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ABSTRACT

A self contained, free floating, recoverable sonobuoy system
is desoribed, for use in marine reflection and refraction surveys,
together with a mathematical derivation of the wave amplitudes to
be expected in such investigations., A detailed examination of the
reflection and refraction results from several areas in the North
Atlantic, obtained in the summers of 1973 and 1974 during the course
of two Durham University Geophysical Surveys, is presented, in
conjmtion with simple proocessing procedures designed to extract
information concerning the physicel composition of the sea floor

sediments, on the basis of the theory developed in the text.



CHAPTER ONE
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INTRODUCTION

The usual procedure undertaken when a marine seismic
investigation is made of a partioﬁlar region is to examine the
range of compressional and transverse wave velocities obtalned by the
various reflection and refraction methods, together with their
corresponding interface depths (Ref, 1,1).

These kinematic properties can provide an enormous amount of
information about each particular reflecting and/or refracting
horizon present in the area surveyed, as is well kmown (Ref. 1.2), but
for the most part the dynamic characteristios of the waves - the
amplitude, spectra, change of wave shape upon reflection or
refraction, are largely ignored. |

When one considers the amplitude of a reflected-wave, even a
simple analysis can provide information about the reflecting medium
for instance, in a normal incidence reflection survey, the 'Bright!
or 'Hot' Spot technique (Ref. 1.3).

In this system a real amplitude, as opposed to a gain
controlled, plot of the arrival is made, and can clearly (Pig. 1.1,
1.2), reveal trapped gas deposits, for instance, very readily since
the amplitude of the wave reflected from the gas saturated rock is
many times that of the non-saturated surrounding rock,

It is hoped that examination of the reflected amplitude from a
given interface with inocreasing angles of incidence may enable some
information concerning the acoustic parameters of the interface to be
determined. In particular, the behaviour of the amplitude as the
angle of incidence approaches the critical angle is of interest,
since it is at this angle that head waves are produced along the
lower surface of the interface,

Having decided to examine the reflected wave amplitudes at
varying angles of incidence, at sea, the problem of the design of a
suitable experiment to permit this investigation arises., Dividing
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the procedure into three parts, one obtains the following structure:
i) Data Acquisition System.
ii) Development of mathematical techniques, if necessary to
provide theoretical expectations for the examination,
iii) Data Reduction and Processing to produce experimental results
which may be compared to and contrasted with, those results

obtained theoretically,
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Data Acquisition System
Given the limitation imposed by having access to a single

ship for marine geophysical surveying purposes, there are several
possible single ship systems (Fig. 1.3 a-d).
a) Shooting at sea, Receiving on land (Fig. l.3a).

This is technically the simplest way of recording marine
seismic data, but for an amplitude study, the problem of differing
struoctures beneath ship and station(s), presents a difficulty as
regards interpretation. An entire array of stations would be
required to calculate individual station delays and the logistiecs
involved in setting up and maintaining such an array are considerable.
A slightly different approach would be to use a single station,
close to the coast and allow the ship to sail from close to shore
seawards,

The problem with this system is that being close to the sea,
such a station would be very prone to tidal and wave noise, and
this, combined with the inevitable difficulty of having to use a
high energy acoustic source to introduce energy across the sea/land
interface, makes such a system unacceptable,

b) Towed Arrays/Single Hydrophone (Fig. 1.3b).

A hydrophone array streamer, towed behind the survey ship gives
excellent quality data on near vertical incidence reflections but
does not, in deeper water, cover a large enough angle of incidence
range. Obviously, such a system suffers from towed body noise (Ref. 1.4),
due to its relatively rapid motion through the water, and also from
transmitted ship noise, both through the towing cable and in direct
and multiple reflected waves emanating from the ship itself,

Similar drawbacks face a towed single hydrophone system, which
could be towed at ever increasing separations to enable it to
encompass the wide angle reflections., Practically, however, this

is extremely inconvenient, reducing the manoeuvreability of the
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towing ship and presenting somewhat of a haszard to shipping in

the area, a limitation which affects all marine systems to a greater
or lesser extent,

o) Bottom Systems (Fig. 1l.30).

The immediate advantage of this type of system is that it is
remote from interference by man or surface weather conditions
(Ref. 1.5). Acoording to Wenz, (Ref. 1.6), the r.m.s. noise levels
obtained in a typical bottom environment are of the order of 6dB
less than shallow water noise levels (Fig. 1l.4).

The bottom mounted system is simply lowered over the side of
the ship and left weighted, on the bottom until the particular
experiment has been completed, whereupon an acoustic release
mechanism is aoctivated allowing the instrument to rise to the surface
under its own buoyancy, having left the weight on the sea bed behind
(Ref. 1.7)s This would seem to be the ideal solution to the
situation to be investigated, at first sight, but on consideration
there are several drawbacks, primarily the cost of the pressure
housing, which is exorbitantly expensive. This, coupled with the
fact that the areas to be examined are in fishing grounds, where the
loss rate of sclentific equipment in general is high, decided against
this technique.

d) Moored/Free Ploating Sonobuoys (Fig. 1.3d).

Following the successful use of disposable free floating
sonobuoys by various researchers (Ref., 1.8), it was found (Ref, 1.9)
that given adequate decoupling of the hydrophone from surface motion
and reasonable sea states, the noise levels encountered are not
significantly worse than those obtained using bottom systems (Ref.
1.10).

One particular advantage of this system is the relative ease of

development and recovery of the buoy, the techniques of Dhan Buoy’
handling for oceanographic purposes being well established. The free
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floating hydrophone should have a better signal to noise ratio but
may present somewhat of a danger to shipping, whilst both options
run the risk of being 'acquired’ by fishing trawlers, either
intentionally or by being accidentally ceught in the nets. By
attaching the buoy to a moored Dhan buoy, with its standard radaf
reflector, the problem of relocation would be eased but'the flow
noise is likely to be higher,

This final system was the one decided upon having taken
oost, feasibility and fitting in with other departmental research

programmes into consideration.



System Requirements

i) large dynamic range;

ii) large geographical range;
iii) low power consumption;

iv) physical relisbility.

i) Dynamic Range.

The dynamic range of the system must be sufficient to cope with
the large variation in signal strength encountered by such & system.
At olose ranges from the ship, the amount of reflected and directly
received energy is large and both the hydrophone and amplifiers
must be able to deal with this, whilst still being sufficiently
sengitive to be able to detect the lower energy longer range refracted
arrivals,

A wide band hydrophone is also required since at close range,
there is a large high frequency content in the received signal,
whilst at greater distances the dominant frequency shifts to the
lower end of the frequency spectrum, Similar considerations apply to
the amplifier,

In order to carry out digital processing on the received data,
a dynamic range of at least 864B is necessary for reflection work,
or 60dB for refraction results (Ref. 1.11), which automatically
necessitates the use of digital recording, since at the very best an
F.M. recording system, incorporating flutter compensation can achieve
55-60dB of dynamic range.
1i) Geographical Range.

At close separations of ship and buoy the combination of large
signal amplitude and good radio contact with the buoy is sufficient
to allow the use of an F.,M, 1link (Ref. 1.12). The analogue signal

is frequency modulated onto a carrier which is telemetered back to the

ship for recording on F.M, tape, This improves the range of the



25
buoy since the internal tape unit envisaged (see Chapter II) need
only begin operation once the F.,M. signal falls below an acceptable
level. The range limitation is then imposed by the length of
running time available on the recorder itself and the seismio
source utilised. When recording digitally, the maximum packing
density acoeptable is of the order of 1000 bits per inch, which for
moderate digitisation rates implies that a tape speed of at least
1"/sec. must be used. For a standard 3600' tape, this gives an
operating time of 12 hours continuously, representing a ship travel
distance of approximately 72 nautical miles, at the standard towing
speed of 6 knots,

This may not be sufficient, if large scale refraoction work is
to be undertaken, and so, to increase the system range, intermittent
operation of the tape deck is necessary. For long range work, also,
the standard "air-gun" system (Ref. 1.13) does not have sufficient
power to provide significant amplitude levels and hence an explosive
source is normally used, which can only be detonated at certain
definite intervals. By arranging that the tape unit is on for, say
6 minutes, in every half hour, after five hours of continuous operation,
the system range is increased to 280 nautical miles.

These figures represent the maximum attainable and are dependent
on tape speed. If a speed of 1,5"/second is used the range falls
to 180n.m, approximately, which is still sufficient for refraction
studies,

iii) Power Consumption.

In order to allow the system to operate for long periods of
time, power consumption must be kept to a minimum. M,0.S. (Metal
Oxide Silicon) Logic provides digital circuitry in robust packages
with low power consumption and high noise immunity, Hence, it was
decided to use as much MOS logic as possible in the sonobuoy.

Rechargeable nickel-cadmium cells provide the greatest power to
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weight ratio but are prohibitively expensive, so that the non-spill
lead acid batteries commonly used in motorcycles and small boats
were chosen,
iv) Physical Considerations.
The physical enviromment in which the system is to operate
decides the design of the sonobuoy to a great extent.
The buoy must be such that it is not easily damaged, elther by
mishandling during launch or re-acquisition, or by heavy seas that
it might enoounter. At the same time, it must be sufficiently light to
allow ease of handling, and the compromise solution is to use a glass
reinforced plastic (G.R.P.) body which is ribbed vertically, to provide
protection during handling and strength to withstand wave bombardment.
By using well tested peripheral equipment, flashing light for
recovery, hydrophone, the reliability of the system is increased

without excessive cost, so these items were bought in,
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Mathematiocal Analysis

The problems of reflection and refraction of elastic waves in
a8 layered medium have been extensively studies in the past, notably
by Cagniard(Ref. 1.14), Rayleigh (Ref. 1.15), Lamb (Ref, 1,16),
Sommerfeld (Ref. 1.17), Smirnov and Sobolev (Ref. 1.18), Spencer
(Ref. 1.19), Pekeris (Ref. 1,20), Petrashen (Ref, 1.21) and Sherwood
(Ref, 1.22).

Given the two layer situation whioh is the simplest to consider,
and that most extensively studied, in trying to obtain the amplitude
of the reflected wave for all angles of incidence, the first approach
is to examine the behaviour of plane waves,

Since the original papers by Zoeppritz (Ref. 1.23) and Knott
(Ref. 1,24), numerous authors have developed and published various
forms of Zoeppritz' amplitude and Knott's energy equation (Ref,

1,25 - 1,37), with some confusion as to the computation and physiecal
interpretation of these equations, due to differing notation and
nomenclature (Ref, 1.38).

The plane wave is, however, not sufficient to cope with the
problems of wide angle reflections (Ref. 1.39) but it is extremely
useful in developing some insight into the problem and in providing
some concepts which simplify the exposition of the behaviour of the
more complicated spherical waveform used subsequently.

The spherical wave has been analysed by several authors, and
the work detailed in Chapter III follows on from that undertaken by
Brekoskikh (Ref. 1.40), Cerveny (Ref. 1l.41) and others based on the
theoretical development of spherical wave analysis, to suit the
partioular requirements of the marine survey described above, by
introducing a different approximation in the method of steepest

descents, leading to a new solution,
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Data Processing
Once the data has been obtained using the sonobuo& desoribed

and disposable sonobuoys where time considerations do not permit a
return to loocate and recover the re-useeble buoy, the question of
data analysis arises and in particular the level of sophistication
necessary in the first instance, to obtain experimental results which
may be compared with theoretical predictions.

As the behaviour of the waves at wide angles is not well
defined, the most obvious method is to approach the data in the simplest
way consistent with obtaining valid results to compare theory and
experiment,

Once the existence of some agreement between the two has been
proven, the next stage is to increase the complexity of the data
processing techniques, Clearly, signal enhancement procedures,
deconvolution, filtering, improve the quality of the results, but it
must be borne in mind the considerable amount of time and effort
involved in producing such results on the equipment available, -Thus,
before this time consuming step is undertaken, an initial amplitude
analysis will be performed using simple high cut filtering to remove

unwanted noise, and linear interpolation for signal recovery.



CHAPTER TWO



29

INTRODUCTION

The DIGitally REcording Sonobuoy System (DIGRESS) comprises a
digital tape recorder and an F.M., transmitter, for close range work,
housed in a Glass Reinforoed Plastic body, (Fig. 2.1). A block
diagram of the complete system is given in Fig. 2.2, The elestronics
inside the buoy oconsists of two main parts; the record eleotronics
and a timing unit, The record electronics converts the analogue
hydrophone input signal into digital form which is then recorded on
3" magnetioc tape , together with time information., The timing unit
provides both a binary ooded deoimal (BCD) time code for writing onto
tape and a facility for remote (programmable) intermittent operation of
the tape deck,
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Fig. 2.1  Lateral View of Sonobuoy
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GENERAL DESCRIPTION

DIGRESS ELRCTRONICS

The DIGRESS electronics are contained in a cylindricel aluminium
container which fits exactly inside the GRP body. Fig. 2.2 shows
the complete systenm,

The uppermost surface of the GRP body is detachable, allowing
removal of the internmal housing, while 0 ring seals in a recessed
groove inside the 1id maintain a watertight seal. Electrical
connections between the internal electronics and the external fittings
are made through Boston Insulated connectors.

The hydrophone unit is deployed beneath the buoy, according
to the arrangement shown in Fig. 2.6, q}th the hydrophone suspended
neutrally at the end of a system of 'bifea' which decouple the

hydrophone from the surface motion of the instrument housing.

ELECTRICAL
RECORD

The output from the Mark Products P.27 Hydrophone (Ref. 2.1)
is fed to an analogue to digital converter and gain control unit,
The digital information is arranged into the chosen format on the
WRITE board and written onto 3" tape using an 8-track head.

The 5 MHz output from an SEI Type 512704 Quarts Crystel
Oscillator is counted down by a freéquency divider circuit to produce
both control signals to operate the tape recorder dycling, and clock
timing signals (Fig. 2.4).

Stabilised supplies for all the electronics are provided by

the +15V, +5V stabilised power supplies.

TIMING UNIT

As well as providing clock pulses this unit also supplies time

signals for remote programmable operation of the tape recorder (Fig. 2.5).
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The system can function in any of the following modes:
i) tranemitter only,
this is for short range work only;
ii) transmitter, then tape,
tape either intermittent (preselected) or continuously;
iii) tape only,
as above;
iv) tape only,
in a repetitive 1 hour oyecle.
There is also an option of up to nine hours delay before allowing

commencement of any of the above operating modes.
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CIRCUIT DESCRIPTION

RECORD ELECTRONICS
HYDROPHONE
The seismic hydrophone is a Mark Products P-27 low frequency
deep water hydrophone, consisting of a piezo electric ceramic
element, a ocurrent amplifier and a rechargeable Nickel-Cadmium cell.
The output impedance of the hydrophone is 50, and the
sensitivity a standard temperature and pressure is 30uV/ubar. A
schematic diagram is given in Fig, 2.,7. The hydrophone was chosen
because it exhibited an extremely flat wide band response (Fig. 2.8)
combined with high sensitivity, together with long operating time

at low current levels.

STABILISED SUPPLIES
The +15V stabiliser (Fig. 2.9) is contained on the Matrix
timing board and provides a +15Y supply line from an 18.4 - 24V
unstabilised battery source. The circuit incorporates an SGS L123
precision voltage regulator with an external BUY2, power transistor
to inorease the output current. The L123 comprises a temperature
compensated reference amplifier, an error amplifier, a power series
pass transistor and current limiting circuitry. The advantages of
this particular device are that it has:
i) a low standby current;
ii) low temperature drift; typically
0.003%/°c 0°c<T<70%;
iii) high ripple rejection,
the output power transistor increases the current output to
1 Amp.
The -15V stabilised supply (Fig. 2.10) is achieved using a
second SGS L123 with an external BFX 39 output transistor. The

=15V line is generated from a -18.4L to -2,V unregulated battery supply.
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ANALOGUE TO DIGITAL CONVERTER AND GAIN CONTROL (Ref, 2,2)

The analogue input signal fed through a binary gain switching
board (Fig. 2.13) incorporating fast comparator cirouits, to a
BURR BROWN 12-bit Analogue/Digital Converter.

The gain of the system is set using the L.E.D's mounted on the

¢ top panel of the board (Fig. 2.12) as an indication of saturation

I
3
[}
]

and the rotary preset gain control potentiometer, The automatic
binary gain switching (3 bits) inoreases the effective dynamic range
of the converter to 90 dB.

To ensure that the response of the ADC system was linear
considerable care was taken in the initial gain setting of the
component amplifiers whose gains were adjusted by means of
trimming resistors (see inset Fig. 2.12).

CRYSTAL OSCILLATOR

The fundamental clock frequency of 5MHz is generated by the
SEI orystal oscillator, the output of which is amplified by VTI
and fed to the TTL divide by five chain comprosing Rl, R2 and ICl
to give 1 MHz input to the subsequent MOS logic (Fig. 2.14).

The 1 MHz signal is used as an input to a Schmidt trigger (1€2) and
pulled up to a +15V positive logic level using R3.,

The orystal frequency is continually counted down to lk Hz at

the output of IC5, by IC3 and IC4., IC6 produces a 100 Hz output to

IC7, which reduces this via IC8 and IC9 to provide 50 Hz and 1 Hez
outputs. ICl0 provides a 250 Hz signal from the kilohertz input.

All the output frequencies are synchronous.

CLOCK

g "*ﬁn The basis of the clock unit is a National Semiconductor MM5311

D.I.L, olock (Fig. 2.15). The 50 Hz signal from IC7 is fed to an
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internal Schmidt trigger shaping circuit which provides approximately
5 volts of hysteresis. The shaper output drives a function chain
which performs the time keeping funotions.

Both fast and slow setting inputs, as well as a hold input
are provided. Internal 20K pull up resistors provide the normal time
keeping funotion. Switching any of the inputs to VDD (ground)
results in the desired time setting function.

The three gates in the counter chain (Fig. 2.16) are used for
time setting. During normal operation gate A connects the shaper
output to a prescale counter (+=50); gates B and C cascade the
remaining counters. Gate A is used to inhibit the input to the counters
for the duration of a slow, fast or hold time setting input activity.
Gate B is used to connect the shaper output directly to a seconds
(=60) counter - the condition for slow slew. Similarly gate C
connects the shaper output to a minutes counter (+60) for fast slew.

Past slew advances the hours information at one hour/second,
slow slew the minute information at ome minute/second.

The seconds, minutes and hours counters continuously reflect the
time of day. Outputs from each counter (indicative of both units and
tens of seconds, minutes and hours) are time division multiplexed to
provide digit sequential access to the time data., The multiplexer
is addressed by a multiplex divider decoder driven by a multiplex
oscillator. This multiplex element is itself driven through a variable
1-k preset, and a 1.F capacitor at 250 Hsz, (Fig. 2.15).

The preset is necessary to prevent the clock from going into
oscillation, which occurs when the 250 Hg multiplex frequency is of
the same amplitude as the 50 Hz clock driving signal, The preset is
adjusted so that oscillation does not occur, and is 8% down on its

normal amplitude for stable operation.



51

o Gate +5 or .
50 Hze =~ ———>— Shaper > A > +6 > =10 T
A A s v
Minutes Seconds A 4
TR .| Gate | =60 <« Gate |
L B c A B
Hours \ 4
:12 or > MUX.
/
| -
EQD
Divider > Decoder |
Decoder >- PROM |
b3
7 segment
—> Digit
MUX Enable
250 Hz —>— 0Oscillator
Pig, 2,16 Internal Clock Schematic



52

The multiplex addresses also become the display digit enable
outputs, which are hence observed at 250/6 Hz, i.e. approximately
40 Hz which is just sufficient for flickerless viewing. The
multiplex outputs are applied to a decoder which, in turn, is used
to address a PROM, This PROM generates the final output codes -~ BCD
and 7 segment. The sequential output is from unit seconds to tens
of hours. The digit enable lines turn on the enabling transistors,
(2N3904) and hence the L.E,D. display.

To ensure a good wave shape to the digit enable and inverse
BCD outputs, for recording purposes, dropping resistors, R are wired
in between output and ground. The positive logical ;oltage is
dropped to 13.7 volts on the digit enable lines but this is still
well within the MOS logic acceptance level (45% noise immunity).

The clock output goes to an L.E.D, display which is

disconnected once the initial time setting operation is accomplished.

MATRIX TIMING CIRCUIT
This provides the pulses for timing the remote programmable

operation of the tape transport system. The 1 Hz signal from IC9Y
is fed to IC12, a decade divider whose 0.1 output is divided by
36 using IC13 and 14, (Fig. 2.17), to give a pulse every 6 minutes.
IC15 provides a decoded decade output of these 6 minute pulses,

The 6 minute outputs are fed through protection diodes to
the first ten columns of the matrix board; column 1 corresponds to
minutes gero to six, column 2 to “6-12 eto,

The carry out signal from IC15 (1 pulse/hour) is used to drive
two sequential decade counters, HRST1 and HRST2 (IC16 and 17), which
provide an hours count (Fig. 2.18). Each hour line output from
IC16 and IC17 is connected to one input of an AND gate, the other
input coming from a Row of the matrix board, i.e. hour line gero to one
(Hg_; ) is ANDed with matrix Row 1, H; , 1s ANDed with matrix Row 2
and so on down to Hyg_j9 which is ANDed with matrix Row 19, (Fig. 2.18).
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SEQUENCE CONTROL UNIT

The placing of a pin in column C, row R, of the matrix board
makes an electrical comneotion between the input line connected to
column C and the output row R, Fig. 2.19. If the 6-minute line
corresponding to Column C is on, i.e. high, true and the hour line
ANDed with row R is also high, then the AND output gate will be higﬁ.
The outputs from all the AND gates are ORed together so that any 6-
minute and hour line will provide an output, provided that a pin is
placed in the appropriate row of column of the matrix board.

The output from the OR gate drives a feed relay connecting power
to the tape deck. There are, however, several sophistications to
this basic unit, allowing a certain amount of flexibility of operation.
1. DELAYED OPERATION
Once the timing unit has been started one input to the final output
NOR gate (IC27) before the relay driving the tape deck, is held at
logical sero by the Q output of IC33 (FF2). FF2 is a D-type flip-flop
driven from the 10 position switch, SW4, which is in turn connected
to the output of IC16, the HRSTlhours counter. If SWi is set to 8,
FF2 will set and hence Q go low, if and only if, the H g_g line goes
high, Hence the NOR gate is opened., In this manner a delay of up to
9 hours may be achieved before operation of the tape deck commences.
2, PROGRAMMED OPERATION
Once FF2 has set, programmed operation may begin provided SW5 is set
to logical sero. SW5 controls the NAND gates (IC23) on the H,_, and
310-11 lines. If 8SW5 is set to szero, these NAND gates are opened and
operation according to the distribution of pins in the matrix board
ensues,
3. CYCLICAL MODE
Once FF2 is set, with SW5 set to logical one, the H

0-1 10-11
lines of IC16 and IC17 are disabled, since the NAND gates are closed.

and H

The NAND gate on matrix row X, is opened and hence operation according
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to the pins in row X begins, and thus instead of moving down the
matrix board, row by row, the operation will cycle through according

to row X, every hour.

ko NO DELAY

If no delay is required before beginning the cyclic mode of operation
then SW5 is set to position '2', in which it is connected to the output
of FF3 (IC33) which is clocked by the H, , line of HRSTl. In this
state, SW5 goes high, and cyclic operation begins when FF3 sets, at the
Hb-l transition.

5. DELAY, PROGRAMMED OPERATION AND CYCLICAL MODE

Delay is achieved as in 1. (<9 hours); programmed operation as in

2, until H,ye OCCUTS (Hcyc’s 19 hours), where Hoyc is the hour at
which the tape goes from programmed to cyclical operation. The Hcyo
line is wired in as a clock line for FF3 and the sequence is as
follows:

The Hoyc line goes high, setting FF3, putting SW5 to '1', This
resets the HRST1 counter to its gero count and enables cycl%cal mode
operation as in 3,

6. ITERATIVE

If no Hcyc line is wired into FF3, the HRST1 and HRST2 counters will
count on automatically. The clock input of FF1l (IC33) is driven by
the carry out signal from HRST1, When this goes high at the end of 10
hours of counting, it sets the flip~-flop whose Q output disables the
HRST1 counter in its Ho-l count. The Q output of FFl also opens the

H AND gate, previously held shut during the cycle of HRST1 by this

10-11
Q output. The Q output of FFl enables the previously disabled HRST2

counter and shuts the Hb-l AND gate so that operation according to

matrix row M begins. When H o 8oes high on HRST2, FFl is reset

19-2

disabling HRST2, enabling HRST1 which jumps into its H1_2 count, having been

held at its HO-l count during the HRST2 oycle.
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Hence iterative operation begins, Hb-l’ H1-2’ cosee o H9-10’
HlO-ll’ H11-12’ secse H18-19’ H1_2, eeses 0tc,, until the end of
tape marker is detected.

In order to allow the tape speed to settle down to 1.5"/sec., &
slight delay occurs between the starting up of the deck and the
operation of the WRITE board, described in the next section. This
delay is achieved using an RS 555 timer oircuit which holds off the
power to the WRITE board for 1.8 seconds (Fig. 2.20).

To ensure correct operation of the tape deck the following must
be noted:

i) at least one column of the matrix board must be occupied

for every hour. If operation is not required during a
particular hour, a pin must be placed in column 20, the-
dumny column, at that row, This is necessary as otherwise
the input to the HOURS AND gate would float high and give
a spurious command pulse,

ii) in the case shown in Fig., 2.21 there is electrical
continuity between A and C through B if ordinary pins are
used. This would lead to operation of the tape deck

during H in Hour 1, which is not required. In this

24~30
instance, a diode pin (type 2) is used, which allows only
one way connection (horizontal) to occur,
The situation becomes that shown in Fig., 2,22, so that when
column 6 goes high (324_30) in hour 1, the diode prevents the

input to the H,

0-1 AND gate going high,

WRITE BOARD

This presents the data in a suitable format for writing onto
tape. The information to be written onto tape comprises two
distinect parts:

a) the data from the ADC and gain ranging boards, which is
divided up into 2 segments, the 2 bits of binary gain,
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g(1), g(2) and the 5 most significant date bits (m.s.b.)

and the seven least significant bits (1.s.b.).

b) time, which is obtained from the BCD output from the clock.

The format is arranged so that the tape may be uniquely decoded,
and the following scheme meets this requirement (Fig. 2.23).

The information is written in L4 500usec blooks with a mark/space
ratio of 1l:1, between blocks giving a 4ms cycle time.

BLOCK 1 is reserved for decoding purposes.

BLOCK 2 is used for time and decoding.

BLOCK 3 is a data block - g(1), g(2) and m.s.b, - 8th m.s.b.

BLOCK 4 is a data block, the seven 1l.,s.b's., This unique coding is
accomplished by arranging that all of BLOCK 1 is 'Q' followed by all
of BLOCK 2 '1' at the beginning of each second.

The centre track (TRACK 4) is used for strobe purposes by writing

& continuous 1 kHz signal onto it. There are hence 7 tracks
aveilable for information and the second identification code is
termed a O, 7 recognition pulse,

In every 4ms BYTE in between each second, one track of BLOCK 1
is held high and one track of BLOCK 2 is held low to prevent mis-
recognition on playback.

If bits 1-5 are zero then g(1), g (2) will be high, ensuring
that BLOCK 3 is never '0', If BLOCK 4 is '0', the coding ensures
that BLOCK 1 has at least one '0' track.,

BLOCK 2 is only '7' or all '1l' at each seoond pulse, the BCD
output from the clock being such that only 4 of the seven available
tracks are ever used at once, To provide time identification the
81 digit enable line from the clock is indexed into BLOCK 1, on
track 6. This digit enable line goes low only whenever the time
digit value at the BCD output is accessed, i.e. BLOCK 1 track six is

*0' only when the time dats in BLOCK 2 following is S., 82, S4, S8,

1’
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refer to logical O and logical 1
refers to the most significant bit
refers to the least significant bit
are binary gain values

HOUR x 1 count

HOUR x 10 count

SECOND x 1 count

MINUTES x 10 count

Hours identification mark

Second, Minute identification mark
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Similarly Ml = the single minute digit enable line is indexed

into track 3 of BLOCK 1 and H,, the single hour digit enable line to

12
track 5.

The appropriate 250Hz timing pulses are obtained from the frequency
divide network and the combination of loglc gates as shown in
Fig. 2.2, a-+g, are used to arrange the data into the required format
for each track.

The information thus arranged is presented to each of the seven

multi-channel data selectors (MC14512), which are driven at 1lkHs by the

A

, and B, outputs from a BINARY 4 counter (1c10) Fig. 2.25.

The multiplexed outputs, together with the lkHz strobe signal are
fed to the tape heads via a simple heed driver circuit, which simply

provides enough current to drive the heads (Fig. 2.26).

TAPE RECORDER

The tape transport system used is a NAGRA IV L deck, fitted
with a Nagra IV-3J speed and tension stabiliser board (Figs. 2.27 and
2,28), The deck is adjusted to run at 1.5"/sec. The power to run
the tape is provided by the -24V battery supply. The tape deck is
fitted with two 8-track 3" Phi Magnetronics digital heads, type
DHM/030. Signal leads to the heads are brought out to a VERO edge
connector which is fitted to the head drive board mounted, in turn,

on the underside of the chassis of the deck.

TAPE HEAD DETAILS

PHI MAGNETRONICS DHM/030
Dimensions 50" x 50" x 65"
Track Width 020"

Track Pitch .0318"

Gap Spacer 0001 "

Face Form hyperbolic

Inductance a lkHz 30mH + 20%
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Playback Level 85V + 1.5dB
WRITE Current 10mA p-p.

Output 2,5V + 20% p-p.
TRANSMITTER

Thies is taken from an Ultra Electronics disposable sonobuoy
(Fig. 2.29), and mounted, soreened inside the instrument housing of
the buoy, next to the electronics container. The transmitter consists
of & modulated orystal controlled R-F oscillator-doubler, two
frequency doubler amplifiers and a final RF power amplifier.
Modulation is accomplished in the oscillator stage by means of a
variable reactance diode in series with the crystal, and thus the
oscillator frequency is varied by the audio input,

The transmitter is disconnected once the tape deck begins to
operate, to prevent any R.F. interference which might cause the A/D
converter to malfunotion.

The power for the x-mitter is dropped from the unregulated
12v battery supply to 10.1 volts using a Zener diode arrangement., The
aerial of the transmitter is mounted on a 19' two seotion hollow

glass fibre pole, to increase the system's range,

FLASHING LIGHT
rhia is an OAR submersible flasher, type SF-500-1-100 which
operates for over 100 hours at 1 flash every 2 seconds, It is

mounted externally, claﬁped to one of the strengthening struts (Fig., 2.1).

BATTERY SUPPLIES
The +24V input to the +15V power regulator is provided by
two Bxide type 166 12 volt motorecycle batteries, fitted with non-spill
caps. One of these batteries also provides the 12V supply to the
5V power regulator.
The -15V stabiliser is driven from two Lucas MCZ7/9A-8 motorecycle

batteries again. fitted with non-spill caps.
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A Luocas PUZ5A 12 volt battery supplies the UEL transmitter.

A schematic diagram of the power supply system is shown in Fig. 2.31,
The eleotronic boards are housed in an aluminium container
which is mounted as shown in Fig. 2.1. The container may be removed

for oircuit analysis, while still connected.

50-way and l3-way sockets on either side of the container link
the internal electronics to the tape deck, control switches matrix
board, L.E.D. display and power supply.

The top view of the arrangement inside the buoy is shown in
Fig. 2.3. The tape deck is held in position by spring-loaded
runners, which fit inside a groove mounted on the inside walls of
the container,

The batteries are mounted in the lower half of the instrument

housing using formers designed to hold them securely in place.

OPERATION

The setting up procedure for operation of the buoy is described
below,
l., The batteries are connected up and a d.v.m., used to check
that the correct working voltages are being generated.
2, The 7-segment display for the clock is enabled using SW7, and
the clock set up to its zero count using the fast or slow slew
controls. The clock is held at this initial count until just prior
to buoy drop. The display is then turned off to conserve power,
3. The tape deck is removed from the buoy in order that 3600'
of Ampex tape may be fitted and the gain of the A/D converter and
gain control board is adjusted using the rotary gain control switch
so that saturation does not occur., This is indicated by the L.E.D,

displays on the panel of the gain control board.
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4, Once the gain level has been set, thies display is disebled in
the interests of power conservation.

5. The tape deck is replaced and the timing counter chain
including the 6-minute and hours counter stages are reset using
the master reset button., BINARY 4 counter controlling the data
selection is also reset by this switoh,

6. The appropriate mode of operation is selected (SW5 in position
0, 1 or 2) and matrix pins placed in the required (or default)
positions,

7. The hold of the clock is switched off and the 1id of the buoy
firmmly secured.

8. The flashing 1light is activated and the buoy is ready for
launching, once power to the hydrophone has been supplied by
attaching the hydrophone cable,

The individuasl component circuits ocomprising the Digress
electronics and the system in toto were temperature ocyscled in so far
as was possible without a controlled environment chamber, to ascertain
that the cold water conditions in which the buoy was to be used
would not cause instability or excessive drift in the timing and
olocking functions of the buoy.

In the range o-15°c, approximately,no discernible temperature
dependent drift ocould be found after an initial settling period of
some three minutes, during which time, presumably, the l.,s.i. circuits

were achleving their operating temperatures,
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Replay

Although some time was spent designing TTL circuitry to decode
the digital signals recorded onto tape, a PDP8 mini computer was
purchased by the Department of Geological Sciences before the playback
system was built, and it was a straightforward matter to use this
computer to replay the digital tapes,

With knowledge of the tape format (Fig. 2.23), the decoding
and demultiplexing of the digital data is simple, once the 'O, 7'
recognition pulse has been detected. The tape from the sonobuoy is
replayed on a Ferrograph Series 7 deck only unit, fitted with the
same recording heads as the Nagra machine. This Ferrograph deck had
been modified to enable it to be remotely operated..

The computer waits for receipt of a '0, 7' pulse, whereupon the
digital data bloocks immediately following are stored in the core
memory. Each bit is assigned to a location corresponding to its
binary weighting and the binary gain values, data block 3, tracks 3
and 4 are used to convert the 12 bits into real amplitudes. The
signal is output through a digital-to-analogue converter to the
Geospace V.A.D, system (Chapter V), The computer decodes the time
data presented to it, simultaneously, the second, minute and single
I’ MI’ HI’
time data, and displays it on a 6 digit L.E.D, display, similar to

hours indicators, S being used to identify the appropriate
that used inside the buoy.

The system was carefully checked in the laboratory and found to
behave well when using digital tést signals. For analogue test,
sinusoidal oscillations, between 3Hz and 80Hz were input to the
digital tape recorder and replayed sﬁbsequently to examine distortion
and non-linearity (Fig. 2.32).

A sample of the data obtained using the U.E.L., disposable
sonobuoys was input similarly and replayed to the jet pen system
(Chapter V) for visual comparison (Fig. 2.33).
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It should be noted at this point that owing to certain difficulties,
both at Durham and whilst at sea in the summer of 1974 the sonobuoy
described in this ohaptér was not used at sea and the amplitude
analysis and velocity-depth information presented subsequently, were
obtained from the U.E.L. disposable sonobuoys, in conjunction with a
& Bolt Airgun system. It had been hoped to perform some longer range
refraction work in 1973 but the 'Aqueflex' explosive was found to be
unusable because of corrosion, and similer investigations in 1974 were

curtailed beceuse of operational constraints,

Note:~-
The books and articles listed in the bibliography for this chapter
are not numbered specifically as general reference was made to them

all in the design, construotion and testing of the sonobuoy.



CHAPTER THREE
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THEORY

Plane Wave Reflection

Since the plane wave concept is used as the basis for wave
analysis, the following is given in introduction.

The plane wave is thesimplest form of wave motion and, in
general, acoustic scalar and vector potentials, P and ¥, may be
assumed, such that (Ref, 3.1)

Y = grad ¢ +ourl ¥

where V is the particle velocity. _
If a Cartesian co-ordinate system is defined only the x and
8 co-ordinates together with those quantities dependént on x and s,
need be considered, because of the nature of the plane wave.
Defining;
Displacement in the direction of the x-axis as U,
Displacement in the direction of the z-axis as W,
Displacement in the direction of the y-axis as v,
If an inoident longitudinal wave is assumed then from (1)

N I 12
ox : os

v = 0

"= 3¢ .
o5 ox

As there is no incident transverse wave, the vector

potential, ¥ , is szero (Ref. 3.2) giving

(<]
]
Q/
©

«

1]
g ¢
6 %

Q/
]

The Cartesian co-ordinate system is defined such that the
reflecting interface between the two media to be examined is

(1)

(2)

(3)

Placed in the s = 0 plane, and the x-axis lies along the intersection



86

of the interface plane with the plane of incidence, as shown in
Fig. 3.1.

The physical properties of the two media are given in the
table below, and the two media are defined as linear isotropic

homogeneous perfectly elastic media.

MEDIUM 1 MEDIUM 2
longitudinal velocity 8y 8,
transverse velocity b1 b2
density - 5'1 Py

It is assumed that the wave normal of the incident wave makes an
angle, i, with the normal to the interface (Fig. 3.1). The
potential of the incident longitudinal wave can thus be written as

¢, = oxp [Jk (x sin 1 + 5 cos 1) - Jwt] (4)

where w is the angular frequency and k is the wave number (Ref. 3.3).
Assuning that there 1s continuity aoross the interface and, hence,
requiring equal normal and tangential stresses on both sides of the
interface, the potential of the reflected longitudinal wave may be

expressed as

o

¢ = Ao(eo) exp [;k (x8in i - g cos 1) - JW€] (5)

where e, = sin i,
Ao(eb) is defined as the Reflection Coefficient for plane waves.
The value of Ao(az) may be caloulated from the above mentioned
boundary conditions which are listed below;
ContinuityConditions
(1) normal displacement

(ii) tangential displacement

(iii) normal stress

(iv) tangential streas
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8,5, by, P

Fig, 3,1 Cartesian Co-ordinate System

2
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which may be rewritten as (Ref, 3.4)

(1) Zul = Z'uz
(1) 2'1 = 2",

(6)
(1) Xl )y = L (9 ),
(1v) Z( ”az)l = X (dzz>2
where (0 ) = A4  +2u Ou
. 5%
A =.f du + _é_ (7
(3 &)
Copd =n( 22+ 2u)

A, u are the Lané constants of the media (Ref, 3.5), 1, 2 subsoripts
denote the corresponding media,

Substituting into equations (6), gives four equations linking
the amplitudes of the four waves, reflected P, reflected S, refracted P,
refracted S, generated by the incidence of the lomgitudinal wave, to
the initial amplitude (Fig. 3.2).

Rearrangement of these equations (Ref., 3.6) and substitution
for the different angles of reflection and refraction using Snell's

Law (Ref. 3.7) gives an expression for the plane P wave reflection

coefficient,
b)) = Ey(s) + L,(s) a2 - o2 . ()
Kl(eo) + I‘l("eo)‘/ n” - e
where

K ple)) = 10,2 [my® (p-2) - 26 B(u- 1)]2
Wioe?fa? o [on?-202(u-1] (9)
ﬁ- e02\/':'22 - e02 ’-’nlk .
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Medium 1
Medium 2

! I - Incident P wave

-]

R p - Reflected P wave

Tp - Refracted P wave

Ts - Refracted S wave

Rs = Reflected S wave

Fig, 3,2 Arrangement of Reflected and Refracted P and S Waves
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I‘1,2 ( eo) = 1..\/1 - e°2 ~/"12 - °02 anz - e°2 e°2 (» -1)2

N

2
2 2 2 2
+ [, -e [nl +20 (M-l)]
where n = al/'a , the refractive index (Ref. 3.7)
o= ayhy
n
2 ~ “1"’2
p = pl/Pz
. .2, .2
wo= paby/ Byl

8 29 bl 2 being defined earlier as the P and S velooities in their
» 1 4
reapective media.

The region to be examined in detail is that near the critical
angle, for which e, =1
Por e, < 1, Ao( eo)' is real

o, >, Ao( eo) is complex

Only the modulus |4 o_)| , 1s dealt with here; the phase
changes that ocour as the oritical angle is passed through are
discussed subsequently. The behaviour of le( Bo)ldepends on

whether n2>1 or n2< 1.

(1) n,21 o

Foral/bl = az/bz = V3 ;,Pz/ by =1 (Ref. 3.8). The
numerical solution for | Ao( 90) I , 18 shown in Fig. 3.3.
This plot was obtained using the PLAMP programme, given
in Appendix 1. Clearly, IAO'( eo)l changes most rapidly in
the region of the critical angle,

(i1) n,<1
In this instance, a second oritical point is obtained,
whose critical angle is given by % =B

o» and the le( eo)l

ourve displays two peaks, (Fig. 3.4).

St
e

(10)

(13)
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Numerical Solution for Plane Wave Refleotion
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n = 0.3, al/hl = s,‘)/b2 =2, p=1.

(U

Fig, 3.4 Numerical Solution for Plane Wave.

n2< 1l
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The rapid variation in lel is caused by the changes in

2 2
n -e as e —n,
o o

Writing
Ao(oo) = Al(eo) - Az(eo)Jl - e@z,/n2 - eoz (12)
then from (8)

Al(eo) = K1K2 - L1L2 (n2 - eoz) (1})
= 2 2,2 2
5K L (n ) )

Az(eo) =\ KL, -KL, x 1 . (1)
_Klz "—'J_—__ le(nz 3 e02) ' .

Defininé AB( oo) as

n<ey 3 A3(80) = A2(90)\[1 - e°§</o°2 - n°
n>e_ ; A3(°o) = Az(eo)ﬁ. - enz‘/n2 - eoi'

Clearly Al(oo) and A2(°o) change continuously in the neighbourhood

(15)

of the critical point as shown in Fig. 3.5, obtained using HAL,
listed in Appendix 1. _
Expanding Al(eo) and Az(eo) in a power series in (oo - n) around

the coritical point and considering only the first term in the expansion

Ay(n) = Ky(n) = 1 - 20 [n1 (b= 1) = 202 (u- 1) (26)
K (0 D

Az(n) =pn1" [,/ 2. n2 3pn 2 _ 2p? (1= 1) ; +
v g + 20 (- 1) H

D = nz[ (p- 1) - 2n (u- 1)] +

pnl\/l-n\/_? + 2 (18)
ﬁ-n/nl-n [n1 -Zn(u-l)]

Az(n) is the head wave coefficient,

— (27)

Fron (15), for e.< B

|8te)] = g0 - aytey J1 -0 [n® - o2 (19)
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e, >0;
%
| 4008 | = [£1%0e)) + 8,% (8) (2 = &%) (o7 - %) ] (20)
%
le(eo)l = [ro(n) + Fl(n) (002 - n2) + ........] (21)

where the !'k(n) are functions only of the physical properties of
the medium and are independent of L

Por a change in the modulus of the reflection coefficient in
the neighbourhood of the critical point,

,< 1
M - 1-n" 4yn) (22)
Beo n" - e,

HRETHE 6715 Yo ;'ﬂmm'ﬂc;goﬁ n
\‘ . - .':" ‘:..
eo >n;

N (eo _, =n Fl(n) in lin as e —~n (23)
de_ / P (n)
In the ldnmit as e ~n- 3 Ao(eo)
Beo

while lim al Ao(eo)l is constant.

e — N+
o Je

—_—

Thus the derivative of the amplitude against angle of incidence
ourve is discontimuous at the critical angle, indicating that the
curve itself has a sharp point at this angle as can be seen in Fig. 3.3.
Identification of this ocusp by examination of the amplitude
ourve should, therefore, give information about the refractive index,
and hence the velocities of the two medla.
It can be seen from Fig. 3.6 that the reflected amplitude
is sensitive to the density ratio between the two media. The plane
wave approximation, however, has serious drawbacks. From Fig. 3.3

it is obvious that as e, 1, |A°(e°)| —1, i.e, as grasing
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incidence is approached the reflected amplitude inoreases to that
of the incident wave. Examination of the phase of the reflected
wave (Ref. 3.9), shows that it is 7 radisns out of phase with the
inoident wave, Hence at grasing inoldence the reflected wave
completely cancels out the incident wave and no energy is propagated
along the boundary, which is olearly incorrect.

Analysis using geometric ray theory (Ref. 3.10) gives sero
amplitude for the head wave because the analysis itself necessitates
a sero order approximation, while the head wave is a second order
effeot (Ref, 3.11), To obtain more meaningful rasults a more
realistic wave must be chosen,

Although the behaviour of reflected plane waves discussed
above beyond the critical angle is physically unreal the
mathematical expressions derived above relating reflesction coefficient
to angle of incidence,density ratio, etc., are still valid in the
super=cgritical region, in that they now refer complex angles and
are themselves complex gquantities. As the following analysis
employs plane waves to investigate the exact nature of super-critical
reflection the valldity of these expressions is obviousl& important,
Spherical Waves

The purpose of this analysis is to approach the problem
discussed above, beginning in this case with a spherical instead of
a plane wave fromt. Mathematically, however, the technique used
is to expand the spherical wave into plane waves following Well
(Ref. 3.12).. The difficulty of the reflection of a spherical wave at
& plane interface arises from the difference between the symmetry of
the wave and the form of the boundary.

Introducing a cylindrical co~ordinate system, r, z, ¢, with an
acoustic source placed at »r = o, 8 = L) the interface lies in the

g2 =20 pla.ne (m. 307)0



29

Fig.

Cylindrical Co-ordinate System
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In this instance the solution is independent of ¢ .
Denoting

i) displacement in the r-direction as u

ii) displacement in the sz-direction as w
and defining a longitudinal wave potential -$and transverse
potential ¥, so that the vector potential¥ in (1) takes the form
ourl (0,0,¥), it follows that '
0P + L v

u

'Si'g- or Js
(24)
w = 8‘5 + 82‘1’ - V2 )
z
Assuming the incident longitudinal wave has potential
° -]
4° =2 exp [ - gt ] (25)

where Ro is the distance from the source

R =\/1'2 + (8 - lo)z

and that there is no incident transverse wave we obtain, omitting the

time term and assuming unit initial amplitude, the spherical wave
potent:lai., given as exp (jkR)/R, which can be expanded in terms of plane
waves, by use of a double Fourier integral in terms of x and y,
where

r=/ 2 4 yz (Ref. 3.13)

If, for simplicity, the source is placed at the origin, then
in the plane z = o, the acoustic potential may be written as
exp(jkr) = / ] Ak, k) exp [‘_J(kxx +k yy)] k dkc_ (26)
Uai:xg the Fourier transform property, (Ref. 3.14), A(kx,k ) is

given by,
(2 1r) A(k ky) /f 2(.11:1‘) exp [-j(k x + kyy)] ak ak (27)

Transforming into polar co-ordinates
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k’-f = q ocosy ky:qsinw

X = roosd y =r sin¢ (28)

ady = rdrdo

then (27) becomes ,, .

(2 r)zA(kx_,ky-) = f do / exp [jr{ k - q cos (v -¢)}] ar (29)
0 0

The integral over r is straightforward and by assuming a slightly
absorbing medium, so that the imaginary part of the wave number is
positive, (Ref. 3.15), the substitution of the upper limit (~ ),
yields zero, giving '

(27)% Al k)

2r
Y —
0 [k-qcos (¢-¢)]

2 ' (30)

J/k[ 2
0 [l-q/kcos(nlz-d’)]

From the Table of Integrals (Ref. 3.16)

A (k. = 1
O ()
Fron (28), q =/ kxz N kyz
2 2 2
=) A (lgk,ky) = §/2r/k -k -ky (32)
Thus (26) becomes
egr“h-) - _2_4_ / f exp ,1 (k x4+ k Iy)]_ ak gk (350

- /k-k

This equation describes the potential field in the x-y plane (z = o)
and can be continued into space (i.e. for the source not in the

plane of the interface) by using Fourier integrals (Ref. 3.17)

14 JUL 1978

SEOTIOR
LIBRARY
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Each Fourier component then corresponds to a plane wave in space., In
exact terms, this contimuation is achieved by adding to the exponent
in the integround + Jk’.z » Where

__ 2 .2 .2 _.
k, =/k -k, -k (33v)
The positive quantity represents continuation in the halfspace,

Z > 0.

The negative continuation denotes the halfspace s< o,

Thus for z>o0;

egnukk-! = §/en // exp [j(kxx-rk’y;k’z)] dk_ dk

— el
-0 k’
(34)
for z<o0;
exp(ikR) = 3/2 oxp |J(kx+ky-ke)| akak
_z-:nél_). J/w/f xp[d(k,'ryy ,)] L
—o %
These equations (34) represent the formulae for expansion of a
spberical wave into plane waves each exponent representing a plane
wave propagating in a direotion given by the components of the
wave number,
The integration over kx and ky may be replaced by
integration over 0 and ¢, where
kx = k 8in § cos ¢
k =kasin in
y 6 sind (35)
kz = k cos @

as illustrated in Fig. 3.8.
The integral with respect to ¢ is between 0 and 27 , whilst

that over ¢ is mot limited to only the real values of § . From
(3%) when k = l:y =0, k = kz
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and from (35)

=) g=o.

When kx’ky — * o kz—>3eo

=D —(r/2-3= ).

Noting that the Jacobian of the co-ordinate transformetion is

given by

la] = |2x 2= x = ¢ (a,7)
du Ov
Sy Sy y = ¥ (u,v)
du Ov

where

[ £(x,y) a(x,y) = / f[cb (u,v), v (u,v)] a(u,v) lJl (36)
) s*
From (35) we obtain

2
dkxdky = k" sinfcos g d gad ¢

= &% - xsin gagas
x
2

Equation (33) may thus be rewritten

for z>o0;
Tf2=jo 27
exp(ij) = Jjk / / exp [J(kxx-o- kyy+kzz)]sinodad¢
0

R 2
0

for 2<£0; (37)
2= 27

e;:_p.‘;]kn) = %Lc / fexp [J(kxx-rkyy-kzz)]sinottodd’
-0 0

So, in addition to the waves in all possible direotions, limited
by 0<d< 27, and 0< ¢ € 7/2, there are waves corresponding

to complex values of § , so called inhomogenous waves (Ref. 3.18)
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At § = 7/2 - ja, where a is real and positive ocorresponding to
the integration path I'o, (Fig. 3.9), these inhomogeneous waves
propagate with a shortened wavelength along a direction in the x-y
plane (given by ¢), and with an exponentially deoreasing amplitude in
the s-direction. Such waves are necessary since a superposition of
plane waves alone would not produce a potential field having the
required singularityas R — 0, and still remain bounded at other points
(Ref. 3.19).

Evaluation of the Reflected Potential
The total field is given by

= xR
Pr = SRR < dpen, (38)

¢ref1 may be represented as the superposition of plane waves, resulting
from the reflection of the plane waves into which the original spherical
wave was expanded. Upon reflection each plane wave will have an
amplitude equal to the product of its original amplitude and the plane
wave reflection coefficient.
i.e.

Ao(eo) exp [J(ki3 + k&y +k (s + zo)] (39)
is the amplitude of each refleoted plane wave given unit incident
amplitude,

?feﬂ = jzlc f [ Ao(eo) exp [Jk('x 8ing cos o + y 8in g sin o+
0 0 | (2 + ’6) cos § )] singdgd o (40)

The integration over ¢ reduces to a Bessel function of zero order
(Ref. 3.20), and writing

X = T oo0s ¢,

'y r sing,

then from (40), we have
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27

f exp [Jk(.x cos ¢ + y sing) sin o] de
0

27
/ exp [Jkr 8in g cos (¢- d-jl) dae ( —(1)

0

21rJ°(u) , u=kr sinyg

Hence 7 /[2~3
Sperl = x / Jo(u) exp [Jk(z + :o) cos 0] Ao(eo) sing d g (42)
0

Rewriting Jo(u) in terms of Hankel functions (Ref, 3.20)

I (u) =% [Ho(l)(u) + H,,(z)(u)] ‘(us)

where Ho(l) (u) is a Hankel function of the first kind.

pow B_(D (o737 u) = -1 D(u)  (ror. 3.20) ()

and Ao(eo) = Ao(-eo), from (8).

The integral in (42) becomes the sum of two integrals. In that

containing Ho(z)(u) if § is replaced by -, identical integrands

are obtained, the limits of integration being respectively 0 tor/2 - j =

and -7/2 + joto 0.

Combining the two integrals
/2 = §

orefl jél; Ho(l)(u) exp [Jk (2 + 5,) ocos 0] Ao(eo) singd 9 (45)
“1/2 + Jo

substituting for g from (35)

oo

srefl ° ‘jég / Ao(eo) exp[jk (s + zo) / l- eoz] Ho(l)(kreo) x (46)

-t
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This expression may be evaluated by using the method of steepest
descents, or saddle point integration, The method is described in

detail by Morse and Feshbach (Ref. 3.21), but an outline is given
below,
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Method of Stespest Descents
This technique is used to evaluate integrals of the form

I= f oxp [sf(n)] P(n) dn (47)
S

where a has a large value,

The functions f(n), F(n) are arbitrary analytic functions of
the complex variable, n, and S is the path of integration in the
n-plane,

Within certain limits the path of integration in the complex
plane may be deformed without changing the value of the integrationm.
Knowing this, a path of integration may be chosen such that almost
the entire value of the integral is given by a relatively short
seotion of the path of integration (Ref, 3.22). Then the integrand

can be replaced by another more simple function which approximates

sufficiently olosely to the original integrand over this region of
the path.

The Hankel function in equation (46) may be extended
asyntotically at the so-called saddle point (Ref. 3.23), but as
the integration path cannot be deformed continuously into ome
passing through the saddle point without emcountering pole and
branch points, the initial single integral becomes several, the
other ocontributions arising from the integrals around the pole and
branch points. :{o represents the saddle point path contribution
and physically corresponds to the acoustic potential of the truly
reflected wave,

§$* represents the contributions from the integration paths
around the branch pointa (eo=n) and corresponds to & P,,, type head
wave,

Ez represents the obntribntion of all the paths around other

branch points and around the poles and corresponds to the remaining
surface and other head waves,
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Ignoring the last of these potentials,

o= &° + p* (48)
is the total reflected potential,

where from saddle point integration

¢° . g1 a (e ) exp (ikR) (49)
$* = jnAy(n) oxp [jk(rn +(s+5) /10 )] (50)
x J¥1Y/2

Az(nb is the head wave coefficient,
L is the distance travelled by the head wave in the lower medium.
ie6.L = r - (z+ zo) n
] \/1 - nE
The reflected amplitude is thus
-1 =1
R |Ao(°o)

(51)

and the refracted amplitude is

nA,(n) on™1

Assuming constant (g + so) and defining A°, AP,¢P,¢F such that

@° = A° exp(3¥°) (52)

(z + zo)

o =4 exp (Jye) (53)

(z + zo)

s 1= (54)

since r = e (Pig. 3.7) (55)
(z + zo)

i.e.

A° =

l=- °o

and
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4 =na(n) (1-e2)
iy’ Q.
: ' 2
k(z + sc’)eo2 1l- f____Jl-eo (56)

°o l-n

The amplitude of the truly reflected wave is given by the
reflection coefficient multiplied by ’1 -8 02.

The amplitude of the spherical waves in this solution increases
very rapidly just prior to the critical point, and since Ao(eo) has
a discontinuous derivative, equation (23), A° similarly has a
discontinuous derivative., The refracted wave amplitude is infinite .
at the oritical point but deoreases very rapidly as distance inoreases,
tending to fall off as 1/:1-2 for large r,

Figures 3.10 and 3.11 show the shape of both the reflected and
refracted amplitude ocurves., These plots were produced using
programmes ASSRFLN and ASSRFRN listed in Appendix 1.

Interference will ocour between the reflected and refracted wavés
giving a resultant potential which has different characteristios to

oither of its econstituent members,

Write
@ = Aexp (J¥) (57)
(= + zo)
where A = [(A")2 +-(A“)2 + 24%¢* cos (y° -!P')] L (58)

and y°% -y* = k[R -rn - (3 + zo)\ll -n ] + am (Ao(eo))- /2 (59)

The amplitude ocurve for the remittant potential oscillates between

an upper bound C, and a lower bound 02,'where

C, = A% 4 a¢
1 ’ f (60)

C, = A° - ar

2
The frequenoy of oscillation depends on the frequency of the

incident wave and the refractive index, as seen in Fig. 3.12, The

mean curve is given by ﬂAo)? + (A')2 and analysis of the phase
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0.15 0.3 0.6

n=0.75, p=1,b =0

Fig., 3,10 Reflected Amplitude Curve - Asymptotic Aggroximation
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Fig. 3.11 Refracted Amplitude Curve- - Asymptotic Approximation
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difference between the two waves shows that the amplitude of the
oscillation decreases with increasing distance,

In the area close to the critical point equation (46) becomes
invalid, since the method of steepest descents itself is invalidated
when A is a rapidly varying function, as it is near the oritical
angle. (Ref, 3.24).

Applying a different path of integration and arranging A so that
it does not vary so rapidly (equation (12)), |

T= 2 om () la(e)) - o ale) Ha,p) (61)
f2 %)
where

Fa,B) =.1-J_'a:r_.1 /exp (- 49 [¢ +(a;£1 exp (§ /4) x

Jovoom i) x [o-pomp (7)) a6 (62)

* /B(84;6) is obtained by enp}o§iNg. the substiivilb:
and usedj by Cerveny in Ref, 1.838 - Si 2gn technique

where the branch of the Riemann surface on which the integral lies is

given by

m<f¢+a oxp (Jr/4)>= /8

/8 o <n

(6u)

m<j¢- g exp (3 7/4)> =

57/8 6,> 1

For n, e, away from unity a >>1
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= F(a,ﬂ)=g3J1-£;fn2-ei /exp(-¢2) x

(65)
Jtﬁ-éeg ‘Jr‘&! de
J -Bexp (3= /u)
= He,p) =kx [1-02 [ -e%u () (66)
003 N
where
kq(B) = _11:_ /eXP (-6°No_= Bexp(d n/k) ao (67

- J - Bexp(y n/b)

sy (8) = w % (8) + k3T (B)
as f— pln(ﬁ)——> 1l
nlI(ﬂ) — 0

(Ref, 3.25)

Thus

3° = R exp (3kR) , A(e) - Az(eo)ﬁ- eozﬁz - 302 ul(ﬁ)$ (68)

for e°< n;

T = 1 e () {a(e)) - ayle) [ u; Fi6) - 1]

- 3 age.) 1,78} (69)

P =r") exp (3KR) {Al(e-o) + Ay(s,) “11('9) - 3 45(s,) "ln(ﬁ)} (70)
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Hence
e <n; |
0 ) % p 2 In72
O {[A,,(eo) - aste) () - 0] +[ae) 1 T0)]
v° = kR - tan"1| A () 1411(6)

A(B)-A(O)[Ml(ﬁ)-l]
°,> 13

2%

-h- .02! [ay0e) + a5te) uy"(8) ] “ [5(eg) 12" (8))]

0

° = IR - tan™t Aj(eﬁuf(ﬁ)

ay(e)) + Ag(e)) uy'(B)

As 8 —= , equations (71 - 74) give the asymptotic formulae already

obtained (equation 54).

%

(72)

(72)

(73)

(7)
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Critical Point
At the oritical point itself, an indeterminacy arises in

equation (50), and another expression for the totally reflected
amplitude must be calculated.

Prom equations (66) and (67) for B = 0 and large a, F(a,S)
differs depending on whether ris approached from e,<nore >n.

€ —-Nh~
(]

P (a,) = 0.822 a¥/? axp (3x/8)

e —> N+
o

P (a,8) = 0,822 Y2 oxp (3 57/8)  (Ret. 3.25).

So that

e —> 1=
[+

T =5 exp ($R) |Ay(n) - 0.8220 (a)}VE (2 - 5°) exp (3 7/8)

k(s + so) /l-n2

e —> h+
[+

3 =R exp (3B) JA,(n) - 0.8228,(n) [0 - n’) exp (5 w/e)!

2
] -
which leads to k(s + 5,) "

e —> =
(]

2
A% = J1- nZ [Al(n) - 0..759A£(n)j_n' (1 - nz)

ARy

+ [ OJMﬁzf(n)‘/T 1- n2) ]2 ¥

o sfi 2}

)

(75)

(76)

G

(78).

(79)
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e —>n+

N $A1(n)+0.311¢.&2(n)f—' (l-n)]
k(z+:) I -n g

%

(80)

+[o759fﬁ)[— (1-n)]
;k(a-&z)f]:-i

The amplitude is thus discontinuous at the oritical point,
but as no head wave has been considered, this is only to be expected.
Head Wave

From (Ref. 3.26), the head wave potential is given by

T = -n#Az(n) G (6,7) exp [Jk (m + (2 + zo) 1l- nz)] (81)
2 ._;2_.

where G (3,7) = =4 fexp[-¢2-:/?(1+j)n¢]x
v )

o x/¢o+ s exp (37/4) x ¢ x g exp (3r/4) a¢  (82)

§ =[2er (1 = 0 7=/ k(1 =n?) n L
n 2r

For a refractive index not olose to unity

i >>1
¢ (6,7) - = rj/z 21ne T /2 x
a1 2 r (372)
[exp [- 82 /T n(1+ .1)¢].{7Td¢ (83)

0
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Write
3/2
mo (1) = [2nexg$,1 /4) I / ¢ -JZ (1+ J)¢]J_ do  (84)
r (32)
¢ (6n) = -.11-3/'2 ro(n) . (85)
3,3/2

At the critical point itself u,(7) = 0
and for large r, K, (7)—1 .

Hence equation (81) may be réewritten

3 = ) () oxp [+ (5 + 2 [1 2% (86)

k ,/—1"1.3/ 2
At the critiecal po:l.n__f: equation (86) is indeterminate since both
p,a('ll) and L are equal to zero but G(5,7 ) may be evaluated at 7 = 0
for large & .

6(5,0) = kr? 1,062yE(1-1n2) Y2, /8

. gk(z R ,o)ﬁ_.?'t

giving, in general

(87)

3 = 1.1624 (n) n(l-n) j/zexp [jk(m+(s+s)\/1-n)+.‘]71r/8] (88)

gk(z+s)v{-_;{f and

A* = na,(n) uy(n)

(89)
kT 12
y* = k(m + (2 + :O)Jl-nz) +7/2 + am< uz(n)> (90)
and at the oritical point
B = 11620,(n)JT (1 - ) 52
2 (91)

[k(z + 3)\/1 - n° ]*

v* = k(m + (3 + zo) l- n2) + 7%/8 (92)
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The amplitude of head waves decreases as r P where p>2
p 1s greateat in the oritical region but-——2 as r increases. Figures
3.13 and 3.14 show the head wave amplitude for various acoustio
parameters and were obtained using the HDGEN1 computer programme

given in Appendix 1,
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Head Wave Amplitude - Asymptotic ppproximation
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Total Reflection
For the totally reflected wave

T 2 e (38) {ag(e) - (o) (@)}
(93)

jmz(n) nz(n) exp [Jk(m + (2 + zo) 1- nz]
kJr 1 /2

1?9':%,‘/1” [Ma(e)) = 3§ a5(e) #(8)]

o nb) (54 uln) omp (st v (oo s )A 07 - s e ge/2) | o

xVF1Y/?

e d
z-

Thus the total amplitude A, is given by

A =]1 - eoz i[Al("o) + Ayl ) #;;I(B) + nAz(n)Jl - 6; x
| 372
k(s + zo) eoz (1 _al-e )

(MZR (7) cosv -uzl(n) sin v)]z +

[-45(e,) #,7) v iy (V1 - o 2
k(s-i-zo)e < nql-oz)

2
<#21 (n) cos v + “23(1,) sin V)] i . (95)
where
v=k(m+(z+zo) 1-n2 ) ~kR -0;7/2 (96)
Define -

§_?°R=[A(e)+a(e)#1(8)]\/ o, (97)
Fr = ayle) m m)\/ (98)
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E:R = n_AJ%Sn) (1- e;) ’#ZR (7) cos » -yZI(r,) siny

i 372 ' (99)
k(s+z°) .°2<1_n 1-0e

j (n) (1- e, ) uzx(n) sinv + MZR(TI) oosv}
r'——— 3/2
k(s+z°) e, (1-!l 1-g02> (100)

% l - n2

The amplitude of the reflected wave is
¥

The amplitude of the head wave is

A = [@'3)2 + @I)z]if (202)

while the total amplitude, A, is given by

A= z@én *E‘n)z + @) +§.I)2§’3 (103)
!_l'hese expressions are valid for all regions beyond the oritical

point, at which
FT= 7 exp (JR) (4y(n) - 0.8224,(n) Y (1 - n%) exp (357/8)

%k(s+ so) 1 - n° *

+ 1.162A2(n):fﬁ"(1 - 112)3/2 exp [Jk (m + (5 + zo)\/ 1-2024 ,171r/8]
[k (s + Vi -2 ]"“ (204)

and since

R = m + (z+z°) 1 - n? at the critical point

S = R exp (JkR) Al(n) -b.822A2(n)J‘? Q- n2) x

3“ (= + o)\/i—:?gi' (105)
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(1 = JZ (1 + 342) exp (357/8) t (105)

-1

= R exp (5R) (A(n) - 0,822, (n) S (L - 5%) exp(3 n/8)

.zk (s + zo)FTFF

which is the same expression as equation (77) and thus the amplitude

(106)

curve is continuous at the oritical point.
Aoyt = J1 - n’ 4,(n) - 0.8224,(n) /7 (1 - 2?) exp (3 v/8)

—
k(z-o-zo) 1 - n? ]z (207)

Figure 3.15 shows the theoretical amplitude curve generated by
the computer programme FINAL, listed in Appendix 1.
It can be seen from equations (71 - 79) and (95) that the
amplitude of the reflected waves is dependent on three parameters,
i) the refractive index, n, = al/az,
i1) the density ratio, p = ./ o
. ( 5+ zo)

i1i) the quantity, k(z + zo) =
A

Refractive Index
A variation in refractive index causes the position of the

critioal point to vary as can be seen in Figure 3.16, as 1s expected
from plane wave theory.
Density Ratio

The only terms which involve the density ratio, o, are Al(eo)
and Az(eo). The integral expressions derived for nl(ﬁ) s Mz(n) in
equations (67) and (84) are density independent, AQ can be seen from
Figure 3.17 a variation in density ratio hardly alters the position
of the peak amplitude at all but does influence the shape of the
amplitude curve to a discernible extent - the curve for a smaller
density oontrast being more sharply peaked than that of a higher

density contrast.
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Fig, 3,1

'l‘heo_retioal 1itude Curve,
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Pig. 2.16 Variation in Amplitude with Refractive Index, n,
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Fig, 3.17 Variation in Amplitude with Density Ratio.
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k(s + :o)

Yed thor Al(oo) nor Az(eo) depend on this quantity, but the
shape of the amplitude curve and especially the position of the maximum
amplitude changes considerably with a change in k(z + lo). In
particular, for large k, or high frequency, the peak is sharpened and
is moved nearer to the plane wave oritical point position. (Fig. 3.18).
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Layered Media
In the case of reflection from an arbitrary number of layers,

Brekhovskikh (Ref. 3.27) has shown that

zm(“) = zm("'l) - J Zytan o Zn

(108)

Zy - jzm(nfl)tam’n

where

Zm('n) is the input impedance of the nth._ layer,

is the phase change in the nthf‘,layer,

n

n is the acoustic impedance of the n":h layer
= ‘pncn
cos on

where

p_ 1s the density of the nth layer,
th
C_ is the velocity of the n~ 1layer,

Bn is the angle of incidence at the n":h layer,

2

4, is the thiockness of the nth layer,

an .-'.-_vkn cos on

kn is the wave number in the n'D layer.

The calculation of the input impedance is achieved by successive
application of equation (108) and it can be shown that the reflection

coefficient for a number of layers may be written as

(1)
is= Z Z
i=1 g, + znsi)
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The modified reflection coefficient for an arbitrary number of
layers can thus be found by multiplying the expression for A(eo)
in equation (95), by R, above, and dividing by the appropriate single
layer plane wave reflection coefficient.
Inhomogeneous lLayered Media

For an inhomogeneous layered medium, i.e. one in which the
characteristics vary continually along one axis (the sz-axis),
provided that the variation with z is slow, the problem of wave

reflection reduces to the solution of the wave equation

v2y + () v =0 (110)
v= o5 (Ref. 3.28)

Particularly this may be expressed in terms of the hypergeometric
equation (Ref. 3.29) and may be solved explicitly for a transitional
layer where the refractive index increases smoothly from one value
to a larger one.

In this case

R =T (33 coaoo)Pg-j(G/Z)[cos 0°+/00320°—N]§ 1
[ ﬁ.‘/coszoo-N]g

rzl-d(b/Z) [o08 0, +Jo0s” 6, - z
i

r (-jacoaao) riq( §/2) |cos @

\N]
==

(111)

N
'
2y

I‘;l + 3(8/2) [cos 6, =fc08" 6

4
=

k (z + zo)
i

D
1t
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Processing

The data processing of the sonobuoy records obtained on
Durham University Geological Science Department Geophysical Surveys
in 1973 and 1974 may be divided into three parts.

i) Analogue playout of the Frequency Modulated (FM) tapes to a
Variable Area Display (VAD) to obtain travel time information for
reflection and refraction analysis programmes,

ii) Digitisation of these anabguerecords and subsequent amplitude
investigation.

1ii) Curve fitting and synthetic curve generating procedures.

The above processing was carried out on both the Durham University
Departmental CTL Modular One computer and the Newocastle Universities
Multiple Access Computer (NUMAC) IBM 360/67 and 370 machines.
Analogue Playout

The FM tapes recorded at sea on an EMIDATA instrumentation tape
recorder by means of a V,H.F. link from sonobuoy to ship, were
replayed on a "Geospace Instruments" Variable Area Display (VAD)
unit, The original V.A.D, record made whilst at sea does not, usually,
contain that portion of the signal corresponding to the direct or
water wave arrival, if the sonobuoy was used in deep water (Fiz. 4.1).

The V.A.D. record comprises only an arrival time range of
4.5 seconds, representing a water depth of 3.4km, at normal incidence.
In order to display arrivals beyond this time, a sweep delay facility
is incorporated into the unit which delays the beginning of this 4.5
second sweep for up to 9 seconds in 1 second steps (Ref. 4.1),

Those sonobuoy records which were made in deep water where this
facility had been used to permit examination of the bottom reflecfion
were replayed without any sweep delay to obtain the direct arrival
(Pig. 4.2). This was necessary to provide the water wave arrival
time data needed for the Wide Angle Reflection programme (Appendix 1),
(Ref. 4.2).
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On board ship, an electromagnetic log of both the ship's

fore-and-aft and port-and-starboard velocities had been taken
continuously and it was hoped that this kmowledge of the ship's velocity
through the water would be sufficiently aocurate that the direct arrival
times of the water wave could be calculated from this data for each
sonobuoy run., An initial comparison showed that the ship's velocity
relative to the sonobuoy was substantially different from that given
by the E-M log, and thus all the records lacking the direct arrival
were replayed to obtain corrected ship's velocities, using the surface
water velocities appropriate to the area, as given in the standard
tables (Ref. 4.3).

A conmparison of the ship's E-M log veloecity and that obtained

from the water wave is given in Table 4.1,

Table 4.1
Sonobuoy No. E-M Log Velocity Calculated Velocity

Knots Knots
1 6.2 7.09
2 5.5 5.88
4 5.0 5.21
5 4.7 4.93
6 5¢3 5.78
9 4.1 4,26
11 5.7 6.09
17 4.9 5.13

Once the direct wave arrival had been obtained, each V.A.D.
record was examined closely to determine the various reflecting
horigons apparent on the ultra-violet sensitive paper (Ref. 4.4).
A close reference was made to the continuous reflection profile
immediately before the start of the soncbuoy run and also after

its termination. In those instances where the acoustic basement
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appeared particularly rough, the continuous refleotion profile
which had been recorded but not displayed whilst the sonobuoy run
was being made, was replayed to provide information on the dip of
the bottom and sub-bottom reflecting horizons,

Those horizons discernible to the eye were transferred to

tracing paper, in an effort to preserve the u-v sensitive records
which aged fairly rapidly on exposure to light, and the displacements
in terms of distance and time from the origin of the display
measured (Fig. 4.3).

The origin of the display represents the instant of buoy drop
and hence zero displacement. Horizontal displacements, proportional
to separation of ship and sonobuoy, were measured at 0.05 second
intervals, both for the direct and reflected arrivals. An example of
the output of one such analysis is given in Table 2, (overleaf).
Reflection Processing on the 360

The information thus obtained was fed into the IBM 360/67 at
Newcastle using the Durham batch processing facility. The Wide
Angle Reflection programme (WAR - Appendix 1), developed from that
written by Ewing, Le Pichon and Houtz (Ref. 4,5), requires the input
of both direct and reflected arrival times, as mentioned above.

The programme utilised solves for interval velocities and
thicknesses of N homogeneous layers with plane sloping interfaces,
given a trial solution for the dip angles, which is obtained from
the continuous reflection profiles made during the soncbuoy run,

The direct arrival times were calculated from the ship's velocity,
which had itself been determined from the direct wave, The operation

of the program may be explained by examining the single layer case,

Defining:
To - vertical reflection time
T - reflection time at distance X, from the source

v - interval velocity in the layer

e - slope of the lower interface with respect to the upper.
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Fig, 4,3 Refraction Outline
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Table 4.2 3813 Initial Analysis

?:::::%)Tine %:;:;c;ion é:;::a; g:;ziagement (inches)
0.05 0.89 1,02 1.18
0.10 0.89 1.03 1.19
0.15 0.90 1.04 1.19
0.20 0.91 1.05 1.20
0.25 0.92 1,06 1.20
0.30 0.93 1,08 1,22
0.35 0.95 1,09 1,23
0.40 0.97 1.10 1.25
0.45 1.00 1,12 1,26
0.50 1.02 1.15 1.27
0.55 1.05 1.18 1.29
0.60 1,08 1.21 1.32
0.65 1.10 1.2 1.33
0.70 1.13 1,26 1.35
0.75 1.16 1.29 1.37
0.80 1.20 1.32 1.40
0.85 1.2 1.35 1.42
0.90 1.27 1,38 1.45
0.95 1.71 1.42 1.48
1.00 1.3 1.45 1.50
1,05 1.38 1.48 1.55
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¥ - 1% . NV - ZXeine (1)

A

from simple geometric ray theory (Ref. 4.6).
Given a direct wave travel time, D, and a horizontal water

veloocity, VH,

¥ - r? s Pawd - 2r .D.VH sine (2)
v v

For the water layer, the interval velocity is known to be a

slowly varying function (Ref. 4.7), and the solution to the water
layer case can give X(V), the separation of ship and soncbuoy by
entering the correct water interval velocity found from Matthew's
Tables.

Assuming plane layering (e = o) equation (2) becomes

™ -2, nz(-'l-ﬁ)z (3)

o v

which is the equation of a straight line in D2 and T2, the velocity
being obtained from the square root of the slope of the line, Hence,
in its simplest form, the interval velocity for a given reflection
may be found by a least squares analysis of the D2 against T2 plot
(Ref. 4.8).

In fact, this method leads to large errors since the least
squares fit is that of a tangent to an extremity of a curve, beyond
which there is no data,

A solution is obtained for each layer proceeding downwards,
and each layer is reduced to a single flat layer case, using the
solutions obtained for the upper layers to remove their effects.,

For each layer below the water layer the procedure outlined

below is applied:

o
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1) The angle of emergence, b, of the sound ray at the sea water
interface, is obtained at each data point, by differentiation of a
fourth order polynomial fitted to the original T/X date by least
squares, acoording to sinh/vl = 4r/ax (4)
2) This emergence angle is used to find the theoretical time
corresponding to the travel in the layers above the one of interest,
using as a first approximation the trial velocity and corresponding
slope of the previous layer.
3) This computed time is subtracted from the observed time to
give a reduced travel time corresponding to the travel in the layer
for which a solution is required. The equivalent reduced X distance
along the upper interface of the layer is found in the same way.
L) The travel time in this layer is finally reduced to the flat
layer case using equation (2) and by removing, at each data point,
the value,

2

To - 2T°x 8in e

v

to obtain the reduced times

o2 =x9$ (5)

5) The velocity is obtained from a least squares fit of this

equation,

6) The solution from (5) replaces the original trial solution,
with the dip modifigg acuorginé to,\ten}-w"”*‘ |

2
7) Finally, the reduced times, pl , in the layer with the

corresponding deviations from the least squares fit are calculated,
as are the velocity and it standard deviation derived from the
standard deviation of the slope of the T/X° line.

A detailed description of the operation of this programme is
given in Appendix 2, /
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Refraction Analysis

Any refracting horizons prevent on the VAD record were analysed
using & refraction analysis programme, TWAT (Fig. L4.3)(Appendix 1).
This programme simply performs a linear regression to obtain the
velocity statistics - slope, intercept and standard error - for one
layer with corrections for overlying layers. In practice to obtain
the best fit more than Just the simple regression of time onto distange
is used. Regressions of both distance onto time and reciprocal time
onto distance are carried cut (Appendix 1). A complete list of the
output from TWAT for all the sonobuoy runs is given, together with the
wide angle reflection velocities obtained from WAR is given in the
next ochapter,

Amplitude Analysis

For the amplitude analysis it was decided to use the Departmental
Modular One computer normally employed for seismic array processing.
The analogue records were digitised onto magnetic tape using a
digitisation progremme, STORE, listed in Appendix 1., In order to
prevent saturation occurring on digitisation the analogue signals
were fed through an anti-aliesing and gain control unit, whose gain
could be adjusted manually to prevent saturation.

A level deteotion programme, LEVEL, (Appendix 1), was run on
the computer at a saturation voltage level of :EV. This figure
represents the maximum signal that can be exactly digitised by the
Modular One; any signal greater than this value is stored as :SV, or
in the 60dB dymamic range of the computer input as =1024. (Fig. 4.4).

The EMIDATA analogue deck was started up just prior to the
instant of buoy drop and the teletype output of the Modular One
printed any input channel (only channels 1-5 were used to transfer
from analogue to digital tape), (Fig. 4.5), greater than I5v at any
digitisation instanf. The gain of the anti-aliasing and gain control

filter was adjusted manually to give the maximum signal level at which
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saturation did not ocour.

The analogue tape was then rewound to its initial pre~buoy drop
position and the STORE programme loaded into the computer. The
digital tape recorder, attached to the Modular One, was loaded with
e tape, and a first file number written onto it to enable the STORE
sequence operation to prooeed.

The programme operates in the following fashion (Fig. 4.6):

On one analogue input chamnel is the shot instant command,
which is recorded on board ship and governs the firing rate of the
Bolt airgun system. It consists, essentially, of a 1 second duration
2,2 volt pulse, with a positive excursion from zero volts. On the
other analogue input channel to the Modular One is the telemetered
output from the sonobuoy system. The programme waits for receipt
of the shot instant signal, and then transfers information from the
input buffer to the digital magnetic tape at a rate governed by the
digitisation rate chosen for the recording. A count is taken of the
number of samples stored and this number is continuously compared with
the required number of samples, specified at the beginning of each
run, for each shot. Once this number has been reached the programme
writes an end-of-file (EOF) mark onto the tape and resets the various
interval counters to zero, to awalt the next shot instant signal. The
process continues until the requisite number of shots (files) has been
reocorded.

Once the tape has been filled, it is ready for analysis,
accomplished by using the REPLAY programmes. Several REFLAY programmes
were written, each one inoreasing the flexibility of the original,
whose flow diagram is shown in Fig. 4.7 (Appendix 1),

The programme operates in the following fashion;
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Step 1
YIGNORE N SAMPLES'®

A ocount is taken for the specified number of samples before beginning
amplitude comparison. Once this delay has been achieved.

Step 2

The modulus of the signal value present in Channel (1) .is taken

and compared with the value of ch(53) , which is initially set to zero.
If loh(l)l is greater than Ich(53)| the former is stored in och(53),
the real value of oh(1l) in oh(71) and the sample number at which
this storage ocourred placed in oh(57).

Step 3

A check is made to determine whether the number of samples required
for analysis has been achieved, and if this is not so the next data
sample is fakan before returning to Step 2,

Step L
If the window length count has been achieved the information contained

in oh(53), ch(58) and ch(100), being respectively the absolute value
of the maximum signal, the sample number at which this maximum
oocourred, and the shot (tape file) number under examination, is sent
to disc for storage.

Step 5

A count is taken to see if the desired number of windows has been
examined, if more than one window is to be inspected the programme
goes back to Step 2, as often as there are required windows (Fig. 4.8).
Step €

If only one window is needed or the indicated number of windows has
been analysed, the computer checks if any more files are to be
examined, having already reset the delay counter, ch(50), to sero. If
more files are'required, the programme goes back to Step 1, and works
through the entire scheme again.

A sample of the output of the programme, as stored on disc, is
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given below, in Fig. 4,10. This was read from disc file using the
PRINT programme (Appendix 1),
Transfer of Data from Modular One to IBM 360/67

This transfer of data from the Modular One machine to the IBM
360/67 proved necessary because the Modulair One did not have sufficient
storage oapability to enable it to handle numbers smaller than 0,01
or greater than 30.0. Several attempts were made to write a
programme to convert the sample mumber and shot number for a particular
peak amplitude into separation distance of ship and buoy and normalised
amplitude, but this proved fruitless owing to the great dynamioc range
of the input data.

Hence the output from the REPLAY programme (Fig. L4.9) was
transferred somewhat laboriously using paper tape to the 360/67.
The conversion of this data for quantitative analysis is straight
forward, Assuming a linear propagation path in the water layer the
shot number may be converted to distance kmowing the ship's velocity
and the rate of discharge of the Bolt airgun system.

The arrival sample number is simply reduced to time by
utilising the digitisation rate and this arrival time converted to
distance as above, the additional distance being added to the shot
distanoce to give the exact distance,
Given ; shot number, 5,

ship velocity, k knots

= k* Jmbr o (= /3.6 x 10 ms™Y

firing interval = F seconds
The distance between successive shots, is given by

dLi’J' = F x (k/3.6) x 107 kn (6)

Thus the separation of ship and buoy at the nth shot is given
by

L =8, x P x (®/3.6) x 107 In (7
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For an arrival sample number, N, at a digitisation rate, r

samples sec'l, the additional separation of ship and buoy is given

by
D = (N/r) x (k/3.6) x 10 m (8)
Thus the total separation is
| R = (SF+N/r) (/3.6 x 207) kn (9)

The distance the reflected ray iraverses is calculated from the
mean water depth and the separation distance, calculated above, using
Pythagoras' Theorem, and the normalised amplitude found simply by
multiplying the Modular One output amplitude value, in approximately
5mV units, by this distance in kilometres.

In the case of sub-bottom reflections, the conversion is
accomplished by introducing an ‘effective water layer thickness'
at each shot point, This e.w.l. thickness is found from the W.A.R,
and refraction analysis data. Then give estimates of the thickness(es)
of the sediment(s) above the sub-bottom reflection of interest. By
using these estimates, a two-way travel time for the passage of the

sound wave through the sediment layers is calculated and converted to

an equivalent water depth using the water velocities obtained from
Matthew's tables. This equivalent water depth is added to the exact
water depth to provide the 'effective water layer thickness', from
vhich the separation of ship and sonobuoy may be found. (Appendix 1),

In an effort to determine the accuracy of the digitisation
procedure, a series of digitisation tests were run on the Modular One
and the analysis of these is given in Appendix 3,
Curve Fitting and Synthetic Curve Generating Procedures

In an effort to smooth out the expected experimental error
effects in the amplitude data thus produced, various ourve fitting
routines availsble in the *NAG (Nottingham Algorithim Group)
subroutine package were employed to fit polynomial expressions by means
of a least-squares or cubic spline. approximation to the amplitude/

angle of incidence (ship-sonobuoy separation) plot. These ocurve
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fitting foutines are given in Appendix 1, RAT (+ *NAG BO2 ARF).
The output from these routines is then fed to a double precision
curve plotting routine, GEN(Appendix 1), which simply produces a

smoothed output plot of the input amplitude data.



CHAPTER PIVE
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RESULTS

Analysis of Soncbuoy Records
The variable area display records obtained using the Ultra

Eleotronics disposable sonobuoys were analysed to provide information
on the velocity-depth structure of the sea floor sediments in the
areas shown in Fig. 5.1. The reflection parabolae were digitised by
hand and the resultant information processed using the Wide Angle
Reflection (W.A.R.) analysis programme, as outlined in the preceeding
chapter.

Those portions of the records which contained refracted arrivals
were examined using a travel-time reduction programme, TWAT, (Appendix
1), with a view to producing further information concerning the sedimentary
velocity structure, for correlation and cross-reference with that
derived from the reflection studies.

The results of these analyses and the precise geographical

location of each sonobuoy rur are given below,
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TABLE 1
Sgggz:gy TIME D;I\gl/-‘z::::l{ LATITUDE LONGITUDE ( fl;f]l:z:s)

5, 19:01:45 167/73 58° 34.8' N 10° 46.8' w 1005
s, 1é:29:18 169/73 61° 23.3' N 17° 24.2' W 1287
S, 17:52:12 171/%3 59° 13.0' N 10° 13.6' W 293
S, 10:26:20 174/73 60° 28.0' N 10° 22.5' W 104
S, 01:06:18 190/73 61° 42.8' N 50 33.3' W 94
S¢ 05:06:47 190/73 61° 56.3' N 50 21.8' W 96
S7 06:03:00 190/73 RE-RUN PAST S6 21
Sg 22:38:18 192/73 61° 02.5' N 7° 25.8' W 292
Sq 01:49:16 193/73 60° 58.5'- N 7° 18.0' W 396
S10 16:04:23 193/73 60° 18.2' N 7° 40.7" w 55
S11 17.06:54 195/73 62° 06.7' N 212 18.3' w 815
S, 23:22:17 199/73 FAILURE - -

S, 00:26:42 200/73 62° 08.7' N 36° 46.7' W 1413
S14 02:41:46 202/73 63° 14.0' N 37° 16.3' W 1028
Sc 04:57:13 202/73 63° 08.1' N 36° 57.4' W 1292
516 23:49:28 203/73 AUDIO FAILURE -

517' 00:32:27 204/73 | 64° 01.3' N 36° 40.9' W 194
Sig 17:29:04 208/73 618
Sl9 60:28:57 210/73 AQUIFLEX FAILURE -

Sqa/1 13:04:47 248/174 58° 17.21' N 16° 37.8' W 600
S14/2 04:38:36 257/74 53° 58.4' N 17° 59.4' w 800
s74/3 18:31:50 251/74 53° 47.8' N 17° 33.6' W . 850

Table 2.153} Sonobuoy Locations
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Sonobuoy Calculated Matthew's Water Velocity Depth
Numberx Ship Velocity Area km s~1 (km)
(knots) Vertical Horizontal
5 7.09 8 1.488 1.495 1.84
S, 5.88 7 1.481 1.485 2.35
S3 6.0l 8 1.493 1.495 0.54
S4 5.21 7 1.485 1.488 0.19
S¢ 4.93 2 1.461 1.461 0.17
86 5.78 2 1.461 l.461 0.18
S7 4.68 2 1.461 1.461 0.17
S8 4.14 2 1.458 . 1.461 0.53
Sg. 4.26 2 1.458 1.461 0.72
50 4.31 3 1.474 1.474 0.10
513 6.09 7 1.481 1.488 1.49
813 6.11 6 1.478 1.476 2.58
514 4.51 7 1.482 1.476 l.84
S15 6.40 6 1.478 1.476 2.36
817 - 5.13 6 1.475 1.476 0.36
S18 5.74 6 1.482 1.476 1.13
574/1 5.99 10 1.495 1.49%6 1.20
374/2 6.73 10 1.495 1.497 1.62

Table 5,1(b Sonobuoy Parametérs
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RESULTS -
sl
Reflection Refraction
Velocity . Reflection Time Velocity Intercept
Layer (km s~1) {sec) (km s™1) {sec)
"
1 1.49 - .01 2.51
+ +
2 2.17 - .1 2.68 2,17 - .05 2.11
3 2.62 % .05 4.35
Velocity Thickness Dip
Layer ke s~ 1) km ®)
C 4
1 1.49 = .01 1.99 * Lo1 -
2 2.17 ¥ .05 3.81 ¥ .05 ot
3 2.62 % .05 o2

Water depth is 1.84 km from P.E.S. records implying a thin layer of
unconsolidated sediments overlying the 2.17 kms™1 layer.

Table 5.2(a) S1 Results
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2
Reflection . Refraction
Layer Velocity Reflection Time Velocity Intercept
(kms—Y) (sec) - (ki s~1) (sec)
+
1 1.485 - .01 3.29
2 1.99 ¥ .09 3.52
+
3 2,31 -~ .1 3.81
4 _ 5.52 & .2 4.40
Layer Velocity Thickness Dip
(km s™1) km degree
1 1.485 £ .01 2.44% .02 -
+
2 1.99 = .09 .23% o1 0% 2°
+
3 2.31 % .1 343 o150° % 3°
+
4 4.33 = .1 3.25% o8 0°% 3%«
5 s.52 ¥ .2 ® e

* On the continuous profile records there is a reflector at 5.3 seconds down.
The two way travel time for the fourth layer is thus 1.5 seconds and from
the delay time equation

I= f: 2zj c°51j:1+1
j=o Vj

with I = 4.40, z, = 2.44 etc, the resulting quartic equation in v; may
be solved (ANAL 1) to give a velocity of 4.33 km s'l, which implies a

thickness of 3.25 km.

Table 5.2(b) S, Results




165

3
Reflection Refraction
Layer Velocity Reflection Time Velocity Intercept
{km s~1) (sec) (km s71) (sec)
1 1.495 ¥ o1 0.749
2 2.35 ¥ .2 0.945 212 % .53
3 5.77 ¥ 1.13
Velocity Thickness Dip
Layex (km s~1) km (degree) i
1 1.4992 o1 .56 % .00(3 -
2 2.235 ¥ 2 .46 ¥ .oa o° i P
3 5.77 ¥ .15 o° ¥ g°

Table 5.2(c) S., Results

R
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4
Reflection Refraction
Layer Velocity Reflection Time Velocity Intercept
(km s~1) {sec) (km s_l) (sec)
+
1 1.49 - .08 0.13
2 2.30% .1 0.87
+
3 ) 8.40 - .2 0.92
Velocity Thickness Dip
Layer (km s~ 1) km ®)
+ +
1 1.49 - .08 .19 - .01 -
+
2 2.30% 1.70 T .08 o® ¥ s°
3 4.97 % .15 11° 420 ¥ ;°

From the continuous reflection profile this run is up dip. The dip angle
is calculated as 11°42°.

Table 5.2(d) S, Results

v -‘,‘,’,,
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S
_5
Reflection Refraction
Layer Velocity Reflection Time Velocity Intercept
(km s~1) (sec) (km s™1) (sec)
+
1 1.495 - .01 0.19
2 2.07 % .05 1.11 2.03 X .05 0.14
3 5.19 ¥ .1 1.17
Velocity Thickness Dip
Layer  (kms~1) km ©
+
1 1.495 = .01 o0.14 % .01 -
2 2.05 I o.5 0.95 ¥ .03 o® I2°
+
3 5.19 < .1 - 0%¢?) fs°

Table 5.2(e)

S. Results
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56
Reflection Refraction
Layer Velocity Reflection Time Velocity Intercept
(km s™1) (sec) (km s~1) {sec)
+
1 l.46 - ,01 .12
+ +
2 1.73 — .05 .134 l1.68 - .1 0.14
+
3 2.25 2,05 .760 2.39 % .1 0.88
4 5.81 ¥ 1 1.08
) Velocity Thickness Dip
Layer (km s~1) km )
+
1 1l.46 - .01 0.18 - ,01 -
2 110 .a 0.88% .04 o°1°
3 2.25 ¥ o5 0.29% .03 2% ,°
4 a.718% 1 5°3: I 200

From the continuous reflection profile this run is up dip, and the angle of
dip is 5°93',

Table 5.2(f) S, Results

S 4
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S
7
Reflection Refraction
Layer Velocity Reflection Time Velocity Intercept
(km s~ 1) (sec) {km s™1 {sec)
+
1 l.46 - .01 0.12
+ +
2 1.72 - .05 0.59 1.65 - .05 0.112
+ +
3 2.08 - .05 0.74 1.95 - .06 0.710
+
4 4,66 - .1 1.120
+
1l 1.46 - .01 0.12
+ +
2 1.73 - .04 - 0.62 1.70 - .1 0.115
’ + o+ .
"3 2.04 - .86 0.75 2.03 - .05 0.720
4 4.92 % .os 1.140
Velocity Thickness Dip
Layer  (kms-1) km )
+
1 1.46 ~ .01  .18°% .01 -
o+
2 1.65 - .05 .80 o5 o° ¥ o°
+
3 1.99 = .05 .30} .04 1°39* ¥ 20 .
- +
4 4.78 = .1 0%s2' ¥ 20¢

7

S, is a re-run past S

6

as the ship moved past

ults

Table 5.2(g) S7 Res

the sonobuoy again.
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S qa s R se of S
a an A (Reverse 8)

Reflection Refraction
Velocity Reflection Time Velocity Intexcept
Layer {km s'l) (sec) (km s~1) {sec)
. +
1 1.458 - .01 0.49
+ +
2 1.96 - .05 1.16 1.95 - .05 0.83
+ +
3 2.40 - ,1 1.41 2.65 - .08 2.00
4 6.38 1 .1 2.68
+
1 1.458 - .01 0.49
+ +
2 1.97 - .08 1.20 1.93 - .05 0.84
+ . -
3 2241 I 1.44 2.2 1
+
4 5.00 - .15
Velocity Thickness Dip
Layer  (kms™l) knm )
: +
1 1.458 - .01 .74 ¥ o3 -
+
2 1.95 - .05 3,32 % 05 4° ¥ 20
+
3 2.45 - .09  50% o3  4%7 I 20
) +
4 5.61 - .15 70491 1 10!

S9 is the reversed line of s8 and from the

the time velocities and dips were found.

Table 5.2(h) S, and S, Results

up and down dip refraction velocities
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S

10

Reflection Refraction
Velocity Reflection Time Velocity Intercept

Layer (km s~1) (sec) (km s~1) {sec)

1 1.472 ¥ o1 0.14

2t 1.65 ¥ .20 0.33

3 4.55 2 .1 0.22

* shallow depth leading to pronounced reverberation made this apparent
reflector very difficult to follow and hence this result is very inaccurate.

Velocity Thickness Dip
Layer (km s™1) km )
+
1 1.4714 ¥ .01 20t .01 -
+
2 1.65 - .2 07 % .02 o® ¥ 10°
+
3 4.55 - .1 - o® ¥ ,°

Table 5.2(i) S,O_Result;s
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11
Reflection Refraction
Velocity Reflection Time Velocity Intercept
Layer {km s~1) (sec) (xm s~1) (sec)
1 1.482 ¥ [o1 2.134
2 1.685 ¥ o9 2.550
+ +
3 2.210 - .1 2.920 2.15 - .05 0.34
Velocity Thickness‘ Dip
: o
Layer (km s~ 1) km ()
+ +
1 1.482 - .01 1.44 - .02 -
+
2 1.685 = .09 .025 ¥ .04 o® % 3°
3 2.18% 3 - o® ¥ o°

Undulating Reflectors but no overall dip. Deep water record.

Table 5.2(j) Sll Results
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513
Reflection Refraction
Velocity Reflection Time Velocity Intercept
Layer (xm s™1) (sec) (km s~ 1) (sec)
+
1 1.478 - .01 3.488
+
2 1.54 - .06 3.64
+
3 4.84 - .1 4.687
Velocity Thickness Dip
Layer (km s™1) km (o)
+ +
1 1.478 - .01 2.578 - .03 =
+
2 2.16.% .06 .165 ¥ o2 o® I 3°
3 4.8 3 1.13 % o5 o° ¥ g°

No refractors noted.

Deep water.

Table -5.2(k) Sl%Résu]..ts
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14
Reflection Refraction
Velocity Reflection Time Velocity Intercept
Layer (xm s~1) {sec) {km s~1) {sec)
+
1 1.476 - .01 2.47
+
2 2.326 - .1 2.90
3 2.52 & Jos 3.24
4 2.55 ¥ .05 3.64
5 6.49 % 1 3.57
Velocity Thickness Dip
Layer (km s—1) km )
+ +
1 1.476 - .01 1.84 = .01 -
+
2 2.33 - .1 0.50 ¥ .03 o * 2°
+
3 2.52 2 .05 0.2t .03 o® ¥ °
+
4 2.56 - .05 0.54 ¥ .03 o® 1 ,°
+
5 6.49 - .1 o° ¥ ,°

Table 5.2 (1) Sl-’1 Results
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15
Reflection Refraction
Velocity Reflection Time Velocity Intercept
Layer (km s~1) (sec) (km s~1) {sec)
1 1.487 ¥ .01 0.792
2 2.02 ¥ .05 0.983
3 2.57 } o8 1.091
Velocity Thickness Dip
Layer (km s~1) km (o)
1 1.487 X .01 2.36 ¥ .03 -
+
2 2.02 2 .05 0.19 ¥ 03 o°Is°
3 2.57 % .08 0.14 ¥ .04 o® t6°

No refractors present.

Table 5.2(m) Results

515
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17
Reflection Refraction
Velocity Reflection Time Velocity Intercept
Layer (xm s™1) (sec) (km s™1) (sec)
1 1.475 ¥ .o1 0.25
2 1.616 ¥ o7 0.43
3 1.950 ¥ .09 0.85 1.96 ¥ .05 .46
+
4 2.44 - .05 .84
Velocity Thickness Dip
Layer (km s—1) km )
1 1.4715% a1 0.187 ¥ .01 -
2 1.616 ¥ .07 0.41 ¥ .03 o® ¥
+
3 1.96 I .05 0.42 ¥ 03 o° 2
+
4 2.44 = .05 o°?
Table 5.2(n) S.., Results

I
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S
18
Reflection Refraction
Velocity Reflection Time Velocity Intercept
Layer (km s~ 1) (sec) (km s™1) {sec)
+ .
1 1.482 - .01 0.76
+
. 2 1.980 -~ .05 1.06
| +
i 3 2.31 - .08 1.67
Velocity Thickness Dip -
Layer (km s~1) km a8
+ +
1 1.482 - .01 1.13 - .01 -
+
2 1.98 - .05 0.30 ¥ .03 o° ¥ 3°
+
3 2.31 - .05 0.70 ¥ .04 o® ¥4

No refractors present.

Table 5.2(p) . §,g Results
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! S
: 74/1
Reflection Refraction
. Velocity Reflection Time Velocity Intercept
' Layer (km s™1) (sec) (km s~1) (sec)
[
+
1 1.495 - .01 1.576
+
2 2.22 - ,07 2.292
+
3 3.09 - .1 2.38
Velocity Thickness Dip )

: Layer (km s™1) km ©)
: +
- 1 1.495 = .01 1.18 ¥ Lo1 -
|
: + .
i 2 2.22 % .07 1.60 ¥ .05 o® ¥ 3°

3 3.00 ¥ .1 o® ¥1.5°

Results

Tablg 5.2(q) 874/1
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S94/2
Reflection Refraction
Velocity Reflection Time Velocity Intercept
Layer (km s~ 1) ' (sec) (km s~ 1) " (sec)
+
1 . 1.497 - .01 1.672
+
2 2.10 - .05 2.24
3 ' 3.31 T .05 2.93
Velocity Thickness Dip
i Layer (km s~1) km )
1 1.497 ¥ L1 1.25 ¥ ., -
2 2.10 2 .05 0.6 ¥ .03 o® 13
+
3 3.31 - .05 - o° ¥ ,°
Deep water.
. Table 5.2(x) § Re
(r) 74/2 sults
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Experimental Results

The experimental results discussed here, were obtained using
the Modular One computer and the amplitude analysis programmes
desoribed in the previous chapter.

Initial trials on several sonobuoy records revealed that the
problem of determining the peak amplitude arrival time of a given
reflecting horison was not quite as straight forward as might be
imagined. It was thought that the primary reflection from the sea
bed itself would give the highest reflection amplitude, as this
boundary represents the greatest change in acoustic impedance present
(Ref. 5.1), and that a detailed investigation into the behaviour of
the amplitude of this arrival for increasing angles of incidence
would indicate whether the theoretical predictions would be borme
out by the practical results.

An examination of Table 5.3 and Fig. 5.2 shows that the matter
is not quite so simple. The table lists the arrival time (in /
milliseconds) and amplitude of the peak signal for the entire
detectable range of sonobuoy run, S2, The figure in column three
is the shot number and is related to ship-buoy separation as explained
previously.

As expected, at very close ranges, the direct wave is the
largest arrival and for a short interval, subsequently, a bottom
reflection predominates. The picture, however, becomes more random
in character beyond this area, which corresponds to an approximate
separation of 2 km, and is hence, well within the limit of discernible
arrivals,

Another ﬁisquieting ﬁq@ture is the: wide variation ;nwamplitude -of

the arrivgls (Fig. 5.3). ‘:1‘5 Sl shoqqnﬁhe Jet pen réd fof a sample

of returnﬁeigyals from aqf

oorresponéingito a range m
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short window length and incorporating several windows per shot, a

teletyped output of the relevant section of the arrival was obtained.
This proved to be an extremely long and time consuming proocess,

the actual computer operation being accomplished fairly rapidly, but
the mechanical limitation of the teletype itself, at 10 characters/
second, greatly slowing down the data output, an example of which

is given in table 5.4. A further drawback to this process of
detailed investigation was the fact that only a limited number of
shots could be examined with a given window, the arrival of interest
moving beyond the group of windows chosen initially, within the space
of five or ten shots. It was not possible to write the window .lengths
and window positions into an incrementing *do-loop' because of a
software limitation on the number of data location statements and nesting
levels which could occur in any one programme., This necessitated the
repeated termination and re-starting of the replay programmes to
enable the entire range of arrival times to be enoompassed.

Fig. 5.10 shows the result of one such examination. The arrival
time/distance plot is better than the equivalent 'all-record' result,
but the amplitude/distance curve (Fig. 5.11) still shows a distinctly
scattered nature. Repeated inveatigations were made of the areas of
the record where there was some doubt as to the validity of the
correct identification of the arrival, in an effort to remove the
anomalous variations.

In order to obtain these plots, it was necessary to go over
and over each particular shot examining each sample almost individually,
playing out small sections of the record(s) to the jet pen system and
printing out the numerical amplitudes time and time again, the nature
of the arrival being so hard to follow.

This laborious technique provided dividends, and it can be
seen from Fig. 5.10 that the same horizon is being investigated

throughout the record and as its computed depth tallies with that
glven by the Precision Depth Recorder (P.D.R.) whilst the run was



19

14 /056 €o - 12 411
17 °nel &7 - 17 aH1%
15 2066 62 - 15 2413
39 °n75 €2 - 32 2y s
445 “207¢ €2 - 45 Q15
a€ 2031 6% = as 41¢
37 cNlE £P - 27 217
20 2091 -2 - 28 414
29 099 €2 89 LD
Fay) 2105 s Vil 24901
49 £109 €9 PR Ly
20 ila €’ an a9
o1 2119 69 51 008
on P1e0 €2 - on son
34 PIPE £y - R Q85
oH 21an €9 - ou “ek
o1 £137 62 = 21 027
@9 141 €2 = pege ] 054
~3 “L1af€ &P - o 416353
~q RIS €2 “9 A7
7€ o010 €3 “é L1 e
27 2015 €3 e7 a3
g 201€ &2 e 203
P “0e3 €3 - 29 ans
1= eary €3 - 12 405
o) 20ap €3 - 343 ane
33 o023 £ - R 20
PR Snel £ - D€ 2119
an eoas £3 - 33 410
4 #0183 63 ~ 47 211
23 n5a £R - “n 217
27 P068 €3 =7 2413
32 PREE &3 3z 413
A4 271 €2 et L1z
43 “07¢€ €3 454 415
21 R B £13 =9 L€
20 2059 €3 - 210 411
Pl Poa L 5 - 3 PAR I
14 099 €3 - 14 24924
en 1458 €3 P £
2 “107 63 11 a1
g °l1e e an Ho o
22 2116 £3 o7 4¢3
£y freo €3 P ap o
26 129 €2 - € L€
iCL 2?1134 62 - 2 Q227
A6 “1 39 &2 - L 265
67 210 €3 - - ¢ 499
a7 2149 €3 - 27 £EN

 JAmp|] Time Shot True Window
) No. Allp No 0

Table 5.4 Extended is



195

nx 02 : ] o] S 0o
. & i A e 0
oo © oo
o ° ° ° =
o ] ¢ oo oo”
o eoo?®
oo.oo
] ° ooo“ooo °
] oo0®°
° [ XY
° o000
(13 [ ] L4 soo0o0
° o o
oo
o © oe ©
° °o
ooe cooe L] L 000!
F1 R o
eoo ° °
. e [
° °
o .
o °
. “
° 3
[
23S
L000¢

S1 Arrival Time/Distance

«10

Fig.



WY OT

196

st Ol 5.
o 09
[ ¢o o
s o o 0o (-2 o
° 6oo © o o o oo °
o o 00 o © o ° © ooo oo ©
o o 00 © o -] -]
] ° ° ° e®© o
0000 ° X ] oo © © XX ] ° °
o [} o oo °
° o 0 o ° LR ° e
e © ° co0oo
-] o o oo L] o
%50 °
° ° ° ° °
] o ° )
o oo °
L] oo e e
o °
] o0
.o ° o °
°
o o0 °
° oo
o °
° °
o
o O []
°
°
©0 o0 00
o ©
°
o
°
. o’
°
-]

oJol 4

+Q00ZC

ny

LooOY

S1 Amplitude/Distance

o1l

Fi



197

being made, it is certain that it is indeed the sottom reflection
that is being considered.

The amplitude/distance plot is also an improvement but still
shows considerable variation and in an effort to smooth these out
fhe curve fitting techniques discussed in Chapter IV were applied
to the data points.

These routines calculate the best fit of a polynomial of
specified maximum degree to the given data points, using either a
least squares or cublc spline method. A weighting factor is
allocated to each data point and in the first instance all those
amplituae values which were olearly incorrect were given a weighting
of zero. An example of the output from one such fit, RAT + *NAG
(Appendix 1), is given below.

Table 5,5
Curve-Fitting Output for Sonobuoy, S3 - All Record

Coefficient® Error AW
0.246813D 03 0.223967D 06
=0.512474D 03 0.216590D 06
0.134282Dp 04 0.558046D 05
-0.954251D 03 0.434825D 05
0.343339D 03 0.394150D 05
-0.640666D 02 0.353928D 05
0.582796D 01 0.352825D 05
-0.204074D 00 0.350956D 05

#*The numbers in the first column are the coefficients, 8y in the

expression

n i
y = 2: ax
i=0

A plot of the output produced from this data by the curve generation
routine, GEN (Appendix 1) is given in Fig. 5.12.

Clearly the errors involved in this fit to the amplitude ourve
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are unacceptable, and once it had been established that this was not
confined to this particular sonobuoy run, it was decided to attempt
a re-fit of the data by instruoting the curve fitting programme to
weigh other erronecus amplitude points with a sero value, and also
to restrict the range of returns to within 8km of the ship to
improve the signal to noise ratio.

Fig. 5.13 shows the amplitude/distance curve to be fitted and
Fig. 5.1, the output from the generation programme, including 15
'bad' shots, which have been assigned zero weights in the fitting
procedure. Table 5.6 gives the errors.

Table 5.6
Curve-Fitting Output = S3 15/87 Shots

Coefficient Error
0.146842D 03 0.235336D Ok
0.139715D 03 0.226152D O
0.228739 03 0.683976D 03
-0.144930D 03 0.548240D 03
0.476507D 02 0.524916D 03
-0.739646D 01 0.491260D 03
0.404793D 00 0.489284D 03

In this instance the generated curve follows the input curve quite
well, to the eye, but the error bar shown on Fig, 5.14 indicates the
amount of scatter present in the input data. For a peak reading of
approximately 1500 amplitude units (mv;kmz), an error of 500 is
totally unacceptable,

As a check to ensure that the curve fitting (RAT + *NAG) and
generating programmes (GEN) were functioning correctly, a test was
made using a known polynomial expression and the results displayed

graphically in Fig, 5.15 and Fig. 5.16.
Pig. 5.17 and 5,18 show the detailed arrival time/distance
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and amplitude/distance curves derived from sonobuoy run S2 by the
methods described above, Fig. 5.19 depiocts the output from GEN

for 20 'bad' shots, while table 5.7, the errors produced by this fit,

Table 5,7
Curve-Fitting OQutput - 52 20[;02 Shots

Coefficient Error

0.488454D 03 0.242256D O4.
0.103438D O 0.230565D 0L
=0.154229D O4 0.128955D Ok
0.969357D 03 0.924444D 03
-0,281216D 03 0.867053D 03
0.41068% 02 0.855402D 03
-0.293341D 01 0.794388D 03
0.813374,D 00 0.685829p 03

Again, it can be seen that the error of fit at =680 in 1500 a.u,
represents & minimum percentage error of 90% which is not very
good.

Fig. 5.20 shows the expected amplitude variation with density
ratio for a typical water/unconsolidated sediment reflection as
calculated aoccording to the theory developed in Chapter III, A
change in lower medium density from 1.00 to 3.00 corresponds to a
percentage change in peak amplitude of 56% which is considerably less
than the error in the fitted curve, so that it is unlikely that any
meaningful information on density variation could be obtained from
this analytic method.

At this point, the sonobuoy runs examined in detail sbove were
re~investigated attention being paid to the second and third positive
peaks in the bottom reflection arrival, instead of the first positive
peak used above. These secondary peaks are of slightly smaller
amplitude than the initial peak and correspond to the airgun
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signature or bubble pulse oscillation of the acoustic source,
Detailed printouts of the amplitudes of these peaks were laboriously
obtained as before but a preliminary analysis indicated that they

were ne more consistent than the original,

Acoustic Basement Investigation
Although this initial investigation had proved unsuccessful,

the entire procedure was repeated on reflections from the aocoustic
basement. The techniques employed for this examination are

identical to those used previously, except that an effective water
depth is calculated to allow for the passage of the sound wave

through the upper sediment layers, as discussed in Chapter IV, Given
that the signal level was somewhat lower than in the bottom reflection
case, the wide angle reflections were even harder to discern.

Fig. 5.21 and 5.22 show the arrival time/ distance and amplitude/
distance curves obtained for the basement arrival for sonobuoy run,
S2. PFig. 5.21 indicates that the same horizon is being examined
throughout the record, whilst the amplitude plot displays considerable
variation.

Fig. 5.23 shows the generated plot from the curve fitting output
given in Table 5,.8.

Table 5.8
Curvé-Fittigg Qutput - 82 Basement

Coefficient Error

0.138160D O4 0.224691D 06
~0.924186D 03 0.160043D 06
0.282323p 03 0.137366D 06
-0.167946D 02 0.953289 05

It is clear that this 'fit' is of even worse quality than those
obtained for the bottom reflections.,
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Pige 5.2 gives the fitted curve with ten 'bad' shot weighted
to zero, but whilst this is an improvement over the previous case, the
errors arising from this fit are still of the order of :103 a,u,
which renders the fit meaningless, as far as density identification
is concerned.

The theoretical amplitude curves, shown in Fig., 5.20, were
generated using the computer programme, FINAL, (Appendix 1)
incorporating the acoustic velocities obtained from the wide angle
refraction and reflection programmes discussed previously. The data
input for the programme consists of the.P and S veloéities for the
two media (Ref. 5.3) together with the appropriate densities (Ref. 5.4).
Assuming an upper water layer of known density, a family of curves is
obtained for a given input frequency band, for different density
contrasts, and it was hoped that an estimate of the correct density
value for the lower medium could be obtained by use of a multi-
dimensional pattern recognition rechnique (Ref. 5¢5)

In this process the Cartesian co-ordinates of the entire
family of curves are input to the computer and then compared, point
by point, with the co-ordinates of the experimental ourve, ueing
& least squares fit, That theoretical ourve which matches the
experimental at the greatest number of data points, or dimensions,
is taken to be the most similar to the latter and hence is the
curve with the closest approximation to the correct density.

The spread of a family of curves for the expected range of
density ratios (Ref, 5.6), is unfortunately, as mentioned sabove,
less than the error estimates for the fitted curves, and thus these
oould not be used in this pattern recognition procedure, Attempts to
use the raw data itself were similarly unsuccessful.

It was not anticipated that the frequency dependent
oseillations in the supercritical region would be observed, as one

is examining a window of frequencies (5-50Hz), over which one would
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expect this feature to be averaged out, but it was hoped that the
suberitical curve shape and the position of the amplitude maximum
~ would be seen. As this was not so, it was decided not to undertake
the extremely time consuming and laborious process of analysing.

further sonobuoy records using these techniques,
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Progremme Check

As a check to test that the theoretical curves themselves
were valid, a model of the continental orust in the Bavarian
Molasse basin (Ref. 5.7, 5.8), was used to generate a theoretical
amplitude curve. The actual orustal model is simewhat complicated,
involving a differentiated gradient sone at the transition between
orust and mantle, (Ref. 5.9), and this was simplified to the model
.shown in Fig., 5.25 to enable FINAL to be used by introducing a -
space varying velocity function. The results are shown in Fig. 5.25,
and it can be seen that whilst the curve is not exaotly correot it
behaves in a reasonable manner, indicating that the theory does
provide a valid result. The curve presented is the mean curve for
frequencies between 10 and 15Hz, following Meissmner (Ref. 5.10), in
vhich the arrivals between 9 and 17Hz are those which are least

affected by multiple and ghost events,
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Signal Processing
In order to improve the quality of selismic records, by removing

unwanted multiple reverberations and bubble pulse oscillations, it
is conventional to deconvolve the records with funoctions representing
these unwanted signals (Ref. 5.11).

Due to the nature of the wide angle reflection standard
deconvolution operators are not applicable in that the path length of
the shot and hence the shape of the incident waveform vary with
increasing separation of ship and sonobuoy, so that a time varying
deconvolution method must be sought (Ref. 5.12).

An attempt was made to use a continuously adaptive linear predioction
operator in which the operator coefficients are updated using a
simple adaptive algorithm, New values for the coefficients are
compared for each sample of data so as to minimise the mean square
errors, following Griffith's metﬁod (Ref, 5.13). This method differs
from the time varying deconvolution techniques used by Wang and
others (Ref, 5.14), in which autocorrelation estimates of the data
are calculated, in order to solve a set of normal equations to
determine the coefficients of the deconvolution operator which is, in
turn, applied to the data to obtain the deconvolved output.

Griffiths' extension of Wiener filtering has proved successful
in its application to conventional marine reflection data, where the
removal of multiple arrivals is excellent, but when his programme was
applied to the data here, it was unsatisfactory, the portion of the
programme designed to remove multiples of the refraction arrivals
also removing the wide angle events (Ref. 5.15).

If the problem, howerer, is treated using 'Cepstrum! analysis
techniques (Ref. 5.16), this particular limitation does not occur,
Consider the complex natural logarithm of the amplitude and phase
spectra, log [A(w)ei‘(w)] as a complex time series and take the
inverse Fourier transform of this series to produce the o&mplex

cepstrum (Ref. 5.17, 5.18).
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Deconvolution in the time domain becomes subtraction in the

complex cepstrum and so time varying deconvolution becomes much
easier to implement,

Following the work by Stoffa, Buhl et al (Ref. 5.19), a
preliminery study was made to see if their homomorphic deconvolution
techniques would be applicable to the problem encountered here. Only
one shot was analysed and the deconvolved output from Stoffa's
programme is shown in Fig, 5.26, The reflecting horizons present in
the record can be seen more clearly than in the original.

By varying the period for which the complex oepsti'um oontributions
are set to zero in performing the deconvolution, it is possible to '
look at the reflection of different frequency bands whthin the
original waveform, and it can be seen from Fig, 5.27 that there is an
apparent shift in the reflection position of the higher frequency
portion of the signal., The two traces in Fig., 5.27 correspond to

incident frequency bands of (5-25)Hz and (30-50)Hz.
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Input waveform

Deconvolved waveform

(corresponding to all cepstrum contributions
-T<18<7, being set to zero).

Fig, 5,26 Cepstrum Deconvolution of One Shot
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Discussion

The major question to be considered is the cause of the failure
to obtain correlation between the predioted and practical results,
The problem arises in the actual recorded amplitude, the arrival time
plots given in the preceeding section indicating that the same
reflecting horizon 1s being examined.

When one considers the physical processes involved in obtaining
the record, the following possible sources of error come to mind,

i) Hydrophone

A change in the ambient noise level due to aperiodio wave
motion/current noise might influence the record.

By examining, at some length, the recorded portion of the
tape prior to any seismic arrivals for several soncbuoy runs, at
varying separations in different depths of water, it was decided that
the variation in mean noise level was not sufficient, within one run,
to explain the extremes of amplitude variation present in the peak
amplitude arrival.

ii) Variations in Airgun Intensity

This was considered as the airgun/compressor system on board
the R.R.S5. "Shackleton" was subjéct to periodic venting, but the
time interval between successive vents was of the order of 15-20
minutes which would hardly manifest itself on the records examined,
An examination of the direct wave from the airgun at close range for
three sonobuoy runs indicated that the signal emanating from the
airgun was of extreme regularity both in frequency content and
amplitude.

iii) Prequency Demodulation/Tape

The question of the F.M., demodulator misindexing and giving
rise to spurious results was considered but rejected as this would
result in the loss of the record during the period of misindexing.
The tape deck used was also used for recording a contimuous reflection

profile simultaneously with the wide angle record and a brief analysis
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of the normal incidence reflection amplitude did not reveal
variations coincident with the wide angle measurements, thus
indicating there were no tape ‘drop-outs' or irregularities
responsible for a loss of signal strength,
iv) Digitisation

The idea that aliasing of some description was responsible
ocourred, but the signals having been digitiszed at 500Hsz, had been passed
through an 80Hsz low pass filter which was some 81dB down to 125Hs,
before being written onto digital tape., The signals were also band
pass filtered (5-50Hz) before analysis, (Appendix 3).
v) Superposition

Returning to Fig. 5.4 and 5.5, showing the bottom reflection
for consecutive shots and referring to Pig. 5.27, it is appsrent from
these plots that the wave group as a whole is moving along the time
axis of the plot, and it can be seen that different peaks within the
bottom reflection wavelet are displaced by varying amounts, so that
enhancement and cancellation between the various peaks is occurring,

Fige. 5.27 demonstrates that the higher frequency portion of the
waveform 18 being reflected at a different time to the lower
frequencies i.e. the lower frequency components are being reflected
at a slightly lower point in the medium than.the higher frequencies,
and hence have a alightly different time of travel, The reason for
this differential reflection, well known in echo-sounding studies
(Ref. 5.20), is that the typically water saturated unconsolidated
sediments that constitute the uppermost layers of the ocean floor
are little more than colloidal suspensions, whose suspended particle
sige increases with depth, thus resulting in the higher frequencies
being refleoted 'above' the lower frequencies (Ref. 5.21).

Thus it is conceivable that this relatively microscopic
phenomenon, which is possibly subject to lateral variations, of

short wavelengths in comparison to the range covered by successive



22,

';'wide angle reflections, due to differing bottom current levels,

turbidity, temperature and particle size could cause this superposition.

H During the course of one.sonobuoy run over what is macroscopically
" homogeneous sediment according to the continuous reflection profile,
these variations could effect the wide angle reflections in the
menner observed, Those reflections from the acoustic basement would
pass through such small scale inhomogeneities and would be similarly
subject to these frequency selective phase shifts,
vi) Interference

Another possible cause of this wide variation in amplitude
return level may be discerned by examining Fig. 5.5 and 5.26,
from which it seems that interference is occurring between different
portions of the return leading to cancellation and enhancement of
the signal which is obscuring the true amplitude.

This interference could be between the reflected and
refracted portions of the wave but as this would only be expected
at certain water depths/velocity structures and ship to sonobuoy
separations, there must be some interference occurring between
different reflections at almost all angles of incidence, caused by
the relatively long pulse length of the air gun in combination with

the nature of the refleoting horizons themselves,
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Sonclusion

From this preliminary analysis of the dynamic properties of
wide angle reflections it is obvious that no clear picture oan emerge
from the simple amplitude investigation techniques developed here,
as to the physical constitution of the reflecting horizons as was
anticipated from the theoretical analysis.

Amplitude information is being lost due to either superposition
within the reflected waveform possibly produced by a non-linear
effect in the uppermost sediment layers, or interference between different
reflection and refraction arrivals in the return signal or perhaps
a combination of the two., This is leading to such large variations
in the measured amplitudes that no exact determination of the lower
medium density was able to be made.

Recent developments in signal processing techniques may give
better results by allowing smaller frequency bands to be investigated
separately as illustrated briefly above, but it is unlikely that
the arrangement used to collect the data in this case would be
suitable, a shorter range system of higher resolution being probably
required to allow either examination of the fine structure which
may have been detected in this range of experiments or to enable the
different pulses producing the interference effect noted above to be

separated for detailed examination,
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APPENDIX 1



PLANP

a) This programme oalculates the plane wave amplitude as
a function of the sine of angle of incidence (eo).

b) This programme computes the value Al(eo) as & function
of o

¢) This programme computes A2(e°) as a function of °o’
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DYHMENSTON ASIL72) XTI {100} XK {}Or ).xLl(100).Xl)(l0u).FoHn’\).
LET{100), KANG(100),ANS(100) ,XK2(100)
"T"(10\))le(l(}()‘;TZ(IOJ,»T‘}(lCr”oT"(lq\ Yo TSN, TRV 20,
4X1(1n0),
3T70100)1,TA(100C) -
READRNIS, L) Al ,42,81,32,01,D2
FORMAT(IGFT.2)
N=02/n1
XHI=a1/81
XN2=A2/H2
KI=Al1/22
U={N2%R22=[32) /(NT=B1*x31)
HURITFE(643)
FORMAT(? ¢ 0 SINhE OF ANGLE? (SY, P AMPLITHNEY)
o0 2 1=1,89
ANGLT)=]
PANGII)=(ANG(]I}=2,14t6}/187,
EQ{I)=STHIRAMG (T ) }ESINIRANG(T))
TO(I)=SORT{L-FC (1)) .
TI(IY=SORTIXKNI=Xx»)}=-FE2{T))
T2(1 1=SARTAXNZ22XN2~ED(T))
T3 y=FOLI)%1-1)
XUILD)={EQUI I (U XNLxX1R{D=-1))~-(2, T"(T)))""7))'(7“(1)"11(1)“(((
TORXNISXNL) =02 =T3(T 1) 122 e (T )T 200 )anu{¥YrLxxh))
XKZ2ZOT)=XKRI(T )= {2 .= {EC{TI¥ L {{XAN]AXNLF(O=1) =2 xT2([)))}%22)]))
XLLOD) =0a =TO(IYIFTY0DNST20 130 T3( (=1 ) ) (T (1) XN #%4
T4 T200 )% 00 {XNIRXP Y #(2.5T3(T)))Y+=2))
EI(I)=STMNIRANGLT) )
XL2{I ) =(4.*TO(TI=TLOL ) %T201)%{T3( )= (1)~
LYP={T200 ) =00 (X1 n ) 40 2e%TAT))Y%%2))
RI2=RI*R]
TF(EQUI)GT.PI2)Y AL TG 47
T8I )=SURT(R]IZ2~E(1)])
TOLT ) =(XK2(T Y+ (XL 2C11%TA(1)))
X1{(})=1
T7C1) =XKL L)+ (X1 LE1)*T5(1}))
'\(‘(["Tb(l)/T7(I)
rn T0 2

H)=(F0(I)—Hc) :
T(l(l)" SORTLABRS X2 (T )22+ XL2( 1) %k2)xTS( 1)
17{(1)= SQRT(fl*S(VK].(I)"*?*()’Ll(l)**")"’Tr( )
ADLT)=TO(1)/T7(1)-
CONTINUE
WRITE(Hy44) (FY(T)ea0(1),T=1,9C)
FORMAT{2F14.3)
HRITE(Hy45) F1
FORMATLY ¢, VKEFRACTIVE INDEX=1F7.3)

SRR SN S EHETSOS LT

))
1)
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PRUG CALCULATFES AYN(EGY AS A Flr'LT'f [ EE S

AND PLNOTS 1T,

DIMENSTON fxl(l(?ﬂ),/‘f;’(l Y e AV TLID) X2 1100 W XE LT 1 210 )
Vo THUG ) 72006 o TE00) , TaleD ), THLE0) o T (G0 3 TT050) o THIGO) T EC)
PANGLC ) o RANG (")c-l_( \)'l)(‘- )-\1(‘1 . :1(‘)",'§,(‘1‘ )' G0N )Y S8(S5T),
5X{2047),Y{204R),
ARLLON] R 213D )W (0G), 01 {e0)

CEADIS, 1) V1 V24it]lR2,14N2
1 FORVAT (6T ) ’

tY=vi/ve

XMI=VLi/a)

XN2=V2 /47

=0n2/n1

=0 {(E2/B1)2%2)

Nl=r-1.

H1=uU-1.

ng 2 1=1,89

ANC(T) =T

RAMC(I)=(ANOC(T )= 14152) /130,

:l(l)—Sll(lAPC(T))

ECIY=EL1LL)#&x%2

TI(Y) SGRT(I-E(T)]

2UI)=SORTOIXMN1222 )-8 {(T))

3(I)=SORT{ru2%52)-F (1))

G{1)=2.3F (1)1
"(Y)=((\Ml* 2 ERL=Ta (1) )2 .
THIDI={ D (XMIFE2)-T L] ) ) %%

TTCI)=F(L1%T5¢(1)
TBIT)I=TL(I)%RT2(1)*1a{1)
TO(IY=TLT)aT2{T)ara( XV ]*ky)
YKI(T)=T72(1)+T&LIV+T3(])
XK2(T)={TE(I)+T(1))=~T7{ 1)
SI{I)=F{l)*(Ll%%2)
S2ATI=({XNY*2) T4 (1)) %%2
S3{I)=4,*TI(I)=T2(1)=TR(T}=ST(1])
S4{1)=T2(1)xD*x{XN]*%4)
SS{T1=T3{1)=S2(1)
XLT(I)=S3(1)4+S4(1)+S5¢(01)
QIP=0] fex,
XL2(1)=S3(1)Y-{(S&4(T1}+55(1))
RI(TI)=0X<1 (1) %=xK2(1))
D201 Y¥=P12~-E(1])
30T I=(XLL (=X () )=2(01))
RIWAI)={XLY T )n=2)a22(])
ALIT)=IRI(I)=R2(I}Y 70 (XK1 T)%X2)Y=R21(]))
2 CONTINUE .

WRITE(Hya5) BEleXL1yXN2, 0
X(1)=F1(1)
YiI)Y=A1(1)
WRITF(OG,44) (EL(1)AL(]),1=1,K0) .

44 FORMATLLH L' STHRE GF ANGLE® ¢SX,"AM{ECYY, /21 14,2)

4% FORMAT(IH (TREFRACTIVE I1NDEX=1FT. 1/'”1(“\1/0])—'|7.M
17'N2 =A2/FP2)= 'F?.J/'U‘“S]TY PATIO='T7,3)

N
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PROG CALCULATES AZ2(EDQ) AS A FUNCTIGN NF EC
AND PLOTS IT . '

NDIMENSION AL(100)4A2(100),XKL(100),XK20100),XL1{100),XL2(1D0O)
LaTLI9O)T2UGC) s TI(RY},TALSQ) yTE(O7 )y TL{OD),TTIIN},TE(GD),,TC(O0),
2ANG{Q0 1, RANGI(SO)+E(90},EL(G0),S1L{9D),32190),S3(01.54(20),S5(C0),
5X02048),Y(20481),

3R1(90),R2(901,R3{90),R11(20)
READ(S591) VI ,V24BlB82,01,N2
1 FORMAT(6FT.2)
RI=V1/V2
XN1=V1/81
XN2=V2/R2
D=D2/D1
U=D*{(R2/B1) %**2}
Di=D-1.
ul=l-1.
DO 2 1=1,69
ANG(]I)=1
RANG{I)=(ANG(I)*3,14159)/180.,
. ELUIY=SIN(RANGI(TI))
E(I)=E1(])=%%2
TI(I)=SQRT(1-F (1))
T2(T)=SQRT({ xN1%x%2}~F (1))
T3(1)=SQRT LI XM2xx2)-E{1))
Ta(l )=2.%E{1)*Ul -
TS5 )=C({XML%%2)%xD])1-T4 (1)) *%x2
TO(I)={DHR(XN1I%%2 )=T4 () )*%2
THI)=ElL)xTS(1)
TRII)=TL(I}:T2(T)%T45(1])
TOI)=TLOI)=T3 (T IDR(XNIS%,)
XKI(T)=T7(I1)+T8(T)+T9(1}
XK2{I)=AT8(T }+TO(1))=-TT7(])
SLIIN=E(I)x{Ul*%x2)
S2LT)=U(XNT*%2)+T4({1)}%%x2
S3(I)=4*TLL1)#T2(1)=T3(I)%S1(1)
SAa(II=T2( 1 )4D* (XN x%4)
SS{I)=T3(1)*%S21{1)
XLLOY}=S3(1)+Sa(])Y+S55(1)
RI2=RI%%2
XL2{1)=S3(T)-(Sa(I1)+SS5(1))
RL(I)=(XK2( 1 )% XL1 (T} )=(XKL{I)=XL2(1))
R2{1)=RI2-E(T}
RILII=A(XLL(T }*%2)%R2( 1)
RIMIII=( (XKL (T )**x2)}=-R3{T)}%=TL(I)
A2(1)=R1IL1)/RLILCT)
2 CONTINUE
WRITE(6445) RI¢XNL4XN2,D
WRITE(Gy44) ;
44 FORMAT(®SINE DF ANGLE!' 45X, YAMPLITUDE")
WRITE{(6,46) (EL(1)sA2(]1),1=1,89)
46 FORMAT(2Fl4.3)
45 FORMAT(LH 4'REFRACTIVE IMNEX='FT,3/7'N1{(=A1/BL)="FT.3
1/7'N2(=A2/B2)=*'FT7.2/0DENSITY RATIO=1'F7,3) ’

~
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ASSRFLN
This programme computes the reflected amplitude of an
incident spherical wave according to the asymtotic

approximation,



CVEWN™OOO~NOVLWN -

O = O

4Gt 21
41 cC

245

CIMENSICN ANG(SC) RANGISO) 4 XK1{SC)eXK2(90) s XLI(SO) XL2(S0},T1(90),
1720(90) , T3L90) s TAUOC) o T5(90) o THLOC ) 2 TTHOD) ¢ TBISG )y TO{SU DL E(ID),EL(9
20)4S51(9C)+S2(9C) +S53(90)+S4(SD) +S5(90) +S6(90)4R1(90),R2{90),R3{90),
3RA4(GD)4R5(GS0)4ROIIC)JAL9D) ,ALIGC) ¢A2(GT) A3 (90) 4X(2048),Y(204R),8E
4TA(90),IBETA{QO0},ETA{F0)},IETA(SC)RMUI9C) s XMU(GC) o SMLLI0C) » XSMLI(90)
S5eRMUL (2.) o XMUL(27:) o XMUZ2(9 ), RMU2 () ¢ XSMUL(3B)eWL(9T )y w2(3( )y 21
6501,522(90),23(6C)424(50)427(90),28(S01,429(90) 4HI{GQ)4w4(90),XX1(90
TIeXX2(G0) o XX3(F0) o YYL{TOD4YY2(G0)y XNU(90),CNUITFO) 4 SNU(SO) 721130,
B82Z2(90),223(90)42Z4(S0),2Z5(5C)2ZZ6(SC)+ZZT71S0),228(490),229(90),88
91(90),BB2(90)y RB3(ST )}y BRPA{IC ), BBS(33),R6(90),BBT(G(),BBB(9N),RBI{
190)4CC1(90),CC2(90)+ TITLEL203),A0(9D) RR1(90).SMUL (38}

CATA RMUL/ 16391 e3041al791ellyle0791eC590124049140241.0241.01,
116310 1aClpl et 9l aOC o109l o3301e0091afiDel ey 1N0/

CATA XMUL/ Ce51+40.2140422404164Ce13,0.,1C40.0%9+0.07,0.06,0.05,
10.0490.03,0.0340.03+0.02¢0.029y0.0290.02y0.01+4C.C1/

CATA RMU2/ 1643¢8e18754269400793.2642.7292.6142.04,1.81/

CATA XMUJ2/ 5.10024559147091289102,0.8590.7390.64,0.57/

CATA SMUL/ 04039i:a0B890¢1505742291Ce3 790 a38y 0446975347455,
1Ce€4,001090e7443047690e8190e8B43CeB640688:009090.9140.92,0.93,
200694406951 069690e9690e56404579Ce9710eST90.58,0.584C.58,
3La9892¢991749990.9G,7.99,1,27/

CATA XSMULl/ 0e05+0¢12¢0e61840e24+0.2990.3140.3340.23,
10.68'0.32'Oo32'0.31'0.29'002890.26' 0‘24‘0.23'0021'0.20
21C0el1930e1745e1690e159010490,139Ce124041190410+0.09,0.C8,
30,07¢0605100590604¢40.0340.,C2+C.014C,00/

REAC(4,10) N

READ(S54+1) V1,.V2,81482,D1,D2

REAC(15,9) NMAX, IND, INK, (TITLE(1),1I= l’lhK)

FCRMAT(15}

FORMAT(6FT.2)

FORMAT(317,10A4)

RI=V1/Vv2

RI2=RI**2

XN1l=Vv1l/Bl

XN2=V1/82

L=02/D1

U=D%((B2/BL)%%2)

DD=D-1.

ul=u-1i.

FLAG=(

WRITE(B,21} M,V1,v2,B81,82,D1,D2,

LUSCDUL yRIRIZ2ZyXN14XN2

FORMAT(15,13F5,2)
RITICAL POINT CALCULATIGN

T1C=50RTi{1.-R12)

T2C=SQRT((XN1%%x2)-R]2)

T3C=SQRT{(XN2%%2)=-R]12)

T4C=2%RI2*U1

T5C=( (XN1=%*2)%DD-T4C)**2

T6C={D*(XN1%%2 )-T4C ) *%2

T7C=RI12*TSC

TRC=TI1C*T2C*T6C

TIC=TLIC*TICANX (XN1*%4)

¥K1C=T7C+TEC+TGC

XK2C=(TB8C+T9C)-TTC

€§1C= RI2#(Ul%%*2)

S2C= (RI2+T4C)*%2

$3C= 4., *T1C*T2C*T3C*S1C

$4C= T2C*D% (XN1%%4)

S5C= T3C*S2C
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XL1C= S3C+S4C+S5C
XL2C= S3C-{S4C+S5C)
R1C= (XK2C*XL1C)-(XKLC*XL2C)
R2C=(XK1C*#=2)*T1C
A2C=R1C/R2C
24C= C,822%A2C*¥SQRT(RI)*(1-R12)}
25C= SORT(N*T1C)
26C=SQRT(25C)
Z7C=24C/126C
28C={C0OS(3.14156/78.,))%27C
29C=(SIN{3.14159/8.))*27C
AlC= XK2C/XxK1C
W3C= (ALC-Z8C)*%2
waC= SQQT(H3C+(29C**Z’)
AC=T1C*xwWa4C
WRITE(6,115) AC

115 FORMAT(® ¢ ,'CRITICAL AMPLITUDE='F12.4)
Ul=u-1. . .
o 2 1=1,83
ANG(1)=1
RANGII)=(ANG(]I)*3,1416)/180.
EL(II=SIN(RANG(I))
El{I)= E1(1)%%x2
T1(1)=SQRT(1-E(I})
12¢1)=SQRT{{XNL%=%=2)~-E(1))
IF(XN2.LT.EI(I))GC TO 130
T3(I)=SQRT{(XN2%%2)-E(1})
T4(I)=2.*%E(1)%Ul
TS{I) = (XNL#%2)%DD-T4(]) ) %*2
TO{I)=(DX(XN1*%2)=-T4{]})%xx%x2
THIVI=E(I)%*T5(1)
TB(I)=TLI(I)*T2{T1)}%T&(1)
TOLII=TICI) RT3 (T IXD* (XNL1%%4)
XKILI}=TU(II+TR{TI)+TO(])
XK2{1¥=(T8(I)+TO(I}}-TT7(])
SHI)=E(I) % (UL%x2)
S2{I)=U(XN1¥%2)+T4(]) ) =x%x2
S3(I)=4.%TI(I)XRT2(1)*T3(I)%S1(1)
S4({1)=T2(1)1*D*(XN1*x%*4)
SS5({1)=T3(1)1%S2(1)
XL1{1)=S3(1)+54(1)1+S5(1)
XL2(1)=S3(I1)-(S4(1)+55(I))

GG 70 131
cc FCR N2 LESS THAN E1(I)
C TeEa T3UT)eTO{I)oeXK1{I),,XK2L1)

c S3CT},SSUI}XLLCL)yXL2(T) CCMPLEX

130 T3(1)=SQRT(E(T)I-{XN2%*%2})
IF(FLAG.NE.O) GO TC 133
FLAG=ANG(1)

133 CONTINUE
T4(1)=2.%E(1)*Ul
TSUI)=C{XNL*%2 ) %DD-T4 (1) ) %%2
TO{II=(DR(XN1%*2)-T4(]) }*%2
TTHI)=E(1)%TS(1)
T8({I=TL(I)*T2(I)*T6(1)
TO(T)I=TLLL)*T3 (T 1D+ (XNL1**4)
XKL{T ) =SQRTUITTZUII+TBLII)I#%2+(TI(1)%%2))
XK2{T)=SQRTU(TBIII-TTCL) ) *%2+(TS(I)1*%2]})
SLIT)=E(T)*{UL**2)

LS2(T1)=0UXNL®%.2)4T4(1) ) *%*2
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S3{I =4 #TLIT)AT20T)*T3(1)*S1(T)

S4{1)=T2( T )*Dx(XN1*¥x*4)

SS{I)=T3(1)4S2(I}

XLLUT)=SQRT((S4(T)%%*2)+{(S3{II+S5(1))*%2)

XL2CI)=SQRT{{S4(T)*%x2)+{S3(I)-SS5(T))1%%2)

C REST OF CALC. COES NOT INVOLVE COMPLEX VALUES.

131 RI(ID=(XK1{1}%XK2(1))

RI(II=(XK1{I)%XK2(I))

R2(I)=RI12-E(1)

R3(II=U(XLICTI=XL2{T)*R2(T))

RGIIN=UXLLI(1)*¥2)%R2(1]) )

ALITI=(RI{TI}=-RILIII/UUIXKL(T)%%2)-R4(T)])

RS(I)=(XK2(I)*XLLLI))-(XKL{T)=XL2(I))

REUII=C(XKLUT)I*%2)={XLI{T)*%2)%R2(1))I%TL(])

A2(1)= R5{I})/RE(1) '

IF(RI2.L.TLE(T)) GC TO S9

CAOLI )= AL(IN=(A2UI)*TL(I)*SQRTIRI2-E(TI)))

GO TO 149
99 RRI(I)= E(TI)-RI2

AO(1)= SQRT(AL(T)*%2+(A2(1)**2)*%RRL(I))
100 SI12=SQRT(1.-RI2) '

WL(I)=STI2-T1(I}

c N IS THE FACTCR K{Z+17)

2 WRITE(8+24) (RLI(1)4RP2{T)4RI(T)4FA(I}sALIT)R5(I)
ok 1,R6{I)4A2(1),A0(1),S12) )
a6 24 FCRMATI(10F8.3)

W2{ID)=SQRTIN/{2.%E(T1}*T1(I)})})
BETA{I)=W2{I1}%N1(1)
BETA(I)=ABS(BETA(I))
IF(BETA(I).CE.2.C) GO TC 47
IF(BETA(I).LT.0.1) GO TC 48
IBETA{I)=(BETA(1)*1C.C+(0.53)
J=IBETALT)
RMU(I )} =RMU1 (J)
XMU(T)=XMULLY)
CC TO 49
IBETA(I)=(BETA(I)*1CD.+0.53)
J=IBETA(I)
RMULT }=RMU2(J)
xXMUlI)=xmL2t
GO TO 49
47 RMULI)=1.0
XrU(1)=0.C
49 IF(RI2-E(I)) 111,2,113
113 A3(I)= A2(I)*TL(I)*SQRT(RI2~-E(I})
ZL1CI)=(A3(T)xXMy(T) ) %%2
22(1)= A3(I)*(RMU(I}-1.}
Z23(1)= AG(1)=-22(1)
C All) CALC. ABOVE IS AMPLITUDE BEFORE C.P.
COACI) =TI *(SQRTU(2Z3(I)**%2)+Z21(]1)))
GO TO 2
C BEYCND CRITICAL POINT
111 XXItI)=EL(I}/TIC(II-RE/SQRT(1.-R12)
XX2{I)=(N*(1.-RI2V*RI=TI(T))/(EL(1)%2.}
XX3{T)=SQRT{XX2([})
ETALI)=XX3(I)%XX1(I)
IFLETA{I).GE.2.60) GO TQ 147
TIETA(II=(ETA(1}%10.040.53)
J=IETAL])
2o SMU(T)=SMUL(J)

4

-]

s




ik R

FILE

2,8

XSMUCT Y =XSMULLJ)
GO TD 148
147 SMU(I)=1.0
XSMU(I)=0.0
148 YYL(T)={(RIXELLI)I/TL(IL)
YY2(TI=(SQRT() «~RYI2))-{1./7/T2(1})
XNUCT)I=N*(YYL{I)+YY2(I))+3.1416/2.
CNU(1)=COSI{XNU(TI))
SNULT)=STINIXNUC(T))
ZZ1(T)=A3{(T)=XMU(T)
2221 )=SMU(T)}*=CNU(T)
Z23(T1)=xSMUCT)*SNULI)
224(1)=22211)~223(1)
ZZS5(1)=RI*A2C%xT1 (1) .
ZZ6LT)=(RI*TLLI)IZ(EI(TI)*SQRT(1.,~R12}}
2I7{1)= 1.-226(1)
ZZ8UI)=SQRTI{ZZT(1)%%x3)
2Z9({T)=N*E(T1)%Z228(1)
BBL(I)=22511)/229(1})
B82(1)=BB1(T)%2Z4(1)
EB3{TII=XSMUTTI*CNUI(T)
BB4(I)=SMU(T}%=SAU(T)
BRB85(T)=BB3(1)+BB4(])
EB6(1)= BBS(T)*BEL(])
PB7(I)= ALII)+ZZY(1)+RB2(1])
BB88(1)= A3(I1)%RMUC(I)
BB9{I)=(BR6(T)-RRB(]I)})
CCL(TI=((BBI(I))*%x2)+(BBI(T1)*%2)
CC2(I)=SQRT(CCL(T1})
AL =TL{I)=CC2(1}
2 CONTINUE
CO 499 [=1,89
*{1)=E1(1)
Y{I)=AL(I)
499 CONTINUE
WRITE(6,14) FLAG
14 FORMAY(1H L *SINE(ANC.OF INCID. BECAME GREATER
1LTHAN N2(=V1/B2) WHEN THE ANGLE WAS=¢13})
WRITE(6411) (X(I),¥Y(I)s1=1,89)
11 FORMAT(1H,2F14.3)
sTOpP
END
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ASSRFRN
This programme computes the head wave amplitude as given

by the asymtotic approximation,



VO~NOWMDWN-

C

250

DIMENSICN ANMGL90) yRANGLIO) 4 XKLIGSI) 4 XK2(910) yXL1(90 )} XL 2(90),TL1 (221},
172090173090} T4(90)¢TS{IN)4TOHISD)ZTTIGC) TRISO)»TG{G0) E(GI)HEL{G
201951 (90) 4S2(90),S3(S02),54(92)1,55(9:3)4SAI00).RL(97),R2(SL)R3{(27),
3R4{G0) +sRSLGC) 4 RALIC) JA(Q0) yAY(SC) yA2(S0)y A3(3D) ,X12042),Y(2068),7F
GTACIO) W IBETA(IN)LETA(TD ), IETA(IG ) RMULQO) , XMUL GO}y SMUCGO) ¢ XSMUL S [}
SeRMUL(2I) o XNMUL (27) y XMU2(9) ¢ RMU2 (), XSMULI3B),WLIGD),W2(20),7 11
690)422(90)523(G80),74(090),27(90) ,ZR(90),29(90) yW3{GD),4Ws(30)XX1 (3D
TIeXX2(90) 4 XX2{Y90)sYYL{G0),YY2(SC) e XNU(9O)+CNUL{CD) 3 SNU{SI) 27102},
8222(90)+223(90)42Z24(90)4225%(90) 42261(90),227(20),228(90),2291(901,88
91(901,BR2{9D),PAR3(90),B841901), BBJ(?C’ynﬁﬁ(QO)cBBT(QO),HBB(QP)'NHQt
L9 ) o CCLI9TY 4 CC2(90) o TITLE(20 )4 AC{SO),RPLILAC ), SMUL(38)

DATA RMUL/ 1462414309117 310t141e07914C%91e0441.03,41.0241.01,
11.0141.0141.0141.00,41.00,1.00,1.00,1.0041.00,1.00/

DATA XMUL/ Ce5117¢31:70225Mel6572.13:041040.0840.0740.0640,3%,
10.0440.0340.03,0.0340,0240.C2+0.02,0.02,0.01,C.01/

CATA RMU2/ . 1643198e1515:269440743.2612eT2124hLe2.04491.R17

DATA XMU2/ 5410925531709 142B91e0213e8590.73+40.64,40.57/

CATA S~rUL/ 0.03.0.0“ Del540e022¢Ca320930638,0445640.5240456
L1Caba s CeaTDrleThsNaTB8r meBLl oM aBb M a269 048390 93 a9197 02297453,
20.94'0195' C-‘?éyc.gévo t;(‘ Oac.-,'O.q-,'Go-g?'D.ng0.9890.99'
30.9810.9910.99,0.99,0.99,1.C0/ '

CATA XSMUL/ Ge0590a129M618404249042R840e31+0.3340.33,
10.68y0a22102329C62190e259042R9Ce264Ce2490.2340.2140.20
210019'0.17'001.6'0015!01-40‘2’113';..121':0111{.“5.l'-:":‘ougi’:}.ﬁe,

30. G-" Q. C690005 '0. 04'0003!0.02.’0-01 QO-OO/

FEAC(4,10) N _

REAC(S,1) V1,V2,B1,R2,C1l402

FORMAT(15)

FGRMAT (6FT.2)

RI=V1/v2

R12=RI#%2

xN1l=v1/Bl

XM2=V1/82

0=02/01

U=D%( (B2/21 )%%2)

1=D-1,

Ul=u-1.

FLAG=0
RITICAL POIMT CALCULATICN

TLC=SQRT({1.-R12)

T2C=SQRTI{(XN1*%%2)—-RI2}

T3C=SQRT((XN2*»%2)=-R]12}

T4C=2%RI2%U1

TSC=({ XN1 %% 2} D1 ~T4C)*x2

TEC={DF{XNL*%2 )-T4C ) *%2

T7C=R12%T5C

T8C=T1CxT2C*T6C

T9C=TLC*T3C*Dx (XN1*%4)

XK1C=T7C+TRC+T9C"

XK2C=(T8C+TSC)~-T7C

S1C= RI2=x(1}1%%2)

S2C= [ (XNY1%%2)+T4C)%%2

SAC= 4, *TIC*T2C*T3C*S1C

S4C= T2C*D*(XN1%%4)

$5C= T3C*S2C

XL1C= S3C+S4C+SS5C
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- CC
C
c
130

133

XL2C= S3C-{S4C+SSC)

R1C= (XK2CHXL1C)=(XK1C#XL2C)
R2C=(XK1C*%2)%T1C
A2C=R1C/R2C

Z4C=  0.822%A2C*SORT(RII&(1-R12)
Z5C= SCRT(N%TIC)
26C=SQRT(Z5C)

27C=14C/26¢
Z8C=1CCSI3.14156/8.))%27C
29C=(SIN(3.14159/8.))%27
ALC= XK2C/XKIC -
¥3C= (ALC-ZBC) %2

waC= SGRT(W3C+(29C**2) )
FC=T1C*W4C -

WRITE(64115) AC

FORMATY (' ', 'CRITICAL AMPLITUNDE='F10.4)

no 2 1I=1,89
ANG(TL)=1
RANGIT)=(ANG(1)%3,1416)/18,
E1L{I)=SIN(RANG(T))
E(T)= EL(I)%=*2
TL(I)=SQRT(1-E(1))
T2{T )=SART{IXMN]1%%2)~FE{1))
IFIXMN2.LTLEI(T})GE TN 1320,
T3LII=SQRTL{XNZ2*x*2}-E(1)) -
T4{1)1=2.%E(T)*xUl
TSUI)=0(XNL%%2)%C1-T4 (1) )2=2
T6ELI)=(DE(XN1£%£2)=T4 (1)) %x2 °
TTAIY=ELIV*TS{])
TBUI)=TLLI)*T2{1}*TE(])
TOUIN=TI(T)=T3(1)*DH(XN]**4)
XKL{T)=T7(L)+78(1)+T9( 1}
XK2(T1)}=(T8(1}+TS(T1))-T7(1)
SLIT)=E(1)4(UL%x*2)
S2LI V=0 (XNL1#*2)+T4({1))*%2
S3(I )= =TI RT20I)%T3(1)=S1({1)
S4(1)=T2{1)*D¥x{XN1*%4)
SS5(1)=T3(1)%S2(1)
XL2{T)=S3(1)+S4{1}+S5(1)}
XL2(1)=S3(1)-(S4(]1)+S5(1
GO TO 131
FCR N2 LESS THAN F1(1)
TeFa T3LI)4TS{I)XKLI(T)yXK2(T)
S3{T)SELT) e XLYI{T) X0 2(1) CCMPLFX
T3(I)=SQRT(F(I)-{XN2%%2))
IF{FLAG.NE.C) GC TO 133
FLAG=ANGI(T)
CGNTINUE
T4(1)1=2.*FE(1)%U1L
TSUI)=({XNL#*2)*D1-T4( 1)) %x2
THUT )= DR (XANLx%2)=T4(]))%%2
TT(I)=El])%*T5(])
Te(I ) =TT} =T2()%Ta6{T)
TOCTI=TLLT )T (I (XNT%%4)

))

XKLUI)=SQRT({T7CI}+T8( 1)) #2224 (TS()%%2})
XKZ2U1)=SORTH{TR(IN-TTL1 ) )52+ (TQ(T)%%2))

SI(I)=E(T )%= (Ul %x2)
S2{I)=C({XNL#*%2)4T4 (1)) »x2

SA(I =4 *TU{I)xT2( 1) 2TR(T)%S1(]}
SAUTI=T2L 1) %D*(XN'1%%4)


http://ir
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117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
‘138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
159, 2
160
161
162
163
164
165
166
167
168

iIC OF FILE .

c

c
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S5(I=T3(1)*52(1)
XL )=SQRT{(S4(I)*%2)+(S3(II+S5{1))%x*2)

XL2(I)=SQRT({S4L{T1)#%2)+(S3(1)=-S5(1))**2}

REST OF CALC. DNES NCT INVCLVE COFMFLEX VALUES.

131

99

100

48

47

49
111

113

499

500

RLCID=(XK1UT)%XK2(T})

R2{I)=RI2~-F(])
F3{D)=(XLL(TI=XL2(T)*R2(1)})
RG(T)=(XL1{T)*x%2)2R2(1)
AL(I)=(RLI(TI-RI(III/ZLIXKL{TI**2)-P4(T)})
RE(E)I=(XK2( T =XLLLTI})=(XK] () *XL2(])])
ROLII=CAXKL(T)**2)=(XLL{T }*42)%R2{I))*T1(]}
A2(1)="R5(I)/R6(])

IF{RIZ2.LT.E{I}) GO TN 99

ALT)= ALITY={A2{I*TLLI)=SCRT(RIZ-E(1)))
GO T0O 1CH

RR1(1)= E(1)-RI2

AC(I)= SQRTLAL{T)=%x24(A2(T)2%2)*PR1(1))
S12=SQPT{1.-R12} -

W1(I1)=SI2-T1(I)

IS THE FACTGR K(Z+20) :
W2(I)=SQRTIMN/{2.%¥E(T)*T1(1))}
BETA(I)=W2(I}*WL(TI)
BETA(I)=ABS{RBRETA(I))}
IF{BETA(I).CE.2.0) GO TO &7
TF(BETA{I).LT0el) CO TC 48
IBETA(T)I=(RETA(I}*103.0+40.53)
J=IBETAC(I)

PMULT)=RMUL1L J)

XMU(T)=XMUL(J)

GO TO 49

IBETA(T)=(BETA(I)%1C0.40.53)
J=IRETA(T)

RMULT )Y =RMU2 (J)

XMU(T)=XMU2(J)

CO TO 49

RMU(T)Y=1.7

XMU(I)=0.0

IF(RI2=-E(T)) 111,2,113
AR{T)I=A2(T)*TLIT)=SCRT(E(I}=RI2)
Z1L(L)= (A3 (T I*XMULT))A%2
YYL(U)=(AL(T)+Z2L (1))
YY2(L)=(A3{I)=RNU(T))=*%2
AUT)I=TL(T)=SQRTLLYYL (T )+YY2(I)}))
CONTINLE

CONTINUE

CO 499 I=1,89

X{I)=El (1)

Yiry=atr}

CONTINUE

WRITE(6450G0) (X(I),¥Y(1},1=1,89)
FORMAT(2F14.3)

sTCe

END



253

HDGEN 1
This programme calculates the refracted amplitude of an

inocident spheriocal wave,



CONOAND WN

254

DIMENSION ANGUOT ) o RANGIO ) o XKL 1)y XK2{C™ ), XL L )y XL 2(5),T1(9),
112€90) 9 T3090) s T4130),T5(90) 4 T61AD) ,TT(S0) oTL(SD),TI(90)4E(SIY,E1(9
20155110901 ,S52(90})+S53(30)+54(G0) 4550931 +S60(90),K1ISC)R2{GD),R3{90),
BR4{(SM) 4RS(90)yROETIC) ZALGT) L, AL(97), A2(CQ0), A3(00),X(2048),Y(2048),RE
4TA{(Q0) 4 IBETACN0) 4 ETA(QQ) ,TETA{SO) ,R¥U(I0) , XMULQ0) ,SFULIN) ,XSY(SD)
S eRMUL {20) s XMUL(20) ¢ XMU2{Q) s RMU2 LG ) o XSHMUL(3B) s WL(O7 ) 4 W2(S1) ¢ 21
690)922(90)423153),24190) 27(90) +Z8(90)+Z9(90)+%w3{50)4W4(20),¥X1({90D
TreXX2{G0) 4 XX3(GC)sYYIIO0)¥YY2LCC)yXNULSO)yCNU(CI0),,SNU(90) 42210901},
B222190G)2213(90) 9224 (30 ) 215(3 ) 922690 )4 227137 ),2281921,2729(9),488

91{90),RB2{(9C),PH3(90),8R4(9C)KBS(GC) RR4(2]).,837({S0),BB88(20),0B069¢(
190),CCLI90) +CC2(SC)sTITLEI2:),AC{G)«RALL O )y SMULT 36)

DATA RMUL/ 1634130911791 el1+140741405,1.0441.02,1.N2,1.01,
11.01,1.017140141400451.0051.004531.0041.C2+1.CCy1.CC/ :

CATA XMUL/ €CeB5190e62190:s22+104189Cal133361090e08430.G7,4042640.05,
10.0440003y0.0342.0240.02992.0240.02,0.02+0.01,C.01/

DATA RNU2/ 16.39801545.2644 079326424721 2461402e7841.,81/

CATA XMU2/7 5410924559 1a7091e29,140290a9590e7340.644C.57/

CATA SMUL/ 0e03+D40830e15¢0:2210e3090438:044690.5240.59, .
1CetbyCaT 9 iaT49CaT890.81 4048490869083 90e9090.91+0692+0.93,
20094400359 009610eG€93CaGE1CaCT9Ca379CeST7904S840.58,40.58,

. 30e58150699,0e99370,95y7,9G,1.772/

CATA XSMUL/ 0.0540e1290e184Ce2440.2890.31,0.33,0.33,
10e684003290e3290.314042G540428390e269C024+40.224C.2721,0.20
21":‘-19,(5.171(-]69':'.15"01-‘1"!-'!13!"'.129"\ ll‘.'?‘].-"i"'!i.— c,y"..' ":\ﬂ' .
3CeCT79CaC640.0540,C690.0240.0240.01,45,C07

REAC(4,10) N -

READ(5+1) Vv1,V2,B1,82,D1,0D2

10 FOPMAT(IS)
1 FGPRMAT(AFT.2)

RI=Vli/V2

RI2=RI*%2

XN1=V1/B1

XN2=Vv1/B82

C=c2/D1

L=Dx{(B2/BL)*%2)

01=D-1.

Ul=u-1l.

FLAG=0

C CRITICAL POINY CALCULATIGNM

TIC=SORT{1.-RI12)

T2C=SORT{{XN1%%2)}~-RI2}

T3C=SQRT((XN2%%2)-RI2)

T4C=2%R12%*U1 ’

T5C={(XN1%%2 )%} ]1-T4C)**x2

TO6C={D¥ (XNL*%2)-T4C ) %*2

TIC=RI 2%T5C

TBC=TLC*T2C*T6C

TIC=TIC*TIC%D* (XN1**4)

XK1C=TTC+TEC+TSC

XK2C=(TBC+T9C)-T7C

S1C= RI12%(ULl*%*2)

S2C= ({XNLIX%2)+T4C)%*2

S3C= 4 .,#*T1CHT2C*T3C*S1C

- _ S4C= T2C%D%{ XN1%x%4)

$5C= T3C*S2C

XL1C= $£3C+S54C+55C

XL.2C= S3C-(S4C+S5L)

R1C= (XK2C#*XL1C)-{XKLC*XL2C}
RAIF=IYUIT XD VT
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R1C= (XK2C*XL1C)~(XK1C*%XL2C)
R2C={XK1C*%2)%T1C
A2C=K1C/R2C

to 2 1=1,89

ANGLT)=1 .
RANG(1)=(ANG(T1)*3.1416)/180.
E1(I)=SIN(RANG(I))

E(l)= EL(T)}%%2

TL(I)=SQRT(1-E(1})

IF(EY}(Y).LE.PT) GC TG 2
ZZ5(1)=R1*A2C*{T1(1)%x2)
ZZ6A1I=(RI=TLAIV}/(ELLTII®SQRT (1 .~R12))

70 277 1)= 1.-226(1)

"7l ZZB8II)=SQRT(2Z7(1)*=3})
12 ZZS3(1 ) =N*E(I}*228(1}
73| BB1(1)=225(1)/229(1})
14 - 2 CONTINUE
75 CO 4S9 1=1,89
76 X(1)=e1(1)

17 Y(I)=FPEL(I)

78 499 CONTINUE

79 ’ WRITE(6,500) (X{I),¥Y(I)yI=1,89)
80 500 FOPMAT{2Fl4,.3)

81 stop

82 END -
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FINAL
This programme computes the totally reflected amplitude

of an incident spherical wave according to the exact derivation,



257

CIVMERNSICN AMGLOD ), TAMGICR) g ¥K LSS 220l ) o XL LLel) 3 2He2),T1 (0,
1T2C(90) s T3(20)} 1 TA(GQ) W TE (D)4 To D), T7(ON ), T3]}, TO(GDNGF(AN), 7"
201 SUISC) 4 S2(00) ,S3(A0) 4 S4(ACY y SEHUAC) L SELCT )4y RLI(GN) 4,22 (9D),23(430),
FRA(SCI LRSS RE(SCI ALSTT JALICC) LA2LC) (A7) Gy XU204 ) Y {2Q4G ), PF
GTACSC), IBFTALONY, STALRD )y TETALG)Z 2V LI0) g A¥HESO) y Sl GG ) XS L IG0)
Sy RMUL{Z22) ¢ XMUTL27) o XMU2(SG) 4 O0MU21R) o XSMUL LS8 e w1 (92) w2 (90, 21
690)3Z2(20)42309N0Y 4250901, ZTUSCYIZZFLACYT IO W wI(CR) aka {70) 4X¥X1 (D
TYaXX20GD Iy KX L5 p YYLLT ) e YY2UL O Dy XMNU(CN) o ONULA™) (SNISG ) 221 (655 ),
BZ22(90) 2 2Z38G0)Y o 72400} y7227UGCY 27000 2271C0) 7700} ,270(Q2),RA
91(90) ,8B2(Q0 1, BARI(SGD ) BPA{YD ), ERE(IN)ILRRE{CCHNRRT(GN) ,PRA(GCY ,1RGYH
1G0)eCCLUSL ) ¢ CO2LO0) g TITIF(22)Y y A2 (G 1) R (A7 ) SMUYT (20) '

DATA RMULY 1e639)e3091a17901,.1131 07,1408, 01.08,1.02,1,.02,1.01,
116C1y1e01+1aCl s a0041a003,1e0C1.00,1e0001.0Cs1.C0/

DATA XMULZ 05100621450 7220Celfela1330,1000, 08 ,0.0740.06,:0.75,
10360440.034060390603¢0a024D0.02,0.02,0.,02,1,01,0,01/

DATA RNUZ/ 16,39561595%a280%e . T 13803727226V 020 441,71/
DATA XMU2/ 54104285, 1,700 162811 eC290aFE4 01240044 Ca"7/
DATA SVMULYZ 0.03,0,0840.15,0.22:N 20,0 ,28.0,4647.57,0.%9,
100863 00T gl oy TP a8l e lad ey Ca PR i 1P 1030074910000 ,0.73,
20-94'\’).95'0'(?(-'{_)_(".7[-'.'_)'(;('7'{}.G?,C.C?"'\:.(i?,';.(:f{,!:.C_Q'O.C-A?'
30056404554 0.60,0,6C,1..70,1,77/ o

DATA XSHMUL/ Cav0S540¢12904189Ce244C,284C,21,0433,0,33,
104683063290 23210e3140:2%40:2390.283Ce24904722:0421,40,20
2100193 Cal 747 by 015 1aty a1 Ta™al20%01)s7 0173 73,0Ge01,7 3y
30e079Ce0650e0590.0440:42340e024C.C14C.CC/

REACt4,10) A

. REAL(Se1) V1 4V2421,22,D1,072.
10 FCGRMATL(IS)
1 FORMAT(EFT7.2)

RI=V1/Vv2

PI2=R]%xx?2

XN1=V1/81

XKN2=V1/02

nP=C2/n1

U=C*(1B2/41)**2)

Dl=!'f—l.

lll.:U-‘.

FLAC=0

C CRITICAL PCIMNTY CALCULATICN

TIC=SORT(1.,-F12)

T2C=SCRT ( (X} 1%%x2)~F]2)

T3C=SQRT{{xNzx*x2)~-R12)}

T4C=2%R 2=l

TSC={ (XN1*2 }=[1=T4C)*%3

THC=(Dx{ XNI*:=2)-Ta( )2

T7C=RI2%T5C

TBC=T1C*T2C*T6C

TSC=TLICH*T3C=D" ( XML % %*4) ,

XKIC=TT7C+THRC+TQC

XK2C={T8C4 TY9C)-T7C "

S1C= RIZ2&(l112x2)

S2C= ({XNL1#=2)474(C)xx2

S3C= 4, %TLICHT2C#TACXSIC

S4C= T2CAGA(XN] *%%4)

S5C= T3CxS2C - ) .

XL1C= S3C+S4C+55C

XL2C= S3C-(S4C+S50C)

RIC= (XK2C#*XL1C)I={XKYLC=XL2C)

R2C=(XK1C=%2}*T1(

A2C=R1C/R2C
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24C= (L 022*r202SURTIRT ) (1-RT2)

75C= SORT{(NMxT]1C)

L6C=CSCRT(25C)

I7C=24C/24C

ZBC=(COS(3,.141%2/83 ) ) %2700
ZOC=(SIN(3.14157/8,))*27C

AlC= XK2C/XK 1C

W3C= (ALC-280C) ==

WaC= SORT(WACH(Z790=X2))

AC=T1C*W4C

HWRITE(64115) AC .
FORMAT(® *, ' (PYTICAL ANMFIITURT =1110,4)
nT 2 I=1,99
ANGIT) =1
RANGII)=(ANG(L )"
EL(I)=SIN(RANG(T
E(I)= EL(1)%=2 :
TUT)=SQRT{1-E (1))
T2{T1)=SQRT{{xx]1=*2)=-%(1))
TRFUXN2LTLFLIT) )G TG 1732
T3(NI=SART{{ ¥y 2=%2)-E{1))
Ta(I)=2.%E (1 )*U1
TSONI=0OXNLEE2) =0 1=T4(T) ) =%

*2.141£)/718C,
})

THAT)=(Dx (XM ®=2)=T4(1)})=%2
TTLIY=E{T)=TS(1)
TE(D)=TILI)=T2(1)=T4{])
TE(I)=TL(I)=1{ T }wlx(XN]**4)
YKI(T)=T7(I)4T8(1)472(1})
XK2{TI¥=4T8(1}+7S(1))=T7(1)
SHIIN=E(I)&{{]1=%2)

S2(T )= (XN1=%2)+ T4 (T ) )%
SA(T)=4.*TI{1)=T2(1)*T23(T1)*51(T1)
S4(1)=T2(1)x0x(XM] *24)
SSUT)=T3(1)=S2(1)
XLIOT)=S3{I)+34(1)455(1)
XL2(T)=S3(I)~-(S&4(1)+S5(1))
GC TO 131

FCR A2 LESS THEN EL(1)

TeFe T3{T)TSUTY XKI(]) XK2(T)
SA(I)ySS{INXLICT)eXL2(T) COMPLEX

T3(I)=SOERT(E(T)=(XN2*%2))

IF{FLAG.ME.C ) &GN TC 133

FLAG=ANG(!)

CCATINUE

Tall)=2.%E(1)%U]

TSLI)=(IXNLA*2)%D]=T4 [ ]) ) %%2

TO(TY=(DR(XMIAE2 ) =T4 (1) )%

TTUIY=F(1)*TS(1)

TARAIII=TLCL)%T2(11%TH (1)

TSUT)=TLUI )R T3(] 1AD%( XNL*%4)

XKICI)=SQRY((TTLII+TS({ 1)) ux246({ TG 1) %*x2))

XK2{I)=SQRT((TE{I)=-TT7(I))=424(TO{I})%%2))

SICIV=ELI)*{L1%=2)
S2UF)=((XNI®=2)4TA (1)) 22D
SA{I)=4*TLLI)ET2LL)=xT3(1)%S1(])

SA{I)=T211 ) =D XM1%®4) .
S5(1)¥=T3(1}1=52(1)

XLICI)=SQRT({SA{1)#*2)4(S3I(T)+S55(T))%xD)

XL2(T)I=SQRY ((S4(T)2%2)4({G3{1)=-56(1))%=x%D)

“+ € REST OF CALC. LNES NCT INVGLVE CCMFLEX VALUES.



131

39
- 100
c

48

47

49
111

147

148
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RTLI)=(XKI{T)#XK2(1))

R2(I)=RI2~-E(1)
R3I(II=(XLI(TI)=XL2(T)*R2{T})
RALT)=(XLL(T)®22)*R2( 1]}
ALCIN=(RLUL)I=RI(INY/ZCAXKLLT)=22)=-04 (1))
RECII=AXK2{ D 15X DO =X T syl 2(7))
Rb(l)—((AKl(!P**”)-(XLI(Il"?)*“’(l)‘*Tlll)
A211)= RS{1}/RPALT)

IF(RIZ2Z.LTLFOTDY GO T 05

AO(TY= AL(II=(A2{1)*TLLI)=SCRTIRI2-T(T1))}
GN 70 100

RR1(I)}= E(V)-RI2

ANLI) = bOFT(Al(')**2+(f2(I)*‘”)“““1(I))
SI2=SCRT(l.~-F12)

WL{1)=S12-T1 (1) .
N IS THE FACTCR R{Z+Z)

W2 LI ) =SQRT(M/(2.=E(T)2TLI(T}))
CBETA(T)=w2(T )WL LT)
BETALT)=ABS{BETA(T))
TF(FETALT)GL.200) 20 70 &7
TFIEETA(I )L T ul) 60 TT &3
IBETA(I)I=(BETALTI)}*13.3¢5,53)
J=TRETA(T}

RFMULT)=RNMUT(J)

XMULT)I=XHUL(d)

GC TE 49

IBETALII=(BETALTII*1D9.47.53)
J=IPETA(]) .
RMLIT)Y=RMU2LD)

XMLIT)=XMU2( J}

GC TC 49

RVMLIT)=1.0

XMyt11=90.0

TF(RIZ2~E(T}) 111,2,112
A2(1)=A2L1)%TL{T)*SQRT{E(]}~E12)
ZPCD)=CA3 T I =X (TY) )
B82(I)=(AL(I)+ZL (1) )%=

RB3ILT)=(A3{T )*RLLT})=%2
AMTII=TLLTI*SCRY((FR2LT )+0563( 1) 1))
C5=R1*A2C .
ZZ€(1)=(RIXTHIII/(ELCIY#SERT{1.-C12))
227(1)= le=226(T)
ZZE(1)=SQRTUZZT(1)*%3)

2290 PY=N=E{ 11277 2( 1)

BB1(1)=C5/22¢%¢(1)

XXIOIY=ELU3} /TLUTI)I-RI/SEPT (1 .~-PI2)
XX2(T)=(N#{1.-RI2)132T4TI{1))/{FLC(T)*2,)
¥X3LT)=SQRT{xX2(1))
ETALT)Y=XX3(T)*XX1 (1}
TFLETA{]}.GE.3.30) CO TC 147
TETA(II={ETA(T)*] 347 ,53)

=I1FTA(T)

SMLT1)=SMUT (U}

XSPULT)=XSMULL)

GO TC 148

SKHLIT)=1.¥

XS¥MU(1)=0.0

YYL(U)=A{PIXEJ(L))/TLLT)
YY2(11=(SART(1.-2712))-(1./T1{1}))
XNULL)=N*{YYI{TI)+YY2(L))+3.141¢&/2.
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CCI{TI=SQRTLASHUL] Ixx2) e (XSNMU(T}d=2))
BRI )=kl (I )=CCII Y=Y }a%z7)
CC2LEI={XSMOILTYZSHI(T))
CE2(N)=ATANICC2(]))
BRA(I)=C(SORT(HBILTIY)IZALRQAT(RU2(TI )N
BRA(CTI=ATANIPP4(T))
CERE( T ) == (XN Y+ REA(IY+CCO(T))
PROLTI=SIN/TLUL) XML 400C20(])
RBRTLT) CALCULATED 3ELCH IS YHF SUPERCRITICLAL AMELITHDOF
RAT(I)I=SQRY{(L(TIY**2 ) (RAALT)*22) 422V (T )20RA(T)IROCS{uAS(T)))
FRE(I) CALCLLATER BFLAW 1S THE MIAR SUPIRORTTICAL AMPL ITU0F
BRE(INI=SARTU(ALTI}==2)4{PRa{]T)=%2))
ZZY(T) IS THE HPDER BQUND AMDL I TUNE-THETAL
Z71L{I)=A(1)+FERGILT)
72201} IS TEE LOWER BCUND AMPLITEDE-THETAD
ZZ2U1y=Aa(1)-t8A 1) |
GO0 10 2
113 A(T)= A2{IV:TH(T)*SART(RI2=-FL 1))
ZYUI )= (A3 (T )X {]))y=2D
22(10= A3(1)*{RMU(T)~1.)
Z22(1)= aA0(T1)=2211)
C BB7(I) CALC. BEICW IS AMPLITUCE EFFFPRE (,P,
BRI{II=TLOI)(SORYL{7Z2(])*=2)+4721(1) )}
2 CCNTINUE :
NC 4SS I1=1,89
X{1)=e1(1})
Y{I)=BPT(1)
24{11=8R6(1)
ZT{1)=RABI1)
1)
1)

O o0 o

Ir(1)=2711(
76(11=2221
499 CCATINUE
WRITE{6,500) (X(1).Y{I)sI=1,8G)

a

QUTPUT ON 'et IS THD TATAL AMFLITURE

WRITE{L,500) (X{T),Z6(T)el=14%C)

c QUTPUT CN 10 TS THE HEAD WpvE AVEL TTULE
WRITE(2,SCO) (XUI)4Z7(1),1=1,86)

c CUTPUT Clv *2' IS THE MEAN SUPERCRITICAL AaMPLITUDRE
WRITELT7,5¢0) (NXTIT)4Z7311)41=1,8%) :

C GUTPUT CA *7' IS THE UPER BLOULID -THETAL
WRITF(8,5001 (X{1},22{1),1=1,RG)

c QUTPUT ON 'EY TS THE LCWFR ACULAL -THETA2

500 FOPMAT (2Fl4.¢)
STCP
ENC
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AR
This programme calculates the interval velocities in

sediments from wide angle reflection data.
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C' =
=
{ Chrodsdddkbddhhak “[ﬁL ARGLE REFLECTION PRUGRA' FAARE AT NN R AR A NS
i T T T A Rk R R A Rk Rk k kR ek R RN T B e
. : . .
\

T Tt Tt CARDTINPUTTFOR THE PROGRAM -7 o mm e oo oo

ART2 - GUESS AT THL VELOCITY OF EACH LAYER
CREDRS «-sLutk OF EACH LAYER T N
CAZDG = VERTICAL & MURIZONTAL WATER VELOCITIES

<
P SIS Y oo o B s
- .

PN o]

rARD A =~ DIRECT ARRIVAL TIHES
CERL ¥ = REFLECTLD ARRIVAL TIMES ~ -~ TTTTTTTTTrTr T rT T T mmam e e
= AR LDOP IS SETUP CSUCH THAT THE PROGRAWM GOES BACK TO READ NEW
BATSA FOR AL THEFT LAYER STARTING AT CARD S.
o SDIMLHSICN TL‘("’,,N“(“')),'J(”‘)"(1())'5%(10) C|’(10)JTW(10,'D(100)|_

NNz XakakrRakaRakrRaRaRa Xe)
. ;

: TROTGO) ,21C100) , P (5,6, X(5), TI(150),U(100),S(100Q) -
':' C()‘ .‘“ T.‘J'”:'\",ITIOL)RIS I'CJ'T' .O'r(.Z‘ p CO! lIhD KO.SVN.VH:X'TXT

c LGLYY 2 pDEZ2 APE XP"T[FICATID’ MARKERS OF EACH LAYER
- LBPEF=Hu. -GF an;_ks : - - - T
- REACIS,100)REF  —
S0 FORPATOLY) - = - s ot T e ) T CT ’
VOII)=USTIMaT1ES ~F VYELOCITIES OF FACH LAYER (GUESS 0N SMALL SIDE)
C wCD)=SLopl QF LAYER IN PEGREES § 1/10 THS. OF A DEGREE :
READCS,1a7) (v (LY, I1=1,8REF)
RLA ‘('_.1'7)( (1Y, I=1.HREF)
107 FL= ,\f(1nF(,.u)
A K=l - - - R . -
- Wr=o,¢ 7 ' -
- - N0 H0GH [-1. SREF- o - - T ) T
6GCT HWT= T+AuS(H1))
IFCT=1.6=1:)6031564001,6002
6001 Kkii=1
HO02 -URTTE(SE, 103 ) HRLE —— - : e -
102 FORIUAT( 0. OF LAYERS READ IN=',15,/77)
"EFITE(O,:!"\‘:-') -
NETTECH, 607 (Y (1) 5 (D), T=1, HREF)
GOG FOGREAT(/ /4" TRIAL VELOCITIES & SLUPES IN DEGREES',//)
OL7 FNREATIF11.5,24,T11.5%)
C CUVEFT AMOLE Tu GEGPREES
DO TE0G 1=1,0REER
1300 (1) =U({I)+0,9174533 : C
C VY=VEFTICAL GATER VELOCITY \'”'HORIZU TAL WATER VELOCITY
RELT (S 107 )Yy e
v(t)=vy
WRITE(SH,608) vy, vit -

PO D e
0 SR ot B v N o B Tt T 15 SR JEbod B M B Wt
2l
!

[
[ I

TCARD 1S TIDENTIFICATION "OF THE STATION 77 NO. OF LAYERS™ : " ~77 7"~~~

“CARLGS™="UAYER RECFEREMCE HO. :""I'O:’"'OF READINGS "FOR THAT LAYER™ T T



0u0CATO00
5U0C6300
53004700
55005000

a=os1oo

e Nl
i . P
i

734
-735
C
c -
o3
Ve &4
In006300 - -
S3L66G0 €
20006500 1211
Suwuub60ts 794
1210
7491
C -
C
C
923
a0
C
2
C
el
G
C
uJU ."JV(J 3
B TH R R
GUG10240 92
p201G100
ICTI0200
TAIR350 T4
M IVE BT RUE
Jant1esng 8¢
.‘.. .’,“;.;" |\

FORMAT (/75 *yvar
- THE FOLLOHI”G'L»UP

DO 12-L=1yHREE -

FIT CURVE"TJ DAT§
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CF11.5,2X, VRETLF1T.5; //) e
12 IS THE
[OENTIFICATION s,

IRCF=LAYER 10, KO NO. OF

REAN(S,734) IREE, KO
FORIPAT(215) -~ . .
WETTECG, 735) IREF , KO R E L

FORMAT(/// " LAYLR HO, KCFEREHCE',15,2X,"NC,

UC¥)I=DIRFCT ARRIVAL TIUE IM SECONDS

S(r)=PLFLECTED ARRIVAL TIME IN SECOHDS -~ "7 7 7=~
REATL (S, 107)Y(UCK) . v=1,K0)

REAZ(S,127)(S(K),K=1 ,n D I
WRITE(H,83) - o

HRITE(A,54) (U(K) 7S(K)TKS 1;Ko)"-—-m-rw T e e e
""‘L"’T(//.un'U(h)'.SX. (K).,//)

FCRUAT(2FE,5) : S s e e
ITCL=1)1210,1210,1211 - =~ - : il
1F 0T THE FIRST
DO 796 KL=1, KO
Y
COMTINYE - S
HELITECou a9V R
FGRUATC/ 0" vF11.5,/1) -

7O OBTAIN TO ARD LATLCR
HEEGEWCE

IR IS AnD JHDEYUSE
IF(J( ))“"3:.:0(‘“‘
1ho=w=1 . e
DO O3 r=1.K4-
R(r)=S(Ky*a?
DCRI=U(R)**2 :
UPRTTECa, 30) - - : )
FORTAT(/ 70 PASSED 3T 8O, 90, 0/7)

CaLL ®AInd1,L) -
TP(L)=<U?T(Y(1))
=1 : -
IF(L- 1)2,2,3 ’
IF FIRST LAYER COMPUTL THICHHLSS AND VH 8Y T2/X2
Conzm=2.xTDC01Y*ST: (61(1))

HE(1)=y (1) *TGC1) /2« - - -

ne 2488 1=1,89 -
BRING SACK TO FLAT LAYER CASE -
ROIYSS (1) *#*2+C0u*li(])

DOI)=ti(l)ywr? :
WRITE(&,01)
FOLMAT(/ /¢ 'PASSED 5T
1L =1

CaLL #AalubD(1,1)
vt-:nbr(yta))*v(1)

60 TY 32

CGHPUTEL COZFFICIENTS DERIVA
DO P2 x=1,KU

P(r)=S(k)

DCR)Y=U(R)

WRITEC(H, 24792)
WRITE(A,19235)(U(K),K=1,K0Q)
FORICATC(/ /4 VH(K) A"RAY AFTER ST,
WREITE(0, 32)
FORVVAT(/ /4 'PASSFD $T,
CALL MAIIR(A,L)

I4 MOINS- - - s e e

“HO. 200°,/70)

TIVL FOR EHERGFUCF AMGLE

NO, B2 /7))

HOW 22%,117)

HAIN QNE - & - e e
POINTS TAKEM

OF READINGS!

LAYER CONVERT U(K)-TO DISTANCE - - ~—

DIFFERENTIATE FOR ANGLE E



00010700
5G010800 =
50516950
gu1teen - - -
oso11100 -
Ju11200 8456

}v;114,\

20115400 92
598116060 920
52011750 €
Sul118ul 922

Sout12u0

Gou12090° - - -

512120

sei12300
$u12400 -

X3V =N (3)R2 MV (1)

1F8.J'LX.'X(J)

STI(1)YEQ — 0 oeemrmeee s mree s oo
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X(2)=x(2)*v(1)

XCE)=X(h)+3,+v (1) o
X(5)=X(5)na #V (1) — - s es
HPITF(6.8456)V(1).K(2) X(S).X(4) X(S) o
FORWAT(/ 7, (1) 'LFELS, ZXo'X(?) '.FS.)pZX:'X(3)
,FQ )',/) ’

,Fa

QSQZX'-'X(IO)ﬁ',' )

1F(5(1))920,921,929— ——— -
TO(L)=x(1)
IF(L 1y2,2,922

FIND ARGLE CMERSLH ct ZM FOR EACH POTHT EXCEPT LAST
KG= y‘_)_»‘ L [P e e et e e o e e
OES e R et e -

DO-30 1=2,KG -
7H(r)= x(¢)+A(3)+L(r)+X(4)*J(I)**2+x(5)iU(l)**’
ZRCLY=SATAN (ZM(T1)5GRT (1.-14(1)**2)) o
N(1)==1,e20 0T

512506 31 LiD=~1UD
vuul2640 o c0h=2.*sxw(w(L))-/v(t)--~-- T TTTITTntmmsseemessemen s smmnomeoooe -
Sei127en Tk= - DA -
guizt280y - Ak[TE(a,19%a)nn_mm--—~- B e e -
GoU129G0 19236 FORVAT(//4'LR=',F11.5:71)
313060 TDES00 =2 K0 T T TTTITTT o mtT o m ot n mome s s -
23713109 CALL FAUsSCL, 2B (1), IK)
2 Uhl*L(b,1?n&)P° - S - S - e
J =1
{ NOTC THAT D IS IH KM - - - - o o0 v s em e o - -
J DCIy=U(CI)=-bR )
2 RLI)=S(I)=TR -~ - —omm oo o -
3 TICD)=TIT '
& RS BEIES DY A A - -
UFITE(H,2947)C
FGROGAT('C="F11,5) - SR - o
ELIVTUATE PLINTS WITH HEGATIVE REDUCED D
CIE(RCD)I300,3691,3097 S : T T
RECUCE To FLAT LAYER CASE
ROI)=ROI)*#*24CORND(II*TICL) =TI (D) *e2 =~ = -0 - -
DCI)=(1)*x2
CONTIMUE -~ - - o - -
o WRITE(H,19234)
IlPITE(le“O(l))(”(1).1=1,KJ) ) ) ’ -
FORUAT(/ /7o "ARDAY ©(1) WHICH GCES IHTO HAIND AT ST. NO, 6',//)
FORTAT(IORTT.Y) - ‘
SCLVE roe vELOCITY
60 T0O (5,6),Ku - o
11531 11D =
e 15420 6 ChalL HAINDCY, L)
;2315500 =y (L)
G0c15A00 CHECTK FOR IBAGIMARY VELOCITY
i ﬁ157‘0 TF(X(2))315¢,3101,3101

Cuitseno 31¢1
JL15“\?
216000
(EEVER N Nl R

3455

uF[Tr(LHHBJ)Y( )g\’(L)

\vPIrF((’n 5"))((’) V(L)
FORIGAT(/7,"X(2)Y=",F&,5:2X,'V(L)=
VIL)I=SCRT (1./X(2))

RESET Atigli ACCORDING Tu NLW
THCL)=TU(L)Y«V LY /VY
NOLY=ATAR (TW(L))

‘v FBJ5.2%X011)

veLOCITY

CALL FAUS(L,Zi1¢2),0)
IF 4D KEGATIVR RESTART PROCESS



6016709
000164800 —- 42
55016999
CuA17060 104
Aea171000
uyli172en 12
0u517400 111

0L0175°0 3106
J ‘17,.‘ \(‘ 3200
{ _)"1/’ 0

117 nﬂ

U "1( N0
,“'11100('.{) I
J 4\/1 "‘1 .‘”)
5A510289
02019350
JIR10400 - -
2019500

pi1eacy 2001
JEI0700 6009
5 -llal(s-y/)n

l\"’) \f\ ')(1,")1

20000 4002

1901

SRR

C_". 5.

j>2u2“6
;0020300
Vo2 h i

'?L9fﬂ 2602
6003

W SO »;‘;nm <>

4004
H08o5
1398

vl 1Ra0 1840
Y1650
uuU315’0
Ll dtagn
Q270
J:;-"J;:"ﬂ';,ﬂ)
Q\n?1000

u'\:"' PARSERES)

3“9212b0
J
o

G2 1200
0% )z 1021
Ga22neDd 1210
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[FCINE)Z,31, 327~ » =itz 7 e
WHEA L)/ 0o B174533— -~ ~ =- == - - :.A-.
WRITEC(SH,104)L, VL), TOCL) ,5VH, Wi ‘

FORMAT(//, LAYEP®;13,5%, 'VELOCITY=" ;F1145, 2X¢'REFLECTION TIME= r1mft
T1.5.,2%,"'6V=",E12 -7 ?x.'SLu»L—',F11 5 1) h
COHTX“UE - - - - -.T ; i - _.:...... ._._...__ - . — e
URITE(6,111)VH - SoEemme e s e -
FUHHAT(//,'VH:';F11.S,//) S - S mem e e
WRITE(H,3207)L " T '
FORMAT(*wasawdw — -yELQCITY MEGATIVE REMOVE LAYER = awsaasat IG5, //) "
STOP : e

}_ ;ID - aee - . ¢ mmm e e m oo emoan eme— = e e e e e e e e e e e e - —
SUBROUTINEXALIND (LL, L) ™7 e o T

THIRD VFRSIGHN SUBKOUTINE FOR SLOPING WIRANG JULY 1966~~~ 7 "= "~
DINENSIONTS(10), MR (I0) ¥V (12), W (10), ' ' SWwe10),
1CHCT10) , T (10, DCI0) RC1D0) 4 2ZM(100),P(5,6) (X(5) —===- = - - - - -~
CONMOLTO, 1M,V T‘lopl SH,CWyTWD,RyZHIP4Cy T MyIHD,KO,SVN,VH "
COMMOEX, TIT: - - e s e e R R

HRITE(6H,734) " -

Fbp“ﬁT(//"lHE FOLLOWING "ARE"FROM SUBROUTINE MAIND®,//) -~ = 7~

Ih=ttL : o - --

Ir “—.l +1 - - = .- - - - e = - - . - ——— e - =
NC=THG+1 : ’ . ,
KhallHO=1 U VO
DO D20 =1, IND

DG 1eM u=1.H S T

PG, H)=S
0 10 91 I =t7K0O - Cee e T T TP
IF(P(I))1"‘1 , 90.21 021
TF(Gielim2y6333,0%9 J“ 60“1 : -
Tx=1, :
50 Ta oinl

=) e+ (4= ?)

PP L)=p 0 ,1)+Ty : -
COULTINUE .
P(H, HG)Y=0, .

DO 1000 1=1,K0
FFCRC1))1090,9002,92G02 - -
[F(:i=1)6003, Sﬂﬁ’,bU“Q
Tx:p(l) . - - - _— e e e . . - - [
GO TO 60CH5 :
Tx=d(l)*s (=)W (})y - - --
PR, i) =p i, 1) « TX
CONTINUE
DO 1012 k=1, 1IN0
b 1019 w=1,4
P, ) =P (N, )
D0 19722 ¥=1,kN
Do 1902 1=1,%x
11=1+1
KK=K+1 : .
A=ABS(P (I, {)) -
A2=i8S (p(XV¥,1))
IFCAT=A2)1020,1021,1021
RO 1205 1lu=1 .00

SRCER, 118 SRR : S
PORK,TIM)Y=Rp(L,1IN) '
PO, 1TH)=AN
TF(AT=T1,E=39)1002,1002,1210
BOO12%31 pMsIl g
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¢n022700 1201 P KK, M) = v<ux.n~)-<v<x N”)iP(kK.l)/P(lol))

D022900 1022 COHTINUE

DU 1905 k=1,IN0 - T - o
[=H0~K - - R R EE e A e e oo —— = R,

XCY=P (1, N - : R TR
lf(!-lun)1)J6,1cso,1oso R : .
33023660 1006 DO 1060 KX=II, IO o0 == - wow s smmieso e S e e
JI022720 1960 XCII=X(D)=(PUI,kX)* X(KX)) : : :

quzzﬂﬂﬂ 1002 CONTINUE= - mm=mz" = 7 73T 77 T8 T oo s S Ay p.'ﬁ.j“-f=ﬁ?frrf—”"

39075900 C - SOLVE- qATRIx-uvtr—Wﬁ~;mmfmﬁr?;Lwrmmwm"n—m;ﬁ—mfﬁurf—mfy—fTT«»vaTn-

11_1*1 - LT ., ) - - . e— - B T - C e e Te o

£023460 1050 A1=ABS (p([,1))- -~~m-~~~—w~1fm~;ff——f~m~f-~—~~m;~;~"vf-"~.<7L+ff¥-m¢

Cyu23¢Y LF(AT=1.E~30)1500,1500,1005 o -

G3026C00° 1005 XCIXSACI) /P QI Ly |7 ~77 =777 S T e s s s

52924100 A=1%+1 C - -
Gu026200 0 IFCQIH=1)170171761 47« =ww - sons s s oo s e s

5526300 1701 IFCINC)A o4 ,21° : S R -
V24400 21 DBOS0. ~ - = & e e s o emo e o oo e e
Dk=xG : . .

\ : o0 0c1 K=1,K0 © 77 0 Tt et o oeem s e
ga024700 ¢ RR= = SR SR e SR

; ) 1F<~(»;>90V-. 904,9004 e
oK=nK=1, : -

3 FORi: A'(//:'“A SfD 5T. 0, 9003 1IN WA[ND'-?X,'UK"1F11 5 ZX.'KO
3 11019,77) Tt ot omT T T T -
Gh GG TO 10561 ) ’ ' i
3 2004 DG 1062 1=1,1NO = . T o Tt oo T m e T
IF(I=1)4004, 6006,000/
TX=X(1) - . : - . I T -
GC TD 1062 .
Trx=£CT1)*»(DCRYex([=-1)) - = ) ’ T
RE=FR+TY
Dr=p(k)-pR - s : : T
Dho= '1""-0-'\[:*12 .
WRITE(H,178C)B(K), R(K).RR [} S R et -
FORIAT(3F10,5,E15.,.7) ’
COQHTINUE . T
UEITE(L,89)000,0K, 0
S FOF? f\T(//r'U)i):'cFii-S"ZX.'{) -'-',FS-S;ZX"A:"FgoSl//)
3:u20? ) DLO=SORT (DNO/(QK=A )) ' :
9268 ¢0 WRITE(s,1832)0Do ;
o260 n 18332 FORTIAT(//, STAHNDARD DEVIATION FROM MAIND=' ,E15,7,/77)
STh=Dy
VA=1./7x(2)
WRITE(r,1200)X(¢(1),Xx(2)
12¢¢ FORTCAT(IZFILLD)
STO=STD*al
D11=0.
net=0,
DO o |—1 Y -
uJZI)UO IF(“('))O. 10, 9”10
2700 U010 D2=() w2
R Ts I p21=p2+n2i
nan2atan D11=n (1)1
VAIR2ED GG O COMTIRUE -
Loa253°0 D211=Cx+D2 1= D11**’
AL . )/\=JTL/L21'
2028500 th—OY*SX
"o ie Gl SV "S\"J*Vl\**‘i

DN O N
[ 2l Sy
D
>
(o4}
<
(o

Lol

£y e,

WRITECH,91 73008 KO - = = — -~ - — me e e e e



030"“700
y0028390
00023990
930272000
350272109
55022200
,)029500
02400
u5027500
[agE DN274/00
) 20700
ang2u95359H

ANIONRN
12NN

3030900
29036160
23030200
63036300
2035400 -
3007 “50

~ n

Gﬁu311n0
43120
‘90)1‘30
1:514-0

gl33200
STAA330
3L, 538400
30633590
U336469)
2335709
335G
JU339090
","1_} \)34‘)00
Ja034180

GIuRadin
JN3A300

-7

N
derd

‘...n I
Jud34500
35034600

15

15¢

4

10
10

10

11

o0
01

c2

1

G3

14

UP]TE(O OO)S'N,OK
— 90 FORBAT(//: *SYN=

SVN=SGRT (SVN) B

GC TO 4

WRITE(GL,1531)1,1

FU||QT(//'I3:

RETURE
ERD -

"'I:S'.
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SUGROUTINE-FAUSCL,2Z,1K)"

SUBROUTILE TO
HMBER LAYER,

L 15 fis
RST POLNT

VERSICY
DINENS IO

CHECE

Fliio THICHNESSES -
1062 1=1.L i ’
SH(I)=SIh (u(I))y— =—+==
CH(DI=Cas (x(1)) -
TH L) =5 (] )/C (1) -
c=1. .
1F(L=1)1003,1003,1602 " ~
L1=L=1
Wi=0, -
0C 12C1 [=1,L1
Whswded (1) -
C=C28 (D
Flaw
I=L

H(l) e - - -

Ci'PUTE
27

1967

55X, VA:STD D211
DFb-S 2X,'OK"',F3.S ZX.'SX
1;'STD-"ru JQZX.'P211~.1F8.11//)

FEFLECTIONS FOR T2/X2
IS"EMERGEMCE "ANGLE,IK-
LAYER,PARAMERERS .TRANSH
“TRIDRVAMD-T] ARE RETURHNED — "
1AY

PROCLEM UNDETERMINED',//) )

METHOD

IS INDEX TO INDICATE F1-

lTTED BY COHHON

TG (19).nH(1ﬂ),v(1:),x(10).x(10),xx(10)

TF(L=-1)11%11,10 :
SIK=(V(]~ 1)/V(l))*SIH
COA=STRT (1

W=ATA!
I=1-1

«=SIX*SIX)

lF(I“1)11l1101G

A=C=4(1)
Z0=;
U=,
TT=C,

IFCr=-1)13,14

CCHFUTE HHCI)-
HC=HH(L)=U*SIN
(@)
(Q)

SIX=Sty
CoxX=C05
=U*CY ()

‘w—pl rAll

Q=Xu=%(1+1)

I=]+1
G0 TN 12
HC=

AR

([C1))

9921 -
s COMPUTE SIN

Q)

(SIX/COXY+u(l=1) — -

+urs1X/C0X
TT=1T+HC2(Y(I)*COX)
SIXU=V(I+1)*SIX/V(L)

(SIXU/J'RT (1.

HHCI)=aC+UnsH(T)

(T“(l)//.-TT)*V(I)

'SIX

*S51x4))

COS TAN™

1CHCID) L TwC15)eDC102) ,FCI00), ZH(T100),P(S5,6),Y(5)
CUH"‘Ol'v'IO,"h,V' I.T[" OR' -
Cot1ONY, T1

IF FIBST puIHT -
IFCIK)YQ790,9990

Su s CH,y TWeD, R ZH, P, Co— -

FUGLE CORRESPUNMDING VERTICAL REFLECTION - -

PSWE10),

:F8,5.2*.'VA="?F8;S{ZX"“

3

"My IND KO SVN,VH



05034700
06034300
05034900
G5035600
Gud35100
¢u03%260
0020353490
$035400
30035520
$;935600C
Gru3s7450
00055300
‘. JL})Q’\O
’-'\,'5.1‘, ‘Il‘
CG3360100
53036200
uuc305;0
Ga0364010
C3036500
5120346600
Tu336730
01030300
21334950
I W ALRTY)
GJ93?1G0
Su0372450
_r._'\‘f\"i '1’1()
CAD3I7400
2ae3Vho0
viu37ang
\:;-7 17 -\n
vd\-\sl't:—'q
Con37G0
CHy3E050
GRG3IB1G0

"CQDSJ?CO

2033380

'03’4 )
bJSbJuO
v2356420

i- J "‘i’ x

339370029
J,"”/UO

J5'7"‘1‘0
._:':_" \'-"|f) 4]
Nl \\}('J(J \'\
J)”W!1UL
DA
C226%3520

c

'C Fld

9991
924

9255

261

262
c

3

'DAHFLE

“IF(I=1)21,21:928
SIA=SINIXCIY+LCI))Y#V(I=1)/% (D) Cee o

- DR=AK- — _._.‘_-_'_..__..__.__. B
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U””UTE REFLLFTIOUS T e
INCIDENCE FROK EMERGENTE ANGLE ™7

1=0" L s LT

Xy (1)= ZZ+M(1) S em e e -

1=1+1 . . P
1F(L=1) 9252
SIA=SInL(XX(1))
IF(SIX=V(1)/V(T41))2253
SIXUSV(I+1)+SIX/V(L)
XW=ATAN(STIXE/SURT(la~SIYW*SIXW)) "~
Xx(I+1)= /w+ (I+1) )

1=L¥1 S S S

XCLYEXXCL) o —

1=1-1 = T SRR

XCI=1)=ATAN(SIA/SQRT (1, =S IX#SIX)) ~= ~ - ===
GU TU 926 ) ’ o T
EALN CoMpUraATlOw — 0 o
T=2

-
=

o]

T
U=?
1=2 :

1=1+1 - : N - -
HEC=HH(])=U*SH (1)

SIx=S18¢(x(1)) - — S e -
CUx=C0s(x(1)) :

HYSHC*(SIX/COX) ~ — - - -~ - - -
U=Cr Qi (I +HK .

TE=HC/ (Y1) #COX) ~ o . : -
TYI=TT+7Y "
IF(L=-1)252,
[=L+1
HE=UK/COS (“(L))“‘“ R
TR=TK : St o ’

252,24 - B

T1 =(Hc/v(L))*2.

pP=i) . e
I=1=1 -
RE=HH(1)=PP*TH(]) ——
COX=COSIXX(I)=u (1))
Hr=8R+sIy(xx(I))/CuX
PP=PP/CLi(1) +HK

TE=(RF*CL (1)) /7 (CcOx*V (1)) oo
TT=TT+T¥

IF(I“L)LOL,fO1 261
DRE=2R+UK

TR=TR&TK - SRR
XF(I-1)2].£7.20

rP=1/=-1R - R -
DR=PP=DPa(

RETURN o
Oit=+1,E20

TR=i,

TI=0,

Gy 1Q 2

EHD

130,3'0 T - - —--

)9252,9250 ¢ o emm oo s o e oo

‘GU TO- 924 e - - ~7-_—-—;~~~m-~«_—?—=—+wvmum e
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TWAT
This programme computes the refraction velocity for one

layer with corrections for overlying layers.



[aNaNaslaEaNaXalal

270

REFRACTICN VELQCITY STATISTICS FCF CGNE LAYEF wWITH
CCRRECTIONS FCR CVERLYING LAYERS., LINEAR RECGCRESSICN TO
ARRIVAL TIVMES. ND = NC, CF ARRIVAL TIMES. AL = ANC. C
F CVERLYING LAYERS. WVI(I) = VELCCITY UF ITF CVERLYING
LAYER. X(I) = CISTANCE TC 1Tk LCATA FCINT., T(I) =
AREIVAL TIME AT ITF POINT. WlIsJd) = THICKNESS CF JTH
CVERLYING LAYER AT ITH FCINT, .

RCFRACTICN VELCCITY STATISTICS FCR CNE LAYER + CCRRECTICNS
CIMENSICN XCLOGToTUICO A0 ICO 9wl 1CCyE) oW VIE) 4RC10CG},R(LLD)
REAC(542) AC4ML

2 FCRNMAT(12,12)
REAC(543) (WV(I}sI=1,AL1
3 FCRFAT(EFT.2)
INC=1¢NL
Jiv=1
SX=0.,
ST=C.
WRITE(6412) NC
12 FCRMATU1EL,2 Xy "ANALYSI S OF REFRACTICN VELCCITY FCR CNE LAYEF WITH

1 CCRRECTIGAS FCR CVERLYINC LAYERS'/21XsE3(1F-)///'NC. QF DATA PGIN

2TS =%,13%/'CI1&T. TIME,. LAYER THICKAESSESY/).
€C 10 I=1,NC
REAC(544) X{I)oT(ID oW (I,4d)yJd=1yNL}

4 FORMAT(EFT,2) ,
hﬁlT:(ﬁ'é) X(IlgT(l)v(H(IvJ)vJ lvNL)

€ FCEMATU(IH +8FB.2)
SX=SXx+¢X(1)
ST=ST+T{1)
ACT)=T(1}

13 CCATINUE
STM=ST/NMD
SxM=SX/ND

15 Sv=9,

© o 8TC=u,
$xQ=C.
CC 20 1=1,NC
ET=ACI)-STW
EX=Xx(1)~SXx¥
SV=SV+ET%EX
STC=STC+ET=%2
SXC=SXCH+EX¥%2

2C CCANTINLE
VT=SV/5xQ.
VX=SV/STQ
LT=STP-VvTESX¥
CX=SXM=-yX=STM
EVT=1/VT
RDT=SXNM=-PVTHST)
TE=0..
XE=D.e
ETE=0.
CC 33 I=1,NC
U=x{1)
v=A(I)
RES={V-CT-VT=*U)



2N

TE=TE4RES#22
R{I)=RES
XE=XE4+{L-DX-VX2V )bz
RTIE=RTE4(U-RCT-RVTHV)%82
3¢ CCANTINUE
STE=SCRTUTE/(NC-2))
SXE=SERT(XE/(NC-2))
SRTE=SCRTIRTEZIND-2))
EV=SXE/SQRT(STC)
EI=SCRT(STESSTE/NC+STEXSTE»SXNM¥SXNM/SXC)
GO TOL23Z2,45,45,432),JIM
22 WRITE(E38) VI OV 9STE yVX oCX ySXEGJRVT yRCTsSKRTESEVLET
36 FORMAT{1HU 4 *REGRESSIUON OF TIME CN TG DISTANCE' //'SLCPE =t F6.,3/VIN
YTCEFRCEPT ="' yFEoez/'STANDARD ERRCR =',FE,2//7REGRESSICN CF DISTANCE O
2N TC TIMEY//'VELCCITY = ,F5.,2/'INTERCEFT =?4F&.2/*STANCARLC ERRCR =
3%, F53.2//'RECRESSION OF RECIPRCCAL T CN TG D FCR V' /7/'VELQCITY =9,
HQFEL2/VINTERCEPT =',F6 42/ 'STANCAFD ERRCR =04 F5,2/%S.E« ON VELGCITY
E=0,FEe2/'5eC¢ CN INTERCEPT =,F&e2//77)
WERITE(6¢37) (R{I)yI=14NC)
37 FCRMAT(IHG 9 TIFE RESICUALS*/(135F8,3))
GC TO (650943340 4Ce42494C) 3 IND -
40 INC=IND-1
Jir=]
IT=NL+1-INLC
WRITE(Ey42) IT4hV(ITY)
42 FORMATU(IHO o*VELCCITIES WITE CCRRECTICN FOR LAYER',12,' WITH VELCCI
1TY?4FE,2/)
CC 44 1=14NC
44 B(1)=A11)
45 ANG=ARSINIWN(ITI/ZVX)
FAC=1/(COS(ANC)*WVI(IT))I-TAN(AKNG)/VX
£T=Ce °
CO 5G I=1,ND
ACT)=B{I)-w(I,IT)=FAC
BC ST=ST+A(1)
ST¥M=ST/ND
JId=JINM+l
6GC TG 1
S0 STCF -
ENC
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Store

This programme transfers date from analogue to digital tape.
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5055
SET;60,61,62,63,64;0,.01,-1,0,0;
SFR;

SET THRESHOLD LEVEL;
ASK;

DEL;159;;50;

SPFR;

NO.OF SAMPLES;

ASK;

DEL;159; 3513

SPR;

STARTING FILE;

?
TERMINATING FILE;
ASK;
INS;C;159;
SFR;
NO.OF DO LOOPS;
ASK;
INS;D;159;
DO;A;B;.01;C;
CALL;40;
1F;0( .01, )<c(.05,) ;
160;18;
ELS;
D0;91;0; .01;D;
CALL;40;
ADD;60,61;60;
DEL;2,60; ;63,64
CALL;42;
IF;c(.60,)<c(.51,) ;
160;23;

ELS;
SET;60,63,64;0,0,0;
CONT;
D0;90;0;.01;.31;
CALL;42;

I60;32;

CONT;

SPR;

»

CPR;100;

CONT;

EXI;
INP;;513,14;1,2;

RETURN;
OUT;A;31,2;63,64;
RETURN;

END;



LEVEL SETTING

10;;
SET;50,51;0,10.0;
INP;3513,14;1,2;
1F;0(.02,)>C(.51,);
SFR;

CHANNEL 2

ELS;

160;2

END

274
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Replay 1, 2, 3
These programmes examine the digital tape to find the peak

amplitudes and sample numbers.



276
PEAK DETECTION=—m==mm 6.(6/2/75) .

60;;
SET;50,51,52,53, 54,55, 5630, .01,0,0,0,0,-1;
SPR;

IGNORE N SAMPLES;
ASK;

DEL;159;;60;

SPR; WLENGTH;

ASK;

DEL;159; ;61;

SPR; SHOTS;

ASK'

DEL; 159..62

SPR; NO,.OF WINDOWS;
ASK;

CALL;4L7;
IF;O(.OI,)<.-50;
1G0;13;

ELS;

CALL;47;
ADD;50,51;50; -
1#;6( .50, )<C(.60,) 5
160;18;

ELS-

GALL s47;

IF; c(.oz,)<o

MUL 2;56;2

ELS;
IF;G(.OZ,)>G(.55,);
DEL;2;;53;

ELS;

ADD; 51,5235

106052, <00 61,);
160323

ELS;

ADD; 51,54 ; 54
CALL;49;
SET;52,53;0,0;

IF; {54, J<6(1.59,) ;
160; $23;

m‘s- .

SET; 54

IF; c( 55 )<c( 62,0);
IGO 313;

E1S;
SET;53,54,55;0,0,0;
CALL;49;

IG0;45;
INP;;;13,14;1,2;

RETURN;
OUT;'-06351p2’3;53’5h:553
RETURN;

END;



60;;

SET;50,51,52,53, 54, 55, 56,57,58;0, .01,0,0,0,0,-1,0,0;
SPR;

IGNORE N SAMPLES;

ASK;

DEL;159; ;60;

SPR; WLENGTH;

ASK;

DEL; 159,.61

SFR; SHOTS;

ASK;

DEL;159; ;62;

SPR; NO,OF WINDOWS;

ASK;

CALL;49; '

IP; c(.01 )<.50;

160;13;

ELS;

ADD;55,51355;

CALL ;49;

ADD;50,51350;

ADD; 57,51 51;

TP ¢( . 50,)<C(.60,) ;

IGO ;18;

ELS;

CALL;49;
ADD;57,51;57;
IP;6(.02, )<0;
MUL;2;56;2;

ELS;
1P;0(.02,)>C(.53,);
DEL;2,57;;53,58;
ELS;

ADD; 51,523 52;
1F; (. 52,)<c(61,);
160; 1233

ADD;51.51+351»;

CALL;51;

SET; 52 53 57;0,0,0;

I#;0( 54, §<0(1155, 5

EI-S,

SET;54,5830,0;

IP;C(.55,)<C(.62,0) ;

160; 313;

ELS;

SET;53,5l,55;0,0,0;

CALL;51;

IGO;47;
INP;;;313,14;51,2;

RETURN;

ouT; - .06,,1,2,3,u,53,54,55.58;
RETURN;

END;
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- 70353

g?a ;50,51,52,53,54,57,58,59,70,71;0,.01,0,0,0,0,0,0,-1,0;
IGNORE N SAMPLES( 3,1;
ASK;

DEL;159; ;60;

SFR;

TIME FACTOR;

ASK;

INS;653159;

MUL; +60; 3653603

SPR;

WLENGTH

ASK;

DEL; 159,,61,

INS; 1663 ;159;

MUL-61 66;61;

SPR-

NO.OF WINDOWS(MAX. NO.IS 3,000-TYPED AS 30.);

STARTING FILE;
ASK;

INS;B;159;

SFR;

TERMINATING FILE;
ASK;

INS;C;159;
DO;A;B;.01;C;
CALL;62;

ADD;5° 51 58n
ADD;57,51357;
17;0(. 50,)<c( 60,);
160;26;
ELS;
CALL;62;
ADD;51,57;57;
TP;6(,01,)<0;

MUL;1;70; 3;

ELS;

1P;C(.01,)>0;

DEL;1;;3;

ELS;

TF;C(.03,)>C(.53,) ;

DEL 3,57,2,1;;53,58,59,71;
ELSQ

ADD;51,52;52;
17;6(.52,)<c(.61,);
160;32;

ELB;

ADD; 51,543 543

CALL;64;
SET;52,53,58,59,7130,0,0,0, o

Cont. over/...



2719

IF;0(.54,)<C(.62,);
I160;32;

ELS;
SET;50,54,57;0,0,0;
CONT;
D0;90;0;.01;2,55;
CALL;64;

1G0;55;

CONT;

CALL;62;

I60;59;

BXI;
INP;A;351,2;1,2;
RETURN;
OUT;<0.04;31,2,3,4;53,58,100,71;
RETURN;

END;
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PRINT

This programme O/P the contents of A (Specified) file
to the T/T.

1) Give File No.
2) Stgrting Sample No.

3) No. of Samples.
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20;;

SPR;
FILEN;
ASK;
INS;A;159;
SFR;

START SAMPLE;
ASK;
INS;B;159;
SPR;
NO.OF SAMPLES;
ASK;
INP;A;B;1,2;1,2;
SFR;

»

CPR;1,2;

IF; TBP<C(1.59,);
160;9;

ELS;

EXI;

END;
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CONV

a) This programme converts the Modular One output into
normalised amplitude and distance.,

b) This programme converts the Modular One output into

arrival time and distance.
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INFLICIT REAL*B{A-F,C-2) -
DIMENSION A[400)¢XN{4C3) s XSNCACH) o XLIABC) ,ACI400),
LIAL400), INT40D ) ISK(400)
c AMAX 1S THENC.GF SHCTS')
REAC(3,77) NMLX
77 FCRNATUIS)
READIS,1) (TACI) o TRCI) ISNLTI) yT=1,AN¥AX)
1 FORMAT(4Xs14,43XyT0,04X,12)
CSV IS THE SHIP VELCCITY IN KAOTS.
C D IS THE WATER DEPTH IN KW,
C F IS THE SKFOT INTE2VAL IN SEC.
READ(442) SV,D,F
2 FORMAT(3F7.2)
c TSF IS THE CONJFACTOR TO CCNVERT SAM NO. INTC DIST,
REAC13,13) I%F .
13 FORMAT(I5)
XK=SV*]1,8288
DQ 3 [=1,NMAX
AUI)=CFLOAT(IACL)) .
XNUE)=DFLCATC(INCI)) :
SF=CFLOAT(ISF)
XN(T)=XN(I)/(SF*1C0.)
XSN{I)=DFLOATIISN(T))
XLCI = CIXSNCTIF+XN(T))#XK )/ 3. €
XLETI)=XL(1)/10C0.
AC(1)=ALT1)*DSORTIXL(T)#%2¢D%D)
3 CCATINUE
WRITE[6,4) (XLUI)¢ACUT) T=1,0MAX])
WRITE(T14) (XLUTJ4XN{L)yI=1,AMAX)
4 FCRNMAT(2F14.6)
sTop
ENC
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1 IMELICYIT NEALER(A=Fo(=7)
1.1 CIMEMSTION ALaCC) s XNLATC) o XSMNLACT) ¢ XLLATE) ACLACD ),y .
2 LIALGCO) s INTACO ) ISN{AOQ) :
3 READIS ;1) (TACT)Y INCI) o ISMCOTY o I=1,430)
& 1 FURMAT(AX 14y 23X 10e4X,12)

5 ) FEAC(4,4,2) SV0,F

[ 2 FCRMATI(2F 7. 2)

7 XK=SV=%],f28F

g CC 3 1=1,3." :

q ALT)I=DFLGAT(IA(T))

10 XLOD)=CFLCATINIT))

11 XSANLT)=NFLCETCISKET))

12 LAY =0 (XSATT)=r4 xR (1) /108, )=xXKk) /3.6
13 XLATh=aLl1) /710G,

l4 ACLTI=ALT)=ESGRTIYLLT)#224D%C) -

15 3 CORTINUE

16 WEITE(E &) (XL{T)}4ACULT)sT=1,430C)

17 4 FCFYATLZD14.¢)

18 STCP

19 ENG

can ~C [ = & I of
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This programme fits a polynomial to the given data.
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THIS PPNG IS A GURVE FITTING PRCG
CATA IS FED IN ON '4' F(OR ANALYSIS
IMPLICIT REAL*8(A-H,0-2) .
GIMENSION X{370),Y(30:%),W(308),AN(300),ST(15),P(15)
FOLLOWING IS BAD SFNT DATA
READ(3,17INIS
NIS IS THE NO. OF BAD SHOTS
FORMAT (15)
IF(NIS.EN.") GC TO 19
READ{3,18) (NN(J),J=1,NTS)
AN(J) IS THE JTH EAD SHOT .
FNRMAT (415)
¥ IS THE NO. OF DATA POIMTS TN BE READ IN
READIS,L7) M .
READ(442) (XUI),Y(1),41=1,M)
FCRVAT({2F14.6)
THIS DN LOOP SETS ALL THE WEIGHTS TC 1.0
CC 3 [=1,M
wWiI)=1.000
CONTINUE :
IF(NTS.EQ.0) GO TD 20
THIS DO LAOP SETS THE WEIGHTS OF “THE BAD SHOT NDATA PCINTS TO 0.0
CO 77 J=1,NIS
wW(AM(J))=0,000
CCNTINUE
K1=15
LOGICAL L
L=.FALSE, :
THF CURVE FITTING POUTINE IN #NAG IS CALLED
CALL ED2ABFIM,X, Y WsKLoNyST,P,L)
THE NUTPUT 1S THE COEFFICIENTS CF THE FITTEC PCLYNGCMIAL
AND THE. VARTANGE OF THE DATA FIT
N IS THE DEGREE 0OF THE POLYNOMIAL
WRITE(£44) (P{I),ST{T1),T=1,KL)
FORMAT(2514.6)
WRITE(6,5) N
FORMAT(I5)
sToP
END
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GEN

This progremme produces an output from the fitted curve

data from RAT.
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1 IMPLICIT REAL#*R{A-F,0-2)
2 CIMENSICN X{35C),Y (350}, T{L122),A025%)
3 WRITE(2,1)
4 1 FORMATU'NC.CF [ATA POINTSY)
5 FEAC(44+2) NP
6 2 FORMAT(IS)
7 REAC(543) (2(1),I=1,NP)
8 3 FORMAT{D14.6)
9 £O0 4 I=1,150
10 . X(IV=FLCAT(1)
11 x{1)¥=x(1)/1C.
11.1 TOTAL=0.0
11.2 DG 7 J=1l4N\F
11.3 K=J-1
11.4 TEJ)=ALI)H(X(T)**K ) -
11.% TCTAL=TCTAL+T(J)
11.¢ 7 CONTINUE
12 Y{I1)=TCTAL
15 4 CONTINLE
16 WRITE(6:5) (X{I),Y(I)s1=1,150)
17 5 FCRMAT(2Fl4.6)
18 sTopP
19 ENC
3 OF FILE

bi—****d'*w**w\‘-s‘-*w*wfvi.—t-,v‘:t*ﬁ'ﬂix*:‘-.i:i\\'.\‘l'.':&*ﬁt:‘.’!ﬁl’-‘)\l‘eﬁﬁb** & ko ok 2 h ;A A
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Appendix 2
Detailed explanation of the Wide Angle Reflection Analysis

Programme, W.A.R.

Layer 1

Given T(l) = f (D(l))’ e(y) and v(yy, where the quantities have
the same meaning as in equation (2), chapter IV,

Step 1

Find To(l), the minimum reflection time if the T/X curves start

as X = 0, To(l) is found by a fourth order least squares fit

= 2 3 b
T =@ 0@ * AP Xt P
If the T/X curves do not start at X = 0 To(l) is found from a linear

squares fit

2 2 2
Ty = Toy * X))

From To(l)’ HH(l)’ the perpendicular distance to the first layer is
found (Fig. A2.1).

Step 2
For each T(l)’ the following is computed

: 2
CON(I) = To(l) - 2'1'0(1) sin e(l) .D(l)
where CON(I) is a correction term to reduce the observed times, and

we obtain the reduced times

2
Ty = le - CoN ()

Then, VH is found by a least squares fit of

2 2 2
Ty =2y ¥,
()
together with its standard deviation.

Layer 2
Given T(2) = f(D(z)), °(1)' V(l) and knowing the apparent slope
ea(2) as a result of the trial velocity V;(z).

(a2.1)

(A2,2)

(a2.3)

(A2.4)

(a2,5)
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Fig. A2.1 Schematic Diagram for Velocity Computations



2N
Step 1
To(2) is found as above, where To(z) is the gero exoursion, (X = 0),
reflection time to Layer 2,

Step 2
HH(Z) is found for the trial velocity V;(z).

Step 3
The fourth order polynomial
T(z) = £(x(2)) is differentiated to give

and ﬁ.ia found from gfor each data point except the first and last,
These are omitted because the fourth order polynomial is not

constrained beyond these points and its slope often becomes erratic.

Step 4

Knowing the incident and emergent angles, T,.,,T,,,,A'B' and T,,., (rig,
A2.1) are calculated and hence the travel time in the second layer
obtained

TA'G'B' = TAA'C'B' = TAA' = TBB' (42,7)
Step 5
The reduced travel times

2 2
T. = - A2.8
(2 =%z - Wz (42.8)
are caloulated, where
2
CON(Z) = Ty = 20,4 sin ®a(2) Tyips (42.9)

Any negative reduced times are eliminated, These occasionally occur
at near normal incidence, owing to errors in the upper layers. In
such cases the corresponding data points are removed from the solution.
Step 6
The corrected layer two velocity, with its standard deviation is
obtained by a least squares fit of
1-(2)2 = A'B' (42.10)
2

and a check made for negative velocities,
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Step 7
The dip angle, 9(2), is corrected, using
tan °(2) = tan ®a(2) ..Zlgl (a2,11)
Va(2)

and the programme returns to step 2 for a new iteration, before

moving onto a third layer.


http://A2.ll
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Appendix 3

Digitisation Test
Using the STORE programme, desoribed in Chapter IV and Appendix

1, several digitisations of the same section of record were made at
different sampling rates, 100Hz, 250Hz, 500Hz and lkiHsz,.

The analogue signal, as mentioned previously is filtered
through an anti-aliasing filter (Ref. 2.2) whose cut-off is
approximately 100Hz, but a test of the digitisation accuracy, using
linear interpolation for signal reconstitution, was made at different
sampling rates,

For a sinusoidal waveform of frequency f, a 95% acouracy limit
on the peak amplitude is given by having at least one digitisation
value fall between 71.805° and 108.195°, an angle window of 36.39°
(Fig. A3.1). This is equivalent to 9.893 windows per wavelength, or
roughly 10 samples/wavelength. Thus for 95% accuracy (minimum), using
linear interpuvlation, the digitisation rate must be ten times the
maximum frequency of interest., For a sinusoid frequency of 20Hz sampled
at a rate of 500Hz, 25 samples are taken per wavelength, giving an error
window of 14.4° about the peak amplitude corresponding to an accuracy
level of 96.86%.

For a frequency of 4OHz, the error window is 28.80, giving an
acouracy level of 87.63%, whilst for 100Hz, the error window is 72°,
implying at 30.9% accurascy. These, of course, are the worst case
figures,

The REPLAY programme (Chapter IV, Appendix 1) was run with a
window length of one sample with zero delay and taking varying sample
nunmbers, to give exact coverage of the section of digitised record
being examined. The results of this were displayed on a teletype,
using the FRINT programme and the results plotted in Figs. A3.2,

A3.3, A3.4. There are obvious inaccuracies prevent at the lower

digitisation rates, and the results of the comparison of the amplitudes
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for 15 different peaks listed in the table below (Table A3.1).

Table A3,1 Accuracy of Digitisation Results

Fosk Yo gg:g;e Sampigoéé error Sampigogi error
Value Value Value
1 223 213 4.5 217 2.7
2 122 118 3.3 9L 22.9
3 1,8 10 Sels 114 22,8
4 158 157 0.6 156 1.3
5 279 275 1.4 192 31.2
6 260 260 0.0 172 33.9
7 307 294 4.2 29, 4.2
8 329 309 6.1 260 21.0
9 277 277 0.0 243 12,3
10 239 223 7.2 222 7.1
11 223 216 3.2 79 64,6
12 276 270 2,2 269 2.5
13 2.7 247 0.0 213 13.8
14 167 14,9 10.8 2, 85.3
15 136 132 2.9 88 35.3

Mean Error at 250Hs is 3.45%
Mean Error at 100Hz is 24,09%
These figures are calculated with respect to the 500Hz figure.~

The plots corresponding to Table A3.1 are given in Fig., A3.5,

The digitisation at lkHz proved unsuccessful; the programme was
attempting to force the data through the internal storage buffers
for the magnetic tape faster than possible and this lead to corruption
of the information written onto tape.,

The 100Hz digitisation, as expected, gave a percentage error

on the peak amplitude (averaged) of 24.09%, taking the 500Hz as the
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true record, whilst the 250Hz sampling rate gave a prediotably lower

error figure of 3.45%. The 500Hz digitisation was checked against

an analogue display of the analogue signal prior to digitisation,

using ! jet-pen' equipment, normally used to investigate the output

from an earthquake monitoring seismi¢ array, whose characteristioc

frequencies are well below those encountered in this work. The low

amplitude range of this display (maximum displacement 7ocm) together

with the impulse response of the galvanometers defleoting the pens,

meant that this analogue display was not capable of producing records

which could be numerically analysed to any degree of sophistication,

A listing of the relative amplitude ratios obtained, analogue

source to 500Hsz digital source, is, however, given in Table A3,2,

from which it can be seen that the 500Hz rate seems to give & fairly

accurate representation of the analogue signal,

Table A3.2 Comparison of Disc and Jet-Pen Outpu

Peak No., gz€;§§::epen ézgziggzepen gﬁ 2 Digg gutgut (Digital)

mm) mm) 5mV/mm,

1l 4.7 7.0 1,760 14,14
2 4.0 6.1 1.525 11.97
3 3.0 4e5 1.500 14.00
4 8.0 11,8 1.475 12,29
5 5.0 7.9 1,580 14,30
6 7.2 11,2 1,555 14,12
7 13.5 20.6 1.526 13.84
8 13.5 22,3 1,652 13.27
9 4..3(?) 5.7 1,325(%) 13.85
10 12.8 21.0 1.640 13.10
11 18,2 29,8 1.637 12,22
12 5.0 8.4 1.680 12,86
13 9.2 15.0 1,630 13,13
7N 21.0 33.0 1.571 12,21
15 9.0 15.0 1.667 13,00
16 4.5 7.2 1.600 13.33
17 4.0 6.7 1,675 13,13
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Ch(2) is analogue source/analogue output.

ch(5) is digital source (disc file)/analogue output.

The figures in column 4 are obtained by dividing the numerical

disc file output (Table A3.3), obtained on the teletype using the

PRINT programme, by the corresponding analogue output from disc.
The response of the jet pen system was investigated using a

computer generated square wave, and analysis of the results gave

an approximate overshoot value of 25.30%.

Table A3.3 Disc File Output
Peak Number Amplitude
(1024=5mV)

1 99

2 73

3 63

b U5

5 113

6 158

7 285

8 296

9 79

10 275

1 364

12 108

13 197

1 403
15. 195
16 96

‘ 17 88

e
’il4ixbwn‘j

LIBRARY -~


file:///IMtnt

