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iv Add new sentence after 2nd paragraph "E. Weiss was technically
responsible for the Flight Test Plan''.
v Fourth line, change from "“"meznsurators' to "mensurators''.
. L (3)
xii For Figure 5-43 change caption from "Camera Looking in Y

Direction of Figure 14} to "(Camera Looking in Y 3} Direction
of Figure 14 in Appendix B)'".

1-7 Figure 1-5 printed upside down.
2-6 Figure 2-3 printed upside down.
3-3 Fifth line from bottom, change from "morevoer' to "moreover!
3-4 For Flight 3, under Stilwell Parameters, change altitude from

80, 000" to 120, 000",

3-5 For Flight 4, change location from 177! x 337381 to
n37°071 x 737381 1,
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FOREWORD

This report contains the results of the Space Geodesy Aircraft Experi-
ment awarded Raytheon Company under Contract No. NASW-1932 by the Geodetic
Satellite Program Office, Office of Space Science and Applications, National

Aeronautics and Space Administration.

The experiment was conducted by the Equipment Division of Raytheon
Company under the direction of Mzr. Myer Kolker as Program Manager with
Mr. Emile Genest as Project Engineer and Dr, Charles J. Mundo, Jr.,

as Program Scientist. .

Successful implementation of this effort was due largely to Mr. Jerome
D. Rosenberg, Manager, Geodetic Satellite Programs, NASA OSSA, who -
initiated the effort, and provided the necessary initial direction and guidance,
and to Mr. Allen Selser, Technical Monitor, NASA Wallops Station, who continued

the direction and guidance through the conclusion of the experiment.

The primary objective of this experiment was to obtain measurements
at normal incidence of radar backscatter and waveforms for varied ocean

conditions.

ii



ABSTRACT

Measurements of the radar pulse shape and cross section per unit area,
OO, at vertical incidence from various ocean conditions were made during
the 1969-1970 Winter approximately 120 miles east of Norfolk, Va. The
radar equiprnent consisted of an X-band trahsmitter, receiver and antenna sys-
tem generating pulses of ten through one hundred nanoseconds. The reflections
were received on a high speed oscilloscope inside an aircraft flying at 10, 000
feet. Ocean truth was provided: (1) by two cameras located in the a.:i.rcraff:2
one of which obtained pictures which were subsequently processed to provide
two-dimensional Fourier transforms of the ocean surface; (2) by a NASA
ship on location which provided measurements of ocean and atmospheric con-
ditions, and; (3) by a second aircraft with a laser profilometer which pro-
vided precise measurements of the ocean waves, The results indi%ate a Go
ranging from 8 to 21 dB and a noticeable trend for o versus wind speed. The

waveiorm of the return compared favorably with the expected waveform.
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SPACE GEODESY AIRCRA¥ T EXPERIMENT
EXECUTIVE SUMMARY

During December, 1969 and January, 1970 sixteen test flights were
flown out of NASA's Wallops Station, Virginia with the purpose of measuring
radar pulse shapes and radar cross sections per unit area, 0’0, at vertical

incidence from wvarious ocean conditions,

The radar equipment consisted of an X-band (9 GHz) transmitter, re-
ceiver, and antennas (standard gain horns) capable of generating pulses as
narrow as ten nanoseconds. The transmitter was a low level local oscillator
with a TWT amplifier (12 watts) after the pulse modulation. There were two
receiving antennas (standard gain horns of 22 dB with 2 12° beamwidth) that
were cross polarized with respect to each other permitting measurements
of both direct and cross polarized return energy. The transmitting antenna
(8° beamwidth) was mechanically boresighted to the same axis as the receiv-
ing antennas. The receiver was a fixed gain superheterodyne type. A wide
band oscilloscope was used to indicate the sea echos which were photograph-
ically recorded. The number of pulses that were integrated, displayed and
photographed varied from one to 278. Most of the flights were flown at
10, 000 feet using a 20 nanosecond pulse width which resulted in pulse limited

.returns {rather than beam limited).

_ Ocean truth data was provided by (1) a down-looking camera which
photographed the ocean corresponding to the radar scope photographs, (2)
a second camera which obtained photos which were subsequently processed
to provide two-dimensional Fourier transforms of the ocean surface, (Stilwell
process), (3) a NASA ship on location at the test area which supplied measure-
ments of ocean and atmospheric condition, and (4) an ONR aircraft with a laser

profilometer which yielded precise measurements of the ocean waves,

Approximately 600 frames from ten of the flights were s\elected for

further examination. A point coordinate mensurator was used to precisely



measure the return pulse peak and noise level, and digitally record these
points on to punched cards. All the pertinent radar and environmental data
were recorded onto cards. These cards were used as the input data for a
processing program which calculated, by using a form of the radar equation,
the radar cross section, Go, for each frame. For each flight and for a
selected number of runs, the mean, the sta.-ndard deviation, and frequency

distribution were then calculated.

The spread of values of oo ranged from approximately 8 dB to 21 dB

for wave heights up to 12 ft and wind speeds up to 26 knots. In comparing

- for each flight with the sea condition, there appears to be correlation
between o and wind speed. Since the capillary waves are directly related

to wind speed, the data indicates that at X-band o is probably more dependent
on capillary wave formations than any other ocean parameter. The data also
showed no significant change in & when the aircraft was flying at various head-
ings with the sea direction, Expected pulse shapes, calculated for various
pulsewidths, altitudes and G‘o, compared favorably with the actual pulse shapes.
The rise times were linear and equal to the pulsewidth and the decay times

were related to altitude and beamwidth.

It is recommended that the analysis be further extended to measurements -
of rise and dec;ay times along with amplitude distributions as a function of time.
The Stilwell process should be further developed: by analyzing all the available
photographs. The relation between ¢ and capillary waves should be further
investigated by implementing a method of measuring the capillaries and per-
forming further aircraft experiments. These aircraft experiments should
also include measurements of correlation between pulses, altitude bias from

wave heights, waveform sampling techniques, and candidate data processors.
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SECTION 1. INTRODUCTION & SUMMARY

The Space Geodesy Altimetry Aircraft Experiment Program supports the
goal of developing a satellite radar altimeter which will be capable of measur-
ing the distance between the orbit and the ocean surface to accuracies of + 1
mei;er or better. At the present time, there is a lack of empirical data on

the way in which radar pulses are backscattered by the ocean at vertical in-

cidence.

During this Aircraft Experiment empirical data was taken which will aid in
developing a valid electromagnetic Itnodel of the ocean at X-Band as a function of
pulse~length, sea-state, and altitude. Radar returns from a variety of ocean
conditions were observed, recorded, and analyzed. This data will be useful for
designing a satellite radar altimeter capable of measuring heights above the ocean
to accuracies of £ 1 meter or better at altitudes of 1000 to 1500 kilometers and at
orbital velocities of 7 to 8 kilometers pe'r second. In addition, the data will also
be useful in intérpreting the data from the GEOS C Radar Altimeter Experiment
in which accuracies of £5 meters are expected and in which consideration is being

given to recovering the shape of the return waveform.

The objectives of the flight tests were to measure the pulse shape as
reflected from different ocean conditions and to attempt to find a correla-
tion beftween the return pulse shape and the ocean parameters. Specifically,
the intent was to obtain a measure of g (radar scattering coefficient) and

H{w) (impulse response) for various states of the sea or ocean,
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This final report describes the equipment used for making the measure-
ments (see Figure 1-1). It describes both the radar equipment and the auxil-
iary equipment for making the necessary measurements of ocean and aircraft
characteristics. Briefly stated, the basic radar system consisted of three
antennas, a receiver rack and a transmitter rack. The antennas were mech-
ically installed, and boresighted in the NASA C54 aircraft. The receiver and
transr:nitter units were mounted in standard nineteen inch racks in the aircraft.
Three operators were required to operate the radar equipment, auxiliary data
recording equipment, and the three cameras (oscilloscope, ground viewing,

and ocean spectra).

The data gathered in this experiment consisted of approximately 10, 000
frames of oscilloscope photographs, 10, 000 frames of ocean photographs at
vertical incidence, and 150 frames of ocean photographs at 45 ° incidence. 600
frames of oscilloscope photographs were reduced in order to obtain o and pulse

shape measurements. The process used in reducing the 600 frames of data is

described in Section 4. 0.

This report also attempts to relate o° to wave height, wave period,
wind speed and roll angle. The ¢° measurements are made with narrow pulse
returns as would be encountered in a satellite radar altimeter. The rela-
tions between pulse shape, altitude, pulse width and wind speed are derived
and compared to actual measurements. Various methods of obtaining ocean
parameters are described and compared. These include '"eyeball" estimates,
laser profilometer measurements, and two dimensional Fourier transforms
using photographs. The "eyeball" estimates of wave height, and wave period and
anemometer readings of wind speed were obtained from the NASA Range Recoverer
ship (Figure 1-2) on location in the measurement area. The laser profilometer
measurements were oig)tained by ONR personnel who used a Cessna 310 aircraft
with the laser equipment aboard (see Figure 1-3) in the same area. The ocean
spectra photographs were obtained from photos taken by a side looking camera on

the NASA C54 aircraft used in the experiment (see Figure 1-4, 1-5).
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Figure 1-1, Artist Concept of Aircraft Experiment



Figure 1-2, NASA Recovery Ship
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Figure 1-3, CESSNA 310 Aircraft With Laser Equipment Aboard




Figure 1-4,

Ocean Spectra Camera (Internal)




Figure 1-5, Ocean Spectra Camera (Fixternal)
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Summarizing the conclusions and recommendations:

Conclusions

o
1. o appears to have a functional relation to wind speed but none

to wave height, period, or direction.

2. - Variations in ¢ over the looking angles of 0 to 4 degrees are
small.
3. The distribution of the amplitude of the return signal and hence o‘o,

appears to be Rayleigh.

4. Cross polarized returns at normal incidence were 30 dB down

from direct polarized returns.
5. The return waveform and cro are unrelated to sea direction,

6. The leading edge of the return waveform was a consistent ramp

with little fluctuations.

7. The trailing edge of the return waveform contained large fluctua-
tions for the individual pulse but the average value had a predictable

decay functionally related to altitude, pulsewidth and beamwidth.

8. The average characteristics of the measured return waveforms

agreed with the computed waveforms,

9. Ocean parameters were consistently obtained by visual observa-
tions.
10. Implemented techniques for measurement of ocean parameters

included Stilwell photography and laser profilometry. The former
is simpler but it requires further development. The latter is

more complex and provides one dimension spectrum.
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Recommendations

1.

The same analyses conducted on the chosen 600 frames of data be
extended to the remaining frames to fully exploit the data from

this experiment.

Measure rise times and decay times and correlate with theoretical

values.

Analyze the distribution of pulse amplitude as a function of time

using a densitometer.

The Stilwell process should be further developed by processing all
the available photographs and extending the analysis of the results.
This includes, at least, analyzing frames from the same flight for
self consistency, correlation of Stilwell and laser profilometry

data from flight 5, and correlation with surface 'eye ball" reports.

o
The relationship of ¢ to surface wind should be further investigated
including flying over areas where the surface has no capillary waves
(no wind} present and includes conditions of no waves present and

swell waves present.

Altitude biases as a function of sea state should be investigated.
This includes ground range calibration and an independent accurate

source of aircraft altitude.

Correlation measurements between pulses as a function of time and
frequency shift should be performed to compare with satellite

measurements,

A waveform sampler should be implemented in addition to the

oscilloscope and camera.

Candidate data processors should be flown and compared.

1-9



10,

11.

Methods for ground truth measuring of capillary waves should be

inve stigé.ted.

In planning future aircraft experiments, major emphasis should
be given to methods, availability, and confidence level for the

ground truth measurement of the ocean surface conditions.
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SECTION 2. TEST SYSTEM

2.1 System Parameters

Table 2-1 gives the system parameters used in making the measure-
ments. Much of the data was taken at 10, 000 ft with 20 nsec pulses because:
(1) sufficient S/N was available at this altitude; (2} pulse limiting conditions

prevailed; and (3) the higher altitudes created opera:tiona.l problems because

of oxygen requirements.

The parameter values used were dictated by various practical and
operational considerations., The altitude of 20, 000 feet is the maximum limit
that aircraft available for this operation can fly. 'l;he pulsewidth values are
those which future radar altimeter designs will be considering and also those
which can be generated with present available equipment and a minimum of
in-house design effort, The transmitted power of 12 watts is obtained by
using a TWT amplifier unit packaged complete with its power supply. Higher
power units proved to be proportionately more expensive and impractical for
this application. The antennas are standard gain horns which are readily
available and have well controlled characteristics. The transmitted wave-
length is approximately 3 cm or X-band. The entire X-band from 8 to 12 GHz
was capable of being used although the experiment concentrated at one ar-
bitrarily chosen frequency (9 GHz). X-band was used because previous studies
have indicated that future GEOS radar altimeters will probablty operate in that
band.

The oscilloscope camera has a shutter speed of 1/50 of 2 second and
the prf was determined so that one pulse or up to 278 integrated pulses can

be displayed on an oscilloscope and photographed. This permits an evaluation
|
of individual pulse refurns as well as the integrated effect of many pulses.
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Table 2-1.

Altitude (ft)

Pulsewidth {nsec)
Transmitted Power (w}
Antenna Gain (dB) (two way)
Frequency (GHz)

Roll and Pitch (deg.)

Radar Output

Auxiliary Data

Pulse Repetition Rate
Bandwidth (IF)

Antenna Beamwidth - Transmit
Antenna Beamwidth - Receive

Detector

Signal-to-Noise
Prime Power
Size-Receiver
Size Transmitter

Weight per Rack Unit

System Parameters

1500,
10, 20, lo0

3, 12

47.3

9.0

0, 3, 5

Scope Photographs

Vertical Photos

Side Looking Photos

Roll & Pitch Recordings

Ship Reports on Sea & Weather
Laser Profilometer

0 to 5 KHz
200 MHz

8 degrees
12 degrees

Square Law

18 dB or greater
1200 watts

19-inch rack 4 ft high
19-inch rack 4 £t high
300 lbs,

5000, 10000, 15000, 20600



A wide IF bandwidth (200 MHz) was deemed desirable in order to obtain
clear pictures of the expected fast rise times. Bandwidths wider than 200 MHz

would have-made the system much more complex and expensive.

The antenna bearmnwidths were selected so that the system remained

pulse limited at the operating altitudes and yet provided sufficient gain.

The detector operated as a square law device and permitted convenient

calibration between power and voltage.

Signal-to-noise was kepthigh in order to see the effect of ocean param-

eters on the pulses independently of the thermal noise.

The prime power, size and weight for all the necessary equipment were

not critical parameters.

2.2 Radar System Components

The equipment (see Figure 2-1, 2-2) can be broken down into three
functional and physical subsystems. They are the transmitter, receiver, and
antenna. The transmitter and receiver subsystems consist of rack-mounted
units of general purpose equipments with a minimum of in-house designed

and fabricated units,

The antenna assembly (Figure 2-3) consists of two receiving standard
gain horns cross polarized with respect to each other and fed by a waveguide
switch selecting either receiving ho;n. A standard gain transmitting horn
completes the antenna assembly. The E-plane vector of the transmitting horn is

perpendicular to the line of flight.

2.3 Transmitter

The type of transmitter selected for this application is a low level
local oscillator with 2 TWT amplifier after the pulse modulation (see Figure

2-4), This is preferred over the magnetron type because it permits wide
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bandwidth or fast rise time pulses. It also permits variable pulsewidths and

pulse repetition rates to be used,thereby giving flexibility to the experiment,

The equipment shown in Figure 2-2 consists of various pieces of general
purpose lab instruments such as the klystron power supply, pulsia generator,
TWT amplifier, and variable attenuator. The other units were designed and
built by Raytheon. This approach of using as much off-the- shelf equipment
was used in order to minimize the design effort and have equipment avail-
-able on a short schedule. It also has proved to be the most economical ap-

proach and provides flexibility in parameter variations.

The local oscillator is a low level klystron (2kZ5 or equivalent) which
is readily powered with standard laboratory voltage power supplies. The
same power supply is also used for the receiver local oscillator. The kly-
stron is a very stable oscillator which also can be mechanically adjusted over

the entire X-band.

The requirement for fast rise times (5 nsed and narrow puls;as (20 nsec)
necessitates the use of a varactor switch which in turn requires an avalanche
trangsistor switch driver. These are shown in Figure 2-5., The-rise time is
controlled by ’the switching speed of the avalanche transistor and the varactor
diode. These have been tested and shown to produce better than 5 nsec rise
times . The pulsewidth is controlled by the length of the delay line used in
the circuit of Figure 2-5. The delay lines are various lengths of coaxial cables

(1.5 nsec delay/ft).

The switch driver is triggered by a standard pulse generator such as
those manufactured by Hewlett Packard or Data Pulse, This will permit
selection of pulse repetition rates up to 5 KHz and as low as one pulse (by
menual trigger). The pulse generator is also used to provide the synch sig-

nals for the oscilloscope and to provide the triggers for the camera controls
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The pulses are amplified in 2 TWT amplifier which has the necessary

bandwidth to preserve the pulse shape. The amplifier can provide a minimum

of 10 w peak CW power,

A variable attenuator (0 to 30 dB) on the output of the transmitter permits
the use of the system at low altitudes without imposing a requirement for large

dynamic range on the receiver,

2.4 Antenna and Microwave Assembly

The trangmitted and received signals are fed to the antennas through

.waveguide runs in the aircraft. Waveguide is required in order to keep the

losses to a minimum.

A mechanical antenna switch connects either of two receiving antennas
to the receiver. The two receiving anfennas are cross polarized with respect
to each other permitting measurements of the direct and cross polarized re-
turn energy during flights. The receiving antennas are standard gain horns
of 22 dB gain with a 12 degree nominal bfaamwidth. They have low sidelobe levels

(less than 20 dB). Switching between antennas is remotely controlled from the

cperator's console.

The transmitting antenna has an 8 degree nominal beamwidth, It is mechan-

ically boresighted to the same axis as the receiving antennas. The H-plane of the

transmitting antenna is parallel to the line of flight.

The isolation between the transmitting and receiving antennas is re-
quired to be in excess of 60 dB in order to avoid transmitter leakage. Tests
were run on the antenna prior to aircraft installation (see Figure 2-6) with
a simulation of the aircraft skin area in order to assure proper alignment,

isolation, and beam characteristics.

2.5 Receiver

The receiver used in this experiment (see Figure 2-7) is a fixed gain

superheterodyne type. The RF (9,00 GHz) received by the receiving antenna
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is converted to an intermediate frequency of about 120 MHz in ascrystal mixer
with no RF preselection. The local oscillator signal needed to perform this
mixing action is obtained from a low power klystron oscillator (Varian VA-
203B/6975). Both this local oscillator klystron and the klystron used to pro-

duce the transmitted signal are powered from the same power supply.

The intermediate signal produced by the mixer is amplified in a wide

band IF amplifier (see Figure 2-8).

The IF amplifier provides sufficient gain to produce an output noise
signal after video detection of approximately 10 mV., This means that with
a noise figure of 10 dB and a video rectification efficiency of 50 percent, the

rms noise signal from the IF amplifier will be 20 mV (IF noise power of 8 pW).

The gain (RF input power to IF output power) needed to produce this
size signal is therefore

N

iF 6
A = RTED © 10 (2_1.)
Gain A in dB = 60 dB. (2-2)

These gains are necessary in order to produce useful signal levels at
the :i:nput to the oscilloscope to be used for recording the signals returned
from the sea surface. With a S/N of 20 dB, the voltages at the scope input
will be 100 mV and, with 20 mV/em deflection, produce 5 cm of deflection on
the scope face. The IF amplifier has a useful dynamic range of greater than
40 dB. The unit requires power supplies of £ 12 volts dec. Both the IF and a
video output are available on this unit so that other kinds of detectors could be
used if needed (square law, coherent, etc.)., The physical size of this mixer

IF amplifier is shown in Figure 2-8.
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A wide-band oscilloscope (Tektronix rx;odel 585) is used to indicate the
return from the sea. This unit has a frequency response sufficiently wide
to obtain pulse rise times ‘of 3 to 4 nsec. A Beattie Coleman camera was
utilized to obtain photographic records of the resulting waveforms., Special
films (Kodak 2485) were used to permit recording single pulse returns as well

-as multiple returns.

2.6 Ground Support Equipment

The purpose of the Ground Support Equipment (GSE) (see Figure 2-9)
is to permit field maintenance, calibration,and sparing of the radar system.
The sparing is accomplished by providing units in the GSE which are identical
to the onboard equipment. The receiver and transmitter units in the GSE have

already been described in the previous sections.

For purposes of maintenance, a power meter, a VSWR meter, and a

Polaroid camera have been included as part of the GSE.

Preflight calibration of the onboard equipment is accomplished by dis-
connecting the aircraft antennas and attaching the GSE at the coax termina-

tions.

A special purpose for which the GSE was used was that of runway calibra-
tion checks. The equipment was used as a transponder by attaching receiving

and transmitting antennas.

The equipment is conveniently packaged in a mobile rack unit (see

Figure 2-10) for use and for transporting.

2.7 Component Specifications

Specifications for transmitter and receiver are shown in Tables 2-2

and 2-3.
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Figure 2-10, Ground Support Equipment In Mobile Rack NOT REPRODUCIBLE




Table 2-2, Transmitter Specification

Transmitter LO:
Low power klystron oscillator
Power
Tunable frequency
Output connections -

Convection cooled.

Diode Switch:
Bandwidth
Connections
Switching Time
Incident power
Max ims Loss

Isolation

TWT Amplifier:
Gain
Bandwidth
NF

20 mW
8.5 to 9.6 GHz

UG39/U

8.5 to 9.6 GHz
Waveguide - UG39/U
5 nanosec

50 mW cw

1.0 4B

> 25 dB

=30 dB
8.5 to 9.6 GH=z
30 dB

Max power out at gain of 30 dB = 10 watts

Integral Power Supplies rack mounted.



Table 2-3. Receiver Specification

Mixer IF Amplifier:

RF input 9.0 GH=z

RF input conn. . Waveguide (UG39/U flange)
IF frequency 120 MH=

Bandwidth 200 MHz

Noise Figure ~10 dB

IF output Zo = 50 ohm

RF to IF gain -~56 to 60 dB

Video Output Required

video det. efficiency =50%
video bandwidth ~ 100 MH=z

into reasonable resistive
load 50 ohm —1 kohm

1 dB IF compression pt 0 dBm

Oscilloscope Requirement:

1,

Delayed sweep greater than 5 psec delay time
delay jitter € 0.5 nanoseconds

Rise time < 5 nanoseconds
Vertical sensitivity adjust. min. of 10 mV/cm

Sweep speeds up to 5 nanoseconds/cm.

Camera (Qscilloscope):

1.

(5 I U T AV

Solenoid activated shutter )

/16 lens or better, shutter speed 1/50
Capable of using at least 100 ft of 35 mm film
Data storage on film

Simple to load.
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2.8 Output Data

The outputs of the system are pulses photographed from the face of an
oscilloscope. A single pulse display or an integrated pulse display can be
provided and photographed. The transmitted and received pulses ¢an be both

displayed on an expanded time scale and photographed.

The oscillescope photographs also contain a counter reading and clock

which aid in the data reduction.

2.9 Ground Camera

Photographs of the ocean were taken at the same time that radar
pictures were taken via the oscilloscope. These photos permitted a check on

the sea conditions and more importantly helped to explain any anomalies in the

data, such as returns from ships and clouds.

The ground camera (Flight Research Model IV) is a 35 mm roll-film
camera. The camera shutter is controlled by the circuits that control
the oscilloscope camera at the operator's console. Data synchronization is
v

obtained through use of a counter and clock which are photographed on the film.

2.10 Ocean Wave Measurements

The main requirement of auxiliary data was to obtain some quantitative
measure of the ocean.characteristics to be compared with the radar data.

Ocean wave heights, directions,and wavelengths were the quantities of interest.

Wind direction and wind speed indicators were furnished by the NASA ship
stationed in the test areas. Experienced personnel aboard the ship also provided

some ''eyeball" estimates of wave height and period.



Photographic techniques were used to provide an optical Fourier transform
of the photographed ocean and thereby provide the directional energy spectra of

the ocean. This technique was de‘veloped by D. Stilwell of NRL and is referred

in this report as the ""Stilwell" or '"Ocean Spectra' process. A side looking

camera (see Figure 1-4 and 1-5) provided high resolution photographs for use in
this technique. The camera uses nine inch film of low graininess. If is

mounted to look out the side of the aircraft at an angle of approximately 45

degrees from the vertical. Photographs were taken while climbing to the operating

altitude and at the end of the run when descending. Sets of photographs were taken

at angles of 0, 90, 180, and 270 degrees with respect to sea direction.

2.11 Aircraft Data

Roll and pitch data was continuously recorded on a strip chart-recorder.
Ajircraft altitude, cabin temperature, outside temperature and weather were

monitored and recorded by the operators.
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SECTION 3. FLIGHT OPERATIONS

3.1 Source of Data

The data collected on these flights came from many sources., This

section lists the sources and the data supplied by each.

3.1.1 Raytheon -

A) Radar Data

Transmitted power

Antenna beamwidth, gain, and polarization
Transmitted frequency

Pulse width

System losses

. Number of pulses per frame

[ L

B) Oscilloscope Data
1.  Oscilloscope settings

3.1.2 NASA Aircraft Data

1. A/C Altitude
2. A/C Heading
3. A/C Speed

4, A/C Location

3.1,3 Strip Chart Data

1. A/C Roll Angle

2. A/C Pitch Angle

3. Oscilloscope Camera Synchronization
4. Time of Day



3.1.4 NASA Range Recoverer Ship

3.1.5

3.L.6

3.7

3.1. 8

A) Ocean Truth Data

Wave direction

Wave height

Wave period

Wind velocity (speed and direction)
Air and Sea temperature

.

o U N

- Air Pressure

Oscilloscope Film

1. Received power
2, Pulse shape

Ocean Film (Flight Research Camera)

1. Ocean photograph for each oscilloscope photograph

Dr. Stilwell - Ocean Specta Film (K-17 Camera)

1, Ocean spectra data

ONR - Laser Profilometer

1. Ocean spectra data



3.2 'Summary of Flights

The value of the flights is determined primarily from the availability of
useful data. Table 3-1 is a summary of the radar and environmental parameters
that were recorded for each flight. In the following paragraphs each flight is

briefly summarized. Included also are various observations that were made

during the flightsl

3,2.1 Flightl - Nowv-24-1969

This flight, the first of three shakedown flights, was flown over coastal
waters near Wallops. From a height of 6000 feet, 8 Stilwell photographs were
taken and 4 radar runs were made using Flight Pattern 3, (Figure 3-3) the
rectangular pattern. However, it was observed that sea direction is difficult
to obtain accurately at this altitude, and that morevoer any estimate is likely
to be off by 180°, The strip-chart was not recording for the entire flight and
the ground camera worked only for a short while. :Also, according to the
NASA FPS-16 radar, the C-54 altimeter (SCR-718) could be off by 400-600
feet at 6000 ft. This flight lasted two hours.
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Summary of the

Radar and Environmental Parameters

FLIGHT 1 FLIGHT 2 FLIGHT 3
RADAR PARAMETERS 11/29/69 12/11/69 12/12/69
Pulse Width . 100 pus . 100 us
Polarization crass direct
Pulse/Frame 50 50
Frame Rate 1/sec 1/sec
Pulse Repetition Freq. 2500 ;:' 2500
Peak Power 12 watts < 12 watts
Attenuation a 16 dB
Sweep Speed g .lps/fem
Amplitude Set, 01 viem
Time Delay 2.0 ps '41. 5 ps —
ENVIRONMENTAL
PARAMETERS —
Sky Cendition Clear Clear FPartly Cloudy
Cabin Temp. 75°F 75°F 75°F
Water Temp,
Wind Direction
Wind Speed
Sea Direction 146* or 326° 150° or 330°
Altitude 6000 Ft. 1000 Ft! 20,000 Ft
A/C Velocity 150 Knotsl 145
No, of Runs 4 2 I b e
Location Off Shore Off Shore 37°50" x 75° 20°
Air Surface Temp,
Wave Heights
Wave Period
STILWELL PARAMETERS
No, of Runs 4 8 4 8 4
Altitude 6000 Ft 1000 18, 000 1000 80,000
Camera Parameters 11 f11 -2-6—5@116 -2-6-0@122
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Table 3-1.

Summary of the Radar

and Environmental Parameters (Cont.)

FLIGHT 4 FLIGHT 5 FLIGHT 6 FLIGHT 7 FLIGHT 8 FLIGHT 9
RADAR PARAMETERS 12/15/69 12/17/69 12/18/69 1/6/70 1/8]70‘ 1/9/70
Pulse Width . 100 s L 100 ps [, 020 ps], 020 p8  ——~———e [. 100 ps L 020 ps .020ps -
Polarization direct dirget ———« Jcross direct |cross [direct |direct (|direct direct
Pulse/Frame ] 50 50 50 [ T 50 50 50 1 393,4500 1 2 |50 |278 :
Frame Rate NA ' 1/sec 1/sec 1/sec ——— |NA 1/sec 1/sec 1/sec NA NA NA ﬂ
P, 1. F, NA 2500 2500 2500 NA 25800 2500 2500 NA VAR. NA NA 1250013900 :;
Paak Power I2 watts 12 watts ———e |12 watts 12 watts 12 watt <
Attenuation 10 dB 0dB —f—— 0 dB [ T:) Ap
Sweep Speed ,050us/em L05ps/femd———- |.06ps/cm 500 .050ps/cm | ,05ps/em - oF
Armplitade Set. 00 v/em 050 |, 020 " ) A
phtute Se Zg{)v'cm viem |v/cm Svlem  |Jlvfem |.200v/cm [ 100 L, 010 . 050 2.9ps [100 viem | v/em [ 1].05|.08
21.25"
E;‘JV!R%El}la.\}I?ENTAL 3.1ps 10 ps 10 ps 2,8 pus 20 ps 3.2 ps 36,0 us 36, Ops [54.0 ps? 20 ps
PARAMETERS
Sky Condition Partly Cloudy ——uij——-op Partly Cloudy — |Partly Cloudy Cioudy Cloudy Cloudy
Cabin Temp, 75°*F 75°F ———— | 75°F 75°F 70°F T0°F
Water Temp, NA NA NA 58°F 53°F 61°V
Wind Darection 293* 320° 330° 310° 350° 290°
Wind Speed 26 knots 16 knots wmle—————g [ B=16 knots 3 knots 19 knots 30 knots
Sea Direction 290° 3z20° 3307 320°* 340° z90"
Altitude 1500 ft  |5000 {t | 5000 ft | 1500 & 10,000 ft | 1500 ft 15, 000 £15, 000 £t/20, 000 fy500 {15,000 6 | &' o
A/C Velocity 165 155 165 160 160 160 150 165 198 208 186
No. of Runs 8 12 [ 4 6 4 6 b [ 4 6 6 b 6 |6
Location 7907 x33°38¢ 37°07'x73°38" 37°07' x73°28! 33707 XT3 | 37007 x 73028 394
Air Surface Temp, 46.4°F 4,5%C —f————e 6,2°C 9.6°C =2,3°C
Wave Heights 8 ft 4-6 [t ——f— 35 0L 34t 12 fx T ft
Wave Period 8 sec 7 sec fr———e | NA 5 sce 8 sec —e | NA
STILWELL PARAMETERS
No. of Runs 8 8 | 8 E 4 4
Altitude 1500 1500 | 1500 2 1000 1000 it £16
Camera Parameters -zﬁl-o-(ﬁ‘n fI1 Focal Length ﬁ'ﬁ at fll '2'(')-0' @ f11 Laser Data Available ﬂg— w {16 E'l_o :?;j

Lasgser Data Available

Laser Data Avatlable
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Table 3-1. Summary of the Radar and Environmental Parameters (Cont. )

’

FLIGHT 10 FLIGHT 11 FLIGHT 12

RADAR PARAMETERS 1/20/70 1/21/70 1/22}70
Pulse Width -010 ps - 020 pus
Polarization direct & direct >
Pulse/Frame 1 2 10 50 148 1 2 10 [ 50 | 148 | 278
Frame Rate NA NA| NA 1 1/2 NA NA| NA|1 1/2 | 1/2
PRF NA NA 1500 1250075400 | NA NAB00 ,2500,5400,13900
Peak Power 3watts g 3 waitts
Attenuation 20 dB - <> {0dB ”
Sweep Speed NTR <o |.050 -

ws/cm a " ws/em
Amplitude Set, . 010/ - oL (.05 .02

cm e lviem
Time Delay 10 us it 21 s
ENVIRONMENTAL
PARAMETERS
Sky Condition Cloudy Clear
Cabin Temp. 70°F o 70°F -
Water Temp, 32°F NA
Wind Direction 080° = 330°
Wind Speed 3 knots 15 knot s
Sea Direction None 265°
Altitude 5000 ft 10, 000 ft
A/C Velocity 160 - 164 knots

knots
# of Runs 4 4 4 4 4 4 4 4 4 4 4
Location Tangier Sound Tangier |Long Island Sound
Air Surface Temp. 27°F e NA
Wave Heights Calm 2 ft
Wave Period Calm - NA
STILWELL ;
PARAMETERS i
# of Runs 4 4 NA NA m
- * [ -
Altitude 1500 ft | 5000 ft NA 1o
Camera Parameters ?(%6 @ {8 E‘éﬁ @ 18 NA NA =

-oA
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Table 3-1. Summeary of the Radar and Environmental Parameters {Cont.)

RADAR FLIGHT 13 FLIGHT 14 FLIGHT 15 FLIGHT 16
PARAMETERS 1/26/70 /27770 1/28/70 1/29/70
Pulse Width . 020us . [.02us | 0lps |.020ps . 020us
Polarization direct » |cross direct crgssdir}du. direct direct - - -
Pulse/Frame 1’ 1050148278150 1 10 |50(148p0 |50!50 1 10 [50[148278[50(1 1050 14850 |148
Frame Rate NA NA 1[1/20/2 |1 NA Al 1(1/2f1]1 1 NA NAL 1/21/2) 1 |[NA Nall n/2a1 |1/2
PRF NA co0 | Byl %, | 0| 2500 INA  lsaoy %, 195, %, 2500 | NA 5005, % P | NA |50’y T B, 5400
Peak Power 3 watts 12 watts| 12 watts 12 watts|
Attenuation odB odB — + odB odB
Sweep Speed . 0Bpus/cm > - 05ps/cm [, 20 « 03ps/fem & [, 05us/cm
Amplitude Set . 02v/em) . 01v/cml, 05v/emozjoz|.05{01{05|, 05 « 10v/em . 054 05, OZV/CH:] » | 04, 05
Time Delay 2lus . Joz. 02.05. 01, 05. 05 21.5us

Roll Angle '3° 5° “olor Film
Environmental
Parameters K
Sky Condition Cloudy s  |Partly Cloudy Clear |[Clear Clear -
Cabin Temp 75°F 70°F - |70° A75°F T5°F
Water Temp 58°F 55°F 55°F 55°F -
Wind Direction 220° 360° > 10° + |210° >
Wind Speed 26 kts 12 kts 6 kts 22 kts
Sea Direction 220° 350° 10° 210°
Altitude 10, 000 {4 10, 000 {t *|24A0 ft |10, 00C ft 10, 000 ft
A/C Velocity 159 kts - 177 kts 180 185 kts 177 kts -
No. of Runs 4 4f(4(4]4 [4 4 414|444 iFrames)4 41 4| 4/414 14 41 4] 4|4 |4
Loecation 37°07 N x 73°380w 37°07TN x 73°38' w jf:nd 37°07 T N x 73°38 w 37°07' N x 73°38! |w
Air Surface Temp. 55°F 43°F 51°F 60°F
Wave Height 9 it - 5 ft - 34t « |7 ft . -
Wave Period 8 sec - 5 sec - 4 sec w {7 sec *
Stilwell
Parameters
No. of Runs 8 4 4 4 4 4 4 4 8
Altitude 1500 ft 1500 ft 1500 ft 10, 000 ft | 1500 ft lSO‘:lffi:ZlfL)i Oofﬁzﬂé 115 00£ Elt6 15100 ?:22
Camlera Parameters leo@fuzlﬁ @ile ﬁ@flé ﬁ@fzz _2___016_@{22 31-50_@ a 2_0((5& 2—60@ ﬁ

PR SCICTRCINC A




3.2.2 Flight 2 - Dec-11-1969

This flight, the second shakedown flight, was flown over approxi-
.ma.tely the same area as the first flight. Upon arriving at the test area a
Stilwell pattern was flown at 1000 feet without regard to sea direction. The
C-54 then climbed to 18, 000 feet for the radar runs, The climb took about

45 minutes, which was considerly shorter than had been predicted. Since the
C-54 was above 10, 000 feet, oxygen was required by the crew for the first
time. The radar return signal was strong, but at approximately 17, 000 feet
the oscilloscope developed synchronization problems and a trace could not be
obtained. All radar runs, therefore, had to be aborted. A Stilwell pattern
was flow at 18, 000 feet and then again at 1000 feet. The purpose of the second
Stilwell pattérn at 1000 feet was to observe what effect condensation on the lens

had on lens resolution.

3.2.3 Flight 3 - Dec-13-1969

This was the last shakedown flight. Since there was no usable data
from flight 2, a similar fl_ight plan was used except that only the 100 nanosecond
pulse width was attempted (It was extremely difficult’to change pulse widths
while using oxygen). The radome was removed for this and subsequent flights
in order to improve the return signal level. Stilwell patterns were flown in
the following order: 1000 ft., 20, 000 ft., 1000 ft. Some radar data was taken
at 1000 feet and a full Radar Pattexrn 2 was flown at 20, 000 feet. It was difficult
to see any return signal using cross polarization, so'direct was used
during the entire flight, The sea direction could not be determined, so that

arbitiary headings were flown during the data runs.

-

3.2.4 Flight 4 - Dec-15-69

This was the first data flight. It was flown over the Atlantic Ocean
about 120 miles east of Norfolk at 37° 07' N, 73° 38'W (hereafter known as

GEQOS test area) with ocean truth data being furnished for the first time by the
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NASA Range Recoverer ship. ONR personnel were to fly with us in their Cessna
with the laser profilometer but they had to cancel due to aircraft problems. How-
ever, it had been decided previously to fly at a low altitude, 5000 feetf, so as to
make coordination between the two aircraft easier. A low cloud ceiling forced the
cancellation of the 5000 foot Stilwell pattern. Two Stilwell patterns were flown at
1500 feet, one before the radar runs and the other after. At 5000 feet Radar
Pattern 1 (Figure 3-1) {12 runs) and Pattern 2 (Figure 3-2) (6 runs) were flown.
Some single pulse per frame data was taken during the Stilwell patterns. The re-
sults confirmed that individual pulses are visible on the film., 10 dB of attenuation
was.delibera.tely put in the receiver so that the return signal would not be saturated.
The roll and pitch gyros were operating and the strip-chart was calibrated

and operating. The counter of the ground (Flight Research Camera) camera

jammed although the camera itself operated.

3.2.5 Flight5 - Dec-17-1970

This flight was flown at 10, 000 feet in the GEOS test area. Due to low
cloud cover Stilwell Patterns were only flown at 1500 feet. ONR personnel flew
their Cessna and took laser profilometer data. The Range Recoverer was on
station and relayed ocean truth data to the C-54. An attempt was made to change
the pulse width but during the change a connector pin was bent,making further
data runs impossible. Therefore, only one Radar Flight Pattern 2 (Figure 3-2)

was flown at 10, 000 feet.

3.2.6 Flight 6 - Dec-18-1970

ONR personnel accompanied the C-54 again with their laser profilometer.
The low cloud cover over the GEOS test area again forced cancellation of the
high altitude Stilwell pattern. Radar Flight Pattern 2 was flown twice at 15, 000

feet and once at 20, 000 feet. There did not seem to be any noticeable return
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during any of the cross polarization runs, but there was a strong return
signal when direct polarization was used. The transmitted frequency was

measured to be 9. 00 GHz.

3,2.7 Flight 7 - Jan-6-1970

The Range Recoverer was on station in the GEOS test area, providing
the only source of ocean truth data for this flight. There was a Navy block
to all aircraft in the area from 0 to 5000 feet with 2 cloud cover somewhat
below 5000 feet, All Stilwell patterns were therefore cancelled. Also,
because of the cloud condition, the ground camera was not used.
Pattern 2 was flown once at 15, 000 feet with the pulses per frame varied
during each run. Although usable data was obtained, the procedure of
varying pulses per frame during each run was time consuming causing each
run to cover a large area of ocean., Therefore, on following flights pulses

per frame were kept constant during each run and only changed between runs.

Upon returning to Wallops a system calibration check was attempted by
flying over the GSE on the runway. The GSE picked up the aircraft signal

for a very short time while the GSE signal was not received in the aircraftf.

3.2.8 Flight 8 - Jan-8-1970

Before flying to the test area, another attempt was made at a system
calibration check using the GSE, Four passes over the runway at 5000 feet
gave very marginal returns but did permit a verification of the system calibra-
tion. Because of the low ceiling and the trouble receiving the signal from the
GSE, the 10, 000 foot passes were cancelled. The calibration runs scheduled
upon return from the test area were cancelled due to stormy weather. After
arriving at the GEOS test area (370 07' N, 73° 38'W), it was learned that the
Range Recoverer went in toward the shore during the night because of stormy
seas, The ship was at that time 80 miles west of the test area, at 37°N, 75°W.
Since the ship was in coastal waters, it was decided to make the rada;: runs at

the test area rather than over the ship.



The ship's ocean truth and weather reports were used as estimates of the
conditions in the test area. Because of the very low overcast and surface

fog, only one Stilwell pattern was flown at 1000 feet. Flight Pattern 2 was flown

4 times at 10, 000 feet with the pﬁlses per frame varied with each pattem.

3.2.9 Flight 9 - Jan-9-1970

Two Stilwell patterns were flown at 1000 ft upon arriving at the test
area. The C-54 then climbed to 10, 000 feet for the radar runs where it was
discovered that the TWT had failed. The transmitted and received signals
were lost, and thus the radar runs were cancelled and the C-54 returned to

Wallops.

3.2.10 Flight 10 - Jan 10-1970

The 12 watt TWT that failed was replaced with a 3 watt TWT, In order
to get calm water conditions, this flight was flown over Tangier Sound in
Chesapeake Bay. The Range Recoverer was in the sound and reported a calm
surface although the surface appeared from the‘ aircraft to have a small wave
pattern. There was a considerable amount of ice along the-shore of the Sound,
although the center of sound was ice free except for a few small patches. Two
Stilwell patterns were flown, one at 1500 feet and one at 5000 feet. Radar

. Pattern 3 (Figure 3-3) was flown 5 times at 5000 feet.

3.2.11 Flight 1l - Jan-21-1970

This flight was scheduled over Tangier Sound,but during the previous
night the Sound became completely frozen over., The Range Recoverer, still
in the Sound, was unable to get to any other possible test areas that day.

Therefore, the flight was cancelled and the C-54 returned to Wallops.
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3,2,12 Flight 12 - Jan-22-1970

This flight was scheduled over L.ong Island Sound in an attempt to
get calm water‘conditions. Sea direction, wave heights, and wind velocity
estimates were based on observations from the aircraft and on radio conver-
sations with the Bridgeport, Conn. Air Control Area. There ‘were no Stilwell
photos taken on this flight and all the ground film was later accidently double-
exposed during flight 13. Radar Pattern 3 was flown six times with a different

number of pulses per frame for each pattern. The 3 watt TWT was again used.

3.2.13 Flight 13 - Jan-27-1970

With the Range Recover again on station, the test flights resumed
in the GEOS test area, 37 07" N, 73° 38'W. Three Stilwell Patterns were
flown at 1500 feet, and low cloud cover forced the cancellafion of the 10, 000
foot Stilwell Pattern. As me;xtioned above, the ground film was accidently
double -exposed on the film of flight 12. Radar Pattern 3 was flow six times,
five times with direct polarization and once with cross polarization. There was

no signal return when the horns were cross polarized.

3.2.14 Flight 14 - Jan-27-1970

The 12 watt TWT was repaired and reinstalled for this and the
remainder of the flights. This flight was over the GEOS test area with the
Range Recove-rer supplying ocean truth data. Three Stilwell Patterns were
flown six times each. For one pattern the aircraft was kept at a constant 3° roll
angle which caused a slightly reduced return signal. The cross polarized mode was
tried again with no success. Before returning to Wallops, the C-54 flew over
Tangier Sound and found it to be ice~bound, which precluded any further testing

in that area. The ground camera was jammed for the entire flight.
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3.2.15 Flight 15 - Jan-28-1970

Radar Pattern 3 was flown gix times on this flight over the GEOS fest
area. One pattern was flown with a constant 5° roll angle,which again caused a
slightly reduced return signal. Three Stilwell patterns were flown, two at
1500 feet and one at 10, 000 feet.

3.2.16 Flight 16 - Jan-29-1970

This last test flight was flown over the GEOS test area. Three Stilwell
patterns were flown, two at 1500 feet, and one at 10, 000 feet. Radar Pattern 3
was flown six times. On the last two patterns extended range color film (E. G. G.

Type XR), rather than black and white film, was used.

3.3 Typical Data Sheets

The data sheets presented in this section are the actual data sheets ;.Eor
flight 14. The original data sheets for the other flights are similar to the ones
presented here. The data was recorded during the flight by the Raytheon
. controller. He received this data from the Raytheon radar operator, the
aircraft pilot and/or co-pilot, the NASA Range Recoverer, and the ocean

spectra (K~17) camera operator.
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3.3.1 Flight Data Sheet

FLIGHT DATA SHEET (1) oF (1)

FLIGHT # 14

pAaTE 1/27/70
Take-off 9:45 A.M.
Land 1:30 P. M.

LOCATION NAME OF _RECORDER
Wallops 9-D J. Bartlett
STATUS OF QTHER ELECTRONIC EQUIPMENT
EQUIPMENT STATUS:
PULSE WIDTH: {a) {(b) 50 T {e) 200 {(nancsecs)
POLARIZATION: (a) direct (b) cross (see below)
PULSES/FRAME : (see below) .
FRAME RATE: {a) 1/2. (b} 1 (e} 2 {per sec) varied
BEAM WIDTH: {a) 8° () 16°
PEAK POWER: (a) 10 {b) 20 C-@ watts
FILM ROLL #: fa) c (b) BW _¢/
ENVIRONMENT:
SKY CONDITION: (a) Uniformly Overcast
(b) Cloudy .
(c) Partly Cléudyv
(@) pPuff Ball Clouds
(e} Clear
(f} Rain
{g) Fog
VISIBILITY RANGE: 8m
HUMIDITY:
CABIN TEMPERATURE: (0° F
OUTSIDE AIR TEMPERATURE:
WIND VELOCITY AND DIRECTION FROM A/C:
THIS SHEET PERTAINS To Runs _ 1 Roll
TOTAL NUMBER OF RUNS FOR FLIGHT Run # Pulse/Frame Polarization Angle
1,2,3,4 1 dir 0°
24 5,6,7,8 10 dir g°
9, 10, 11, 12 .50 dir 0°
13, 14, 15, 16 148 dir 0°
17,18,19,20 50 Cross Qe
21,22,23,24 50 dir 3°
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3.3.2 Run Data Sheet

3900~3906 ~ Transmitted Pulse
PLIGHT ¥ DATE NAME Sheet 1
14 1/27/70 J. Bartlett
FRAME # AIRCRAFT SEA LOCATION
_ TAS DIRECTION _ TIME
RUN | START | END HEADING VELOCITY ALTITUDE HEADING LATITUDE | LONGITUDE DELAY
113919 t 3948 350-° 177 kts 10, 000 ft 350° 37° 07N |73° 38'W
213951 | 3980 260° 177 ktsg 14, 000 £t 350° 37°07IN|[73° 38'W
313983 4012 170° 177 kts 10, 000 ft 350° 37° 07N |73° 38'W
44016 | 4045 080° 177 kts 10, 000 ft 350° 3T° 07N |[73° 38'W
5 4048 | 4077 350° 177 kts 10, 000 £t 350° 37° 07'N|[73° 38'W
& K080 4109 260° 177 kts 10, 000 £t 350° 37°07'N|73° 38'W
T@l1Z2 | 4141 170° 177 kts 10, 000 ft 3560° 37° O7TN|73° 38'W
8dldd | 4173 080° 177 kts 10, 000 ft 350¢° 37°07'N|73° 38'W
9 4l76 | 4215 350° 177 kts 10, 000 £t 350° 37°07IN|73° 38'W
10 4218 | 4257 260° 177 kts 10, 000 ft 350° 37° 07N |73° 38'W
11 4260 | 4299 170° 177 kts 10, 000 ft 350° 37°Q7MN|73°°38"W
12 ¥302 | 4341 080° 177 kis 10, 000 ft 350° 37°0Q7'IN{73° 38'W
13 4344 | 4383 350° 177 kts 10, 000 £t 350° 37°07IN|73° 38W
I

Amp
Set
v/em

. 050
. 050
. 050
. 050
.020
. 020
.020
. 020
. 020
. 020°
.020
.020
. 050"
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3. 3.2 Run Data Sheet {Continued)

3900-3906 Transmitted Pulse
PLIGHT # DATE NAME . Sheét 2
14 1/27/70 J. Bartlett
FRAME # AIRCRAFT SEA LOCATION
Amp
DIRECTION TIME
RUN | START END HEADING VELOCITY ALTITUDE HEADING LATITUDE LONGITUDE ‘DETAY S et
14 |4386 {4425 | 260° 177 kts {10,000 ft. | 350° 370 07N |73° 38'W 050
15 |4428 4467 170° :
16 | 4470 |4509 0802
17 |4512 |4532 | 350 010
18 |4535 4554 | 260°
19 | 4557 {4576 170°
20 | 4579 4598 | 080°°
21 {4600 |4640 350° . 050
22 | 4643|4683 | 260°
23 | 4686 4725 170°
24 14728 {4767 | 080°
4773 ;4782 TRANSMITTED PULSE
i




3.3.3

Ocean Truth Data Sheet

FLIGHT

RUN(S 5 DATE LOCATION
14 All 1/27/70 Wallops 9-D
J. Ba-rtlett Time: 10:10 AM
PARAMETER VALUE SOURCE
SURFACE WIND 0 Range Recoverer
DIRECTION 360
SPEED 12 kis "
TER SURF
TEMPERATURE 54. 6°F "
AIR SURFACE o] -
TEMPERATURE 43 F "
WAVE HEIGHTS 5 ft "
AVERAGE
{DOMINANT) - o
WAVE DIRECTION 350 n
AIR PRESSURE 1020. 3 mb n
VISIBILITY 8 miles "
WAVE PERIOD 5 seconds "
DEW POINT 36° "
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3.3.4 Ocean Spectra Data Sheet

OCEAN SPECTRA CAMERA (STILWELL)

FLIGHT | FRAME- A/C SEA
8- 3 ALTITUDE |HEADING | DIRECTION! TIME | cOMMENTS
14 142 1,500 Ft. | 350° 350° 10:30 § Before Climb
344 260° 10:32 {16 @ 1
5+ 6 170° 10:33 200
7+8 ' 080° 10:34
9+10 | 10,000 Ft.| 350° 11:46 § 22 @ 1_
11+12 | 260° 11:47 200
13 + 14 170° 11:48 | Broken Clouds
15 + 16 080° 11:49
17 + 18 1,500 Ft. | 350° 12:02 | After Climb
19 +20 " 260° 12:03} 22 @ 1
200
21 +22 | 170° 12:04
23 + 24 ’ 080° 12:05 } Heavy Haze
TAS = 142 Kts
TAS = True Air Speed
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SECTION 4, DATA PROCESSING

4.1 Radar Analysis

The data from the flight tests in the form of scope film, ocean film
{ground camera), ocean spectra film (K-17 camera), laser profilometer output,
weather and ocean condition reports from the Range Recoverer, and strip-
chart recordings were gathered, correlated, and analyzed with the objective of
finding the average ¢°, {radar cross-section per unit area) for various ocean
conditions. The o° was calculated for each of the selected frames and average

o°'s were calculated for each flight.

4.1.1 Procedures

Approximately 600 frames from ten of the flights (flights 4, 5, 6, 7, 8,
10, 12, 14, 15, 16) were selected for processing. All the pertinent environ-
mental and radar information was recorded onto cards for computer processing.
Using a form of the radar equation, the radar cross section, ¢°, was then
calculated for each frame, for each flight and for a selected number of runs.
The mean, the standard deviation, the frequency- distribution, and the cumulative
‘probability distribution of ¢° were then calculated. The results are presented

in Section 5 and Appendix A.

4.1,.2 Analzsis

The radar cross section, ¢°, was calculated from the radar equation,
P q

using the relations derived below.

Derivation of Equations for ¢°

The radar equation can be written in the form:



where

@ » O "N

o

PT Gz kztr

3.4

) {(47)" h L

received power
transmitted power
peak antenna gain
transmitted wavelength
target cross section
altitude
combined system lossed
l. waveguide loss
2. attenuation (receiver calibration correction)

3. antenna pattern loss

If the return is from an area such as terrain, then

where
0—0

A

radar cross section per unit area

area of terrain illuminated

(4-1)

(4-2)

The. area illtiminated is calculated from the geometry of the radar

system (see Figure 4-1).

RADAR

e h

b er/2

Figure 4-1. Geometry of the Radar System



The area, A, will depend on whether the radar system is pulse limited

or beam lirited.

From the geometry, if

then the system is beam.limited, and if

‘hez
T < —
C

then the system is pulse limited, where

T - = transmitted pulse width

h

1}

aircraft altitude

C

6
'.A. Pulse Limited Case

speed of light
incidence angle

]

The area illuminated for a pulse limited system is:
A = mwcth

The relationship of the range to altitude is,
r = hsec PsecR

where

)
1}

pitch angle of aircraft

Py
1l

roll angle of aircrait,
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For these flights, the woll and pitch angles of the aircraft during

the radar operation were four degrees or less, and it can be assumed that

sec P = sec R=1,0

therefore, ¢° can be expressed as

3.3
PR. (4v) h L (4-3)

o° = )
PTG' A weT

'B. 'Beam Limited Case

In this case, the geometry of the system leads to an illuminated area

of

‘ 2.2
A = w0 h (for small angle g).

Now equation (4-1) can be expressed as

P Gv2 )LZ 1792 o°
P = Ex
R 3.2
(47) h L
solving for 0%,
P (4'rr)3 h2 L
o = R {4-4)
2
P GZ )\2 w8

T



Estimation of Average 0°

The value of the received power, P_, as expressed in equations (4-3)

R’
and {4-4} 1is an average of the peak power return. For these test flights, where

.the rzlajority of the oscilloscope frames recorded at least 50 return pulses, the value
of PR desired for each frame is the average of the power of the pulse peaks
recorded. Since a procedure of calculating the return power for each pulse

and then averaging these values was not feasible, an estimate of the average

peak power was made f-or each frame. This was possible since each frame
represented integration of 50 or more pulses. Figure 4-2, the oscilloscope presenta-
tion, illustrates the maximum and average pulse peaks. Point 4 is the average

pulse peak and point 3 is the maximum return pulse peak. As can be seen by

this figure, point 31 can be measured rather easily, while point 4 can only be

estimated.

Figure 4-3 shows a single pulse representation. Point 2 is the peak
power return. The value of PR derived from point 2 is equivalent to the PR

derived above using the average return power for multiple pulses.

Statistical Groupings of ¢° Data

Average 7°'s were found in various groupings of ¢°. This data is
presented in Section 5. Standard statistical equations were used to find the

mean and standard deviation of ¢° (as a ratio).

o]

- 1
oc® = — ¢c.° ; n = no, of frames
n

i=
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. .
Z AR 3

i=1
Sﬂ"’ = n-1

The mean and standard deviation of ¢° were later converted to dB for presen-

tation purposes.

The histograms of ©° are based on the mean and standard deviation with
each bar of the histogram being one-half of a standard deviation wide. The
number of ¢° values were totaled in each of the ten ranges of the histogram

for each grouping. The ten ranges are as follows: (let S = S(r" )

r.° < c° - 2.08
1 -
c° -2,08=0.° <g° - 1,58

c° - 1.58<0.° <g5° - 1,08

c° - 1.0S<0.° <g° - 0.58

§° - 0.55<0.° <5°
' 1

T <0 ® <ag+0.58
i

al

° +0.55<0.° <.o + 1. 08

Qi

°+L0s<or° <o + 1,58

7° +1.55<0.° <¢ +2.08

a

c +2.0=0°
1
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The cumulative probability distributions were found by integrating the
frequency distributions, i.e., the histograms. If f(r°) is the frequency dis-

tribution of ¢°, then the cumulative probability distribution is:

0—0

F(e°) = Z £(x)

X=-00

4.2 Selection of FligHts and Frames

4.2.1 Flights Selection Criteria

Of the sixteen test flights, ten were selected for analysis. Those not
selected included the three shakedown flights (flights 1, Z and 3) which had
very little ocean truth data, flights 9 and 11 which were aborted before any
radar data was taken, and flight 13 which had poor multiple pulse oscilloscope
film quality. Frames were selected from all of the other flights in order to get

radar data for a variety of sea conditions.

4,2,2 Frame Selection Criteria

Approximately six hundred frames were selected for processing from the
ten selected flights. From each flight, the frame‘s were selected in such a
manner that the effect on the return power of varying aircraft altitude, pulse
width, number of pulses integrated, aircraft heading, antenna polarization,
etc., could be studied. The frames that were eliminated from consideration

fell into one of three categories:
1. if the return signals were saturated or were masked by the noise,

2. if the roll and pitch angles of the aircraft were excessive (greater

than 5¢ ) at the time of the recording of the return pulse, and

3. if there were any possibilities the film could be misinterpreted.
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4.2.3 Point Measurement of the Scope Film

In order to calculate the radar backscatter per unit area, ¢°, an accurate
value of the return power, PR’ was needed. The return power was measured
fro.rn the scope film using a point coordinate mensurator, a measuring instru-
ment with a 24" x 24" viewing screen and a magnification capability of 20 Xto
30 X. The procedure was to precisely locate each point of interest under the

reference crosshair of the instrument, and automatically record the coordinates

of the point on a punched card. The measured coordinate values are in microns.

Using Figure 4-2, the oscilloscope representation of multiple pulses as a

reference, the following points were measured for each frame with multiple

pulses.
Point 1 - The top of the noise level at the start of the return pulse.
Point 2 - The bottom of the noise level at the start of the return pulse.
Point 3 - The absolute return pulse peak.
Point 4 - The average return pulse peak,

A. Multiple Pulse Procedure

The value of the average return signal power, P.R, was obtained in the
following manner. First, the y-coordinate of point 2 was subtracted from the
y-coordinate of point 4, By knowing the amplitude setting of the osgcilloscope, this
value could easily be converted to volts. However, this represents both signal
and noise returns and to obtain just the signal return, a minimum receiver
noise level in volts had to be subtracted from the original result. This mini-
mum noise level was found by subtracting the y-coordinate of point- 2 from

the y-coordinate of point 1 and then dividing this result by 2. The final value

of PRwas then converted to dBm by means of a receiver calibration curve

(see Figure 5-8).
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B.

Single Pulse Procedure

For those frames with only single pulses, the following two points were

measured (see Figure 4-3):

Point 1 - The start of the return pulse

Point 2 - The peak of the return pulse

Pr was found for single pulse by subtracting the y-coordinate of point 1

from the y-coordinate of point 2 and then converting this value to volts and

finally to dBm by using the receiver calibration curve.

4.2.4 .Card Format

All the pertinent information concerning each frame has been stored on

punched cards. There are three sets of cards. The first set, the flight cards,

includes information that was constant throughtout each flight; the second set,

the run cards, includes information that varied during the flight but was con-

stant during each run; and the last set, the oscilloscope cards, includes the measured

points from the oscilloscope film.

A, Flight Cards

The following information is included on each of the flight cards:

1.
2-

0\U1:P~U0

Flight number
Location code
. 37°07'N x 73° 38'W (120 miles east of Norfolk, Va.)
- Tangier Sound (in Chesapeake Bay)
. Off shore near Wallops Island, Va.
- Loné Island Sound {(Middle Ground) ‘
Sea Direction (° )
Wave Height (ft)

Wave Period (sec)

Wind Speed (knots)
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7.

10.
11,
12,
13,

14,

15l

16.

B.

Wind Direction (°)
Water Temperature {° F)
Air Pressure at sea level (mb)
Peak Power Transmitted (watts)
Receiver Attenuation (dB)
Beamwidth (° )
Ocean Spectra Data Available (Stilwe'11)
yes
. no
Laser Profilometer Data Available
. vyes
no
Sky Condition
. Glear
. Cloudy
. Partly Cloudy
Date of Flight

Run Cards

The run Data Cards included the following information:

Flight number
Run number
Aircraft Altitude (ft)
| Oscilloscope Sweep Speed (nsec/cm)
| Oscilloscope Amplitude Setting (millivolts/cm)}
Number of Pulses per Frame
Transmitted Pulse Width {nsec)
Antenna Polarization Code
Di;ect

Cross
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9, Aircraft Heading (° )

C. 'Oscilloscope Cards

1The Oscilloscope Data Cards have the following data.

1. Flight number

2. Run number
3. Frame number
4. The x- and y-coordinates of the points of interest as described

\ in Section 4. 1. This is the output of the Point Coordinate

Mensurator.

£, 3 G@xi'lputer Processing Program

A data processing program was developed which used the flight, run,
|and oscilloscope cards as inpgut to calculate the radar cross section per unit area,
0°, and the return signal power, Pr, for each frame. It further calculated
for each flight the average 0° and its standard deviation, a histogram of the
individual U."'s, and a cumulative probability distribution of 0°. This was
done for the ° based on the average peak return signal and for the o° based
on the absolute peak return signal (see Section 4.1}, This program (Figure 4-4) was

written in FORTRAN 1V for use on a CDC 6600,

4,4 Results of Processing Program

All of the output from the processing of the flight test data is presented
in Appendix A in computer printout form. Further analysis and groupings of

this data are found in Section 5.
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YES

PPF = PULSES PER FRAME

Y

CALCULATE AVE. RECEIVED VOLTAGE
FOR EACH FRAME :

(g = Y1)+ 1/20) = Y5)) - (NO. VOLTS/CM)

CALCULATE AVE, RECEIVED VOLTAGE
FOR EACH FRAME :

(Yo = Y1y {NO. VOLTS/CM}

Py {(AV) = Po (AV) =
R (AV) (NO. OF MICRONS/CM} R (AV) (NO. OF MICRONS/CM)
CALCULATE ABSOQLUTE RECEIVED
VOLTAGE EACH FRAME :
pye a7V ¥ /200 - Y5 - (NO. VOUT/CH) Pr ()= Pp (AV)
Pg (P) =
R

(NO. OF MICRONS/CM)

CONVERT Pp (AV} AND Pg (P) TO POWER
USING RECEIVER CALIBRATION CURVE

#

DETERMINE ANTENINA PATTERN LOSSES

Figure 4-4. Computer Processing Program
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INITIALIZE CONSTANTS IN
RADAR EQUATIONS

T =PULSE WIDTH; &g =1/2 BEAM WIDTH
h = A/C ALTITUDE ; € = SPEED OF LIGHT

PULSE LIMITED CASE

CALCULATE ¢
3
50 Ppld L
PG2AZwCT

BEAM LIMITED CASE

caLcULATE o0
o TRETPHL
PGia%no?

WRITE

FLIGHT
DATA

WRITE
RECEIVED

POWER ¢
FOR EACH
FRAME

CALCULATE MEAN o O AND STANDARD
DEVIATION (OVER ALL FLIGHTS)

—

n = NC. OF FRAMES

Figure 4-4.

v

Computer Processing Program (Cont.}
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WRITE G0, 5 o AND SAMPLE _
SIZE , n. {(OVER ALL FLIGHTS)

!

CALCULATE o0 AND S o0 FOR
EACH FLIGHT

!

CALCULATE FREQUENCY AND CUMULATIVE
PROBABILITY DISTRIBUTIONS FOR EACH FLIGHT

+

waiTE 00,5 o, n FREQ. AND

CUM. PROB. DISTRIBUTIONS
FOR EACH FLIGHT

K = NO. OF MEASURED FRAMES IN EACH RUN
NO

YES

CALCULATE G0 AND'S _o'FOR EACH RUN

!

CALCULATE FREQ. AND CUM, PROB,
D{STRIBUTIONS FOR EACH RUN

i

WRITE 60,5 o, K, FREQ. AND
CUM. PROB. DISTR. FOR EACH RUN

Figure 4-4. Computer Processing Program {Cont.)
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FOR EACH FLIGHT SORT
ACCORDING TO PULSES PER FRAME

&

CALCULATE 7Y FORFACH GROUP
OF EQUAL PULSES PER FRAME
FOR EACH FLIGHT

Jr

WRITE ¢ ©

«»

Tipure 4-4. Computer Processing Program {Cont.)
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4.5 Distribution of Pulse Peaks

The theoretical distribution of pulse peaks for a number of pulses is a Rayleigh
distribution. This is actually the circular normal distribution in polar coordinates.

The Rayleigh frequency distribution is given as:

2,. 2
- 2
fr) = r T /2o
2
g
where )
2 1/2 ) e e . .
g = [(x-u.x) + (y-u.y)] : the distance to the origin in a bivariate
normal distribution
o =

g = GY (x, y refers to rectangular coordinates)
X

(See Figure 4-5.) The mean of the distribution equals 1.253 times the standard

deviation.

To show that the pulse peaks appear to have a Rayleigh distribution, the
distributions of pulse peaks were found for a few frames from each selected test
flight. This was done by using a microdensitiometer/isodensitracer which

automatically scans and measures the density of points in a film transparency

and plots the values as a quantitative two dimensional density map of the
scanned area. The following curves (Figures 4-6 through 4- 15) are the distri-
butions of pulse peaks for one frame from each flight. The numbers on the
vertical axis of the densitometer tracings correspond to the densities of each
step of a '"21-step wedge' (Kodak Photogzaphic Step Tablet No. 2). The hori-
zontal axis corresponds to the amplitude of the return signal,with the amplitude
_increasing from left to right. The point where the distribution starts to rise out

of the noise level corresponds to the minimum return signal.

As can be seen from the density tracings the distributions appear to be
Rayleigh. Further analysis is required to definitely show this relation. The

film transfer functions should be considered at that time.
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4.6 System Error Analysis

. o
The equation for ¢ has been shown to be

3.3
P_ {4m) " h L
R(W)

o —
°T P G27\2 Te
T T

Since the nominal roll {R) and pitch angles (P} are zero, the applicable

error equation is

AP _~2 2 2 AP 2 2 2 2

o2
o - [ (e (5 B 4

R T

To obtain the errors listed in Table 4-1 the calibration errors of the
equipments (oscilloscope, power meter, etc.) were used. An additional factor
was also included for human error in making the measurements. The major
contributors to the error budget are the received power measurement (APR/ RR),
the altitude measurement (Ah/h}, and the transmitted power measurement
(APt/Pt). The power measurements involve the use of: (1) an oscilloscope
(accuracy better than 5%); (2} power meter {accuracy better than 2%); and human
error (estimated to be 3%) in reading the oscilloscope and/or photograph. The
altitude measurement error (5%) is that which was specified by manufacturers

of the aircraft altimeter.

The error contribution {standard deviation) expressed in dB is listed in

Table 4~1 for each error with a notation describing the sources of each error.

o . .
The RSS error for g obtained from these elements is therefore

/_\00

o]
g

RSS= 0.9 4B
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Table 4~1., FLIGHT TEST ERROR CONTRIBUTIONS

PERCENTAGE
OF 10 VALUE
ERROR ERROR (dB) SOURGES OF ERROR
APy
S p— 10% 0.4 VIDEO SCOPE CALIBRATION AND
R OPERATION. INTERPRETATION OF
POINT COORDINATOR MENSURATOR.
(2) A= 2% 0.1 MEASUREMENT OF SYSTEM LOSSES
AND IN CALIBRATION,
(3) 34 3 x 5% 0.6 MEASUREMENT OF A/C ALTITUDE BY
THE.A/C ALTIMETER,
AP |
(4) —=— 10% 0.4 MEASUREMENT OF TRANSMITTED
T . POWER BEFORE FLIGHT AND SCOPE
MONITORING OF CHANGES DURING
FLIGHT.
(5 24% 2 x 4% 0.3 MEASUREMENT OF ANTENNA GAIN
G y/
- AT 9.0 GHz.
(6) 24 2% 0.1 MEASUREMENT OF FREQUENCY.
(m Ar 4% 0.2 MEASUREMENT OF TRANSMITTED
4 PULSEWIDTH,

e

RSS 22% 0.9




SECTION 5. DATA EVALUATION

5.1 Average Radar Cross Section (Go_)

As described in the previous sr—:cti.on.,-cro was obtained by averaging the
multiple trace oscilloscope photographs and by computing the average of individual
pulses displayed on the oscilloscope. The oscilloscope was used to obtain
1, 50, 147, and 278 pulses per frame. c© values obtained by averaging in-
dividual pulses were about two dB less than when averages were taken of 50 or

more pulse traces.

The plotted values of c° on a per flight basis (Figures 5-1, 5-2, 5-3, 5 -4)
involve the averaging of more than 18 frames per flight with each frame repre-

senting 50 pulses.

Plots of ¢° were made for each flight in order to relate 0% values to
ocean conditions. The numbers shown on the Figures 5-1, 5-2, and 5-3
next to the points refer to flight numbers and hence to the day which the data

was taken.

The spread of values of o° ranges from 8 dB to 21 dB. As can be seen
from the plots of o2 it would be ‘questionable to claim any trend or functional
relation to ocean parameters. There seems to be little or no relation between
the g value or the change in o value to wave height or wave period. If there
is any relation it exists with respect to wind speed (Figure 5-3). A trend line

is shown on Figure 5-3 and would apply if a functional relation exists.

Flights 8, 10, and 12 in Figures 5-1 and 5-3 are flights in which the
relation between wind and wave height were not related as would be the case
in a fully developed sea. Flight 8 had very high seas (greater than 12 ft) but the
wind had started to die down. On the other hand flights 10 and 12 were made in

inland waters with the wind blowing an insufficient time and fetch to produce a
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fully developed sea. It is felt therefore that these three points on Figures 5-1
and 5-3 reinforce the argument that o is functionally related to wind but not to
wave height because they improve the fit of the data in Figure 5-3 (cro vs wind)

but they destroy the fit of the data in Figure 5-1 (00 vs wave height).

The ocean data used for making the above plots are the "eyeball' measure-
ments obtained from the NASA ship on location when taking radar data. More
definitive ocean parameters are possible from the Stilwell photos taken for each
flight but the process of obtaining the necessary two dimensional Fourier trans-

form from these photos in the Stilwell process requires further development

(see Section 5~3).

If a relation exists between 0° and wind speed, it probably exists because
of the relation between wind speed-and capillary waves. If 0° is in fact related
to capillaries (and there is much reason to believe this to be so because the cap-
illary wavelength is comparable to the X-band wavelengths) then some methods
for measuring capillaries will have to be devised. To date no such measurement
capability exists. Investigations by Kinsman and Molo Christianson and cur-
rently underway to measure capillaries. Also, Stilwell photography at low

altitudes may make the measurements possible.

Variations of ¢° as a function of sea direction are negligible and within
the measurement accuracy as shown in the representative measurements of
Table 5-1. This is further substantiated in the extensive data in Appendix A

where additional bearing angles are covered.

Variations of ¢° as a function of angle from vertical are negligible, as
shown in Figure 5-4. This agrees in part with the curves of Moore and Schooley

(Figure 5-5).
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Table 5-1

¢° vs. Sea Direction

Flight Run Bearing*
14 9 0
14 10 90
14 11 180
14 12 270

* Bearing angle with respect to sea direction

5.1.1 Pulse Limited vs Beam Limited

12,9
12. 8
13. 4
13. 0

The basic radar range equation defines ¢ (radar cross section in square

meters) as follows:

Z_ 4
PR(4’|‘T) 'L

2.2
P GA
t
where

PR_ = peak received power
h = altitude
L = system losses
Pt = peak transmitted power
G = antenna gain
A = wavelength

- (8] . A
The average radar cross section (o) is the radar cross section pe

area or

o (o]
g~ =
A

(5-1)

r unit

{5-2)



When the transmitted signal is a pulse, (see Figure 5-6) the return signal
will be scattered from the area (A),or footprint,which is a function of time (t} or

angle (), where:
t = — (5-3)

t is here defined from the instant the leading edge of the pulse initiates

the first return and g is the angle from vertical

The maximum value of tis 7 (pulsewidth},but the maximum value of §
is not so well defined. The 3 dB point has sometimes been used as the maximum

value of g, but this is purely arbitrary.

The data in this experiment was reduced to 0 values by measuring Pr’
Pt,and h,and then performing the computation in Equation (5-1). Values of PR
were ohtained by measuring the peak and average voltage of the return pulse

(see Section 4 for a more detailed description). The g values were then com-

puted using Equation (5-2) with values of A as follows:
A = TcTh - " (5-4)

- 3
This in effect assumes an h  relation for the radar range equation - a

pulse limited relation. How wvalid is this assumption?

The area {A) can be related to the angle 6 using the simple trigonometric

relation tan § = r/h;

2
A =Tr (5-5)
2 2
= Th 6 ({for small angle §)
Note here that @ is a function of time (t) as follows:
pA
g = ct/h (5-6)
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If the maximum value of t (t = 7) is reached before some maximum value
of 8 (0 = em}, the area then becomes

AT = Tc¢c Th (5-7)

which is the pul‘se limited situation,or an h cubed relation in the radar range

equation.
If however a maximum value of 8 (0 = Gm) is reached before t = ¢ then
the area becomes

2
A =Th @ 2 {(5-8)
[¢] m

which is the beam limited situation or an h squared relation in the radar range

equation.

The problem is now one of defining Bm, or beam limiting. To define 6
m
as the half beamwidth angle seems indefinite, and some initial calculations of

the data with this assumption provided inconsistent values.

The approach used was to work the problem in reverge and determine
what Bm should be. Flight 4 provides the data for making such a determination
because on flight 4 nine runs of date;, were obtained with 100 nsec pulse, and nine
runs of data were obtained with a 20 nsec pulse. Even though all runs were at
the same altitude and over the same ocean area,it is evident from the data that

the received power is functionally related to the pulsewidth.

By comparing the average received power for the two pulse widths we can

determine &

If
PRl = average received power 100 nsec pulse
PR = average received power 20 nsec pulse



From the data of flight 4

P /PR =4 (5-9)

Note here that if the functional relation were proportional to pulse width
{r), then the above ratio should be five rather than four. This indicates that
the transistion between pulse limiting and beam limiting at an altitude of 5000
ft occurs somewhere between 20 and 100 wsec. By letting the radar range

equations for P and PR take the corresponding limiting relations

Rl 2
P~ 2/h2 {5-10)
R m
1
3
P ~ c¢r/h7, (5-11)
R
2
we then obtain
2
6" = 4cr/h. {5-12}
m

This gives a value of

8 = 7°. (5-13)
m
The effective half beamwidth (3 dB) can be computed from the measured

beamwidth by assuming a Gaussian distribution and summing the exponents.

61 - 91 + 61 + 1 + 1
e Hl H2 6El 9E2.
and
o = eHl eI—IZ eEl E)EZ (5-14)
- + +
©  Oup’ Om w1 Om2
‘Where BHl’ GHZ’ aEl’ BEZ are half the 3 dB beamwidths measured from the

antenna patterns and are equal to 5°, 6.5°, 4.3°, and 6° respectively.
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Performing this computation,

o]

= 2.5°, -
o 5 (5-15)

Comparing this to Gm = '?0, we see that the effective angle where beam

limiting occurs is much greater than the 3 dB angle.

5.1.2 Maximum Value of g© at Vertical Incidence

If we assume that the scattering surface is a flat plate,normal to the trans-
mission and of infinite dimensions {see Figure 5-7),and that the energy impinging
upon the flat plate is all reflected to the source, we then can compute the maximum
value of g9 The radar range equation for the above assumptions becomes:

2.2
P_G A
T

P = . (5-16)"
2
R (amZan’L,

The symbols are the same as previously defined.

This is the equivalent of a transmission and reception one way over a

distance 2 h, twice the altitude.

The comparable range equation for a reflected surface is:

2.2 o
P G A A
T g

P = : (5-17)
R um’uts

Gombining equation 5-16 and 5-17 we get
o 2
o = Th /A, {5-18)
. ) . 2 2 s -
The maximum value of AisTh Bm for the beam limited condition;and

therefore

° = 1/6°. (5-19)

&

For the previously obtained value of em = 7°,we obtain a value of

.. ¢ = 18.3dB . (5-20)



PI-5

Py 46y

. _Z=4p, .6

| (IMAGE

POINT)

Figure 5-7. Computation of Maximum Value of UO



A similar value for the pulse limited condition is obtained,but the computa~-
tion must be based on a plate of finite -dimensions, and the two way path must be

taken into account.

5.1.3 Calibration

The values of received and transmitted power used in the computation of
cro were obtained from oscilloscope photographs. Calibrations of scope
deflection voltage as a function of received power {Figure 5~8) were made for
the two receivers. Calibrations of detected power level from the transmitted

output were also made.

The losses in the system were primarily waveguide and cable losses

{Table 5-2). An additional loss factor associated with the antenna pattern was
also included (Table 5-3}. This pattern loss is due to the peak of the pulse
occurring at an angle away from the beam center. In general t‘he values associ-
ted with the pattern loss are small enough to be negligible when considering the

variability of the data.

The other factor involved in calibration is the antenna gain. Antenna
pattern measurements were made with an aircraft mockup. The results of these

measurements were used to compute the gain. Table 5-4 is a summary of antenn

characteristics.

An overall check on calibration was obtained by flying the aircraft over
the Ground Support Equipment (GSE). In this instance the GSE received the
signal and the value of the received power was recorded. The GSE then
transpondec,l the pulse and transmitted to the aircraft where it was again
recorded. Measurements made in this fashion served as a check on the system
gains and losses which had been independently calibrated. The operational
requirements of this technique were not fully developed. Itis felt that coordina-
tion and synchronization of the aircraft, radar, and GSE operation must be
automated to a considerable degree in order to improve the reliability of this

method of calibration.
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Table 5-2.

Transmitter waveguide and coaxial losses

a. coaxial from TWT to output coupler

b. waveguide loss from attenuation output to

transmitter antenna

C. insertion loss of variable attenunation

Receiver waveguide, waveguide switch and all coaxial,

flexguide, etc., in both parallel and crossed

polarized modes

Total Losses

Pulsewidth
T (Lsec)

10
20

100

Table 5-3." Pattern Losses

Altitude
h (ft)

5000

5000
10000
15000
20000

5000
10000
15000
20000

Measured Losses

1.2 dB

2.0 dB
0.5 dB

2.0 dB

5.7 dB

(dB)

O Lo~ NW O
Un

.

O == DO o O O

-
wn
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Table 5~4
Antenna Characteristics
f =9 GHz
Transmitting Antenna - Aircraft

Beamwidth - H Plane
Beamwidth -~ E Plane

Gain

Receiving Antenna - Aircraft

Beamwidth ~ H Plane
Beamwidth ~ E Plane

Gain

GSE Antennas

Beamwidth - H Plane
Beamwidth - E Plane

Gain

0.0°
8.5°
25.2 dB

13°
12°
22.14dB

18°
18-
18.9 dB



5.2 Pulse Shapes

5.2.1 Theoretical

) Before discussing the actual results of return pulse shapes it is necessary
to discuss what the expected pulse should look like. Pulse shapes for various
pulsewidths, altitudes and o ®%were used to compute the expected waveforms
(Figures 5-9, 5-10, 5-11). All waveforms are normalized so that comparisons

of the wave shape can be readily made.

Figure 5-¢ is based on antenna beamwidth of 6 degrees. The pulse shape
corresponding to 100 nsec and 5, 000 ft is clearly beam limited, whereas at

20 nsec and 20, 000 ft the pulse shape is clearly pulse limited.

-Figure 5-10isfor a beamwidth of 12 degrees and the distinction between
pulse -limiting and beam limiting is less pronounced. As will be seen, the actual

pulse shape data more closely resembles the 12 degree beamwidth.

Figure 5-11 is a plot of pulses of 20 nsec width at altitudes 20, 000 and
10, 000 ft. The pulses are normalized and a a, factor is introduced which is
based on curves by Moore and Schooley (Figure 5-5). The pulse shape changes

very little as a function of changes in ¢ .
. o]

5.2.2 Measured Pulse Shapes

Figures 5-12 through 5-37 are actual photographs of multiple pulse
returns under various ocean conditions, altitudes, pulse widths, etc. A
sampling of the more than 10, 000 frames taken is used here to show some

significant features.

It first must be pointed out that these are reproductions of reproductions
and at each step much information is lost. In fact, the reproductions of the
single pulse traces were not visible at all even though they were visible on the

original negatives.
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Generally the frames were taken one second apart. It was clear that there
was little variation from frame to frame. The sweep speed in all caseswas 50

nsec/cm. Selected frames are shown in the following figures:

Flight 4 {(Figures 5-12 through 5-17) shows the difference between beam
and pulse limiting. Figures 5-15 through 5-21 are based on a 100 nsec puise
where some evidence of a flat_peak is visible. Figures 5«12 through 5-14 on
the other hand are based on a 20 nsec pulse for the same conditions and here

no flat peak exists.

Flight 5 (Figure 5-18 through 5-30) shows true pulse limiting as
evidenced bythe long trailing‘ edge when the altitude of 10, 000 ft is used with
a 20 nsec pulse. This should be compared with the expect'ed values of Figure
5-10. Flight 7 (Figures 5-24, 5-25, and 5-26) shows increased pulse limiting
at an altitude of 15, 000 ft for the same 20 nsec pulse. Flight 7 also shows the
slight variations in exposure by using three values of pulses per frame (50,

147, and 278).

Flight 10 (Figures 5-27, 5-28) shows 10 nsec pulses over very calm

water at 10, 000 ft.

Flight 14 presents acomparison between pulse shapes as a function of sea
direction. Figure 5-30 is taken with the polariza:tion of the transmission in the
direction of the sea whereas Figure 31, Figure 5-32 and Figure 5-33 are at 90,
180, and 270 bearings with respect to sea direction. It is clear that wave shapes

are not related to sea direction.

Flight 14 (Figure 5-34) also shows the results when reception is cross
polarized from the transmission. The signal level here was into the noise

indicating greater than 30 dB between direct and cross polarized returns.

The returns from ice at low altitude (2, 500 £t} are shown in Figure

5-35.
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Figures 5-12 through 5-37, Flight Pulse Data

LEGEND
FLT: Flight Number
RUN: Dat‘a Run for That Flight
ALT: Airc‘raft Altitude in Thousands of Feet
P/F: Pulses Per Frame
Pw: Transmitted Pulse Width in Nanoseconds

BRNG: Bearing
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The pulse shapes of flights 14, 15, and 16 (Figures 5-33, 5-36, and 5-57)
show that winds of 12, 6, and 22 knots, respectively, have little effect on pulse

shape.

5.2.3 Individual Pulses

Figure 5-38 represents traces of individual pulses copied directly from
the negatives. This procedure was necessary because the faint ftraces on the
negatives were washed out in the reproduction process. Figure 5-39 represents

10 pulses per frame which are barely visible.

It is clear that considerable amplitude variations are visible in the in-
dividual pulses and that multiple traces are actually overlaps of individual
traces. In general, the leading edges of the individual traces are fairly linear
{see Appendix E) and peak at the pulse width. The trailing edges, however,

show wide amplitude fluctuations.

+

5,3 Ocean Truth

Two methods were used to obtain ocean parameters on all flights -
observations from a NASA ship stationed in the test area in the area, and
Stilwell photographs. In addition, on flights 5 and 6, a Cessna aircraft from

Office of Naval Research flew alongside with a laser profilometer aboard.

The ship observations were used in reducing the data because they repre-
sent the most complete available information. Comparisons of ship observations

with the laser data on flight 5 (see Figure 5-40) show very good correspondence.

The Stilwell photographs (Figure 5-41) offer the greatest potential for
ocean truth measurements because,when reduced, they provide a two dimensional
spectral representation of the ocean. However, the techniques and computations
associated with reducing the data require further development and evaluation
before it becomes an acceptable ocean parameter measurement tool. Two
photographs from flight 6 were reduced to provide the two dimensional ocean
spectrums shown in Figures 5-42 and 5-43. These were in turn converted into
line spectra along the dominant wave direction (see Figure 5-44).
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These line spectra agree quite well with line spectra taken by the laser pro- .

filometer on the previous day (see Appendix B).

The results of the Stilwell process of ocean spectra measurements are
discussed in detail in Appendix B. The technique offers great promise because
of the ease of implementation,but further work on processing methods is required

before it can be used to provide valuable and reliable outputs.
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SECTION 6, CONCLUSIONS AND RECOMMENDATIONS

6.1 Radar Cross Section

The results do not indicate that average cross section {(¢° )} is functionally
related to the large ocean wave parameters, i.e., wave height (Figure 5-1),
wave period (Figure 5-2), or wave direction (Table 5-1). A functional relation
appears to exist between ¢° and :;vind speed. This seems entirely credible in
light Sf the possible relation between wind speed and the generation of small
high frequency capillary waves. This is particularly logical when one con-
siders the dimer}sions of the capillaries (1. 7 cm or less) and the dimensions
of the transmitted X-band frequency (3 cm). Mr., John W. Wrightl’ 2 has shown
that X-band backscattering at angles other than normal are highly dependent
on capillary waves., Kinsman3 (see also Appendix C) has also shown that the
sloPe.s of capillary waves can be very high, even exceeding 90°, and that the
average slope of waves is more affected by capillaries then by the large wind

waves or swells.

The results also show that variations in o° over the looking angles of 0 to
4 degrees are small at the various wind speeds (see Figure 5-4). This agrees

in part with the curves developed by Moore and Schooley {see Figure 5-5).

Distributions of pulse amplitudes, and hence ¢°, appear to be Rayleigh

and independent of ccean parameters.

Cross polarized returns at normal incidence were found to be at least

30 dB down from the directly polarized returns.

6.2 Pulse Shape

Pulse shapes were recorded on film showing the relation between individual
pulses and the integrated effect of many pulses. The individual pulses showed wide

fluctuations in the trailing edge,especially immediately after the peak. The leading
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edge of the pulses,however,showed a consistent ramp with little fluctuation. The

start of the leading edge did not vary significantly from pulse to pulse.

The multiple pulse tracings showed an.integrated average eifect which
. . 4,5
agrees with calculations pertormed by others . The pulse returns show an
integrating effect from the time of the first pulse returns up to the pulse width,

and then a decay thereafter. The impulse response can then be determined as

follows:
t
h{t) = k S £(r) at 0t <7 (6-1)
0
~t- t
= ke ¢ T/T >
where
f(t} .= the input pulse
T = pulse width
T = decay time constant
92 h
T
T (see Ref. 4)
k = a constant (6-2)

which includes ¢° and all other radar range parameters.

From this we can derive H{w) by performing the Fourier transform

- 6-3
H®) = o) (6=3)
0
where (DO =1/T
K = ke T (6-4)



The above relations assume that the beamwidth of the radar is large com-
pared to Yer/h , that a pulse limited condition exists. In actual calculations from
the reduced data it was found that the transition region between pulse limited and

beam limited condition occurred at an angle which was twice as large as the 3 dB

beamwidth angle.

In summary,then, average pulse shapes agreed with that predicted by the
theoretical computations. The peak pulse amplitude is determined by 0'0. The
rise times are linear and equal to the pulse width and the decay times are related
to altitude and beamwidth. No changes in ¢ with 1o$king angle were found, and -
whether these could also affect decay time is unknown, Wave shapes were

found to be independent of sea direction.

6.3 QOcean Parameters

As in all experiments involving reflections from a target, the characteristics
of the target are never as well defined as’ they could be. It appears that measure-

ments of capillaries are needed to fully determine a functional relationship between

radar and ocean waves.

Of the ocean measuring techniques used in this experiment, the Stilwell
proce536 offers the greatest promise. It may provide the most comprehensive
quantitative description of the ocean surface and could be operationally easy to
implement. However, the total process is still in a research and development
stage, and requires further theoretical and experimental evidence before it can

be an accepted tool.

The good old-fashioned "eyeball" technique of measuring ocean waves

again yielded the most reliable and consistent results,although lacking in defin-
ition,accuracysand resolution. Laser profilometer measurements of wave spectrums
did provide some valuable measurements,but the instrumentation and data reduc-
tion is more complex than Stilwell photography. Laser profilometry is, however,

a more proven technique.



6.4 Recommendations

Further radar backscatter measurements should be made at X-band to
verify that a relationship exists between radar cross section and small high
frequency waves {capillaries). This is not primarily a radar problem, but it
is an ocean parameter measurement problem. Techniques for making the
ocean parameter measurements should be further developed, especially the

Stilwell process.

An altimeter data processor should be developed which takes into account
the leading and trailing edge characteristics discussed in this report. Such a
da:ta. processor, or range tracker, should take into consideration the wide ampli-
tude variations in the trailing edge near the peak, as well as the relatively minor

amplitude variations on the leading edge.

The next phase of precision satellite altimetry experimentation should
be started. This involves accurate range or altitude measurements on a
ground test range in order to calibrate equipment delays, and in an aircraft

in order to measure altitude biases.

Further flight tests should include correlation measurements between
pulses, waveform sampling techniques, and evaluation of candidate data

processors.

The data gathered in this experiment should be further analyzed in order
to determine rise and fall times as well as the distribution of amplitudes as a

function of time.
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APPENDIX A

COMPUTER PRINTOUT OF FLIGHT TEST DATA

This appendix contains the resulfs of the data processing program described
in Section 4. 1.4. It includes a listing of all the ocean and radar parameters for
all of the flights, along with g° calculations for all of the selected frames. Average
Uo’s, standard deviations, and frequency distributions were calculated for various

o A s . ; .
groupings of ¢ . The results are divided into five sections as described below.

A-1, Oo Per Frame

This section includes significant ocean truth and radar parameters for
each flight and for each run of each flight, and for each frame the calculated
received power, target cross section, and radar cross section per unit area

(all values in dB} using both the average return pulse peak and the absolute

- o
return pulse peak in the calculation of g .

A-2. Average g Over All Flights

The mean ¢° and its standard deviation and sample size calculated over

the ten selected flights are presented here.

A-3. Average 0‘0 for Each Flight

This section includes the mean ¢°, its standard deviation, and sample size
ca.lculate.d for o° based on average power return and for o°, based in turn on
absolute peak power return for each flight. The one standard deviation boundary
limits are included for both valyes of c°. A histogram and cumulative probability
distribution have also been calculated. The histogram is divided into two parts,
the first is a frequency distribution over the spectrum of ¢° values with each

bar of the histogram being one half of a standard deviation wide, and the second



is a frequency distribution for values of 0° within the one standard deviation
limits, with each bar being one eighth of a standard deviation wide. The cumu-

lative probability was derived from the first histogram.

A-4, Average o° for Selected Runs

The output presented here is similar to the input of the data of Section
A-3, except that the results are based on selected runs rather than flights.

This shows that ¢° is independent of sea direction.

A-5. Average 0° vs, Pulses Per Frame for Each Flight

Here the average ¢° is calculated for each variation of pulses per frame

during each flight. The values of pulses per {rame were 1, 50, 148, or 278.



APPENDIX A

FLIGHT TEST DATA ANALYSIS



PV

—————————————— A et e o o e . e i e e T o e o e i o T S o o e i T S e e e e bt e g
A-1 NOTEEA SEHIES OF + 5 In o DATA HLUCK MEANSTHAT PIECE OF DATA WAS UNAVAILABLE
T e e e e e e e e i e e e e N

FLIGHT SEA NIRECTION WAVE HETGHT(FT) WAVE PERLOD(SECY WIND SPEED(KT) WIND OIRECTION WATER TEMP(F) AIR TEHF‘(&IR PRES (MB)

[ W VY- WY - DS .| AV | S L. . FE— 9% ___ 29, _9999.9%0  ____ _____ _ .
KUN ol 1YY R dF]) PULSEY PER FRAME PULSE WIDTHINS) PEAK POWER POLARIZATION(]) C54 HEARING .
T T T T T v T T R P 3T T T T T T eee T TT T T T TTTTT "
T T T T T T T e T T RGU v iRl av | RCVO PWR(DBMIPEAK  SIGMA AV SIGHA PEAK T SIGMAZ(DB) AV SIGMAZ(DB) PEAK
TR T o UT R T WavE i (e TR TY waAVE PERLUD (SEC)  WIND SPEED(KT) WIND DIRECTION. ““WATER TEMP{F) AIR TEMP AIR PRES(MB}
2 190 9y v9 u9 99y 99 99 9999,90
——— kN AL LTadue 1) _tiul_ﬁt.a_ﬁf.ﬂ_twai.lt___ﬁumh_wﬂumu.&).__.ELA!S_.BQ.BER_.__J’.QMBUAILQNUL___CE&_HEADLHG. ___________

NO DATA COLPECIeD tiy Thfs FLLOH]

kMg RCVH Far (DHM) AV RCVU PWR{UBM}PEAK SIoGMA AV SIGMA PEAK SIGMAZ (OB} AV SIGMAZ (DB} PEAK
FI 1GHT Sta DIRECIL N WAYE nk JOHMTIFT)  WAVE PERIODISECT WIND SPEEDIKT} WIND DIRECTION WATER TEMP(F) AIR TEMP AIR PRE5(MB)
e o e e e e e e ot e T e T s e S e S T e e e e e —
TP —— 3____i‘i‘_'_____.__.__"‘i_________..___i'i_.__._._______"t’__.._.__...___?'i’ _________ 9 _ 99 ... 9999.90 _ __ ____ _
w KU al LTy LE T PULSES PR EHAME PULSE WIPTHNS) pEAK PUWER POLARIZATION(L) C54 HEADING
T T T T T R o T YT S A 1Y T
P . __eoo Sy o dwe M2 ) el
'y G Y1 1wy 12 1 360
’ u Al vy 11 100 12 i 180
By EnI L1 1oy 12 1 135
U A pouew W do 2 e _
7 A It 100 12 1 225
e e ! Mot Y e 0 N L — D - U W 2w _ e
= ALl =y 1uo 12 1 360
* bW A M e v EDR ) AN ROVED »WR (DsM ) PE AR SIGMA AV SIGMA PEAK SIGMAZIDH) AV SIGMAZ {DB) PEAK
Y e e e e e et o o o e o e e T e e e T e T e T e e T T T T e e
TR IOHT ok TORCTE s w vt wr LT (r 1) wAve PERIODISEC) TWIND SPLEDIKI)  WIND UIRECTION  WATER TEMP(F) AIR TEMP ALR PRESIMBY
’ .
oy 2uu " " 46 293 99 46 9999.90

L g sl TRy tr 1) Wi S s Pr ke ERAYE PULSE WEIDTHINS) PLAK PUWER POLARIZATION(]1} Ch4 HEADING



] 19ty L 100 12 1 290
——— e s Moe e Y20
3 (Y 1 1ou 12 1 110
__________ o UGN o Ty LL RPN SU PO 1.'1 | SRS - SO . J
Y “Lw i) 100 12 1 290
o — f Sl 3i) IR 12 1 275
H i) CYl) L) 12 1 260
__________ e 2 24 LD ¥ - ST -1. U
] ~nu 5) 160 12 i 335
11) » IR () e 1 vt} __l£ ______ 1 _ i\s __
- T I TTL TR Y R I 1Y ' iz 1 - BT 1) D
17 m i}y i} 100 12 1 245
[K] I Y7} 1u0 12 1 110
—————— e Mol o lwu S ¥ - 1 S X -
(Y YT -1l 1uy 12 1 5
S 1. N LLL 1L =i 20 e _12 _ 1 ese
17 CN TP Se- T T T TRy T T 2 T T T T T T T T T T T T T RARsT T
el UL Xt 21 12 1 200
1] S YY) 20 12 1 335
B | LR AR ——by — ——y e X 20 —_ _
21 win g YY) 20 12 1 110
B dAem Y 100 ig M e.._..B90 _ _______
23 [ 1 [ i2 1 200
24 ity 1 100 12 1 110
EE] Frleleg 1 100 12 1 20
FRANE rOVL Pyl D) AV HEVL PHWR(LBM)PEAK SIGMA AV SIGMA PEAK SIGMAZ (DB) AV SIGMAZ(DB) PEAK
5 B3I30 =6 ) ~H3.1% 60.83 Oheld 9.197 12.609
S a4sl b .49 Ly 07 * 61.51 62.35 4.876 10724
__________ oo M3 mwfldw =h3.64 __ S9.65 _ _ _  63,7% _  H.005 _ 12.89
[ Hal 7 EETICT] 54,23 58453 63,19 6,901 11.564
_________ o _Bels  =wdWPp  _z9b.d6 o w8.2l  61.67 60576 18.035
- H Ry EEYIEY =54 .94 6024 62.49 8.605 10.859
13 KhgH =98 .Hb =54 .64 5857 6274 64937 11,110
13 ERY-L] ECY N =hy .09 6U..24 62.83 8.610 11.204
PSRV N SN o 2 £ ety 12 11 - ot - 7. X - - SNO 6l.01 63.61 . 9.380 _ __ _ 1t.980 _ _______ _
in HhlH =Adall =61l.50 S4 .32 55.93 9.680 11.291
YV Lo} 1 & chdenl Zh9.eT 53s90 ! 57,56 _ __ _ _ _. 9.308_ = 12.920
15 RA 2 B Y] -tUall S4.46 5732 9.820 12.680
w LY —hu.¥a =6l 449 53419 55,94 8,552 11.297
[ CREE] “h3aprl ~olsV4 54,20 47.38 9.564 12.744
P X PRS2 {111 . SRRl 2 £ X 1~ R, el o1 RS A 53,98 . ! 5736 .. ¢ 9.303 12,715 ___ _
21 4431 6.0 -t .94 51.93 S56.89 7.285 12.24/5
PR« S ¥ 25, ... -1 2 X | ) =60l . 93442 € S56.66 ¢t B,782 . 12.016
2] Ai33 -nde 13 =60 e 44 S4.10 5699 94459 124347
FLIGHT SEA DIRELTION  waVE dRlLAT(FI}  WAVE PeRIOD{SEC) wIND SPEED(KT) wINU DIRECTIUN WATER TEMP(F) AIR TEMP AIR PRES({MB)
W e ———— e e e e e e e e e e A R e . s e A —— — e
P, . Y- e e M 3R0 99 .. 40 1024.90
4 HLIN ALTITvMELtET) PULwEY PER FlaMe PULSE W]DTHINS) PLAK _PUWER POLARIZATION{]) C54 HEADING
Y e e e i — —— e A e e e . e e e e e . P T = 77 = FE WE ErE T EFE T = e T M A M EEA AR e AR A Ams e AL e e
] 1510 %0 2V 12 1 320
P - -1 L1, v 1) U - e ) 230 e
J 1500 50 20 12 . 1 140
4 YT g4 2u Y-S - 21 .. -1
Y Lo0no S0 20 iz2 1 320
________ PP~ JERRORS. ¢ 1 1 ) Uy, ).+ Sy VR - . ! M APPIIO AV ¢ WP  J- S
. 7 10000 a 20 12 i 230
________ Iy —)ugnn e O g0 de b
9 10004 S0 20 i2 1 . 50 .

jv 104000 40 20 12 1 140



http:b.9"b5.07

LY S0 37 =S 1.4h ] e b4 GbeU2 68.03 18.367 20.375
4 CTRE] =52.45] ~bU. 46 66496 69.0] 19,308 21.356 .
E CYET] =99 ,44 =S84 6364 67.62 15.991 19.974
e e — O OM — =hd.06 DY, .- 3 WY - 1 SR, 6550 _ HT84 _ __ ___ 17,884 | ebl.1%0 . _ .
o FTITS] =94.4h% =Hl.62 64.93 68,45 17.277 21.201
_— _h . Bobg heeBy =S0.57 . _..6be.96 568.90 19,306 glegs) _ .
4 QuH3 =93.hb ~5] b7 6h.79 6790 18,139 20248
4 L)% =53.97 =-1,11 66439 68.36 18,744 20.709 -
H HOHY =hbaiy 5199 6% e b4 67.48 16.789 19.827
S POV~ V' | SN 7. & S —— =oleel o 6bedd . 68a19 17,487 . __ g0.560 "
B wlné -4 e itt =51.17 65.03 68.30 17.380 20,646
__________ B MINT _mbmapy =k b3 6a.B. __ 66eTa 16,532 ___ 19.089
9 Qlg27 ERIRE =hHlehy [ -39 X] 6T.78 18,681 20.132 !
L) G 2H =5 3and =5lels 65,83 68.33 18;]184 20.679
] wley “59 .M ~Hl.HY 63.99 6758 16,337 19.925
e dpsanS  mhaend =B 0,93 boaebb 68.58 17,006 —. g0.89d
10 MEY -59a0 =22 64,45 67.25 16,795 19.598
11 Qini A, 1n =hy.bY 6673 68.78 19.080 __21.129 e

FEIGHT SFA DIk (Tl

dove b fonT(el)

wpvh PeriOUisEC)

Wl SPEED{KTY

wiND DIRECTION WATER TEMP(F)} AR TEMP AIR PRES(MBY .

S ¥ YT rE Y9 12 330 : 60 43 1028.00
KN ALT1Tunr {FT) PULSES HPER FrRAME PULSE WIDTH(NS) PEAK PUWER POLARIZATICN(]} C54 HEADING
v A
___________ bSO o Aww o ke 2 el
2 | BRI 1 100 12 2 240
e ——— 150D T S 0 U1V Y ¥ -2 R - Iy D ¥- || S
4 1500 i 100 1% 2 60
" 150 50 Loy 12 1 330
" Tutuy F1l 180 12 1 285
u_.__.____________"...._....._....l."i‘.:l' ________ -0 g e _ __ .Y _ __ 2 ig.. ______________
" 1% Yt} 100 12 1 15
1 e e e [ Y By 11 LTy RO b1 e \2_ _ _ ___ __\ ___________&  _ _
1n 1%t i} 1oy 12 1 150
" Ll 150l Ly 100 12 2 330
10 B ou 100 12 2 285
P, A wewe he ] e B V- O La0 .
la 1hofin 51 J U] 12 2 15
PN A FES b I 1 S, W Sy D V- B e &0 _
I Ludan U 1ou 12 2 150
N 14 LIS 24 160 12 1 339
1r AU S vy 12 )| 285 s
U &, I L L11) 1! SOOI 11 SRS X' | B \2 N _BAO
A0 Py a1 100 12 1 15
. I .. |1 1) 1! J . 1 Sy L |1 U D U ) R 60 _ —
PP FOIT LY 100 12 1 150
. 2 Lauy i juo 12 1 330
20 1 oite 1 100 12 1 240
e e e 2% ] 1908 N dee D V- L e —— 50 _ _ ______
26 e } 100 12 1 60
e . Frem ik ROVD e {DEA) Ak RCVD PR {DHM) PE AK S1GMA AV SIGMA PEAK SIGMAZ{DB) AV SIGMAZ (DB) PEAK
L] ' -
S R X 3 S, hode UL - S —afebd . To.T __ TB.B7 18,765 __ ___ _ 224471 -
n T duus —alewts 3T 74 .55 Tds 14 18,153 21.7a1 ¥
_______ S e emPes o munedd  ____ Ts.63  7H.2d _18.03) __2l.880
T [2RNEIID =t st ATy Toe21 79.69 168,812 22.292 f
7 ST =4l =4 UD The71 B0e4b 20,371 24062
7 (MR YT “ude 1t T4e 74 I E 18,339 21+349 '
1 sram ris JL I St S chnedd _ _ ___ Th.23 719 _is.828 0 21791
B R K Y Y ~4rel3 73.36 T7.78 16,955 Lo T T T T T T )
T e e d —~hhahn ThaD9 79.96 19.645 23.561



FLIGHT  5FA OIxbeCTEOY  whvr e 1GHTEF ) whAVE PERLOUISEC)  WIND SPEED(KT)  wiINU DIRECTION WATER TEMP{F) AIR TEMP AJR PRES(MB}

i 340} 3 ) 3 320 58 49 1020.80
Ring wh DL Tk g 1) FUL SES PRK FRAME PULSE AI0THINS) PEAK POWER POLARIZATION(]) C54 HEADING f
SRV RN h k(L L PV A JUN Y <. 12 . S 7
7 =i YT 20 T 12 i T T~ 275 — "
__________ $ oo Sww o o9Mo Y ) B3 .
a 1500y ELE] 20 12 1 S
Y NI WY 4 U 12 1 S0
n IEXTIE] 9494 Y il 1 140
btk WVl M () Ay HCVL PWH (DBM) PEAK SIGMA AV SIGMA PEAK SIGMAZ{DB) AV SIGMAZ (DB) PEAK
i il =i.hi by, 84 699 Tl.67 19,576 22257
1 v BT EER L b6Y.06 73.17 19,644 23.760
———— o wpes leAl oMl e fHebS Th.94  3Y.234 22,532 | ...
1 gy -t 14 ~huy g Uy 6Y.78 T2et2 20,365 23.008
- — - sl Thieef __thwede __ 69.eb 723> 19,835 22,943 . .. ol
1 w1t iy an? =55, db bl 69 fl1.16 19,281 21.749
Z ur? =5l 439 =Su.l3 69.16 12.28 19,7510 22.8T4
7 b —ntret a9y 6Y.068 T3.52 20,271 244110
__________ Po__advw  =tetess _=bbhe5 . 6H.08 _ __ Tu.B6 18,665 2l.sS1
4 EX L] PR =ha.h0 T0.15 f3.01 20,741 23.604
__________ e sl mhhele o _=hdlbg TUe0 T2.B9 . 20,984 | 23.482
7 CER] EE TN =Heab1 TU.80 73.90 21,386 24493
J 4 3u -k d =YHU.94% 71.69 75.57 224275 2be 164
] PRE) -\m.th ~Hd et 69.76 73.70 20 .344 24 +289
e —— A ZhOeMe  Meeeb 7019 _ The2s 20078l B4.842 _ __ _
P w3l BT T YT 69 .82 The63 20,406 25216
__________ £ _Sob _  _moMeds ___=beewd o Tlead  T3.95 21,998 = 24.536
B Galt -9, 6 BT TRAD 71.35 73.80 21,939 24391
’ See ] -l i =4 o 1) [G.87 73.72 21,459 244304
e Buad =Ha4Tu =hl.v] T0.H2 T4 .60 21.,40% 25.188
__________ S bz mMfand o thdWNe 6946 T3.686 20,053 | _24.066
[ 4 ECYR LY =bu .14 LTS 1242 20,046 23,009
________ h hb =oeld . Thdenw __ _T0.40 V2,92 . _e0.%92 ___ ____23.505 _ __ _ _ _ _ _
j =) 3l ea =5, I8 69.06 73.13 19.646 23.720
3 nhi =ni.l] “by., 10 69,40 7261 19.986 22.999
[ b —iny, 19 LTI T) Td.12 7552 22.709 26elll
SR S, L'l SO - X . L2 BRIt 1 1 1) SO 70,85 ] Taeea _ ____2l.b42 25.233
) AN ~bbeh 3 =-51.16 T0.88 T4«TS 21.472 2D+ 340
__________ 4o mbd __mwoago _Thlede  _ Ylege | T5l.20  ____21.853 e ouB38TB4 L L
3 o¥d =542 =bl.24 710U 7527 22.185 25.861
k| [ - g b =5]l.15 7l1.93 75436 22.519 254952
[ Wk P b eb 7l.5%6 The26 22. 144 244853
__________ VL aeT _=esad __hdabb o fBebA TAlB6 22,630 25,446
) i H —30aul “ndeWl 70.10 T3.0bH 20,692 244137
__________ 8 ady o modefs o mhalnd 68,77 Til.#s8 19,356 __B2e467
4 WH) =57.5u i, 62 69,01 T1.89 19,597 22.479
“ o ant “Send b4 36 69148 . T2s15. 20,068 22,738 -
& 442 =57.,10 -52.97 69+41 73.55 20,002 244135
e — e 483 - LY PY.Y . U 534S GH.86 . T3eDR - 19.44% 23652 —
T4 445 =55./3 =52.05 70.78 T4 e lt6 21,373 25046
U SUNONT.. 1  1.; SO, mabeBY “S2,17 o T0a82 . Tha3% -3 PY-1 § PR Cha3Y ¢
4 4HR =b5.4y2 =52.,95 T0.60 T3.56 21l.184 244109
4 GHY : 9% .86 -53.37 10,65 73,20 2l.24) 23,785 .
A 491 - -5%, 74 -52.b68 T0.77 73.83 21.358 2hahlt
e M 892 - Je T L S 3. Y. 201 I . F'L. ¥ A —— Fa6L . 23aB863 T 24,202 .
“ 491 =5ty hil ~54. 7Y 69.91 T2.72 20,502 23.306
__________ G494 ebmaufp o SR A0 TRW94 . T3.32 21,832 _23.905._ . _ ______ ___ _
o [ L .92 -52.33 7060 T4al9 21.184 25,774

b S04 : =9/ald YTy 6878 12,07 19,371 202663




5 2U7 =bitetf =54 .25 68,04 T2.26 18,631 22.854%
[V SV -1 |1 EUUMIVRNR L. ). PV 1 - M U . =h3nh YT /. i -7 1 SO W £ [T S — 23.520 . _ . .
Y 504 -5 758 =54 420 68.63 T2+31 19.222 22.901
__________ be 30 __b_m,_____-_uug____.______::'mg&_________ba.._xa____‘___n-_aa_______uu_m___,,__za_._ez?.._______.____.
B 51e EL YR -53.62 6934 T2.89 19.926 23.476
S 514 =bo,.19 =8L.67 71,32 : 14204 £1.9213 24+687 o
-] 514 =9heilf =53.U7 T0.46 FETE S 21.045 24,033
JR I, SV - ¥ &~ S, whbesb s Hea00 J0.03 . _ 3.9 e0l.62) . . 24e902 . o
b Sih —-irefid ~hZ.93 69.89 73.58 20,484 244170
__________ h _..._._':..Ll.,_____-_:-:_‘n.._z&_____..____:52._9.0.__._____.__.._1.1..17_.___.____?.&_;SL___.._ZZJbl_._____Es_;LOL__.__.____..,.
Y SiM BT =52491 7156 7360 22.149 24,192
Y 21y =nua3d =20 12213 T4a31 22,715 242903
- LA LR LT =53.62 T0.51 T2.89 21.101 23479
__________ wooowel maba % Y ] S 1082l o TR 20,798 24024
6 b =tlala =56 .48 65.37 69.63 15.960 20.222
__________ L __u;_____._-_‘:_‘idr*'___.._.__...___:5_'.2-_.!3___..__.______Ezfn_ﬁa._______?_h.l.‘?_..____1_7_..‘1.05.._____21.:.115_____.__,___
6 Y34 —G)ue =51.07 69.59 69 ety 16,182 20.029
A Si4 il ek LS f4 2 AR 70210 15,469 202690
53 L6 —Glle b =56.15 66.06 T0.36 16,648 20,949
_________ _t‘_..,,_b.iH______..::zb.._tgL________H__-.E’,:L..&.O_______.__.._J_O.-.lo__._“__.12.-_‘21_______29.5_&8___.___231_429___.__._____
& L4y =5 fehH =b3.78 68,83 72.73 19.421 23.317
—— e f oal =563 N, X 1Y - X A —— OH.HB . 12.B4 . .c_19.467 . ___ 23:43) _ o _
6 541 =41 .4k =544.U5 68,66 T2+46 19.246 23.047
A i g mnbeud 54,34 70,08 T3«18 £i.6568 23:765
t Sadt Y4 -52.04 70.57 Thel8 21,197 25+065
————— e IS .1, |- T4 0 NI, . 1Y 1. S —— FO.48 _T4e3T _ ____2l.068 ___24.962 . _
L Qe = fen" =H3.hb 69.03 T296 19,616 23.552
__________ f ___.“ﬁf___._....__"_'ﬂ_‘:.el?_______u__;ﬁio_ég_____..__..,__7i-_7‘5_'___...._.__7§-_2§___....__,12_-3-_72.______.._15;@_-'.‘9___.___..____
0 DG 549,13 =51.41 Th.78 75,10 21.369 25.692
FL IGHF St DIRECTINN WAve REIGHT(F ) WAVE PERIOUISEC) WIND SPERD(KT) WIND DIRECTION WATER TEMP(F) AIR TEMP AIR PRES(MB)
I e e e e e e e e e e e e ek o 1 e o e o e it o 1 e T T e e e e e S T e e s e e e
Mo 8 a0 s8N 3s0 53 9 016,00
- RN A TITeade (1Y PULSES PER.ERAME PULSE WIRTH(NS) PEAK PQOWER POLARIZATION(L} CS4 HEADING
P ———— PSSR T T B el et ) Y
1 AN 1 24 12 1 340
-__....___...._____?’_____...l_l'LU.i.L.__________.i__._._______._5.0__________.___li_______,l..._._______._...__29_5____...._..,.__'__ ______
5 1uohy 1 20 12 1 250
. 4 Liugy L 20 12 1 25
B 1edng 1 20 12 1 TO0
L, A deemo b BY 12 oy Ae0
/ Lbd oy Fd 20 12 1 340
S e e e e R L1127 S - S UUSUY -1 S — 12 X __ B9
Pl Lyl 2 20 12 1 250
' 1y Lirgou 2 20 12 1 25
11 1uony l 20 i2 1 T0
AP MmOnwe B &0 _ ] 2 ) ke
13 10000 54 20 12 1 340
A6 MODRG S0 _ .20 ] w2 _ o\ __®5
B 1uone S0 20 12 1 250
1 Lpang -1 20 12 | 25
17 Lty 1] 20 12 1 . 70
VNP & SR L4 1 1) N 0Oy 2o _\e_ SRR L - L —_
19 Tudiy 2in 20 12 i 340 b
e _B6 o lwooo o o2MA 20 e 3
21 ToaGo /A 2u 12 1 250 ¢
27 1uduo Pl 20 i2 1 25
21 TUQ0u EEE) 20 12 1 70 '
24 w0 __ e @ e )} e
e _FwaMr_ RCVI PWRDHMPAY__ RCVU PWHDBMIPEAK __ SIGHMA AV SIGMA_PEAK____ SIGMAZ(DB) AV SIGHAZIDB) PEAK___ _ _
1 Tul —aheal “Spe4] 63406 63400 15.410 15.410
_________ ] ___.'a'_ué______-_'J:Lo'_'f______._____-_‘ag-_ﬂ.?__,_________6_1--£Q__._._____61.-.&0__,..___1_3-_7_4!..__..___1_3;'&7____._._._.,.__
703 =uh Pl “56+24 63.23 6J3+23 15,579 15.579



P Tuh -nf.9 “57.19 62.28 62.28 14,629 14.629
2 1% ~4h6.26 =~56.26 63.21 63.21 15,563 15.563
/ JUH =hu . 18 60,348 59,08 59.08 11.434 11.434
__________ 2 __fyd __ =nb.rH =b6,78 62.68 62468  15.03¢  _ _ 15.03
7 7in =m0~ T T ~op.80 “60.67 60.67 T3.022 13,022
__________ KRR N 1 P 60, SBybl o 58,61 10,964 10,964 __ _
3 iia P - 1 5T.67 T e67 10.020 T0.020
i f1n -bé e?h ~62.25 57.22 57.22 9,567 94567
i 716 =63.02 =b63.02 Y 6ty Bal0% B. 194 R
4 My =bledn =HllY9b 57.52 57+52 ____9.872 1Y | /-
4 124 “tdaeti]l ~62.41 ST.06 57.06 409 F+409
__________ a__ (2l o5Y.9Y ______ =59.99 —_ S9.48 5948 . 1le83p _ _ 1l.832
4 722 =BUeny =-60.5Y9 58.88 58.88 11.227 11.227
b 174 Y, 44 =54 444 59,98 59,98 12,326 12.326
F) 725 BT ~60 o 44 59.03 59.03 11.379 11.379
- — 2 Teb =of.70 =S8.76 __ £ 60.71 ¢ 6071 _ 13,055 _  13.085
[ 727 ~60. 34 -6l o 34 ! 59,13 89,13 11,475 11.475
- 5 f28 __ _ _  -5b.aH _=8p.9d _ 62449 62449 14,838  _  l4.838
" {40 -54 .53 ~59 B3 59.64 59464 11.992 11.992
[ r3l —bi e 38 =64 436 55.11 55411 74463 Ta463
b 743 -nl).71 60,71 S8.76 58,76 11,108 11.108
__________ 6 _ 136 -8e02______ =56.12 - 63,35 63,35 15,698  __ 15.698 = _ _
13 795 ~b5,AZ -5l.12 63.85 68.35 16,200 20,700
e A3 86 =588 _ZBl.ed ¢ 64,28 ¢ 6Te64 _ _ _ le.625  19.993 —_
13 197 -54,/9 51,11 64,68 68,35 17.026 20,703 .
13 198 =Lty e 9 50,27 62.88 69420 15,228 21552
FE] 799 ST =50.54 Gl o 4B 68+93 16,829 21.27%
Mo 1S 800 =640 -B2.02 ¢ 63.07 6745 15.418 _ ___ 19.800 _ _ ___ _ _
13 HO1 -S04 ~S1l.4l 63,06 68406 15,405 20,410
Mo X _BOR_ =S6ue_ =S0,S 63,61 | 69.32  _ _ _ _15.756_ _ _ __2le666
I3 U3 ~55.77 -50.5 T63.70 68,90 16,047 21250
1 13 HUG =56450 =5j.3] 62.97 68.15 15.319 20,504
> 13 HUS “=56a37 -50.62 63.10 68,85 15,448 214195
PR UVUUDURUIE 7 PURTIR : 5 1 B ke £ % |- Slela ! 64,09 6773 _i6.438 20,083
1.4 BOT -56.82 51,64 62.65 67.82 14,997 20.174
o 13 hUH =oT.3% _ _ ______=h2.03 ¢ 62,12 ¢ 66,84 1465 _ _ _ 19.18%0
13 809 =57.38 =52.09 62409 67.38 14,440 19.729
' 13 810 “51.17 -51.57 62.30 6790 14,650 20,251
14 Hil =bbehYD -51,20 62.082 68.27 15,171 20.616
€ A3 omie L zefel? . _ZS0.88 ¢ 62.30 ! 68048 _ _ _ _ _14.652 20.833
13 A13 T -51.03 62.62 68,44 14.973 20.787
D S MU .7 | S, .- 11 1 I - =Sb.8b  _ ______63.45 ¢ 68.62 _ _ _ 15,803 20e970
14 Bl6 LU ud -53.,78 60.63 65.69 12,978 18.037
R ta 817 =8,y =54,U2 6l.18 65445 13.533 17.798
14 YY) -56.43 -53.22 63.04 66.25 15.390 18,600
YU L SN D 5. - )- L. |- .- 1- 1 3 ) N 99.48 ¢ 63.48 _ _ __ _11.834 _ _ _15.833
14 HED 5674 55,26 62.73 64421 15,080 16,560
Mo we) =Sb.29 ________=B4.57 _ ..t 63.18 ¢ 64090 15,527 17.248 |
la ure -55.85 ~53.97 63.62 6550 15.968 17 «BAS
14 B23 59,40 5,57 6007 . L G.89 . __ . 12,422 _ 16260 ___ . __.. ..
14 824 ~51,53 -S55,.11 61.94 64436 14.293 16,713
_________ Yo B2% =89, 6 . =Se.B2 o A0.3AL. 68465 12,659 __ _ _ _16.9%¢ __ _______ _ . __
14 HEZ6 =57 RS =564 .69 61.82 64478 14,173 17.132
_________ do B2 o _=RBesN. ______ _=55,18 . 60.98 6629 . 13.329 16,635 . . . _____
14 BeH =5H,491 “55437 60.56 64410 12,910 164452
lé By =570 =54 457 62204 L4a90 14,391 172249
14 B3u =57a43 =54.45 62.04 65,02 14,392 17.365
_________ 14 _ _RAL . _=5B,23 . _=S&8% _ . _bla24 645 _1I.G09 . 16,879
la K3z =B 400 =54 .48 61447 64459 13.821 16.940
RURSRUN £/ S - 1 SR, | - PL 1. J =Sa.8_ . . 60.89 _ _ __ _ _ Hhasd L _13.238. . ... 16.840 . ___
14 H34 -5H.15 ~54410 6l.32 65.37 13.670 17717
14 835 57,41 54477 6199 Gl o 7O 140344 17+ 048
1b 837 =58.14 =5h,16 61433 64431 13,678 164663
_________ 15 H3A _ ____=hb.49 . _=83.%2 . __ . 62.98 68,85 _ __ _15.330 _ _ ____17.902. . . _____ __ _
15 B39 “5f.20 -53,88 62.27 65459 14,623 17.939
_________ A _ BeU _____=beusg . =8Jd.46 __ 63.005 . . 66.01 15,399 = 1B.363
15 i) -56.R3 ~53.17 62464 66429 14,985 184644
1Y H4? =523 =53 04 [ Y- AY-L 6603 140593 18,377
s aad b6 .44 -53.31 63,03 66416 15,381 18,506

Jn="



15 845 =56.96 =53 .64 62.51 65.82 14,855 18.174

_________ b a6 =SfeT9 . =bbe4T __ ______ _6).68 6500 m 100026 1T .
15 847 “57.87 =54,09 61.60 65.38 13.946 17.731
19 Hy R —Sb.6{ =54,0]) GEa b7 65,46 15,217 17,809
1% Ha9 w5 Tan9 53,86 62.38 65461 14,732 17.958
——— M BBO =Soaud =53.40 _ __ 62249 —— 6607 14,835 _ 18.420 -
15 891 ~hY, 45 =55,34 60.02 64413 12.366 16,482
o _ 15 _ Asg o _=btedy -53,78 6262 ¢ 65.69 14,968 18,040 — .
15 853 “45,60 ~53.55* 63.81 65.92 16,155 18.267
15 H54 56,16 =53,32 63,30 66.15 15,653 18.495
16 as5 Y 52,89 62.19 66458 14,542 18.932
——— 15 H56 wol.69 =b3.98 ¢ 61,78 65,49 14,13) _ _ _ _ 17.842 ... . . _ _
16 458 57 .4t -54.68 62.03 64.78 14.375 17.134
S § s BN - L 5l.09 =53.} -— ——62e38 6556 le.728 17.906 __ _ _ _ _ __ __
16 Ty -57 A8 ~53,35 61.79 66+12 14,142 18,465
N 16 "6l =55 62 =53,00 63:85 66s467 16,195 18,820
1o T =57.08 “53.14 6236 66433 14,734 18,675
16 B3 =ST.07  =S3.06 62,40 _ _ 1T W YhoT46 18.09¢
1e Bo4 -57,28 “H3.25 62419 66422 14,543 18.569
________ e BeS _=b6.86 . . w53.30 62.91 66007 _ 18.285 _ _ _ _18.S23 =
16 RE6 55,41 ~52.72 64406 66.75 164411 19,095
16 B&67 =51 ebds =54 .60 6203 64487 14,376 17.218
16 865 =57 e iths —53.89 62403 65458 14,377 174933
A6 B6Y  =BT.7S L =S4.26 ¢ ele¥2 65.23 l4.067  17.559
16 870 5749 ~54 .92 61.58 6455 13.927 16,902
Mo 26 87 -bB,30 -S4.04 | 6le16 64283 . A3.514 YT.M3S
16 a7z 88,52 wGa, 17 60,95 65430 13.301 17.650
e 16 873 -57+59 - 61,87 64993 L4224 17277
16 BT4 “5 Tkl =~53,78 6l.86 65,69 14,210 18,037
[RD 1 : SR - ¥ i~ WO 1 } £ % 4 Y. =534 61.70_ . _ ¢ 652928 _ . _ 14,045 < _18.274 = _
16 876 -5T7.18 -54,20 62.29 65.27 14.643 17.615
— —_____ 16 _ws?T =%6.9) _ _________ ____ =63e34 6256 ___ __ ____ _66.13 14,909 1B.682
17 879 -58.47 =55,45 61,00 64402 13.353 16.373
R 17 850 =S /e85 =54,21 6la%4 65+26 14,291 17.608
; 17 R81 57410 -53,99 62.37 65+48 14,719 17.826
PSRV I S ; - - S “Sb.68, .. ... __~83.97T ¢ 62,79 ¢ 65,50 . 15,142 ____ _ 17.845
17 843 =55, 37 ~53,63 64410 65484 16,446 18.192
PV iy AP - 1. . Sy =SbeH 2E30806 e 6267 65.8] _ ____ 15,016 __ _ ____ 18.16) ———
17 aas -5H,. 16 =54,21 6l.31 65,26 13,658 17.606
. 1Y a6 ~GH,. Y 54,46 6l.18 65.0] 13,533 17.356
17 H87 '570?‘0 =54 ,02 62.23 65.45 1100579 17-795
Yo e L __abe Zon A e e =had S 63e0% e O5BT 15.988 A8e224
17 BHY YY) -Sq.4l 61494 65436 14,291 17.707 .
PRI & SN | £ B, =bhebs _______w=b4ae3d ¢ 63.53 ¢ 65.26 ____ ___15.878 _ _ _ _1%.s%9
17 H91 Y NE) ~559. 79 6164 63.68 13,986 16,030
17 gl -5H8,R3 55,09 _ 60.64 64.38 ) _l2.987 16,731 . |
1 BY3 -nH,.91 =55.41 60.56 64.06 12,912 16,412
[UURNORRNY I JUUPUON - SR, e ) LA W 56,23 . . 59.71 _ ___ 63.24 12,064 15.593 _ __ _ _ _ _ _
1t [Ty ~oH.31 =54,66 6l.16 64.81 13,512 17,156 :
_______ 17 HYh el =bal3B 62,09 65,09 _ _ _  Jh.44) . 1T.442
17 Ha7 T 55,41 61.26 6406 13.608 16.412
17 HYA ~h6, TU ~54,57 6277 64490 15.116 17.253
1k, T ~5H. 67 —55.04 60.80 64443 13. 147 16.777
1H g0y =ble29 o =S4,30  62e1B 65.17 14,532 .. 17.518
“““““ TTHTT Tyoe ST 00 Ly, 18 62.46 65.29 P ) ' ey~~~ ———77
[V 1 : E. LU T =oleld wHalll ... . . 62.32 ¢ 6535 14,665 _ _ M7.706
i) ity “Sletd =54,02 61484 65 o 44 14,194 17.795
1+ 05 -5 { &5t =54,13 61.79 65.34 14,137 17.690
T8 906 S lead G4BT 6200 64280 14,346 17.153
N § s SLEN. 1) —_———oHaub ——deBT —_——fle0l  65.60 13,363 17,947
14 GO 56 h0 -53,97 62,87 65.50 15,220 17.848 -
e ABE YRS Bl THbed6 . .6l.76 64,20 14,113 164554 -
1H 91 STeny YA 6177 64.58 T4.12% 16,9317~~~ T~
18 91l ot =Yg, 6¢ 63.19 64 .85 15,542 17.203
i 917 hBel 7 ~54 .69 61.30 644178 13.647 T7.130




s Yla 24,06 =55, 14 6ledl 64433 13,758 16,681
S GRS L . 2 § - S wphea0 oobedy  _____6l.07 ¢ 64,08 13,423  16.631 o~
I Yo 59,90 55,85 59.57 63,62 11.9i5 i5.970
1n i7 =54, Pt =55,86 6le19 63.61 12,542 15.959
[E] J1A —Shal9 55,40 61.28 Y H 15.632 15.365
S £ NN ) & Iy PR Y __=94435 60.36 65.12 R -2 'Y S ¥ 7. Y S
1% 'R <HE .09 54,68 6l.38 64e19 13,733 17,135
SN L NN, J-. SO, .t X X 1 - OO =53,99 — 61.99 —69s47 14,337 _17.8264 =
19 Y25 . 1Y =54 .95 60.72 64452 13.065 16.868
1y Y wh e fe =54 .82 6175 64 ¢ 65 14.102 16.996
1 927 ~51.r6 54 .53 62.21 G4 9% 14,555 N Y Y1)
_— 21 96 9654 _ ' _ =83l ! b2e93 ¢ 65.68  15.28l 18,027 .
2t U6h =56 4R ~53.63 62+63 65.83 14,9719 18,184
o 21 e 7 ~9lal5 _=54.06 __61.72 o __65.41 . _lasoer 17.762
) 21 G6h 57 .56 54 440 61.90 65.07 14,254 17417
21 Y6Y =58 .36 53,90 60,50 65456 12,854 17.914
24 1032 =Yt el ~53.56 63.16 65491 15.514 18.255
—— 24 b33 =bbeob 54,06 62,56 65,41 . 14914 17.75%
24 1034 —SH.52 54429 60,95 65.18 13,300 17.532
24 U3 mbee?4 =53.06 ¢ 62,73 ¢ 65.71 _ _ _ _15S.078 18,059 _
- 25~ 1034 -56.72 53,85 62,15 65.60 15,897 BV 71 R

FLIGHT SFA DIRECTIUN WAVE HETGHT(FI} WAYE PERIOD(SEC) WIND SPEED(KT) WIND-DIRECTION WATER TEMP(F) AIR TEMP AIR PRES(MB)

______ 9. 2 _ ¥ ~30 es0 & @2 _ __101850
RUN _ ALTITUDECFT)  PULSES PER FRAML __ PULSE WIDTHING) _ PEAK POWER _ POLARIZATION(])  CS& HEADING

FRAME RCVL) PWRIJHM) AV © RCVD PWR(OBM)PEAK SIGMA AV S1GMA PEAK SIGMAZ{(DB) AV SIGMAZ (DB) PEAK

PO 1 RS - S e % K wo__ .3 _____ er____ _ 1019.80_ _ _ _ _ _
o HUN_ __ ALTITUDELFT} _ _PULSES PER_FRAME ___ PULSE WIOTH(NS) _ PEAK POWER _ _POLARIZATION{)) _ CS4 HEADING
1 5000 1 10 3 1 T 180 )
_________ [N ¥ 111 | DS NNV, € | b I V.| | S
3 5000 1 10 3 1 360 -1
o _ 4 _&se00. i ___ o a__ - RO
5 5000 2 10 . a 1 180 -
a S04 rd 10 3 1 0
! SUN0 2 10 . 3 1 : 360
__________ o %poo_ 2 e 220
9 S00U 19 10 3 1 180 D
[ 1 BT 11 S Ao w o i S SV 0 _
i 5000 10 10 3 1 360 -
12 000 14 10 3 1 210
13 500U Y 10 - 3 1 180
_________ Lo B00 Y1) - -3 o} %0
19 4000 50 10 3 1 ase T
_________ de o BOGg &0 A3 M Rm0
1! SUnY 144 10 3 1 is0 7" ¢
g Lony 148 10 3 : 1 S0
1y S00v 148 10 3 1 60



14 1 hat =H4e01 ~80.87 49444 5258 T.812 10,953

________ A __deby =2 b2 =T34 c81a83 S53:76 —_—9a.803 . . __12e\27___ __ . __ . _
13 lahl ~Hde33 =T9.53 Sl.l2 53492 9.489 12.289

_________ Ar _dere =f6.70 . _=Th4e83 56,75 —-58.02 15,116 — 16989 -
14 [LET =H{ 40 ~77.89 S2.064 55.56 11,014 13.927
L 14491] =19a6T 7674 53.78 — 5871 12.148 15,077
14 1692 =40.34 =To.92 53.11 56452 11.480 14.894

——— I 1 1ri2 =H230 . _ b - TS 1 S —SledS . __ S54.89 ____ . _ 9a523 LR
14 143 =Hlela =TH U6 52431 55.39 10.677 13,763

- L9 140% [ —hUa i et 7 AP 1 S 53,35 . SHalt ta?le .062
In 1774 -1, 11 =Ta.79 S53.34 56.+66 11.708 15.030
16 1Li1s =fu, 1/ =1Z1a448 S4.28 S6400 12,648 14,367

1A 1776 =T7.99 -Th.72 55.46 57.73 13.826 16.102 s

_________ 17 _Axl6 =Tdebe o =Tmedb ... 554589 ... _S8e3} 13,956 _ 16,677 _  ___ _ _ _ _ _
17 1817 =-Th,u3 =73.31 . HT7.52 60«14 15.886 18.509

S U N - 1 T 1 YL X WU 4 U3 1 Sy SB.9L _ . € 61491 17,286 _20.282
17 1819 -T9.4] =72.05 S58.04 61.40 16.409 19,768
17 18240 ~TheHS ~7d.42 H7.60 60413 15,968 18.500
18 1154 -S4 -Tbelb 54.00 S57.29 12.368 15.656

e A ABSS =fYlm0 . =73.98 5365 Wbl 2,016 AT.836
14 160 =-T9.n8 =To.01 93.77 S5Teltts 12.139 15.812

YU 1. SO 2 ;3 SO A - -1 SOOI L. 4T | - N 55els L _ ¢ 58,29 _ _ _ __13.507 16.656
Ia 1A ~Tta 4 =75, T4 S54.67 S57.71 13,035 16.079
" 1% 1900 — 1Y, hn =tlals S3.58 S56:31 11,954 14679
19 1901 -1Y.49 ~TH5.99 53,95 57+46 12.325 15.828

[PYSRURNSPRR L. NN &) LY. SN, . [| P Y. 1 E _mTbet® -7 ———Bfed9 _ 11364 _15.198 . . __ _ _
[] 1403 LY -Tt.17 53.16 56.28 11.529 14%e 647

e e — 14 12414 =32y =foela LTS U A STesl ______12.%4% . __ 15782
au 1942 MU P wT6.66 §3.20 56.79 11.573 15.161
1 20 1943 zilaall =Taatl2 53,05 S7.63 1l.423 . 16003
) | a4 -19.03 ~7b.UH 54,02 57.37 12.388 15.736

1| N L1 S SHbd __=Teldb 52.52 _ __ _ _ - 56,67 _ _ _ _ 10,886 __ _ _ _15.038 _ __
20 194%H =-idetrf =7649 53.98 57«06 12.349 19.427

FLIGHT SFA DIRECITON  wave HEIGhT(FT}  wWAVE PerlOUISEC)  WINU SPEEUD(KT) WIND DIRECTION' WATER TEMP{F) AIR TEMP AJIR PRES(MB)

MY ey wM 8% 9% 89S 9% _ 99 _ . _ 9999.90
\h________ﬂﬂ__AULMEﬁiL_H&MﬁlﬁwJﬂwan_ﬂ&%Juuumﬁmhfﬂmjm@&__wumﬂﬂlwﬂi__EQJE&ME ___________
'
e NO_DATA GOV REIED o bdS PUIGHY _,
~oTTTmTmTmTmTT T FlaMg ROV BWG (TBMYAV  WCVD PWR{DBMIPEAK  SIGMA AY  SIGMA PEAK  SIGMAZIDB) AV~ SIGMAZ(DB) PEAK ¢
T T T FLIEHT T SEA TIGECT oM WAVE METGHTI{FT)  WAVE PEWIODTSECT wiND SPEEDIKT) WIND DIRECTION ~ WATER TEMP(F1 AIR TEMP AIR PRES(MB) '
_____________________________________________________________________________________ .
12 2h5 9y 39 1% 330 99 99 999%9.90 .
_________ RUN ALTHIUOE tFT) PULSEs PFR FRAME  PULSE WIDTHINSY _ PEAK POWER _  POLARIZATICN(1) = €S54 HEADING -
__________ " —"1wone 4,3 —T"T—"T—T"— @~~~ ~—~—~—~—~—"3 ~~—“~"“—""/—/™/7T/—/————"yy T
7 LuDny 1 20 3 1 355
3 10000 1 20 3 1 F-{:3- v
R SRR L L L (VY SO Y -1 AU, 3 - __A1s
o 1Teaon z 20 3 1 gy =~ T "
[ Lopni 2 20 3 1 355



H 1000y, 2 20 3 1 175
] Tuaoe 14 20 3 1 B5
A dyeoo A B0 3 1 _ ass
11 Loune 10 20 3 1 265
NS AP £1L1 11 o B0 & s
13 luguu 50 20 3 1 [:]]
la | KVLLIATH 50 20 3 1 355
1w Lotou SU 20 3 i 265
Do N 1 lugow ¢ O ___®Bv 3 o)A -
17 10000 14H 20 3 1 85
_ 1u 100400 144 ___________g_u________________;_______mLﬁﬁ“_________as_S _______________
- 19 1oun l4n 20 3 1 265 ;
20 10000 1ad 20 3 1 175
21 lu000 2is 20 Kl 1 85 .
S e __agbwe___ e lee 3 . s __ o
23 10000 21 20 3 1 265
__..._______A"_____.HUL(&____....__,E.".'L‘_._______ﬁ_.._z(l__________.._2.____.___.1_.._._________115_.....__. _— -
- ol
FLHAME HCVi) P {UHM) AV RCVL PWR (DHM) PEAK SIGMA AV SIGMA PEAK SIGMAZ (DB) AV SIGMAZ (DB) PEAK
-
P ——————E SRS PP R B T Bl e - e R st ket !
17 Pbu -H 1.2 =HU .48 61497 64461 14,318 16.955
A1 PEE3_ mmeebo | =6leel 62.84 64428 __ __ 150193 16.626
b 17 Ah4GL —héelh =60.73 62.75 64.76 15.097 T30 2
Ie 17 2ou5 ~hd.]¢ =60.69 62.37 6480 14.723 17146
17 PRLE =tdel2 =60.54 62.37 64491 14.717 1T.260
S b AR PeMS  mbead 62,91 ! 60,06 _ _ _ ¢ 62,58 12,008 14925 O
18 2690 YA =62.36 60,65 63413 12.995% 15477
POUS T, S ;% ) SURE..] 1.2 1. 3. NP U =62.30 __ . ___ ___ ¢ 6l.06 ¢ 63,18 13,407 _19.53&
b 14 2642 =63.95 “62.12 61.54 63.37 13.888 15.723 ]
1 18 2693 —hidabhd =bl. {4 6£0.85 6274 13,204 15.094
19 2 1e2s ~h4eib L T-PN L 6le13 6275 13,481 15,100 .
S \ ST -2 SO - Y X B X 0. 1 ST 58,75 ¢ 61,58 _ _ __M.106  13.9% o]
19 2127 =6t 2h -62.67 59.23 h2.82 11,575 19.168
[P A9 __B7eR ____ ___=6be0n _________=62.l6 = 5949 . _ _f 63.33 __ _ __11.839 __ __ __15.6¥9 ____ ____ _ _
: 19 21e9 ~hie 35 ~61.46 61.14 64413 13,485 16.4TT D
. 20 2167 -hfst? -63,19 58.07 62430 10.419 14« 650
20 2T6H =6he%0 ~b2e39 59.99 63.10 12,340 15.448 -
B0 2769 mkbewb _______262.86 ¢ 59.53 ! 6263 _ ___ 11,878 _ _ __Me.W8 ____ _ _____ _ ot
20 2170 =-6b.74H ~6H2.03 59.71 63.46 12,060 15.813
S - R+ X W —eba02 —62.13 59,47 _ _ _ __ ¢ 63436 11.821 __ __ _15.706 __ _ -
-
FL IGHT SEA DIRECTION wAve HEIOMT(FT)  WAVE MLRIOU(SECY WIND SPEEDIKT), WIND DIRECTION WATER TEMP(F). AIR TEMP _AIR PRES(MB)
y
13 PR 9 8 26 220 58 55 1005,90 :
RN ALT1TUnk (FT) PULSES PER FRAME PULSE WIOTHINS) PEAK POWER POLARIZATIONLL) C54 HEADING £
”
_________ Y aeewy R A SR R . H
e 10009 1 20 3 1 130
_________ _3__.__1_0.0_11_{1_..._____.___.1_____._.__...__.Z.D_____.____....__,1_____.___1_..__________._._&.0_.....__,____________..__....,
& 10400 1 20 3 i 310
9 Luspsd 10 29 3 1 220 .
) 105U 14 20 3 1 130
S . LOGMY U 20 e e ) &0 .
A 10000 14 20 3 1 310
__________ 9 100w w020 h— - 220 _
1u 10000 S0 20 3 1 130
11 1004y L 2y 3 1 40 .
12 1u0th CY) 20 ki \ 1 310
_________ la oued o daHM oG ERe
i 1000y lad 20 3 1 130
_________ J_‘S____]_Uﬂ.lls!__....__.__.L"_ﬂ__.__.______3_0_._.___.______.3..__...._._....._L__.__________..._*‘:_U_._______________
1t YT 148 20 3 1 310 v
17 LuQue 218 2u 3 1 ged
1A Ludug 214 24 3 1 130
________ 4 dwewy . 2I8 el R i A0



Y1-V

20 1000y 2rg 2u 3 1 310
S - DUGUMR 1.1 111/ L1 PSR se_ .20 3 _ - T -1 -1 I ——
22 10y S0 20 3 2 130
23 logyo S50 29 k) 2 40
24 Juihan Sy 2u 3 2 310
FrAaMt ROV PWL (DRM) AY RUVD PWH LDBM)PEAK SILGMA AV S1GMA PEAK SIGMAZ (DB} AV SIGMAZ (DB} PEAK

FL IGHT SFA DIRECTTux  wavt METGHI(FT)  waAVE PERIOU(SEC) WIND SPEED(KT) WIND DIRECTION WATER TEMP(F} AIR TEMP AJIR PRES(MB}

SRS 1. SN L 1 M. e ——— 5 Mg 360 8 43 020,30  __ _ _ _
RUH ALTETuyne (B 1) PULSES PR FRAME PULSE WIDTHINSG) PEAK POWER POLARIZATIONCL) £54 HEADING
B e o o o i e e s e T o A e e e e e e e o e s At R M i s TS T S e M o e e T ek ki . TR oy TR T T St o e n  ld A T T et e e e e
1 [ 1 20 i1z 1 350
__________ t’_____LU_UU_"...._.._....___....._l____________.é“_____.___.._.___l_i':‘_______l...___...._______?-’.QQ________________
3 10004 1 eV 12 1 170
4 1060y 1 20 12 1 80
Y Livgyu 10 24 12 1 350
__________ Q000w A0 ARl
f 100un 1u 20 2 1 170
_________ a8 . Luany ——— [ " R ¥ U N VU - | | E U,
Y o0 . 1] z0 12 1 350
140 Lugno A1) 20 12 1 260
11 Yoo L) 20 12 1 170
S V- R 11 (1(1) N, SO 2O )2 ) 80_ _ _ _
13 t0otn la4 £U 12 1 350
_________ VS U111 P I Y- S| U V- U SPNN U NRNGUIP -1 .. S IR
15 1000 144 20 12 1 170
16 1081 lad odl] 12 1 80
1/ 190040 b1l 20 12 e kET)
_________ AR dmuen N 20 2B BB
1w 1000 i} 20 12 2 170
—— 20 0uwe 11 £ ] | U - 80 _
21 10000 sy 20 i2 1 350
a2r° 10ytuu 50 a0 12 _ 1 260
23 JEU O] 20 20 12 1 170
g OOOM Y s _ g0 2 b e _ __ __
_________ FRAME KOVI) PR (DHML AV  HGVU PWRIUBMIPEAK _ _ SIGMA AV___ SIGHA PEAK ___ SIGMAZ(OBY AV __ _ SIGMAZ(DB} PEAK__ _ |
I July ELY-P Y bl 57.20 5T.20 9.549 9¢549
) 1920 hiedd =63.4Y 55,98 2 55.98 2 ¢ 8,331 0 8.331
__________ (L7 = P R X P S TS5\ T TEE. T4 8. 089 L0885 — T '
__________ __A%eR _=heanf ___=kdao7 53,90 53,90 6,250 _ _ 6.280 ' _
] VP ~hde{ 3.7 55,90 55.90 B.245 8o 2hS
1 A9Yh “h3sirh =f3e004 55.83 55+83 H.178 8.178
] ERZ4) —hiva 1t ~b6.lb 53.31 53.31 5.658 + 698
R [ L. SIS, zhiabd =buebb 4,92 _ S4.92 _ __ T.274  T.214
H 1928 ~hleM T LT 4 56.60 S56.60 B+950 84950
__________ L, W29 _=haeha  =6buUs ______ Shead 54,43 6,782 = 6l.182
1 393y i —fretn ELEYET) 52449 S2.49 4,837 44837
1 3931 —hde JU —61 .40 5l.16 S5lel6 3.513 3.513
1 EEXFS -tH Sy -t .94 S0.53 50.53 2.875 2+875
__________ 1 _3w33 __  =eh.36 _______=beeds _ S3J) 53,1 5.463 _ S.663
T SHS. Pl ~6b. 20 54,27 54427 64619 6.619 "
__________ 1 RY3IS  _ewdewd ___ -baww) 85,85 8S.55 _ _  V.904 T4
| 1936 64,53 =644.53 EYTA EIYED 7.291 T.291 b
1 I937 =656 ) =-ho.09 54.38 54438 64732 6.T732
3 ETKEY] =h3e9 1 . =h3.97 55.50 55.50 T« B45 T2805
VD939 mbou8 ___ =bo.48 52.99 ¢ 52,99 5,337 ¢ 5.337
1 1940 =h4 e 2Y =64y o BY 54.58 54.58 6,929 64929
1 a4l 3. 70 =63, 10 55,77 55,77 _Be12) . Be}2)



http:t.1-65.b7

- G1-V

T Y -6 ¢ 69412 54,35 54435 6,701 6.701
| 3943 LY ) =fris e fY 54 .68 5468 T.026 T026
Y4 4ih0 —hl.93 —59. U7 S57.54 6040 G.888 12+ Titb
——— 9 _s1Ml mhtreMy wHH.o0 S8.62 . _. . _ 60.97 10,971 = 13,316 _ _ ________
G alng ECYCT 59,07 57.88 60440 10.23% 12.748
A0 mwPRY) o =bleps _=bBehd _ ___57.78 6103 _l0.329 13,383
10 wg2? —h2end —SH.97 56464 60450 8.985 12,846
10 4p23 ~he 55 =54, 36 56,92 60411 9,268 12.457
11 &2ha ~6Ueha ~5d.05 59, 04 Bledsz I1.392 13.770
M aBns  =bUl6d  mudlle | S S8,87 61,38  Ml.,215  __13.700
1% 4465 “60 .94 57,96 58.53 6150 " 10,883 13,854
X2 mgub5 _ mbelT Theldy L E 57.30 ¢ 60.74 9.649 _ _13.087 ' _
17 <306 ~62.05 =55.49 BT 2 60.98 9,773 13.327
12 4307 =0 el =549,1H8 56,99 60.29 9,337 12.637
13y &3ar —57.48 —54 .95 YPEL 64452 T4.342 16.865
Y SEUNUOV B S L1, B - 1 Y 1 'F S - 1.- ¥ ORI 6letso 63279 _ ___ __13.807 _16e.144
13 4349 LTS T =55,43 6l.17 6404 13.519 16.387 )
YT & N, L) et 1 Y. L. 2 T ¥ 5. 0i.03 ! 66,37 13,377  __16.715
13 a35) —G7.31 54,05 62.16 65242 14.507 17772
w0 1o _&a3uy =il “55,07 61,99 64440 14,344 16.750
e 4390 =57 406 =S4 ,.88 62e%1 64459 14,757 16.937
PSRN £ S L ) IR 1 -1 1. J SO, =Sbe82 60.60 ! 63,65 . 12.9952__ _ _ _15.997
14 4392 T —5h .49 61.32 63.98 13.666 16.328
e A 8393 mSTl6l . =Sa.99% £ 6g.00 ¢ G4ek8 _ __14.351  l6.827
15 aadl S5H. 50 —Su.5n 6097 64.92 13.321 17,273
’ 15 443z ~5d, 73 ~55,82 60.73 63.65 13.084 15.997
15 4433 =58 .m0 ~55,.81 6057 63.66 13.321 16,012
15 4434 =BR.O0Y ________=ubeub ¢ 61440 &A1) 13,746 16eTST
: 16 h445 =T.65 ~55.45 61.82 ehelz T4, 066 16,467
PO 1 SO 1, X A S mod.0® TSb.o4 ¢ 60.38 6292 ______l12.728  ___15.27% _  __ __ _ _
16 &a4ih T59l “56.52 60.16 62494 12,511 15,293
. 16 4475 ~5H.91 ~5e, /12 60,56 62.75 12.909 15,101
16  G&ai6 -59.66 ~57.08 S9.81 62430 12,161 T4.735
e ___ b 4aFT _ ____=5Yeb® L _=hbeb0 ¢ 59.88 ¢ 62487  _ __12.232  __15.213
to . FLIGHT _SEA DIRECTINN_ WAVE HEIGHT(FI)_ _WAVE PERIODISEC) WIND SPEED (KT} _WIND DIRECTION _ WATER TEMP(F} AIR TEMP_AIR PRES(MB) _
15 10 3 4 6 10 55 51 1027.80
RUN ALTITUDE(FT) PULSES PER FRAME PULSE WIDTH(NS} PEAK POMWER POLARIZATION({1} CS4 HEADING '
____________________________________________________________________________________ .
1 10000 1 20 12 4 10
2 10p00 1 20 © 12 1 280 '
_________ S M0goo_ R0 2 N80,
4 16000 1 2u 12 1 100
e S 1 1117 R Ju 20 d2 ) .
f 10000 10 20 12 1 280 *
7 10000 190 20 12 1 199
" 10000 10 20 12 1 100 4
__________ - J— 111 R -1/} - -0 12 A .
10 1nnnn 50 20 12 1 280 *
_________ Al _M6ono . - w0 20 A ) 150 . —
R 12 10600 S0 20 12 1 100 ‘
13 L0680y 1aH 20 12 1 10
1o ToG00 YaK 20 12 1 280 "
_________ 15 _ __10¢o0 AN 20 ____ A2 M e .
16 10000 148 20 12 1 100
_________ A7 000U e RMR_ R A
in LooHn 274 20 12 1 280
19 Loggu 218 20 12 1 190
20 10600 218 20 i2 1 100
________ .ZL_,__l.L'J.L'LU______..._E.\D_.........___._____10_____.__..._.._.._..__._1.2.____..__.._3___..._._._..______.LQ_________________
e 1000, Su 20 12 I\ 280
2y Mot 3 | 20 _ e Y90
24 10000 50 21 12 1 100 B



97-V

FRAWF RCVD Pk (IHM) AY RCVD PWR{DBM) PEAK SIGMA AV SIGMA PEAK SIGMAZ(DB) AY SIGMAZ (DB) PEAK

—n 15022 L _=bb.rl —_——eee0 PN A 53+87 16,215 16215
! T =5 f ) =5{en0 61.97 61.97 14.321 14.321
T eggb —pl.ug -51,92 61459 61:55 13,902 13:902
FECEET —57 .45 -57.45 62.02 62,02 14.373 14.373
e P Ui - S 1 XS, Y S =576 6le93 ___ _ __ _ 61923 _ 18,879 daelle
IR TS —nt.07 -57.07 62440 62+40 14.750 14.750
__________ Ao ndo? o m9f.ww =ST.98 . Ble48  ____ 6l.48 . 13,832 13.832 —
¢ GPbH -S4 .98 bt .98 60.49 60.49 12.843 12,843
3 mPH6 66,04 -S04 63.43 63.43 15,776 15.776
ERECYTTY ~549 .60 ~H% .68 63.79 63.79 16,137 16.137 ]
___________ 2 SPnHM —zhlevs __ =5/.04 _62.43 . _62.43 14,777 . Me.IF?_
3 “WAHY -t (8 =504 78 62.69 6269 15.042 15.042
__________ 828U mSbebe L ThbeSH . 68.8Y  62.89 1S.261 _ _ 1S.241
4  u31R ~on. 0y ~54.09 61.38 61.38 13,732 13.732
4 93y 9704 =S7.643 6la.84 61,84 14,189 144189
4 5320 —ftead -fd.43 59,04 59,04 11,393 11.393
[P UUURER.. SRV X 7~ AR ...t- ¥ A1/ | S —odebs L 6283 . _ ¢ 6243 léa770 B PN & i S
4 5327 -549, 31 -5y9.31 6016 60.16 12.512 12.512 g
e 9 bakA Thoabe L Thelbd 63,97 v 6Te4 ______lbede)l . . . 19793 __ ____ _
9 LHHS =45 kb “53.7Y 63.61 65.68 15,955 18.025
Y S4uH6 —hSa4H L1y 1] 3 63,99 £6:58 16,337 18,931
Y GaH/f —Lb o bl 51,60 65,02 6781 17,374 204160
__________ Mo Baud | =hueny . =Si.H3 64,058 __ __  6T.6a 16,927 __ _ _ _19.9%0
v GaMy 54 ¢ Y -51.b4 64,78 67.82 17.131 205174
__________ s SO -1 1 L L XY & - NSy 1 - | W' Y. . SN, .. L % A -SUOREUOP - 4.1 - ) P & % - NSy I} 1~ N
¥ Bayl - by o] —b] .95 64446 67+52 16.807 19.865
4 LWaYs “huylt] ~Lg, US 6h .56 6702 16,912 19.766
Y YTE) EL T LA ~he.bb 64493 bbeBil 17.275 19.157
__________ B haba _____=Sgeud o _zhdedY __63.9% __ _ __ _67.18 _ _ ___ 15,898 19.53  __ _ _ __ _ __
q LYY EEE MY ~hee 3t b3.90 6710 16.253 19.445
__________ G._bavb o ooTeheul L ThdebY 63,56 66,38 __ 15.90% _ _ _18.732 __ _ _ .
B BTy el St 64435 G6+87 16,698 19.224
9 L4y -39 1 =Lz.l0 64.37 6T+37 16.717 19.720
4 buv b9} =52, 70 63.90 66477 16,253 19.118
. R, L1} B ~Dend pa-7-20-1 N 6384 ——66:80 16,191 = 19,313 —
S ety THhand ~S1.97 64495 67.50 17.302 19.845 '
_______ Ho__ohid —T23eby o Theedl _ bdlB2 66,96 00 le.lT72  19.306
9 thi4 —S&.00 SG2.2h 64 .91 6T+22 17.262 19.574 ¢
9 hnph 6,0 ] ~beebi 63+46 6733 15.811 19.681
S anth T 5284 6343 66.63 15,764 18,982 '
9 whg/ etk =51.71 6ha4l _67.76 17,758 2041085
—————————— L T Y T Y 3 LY L= A % 1~ Y - Y- - Y ¥~ Y1 -3 -~ R ¥ T4 ¥
—— — 9 bty mhbend wodeln _______63.98 _ _  65.82 0 le.386 0 18.169
T T T T Iy T Gues TTTSSA a3 64436 6653 16.708 19,884 *
10 Wags aty fatiy b2 28 65447 67.19 17.824 19.537
Tn CRYI —erd —hZ.ar G371 6659 16,174 T18.9%% N
[ RUIUINY KLU oL A, o X X I cedeoyd _62.97 ___ 65.78 15,907 1801289
Iy Gagh —Bnany ~5 4. 36 63.78 66.11 16,131 18,456 y
1o, Bhew htedt _____Thell2 6470 0 66.7S  1T.047 2 19.102
i TRt TRS A T NN 63.27 65.97 15,623 18.321 —~~— 7~ ‘
1 495 =544 2t =524 1Y bhabi 66+68 16,961 19.033
TEESEE —05hh —T2.12 63.80 66.715 16,154 19.095 o
Lo Y9314 e ETL I 524 16 63.97 _ 66e?l 16,319 19.057
TTT T T T TN TR 3s T mhalhg T T Lg.8y T T T T T T e .83 6664 I7.i78 a9y —— "~ ————~ "
10 _ 5535 ThBebY o TOgedy ____ 6h.TB L E 67.08 ~ _ _17.131 = 19.428
TTTTTTTTTT T Rs3e T T T T Na .l “H2. 44 64466 67.03 17.01% RS T T3 ¥ £ ©
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I. INTRODUCTION

The variable amplitude of the sea surface waves constituting a sea wave
profile can be recorded on a photographic film if the sky light providing the

illumination of the sea surface varies continuously in a linear manner.

The amplitude of the sea surface waves may be defined in terms of a
potential energy spectrum of the wave surface. (3) If one thinks in terms of an
infinite summation of sinusoids defining the sea surface, each sinusoidal com-
ponent must be characterized by a frequency and vector wave number. The energy
spectrum of the sea surface will then, in general, depend upon surface position
and wave number vectors and the time and frequency scalars. The photographic

record of sea surface amplitude variations or slope variations is also a repre-

sentation of the potential energy spectrum of the surface.

The optical density variations on the photographic film, referred to later as
the scene negative, are in a one-to-one correspondence with the sea surface dis-
placement or slope,providing the linear sky light illumination condition is satisfied.
The optical dénsity characterizes the variable light transmission property of the
negative and is defined by the equation I = 1010 .-D,where Iis the light intensity
transmitted through a medium of optical density D, and Io is the incident light
intensity. For a photographic film, the optical density D is related to the light

energy which exposes the film by the linear relationship

D = ylogE (1)

(3) Kinsman, Blair, "Wind Waves, Their Generation and Propagation on the
Ocean, ' Prentice Hall, Englewood Cliffs, N.J., 1965,



for long enough exposure times. The quantity E is the exposing energy density

and depends on the product.

joules
E = kif -Lz— (2)

m
where
. . . . watts
1 = exposing light intensity, ——'i-'-
m

T = exposure time, sec,

k = relates to film sensitivity to light

v = the slope of the film characteristic curve {log E vs D) in the

linear region

A camera located above the surface of the sea and loocking down in the
direction of the water wave propagation will record a two dimensional optical
density pattern - D(x, y}). As indicated by equation (1), the numerical value of
the density at each point on the scene negative will depend upon the light intensity

exposure time, film gamma, and sensitivity.

The light intensity(I}received by the camera lens will depend upon:
(1) the geometry of the sea surface and camera position,{2) the manner in which
the sky light intensity varies with zenith angle and azimuth angle, and (3) the polariza-

tion and frequency sensitive water reflectivity,

A, Linear Sky Assumption

For a basic understanding of how the slope angle ¢ of the sea wave profile
is recorded on the scene film, the assumption of a linear sky is a good starting
point. If the sky light reflected off the ocean surface varies linearly with zenith
angle 6 (see Figure 1), then the light intensity that exposes the camera film I{x")

will have a functional dependence which is linearly related to the slope angle ¢(x)



or wave height I{x). This important concept is illustrated below. Assume the
sea wave system is such that no azimuth angle depéndent light reflection is

recorded.

camera iilm- i / a

recor(is I(x") ﬁ /

\ / &

o7 a
camera focal / -3
plane 92 ye -~

/ /

> yd

Sea surface

o x3———ﬁh—

Figure 1. A One-Dimensional View of Ray Geometry for
Determining I(x) Under Calm Sea Condition. Distance

x} is Measured on the Scene Negative.

In Figure 1, the light intensity I{x') will have the form I1 + sz‘ provided

the sky illumination a(6) is linear with zenith angle 6. The light ray 2y will
undergo specular reflection at x = 0 and expose the film at a point corresponding

to say x' = 0. Light ray a,3 will reflect at x = x_ and expose the film at point

3

x' = x‘3 with greater light intensity. A measurement of optical density D{x'} along

the x' axis of the scene negative will be that shown in Figure 2 (microdensitometer

tracing)



D{x') ~I(x")

/

—
-—

/

Figure 2. Scene Negative Optical Density Trace for Linear Sky Condition

If the sea surface is now wind driven the camera illumination I{x') is of the

form

I{x!) = Il + 12 (= + c1¢ (x")) (3}

where ¢(x'} is the slope angle and ¢, is a constant relating angle to distance.

Comparing Figures 1 and 3, it is seen that the tangent plane for specular
reflection defined by slope angle $(o) in Figure 3 will provide illumination at the
camera only by sky ray 2,0 and not a, {Snell's Law). In terms of the unperturbed
sea state of Figure 1, this corresponds to specular reflection from point Xge
Hence, the term clcb(x') must be added to x' to account for the increased light

intensity exposing the film at x!' = 0 (see Figure 4},

A scene negative will thus contain an optical density pattern D(x')

D(x') = vlog [Il + Iz(x’ + clq)(x')ﬂ kT (4)



Normal

Camera

$(0) ~g g\\

N

Sea profile

Tangent plane for

specular reflection

Figure 3. One-Dimensional View of Ray and Slope Geometry for
Determining I(x') Under Wind Condition

Dx") ~ I(x")

average optical density

7//

Figure 4., Optical Density Tracing of Scene Film Showing Sea Profile
Defined by Slope Angle ¢(x!')



o-Di) /2

where if a is the amplitude of laser light incident on the scene negative, aol
)

is the transmitted laser light amplitude.

B. Optical Computer

- - 1
The Fourier transform of the transmission function T(x') = 10 D(x') is now

performed by the optical computer diagramed in Figure 5.

M i
Fourier u Lens YA x!
transform
pattern /
J // Laser
/ L/// \,_\‘L aser light profile
/ {Gaussian-like)
focal -—h-i-&‘ foca.l VY o
length length
Scene Negative

Figure 5. Optical Computer

By placing the scene negative in the x'-y' plane, located in the front focal
plane of the lens, a:nd exposing the film to a monochromatic, colliminated light
beam {laser), the Fraunhofer diffraction pattern {(Fourier transform) of the
‘transmission function T(x!'} will be recorded by a camera placed in the back focal
plane of the lens. This transform negative will contain the spectrum of wave
numbers (frequencies that constitute the sea wave profile T{x} or slope o{x)}. By
simply reading the coordinates of a point in the transform (ul, vl), a corresponding

vector wave number is calculated by the important relationship



(-—I—{—.) fA = T (5}

2T

where fA is a calibration constant, and K is the vector wave number in radians
per meter. T is the position vector. The vector wave number Kl corresponding

to the point Uy V specifies the wavelength, direction, and frequency of one

1
sinusoidal component of the sea wave spectrum.

C. Results of Calculation

The energy spectrum is calculated from the optical density pattern D{u, v)
provided by the Fourier transform negative. A two dimensional integration of
IO-D(u’ V)/\“’, the optical density transmission function, and evaluation of appro-
priate calibration constants determines the energy spectrum. The calibration
constants are calculated from microdensitometer tracings of the scene negative,
transform negative, laser beam cross-section negative,Ronchi grating transform
negative (fA product), and camera focal length and position. The microdensitometer

-D/
basically measures the optical transmission property of a negative, 10 Y,

A one-dimensional energy spectrum calculation for Raytheon Flight No. 6
ocean wave data indicates that the peak spectral component of the wave system
is in the range of 0, 188-0. 226 ftz—sec at a wave length of approximately 20 meters.
Assuming 20 meters to represent the dominant wavelength of the system, the
corresponding period is 3.6 seconds. Shore observation recorded a wave period
of approximately 5 seconds for this flight. Also, for frequencies greater than
two radians per second, the spectral amplitudes decay according to the well

-5
known ¢  dependence where ®is the radian frequency.



II. SEAPHOTOGRAPH ANALYSIS

) ] o ) -Dix!, !
The general two-dimension transmission function 10 eyt represented

by the scene negative is now derived for the two-dimensional case. The analysis

approach follows that given by Stilwell.

Consider the illumination at the camera from light reflected from some

arbitrary point on the sea (see Figure 6):

Ha) = Ka(0) p(o) (6)
where
K = a constant and varies inversely as the square of distance
from the point of reflection to the camera position in the sky.
a(9) = the luminance of the sky and is a function of zenith angle, 6.
p(9) = the reflection coefficient of the sea water and depends also on
the zenith angle.
A = camera angle —

In Figure 6, the position vector ¥ is drawn perpendicular to a differential

area in the focal plane of the camera. f is normal to tangent plane.

Eguation (6) implies that the illumination of the camera is governed only by

light rays that lie in the plane defined by the unit vectors T and f.

The change in camera illumination for a small perturbation of the surface

normal unit vector A {small slope angle ) is

a da(e) ép_(_fil) de
§ =K (de plo)+ a(®) == ) (7)

B-10



Camers
AN
N

Figure 6. Specular Reflection at a Point on the Surface of the Sea

Assume cos o =1, sin$d =0

8
The factor ch is
do 1 4 A A A A
_— = - - — - - = e
aé in © a6 {r n})where ¥ - n = cos
= . d ("A cos A +."z\ sin A) » (9; sin ¢ sin ¥+
sin ©  d¢ y

fa\' sin ¢ cos ¥+ Q cosq:)]

(8)

B-11



= cosyfor 6+ ¢+ A =90° and cos $ =1, sin ¢ =0 (9)

So
dt  ~ dal{0} dp(e) )
aw - F (de PIO) + ~5g )CO‘”” (10)
Integrating equation {10) gives
0.0 ¢ = K (S o0) 4 ae) L) cos g g1 (11)

The constant of integration I0 may be looked upon as the illumination I for ¢ = 90°

or $ = 0. Equation (11) is simplified by defining

dais) . dp(®) \ _ ., _
(———-—de p(8) + a(6) a0 ) = I = £(B) v (12}
I6,¢, ¢} = I0 + I' ¢ cos ¥ (13)

Equation {13) is the two-dimensional illumination function originally derived by

Stilwell.

In terms of general coordinates on the sea surface, Equation (13) is changed

to read

I(=' y') = IO(X‘, y') + IMxY ') $(xP, y') cos b (14}

The illumination terms IO(X, v}, and I'(x,y) are assumed to be constants

.in Stilwell's optical analysis. This would imply that the sky light intensity a(6)

(see Figure 6) changes linearly with zenith angle 6 and all light rays reflected off
the sea surface see the same water reflectivity. If this assumption is true, then

I' defined by equation {12) would take the form

dalf)

I = K
de

* p®) = constant. {15)
The validity of the assumption Io(x, y) = constant may be examined by inspection
of the optical density plot of the scene negative. (In Figure 2, the average change

in optical density is related to I (x'). )
o



IIl. OPTICAL ANALYSIS:

A, Average Power Spectrum of Photograph

In general, then, for small slope angles $(x, y) (cos & = 1, sin ¢ = 0)

Ix, y) = Io(x‘, yl} + 'z, v (%', v') cos ¢ {16y

A scene negative will record the above illumination function in the

form
D(x', y') = v log [kl I(x', y')Tl] . (17)

The primed coordinates refer to distances measured on the scene film. k1
is a constant related to the film sensitivity. -rlis the film exposure time.
A laser beam transmitted through the scene negative, which may be thought

of as a diffraction grating, will experience attenuation as shown in Figure 7.

-y-!
Xl
diffraction /
grating \ /

o — — e - —
a (x'I Vl)
{(incident light)

D
-7 (x' v
a (x', y')10

N

S

Figure 7. Transmission Through Scene Negative
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The transmission function for light amplitude is

—yllz

O—D/Z(x‘, y') - [klI(X', V')T}] {18)

TI(x', Y.l) = 1

where Ylkl’ T, Teferstothe scenefilm. To put equation equation (18) into a

form useful for analysis, a binomial expansion is made.

-y, /2
Tt y) = [ ') + T, y el y') cos $] (19)
-v./2 ~y,/2
- 1 I{x', v' 1
= [qiI (x.yD] [1+ 1:(};’,3;-)) $(x', y') cos ¢] (20)
Yz vy
= [lelIO(X‘, v} f1- = glxh vy el y') cos 4 ] (21)
where
1oty 2 &L v (22)
By = 1 G, y)
and the assumption is made that
[g(X!’ y$(x', y') cos qj]z << 1. (23)

The transmitted light amplitude a'(x', y') is passed through the lens
shown in Figure 8, and exposes the film placed in the back focal plane, The
light intensity registered by the film is the Fraunhofer diffraction pattern
(Fourier transform) of the light amplitude of the front focal plane. Each
optical density point on the exposed film is uniquely related to a spatial fre-
quency composing the transmission function of the diffraction grating (scene
plane). The value of D(u, v) indicates the relative intensities of the frequency

components.

B-14



<4
o

/ .
- k LT SEPTErg
_4. scene
negative
Figure 8
The light amplitude aT(u, v) exposing the film is therefore
. iK
* - —C (ux! +vyt)
aT(u, v) = const 5‘5 al(x',y') e dx' ay* (24)
-CcO
iK
+CX) _ fD (UX!"I'VY')
= const S'SA a{x!, y') THx' yv') e dx' dy' (25)
-0
N .
P v /2y
= const S‘S‘a(x': y"} [lelIO(X', Y’)] [1- N g(x', y")o{x', y') cos U
-co
iK
0
ol (ux'tvy')
e dx! dy! (26}

B-15



The constant of proportionality is f\ (see appendix).

too
-D 1L y)/2 Yl
woan{wv) = (£)) SE a(x', y') 10 [1- 3 glx' y')é(x"s y*) cos ¢ ]

ik
1f0 (ux'+vy') (27)
e dx' dy’

where A is the laser beam wavelength, f is focal length, k = 2w/}, - and

- -v. /2
b (x ¥ )/ZA . r ot Yl/ . The film in the u, v plane is sensitive to
10 = brkI =,y

2
the light intensity ] aT(u, v)l ! So, the optical density Dz(u, v) is given by

) Dz(u, v)/yz

kz'rz I aT(u, v)l = 10 (28)

where kz is the transform film sensitivity factor, 72 is the exposure time, and

Yo is the gamma of this film.
From equations (27) and (28), we have
+00

-D. (LYY

- k
* - (ux'+vy') 2
e dx' dy! {29)
lo(Dz(u, /Y,) ,
= > « {£\) (30)
PRI
2 2 2
- 1
For a Gaussian beam, a(x', y') = a e (1o (=" byt . Now let (Stilwell
assumptions)
"31 (x': Yl}/z
10 = constant (31)
and ) —_
A D¢
2 glx' y'} = Tog. & be constant > g(x', y') = constant. (32}
10
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Hence

= 2
(£1)2 (D, b, VA I Dyxhyy -, log e
2 (10 ) ) (33)
{szzaO ) cos ¥ ch
too iko 2
: 2 2 2 -—2 (ux'+vy')
h SS e-(llg el o(x', y') e f C dx! dy!

The Fourier integral of the constant term for a finite aperture goes like

sin x . -
( " ) and will contribute. to the frequency spectrum at and near center of the
transform (a):- 0). In the squaring process, it has been assumed that terms

multiplied by the Fourier transform of the constant term do not contribute to the

desired power spectrum.

The average power spectrum recorded by the transform photograph is*

- -2, ,2 2 - —2 (ux’ +vy')
2T - (%} vy )
P(K,K ) = — e. o(x1, v') e dx' ay'
Xy -
—w‘
34

where (3¢)

K

LLi=K (35) .

f x

£ (36)

0 _
i 'K

and u = x!, v = y! for the geometry of Figure 8.
Equations (35} and (36) relate density points {spectral amplitudes) in the trans-
form to correspondingwave numbers. Equations {33) through {36) are the basic

optical analysis formulas.

To gain some insight into the meaning of equation (29), take as an example

Y

- g Gy ol v = 1 - (37)

* The factor 27/g% is related to an elemental area in the transform plane
and is derived in Stilwell's paper.
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Hence

O

1 2 2
- (x' +y') -i (x'a + vy')
g

+

& f dx' dy!
SS e e '
-0

is sketched as curve 1, and

O

1 2 2
+o0 -5 (x!' +yt) -i : (x'u + vy')

. g
-1 Sg X e e dx! dy!

is represented by curve 2 in Figure 9.

—«——— CURVE I'(Dc TERM)

CURVE 2
(SLOPE)

FUNCTION >

Figure 9. Fourier Transform Components

(38)

(39)
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USEFUL REGION
OF ENERGY
SPECTRUM

Figure 10. Power Spectrum for

"
1- g y)e (e, y) = 1-x

The plot shown in Figure 10 represents the average power spectrum

of this hypothetical sea state.
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IV. SEA SPECTRA

A. Basic Power Spectra

The sea surface displacement T(x, v, t) may be expressed as a linear super-
position of sinusoidal components (wave packet) provided that statistically

(4)

independent, small amplitude components are assumed .

-E-1(K xtK y- ot)
n{x, v t) = SS& B(K_, K ,w) e Yoax 3 40 (40)

KKw

where the amplitude spectrum B(K , KY’ w) is given by
X

1 3 \ -H{K xtK y -ot)
B(Kx’ Ky’ w) = (g) SS S“ﬂ (x, v) e x v dx dy dt, (41)

xyt
The instantaneous power spectrum of the sea surface displacement may be

derived from the above relations and is

-i(K x +K v )
1 S‘S e X0 Y O
@ K > K ] (D: X: :t = o t E] 3 d
ALTR V>t = (5-) 1 (xy, ks, vy, ) dx _dy_
Xy
{42)
where the function
A
Hix x5 71 7,8 2 N Gy, £) Neetx, vy, ¢) (43)

is the autocorrelation function of the sea surface displacement. (The bar

indicates mean value.) Ifs inverse is

+i{K xO+K y’o}
x
H(x, x o Y S‘g( o (K K Y, X, 7, t) e y dKXdedcu.

KK A (44)

For a homogeneous sea {one independent of the reference position for meas-

urement) and stationary wave process, we have,dropping the x, y and t dependence,

'I-'i(KXXO-I-Ky_Yo)
[ = : dK dK d
I—I(x0 yo) SY\S‘ K K,w)e 5y w

K K o {45}

- {4) Ibid (3)
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, K x +K y )
= SS B(K,Kle *° Y° 4k 4K (46)
X ¥y Xy
K K
Xy

where

2{K_, K_y) = S e (K, Ky,w)dw (47)
w
D (Kx’ Ky) is the two-dimensional wave number spectrum. The function
@_q(Kx, KY, w} is the three-dimensional spectrum for a spatially homogeneous
and temporarily stationary wave field. Kinsman states that'® (Kx’ Ky’ w)
represents the waves generated on an ocean of infinite extent over which
a statistically uniform wind has been and will be blowing forever'. "More

reasonably, it isn't a bad model for the interior of a three- or four-day

North Atlantic storm covering an area of 500 by 500 nautical miles. "

The spectrum that is easily measured in practice (Spar Buoy) is the

one-dimensional frequency spectrum given by

B (w) = Sg (K ,K,w)dK_dK (48)
x vy X vy
K K
xy
It gives the contribution to the potential energy of the wave coming from
each frequency w, irrespective of the vector wave numbers associated with
that frequency. The frequency spectrum gives no information about which

directions the various waves come from. (They add up at a point to define

the potential energy of the composite wave.)

A typical frequency spectrum is shown in Figure 11l.

o)
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Thus, for the ocean wave process, there are three basic power spectra:
{1) The three-dimensional spectrum -@n(Kx, Ky, w)
i _'(2) The two-dimensional wave-number spectrum - @n (kx, ky)‘

(3) The one~dimensional frequency spectrum - @n{w)

B. One-Dimensional Fregquency Spectrum

A relationship between the wave number spectrum and frequency spectrum
- for infinitesimal waves which have a unique connection between wave

d frequency. For small amplitude, deep water waves, the relationship

3 am
20
& () = — & (K d 4
o= e wna (49)
0
where g is the gravitational constant, ¥ is the azimuth angle (see Figure 2} and
¢ X
032 =nghereg=9.8m,K=m. (50)
secl meter
Kinsman points out " that finite amplitude waves do not have a unique relationship

between wave number and frequency but yet the application of equation (49) seems

to give very good results.!

For each wave vector E = KX L+ KV i\r there is a energy given by
‘ 2 2 ]
@n K.K ). . All wave vectors of the same length " +KY and corresponding
N =y

: 2
®
frequency ® = YgK lie on a circle of radius | K| = '"-'*"g in the KX,KY plane (see
Figure 12 h
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B(Ky Ky)

Figure 12. Energy Spectrum Evaluation

Quoting Kinsman, Equation (49) says, '"Add up all the energy on this circular
ring and you will have located all the energy which is batting around at frequency

0. 11



V. RELATIONSHIP BETWEEN SEA SPECTRUM AND PHOTOGRAPHIC SPECTRUM

TANGENT PLANE

(WAVE CREST PARALLEL

TO A LINE PERPENDICULAR
TO r IN THE x -y PLANE)

Figure 13. Geometry for Calculating Relationship Between
P (K,K)and & (K ,K )}
" x ¥ ¢ x v

The wave height spectrum @n(a)) is related to the slope spectrum @d)(m)

as follows:

For a wave propagating in the r direction in x-y plane (see Figure 13},

?L ) tan e ey S bl v (51)
Ir
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and x = r siny
so

g;'::_, (X: V) = cb sin.zjm (52)

For a stationary wave process, equation (40) gives

(K x+ K v)

- : X ¥y
nx, vy} = S g g B (K. KY, w) e dK_ dKY ad {53)
K K o
x "y
5 : K x+ K vy)
—BXD-(X v _ iKXSSSB(Kx,Ky,w) e = v aK, K do (54)

1l

iK 1) (x, )

I

$(x, y) sin ¢

or
in
(!)(X, Y) = sin ﬁlj n (X: Y) » (55)
dlx, y) = iKN(x, y) . (56)

Therefore, equation (41)

Z “i{K x+ K v)
- 1
B(KX,KY,CD) = ('2-;?:) S S‘ Nx,y)e Y dx dy (57}
K K
x 'y
becomes
2 ifK x+ K )
RS "y
BICK, 0 =6 (50 [ ety e ax dy (58)

and the power spectrum given by
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K x + K y)

2
1 g _
@n(KX, wa) ={5) gg N (o yMbetx , y+y ) e dxod?,o Y (59)

Yy
bef:omes
1 2 1 _i(KxXo + KYYC;)
@T](KX’ Ky_, w) = (‘Z“;T'—) "I';"'Z- S‘\S.‘Q)(x_, y’)cl) (x + Xo’ v+ YO) e dxo dy’o (60)
Xy
or
2
K @n(Kx: KY’ w) = ®¢(KX, KY: w) (61)
and
2
K @n(KX, Ky) = <§¢(KX, Ky) ) (62)

{both for small ¢(x, v)-

The power spectrum defined by the equations{(33) and (34) is proportional

to 2 (K ,K }):
X Vv

¢
—_ 2
2 (az(u: V)/Y )+D lo [
2 £\ 2" 71 g
¢(KX, Ky) m( (__TZL) _L.)__._Z 10 . 4 sec2¢ . —___—120—:] . {63)
D
KT b
e.B
The constant of proportionality is (_—gy-—) where B ,f are scale trans-
2w Y

(5)

formation factors relating the sea coordinates x, y to the transform coordinates x¥, y}.

(5} Ibid {1).
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VIi. CALCULATION PROCEDURE

The calculation of wavelength is based upon Equation (5) which relates
various points in the Fourier transform to corresponding vector wave numbers.
The fA product is determined from either the optical bench or the Ronchi g:é'ating
transtorm. f is the focai length of the lens and A is the wavelength of the laser
beam. Knowing the focal length and position of the camera used in taking the
scene picture, a scale factor relating a distance on the ocean surface to a dis-
tance on the transform can be determined. A calibration equation relating a
distance in the transform x(3) to a corresponding wavelength 7\X is therefore

determined. (Propagation along the orthogonal axis has been ignored.)

The computation of the energy spectrum function &) is based upon
Equations (49, (62) and (63). Required for this evaluation are the calibration

equation and microdensitometer tracings of:

{1} laser beam cross-section
(2) scene negafive

(3) transform negative or isodensitometer of transform negative.

The transform density tracing shows rapid oscillations with trequency. An
averaging process has been applied to the transform for a reasonable estimate

of the spectrum function.

{A} Wavelength Calibration

The vector wave numbers and frequencies comprising the sea state energy
spectrum ¢¢(Kx’ Ky) are calculated from the relationship between vector positions
in the transform or isodensity tracing of the transform and wave number K.

A typical Fourier transform and its corresponding isodensity tracing is shown
in Figures 14 ~ 17 for % =0 and 9% = 90°. The major axis of the pattern indicate

the general direction of wave propagation.
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Figure 16, Fourier Transform for Flight No. 6, ¥ =0
Camera located in y_ plane

4 "
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Figure 17. Fourier Transform for Flight No. 6, ¥ =0° L/% )
Camera located in x - z plane o~
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The following relations apply for all points in the transforms:

(ﬂ)(K—"‘> = ) (64)
2r |
and
K
Yy (3 (65
(A (“““‘“‘21r ) =y . ¢

f is the focal length of the lens and A is the wavelength of the manochromatic,

collimated laser beam.

Alternatively, the fA product can be determined by analyzing the far field

pattern {transform) of the Ronchi grating. The basic equation is

A
Axy = S (66)

where 2b is the distance between grating lines and L:{b is the distance between

two maxima in the transform recording. (See Figurel9 ).

The first step in the wavelength calibration procedure is to determine
the scale factors relating a distance on the sea surface Ax, Ay to a distance in the
transform or isodensity tracing of the transform,and a wave number B’:x, KY of

the sea state to a wave number in the transform.

In Figurel8 is shown the camera position relative to the ocean surface (¥=0).

A

Camera

1500} Ax cos 45°
ft

Figure 18. Calibration Geometry for One-Dimensional Spectrum
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Let

Ax

= incremental distance on sea surface
Ax(l) = incremental distance on a 9 inch film in camera (scene negative)
Ax(z) = incremental distance on a 35 mm film (scene negative)
Ax(3) = incremental distance on isodensity tracing of transform
and KX, Kx{l), KX(Z), KX(3) are the corresponding wave numbers.

It will be assumed that the power spectrum is highly directional along the

% axis and therefore all KY °=0.

Now, for flight No. 6 and follow-on film processing work,

1
Ax( ) _ _focal length of camera

Ax cos 45° range

1

1500 V2

50
(1) [ & 67
£x" " = 3000 (67)
The 9 inch film is now reduced to 35 mrm film:
(2)
. S (68)
(1) 14.4
Ax

The isodensity tracing of the transform is enlarged 10 times over the 35 mm

transform.
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Ax(3)
AX(2)

10

The scale factor §_ is
X

P C R
= ° * 2 ) (69)
ﬁx Ax Ax( 1) Ax( )
or
AxX
_g = 70
AX(3) B = 4320 (70)
radians

and since wave number K is dimensionally —FT——7—
~ - unit length

x

7 = 4320 (71)

x

The position-wave number calibration equation is

(3) 5
Ax = (fA) -
(72}
4320
= (2b Axb) S KX-

The line spacing Axb is measured on the Ronchi grating isodensity transform
(see Figure 19} as approximately 0.50 inches. The grating is specified as

having 2 lines per mm, so, 2b =0.5 mm. The result is

s ma faw (A re———

3 -
Ax( ) = E%\jf x 10 2 metersz Calibration Equation (73}

p.4




(B) Frequency Spectrum Calculation - @q}(w)

The two dimensional wave number spectrum in terms of the photographic

parameters is

8 D Y+ 5
(I,K,K).__f_x_.x_ JLIO(Z/"Z 1 4seccy . 2 e
b X Y 2 2 > > log 10 (74)
a o k Toa D
220 W
and using
2
F (K,K)= K ® 75
o B K) K K) (75)
and
2w3 21
@n(a)) = = @T} (KX, Ky)dip (76}
€ o0
we have
D, 27
4 BB, 20> (f_7\)2 10 Y4 loge (D, v} )y,
3 ()= & 10
¢ 2 2.2 2 J . 2 _ 2 sec ¢ dy
o mK " e 272%0 Dy,
(77)

Equation (77) is the basic equation for the energy spectrum evaluation. The

following numerical values apply:
(1) 5:-: = 4320, BY:]_

(BY = 1 because a one-dimensional spectrum is calculated)

4
2 m
(2) K = >
g
S0
1 m3 1
'—2-— T = _(I; where
K g
w = Kg for small amplitude, deep water waves.
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Figure 20.

On'e—Dimensional Liaser Beam Profile
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(3) 0 = gaussian beamwidth of laser beam.

From the one-dimensional density tracing of the film negative of
the laser beam exposure (see Figure 20} (which is not gaussiant ¢

is approximately 0. 875 inches.

On the 35 mm negative, this corresponds to

6 = 22.2 x 10" meters.
2
(4) £A =0.65 mm (Ronchi grating data) (see Figure 19).

2 D
{5) The factor kZTZao is equivalent to the term 10 /Y,in which D/y is
the optical density arising by exposing film in the scene plane to
. . 2 . .
laser intensity a - From the gaussian beam density trace of

Figure 20, the peak value of D is approximately 0. 62,

szza S 100'62 = 4.16 {Assume vy =1 in calculations)
[8)

D,
i . . . .
(6) The term 10 ~ is related to the Io(x, y) of the illumination function
I{x, y) and corresponds to the average optical density of the scene

negative. Figure 21 is a one-dimensional density trace of the scene

negative used for this example.

{(7) The term

YII(Xl: Y‘)

D¢ = IO(X" 7 1ogloe

is related to the slope of the average optical density trace of the

scene negative (see Figure 21 ).
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If we assume (Stilwell linear approximation) that

— dD dx
= 2 o= B
s ix b
then
D, = 0.47.
b
The frequency spectrum, &(w), is therefore given as
2 2 2 27
(2){4320)(0. 65 mum. ) (5.5) (4) lcz;g10 e Dz(u, V)/y2
@\(w) = 7 3 5 S 10 sec Ydy
N (22.2x10" 1% 7° w(4. 16) (0. 47) :
2
meter - sec (78)
radian
27
3,69 -3 D, v}/, 2
= o X 10 10 sec ¥ dYy FT -sec. (79)
0
From the calibration equation (78),
(9. 8)(6.28) A" &
W s+ Kxg_ = - - > = 15/ Ax" (80)
27.4x 10
® = 15VAx 3) (81)

3
for Ax( ) in meters.
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Equations (79} and (81) and the density tracing of the Fourier transform
shown in Figures 22 and 23 were used to calculate both the one dimensional
energy spectrum (K = 0) and wavelength calibration scale for the isodensi-
tometers shown in Fvigures 14 and 15. A 21 point calculation of the energy
spectrum was based upon the smooth curve construction shown in Figure 23,
The smooth curve values and equation (78) resulted in the energy spectrum
plot of Figure 24 (positive wave numbers only). An experimentally determined

energy spectrum for a different Raytheon flight is shown in Figure 26.
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Figure 22.
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Figure 23.

Smooth Curve Construction of Fourier Transform
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Figure 24. Energy Spectrum for Raytheon Flight No. 6
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Figure 25.
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Figure 26. Laser Profilometer Data. The average optical density

that appears in the scene negative density tracing and
manifests itself as a dc term {®=0) in the Fourier trans-
form does not appear in Figure 26



VH. CONCLUSIONS

The calculations presented in the preceding section outline the basic
com;;utational technique developed by Stilwell for analyzing a sea energy spectrum
from photographs. The particular sea photograph analyzed was taken on Raytheon
Flight No. 6,and the resultant calibration photographs and transforms were done
by D. Stilwell at Naval Research Laboratories. The microdensitometer tracing

work was done at Raytheon, Autometrics Division, under the supervision

of S. Hendrickson.

The method of energy spectrum analysis of sea waves as outlined by

D. Stilwell has been applied to Raytheon Flight No. 6 ocean wave data.

The calculated wa;s.relength calibration equation and one-dimensional

energy spectrum ()} indicates that the peak spectral component of the wave
ft%-seconds

system is in the range 0.188 - 0.226 at a wavelength of approx-

radian
imately 20 meters. (See Figure 24 ). Assuming 20 meters to represent the
dominant wavelength of the ocean wave system (gravity waves) of the photograph,

the corresponding period is 3.6 seconds.

As pointed out by O. M. Phillipsb, the consideration of wind generated
waves when the duration and fetch of the wind are large;, justifies the considera-
tion of an equilibrium range in the energy spectrum for large values of
frequency w. The spectrum obeys the relationship ‘1;(63) =C(D_5, where c is a
constant. Applicatidn of this asymtotic rule to the calculated spectrum is shown

in Figure 24.

(6) O.M. Phillips, The Equilibrium Range in the Spectrum of Wind--
Generated Waves, J. Fluid Mech., 4, 426-434, 1958.
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Shore observation data recorded a wave period of approximately

5 seconds and a significant wave height within the range of 3-5 feet. The time

average wind velocity was 8 knots with 16 knot gusts. Aircraft observation

reported that the seas for this flight, unlike that of previous flights, appeared

somewhat confused. Even though there appeared to be a well defined wave

propagation direction, other wave directions were observed.

Experimental measurements of the energy spectrum were made with a

laser profilometer. Resulis for a different flight are shown in Figure 26.

Raytheon Flight No. 6 data was not available.

The basic theory of sea wave energy spectrum evaluation from photo-

graphic data as developed by D. Stilwell rests on assumptions that require a

good deal of physical insight into ocean wave properties. It appears that the

really fundamental aspect of the entire process is the requirement for undexr-

standing what sky-sea-state is necessary to obtain scene photographs that

jndicate an accurate measure of the instantaneous power spectrum of the

local sea state. The sky-sea-state referred to above should be related to such

parameters as:

(1)
(2)
(3)

(4y

(5)
(6)

Type of wave system (capillary, gravity, infragravity, etc.)
Position of sun relative to camera position.

Optimum sky condition (uniform overcast, partial overcast, etc. )N
Wind velocity and direction {related to type of wave system).
Wave profile function 75 (x, y) (white caps, sinusoidal, etc.}

Reflectivity characteristics of ocean surface.

Condition (3) related to the average sky illumination with zenith angle

can be determined from examination of the optical density tracing of the scene
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negative. A linear change in density along the x or y axis of the scene
negative constitutes what Stilwell refers to as a '"good picture. ** If the linear
sky condition is not met, the spectrum evaluation does not represent

the power spectrum of the two dimensional slope angle ¢(x, y) characterizing
the sea wave ﬁrofile. The illumination function I{x, v,A)* that characterizes

2 scene photograph is really the most important function in the entire optical
analysis, Its mathematical form must be understood before detailed analysis
of the sea wave system energy spectrum can be made. With I{x, y, A) known,
one could then give an accurate interpretation of the scene negative density
tracing as far as identifying the local sky-sea~state. Cons)equently, the
Fourier Integral of the height function 7(x, y) or slope angle function ¢ (x, y)
could be clearly identified in the transform isodensity plot, or in other words,
the region in K-space that corresponds to the energy spectrum of the slope

angle function would be known.

Several observations based upon the analysis and calculation are given

below:
(1) The scale factors that relate distances and wavelengths of the
sea surface to distances and wavelengths in the transform are
two dimensional functions, ﬁx(x, v}, By(x, V).
(2) The transform isodensity tracing shows an asymmetric spectrum

plot and one that varies- rapidly with wave number. It is suggested
by Cox, Monk, and Stilwell that an averaging process be applied
to this density function so that the general trend in the spectrum
behavior be ascertained. It is this trend which is subjected to

optical analysis in order to evaluate real sea energy spectra.

% The illumination function represents the light intensity reflected into camera
from sea surface.
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(3)

(4)

The collimated monochromatic laser beam is not truly Gaussian.
As indicated in the optical analysis a Gaussian beam is assumed and
is used to calculate the Fourier transform of the scene plane trans-

mission function T{(x', u') modified by the beam function

. 2 2
exp o z(x' + v ).
The Fourier transform is

2,2 2
®T T,y o OO Y

One is actually performing the Fourier transform of the slope
angle function multiplied by the beam shape function,resulting
in a distortion of the slope angle power spectrum recorded in the

transform plane.

The theory as developed by Stilwell does not allow the energy

spectrum evaluation for all azimuth angles

2T
Bd(w) ~ S‘ 10Az sec2 W ay
0
since secz Y — was - —g— . The transforms generally

indicate a non-zero wave number (K) near the center of

the transform.
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{5) The density tracing ot the scene negative could be enlarged and a
detailed analysis of slope function made. A mathematical description
of this function could then be employed in a digital computer, Fourier

transform calculation.

6) The question of accuracy of results in the optical analyses of

energy spectrum remains to be answered. For example:

(a) finite granularity of film
(D) grain characteristics of film
(<) camera movement and wave movement during exposure time

(d) the number of photographs necessary of a particular sea

state to completely characterize its energy spectrum.

(e) aperture size of microdensitometer slit used for plotting the

transform
(f) lens field of view as related to calculating the scale factors.

{g) Statistical limitations of calculated energy spectrum Hw).
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VIIL.

RECOMMENDATIONS FOR FUTURE WORK

(1)

(2)

(4)

(5)

Extend mathematical analysis ofentire Stilwell process, i.e.,
linear sky assumption, non-Gaussgian laser beam effect on
calculated spectrum, camera field of view as related to scale

factors, etc.

Develop theoretical understanding of the statistical limitations

of calculated energy spectrum.

Examine optical bench assemblies that would provide efficient
calibration of scene negatives and-transforms. Use photoelectric

cell or microdensitometer for calibration equipment.

Optically process existing Raytheon ocean wave data based on

part (3), and present knowledge of optical evaluation technique.
Select those scene negatives that have a linear variation of

optical dens:{ty and experimental data (laser profilometer and shore
data). Compare in'detail, experimental data with optical analysis

data for a large number of scene negatives.

Study the Stilwell process for application to radar scattering
measurements. What, if any, correlation exists between energy

snactrum ®{w) and the corresponding radar cross-section g ?
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IX. APPENDIX

A. Relationship of Optical Power in Scene Plane to Optical Power in
Transform Plane . v

In the back focal plane of the lens (transform plane), the light amplitude

a.T(u, v} is the Fourier Transform of a'(x', y'), the light amplitude distribution

of the scene plane

+oo -(iK /f)(ux'+vy')
aT(u, v} = (const.) S‘S a'{x’,y') e © dx! dy'.
-0

The corresponding light intensity is

I

uT(u, v) | a-T(u, ol 2

{-oo -(iK [f){ux'+vyt) 2
SS.a'(X', y'} e ° dx' dy!

-0

2
c

2. .
where ¢ is the constant to be determined.

The light amplitude distribution a'(x', y') is

2 2 2
VLR
ol 1) = —2 TH(x" y')
2=, ') laser beam Transmission
{Gaussian) function of

scene negative

In the absence of the scene negative (T!(x', y') = 1)-and evoking the require~

ment of equal optical power flow in the input and output focal planes,

we have
2T oo
_ 1
g Saze 216 * ridr'de’ =
(o)
0 O

2 2
2, 2 2 -(iK [E) =" +yt)

- Y 1
S‘S a_e Lo eyt 7o dx' dy'| ' dr" de

=00

output plane power density
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where the independent variables are cylindrical coordinates about the optic
axis. The single prime refers to the scene plane and the double prime
refers to the transform plane.

The power density

5 11-2ch "28

p 2 T
{3 n n .
bec. s 2 g UK A4y . 224 " 1222
S‘S “lfoT(x 4y ) e dx' dy'| =a w0 e
ao e (o]

r”z = x"zﬂ}”z, f = focal length, and X = beam wavelength in angstroms = Zv/KO.

and
[oa]
. 2, ,2
- 1 2
Zwaz 561(2/0" ) dr' = —-7wa 0'2
o 2 o
0
so that
' 2 .2
2T o 4'rr20' rit 8
T2 N2
—1"[1'&20'2 = 4c2a 21120'2 Se £ ' dr" 46"
2 0 o}
0 0
2.2
_ 2 22U4 8 1 f X
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APPENDIX C
THE FINE STRUCTURE OF THE SEA SURFACE

Dr. B. Kinsman®™®

Radar altimetry over the ocean confronts difficult problems -- not the least
being how to describe the target. In a search for an answer it has turned to the
oceanographers and has found little comfort. Waves are a primary response of
the ocean to the wind -- and extended regions of calmm seldom exist for very long.
The waves of the sea are highly irregular, they run rapidly across the surface,
and they constantly change their forms. It is only since the second World War
that oceanographers have made a start at understanding waves as they exist on
the ocean and have begun to create usable forecasting methods. Understandably,
their attention has been focused on "practical' problems, which in this case means
the larger waves ~- th('ase big enough to interfere with amphibious landings,
refueling, and air-sea rescues. Now radar altimetry tells us that the small
waves, those with lengths of the order of 1 to 10 centimeters, are of intense

practical” interest. They are the ones which have the greatest effect on radar.

For waves on the water surface with lengths in the range 0(lcm) to 0(10 cm)
both gravity and surface tension may be important restoring forces. Waves with
lengths greater than 5.47 cm are primarily gravity waves; the effect of the surface
tension on their phase speeds is less than 5% of the effect of gravity. Waves with
lengths less than 0.54 cm are capillary waves; gravity ;:ontributes less than 5%
to their phase speeds. For waves with lengths between 0.54 cm and 5.47 cm both

gravity and surface fension are important.

A great deal is known about the physics of these small waves. The 19th
century hydrodynamicists did not neglect them. Lamb's "hydrodynamics, ' for
example, records this extensive body of results. Our’'theory even provides us in

* Oceanographer

Chesapeake Bay Institute
John Hopkins University



Crapper's wave that very rare commodity: an exact solution to a nonlinear
problem. Further, theory has been abundantly confirmed by experiment. Small

waves are relatively easy to house in a laboratory.

What clues, then, do theory and experiment offer us? The linear first-
order, small-amplitude theory is satisfied by a sinusoidal wave and, because of
linearity, by sums of sinusoids. The theory tells us that each component wave

will run at a phase speed or celerity, c,

2

¢’ = (pg/k+ kT)/(p coth kh)
where
p = the density of the water,
T = its surface tension, and
h = its depth;
while
g = the acceleration of gravity and
k = the radian wave number which is 2T divided by the wave

length, L.

When the water depth h is greater than half the wave length, the waves are

in "deep water, ! coth kh ~ 1, and the phase speed is very closely approximated

by
& = (g/x) + (T/p)k . (G-1)

For waves on the range 0 (1 cm) to 0 (10 cm), even if we interpret 0 (10 cm)
as 50 cm, any depth h> 25 cm will be deep water so that (1) applies to most

of the ocean.



Equation C-1 has a number of interesting features. The effects of gravity
and of surface tension on the phase speed are additive. Itis on the basis of
(1) that a simple calculation yields the wave lengths for 5% residuals previously
given. Thus with an error of no more than 5% in the phase speed ¢ we may use

for gr avity‘w aves

2
¢ =~ g/k whenever L > 5.47 cm’ (C-2)

and for capillary waves
2
¢ = (T/p)k whenever L <0.54 cm. (C-3)
If 0.54 cm < L < 5.47 ¢m the waves may be called ripples and the full approx-

imation, equation (C-1), is required.

The phase speed for gravity waves is a monotonic increasing function of
the wave length, ¢~ L. For capillary waves itis a monotonic decreasing function
of wave length, ¢~ 1/L. Clearly, within the ripple band there must be a minimum
phase speed which can be found by searching equation (C-1) for extrema. One
finds that no wave can travel slower then Cn = {4g T/p)l/4 which corresponds
to a wave number k _ = (gp/T)l/z. Using g = 980 cm sec_z, T = T4 dynes cm-l,
andp=1lg cm_3 one finds a slowest speed of €. = 23.2 cm sec_-l associated
with the wave of length Lm = (ZW)/km = 1.73 cmm. Waves either shorter or longer
than 1.73 cm travel faster. From Figure C-1 it is clear that there is always a
pair of these waves, one shorter tha:n 1.73 cm and one longer, which travel at a
common speed. For such apair the short wave will appear as a fixed roughness
on the longer wave. There will be other short waves whose speeds are near
those of the long wave which will appear as a slowly changing roughness on the
long wave. Such phenomena do occur in a wind driven sea and are clearly
apparent to the eye. That they are precisely described by the linear theory may
be doubted since the linear theory was developed for small-amplifude {math-

ematically infinitesimal} waves. If you can see it, its not small-amplitude.



When the small-amplitude restriction is removed theory tells us that the
sinusoids become deformed. For gravity waves one solution is an inverted
prolated trochoid. Such curves can be generated by tracing the locus of a point
on the radius ot a circle which is being rolled along the under side of a straight
fine. Figure C;Z shows a trochoid which is improbable as an ocean wave because
g and k were selected to be 1. Ocean waves theoretfica.lly never become that
"pointy'", the maximum angle just before they break being 120°. If you look at
the ocean or at plunger generated gravity waves you will see that the trochoid,
while too regular to be a good description of the sea surface, is still much more
realistic than the sinusoid. The éinusoid always has smoothly rounded crests
while the crests of the trochoid have an edge. A sinusoidis symmetric about
a level halfway between crest and trough. You can't tell whether it is upside
‘down or right side up. The trochoid has troughs which are long and flattened
and crests which are short and angular so that mean water level is not half 'way
between crest and trough. Further, its wave steepness, i.e,, the ratio of its
height H to its length L, § = H/L has some sizable value. It is not infinitesimal
as & must be for the small-amplitude sinusoid. Thus the trochoidal wave can be
visible to the eye. The effect of this finite steepness is to make the trochoidal
wave run slightly faster than the speed given by equation (C-2) as shown in

Figure C-3.

For capillary waves the exact solution of the nonlinear problem which
makes no obeisance to the small amplitude assumption yields a water surface
shown in Figure C-4. As drawn, the uppermost line is the water surface for a
capillary of maximurx;t steepness, 6 = 0.73 in the sense that locally, near the
troughs, the slopes have become vertical and the surface recurved so that the
surface is about to coalesce. The lower lines are streamlines of the flow for
this extreme capillary. However, if a capillary has a steepness of & =0.53 the

second line is the shape of the wave and the lower lines remain streamlines. So
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also for the others. What you see in Figure G-4 may seem startling since most
of the waves you have looked at have probably l;een gravity waves that resembled
Figure C-2, Here it is the crests which are broader and rounded while it is the
troughs which are narrower and more pointed. However, in any process governed
by surface tension, as, for instance, the formation of droplets on a non-wetting
surface, the shape taKen is always as near spherical as the other forces acting
permit. Strange as they may seem these wave forms have been shown to exist
in laboratory experiments. I think the bearing of such wave forms on radar
should be obvious. The larger waves of the sea are like trochoids whose maxi-
mum steepness is 6 = 1/7 = 0.143. Observed values even in young seas which
tend to be steepest seldom show values greater than & = 0.12, Even locally they
don't become very steep. However, these longer waves may be and frequently
are covered with short waves. If the short waves are capillaries then the overall

slope may reach & = 0.73 and the surface can locally approach the perpendicular.

5:073

Figure C-4. Streamlines for Crapper's Wave



As with the trochoidal wave there is a correction to the phase speed given
by equation {C~3) which involves the; finite steepness as shown in P.‘igure C-5. In
this case the effect of the finite amplitude correction is to slow the wave a bit.
The combined effect on Figure C-1l of the corrections shown in Figures C-3 and
C-5is to raise the curve a bit when L/Lm < 1. It may also change the value of

km used for scaling but only very very slightly.
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Figure C-5. Phase Speed Correction Factor for Pure Capillary
Waves as a Function of Wave Steepness

Even casual observation of wind driven seas shows that a fine structure of
small waves riding the longer, larger waves is the rule rather than the exception
in reasonably strong winds. As recently as 14 years ago we had no remotely
satisfying deduction from physical principles to tell us how the wind might make
these small waves; those with lengths less than 5.47 cm for which surface tension
must be reckoned with. Certainly if surface tension is important then viscous

dissipation will probably be important and these waves will have to be continually



regenerated by the wind. Further, when a wind strong enough to make waves
flows over a calm water surface the first thing that always happens is the forma-
tion of waves with lengths of a centimeter or so running, not with the wind, but
symmetrically at an angle to both sides of the wind. They form a typical diamond
shaped or rhomhoidal pattern on the water surface. In 1957 Phillips offered the
tirst mechanism deduced from hydrodynamic principle that could account for some
of what we see. This is hardly the place to attempt an account of the Phillips
generation theory. Suffice it to say that the generation of small waves by his
process depends critically on a resonance between the waves and the pressure
field on the water surface created and swept over the water surface by the
tarbulent wind. The resonance is selective for the short wave lengths and the

off -wind angles of wave propagation. However, if the turbulent wind does not
contain appreciable energy in the small pressure structure it can be strong and
still create no small waves. The locus of resonantly excited wave numbers in
wave-number space is shown in Figure C-6 which may puzzle you a bit. Actually
it has been borrowed and contains more information than we need here. The kl
_wave-number component axis is lined up with the mean wind so that the kz—axis

is cross~-wind. ‘E['his is only half the plot. There is a mirror image in the

kl > 0 kz < 0 quadrant. Further, it is assumed that the pressure field on the
water surface expressed in wave -number space has no appreciable energy (for
whatever reason -- viscous dissipation in the turbulent wind, perhaps) at wave-
numbers outside the circular sector AOB . Under these conditions Phillips has
shown that there is a critical angle 't;o the mean wind which defines a locus in
I:b-space and a narrow band associated with it (the shaded part) in which resonance
will strongly excite and continue to feed energy into surface waves with wave-~
numbers within the band. Note that beyond the arc AB the band has been left

unshaded. This represents waves with wave numbers which could be excited but

are not since the surface pressures necessary to excite them are lacking. You



can see from Figure C~6 how it may be possible that a strong wind may not
generate waves by this mechanism. If the: wind is uniform and lacking smiall
structure itself, the radius OA of the sector AOB shrinks and, if OA becomes
less than OD it falls below the resonance locus. Should that happen no small
waves will be created by this mechanism. The mechanism is probably not unique
but so far it is the or_:ly one which has been worked out that accounts for small
waves and it is an excellent start. Theory could tell us many other things about
waves with lengths 0 {1 cm) to 0 (10 cm)} but I doubt that they would be any more

useful in the real world than what we*have alre‘adj.
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Figure C-6. The Locus of Resonantly Excited Waves in Wave-
Number Space
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The real ocean can be a very confusing place and, lacking good data,
perhaps the best I can do is to describe a few of the things I, myself, have seen.
One thing I can hardly overstress in the patchiness and evanescence of the fine
structure. When a wind begins to generate waves on a calm surface you often
find the rippled surface in cat‘s-paws separated by regions of still calm w-a,ter.
The cat's paws may be small, 10, to 12 wave lengths, or relatively large, 500 to
1000 wave lengths. They may persist, spread, and coalesce until the entire
surface is rippled. However, if the wind is puffy and dies momentarily, the cat's
paws may disappear again in a few seconds. If the wind sets in steadily and
freshens, the longer gravity waves soon appear and the fine structure, while
still there and wide spread, is usually very different in character on the different
parts of the longer waves. Often the down-wind faces of the large waves are

covered with much more prominent fine relief than are the up-wind faces.

Sometimes the small waves on the down wind faces are moving at almost
the same speeds as the larger waves and seem to hang fixed on them. I remember
watching something like this in the Miles River for an hour or so. The wind was
blowing about 30 kts over a fetch of perhaps 5 NM. The large waves were around
3 ft high with characteristic lengths near 30 ft. Over and over again a packet of
5 to 10 very steep small waves with lengths around 5 to 10 ¢m would suddenly
pop up on the forward faces of the large waves. They ran just a little slower
than the large wave so that ultimately they were overtaken by the crest and they
disappeared as the crest went by. Before this happened, however, the small
waves seemed to catch each other up; steepening on their forward faces until they
looked like the overlapping tiles of a tile roof. At that time their forward faces
were a centimeter or two high. The entire process from formation to vertical
forward faces to obliteration when overrun by the crest occupied no more than
10 seconds. The phenomenon was just as local spatially occupying an area of

2
perhaps 10 m .
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One more situation may perhaps be of interest as illustrating the need
for fine wind structure if fine wave structure is to be .excited. My pier is located
on an arm of South River. The water runs north;-sou}h and is perhaps a quarter
of a mile wide. A twenty-five knot wind had been blowing from the south for
some hours with an unobstructed fetch of 3/4 mi. The usual slope of gravity
waves with periods around a second was running. What struck me when I looked
at it was that it was abnormally smooth. For a wind that strong there were very
few small waves. As Ilooked up to windward I saw a pier that had been toppled
by the -Winter ice and was lying half submerged across the wind. In its lee the
water was entirely covered with a plume of rhomboidal fine structure which
extended some 30 ft to leeward where it suddenly disappeared. Looking further,
every obstruction to the wind that I could see had its own pendant plume. I feel
sure that this was an instance of the OA radius in Figure C-6 being less than OD.
As the wind tripped over the obstructions small scale turbulence was generated
in it and OA momentarily became greater than OD which permitted the small
off~wind waves to be created. Howe{rer, energy dissipation in the air flow
rapidly sapped the energy from the small scales and, once it was gone, the
small waves no longer had an energy source. With nothing to sustain them,
they were rapidly destroyed by viscosity. I cannot prove that the story I have
told is true but it certainly provides a rational explanation of what [ saw! no fine
structure on the open water even with a strong wind and plumes of rhomboidal

fine structure behind each obstacle to the airilow.

Considering the spottiness, rapidity of change, and variety of form of the
fine structure it is interesting to turn to the results presented in the body of
this report in Figures 5~1 to 5-3. Figure 5-1 plot average ¢° against wave
height while Figure 5-2 plots it against wave period. Both the wave height and
the wave period are visual obserations which notoriously fail to take proper

account of the small waves. It is well known that if you have a record of water
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elevation made at the same time and place a visual observation is made, you can
usually duplicate the visual height observation very closely by reading all the
heights on the record, puttir;g them in order of size, and then taking the mean of
only the highest one-third. The period estimate also ignores the small waves.
But the practically important waves for radar, and consequently for ¢°, are the
small ones. Thus one can say a priori that no connection is to be expected. This

is precisely what the plotted points in Figures 5-1 and 5-2 confirm.

Figure 5-3 plots average c° against wind speed and this is something else.
The wind speed, whether estimated or computed as a mean from cup anemometer
data, is just as ""gross' a parameter as the wave height or wave period. It
tells us nothing about the turbulent structure of the airflow. However, the higher
the wind speed the higher the Reynolds number and the higher the Reynolds
number the more turbulent the airflow is likely to be. There is at least some
reason to anticipate a connection between small waves and wind speed since the
higher wind speeds are more likely to contain appreciable energy in the small
eddies necessary to excite small waves. Itisn'ta tight connection but something
ought to be there. Figure 5-3 suggests that there is and further, that you aren't
going to be able to say anything about fine wave structure very precisely if all

you know-is the mean wind.

The problems of the hydrodynamics of the fine structure of the sea and
how to characterize it usefully urgently posed by radar altimetry over the ocean

needs and deserves close study.
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APPENDIX D
FLIGHT PLANS

This section includes the flight plans for all 16 flights. These plans were
formulated before the scheduled flights. Comparing the flight plans with the
flight summaries (Section 3.2) will indicate where and for what reason(s) the

flight plans could not be followed.
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Flight 1 - Nov-24-1969

Low Altitude Shakedown

1. Pre-Flight Briefing

2. Take-Off 3:00 P.M.

3. Fly to Test Area (Coastal Waters Near Wallops)

4, Fly Stilwell Pattern at 6000ft.

5. Fly Rectangular pattern at 6000ft. with the following parameters:

Pulse Width = 100 nsec
Pulses/frame = 50
Polarization = cross

Peak Power = 12 watts
Sweep speed = 50 nsec/em
Attentuation = 0 dB

No, of Runs = 4

6. Fly Stilwell pattern at 6000 ft.
7. Return to Wallops

Flight 2 - Dec-11-1969

A) High Altitude Shakedown
1. Briefing (Pre-Flight)

a. Desire course-rather than track
b. Define Sea Direction

c. Reference names

d. Required data

2. Take-Off and fly to test area
3. Fly Stilwell pattern at 100 ft.
4, Fly flight Pattern 2 (6 runs)

B) Radar Parameters

Pulse width = 100 nsec; runs 1, 2, 3
20 nsec; runs 4,5, 6

Pulses/Frame = 50

Polarization = cross

Peak Power =12 watts

A/C Attitude = 0°

Sweep speed = 50 nsec/cm

Frame rate = 1/sec

Attentuation = 0 dB

No. of Runs =6



1. Fly Stilwell at max. altitude
2. Fly Stilwell at 1000 ft,

Flight 3 - Dec¢-12-1969

A) 2nd High Altitude Shakedown

1. Pre-Flight Briefing

2. Take-Oif and fly to test area
3. Fly Stilwell patiern at 1000 ft,
4, Fly to max. altitude 18K ft.

5. Fly flight pattern 2 (6 runs)

B} Radar Parameters

Pulse width = 100 nsec

Pulses/Frame = 50

Polarization = cross (3 runs); Direct (3 runs)
Peak power =12 watts

A/C Attitude = 0°

Sweep speed = 100 nsec/cm

Frame rate = 1/sec

No. of runs =6

6. Fly Stilwell pattern at max, altitude
7. Fly Stilwell pattern at 1000 ft,
8. Return to Wallops

Flight 4 - Dec-15-1969

1. Briefing (9:00 AM)
Discuss:

a. Course vs, track (we desire course)

b. Definition of Sea Direction

c. Reference name of those on flight

d. Inform crew of data required during flight

2., Take-0Off (10:00)
3. Calibrate GYRO Compass of both A/C
(Cessna and the DC-4) bg flying together to tllle ship

(Ship will be at Lat. 37 07', Long. 73° 38 ie. Section 9,

Quad. D.)
4. Pilot contact ship and request to start récording data



5.

6.

1.

Start Stilwell pattern at ship with first heading in same
direction as sea., DC-4 at 1000 ft., Cessna flying same
pattern at 700 ft,

Both A/C repeat Stilwell pattern; DC-4 at 5000 ft., Cessna
at 700 ft. '

Both A/C fly flight pattern | (12 runs) DC-4 5000 ft., Cessna
at 700 ft. '

A) Radar Parameters

8.
9.

3.2.5 Flight

Pulse width = 100 nsec

Pulses/Frame = 1; for lst 5 frames
50; rest of run

Polarization = cross

Peak Power = 12 watts

A/C attitude = 0°

Sweep Speed = 50 nsec/cm

Frame rate =1 /sec

Attenuation = 0 dB

No. of runs =12

Repeat step 6 (Stilwell pattern}.
Return to Wallops

5 - Dec-17-1969

L

Briefing (8:30)

Take-Off 9:30 A. M.

. Fly to Wallops sec 9-D; Lat. 37° 07'; Long, 73° 38
. Pilot contact ship at earliest time and ask for weather

data (sea direction etc. ).

At test area; DC-4 fly Stilwell at 1500 ft; Cessna fly
profilometer pattern at 300 ft. (single pulse radar runs)
DC-4 fly to 10, 000 ft. and fly pattern 2 (6 runs) with
following parameters:

Pulse width = 20 nsec
Pulse/ Frame = 50
Polarization = direct
Sweep speed = 50nsec/cm
Frame rate = 1/sec
Attenuation = 0 4B



7. Fly pattern 2 again (6 runs): Same parameters as {6
except; Polarization =cross )

8. Fly to 15000 ft. and fly pattern 2 (6 runs) with same

. parameters as §6

9. Fly Stilwell at 15000 ft. (or below ceiling): Also fly
radar pattern #2 with parameters of #7

10. DC-4 fly to-1500 ft. and fly Stilwell pattern. Cessna
fly profilometer pattern at 300 ft,

11. Return to Wallops,

Flight 6 - Jan-5-1970

1. Pre-flight briefing 8:30 A, M,

2., Take-off 9:30 A, M,

3, Fly to Wallops Sec. 9-D; Lat. 370 07! ; Long. 73° 38!

4, Pilot contact ship at earliest time and request weather
data.

5. At target area: DC-4 fly Stilwell pattern at 1500 ft.
Cessna fly profilometer at 300 ft.

6. DC-4 fly to 15000 ft. and fly pattern 2 {6 runs) with
foliowing parameters:

Pulse width =100 nsec
Pulse/frame = 50
Polarization = direct
Sweep speed = 50 ns/cm
Frame rate = 1/sec
Attenuation = 0 dB

7. Fly pattern 2 again (6 runs); same parameters as #6
except: Polarization = cross

8. Fly to 20, 000 ft. and fly pattern 2 {6 runs) with same
parameters as #6.

9. Fly Stilwell at 20, 000 ft. (or below ceiling): also fiy

_ radar pattern #2 with parameters of #7.

10, DC-4 fly to 1500 ft. and fly Stilwell pattern. Cessna fly
profilometer pattern at 300 ft.

11. Return to Wallops

Flight 7. ~. Jan-6-1970

1. Pre-flight briefing 8:30 A, M,
2. Take-Off 9:30 A. M. o o
3. Fly to Wallops Sec. 9-D; Lat. 37 07', Long. 73 38



4.

5.
6.

7.
8.
9.
10.
11.

3.2.8 Flight

Pilot contact ship at earliest time and request weather
data.

At test area fly Stilwell pattern at 1500 ft.

Fly to 15, 000 ft, and fly pattern 2 (6 runs) with following
parameters:

Pulse width = 20 nsec
Pulse/Frame =50, 100, 500, 1000*
Polarization = Direct

Sweep speed = 50 nsec/cm
Frame rate = 1/sec

Attenuation =0dB

* 4 frames for each pulse/frame

Fly Stilwell at 15, 000 ft. (if weather permits)

Fly Stilwell pattern at 1500 ft.

Return to Wallops

Fly over hanger at 5000 ft. GSE will be ready for
calibration.

Land

8 - Jan-8-1970

1.
Z.
3.

o0 =y O~
PEEET 'Y

10.
11,

Pre-flight briefing 8:30 A, M.
Take-Off 9:30 A, M.
Make 3 passes overy runway (parallel with runway) at

5000 ft.; make another 3 passes over runway at 10, 000 ft.

All 6 passes at minimum speed. Calibration using GSE
will be made during passes.

Tly to test area, Wallops Sec. 9-D; ILat. 37° 07', Long.
73° 38!

Pilot contact ship at earliest time and request weather data.

Fly Stilwell pattern at 1500 ft.
F'ly Stilwell pattern at 10, 000 ft.

Fly pattern 2 (6 runs) with following parameters (10, 000 f

Pulse width = 20 nsec
Pulse/Frame =1
Polarization = direct

Sweep speed = 50 nsec/cm
Attenuvation = 0 4B

. Repeat Step 8 with Pulse/Frame = 2

Repeat Step 8 with Pulse/Frame = 50
Repeat Step 8 with Pulse/Frame = 500



12,
13.
14,
15,

.

Fly Stilwell pattern at 1500 ft.
Return to Wallops¥*

Repeat step 3

Land

* Pi_l;:-t notify Wallops plot when starting back to Wallops

Flight 9 - Jan-9-1970

oUW

-

Flight

Pre-flight briefing

Take-Off 9:30 A, M.

Fly to Wallops Sec. 9-D; Lat. 37° 07'; Long. 73° 38

Pilot contact ship at earliest time and request weather data
At test area, fly Stilwell pattern at 1500 £t.

Fly pattern 2 (6 runs) at 10, 000 ft. with following parameters:

Pulse Wié['th = 20 nsec
Pulse/Frame =10
Polarization = Direct

Sweep speed = 50. nsec/cm
Attenuation =0 dB

Fly pattern 2 again
Pulse/Frame =20

Fly pattern 2 again
Pulse/Frame =148

Fly Stilwell pattern at 10, 000 ft.

. Fly Stilwell pattern at 1500 ft.

Notify ship that wé are leaving the area.
Return to Wallops

10 - Jan-20-1970

=
.

O'\U'lﬂkwll\)

Pre-flight briefing 8:30 A, M.

Take-Off 9:30 A. M,

Fly to Tangier Sound; Lat. 38° 041, Long. 75° 00!

Pilot request weather data from range recover ship

Fly Stilwell pattern at 1500 ft.

Fly pattern 3 (4 runs) at 5000 ft. with following parameters:

Pulse width =10 nsec
Pulse/Frame = 1
Polarization = Direct



10.

11,

12.

13,
14,
15,

Sweep speed = 50 nsec/cm
Attenuation = 20 dB
(40 frames/run)

Fly pattern 3 with:
Pulse/Frame =2
Fly pattern 3 with:
Pulse/Frame =10
Fly pattern 3 with:
Pulse/Frame = 20
Fly pattern 3 with:
Pulse/Frame =50
.Fly pattern 3 with:
Pulse/Frame =148
Fly pattern 3 with:
Pulse/Frame = 278

Fly Stilwell pattern at 5000 ft,
Fly Stilwell pattern at 1500 ft.
Return to Wallops

Flight 11 - Jan- 21-1970

= IO N e

Pre-flight briefing 8:30 A. M,

Take-Off 9:30 A .M,

Fly to Tangier Sound, Lat. 38° 04'; Long. 75 00!
Pilot request weather data from ship

Fly Stilwell pattern at 1500 ft.

Fly pattern 3 (4 runs)atl0, 000 ft. with following parameters:

Pulse/width = 20 nsec
Pulse/Frame =1
Polarization = direct
Sweep speed = 50 ns/cm.
Attenuvation = 0 dB

(40 fra.mes/ru_.n)

Fly pattern 3 with:

Pulse/Frame =2



8. Fly pattern 3 with:
Pulse/Frame =10
9. Fly pattern 3 with:
Pulse/Frame =50
10. Fly pattern 3 with:
Pulse/Frame =147
11. Fly pattern 3 with:
Pulse/Frame = 278

12. Fly Stilwell pattern at 10,7000 £t.
13, Fly Stilwell pattern at 1500 ft.
14. Return to Wallops

Flight 12 - Jan-22-1970

Pre-Flight 8:00 A, M.
Take-Off 8:30 A. M.

Determine Sea and Wind direction
Take 10 frames of transmitted pulse
. Fly six rectangular patterns with:

(o ST BN ICR SR

Altitude =10, 000 ft.
Pulse/width = 20 nsec
Polarization = direct

Sweep speed = 50 nsec/cm

Attenuation = 0 dB

Pulse/Frame = 1 30 frames -
= 2 30 frames -

= 10 30 frames
= 50 40 frames
= 148 40 frames
= 278 40 frames

7. Take 10 frames of xmitted pulse
8, Land at JFK

Flight 13 - Jan-26-1970

1. Pre-Flight briefing 8:30 A, M.
2, Take-Off 9:30 A, M.
3. Fly to Wallops Se¢ 9-D; Lat. 37° 07.'

Fly to Long Island Sound (Middle Ground)

, Long. 73° 38!



4, Contact Range Recoverer ship and request weather information

5. Fly Stilwell pattern at 1500 £t,

6. Take 10 frames of transmitted pulse

7. Fly six rectangular patterns with:

Altitude =10, 000 ft,

Pulse Width = 20 nsec

Sweep speed = 50 nsec/cm
Attenuation = 0 dB

Peak Power = 3 watt

run # pulse/frame

1
10
50
147
278
50

o R W

8. Fly Stilwell pattern at 10, 000 ft.

9, Take 10 frames of transmitted pulse

10, Fly Stilwell pattern at 1500 ft.
11, Return to Wallops

Flight 14 - Jan-27-1970

Pre-Flight briefing 8:30 A, M,
Take-Off 9:30 A, M,
Fly to Wallops Sec 9-D

o W N
[l

Pulse Width = 20 nsec
Peak power =12 watts
Altitude =10, 000 ft.
Attenuation = 0 dB

Take 10 frames of transmitted pulse
. At test area fly Stilwell pattern at 1500 ft,
. Fly six rectangular patterns with following radar parameters:

polar
e

direct
direct
direct
direct
direct
cross

Sweep speed = 50 nsec/cm
Pattern # Pulse/Frame Polarization

i 1 direct
2 10 direct
3 50 direct
4 148 direct
5 50 Cross
6 50 direct

Roll Angle

D-10



Fly Stilwell pattern at 10, 000 ft.
Fly Stilwell pattern at 1, 500 ft.
Take 10 frames of transmitted pulse

. Return to Wallops (fly over Tangier Sound to check on
ice cover).

O o 0~

1

Flight 15 - Jan-28-1970

Pre-Flight Briefing 8:30 A. M.

Take-Off 9:30 A, M,

Fly to Wallops Sec 9-D

Take 10 frames of transmitted pulse

Fly Stilwell pattern at 1500 ft.

Fly six rectangular patterns at 10, 000 ft with:

[« S I TN SEE S

Pulse width = 20 nsec

Peak power =12 watts
Attenuation = 0 dB

Sweep speed = 50 nsec/cm
Polarization = direct

Pattern # Pulse/Frame Roll Angle
1 1 0°
2 10 0°
3 50 0°
4 148 0°
5 278 0°
6 50 5°

7. Take 10 frames of transmitted pulse
8. Fly Stilwell pattern at 10, 000 f£t,

9. Fly Stilwell pattern at 1500 ft.,

10. Return to Wallops

Flight 16 - Jan-29-1970

Pre-Flight briefing 8:30 A, M.
Take-Off 9:30 A, M.

Fly to Wallops Sec 9-D; 37° 07", 73° 38
Take 10 frames of transmitted pulse
Contact range recover for weather data

. At test area, fly Stilwell at 1500 ft.

-

o T R TN

D-11



7. Fly six rectangular patterns at 10, 000 ft. with:

Pulse width = 20 nsec

Peak power =12 watts
Attenuation = 0 dB

Sweep speed = 50 nsec/cm
Polarization = direct -

Pattern # Pulse/Frame Film
1 1 B&W
A 10 B &W
3 50 B &W
4 148 B&W
5 50 Color
6 148 Color

8. Take 10 frames of transmitted pulse

9. Fly Stilwell pattern at 10, 000 ft

10. Fly Stilwell pattern at 1500 ft,

1l. Contact Range Recoverer when leaving area
12. Return to Wallops

D-12



APPENDIX E

SHARP LEADING EDGE OF MULTIPLE PULSE RETURN
FROM OCEAN SCATTERING

E~1l. Imtroduction

It is interesting to note that the leading edge of the multiple return pulse
signal is more sharply defined then the top of these pulses (see Figure E-1).
There are several reasons why the observer should expect this to be true. The
variance of the signal strength at any time during the pulse is proportional to the
amplitude at that point so that lower signal values on the leading edge results in
less signal variance. In addition the density variance of leading edge traces is
measured in a direction perpendicular to that leading edge; while the variance
of the pulse at the top of the pulse is measured perpendicular to the time base.
From Figure E-2 we see that when the pulse has a slope to the leading edge this
results in the variance of trace density being reduced by a factor of the cosine
of the slope angle; therefore, the full variance appears on the top of the pulse
while the variance on the leading edge in trace density is reduced by two factors,
the slope of the leading edge and by the lesser expected amplitude of the signal

on the leading edge.

A formula is derived for the variance of a square law detected Rayleigh -
fading signal corrupted by additive Gaussian noise. In the special case of the
ramp-like waveforms that arise in satellite altimetry, the formula for the time
dependence of the variance of the detector output is developed and sketched for

comparison with flight test data.



Figure E-1.

Multiple Pulse Returns



Variance in
signal strength

Variance in
trace density

Figure E-2. Expected Waveform and Variance

E-2, Analysis

A narrowband Gaussian {i.e., Rayleigh fading) signal s(t) with power profile

E[s(t)] = P(t) (1)

is corrupted by additive zero mean stationary Gaussian noise n{t) of
variance N. The combination y(t) = s(t) + n(t) is subjected to sguare law

- X 2
detection. We seek the variance of the square law detector output v(t) = y (t),

namely

i) & ENE®] - EX[vy] 2)

where E denotes the statistical expectation operator.

E-3



From Eqs. (9) and (A-2) of Reference 1 we have, respectively,

Elvi)] = P(t) + N (3)

2
Elvi(t)] = 3[P() + N]*. (4)

{In deriving {(4) we have made use of the fact that p (t,t) = p (0) = 1.)
S n
it follows that

2
(v(t)) = 2[P@E) + NJP (5)

Observe that the ratio of the standard deviation of v(t) to the mean of

v(t) is

a{v(t))

Efv(n] - V2 (6).

independent of t. Accordingly, the RMS value of the fluctuation of the

signal is proportionalT to the expected value of the signal at each instant.

E-3. Resulis Applied to Satellite Altimetry

In satellite altimetry one receives a signal whose power profile

is a ramp,
P(t) = Pt/T, 05t<T.

when a square pulse is transmitted and a wideband receiver is used. The
standard deviation of the square law detector output therefore grows
linearly with time during the interval [0, T]. Accordingly., under low noise
conditions (P/N >>1).we expect the square law detector output pulses to

have the general appearance sketched in Figure E-3.

T The constant in (6) is N2 rather than 1 because in Reference 1 we assumed for
simplicity that the signal was comprised solely of an in-phase component.
Actucally, it has both in-phase and quadrature components, each with peak
power P /2, and similarly for the noise. When this is taken into account,

the N2 in (6) reduces to 1.



Figure E-3
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