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2. ATOC-FACT Test 

Chapter 2. ATOC-FACT Test 

The ATOC-FACT (Acoustic Thermometry of Global Climate - Feasibility, Ascension to Cape 

Town) transmission test was done in November 1992 to evaluate the propagation of under­

sea sound from a number of sites near Cape Town to Ascension. This chapter describes 

the test, shows the results, and makes some of the comparisons that are immediately 

evident. 

2.1. Test execution 

The shots were placed on a line that started at Cape Town and ran southwest for maximum 

change in subtended angle at Ascension for minimum excursion distance. Successful 

receptions from the easterly sites on the edge of the continental shelf would demonstrate 

the feasibility of siting an ATOC receiver or transmitter near Cape Town in an area easily 

accessible by cables from shore and with a relatively good infrastructure. The more south­

westerly sites were chosen to provide a reference acoustic path clear of potential topog­

raphic interference from known undersea features such as Seamount Bonaparte and St. 

Helena. (Figure 2-1.) 

Given the possibility of screen­

ing by Walvis ridge, St. Helena 

Island, and seamount Napoleon, 

the amount of attenuation along 

the path was uncertain. To 

ensure reception of reasonable 

amplitude Signals at Ascension, 

it was planned to detonate two 

different size charges at each of 

five sites, after an initial test with 

one of the smaller charges. The 

charges chosen were 8 and 25 

kg of TNT. 

-5 

-10 
• V Bonaparte 

St Helena -15 

OJ 
-g-20 -:0::; 
ro 
....J-25 

-30 CJ 
'll 
c: 
01 

-35 
~ 
"0 

~ I --3000 m contour I • 
-40 +---,----r---,---,---,,---,-~ 

-15 -10 -5 o 5 10 15 20 
Longitude 

Figure 2-1 ATOC-FACT sites, sound paths and possible 
sources of topographic interference. 
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The detonations took place in No­

vember 1992, from the South African 

Naval vessel, SAS Umkomaas. Figure 

2-2 shows the detonation sites. 

Special canisters had been manufac-

tured and filled with TNT. They were 

armed on site with electrical detona­

tors and let down at the end of an 

electric cable to the estimated depth 

of the sound channel. This allowed 

detonation at a fixed time, but the on­

site depth estimates were to prove 

badly in error, particularly when strong 

currents were present. In the event, 

the second, third and fourth of the 

smaller charges would not detonate. It 

seems probable that water penetrated 

a small volume of air near the detona-

tor and shorted out the electrical detonation impulse. On the charges deployed subse­

quently, this volume was filled with a silicon sealant after the detonator had been inserted. 

All the later charges detonated successfully, but at the sites of shots 2, 3, and 4, only the 

larger charge was fired, due to the shortage of the smaller charges. Shot positions and 

times were recorded using a Global Positioning System receiver. Receptions at Ascension 

were recorded with GPS time markers. 

2.2. Sound Speed Profile for the path 

An article by Munk et at. (1988, Figure 7) shows that the sound speed minimum is 1482 

metres per second at Ascension and gradually changes to 1480 metres per second over 

the length of the path to the source location. The sound speed minimum occurs at 800 

metres at Ascension and remains fairly constant until 22 degrees south, where it starts 

going deeper to reach about 900 metres at the source location. In addition to these average 

conditions, the variability of the sound speed profile increases towards the south and 
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Figure 2-2 Shot sites southeast of Cape Town 

tor and shorted out the electrical detonation impulse. On the charges deployed subse-

quently, this volume was filled with a silicon sealant after the detonator had been inserted. 

All the later charges detonated successfully, but at the sites of shots 2, 3, and 4, only the 

larger charge was fired , due to the shortage of the smaller charges. Shot positions and 

times were recorded using a Global Positioning System receiver. Receptions at Ascension 

were recorded with GPS time markers. 
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metres per second at Ascension and gradually changes to 1480 metres per second over 
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going deeper to reach about 900 metres at the source location. In addition to these average 

conditions, the variability of the sound speed profile increases towards the south and 
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a small volume of air near the detona­
Figure 2-2 Shot sites southeast of Cape Town 

tor and shorted out the electrical detonation impulse. On the charges deployed subse-

quently, this volume was filled with a silicon sealant after the detonator had been inserted. 

All the later charges detonated successfully, but at the sites of shots 2, 3, and 4, only the 

larger charge was fired , due to the shortage of the smaller charges. Shot positions and 

times were recorded using a Global Positioning System receiver. Receptions at Ascension 

were recorded with GPS time markers. 

2.2. Sound Speed Profile for the path 

An article by Munk et al. (1988, Figure 7) shows that the sound speed minimum is 1482 

metres per second at Ascension and gradually changes to 1480 metres per second over 

the length of the path to the source location. The sound speed minimum occurs at 800 

metres at Ascension and remains fairly constant untit 22 degrees south, where it starts 

going deeper to reach about 900 metres at the source location. In addition to these average 

conditions, the variability of the sound speed profile increases towards the south and 
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southwest. The occasional incursion warm water described in the next section is one of the 

causes of this variability. 

2.3. Warm water from the Agulhas Current 

A long filament of warm water from the Agulhas current had moved into the planned source 

area before the test and it seemed likely that this would affect the sound speed profile in the 

area close to the sources. Due to the failure of equipment intended for taking bathythermo­

graphs from the deployment vessel, the actual profile could not be verified from the vessel 

doing the test. 

However, copies of satellite images of sea surface temperatures were obtained. A copy of 

the best picture (and closest in time) not obscured by clouds is shown in Figure 2-5. The 

positions of the shots relative to the swirl of warm water originating in the Agulhas current 

.. - - .... - - . ........ - .................... - ....... - ........ - ........ ... . . . . 

NOAA:14: 27 November 1992 . . . . 
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Figure 2-3 Sea Surface Temperatures. 
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and extending westward are shown inside 

the black circles. The digit "s" indicates the 

site for shots Sand 6 and the digit "7" 

indicates the site for shots 1, 7 and 8. Other 

satellite images in this series (not shown) 

show that the northwestern arm of the body 

of warm water did not change much in 

position between the image in Figure 2-S 

and the day of the main test. 
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The German research vessel Polarstern 

took a series of XBT readings at this time 

while underway from Cape Town to Neu­

mayer research station in the Antarctic. The 

details of this voyage are given in: Reports 

on Polar Research 13S/94, "The expedi­

tions ANTARKTIS X/6-9 of the Research 

Vessel 'POLARSTERN' in 1992/3." 
Figure 2-4 Route of the Polarstern and SST 

contours. 

Figure 2-4 shows the shot sites and the route of the Polarstern with approximate coordi­

nates for the sea surface temperatures and XBT recordings on the Polarstern. The red and 

blue lines are crude contours of sea surface temperature taken from Figure 2-3 and in­

cluded here for orientation. 

Figure 2-S shows the first part of the XBT section recorded on board the Polarstern during 

the voyage. It travels through a narrow warm filament (22°C) near 34.S degrees south that 

is in good agreement with the satellite image. Further south, between 35.5 and 37 degrees, 

the section shows an area with temperatures between 20°C and 21 °C. This corresponds 

very roughly with the satellite measurements of sea surface temperatures shown in Figures 

2-3 and 2-4. Since the measurement by satellite was on 27 November 1992 while the 

Polarstern started her voyage on 3 December 1992 and passed 37 degrees south on 4 

December 1992, some difference in surface temperature distribution is not surprising. An 

arm of this warm water lay across the line of the sources, with S2, and S3 lying to the 

southeast of the lower arm. S4 lay inside, or at least on the edge, of the arm of warm water. 
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and extending westward are shown inside 

the black circles. The digit "5" indicates the 

site for shots 5 and 6 and the digit ''7'' 

indicates the site for shots 1, 7 and 8. Other 

satellite images in this series (not shown) 

show thai the northwestern arm of the body 

of warm water did not change much in 

position between the image in Figure 2-5 

and the day of the main test. 
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Figure 2-4 Route of the Polarstem and SST 
contours. 

Figure 2-4 shows the shot sites and the route of the Polarstern with approximate coordi­

nates for the sea surface temperatures and XBT recordings on the Polarstern. The red and 

blue lines are crude contours of sea surface temperature taken from Figure 2-3 and in­

cluded here for orientation. 

Figure 2-5 shows the first part of the XBT section recorded on board the Polarstern during 

the voyage. It travels through a narrow warm filament (22°C) near 34.5 degrees south that 

is in good agreement with the satellite image. Further south, between 35.5 and 37 degrees, 

the section shows an area with temperatures between 20°C and 21 °C. This corresponds 

very roughly with the satellite measurements of sea surface temperatures shown in Figures 

2-3 and 2-4. Since the measurement by satellite was on 27 November 1992 while the 

Polarstern started her voyage on 3 December 1992 and passed 37 degrees south on 4 

December 1992, some difference in surface temperature distribution is not surprising. An 

arm of this warm water lay across the line of the sources, with S2. and S3 lying to the 

southeast of the lower arm. S4 lay inside, or at least on the edge, of the arm of warm water. 
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Figure 2-4 shows the shot sites and the route of the Polarstern with approximate coordi­

nates for the sea surface temperatures and XBT recordings on the PoJarstern, The red and 

blue lines are crude contours of sea surface temperature taken from Figure 2-3 and in­

cluded here for orientation. 

Figure 2-5 shows the first part of the XBT section recorded on board the Polarstem during 

the voyage. It travels through a narrow warm filament (22°C) near 34.5 degrees south that 

is in good agreement with the satellite image. Further south, between 35.5 and 37 degrees, 

the section shows an area with temperatures between 20 °G and 21 °G. This corresponds 

very roughly with the satellite measurements of sea surface temperatures shown in Figures 

2-3 and 2-4. Since the measurement by satellite was on 27 November 1992 while the 

Polarstem started her voyage on 3 December 1992 and passed 37 degrees south on 4 

December 1992. some difference in surface temperature distribution is not surprising. An 

arm of this warm water lay across the line of the sources, with S2. and 83 lying to the 

southeast of the lower arm. S4 lay inside, or at least on the edge, of the arm of warm water. 
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S1, S7, and S8 were located on 

the northeastern edge of the arm 

while S5 and S6 to the northwest 

of the arm appear to be clear of 

the warm water. (Near Cape 

Town, the likelihood of encoun­

tering warm water eddies in­

creases farther offshore 

according to Garzoli et aI., 1995, 

in a study of southern Atlantic 

currents. This report describes an 

Agulhas Eddy Corridor stretching 

from southeast to northwest off 

Cape Town.) 

XB"T" - Sectic>~ 

The XBT section runs almost 

parallel to the line through shots 

4, 3, and 2 and down the length 
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Figure 2-5 Polarstern XBT section 

43 

of the upper arm of warm water lying between 37 and 39 degrees south. The upper arm 

consists of a warm water filament that meanders across the XBT section three times. Just 

north of 37 degrees the surface temperatures rise abruptly and then decrease again - this 

marks the pOint where the Polarstern crosses the filament of warm water for the last time. 

After 37 degrees south there is an abrupt transition to colder water. At greater depths, the 

location of this crossing is not so sharp. As the depth increases the upward pointing peak 

marking the filament of warm water moves farther north until it centres at 36 degrees south 

at a depth of 700 metres. A cold area (downward peak) is situated at about 35 degrees 

south. This downward peak is horizontally displaced northwards with increasing depth. 

Unfortunately, this pattern does not indicate what is happening at shots 2 and 3. It will be 

shown later that there is reason to believe that the sound speed profile was depressed by 

hundreds of metres at shots 2, 3, and 4. The picture built up here does not confirm this, but 

also does not preclude the possibility of the sound speed profile being displaced down­

wards. 
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of the upper arm of warm water lying between 37 and 39 degrees south. The upper arm 
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north of 37 degrees the surface temperatures rise abruptly and then decrease again - this 

marks the point where the Polarstern crosses the filament of warm water for the last time. 

After 37 degrees south there is an abrupt transition to colder water. At greater depths, the 

location of this crossing is not so sharp. As the depth increases the upward painting peak 

marking the filament of warm water moves farther north until it centres at 36 degrees south 

at a depth of 700 metres. A cold area (downward peak) is situated at about 35 degrees 

south . This downward peak is horizontally displaced northwards with increasing depth. 

Unfortunately, this pattern does not indicate what is happening at shots 2 and 3. It will be 

shown later that there is reason to believe that the sound speed profile was depressed by 

hundreds of metres at shots 2, 3, and 4. The picture built up here does not confirm this , but 

also does not preclude the possibility of the sound speed profile being displaced down­

wards. 
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marking the filament of warm water moves farther north until it centres at 36 degrees south 

at a depth of 700 metres. A cold area (downward peak) is situated at about 35 degrees 

south . This downward peak is horizontally displaced northwards with increasing depth. 

Unfortunately, this pattern does not indicate what is happening at shots 2 and 3. It will be 

shown later that there is reason to believe that the sound speed profile was depressed by 

hundreds of metres at shots 2, 3, and 4. The picture built up here does not confirm this , but 

also does not preclude the possibility of the sound speed profile being displaced down­

wards. 
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Figure 2-6 Timing of shot arrival and echoes for shot 1 at source 

6 

It seems reasonable to assume that the temperature structure of the warm water filament 

measured by XBT in the southeast portion also applies to the northwest portion of the warm 

water filament. Overall, the XBT measurements confirm the picture of a filament of warm 

water extending downwards for hundreds of metres. 

2.4. Recordings at the source 

The first four shots were recorded using a hydrophone deployed near the sea surface. 

Unfortunately, the tape recordings were contaminated with radio frequency interference 

from the ship radio, making them difficult to interpret. On the fourth recording an intermittent 

fault in the tape recorder caused it to stop recording at random times, resulting in an indeci­

pherable record. After the fourth shot, the hydrophone cable became entangled in the 

propeller of a small boat and the hydrophone was rendered unusable for the rest of the 

shots. 

The recordings for the first three shots proved usable, in that the echo delays after the first 

and second reflections could be determined. Figure 2-6 shows the envelope of the absolute 

values of the recording for shot 1, annotated with the delays between the direct arrival and 

the bottom-surface and surface-bottom-surface reflections. Figure A-4 in the appendix is an 

example of the vertical sound paths and associated delays. The detonation depths calcu­

lated from the recorded times using the equations in Figure A-4 are given in Table 2-1. 

Since only three shot depths could be calculated by this method, an alternative is described 

next. 
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water extending downwards for hundreds of metres. 

2.4. Recordings at the source 

The first four shots were recorded using a hydrophone deployed near the sea surface. 

Unfortunately, the tape recordings were contaminated with radio frequency interference 

from the ship radio, making them difficult to interpret. On the fourth recording an intermittent 
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pherable record . After the fourth shot, the hydrophone cable became entangled in the 

propeller of a small boat and the hydrophone was rendered unusable for the rest of the 

shots. 

The recordIngs for the first three shots proved usable, in that the echo delays after the first 

and second reflections could be determined . Figure 2-6 shows the envelope of the absolute 

values of the recording for shot 1, annotated with the delays between the direct arrival and 

the bottom-surface and surface-battom-surface reflections. Figure A-4 in the appendix is an 

example of the vertical sound paths and associated delays. The detonation depths calcu­

lated from the recorded times using the equations in Figure A4 are given in Table 2-1 . 

Since only three shot depths could be calculated by this method, an alternative is described 

next, 

Page 14 



Univ
ers

ity
 of

 C
ap

e T
ow

n

SOFAR Signal Shaping 

2. ATOC-FACT Test 

2.5. Bubble pulse modulation 

An underwater explosion forms a gas bubble that expands rapidly and then collapses under 

ambient pressure, rebounds, and oscillates while the gas globe migrates to the surface (for 

shallow explosions) or is extinguished (for deeper explosions). The sound radiated from the 

explosion is modulated by the oscillation of the bubble. The frequency of oscillation of the 

gas globe is a function of the maximum bubble size, which in tum depends on the mass and 

type of the explosive charge and on ambient pressure, which is determined by the depth of 

the explosion. The frequency of the first bubble pulse can be calculated from Equation 1-1. 

(Urick, 1983, Arons, 1948) 

6 
-

r' 2 )1
5 

. 3 
d .. \2.11 ·m ·f - 10 ......... ... .... ...... .... .. ... .. ....... ...... ........... ........ .... .... ... ........ .. ..... .. Equation 2-1 

where d is the depth of the explosion in metres 

m is the mass of the explosive of TNT in kilogram 

f is the bubble pulse frequency in Hertz 

The maximum size of the second bubble is smaller than the first. This results in an in­

creased modulation frequency, but at reduced amplitude. The modulation frequency of the 

first pulse is about 72% of the second. Subsequent bubble pulses continue to increase in 

frequency and decrease in amplitude. The first two bubble pulses have most effect on the 

radiated sound. The 

effect of this modula­

tion can be seen in 

the frequency 

spectrum of the 

radiated sound of 

shot 5 in Figure 2-7. 

The spectrum shows 

a series of peaks that 

result from modula­

tion at the fundamen­

tals and harmonics of 

17.5 and 24.4 Hz 

Q) 
'"0 
::J 
~ 

0. 
E « 

o 50 100 

Frequency 

150 200 

Figure Error! Style not defined.-7 Spectrum of S5 recording 

Page lS 

SOFAR Signal Shaping 

2. ATOC-FACT Test 

2.5. Bubble pulse modulation 

An underwater explosion forms a gas bubble that expands rapidly and then collapses under 

ambient pressure, rebounds, and oscillates while the gas globe migrates to the surface (for 

shallow explosions) or is extinguished (for deeper explosions). The sound radiated from the 

explosion is modulated by the oscillation of the bubble. The frequency of oscillation of the 

gas globe is a function of the maximum bubble size, which in turn depends on the mass and 

type of the explosive charge and on ambient pressure; which is determined by the depth of 

the explosion. The frequency of the first bubble pulse can be calculated from Equation 1-1 . 

(Urick, 1983, Arons, 1948) 

, 
-

1 5 

d- 2.11 ·m
3

,f - 10 .......... ................... .. ....... .. .................... ...... ........ " ... ....... ....... Equation 2-1 

where d is the depth of the explosion in metres 

m is the mass of the explosive of TNT in kilogram 

f is the bubble pulse frequency in Hertz 

The maximum size of the second bubble is smaller than the first. This results in an in­

creased modulation frequency, but at reduced amplitude. The modulation frequency of the 

first pulse is about 72% of the second . Subsequent bubble pulses continue to increase in 

frequency and decrease in amplitude. The first two bubble pulses have most effect on the 

radiated sound . The 

effect of this modula­

tion can be seen in 

the frequency 

spectrum of the 

radiated sound of 

shot 5 in Figure 2-7. 

The spectrum shows 

a series of peaks that 

result from modula­

tion at the fundamen­

tals and harmonics of 

17.5 and 24.4 Hz 

o 50 100 

Frequency 

150 200 

Figure Error! Style not defined.-7 Spectrum of S5 recording 

Page IS 

SOFAR Signal Shaping 

2. ATOC-FACT Test 

2.5. Bubble pulse modulation 

An underwater explosion forms a gas bubble that expands rapidly and then collapses under 

ambient pressure, rebounds, and oscillates while the gas globe migrates to the surface (for 

shallow explosions) or is extinguished (for deeper explosions). The sound radiated from the 

explosion is modulated by the oscillation of the bubble. The frequency of oscillation of the 

gas globe is a function of the maximum bubble size, which in turn depends on the mass and 

type of the explosive charge and on ambient pressure, which is determined by the depth of 

the explosion. The frequency of the first bubble pulse can be calcu lated from Equation 1·1 . 

(Urick, 1983, Arons, 1948) 

6 -
1 5 

d- 2.11 ·m
3
·f - 10 .......... ................... .. .......... ................... .............. ..... ... .... .. ..... Equation 2-1 

where d is the depth of the explosion in metres 

m is the mass of the explosive of TNT in kilogram 

f is the bubble pulse frequency in Hertz 

The maximum size of the second bubble is smaller than the first. This results in an in­

creased modulation frequency, but at reduced amplitude. The modulation frequency of the 

first pulse is about 72% of the second . Subsequent bubble pulses continue to increase in 

frequency and decrease in amplitude. The first two bubble pulses have most effect on the 

radiated sound. The 

effect of this modula­

tion can be seen in 

the frequency 

spectrum of the 

radiated sound of 

shot 5 in Figure 2-7. 

The spectrum shows 

a series of peaks that 

result from modula­

tion at the fundamen­

tals and harmonics of 

17.5 and 24.4 Hz 

" "0 

~ a. 
E « 

o 50 100 

Frequency 

150 200 

Figure Error! Style not defined.-7 Spectrum of S5 recording 

Page IS 



Univ
ers

ity
 of

 C
ap

e T
ow

n

S F Signal Shaping 

in in 

source 

in 

• 

• 

A 

source as 

S F Signal Shaping 

in in 

source 

in 

• 

• 

A 

source as 

S F Signal Shaping 

in in 

source 

in 

• 

• 

A 

source as 



Univ
ers

ity
 of

 C
ap

e T
ow

n

SOFAR Signal Shaping 

2. ATOC-FACT Test 

source recordings. The last column shows source depth calculated from the modulation 

frequency (bubble pulse frequency). 

2.7. Recordings 

All eight shots were recorded at both Ascension and Bermuda. Dr. Andrew Forbes, on the 

Australian fisheries research ship, the Southern Surveyor, recorded shot 2 off the south 

coast of Tasmania. The signals recorded at Ascension were amplified where required, 

stored on tape, digitised by sampling at 1 kHz, recorded with a resolution of three to four 

decimal digits, and transmitted to the USA. The coordinates and depths of the hydrophones 

at Ascension are listed in Table 2-2. The frequency spectra of the signals (after filtering out 

frequencies lower than 15 and higher than 150 Hz) are shown in Figure A.1. 

2.8. Arrival waveforms 

The hydrophones at Ascension were not calibrated to an absolute level but the amplifiers 

were set so that the background noise in the sea, on average, gave an output of - 45 dB re 

1 millivolt rms. The received Signals shown in Figure 2-8 and 2-9 were amplified by 60 dB to 

give a background noise level of +15 dB re 1 millivolt (15.9 mV peak-to-peak). The 

detonation and reception times, ranges and travel times are shown in Table A-3 in the 

appendix. 

o 10 20 30 40 
Time in seconds 

Figure 2-8 Received Signals (S1) with radar spikes. 
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frequency (bubble pulse frequency) . 

2.7. Recordings 

All eight shots were recorded at both Ascension and Bermuda. Dr. Andrew Forbes, on the 
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Figure 2-9 Signals received at Ascension (Repeat of Figure 1-1 .) 
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2. ATOC-FACT Test 
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Figure 2-10 Positive envelopes of the best signals for each of the shots. 

2.10. Peak pressure as a function of explosive mass and distance 

2 

Equation 2-2 (from Urick, 1983) provides the means of compensating the received pressure 

amplitude for different size charges. The charges were approximately 25 and 8 kilogram 

mass. Using the larger charge as the norm, the pressure peak from the smaller charges has 

to be increased by a factor of (25/8) 113/3, that is, by approximately 1.54, for the comparison . 

6 
-

1 \ 5 
I - i 
, 3 I 

z= \2.11· m ·f) - 10 .. ................................. .................... ........ ............. ................. Equation 2-2 

where P = Peak pressure resulting from the explosion 

m = mass of explosive 

r = radial distance in metres from the centre of the explosive mass 

2.11. Finding patterns in the received signals 

The differences between signals are due to three types of factors. The first of these is 

changes at the source, such as the size of charge and the depth of detonation relative to 

the axis of the sound channel. The second factor is path differences such as distance, 

sound speed profile, and topographical interference. The third factor is differences due to 

the hydrophone, such as sensitivity, noise, and depth. The problem is to untangle the 

effects of the different factors. Differences at the source mainly affect the shape of the 

signal, while path differences change signal attenuation and duration. Differences at the 

hydrophone should be constant for the duration of the test. 
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amplitude for different size charges. The charges were approximately 25 and 8 kilogram 
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the axis of the sound channel. The second factor is path differences such as distance, 

sound speed profile, and topographical interference. The third factor is differences due to 
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effects of the different factors . Differences at the source mainly affect the shape of the 

signal, while path differences change signal attenuation and duration. Differences at the 

hydrophone should be constant for the duration of the test. 
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Equation 2-2 (from Urick, 1983) provides the means of compensating the received pressure 

amplitude for different size charges. The charges were approximately 25 and 8 kilogram 

mass. Using the larger charge as the norm, the pressure peak from the smaller charges has 

to be increased by a factor of (25/8)' 1313, that is, by approximately 1.54, for the comparison. 
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m = mass of explosive 

r = radial distance in metres from the centre of the explosive mass 

2.11. Finding patterns in the received signals 

The differences between signals are due to three types of factors. The first of these is 

changes at the source, such as the size of charge and the depth of detonation relative to 

the axis of the sound channel. The second factor is path differences such as distance, 

sound speed profile, and topographical interference. The third factor is differences due to 

the hydrophone , such as sensitivity, noise, and depth. The problem is to untangle the 

effects of the different factors. Differences at the source mainly affect the shape of the 

Signal, while path differences change signal attenuation and duration. Differences at the 

hydrophone should be constant for the duration of the test. 
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Source differences: As an example, a I 

difference due to the shot affecting the 

shape of the signals can be seen between 

shots 7, 1 and 8. These three shots oc-
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curred at almost exactly the same site, but 

shots 7 and 1 have shapes that tend to­

wards the expected SOFAR shape (a slowly 

increasing amplitude with a large, sharp 

peak just before the signal termination) 

(Urick, 1983; Porter, 1972; Munk, 1974; 

Guthrie, 1972) while the amplitude of shot 8 

increases almost linearly with time up to the 

termination. This difference must be mainly 
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Figure 2-11 Ascension receiver sites 

due to the shot since the paths and hydrophones are the same for all three shots. Chapter 

3 will show that the size of the peak is determined by the source and receiver depths 

relative to the sound channel axis. 

Path differences: The path usually changes with both the shot and the hydrophone. 

However, with the help of topographical plots, it is possible to identify some of the topog­

raphical features affecting the signals. For example, Figure 2-11 shows that hydrophones 

23, 24, and 22 are almost in line for the shot signals, particularly for the more northeasterly 

shots. These three hydrophones share 

almost identical paths up to h23, yet there is 

a considerable difference in the amplitude of 

the received signals. This difference must be 

due to topographic interference encountered 

in the short shallow section of path after the 

signals pass h23. 

In Figure 2-12, the amplitudes of the re­

ceived signals have been normalised to the 

peak amplitude received at hydrophone 23. 

This shows up an unexpected result -
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Figure 2-12 Hydrophone comparison - h23 
outperforms h22 and h24. 
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2. ATOC-FACT Test 

hydrophone 24 receives less signal than hydrophone 22 although it is closer to hydrophone 

23 and undersea obstacles blocking hydrophone 24 could be expected to also block 

hydrophone 22. It is probable that hydrophone 24 was lacking in sensitivity as compared to 

the other hydrophones, both for this test and for HIFT (Palmer et at., 1994), but the low 

sensitivity might also be due to local topographical screening over a relatively large sub­

tended angle. (Dr. Dave Palmer, who retrieved the signals from Ascension, remarked that 

hydrophone 24 had been noisy for some time.) 

Hydrophone differences: All the hydrophones are reported as being at the same depth, 

800 metres, which is also the depth of the sound channel axis at Ascension. Hydrophone 

depth should therefore not cause any perceptible differences. It is also reasonable to 

assume that the sensitivity of each of the hydrophones was constant for the duration of the 

test. 

2.12. Representative hydrophones 

It seems probable that the signals at hydrophones 22 and 24 are only attenuated replicas of 

the signals at hydrophone 23. To simplify the presentation of results, hydrophone 23 will be 

taken as representative of hydrophones 22 and 24. 

o ~~~~--------------~ 
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Receiver hydrophone 

2.13. Similarity in paths 

The shot sites are spaced out along a 270-

kilometre line running from southwest to 

northeast. However, shots 5 and 6 are 

within 4.6 kilometres of each other and 

shots 1, 7, and 8 are within 2.7 kilometres 

of each other. The positions are plotted in 

Figures 2-2 and 2-11 while distances 

between sources and hydrophones are 

given in Table A-3 in the appendix. As with 

the hydrophones that lie on the same Figure 2-13 Normalised signals compared to 
h30 bearing. one would expect similar results 

from shots with the same tracks once the differences in the shot amplitude and other source 

differences have been discounted. 
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3. Refracted Arrival Waveforms 
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Figure 3-1 The sound speed profile at 
Ascension Island 

Figure 3-3 Ray-trace model for 150 km. 

The sound speed profile at Ascension is shown in Figure 3-1 together with the canonical 

profile fitted to the point values. The Munk canonical profile equation (Munk, 1974; Munk 

and Wunsch, 1978; Munk et al., 1995) and the values assigned for fitting the Ascension 

profile are given below: 

h.y 2· - h- Z- ZA 
( 

Z - Z A 

c(z) := co· 1 + - ' e - 2·-- - 1 
2 , h ...................... .... ...... .. .. .. .............. Equation 3-1 

where 

c(z) is the sound speed in meters per second, 

z is the depth in metres, 

Co is the axial sound speed (1482 meters per second), 

h is the buoyancy scale (576 metres), 

y is the adiabatic temperature gradient (1 .04167 * 10-5 m-\ 

ZA is the axial sound speed (1482 m/s), 

The Munk equation for the sound speed profile will be used in both a ray trace and a normal 

mode model to show the effect of source depth and undersea obstructions. 
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Ascension Island 

Figure 3-3 Ray-trace model for 150 km. 

The sound speed profile at Ascension is shown in Figure 3-1 together with the canonical 

profile fitted to the point values. The Munk canonical profile equation (Munk, 1974; Munk 

and Wunsch, 1978; Munk et al .. 1995) and the values assigned for fitting the Ascension 

profile are given below: 

2___ Z z 

[ 

z - zA 
h'T I h - A 

c( z) .", co' 1 ~ - e - 2 __ - 1 
2 h .... ............. ,_, .. ,_ ... , .. , ..... , . .. , .. , .. Equation 3-1 

where 

c(z) is the sound speed in meters per second, 

z is the depth in metres, 

Co is the axial sound speed (1482 meters per second). 

h is the buoyancy scale (576 metres). 

'Y is the adiabatic temperature gradient (1 .04167.10.5 m"), 

ZA is the axial sound speed (1482 m/s) , 

The Munk equation for the sound speed profile will be used in both a ray trace and a normal 

mode model to show the effect of source depth and undersea obstructions. 
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Figure 3-3 Ray-trace model for 150 km, 

The sound speed profile at Ascension is shown in Figure 3-1 together with the canonical 

profile fitted to the point values. The Munk canonical profile equation (Munk. 1974; Munk 

and Wunsch, 1978; Munk et al .. 1995) and the values assigned for fitting the Ascension 

profile are given below: 

2.__ z z h,! I h - A l ' - 'A 
c( z) '", co' 1 ... - e - 2 __ - 1 

2 h ........................... , ............. ,. ___ , ..... Equation 3-1 

where 

c(z) is the sound speed in meters per second, 

z is the depth in metres, 

Co is the axial sound speed (1482 meters per second). 

h is the buoyancy scale (576 metres). 

y is the adiabatic temperature gradient (1 .04187 '"10.5 m"), 

ZA is the axial sound speed (1482 mls) , 

The Munk equation for the sound speed profite will be used in both a ray trace and a normal 

mode model to show the effect of source depth and undersea obstructions. 
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3. Refracted Arrival Waveforms 

3.2. Ray trace modelling 

Ray tracing is an intuitive method that gives good results in most cases. It is generally the 

first model applied to an acoustic transmission problem and more complex models are only 

used if ray tracing proves inadequate. It unfortunately does not give true results in areas 

where there is no direct path, that is, ray tracing predicts zero intensity in shadow zones 

where, in practice, a Signal may be present. In addition, it can predict unrealistically high 

intensities in areas where rays converge and cross. The ray tracing results shown here 

were obtained with the Bowlin "Ray" program (Bowlin, 1994) and with modifications of a 

simple ray code in Matlab (Porter, 1994). 
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Figure 3-5 Ray termination depth vs. launch 
angle. 

3.3. Axial source 

Figure 3-7 Ray arrival timefront 

Figure 3-2 shows the paths traced by selected rays over 150 km. This type of graph gives a 

good picture of the source to receiver relationship, but for longer ranges it contains a great 

deal of repetition. An alternative, summary view of an input-output relationship given in 

Figure 3-3, shows the depth of the ray at the termination range as a function of launch 

angle. Another summary view, focusing on the characteristics at the receiver, is shown in 

Figure 3-4. This summary view is called the timefront and shows the ray termination depth 

plotted against the travel time of the signal. This graph is particularly useful in constructing 

arrival waveforms. 
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Figure 3-2 shows the paths traced by selected rays over 150 km. This type of graph gives a 

good picture of the source to receiver relationship , but for longer ranges it contains a great 

deal of repetition. An altemative, summary view of an input-output relationship given in 

Figure 3-3, shows the depth of the ray at the termination range as a function of launch 

angle. Another summary view, focusing on the characteristics at the receiver, is shown in 

Figure 3-4. This summary view is called the timetront and shows the ray tennination depth 

plotted against the travel time of the signal. This graph is particularly useful in constructing 

arrival waveforms. 
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3.2. Ray trace modelling 

Ray tracing is an intuitive method that gives good results in most cases. It is generally the 

first model applied to an acoustic transmission problem and more complex models are only 

used if ray tracing proves inadequate. It unfortunately does not give true results in areas 

where there is no direct path, that is, ray tracing predicts zero intensity in shadow zones 

where, in practice, a signal may be present. In addition, it can predict unrealistically high 

intensities in areas where rays converge and cross. The ray tracing results shown here 

were obtained with the Bowlin "Ray~ program (Bowlin, 1994) and with modifications of a 

simple ray code in MaUab (Porter. 1994). 
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Figure 3-2 shows the paths traced by selected rays over 150 km. This type of graph gives a 

good picture of the source to receiver relationship , but for longer ranges it contains a great 

deal of repetition. An altemative, summary view of an input-output relationship given in 

Figure 3-3, shows the depth of the ray at the termination range as a function of launch 

angle. Another summary view, focusing on the characteristics at the receiver, is shown in 

Figure 3-4. This summary view is caUed the timefront and shows the ray tennination depth 

plotted against the travel time of the signal. This graph is particularly useful in constructing 

arrival waveforms. 
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Figure 3-9 Ray trace - source at 200 metres. Figure 3-11 The source signal for simulating 
arrival waveforms at 150 km. 

Figures 3-2 to 3-4 are derived from the ray trace model and illustrate some of the properties 

of deep-water transmission: 

• The rays with smaller launch angles stay closer to the sound speed axis, travel 

slower, and arrive later. 

• Conversely, rays with larger launch angles have turning points farther away from 

the sound axis, travel faster, and arrive earlier. 

• For equally spaced launch angles, the density of rays is greatest close to the 

axis. 

• Figure 3-4 shows that a receiver on the axis of the sound channel will intercept 

the slower, later arrivals (the rays with smallest launch angle). If the receiver is 

moved off the axis, the rays launched with smaller angles are not intercepted. 

Stated in terms of arrival times, this means that off-axis receivers do not receive 

the later signals. 

The reciprocity theorem applies to the last pOint. Very simply, the reciprocity theorem states 

that the transmitter and receiver can be interchanged without affecting the received energy. 

This means, for instance, that the results are the same regardless of whether an off-axis 

receiver is used with an axial source or the receiver is off-axis and the source is axial. 
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Figures 3-2 to 3-4 are derived from the ray trace model and illustrate some of the properties 

of deep-water transmission: 

• The rays with smaller launch angles stay closer to the sound speed axis, travel 

slower, and arrive later. 

• Conversely, rays with larger launch angles have tuming points farther away from 

the sound axis, travel faster, and arrive earlier. 

• For equally spaced launch angles, the density of rays is greatest close to the 

axis . 

• Figure 3-4 shows that a receiver on the axis of the sound channel will intercept 

the slower, later arrivals (the rays with smallest launch angle). If the receiver is 

moved off the axis, the rays launched with smaller angles are not intercepted. 

Stated in terms of arrival times, this means that off·axis receivers do not receive 

the later signals. 

The reciprocity theorem applies to the last point. Very simply! the reciprocity theorem states 

that the transmitter and receiver can be interchanged without affecting the received energy. 

This means, for instance, that the results are the same regardless of whether an off-axis 

receiver is used with an axial source or the receiver is off·axis and the source is axial. 
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Figures 3-2 to 3-4 are derived from the ray trace model and illustrate some of the properties 

of deep-water transmission: 

• The rays with smaller launch angles stay closer to the sound speed axis, travel 

slower, and arrive later. 

• Conversely, rays with larger launch angles have tuming points farther away from 

the sound axis, travel faster, and arrive earlier. 

• For equally spaced launch angles, the density of rays is greatest close to the 

axis. 

• Figure 3-4 shows that a receiver on the axis of the sound channel will intercept 

the slower, later arrivals (the rays with smallest launch angle). If the receiver is 

moved off the axis, the rays launched with smaller angles are not intercepted. 

Stated in terms of arrival times, this means that off·axis receivers do not receive 

the later signals. 

The reciprocity theorem applies to the last point. Very simply! the reciprocity theorem states 

that the transmitter and receiver can be interchanged without affecting the received energy. 

This means, for instance, that the results are the same regardless of whether an off-axis 

receiver is used with an axial source or the receiver is off·axis and the source is axial. 
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It follows from the points above (and Figure 3-4) that the first arrivals are widely spaced in 

time while the later arrivals are increasingly closely clustered. This increasing density of rays 

resulting in a peak with an abrupt termination (corresponding to the arrival of the slowest 

energy travelling close to the sound channel axis) is often called the "SOFAR crescendo". 
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Figure 3-13 Effect of source depth on the 
shape of the received signal. 

3.4. Trapped energy 
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Figure 3-15 Sound speed profile and group 
speed for Ascension. 

An inherent feature of the model is that rays with small launch angles are trapped in the 

sound channel. Rays with launch angles of greater than about 12 degrees (for this SSP) 

escape from the channel and are reflected and absorbed at the surface and bottom. If the 

sound speed profile were to change gradually, either by varying the depth of the axis or by 

compression or expansion of the channel depth, the rays would still be trapped in the new 

channel, except for losses at the extreme angles. 

3.5. Source off the sound axis - ray trace model 

The way in which the sound rays travel can be further illustrated by considering a source 

above the axis at a depth of 200 metres. Figure 3-5 shows that the rays for the off-axis 

source are simply a selection of the rays shown previously in Figure 3-2. The rays with 

upper vertices deeper than the source are missing in Figure 3-5, creating a dead band 

around the sound channel axis, in which there are no turning points. This means that the 

rays closer to the axis (later arrivals) are missing, causing the final peak in the arrival 

waveform to be truncated. 
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An inherent feature of the model is that rays with small launch angles are trapped in the 

sound channel. Rays with launch angles of greater than about 12 degrees (for this SSP) 

escape from the channel and are reflected and absorbed at the surface and bottom. If the 

sound speed profile were to change gradually, either by varying the depth of the axis or by 

compression or expansion of the channel depth, the rays would still be trapped in the new 

channel , except for losses at the extreme angles. 

3.5. Source off the sound axis - ray trace model 

The way in which the sound rays travel can be further illustrated by considering a source 

above the axis at a depth of 200 metres. Figure 3-5 shows that the rays for the off-axis 

source are simply a selection of the rays shown previously in Figure 3-2. The rays with 

upper vertices deeper than the source are missing in Figure 3-5 , creating a dead band 

around the sound channel axis, in which there are no turning points. This means that the 

rays closer to the axis (later arrivals) are missing, causing the final peak in the arrival 

waveform to be truncated. 
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An inherent feature of the model is that rays with small launch angles are trapped in the 

sound channel. Rays with launch angles of greater than about 12 degrees (for this SSP) 

escape from the channel and are reflected and absorbed at the surface and bottom. If the 

sound speed profile were to change gradually, either by varying the depth of the axis or by 

compression or expansion of the channel depth, the rays would still be trapped in the new 

channel , except for losses at the extreme angles. 

3.5. Source off the sound axis - ray trace model 

The way in which the sound rays travel can be further illustrated by considering a source 

above the axis at a depth of 200 metres. Figure 3-5 shows that the rays for the off-axis 

source are simply a selection of the rays shown previously in Figure 3-2. The rays with 

upper vertices deeper than the source are missing in Figure 3-5 , creating a dead band 

around the sound channel axis, in which there are no turning points. This means that the 

rays closer to the axis (later arrivals) are missing, causing the final peak in the arrival 

waveform to be truncated. 
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3.6. Arrival waveforms modelled at 150 km. 

Figure 3-6 (grey trace) shows the source waveform to be used in a model calculating arrival 

waveforms for a 150 km path. The upper trace (black) is the positive envelope of the signal. 

The positive envelope is a convenient and compact way of showing signal shape and will 

be used for the arrival waveforms. The way in which the energy at the trailing edge of the 

signal is progressively attenuated with the source farther off-axis is shown in Figure 3-7. 

The zero point on the time scale of Figure 3-7 represents the instant when the start of the 

axial signal arrives at the receiver. The 200 milliseconds of signal after this is the duration of 

the source signal. The signals in Figure 3-7 were synthesised using the normal mode 

model. This model will be discussed in a later section of this chapter. 

3.7. Delay as a function of turning point depth. 

It is clear from the discussion above, that rays with deeper turning points travel more rapidly 

and form the early part of the arrival waveform. This relationship between turning point 

depth and arrival time for the canonical sound speed is quantified in the equations below. 

Equations 3-2 and 3-3 define group slowness (the reciprocal of group speed) as a function 

of the sound slowness at the ray turning point depth. These equations are from page 108 

and 109 of Munk, et al., (1995) . 

4\ 
$ p(Z) 1 

48 I 
Sg(Z) := SA' 1 -r-h· 2 

$ p(z) 
1+--

12 ..... .. ............. . ... . ... ... ........ ............................... . Equation 3-2 
where 

$ p(z) := 
( 

2 2 
_1_. S A-Sp( z) 

(r-h) S 2 
, A .... ...... .... ..... ..... .. .............................................. Equation 3-3 

Figure 3-8 shows the sound speed profile and the group speed calculated using the equa­

tions above. In this context, the group speed is simply the average speed of energy with a 

particular turning point depth. Since the energy has to transit through regions of lower 

sound speed it follows that the group speed has to be slower than the turning point speed, 

except for the limiting case of the axial ray when the turning point is on the axis. Once the 

group speed has been calculated, the delay is obtained by dividing the group speed by 
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3.6. Arrival waveforms modelled at 150 km. 

Figure 3-6 (grey trace) shows the source waveform to be used in a model calculating arrival 

waveforms for a 150 km path. The upper trace (black) is the positive envelope of the signal , 

The positive envelope is a convenient and compact way of showing signal shape and will 

be used for the arriva l waveforms. The way in which the energy at the trailing edge of the 

signal is progressively attenuated with the source farther off-axis is shown in Figure 3-7. 

The zero point on the time scale of Figure 3-7 represents the instant when the start of the 

axial signal arrives at the receiver. The 200 milliseconds of signal after this is the duration of 

the source signal. The signals in Figure 3-7 were synthesised using the normal mode 

model. This model will be discussed in a later section of this chapter. 

3.7. Delay as a function of turning point depth. 

It is clear from the discussion above, that rays with deeper turning points travel more rapidly 

and form the earty part of the arrival waveform. This relationship between turning point 

depth and arrival time for the canonical sound speed is quantified in the equations below. 

Equations 3-2 and 3-3 define group slowness (the reciprocal of group speed) as a function 

of the sound slowness at the ray tuming point depth. These equations are from page 108 

and 109 of Munk. ef ., .• (1995) . 
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Figure 3-8 shows the sound speed profile and the group speed calculated using the equa­

tions above. In this context. the group speed is simply the average speed of energy with a 

particular turning point depth. Since the energy has to transit through regions of lower 

sound speed it follows that the group speed has to be slower than the turning point speed, 

except for the limiting case of the axial ray when the turning point is on the axis. Once the 

group speed has been calculated, the delay is obta ined by dividing the group speed by 
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3.6. Arrival waveforms modelled at 150 km. 

Figure 3~6 (grey trace) shows the source waveform to be used in a model calculating arrival 

waveforms for a 150 km path. The upper trace (black) is the positive envelope of the signal , 

The positive envelope is a convenient and compact way of showing signal shape and will 

be used for the arriva l waveforms. The way in which the energy at the trail ing edge of the 

signal is progressively attenuated with the source farther off-axis is shown in Figure 3-7. 

The zero pOint on the time scale of Figure 3-7 represents the instant when the start of the 

axial signal arrives at the receiver. The 200 milliseconds of signal after this is the duration of 

the source signal. The signals In Figure 3-7 were synthesised using the nonnal mode 

model. This model will be discussed in a later section of this chapter. 

3.7. Oelay as a function of turning point depth. 

It is clear from the discussion above, that rays with deeper turning pOints travel more rapidly 

and fonn the early part of the arrival wavefonn. This relationship between turning point 

depth and arrival time for the canonical sound speed is quantified in the equations below. 

Equations 3-2 and 3-3 define group slowness (the reciprocal of group speed) as a function 

of the sound slowness at the ray tuming paint depth. These equations are from page 108 

and 109 of Munk. ef ., .• (1995) . 
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Figure 3-8 shows the sound speed profile and the group speed calculated using the equa­

tions above. In this context, the group speed is simply the average speed of energy with a 

particular turning point depth. Since the energy has to transit through regions of lower 

sound speed it follows that the group speed has to be slower than the turning point speed, 

except for the limiting case of the axial ray when the turning point is on the axis. Once the 

group speed has been calculated, the delay is obtained by dividing the group speed by 
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range, as has been done for Figure 3-9. The arrival time of the axial ray is used as the 

reference on the time axis. 
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Figure 3-17 The relationship between depth and delay. 
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Figure 3-19 Effects of off-axis source and sea-floor obstructions. 

Figure 3-9 shows that an off-axis source will have a dead band in depth, that is, a range of 

depth above and below the axis in which there are no turning points. At the receiver, this 

depth range is converted into an equivalent dead band in time of arrival. The dead band 

depth extends from the shallow source through the sound channel axis down to the source 

sound speed profile conjugate depth. (The SSP conjugate depth is the depth of the closest 

turning point of the rayon the opposite side of the sound channel axis.) In Figure 3-9 the 

source depth is - 200 metres and the conjugate depth is - 2500 metres. The time dead band 
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Figure 3~9 shows that an off-axis source will have a dead band in depth, that is, a range of 

depth above and below the axis in which there are no turning points. At the receiver, this 

depth range is converted into an equivalent dead band in time of arrival. The dead band 

depth extends from the shallow source through the sound channel axis down to the source 

sound speed profile conjugate depth. (The SSP conjugate depth is the depth of the closest 

turning point of the rayon the opposite side of the sound channel axis.) In Figure 3-9 the 

source depth is - 200 metres and the conjugate depth is - 2500 metres. The time dead band 
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Figure 3-9 shows that an off-axis source will have a dead band in depth, that is, a range of 

depth above and below the axis in which there are no turning points. At the receiver, this 

depth range is converted into an equivalent dead band in time of arrival. The dead band 

depth extends from the shallow source through the sound channel axis down to the source 

sound speed profile conjugate depth. (The SSP conjugate depth is the depth of the closest 

turning point of the rayon the opposite side of the sound channel axis.) In Figure 3-9 the 

source depth is - 200 metres and the conjugate depth is - 2500 metres. The time dead band 
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An important difference between the ray trace and normal mode models is that the normal 

mode model accounts for the frequency of the waveform, whereas the raytrace model 

assumes a high frequency. The shape of the mode is affected by the frequency; the longer 

the wavelength, the farther the mode will extend above and below the sound axis. It follows 

that the normal mode model exhibits both modal and frequency dispersion - the higher 

modes and longer wavelengths travel faster. 

3.9. Mode arrival times - normal mode model 

Applying the normal mode model to the example used for the ray-trace model above and 

taking the envelope of the source signal to be a half sine with duration 200 milliseconds, as 

Page 33 

SOFAR Signal Shaping 

3. Refracted Arrival Waveforms 

0.2 

Sum of all modes~ 

0.15 • .::~\ 1\ 
-

• , .. 0. ' • M::~~ 
O.OS 41-50 

./ ./ ~'\. 
0 " .. '" 0 '" T UD~ U1 _ond. 

Figure 3-25 Contnbutlon of groups of modes 
- source on-axis. 

581012 14 
Rfr9o!(I1I) llO' 

Figure 3-29 Mode intensity - Source at 800m 

'''' , 
Sum of all modes 

0.(4 ) ~"'~31~ 

• Modes 21-JO , 
"- om • 

~ 
Modes 41<0 

O.OlS 

Modes ' ·20 

0 
J , 

-... "., , 0.' 

T "". on s<C<)Qds 

Figure 3-27 Contnbutlon of groups of modes 
- source off-axis. 

NoJIIlIaIIOOde~ 

'" • 
Figure 3-31 Mode intensity - Source at 200 

metres 

An important difference between the ray trace and normal mode models is that the normal 

mode model accounts for the frequency of the waveform, whereas the raytrace model 

assumes a high frequency. The shape of the mode is affected by the frequency; the longer 

the wavelength, the farther the mode will extend above and below the sound axis. It follows 

that the normal mode model exhibits both modal and frequency dispersion - the higher 

modes and longer wavelengths travel faster. 

3.9. Mode arrival times - nonnal mode model 

Applying the normal mode model to the example used for the ray-trace model above and 

taking the envelope of the source signal to be a half sine with duration 200 milliseconds, as 
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An important difference between the ray trace and normal mode models is that the normal 

mode model accounts for the frequency of the waveform , whereas the raytrace model 

assumes a high frequency. The shape of the mode is affected by the frequency; the longer 

the wavelength, the farther the mode will extend above and below the sound axis. It follows 

that the normal mode model exhibits both modal and frequency dispersion - the higher 

modes and longer wavelengths travel faster. 

3.9. Mode arrival times - nonnal mode model 

Applying the normal mode model to the example used for the ray-trace model above and 

taking the envelope of the source signal to be a half sine with duration 200 milliseconds, as 
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3. Refracted Arrival Waveforms 
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Figure 3-33 Normal mode synthesised arrival Figure 3-35 Recorded arrival waveforms for 
waveforms shots 7, 8 and 1 

As stated in Chapter 2 under the heading of source differences, shots 7, 1, and 8 have a 

common path and differences in shape must be due to differences at the source. It was 

also shown (Table 2-1) that the shots occurred at different depths. It should now be possi­

ble to compare these shots to the prediction by using Figure 3-17. For this comparison, 

Figure 3-18 shows the envelopes of the selected best recordings for each of shots 7, 1, and 

8. The amplitudes have been adjusted to account for the different mass of explosive charge 

per shot so that peak values in the graph can be compared . The best estimate of the depth 

of the source is indicated on each trace. Figures 3-17 and 3-18 are each normalised to the 

largest peak in the figure so that the amplitudes between the figures cannot be compared, 

but only the shapes. 

The shapes of shots 7, 1 and 8 appear to fit with the predicted pattern of reducing ampli­

tude with increasing distance off-axis, insofar as it is possible to judge with just three shots 

of which the first two are close in depth. A more precise comparison will be done in a later 

chapter. However, the shape of the waveform before the peak is not a good match. This is 

a sign of reality being more complex than the simple model. Some of this complexity will be 

explored in later chapters. 
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As stated in Chapter 2 under the heading of source differences, shots 7, 1, and B have a 

common path and differences in shape must be due to differences at the source. It was 

also shown (Table 2-1) that the shots occurred at different depths. It should now be possi­

ble to compare these shots to the prediction by using Figure 3-17. For this comparison, 

Figure 3-18 shows the envelopes of the selected best recordings for each of shots 7, 1, and 

8. The amplitudes have been adjusted to account for the different mass of explosive charge 

per shot so that peak values in the graph can be compared. The best estimate of the depth 

of the source is indicated on each trace. Figures 3-17 and 3-18 are each normalised to the 

largest peak in the figure so that the amplitudes between the figures cannot be compared, 

but only the shapes. 

The shapes of shots 7, 1 and 8 appear to fit with the predicted pattern of reducing ampli­

tude with increasing distance off-axis, insofar as it is possible to judge with just three shots 

of which the first two are close in depth. A more precise comparison will be done in a later 

chapter. However, the shape of the waveform before the peak is not a good match. This is 

a sign of reality being more complex than the simple model. Some of this complexity will be 

explored in later chapters. 
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As stated in Chapter 2 under the heading of source differences, shots 7, 1, and B have a 

common path and differences in shape must be due to differences at the source. It was 

also shown (Table 2-1) that the shots occurred at d~ferent depths. It should now be possi­

ble to compare these shots to the prediction by using Figure 3-17. For this comparison, 

Figure 3-18 shows the envelopes of the selected best recordings for each of shots 7, 1, and 

8. The amplitudes have been adjusted to account for the different mass of explosive charge 

per shot so that peak values in the graph can be compared. The best estimate of the depth 

of the source is indicated on each trace. Figures 3-17 and 3-18 are each normalised to the 

largest peak in the figure so that the amplitudes between the figures cannot be compared, 

but only the shapes. 

The shapes of shots 7. 1 and 8 appear to fit with the predicted pattern of reducing ampli­

tude with increasing distance off-axis, insofar as it is possible to judge with just three shots 

of which the first two are close in depth. A more precise comparison will be done in a later 

chapter. However, the shape of the waveform before the peak is not a good match. This is 

a sign of reality being more complex than the simple model. Some of this complexity will be 

explored in later chapters. 
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4. Topographical Interference And Signal Amplitudes 
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Figure 4-1 Shot track margins over Walvis ridge. 
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Figure 4-3 Signal paths at St Helena. 

7 

The final shallow area at seamount Grattan, close to Ascension Island, is shown in Figure 

4-3. This peak intercepts a number of the tracks. The outermost tracks, such as S2h23 and 

S1 h29 are not obstructed while the innermost tracks such as S2h30 and S'I h23 are blocked 

by a peak reaching almost to the surface (72 metres). 
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The final shallow area at seamount Grattan, close to Ascension Island, is shown in Figure 

4-3. This peak intercepts a number of the tracks. The outermost tracks. such as S2h23 and 

S 1 h29 are not obstructed while the innermost tracks such as S2h30 and 81 h23 are blocked 

by a peak reaching almost to the surface (72 metres). 
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7 

The final shallow area at seamount Grattan, close to Ascension Island, is shown in Figure 

4-3. This peak intercepts a number of the tracks. The outermost tracks, such as S2h23 and 

S 1 h29 are not obstructed while the innermost tracks such as S2h30 and 81 h23 are blocked 

by a peak reaching almost to the surface (72 metres). 
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4. Topographical Interference And Signal Amplitudes 

In summary, the paths of the signals from 

the more southwesterly shots such as S2 

are not blocked on the way to the more 

southwesterly hydrophone, h23. Similarly, 

the tracks from the northeasterly shots, 

such as S 1, are not blocked on the way to 

the northeasterly hydrophones, h30 and 

h29. Tracks crossing from northeasterly 

shots to southwesterly hydrophone are 

intercepted by Grattan. Similarly, the tracks 

crossing from southwesterly hydrophones to 

northeasterly hydrophones are intercepted. 

Seamount Bonaparte blocks some rays 
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Figure 4-5 Signal paths at Seamount Grattan 

from shot S4 and S7 while allowing rays from the outer shots to pass. 

4.2. Profiles 

Along-track profiles give a different perspective. Figures 4-4 to 4-8 show the deep trough 

(5000 metres) on either side of Walvis ridge, the 4000-metre plateau at seamount Bona­

parte, and the 3000-metre plateau from which seamount Grattan rises, just short of Ascen­

sion Island. These figures show that the topography is shallow enough to interfere with the 

signals only in a few small areas. In addition, a small change in the signal track can result in 

a very different profile, due to the small width of interfering seamounts such as Bonaparte 

and Grattan. 

The profiles below are constructed using intersections with contour lines only. There is no 

interpolation between depths. This results in a somewhat crude graph and a loss of the 

information that is usually read implicitly (by interpolation) by the viewer of contour maps. 
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from shot 84 and 87 while allowing rays from the outer shots to pass. 

4.2. Profiles 

Along-track profiles give a different perspective. Figures 4-4 to 4-8 show the deep trough 

(5000 metres) on either side of Walvis ridge, the 4000-metre plateau at seamount Bona­

parte, and the 3000-metre plateau from which seamount Grattan rises, just short of Ascen­

sion Island . These figures show that the topography is shallow enough to interfere with the 

signals only in a few small areas. In addition, a small change in the Signal track can result in 

a very different profile, due to the small width of interfering seamounts such as Bonaparte 

and Grattan . 

The profiles below are constructed using intersections with contour lines only. There is no 

interpolation between depths. This results in a somewhat crude graph and a loss of the 

information that is usually read implicitly (by interpolation) by the viewer of contour maps. 

Page 39 

SOFAR Signal Shaping 

4. Topograpbical Interference And Signal Amplitudes 

In summary, the paths of the signals from 

the more southwesterly shots such as 82 

are not blocked on the way to the more 

southwesterly hydrophone. h23. Similarly. 

the tracks from the northeasterly shots, 

such as S 1, are not blocked on the way to 

the northeasterly hydrophones. h30 and 

h29. Tracks crossing from northeasterly 

shots to southwesterly hydrophone are 

intercepted by Grattan. Similarly, the tracks 

crossing from southwesterly hydrophones to 

r" SS~3 521'129 

, " -9.6 " \..,, 

:.... ,, 51h29 
511'1",,", ... 

S1h21 '" , , ~'C, , 
" -0 -9.7 
2 
j 

-9.8 

-9.9 
-13.0 

, 
I ' 

-12.9 

I 

-12.8 

Longitude 
---

, . , , , , , 

, 
" , " , 

'~\:j. 
I . 

-12.7 

Figure 4-5 Signal paths at Seamount Grattan 
northeasterly hydrophones are intercepted. 

Seamount Bonaparte blocks some rays 

from shot 84 and 87 while allowing rays from the outer shots to pass. 

4.2. Profiles 

Along-track profiles give a different perspective. Figures 4-4 to 4-8 show the deep trough 

(5000 metres) on either side of Walvis ridge, the 4000-metre plateau at seamount Bona­

parte, and the 3000-metre plateau from which seamount Grattan rises, just short of Ascen­

sion Island . These figures show that the topography is shallow enough to interfere with the 

signals only in a few small areas. In addition, a small change In the Signal track can result in 

a very different profile. due to the small width of interfering seamounts such as Bonaparte 

and Grattan . 

The profiles below are constructed using intersections with contour Hnes only. There is no 

interpolation between depths. This results in a somewhat crude graph and a loss of the 

information that is usually read implicitly (by interpolation) by the viewer of contour maps. 
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Figure 5-3 Axial and off-axis sources with 
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Up to now, the assumption has been that only refracted rays need be considered, that is, all 

rays encountering the sea-floor are assumed to be totally absorbed. This is a valid assump­

tion for rays travelling long distances over a flat sea-floor, since a ray that reaches a reflect­

ing surface will thereafter be reflected repeatedly and will be attenuated to negligible 

amplitude by reflection losses. Such conditions are discussed by Bryan, et a/., (1963). 

However, a narrow ridge or a steep seamount may re-direct a ray with only a few reflections 

so that reflected energy of significant amplitude arrives at the receiver. The way in which 

this happens will be investigated later in this chapter. 

5.2. Source conjugate depth compared to ridge depth 

Figure 5-2 shows the effect of a blocking ridge on an off-axis source. The ray transmitted 

horizontally from the source at 1500 metres has its lower turning point at 1500 metres and 

just collides with the obstruction at 1500 metres depth. The horizontal ray, starting from the 

conjugate depth of 410 metres, traces out an inverted path with upper and lower turning 

points at exactly the same depth. If the conjugate depth of the source is greater than the 

ridge depth, all rays from the source will be intercepted by the ridge. In terms of the time 

window, the trailing edge of the window meets the leading edge so that the window is 

closed. If the conjugate depth of the source is less than the depth of the ridge, the less 

steep rays will pass above the ridge. In the time window analogy, the trailing edge is closer 

to its point of origin (the axis of the sound channel) and so the window is open for some 

time. 
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Up to now, the assumption has been that only refracted rays need be considered. that is, all 

rays encountering the sea-floor are assumed to be totally absorbed. This is a valid assump­

tion for rays travelling long distances over a flat sea-floor, since a ray that reaches a reflect­

ing surface will thereafter be reflected repeatedly and will be attenuated to negligible 

amplitude by reflection losses. Such conditions are discussed by Bryan, et al., (1963) . 

However, a narrow ridge or a steep seamount may re-direct a ray with only a few reflections 

so that reflected energy of significant amplitude arrives at the receiver. The way in which 

this happens will be investigated later in this chapter. 

5.2. Source conjugate depth compared to ridge depth 

Figure 5-2 shows the effect of a blocking ridge on an off-axis source. The ray transmitted 

horizontally from the source at 1500 metres has its lower turning point at 1500 metres and 

just collides with the obstruction at 1500 metres depth. The horizontal ray, starting from the 

conjugate depth of 410 metres, traces out an inverted path with upper and lower turning 

pOints at exactly the same depth. If the conjugate depth of the source is greater than the 

ridge depth, all rays from the source will be intercepted by the ridge. In terms of the time 

window, the trailing edge of the window meets the leading edge so that the window is 

closed. If the conjugate depth of the source is less than the depth of the ridge, the less 

steep rays will pass above the ridge. In the time window analogy, the trailing edge is closer 

to its point of origin (the axis of the sound channel) and so the window is open for some 

time. 
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Up to now, the assumption has been that only refracted rays need be considered, that is, all 

rays encountering the sea-floor are assumed to be totally absorbed. This is a valid assump­

tion for rays travelling long distances over a flat sea-floor, since a ray that reaches a reflect­

ing surface will thereafter be reflected repeatedly and will be attenuated to negligible 

amplitude by reflection losses. Such conditions are discussed by Bryan, et al., (1963). 

However, a narrow ridge or a steep seamount may re-direct a ray with only a few reflections 

so that reflected energy of significant amplitude arrives at the receiver. The way in which 

this happens will be investigated later in this chapter. 

5.2. Source conjugate depth compared to ridge depth 

Figure 5-2 shows the effect of a blocking ridge on an off-axis source. The ray transmitted 

horizontally from the source at 1500 metres has its lower turning point at 1500 metres and 

just collides with the obstruction at 1500 metres depth. The horizontal ray , starting from the 

conjugate depth of 410 metres, traces out an inverted path with upper and lower turning 

paints at exactly the same depth. If the conjugate depth of the source is greater than the 

ridge depth, all rays from the source will be intercepted by the ridge. In terms of the time 

window, the trailing edge of the window meets the leading edge so that the window is 

closed. If the conjugate depth of the source is less than the depth of the ridge, the less 

steep rays will pass above the ridge. In the time window analogy, the trailing edge is closer 

to its point of origin (the axis of the sound channel) and so the window is open for some 

lime. 
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5.3. Comparing observed signal shape with the normal mode prediction 

Figure 5-3 compares the envelope of the signal received from shot 7 at hydrophone 30, and 

the normal mode synthesised signal for a bottom depth of 3500 metres, the sound channel 

axis at 800 metres, and a source depth of 600 metres. The curves are normalised to their 

peak values. The peak shape and widths are in good agreement but the shape of the rest 

of the received signal is rather different, showing a gradual start and steady slope in com­

parison to the step at the leading edge and plateau of the synthesised signals. This mis­

match in shape supports the idea that the early part of the signal consists of reflected rays. 

The S7h30 peak is in the direct ray window and must consist almost entirely of refracted 

rays while the long slope up to the peak must be the sum of reflected rays. The way in 

which reflected rays could reach the source is investigated below. The signal synthesised 

for a source depth of 600 metres provides the closest match to the observed signal despite 

the measured source depth being 765 metres. The reasons for this mismatch will become 

clear in the next chapter. 

5.4. Ray trace model of reflected rays 

A ray trace model (Bowlin, 1994) was used to investigate the behaviour of reflected rays. 

The model traces refracted and reflected rays, searches for eigenrays, and stores summary 

results. Typical graphs obtainable from the output data are shown in Figures 5-4 to 5-8. For 

simplicity, the sound speed profile at Ascension was taken as being representative of the 

Page 48 

SOFAR Signal Shaping 

5. Off-Axis Sources, Obstructions And Reflections 

" " ~ 
Q. 

1.0 -,---------,----, 

1=:::1 
~ 05 .. 
" '" iii 

0.0 .I.C~ 
·12 ·10 -8 -6 ·4 ·2 0 2 

Time in seconds 

Figure 5-5 Normal mode (800 m axis) and 
recorded envelope. 

800 

1600 
c: 
·0 
0.2400 

'" " 
~ 3200 -1;; 
~ 4000 
~ 
~ 
c 

4800 

·10 

+ 12-21 Bonks 
o 6-11 Bonks 

1-4 Bonks 
X 0 Bonks 

-5 

a 

+ 

o 
Arrival time re axial for 57 at h30 

Figure 5-7 Time-front showing direct and 
reflected ray end points. 

5.3. Comparing observed signal shape with the normal mode prediction 

Figure 5-3 compares the envelope of the signal received from shot 7 at hydrophone 30, and 

the normal mode synthesised signal for a bottom depth of 3500 metres, the sound channel 

axis at 800 metres, and a source depth of 600 metres. The curves are normalised to their 

peak values. The peak shape and widths are in good agreement but the shape of the rest 

of the received signal is rather different, showing a gradual start and steady slope in com­

parison to the step at the leading edge and plateau of the synthesised signals. This mis­

match in shape supports the idea that the ear1y part of the signal consists of reflected rays. 

The S7h30 peak is in the direct ray window and must consist almost entirely of refracted 

rays while the long slope up to the peak must be the sum of reflected rays. The way in 

which reflected rays could reach the source is investigated below. The signal synthesised 

for a source depth of 600 metres provides the closest match to the observed signal despite 

the measured source depth being 765 metres. The reasons for this mismatch will become 

clear in the next chapter. 

5.4. Ray trace model of reflected rays 

A ray trace model (Bowlin. 1994) was used to investigate the behaviour of reflected rays. 

The model traces refracted and reflected rays, searches for eigenrays, and stores summary 

results. Typical graphs obtainable from the output data are shown in Figures 5-4 to 5-8. For 

simplicity. the sound speed profile at Ascension was taken as being representative of the 
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Figure 5-3 compares the envelope of the signal received from shot 7 at hydrophone 30, and 

the normal mode synthesised signal for a bottom depth of 3500 metres, the sound channel 

axis at 800 metres, and a source depth of 600 metres. The curves are normalised to their 

peak values. The peak shape and widths are in good agreement but the shape of the rest 

of the received signal is rather different, showing a gradual start and steady slope in com­

parison to the step at the leading edge and plateau of the synthesised signals. This mis­

match in shape supports the idea that the ear1y part of the signal consists of reflected rays. 

The S7h30 peak is in the direct ray window and must consist almost entirely of refracted 

rays while the long slope up to the peak must be the sum of reflected rays. The way in 

which reflected rays could reach the source is investigated below. The signal synthesised 

for a source depth of 600 metres provides the closest match to the observed signal despite 

the measured source depth being 765 metres. The reasons for this mismatch will become 

clear in the next chapter. 

5.4. Ray trace model of reflected rays 

A ray trace model (Bowlin, 1994) was used to investigate the behaviour of reflected rays. 

The model traces refracted and reflected rays, searches for eigenrays, and stores summary 

results. Typical graphs obtainable from the output data are shown in Figures 5-4 to 5-8. For 

simplicity, the sound speed profile at Ascension was taken as being representative of the 

Page 48 



Univ
ers

ity
 of

 C
ap

e T
ow

n

SOFAR Signal Shaping 

5. Off-Axis Sources, Obstructions And Reflections 

whole area. Figure 5-5 shows the entire path in profile. The bathymetry used for these plots 

is derived from the GEBCO Digital Atlas on CORaM. The contour interval of these charts 

for deep water is usually 500 to 1000 metres and the distance between adjacent points on 

contour lines can be as close as 1500 metres. The distance between the source and the 

receiver is 4.4 Mm. 
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Figure 5-9 Bathymetry of the Cape Town to Ascension path for 87 to h30 
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Figure 5-15 Eigenrays at the Ascension receiver 

Figures 5-7 and 5-8 and Table 5-1, show that the depth of the ray turning points are con­

siderably changed by being reflected off Walvis Ridge. Rays are converted both to steeper 

(the - 5.5 seconds ray) and less steep (both the - 5.24 and - 4.60 seconds rays) angles at 

Walvis Ridge. The - 4.6 seconds ray is also converted from a potentially very steep ray to a 

much less steep ray by reflections at the source. If a reflection coefficient of 0.7 at low 

angles of incidence were assumed, the final ray amplitude would still be 0.08 to 0.2 times 

the amplitude before reflection. Since there are many of these reflected rays and their 

amplitudes could add, the final amplitude may be comparable to the sum of the direct rays. 

5.6. Comparison of arrival times of direct and reflected rays 

In Figure ~-4 it can be seen that the first reflected rays occur at about 1.1 second, corre­

sponding to a turning or reflection depth of about 1650 metres, which is about the same 

depth as the highest peaks of Walvis Ridge. The deepest ray to get through without reflec­

tion has a turning point at 1850 metres, corresponding to a delay time of 2.3 seconds. 

In Figure 5-3, the amplitude of the received signal deviates from the theoretical at 1.5 

seconds. This suggests that the energy of the reflected rays is mainly received before 1.5 

seconds. The distribution of the scattered points in Figure 5-4 agrees with this - particularly 

those points that have been reflected 1 to 11 times and which should have the largest 

amplitudes. There is a paucity of points earlier than 6 seconds in Figure 5-4 that does not 

agree with the waveshape of Figure 5-3. 
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Figures 5-7 and 5-8 and Table 5-1, show that the depth of the ray turning pOints are con­
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Walvis Ridge. The - 4.6 seconds ray is also converted from a potentially very steep ray to a 

much less steep ray by reflections at the source. If a reflection coefficient of 0.7 at low 

angles of incidence were assumed, the final ray amplitude would still be 0.08 to 0.2 times 

the amplitude before reflection. Since there are many of these reflected rays and their 

amplitudes could add, the final amplitude may be comparable to the sum of the direct rays. 
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sponding to a turning or reflection depth of about 1650 metres. which is about the same 

depth as the highest peaks of Walvis Ridge. The deepest ray to get through without reflec­

tion has a turning point at 1850 metres, corresponding to a delay time of 2.3 seconds. 

In Figure 5~3. the amplitude of the received signal deviates from the theoretical at 1.5 

seconds. This suggests that the energy of the reflected rays is mainly received before 1.5 

seconds. The distribution of the scattered paints in Figure 5-4 agrees with this - particularly 

those points that have been reflected 1 to 11 times and which should have the largest 

amplitudes. There is a paucity of points earlier than 6 seconds in Figure 5-4 that does not 

agree with the waveshape of Figure 5-3. 
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Figures 5-7 and 5-8 and Table 5-1, show that the depth of the ray turning pOints are con­

siderably changed by being reflected off Walvis Ridge. Rays are converted both to steeper 

(the· 5.5 seconds ray) and less steep (both the - 5.24 and - 4.60 seconds rays) angles at 

Walvis Ridge. The - 4.6 seconds ray is also converted from a potentially very steep ray to a 

much less steep ray by reflections at the source. If a reflection coefficient of 0.7 at low 

angles of incidence were assumed, the final ray amplitude would still be 0.08 to 0.2 times 

the amplitude before reflection. Since there are many of these reflected rays and their 

amplitudes could add, the final amplitude may be comparable to the sum of the direct rays. 

5.6. Comparison of arrival times of direct and reflected rays 

In Figure 5-4 it can be seen that the first reflected rays occur at about 1.1 second , corre~ 

sponding to a turning or reflection depth of about 1650 metres. which is about the same 

depth as the highest peaks of Walvis Ridge. The deepest ray to get through without reflec­

tion has a turning point at 1850 metres, corresponding to a delay time of 2.3 seconds. 

In Figure 5~3 , the amplitude of the received signal deviates from the theoretical at 1 5 

seconds. This suggests that the energy of the reflected rays is mainly received before 1.5 

seconds. The distribution of the scattered pOints in Figure 5-4 agrees with this - particularly 

those pOints that have been reflected 1 to 11 times and which should have the largest 

amplitudes. There is a paucity of pOints earlier than 6 seconds in Figure 5-4 that does not 

agree with the waveshape of Figure 5-3. 

Page 51 



Univ
ers

ity
 of

 C
ap

e T
ow

n

SOFAR Signal Shaping 

5. Off-Axis Sources, Obstructions And Reflections 

1.0 -,-------------..--, 1.0 -,--------------.,---, 

CD Q) 

"0 "0 
::l ::l <> 
~ 0.5 ~ 

I S7h30 I -'Q. 0.5 - Ray 

E 
oct 

0.0 -+----«~--
-10 -5 

Time 

<0 E 
oct 

o -12 -10 -8 -6 -4 -2 0 2 
Time 

Figure 5-17 Amplitude of rays in time front Figure 5-19 Ray trace synthesis compared to 
recorded signal 

A particular ray arriving at the receiver is identifiable only by arrival time and arrival angle (if 

the receiver can detect angles). It can be seen from Table 5-1 that reflected rays could be 

mistaken for refracted rays although the paths and temperature sampling depths may be 

quite different. This is potentially a problem for A TOC receivers. 

Referring back to Figure 5-3, it shows that the gradual increase in slope above noise level 

of the recorded signal could be caused by the summation of many reflected rays with the 

number of reflections (and hence the loss in reflected ray amplitude) greater for the faster 

rays. The decrease in amplitude of rays with decreased travel time (and an increased 

number of reflections) is illustrated in Figure 5-9. The amplitude of the reflected rays was 

calculated on the assumption that half the en~rgy is lost on each bottom reflection. 

5.7. Ray trace synthesis of arrival waveform 

A subset of the rays making up the time front shown in Figure 5-9 is the eigenrays that 

contribute energy to the arrival waveform. These eigenrays can be compiled into an arrival 

waveform using equation 5-1 . Finding the eigenrays is no easy task, since many eigenrays 

exist if multiple reflections are allowed and since the relationship between ray launch angle 

and arrival depth becomes non-linear (Dushaw, 1998 and Dushaw and Colosi, 1998). For 

the topographical model used here, it is likely that the multiple reflections encountered result 

in ray chaos, so the synthesised arrival waveform may not be a valid prediction. 
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rays. The decrease in amplitude of rays with decreased travel time (and an increased 

number of reflections) is illustrated in Figure 5-9. The amplitude of the reflected rays was 

calculated on the assumption that half the en~rgy is lost on each bottom reflection. 

5.7. Ray trace synthesis of arrival waveform 

A subset of the rays making up the time front shown in Figure 5-9 is the eigenrays that 

contribute energy to the arrival waveform. These eigenrays can be compiled into an arrival 

waveform using equation 5-1 . Finding the eigenrays is no easy task, since many eigenrays 

exist if multiple reflections are allowed and since the relationship between ray launch angle 

and arrival depth becomes non-linear (Dushaw, 1998 and Dushaw and Colosi , 1998). For 

the topographical model used here, it is likely that the multiple reflections encountered result 

in ray chaos, so the synthesised arrival waveform may not be a valid prediction. 
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A particular ray arriving at the receiver is identifiable only by arrival time and arrival angle (if 

the receiver can detect angles). It can be seen from Table 5-1 that reflected rays could be 

mistaken for refracted rays although the paths and temperature sampling depths may be 

quite different. This is potentially a problem for ATOC receivers. 

Referring back to Figure 5-3, it shows that the gradual increase in slope above noise level 

of the recorded signal cou ld be caused by the summation of many reflected rays with the 

number of reflections (and hence the loss in reflected ray amplitude) greater for the faster 

rays. The decrease in amplitude of rays with decreased travel time (and an increased 

number of reflections) is illustrated in Figure 5-9. The amplitude of the reflected rays was 

calculated on the assumption that half the en~rgy is lost on each bottom reflection. 

5.7. Ray trace synthesis of arrival waveform 

A subset of the rays making up the time front shown in Figure 5-9 is the eigenrays that 

contribute energy to the arrival waveform. These eigenrays can be compiled into an arrival 

waveform using equation 5-1 . Finding the eigenrays is no easy task, since many eigenrays 

exist if multiple reflections are allowed and since the relationship between ray launch angle 

and arrival depth becomes non-linear (Dushaw, 1998 and Dushaw and Colosi , 1998). For 

the topographical model used here, it is likely that the multiple reflections encountered result 

In ray chaos, so the synthesised arrival waveform may not be a valid predIction. 
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6. Depth Of The Local Sound Channel Axis 

8 must be the same since the sites were close together. Similarly, the axis depth for shots 5 

and 6 must be the same. 

Figure 6-1 illustrates the values in the first four columns in Table 6-3 by showing the upper 

part of the depth versus delay curves for different axial depths, the depths of the shots and 

the probable delay of the shot trailing edge compared to axial travel time. 

Shot Source Axis Trailing Ridge Leading Window Blockage 
Track Depth Depth Edge* Depth Edge* Width Effect 
S1h30 706 900 -0.03 -1730 -1 .53 1.50 Partial 
S2h23 465 930 -1 .68 -2300 -4.59 2.92 Partial 
S3h30 675 1190 -2.79 -2500 -5.98 3.19 Partial 
S4h30 507 985 -1.93 -2000 -2.80 0.87 Partial 
S5h30 403 800 -0.78 -1512 -0.75 -0.03 Total 
S6h30 401 800 -0.79 -1512 -0.75 -0.05 Total 
S7h30 765 900 -0.01 -1730 -1.53 1.53 Partial 
S8h30 440 900 -1 .61 -1730 -1.53 -0.08 Total 

m. m. sec. m. sec. sec. 
*Time is measured relative to the calculated axial arrival time. 

Table 6-3 Axial and source depths and window times. 

6.4. Matching up waveform shapes 

In the previous section, an estimate of axial depth was made, based on timing delays. In 

this section, an independent estimate of axial depth will be made, based on waveform 

shape. This can only be done for the shots with pronounced peaks, that is, for shots 1 and 

7. 

The effect of warm eddies on the sound 

speed profile is to depress the whole profile 

by up to some hundreds of metres (Figure 1 

of Brundrit and Krige, 1994.). Referring 

back to Figure 2-4, shots 1, 7 and 8, and 5 

and 6 are lying on the outskirts of a filament 

of warm seawater, while shots 2, 3, and 4 

are behind an arm of the warm water. 

Some depression of the sound speed 
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6. Depth Of The Local Sound Channel Axis 

channel for shots 2,3 and 4 and 1, 7 and 8 is probable. 

Figure 3-17 shows the signals synthesised for sources at different depths relative to an 

axial depth of 800 metres. Synthesising normal mode waveforms for a displaced sound 

channel with the axis at 900 metres gives a new family of shapes shown in Figure 6-2. The 

synthesised signal shapes for different depths of the channel axis are matched to the 

recordings of shot 7 and shot 1 in Figures 6-3 and 6-4. The best match for S1 and S2 is for 

source depths of 750 and 700 metres respectively . This is close to the measured source 

depths and indicates that a local axis depth of 900 metres is near optimum for matching 

signal shape. 

Q) 
"0 
:::J 
~ 

a. 
E 
ro 
ro 
c 
0> 

U5 

800m ... 

800m ~ 

750m J......,n 

tlOOm 

~ 800m 
uuu 

-12 -10 -8 -6 -4 -2 a 2 
Arrival time in seconds 

Figure 6-3 Normal mode prediction for off­
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Figure 6-5 Matching shot 7 for shot depth 

6.5. Agreement between modelling trailing edge time and Signal shape 

The results of matching trailing edges and shapes are in good agreement for shots 1, 7 and 

8, given the limits on the accuracy of the shot timing and the insensitivity of the modelled 

shape to depth. Using an axis depth of 900 metres for shots 1, 7 and 8 in Table 6-3 and 

calculating trailing edge times gives a time window of 1.5 seconds which agrees with the 

recorded peak width of shot 7. For shot 8 the window is just closed which agrees with the 

shape of the recorded signal - no peak, but close to the start of the peak, as indicated by 

the increasing amplitude. 
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6.5. Agreement between modelling trailing edge time and signal shape 

The results of matching trailing edges and shapes are in good agreement for shots 1, 7 and 

8, given the limits on the accuracy of the shot timing and the insensitivity of the modelled 

shape to depth. Using an axis depth of 900 metres for shots 1, 7 and 8 in Table 6-3 and 

calculating trailing edge times gives a time window of 1.5 seconds which agrees with the 

recorded peak width of shot 7 . For shot 8 the window is just closed which agrees with the 

shape of the recorded signal - no peak, but close to the start of the peak, as indicated by 

the increasing amplitude. 
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channel for shots 2,3 and 4 and 1, 7 and 8 is probable. 

Figure 3-17 shows the signals synthesised for sources at different depths relative to an 

axial depth of 800 metres. Synthesising normal mode waveforms for a displaced sound 

channel with the axis at 900 metres gives a new family of shapes shown in Figure 6-2. The 

synthesised signal shapes for different depths of the channel axis are matched to the 

recordings of shot 7 and shot 1 in Figures 6-3 and 6-4. The best match for S1 and 82 is for 
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6.5. Agreement between modelling trailing edge time and signal shape 

The results of matching trailing edges and shapes are in good agreement for shots 1, 7 and 

8, given the limits on the accuracy of the shot timing and the insensitivity of the modelled 

shape to depth. Using an axis depth of 900 metres for shots 1, 7 and 8 in Table 6-3 and 

calculating trailing edge times gives a time window of 1.5 seconds which agrees with the 

recorded peak width of shot 7. For shot 8 the window is just closed which agrees with the 

shape of the recorded signal - no peak, but close to the start of the peak, as indicated by 

the increasing amplitude. 
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6. Depth Of The Local Sound Channel Axis 

For shots 5 and 6, the window is just closed for an axis depth of 800 metres. The shapes of 

shots 5 and 6 show no sign of a peak at termination, suggesting that the axis of the sound 

channel might be deeper. However, a deeper sound channel would require a greater delay 

in the trailing edge. The average time delay for shots 5 and 6 fits approximately with an 

axial depth of about 800 metres. 

The waveforms of shots 2, 3 and 4 in Figure 6-5 show that the peak of the final crescendo 

is missing in all three cases as would be expected for shots far off-axis. From Table 6-3, the 

window is open for a short period for all three shots. There is no obvious sign of the change 

in amplitude that would be expected for the transition from reflected to direct energy. Table 

6-3 shows that the chosen depths of 920, 1190 and 985 metres for the axis of the sound 

channel result in approximately correct arrival times. Figure 2-3 shows that shot 4 is located 

near the edge, but beneath, a filament of warm surface water so that a downward dis­

placement of the sound channel axis for shot 4 is probable. For shots 2 and 3, the proximity 

of warm water (and the tendency for the underwater structure to be displaced horizontally 

with increasing depth) makes the downward displacement of the sound channel a strong 

possibility. 
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Figure 6-7 Normal mode prediction for off­
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Figure 6-9 Recorded arrival waveforms for 
shots 2, 3 and 4 

It is worth noting that due to the rapid increase in delay time for the shallower sources in the 

depth versus delay curve of Figure 6-1 , the assumed axial depths cannot be too far in error. 

For instance, if the axial depth for shot S5 were assumed to be 985 metres, the delay time 
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axial depth of about BOO metres. 

The waveforms of shots 2, 3 and 4 in Figure 6-5 show that the peak of the final crescendo 

is missing in all three cases as would be expected for shots far off-axis. From Table 6-3, the 

window is open for a short period for all three shots. There is no obvious sign of the change 

in amplitude that would be expected for the transition from reflected to direct energy. Table 

6-3 shows that the chosen depths of 920, 1190 and 985 metres for the axis of the sound 

channel result in approximately correct arrival times. Figure 2-3 shows that shot 4 is located 

near the edge, but beneath , a filament of warm surface water so that a downward dis­

placement of the sound channel axis for shot 4 is probable. For shots 2 and 3, the proximity 

of wann water (and the tendency for the underwater structure to be displaced horizontally 

with increasing depth) makes the downward displacement of the sound channel a strong 

possibility. 
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in amplitude that would be expected for the transition from reflected to direct energy. Table 

6-3 shows that the chosen depths of 920, 1190 and 985 metres for the axis of the sound 

channel result in approximately correct arrival times. Figure 2-3 shows that shot 4 is located 

near the edge, but beneath , a filament of warm surface water so that a downward dis­

placement of the sound channel axis for shot 4 is probable. For shots 2 and 3, the proximity 

of wann water (and the tendency for the underwater structure to be displaced horizontally 
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possibility. 
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It is worth noting that due to the rapid increase in delay time for the shallower sources in the 

depth versus delay curve of Figure 6-1 , the assumed axial depths cannot be too far in error. 

For instance, if the axial depth for shot S5 were assumed to be 985 metres, the delay time 
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7. Discussion And Conclusion 
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Figure 7-1 Time-front for Ascension 

front cleanly, but would disturb the pattern by adding in less stable reflected rays, particu­

larly in the area where the fastest direct rays are cut off by the ridge. This would make it 

more difficult to track the arrival time of specific rays. 

A shallow (near axial) ridge is an extreme example of a bottom limited sound speed profile. 

All rays penetrating into water shallower than the conjugate of the ridge depth, where most 

temperature changes occur, are either absorbed or scattered and may become unstable 

due to the changing geometry of the reflection point. 

Axial travel time is an alternative simple determination - a less informative measure and 

possibly a last resort if the faster energy travel times cannot be determined. However, the 

hydrophones at Ascension receive echoes from the shallower surroundings, resulting in an 

extended signal decay time. This can be seen in the comparison of the synthesised and 

recorded signals in Figures 6-3 and 6-4. The slow decay of the trailing edge of the signal 

results in some uncertainty in determining the axial travel time, making accurate determina­

tion of the axial travel time more difficult. 

Clearly, the Cape Town to Ascension line does not compare well with the ATOC lines of the 

Northeast Pacific. A more realistic comparison is with other possible lines of similar length in 

the southern or southeast Atlantic. These would probably all suffer similar problems due to 

mid-ocean ridges and variability of the depth of the axis of the sound speed channel. 
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larly in the area where the fastest direct rays are cut off by the ridge. This would make it 

more difficult to track the arrival time of specific rays. 

A shallow (near axial) ridge is an extreme example of a bottom limited sound speed profile. 

All rays penetrating into water shallower than the conjugate of the ridge depth, where most 

temperature changes occur, are either absorbed or scattered and may become unstable 

due to the changing geometry of the reflection point. 

Axial travel time IS an altematlve simple determination - a less infonnative measure and 

possibly a last resort if the faster energy travel times cannot be determined. However, the 

hydrophones at Ascension receive echoes from the shallower surroundings, resulting in an 

extended signal decay time. This can be seen in the comparison of the synthesised and 

recorded signals in Figures 6-3 and 6-4. The slow decay of the trailing edge of the signal 

results in some uncertainty in determining the axial travel time, making accurate determina­

tion of the axial travel time more difficult. 

Clearly I the Cape Town to Ascension line does not compare well with the A TOC lines of the 

Northeast Pacific. A more realistic comparison is with other possible lines of similar length in 

the southern or southeast Atlantic. These would probably all suffer similar problems due to 

mid-ocean ridges and variability of the depth of the axis of the sound speed channel. 
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Appendix: Calculations and Processing 

A.S. Calculating source depth from bottom echo arrival time 
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Figure A-4 Source depth as function of arrival time delays 

5 6 

The time relations and equations are shown in Figure A-4. The recording was made with a 

hydrophone about 10 metres below the surface. This small offset is not taken into account 

in the equations. The ignition time, to, was not recorded, so the source depth was calcu­

lated from the difference between t3 and t2. The time differences (t3-t2, t3-t1) used for the 

source and bottom depth calculations of Table 1-1 are shown in Figure 2-6. 

A.9. Bubble pulse frequencies 

The time record, spectrum, and cepstrum of shot S3 are shown in the file below. The 

probable depth of the explosion is calculated from the frequency of the first bubble pulse 

using Equation 1-1 . The second bubble pulse frequency is also indicated. This calculation is 

shown as an example of similar calculations for all the shots and the hydrophones with 

better signal-to-noise ratios. The first two bubble frequencies are not always readily dis­

cernible from a series of frequencies found in the cepstrum. This confusion of frequencies 

may be due to the bubble being non-spherical, unlike the assumption in the theory for 

deriving the frequencies. For producing spherical bubbles, the charge should ideally be 

spherical. Unfortunately, the charges used were cylindrical with length to diameter ratios of 

not less than three t01. 
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The time relations and equations are shown in Figure A-4. The recording was made with a 

hydrophone about 10 metres below the surface. This small offset is not taken into account 

in the equations. The ignition time, to, was not recorded, so the source depth was calcu­

lated from the difference between 13 and 12. The time differences (t3-t2, 13-11) used for the 

source and bottom depth calculations of Table 1-1 are shown in Figure 2-6. 

A.9. Bubble pulse frequencies 

The time record, spectrum, and cepstrum of shot 83 are shown in the file below. The 

probable depth of the explosion is calculated from the frequency of the first bubble pulse 

using Equation 1-1. The second bubble pulse frequency is also indicated. This calculation is 

shown as an example of similar calculations for all the shots and the hydrophones with 

better signal-to-noise ratios. The first two bubble frequencies are not always readily dis­

cemible from a series of frequencies found in the cepstrum. This confusion of frequencies 

may be due to the bubble being non-spherical, unlike the assumption in the theory for 

deriving the frequencies . For producing spherical bubbles, the charge should ideally be 

spherical. Unfortunately, the charges used were cylindrical with length to diameter ratios of 

not less than three t01 . 
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The time relations and equations are shown in Figure A-4. The recording was made with a 

hydrophone about 10 metres below the surface. This small offset IS not taken into account 

in the equations. The ignition time, to, was not recorded, so the source depth was calcu­

lated from the difference between 13 and t2 . The time differences (13-12, 13-11) used for the 

source and bottom depth calculations of Table 1-1 are shown in Figure 2-6. 

A.9. Bubble pulse frequencies 

The time record, spectrum , and cepstrum of shot 83 are shown in the file below. The 

probable depth of the explosion is calculated from the frequency of the first bubble pulse 

using Equation 1-1 , The second bubble pulse frequency is also indicated. This calculation is 

shown as an example of similar calculations for all the shots and the hydrophones with 

better signal-to-noise ratios. The first two bubble frequencies are not always readily drs­

cernible from a series of frequencies found in the cepstrum. This confusion of frequencies 

may be due to the bubbJe being non-spherical, unlike the assumption in the theory for 

deriving the frequencies. For producing spherical bubbles, the charge should ideally be 

spherical. Unfortunately, the charges used were cylindrical with length to diameter ratios of 

not Jess than three t01 . 
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Appendix: Calculations and Processing 

Filename Cepstrum3.mcd 
The buit-in Mathcad function,cepstrum(x), is the inverse fft of the log of the magnitude of 

the fft of x, i.e. cepstrum(x) = icfft(log(1 Sf I)), where Sf = cfft(x). The cepstrum is usually 
taken to be the inverse fft of the log of the square of the fft ofX, but the Mathcad definition 
of the function has the advantage of retaining the sign of the function, i.e. the negative peak 
are displayed as such, while squaring the function results in negative peaks becoming 
positive. The Mathcad function is used in the calculation below. 
Find the spectrum modulation frequency - Bubble pulse frequency by taking the cepstrum 
of the signals. 

ORIGIN. 1 fs = sampling frequency 

fs := 1000 m := 7.99 

S3h5 := READPRN( "c:\user\records\dglitch\S3h5df' ) 

S3 := submatrix( S3h5, 10500 , 20500 , 1 , 1 ) 

u := 1 .. rows( S3h5 ) 

t := 1 .. rows ( S3 ) 

S3f := icfft( S3 ) i:= 1 " rows( S3f) 

i 

Specify the sampling frequency (fs) 
and mass of shot (m). 
Read data file 
Select the part of the signal with the 
best signal. 

f, := ·fs 
I rows( S3f) Determine the frequency bins for the spectrum 

ma := movavg(!S3ti, 20 ) Take the moving average over 20 samples of the spectrum 

S3h5 
ell U 

"C 
~ --

~ S3 0 
~ t 
<{ --

o 

Time Record S3 Spectrum of S3 

1.104 2.104 

u, t +- 10500 
Time in sec 

ell 
"C 

~ a. 
E 
<{ 

I S3~ I 
mao 

I 

400 

200 

20 40 60 

f. 
I 

Frequency, Hz 

80 100 
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Filename Ccpstrum3.mcd 
The buit-m Mathcad runction,cepstrum(x), IS the mverse fft of the log of the magnitude of 

[he fft of x, i.e. cepstrum(x) ::: icfft(IOg( 1 Sf d). where Sf = cfft(x). The cepstrum is usually 
taken to be the inverse fft of the Jog of the square of the fft 0&, but the Mathcad definition 
of the function has the advantage of retaining the sign of the function, i.e. the negative pea~ 
are displayed as such, while squaring the function results in negative peaks becoming 
positive. The Mathcad function is used in the calculation below. 
Find the spectrum modulation frequency - Bubble pulse frequency by raking the cepstrum 
of the signals. 

ORIGIN. 1 fs ::: sampling frequency 

fs := 1000 m := 7,99 

S3h5 :: READPRN( "c:\user\records\dglitch\53h5dr') 

53 :~ subrnatrix( 53h5, 1 0500 • 20500 . 1 . 1 ) 

u := 1 • rows( 53h5) 

t:= 1., rows(53) 

$3f := icfft( 53 ) i:= 1 " rows( $3f) 

i 

Specify the sampling frequency (f5) 
and mass of shot (m). 
Read data tile 
Select the part of the signal with the 
best signal. 

fl :: · f5 
rows( $3f) Determine the frequency bins for the spectrum 

rna := rnovavg(fS3fi, 20) 

53h5 . " ~-
~ 53, 0 
~ -~ 

o 

TIme Record 53 

' _10
4 

2, '0
4 

U, t t-l0500 
TIme In sec 

Take the moving average over 20 samples of the specrmm 

of 53 

153
\ I 

400 

• ~ 
~ mai 
E 200 « 

0 
0 20 .., 60 BO 100 

1. , 
Frequency, Hz 
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Filename Ccpstrum3.mcd 
The buit-m Mathcad funcnon,cepsrrum{x) , IS the mverse fft o f the log o f the magn itude of 

[he fft of x, i.e. cepstrum(x) :::: icttt( log(1 Sf I)). where Sf = cfft(x). The cepstrum is usuallv 
taken to be the inverse fft of the Jog of the square of the fft 0&, but the Mathcad definition 
o f me functio n has the advantage o f retaining the sign of the function, i.e. the negative peak 
are displayed as such, while squaring the function results in negative peaks becoming 
positive. The Mathcad function is used in the calcu lation below. 
Find the spectrum modulation frequency - Bubble pulse frequency by tak..ing the cepstrum 
o f the signals. 

ORIGIN. 1 fs :::: sampling frequency 

fs := 1000 m := 7,99 

S3h5 :: READPRN( "c:\user\records\dglitch\S3h5df' ) 

S3 := submatrix( S3h5 r 1 0500 , 20500, 1 , 1 ) 

u :: 1 " rows( S3h5) 

t := 1" rows(S3 ) 

S3f :: icfft( 53 ) i :: 1 " rows( S3f) 

i 

Specify the sampling frequency (f5) 
and mass of shot (m). 
Read data tIle 
Select the part of the signal with the 
best signal. 

ff :0: · fs 
rows( S3f) Determine the frequency bins for the spectrum 

ma :: movavg(fS3fi , 20 ) 

o 

TIme Record S3 

l al04 2,,04 
U, t l' 10500 

Time In sec 

Take the moving average over 20 samples of the spectrum 

ofS3 

53\ I 400 

• ~ , 
~ m" "-E 200 < 

0 
0 20 .., 60 BO 100 

f. , 
Frequency, Hz 
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Appendix: Calculations and Processing 

cep := cepstrum( 83) 

t := 1 .. 100 

Take the cepstrum of the signal 

pb1 := 26.5 Cepstrum of 83 
10.-----~.-~--~-.-------. 

fb1 := 1000 
pb1 

fb1 = 37.7 

6 

z:= (2.11 . m~.fb1r - 10 

z = 428.8 

pb2:= 19 fb2:= 1000 
pb2 

26.5 

10 20 30 

Quefrency (Seconds) 

fb2 = 52.632 

The first and second bubble pulses are at 37.7 and 52.6 Hz respectively. 

A.10. Display format for arrival waveforms 

40 

The time series recorded for every shot at each hydrophone lasts 120 seconds with 1000 

samples per second. Less than 20 seconds of the time record contains shot information. 

One of the first steps in processing was to truncate the record to 40 seconds. Further 

reduction of the amount of data consisted of first taking the moving maximum and moving 

minimum of each signal and then sub-sampling by a factor of 100. No averaging has been 

used on the envelope, since the averaging would reduce the peak amplitudes of the best 

signals. Although the envelope appears to be noisy, this is the character of the source 

energy and averaging is not justified. The moving maximum technique results in a graph 

that is very similar to that of a chart recorder. There is still an element of subjectivity in this 

proceSSing since the running window time for the maximum has to be chosen. However, this 

time is fairly well dictated by the length of display. The Mathcad file below shows the 

processing of one of the arrival waveforms. 
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Appendix: Calculations and Processing 

cep :'=' cepstrum( 53) 

1 :=1 . 100 

pbl := 26.5 

fbl := 1000 
pbl 

fbl = 37.7 

6 
-

Z := (2.11'm~. fb1r -10 

z = 428.8 

pb2:= 19 fb2 := 1000 
pb2 

Take the cepstfUIn o f the sIgnal 

Cepstrum of S3 
IOr-------~~~~~~----_, 

\9 26.5 

\0 20 30 

Quefrency (Seconds) 

fb2 = 52.632 

The first and second bubble pulses are at 37.7 and 52.6 Hz res pectively. 

A.l0. Display format for arrival waveforms 

The time series recorded for every shot at each hydrophone lasts 120 seconds with 1000 

samples per second. Less than 20 seconds of the time record contains shot information. 

One of the first steps in processing was to truncate the record to 40 seconds. Further 

reduction of the amount of data consisted of first taking the moving maximum and moving 

minimum of each signal and then sub-sampling by a factor of 100. No averaging has been 

used on the envelope, since the averaging would reduce the peak amplitudes of the best 

signals. Although the envelope appears to be noisy, this is the character of the source 

energy and averaging is not justified. The moving maximum technique results in a graph 

that is very similar to that of a chart recorder. There is still an element of subjectivity in this 

processing since the running window time for the maximum has to be chosen. However, this 

time is fairly well dictated by the lenglh of display. The Mathcad file below shows Ihe 

processing of one of the arrival waveforms. 
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SOFAR Signal Shaping 

Appendix: Calculations and Processing 

cep :'='" cepslrum( 53) 

t := 1 100 

Take the cepstnnn of the SIgnal 

pbl := 26.5 Cepstrum of S3 IOr-----T'===:...;"-------, 
fbl := 1000 

pbl 

fbI = 37.7 

, 

Z:= (2.11 . m~ . fb1r - 10 

z = 428.8 

pb2:= 19 fb2 := 1000 
pb2 

10 

fb2 = 52.632 

19 26.5 

20 30 

Querrency (Seconds) 

The first and second bubble pulses are at 37.7 and 52.6 Hz respectively. 

A.l0. Display format for arrival waveforms 

" 

The time series recorded for every shot at each hydrophone lasts 120 seconds with 1000 

samples per second. Less than 20 seconds of the time record contains shot information. 

One of the first steps in processing was to truncate the record to 40 seconds. Further 

reduction of the amount of data consisted of first taking the moving maximum and moving 

minimum of each signal and then sub-sampling by a factor of 100. No averaging has been 

used on the envelope, since the averaging would reduce the peak amplitudes of the best 

signals. Although the envelope appears to be noisy, this is the character of the source 

energy and averaging is not justified. The moving maximum technique results in a graph 

that is very similar to that of a chart recorder. There is still an element of subjectivity in this 

processing since the running window time for the maximum has to be chosen. However, this 

time is fairly well dictated by the length of display. The Mathcad file below shows the 

processing of one of the arrival waveforms. 
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It := 1 .. :=--

a .... .u. ....... u.vu tc 

) 

ULHll41 ... 1..I • .A Z, I , w , 1 , 1» 

1 + 1, 

+ 1, , 1 , ) 

S F Signal Shaping 

It := 1 .. :=--

a .... .u. ....... u.vu tc 

) 

ULHll41 ... 1..I • .A Z, I , w , 1 , 1» 

1 + 1, 

+ 1, , 1 , ) 

S F Signal Shaping 

It := 1 .. :=--

a .... .u. ....... u.vu tc 

) 

ULHll41 ... 1..I • .A Z, I , w , 1 , 1» 

1 + 1, 

+ 1, , 1 , ) 
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are 

were paiSSEIC 

is 

****************************************************** 

1, nz ) I 
1, ) I 

+ v, 

****************************************************** 

); 
); 

15 

S F Signal Shaping 

are 

were paiSSEIC 

is 

****************************************************** 

1, nz ) I 
1, ) I 

+ v, 

****************************************************** 

); 
); 

15 

S F Signal Shaping 

are 

were paiSSEIC 

is 

****************************************************** 

1, nz ) I 
1, ) I 

+ v, 

****************************************************** 

); 
); 

15 
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); 

); 

in is 5 

is or 

'AI~nJ':'1'I'\"""','" is more 

S F Signal Shaping 

); 

); 

in is 5 

is or 

'AI~nJ':'1'I'\"""','" is more 

S F Signal Shaping 

); 

); 

in is 5 

is or 

'AI~nJ':'1'I'\"""','" is more 
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S F Signal Shaping 

sum source one 

source walve'ronm 

IvI\JY<:'Y in 

sum, 

Filename kucalc.m 
% Calculate the k and psi values for FACT SSP and sea-floor at 
10 00 m 

New Munk 21 9 98 
% Calculates all 160 values of k & u for from 20 to 120 
% The in is 16 per Hz from 20 to 120 Hz. 

Run-time approx. 30 hr. runs can be resumed us 
FLast. 

format 
B=578; 
zs=-800: 
epsi 0.0028; ca 
d 10000; 
nz 1000; 

h 
h2 

d 1 nz); 
h * h; 

z = 0, 
x = 2*(z-zs} 

1482; 

(nz ); % 

c=ca.1 (1-2*epsi*(exp(x)-x- )); 
%Finite difference matrix 
fmin=20; should be 20 

% Munk 

mesh 
coordinates 

fmax=120; should be 120 Next 95+ 116 to 120 

fference 

fn=(fmax - fmin *16 + 1; %Number of 
(fmin, fruax, fn); 

102 ; %Last calculated in run 
omega 2 *f; 

( z, c ; view( 90, -90 ); 

S F Signal Shaping 

sum source one 

source walve'ronm 

IvI\JY<:'Y in 

sum, 

Filename kucalc.m 
% Calculate the k and psi values for FACT SSP and sea-floor at 
10 00 m 

New Munk 21 9 98 
% Calculates all 160 values of k & u for from 20 to 120 
% The in is 16 per Hz from 20 to 120 Hz. 

Run-time approx. 30 hr. runs can be resumed us 
FLast. 

format 
B=578; 
zs=-800: 
epsi 0.0028; ca 
d 10000; 
nz 1000; 

h 
h2 

d 1 nz); 
h * h; 

z = 0, 
x = 2*(z-zs} 

1482; 

(nz ); % 

c=ca.1 (1-2*epsi*(exp(x)-x- )); 
%Finite difference matrix 
fmin=20; should be 20 

% Munk 

mesh 
coordinates 

fmax=120; should be 120 Next 95+ 116 to 120 

fference 

fn=(fmax - fmin *16 + 1; %Number of 
(fmin, fruax, fn); 

102 ; %Last calculated in run 
omega 2 *f; 

( z, c ; view( 90, -90 ); 

S F Signal Shaping 

sum source one 

source walve'ronm 

IvI\JY<:'Y in 

sum, 

Filename kucalc.m 
% Calculate the k and psi values for FACT SSP and sea-floor at 
10 00 m 

New Munk 21 9 98 
% Calculates all 160 values of k & u for from 20 to 120 
% The in is 16 per Hz from 20 to 120 Hz. 

Run-time approx. 30 hr. runs can be resumed us 
FLast. 

format 
B=578; 
zs=-800: 
epsi 0.0028; ca 
d 10000; 
nz 1000; 

h 
h2 

d 1 nz); 
h * h; 

z = 0, 
x = 2*(z-zs} 

1482; 

(nz ); % 

c=ca.1 (1-2*epsi*(exp(x)-x- )); 
%Finite difference matrix 
fmin=20; should be 20 

% Munk 

mesh 
coordinates 

fmax=120; should be 120 Next 95+ 116 to 120 

fference 

fn=(fmax - fmin *16 + 1; %Number of 
(fmin, fruax, fn); 

102 ; %Last calculated in run 
omega 2 *f; 

( z, c ; view( 90, -90 ); 
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1,IFontsize ' ,16 ); 
s) I, 'Fontsize ' , 16 I 

'FontSize', 14, 'FontName', 'Arial',' 

%load c: 
load c 
load c: 

load c: 
%load c: 
load c: 
load c: 

load c: 
load 

load c 
%load c: 
load 

z16k.prn 

\z16u80.prn ; 
1 z16u75.prn ; 

z16u70.prn ; 
z16u65.prn ; 

\z 6u60.prn ; 
\ 16u55.prn ; 

\z16u50.prn ; 
\z16u45.prn ; 
z16u40.prn ; 

z16u35.prn ; 
z16u30.prn ; 
\ 6u25.prn; 

\zI6u20.prn ; 

different 

for different modes. 
%at the end the 

% 
% 

% 

% 
% 

results are saved 

%The axes of psi refer to ( modes) . 

exis files, f 

for fi =Flast+l.fn m = 10 %Set number 0 modes to be calculated 

o 
nz 

omega fi) .* omega (fi) ./ ( c .* c ); 
sparse ( l:nz, l:nz , -2 ones ( I, nz 

) ; 
E 

nz-l ); 
A D 

Find 
k2 

E + E I; 

k22 = 
k2m 
z16k(1:m, 
Inverse iteration 

for ii 1: 
psi{:, i) A 

nz, 1 ); 

ones ( 1, nz-l 

k21 ) ); 

k2m ( ii * speye( s 

% Dot cation 
) / h2 + , nz, nz, 

h2, nz, nz, 

\ ones( 

ps (: Ii) A k2m( * speye( size( A \ 
psi(:,ii); 

psi :, ii} = ps 
z16u80(ii,fi) 
%u75( ,fi) 

(:, ii) / norm 
psi(80,ii}; 

(75,ii) ; 
16u7 (ii, fi) 

%u65 ( , fi) 
z 6u60( ,fi) 
%u55(ii,fi) = 
zI6u50(ii,fi) 
%u45(ii,fi) 
z16u40 ii,fi} 
%u35(ii,fi} 
z16u30(ii,fi) 

i(70, i); 
psi(65, ); 

ps (60,i ); 
psi(5,ii); 

psi(50,ii ; 
psi(45,ii); 

ps (40,ii); 
(35,ii); 

psi(30, ); 

i ( : ii) } ; 

S F Signal Shaping 

1,IFontsize ' ,16 ); 
s) I, 'Fontsize ' , 16 I 

'FontSize', 14, 'FontName', 'Arial',' 

%load c: 
load c 
load c: 

load c: 
%load c: 
load c: 
load c: 

load c: 
load 

load c 
%load c: 
load 

z16k.prn 

\z16u80.prn ; 
1 z16u75.prn ; 

z16u70.prn ; 
z16u65.prn ; 

\z 6u60.prn ; 
\ 16u55.prn ; 

\z16u50.prn ; 
\z16u45.prn ; 
z16u40.prn ; 

z16u35.prn ; 
z16u30.prn ; 
\ 6u25.prn; 

\zI6u20.prn ; 

different 

for different modes. 
%at the end the 

% 
% 

% 

% 
% 

results are saved 

%The axes of psi refer to ( modes) . 

exis files, f 

for fi =Flast+l.fn m = 10 %Set number 0 modes to be calculated 

o 
nz 

omega fi) .* omega (fi) ./ ( c .* c ); 
sparse ( l:nz, l:nz , -2 ones ( I, nz 

) ; 
E 

nz-l ); 
A D 

Find 
k2 

E + E I; 

k22 = 
k2m 
z16k(1:m, 
Inverse iteration 

for ii 1: 
psi{:, i) A 

nz, 1 ); 

ones ( 1, nz-l 

k21 ) ); 

k2m ( ii * speye( s 

% Dot cation 
) / h2 + , nz, nz, 

h2, nz, nz, 

\ ones( 

ps (: Ii) A k2m( * speye( size( A \ 
psi(:,ii); 

psi :, ii} = ps 
z16u80(ii,fi) 
%u75( ,fi) 

(:, ii) / norm 
psi(80,ii}; 

(75,ii) ; 
16u7 (ii, fi) 

%u65 ( , fi) 
z 6u60( ,fi) 
%u55(ii,fi) = 
zI6u50(ii,fi) 
%u45(ii,fi) 
z16u40 ii,fi} 
%u35(ii,fi} 
z16u30(ii,fi) 

i(70, i); 
psi(65, ); 

ps (60,i ); 
psi(5,ii); 

psi(50,ii ; 
psi(45,ii); 

ps (40,ii); 
(35,ii); 

psi(30, ); 

i ( : ii) } ; 

S F Signal Shaping 

1,IFontsize ' ,16 ); 
s) I, 'Fontsize ' , 16 I 

'FontSize', 14, 'FontName', 'Arial',' 

%load c: 
load c 
load c: 

load c: 
%load c: 
load c: 
load c: 

load c: 
load 

load c 
%load c: 
load 

z16k.prn 

\z16u80.prn ; 
1 z16u75.prn ; 

z16u70.prn ; 
z16u65.prn ; 

\z 6u60.prn ; 
\ 16u55.prn ; 

\z16u50.prn ; 
\z16u45.prn ; 
z16u40.prn ; 

z16u35.prn ; 
z16u30.prn ; 
\ 6u25.prn; 

\zI6u20.prn ; 

different 

for different modes. 
%at the end the 

% 
% 

% 

% 
% 

results are saved 

%The axes of psi refer to ( modes) . 

exis files, f 

for fi =Flast+l.fn m = 10 %Set number 0 modes to be calculated 

o 
nz 

omega fi) .* omega (fi) ./ ( c .* c ); 
sparse ( l:nz, l:nz , -2 ones ( I, nz 

) ; 
E 

nz-l ); 
A D 

Find 
k2 

E + E I; 

k22 = 
k2m 
z16k(1:m, 
Inverse iteration 

for ii 1: 
psi{:, i) A 

nz, 1 ); 

ones ( 1, nz-l 

k21 ) ); 

k2m ( ii * speye( s 

% Dot cation 
) / h2 + , nz, nz, 

h2, nz, nz, 

\ ones( 

ps (: Ii) A k2m( * speye( size( A \ 
psi(:,ii); 

psi :, ii} = ps 
z16u80(ii,fi) 
%u75( ,fi) 

(:, ii) / norm 
psi(80,ii}; 

(75,ii) ; 
16u7 (ii, fi) 

%u65 ( , fi) 
z 6u60( ,fi) 
%u55(ii,fi) = 
zI6u50(ii,fi) 
%u45(ii,fi) 
z16u40 ii,fi} 
%u35(ii,fi} 
z16u30(ii,fi) 

i(70, i); 
psi(65, ); 

ps (60,i ); 
psi(5,ii); 

psi(50,ii ; 
psi(45,ii); 

ps (40,ii); 
(35,ii); 

psi(30, ); 

i ( : ii) } ; 
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%u25(ii,fi) 
z16u20(ii,fi) 

end 

psi{25,ii); 
(20,ii); 

save 
save c: 
%save c: 
save c: 
%save c: 
save c: 
save c: 

save c: 
%save c: 
save c: 
%save c: 
save c: 
save c: 

save c: 
end 

source 

source is 

\ 6k.prn z16k i ~double 
z16u80.prn 16u80 -ascii -double 
\z16u75.prn u75 -ascii -double 

\z16u70.prn z16u70 -ascii -double 
z16u65.prn u65 -as i-double 

z16u60.prn z16u60 -double 
\z16u55.prn u55 

\z16u50.prn z16u50 -as 
\z16u45.prn 5 -ascii 

\z16u40.prn z16u40 -as i 
\z16u35.prn 5 -ascii -double 

\z16u30.prn z16u30 -ascii -double 
\z16u25.prn u25 -double 
z16u20.prn z16u20 -as i-double 

a 

wave-

S F Signal Shaping 

%u25(ii,fi) 
z16u20(ii,fi) 

end 

psi{25,ii); 
(20,ii); 

save 
save c: 
%save c: 
save c: 
%save c: 
save c: 
save c: 

save c: 
%save c: 
save c: 
%save c: 
save c: 
save c: 

save c: 
end 

source 

source is 

\ 6k.prn z16k i ~double 
z16u80.prn 16u80 -ascii -double 
\z16u75.prn u75 -ascii -double 

\z16u70.prn z16u70 -ascii -double 
z16u65.prn u65 -as i-double 

z16u60.prn z16u60 -double 
\z16u55.prn u55 

\z16u50.prn z16u50 
\z16u45.prn 5 

\z16u40.prn z16u40 i 
\z16u35.prn 5 -ascii -double 

\z16u30.prn z16u30 -ascii -double 
\z16u25.prn u25 -double 
z16u20.prn z16u20 -as i-double 

a 

an 

o 1 

S F Signal Shaping 

%u25(ii,fi) 
z16u20(ii,fi) 

end 

psi{25,ii); 
(20,ii); 

save 
save c: 
%save c: 
save c: 
%save c: 
save c: 
save c: 

save c: 
%save c: 
save c: 
%save c: 
save c: 
save c: 

save c: 
end 

source 

\ 6k.prn z16k i ~double 
z16u80.prn 16u80 -ascii -double 
\z16u75.prn u75 -ascii -double 

\z16u70.prn z16u70 -ascii -double 
z16u65.prn u65 -as i-double 

z16u60.prn z16u60 -double 
\z16u55.prn u55 

\z16u50.prn z16u50 
\z16u45.prn 5 

\z16u40.prn z16u40 i 
\z16u35.prn 5 -ascii -double 

\z16u30.prn z16u30 -ascii -double 
\z16u25.prn u25 -double 
z16u20.prn z16u20 -as i-double 

a 
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to Hz -- values. 

1 

R 
R 

1482 
.120 in metres and axial travel time in seconds 

Read the source in 
This file comes 

S ,-,-

5)=16001 i:=1" s) 

f '= the in the i' 

S '-,- 5) S) = 16001 

domain. 

t, :=---16 
s) 

-1~~--······~------~ 

o 0.05 

Ii 

Amplitude 

Read the in 
from 20 to 120 Hz at 1/16 Hz values 
The rows the k-values of 
The values k and 

s) ::::: 1 

0.1 

-0.1 L ..... _--'-__ ~--'-__ .L. ........ ----'----'---

o 20 40 60 80 100 120 140 

f. 
I 

Frequency in Hz 

3500 metres. was done in 
matrices to the matrix of k-values in of 

kr := = 84 kr) = 1601 

r:= 1 .. 84 c := 1 .. 320 

=84 kO = 320 =1 

k .-.- kO k) 84 k) 1921 

m:= 1 .. k) 1 .. cols (k) 
n 

n f ,-
n ,- 16 

S F Signal Shaping 

Hz -- values. 

1 

R 
R 

1482 
.120 in metres and axial travel time in seconds 

Read the source in 
This file comes 

S ,-,-

5)=16001 i:=1" s) 

f '= the in the i' 

S '-,- 5) S) = 16001 

domain. 

t, :=---16 
s) 

-1~~--······~------~ 

o 0.05 

Ii 

Amplitude 

5) ::::: 1 

0.1 

-0.1 L ..... _--'-__ ~--'-__ .L. ........ ----'----'---

o 20 40 60 80 100 120 140 

f. 
I 

Frequency in Hz 

3500 metres. was done in 
matrices to the matrix of k-values in of 

kr := = 84 kr) = 1601 

r:= 1 .. 84 c := 1 .. 320 

=84 kO = 320 
=1 

k .-.- kO k) 84 k) 1921 

m:= 1 .. k) 1 .. cols (k) 
n 

n f ,-
n ,- 16 

S F Signal Shaping 

Hz -- values. 

1 

R 
R 

1482 
.120 in metres and axial travel time in seconds 

Read the source in 
This file comes 

S ,-,-

5)=16001 i:=1" s) 

f '= the in the i' 

S '-,- 5) S) = 16001 

domain. 

t, :=---16 
s) 

-1~~--······~------~ 

o 0.05 

Ii 

Amplitude 

5) ::::: 1 

0.1 

-0.1 L ..... _--'-__ ~--'-__ .L. ........ ----'----'---

o 20 40 60 80 100 120 140 

f. 
I 

Frequency in Hz 

3500 metres. was done in 
matrices to the matrix of k-values in of 

kr := = 84 kr) = 1601 

r:= 1 .. 84 c := 1 .. 320 

=84 kO = 320 
=1 

k .-.- kO k) 84 k) 1921 

m:= 1 .. k) 1 .. cols (k) 
n 

n f ,-
n ,- 16 
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Appendix: Calculations and Processing 

Read and associate psi values for depth of 800 m. Each file contains a 84 by 1601 matrix of psi 
values representing the psi value for 84 modes and 1601 frequencies. 

u80 := READPRN( "c:\user\Prn1 \v7u80.prn") 

rows( u80) = 84 cols (u80) = 1601 

r := 1 .. 84 c := 1 .. 320 

kO := a 
r,c 

rows( kO) = 84 cols( kO) = 320 

\V80 := augment( kO, u80) 

cols(\V80) = 1921 

m := 1 .. rows ( k) f1280 = 80 

Write the general equation as a sum of 
modes, neglecting the 1/R factor:: 

1t 80 

0> k -g 10,n 
.~ 
0.--

~ 'V80
10 ,n 

4 sumn := e I ~
. j·k -R 

( \V80 .\V80 ). _1t:_ ·e m,n 
m , n m,n k 

m=1 m , n 

SE := S ·sum 
n n n 

rows( SE) = 1921 cols( SE) = 1 

o 35 70 

fi ,fn 

Frequency in Hz 

105 140 

rows ( sum) = 1921 

cols(sum) = 1 

r := 1 .. 16001- rows( SE) 

Padr := 0 

Restore the frequency domain vector to its full length of 16k by 
padding with the zeros lost during multiplication. 

SE16k:= stack(SE,Pad) rows(SE16k) = 16001 

sig8 := recenter( icfft( SE16k) ) 
) 

max(i sig8 I) = 0.101941 

maxB := max( l sig8 I) 
r := 1 .. rows( sig8) - 1 

. I sig8 r : 
slg8 := ---

r maxB 

rows{ sig8 ) = 16001 

Timej := ~ - 13.2 

NM<1> := Time NM<2> := sig8 

o -

Waveforms at receiver 
I 

I 
-10 

I 

I 
-s 

Ii - 13.2 

WRITEPRN: "c:\User\Records\Envelope\demo-nm.prn') := NM 

..aI 
r.\ 

o 
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Read and associate psi values for depth of 600 m. Each file contains a 84 by 1601 matrix of psi 
values representing the psi value for 84 modes and 1601 frequencies. 

u80 ;= READPRN( "c:\user\Prn1\v7u80.prn") 

rows(u60) = 64 cols(u60) = 1601 

r :=1 .. 84 

kOr•c := a 
c:=1 .. 320 

rows( kO) = 64 cols (kO) = 320 

",60 := augment( kO, u60) 

rows( ",60) = 64 cols{ljl80) = 1921 Source waveform k & i values 

m := 1 .. rows(k) f1280 = 80 

Write the general equation as a sum of 
modes, neglecting the l/R faclor:: 

60 

o • 

. , 
-g 10,11 
"& _ 0.2 

~ 'V80
10 ,rl 

• L , ~. 1t J 'krn n~ 
( ",60 ·",60 )' _ 'e . 

m, n m,n k 

m=l m,o 

SE := S sum 
o 0 0 

rows( SE) = 1921 cols(SE) = 1 

o 35 70 

'j ,fn 

FrequBnCy in HI! 

,os ,<0 

rows(sum) = 1921 

cols(sum) = 1 

r := 1 .. 16001 - rows( SE) 

Padr := 0 

Restore the frequency domain vector to its full length of 16k by 
padding with the zeros lost during multiplication. 

SE16k:= stack(SE,Pad) rows(SE16k) == 16001 

sig8 :=- recenter( icfft( SE1Sk» 
• 

max(! sig8 ) = 0.101941 

maxB := max( sigB ) 

f = 1 .. rows(sig8) - 1 

. sig8r 51g8 := __ 
r maxB 

rows( sig8) e:. 16001 

Timei .= ~ - 13.2 

NM<I > : ~ Time NM<2> := sigS 

o 

Waveforms at receiver 

-10 

WRITEPRj\( "c;\User\Records\Envelope\demo-nm.prn') ;= NM 

o 
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Appendix: Calculations and Processing 

Read and associate psi values for depth of 600 m. Each file contains a 84 by 1601 matrix of psi 
values representing the psi value for 84 modes and 1601 frequencies. 

u80 ;= READPRN( "c:\user\Prn1\v7u80.prnl') 

rows( u80) = 84 cols( u80) = 1601 

c :=1..320 r := 1 .. 84 

kOr•c := 0 rows(kO) = 84 cols(kO) = 320 

14180 := augment( kO , u80) 

(ows( w80) = 84 cols('V80) = 1921 

m := 1. rows(k) f1280 = 80 

Write the general equation as a sum of 
modes, neglecting the 1/R faclor:; 

sum := e 
" 

• 
80 

L 
m=1 

rows( SE) = 1921 

" (S,) 
• k -g 10.n 
• ,, -
.i 'V801O •n 

cols(SE) = 1 

Source waveform k& i values 

OA 

0.2 

0 

0 35 70 lOS "0 

'j .tn 

FrequBncy in Hii' 

rows(sum) = 1921 

cols(sum) = 1 

r := 1 .. 16001 - rows( SE) 

Padr := 0 

Restore the frequellcy domain vector to its full length of 16k by 
padding with the zeros lost during multiplication. 

SE16k := stack(SE , Pad) rows(SE16k ) == 16001 

sig8 := recenter( icfft( SE16k) ) 
• 

max( i sig8 ) = 0.101941 

max8 := max( 5ig8 ) 

r '" 1 .. rows(sig8) - 1 

sig8 r sig8 -= __ 
r maxS 

rows( sig8) = 16001 

Timei := ~ - 13.2 

NM<2> ;= sigS 

o 

Waveforms at receiver 

WRITEPRN: "c:\User\Records\Envelope\demo-nm.prn') ;= NM 

o 
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S F Signal Shaping 

was po·ste!o on 

% ******* *** *** **** ******* ***** *** **** ** ** 

B. Porter 
******* ** *** ** *** * *** *** ** *** ** 

The we're 
r' 

% z' 
rho' 
zeta' 

send 
ntheta 
theta 

c zeta 

zs = 1000.0; 
cO 1501.; 
for ith 

r I c2 
I c2 

are: 

for rays 

14. , ntheta); 

.... rIIT!'·!"" as 

in a in 

0.0 zs cost theta ( ith ) ) cO sin ( theta( ith ) ) I 
now solve the DE trace the ray 
s, ] ode45( , , 0.0, ) ; , 

( x ( : , 1 ) , x( : , 2 ) ) ; 
on; hold old rays on screen when 

end 
hold off; 

label the 
xlabel ( • , ) 

( I ) 

so that z-axis view( 0, -90 )i% 
The sub-routine the differential 

.m" below: 
function xdot 

Munk sound 
eps O. 

1482; 
z x ( ) ; 
xt * ( z - 800 ) I 57 ; 

* ( 1 + eps * ( xt - 1 + exp( 

% we also need derivatives of sound 
dxtdz 2 57 
cz= cO eps * dxtdz * ( ( -xt ) ); 
or = 0; 

here's the RHS 
xdot = zeros ( 4, 1 ) ; 
xdot( 1 ) * ( 3 ) ; 
xdot 2 ) c * x( 4 ) ; 

( -cr I c2; 
xdot( 4 -cz I c2; 

) ) ); 

down 
is 

new rays 

in the file 

S F Signal Shaping 

was po·ste!o on 

% ******* *** *** **** ******* ***** *** **** ** ** 

B. Porter 
******* ** *** ** *** * *** *** ** *** ** 

The we're 
r' 

% z' 
rho' 
zeta' 

send 
ntheta 
theta 

c zeta 

zs = 1000.0; 
cO 1501.; 
for ith 

r I c2 
I c2 

are: 

for rays 

14. , ntheta); 

.... rIIT!'·!"" as 

in a in 

0.0 zs cost theta ( ith ) ) cO sin ( theta( ith ) ) I 
now solve the DE trace the ray 
s, ] ode45( , , 0.0, ) ; , 

( x ( : , 1 ) , x( : , 2 ) ) ; 
on; hold old rays on screen when 

end 
hold off; 

label the 
xlabel ( • , ) 

( I ) 

so that z-axis view( 0, -90 )i% 
The sub-routine the differential 

.m" below: 
function xdot 

Munk sound 
eps O. 

1482; 
z x ( ) ; 
xt * ( z - 800 ) I 57 ; 

* ( 1 + eps * ( xt - 1 + exp( 

% we also need derivatives of sound 
dxtdz 2 57 
cz= cO eps * dxtdz * ( ( -xt ) ); 
or = 0; 

here's the RHS 
xdot = zeros ( 4, 1 ) ; 
xdot( 1 ) * ( 3 ) ; 
xdot 2 ) c * x( 4 ) ; 

( -cr I c2; 
xdot( 4 -cz I c2; 

) ) ); 

down 
is 

new rays 

in the file 

S F Signal Shaping 

was po·ste!o on 

% ******* *** *** **** ******* ***** *** **** ** ** 

B. Porter 
******* ** *** ** *** * *** *** ** *** ** 

The we're 
r' 

% z' 
rho' 
zeta' 

send 
ntheta 
theta 

c zeta 

zs = 1000.0; 
cO 1501.; 
for ith 

r I c2 
I c2 

are: 

for rays 

14. , ntheta); 

.... rIIT!'·!"" as 

in a in 

0.0 zs cost theta ( ith ) ) cO sin ( theta( ith ) ) I 
now solve the DE trace the ray 
s, ] ode45( , , 0.0, ) ; , 

( x ( : , 1 ) , x( : , 2 ) ) ; 
on; hold old rays on screen when 

end 
hold off; 

label the 
xlabel ( • , ) 

( I ) 

so that z-axis view( 0, -90 )i% 
The sub-routine the differential 

.m" below: 
function xdot 

Munk sound 
eps O. 

1482; 
z x ( ) ; 
xt * ( z - 800 ) I 57 ; 

* ( 1 + eps * ( xt - 1 + exp( 

% we also need derivatives of sound 
dxtdz 2 57 
cz= cO eps * dxtdz * ( ( -xt ) ); 
or = 0; 

here's the RHS 
xdot = zeros ( 4, 1 ) ; 
xdot( 1 ) * ( 3 ) ; 
xdot 2 ) c * x( 4 ) ; 

( -cr I c2; 
xdot( 4 -cz I c2; 

) ) ); 

down 
is 

new rays 

in the file 
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S F Signal Shaping 

File name demo-rt.mal. 
1. ray trace waveforms for 3k5 m seafloor .. 

normal mode waveform from 0HJLLO'J.p'lU 

Compare these waveforms. 
Trace svtlmeSI.S: 

Read the source in the time domain and convert to the treaulCf1C:V 
This file comes from Sls-v99.mcd 

1 

t1 := 1.. 

1 

1,1) .- -----'---------

t := 1 .. 

fs 

S:= 

k:= 

,-

o 20 

k 

n 

) ::: 

at SOurce 

40 60 

Time in milliseconds 

= 16000 

S F Signal Shaping 

File name demo-rt.mal. 
1. ray trace waveforms for 3k5 m seafloor .. 

normal mode waveform from 0HJLLO'J.p'lU 

Compare these waveforms. 
Trace svtlmeSI.S: 

Read the source in the time domain and convert to the treaulCf1C:V 
This file comes from Sls-v99.mcd 

1 

t1 := 1.. 

1 

1,1) .- -----'---------

t := 1 .. 

fs 

S:= 

k:= 

,-

o 

k 

n 

) ::: 

20 40 60 

Time in milliseconds 

= 16000 

S F Signal Shaping 

File name demo-rt.mal. 
1. ray trace waveforms for 3k5 m seafloor .. 

normal mode waveform from 0HJLLO'J.p'lU 

Compare these waveforms. 
Trace svtlmeSI.S: 

Read the source in the time domain and convert to the treaulCf1C:V 
This file comes from Sls-v99.mcd 

1 

t1 := 1.. 

1 

1,1) .- -----'---------

t := 1 .. 

fs 

S:= 

k:= 

,-

o 

k 

n 

) ::: 

20 40 60 

Time in milliseconds 

= 16000 
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s := icfft((Sf)) 

SOFAR Signal Shaping 

Appendix: Calculations and Processing 

Ftc 
0.2 r-----'----"''----,----.l'----,..------, 

fs 
binwidth := -

n 

binwidth = 0.0625 

k 1 
t·- .----
k .- ~ binwidth 

length ( s) = 16000 

v 
] Re(Sfk) 
Q.--

~ 0 r---------

Ray trace data table from eigen3k.5.xls 

50 

fk 

Frequency in Hz 

100 

M := READPRN("C:\Uset\Ra.yWHOI\cig3k5p.prn") 

Columns are Launch angle, Time, Amplitude & No of turning points 

n := 1 .. rows(M) 

rows(M) = 190 

cols(M) = 4 

t := M<2> - max(M<2» - 4 

a .- (M<3 > ') 
n \ J n 

S := M<4 > 

n:= l .. rows(M) 

4300000 
... 

'"0 
2 ta := ;.:::I 

1482 t 
ta = 2901.484 

(a) 
n 

000 

min (M< 2> ) = 2889.21 

/ <2» 
max\ M = 2901.12 

Am 
100 

0 

10 

~~<€~ 

traces 

0.1 '------'------'-----'------' 

-20 

Equation for synthesising ray trace arrival waveforms: 

rows(M) ( j .2.1t f'1: ,·s·~ \ 
RTk := L an·Sfk·e k n.e n 2 ) 

n = 1 

-10 

1: 
n 

-s 

Travel time in seconds 

o 

Page 92 

SOFAR Signal Shaping 

Appendix: Calculations and Processing 

s:= icfft ((Sf)) 

fs 
binwidtJl := -

n 

binwidth = 0.0625 

k 1 
1 '=-'---
k' n binwidth 

length (s) ~16000 

Ray trace data table [rom eJ.gen3k5.x ls 

Ftc uell domain s ectrum at. source 
0.2 

so 

" Frequency Ul Hz 

100 

Columns are LaWler. angle, Time, Amplitude & No of turrung points 

rows(M) = 190 

cols( M) = 4 

n ,~ 1 .. rows(M) 

M<2> <2> 
t - - ma.,,< \M 

a - I M<:P 
" " 

n o I .. rows (M) 

4300000 

1482 

,. = 2901.484 

- 4 

( .) 
" 000 

min( M< 2> 1 = 2889.21 

max l M<2> :: 2901. 12 

Am litude and arrival time of rnv traces 
100 • 

10 

0. 1 L-__ L-__ L-_-lL-_-l 

-"2D -10 I) 

'" 
T Novel time in 5t'cond, 

Equation for synthesising ray trace arrival waveforms: 

[

roWS(M) 

RT,:= I 
n '= l 

n ., -
" 2 I 

Page 92 

SOFAR Signal Shaping 

Appendix: Calculations and Processing 

, := icfft((Sf)) 

fs 
binwidth :=­

n 

bUlwidth = 0.0625 

k 1 
t '=-'---
k ' n binwidth 

length(s) ~ 16000 

Ray r.race data table from eIgen3k5.x ls 

Ftc ueo domain s ectrum at source 
0.2 

so 100 

'. 
Frequency 1rI Hz 

Colwnns ace Launch angle, Time, Amplitude & No of turnmg po.iots 

n .~ 1" rows(M) 

rows( M) = 190 

cols( M) = 4 

t := M<2> - max M<2> - 4 

a := M<3> 
n n 

n = I .. rows (M) 

4300000 

1482 

ta = 2901.484 

( . ) 
n 

o 0 C! 

min( M< 2 > I = 2889.21 

<» 
ma.'( \ M - = 2901.12 

Am htucle and arrival time of rn traces 
100 

10 

0. 1 

""" -10 

'n 
T~vel time Ul .5t'Con&1 

o 

I) 

Equation for synthesising ray tnlce arrival waveforms: 

rows(M) 

L: 
n ., -

n 2 

n ::: I 

Page 92 
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SOFAR Signal Shaping 

Appendix: Calculations and Processing 

Take the inverse Fourier transform to get into the time domain. 

RTt := (icfft(RT)) 

maxS := max( I RTt I ) 
I RTtkl 

RTtnk := --­
maxS 

rows(RTt) = 16000 

maxS = 43.55 

max(RTtn) = 1 
Normalise the signal amplitude. 

NM := READPRN ("C: \ USER \RECORDS\ENVELOPE\demo-nm.prn") 

NM<2> := I NM<2> I 
max(NM<2> ) = 1 

0.1 

0.Q1 

10 10-3 

rows (RTtn) = 16000 

(NM< 1> \ = -13.199 

rows(NM) = 16001 

cols(NM) = 2 

<1 > \ - 12.08 ,NM 

Time in seconds 

rows(NM) = 16001 tl = 0.001 

Shift the RT vector to synchronise by padding at the start 

p := 1 .. 1120 

Pad := 0 
p 

RTl := stack(Pad,RTtn) 

t := 1 .. rows(RT) 
t - 13140 

T := ----
t 1000 

Tl = -13.139 

Take the moving max and subsample to reduce "noise" and vector size 

Page 93 
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Appendix: Calculations and Processing 

Take the inverse Fourier tnlnsrorm to get into the time domain. 

RTt '" (icfft( RT)) 

onaxS '" max(j RTt I) 
I RTtk l 

RTtnk '" -'-------;;'­
maxS 

wws( RTt) = 16000 

maxS = 43.55 

max( RTtn ) = I 
Normalise the signal amplitude. 

NM '" READPRN ("C:\USER\RECORDS\ENVELOPE\ dcmo-nm.pm") 

NM<2 > '" I Nt·"(" > I 
max N~2> = 1 

rows( RTtn ) = 16000 

(NM<' > \ = -13.199 

wws(NM) = 16001 

cols(N M) = 2 

\ _12.08.NM<1> 

Time in seconds 

wws(NM) = 16001 t, = 0.00 1 

Slu ft the RT vector to synchronise by padding at the start 

p '" I.. 11 20 

Pad := 0 
p 

RTI ,= stack( P,d ,RTtn) 

r:= 1 .. rows( RT) 
t-13140 

T '"-=-c--
[ 1000 

'1', = - 13.139 

Take the moving max and subsample to reduce "nOise" and vector SIZC 

Pog,93 

SOFAR Signal Shaping 

Appendix: Calculations and Processing 

Take the inverse Fourier transform to get into the time domam. 

RTt '" (icfft(RT» 

rnaxS ,. max(j RTt I) 

IRTtkl 
RTtnk '" -'-------;;'­

maxS 

m ws( RTt) = 16000 

ma.xS = 43.55 

ma.'« RTtn ) = I 
Normalise the signal amplimde. 

NM ,. R£ADPRN ("C\USER\RECORDS\ENVELOPE\ dcD1o-nm.prn ") 

NM<2> ,.INM<'> I 

max Nrvf 2 > = I 

rows( RTtn) = 16000 

(NM<I», =-13.199 

mws(NM) = 16001 

cols(N M) = 2 

<1 > 
\- - 12.08 .NM 

Timt in seconds-

rows(NM) = 16001 t, = 0.00 1 

Shift the RT vector to synchronise by padd ing at the start 

p,"1..1120 

Pad ,. 0 
p 

RTI ,. stack(Pad ,RTIn) 

r:::: 1 .. rows( RT) 
t-13140 

T '" -,..,-,--
[ 1000 

'1', = -13.139 

Take the moving max and subsample to reduce "nOise" and vector SIZC 

Page 93 
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if 1) + ) 

z w=l 

if 

e>u.,l./UJlau . .LI>\ Z, I, w, 1, ) 

i+ 1,1» 

+ 1, ,1 ) 

az 

, n, ,- if + ) 

n=1 

1.. 

z 

= 1 

::'ul)sa:mple to reduce the vector 
a factor of n. 

T:= ,0) 

Reduce the number of data for the normal mode syntheS1se:Q 

,- subsample( 

S F Signal Shaping 

if 1) + ) 

z w=l 

if 

,1,w,1, ) 

i+ 1,1» 

+ 1, ,1 ) 

az 

, n, ,- if + ) 

n=1 

1.. 

z 

= 1 

::'ul)sa:mple to reduce the vector 
a factor of n. 

T:= ,0) 

Reduce the number of data for the normal mode syntheS1se:Q 

,- subsample( 

S F Signal Shaping 

if 1) + ) 

z w=l 

if 

,1,w,1, ) 

i+ 1,1» 

+ 1, ,1 ) 

az 

, n, ,- if + ) 

n=1 

1.. 

z 

= 1 

::'ul)sa:mple to reduce the vector 
a factor of n. 

T:= ,0) 

Reduce the number of data for the normal mode syntheS1se:Q 

,- subsample( 
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" RT 
] --
;..:::l NM 
0... 
~ -

0.001 

" RT 
] --
;..:::l NM 
0... 
~ -

0.001 

0.06 

" RT ] --
;..:::l NM 
~-­

-< 
0.001 

0.5 r-

-13 

0.5 

-0.5 

0.05 

-12 

-12 

SOFAR Signal Shaping 

Appendix: Calculations and Processing 

I 

... 
-12 

-D.4 

Ray Trace & Normal Mode comparison 
I I I I I 

-10 -8 

-D.3 

A. A 

-6 

T 
Time in seconds 

-D.2 

T 
Time in seconds 

. M 

-4 

-D.l 

Ra Trace & Normal Mode -- Start 

-11.5 -11 

T 
Time in seconds 

-10.5 

... . ~ 
-2 

o 

o 

0.1 

0.1 

-10 

-10 

-

The three figures above show that the ray trace and normal mode synthesised arrival 

waveforms are fairly similar. The peak at the termination of the signal matches closely while 

the earlier arrivals are somewhat dissimilar. The ray trace synthesis for the earlier arrivals 

shows a recurring triplet of peaks that does not occur in the normal mode synthesis. This 

triplet is a consequence of the ray arrival pattern for an on-axis source. In the later part of 

the signal, the arrival density becomes greater and the triplets are no longer distinguishable. 
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J . 

• RT 
] --
:.= NM 05 
~-- . 
< 

0.00 1 

J. 

• RT 
] --
-E.. NM 
E-­
<: 

0.001 

0.06 

, RT 
~ --

~ NM 
>'--­
~ 

0.001 

0.5 

- 0.5 

0.05 

- 12 
- 12 

SO FAR Signal Shaping 

Appendix: Calculations and Processing 

Ray Trace & Normal Mode comparison 

-10 -8 ;, 

T 
Time in seconds 

- 4 

Ra Trace & Nanna] Mode -- End 

-<1.3 -<1.2 

T 
Time in seconds 

-<1.1 

Ra Trace & Normal l\<fode -- Stan 

-11 

T 
Time in seco"d~ 

-10.5 

-2 

o 

o 

0.1 

0. 1 

- 10 

-10 

The three figures above show that the ray trace and normal mode synthesised arrival 

waveforms are fairly similar. The peak at the termination of the signal matches closely while 

the earlier arrivals are somewhat dissimilar. The ray trace synthesis for the earlier arrivals 

shows a recurring triplet of peaks that does not occur in the normal mode synthesis. This 

triplet is a consequence of the ray arrival pattern for an on-axis source. In the later part of 

the signal, the arrival density becomes greater and the triplets are no longer distinguishable. 
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The three figures above show that the ray trace and normal mode synthesised arrival 

waveforms are fairly similar. The peak at the termination of the signal matches closely while 

the earlier arrivals are somewhat dissimilar. The ray trace synthesis for the earlier arrivals 

shows a recurring triplet of peaks that does not occur in the normal mode synthesis. This 

triplet is a consequence of the ray arrival pattern for an on-axis source. In the later part of 

the signal , the arrival density becomes greater and the triplets are no longer distinguishable. 
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