The thermal change may be a r2sult of advection,
radiation, or some other process. If thermal change is occuiring, there
should be packing or spreading of the isotherms. Since certain horizontal
temperature gradients are known tc be assoclaved with CAT, it is logicsl to
assume that thickness patterns may be an indicator of turbulent areas. This
procedure was not tested during iiis phare of project HICAT becsut ~ of
manpower considerations but is considered & tecbnique worthy of fu-ther

study.
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Figure 70 70 MB Constant Pressure Chart - Test 202
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Figure 73 TO MB Constant Pressure Chart - Test 266

T




:
i
: - e v e e
8 " : . ’
2 _:\ '
3 \ i
D ;
b : Section VI F
P i
E, ; ‘ —— —m———— POTENTAL TEMPERATURE -t 50 :
= ;——;z ]
) : e — S, [ % ] ;._
: i ok .
5 : ' . e b
: 3z w i
e — e
é § | '“&h\\ 3 ’
3 - v
2 B {
H - ,K_____,,..—-Q » ;
: N o ———— ,ﬂ_,;:3:==ﬂ—'“==::” % oy
Rl — o | 5
\\m ﬁ“/’/:_‘ "o i E
— X :
\ ) i
3 - 140
[ 3. {3
‘ oL 150 79
3 YUCCA FLAT (LXCC) WINSLOW (INW) ALBUCUERC.UE (ABQ) e
{ ¥igure 74 Isentropic Chart - Test 266 i
' Lo
' v i 3

i Isentropic Surfaces %'g 3

‘ Isentropic surfaces (surfaces of constant potential temperature in respect %‘5'&
i to time and space) were anaslyzed for a number of special cases. ) 3

In their paper, "The Nature of Clear Air Turbulence," Reiter and Hayman
e (Reference 29) stated, "It became evident, however, that all cases of

‘ mederate and severe CAT were located in, or very clese to, the axis of a
downward drop in the isentropic surfaces - the isentropic trough." These
were observations of turbulence located in the troposphere. It seemed
logical to assume, however, that the processes involved would apply to tur-
bulence in the HICAT range, and analyses were completed in order to corre-
late with cbserved turbulence (Appendix IG, Tests 202, 20k, 218, 220, 264,
265, and 266). '

Figure T4 is an isentropic cross section through Yucca Flat, Nevada,Winslow,
Arizona, and Albuquerque, New Mexico at 00007, 2 December 1567.

o e et i e e

The Baroclinic zone2> is guite proaounced over Albuguergue, New Mexico. As
R stated above by Relter and Haymen, the turbulence was encovntered near the

o axis of an isentropic trough. It should be noted, however, that the turbu-
lence has decreased to very light at 57,500 feet which was at the low point

2376 state of stratification in a fluid in which surfaces of constant
pressure (isobaric) intersect surfaces of constant density (isosteric).
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in the isentropic trough. The severe CAT was observed to be at about 54,000
feet which was rlightly below the level of the inversion. Although the
torovlence was in fact along the axis of the isentropic trough, the severe
turbulence was in en isentropic hump, It is perhaps more significant that
the turbulence occurrel near the vertical axis of a zone in which there was
conriderable packing and spreading of the isentropes.

Cloud Fhotographs _
In crder to obtain informetion concerning cloud structure over which turtu-

lence wag sampled, U-2 pilots sometimes took pictures with a hand-held 35 mm
camers.,

Approximetely 1000 color shots were made during the period of this report.
2lthough the pictures carnot be included as a part of this report, one
interesting example is shown in Figure 75, Below the photograph is a diagiram
of the burricane cloud formation, The unshaded area represents approximately
the area shown in the photo. This picture was teken as the pilot was flying
iu the Southwest quadrsnt of hurricane Doria which at that time was about

300 nautical miles east of Norfolk, Virginia, and near 37°N, T1°W.

gjemin

Table IV provides a comparison of observed CAT intensgity over three categories
of terrain for all HICAT test runs., The percent of the total flight time over
each terrain category is shown in parenthesis. Turbulence runs were classified
light, moderate, or severe and then assigned to the appropriate terrain
clagsification. The percentage of each intensity in a given category and the
percentage of run< per category are also presented.

TABIE IV CAT INTENSITY VERSUS TERRAIN

Total Flt Terrain Category
riae
(%) (27%) (37%) (36%)
Water Flat Lands Mountains All
Relief Diff | Relief Difg | Cabegories
"< 2500 £t >2500 £t
CAT
Intensity No. of Runs No. of Runs No. of Ruus No. of Runs
Light 40 80% | 118 6% | 101 hogd | 259 60%
Moderate 10 204 55 314 79 38¢ | 1uk 33%
Severe 0 o% 3 4 27 13% 30 A
Total 50 1% | 176 | Lg% | 207 | UL8% | U433 | 100%




THE UNSHADED AREA OF
THE DIAGRAM CORRE-
SPONDS TO THE VIEW OF
HURRICANE DORIA
VISIBLE IN THE PHOTO-
GRAPH

Figure 75 Cloud Structure of Hurricane Doria
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The distribution of the turbulence by severity indicates the more intense

CAT is associated with an increase in relief diffe:.ence., There is some
evidence of an increase in the amount of turbulence encountered over mountains
and flat lands as opposed to water. This sppeers to be true because roughly
equal time was flown over each category and yet ~ much smaller number of
encounters cf turbrlence occurred over water,

FORECAST EVALUATION

Verification of weather forecasts has been & controversial subject for more
than sixty years and has affected nearly the entire field of meteorology.
Brier and Allen (Reference 30) have given a comprehensive review of the
methods as well as the problems of forecact verification. Some of the
methods reviewed by them have been applied to the forecasts made by the
HICAT meteorologist.

Before any satisfactory verification scheme is adopted it is necessary to
determine the primary purpose to be served by the verification and the fore-
casts., The observations must be given in explicit terms; either categorical
or numerical terms must be used., In this report, the verification data
presented will be used as a basis from which to compare future work. The
expression of the forecast and the observations in explicit terms is not a
simple matter although it may appear so. The terms very light turbulence,
light turbulence, moderate turbulence, and suvere turbulence were used
throughout this progrum. These subjective terms can be given objective
interpretation as described in Data Editing, Section V.

In the following paragraphs, the intensity classification of turbulence runs
given by the editor of the c.-2illograph records were used. It is important
to note, however, that in many instences the pilot reports differed signifi-
cantly in both the dngree and location of the turbulence. Most of these
differences arise irom subjective reactions of the pilot in registering the
CAT while some are iue to the subjective evaluation of the editor in select-
ing and categorizing CAT samples. Samples which were very light or very
short were normally ignored, as described in Section V. A few samples went
unedited if they colncided with instrument malfunctions or large amplitude
aircraft maneuvers,

To satisfy the requirement of objectivity with respect to the forecasts, it is
also necessary to set specific limits on the time, location, and altitude in
addition to the degree of turbulence, For the first forecast verification the
limits were that portion of the entire flight above 45,000 ft. Table V is a
contingency table for 89 HICAT search flights in the Extended program.

From this table it is seen (on the diagonal) that U6 (52%) of the forecasts
were correct and 80 (90%) were within one intensity category of being correct.
Table VI indicates the percent of time each observed category was correctly
forecast. .
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Section VI
TABLE V CONTINGENCY TABIE FOR HICAT FORECASTS
BY FLIGHT FOR ALL FLIGHTS FORECAST
CAT CAT Intensity Forecast
Intensity
Observed
*
(Edited) None Very Light Light Moderate Severe Total
None L 0 5 2 0 11
Very light 1 7. 16 2 0 26
Light 0 3 17 3 0 23
Moderate 0 0 8 18 0 26
Severe 0 0 0 3 0 3
Total 5 10 L6 27 0 89

*A special problem arises with forecasts of regions of severe turbulence
because the Air Force prohibits flights to such regions.

Consequently,
some slight downward bias in forecast iutensity level is introduced.

Another commonly used measure of forecast skill is the skill score defined by

where

R 1is the number of correct forecasts

T is tlLe total number of forecasts

E 1g the expected value based on some standard such as chance,

persistence, or climatology,

TABLIE VI PERCENT OF TIME OBSERVED CAT INTENSITY

CATEGORY WAS CORRECTLY FORECAST

CAT Intensity Forecast

None Very Light

Light

Moderate Severe

Percent correct

80 27

Th

69

0

-
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When E is based on chance, it is defined by

B Y
T

vhere

R1 is the total of the ith row of a contingency table

Ci is the total of the ith column of a contingency table

Under such a verification system, perfect forecasts give a score of 1.0, and
for forecasts no better than chance the score is 0.0. For the forecasts in
Table V the skill score is .35. The computation of the pure chance score

from the values given in Table V makes no allowance for skill in designating
the flight path.

From Table V, if a weight O is assigned to a correct forecast, weight 1 to a

forecast one category off, weight 2 to a forecast two categories off, etc.,
the standard deviation will be one category.

The contingency table for HICAT forecasts by legs for 30 flights is shown in
Table VII, A leg is defined as the flight route between primary nevigational
check points. The legs averaged about 300 miles. An example of the HICAT
forecast and verification form used is shown in Figure 76 for Test 256. From
this table it is seen that L1 (4L%) of the forecasts were correct and 62 (67%)
were within one category. The skill score is 0.23.

An analysis of the forecasts by altitude and by legs gave the following
results: of those forecasts thatwere correct by category, 28 specified the
observed altitude within *1000 feet, 2 specified the observed altitude within
*2500 feet, and 3 specified the observed altitude within +5000 feet.

TABLE VII CONTINGENCY TABLE FOR HICAT FORECAST
BY LEGS FOR 30 FLIGHTS

Observed CAT Intensity Forecast
Turbulence
None Very Light Light Moderate Severe Total
None 19 6 25 0 0 50
Very Light 1 1 5 0 0 7
Light 3 0 16 1 0 20
Moderate 0 0 7 5 0 12
Severe 0 0 2 2 0 h
Total 23 7 55 8 0 93
w3
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HICAT FORECAST * VERFICATION FORN

Flight Route by Legs

vea: [Fow] Evz-330— ' Pax]
ver: L he 4704 |
vew: W] F 7z %0550 J5%)
Ver: [er v ] lezs’H ]
vew: [Pk 27 300550’ —] —wn 30 [<#5]
Ver: C F(Zﬂv;ﬂ, T<7 5307 ]
vew: [as] -7
ve- [ ]
ve: [ 1 11
ver [ ]
Fem: |y 1
Ver { _

VL: & .05-.1g Lt * .1-.23¢  Mod: 2 .25-8k  Svr s .5-.75  Ext: ~.7%

Figure 76 HICAT Forecast and Verification Form

A different evaluation by flights shows that for 89 flights:

CAT forecast CAT observed Obgerved/forecast

84 Flights 77 Flights 82

For five flights out of 89, the forecast was for no CAT. Four flights
observed no CAT, one flight observed light CAT. Evaluation of 93 forecasts
for flight route legs shows that CAT was forecast 70 times and observed

43 times for a score of 62%.

Thus, while comparisons among these scores are interesting and indicate by
their varisbility the difficulties of scoring forecast verifications, the
actual scores themselves are not statistically significant. They do not
differentiate fastors associated with location, season, meteorological situa-
tion, or the forecasger's learning curve. However, some of the forecast
verification scoresZ® may have some value for future comparisons.

26Most notably those for the "30 flights" at Edwards AFB where only one
forecasting method was used.
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Section VI

HICAT FORECAST PROCEDURE

From experience gained through the use of analysis and forecast procedures
described and discussed previously, a method is presented for the predicticn
of CAT in the lower stratosphere which is considercd objective enough in
scope to be an effective forecast tool. The method works best with current
meteorological data. Data more than twelve hours old should not be used.

The procedure is as follows:

STEP I: SELECT LEVEL OF INTEREST AND ANALYZE THE MOST APPROPRIATE MANDATORY
LEVELS FOR HORIZONTAL ISOTHERMS AND WIND FLOW

To select the proper level to be analyzed, determine the altitude to be flown
and analyze the mandatory reporting surface nearest the level of interest.
For example, if the altitude to be flown is 63,500 feet, or clese to thab
altitnde, the 70 mb chart would be most appropriate, and one level would
probebly sufifice, If the altitude to be flown is 57,000 feet, it would be
desirable to anclyze the 100 mb and 70 mb levels.

The upper level analyses must then be inspected for well defined thermel
troughs and ridges, In the stratosphere, a thermal trough is said to exist
where the warm air [isotherms) dips scuthward, and a thermal ridge is said

to exist where the cold air (isotherms) projects northward. Utilize Table III
and the subsequent horizortal isothermal wave analysis as a CAT forecast guide.

Figure 77 is a good example of a thermal pattern that was associated with
severe turbulence. Note that the thermal pattern defines a wave with a ratio
of height to half wavelength of 330 mu/240 mm of 1.37. This is considered

& large wave, Waves of tnis cdimension are associated with turbulent condi-
tions and one can assume turbulence will be sbundant in the regions where

they are located. Also, note the 10°C horizontal temperature gradiznt between
Albucuerque (ARQ) and E1 Paso (ELP),

An exsmple of the type of horizontal thermal patterr where “urbulence will be
light or nonexistent is shown in Figure 78. The isothems are widely spaced
(2°¢/600 nm) and are near zonal (i.e., east-wesy) in the aree that was
sampled, No turbulence was encountered (i.e., in agreement with the hori-
zontal criteria of Table III).

STEP II: PLOT ALL RAOBS ADJACENT TO FLIGHT ROUTE TO INCLUDE DATA 10,000 FEET
ABOVE AND BELOW THE FLIGHT ALTITUIE

Inspect the RAOBS for vertical temperature gradients, utilizing Table III as
a forecast gulde., Note that in the PAOB analyses presented in tests 182
through 285 (Appendix IG and VI), observations for the 150 - 50 mb layers
were plotted. The range was from 45,000 to 67,500 feet, which adequately
covered the altitudes of interest in Project HICAT.,

An example of a large vertical temperature gradient is that shown for ABQ in
Figure 79. For the layer 51,500 to 56,500 feet, a vertical gradient of
3°C/1000 feet was observed. Severe turbulence was present in this layer.
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70 MB Temperatures and Winds Chart - Test 218
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Figure 79 RAGB Charts - Test 266

An example of a small vertical temperature sradient s that shown for Caribou
in Figure 80. The gradient iz 0.17°C/1000 feet., No CAT was found in this
case,

An important point in this procedure is the vroper selection of the layer to
be considered. To illustrate, consider the soundings for Dodge City (pbc)
and Oklahoma City (OKC) in Figure 81, To examine the vertical temperature
gradient for DDC, the level selected should bz from 61 mb to 50 mb, For OKC
1t would be desirable to inspect the entire sounding from 150 mb to 5C mb.

STEP III: FORECASTING (HANGES IN TURBULENT CONDITIONS

Some general observations concerning the prediction of muvement and changes
in intensity of turbulence in the 45,000 - 70,000 feet range are aeg follows:

(a) Turbulent conditions usually move at the speed of majo: systems
apparent at the 500-2C0 mb levels (mc ntain waves excepted).

(b) HICAT tests indicate that turbulence i abundant sbove veg.ions
of pronounced cyclonic curvature of a (trorg Jjetstream and mover
near the speed of the axis of the jetstrean trough.2

2w"]!his type of turbulence wnld probably contirmue in one location ss long as
an active trough remained n the area,
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Turbulence is usually light or nonexistent in areas where the
general circulation (wind flow) is near straight line or slightly
enti-cyclonic (mountain waves excepted).

Turbulence may be expected to increase over areas of active
squall line development.

Turbulence (based on radiosonde and aircraft observations) has
been observed to last from a few minutes to over 72 hours at

‘one location.

The procedure described above can be used by any forecaster having access to
first and second transmissions of rawinsonde or radiosonde data and is a
relatively rapid practical procedure for routine use.

RECAPITUIATIUN

In reviewing the various types of analyses and forecast procedures that have
teen used in connection with the meteorological support of the HICAT program,
the following aspect§ appear to be mnst significant:

Detailed analyses of the ten special HICAT tests show convincingly
that certain features apparent from isentropic analyses are
related to the occurrence of CAT, For exesmple, in all cases

where isentropic analysis was accomplished and significant
turbulence was encountered near in time and space to the analysis
area, the turbulence was found to occur along the vertical axis

of a pronounced baroclinic zone, In areas of little baroclinicity
or small slopes in the isentropic surfaces, turbulence was very
lizht or absent.

The ageostropic concept, or that of wind flowing across the height

contours, is not conclusively substantiated in this report. How-
evev, comparing the 70 mb pressure analyses in Figures 70, 71, 72,
and 73 with the corresponding wind analysis in Figures 105, 1k0,
146, and 152, one can see evidence thet strongly supports the idea
of ageostropic flow. In these cases turbulence could be attributed
to vertical motion created by flow across the pressure height
contours,

The relationship between CAT and the horizontal and vertical
temperature gradients and horizontal isothermal wave patterns
appears to be substantieted by the HICAT data. The horizontal
and vertical gradients found to be assuciated with high altitude
CAT in the lower stratosphere are similar to those previously
found to beassociated with CAT at lower altitudes, 1l.e,, in the
upper troposphere.
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Section VII

SECTICN VII

CONCIUSIONS

The HICAT measurements were obtained in U-2 test flights covering approximately
412,000 statute miles in twelve geographical areas28, The following conclusions

are based upon an analysis of the clear air turbulence measured in these flights
in the altitude band from 45,000 to 70,000 feet:

1. A comparison of the turbulence measured in the FICAT program with that
neasured by VGH recorders in U-2 operational flights (Reference 8) on the basis

of frequency of exceedance of derived equivalent gust velocity indicates the
following:

° In both programs, the turbulence in the 60,00C to 70,000 foot altitude
band was less sévere than in the 50,000 “o 60,000 foot band.

o In both altitude bands, the incensities encountered in the HICAT
program were significantly more severe than reflected in the opera-
ticnal data,and yet the maximum Uje was 12 percent below the value
ordinarily specified for structural design.

2. The HICAT gust velocity power spectral densities are characterized, on the
average, by slopes on the log-log plots of -1.4l to -1.71 for the vertical and
longitudinal components of turbulence. On the same basis the lateral compo-
nent was found to have slopes of -1.60 to -1.8729. Where comparable data are
avallable, the longitudinal slopes are about the same as reported previously

for the Redirscted HICAT program in Reference 5. However, the vertical and
lateral slopes range about 7 percent steeper than those of Reference 5, possibly
because of the increased gust intensity of the newer data.

3. The HICAT gust velocity power spectral density curves, on the average,

remalin straight or nearly straight on the log-log plots to wavelenths approach-
ing 10,000 feet. The corresponding average scale of turbulence, defined as the
constant L in the Von Karman equation or similar equations, is at least 2000 feet.

4, The turbulence encountered in the HICAT flights appeared to be distinctiy
nonstationary, i.e., the statistical properties of the gust veloclty time

series data were found to vary significantly within the turbulence samples. As

8 result at least in part of vhis lack of stationarity, the ratio of peak air-
plane acceleration to rms acceleration measured during a CAT traverse was found to
to range from 1.16 to 2.5 times tie ratio predicted by theory (Rice's equation)
for a stationary Gaussian time history.

Qgincludes both the Extended and the Redairected programs,

29The higher range of valies .n this corponent is attributed to instrument ncise.
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5. A comparison of the gust velocity component power spectral densities indicates
all three components to be about equal in severity at the highest measured
frequencies (roughly 0.007 cycles per foot); it shows the lateral components
however, to become somewhat more severe at the lower frequencies. RMS gust
velocities obtained by integrating the power spectrsl densities over the fre-
quency range from 0.0005 to 0.007 cycles per foot (2000 ft to 100 ft wave-
lengths) indicate that the lateral component is more severe than the

longitudinal by 10 percent and more severe than the vertical by 20 percent.

At the longer wavelengths, there is some indication that these percentages
increase. However, in view of the somewhat lower quality of the lateral gust

velocity measurements, the observed percentage differences amongst the three com-
nonents are not considered large enough to justify a conclusion that high altitude
clear air turbulence, on the average, is anisotropic.

6. Pilot elevator control motions were found to augment the effects of the turbu-
lence, i.e., to produce higher cg accelerations and thus higher Uge values.

In four turbulence runs where elevator motion was extensive, the highest Uge

peaks were increased by factors of 3 to 4 in one run and by factors of 1.25

to 2.00 in the others. However, the effect in the HICAT data on the average

is Judged to be considerably less than the lowest factor above.

7. Valnes of A (ratio of rms cg normal acceleration to rms gust velocity) used
Ffor obtaining provability distributions of rms gust velocity from operational
VGH data are about 25 percent higher for the U-2, when based on measured
Trequency-response functions determined by the cross spectrum method, than
when obtained by the simple theory ordinarily used for this purpose. As a
resul$, the rms gust velocity distributions obtained using the simple theory
are about 25 percent more severe than would be obtained using the measured
frequency-response functions determined by the cross spectrum method. The Ng
value for the U-2 is about 0.85 cps. A considerably greater effect on A and
a smaller value of Ny are found when the spectrum method is used. These
results are applicable when the rms gust velocity is related to the rms cg
acceieration by means of a Von Karman spectral shape with L = 2500 feet.

8. Use of a high-pass numerical filter that passed without attenuation all wave-
lengths shorter than 7000 feet, and virtually eliminated all wavelengths longer
than 17,000 feet, was found to reduce the highest gust velocilies by from 7 to
23 percent as determined from the peak counts of absolute gust velocities.

9. From s meteorological standpoint the fcllowing conclusions are significant:

° In the HICAT altitude range above the tropopause, observed CAT inten-
sity was found to vary in proportion to the magnitude of the horizontal
and vertical temperature gradients.

° Isotherms along the 70 mb consicnt pressure surface were found to dis-
play wave-like patterns. The wave steepness, as defined by horizontal
temperature analysis, was found to be proportional to CAT intensity.

° In the HTICAT altitude range of the lower stratosphere, and above regions
of pronounced cyclonic curvature of the maximum winds in the tropo-
sphere, waves as indicated by isotherms along a constant pressure sur-
face tend to be steep and therefore are associated with CAT of moderate
to severe intensity.
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LR [ ] In the HICAT altitude range of the lower stratosphere and above

| i regions of straight or slightly anti-cyclonic light winds in the
upper troposphere, waves as indicated by isotherms along a constant

pressure surface, tend to be shallow and therefore are associated 3
with CAT of light or less intensity. P

i e

b
) Turbulence in HICAT range of the lower stratosphere is frequently .
encountered above the region of the major tropospheric trough and

moves near the speed of the axis of the trough (mountain waves
excepted).

woniwa T

for forecasting CAT in the lower stratosphere. The procedure was ;
substantiated with HICAT aircraft test measurements.

[ The foregoing factors were used to develop a practical proccdure
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Appendix T

APPENDIX I
IETATIED ANALYSIS

This appendix contains certain details of the analysis and results
required to substantiate the discussion of Sections V and VI. It consists
of the following subsections:

""" A. HICAT TEST SUMMARY TABIE (Page 156)

B. METHOD OF REMOVING EFFECT OF ELEVATOR MOTION FROM U, TIME
HISTORIES (Page 177)

c. :E'REQUEN&)MSPONSE FUNCTIONS ARD IERIVED CG ACCEIERATION SPECLRA
Pa.ge 1 .

D. SEIECTION OF FILTER CHARACTERISTICS FOR HIGH PASS FILTERING OF
ABSOLUTE GUST VELOCITY (Page 188)

E. MATHEMATICALLY IEFINED GUST VELOCITY POWER SPECTRAL IENSITY
CURVES (Page 205)

e e & et 5 o o e b

o

F. NORMALIZED GUST VELOCITY SPECTRA (Page 218)

G. IETAIIED METECROLOGICAL ANALYSIS OF TEN HICAT TESTS (Page 221) R
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Appendix IA

A, HICAT TEST SUMMARY TABLE

This appendix consists of the HICAT Test Summary Table. Most of the entries
are self-explanatory; however, some amplification is presented in the follow-
ing paragraphs.

o el o a A

An "f" under the test number indicates a ferry flight respectively. The sym- j
bols following the run numbers30, L (level), T (turn), C (climb), and D (descent) .
are indicative of the aircraft flight path during the turbulence penetration.
X and Y distances from the base are obtained from the inertial platform.

i Average altitude is obtained when possible from the high-altitude pressure
- sensor and has been corrected for position error. The aircraft heading angle
E'".i is obtained from the inertial platform and can differ from the ground track
L angle depending upon atmospheric winds. The heading angle is measured from
AN true north to the direction the aircraft is pointed. The average wind direc-
: tion, following meteorological convention, is measured from true north to the
i direction from which the wind is blowing.

. The intensity of the turbulence in each run is indicated in several ways. It
! is classified subjectively in accordance with the oscillogram editing notes as
| VL (very light), L (light), etc. It is described by the maximum and minimum C
A incremental cg ecceleration, the maximum and minimum derived equivalent gust r3
S - velocity, the roct mean square (rms) cg acceleration, and rms derived equiva- 7

' lent gust velocity. In addition, where true gust velocity components were - 3
computed, the CAT intensity is also indicated by truncated spectral rms values P
at 2000-foot wavelensth and at the maximum standard wavelength, i.e., one of
the following: k000, 10,000, 20,000 or 40,000 feet. For some runs a consider-
asle reduction in statistical reliability was accepted in order to obtain rms
data up to the 40,000-foot wavelength. These cases are indicated by an aster-
isk. Also shown for some cases are the rms deviations obtained directly from
the gust velocity component time histories.

Gaps in the table occur when the cg acceleration or Uy, peak count data indi-
cate the turbulence was of insufficient intensity or duration to warrant further
processing to determine gust velocity time histories and power spectra. Gaps
also result from instrument or equipment malfunctions. ;

30peqt 280-7 is not a separate run as indicated; it is actually the result of
cambining two shorter adjacent runs (i.e., runs 5 and 6) to obtain better
resolution of long waves,
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Appendix IB

B. METHOD OF REMOVING EFFECT OF ELEVATOR FROM Ude TIME HISTORIES

The method used to remove the effect of elevator motion from the cg normal
acceleration time histories was obtained from References 10 and 11.

In order to use the method, flight test data was required. This was obtained
from several elevator pulse maneuvers in which measurements of elevator
motion and the resulting cg normal acceleration were made. The flight condi-
tion for the pulses was based upon an approximate average of all the runs
listed in Appendix I of Reference 5, i.e., altitude of 55,000 feet, Mach num-
ber of 0.70, and equivalent airspeed of 139 knots. In addition to the eleva-
tor pulgses, roller coaster maneuvers were also performed. All maneuvers

were performed in smooth air,

Two elevator pulses were chosen for this analysis., The time histories of
adjusted elevator position and incremental cg normal acceleration for these
pulses are shown in Figures 82 through 85. One set of time histories is for
a positive elevator pulse and the other for a negative elevator pulse.

The first step in determining the time response of cg normal acceleration

due to a unit elevator impulse is to evaluate the Fourier transforms of each
of the elevator pulses and responses. This is accomplished by using the
numerical procedure and tables presented in References 10 and 1l. A require-
ment for using this method is that both the initial value (at zero time) and
the steady state value, after the pulse and response have decayed, be zero.
The time histories as measured are shown as dotted lines.

It can be seen that the steady state value of elevator position and cg normal
acceleration are not at zero for any of the four time histories. This
required that an increment of elevator angle or cg normal acceleration be
added to each of the curves so that a final value of zero would be achieved.
These increments are shown as dashed lines. This was done in a manner which
is believed not to have a significant effect on the final results. For each
set of time histories, the increment that was added maintains a constant
ratio of cg normal ccceleration to elevator angle at each instant of time.
The increments were added gradually over a relatively long period of time to
avoid introducing any bias at the higher frequencies. The time histories as
used in this analysis are shown as solid lines.

The computation of the Fourier transforms requires the time histories to be
approximated by & series of steps of uniform width., The amplitude of each
step is then used in the computation in conjunction with the appropriate set
of tables in References 10 and 11. The accuracy of the computation is a
function of the number of steps used and also the number of frequencies at
which the conputation is performed. The steps which were used to approxi-
mate the time histories are superimposed on the time histories in Figures 82
through 6. .

From the Fourier transforms, the amplitude ratio and corresponding phas:

angle of the frequency-response function of the dynamic system is calculated
for each run. The amplitude ratio is obtalned by dividing the amplitude of
the output (cg normal acceleration) oy the amplitude of the input (elevator
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position) at each of the frequencies for whicii values of the Fourier transform
were calculated. The phase angic of the frequency response is obtained by
subtracting the elevator position phase angle from the cg normal acceleration’
phase angle at each of the frequencies for which values of the Fourier trans-
form were calculated.

It is now possible to obtain the time history of cg normal acceleration due

to a unit elevator impulse. This is done in a manner very similar to that
above where the Fourier transforms were calculated. The real part of the
frequency-response functions is calculated. Then these are approximated by
steps in a manner similar to that used to approximate the time histories.

The method and tables of References 10 and 11 are then used to compute the time
responses. The calculated time responses of cg normal acceleration due to a
unit elevator impulse are shown as solid curves in Figure 386.

It can be seen that the two time responses are in only fair agreement with
each other. This discrepancy could be caused by the adjustments made
initially to the time histories or to lack of resolution in the elevator
positior instrumentation. Also, if the time histories and the real parts of
the freguency-response functions had been approximated by a larger number of
narrower steps, unit-impulse response time histories might have been in
somewhat better agreement.

For the purpose of removing the eftect of elevator motion from the c¢g normal
acceleration time histories, a single time response function is desired.
Therefore, an average of the two time histories was computed for use in this
analysis. This is shown as a dashed :ve in Figure 86.

To obtain a better physical picture of how the airplane responds to an
elevator input, the average unit-impulse response shown in Figure 86 was con-
verted to the unit step, or "indicial“, response shown in Figure 87.

To check the validity of the average unit-impulse response function, it was
applied to five roller coaster maneuvers, each of different frequency varying
from 0.05 to 0.625 cps. The roller coaster input and response dats are pre-
sented in Figure 88. (For an explanation of the plot format see

Section V, Effect of Elevator Motion on Ude Data.) The time history at the
top of each figure is the derived equivalent gust velocity based on incre-
mental cg normal acceleration correction for elewvator input. Since all the
roller coaster maneuvers were performed in smooth air, both of these quanti-
ties should be zero. Deviations reflect errors or inadequacies in the method.
Comparison of the corrected incremental cg normal acceleration with the cg
normel acceleration in the five roller coasters indicates that approxi-
materly 75 to 90 percent of the effect of elevator motion has been removed.
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C. FREQUENCY RESPONSE FUNCTIONS AND DERIVED CG ACCELERATION SPECTRA

Frequency response functions and the cg acceleration spectra derived
therefrom, for five cases, are shown in Figure 89. Note that

for Test 266 Run 12 data are also shown for cg acceleration time histories
from which the effect of elevator motion has been removed. Cg acceleration
spectra are shown based on two shapes of gust spectra - Von Karman,

L = 2500 f%t, and Dryden, L = 1000 ft. These curves are discussed in more
detail in Sectioa V.
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D. SELECTION OF FILTER CHARACTERISTICS FOR HIGH-PASS FILTERING OF ABSOLUTE
GUST VELOCITY

Selection Criteria

In zelecting the characteristics of the high-pass filter to be used

preparatory to peak counting the HICAT absolute gusc velocities, the follow-
ing criteria are pertinent:

(1) The cutoff should be as sharp as practicable.

(2) The mmber of filter weights should be a minimum to avoid excessive
computer time and to minimize the additional record needed at the
beginning and end of each run.

(3) The filter should remove only those frequency components which may
contain signilicant amounts of noise.

(4) The filter characteristics should, on the other hand, be equivalent
to those used in otlrer major turbulence investigation programs, as
far as practical, to permit direct comparison of the peak counts
of the filtered time histories.

Characteristics of the Martin-Graham Filter

The Martin-Graham form of digital filter, used for extensive low-pass filter-
ing of the HICAT basic measurements as described in Appendix II, was also
selected for high-pass filtering the absolute gust velocities. This filter

is characterized by the theoretical gain function shown in the following
sketch:

fc = CUTOFF FREQUENCY
ft = TERMINATION FREQUENCY

Az ROLLOFF FREQUENCY BAND

L
>
o
]

=
o
L

GAIN FUNCTION

~— ONE-MINUS-COSINE SHAPE

s, e
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The accuracy with which the actual gain function matches the theoretical
depends upon the number of filter weights, N,. To limit the error to
nominally 1%, the number of filter weights must be at least

L
N o= —=+1
w Af
r
i where fy is the sample rate. For the HICAT time histories, fgy = 12.5 cps, i
' so that {
: = 50 L
N = + 1 R
w ‘Afr ﬁ"

The required additional length of run at each end is given by

1 1
?(Nw - l) fs

or, for the HICAT data,

o.ou(Nw - 1)

It is seen that the sharper the filter, as defined by a small value of Af..,
the greater the required number of filter weights. Thus, to satisfy

criterion (1), above, tends to require many filter weights; whereas, criterion
(2) calls for the smallest possible number.

Family of Filters |

In order to obtain the best compromise between the preceding criteria (1) and '
(2), the filter gain function has been computed for the family of filters ‘
listed in Table VIII. This family of filters covers a range of the two per- ’
tinent dimensionless parameters, fo/ft and Ny/Ny. Examination of the result-
ing gain functions provides a basis for selecting values of the dimensionless |
parameters; conslderation ls then given later tc choice of specific values of
ft and fc B
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TABIE VIIT HIGH-PASS FILTERS INVESTIGATED

Case £, £, £,/%, X, N, N/,
a 0.0217 0.100 0.217 639 639 1.00
b 0.0217 0.100 0.217 383 639 0.60
c 0.0217 0.100 0.217 319 639 0.50
d 0.0217 0. 100 0.217 | 255 639 0.40
e 0.030 0.100 0.300 715 715 1.00
f 0.030 0.100 0.300 k29 715 0.60
g 0.030 0.100 0.300 357 715 0.50
h 0.030 0.100 0.300 287 715 0.4
i 0.040 0.100 0.4o0 833 833 1.00
3 0.040 0.100 0.400 501 833 0.60
k 0.0L40 0.100 0.400 k17 833 0.50
1 0.0Lo 0.100 0.400 333 833 0.40
m 0.050 0.100 0.500 1001 1001 1.00
n 0.050 0.100 0.500 601 1001 0.60
) 0.050 0.100 0. 500 501 1001 0.50
P 0.050 0.100 0.500 Lo1 1001 0.k0
q 0.060 0.100 0.600 1251 1251 1.00
r 0.060 0.100 0.600 751 1251 0.60
s 0.060 0.100 0.600 627 1251 0.50
t 0.060 0.100 0.600 501 1251 0.40

The resulting gain functions are shown in Figure 9031. One of thr .ignificant
differences among the various cases is in the size of the ripples in the
vicinity of fo and fy; values of this ripple error are summarized in Fig-

ure 9132, The errors indicated in this figure are the maximum departure (plus
or minus) 6f the gain function from unit above ft, and from zero below fes
respectively,

Examination of either the gain functions themselves or the ripple errors _
plotted in Figure 91 suggests that Ny can be taken considerably less than N
without excessive error. They also indicate that the maximum errors in the
vicinity of f, and fy are not equal and that their relation is very sensitive
to small variations in both Ny /N, and f£./fy.

IQ0-LOCAT Filter

The one ma)or turbulence-measurement program to date in which a given high-
peas filter Las been used preparatory to peak counting is the 10-LOCAT program.

31The frequency scale of the figures is shown in dimensional form, but can
easily be read on the dimensionless basis, f/ft, simply by dividing the
numbers shown by 10.

32yalues for f./fy = O were obtained from gain functions for filters not
included in the famiiy of Table VIII.
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'igure 91 Effect of Cutoff Ratio (f./f,) and Filter Weigh: Ratio (Ny/Ny)
on Numerical Filter Ripple Errors

Yhe LO-IOCAT filter is characterized by values of f. and fy, respectively, of
0.010 and 0.046. The resulting value of fo/fy is 0.217. The number of filter
weights used is 141 and the <ampling frequency is 2.0 cps; the resulting va'ue
of N,/N, is 0.63.

It can be secn from Figures 90 and 91 that the IO-LOCAT filter provides a
particularly good fit to the theoretical filter gain functior, at a minimum
cost in number of filter weights. For example, Figure 91 indicates that, for
a value of M,/N, of 0.60, the actual errors are much less at fo/fy = 0.217
than at C.200. At [./fy = 0.217, the improvement in going from N,/N, = 0.50
to 0.60 is considcrable; whereas, further increasing mg/ﬁw to 1.00 produces
no additional .aprovement.
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Selection of fo/fy and N,/N, Values

For the HICAT program a ruch sharper cutoff than prcvided by the L.-LOCAT
filter appeared to be desirable at this point. Moreover a considerakbly
greater ripple error could be tolerated. In particular, it appeared that
fe/fy might be increased io 0.500 and ng/i; reduced to perbaps 0.40.

Before adopting particular filter values, however, it was consicered desirable
to examine the filter characteristics on the basis of their effects on tae
power spectral density (psd) of the filtered time history. Tue psd i: a
usefui ool in the szlection of the filter characteristics because of the
information it can provide about the effect of the filter on the frequency of
exceedance curves that will he obtained from the filtered time histories.

As indicated in the section, High-Pass Filtering of Absolute Gust Velocity
Time Histories, the froquency of exceedance depends primarily upon the rms
(root-meau-square) value of the time history, ¢, and secondarily upon its
characteristic frequency, No. Both of these quantities follow directly from
the power spectrum, o as the square roct of the area under the curve and N,
as the radius of gyration of this area about zero frequency.

For the purpose of studying the effect of various filters on the power spec-
iral density of the filtered time history, the input, or unfiltered time
kistory, was considered to have a power spectral density varying as the

-5/3 power of the frequency.

The four solid-line output curves show the effect of the theoretical filter
for values of fé/ff of 0.217, 0.300, 0.400, and 0.500, respectively. The
significant fact brought out by all of these curves is that the effective
f., for all practical purposes, is appreciably higher than the ncminal, or
actual, f,. Considering, for example, th.: first curve, for which

fo/fy, = 0.217, it is seen that frequencies up to f/fy = 0.400, or even
higher, contribute negligibly to the area under the curve. For example, the
area under the curve up ¢o a frequency of even f/ft = 0,500 is on'y about
2% of the total. The even smaller percentage effect of this increment in
area on the mms value, ¢, is evident fr~m the relation

o
2 - A+ AA ~1 +_;L AA
Ty A 2 A

which gives the effect on the rms value of a small increment, AA, in the
area under the power spectral density curve. The reason for the very small
values of the out.at at frequencivs substantially above f, is that, in deter-
mining the output power spectral density, the input is muitiplied by the
square of the filter gain function rather than the first power. This effect
overshadows the influence of the increasing input at the lower frequencies.
Thus it is seen that the need for a sharper filter than defined by

fo/fy = 0.217 (the LO-LOCAT filter) is much less pressing than would be
inferred from the gain function plots of Figure 90.

?

.
— e APt o | W S S . e o T o

S il Waplhihe Y At i IR AR S e




o o

_ Appendix ID
o
r .
8
I
!
2l
20
! sk INPUT, PROPORTIONAL
P 10 (AREQUENCY) 3
; ; 3 ouTUT
; LR f/1, = 0.217, THEORETICAL
[ M 5 -
! X F/1 =021, N_/N_=0.60
S a 1.2 - c./' '/ -
% | 4 [ f
=0.300, THEORETICAL
: : Lo L ¢/ (] AN
| g ¢/t =0.200, N_/N_-o.xh\
| s T
i -
i S 0.6 P~
] f_/ 1 =0.400, THEORETICAL
0.4 _%/g-m«m,u_/u_-mw
f_/ 1, =0.500, THEORETICAL
0.2 -
./ =0.%0,N_/N_=0.40
0 ] N . 1 1 ] 1 1 }
0 -0.1 02 03 24 05 06 07 068 09 10 1.1 1.2 1.3 14 1.5 1L&
14

Tigure 92 Erfect of Vsrious High-Pass Filters on Output Power
Spectral Density .

i The various dash lines in Figure 92 indicate the effect of a finite number of
? filter weights. The long-dash line shows the effect of Eu/ﬁ; = 0.40 with
fo/ft = 0.500. The significant fact emphasized by this curve is the much
; larger effect, on area under the curve, of the gain function ripple at fg
5 than the ripple at f., even though the gain function ripple is somewhat
larger at fo than fy (Figure 91). Because the output is equal to the input
maltiplied by the square of the filter gain function, the 5% ripple in the
gain function just above 7t leads to a 10% error in the power spectral density.
At f,, however, the square of the 6.7% error is extremely small (0.45%) so
that despite the much larger input at the lower frequency, the resulting
ripple in the output is negligible. On the basis of this curve, the ripple
associated with Ny/N, = 0.40 at f,/fy = 0.507 appears excessive. On the
other hand, the errors associated with N /N, = 0.50 for either f,/ft = 0.400
or fc/ft = 0,300 ir Figure S2 would be considered acceptable. For these
cagses, the maximum error in the power spectrum at any frequency above f¢ is
6% for fo/fy = 0.400 and 4% for f./fy = 0.300; . .. effects on the rms value
and on the characteristic frequency are very small.
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On the basis of the foregoing discussisu, it appears desirable t.o retair, for
at least one HICAT filter, thre fc/ft and N"/ﬁ‘,_. values of the LO-LOCAT filter.
The effective f, for this filter is cleose t0.0.500, a value consideresd
acceptable, and the agreement of theoretical with actual filter gain funciions
is excellent.

Selection of fy Values

To select logically a particular value of fi, it is necessary to express the i
filter characteristics in terms of spatial frequency (cycles per foot) instead
of a time-based frequency (cycles per second). To make this conver rion, the i
true airspeed must be known. In order to relate the HICAT filter to %he : !
LO-LOCAT filter, airspeeds for both programs are necessary. A sampling of ; i
LO-LOCAT airspeeds is shown in Figure 93 and of HICAT airspeeds in Figure 9h. P
The LO-LOCAT cases are those for which the necessary data were available in ¥
the monthly progress reports. The HICAT cases include all runs listed in ”
Appendix I of Reference 5 for which the necessary data were provided.

7 From Figure 93, the average IO-LOCAT speed appears to be about 328 fps. How-

; ever, the addition of more Griffiss Air Force Base pointe (only three were

3 available) would be expected to lower the average, Also, the LO-LOCAT filter ‘
has been described as having a 7000 foot cutoff wavelength; this in conjunc-

tion with the fy value cf 0.046 cps infers a speed of 322 rps. Therefore,

322 fps is taken as the characteristic speed of the LO-IOCAT runs. Fig-

ure 93 shows the vast majority of the runs to lie within 104 of this

speed.

The effect of an error in selecting an average speed will result in an equal
percentage error in cutoff frequency. For a power spectral density function
4 that varies as the -5/3 power of frequency, it can be shown that the rms :
: value of the time history varies inversely as the 1/3 power of the cutoff P
frequency. Thus even an error as great as 10% in the assumed or average : ¢
speed would have but a 3% effect on the rms value of the filtered time ;
history.

T el v m L A i e TV it h s

Based on the selected speed of 322 fps, the characteristic wavelengths of the
10-LOCAT filter are:

v 22 fps P

xt ft 0,046 cps 7000 £t %
; o
' _ ¥ _ _3e2fps _ :
e 5 F 0.010 cps ~ 32»200 £t |

199




Appendix ID

.06 - ALTITUOE

0.0024 |-

2, AR DENSITY, LB-seC 2/ #1*
T
»

0.0016 | 13,000 322 Fps TAKEN AS
- 14,000 REPRESENTATIVE VALUE

. *10% FROM 322 S

-

0.00M -

NOTE: TEST POINTS SHOWN ARE FROM @ EDWARDS AP
BOEING REPORTS D3-7087-10,-11,~ W ©  GRIFFISS AFB
“LOW LEVEL CRITICAL AlR TURSULENCE A PETERSON FIELD
0.0012-  TECHNICAL PROGRESS - MONTHLY REPORTS® ;@ MC CONNELL AfB
P. ; .
Eﬂ .| - | A ) ] _
N 30 20 30 %
~
Vy « TRUE AIRSPEED, FI/SEC .

Figure 93 True Airspeed versus Air Density for LO-LOCAT Y'est Data

80
» 20 POINTS IN THIS REGION
* NOT SHOWN

60 - L]
-
# —
g —

- 50 ., Pt
2
-~
-l
< 13
M“S ot morm e
o AS REPRESENTATIVE VALUE
| £10% FROM 415 KNOTS
1
% | NOTE: TEST POINTS SHOWN ARE FROM .
APYENDIX | “PROOJECT HICAT - AN
INVESTIGATION OF HIGH ALTITUDE
&, CLEAR AIR TUSBULENCE *
1LA L ) L b N 1 1 A J
0 T/ pue
o ) 340 360 290 400 ) “w 440 4“0

V' » AVERAGE TRUE AIKSPEED , KNOTS

Figure 94 Average True Airspeed versus Altitude for HICAT Test Data

200




Appendix ID

where

v

velocity

"

ht wavelength corresponding to termination frequency

xc = wavelength corresponding to cutoff frequercy.

From Figure 94 an appropriate average HICAT speed is seen to be about

415 knots, or 700 fps. Again, the vast majority of runs lies within *10% of
this speed; and of the runs falling significantly outside this band (at the
low speed end), the majority occurred on a single flight.

Ideally, it would be desirable to establish for the HICAT program a high-pass
filter having given characteristics on a spatial frequency basis and to retain
these filter characteristics for all runs. Inasmuch as the actual filtering
must be accomplished using data sampled at a constan: interval in seconds
(rather than feet), a different filter would be required for each run, depend-
ing upon the airspeed. Actually, because of the r<lativaly small scatter of
the HICAT airspeeds, this complication icr unnecessary. Therefore, the desired
filter will be defined first on a spatial frequency basis and ~onverted to a
cps basis by using the average true airspeed of 700 fps. As pointed out in
connection with the LO-LOCAT speed variation, the effect on the rms value of

the filtered time histories and hence the frequency of exceedance will be
negligible.

HICAT High-Pass Filters

It is desired that the first of the HICAT high-pass filters be equivalent
spatially, i.e., in terms of wavelength, to the LO-IOCAT filter. Frequency
of exceedance data obtained with such a filter may be directly compared with
similar LO-LOCAT data to investigate the effect of altitude on gust intensity.
Inasmuch as the LO-LOCAT values of f,/fy and N,/N, have already been deter-
mined to be suitable for the HICAT filter, it remains only to set \{ the same
for both filters. Accordingly, for the HICAT filter,

£, = V/A, = 700 fps/7000 £t = 0.10 cps.

The characteristin wavelengths of this filter are the same as those of the
IC-10CAT filter described above.

Inasmuch as the HICAT time histories contain valid data at wavelengths longer
than the 7000 ft values characteristic of the filter selected above, it is
desirable to define a second high-pass filter that retains considerably longer
wavelengths. For this purpose, an f,. of 0.035 cps, corresponding to a wave-
length of 20,000 feet is selected. For this filter, there would seem to be a

somewhat greater need for a sharp cutoff, but no requirement to match the
filter characteristics of other turbulence-measuring programs. Accordingly,
fc/ft is increased to 0.300 and N’w/Nw is decreased to 0.50,
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Figure 95 Numerical Filtering Gain Functions (High-Pass Filters)

fe Pertinent characteristics of these two filters are summarized in the
L ) ’ following tabulation:

HICAT High Pass Filter Characteristics

£ A £ A, | Af AT | T
t t c c Cog r | N n | £/ |N /X

(eps) | (£6) | (eps) | (e8) | (2t) | (cps) (sec) | (sec) o

0.1000 | 7000 | 0.0217 | 33200 | 17500 | 0.0783 ; 385 | 15.4 20C | 0.217 | v.&0 | ‘:

0.0350 | 20000 | 0.0105 | 66700 | 40000 | 0.0245 | 1021 [ 41,0 | 572 | 0.300 | 0.50 ]

In the preceding tabulation, AT is the additional length of run at each end
needed to accommodate the filter; and Ty is the minimum length of run neces-
sary to achleve the desired statistical reliability in spectral calculations
for a maximum wavelength L The minimum run length is given by 20/ft.

For convenience, these two filters are designated herein by their termination
wavelengths as the 7000 ft filter and 20,000 ft filter, respectively. The
gain functions ol these two filters are shown in Figure 95. Output power
spectral density functions, ¢2 the assumption of an input varying as the :
-5/3 power of frequency, are shown in Figure 96,
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ASSUMED INPUT,
PROPORTIONAL TO

(FREQUENCY) Y3

ASSUMED INPUY,
PROPORTIONAL TO

(FREQUENCY) /3

(UNITY AT £, =0.05 X 1073 CYCLES/FT) (UNITY AT £, =013 X 10 cvcLes/Fn)

1.2 =
FILTER WITH
1.0 b= A, =20,000 FT

s b ft_/f'=0.3w

\ FILTER WITH

A'=7,NOFT

Nw/ NW =0.50

0.6

0.4 - fc/ f' =0.217

N,/ ﬁw =0.60
0.2 b~

n i

: | WS TS W N NN N DEN SN MR T S
0 0.01 0.02 0.03 0.04 C.05 0.06 0.07 0.08 0.09 .10 0.11 0.12 0.13 0.14 0.15 0.1

{1/A) X 16°, CYCLES PER FOOT

Figure 96 Effect of HICAT High-Pass Filters on Output Power Spectral Density‘..
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E. MATHEMATICALLY DEFINED GUST VELOCITY POWER SPECTRAL DENSITY CURVES

For use in aireraft design, as well as for comparison of measured data with
various proposed theories, it is often desirable to represent atmospheric
turbulence power spectral density curves by means of mathemetical expressions.

Current theories indicate that, over a frequency range comparable to that

studied in the HICAT program, the gust velocity power spectra are likely to
be characterized by the following:

) At very low frequencies, a power spectral density that does not
vary with frequency.

° At high frequencies, a power spectral density that varies
inversely as some constant power of frequency.

° A transition between these two regions.

The mathematical expressions that are most frequently proposed to represent
gust velocity power spectral densities are generally in a form such that the
high-frequency exponent and the nature of the transition are defined. These
expressions, however, generally contain two parameters to which any desired
values may be assigned. One of these parameters, the rms value of the gust
velocity (o), measures the intensity of the turbulence, and the other
(usually designated by the symbol L and called the scale of turbulence) is a
shape parameter that defines the frequency at which the transition occurs
between the horizontal and sloping regions of the curve on the usual log plot.

To assist in finding simple, mathematically-defined curves thau best fit the
measured shapes, several families of curves are shown in this Appendix. All
are arbitrarily shown at a level such that the high-frequency asymptote passes

througg a power spectral density (psd) value of 103 (fps)2/cpf at & frequency
of 10=5 cpf. N

Four basic families are included. For each basic family, curves are provided
for high-frequency exponents, m, of -1, -7/6, -4/3, -3/2, -5/3, -11/6, and -2,
respectively. For each value of m, curves are shown for scale: of turbulence,
L, of 500, 1000, 2000, 4000, and 8000 ft, and o, Figure 38 compares the four
families for an m of -5/3 and an I of 1000 ft aud w.

The first family includes both the Von Kerman spectrum (exponent = -5/3) and
the Dryden spectrum (exponent = -2) as special cases. The basic equations for
this family are given by Taylor in Reference 31; he credits N. I. Bullen with
suggesting their use. Accordingly, this family is designated herein the Taylor-
Bulleh family. The general form of the equation for this family is

2 2 2 B
¢ (q) = L";IAL"' 2(n2+ 1) Z — QZLL] (12)
[1+b (QL)]
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where n is related to the slop
plot, m, as follows:

n = %(-m-l)

or conversely,

m = -1 -2n
and b is defined by
b = L'(n)
Nrr(n + 3)
and ig equal to 1/L times the constant, a,
ana b~ for the curves shown herein are as follows:
n R L
-1 0 ©
-7/6 1/12 k.10
-4/3 1/6 2.318
-3/2 1/k 1.671
-5/3 1/3 1.339
-11/6 5/12 1.139
-2 1/2 1.000

used by Taylor.

Values of n, b

e of the high frequency asymptote on the log-log

’
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The resulting equations are:

m o= -l ®(a) = (Constant)-g‘i-
2 2
. 1. _ofn [+ 36.42(01)?)
. € ®(a) ™ [1+ 16.81(a1)?J19/12
_ UL, o’ [1+12.57021)%) )
m o= - ®(Q) = - [1+5.37(9L)2]5/3
m = -l: > (Q) 0-21' il + 7-00( nL)z}
° T [+ 2.80(2L)]
w3 e(a) - ok l1rurecon’]
b}

[ + 1.79( aL)?) Yo

o°L  [1+ 3.69( au)?)

= -=>=: &(q) = = =
. i3 v [ 1.30( L)) R

et [1+ 3.00(01)%]

T QR+ (20

m o= -2: ®(q)

This fazily of eguations, as proposed by Bullen and Taylor, applies to the
component of turbuience perpendicular to the direction of traverse, i.e., to
vertical and lateral gusts as measured in the HICAT program.

The second family is that defined by Taylor and Bullen for the component of
turbulence in the 2lieciion of traverse, designated the longitudinal compo-
nent in the HICAT program. This family is designated herein the Taylor-
Bullen Family Longitudinai Gust, or simply, the Taylor-Bullen
Longitudinal Family. Where necessary to distinguish these two families, the
first mey be designated the Taylor-Bullen Transverse Fumily. The general
equat.on for the Taylor-Bullen Longitudinal Family is

2
o (n) = 201 L - . 13)

r——

T A T b it 5 e
B 2
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The values of n and b corresponding to various value of m are the same as fcr
the first Taylor-Bullen family. The resulting equations are:

2P opming ey

= m = -2 - @ (5) = (Constunt) ?}l-
3
> 7 26°L 1

neow ) e TR

A AR T TSNS P BT IV T W T BT g

2
. 4 2¢ L 1
. W = == (-] (Q) = - o
¢ 3 T 1+ 5.37( QL)‘]2/3
2 A
. 3 20 L 1
g mo= -5 2 (@) =
| 2 T [+ 2,80 au)?P/*
|
® | 2 - '
5 20°L 1 !
m o= -5 & () = :
| 3 T[+ 179 e/ ;
& ! '
3 é . > :
‘: . 2 i i
! 1 20°L 1 L
f mo= -F e (2) = | i
§ 6 L S l.3O(QL)2]ll/ 12 1' '
‘. 2 ]
E m o= -2: s (9) = 2L = .

T [+ (91)°]

This family differs most conspicuously from the first Taylor-Bullen family in .
that the small bump to the left of the knee is eliminated. : g

The third family is designated the sharp-knee family. This shape slso differs . D3
from the Taylor-Bullen shape in that the small hump to the left of the knee + .
iz eliminated. In addition, the frequency at which the knee occurs remains f

about the same for all values of m from --1 to-2; in contrast, the knee in the !
Taylor-Bullen family shifts to much lower frequencies as m approach -1. The :
equation is simply s

o (Q) - Congtant .

(1u)
1+ (oL)™
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where (-m) = 1, 7/6, 4/3, 3/2, 5/3, 11/6, and 2. For the special case of
m = -2, this equation is identical to equation (2).

The fourth family is designated the mild-knee family. The equation is

& () = Constant-m . (15)
(1+ QL)

For the special case cf m = -2, this family yields the equation proposed by
Lappe in Reference 32. The presence of a first-degree term in the denomina-
tor (with m = -2) results in & much milder knee. The sharp-knee and nild-

knee families become more alike as (-m) decreases, and they are identical

when m = -1, At the frequency defined by the intersection of the low fredquency

(horizontal) and high frequency asymptotes, ratios of actual psd to the value
defined by the intersection are as follows:

m= -2 m= -4/3 m= -1

Sharp-knee family 0.50 0.50 0.50

Mild-knee family 0.25 0.40 0.%0

The four families of power spectral density curves are shown in the following
figures:

) Taylor-Bullen Transverse Figure 97
° Taylor-Bullen Longitudinal Figure 98
® . Sharp Knee Figure 99
® Mild Knee Figure 100
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Figure 99 Mathematically Defined Gust Power Spectral Density Curves,
Sharp Knee Family (Concluded)
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Appendix IF

F. NORMALIZED GUST VELCCITY SPECTRA FLOTS

As.an aid in studying variations in spectral shape, a limited number of gust
velocity spectra have been normalized by dividing by the square of an appro-

nriately defined rms ‘value. The resulting plcts are shown ia Figures 107
through 102.

The rms value used for normalizing is, in ali cases, RMS 2 f'or the particular
gust velocity component. Reasons for selection of RMS 2 as a basis for nor-

malizing are discussed under Average Spectral Shape. Use of individual nor-

malization factors for each run permits a direct comparison of spectral shape
in the three directions, at any desired frequency. The normalized spectra

were obtained from un-normalized spectra faired as described in the section,
Average Spectral Shape.

Each curve on the plots is identified by the test and ~un number, with the

s value used for normalizing given in parentheses. The curves are grouped
as follows:

Figure 101 Spectra defined to A = 40,000 f*
Figure 102 Spectra defined to A = 10 000 ft for runs obtaiuned in

the Detailed Meteorological Analysis of Ten HICAT Tests

Averages were obtained for each grour and are showu in ¥igures 47 and 48 in
Section V, Average Spectral Shape.
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Appendix IG

G, DETAILED METEOROLOGICAL ANALYSIS OF TEN HICAT TESTS

A detailed anelysis of ten HICAT tests of speciel meteorological interest
asppears in this appendix to substantiate the meteorological discussion of
Section VI, These tests were selected for their meteoro’ogical significance
after verifying that satisfactory flight measurements and adequate meteorolo-
gicel observational data were available. The tests discussed are listed here
by number and meteorological feature of interest.

1.

2'

Test 202~===- Severe turbulence over squall line in northern Arkansas.
Tests  ===--- Moderate CAT over jetstream, Memphis-Nasnville area.
203/20k

Test 218a-~-- Zero CAT flight.

Test 220----- Light CAT of long durstion.

Test 233w=m-- Severe CAT over Intertropical Convergence Zcne

(Equatorial Front).
Test 2UTecw=e Moderate CAT over Hurricane Beulah.
Test 264euaaa Severe CAT over Grand Junction, Colorado.

Test 205---==Severe CAT at night on same date and over same area
as Test 264,

Test 266mma== Severe CAT over Albugquerque, New Mexico.

Pest 280-a=-= Turbulence in mountain wave over Denver, Colorado.
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FLIGHT SUMMARY AND ANALYSIS - TEST 202, 12 MAY 1967

A e T GNP PP

N w.iw

The 18002 surface chart for this date shows a quasi-stationary front lyiag

along the Oklahoma-Texes bLorder and extending across central Arkansas and :

) , over the east-central states. Thunderstorm and rainshower activity prevailed j

‘ b ; along the front with mcst of the convective activity centered about 75 nm P
- north of Little Rock, Arkansas. {

in The National Severe Storms Laboratory (NSSL) had predicted thunderstorms

- ) would form in this general area and requested that the HICAT eircraft be

: N within a 100-mile radius cf Oklahoma City, Oklahoma, at 1300 C3T. The pilot

T was contacted when near Perrin Air Force Base and directed to the area of
cloud buildups, then detectable by radar, north of Little Rock, Arkansas. He
approached the line of thunderstorms from the west (Figure 103) at 65,000 feet
and reported very light turbulence and "a wallowing motion". He flew across
the storm area again and then descended to 60,000 feet. During the pass from
west to east at this altitude the turbulence intensity incressed considerably.
Then after de.icending to 99,000 feet a further increase in CAT intensity was i
observed. Inring the final pass from west to east at 58,000 feet the pilot’ .
reported moderate to heavy turbulence accomparied by more rolling of the air. ‘
craft than he had ever seen, Flight measurements indicated that maximum cg

acceleration increments were +0.96g/-0.60g associated with true gust velocities !
‘of 20 ft/sec.

iy
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The radar reports plotted on the surface chart (Figure 104} show an area of
- solid echoes below the region traversed by the aircraft. The 1200Z 70 mb
S temperature-streamline analysis of Figure 105 shows the turbulent area to be
S in a warm thermal trough with the wind flow almost normal to the isotherms.

Analysis of the 70 mb constant pressure surface of Figure 106 shows a well A
defined wave pattern with the troughs and ridges quite pronounced at that
level. The wavelength is about 30C nm, when measured west to east near 35°
lutitude, and the height is approximately 130 geopotential meters.

The 1200Z RAOB for Oklahoma City (OKC), Little Rock (LIT), and Nashville (BNA)
(Figure 1Q7) shows each of these stations to possess an irregular appearing ;
vertical tempsrature structure. This condition irdicates the presence of ‘

vertical motion and appears typical of those associated with the production
C of turbulence.

. Figure 108, the isentropic cross section at 12002 (five hours prior to the

- . time the pilot was over the line of thunderstorms) shows a baroclinic zone

* EE. present at that time. The baroclinicity over Oklahoma City (OKC), the first
' station upvind of the thunderstorm area, is quite pronounced.

One interesting pilot comment wae that the free air temperature dropped 6°C
during his pass at 59,000 feet and 4°C more during his pass at 58,000 feet.

This probably indicated the presense of cold rising sir above the line of N
thunderstorma. _ =
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Meteorologically significant features associated with CAT observed during this
test are the following:

The line of building thuaderstorms over which the turbulence was
encountered

The wave pattern, as indicated by horizontal temperature analysis,
between Menphis and Amarillo

The large vertical temperature gradients over Little Rock and

Oklahoma City near the flight levels at which the turbulence was
found.

The wave pattern evident ir the 70 mb pressure surface snalysis

Baroclinicity evident in the isentropic analysis.
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Figure 103 Test 202 Flight Track (1656 - 21332, 12 May 1967)
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Figure 104 Test 202 Surface Chart (1000Z, 12 May 67) and Radar Summary
(1‘&1&52, 12 May 67)
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Figure 105 Test 202 70 MB Temperatures and Winds Chart
{ (1200z, 12 May 1967)
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Figure 106 Test 202 70 MB Constant Pressure Chart (1200Z, 12 May 1967)
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Figure 107 Test 202 RAOB Charts (1200Z, 12 May 1967)
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Figure 108 Test 202 Isentropic Cross Section (1200Z, 12 May 1967)
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FLIGHT SUMMARY AND ANALYSIS - TEST 203 AND 204, 15 MAY 1967

Tests 203 and 204 were flown on the same day with the same flight plan and
are therefore described together. Test 203 began at 1600 GMT, but engine
difficulties at test altitudes caused the flight to be aborted. The original
flight plan was resumed on Test 204 beginning a:c 2009 GMT.

During climbout on both tests the pilot reported light CAT at 30,000-36,000
feet, 40 miles east of Shreveport and then light-to-moderate CAT between
40,000 and 50,000 feet, about 75 miles east of Shreveport. Very little
turbulence was noted above 60,000 feet, so the pilot concentrated his search
between 50,000 and 60,000 feet. The resulting CAT encounters are shown on
the flight track map (Figure 109) as rums 2 through 10.

Figure 110 shows the 2100 GMT surface chart combined with tne 2345 GMT radar
summary. Also overlayed are the extrapolated positions of the polar and
southern jetstream at the time of the flight. It can be seen that the turbu-~
lence was encounter=é directly above the area of convergence of the two
jetstreams.

At the 70 mb level (Figure 111) a warm thermal trough appears near Lake
Charles, Louisiana (ICH), and extends northwards toward the Little Rock,
Arkansas (LIT) and Memphis, Tennessee (MEM) area. The thermal trough also is
oriented along the pressure trough at the 70 mb surface that can be seen in
Figure 112, The relatively short wave appearance notable in the 7C mb con-
stant pressure analysis is in contrast to the wavelengths generally observed
in analyses of mandatory levels below the tropopause. In this case, the
wavelengths are approximately 300-400 miles in length as opposed to the

2000~ to 3000-mile wavelengths generally found in analyses of the higher
tropospheric levels.

Figure 113 is a plot of the RAOB for Shreveport, Louisiana (SHV), Jackson,
Mississippi (JAN) and Montgomery, Alabama (MGM) for 0000Z, 16 May 1967.

These observations were made about 4 hours after the U-2 was in the sampling
area and are the best available. Note the variable character of the vertical
temperature gradient between 150 and 50 mb. It has been observed that &s the
stratospheri¢ wavelengths of the 7O mb constant pressure chart become shorter

(i.e., near 300-400 miles) vertical temperature soundings display an increased
gradient.

The isentropic cross section (Figure 11l) shows the baroclinic zones between
150 and 50 mb over SHV, JAN, and MGM. It should be noted that turbulence

was encountered at 52,400 feet over JAN and 56,300 feet and 27,900 feet
between Little Rock (LIT) and SHV. The turbulence altitude corresponds to an
area of wide spacing of the isentropes.

Important aspects of this flight in relation to the turbulence encountered
are considered to be:

e The turbulence occurred over an area of converging jetstreams. The
Jetstreams were near the 200 mb level.
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A pressure trough and a warm thermal trough were apparent at the
70 mb level near the time and location of the observed turbulience.

The 70 mb pressure and thermal patterns indicated the presence of a
stratospheric wave 300-400 miles in length.

The RAOB charts showed strong verti:al temperature gradients.

The isentropic analysis shows the turbulence occurred below a
stable layer at a level of pronounced baroclinicity.
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Figure 110 Test 203 and 20% Surface Chart (210()s 15 May 1967)

and Radar Summary (23452 15 May 1967
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Figure 112 Teet 203 and 204 70 N8 Constant Pressure Chart
(00002, 15 May 1967)
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FLIGHT SUMMARY AND ANALYSIS - TEST 218, 30 JUNE 1967

This test is included as a special case to illustrate conditions associated
with the absence of clear air turbulence. Figure 115 shows that the route of
flight was over the rollirg, forested hills of southeastern Canada. The
hills were generally less than 2,000 feet in elevation except for & small area
of 2000~ to 5000-foot mountains near Quebec,

The combined surface and radar swmary chart in Figure 116 depicts the surface
- fronts located north of the Great I.akes region and across the Mid-Atlantic
f States. The convective activity that existed was well to the south of the

! route of flight. There was wide-spread cloudiness, however, over the entire
map area. The pilot reported only a few breaks in the clouds in the vieinity
of Caribou, Maine and Three Rivers, Canada. Rain also prevailed over the
northeastern United States and southeastern Canada.

In Figure 117 it can be seen that at the 70 mb level the flight path was in
an area of very weak horizontal temperature gradient and light winds. The
temperature gradient is about 1°c/3oo nr with winds generally abcut 5 knots.

: The 70 mb constant pressure surface analysis in Figure 118 indicates that a
o] flat pressure surface also existed over the sampled area. Although not shown,
S winds from the 300 mb and 200 mb analyses were light for those altitudes,

o averaging about 25 knots. The tropopause wind analysis showed the 20-knot

i isotach encircling the flight path.

. The well defined low at the 70 mb level located over Newfoundland was well to
the east of the sampled area. The RAOB charts (Figure 119) for Moosonee /MO),
o Maniwaki (MW), Canada, and Caribou, Maine (CAR) show the small temperature
T gradient that existed between 150 and 50 mb. The relatively small slope of
the isentropes in Figure 120 also correspond to the small vertical temperature
gradient.

% Significant features associated with the lack of turbulence at leve's between
. 150 and 50 mb and in the sampling area are:

® The lack of any videspread convective activity as noted on the sur-
face and radar summary chart (Figure 1i6)

) The small horizontal temperature gradient and light winds apparent
on the 70 wb analysis (Figure 117)

®  The relatively flat surface at the 70 mb level (Figure 118)

® The smsll vertical temperature gradient depicted by the RAOB chart
(Figure 119) ‘

® 'The relatively flnt slope of the isentropes and lack of baroclinic
zones (Figure 120) :
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Figure 116 Test 213 Surface Chart (1800Z, 30 Jun 1967)
and Radar Summary (20452, 30 Jun 1967)
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FLIGHT SUMMARY AND ANALYSIS - TEST 220, 6 JULY 1967

Test 220 was chosen as a speclal case because it provided an opportunity to

study a long straight flight of U450 nautical miles in which almost continuous
light to very light CAT was sampled.

After takeoff, the pilot climbed southeast toward Halifax, Nova Scotia.
Climbing through 55,000 feet he felt a few ripples but received no significant
turbulence until over Halifax. From that point to Albany, New York the
turbulence was fairly continuous. Runs 2 through 7 of this leg were processed.
After turning southeastward from Albany, the turbulence ended about halfway
between Albany and Cape Cod, Massachusetts (Figure 121). Turning toward the
north, light CAT was again encountered cver Portland, Maine and near the same
aititude as that flown through 50 minutes earlier. The turbulence ended
abruptly after passing to the north of Portland.

Figure 122 shows that the flight occurred over a surface high pressure system.
Also there was no convective activity and the National Meteorological Center
neph-analysis indicated that the skies were generally clear to scattered.

The position of the tropopause jetstream is also located on this chart.

A warm thermal trough over the northeastern sta,es can be seen on the 70 mb
temperature-wind analysis in Figure 123, Cyclonic curvature of the wind flow
pattern is also evident in this same area. In Figure 124, at 12002, a well-
defined depression is centered over Massachusetts, Portland, Maine, and Albany,
New York where most of the turbulence was located. An additional feature of
the 70 mb constant pressure surface that should be noted is the character of

the waves at that level, As :.n tests 202, 264, and 266, the 300~ to 400-mile
stratospheric short wave is evident.

The RAOB charts in Figure 125 show well-defined but weak vertical temperature
gradients between 150 and 50 mb over Portland (PWM) and Albany (ALB), and a
very weak gradient over Buffalo (BUF). The gradient is largest between
49,000 and 53,000 feet over PWM, and between 50,000 and 57,000 feet over ALB.

These altitudes correlate well with the level of turbulence actually recorded
on rns 2 through 9.

The isentropic analysis (Figure 125) illustrates that weak baroclinic zones
were present over ALB and PWM and that CAT was observed at a level where the

isentropes were widely spaced. Factors of significance agsoci~+taed with the
turbulence observed on this test are:

[ ) The location of the jetstream, as indicated on Figure 122, is
parallel to and just south of the flight track

[ The axis of the warm thermal trough andi pressure trough at the

70 mb level is centered between ALB and PWM near the area of the
mogt CAT activity

o The short wave characteristic of the 70 mb constant pressure surace,
as shown by Figures 123 and 124,

° faal]l vertical temperature gradients ns indicated in the RAOB
analysis (Figwe 125).

® Widely space isentropes at turbulence altitude as indicated in
Figure 126,
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FLIGHT SUMMARY AND ANALYSIS - TEST 233, 7 AUGUST 1967

The meteorological charts for *his date indicated that conditions should be
favorable for a flight over the Intertropical Convergence Zone (ITZ). The
convergence zone was positioned approximately 150 nautical miles south of
Paname, and early radar reports showed considerable activity along the zone.

Figure 127 shows the flight route and that the primary sampling area was along
5° ~7°N latitude and south of Panama.

Figure 128 depicts the 0000Z, 8 August 1967 surface analysis from the WMO
Regional Center, Miami, Florida (MIA). The RAREP shown on the analysis was
that observed and plotted by the C-97 Air Sea Rescue aircraft that was accom-
panying the U-2 and flying at about 25,000 feet. Turbulence was sampled above
the well defined dense cluster of thunderstorm activity outlined by the RAREP.

Runs 2 through 22 were processed and show that the pilot encountered light to
moderate CAT.

Ncte that the meteorological data analyzed, except for the RAREP, was for the
time 0000Z, approximately 6 hours after sampling time.

The pilot stated that as he reached 54,00C feet approximately 50 miles south-
west of Albrook AFB he observed almost continuous very light CAT. He continued
to experience the very light CAT until reaching the area near 5°N latitude

at which time the turbulence increased, becoming light to moderate at 54,000
feet. He described one unusual cloud formstion that appeared to be a layer

of cirrus not attached to thunderstorms. The tops of the cirrus were 56,000
feet indicated altitude.

Near 6°N, 83°W, he noted that the free air temperature changed from -6C°C at
52,000 feet to =50°C at 54,000 feet. The free air temperature gauge in the
aircraft normally reads 10-20°C below the ambient air temperature.

Figure 129 shows the 70 mb 0000Z, 8 August 1967, analysis of horizontal tem-
perature and wind streamlines. Notice the large temperature grzdient between
San Andres (MCSP) arnd Howard Air Force Base, Canal Zone (MBHO). Also

visible is the well defined wave between 65°W and 85°W loagitude. It appears
gsignificant that the steepest part of the wave surface, as indicated by the
temperature gradient, is over the area of maximum thunderstorm development.

A trough in tre 7C mb constant pressure surface is apparent in Figure 13C.
Notice that the axir of the pressure trough is aligned closely with the axis
of the thermal ridge in Figure 129. Further, that if adjustment in time and
space between flight and observation time (-6 hours) were made, the pressure
trough and thermal ridge would be aligned closely with the ar:a of maximum
thunderstorm development along the ITZ.

Figures 129 and 131 show a vary large temperature gradient that existed cver
San Andres MCSP at OCOCZ, Notice the mumerour gradient changes between 150
and 50 mb. There is a total AT tisuugh the layer of 54°C or 2.4°C/1000 faet .
Between 45,000 and 51,0CC feet the AT is 4,16°C/1COC feet. A vertical
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temperature gradient greater than 2.5°C/1000 feet is consicered large and is !
usually associated with moderate or greater clear air turtulence. MCSP was
nut overflown on this mission.

Meteorologically significant features ussociated with the CAT sa-pled during
this test are the following:

® The location of the ITZ as indicated on the surface analysis b8
(Figure 128) '

) The weli defined wave pattern and the large temperature gradient T
ewMumintmghmdumhdiwunuwmwlmunua P

) The large vertical temperature gradient apparent in the NCSP RAOB ;
indicates that turbulence was probably occurring in the genersl ;
area six hours after sampling time

° The 70 mb pressure analysis which shows the wave apparently associ-
ated with that determined by the horizontal temperature analysis,
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Figure 128 Test 233 Surface Chart (0000Z, 8 Aug 1967) .
and Radar Summary (0000Z, 8 Aug 1967)
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Figure 129 Test 233 70 MB Temperatures and Winds Chart (0000Z, 7 Aug 1967)
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FLIGHT SUMMARY AND ANALYSIS - TEST 247, 20 SEPTEMBER 1967

The primary objective of HICAT operations out of Fa.cick AFB, Florida was,
hopefullyr, to be able to investigate turbulence abo.e & hurricane. From

11 September to 2 October 1967, two hurricanes moved to within operatire rauge
of the U-2~--Hurricane Beulah, which moved ascross the Gulf of Mexico and entered
the Texas coast on 20 Sep 1967, and Hurricane Doria which formed about 100
miles east of the Florida coast and moved north-eastward along the Atlantic
seaboard. :

This special case is primarily concerned with the flight over Hurricane’
Beulah. However, some comparisons will bz made between Beulah and Doria.
Figure 132 shows that the flight track for this test was via airways J-86 to
Houston, Texas, then J-22 to Corpus Christi, and over Beulah between Corpus
Christi and Brownsville, Texas.

The pilct approached the hurricane at an initial altitude of 65,000 feet and
well above the tops of the clouds. There was no rburbulence at that altitude.
As he flew closer to the center of Beulah he began a descent to determine the
height and other features of the cloud tops. As described by the pilot, the
‘highest cloud tops were directly above the eye. The clouds were uniform in
nature, solidly undercast. and relatively flat. The eye of the hurricane was
visible as a dark circle embedded in the dense cirrus. The altitude of the
cloud tops over the eye was 54,000 feet MSL. Slightly beyond the periphery of
the hurricane's eye, the height of the cloud tops dropped sharply to 53,000
feet, and then more gradually to an average height of 49,000 feet within a
100-mile radius of the eye. The pilot stated further that convective type
activity was protruding through the tops of the smooth cirrus north of the eye
of the hurricane.

Figure 133 depicts three prominent meteorological features: the 1200Z surface
analysis, the 11457 radar summary, and the 12007 position of the jetstream at
the tropopause 'evel. Most important of course is the position of Hurricane
BeuJ-all .

The upper level analyses vary some from those of previous cases because of
the absence of data in the vicinity cf the hurricane. Figure 134 shows the
100 mb wnalysis for 0000Z, 20 September 1967, approximately 16 hours prior to
the time the aircraft was over Beulah.

At that time Brownsville, Texas (BRO) and Monterrey, Mexico (MTY) were still
able to complete their RAOB. The anticyclonic wind flow is apparent at that
level over BRO. Also of possible significance is the quite cold -80°C
temperature over MTY, This cold temperature was most probably caused by cold
ascending air near the center of the hurricane. Tts effect would have been to
cryate a cold dome of air over ithe hurricane and to create a large horizontal
temperature gradient in the surrounding area, This is evident from the 9°C
change in 155 rm between Abilene (ABI) and Del Rio, Texas (DRT).

The 100 mb analysis for 12 hours later (Figure 135) shows the 76°C isotherm to

have remained in about the same position. Upper level observotions cover
extreme southern Texas were not obtainable because of the location of Beulah.
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General features of the 1200Z, 100 mb and 70 mb analyses (Figures 134, 135
and 136) that should be noted, although their full significance is not clearly
understood, are:

The symmetrical appearance of the stratospheric waves illustrated
by the horizontal temperature analyses at the 100 mb and TO mb level
(Figures 134 through 136)

The anticyclonic flow of the wind streamlines at the 100 mb level
parallels precisely the path of the tropospheric jetstream
(Figures 133 and 135)

The ‘well-defined anticyclonic flow at the 70 mb level (Figure 136)
parallels thz course the hurricane took subsequent to 1200Z,
20 September 1567

The nearest RACB charts in itime and space corresponding to the sampling time
are those shown in Figure 137. Even though the observations were 15-16 hours
prior to the time the U=2 was over Beulah, the cold air between the 120 mb
and 90 mb level is quite apparent.

Meteorological featureskhonsidered significant are:

Very light CAT reported by the pilot at 53,000 feet as he crossed
over the jetstream near Tamps, Florida (TPA)

Pilnt encountered light to moderate CAT over Hurricane Beulah and
in the area of relatively cold air. An ambient temperature of
-80°C was recorded by the aircraft instrumentation

Turbulence was encountered over Hurricane Beulah but not over Doria

Light CAT (Run 6) was encountered over an area of convective activity
near Boothville, Louisiana (BVE) as indicated in the radar summary.
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FLIGHT SUMMARY AND ANALYSIS - TEST 264, 30 NOVEMBER 1967

Tests 264, 265, and 266 provide interesting examples of the occurrence of
vlear air turbulence over the western states region in a two day period from
30 November to 1 December, 1G67.

As indicated by the flight track on Figure 138, the U-2 flew from Edwards Air
Force Base, California (EDW) to Provo, Utal, Grand Junction, Colorado {GJT)
and returned almost directly to Edwards. CAT was pradicted to occur between
Provo, Utah and Grand Juncticn, Colurado. A vertical cross section search
pattern with 500 foot altitude intervals (See Figure 161) was to be rlowr if
significant CAT was located. Moderate turbulence was located between Provo
and Grand Junction (GJT), and the pilot completed the vertical search pattern
utilizing 3JT as a focal point.

Figure 139 depicts the 0000Z, 1 Dec 1967, surface chart with the tropopause
jet stream overlayed. Map time is within 1 hr and 15 min to O hr and i5 min
of the sampling time. The surface front and the jet stream were positioned
almost directly beneath the observed turbulence.

Figure 140 shows the well-defined warm thermal trough at the 70 mb level
situated along the western border of Nevada. Note the 70 mb wave pattern
illustrated by the temperature analysis, It is unfortunate that the 0000Z,

1 Dec 1967, RAOB for GJT is missing for this case as one can only speculate
as to the amount of horizontal temperature gradient between GJT and surround-
ing stations.

In reference to the time history of Run 16, some interesting observations con-
cerning temperature are apparent. During & 20-second period that the aircraft
was in moderate to severe turbulence at 61,000 - 61,500 feet, the temperature

trace between 11 and 15 seconds shows there was a AT of about 7°C.

The major pressure trough, evident in Figure 141, positioned over the
Californis-Nevada border corresponds closely in positionto the thermal trough
in Figure 1h0.

The credibility of the closed iow at the 70 mb level centered over Great Salt
Lake cannot be determined. If the observation of a 70 mb hesight of 18,180
meters is in fact accurate and the 18,320-meter isohypse accurately placed
over GJT, this would imply an vnslope of 140 meters in 150 nm between SIC
and GJT. This is considered & steep slope for the 70 mb surface,

The RAOB charts for Yucca Flat, Nevada (UCC), Salt Lake City, Utah (SiC), and
Denver, Colorado (DEN) are plotted to illustrate characteristics of a 150-50

mb vertical cross section of the sampled area (Figure 142). The vertical
temperature gradient ( AT/AZ) of these three stations is: UCC i.9°C/10CC feet;
SI< 1.27°C/1000 teet; and DEN 1.8°C/1000 fset. Compare these vertical
temperature gradients wit i those of 0.18°C/1000 feet and, 0.36°C/1000 feet

of M) and MW in test 202 whci» there was nc turbulence. Figure 143 shows
clearly the manner in which ihe isentropes pack and diverge in turbulent

areas,
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Synoptic features c¢f the above analyses that are considercd related tc factors
that produce CAT in the 150-50 mk range are the following:

] The position of the Jjetstream in relation to the location of the
CAT (Figures 138 and 139) -

® The evidence of wave motion as indicated by the 70 mb horizontal
temperature pattern in Figure 140

® The steep slopes of the 70 mb pressure surface in the area where
CAT was detected (Wigure 141)

] The large vertical temperature gradient as shown on Figure 142

. The Baroclinic zones noted on the isentropic amalysis (Figure 143).
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FLIGHT SUMMARY AND ANALYSIS - TEST 265, 1 DECEMBER 1967

After a quick postflight anslysis of Test 264 it was decided to turn the
aircraft around and duplicate the flight plan for Test 265, The main objec-
tive was to attempt to determine what, if any, effects darkness might have on
an area of moderate to severe CAT, The aircraft departed for the second time
that day at 2048 MST (0448Z). Turbulence encountered in Test 265 can be seen
in Figure 14k, A subjective comparison of Figures 138 and 144 appears to
indicate that the turbulence was more frequent and intense during the night
flight than the day flight.

An interesting comment by the pilot during the debriefing referred to a very
noticeable effect of two types of turbulence. First was the random chop of
very short frequency excursions {1-2 seconds), and the other was a phugoid
effect with a frequency of 40-60 seconds. The pilot stated he could feel the
positive and negative accelerations associated with the longer wavelength
turbulence, Inspection of corrected pressure altitude time histories for
runs 1l through 22 illustrate these phenomena. '

Figure 145 depicts the 1200Z, 1 December 1967, surface analysis with the
corresponding tropopause jetstream overlayed. The 1200Z analyses used in
this special case are approximately 6 hours after the time the U-2 was in the
primary sampling area over GJT. Applylng a six-hour time correction to
Figure 145 one can see that the surface front and tropopause jetstream were
just to the east of Grand Junction, Colorado (GJT). The skies were undercast
over the entire route of flight, and surface weather conditions were stormy
over the Southwestern States,

The 70 mb analysis in Figure 146 shows the well defined thermal troughs and
ridges that were present over the southern Rocky Muuntain region at 12007,

1 December 1967. The most obvious conclusion one can make is that waves of
large amplitude were present in the sampled area. This is illustrated by
the analysis of the 70 mb constant pressure chart in Figure 147. It should be
observed that the wind flow pattern at the 70 mb level is slightly cyclonic
in curvature and flows across hoth isotherms and isohypses. ‘

The most appropriate available RAOB. charts applicable to this case were Yucca
Flat, Nevada (UCC), Salt Lake City, Utah (SIC), and Grand Junction, Colorado
(GJT). TInspection of these observations for the 150 mb-50 mb level (Figure 148)
gshows that large vertical temperature gradients were present. Runs 3, 4, and

5 indicate thai CAT was present near UCC at altitudes of 59,400 to 63,000 feet.
Run 10 near SLC shows very light CAT at 59,700 feet. Summarizing information
from Runs 12 through 29 it can be seen that light CAT was measured at altitudes
63,500 and 55,100 with the most persistent severe CAT at altitudes of 59,000 -
61,700 feet over GJT, '

At UCC and GJT, Figure 149 illustrates the considerable packing and spreading
of the isentropes in areas where turhulence was found. Over SLC isentropes
are uniformly spread and only very light CAT was detected.
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The significant meteorological features associated with the CAT observed in
this case are the following:

[ The position of the tropopause jetstream in relation to the
location of the CAT (Figure 145).

° The large emplitude waves evident in analyses of the 70 mb
thermal pattern and isohypses (Figures 146 and 1k47).

® The large vertical temperature gradients apparent in Figure 148,

° The baroclinicity apparent in the isentropic analysis (Figure 149).
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FLIGHT SUMMARY AND ANALYSIS - TEST 266, 1 DECEMBER 1967

On 1 December 1967 , forecasts indicated that turbulent. conditions which had
existed over the Grand Junction, Coloradc (GJT' area o2 30 November 1967
should be present near Albuquerque, New Mexico (ABQ). This prognostication
was based primarily on the position of the jetstream, horizontal and vertical
temperature gradients and on the location of troughs and ridges at the

150-50 mb levels,

One principal objective was that the flight be over Albuquergue, New Mexico
(ABQ) during the time the upper level observation was being made. In the
event that turbulence was then located, the time correlation between
meteorological and turbulent data would be ideal., The desired timing was
achieved as planned and turbulence was encountered as predicted over
Albuquerque. Thus, this test is considered especially valuable from the
standpoint of compatibility cf data.

Figure 150 shows that no CAT wes observed in the Yucca Flat, Nevada (UCC)

area. Light CAT was observed at 57,500 and 64,300 feet in the vicinity of
Winslow, Arizona (INW), and light to severe CAT was encountered sver Albuquerque,
New Mexico (ABQ).

An interesting observation made by the pilot during the mission debriefing was
that, in addition to the high frequency turbulence, there was an apparent
vertical shear that caused one wing of the aircraft to drop sharply meking
control very difficult. He had not previously observed this effect during
other missions when in severe clear air turbulence,

The 0000Z, 2 December 1967, surface analysis with the tropopause jetstream
overlayed is illustrated by Figure 151. The Jjetstream was positioned over or
very close toc ABQ during the time the aircraft was in the area.

The 70 mb analysis of temperature and winds in Figure 152 presents a synoptic
meteorological pattern that warrants deteiled scrutiny. The outstandingly
apparent character nf the high amplitude short wave at the 70 mb level between
Arizona and Oklahoma is evident from the horizontal temperature analysis. At
the southernmost point of the warm thermal troughs over ABQ and OKC are tem-
perature gradients of 10°C per 180 nm between ABQ and ELP, and 10°C per 150 nm
between OKC and GSW., These are considered strong gradients.

The 70 mb cbserved winds over ABQ, AMA, OKC, ELP and GSW are an unusuasl
contrast in direction and velocity. It is difficult, however, to discredit
the accuracy of direction of the north-northwest wind over ABQ and the
northeast wind over OKC because of other abnormal factors such as presence of
the Jarge amplitude wave, the large horizontal temperature gradient, and the
reverity of the turbulence observed over ARQ.
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Figure 153 shows the analysis of the 70 mb constant pressure chart, The

well-defined wave in the temperature pattern in Figure 154 is not so obvious
in the pressure pattern. Of course, the isohypses could be drawn to corre-
spond more closely to the wave evident in the temperature analysis; however,

until more upper level observations are available this would not be meaningful.

The UCC RAOB chart in Figure 154 shows a very smell vertical temperature
gradient at the test levels (52,000-57,000 feet). No CAT was observed. Over
INW and in flight levels 57,500 feet and 64,300 feet light CAT was present.

A small vertical temperature gradient is apparent at 60,000-67,500 feet in
that area. Over ABQ relatively large vertical temperature gradients were
observed, and severe CAT was encountered for 50 minutes.

The isentropic analysis in Figure 155 shows the previously observed feature
of evenly spaced isentropes ir areas lacking CAT (UCC and INW) and unevenly
spaced surfaces over the station (ABQ) where CAT is abundant.

Significant meteurological factors associated with CAT observed over ABQ are
the following:

® Position of the jetstream over ABY (Figure 151)

® The large amplitude wave evident in the 70 mb temperature-wind
analysis (Figure 152)

® The large horizontal temperature gradient at 7O mb between ABQ
and EIP (Figure 152)

® The unusual contrast bstween wind directions and velocities observed
over ABQ and OKC and surrounding stations (Figure 152)

® The large vertical gradient of tempersture over ABQ where CAT
was abundant as opposed to the small gradients over UCC and INW
where CAT was very light or not cetected (Figure 154)

® Unevenly spaced isentropes over ABQ where CAT was abundant c¢.mpared

to evenly spaced isentropes over UCC and INW where CAT was very
light or not detected (Figure 155).
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FLIGHT SUMMARY AND ANALYSIS - TEST 280, 15 FEBRUARY 1968

This test was planned in conjunction with the Nationel Center for Atmcspheric
Research, Boulder, Colorado, to investigate turbulence associated with mountain
waves over the eastern Rocky Mountain area in the vicinity of Boulder. Four
aircraft participated in the experiment. Each aircraft was to fly a track
between Kremmling, Colorado and Akron, Colorado at different altitudes
according to the following plan:

HICAT U-2: 45,000 - 70,000 feet
CANADIAN T-33: 25,000 to 40,000 feet
ESSA B-5T: 38,000 to 4k,000 feet
NCAR QUEEN AIR: 18,000-26,000 feet

During the early morning period of 15 February 1968, meteorological conditions
seemed favorable enough to schedule the test for that day. There was no
Jjetstream in the area, but west winds prevailed at all levels from near the
surface to the tropopause. Velocities were generally 49-90 knots. The

1200Z, 15 February 1968, Denver RAOB showed considerable vertical temperature
gradient and evidence of wave action between 53,000 and 66,000 feet.

Participating aircraft were scheduled to begin their runs from over Kremmling,

Colorado at 1330 MST (2030Z). Figure 156 shows the route followed by the
HICAT aircraft. _

Figure 157 shows the 0000Z, 16 February 1968, surface synoptic chart. The
large arctic high pressure system can be seen centered near Lander, Wyoming.
A quasi-stationary front lies along the southern periphery of the high and
passes through Arizona and New Mexico, Skies were broken to overcast in the
Denver area, end snow showers prevailed along the eastern slopes of the
Colorado Rockies.,

At the 70 mb level (Figure 158), well defined waves, as indicated by the
temperature analysis, can be seen over the western half of the nation. The
length of these waves averaged 375 nm with warm thermal troughs oriented
north-south and centered over the OAK, ELY, DEN, and TOP areas. Winds at this

level are from 270° in the sampled area and are normal to the orientation of
the isotherms.

Analysis of the 70 mb constant pressure surface (Figure 159) also depicts
waves analogous to those apparent in the temperature field., Ridges in the
pressure fleld analysis correspond well to warm thermal troughs in the
temperature analysis,

Figure 160 shows the vertical temperature structure over Grand Junction,
Colorado (GJT), Granby, Colorado (Special RAOB), and Denver, Colorado (DEN).
The Granby RAOB is near the middle of the run between Kremmling and Akron.
Relatively large verticel temperature gradients are apparent between 150 mb
and 50 mb over all three stations. Granby in particular has a AT/AZ of
1.45°C/1000 feet. Compare this with the average AT/AZ of 1.65°C/1000 feet
for vertical temperature gradients observed in Test 26L,
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A vertical cross section of the turbulence encountered in this test is
illustrated by Figure 161. The altitudes shown for various runs may be con-
sidered an average for each pass. The degree of intensity of the CAT and the
location have been determined from examination of the time histories. The
turbulence varies from very light at 66,700 feet, to severe at 58,500 feet
and 55,500 feet, to light at 53,700 feet.

The turbulent layer in this case appears to be at least 13,000 feet thick,
Factors in this case cunsidered to be significantly associated with metecro-
logical conditions producing CAT are:

° The wide band of relative strong westerly winds that prevailed through
a deep layer over the Rocky Mountain Fegion. (The pilot reported winds
from 270° at 75 knots in the 53,700-55,500 feet layer.)

° The well defined waves of about 375 nm in length that were apparent
from analyses as shown in Figures 153 and 159.

o The relatively large vertical tempzrature gradients present over
Granby (Figure 160).
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DATA PROCESSING i

COMPUTING METHODS

SR TtV A T S

Numerical Filtering

Low-pass Filters - Numerical filters were applied to basic meacurements to i
remove frequency corponents outside the range of interest. The filtering i
process consisted of applying selected sets of numerical filtering weights :
designed to pass only thz useful frequency response range of each measurement.
Four low-pass filters of the type developed by Martin and Graham were con-
sidered adequate (Ref. 33 and 3}).

Ideally, the Martin-Graham filter will (1) pass unaffected all frequency com-
ponents up to a certain cutoff value f,, (2) progressively attenuate frequen-
cies from f, down to zero gain at a termination frequency fi, and (3) reject
all frequencies greater thon fy. The definition of this filter is given in
the frequency domain by the transfer function H(f).

i AN B

it et

1 le| s,

0 |f| 21,
- f+f ]

H(f) = 1 ¢

3 COSﬂ(f _f)+l -ft st-f'c
L t (o -

1 ] £-f, ]

-e—cosn(f s +1 fc sf<ft
L t " e i

vt e e 4

The time domain weighting function h(t) is obtained by performing an inverse
Fourier transformation of H(f).

f gmift f
h(t) = H(f) e ar g

t
. 2.2
2ty - b(r, - £)° ¢ ]

gin 2wf_ t + sin 2wfgt
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A time function x(t) is then filtered by applying the weighting function h{t)
such that

. @

) = fn(v) x(t +7) ar

-
where ®(t) is the filtered output function.

However for the finite time case of discrete equispaced data, numerical approxi-
mations must be introduced. The technique here is to evaluate the weighting

function at the data sampling interval At for the (2N + 1) weights desired,
thus

ho o= h(nAt) n = %1, %2, ... %N
and
h° = fc + ft

by L'Hospital's rule.

The nurerical filtering weights wn are determined by

hnAt
wn = - n = 0, *1, ... N
h At
2 v
p=-N

where the summation term effectively normalizes the weights to force the
transfer function to unity gain at f = 0.

The numerical filtering operation is then given by

N
2 - S v
i n X
n=-N
277
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FREQUENCY, CPs

L
]
o

To evaluate the effectiveness of the numerical approximatiors on the transfer
function of the original filter design, the transfer functio. of the filtering

weights, H*(f), is computed by the cosine series transformation

N

i*(f) = z w_ cos 2nfndt

n=-N

Figure 16& graphically presents H*(f) for the four low-pass filters designed
Table I¥ shows which filter vwas applied to each basic

for this program.
reasurement,

High-pass Fiiters -~ High-pass numerical filters were employed as an investiga-

tive tool in evaluating the effect of removing .mdaesirable low freqjuencies

from the tnrex gust valccity components.

Design of the high-pass filters was

obtu.ned by subtrecting Martin-Graham low-pass filters from eu all-pass filter.
The numerjcal weight function of an all-pass filter is defined as unity gain

for the central weight with zero gain for the sidwband weights.

Trausfer func-

tinns of the two high-pass filters selected for applicatior are presented in

vigure 95,
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Numerical Integration

Simpson's cne-third rule was uwsed for numerically integrating rate gyro
measurements and accelerction terms reguired for gust velcoeity computations.
Simpson's integration of & tims function x(t) sampled with frequency fg = i/At
is given by

tn+2 At

f x(t) et = ‘-;-E [x(t ) + bx(t_ + At) + x(t_ + 2At)]
t n n n
n

Simpson‘s rule was selected for both its ideal phese and excellent amplitude

characteristies. To illustrate this, & comparison is made with the trapezoidal
rule. Since both rules have ideal phase, a complete ccmparison is afforded by
the amplitude ratio of their transfer fuuctions to that of the ideal integrator, : {
The ratios are : T

T T A R RIS
. T

. . v
dn GO ‘

ws(f) _ 2rzfAt (2 + cos 2ufAt b
w(f) ~ 3 sin 2nf At )

[SPPRISTS

TABLE IX. LOW-PASS NUMERICAL FILTERING CUTOFF FREQUENCIES ; P
OF BASIC MEASUREMENTS -

Assigned Basic Cutoff
Number Measurement Freq, cps f : 1

3 Alpha-vane force 5 g '

L Beta-vane force 5 ! ?

5 Indicated airspeed 5 |

6 Platform vertical acc 3 i

7 Gust probe normel acc 5 i

8 Gust probe lateral acc 5 i ;

9 Vernier altitude 3

10 Total temperature 5 J

11 Pitch rate 3 i ‘1
12 Roll rate 3
13 Yaw rate 3 :

% CG normal acc 3 !
15 CG lateral acc 2 i
16 CG longitudinel acc 2 i
20 Coarse altitude 1 i
21 Fine altitude 2
22 Left wing nodal acc 5 i
23 Right wing nodal acc 5 3
25 Pitch engle 2
26 Roll engle 2 -
27 Heading sine 1
28 Heading cocine 1
29 Grid X-weloclty J

30 Grid Y-velocity 1
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for Simpson's one-third rule, and

o) t(cot wfAL)
m = wfAt(cotw

for the trapezoidal rule.

The superiority of Simpson's rule is shown in Figure 143 where the applitude §7
ratios wers evaluated at the basic data sampling interval of C.04 secounds. The

: maximun error is expected at the numerical filtering cutoff frequency of 5 cps. i.
Ll At this freguency, Figure 163 shows an error of 1.7 percent for Simpsor's one-
S third rvle snd -13.5 percent for the trapezoidal rule.

Aerodynamic Calculations

Position error zorrections and aerodynamic varisbles are detexrmined in the ;
g st velocity program prior to computation of the gust velocity components. :

: The foliowing calculations require Hy, selected from either coarse, fine, or ’
o vernier altitude transducer, and t, from the totul temperature probe

(a) Indicated Pressure Altitude

P 2 £.68322 in. Hg ‘;

P 0.19026 ] T
- _ s i
- Hn = k5,447, [1.0 ‘(amg.gem) ]
o P, < 6.68322 in. Hg. B A
r- . 6.68322 %
L ; Hpn = 20,806. [loge(-—-—-?-;—-—)] + 36089 o ]

(b) Indicated Mach No.

o ey -] .

s
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1,24
1.1+
SIMPSON'S ONE-THIRD RULE
) ________.__,,/ IDEAL INTEGRATOR
1,0+ —
o
<
(. 4
ol
8 n.5-
| =
=
b3
<« \
0.8
TRAPEZOIDAL RULE
0.7~
0,6 Y T i T T T T T
0 1 Z 2 4 5 ¢ 7 8

FREQUENCY, CPS

Figure 163 Amplitude Ratio Comparison of Simpson's Cne-Third
Rule and Trapezoidal Integrations

(¢) The Mach number static position error correction, M, is determined

A e v o

i i
from the M; versus &) relationship. P
: P
(d) True Mach No. b
MT = Mi + &6M i
(e) The altitnde static position error correction, 6H [ is determined
“com the My versus :SI-Ip relationship. !
(f) Corrected pressure attitude ’
# = H_+ 6H
pe  pn P ‘i i
(g8) Ambiont Temperature |
t, = ————— - 273,16 N
® 1+0.28 !
(h) True airspeed
Vo = 65.769 Vt, + 273.16
|
281 -
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(i) Ambient pressure

if H < 36089 ft.

) -6 5.2561
P, = 2116.22(1 - 6.87535 x 10 Hpc)

if H > 36089 ft.

| -h.80634x 1077(H_ - 36089)
P = L72.675 e pe

(J) Air density ratio

681.14 Pa
T = £+ 273.16

(k) Equivalent airspeed

_ 1/2
Vé = WTG
(1) Air density
1,619 Pa

P = £, * 273.16

Gust Velocity

The three gust velocity components (vertical - UV, lateral - UL’

longitudinal - UF) were computed as follows:
U, = (Vpaa) + (Voap) 4 ¢ -V A8
+ anz at + 1 a6
U, = (vTAp) - (VTAa) Ad+ VpAy

- AV, cos A+ avy sink + LAy

Up = AVp - av, gin A - AV, cosA

282
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where
AFN + A aN
Vpae = 2 —E oV 8
T CNa'p T v
Ath6-+lnAaI
vV, AB = 2
T CNp ¢ VT Sv

As indicated by these equations, the incremental velocity components of the
aircraft relative to the ground are normally computed from inertial platform
measurements provided for this purpose. However, alternate methods have been
programmed for determining the gust velocity components based on cg or gust
probe acceleration measurements corrected for aircraft attitude.

U, = (vTAa) + (vTAp) Ad- Vp A0 ]
+/(AaN-AaLA¢)dt+Ler

U, = (pap) - (Vpoa) Ad + v AY ;

f - |

+ ‘j_(zsa1.+-zsanls¢ﬂ> dt. + Lkzsq: g?

I

b

UF = AVT - ](A‘F - AQ,NAO) dt ! ;

Incremental sngles of pitch and roll were computed from platform attitude
measurements corrected for fuselage bending by

aAQ = ALOM + kaSnR | ;

Ad = A’M + k\:A'L -

or from integration of the rate gyro measurements »

A0 = [Aédt
Ao-/éidt
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Incremental yaw angles were ubtained from platform true heading measurements
Ay =AA

or from integration of the yaw rate gyro.

AV = fmindt

After Simpson's one-third rule was employed for evaluating the integral terms,
the gust velocities were computed at 12.5 samples per second (sps), half the
basic sampling data frequency. Since low-pass numerical filters effectively
terminated all frequency components beyond 6 cps, no aliasing of any signifi-
cance was introduced by reducing the sampling frequency. This significantly
reduced the processing effort to obtain the gust velocities, yet retained

the accuracy associated with Simpson's integration of 25 sps.

The derived equivalent gust velocity was computed as follcws,

2Aa_W
U = L
de CL, Po Kg v, S

Wind Velocity

The average wind velocity, TJ'A(;, was determined from the average true airspeed
and inertial platform measurements. The wind velocity components with respect
to the aircraft are :

UAPX, = —VT sinA
] a -V, cosA

hence with respect to the ground

UA = -V sinA +V_,

Gx, T x

]
<|
0
o
o
>
+
<}

Ua

'G!t T y

e e ——— e - e e
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The magnitude and direction, W, of the average wind velocity vector are
therefore computed by

Power Spectra
The power spectrum of a stationary random function x(t) is defined ty

o(f) = hf R(T) cos 2nfrdrT
()

where R(r), the autocorrelation function, is given by

T/2
R(v) = %iﬂiz-lrfr/a x(t) x(t +7) at

To estimate the spectrum for discrete equispaced data, the Tukey method was
employed (Ref. 7 and 35). The numerical approximations involved in this
method for a discrete function xy of (n+tl) evenly spaced samples from O to nAt
gecons are presented in the folgowing steps:

Prewhitening - To minimize the possible distortion from the relatively high
pover anticipated atv the low frequencles, a prewhitening filter is applied to
the data. This high-pass filter is defined by the transformation

A
X = X X
q

q -1 qQ = 1,2, ... n

Autocorrelating - The autocorrelation function of the prewhitened data is
computed for imkl) time lags from O to mAt.

n-p

A 1 5‘ A A
Rp = T L xq xq*p p = O, ,1’ ces M
q=1
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Ry

Estimating the Raw Power - The raw estimates of power are computed by
numerically evaluating the cosine series transform of the autocorrelation
function ,

m
A A
Lh=’+AtZaRcos-hp—" h = 0,1, ... m
PP m
p=0

where

a = 0.5 P = O,m

D 0 <p<¢m

@
[
[y

. Smoothing the Raw Bstimates - The raw estimates are refined by a smoothing
0 technique called hanning.

A A A
0.25Lh_1 + O.SLh + 0.25Lh+1 h=1, 2, ... m-1

g
3

0.5L 2
Pn < 'Sm-1+o'5Lm

&

i ke . A e i ed i e

Postdarkening - The final power spectral estimates are obtained after the
smoothed estimates are compensated for the effect of the prewhitened trans-
formation performed in the first step, thus

8,
wh

2 - 2 cog—
m
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and represent the power &verage over the frequency band in cycles per second
defined by

In anslyzing turbulence data, it is deuirable to interpret their power spectra
as a function of inverse wavelength in cycles per foot. The average true air-
speed in feet per second is used for converting the spectral estimates.

2(1A,) = Vyo(s,)

The number of spectral estimates m is normally selected so that the data will
stay within certain confidence limits. The degrees of freedom k of a run of n
samples is a measure of the stability of the spectral estimates and is given by

k:-a_n-
m

Standard rms deviations are determined by numerically integrating the spectral
estimates for standard wavelengths, thus

1/)‘2 1/2

oo = | [ sam aam}
/5y

where Ao 1is the wavelength corresponding to the 5 cps numerical filtering cut-
off frequency and A\; is a standard wavelength. BRms deviations are computed
for wavelengths of lOOO 2000, 4000, 10,000, 20,000 -and 40,000 feet.

Cross_Spectra

The cross spectral density function between sample functions x(t) and y(t) of
stationary random processes is given by

v -2nifr
Qxy(f) = 2/ ny(f)e a

287
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where ny('r), the cross correlation function, is given by

T/2
R(r) = lin —;-f x(t) y(t+7) at
-T/2

If the cross correlation function, is given by
@ (£) = c(f) - 1a(e)

then c(f), the in-phase power called the cospectrum, is the cosine series
transform of the real part of the cross-correlation function

o5) - ,.}jl‘ ny(T)+Ryx(T)

cos 2nfT dr

2

and q(f), the out-of-phase power or quadrature -pectrum, ic the sire series
transform of the imaginary part of the cross-coi. elation Z.nction

(-]
R T) -R_\T
o(f) = f (D~ Bl ) sin 2nfr dr

o <

vhere
Ry (1) = R (-7)

The Tukey approximations employed to estimate the cross-spectra) pcwer for
discrete equally spaced data are presented below (Ref. 7 and 35).

Cross-correlating - Estimates of the croas-correlation function between ap
input disturbence x; ... x, and au output response y; ... y, are given by the
relationship

XY,

1l
n-p xq yq.’.p p' o’ 1, e R
q
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for (m+l) positive time lags of y wi.h respect to x, and by

for (1) neg:t -

R N
Ryxp'-;_-; 2 yq xq+p p=0,1, ... m
Q=i

time lags.

Eatimt% the C.‘.”‘..%.f iPch « The crose spectral power is derived by numeri-
cally evaluating - screte Fourier transform of the cross-correlation

function, thus if

':.'yhnch-iqh h=0,1, ... m

then the cospectral estimates are given by

B
= bp=x
°, 2A¢ 2 s, (ny +R_ ) cos
pao P P

and tire quadrature spectral estimmtes by

vhere

- 24t (R, -R_)sinZL
qh 1)2-0 ‘P X.‘lp nﬂp m

D e i 0 g A AT - N 8

e eremmrn et e
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Additional relationships are determined when a cross spectrum is requasted,
They are (l) the normalized cross spectrum given by

(2) tue phase lag given by

-1 %Y

tan
%n

and (3) the coherency function, measuring the linear relationship of x and y,
determined by

2 2
‘h t

3. @
*» n

Frequency-Response Functions

The frequency-response characteristics of cg normal acceleration due to
vertical gusts were estimated by two methods; the spectrum method and the

cross spectrum method. In the spectrum method, the amplitude of the frequency~
response functicn, |Hg(f)|, is based on the relation between the power
spectrum of cg normal acceleration denoted by & (f) and the power spectrum of
vertical gust velocity denoted by «by( f). x

2 o ()

.Ei-(ﬂ

The second method utilizes the cross spectrum of the cg normal acceleration
response to the vertical gust Qisturbauces. The umplitude of the frequency-
response function for the cross spectrum method ie given by

B,(2)
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- -~ THRESHOLD
O CHARACTERISTIC POINT

Y4 —-

S
]

EVEL

<3
=
\

<]

S tfla Al al /1]

r
L

)
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- -

INTERVAL ¢

@
-
E—
]
L@
L-g

]

COUNTS

Figure 164 Example of Mean Crossing Peak Count

Statistical Countigg Methods

Two statistical counting methods wera empioyed to define the distribution
characteristics of selected acceleration and velocity data. In both methods ,
the characteristic points are counted and classified into preestablished
positive and negative intervals constructed about the mean. The two methods
have different criteria for determining & count.

In the peuk count method, the characteristic points (peaks) are defined as
the maximum or minimum value between successive crossings of a narrow band
about the mean. The purpose of the narrow tand, called the threshold, is to
eliminate the counting of peaks resulting from insignificant fluctuations in
the dath. Figure 164 shows how peaks are determined, classified, and counted.
Note that the threshold in the example has been expanded for purposes of
clarity; it is normally plus and minus 10 percent of the counting iaterval.

In the level-~rossing count method, a count is made each time the trace of the
discrete data iclersects an interval level with a positive slope in the region
above the mean and with a negative slope in the regicn below the mean. An
example of the level-crossing count mathod is saown in Figure 165.

After a data run has been processed by one of the counting methods, the
following statistical paremeisrs are determined,

Frequsncy of Occurrence - In the peak count method the counts ave summed
within corresponding positive and negative intervals. The accumulated counts
tor interval levels yi and y.i are indicated by g(yi), the frequency of
occurrence,

291

LALL AL
2345678910

T A A AN Y Al AN SR IO 4 i 14 3 0

e

i

-

R YU

i

ST PP

o e

T

)




T AR LS PN T SRR IR L i e et

R Tt

b
-
L

P S

. g e e
A oA kA i a3

rusnnm

L

TR A 1 b0 Nt e S v et e e

Appendix IT

O CHARACTERISTIC POINT

INTERVAL LEVEL
3
¢

¥-2 ~= ‘Qi m—
'« Y
Y-3 FT‘T"'!"!“T_T"T"T"I‘"I"] /L.|

Y-4 —_— 0123456789%W0"° 27
COUNTS

Figure 165 Exaumple of Ievel-Crossing Peak Count

Frequency of Exceedance - For peak counts, the frequency of exceedance,
G{vi), is cetermined for each level. If N is the index of the maximum level
for which 8 count was detected, then

N
a(y;) = J};;s(yj) ia0,1, ... N

For the ievel crossing count method, the frequency of occurrence is the
frequency c¢f exzceedance, hence

6(y,) = &ly,)

Bxceedrice per Mile - If ths frequency of exceedance i# divided by the numbar
of wlles in a data run, the distribution becomes an egtimate of the

frequency of exreeding a given velocity or acceleration level per mile of
flight.. The exceedance per mile was computed by

o)
"IN

where 'rn is the elupsed time nf the da*a run in seconds.

J S

R QR i S




i
?
7
{
|
4

AP A VAR s o e

Appendix II

Probability Distribution Function - The probability distribution function
indicated by FTyi , represents the probability of exceeding a given level.

i ¥or level y 12

G(y

3

COMPUTER PROGRAMS
HICAT Basic Date Program

General - The HICAT basic data program is the first of six digital computer
programs designed to reduce and display pulse code modulated (PCM) data
previously processed to a computer compatible format in the HICAT ground

station.
The purpose of the program in its normal production mode is to read the

4 éround station tape on Lockheed-California Company's IBM System/360 Computer )
installation and perform the following sequential operations: ¢

e Unpack the airborne-recorded data

® Monitor frames for constant time interval
® Calibrate to enzineering units

’ [ Detect and correct sporadic data errors

° Apply sets of numerical filtering weights

S — - rmianis
. 01 e - gty .

® Compute mean: and standard deviations ,
f ’

| ®  Record the results on tape and list in tabular form.

The following programs in the HICAT series are designed tc accept the tape o
generated in this program as their input data source: !

e  HICAT gust velocity program
® HICAT power spectral analysis program

[ ) HICAT statistical analysis program

® HICAT plotting program

e  HICAT elevator response program.

’. Input Requirements - The primary input to the program is a ground station

' tape contm edited runs of flight-recorded data. A complete description
‘ of the format structure of this tape is given in Figure 166. Bach time step
or frame contains 5 digital channels of switching information, 3 time
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channels, and 40 analog chammels reserved for basic measurements.
data of 15 frames are assembled in logical records and the records are grouped

The packed

by files. Each file contains the data for one edited run.
FILE FORMAT

riLE I;r 2no 3nro 4m Sm™ 6™ Tm™ 8w
luﬂ'f.’ FRAME FRAME FRAME FRAME FRAME FRAME FRAME F RAME

™ ™ Tine 12 13m 4™ 5 END OF riLe
FRAME FRAME FRAMI FRAME FRAME FRAME FRAME ::S o IDENT,
[I'3; 2no T 13m™ 4™ 1Sm™ TND OF

rRAME rRAME ~RA AME rRAME | FRAME o

FRAME FORMAT
cuaNNELS | nannELe cne | clamncis camm]  cARALOR, cHANNELS CRANNELS
1

ti2ts fads b fa st Jaty lals teta s je ive
st wonrdp 2no  wonro 3n0 womo 4™h WORD St WORD 6 WomD
CRANNELS chANNELS cRAANELS ChARRECS cHANNELS CRANRELS

[} ' ]
1 Pa2des fra Lisfre |1 e is [20 iav | 22f 23] 2elgs o tor tas |
™ womo 8™ wome 9w Wwomo 10 womd  {fne WORD 2w« womo !
cANNELS ommEls | crmece cnANELS
'

29 1 i31 {32 133 |34 [38 |5 {37 |38 !9 fao
13™ wome 14 wone 15w wone 16 wono

Figure 166 Ground Station Tape Format
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Appendix II .

The following additional information is input to the program to control the
reading, processing and reduction of the tape data.

' Test parameters identifying the test and defining test conditions
including the status of the data acquisition system.

® Analog channel assignments defining the configuration of the basic
measurements in the analog channels.

° Calibration data defining the method of calibrating each measurement.

) Run paremeters providing the identifications and conditions required
for initiating the reduction of a data run.

o Status codes defining the logical path each measurement will follow
through the error seasrch and numerical filtering functions of the
program.

Unpacking and Reformatting - After the ground station tape data has been read
into a temporary vuffer, an unpacking routine is employed to disassemble and )
translate the data channels into working data tables as shown in Figure 167. i
Then, the three time channels are merged to construct the time of day in O
milliseconds. Next, the switching information in the five digital channels is '
isolated and then combined in the proper sequence to form one word of binary

- switching informatica and one wnrd of BCD switching information. Finally,
analog channels containing measurement data are directed to their assigned
position in the table.

i
%
H
-

e p—— - . i
S VERWIEA MTITVRR . :
e ——v————

Is
li
|
f
b’

i
it

|

la;

j
]

|

?
%

l‘
|

i
i

B35

f
!

i
:

4

i

ool

Figure 167 Basic Data Tables
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Editing - Although the data runs are formed as a result of editing information
obtained from the airborne-recorded data, additional information uncovered
after the ground station tapes are genersted may warrant further editing. For
this purpose the program permits a start time and stop time to be input to
limit the processing of data to frames within the previously selected times.
This capability also ensbles a data run to be divided into several smaller
runs. Each of these may then be processed individnally.

Correcting Time Errors - The time error routine ensures a constant time
interval of the duta frames consistent with the sampling freguency of the data
acquisition system. The times associated with contiguous frames are
interrogated to determine if the proper time interval is maintained. Whenever
an error is detected, a search is effected until the proper sequence is
established. If the number of frames in the disturbed region is not equal to
the number of time steps required to maintain the correct time interval, the
frames are sorted into sequence in the data tables. The data aszociated with
disturbed frames are then labeled for corrective action in the sporadiz error
correcting routine which follows. An error criterion may be inpvt which
limits each error search to a preestablished number of consecutive frames.

If no solution is detected within the prescribed limits, further processing

is terminated and the results are summarized and output for analysis.

Calibrating - Programming options are available for defining how each basic
measurement shall be calibrated. Figure 168 shows the pertinent functions of
the data acquisition process associated with the analog channel calibrations
produced in the data reduction phese.

As shown in Figure 168, the conversion of the raw data counts into engineering
units requires two calibration steps. The first step employs the calibration
of the PCM system. This calibration curve is entered with the count reading
and the corresponding voltag: reading is obtained by linear interpolation.

Th- second step employs the sensor calibrations to convert the data to
engineering units. Options are available for utilizing either polynomial
curve fits or table lock-ups for these calibrations.

Additional options are available. for bypassing all calibrstions Lf raw data
counts are desired or limiting the conversion process to just the first step
if only volts are desired. These provisions were added to facilitate the
checkout of the data acquisition system and to permit special data
presentations,

Correcting Sporadic Data Errors - Sporadic date errcrs are defined as wild or
accidental data samples outside the range normally assoclated with systematic
or random errors. Sporadic errors are detected by comparing the first order
differences of the data samples with preestablished Jimits. Limits were
assigned to each measurement tased on the data sampling interval. The
detected errors are corrected by interpolating a linear fit constructed from
data ssmples immediately preceding and following the disturbed area. Gaps in
the table resulting from the inclusion of time errors are similarly corrected.
All spcradic date errors and their corresponding corrections are summarized
and tabulated in separate listings for review.
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DATA ACQUISITION
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Figure 168 Data Acquisition and Reduction of Analog Channel Measurements

In addition, an error criteria may be established which limits the quantity
and type of error occurrences and restricts the processing of the bad test
data. :

Numerical Filtering -~ The requirements for low-pass filtering are provided
through the application of four sets of numerical filtering weights internally
defined in the program. The transfer functions of the filtering weights are
shown in Figure 90. One of the four weight sets may be selected for each
basic measurement depending on what frequency response is desired.

The numerical weights were determined by the method developed by Martin and
Gralam (Reference 33 and 34). Application of the numeri~cal filters is given
by the operation

N
Q1 = 2 Va¥i+n

n==-N

vhere w, are the (2N+1) filtering weights, xj ere the input data samples and
Qi are the corresponding filtered date samples.

Computing Means and Standard Deviations - The means and standard deviation
are computed for each measurement in the basic data tables and printed on the
tabular listings at the end of each run.
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HICAT Gust Velocity Program

PSR M Ona A

General - The HICAT gust velocity program was designed to compute aerodynamic
variables, gust velocity components, and the derived equivalent gust velocity
from the measurements reduced ir “he HICAT besic data program. Programming
options are avallable for computing the vertical, lateral), aud longitudinal
8 gust velocity components using various combinations of the basic measurements.

The computed quantities are output on tape for use in the HICAT spectral
analysis program and the HICAT statistical analysis program.

Input Requirements - The primary imput to the gust velocity program is the
output tape from the basic data program. Figure 167 lists the various

- measurements stored on tape. Accompanying the inmput tape is a group of cards
S specifying operational and computing information. The information appearing
on the card imput is as follows:

) Input and output tepe identification

) Loration of data on input tape, start and end time of selected data
sample, averages of airplane response data, input tape sampling
rate

v e Computation control codes, integration initialization valuwes, output.
’ print sampling rate

® Parameter adjustments, reference and general functicns.

¥hile a complete block of input is being read into the computer, initialigaticn
is performed. Commands positioning the imput and output tapes are executed
and all computing control information is stored.

o Operational Checks - To insure that the proper data tapes were losdsd, the data
) appearing in the status control block on the input tupe is read and compared
f against the card input specifications. If sny discrepancy occurs at this
time, the program iz immediately terminated and the reascns for termination
L ere printed cut to facilitate corrective action. The operationel checks
- include tape loading, tape positioning, tape identification, and data sample
1 selection. If no error is sensed vhile performing the cperaticnal checks
B the input tape is tbhen positioned at the specified start time of the selected
data sampie. C

¥ Prel Calculations and Tabulations - A speciified amount of data is read
' from the imput tape, parameter adjustments applied, and gust entrance con-
ditions and reference heading angls are computed. The results of these
calculations along with the input computing information are tabulated.

i

E General Processing Method - The general processing schems was to read data
from tape into an imput calculation table. Data in thia table was used in the
: subsequent calculations and stored in anm output buffer. This method
eliminated all data sample length restrictions since the input data was
processed in table-sized bites. The procedure was to perform input tape
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reads at the specified input sampling rate until the calculation table was
full or until the end time cor data sample end was reached. Then all specified
parameter adjustments were spplied to this table. If the end of the selected 1
data was sensed an appropriate flag was set. Computing continued in this 4 ]
| menner, selecting data from the input table, performing specified I
3 computations, and storing the answer in the output buffer. As the bufferc ]
: were slternately exhausted or filled, imput reeds or sampled output writes
‘ H into and from the appropriate buffers were executed. This process comtinued

until the end of the selected data sample wes sensed. When this occurred, a
finsl output buffer write was performed and wind velocities calculated and
output. If more imput data was avuilable, the program returned to the read
input position. If no more input was availsble, all data tapes were rewound
and unloaded and the computer run was terminated.

stations - The methods used in computing aserodynamic variables, gust !
velocity components, and wind velocity are described earlier in this appendix T
under Computing Methods. i

HICAT Spectral Analysis Program Wi

General - The HICAT spectral analysis program was designed to compute the ’ ':
statistical characteristics of turbuience data in the frequency domsin. i
Basically, the program may b: implemented to compute the following functions i
of the HICAT egquispaced time series data. t !
{
® Auto correlation ® Normalized cross spectrum L i
1 9 Power spectrum ® Coherency '
) Cross correlaticn ° Phase angle f
® Cross spectrum ® Frequency response function

The numerical procedures used in evaluating these functions are essentially
the same as those prezsented in Reference 7.

M_Rg&{ 158 - The imput data source may either be (1) the basic

measurements . ..orded oo ths tape generated by the HICAT dbasic data program, :
cr (2) the ssrodynsnic variables and gust velocity componeats recordsd on the P
tape generated by the HICAT gust velocity program. As data [fremes recorded ‘g
cn the input tape are read, the ssmples requircd for computing ths first :
wpectrum are directed to a table in core memory and the remaining data -
specified for procsssing are trensferred to reniom access magistic disk i
storege. Spectro are then computed until the data on disk is exhausted; !
whereupon the imput tape is repositioned and the next case initiated. L

The following information is imput for identificetion purposes and to control
mmwmwmum_mumm

® Test paramsters providing the necessary identification of test . AN
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° Spectral parsmeters defining the many options available for
computing spectra

oL aid

: % ®  Run paramsters defining the conditions under which cach run is to

" be processed i
1 b

AN & ° Data parameters defining the veriables for which & spectrum is .
: desired

Statistical Adjustment of the Data - After ell samples for a run have been
positioned ia the data table, two statistical adjustments may be applied to
the deta prior to spectral computations. First, the linear trend is removed
by subtracting from each sample the corresponding time points along the least
squares linear fit of the data. Second, the data may be prewhitened by
executing the transformation

oy
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However, due toc the distorting effect of this prewhitening, the resulting
spectrum must be compensated by postdarkening.

Spectral Computation - The mathematical operations involved in the computation b
of power spectra, cross spectra and frequency response functions were outlined
in this appendix under Computing Methods.

HICAT Statistical Analysis Program

3 Genersl - The statistical enalysis progrem provides capabilities for determining
- distribution characteristics of time series data. Two separate and distinect
methods are available. (See Figures 164 and 165.)

The first method is commonly referred to as the pesk count method. A peak is ‘
defined us the maximum date excursion between two successive crossings of a !
specified reference line. This reference may be designated to be the mean of i
the data or, wher~ drift may be present, to be the linear leatt squares fit of f
the data. Allow & for the "noise level" and reading resolution of the data »
may be nade by the specification of a threshold Value. This threshcld value ;
determines a bandwidth on each side of the reference line. The only date con=- |
sidered in the peak determination is that date that occurs outside of this ‘f
threshold. Peuk occurrences are determined, classified within intervals, and i
then counted. Any interval width may ve specified.

The second method, the level crossing count, is concerned with the interval
levels intersected if one were to connect the discrete polnts of the dats time
history. A threshold is not used in this method but the definiticn of the
reference and interval width is maintainel exactly as in the peak count method.
In the region above the reference line, only level-crossings with positive slopes
are counted. Similarly, in the region below the reference line, only level-
crossings with negative slopes are counted. All zero-crossings are counted.
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The frequency of occurrence, frequency of exceedance, and the distribution
function of the count data are computed. Other statistical quantities such as

the mean of the data, the rms of the data, and the rms of the peaks are also
calculated and tabulated.

The statistical analysis program will accept either the basic data output tape
or the gust velocity output tepe. The basic data tape is used as input pri-
marily to teke advantage of an available option to calculate and ecount derived
equivalent gust velocity. The analysis of this output is useful in deter-
mining the turbulence intensity.

Input Requirements - The data to be processed is supplied on magnetic tape.
Operational and ccmputing information is specified on card input. Information
appearing on the card input is as follows:

[ Input tape identification

° Location of data on tape, start and end time of selected data sample,
parameter selection

e Threshold and interval specifications

) Computation control codes, reference information

Operational Checks - During the input phase, the functions of program
initialization, tape positioning, tape read format specification, and computing
control definition are performed. Following this phase and prior to any com-
putations, an operational check is performed to ensure that the proper data
#ill be processed. This is accomplished by reading the informstion appearing
in the status control block preceding the selected data sample on tape and
comparing it with the data and tape requests as specified on the card input.

If any inconsistencies occur, error commernts are printed and the rum

terminated. If not, the input tape is positioned at the time specified to be
the data sample origin.

General Processing Method - To minimize tape manipulations and reduce card
input requirements, al) data parameters selected for processing are read from
the input tape at oue pass. The first data parameter requested is moved
directly tc a calculation table. Any remaining parameters are stored on
random access magnetic disk storage. As each parameter is processed through
the statistical analysis program and the results printed, another parameter is
moved from disk storage into the calculation table. This process continues
until all the selected data is processed. If more card input is available, the
program returns to the read input position. If nct, the input tape is rewound
and the computer run is terminated.

Counting Reference Determination - The reference to be used in the counting
methods may be defined in any of three various methoda. The mean or a linear
least squares fit of the data may be caiculated for use, or the coefficients
of any linear fit may be input. Once the reference line is determired, data
dev:~tions from this line are calculated. The counts ere performed on the
adjusted data array.
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Calculations -~ The rms of the fitted data as well as the rms of the peaks are
computed. The time between the first and last reference crossing and total
number of peak cccurrences are also determined. A time series tabulation of
all pesk occurrences is also formed. The counts are summed for corresponding
positive and negative interval levels. The counts are also summed for corre-
sponding absolute interval levels to provide frequency of occurrence. The
frequency of exceedance is determined for each level. The frequency of
exceedance is defined as the number of times that an absolute interval level
is exceeded. The probability distribution function, the probability of
exceeding a given level, is computed by dividing by the total number of peaks
or counts. The optional derived equivalent gust velocity, Uqe> Was computed
using average values as indicated in the following equation:

24a, W
Yae C, P 'l?"
L,o"g e

HICAT Elevator Response Program

@eperal - The HICAT elevator response program removes known elevator motion
effects from the cg normal acceleration time history. A transfer function
derived from elevator unit impulse time responses is applied to the elevator
angle time history. The result is a corresponding time history of elevator
induced cg normal acceleration. These induced accelerations are subtracted
from the original acceleration history to compensate for elevator motion. The
final corrected cg normal acceleration is used in the calculation of Uj,.
Results and intermediate calculetions are stored on magnetic t&pe and printed
in tabular form for further analysis.

Input Requircaents - Thu program accepts the HICAT basic data tape as its pri-
mary input. The following operational data is required by the program for data
selection and computation:

o Input and output tape identification
° Test identification, tape positioning, data sample selection

[ ] Transfer function selection; trim conditions, derived equivalent gust
calculation data.

?r&tional Checks - The ildentificaticn appearing in the data status control
block on the input tape is read and compared against the operational data input
to the program. This identification check insures that the proper tapes and
specified data samples have been salected for processing. A discrepancy at
this point causes job termination and error trace information to be printed
for remedial action. If the operation checks a.'¢ performed satisfactorily,
data processing is initiated.
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Preliminary Consideration - Trim information, transfer function selection, and
Uge calculation date are read from card input and stored. The data status
control block and parameter location assignments are updated. The required
parametere from the selected data sample are read from the input tape and
entered into disk storage.

General Processing Method - Trim values are subtracted from the cg normal
acceleration and elevator position time histories as they are selected from
disk storage. The specified transfer function is applied to the delta eleva-
tor position in the following manner:

Let Abe(t) be defined as the incremental elevator angle as measured
from the trim elevator position.

Let ry be the jth element in the array formed by evaluating the
trans‘}er function, r(t), at the data sampling interval, At, over a
finile time span. Then the numerical equation for the induced cg
normal acceleration time history is defined by:

k
&, = JZ rj Aaei-,j+l
for
l1si<N, k=i
iz N, k=N
where

N = the total number of elements in the transfer function array.

The induced cg normal acceleration is then removed from the incremental cg
normal acceleration. This corrected incremental cg normal is used in the cal-
culation of Ugq.

Output for the elevator response program is printed in tabular form and also
recorded on magnetic tape. The ocutput magnetic tape is identical in form to
the basic date input tape with the addition of four new parameters. These four
new perameters are adjusted elevator position (elevator angle less the trim
value), induced ¢g normal acceleration, corrected delta cg normal acceleration,
and derived equivalent gust velocity calculated using the corrected delta cg
rnorzal acceleration. The output tape genersted is compatible to all of the
HICAT programs and may be used for further processing.

Numerical Pilterigg Prom

General - the HICAT numerical filtering program applies a set of filtering

weights, as developed by Martin and Graham and discussed in this appendix
under Numerical Filtering, to HICAT gust velocity data. The program has the
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capability of utilizing any required digital filter, however, its use was
limited to using a variety of high pass filters only for its application to
HICAT data. Any of the data stored on the final gust velocity output tape may
be selected for filtering. Tabular output of raw and filtered data is
generated by the program. Output is also stored on another magnetic tape to
be used for further analysis.

Input Requirements - The program requires the final HICAT gust velocity tape
es its data source. Input cards specifying the parameters to be filtered and
the particular filter to be applied to that parameter are input to the program.
Operational data specifying input and output tape identification, data sample
selection and tape positioning information are also included with the card
input.

General Processing Method - Initially the selected data is read from the input
tape and stored in the calculation table. The first parameter to be filtered
is selected and the desired filter to be used is moved to the calculation area.
Application of the numerical filter is defined by the following operation:

N
A
x, = /) w x
i ﬁg:N n “i+h

where

w_ are the (2N+1) filtering weights
X, is the input data sample array

ii is the corresponding filtered data array

To apply the filter to the first and last N points of the data sample
array requires the generation of data outside of the given time series.

To satisfy this requirement the first and last N points were "folded" and
inverted.

After the data array has been filtered it is stored on an output tape with the
data formatted identically to the input tape. The resulting tape is then

available for analysis through the HICAT *ime history, spectral analysis and
stetistical analysis programs.

C taticns - The computations performed in the designing and implementing of
Egsg pass dfgital filters are in actordance with numerical data filtering tech-

niques as developed by Martin and Graham and described earlier in this appendix
under Computing Methods.
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