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Abstract 

An invers10n method has been developed for estimating the geoacoustic parameters of 

the ocean bottom at thin sediment sites, such as those in the Abyssal Hills reg10n of the 

North Pac1f1c The ocean bottom 1s modeled by two elastic layers representing pelagic 

sediment overlying basalt The method fits bottom reflect10n loss versus grazing angle, 

calculated for many possible bottom models, to measured data Simulated anneahng 

opt1mizat10n 1s used to perform an efficient search to find the model which produces the 

best match between the calculated losses and the data Parameter values associated with 

this optimum model are taken as the geoacoustic parameter estimates at the expenment 

site This method was tested with simulated data to demonstrate Its effectiveness for 

estimating several elastic parameters The method was found to provide reliable estimates 

for basalt p and s wave speeds, and the sediment s wave speed The invers10n method 

was applied to data obtained along a track in the North Pacific, over which the basalt age 

increased from -42 m y to -63 m y The estimates indicated trends of increasing basalt 

wave speed with age, from 2 6 km/s to 3 2 km/s for p waves, and from 1 0 km/s to 

1 5 km/s for s waves 
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Chapter 1 
Introduction: 

1 

The predominant geologic profile of the ocean bottom over the Abyssal Hills 

region in the North Pac1f1c ocean consists of basalt overlam by a thin sediment layer The 

extent of this region, where sediment thickness 1s less than 100 m, 1s shown in figure 1 1 
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Figure 1 1 Area in the Abyssal Hills reg10n where sediment thickness 1s less than 100m 
From (Atwater and Sevennghaus, 1989) 

A large amount of research effort has been expended to measure the elastic 

properties of both the sediment and basalt layers in this region Pubhshed values for the 

elastic parameters of the sediment have been obtained mainly from laboratory 

measurements made on sediment core samples A comprehensive comp1lat1on of 

measurements for this region (Hamilton, 1980) class1f1es the sediments as pelagic clays, 

silty-clays, and clayey-silts The sediments are charactenzed by compressional wave 

speeds between 1500 mis and 1530 mis, and densities between 1 3 g/cm3 and 1 5 g/cm3 

The expenmental measurements, from which these values were determined, were highly 

consistent from site to site and consequently the hm1ts are well established Less 

consistent measurements have been obtamed for compressional wave attenuat10n in the 
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sediment This value 1s assumed to be m the order of O 1 dB/A for frequencies less than 

100 Hz, (Hamilton, 1980) Accurate est1mat1on of compress10nal attenuat10n from 

laboratory measurements 1s very difficult because of its low value Measurements of the 

sediment shear wave speed and attenuat10n coefficient have been highly mcons1stent, and 

these properties are also poorly known A comp1lat10n of m situ shear wave speed versus 

depth for thicker pelagic sediments (Hamilton, 1976) has md1cated a shear wave speed of 

approximately 100 mis at the water-sediment mterface with a gradient of 4 s I to 5 s I m 

the top 50 m of sediment 

Measurements of the geoacoustlc properties of the basalt have been made almost 

exclusively by remote acoustic and se1sm1c sensmg rather than by direct samplmg This 

1s due mamly to the physical bamer formed by the sediment layer The notable except10n 

1s the deep sea drilling proJect which has provided core samples of the upper crust basalt 

at many sites m the North Pacific, e g (Christensen and Sahsbury, 1975) Cores have 

md1cated densities between 2 0 g/cm3 and 3 0 g/cm3, and compressional wave speeds 

between 3 5 krn/s and 6 5 krn/s Increasmg compress10nal speed m these cores has been 

correlated with mcreasmg density 

An analysis of sonobuoy refraction surveys at a large number of sites m the 

Pac1f1c (Houtz and Ewmg, 1976) mdicated that the upper crust basalt (layer 2) could be 

d1v1ded mto three mam sub-layers, each with d1stmct1ve properties The survey results 

for compressional wave speed m the uppermost of these sub-layers, (layer 2A), con tamed 

a high degree of scatter These data, however, suggested a trend of mcreasmg 

compress10nal speed with basalt age from approximately 2 5 krn/s m very young crust to 

4 5 krn/s for crust >40 m y Se1sm1c experiments performed on the East Pacific Rise 

(Christeson, Purdy, and Fryer, 1992), (Vera et al, 1990), (Hardmg et al, 1989) have 

established very low speeds between 2 2 krn/s and 2 3 krn/s m layer 2A for young crust 

near the ridge axis An mterestmg observation 1s that compressional wave speeds 

measured during these experiments have been s1gmf1cantly lower than those measured 

from core samples at the same locations (Purdy, 1987) The widely accepted explanation 

for the d1screpanc1es 1s that large-scale porosity m the basalt, due primanly to cracks and 

faults, reduces the measured se1sm1c speeds Small changes m large-scale porosity of a 

few percent have been shown to have s1gmf1cant mfluence on the compressional wave 

speed (W1lkms et al, 1991) The core samples are generally smaller than the scale of the 

faults, so measurements on the samples are representative of the speeds m consolidated 

material An explanation for the mcrease m compressional wave speed with basalt age, 

md1cated by Houtz and Ewmg's data, attnbutes the mcrease to decreasmg basalt porosity 
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as cracks and faults m the basalt are gradually filled by mmerals prec1p1tated from 

hydrothermally circulated sea-water (Jacobson, 1992) A study performed at the Juan de 

Fuca ndge, over a well defined transect of young crust m which basalt age increased 

from O to 4 5 m y , found mcreasmg compressional wave speed with basalt age (Rohr, 

1994) Rapid mcreases m speed were correlated with changes m the regime of 

hydrothermal c1rculat1on from open commumcat10n with sea-water, to closed where 

circulat10n 1s hmited to the upper basalt and overlymg sediment 

In this thesis, we present measurements of basalt compressional and shear wave 

speeds at thm-sed1ment sites along a track m the North Pac1f1c, for which the geologic 

age of the basalt mcreased from 40 my to 63 my These data provide the first test of 

Houtz and Ewmg's results , and Jacobson's theory, along a well defmed transect of 

moderate basalt age The track 1s s1gnif1cant also because sediment 1s uniformly thm 

( <33m) so that open hydrothermal c1rculat1on may have continued smce the crust was 

formed The measurements were obtamed usmg a new mvers10n method which 1s 

developed and evaluated m this thesis The method matches reflect10n loss versus grazmg 

angle values, calculated for many bottom models, to measured data The bottom models 

are based on a system of two sohd layers representmg sediment overlymg basalt 

Ind1v1dual bottom models are descnbed by particular values for the geoacoust1c 

parameters m each of the layers These parameters are vaned until the best possible 

match with measured data 1s found The parameter set for this optimum model 1s taken as 

the estimates for the geoacoust1c parameters at the expenmental site The method 1s 

found to be sensitive to the sediment shear wave speed, the basalt compressional wave 

speed and the basalt shear wave speed near the sediment-basalt mterface The obtamed 

estimates should be more rehable than estimates from existmg geophysical techniques 

which are better smted to measunng the geoacoust1c properties m deeper layers 

In chapter 2 we descnbe the inversion method, and we discuss the physics of the 

important acoustic interactions which influence bottom reflect10n loss In this d1scuss1on 

we consider acoustic scattering from the ocean bottom, and we propose methods for 

reducing the scattenng effects In chapter 3 we outline a study in which the inversion 

method was evaluated with simulated data to determine its effectiveness for est1matmg 

geoacoust1c model parameters This study estimated the sensitivity of the inversion to 

several model parameters, and investigated the inversion performance in the presence of 

expenmental n01se In chapter 4 the method 1s apphed to expenmental reflection loss 

versus grazing angle data obtained at 9 sites along a track in the North Pacific ocean 

Estimates of the sediment shear wave speed, the basalt compressional wave speed and the 
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basalt shear wave speed are obtained for each site Finally, in chapter 5, we examine the 

expenmental parameter estimates from chapter 4 and we discuss the1r 1mphcat1ons for 

crustal aging Chapter 5 also contains some suggestions for related future research 
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Chapter 2 
Inversion of Reflection Loss data 

I. Overview 

When plane acoustic pressure waves are mc1dent from the water onto the ocean 

bottom, some of the wave energy 1s transmitted mto the bottom, and some 1s returned 

back into the water The returned energy forms an acoustic field which 1s the sum of 

signals from reflected and refracted acoustic paths, some of which may have interacted 

with sub-bottom layers When this 1s the case, the acoustic field contains information 

about the geoacoust1c properties of the layers The goal of acoustic and se1sm1c inversion 

methods 1s to determine the geoacoust1c properties of the bottom from the charactenst1cs 

of the returned acoustic field 

Most se1sm1c invers10n methods for determining bottom properties in the deep 

ocean are based on expenments designed to measure vanat10ns in bottom reflected and 

refracted signal properties as a function of the range between a source and receiver, or as 

a function of the angle of mc1dence of the seismic energy onto the bottom Commonly 

employed expenments include the expanding spread profile (ESP), common midpoint 

(CMP), shot point, and sonobuoy refraction expenments The ESP expenment, e g 

(Hardmg et al , 1989) and (Vera et al, 1990), 1s performed usmg two ships One of the 

ships tows a receiver in the opposite direction to the other ship, which tows an 1mpuls1ve­

type source or deploys explosive charge sources Both ships start from a common 

locat10n and sail at the same speed so that the midpoint between the ships remams fairly 

constant As the ships move apart, the source 1s repeatedly fired so that bottom reflected 

signals, measured at the receiver, are recorded for a range of incidence angles The CMP 

expenment, e g (Rohr, 1994), 1s performed using only one ship for towing the receiver 

and deploymg the sources The receiver for this expenment contains multiple in-line 

elements, and 1s towed far enough behind the ship so that sources can be fired or 

detonated between the ship and the frontmost element Because the receiver has spatial 

extent, the angle of incidence for the bottom reflected signals measured on different 

elements 1s not constant and the range of angles increases with the length of the receiver 

The signals from multiple shots are combined, and the forward movement of the sources 

and receiver elements are accounted for to obtam a range of mc1dence angle 

measurements for signals reflected from common pos1t10ns on the bottom Shot point 

ex penmen ts, e g (Chnstesen, Purdy and Fryer, 1992) and (Purdy, 1987), are performed 
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usmg one or more receivers mounted on or close to the ocean bottom Sources are fifed 

or detonated at varying range from the receivers so that a range of reflect10n or 

refraction angles from sub-bottom layers 1s obtained A benefit of this method 1s that 1t 

avoids contamination of the data by ocean surface multiples, which can arnve at the 

receiver s1multaneously with the bottom refracted signals of interest Add1t10nally, ocean 

bottom seismometers (OBS's) can be used m place of hydrophones The OBS receiver 

resolves the direct1on of particle displacement m the sohd bottom so that wave 

polanzat1ons can be resolved The sonobuoy refraction expenment, e g (Houtz and 

Ewmg, 1976), 1s earned out by deploymg a sonobuoy which suspends a hydrophone 

receiver The sonobuoy can contain signal recording hardware, or 1t can broadcast the 

hydrophone data to a ship The ship meanwhile deploys sources at varymg range from 

the sonobuov to obtam data similar to that of the ESP expenment, except that the bottom 

reflect10n pomt 1s not fixed 

Inversion methods can be class1fied in three mam categones travel time methods, 

amphtude methods, and full waveform methods Travel time methods exploit the time 

differences between refracted acoustic arnvals as the source-receiver range changes The 

time differences are related to the compressional and shear wave speeds in the layers 

between interfaces from which ind1v1dual arnvals are observed The travel time method 

1s apphed by usmg a forward se1sm1c propagation algonthm to calculate theoretical 

arnval time differences for a geoacoust1c model which approximates the bottom media 

The wave speeds in the model are vaned until the best match between modeled and 

observed arnval time differences 1s achieved In the most commonly implemented case, 

the bottom 1s modeled as a system of layers m which the wave speeds m each layer are 

constant, or vary hnearly with depth only Inversion wave speed estimates in oceanic 

crust using this method have been presented m several papers, e g (Vera et al 1990) and 

(Hardmg et al, 1989) The method has been extended to two d1mens10ns (Zelt, 1992) 

and three d1mens1ons (Toomey, 1990) These higher d1mens1onal methods reqmre more 

soph1st1cated forward se1sm1c propagat10n algonthms to predict theoretical arnval times 

Amphtude methods are apphed to data m similar manner to travel time methods 

but the arnval amphtudes, rather than arnval time differences, are the feature of mterest 

The amphtudes of reflect10ns from a spec1f1c mterface are related to the reflect10n 

coefficient at the mterface The reflect10n coeffic1ent 1s, m turn, a function of the 

compressional and shear wave speeds and attenuation coeffic1ents, and the dens1t1es m 

the layers on both sides of the mterface, as well as the angle of mc1dence of the se1sm1c 

energy The reflect10n coefflc1ent and angle of incidence at each 1dent1fiable mterface are 

determmed and then mverted to obtam the geoacoust1c parameters of the layers at the 
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respective interface This method has been apphed to mvert upper crustal speeds m -140 

my crust (Rohr, 1987), and m very young crust near the Juan de Fuca ndge, (Rohr, 

Schmidt, and Groschel-Becker, 1993) 

The full waveform method, e g (Smgh et al, 1989) and (Sen and Stoffa, 1991) 

matches the full measured refraction waveform (seismogram) to theoretically modeled 

waveforms (synthetic se1smograms) which are calculated by a forward propagat10n 

algonthm The parameters, descnbmg the model for which the synthetic se1smograms are 

calculated, are vaned until the best match between the measured and synthetic 

se1smograms 1s achieved The apphcat1on of this method 1s generally difficult because 

the mc1dent waveform must be used m the calculat10n of the returned synthetic 

se1smograms Add1t1onaJly, the forward model must provide a broadband transfer 

function for the bottom models, and the matchmg of the synthetic and measured 

se1smograms 1s not straight-forward 

The above mvers10n methods, except for the full waveform method, are 

not well smted to provide accurate estimates of geoacoustlc parameters m thm bottom 

layers ( <50 m), or m layers def med by mterfaces across which the acoustic impedance 

mismatch 1s small Errors m sound speed estimates from travel time methods are 

proportional to errors m the arnval time difference measurements For thm layers, the 

arnval time differences are small, so large sound speed estimate errors occur Also, when 

the arnval time difference 1s small, the md1v1dual reflection signals can overlap The 

overlap of the signals mtroduces error m the amphtude measurements which are reqmred 

by the amphtude methods Both the travel time and amphtude mvers1on methods rely on 

the ab1hty to identify reflect10ns from md1v1dual mterfaces When the acoustic 

impedance mismatches across mterfaces are small, the reflected signals have low 

amphtudes This makes 1dent1f1cat1on of the reflected signals d1ff1cult, especially m the 

presence of scattermg n01se 

A new mvers1on method, based on a mod1f1ed ESP expenment, for est1matmg 

geoacoustlc parameters of uppermost oceanic crust m reg10ns of thm sediment cover 

( <50 m) 1s developed m this thesis The method was developed specifically for 

est1matmg the geoacoust1c properties of the sediment and upper basalt (layer 2A) over 

large areas of the Abyssal Hills region m the North Pac1f1c These areas are charactenzed 

by a thm layer of pelagic sediment ( <50 m) overlymg basalt Bottom roughness 1s 

generally large, and bottom reflected signals usually contam s1gmf1cant scattered energy, 

which partially obscures signals from reflectmg mterfaces Also, the upper basalt 

generally lacks strongly reflectmg mterfaces m the top few hundred meters Because of 
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the thin sediment layer and lack of reflecting interfaces in the upper basalt, the travel 

time and amphtude methods are not smted to provide accurate estimates for the 

geoacoust1c parameters in this environment 

The inversion method uses bottom reflection loss versus grazing angle data It 1s 

found that the reflection loss, in the Abyssal Hills environment descnbed above, 1s 

strongly influenced by the geoacoust1c properties of the sediment and basalt near the 

sediment-basalt interface The reflection loss 1s calculated from the total energy, in 

selected frequency bands, of the entire returned waveform so that no separation of the 

ind1v1dual arrivals in the waveform 1s required Reflection loss 1s defined as the ratio of 

the reflected energy to the total incident energy Although 1t 1s closely related to the 

reflection coeff1c1ent, the reflection Joss ts a real quantity, def med for spec1f1c frequency 

bands, while the reflection coefficient 1s generally a complex function of frequency The 

reflection loss (h) for a frequency band defined by band edges f, and Ji 1s also a function 

of the incident wave power spectrum and 1s given by 

h 

f lPU)l2 IRU)i2 df 
h = ~!1 _____ _ 

h 

JIPU)i2 df 
(2 1) 

f1 

where I P(f) I 2 1s the incident wave power spectral density funct10n, and R(f) 1s the 

complex reflect10n coefficient If the mc1dent wave power spectrum 1s constant over the 

band, the reflection loss 1s the average square modulus of the reflect10n coefficient in the 

band The reflection loss 1s more commonly expressed m decibels by H = -10 log(h) 

The proposed invers10n method belongs to a class of inversion methods known as 

1terat1on of forward models (Fnsk, 1990), (Chapman, 1991) These methods work by 

matching certain charactenst1cs of the data, with those predicted for a model which 

simulates the geoacoust1c bottom environment The approach reqmres theoretical 

computation of the charactenst1c of mterest for many possible bottom models For our 

inversion method, the charactenst1c of interest 1s the bottom reflection loss at several 

grazmg angles A cost funct10n 1s defmed to md1cate the fit between theoretical results, 

for md1v1dual bottom models, and the data This function 1s min1m1zed to fmd the bottom 

model which best reproduces the measured reflection loss versus angle charactenst1cs 

The geoacoust1c parameter values descnbing this optimum model are taken as the 

estimates for the values at the expenment site 
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II. Reflection Loss Model 

In general, the reflection coefficient 1s dependent on the frequency, the 

geoacoust1c properties of both the sediment and the basalt, and the angle of mc1dence of 

the waves onto the bottom The important geoacoust1c parameters are the compressional 

wave speeds (C,,), the shear wave speeds (C), the compressional attenuation coefficients 

( a,,), the shear attenuation coefficients ( a ,), and the dens1t1es (p) m both the sediment and 

basalt Because of the great water depths over the Abyssal Hills region, (generally greater 

than 5 km), curvature of the wavefronts near the bottom for acoustic energy generated by 

pomt sources near the ocean surface 1s very small for frequencies as low as a few Hz 

Consequently, a plane wave treatment of the mteract1on of the waves with the bottom 1s 

an excellent approx1mat10n Plane wave reflect10n coefficients can be numencally 

evaluated for a system of solid homogeneous layers analogous to the sediment and basalt 

bottom layers , (Brekhovsklkh, 1980) The numencal method of Brekhovsk1kh 1s a full 

wave solution of the wave equation for the system of solid layers It assumes that layer 

mterfaces are smooth and planar, and that compressional and shear waves are coupled 

only at the mterfaces Brekhovsk1kh's outline contams several errors which have been 

corrected m the outlme of the method given m Appendix B of this thesis Furthermore, 

the method has been extended to mclude both compress1onal and shear wave attenuat10n 

m each layer This method has been implemented for the water-sediment-basalt model m 

a FORTRAN routme which 1s mcluded at the end of Appendix B This routme was used 

to calculate modeled reflection coefficients at several frequencies w1thm the frequency 

band of mterest Reflect10n losses were calculated from these reflection coefficients usmg 

equat10n 2 I 

The ocean bottom for the Abyssal Hills environment 1s represented by the 2-layer 

elastic solid model shown m figure 2 I We descnbe the set of possible geoacoust1c 

models by a vector m whose components are the geoacoust1c parameters m the layers 

m={p5
, c;, c;, a~, a~, p8

, C
1
~, C,8 , a! , a ~}, where the superscnpts Sand B md1cate 

respectively whether the parameter represents the value m the sediment layer or m the 

basalt layer Note that m spans a region of IO d1mens1onal space which 1s def med by the 

allowed ranges for each of the parameters 
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Figure 2 I Geoacoustic model for thm sediment bottom 

The proposed mvers1on method searches for the model which optimizes the fit 

between the measured reflection loss versus angle data H D(0), and the modeled data 

H M(m,0) The parameter values for this model are the estimates for the actual parameters 

at the expenment site It 1s noted that some of the parameters compnsmg m may have 

little mfluence on the loss curve and thus could be removed from the search space 

thereby reducmg its d1mens10n 

III. Reflection Loss Versus Angle Characteristics 

Reflection loss versus grazmg angle data for the two layer profile, representmg a 

typical Abyssal Hills geoacoust1c environment, have d1stmgmshmg features which can be 

attnbuted to the behavior of md1v1dual acoustic paths, (Chapman and Chapman, 1993) It 

1s useful to approach the physical problem by cons1denng the mteract1on of the mc1dent 

acoustic energy with the bottom, usmg "rays" to illustrate the important acoustic paths 

The diagram m figure 2 2 shows the important rays which are responsible for the 

maJonty of the structure m the reflection loss curves Rays for compressional waves are 

depicted by solid Imes while rays for shear waves are depicted by dashed Imes, and the 

important rays are numbered for later reference 
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The mc1dent ray arnves from the water on the left in figure 2 2 This ray interacts 

with the water-sediment interface, where 1t 1s partially reflected (ray I) and partially 

transmitted (ray 2) Because the reflection coefficient at this interface 1s low, most of the 

energy 1s transmitted The compress10nal wave speed m the sediment m this example 1s 

slightly lower than m the water Consequently, by Snell 's law, ray 2 propagates at a 

shghtly steeper angle than the rays m the water When ray 2 reaches the sediment-basalt 

mterface, a fairly complex mteract10n occurs Here 1t 1s partially reflected into the 

sediment (ray 4), and partially transmitted mto the basalt (ray 7) Add1t1onally the 

interaction m1tiates a transmitted shear wave m the basalt (ray 6), and a reflected shear 

wave m the sediment (ray 3) 

\ 

" \ 
\ 

Figure 2 2 Important rays for the two layer geoacoust1c interact10n 
for a typical thin sediment Abyssal Hills environment 

The relative slopes for rays 6 and 7 represent the case where the basalt shear wave 

speed 1s less than the sediment compressional speed which, in turn, 1s less than the basalt 

compressional wave speed Because the shear wave speed of the sediment 1s very low 

(typically 100 mis - 200 m/s), ray 3 propagates in a nearly vertical direction for all 

incident ray angles The wave depicted by this ray 1s almost totally reflected back into the 

sediment at the sediment-water interface, with a phase change of 180° The reflected 

shear wave then propagates back down to the sediment-basalt interface, where It 1s 

partially re-converted to a compress10nal wave in the sediment (ray 5) Rays 4 and 5 

propagate back up to the sediment-water interface where they are mostly transmitted 

back into the water The interference between these rays produces much of the structure 

in the reflect10n coeffic1ent, and ultimately in the reflection loss versus angle data 



12 

We first consider the form of the reflection loss versus grazmg angle for a 

geoacoust1c environment cons1stmg of a thm sediment layer overlymg a higher speed 

basalt layer The plot m figure 2 3 shows reflect10n loss, m decibels , versus grazmg angle 

and frequency for the geoacoust1c profile which was used to generate test data for the 

s1mulat10n study m chapter 3 The parameter values descnbmg this profile are given m 

table 3 1 Figure 2 3 was generated using the reflection loss routme given m Appendix B 

The frequency bandwidth for the reflection loss m figure 2 3 was set to zero, so the 

values are actually the modulus squared of the reflect10n coefficient, expressed m dB 
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Figure 2 3 Reflect10n loss versus grazing angle and frequency 

The most stnkmg feature m figure 2 3 1s the modulat10n of reflect10n loss with 

frequency which 1s evident from ::::::3-55° grazmg angle Over this spread of angles, strong 

conversion of the compressional energy m ray 2, (of figure 2 2), to shear energy m ray 3 

occurs This leads to the doubly converted ray 5 havmg s1grnf1cant amplitude The 

observed modulation 1s due to the strong mterference between rays 4 and 5 By notmg 

that the total phase difference(<!>) between rays 4 and 5 occurs m the two-way sediment 

path of shear wave ray 3, we can predict the penod of modulation m frequency based on 
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the sediment thickness and the shear wave speed The total phase difference 1s 

cp = 4n d I A+ 7t, where d 1s the sediment thickness and A 1s the shear wave wavelength m 

the sediment The modulat10n pattern repeats every time the phase difference changes by 

2n We obtam the relat1onsh1p 

~<1> = <l>(fz) - ~<l>if1) 
= 4n dfil b - 4n df, I b (2 2) 

=27t, 

where b 1s the sedunent shear wave speed Solvmg, we get Ji -J, = b I 2 d The values 

used for b and d for calculatmg the loss m figure 2 3 were 180 mis and 30 m 

respectively This gives Ji - f 1 = 3 Hz We note that the modulat10n pattern m figure 2 3 

repeats every 3 Hz An add1t1onal observation pertammg to the modulat10n 1s that the 

modulation amplitude decreases with mcreasmg frequency This effect 1s due to the shear 

wave attenuation m the sediment, which increases with frequency The mcreasmg 

attenuat10n rapidly decreases the amplitude of ray 3 before 1t converts to ray 5 

Consequently, the amplitude of mterfenng ray 5 also decreases with frequency The 

modulation of reflect10n loss was found to be negligible for frequencies greater than 

50 Hz when shear wave attenuation was spec1f1ed at 1 5 dB/A 

The second notable feature of the loss versus angle and frequency 1s the very low 

reflection loss occurrmg near 56° grazmg angle for all frequencies This angle 1s the 

mc1dent ray grazmg angle for which the basalt compressional wave (ray 7) becomes 

honzontal, and 1s referred to as the basalt compressional wave cnt1cal angle If no shear 

wave was supported m the basalt, then total mtemal reflection of the acoustic energy, 

mc1dent from the sediment, would occur for angles less than the cnt1cal angle The 

cnt1cal angle can be calculated from Snell's law by settmg the grazmg angle (08) for 

ray 7, to zero If 0c represents the cntlcal angle for mc1dent ray, then by Snell's law, 

COS0C _ COS0 8 

Cw CB ' 
(2 3) 

where Cw 1s the water sound speed, and C8 1s the basalt compressional speed The proftle 

used for figure 2 3 had Cw= 1540 mis and C8 = 2800 mis This gives ec = 56 6°, which 

agrees well with the peak m figure 2 3 
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IV. Rough Bottom Scattering Effects 

One disadvantage m modelmg the bottom as a smooth planar mterface 1s that the 

effects of bottom roughness are ignored In practice, bottom roughness ts always present, 

and causes some degree of non-specular scattermg of the mctdent waves The diagram m 

figure 2 4 shows how energy, mctdent at the specular angle onto a rough bottom, can be 

scattered over a range of angles 

~ Source Receiver 

Figure 2 4 Scattermg away from the specular d1rect1on 

The energy lost to the scattered rays leads to a reduct10n of the amplttude of the 

specularly reflected signal If the magmtude of bottom roughness (s) 1s sufficiently small, 

and can be descnbed by a Gaussian d1stnbut1on of elevations, the loss (HE) due to 

scattenng can be calculated accordmg to the Eckart scattermg law, (D1achok et al, 1994) 

(2 4) 

where k 1s the wave number, g = 2ks sm(0), and 0 ts the grazing angle We note from 

equation 2 4, that the scattenng effects mcrease with grazmg angle and frequency 

Analysts of the reflect10n data for the expenment descnbed m chapter 4 md1cated that 

scattenng effects were s1gntf1cant at the sites studied Because the amplitude of bottom 

roughness may vary s1gntf1cantly over small distances, and the roughness may be of non­

Gaussian form, 1t 1s dtfftcult m practice to accurately estimate the magnitude of scattenng 

loss m real reflection data For these reasons, the analysis of the reflect10n loss data was 

restncted to low frequencies so that scattenng effects were mm1m1zed For the s1mulat1on 

study m chapter 3, and analysis of real data m chapter 4 analysis was performed for a 1/3 

octave band centred at 8 Hz with band edges at 7 08 Hz and 8 91 Hz 
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V. Reflection Loss Experiment 

Bottom reflection loss versus grazmg angle measurements are generally made 

using 1mpuls1ve type waveforms so that signals from a spec1f1c reflection path can be 

isolated from waterborne and other multiply reflected paths The reflected signal 1s 

measured by a receiver located at varymg distance from the source, to provide a range of 

grazmg angles The energy level m dB measured at the receiver (L) 1s assumed to be 

equal to the source level (SL) less the spreading loss (H5) and the bottom reflection loss 

(H 8 ) If a calibrated source 1s used, and spreading loss can be predicted, the bottom loss 

1s obtained by 

H 8 = SL- H5 - L + 6 02 (2 5) 

The 6 02 dB accounts for the combmed add1t1ve energy of the four separate acoustic 

paths present m the bottom-reflected waveform, 1 e 10 log(4) = 6 02 The paths are the 

source-bottom-rece1ver, source-surface-bottom-rece1ver, source-bottom-surface-rece1ver, 

and the source-surface-bottom-surface-rece1ver Smee the source and receiver are close 

to the ocean surface, the arnvals from these paths are d1fficult to isolate from each other 

because theu time separation 1s usually comparable with the 1mpuls1ve source waveform 

duration 

Values obtamed for bottom loss usmg this approach, however, may not be 

representative of the reflection loss as defmed previously The reason for this 1s that the 

total energy measured at the receiver may result from scattered m add1t1on to specularly 

reflected acoustic paths When bottom roughness 1s present, a component of the full 

sound field at the receiver 1s due to scattenng from w1thm a region around the specular 

reflection pomt Figure 2 5 shows a representation of the scattermg region for the general 

source-receiver geometry This region 1s a result of facet-hke scattermg, and 1s not 

related to the Fresnel zone The size of the s1gmf1cant scattering area, and the magmtude 

of the scattered energy mcrease with mcreasmg bottom roughness and frequency 
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Receiver 

Figure 2 5 Rough bottom scattenng region 

The scattered component of the sound field at the receiver 1s unwanted for our 

modelmg purposes Unfortunately, this component cannot be isolated from the specular 

component when non-d1rect10nal receivers are employed Therefore, 1t 1s necessary to use 

an array of hydrophones to spatially filter the scattered component We have used a 

towed honzontal !me array for this purpose Plane wave beamformmg of the towed array 

outputs 1s well smted for the signal processmg due to the small wavefront curvatures 

mentioned previously The plane wave beam pattern for lme arrays 1s corneal with the 

axis of the cone along the array If the bottom and array are both honzontal, the 

mtersect1ons of the come beams with the planar bottom are hyperbolas Figure 2 6 shows 

the bottom mtersect10n of one of these beams passmg through the scattenng region of 

figure 2 5 Beam mtersect1on with the bottom 1s md1cated by the area ms1de the dashed 

Imes The region where the mtersect10n passes through the scattenng region 1s md1cated 

by the darkly shaded area 

Hydrophone Array 

Figure 2 6 Lme array beam mtersect10n with the bottom and scattermg reg10n 
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Because the beamformer rejects energy mc1dent from angles other than the beam 

d1rect1on, much of the energy from the scattenng region can be filtered out The beam 

however admits energy from the area where 1t intersects the scattenng region as md1cated 

m Figure 2 6 This smaller region of mtersect1on will still contam the specular reflect1on, 

resultmg m a much smaller ratio of scattered energy to reflected energy 

VI. Cost Function M1mm1zahon 

To use the method, a set of data, cons1stmg of measurements of low frequency 

reflection loss at N different grazmg angles, 1s reqmred This set of measured reflection 

loss data 1s denoted M(0,), i = 1 N, where the loss values are m hnear units An energy 

or cost function E(m) 1s defmed which md1cates the degree of mismatch between the 

measured reflection losses and the reflection losses predicted for model m The proposed 

function 1s the rms pomt to pomt difference between the square roots of the measured 

and modeled loss data 

(2 6) 

A perfect match between the measured and modeled data 1s md1cated by E(m) = 0 The 

mvers1on 1s then formulated as a mult1-d1mens1onal opt1m1zat10n problem m which we 

wish to mm1m1ze E(m) This mmim1zat1on 1s non-tnvial because E(m) 1s generally a 

non-lmear function which can have several sub-optimal or local mm1ma This feature 

precludes the use of calculus based mm1m1zat10n techniques Add1t10nally, the search 

space 1s very large so that exhaustive searchmg of a discretized space of adequate 

resolution 1s not possible m a reasonable amount of time with currently available 

computer capab1hties For these reasons, the efficient opt1mizat1on technique Simulated 

Annealmg (Press et al, 1986) 1s employed to search for the optimum model This method 

has also been used recently for full waveform matchmg of measured and synthetic 

se1smograms, (Sen and Stoffa, 1991) When the optimum model 1s found, the parameters 

descnbmg 1t are used as the estimates for the actual parameter values at the expenment 

site 

Simulated Annealing (SA) 1s based on an analogy with the annealmg process of 

metallurgy , whereby molten metal is cooled slowly so that 1t crystalhzes m a very low 

energy state The SA algonthm 1s an 1terat1ve technique which repeatedly perturbs the 

parameter values compnsmg a model , and accepts or rejects the perturbed model based 
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on the change of the cost funct10n value The process 1s controlled by a parameter T, 

analogous to temperature, which 1s slowly reduced (coolmg) Durmg the mvers1on, the 

algonthm keeps track of an accepted model ma, and the associated value of the cost 

funct10n E(m) A new model mn 1s determmed by perturbmg one or more of the 

parameters m m a, and the change m the cost function, M = E(m,) - E(ma), 1s calculated 

Perturbations which decrease E are always accepted Perturbations which mcrease E are 

accepted with a probab1hty that 1s proportional to the Boltzman d1stnbut1on 

P(M) = exp(-11£ / T) (2 7) 

Because the algonthm allows probab1hst1c acceptance of increases m cost, 1t has 

the ab1hty to escape from sub-optimal or local m1mma m the cost function As T 

decreases, the probab1hty that an mcrease m cost 1s accepted becomes smaller If T 1s 

reduced slowly, the algonthm will move out of small local mm1ma, and will avoid 

reg10ns in the parameter search space where the cost 1s high If, however, T 1s reduced 

too qmckly, the algonthm can become trapped m sub-optimal mm1ma and the mvers1on 

will fall The m1tial value of T, and the rate at which 1t 1s reduced 1s referred to as the 

annealing schedule The annealmg schedule 1s problem spec1f1c, and 1s usually 

determined by tnal and error after runnmg the algonthm several times on a s1m1lar 

problems 

VII. Summary 

Water depths in the Abyssal Hills region of the North Pac1f1c are often greater 

than 5 km The direct measurement of properties of the ocean bottom m these areas 1s 

usually precluded by the great depth 1 As a result, most of the data collected have been 

by remote acoustic sensmg usmg geophysical techniques , whereby acoustic signals are 

directed toward the ocean bottom and the reflected and refracted acoustic signals are 

measured Properties of the bottom and sub-bottom layers are then inferred from the 

charactenst1cs of these returned signals Unfortunately, the currently available 

geoacoust1c methods are not well smted for measunng the properties of the sediment and 

upper basalt layers at thmly sedimented sites ( <50 m) 

The mvers10n method developed m this thesis was designed spec1f1cally for 

regions where sediment thickness 1s relatively thm The method 1s supenor to the ex1stmg 

methods for these regions mamly because 1t does not reqmre that signals from closely 

spaced reflectmg interfaces be resolved, (most importantly, the water-sediment and 

1 A notable exception 1s the deep sea dnllmg proJect, e g (Christensen and Salisbury, 1975) 
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sediment-basalt mterfaces) It, m fact, exploits the mterference between these signals 

This mterference 1s especially dependent on the shear wave properties of the sediment as 

descnbed m section III Add1t10nally, the use of a beamformed towed lme array 1s 

necessary for reducmg the unwanted scattered component m the reflected signal An 

add1t1onal benefit of beamformmg 1s that 1t can reJect low frequency energy which 1s 

reflected or refracted from deeper layers of basalt where sound speeds are known to be 

higher than the surface speeds This type of refracted energy 1s not resolvable by non­

duect1onal receivers, and 1s a possible source of error for measurements of the properties 

of the upper ocean bottom layers usmg the current methods 
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Simulated reflection loss data are used to demonstrate the mvers1on method and 

to determme its effectiveness for est1matmg the elastic properties of the basalt and 

pelagic sediment m a typical abyssal hills thm-sed1ment environment The s1mulat1on 

study mvest1gates the effects of md1v1dual parameters on the reflection loss, and 

exammes the sens1t1v1ty of the cost function to each of the parameters The study 

md1cates that three of the parameters sediment shear wave speed, and basalt 

compress10nal and shear wave speeds are s1gmf1cantly more sens1t1ve than the remamder 

of the parameters Effects of expenmental error on the mvers1on estimates are 

mvest1gated by mtroducmg random errors m the simulated data Whereas al I parameter 

estimates are good m the absence of noise, the errors for the msens1t1ve parameters are 

found to be large when noise 1s present Estimates for the three most sens1t1ve 

parameters, however, are only shghtly degraded m the presence of n01se The study 

concludes that the method can provide useful estimates for the three sens1t1ve parameters 

from expenmental data 

I. Test Data 

For testmg the mvers1on method, a set of reflect10n loss versus grazmg angle data 

m a 1/3 octave band centred at 8 Hz were generated for a spec1f1c thm-sed1ment 

geoacoust1c profile under the assumpt10n that the incident wave power spectrum 1s 

constant over the band The specific profile used for the test data will be referred to as 

the true environment, which 1s descnbed by the parameter values m table 3 1 The 

sediment thickness was fixed at a value of 30 m Data for this environment were 

calculated at 40 separate grazing angles between 7° and 85° m 2° mcrements 

Table 3 l Parameter values for "True" environment 

Layer C0 (mis) Cs (mis) a 0 (dB/A) as (dB/A) p(g/cm3) 

Water 1540 l 0 

Sediment 1535 180 0 I I 5 I 3 

Basalt 2800 1100 03 05 23 

To simulate the circumstances of a real expenment, a range of possible values for 

each of the parameters was spec1f1ed These ranges would normally be representative of 
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the apnon knowledge about the respective parameters Here we use the approximate 

ranges of values for the parameters of the abyssal hills environment (Hamilton, 1980), 

which are listed m table 3 2 

Table 3 2 Geoacoust1c model parameter ranges 

Layer C0 (mis) Cs (m/s) a 0 (dB/A) as (dB/A) p (g/cm3) 

Sediment 1520-1540 100-200 0 0-0 2 1 0-3 0 I 2-1 4 

Basalt 2600-3000 900-1400 0 0-0 5 0 0-1 0 2 0-2 5 

II. Parameter Sensitivity 

The degree to which the cost function changes, due to a change m a particular 

geoacoust1c model parameter, 1s not the same for all parameters Because the cost 

function 1s a measure of mismatch between the measured and predicted reflect10n loss, its 

sens1t1v1ty to md1v1dual parameters 1s related to how the respective parameter mfluences 

the reflection loss Because the parameters are restncted to fm1te ranges, we are 

mterested only m the mfluences w1thm the ranges We mvest1gate the sens1t1v1ty for each 

parameter by first cons1denng how the parameter mfluences the reflection loss versus 

angle curve Then we consider the effects on the cost function itself by exammmg its 

dependence on the md1v1dual parameters Fmally, we obtam a general sens1t1v1ty 

estimate by calculating the average vanance of the cost function due to varymg the 

md1v1dual parameters at many random pos1t1ons m the parameter search space 

A. Reflectmn Loss Curves 

In order to gam an understandmg of the sens1t1v1ty of the cost funct10n, 1t 1s 

useful to mvestigate how the shape of the reflect10n loss curve changes when the 

md1v1dual geoacoust1c model parameters are vaned Because the cost funct10n 1s a direct 

measure of the rms difference between the square root of the measured data and the 

modeled reflection loss, we will plot the square root of reflection loss versus grazmg 

angle rather than the reflection loss itself This 1s desirable also because the square root 

of the reflection loss has similar charactenst1cs to the familiar reflection coefficient For 

a smgle frequency, the square root of reflection loss 1s, m fact, the magnitude of the 

reflection coefficient We will refer to the square roots of the 1/3-octave reflect10n losses 

as "eqmvalent reflect10n coefficients" for the frequency band Figure 3 1 contams 

equivalent reflection coefficient curves, m which one parameter has been purposely 
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displaced from its true value to the lower and upper values m its allowed range The 

dotted Imes are the curves for the respective parameters at the lower range values, the 

dashed curves represent the parameters at the upper values, and the solid Imes are for the 

true values Note that all parameters, other than the perturbed ones, are fixed at their true 

values 

1 0 

08 
.; 
0 
() 

.; 06 a: 
> 
5 
CT 
w 

04 

0 20 40 60 80 
Grazing Angle (degrees) 

a) Basalt compr wave speed Cp=2600 mis ( ), 
Cp=2800 mis (-), and Cp=3000 mis (---) 

1 0 

08 

] 
() 

~ 06 
> 
5 
CT 
w 

04 

0 20 40 60 80 
Grazing Angle (degrees) 

c ) Basalt density p=2 0 g/cm3 ( ), 
p=2 3 g/cm3 (-), and p=2 5 g/cm3 (---) 

1 0 

08 ' 
~ 
() 

~ 06 a: 
~ 
::, 
CT 
w 

04 

0 20 40 60 80 
Grazing Angle (degrees) 

b) Basalt shear wave speed Cs=900 mis ( ), 

Cs=I 100 mis(-), and Cs=l400 mis(---) 

0 20 40 60 80 
Grazing Angle (degrees) 

d ) Basalt compr atten ap=0 0 dB/A ( ), 

ap=0 3 dB/A (-), and ap=0 5 dB/A (---) 

Figure 3 1 Eqmvalent reflection coefficient versus grazmg angle curves 
at lower, true, and upper parameter range values 



0 20 40 60 80 
Grazing Angle (degrees) 

e ) Basalt shear atten as=O O dB/A ( ), 
as=O 5 dB/A (-),and as= 1 0 dB/A mis (---) 

] 
() 

£ 06 

> 
5 
o­
w 

04 

0 20 40 60 80 
Grazing Angle (degrees) 

g) Sediment shear speed Cs=IOO mis ( ), 
Cs=180 mis(-), and Cs=250 mis(---) 

1 0 

08 
.; 
0 
() 

'a; 06 a: 
2: 
::, 
0-
w 

04 

0 20 40 60 80 
Grazing Angle (degrees) 

1 ) Sediment compress atten ap=O O dB/A ( ), 
ap=O 1 dB/A(-), and ap=O 2 dB/A(---) 

23 

0 20 40 60 80 
Grazing Angle (degrees) 

f) Sediment compr speed Cp=l520 mis ( ), 
Cp=1525 mis(-), and Cp=l540 mis (---) 

] 
() 

~ 06 

2: 
::, 
o-
w 

04 

0 20 40 60 80 
Grazing Angle (degrees) 

h) Sediment density p= l 2 g/cm3 ( ), 
p=l 3 g/cm3 (-), and p=l 4 g/cm3 (---) 

08 

] 
() 

£ 06 

2: 
::, 
o­
w 

04 

0 20 40 60 80 
Grazing Angle (degrees) 

J ) Sediment shear attenuation as=l O dB/A ( ), 
as= 1 5 dB/A (-), and as=3 0 dB/A (---) 

Figure 3 1 Continued 



24 

We note from figures 3 1 (a to J), that several of the parameters have very little 

influence on the reflect1on loss In particular the eqmvalent reflection coeffic1ent versus 

angle curves at differing values for basalt compressional attenuation (figure 3 1 d), basalt 

shear attenuation (figure 3 I e), sediment compress10nal speed (figure 3 I f), and 

sediment compress10nal attenuat10n (figure 3 I 1), are nearly ind1stingmshable from each 

other This observation suggests that the inversion method will not produce useful 

estimates for these four parameters Add1t1onally, three of the remaming parameters 

show only moderate influence on reflection loss These are basalt density (figure 3 1 c), 

sediment density (figure 3 I h), and sediment shear wave attenuation (figure 3 1 J) 

Lastly, the three parameters basalt compress10nal speed, basalt shear speed, and 

sediment shear speed, (figures 3 1 a,b,g respectively) cause considerable change of shape 

of the eqmvalent reflect1on coeffic1ent curves when they are vaned through the1r 

respective ranges 

It 1s important to consider the form of the eqmvalent reflection coefflc1ent curve 

change in add1t1on to the magmtude of the change Errors in the inversion estimates can 

anse 1f different parameters effect the reflection loss in similar ways The manner m 

which this occurs 1s illustrated by referring to figures 3 I c and 3 1 h which show 

eqmvalent reflection coefflc1ent versus angle curves for basalt density and sediment 

density We note that a decrease in the basalt density creates a change in reflection loss 

very similar to that obtained by increasing the sediment density This effect 1s explained 

by the fact that the reflection coeffic1ent, for rays mc1dent onto the sediment-basalt 

interface, 1s related to the acoustic impedance contrast across the interface Smee the 

impedance m each layer 1s proportional to the density, decreasing the basalt density and 

increasing sediment density both reduce the impedance contrast Consequently, an 

amb1gmty m the cost function minimum anses, where many combinations of the 

densities provide nearly identical reflection loss versus angle charactenst1cs The 

min1m1zat1on of the cost funct10n during inversion for example, may locate the 

minimum where both the basalt density and sediment density are less than the correct 

values Although the density estimates would be invahd, the impedance mismatch would 

be correct This 1s a case where re-parametenzat10n of the cost function search space 

could be useful Here we might replace the sediment density and basalt density 

parameters by a smgle parameter representing the1r rat10, however this was not 

investigated 
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The effects due to basalt shear attenuation, sediment compressional speed and 

sediment compress10nal attenuation are very small and s1m1lar Add1t10nally, the form of 

the changes 1s similar to that of the more important sediment shear wave attenuation 

Consequently the problem of amb1gmty, descnbed above, will occur here also 

Varymg the basalt compressional attenuation causes a small change to the 

amplitude of the eqmvalent reflect10n coefficient in a small grazing angle range close to 

the basalt compress10nal cnt1cal angle peak This peak occurs near 55° grazing angle in 

all curves The vanat1on 1s small, but 1t 1s distinct from the effects of varying the other 

parameters 

Varymg the basalt compressional wave speed produces a change in the 

compress10nal cnt1cal angle that coincides with the sharp peak m the curves This distinct 

feature in the reflect10n loss versus angle curve allows direct estimation of the basalt 

compress10nal speed by simply locating the angle of the peak and usmg equation 2 3, 

(Diachok, 1994) The speed estimate obtained by this direct method can be used to 

pos1t10n the search interval used by the 1terat1ve invers10n method The mvers1on method 

should provide a more accurate estimate by explo1tmg the full shape of the loss versus 

angle data around the peak 

Varymg the sediment shear wave speed directly influences the phase change 

incurred by the shear wave which propagates on a two-way path through the sediment 

layer This phase change 1s proportional to the ratio of sediment thickness to the shear 

wave wavelength, and therefore 1s proportional to frequency and inversely proport10nal 

to shear wave speed as was shown m Chapter 1 sect10n III The total phase change, 

incurred by the sediment shear wave, controls the interference which 1s manifested by the 

low eqmvalent reflect10n coefficients over the grazing angles between approximately 3° 

and 55° 

Varymg the basalt shear wave speed changes the grazing angle of the minimum 

between approximately 20° and 40° in figures 3 1 The low eqmvalent reflection 

coefficients around the minimum result from sediment shear wave mterference The 

minimum occurs at the angle of maximum compress10nal to shear wave convers10n at the 

sediment basalt interface This angle mcreases with increasing basalt shear speed 

Secondly, the change in the parameter mod1f1es the phase change incurred upon 

compressional to compressional wave reflection at the sediment-basalt interface The 
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reflected compressional wave 1s one of the two mam acoustic paths whose mterference 

causes the low reflection coefficients The relative phase of the mterfenng paths 1s thus 

changed, resultmg m a change m the amplitude of the mm1mum 

Analysis of the changes m reflection loss versus grazmg angle, due to varymg the 

geoacoust1c parameters, md1cates that the three parameters basalt compressional wave 

speed, basalt shear wave speed, and sediment shear wave speed are the only parameters 

which mfluence the reflection loss strongly and uniquely The conclusion of this analysis 

1s that reliable estimates can be obtained only for these parameters usmg the proposed 

mvers1on method 

B Cost Function Sens1hv1ty 

A different approach , for mvest1gatmg the ability of the method to estimate 

md1v1dual parameters, 1s to consider how the parameters affect the cost function near the 

global mm1mum The global mm1mum occurs when all the model parameters are set 

exactly to the true values For our simulated expenmental data, with no noise, the cost 

funct10n 1s exactly zero at the global mm1mum We can obtam proJect1ons of the cost 

function near this mm1mum by plottmg the function versus one parameter at a time, with 

the remammg parameters fixed at the1r true values ProJect1ons of this kmd are shown m 

figures 3 2 (a to J) 
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The proJect1ons m figure 3 2, for all parameters except sediment shear wave 

speed (figure 3 2 g), are "V" shaped with only a smgle mm1mum correspondmg to the 

global mm1mum Note the cost function scale 1s different m each plot The sediment 

shear speed projection has multiple mm1ma over the allowed sediment shear wave speed 

range The existence of these local mm1ma emphasizes the requirement that gradient 

methods be avoided for searchmg for the global mm1mum The proJect10ns m figures 3 2 

only represent the cost function charactenstics funct10n close to the global mm1mum It 1s 

likely that add1t10nal local mm1ma exist m regions of the cost function defmed by all 

parameters displaced s1gmf1cantly from their true values If a calculus based search 

method was employed, 1t could converge to one of the local mm1ma present m figure 3 2 

g at sediment shear speeds of 100 mis, 140 mis, 200 mis or 250 mis For this reason the 

non-lmear mm1m1zat1on algonthm Simulated Annealmg, which has the ability to escape 

local mmima, 1s used m the mversion method 

C. Cost Function Variance 

An estimate of the relative sens1t1v1ty of the cost funct10n to the md1v1dual 

parameters near the global mm1mum 1s obtained from the vanances of the cost function 

proJect1ons over the respective parameter ranges If the vanance 1s small, then the 

parameter which was vaned caused little change m the cost function value This 

sens1t1v1ty estimate may not, however, be representative of the sens1t1v1ty m reg10ns of 

the search space far from the global mm1mum We reqmre a sens1t1v1ty estimate which 1s 

representative of the nommal sens1t1v1ty over the entire search space A better estimate of 
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the sens1t1v1 ty 1s obtained by calculating the vanance of the cost function proJect10ns due 

to varying each parameter, at many fixed configurat1ons of the other parameters These 

vanances are then averaged to give a measurement more representative of the general 

sens1t1v1ty over the search space Table 3 3 li sts sensmv1ty estimates for the ind1v1dual 

parameters obtained this way, where the vanances from 200 separate random 

configurat1ons of the other parameters were averaged 

Layer 

Sediment 

Basalt 

14 

660 

770 

1400 

O'.p 

2 I 

59 

48 

25 

Table 3 3 Average vanance of cost funclion (x l06) 

when parameter 1s advanced through its range 

p 
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It 1s apparent from table 3 3, that the averaged vanance estimates for parameter 

sens1t1v1ty are in agreement with the conclus,ons for the relative importance of each of 

the parameters obtained from analyses of the eqmvalent reflection coefficient curves We 

see that the sens1t1v1t1es of the three most important parameters basalt compress10nal and 

shear wave speeds and sediment shear wave speed, are more than an order of magnitude 

greater than all other parameters In fact, they are more than 2 orders of magnitude more 

sens1t1ve than the four least sens1t1ve parameters Because of the very low sens1t1v1ty of 

sediment compressional speed, sediment compressional attenuation, basalt compressional 

attenuation and basalt shear attenuation, 1t 1s unhkelv that the invers10n method can 

provide reliable estimates for these parameters from real loss data containing even very 

low level of scatter On the other hand, the removal of these less sens1t1ve parameters 

from the inversion should not introduce s1gmf1cant error into the estimates for the more 

sens1t1ve parameters 

IV. Inversion trials 

A. Noise-free Invers10n 

The inversion method was run using the simulated reflection loss data generated 

for the geoacoust1c profile in table 3 I Sediment compressional wave speed and 

compressional attenuation as well as basalt compress10nal and shear wave attenuations 

were omitted from the inversion due to thelf extremely low sens1t1v1t1es The omitted 
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parameters were fixed at the lower hm1ts of their respective ranges to determme the 

maximum error mtroduced mto the other parameter estimates by the omiss10ns The 

parameter ranges from table 3 2 were used as the search ranges for the parameters 

mcluded m the mvers1on Durmg the mvers1on, 21,000 separate models were tested, 

usmg the simulated annealmg mm1m1zat1on algonthm, to fmd the optimum parameter 

set The method converged to an estimated profile which 1s descnbed by the estimated 

values shown m table 3 4 

Table 3 4 True parameters and noise-free mvers10n estimates 

Layer Parameter True Value Search Range Estimate 

Sediment Cs 180 0 mis 100 200 mis 180 3 mis 

C:X.s I 50 dB/A l O - 3 0 dB/A 1 51 dB/A 

p 1 30 g/cm3 1 2 - 1 4 g/cm3 1 32 g/cm3 

Basalt Co 2800 mis 2600 - 3000 mis 2799 5 mis 

Cs 1100 mis 900 - 1400 mis 1101 1 mis 

p 2 30 g/cm3 2 0 - 2 5 g/cm3 2 30 g/cm3 

The mvers10n was remarkably successful at reproducmg the geoacoust1c profile 

for the noise free case The only parameter from table 3 4 which was m error by more 

than O 5% of its search range was the sediment density This estimate was m error by 

I 0% of its range It 1s observed that the sensitivity of the cost function to sediment 

density 1s the lowest of all other parameters mcluded m the mvers1on It 1s 1t noted that an 

exhaustive search, where the search space for 5 parameters was discretized, would 

reqmre the testmg of approximately 1010 models to obtam an accuracy of less than O 5% 

for the estimate of each parameter The simulated annealmg algonthm therefore was 

more eff1c1ent by a factor of 106 for this n01se free mvers10n 

B. Inversion of Noisy Data 

To test the effect of expenmental errors, random error (noise) was added to the 

simulated reflect10n loss data used for the mvers1on from part A The noise was 

mtroduced by addmg a random error, generated by a random number generator, to each 

pomt on the reflection loss versus grazmg angle curve Three separate mvers1ons were 

performed at maximum error magmtudes of O I, 0 15, and O 2 respectively The noise 

free curve, and noise added curve for the O 2 noise level are shown together m figure 3 3 
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The search ranges for the geoacoustlc parameters were the same as the ranges 

used for the noise free mvers1on The inversions for the noise-added data were performed 

similarly to the noise-free case Parameter estimates obtained from all three mvers1ons 

are included m table 3 5 

Layer 

Table 3 5 True parameters and mvers10n estimates at 
maximum noise levels of O 1, 0 15, and O 2 

Invers10n Estimates 

Parameter Model N=0 1 N=0 15 

Sediment Cs (mis) 180 0 176 5 176 S 

a s (dB/A) I 50 l 70 1 63 

p (g/cm3) I 30 I 22 l 20 

Basalt C0 (mis) 2800 2804 6 2768 2 

Cs (mis) 1100 1059 5 1075 0 

p (g/cm3) 2 30 240 240 

N=02 

175 2 

1 71 

1 20 

2787 6 

1056 8 

240 

Inversion estimates for the less sensitive parameters sediment shear wave 

attenuation, sediment density and basement density, were corrupted by the presence of 

even the loVvest noise level tested The accuracies of the estimates for the three most 

sens1t1ve parameters, sediment shear wave speed and the basalt compress10nal and shear 

wave speeds, were reduced, but were satisfactory at all noise levels As a percentage of 

the search range, the estimates for the sediment shear speed at the three noise levels 



32 

differed from the expenmental value by only 3 5%, 3 5% and 4 8% The estimates for 

the basement compressional wave speed differed from the expenmental value by 1 2%, 

8 0% and 3 I%, and estimates for the basement shear wave speed differed from the 

expenmental value by 11 9 %, 5 0% and 8 6% 

V. Summary 

The cost function representmg the rms match between simulated reflection 

coefficient versus grazmg angle measurements and modeled reflection coeff1c1ents was 

found to be most sens1t1ve to sediment shear wave speed, basalt compress1onal wave 

speed and basalt shear wave speed for the geoacoust1c profile used The ability of the 

method to estimate the parameters m the presence of noise was found to be correlated 

with the sens1t1v1t1es of the cost function to the respective parameters Only the estimates 

for the three most sens1t1ve parameters listed above were found to be reliable m the 

presence of noise of amplitude similar to that which 1s present m actual reflection loss 

versus grazing angle data The sound speeds m the basalt are, however, the parameters of 

greatest mterest to geoacoust1cal modelers for thm-sed1ment bottom environments The 

mvers1on method therefore should be a valuable tool for remote measurement of these 

values over large regions of the ocean bottom 
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The mvers1on method descnbed and tested m chapters 1 to 3, 1s applied here to a 

set of data collected at nme thm sediment sites m the North Pac1f1c These sites are 

located along an East-West track at 34°N latitude between 131 °Wand 143°W longitude 

The track 1s shown on the map m figure 4 I 

25----J--------,-----"==~=1----,-----==-=.-----
lSO 140 130 

Longitude 
120 110 

Figure 4 I Locations of the 9 expenment sites along the expenmental track m the North 
Pac1f1c The shaded region shows where sediment thickness 1s less than I 00 m 

I. Geoacoustic Environment 

The expenmental track hes between the Murray and Pioneer fracture zones off 

the West coast of Southern Cahforma, and 1s approximately perpendicular to the axis of a 

spreading centre, which 1s no longer active The spreading rate had been approximately 4 

cm/yr and the age of the basalt along the track increases from approx imately 40 m y at 

the East end to approximately 63 my at the West end (Atwater and Severmghaus, 

1989) The enttre track hes w1thm the area categonzed as the Abyssal Hills region 

(Ham1lton, 1980), and sediment thickness 1s less than 33 m The location, bottom depth , 

sediment thickness, and crustal age for each site are included m table 4 1 
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Table 4 1 Environmental mformat1on at each shot run expenment site 

Longitude Bottom Sediment Crustal Age 
Shot Run Range Depth (m) Thickness (m) (m Y) 

l 131 °47 to 132°03' 5100 33 42 
2 136°03' to 136°19' 5010 23 49 
3 137°35 to 137°48' 5050 22 50 
4 138°15 to 138°32' 5080 15 52 
5 138° 18' to 138°18' 5080 24 52 
6 139°53' to 140°10' 5145 25 56 
7 140°54' to 141 °10 5030 25 59 
8 142°20 to 142°34' 5300 28 61 
9 143° 12 to 143°25' 5540 15 63 

The predominant geolog1cal feature of the bottom at the expenmental sites 1s the 

abyssal hills These elongated hills have nominal d1mens1ons of 1-2 km m width, by I 0-

20 km m length by 100-200 m high The hills are aligned approximately parallel to the 

axis of the spreading centre Small scale roughness was estimated by a 3 5 kHz profiler 

to be on the order of 10 m over the entire track Water depth was approximately 5000 m 

over most of the track, mcreasmg to approximately 5500 mat the West end 

II. Experiment 

Expenments cons1stmg of shot runs for measuring bottom reflection loss were 

performed at each site The shot runs were earned out usmg two ships, the C F A V 

Endeavour and the U S N S DeSte1guer The Endeavour towed the Canadian 

Oceanographic Acoustical Measurement System (COAMS) honzontal !me array which 

collected all of the acoustic data Dunng each of the runs, the Endeavour towed the array, 

at depths between 200 to 250 m, close to due West along the 34 0°N latitude at speeds of 

3 to 4 knots At the start of each run, the DeSte1guer was positioned on the North side of 

the array at a range of 1 5 km The DeSte1guer then turned to a heading of approximately 

335°T so that it departed from the array at a relative angle of 65° referred to the E/W 

track As the range from the array increased, a senes of 40 - 0 82 kg Signal Underwater 

Sound (SUS) charges was deployed from the DeSte1guer The charges were set to 

detonate at a nominal depth of 244 m Durmg each run, the DeSte1guer mamtamed a 

speed of approximately 6 knots so that the relative bearmg from the array remained fairly 

constant at approximately 15° rear of broadside This ensured that the acoustic paths 

were approximately parallel to the axes of the abyssal hills throughout each run 

Additionally, one or two charges were dropped from the Endeavour at the start of each 

run to aid m array locahzat1on, and to provide near-vertical incidence data Each shot run 



35 

spanned a small range of about 15 km along the expenmental track Figure 4 2 contams a 

diagram of the relative ship and array geometry 

Figure 4 2 Relative expenmental posit10ns of the ships, the SUS charge and the array 

The source drop schedule was designed to provide bottom grazmg angles between 

10° and 80° m steps of approximately 2° for smgle acoustic bottom reflections The 

source to array range for the last shot rn each run was between 30 km and 40 km 

The COAMS array consisted of 126 hydrophones, spaced to form 4 specific 

apertures In this work, only the very low frequency aperture, consisting of 38 

hydrophones eqm-spaced at 38 1 m, was used The higher frequency aperture data were 

also analyzed, however, those data will only be discussed bnefly m regard to the 

measurement of scattenng from the rough bottom Each hydrophone was actually a 

composite hydrophone group, consistmg of 10 smaller elements wired m parallel The 

composite hydrophone was essentially ommd1rect10nal for frequencies less than 

approximately 100 Hz, and sensitivity was -191 dB re µPa Hydrophone outputs were 

preamphfied to dnve the signal back to the ship The preamphfier had a nommal gam of 

26 dB, but started to roll off below 17 Hz The average preamplifier gam was 24 4 dB m 

the 1/3 octave band centred at 8 Hz On-board ship, the analogue signals were agam 
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amplified by a programmable gain amplifier which could be set between O and 96 dB in 

steps of 6 dB After the secondary amplifier, the signals were passed through a signal 

conditioning umt which included an antial!asing filter with a roll off starting at 

approximately 200 Hz The output of this secondary amplifier was dig1t1zed by a 12-bit 

AID converter at a rate of 699 05 samples per second for each hydrophone A full scale 

analogue input of -lOV to + lOV resulted in digltal outputs rangmg from -2048 to +2047 

The digital data were stored directly on magnetic tapes 

Add1 t10nally, several data pertaining to the ex penmen ts were measured dunng the 

shot runs At least one XSV (Expendable Sound Velocity probe) was deployed to 

measure the sound speed profile at each of the shot run locations The XSV's measured 

the profile to a depth of 2500 m Below 2500 m, the vanation in the profile 1s small over 

the expenmental track, and the proflie for these depths was obtained from a catalogued 

profile for the reg10n Furthermore, some array status information was recorded during 

each of the runs This consisted of 6 depth readings and 3 headmg readings from sensors 

located on the array The range of the DeSte1guer from the Endeavour was monitored 

durmg each of the runs using RADAR and a radio tnsponder system The ship posit10ns 

were also recorded at regular intervals using LORAN 

III. Array Data Processing 

A Signal Characteristics 

The s1gmf1cant amvals near each shot time were fust windowed out of the 

continuous d1g1tal data recordings A typical shot waveform, measured on one of the 

array hydrophones, 1s shown in figure 4 3 for a shot approximately 20 km from the array 

The duect path signal occurs at approximately 5 5 s m figure 4 3 and has very small 

amplitude in companson to the later bottom reflected paths This is due to the destructive 

interference with the surface reflected path which is 180° out of phase with the duect 

path at all frequencies, and arnves nearly simultaneously 
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Figure 4 3 Typical shot waveform measured on a smgle hydrophone 

Arnvals for the smgle, double and tnple order bottom reflections can easily be 

seen m the waveform at approximate times 8 s, 13 5 s, and 19 5 s We note also from 

figure 4 3, that much of the signal m the bottom reflected paths is due to scattered rather 

than specularly reflected energy This 1s known because the specular reflected waveform 

durat10n should be less than O 6 s (the lastest arrival will be the doubly converted shear 

path whose rnterbed multiples are highly attenuated), and the four-path impulse response 

for the smgle order specular reflect10n geometry 1s approximately O 7 s The total length 

of the purely specularly reflected signal should therefore be less than 1 3 s, whereas the 

figure shows s1gmf1cant arnvals lastmg for more than 3 s In order to remove this 

scattered energy, beamforming of the array data was performed as was suggested in 

Chapter 2 sect10n V 

B Beamformmg 

Plane wave time domain beamforming involves applying time delays to the 

outputs from the sensors on an array and then adding the resulting (possibly weighted) 

waveforms The time delay to be apphed between any two sensors 1s related to the time 1t 

takes for a wave front of a plane wave, incident on the array, to pass from one sensor to 

the other The delay 1s applied so that the signals are added m-phase for a particular angle 

of incidence An expression for the time delay reqmred between any 2 adJacent sensors 1s 

denved by referring to the diagram in figure 4 4, which shows two of the wavefronts 

from a plane wave signal, mc1dent onto the array at angle 8 
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In the time 't 1t takes for the wave to pass from one sensor the next, the wavefront 

advances a distance C't perpendicular to itself, where c 1s the propagation speed of the 

acoustic wave It 1s noticed, by refernng to figure 4 4, that C't 1s related to d and 8 by 

C't = d sm(0) Thus for beamformmg m a direct10n at angle 0 measured from the array 

broadside, the time delay to be applied to the second sensor 1s 't = d sm(S)/c with respect 

to the first sensor Beamformmg m a particular d1rect1on 1s commonly referred to as 

steering the array When beamformmg with more than two sensors which are all spaced a 

distance d apart, the time delay between any pair of adJacent sensors 1s 't The 

beamformed signal for an array contammg N hydrophones steered to angle 8 1s thus 

N 

b(t,0)= I,a,p,(t-(1-l)'t) (4 1) 
1= ] 

where pi(t) 1s the pressure signal measured on the 1th hydrophone, and a, 1s a we1ghtmg 

factor applted to the 1th hydrophone to improve the d1rect1v1ty funct10n charactenst1cs 

The d1rectlv1ty function for a !me array descnbes the amplttude response for smgle 

frequency plane harmornc waves mc1dent upon the array, versus the angle of mc1dence 

measured from the array broadside It can easily be shown that the d1rect1v1ty funct10n 1s 

the Founer transform of the array aperture function G(u)=:3[g(x)], e g (Burd1c, 1991), 

where u=sm(S)/A and A 1s the wavelength of the mc1dent wave The aperture function 
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g(x) defmes the spatial amplitude response of the array If the array 1s contmuous (as 

opposed to havmg discrete sensors) and has a fm1te length L over which the response 1s 

urnform, the aperture function 1s a boxcar function extendmg from -L/2 to +L/2 In this 

case, the d1fect1v1ty function 1s a smc funct10n m the vanable (uL) 

When the array 1s discrete with N sensors equally spaced d apart, and the 

broadside beam 1s formed usmg equation 4 I with all a,=1/N, the d1rect1v1ty function 1s a 

repeated smc function m the u domam The explicit form of the d1rect1v1ty function for 

this case 1s given by Burd1c 

G(u) = _!_ sm(rcNdu) 
N sm rcdu (4 2) 

The square of the d!fect1v1ty function G2(u) 1s called the pattern function The pattern 

function descnbes the angular power response of the array to smgle frequency smuso1dal 

signals The mam lobe m the pattern function occurs at u = 0 This occurs for 8 = 0° 

(broadside) as expected The zero crossmgs at the edges of this lobe occur at u = ± 1 IL 

The pomts on the mam lobe at which the pattern funct10n has decreased 3 dB from its 

maximum occur approximately at 81d8 = 25 A I L deg Add1t10nal lobes called side lobes 

occur on the penod1c maxima and mm1ma of the smc function m the numerator of the 

above express10n for G(u) The flfst side lobe occurs approximately at u = 3 I (2 L) and 1s 

only 13 dB lower than the mam lobe Also, smce G(u) contams repeated smc funct10ns, 

some of the side lobes and possibly the mam lobes from the adjacent smc functions will 

occur m the range u=O to ±IIA, (8=0 to ±90°) When the mam lobes of the adjacent smc 

functions fall m this range they are called gratmg lobes Gratmg lobes will occur at 

u = ± 1/'A, (8 = ±90°) when the sensor spacmg d = A They will not occur 1f d 1s less than 

A The effect of side lobes from the adJacent smc funct10ns 1s m1mm1zed when d=A/2 In 

order to reduce the height of the side lobes, a techrnque analogous to wmdowmg of the 

time senes m time-frequency domam processmg 1s applied Instead of usmg the same 

weight factors m equation 4 l for all hydrophones (1 e a discrete boxcar function), a 

smoother function 1s used The function 1s applied by reducmg the relative weights for 

hydrophones near the ends of the array The term array shading 1s used to descnbe this 

process Reduction of the side lobe heights 1s obtamed at the expense of a slightly wider 

mam lobe For example, -35 dB side lobe levels can be achieved usmg Taylor shadmg 

coefflc1ents (Taylor, 1956), with a resultmg mcrease m the mam lobe width of about 

25 % m the u domam 
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When steering the beam away from broadside using non-zero time delays, the 

angular widths of the lobes increase In the u domain however the widths remain constant 

and only a lateral shift of the funct10n G(u) results If the first beam off broadside 1s 

achieved with a delay of 't seconds between adjacent hydrophones, then G(u) will be 

shifted by 't c I ( N d A ) along the u axis Therefore, 1f the time delays used to form 

different beams are multiples of 't, then those beams will be equally spaced in the u 

domain Beams created this way have the desirable charactenst1c that their cross-over 

points with adjacent beams are all at the same level They however have the undesirable 

charactenst1c that they are not evenly spaced in the angular (0) domain 

A software time delay beamformer was wntten to beamform the acoustic array 

data For the VLF aperture, 37 beams were formed including 18 forward, 1 broadside, 

and 18 aft The full unshaded 3 dB beamw1dth at broadside for a sme wave at 8 Hz for 

the beamformer was 6 6°, and the first side lobe occurred at 11 1 ° Taylor shadmg was 

applied so that side lobe levels of -35 dB were obtained to reject the s1gmf1cant scattenng 

noise observed at the expenmental sites which could have entered through the side lobes 

The Taylor aperture function used 1s plotted m figure 4 5 After the delay-add 

beamforming algonthm was applied, the beams were normalized to the eqmvalent 

amplitude of a smgle hydrophone by d1v1dmg the beam amplitudes by the sum of the 

shading coefficients Beam centre angles and upper and lower 3 dB angles for each 

shaded beam are given in table 4 2 The shaded beams are slightly wider than those for 

umformly weighted apertures 

1 0 

08 

Cl> 0 6 
::::, 
<ii 
> 

04 

02 
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Figure 4 5 Taylor shadmg coefficients used for -35 dB side-lobes 
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Table 4 2 Beamformer angle information 

Beam 8 Hz Beam 3 dB edges 
Beam Center Low High 

0 oo -4 3° +4 3° 
±I ±3 22° - I 1 ° ±7 5° 
±2 ±646° ±2 2° ±10 8° 
±3 ±9 71 ° ±5 4° ±14 I 0 

±4 ±13 00° ±8 6° ±17 4° 
±5 ±16 33° ±11 9° ±20 9° 
±6 ±19 72° ±15 2° ±24 3° 
±7 ±23 19° ±18 6° ±27 9° 
±8 ±26 74° ±22 0° ±31 7° 
±9 ±30 41 ° ±25 6° ±35 5° 

±10 ±34 22° ±29 2° ±39 6° 
±11 ±38 22° ±32 9° ±43 9° 
±12 ±42 44° ±36 9° ±48 6° 
±13 ±46 98° ±41 0° ±53 7° 
±14 ±51 94° ±45 4° ±59 6° 

±15 ±57 52° ±50 2° ±66 7° 

±16 ±64 15° ±55 6° ±77 1° 
±17 ±72 97° ±61 8° ±90 0° 

The beams are conical around the array axis Each beam admits energy from a 

small range of angles close to the angle descnbmg the cone The bottom reflected energy 

admitted by a beam 1s therefore hm1ted to that which has interacted with an area defined 

by the intersection of the respective beam with the bottom The intersections of the 

conical beams from the honzontal array with a honzontal planar bottom are hyperbolas 

Figure 4 6 shows the centre Imes for the hyperbohc mtersect10ns of the beamformer 

beams with the bottom, assummg that the array depth 1s 200 m and the water depth 1s 

5200 m Only the bottom intersections for the beams aft of broadside (negative beams), 

and only on one side of the array are shown The intersections for the beams forward of 

broadside and on the other side of the array are mlfror images of those shown It 1s also 

apparent from figure 4 6 that the highest angular resolution occurs near broadside The 

expenments were designed so that the shot detonation pos1t1ons were approximately 10-

150 rear of broadside Consequently the reflected signals amve from angles where the 

beam-widths are relatively narrow and beam resolut10n ts qmte good 
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Figure 4 6 Intersection of beams on 5 2 km - deep bottom 

42 

Typical beamformer outputs for a shot at 5 km range, in 1/3 octave bands at 8 Hz 

and 125 Hz, are shown in figures 4 7 (a and b) Corresponding beamformer output for a 

shot at 30 km range 1s shown in figures 4 7 (c and d) The 125 Hz beamformed data were 

generated from the HF aperture which was compnsed of 64 hydrophones, eqm-spaced at 

4 9 m The basic time delays used for the 125 Hz data were set so that the same beam 

centre angles were obtained as for the 8 Hz VLF aperture data However, the beam­

widths are slightly narrower because LIA 1s greater for the HF aperture than for the VLF 

aperture 
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The smgle order bottom reflection for the 5 km shot occurs approximately at time 

t = 6 5 s m figures 4 7 (a and b) We note the strong dtrect path amval occurnng at 1 5 s 

and the second order bottom reflect10n amval at 13 s m these figures The dITect path 

amves further aft of broadside m the 125 Hz beams than the 8 Hz beams, because the 

centre of the HF aperture was approximately 500 m forward of the centre of the VLF 

aperture The specular smgle bottom reflection arnvals occur m the beams at -9 7° and -

13 0° respectively at 8 Hz and 125 Hz We see that there are several beams, centred 

approximately around the specular reflect10n beam, which admit s1gn1f1cant energy The 

energy arnvmg from angles other than the specular angle 1s due to non-specular 

scattenng at the rough bottom Because this scattered energy has to travel a greater 

distance m the water, 1t always arnves at a later time than the specularly reflected signal 

This delay 1s very obvious for the non-specular reflected signals m the 125 Hz beams of 

figure 4 7 b In fact, scattered energy 1s observed arnvmg up to 6 s after the specular 

arnval It 1s noticed also that the angular spread of the energy at 125 Hz 1s much larger 

than at 8 Hz Smgle order bottom mteractmg energy can be detected m the beam at 

+64 2° m the 125 Hz data This 1s approximately 70° away from the d1Tect10n of arnval 

of the specular reflectton The maximum angular difference from the specular d1Tect1on 

for the 8 Hz data 1s only approximately 20° The observat10n that greater angular spread 

occurs at 125 Hz than at 8 Hz mdicates scattenng 1s stronger for the high frequency 

signals This 1s consistent with scattenng theory accordmg to the Eckart model (Diachok 

et al, 1994) 

Exarrunat1on of the beamformed data for the shot at 30 km range (figures 4 7 c 

and d), shows that the angular charactenst1cs of the bottom reflected signals differ from 

those at 5 km range At 30 km range, the dITect path arnval and its surface reflection 

cancel each other out as was discussed for the shot waveform of figure 4 3 m part A We 

can, however, see the remnant of the dITect path m the 125 Hz data (figure 4 7 d), 

occurnng at approximately 2 25 s, 0 25 s before the smgle bottom reflection We can also 

see the two, three, and four bottom reflection paths occurmg respectively at 

approximately 5 s, 9 5 s, and 14 5 s m figure 4 7 d We note fITst, that the angular spread 

of the smgle bottom reflection, for the shot at 30 km, 1s much less than for the shot at 5 

km An mterestmg feature of the arnvals m figure 4 7 d 1s that the two bottom reflection 

path has s1gntf1cantly greater angular spread than the smgle bottom reflection path These 

angular spread charactenstics are consistent with scattermg theory, which predicts 

stronger scattenng for higher grazmg angles The grazmg angle decreases with range, 
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thus explammg the narrower angular spread for the long range shot Add1t1onally, the 

two bottom reflection path propagates more steeply than the one bottom reflection path 

and thus has a higher grazmg angle associated with 1t This would account for the greater 

angular spread observed for this path m figure 4 7 d 

IV. Reflection Loss Measurement 

The Reflection loss (H8 ) calculation was performed accordmg to equation 2 5 

where SL 1s the source level, H5 1s the propagation loss, and L 1s the measured energy 

level for the specular reflection at the array Source levels for the depth of each shot were 

obtamed from depth-scaled spectra of 0 82 kg SUS charges detonated m a controlled 

expenment Appendix A contams detailed descnpt10ns of the depth-scalmg method and 

the controlled expenrnent Measured energy was obtamed using the procedure descnbed 

in section IV part A, and propagation losses (H5) were calculated as descnbed m section 

IV part B The calculated reflection losses were tabulated together with corresponding 

bottom grazing angles 

A. Energy Measurement 

The first step for obtammg reflection loss measurements mvolved measunng the 

energy level of the specularly reflected arnval at the array Due to the consistent 

expenmental geometry, 1t was known that the specularly reflected signal amved m a 

beam close to -10° As a result, analysis of beam data was hm1ted to the beams spanning 

the angular region from -3 2° to -19 7° Each of these beams contained a pressure time 

senes normalized to the amplitude of a smgle sensor, and filtered m the 1/3 octave band 

at 8 Hz The time senes of the beams were first previewed to determine the start pomt for 

the acoustic amvals of the bottom reflection A time wmdow of 1000 data pomts 

(1 431 s), begmnmg at the start pomt m the amval, was chosen for each beam All 

energy measurements were made from these time windowed sections of the beamformed 

time senes 

It was reqmred that the energy level measurements be obtamed m umts of dB re 

erg/cm2 normalized to a 1 Hz band to agree with the conventional units for the SUS 
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charge source levels This unit represents energy per area and 1s referred to as energy flux 

density The total energy flux density 1s the time integral of intensity This represents the 

total acoustic energy propagated through a unit area parallel to the wavefronts The 

energy flux density, £, for plane waves 1s defined by 

I ~ 

E=-f p2(t)dt 
pc -~ (4 3) 

For sea water, pc "" I 5x105 g/(cm2s) p(t) 1s the time varying pressure of the 

wave If pressure 1s expressed in the cgs umts of dynes/cm2, E 1s given in units of 

ergs/cm2 If the plane wave signal 1s transient, the integration needs only to be performed 

through the time interval containing the significant amvals The eqmvalent expression 

for energy flux density in the discrete time domain 1s 

(4 4) 

where p(1) is the true pressure for sample 1, J, 1s the sampling frequency, and A and Bare 

the sample pomts which defme the time wmdow contammg the arnvals of interest 

Before directly applying equat10n 4 4, the d1g1tal pressure units had to be converted to 

units of dynes/cm2 The conversion relat1onsh1p between d1g1tal d(1), and real p(z) 

pressure units was given by 

d(1) = p(1) [hpsens preamp pga scu adcon] 

where hpsens 1s the hydrophone sens1t1v1ty in V/(dyne/cm2), preamp 1s the preamphf1er 

amphf1cat1on, pga 1s the programmable gain amphf1cat1on, scu 1s the Signal Cond1t10ning 

Unit amphf1cat1on, and adcon 1s the analog to d1g1tal conversion factor Note that the 

preamphf1er and scu amphf1cat1ons were frequency dependent The meaning of the term 

amphf1cat1on here reters to the mcrease in signal amplitude through each device p 2(z) 

was thus expressed as 

p2(1) = d2(1) [hpsens preamp(f) pga scu(f) adcon] 2 

The nght hand side of this express10n for p 2(1) was substituted into equation 4 l The 

resulting energy was converted to decibels, y1eldmg the fmal expression for L 



L = - IO log(f, )-10 log(pc)-10 log(bw) + IO log(td' (1)) 
- HPSENS- PREAMP - PGA - SCU - ADCON - BW 
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(4 5) 

where the capitalized terms represent gams m decibels for the correspondmg lower case 

amplifications e g ADCON = 10 log(adcon2) Equation 4 5 1s also convement because 

the hydrophone sens1t1v1ty, preamplifier gam, programmable gam and signal 

cond1t1onmg umt gam were spec1f1ed m decibels This equat10n was used to calculate the 

received energy levels m the beams of mterest The beam contammg the highest energy 

level for each shot was assumed to contam the specular reflect10n The level from this 

beam was therefore recorded as the measured energy flux density level for the respective 

shot 

B. Propagation Loss Pred1cbon 

The method used for calculatmg bottom reflection losses reqmres the pred1ct10n 

of H5 (equation 2 3) This 1s the loss which occurs only m the water, and does not mclude 

any effects of the reflection mteract1on Because there was considerable vanat1on of 

sound speed with depth m the ocean , the acoustic rays were not straight Imes 

Consequently, a simple treatment, assummg sphencal spreadmg loss given by -20 log(r), 

where r 1s the total acoustic path length , was not satisfactory In this work, the Genenc 

Sonar Model (GSM) (Wemberg, 1985) was used to calculate the propagation loss GSM 

1s a ray theory acoustic propagation model which accounts for focusmg and diffusion 

effects resultmg from refract10n of acoustic paths m the water The environmental mputs 

provided to GSM mcluded the ocean depth and the measured sound speed profile at each 

expenmental site Add1t10nally, the source depth, average array depth, and source to 

array range for each shot were provided GSM calculated the propagat10n losses for the 

four mult1paths, associated with the smgle order bottom mteract1on, based on the 

environmental mputs for each shot The fmal propagation loss estimates were obtamed 

by averagmg these four loss values The propagation losses calculated for the shot ranges 

m run 1 are shown m f 1gure 4 8 
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An add1t10nal reqmred output, produced by GSM, was the propagat10n angles for 

the acoustic paths at the source The bottom grazmg angle (0c) for each shot was 

obtamed from the angle at the source (05) usmg Snell's law 

(4 6) 

where C
5 

and C8 are the water sound speeds at the depths of the source and bottom 

respectively Grazmg angles determmed this way were recorded for all shots 

C. Reflection Loss Results 

The measured reflection loss data were found to exh1b1t a high degree of 

vanab1hty or scatter There are two effects which contnbute to the large amount of 

scatter m the reflection loss data for these expenments The fust effect 1s acoustic 

scattenng from the rough bottom Exammat1on of figure 4 7a shows angular spread of 

the 8 Hz bottom mteractmg energy Most of the non-specularly scattered energy m the 

received signals was removed by beamformmg, however, the presence of this energy 

md1cates that the specular reflection also suffered partial scattenng The energy lost from 

the specular reflection due to scattenng was vanable from shot to shot because bottom 

roughness was not umform over the track of each run Refernng to the Eckart scattermg 

model (equation 2 4), we note that scattering loss 1s greatest at high angles Based on the 

measured small scale roughness at the expenmental sites, sz5-10 m, equation 2 4 predicts 
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add1t1onal loss due to scattenng of approximately 1 to 3 dB at for 8 Hz waves Expected 

scattenng losses near the cnt1cal angle (8=55°) are approximately 0 5 to 2 dB, but fall off 

very rapidly with further decrease in grazing angle In some instances, fluctuation of the 

loss data by up to 5 dB was observed at high angles It 1s believed that these large 

fluctuations are a result of the existence of infrequently occurnng areas of larger scale 

roughness 

A second source of data scatter 1s due to vanable sediment thickness In chapter 2 

section III 1t was shown that the shear wave resonance effect 1s dependent on the ratio of 

the sediment thickness to the sediment shear wave wavelength A simple ray analysis , 

(Chapman and Chapman, 1993), shows that the resonance can create changes of several 

dB in reflection loss near the grazing angle of peak resonance when the sediment 

thickness vanes by only 1/4 wavelength Because shear speed values in the sediment are 

approximately 100 - 300 m/s, shear wave wavelengths can be as small as 12 m for an 

8 Hz wave Vanab1hty in the sediment thickness of even I m can therefore cause 1-2 dB 

change in the reflect10n loss data 

Figure 4 9 shows the reflect10n loss versus angle data, measured from run 1 Due 

to fairly large amplitude of scatter in some of the calculated reflection loss data, three 

point smoothing was applied Figures 4 I 2 (a to 1) show the smoothed results for all nine 

shot runs The smoothed reflection loss versus grazing angle data were used for inversion 

purposes 
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Figure 4 9 Unsmoothed Reflection Loss versus grazing angle data for Run 1 
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The mm1murn m the reflect1on loss data, occurnng at approximately 50-55° 

grazmg angle m figure 4 9, represents the cornpress10nal cnt1cal angle for the basalt at 

site 1 The high loss reg10n between 15° and 40° 1s due to the shear wave losses m the 

sediment and basalt, mcludmg the resonance discussed m chapters 2 and 3 We note 

some very high loss values appearmg m the loss data above 80° These high losses are 

probably due to scattermg, and are not representative of the reflect10n loss mechanisms m 

our model 

V. Inversion of Reflection Loss data 

The 1terat1ve mvers1on method of chapter 2 was applted to each of the 9 

expenmental reflection loss versus grazmg angle data sets The mvers1ons were earned 

out by allowing 6 of the geoacoust1c parameters, descnbmg the two layer model , to vary 

w1thm predefmed search ranges The 6 parameters are those for which the cost function 

was found to be most sens1t1ve m the s1mulat10n study of chapter 3 Simulated annealmg 

opt1rn1zat1on was used to fmd optimal values for the 6 parameters so that the best match 

between the measured and modeled reflection loss data was obtamed These optimal 

values are the parameter estimates at each expenment site Because 3 of the 6 estimated 

parameters \\ere shown to be highly sens1t1ve to the noise that 1s exh1b1ted by the scatter 

m the data, only the 3 most sens1t1ve parameter estimates are belteved to be reltable 

When the 1mers10ns were completed, a measure of uncertamty was calculated for each of 

the 3 highly sens1t1ve parameters sediment shear wave speed, basalt compressional wave 

speed and basalt shear wave speed The uncertamty estimates were based on the fmal 

match between the modeled and measured loss, and the ranges of values accepted for 

each of the parameters dunng the mvers1on 1terat10ns 
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A. Parameter Ranges 

The parameters mcluded m the search were the sediment shear wave speed, shear 

wave attenuat10n, and density, and the basalt compressional wave speed, shear wave 

speed, and density The search hm1ts used m the mvers1ons for each of these parameters 

are given m table 4 3 The s1mulat10n study descnbed in chapter 3 indicated that the 

mversion cost function was relatively insens1t1ve to the remainder of the model 

parameters sediment compressional wave speed and compress10nal wave attenuat10n, 

and basalt compressional and shear wave attenuations Consequently, these parameters 

were fixed at reasonable values dunng the mvers1ons The values for the fixed 

parameters and the parameters of the water are shown m table 4 4 

Table 4 3 Search ranges for parameters Table 4 4 Fixed values for param-
included in the invers10n search eters omitted from the search 

Layer Parameter Search Range Layer Parameter Fixed Value 

Sediment Cs (mis) 100 - 250 Water p (g/cm3) I 0 

as (dB/A.) IO - 3 0 C0 (mis) 1540 

p (g/cm3) I 2 - 1 4 Sediment C0 (mis) 1535 

Basalt C0 (mis) 2600 - 3200 a 0 (dB/A-) 01 

Cs (mis) l000- 1700 Basalt a 0 (dB/A) 03 

p (g/cm3) 20-25 as (dB/A) 05 

B Simulated Annealing 

The Simulated Anneahng (SA) search for the optimal values of the six vanable 

parameters was applied as follows At the start of each mversion, an arbitrary set of 

values for the 6 parameters was chosen (Each particular set of parameters 1s referred to 

as a model) The cost funct10n value for this model was calculated from equation 2 6 

This value was assigned to the SA energy (E) An m1tial value for temperature (T), and a 

cooling rate (h) were defmed The mversion proceeded by performmg 48000 model 

evaluation 1terat1ons, over which the temperature was slowly reduced The most 

computationally mtens1ve step in the mvers1ons was the calculation of the reflection loss 

values On each 1terat1on, the reflect10n loss, at each grazing angle present in the 

measured data, was obtained by averaging the square magmtude of the reflect10n 

coefficients calculated at 8 equally spaced frequencies in the I /3 octave band For run I, 

which mcluded reflect10n losses at 36 grazing angles, the 48000 1terat1on inversion 
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reqmred 61 minutes of CPU time on a VAX 9000 The speed of this computer was 

approximately 15 MFLOPS 

An m1t1al temperature of T=l O and a cooling rate h=0 997 were found to be 

satisfactory for our data and 48000 1terat10ns On each 1terat1on, T was reduced by 

multiplying by h, and the current model was perturbed A model perturbation was 

performed by changmg the value of a single parameter, and the parameters were vaned 

in order as the 1terat1ons proceeded If we represent the current parameter value at some 

1terat10n as X, then the change, (~, representing the model perturbation, was calculated 

according to a weighted d1stnbut10n over the parameter's search interval 

(4 4) 

where U0 1 1s a number produced by a random number generator between O O and 1 0, 

and Xu and XL are the upper and lower search range hm1ts respectively The new 

parameter value was normally obtained by Xnew = X + 11X, however when X + l1X was 

outside the search mterval, Xnew was obtained by reflecting the sum back into the 

interval 1 e, 1f X + l1X > Xu, then Xnew = 2Xu - (X + ~ The cube of U0 1 was taken to 

make small changes more probable than large ones Smaller parameter changes dunng 

model perturbation cause SA to sample the search space more densely around parameter 

values giving low energy than around values g1vmg high energy 

Perturbations which decreased E were always accepted Perturbations which 

mcreased E were accepted or reJected accordmg to the size of the increase M, and the 

current T The dec1s1on for acceptance was made accordmg to the Boltzman d1stnbut10n 

of equation 2 7 P(~E) = exp(-M/T) When a new model was accepted, the parameter 

values were stored, and the new energy became the current accepted energy E At the 

start of each inversion, the accepted energy fluctuated largely due to the relaxed 

acceptance cntenon at high temperatures As the temperature slowly decreased, large 

mcreases of energy became gradually less probable, so the accepted energy range 

narrowed and tended to move to smaller values This behavior 1s evident m the plot in 

figure 4 10 which shows accepted energy versus 1terat10n number dunng run 7 
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As the 1terat1ons proceeded, the parameters moved through their respective search 

ranges Figures 4 11 (a to e) show the current model parameter values versus 1terat1on 

dunng the 1terat1ve search for run 7 

It was found that parameter estimates "froze out" dunng the mvers1on 1terat1ons at 

temperatures related to the respective cost funct10n sens1t1v1t1es The term "freezing out" 

refers to the restnct1on of the respective parameter values to ranges much less than their 

defmed search ranges Freezmg out occurs when the range of currently accepted energy 

values 1s lo\\-er than that which 1s produced by varymg the parameter through Its entire 

range It 1s apparent m figures 4 11 ( c,e,f), that the parameters basalt density, sediment 

shear attenuation and sediment density have frozen out at one of their respective search 

limit values It 1s unlikely that the estimates for these three parameters are representative 

of the true physical parameter values at the site of shot run 7 The poor estimates for 

these parameters are attnbuted to the scatter m the measured data, as discussed 

previously We note that these three parameters were found to be sens1t1ve to "noisy" 

data m the s1mulat1on study The three most sens1t1ve parameters basalt compressional 

and shear wave speeds and sediment shear wave speed, however, were found to be much 

less sens1t1ve to noise m the same study The estimates for these parameters are likely 

representative of the true physical values at the expenmental site of run 7 
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C. Results 

At the end of each mvers1on, the fmal accepted model was recorded Figures 4 12 

(a to 1) show the reflection loss versus angle calcuated for the accepted models fo r each 

run plotted with the corresponding expenmental data 
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The parameter values descnbmg the fmal models for each mversion were used as 

the parameter estimates at the expenmental sites Because the simulation study showed 

that basalt density, sediment shear attenuation and sediment density estimates are 

sens1t1ve to scatter m the measured data, and smce the mvers10n results often lay on the 

search range limits for these parameters, the estimates are not reliable Consequently only 

the estimates for basalt compressional wave speed and shear \\ave speed and sediment 

shear wave speed are presented The fmal estimates for these three parameters are given 

m table 4 5 
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Table 4 5 Parameter estimates at expenment sites 

Site Sediment Cs Basalt C0 Basalt Cs 

1 250 0±61 2 mis 2713±39 mis 1050±25 mis 

2 177 8±32 0 mis 2804±65 mis 1574±7 mis 

3 1716±314mls 2622±31 m/s 1586±9 mis 

4 179 2±5 1 mis 2763±41 mis 1487±27 mis 

5 162 2±21 9 mis 3004±61 mis 1143±39 mis 

6 229 0±21 9 mis 2812±58 mis 1383±33 mis 

7 1518±22mls 2990±63 mis 1216±28 mis 

8 246 2±2 4 mis 3075±62 mis 1482±25 mis 

9 173 0±25 9 mis 3050±28 mis 1581±6 mis 

The uncertamt1es given for the parameter estimates m table 4 5 are based on the 

range of models accepted dunng a segment of iterations m the respective 1terat1ve 

searches The range of accepted parameter values decreases as the search proceeds, 

therefore the pos1t10n of the segment 1s important The pos1t1on of the segment was 

determmed based on the "goodness of fit" of the fmal model reflection losses to the 

respective measured data, as measured by the fmal energy The 1terat1on number, where 

the accepted energy vs 1terat10n curve crossed a value 5% greater than the fmal energy, 

was first 1dent1fied Because the accepted SA energy fluctuated rapidly, a 500 pomt 

movmg average was applied to mcrease the smoothness so that the crossover 1terat10n 

could be 1dent1fied more easily A 1000 iteration segment of the accepted models, 

centred at the crossover 1terat10n, was extracted and the standard deviation of accepted 

parameter vanatlon w1thm the segment was calculated These standard deviations were 

taken as the parameter uncertamt1es Uncertainties calculated this way cannot be given 

exphc1t confidence, however, they represent relative confidences which are based on the 

physics of the cost function sens1t1v1t1es and the SA mvers10n process Uncertamt1es for 

parameters, to which the cost funct10n 1s msens1t1ve, are relatively high because greater 

parameter value vanat1on 1s reqmred to cause the same change m the SA energy When a 

poor fmal fit 1s obtamed, the fmal energy and crossover energy are high A larger range 

of accepted values for all parameters occurs at higher energies, so the calculated 

uncertamt1es are greater 
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VI. Discuss10n of Experimental Inversion Estimates 

A. Sediment Shear Wave Speed Estimates 

The sediment shear wave speed search range was 100 mis to 250 mis We note, 

from the shear speed estimates in table 4 5, that the estimates at 5 of the 9 sites he 

between 160 mis, and 180 mis One estimate 1s lower at 151 8 mis, and the remaming 3 

are 229 0 m/s, 246 2 mis, and 250 0 mis The only parameter estimate which froze out at 

a search range hm1t was the sediment shear wave speed at site I This estimate (250 m/s) 

also has the highest uncertainty value of all the sediment shear wave speed estimates 

The s1mulat1on study from chapter 3 was performed on simulated data calculated 

from a geophysical model with a sediment shear speed of 180 mis This shear wave 

speed coincidentally agrees approximately with the estimated speeds at 5 of the sites In 

the s1mulat1on study, the cost funct10n was found to have non-global mm1ma at sediment 

shear speeds of approximately 147 mis, 202 mis, and 250 mis If 1t was assumed that the 

true sediment shear speed at the expenment sites was between 160 mis and 180 mis, then 

the low estimate at I 51 8 mis and the highest estimate at 250 mis could anse 1f a local 

minima was mistakenly 1dent1f1ed by the search In fact, the presence of physical 

influences on the data, such as acoustic scattering effects and sediment thickness 

vanab1hty, could enhance the local mm1ma and/or d1mm1sh the correct global mm1mum, 

thus forcing the search to 1dent1fy one of the local minima 

It 1s believed that the true sediment shear speed 1s represented by the consistent 

estimates at 5 of the 9 expenment sites These estimates indicate speeds in the range 

160 mis to 180 mis The 4 estimates outside of this range likely anse due to the effects 

descn bed above 

B. Basalt Compress1onal and Shear Wave Speed Estimates 

The basalt compressional search range was 2600 mis to 3200 mis, and the shear 

wave search range was I 000 m/s to 1700 mis Table 4 5 con tams the compressional and 

shear speeed estimates for the basalt at each site and we note that none of these estimates 

froze out on the range hm1ts In general, the uncertainties for these estimates were 

s1gnif1cantly less than those for sediment shear wave speed, as a fraction of the search 

range We therefore place more relative confidence in the basalt speed estimates The 

estimates for the basalt compress10nal and shear wave speeds are plotted m figure 4 13 as 

a function of the geologic age of the basalt at the respective experiment sites 
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We note from figure 4 13, that trends of mcreasmg speed with age are apparent 

for both the compressional and shear wave speeds Linear regression fits, represented by 

the sohd Imes m figure 4 13, md1cate wave speed versus age slopes of 19 0±17 6 m/s/m y 

and 11 8±32 3 m/s/m y respectively for compressional waves and shear waves The zero 

age mtercepts were 1847±946 mis and 755±1734 m/s The large uncertamt1es m the 

intercepts occur because of the fairly large uncertainties of the slopes, and we are 

extrapolatmg back a penod nearly twice the actual range of ages observed The 

regression results give Poisson's ratios, (Kolsky, 1963), of 0 356 for the 42 my basalt 

and 0 340 for the 63 my basalt These values are somewhat less than measured values 

~ 0 38 , (Vera et al, 1990) for 0 m y - 0 2 m y layer 2A crust, however this would be 

expected 1f porosity decreased with basalt age as hypothesized by Jacobson, (Jacobson, 

1992) 
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5. Conclusions 

I. Method Overview 

An Iterative search mvers1on method was proposed for est1matmg geoacoust1c 

properties of the pelagic sediment and basalt m thmly sedimented areas m the Abyssal 

HIils region of the North Pac1f1c The method uses lo\\- frequency bottom reflection loss 

versus grazmg angle measurements, obtamed from expenments which use a towed !me 

array to resolve the bottom reflected acoustic energy of the specular path Ex1stmg 

geophysical mvers1on methods, requmng direct measurement of arnval times and 

amplitudes from md1v1dual acoustic paths, are not well suited for measurmg the sediment 

properties and upper basalt properties over this very large reg10n The reason for this 1s 

that signals from several paths amve nearly simultaneously, thus mterfermg with each 

other so that amval time and amphtude measurement 1s d1fftcult Add1t1onally, bottom 

roughness causes severe acoustic scattenng which obscures the acoustic paths of mterest 

The proposed mvers1on method exploits the charactenst1cs of the mterference between 

closely occurrmg acoustic paths The effects of scattenng are reduced by beamformmg, 

and data analysis 1s restncted to low frequencies for which scattenng effects are less 

important 

Once expenmental data are obtamed, 1mplementat10n of the model 1s straight 

forward The ocean bottom 1s modeled by a general two sohd layer system which 

represents the sediment and basalt layers The 10 geoacousttc parameters which mfluence 

the reflect10n loss are the compressional wave sound speeds and attenuations, the shear 

wave sound speeds and attenuat10ns, and the dens1t1es of the two layers The values for 

the parameters (sediment compressional speed and attenuation and basalt compressional 

and shear attenuation) are fixed at reasonable values durmg each mvers1on Possible 

models are descnbed by values for the remammg six parameters A search of all possible 

bottom models of this kmd 1s performed to fmd the model which produces reflection loss 

versus angle charactensttcs best matchmg the measured data A measure of match 1s 

defmed as the rms difference between the square roots of the measured and model 

reflection loss values Because the number of possible models 1s very large, an 

exhaustive search 1s precluded by the computational time reqmred to calculate reflect10n 

losses for all models The search 1s made tractable by usmg Simulated Annealmg 

opt1m1zat10n to perform an efficient search of the possible bottom models 
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II. S1mulabon Study Fmd1ngs 

A simulat10n study was performed to test the ability of the method to provide 

reliable estimates for each of the parameters The study was earned out usmg a simulated 

set of reflect1on loss data which were calculated for a test environment descnbed by a set 

of realistic geoacoust1c parameter values These simulated data were used in place of 

expenmental data 

An analysis of the cost function sens1t1v1ty to each of the parameters was 

performed by observing the Simulated Annealing cost function vanance as the 

parameters were moved ind1v1dually through their respective search ranges This analysis 

mdtcated that considerable difference m cost function sens1t1v1ty existed between 

parameters Invers10n estimates for parameters to which the cost funct10n 1s msens1t1ve, 

are less reliable than those for parameters which effect the cost function strongly 

Parameter sens1t1v1t1es could be categonzed m three levels highly sens1t1ve, moderately 

sens1t1ve, and msens1t1ve These levels were separated by an order of magnitude of 

sens1tiv1ty The parameters found to be highly sens1t1ve were the sediment shear wave 

speed, basalt compressional wave speed, and basalt shear wave speed Parameters m the 

moderately sens1t1ve category were the sediment and basalt dens1t1es, and the sediment 

shear wave attenuation Relatively msens1t1ve parameters were the sediment 

compress10nal wave speed, the sediment compressional attenuat10n, and the basalt 

compress1onal and shear attenuations 

The first test of the mvers1on method was performed usmg the unmod1f1ed 

simulated data Because of the extremely small mfluence of the four parameters m the 

least sens1t1ve category above, these four parameters were excluded from the mvers1on 

The method was found to reproduce all of the remammg six test environment parameters 

with high accuracy Because some degree of scatter exists m all measured data, random 

errors were added to the generated data to simulate expenmental data more realistically 

The mvers10n method was applied to the mod1f1ed data at three separate noise levels 

typical of real reflection loss data Only the estimates for the three parameters m the 

highly sens1t1ve category above remamed accurate at all n01se levels tested These three 

parameters however are the parameters which most strongly mfluence the reflection loss 

charactenst1cs, and therefore are the parameters of greatest mterest to sc1ent1sts interested 

in acoustic mteract1ons with the ocean bottom 
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III. Method Apphcabon to real data. 

The 1terat1ve search mvers10n method was applied to reflection loss versus angle 

data obtamed at nme sites along an East-West expenmental track m the North Pac1f1c 

The track was s1gmf1cant because the age of the underlymg basalt mcreased from 

approximately 42 m y at the East end to 63 m y at the West end Estimates were 

obtamed for the sediment shear wave speed and the basalt compressional and shear wave 

speeds at each site Sediment shear speed estimates md1cate a value between 160 mis and 

180 mis Trends of mcreasmg basalt compressional and shear wave speeds were found 

for experiment sites mcreasmgly Westward The basalt compress10nal wave speed 

estimates ranged from 2622 mis to 3075 mis Basalt shear wave speed estimates ranged 

from 1050 mis to 1586 mis Lmear regression analyses of the wave speed estimates 

versus basalt age md1cated mcreasmg speed with age for both compressional waves and 

shear waves These regressions mdicate rates of mcrease of 19 0±17 6 mis/my for 

compress10nal waves and 11 8±32 3 m/s/m y for shear waves 

The upper crust basalt sound speed estimates provide the fust test of the fmdmgs 

of the Houtz and Ewmg data (Houtz and Ewmg, 1976) over a well defmed transect at 

moderate age (42-63 my) The Houtz and Ewmg data mdicated mcreasmg compress10nal 

wave speed with basalt age, however theu data contamed a very high degree of scatter 

Jacobson's hvpothes1s attnbutes mcreasmg compressional wave speed with age, to basalt 

alterat10n occurnng when cracks and faults are filled by mmerals prec1p1tated from 

hydrothermally cuculated seawater, (Jacobson, 1992) The hypothesis suggests that the 

mcreases m speed result from the higher bulk and shear moduli m the altered basalt A 

recent study on 0-4 5 m y basalt correlated rapid mcreases m basalt compressional speed 

with changes from open to closed hydrothermal cuculation of seawater through the 

overlymg sediment layer, (Rohr, 1994) This study md1cated that alteration proceeded at 

a slow rate when open cuculation was mamtamed In the present work, the sediment 

layer is thm ( <33m) over the entue expenmental track studied The poss1b1hty that open 

cuculatlon 1s still occunng at the expenment sites 1s real The present estimates are very 

low m companson \\>1th previous estimates for similar age basalt These results would 

md1cate that the rate of alteration has been slow, and so they are consistent with the 

hypothesis that open c1rculat10n 1s contmumg at the sites studied 
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IV. Suggestions for Further Research 

A pnmary problem for applymg data-matching inversion techniques, such as the 

1terat10n of forward models method descnbed in this thesis, 1s the incorrect modeling of 

the expenmental environment Two of the modeling problems encountered for the 

reflection loss data invers10n were that bottom roughness and sediment thickness 

vanab1hty could not easily be accounted for The latter of these problems could have 

been solved by measunng sediment thickness at every reflection point This operat10n 

however would reqmre considerable effort A preferable option 1s to modify the 

expenmental method so that the reflect10n pomt remains relatively constant throughout 

each shot run This in fact has been done in later reflect10n loss versus angle 

measurement shot runs at different locat10ns, e g (Hannay, 1993 ), and (Hannay, 1994) 

These expanding spread profile (ESP) endf1re shot runs are performed using the same 

expenmental eqmpment used in the broadside shot runs for the expenment descnbed in 

chapter 4 (figure 4 2), but the source ship and tow ship move in ant1parallel d1fect1ons at 

the same speed A diagram of the endf!fe geometry 1s shown in figure 5 1 

Figure 5 1 Endflfe ESP shot run geometry 



67 

Significantly less scatter 1s observed m the endfire expenmental data at all 

grazmg angles than for broadside shot run data This type of run also allows the 

expenmenters to choose the reflection posit10n m advance Random scattermg effects can 

be reduced by choosmg a reflection pos1t1on where bottom roughness 1s small 

One very important aspect of the reflection loss charactenstics for thm sediment 

sites 1s the shear wave resonance effect descnbed m chapter 2 section III Figure 2 3 

shows the significant structure that 1s apparent m reflect10n loss as a function of 

frequency Our mversion method, as defmed, only considered the average magnitude of 

the sediment shear wave mterference pattern over a frequency band smaller than the 

resonance frequency mterval As discussed previously, the resonance frequency interval 

1s directly related to the sediment shear speed and sediment thickness The rate at which 

the resonance peaks decay with frequency 1s related to the sediment shear wave 

attenuation An analysis which exploited this resonance mformat10n might reveal 

mformation regardmg the sediment shear wave speed and attenuation parameters The 

mam problem for performmg such an analysis would be to obtam reflection losses m 

narrow frequency bands Before this could be accomplished, SUS charge levels m the 

narrow bands would have to be measured Currently, SUS charge levels are available 

only m 1/3 octave bands which are too wide for the analysis reqmred Once SUS charge 

levels were available, the analysis could be performed usmg only a smgle SUS charge 

reflect10n waveform The SUS charge range would be chosen so that the grazmg angle 

was close to the maximum angle of the resonance effect This would be approximately 

30° to 40° for the environments at the expenment sites considered m chapter 4 

Fmally, the apphcat10n of the mvers10n method to data collected close to 

spreadmg centre axes would be valuable for obtammg sound speed estimates m very 

young crust Recent expenments at the East Pac1f1c nse (Hardmg et al , 1989), (Vera et 

al, 1990), and (Chnsteson, Purdy, and Fryer, 1992) have estabhshed very low 

compressional speeds of 2 2 krn/s and 2 3 km/s near the axis Recent reflection loss 

versus angle data have been collected dunng endf1re ESP expenments m very young 

crust, (Hannay, 1993) and (Hannay, 1994) The proposed iterative search method should 

be capable of conf1rmmg the low compress10nal speed values, and should be capable of 

prov1dmg new shear wave speed estimates 
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V. Summary 

In conclus1on, 1t has been shown that the 1terat1ve mvers1on method developed in 

this thesis can be effective for estimating the sediment shear wave speed, and the upper 

crust basalt compressional and shear wave speeds from reflection loss versus angle data 

obtained in thm sediment areas of the Abyssal Hills region of the North Pac1f1c The 

method 1s important because accurate estimates for the uppermost basalt cannot easily be 

obtained usmg the ex1stmg geophysical techmques This 1s evidenced by the large scatter 

m a compilat10n of h1stoncal data for basalt sound speeds, (Houtz and Ewing, 1976) The 

apphcat1on of the method to expenmental data gave estimates for upper crust basalt 

compressional speeds which mcreased with basalt age The method also provided the 

first basalt shear wave speed versus age estimates These estimates also mcreased with 

age, but the scatter was too great to conclude, on the basis of the shear speed estimates 

alone, that a trend exists An mcrease of basalt compress1onal speed with age was 

suggested by the Houtz and Ewmg data, and the present results are consistent with thi s 

observat10n 
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Appendix A 
Source level measurements from depth­
scaled spectra of 0.82 kg SUS charges 

I. Introduction 
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The 0 82 kg SUS (Signal Underwater Sound) charge 1s commonly used m 

expenments designed to measure the acoustic propagat10n charactenst1cs of the ocean, 

and to probe the upper layers of the ocean bottom Accurate knowledge of the 1/3 octave 

band source levels of the charges 1s reqmred m the frequency range from a few Hz to a 

few hundred Hz, at detonation depths from approximately 20 m to 300 m These levels 

have been determined by expenment, e g (Stockhausen, 1964), (Chnstian and Blake, 

1965), and (Turner and Scnmger, 1970), and by a vanety of theoretical techmques, e g 

(Weston, 1960) and (Gaspm and Schuler, 1971) The results from these analyses, 

however, contam considerable differences Consequently, a highly controlled expenment 

and analysis was earned out by Chapman, (Chapman, 1988), to further quantify the 

levels His published values for the 1/3 octave source levels were obtamed from an 

analysis of the spectra from more than 30 charges detonated at each of the depths 

23 5 m, 99 6 m, 194 4 m Addit10nally , Chapman used a spectrum scalmg method 

(Hughes, 1981) to scale his 194 4 m charge spectra to obtam levels at 244 rn These 

source levels m the preferred 1/3 octave bands from 5 Hz to 630 Hz are now widely 

accepted and are the most frequently used 

However, a comphcat10n occurs because the source levels vary sigmficantly over 

the depth mtervals observed for SUS charges set to detonate at specific depths We have 

performed an analysis of Chapman's expenmental data to obtam accurate source levels 

over a range of depths close to each of the depths specified m Chapman's ongmal work 

We have also analysed new data from 7 charges detonated near 50 m The spectral 

scalmg method of Hughes was used to scale all charge spectra at each approximate depth 

to several depths w1thm correspondmg ranges representmg the vanabihty m observed 

detonation depth The ranges, and step sizes, are 17-27 m m 1 m steps, 40-60 m m 2 m 

steps, 84-104 m in 2 m steps, 170-210 m m 4 m steps and 230-280 m in 5 rn steps 

Levels are presented for the same frequency bands analysed by Chapman The levels 

were obtained by averagmg 1/3 octave band levels measured from the depth-scaled 

spectra 
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II. Experiment 

The expenment was designed to provide high resolut10n recordings of the 

acoustic wa\eforms from 0 82 kg SUS charges, set to detonate at depths of 18 m, 50 m, 

90 m, and 183 m A diagram of the expenmental geometry 1s shown in figure 6 1 

Tngger 
hydrophone 

Rece1vmg 
hydrophone 

Workboat 

SUS 

~~hacge 

Figure 6 1 SUS charge expenment geometry 

The expenment was performed in Jervis Inlet, located 90 km North of 

Vancouver, Bnt1sh Columbia The site was ideal in that 1t was sheltered from low 

frequency noise and because the water depth was deep enough (>600 m) so that bottom 

reflected energy would not interfere with the direct path signal of interest Charges were 

dropped from a work boat at ranges between 150 m and 450 m from the momtoring ship 

The receiving hydrophone was suspended below the recording ship at a depth of 488 m 

The slant range from the sources to the hydrophone was always greater than about 200 m 

so that finite amphtude effects from shock waves could be neglected Also, the large 

depth of the hydrophone max1m1zed the delay of the surface reflected signal with respect 

to the direct path signal However, the surface reflected signal contaminated the 

waveforms of the shallow 18 3 m charges 

The receiving hydrophone was an Atlantic Research Corporation banum titanate 

BC-32 hydrophone Its sens1t1v1ty was cahbrated after the expenment to be -213 ± 1 dB 

re 1 V /Pa over the frequency range from 5 Hz to 5 kHz An underwater preamphf1er 

drove the cable to the surface where the signal was amphfied and fiitered The frequency 

response of the preamphf1er, cable, amphfier and fiiter was cahbrated at +5 2 dB flat out 
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to 20 kHz with a low frequency roll-off at about 3 Hz The analog output of the system 

was d1g1t1zed by a 15-bit AID at a rate of 50000 samples per second D1g1tal output was 

stored d1rectly on magnetic tapes 

III. Explosion waveforms 

Figure 6 2 shows a typical waveform for one of the 193 m charges The 

waveform consists of a shock pulse followed by several bubble pulses The shock pulse 

nses nearly mstantaneously, correspondmg to the rapid conversion of the solid TNT to 

gaseous form The resultmg gas globe 1s m1tially highly pressunzed This globe expands 

qmckly and overshoots Its eqmhbnum volume due to the momentum imparted to the 

surroundmg water The eqmhbnum volume occurs when the globe pressure 1s equal to 

the ambient hydrostatic water pressure, and corresponds with the f1rst zero crossmg m the 

pressure waveform The mm1mum pressure occurs when the gas globe reaches its 

maximum volume After the time of mm1mum pressure, the globe begms to contract The 

volume of the globe contmues to decrease, and agam overshoots the pressure 

eqmhbnum The pomt at which the volume agam reaches a mm1mum 1s represented by 

the second pos1t1ve peak m the waveform This peak 1s referred to as the f1rst bubble 

pulse The process repeats after the f1rst bubble pulse, causmg the cyclic nature of the 

waveform 
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Figure 6 2 Pressure waveform for a 193 m charge 
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The time penod from the peak of the shock pulse to the peak of the fust bubble 

pulse 1s referred to as the fust bubble pulse penod This penod, (Tbub), 1s known to vary 

with the depth of charge detonation as 

Tbub = 2 11 w1"Zo 516 (6 1) 

where W 1s the charge mass m kilograms and Z0 1s the hydrostatic depth , given by 

Z + 10 1 m We notice that the first bubble pulse penod for the 193 m charge 1s 

approximately 24 ms, while the bubble pulse penod for a 23 m charge, shown m figures 

6 3 and 6 4, 1s approximately 110 ms This difference 1s consistent with equation 6 I 

Q) 

:5 
(/) 
(/) 

~ 
a.. 

0 100 200 
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300 400 

Figure 6 3 Pressure waveform for a 23 m charge showmg surface reflected signals 

A noticeable feature m the 23 m waveform m figure 6 3 1s the appearance of 

negative pulses These pulses are due to surface reflected acoustic energy The surface 

reflected signal 1s an inverted rephca of the direct path waveform, with the exception that 

the reflected shock pulse 1s clipped, and 1s followed by some high frequency noise The 

chppmg and high frequency n01se are due to cav1tat1on occurmg at the surface upon 

reflection of the very high pressure shock pulse 

The contammat1on of the direct path signal by the surface reflection must be 

removed before further processmg of the waveform The method used to remove the 

surface reflect1on was suggested by Chapman and developed by Yee, (Yee, 1991 ) This 

method was applied by repeatedly addmg a t1me-sh1fted copy, of the uncontammated part 

of the duect path waveform, to the surface reflection The process was iterated until a 

deconvolved sect10n of the direct path waveform, out to at least the fourth bubble pulse, 
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was obtained This method provided very good reconstruction of the low frequency 

components, but did not remove the high frequency noise caused by cav1tat10n 

Cavitation noise was removed by simply drawing a smooth curve through 1t Figure 6 4 

shows the result of applying the above procedure to the waveform of figure 6 3 
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Figure 6 4 Deconvolved Pressure waveform for the 23 m charge 

IV. Spectral Analysis 

Source levels were calculated from the depth-scaled spectra of the charge 

waveforms The onginal spectra were obtamed by the following process f Irst, the 

waveforms were truncated after the fourth or fifth bubble pulse The waveform, beyond 

the fourth pulse, has relatively low amplitude and does not contnbute significant energy, 

(Yee, 1991) The truncation was exponentially smoothed to zero over 1000 data points, 

and the resulting waveform was zero padded A 64k fft was applied to each waveform to 

provide spectra with O 763 Hz bmw1dth The sphencal spreading loss for each charge to 

receiver range was accounted for, and the appropnate gains were applied to scale the 

spectra to cgs energy density units of (dB re erg/cm2/Hz), referred to 1 m from the 

source 
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A. Depth Scaling of Spectra 

Figure 6 5 shows the spectrum of a 93 m charge The general spectral shape nses 

to a maximum at the flfst bubble pulse frequency for this depth , (:::25 Hz), and decreases 

with mcreasmg frequency The most notable feature of the spectrum 1s its modulated 

shape which 1s caused by the spiked nature of the waveform The modulation frequency 

depends mamly on the time separation of the shock and fust bubble pulses, but 1s 

affected slightly by the second and third bubble pulses at low frequencies The effect of 

the second and third pulses 1s seen as the multiple peaks centered around 40 Hz 
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6 5 Spectrum of a 93 m charge 

Figure 6 6 shows the spectrum of a 193 m charge We note that the spectral 

charactenstJcs for the 193 m charge are s1m1lar to those of the 93 m charge, except the 

modulation frequency 1s greater This effect was expected smce the time penod between 

the shock and first bubble penods 1s smaller for deeper charges Hughes, (Hughes, 1981 ), 

noticed that 1f the frequency scales for the spectra of deeper charges were compressed, 

and the spectral levels scaled, then the spectra closely matched those for shallower 

charges He proposed scaling expressions for both frequency (f), and spectral level (S) , 

based on analysis of his own shallow charge data, and deeper charge data, (Chnstian and 

Blatk, 1965) The scalmg expressions are 

f = J
0 
x(Z I ZJ--oss 

S = so X ( Z / zo )° 806 
(62a,b ) 
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where S
0 

1s the spectral level at frequency J
0 

m the spectrum to be scaled, and Z
0 

is the 

onginal hydrostatic depth of the charge The scaled spectrum for depth Z 1s obtained by 

flfst scaling the spectral level of the onginal spectrum using equation 6 2 b, and then 

scalmg the frequency using equation 6 2 a 
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Figure 6 6 Spectrum of a 193 m charge 
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Figure 6 7 Onginal 93 m spectrum, and 193 m spectrum scaled to 93 m 

Figure 6 7 shows the spectrum of the 193 m charge scaled to 93 m, supenmposed 

on the onginal 93 m spectrum of figure 6 4 It 1s noted, that even for this relatively large 

difference m depth, there is good agreement for frequencies below 150 Hz For 

frequencies greater than 150 Hz, exact agreement 1s not cntical for calculating the 1/3 -
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octave band levels smce the width of these bands 1s greater than the modulation penod, 

and the modulation pattern 1s averaged out Except for the 235 m to 280 m depth range, 

the scaled depths differed by less than 20% of the depths of the ongmal charges For this 

relatively small change m depth, the scalmg method 1s expected to be very accurate 

B. Source level measurements 

Source levels were calculated from the scaled spectra The analysis was earned 

out on 17 charges detonated at -20 m, 7 charges at -50 m, 27 charges at -100 m, and 34 

charges at -190 m Spectra from charges at each of these approximate depths were scaled 

to the range of depths close to the depth The depth ranges are 17 m to 27 m m 1 m 

steps, 40 m to 60 mm 2 m steps, 84 m to 104 mm 2 m steps, and 170 m to 210 mm 4 m 

steps Add1t10nly, the 34 - 193 m charge spectra were scaled to a range of depths between 

230 m and 280 m m 5 m steps Source levels were calculated from the depth-scaled 

spectra m the consecutive preferred 1/3 octave bands from 5 Hz to 630 Hz usmg boxcar 

filters The source levels at each depth were averaged to obtam the results presented m 

table 6 1 to 6 5 

Table 6 1 1/3 Octave source levels for O 82 kg SUS charges at 17 m to 27 m (dB//erg/cm2/Hz//lm) 

Centre Ch<1rg~ Q~pth 

Freq (Hz) 17 m 18m 19m 20m 21 m 22m 23 m 24m 25 m 26 m 27 m 

5 55 0±1 2 54 9±1 3 54 4±1 5 53 9±1 5 53 6±1 6 53 3±1 7 53 2±1 5 52 9± 1 6 52 5± 1 8 52 3± I 7 52 2± I 7 

6 3 58 8±0 6 58 6±0 6 57 8±0 8 57 0±0 8 56 7±0 7 56 5±0 8 55 8± 1 0 55 1±1 2 54 6± 1 3 54 3±1 2 54 2± I 3 

8 61 5±0 3 61 3±0 4 60 9±0 5 60 5±0 5 60 2±0 5 59 9±0 5 59 5±0 5 59 0±0 5 58 5±0 5 58 2±0 6 57 9±0 6 

10 619±04 62 0±0 4 62 0±0 4 62 0±0 4 61 8±0 4 61 7±0 4 61 5±0 4 613±04 610±04 60 8±0 4 60 6±0 4 

12 5 58 3±0 6 58 6±0 6 59 0±0 6 59 2±0 5 59 6±0 5 60 0±0 4 60 4±0 5 60 8±0 5 61 1±04 612±04 61 3±0 4 

16 57 6±0 3 57 2±0 3 56 7±0 4 56 4±0 5 56 3±0 4 56 2±0 5 56 5±0 6 56 8±0 5 57 3±0 6 57 7±0 5 57 9±0 6 

20 55 7±0 2 55 8±0 4 56 3±0 3 57 0±0 4 57 5±0 3 57 8±0 2 57 8±0 4 57 6±0 3 57 3±0 3 56 9±0 3 56 6±0 3 

25 56 2±0 3 56 6±0 3 56 5±0 3 56 2±0 2 56 1±0 3 56 1±0 4 56 0±0 4 55 7±0 4 55 3±0 3 55 0±0 3 55 1±0 4 

31 5 54 9±0 4 55 2±0 3 55 5±0 4 55 3±0 5 54 6±0 5 53 9±0 4 53 7±0 5 54 2±0 5 55 1±0 4 55 7±0 3 55 9±0 3 

40 53 6±0 3 53 7±0 4 53 9±0 4 54 0±0 4 53 8±0 4 53 6±0 3 53 8±0 3 54 0±0 3 54 2±0 3 54 3±0 3 54 5±0 3 

50 52 8±0 4 52 3±0 4 52 2±0 5 52 8±0 4 53 7±0 4 53 7±0 4 53 3±0 4 53 1±0 4 53 0±0 3 53 0±0 4 51 1±0 4 

63 51 8±0 2 519±02 52 2±0 3 519±03 517±04 52 0±0 4 52 7±0 3 52 8±0 4 52 4±0 4 52 0±0 4 51 6±0 4 

80 514±03 51 1±0 3 51 0±0 3 51 3±0 3 50 9±0 3 51 1±0 3 514±0 3 515±04 51 5±0 3 51 0±0 3 51 2±0 2 

100 50 1±0 3 50 1±0 3 50 2±0 3 49 8±0 3 50 3±0 3 50 6±0 3 50 2±0 2 49 8±0 3 50 4±0 2 50 8±0 3 50 4±0 1 

125 48 6±0 3 49 3±0 3 48 9±0 3 49 2±0 3 49 1±0 3 49 2±0 3 49 3±0 3 49 2±0 3 49 3±0 3 49 4±0 3 49 4±0 3 

160 48 0±0 2 47 8±0 2 48 1±0 2 47 9±0 2 48 2±0 3 48 1±0 2 48 2±0 3 48 4±0 3 48 2±0 3 48 1±0 3 48 6±0 3 

200 46 8±0 2 47 0±0 2 46 8±0 2 46 9±0 2 47 2±0 2 47 0±0 2 47 0±0 2 47 2±0 2 47 0±0 2 47 4±0 2 47 1±0 2 

250 45 6±0 2 45 7±0 2 45 9±0 2 45 9±0 2 45 8±0 2 46 0±0 2 46 2±0 2 46 1±0 2 46 2±0 2 46 1±0 2 46 3±0 2 

315 44 8±0 2 44 8±0 2 44 9±0 2 44 9±0 2 44 9±0 2 44 9±0 2 44 9±0 2 45 0±0 2 45 1±0 2 45 1±0 2 45 0±0 2 

400 43 9±0 2 44 0±0 2 44 0±0 2 44 0±0 2 44 0±0 2 44 1±0 2 44 1±0 2 440±0 2 44 0±0 2 44 1±0 2 44 1±0 2 

500 43 0±0 2 43 0±0 2 43 1±0 2 43 1±0 3 43 2±0 2 43 2±0 2 43 3±0 2 43 3±0 2 43 3±0 2 43 3±0 2 43 3±0 2 

630 416+02 41 7+0 2 41 8+0 2 41 9+0 2 42 O+O 2 42 l+O 2 42 I +O 2 42 2+0 2 42 3+0 2 42 3+0 2 42 4+0 2 
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Table 6 2 I /3 Octave source levels for O 82 kg SUS charges at 40 to 60 m (dB//erg/cm2/Hz//l m) 

Centre !:;harg~ DeJ;lth 
Freq (Hz) 40m 42m 44m 46m 48 m 50m 52 m 54m 56m 58 m 60 m 

5 48 9±1 8 48 9±1 8 48 5±1 5 48 0±2 I 47 8±2 5 47 3±2 2 47 2±2 2 46 8±2 7 46 3±2 3 46 2±2 3 45 8± 1 8 
63 510±05 50 9±0 5 50 8±0 8 49 8±1 0 49 6±0 9 49 4±0 7 49 2±1 2 48 5±1 9 48 1±1 8 48 2±1 8 47 9± I 5 
8 54 6±1 I 54 5±1 I 517±1 2 53 0±1 I 52 7±1 0 51 9±1 0 51 8±1 I 51 3±0 8 50 3±0 5 50 3±0 5 50 1±0 8 
10 58 1±0 6 57 8±0 7 57 1±1 0 56 8±0 9 56 5±0 9 55 5±1 0 55 4±1 0 54 7±1 I 53 9±1 I 53 8±1 I 53 1±1 2 

12 S 60 1±0 7 59 7±0 S 59 4±0 S 59 0±0 4 58 8±0 4 58 4±0 4 58 1±0 4 57 7±0 6 57 4±0 6 57 2±0 7 56 6±0 8 
16 61 6±0 S 61 5±0 6 614±07 61 1±0 8 60 9±0 8 60 5±0 8 60 1±0 7 59 9±0 8 59 5±0 7 59 2±0 4 58 9±0 S 
20 57 2±0 4 57 7±0 6 58 4±0 9 59 3±0 8 59 8±0 6 60 3±0 4 60 7±0 S 60 9±0 S 60 9±0 S 61 0±06 60 8±0 7 
25 56 7±0 7 56 8±0 9 56 9±0 9 56 9±0 9 56 8±0 9 56 6±0 7 56 5±0 6 56 6±0 6 56 6±0 3 57 0±0 8 57 8±0 9 

31 S 55 3±0 9 55 8± I 0 56 1±0 7 56 2±0 7 56 2±0 S 56 1±0 4 56 0±0 S 55 9±0 S 56 0±0 8 56 1±0 9 56 2±1 0 
40 56 4±0 4 56 4±0 6 56 2±0 9 55 5±1 0 54 6±0 9 53 9±0 7 54 0±0 9 54 2±1 0 54 6±0 9 55 0±1 0 55 4±0 9 
so 54 1±0 9 53 1±1 I 52 0±0 8 52 1±1 I 53 6±0 9 'i4 8±0 S 55 3±0 3 55 6±0 3 55 7±0 4 55 8±0 6 55 6±0 7 
63 52 7±0 4 52 6±0 6 51 1±0 S 53 7±0 3 53 8±0 3 'i3 9±0 3 54 0±0 3 53 9±0 6 53 5±0 9 52 7±0 9 SI 8±0 8 
80 51 1±1 3 52 3±0 6 52 8±0 4 52 6±0 5 52 3±0 4 519±04 51 8±0 5 51 9±0 4 52 0±0 4 519±04 52 I ±0 6 
100 516±07 51 2±0 6 50 5±0 7 50 9±0 7 SI 4±0 4 516±07 51 3±0 8 50 5±0 7 50 4±1 3 514±07 52 0±0 4 
125 49 6±0 6 50 0±0 6 50 5±0 4 50 2±0 6 50 2±0 6 49 7±0 5 49 8±1 0 50 6±0 4 50 9±0 6 50 7±0 7 50 1±0 5 
160 49 3±0 6 48 8±0 7 49 1±0 5 49 4±0 5 48 7±1 0 49 3±0 5 49 7±0 6 49 1±0 5 48 9±0 6 49 2±0 7 49 6±0 4 
200 47 8±0 5 48 4±0 5 48 0±0 6 48 2±0 4 48 3±0 6 48 3±0 5 48 2±0 6 48 3±0 6 48 6±0 6 48 2±0 7 48 3±0 6 
250 47 2±0 5 46 9±0 4 47 2±0 5 47 2±0 4 47 2±0 4 47 4±0 4 47 1±0 5 47 6±0 4 47 2±0 5 47 6±0 5 47 5±0 5 
315 45 8±0 5 46 0±0 6 46 2±0 5 46 1±0 5 46 3±0 5 46 0±0 6 46 5±0 4 46 1±0 5 46 5±0 5 46 2±0 4 46 5±0 4 
400 45 1±0 5 45 1±0 4 45 1±0 5 45 0±0 5 45 2±0 5 45 3±0 5 45 2±0 5 45 4±0 5 45 2±0 5 45 5±0 5 45 3±0 4 
500 44 0±0 4 44 1±0 5 44 1±0 5 44 2±0 5 44 3±0 4 44 3±0 4 44 3±0 4 44 3±0 5 44 4±0 5 44 4±0 4 44 4±0 5 
630 42 4+0 5 42 6+0 5 42 8+0 5 42 9+0 5 43 O+O 5 43 I +O 5 43 2+0 5 43 3+0 4 43 4+0 4 43 4+0 4 43 S+O 4 

Table 6 3 1/3 Octave source levels for O 82 kg SUS charges at 84 to 104 m (dB//erg/cm2/Hz//lm) 

Centre Charg~ DeJ;lth 

Freq (Hz) 84 m 86m 88 m 90m 92 m 94m 96m 98 m 100m 102 m 104 m 

5 40 7±1 0 40 5±1 0 40 2±0 9 40 0±0 9 39 5±1 I 39 1±1 0 18 9±0 9 38 7±1 0 38 4±1 I 38 3±1 2 37 9±1 0 
63 43 9±0 6 43 8±0 6 43 4±0 7 43 0±0 7 42 5±0 7 42 3±0 8 42 2±0 8 42 1±0 8 42 0±0 8 416±08 41 3±0 8 
8 46 9±0 4 46 7±0 4 46 4±0 5 46 1±0 3 45 8±0 4 45 5±0 4 45 3±0 4 45 1±0 4 44 9±0 4 44 6±0 5 44 4±0 5 
10 49 8±0 3 49 6±0 3 49 3±0 3 49 1±0 2 48 8±0 2 48 5±0 4 48 2±0 4 48 0±0 4 47 8±0 3 47 7±0 2 47 4±0 5 

12 5 52 8±0 4 52 6±0 4 52 3±0 4 52 1±0 4 51 8±0 4 51 5±0 4 51 2±0 3 51 1±0 3 50 7±0 4 50 5±0 3 503±01 
16 55 7±0 3 55 5±0 3 55 2±0 4 54 9±0 3 54 8±0 4 54 4±0 4 54 2±0 4 54 0±0 4 53 7±0 4 53 5±0 4 53 3±04 
20 58 3±0 3 58 1±0 3 57 9±0 3 57 6±0 3 57 4±0 3 57 2±0 3 56 9±0 3 56 7±0 3 56 4±0 3 561±0 3 56 0±0 3 
25 59 6±0 3 59 6±0 3 59 5±0 3 59 4±0 4 59 3±0 4 59 2±0 4 59 1±0 4 59 0±0 4 58 8±0 3 58 7±0 4 58 hO 4 

11 5 56 6±0 3 56 9±0 3 57 2±0 3 57 6±0 3 57 9±0 3 58 1±0 3 58 4±0 3 58 5±0 3 58 7±0 1 58 8±0 3 58 9±0 3 
40 55 7±0 3 55 7±0 3 55 8±0 4 55 7±0 4 55 7±0 4 55 6±0 4 55 4±0 4 55 3±0 4 55 2±0 4 55 1±0 4 55 I ±0 4 
50 54 5±0 4 54 6±0 3 54 7±0 3 54 8±0 3 54 8±0 3 54 8±0 3 54 9±0 3 549±01 55 0±0 3 55 0±0 1 55 0±0 1 
63 54 3±0 3 53 9±0 3 53 4±0 3 52 8±0 3 52 1±0 4 51 7±0 4 514±04 51 4±0 3 51 6±0 3 51 9±0 3 52 4±0 1 
80 50 1±0 4 50 2±0 4 50 7±0 4 51 5±0 3 52 3±0 3 52 9±0 3 53 4±0 3 53 8±0 3 54 0±0 3 54 1±0 3 54 1±01 

100 51 7±0 3 51 9±0 3 52 1±0 3 52 2±0 3 52 1±0 3 52 1±0 3 52 2±0 3 52 2±0 3 52 2±0 3 52 0±0 3 5 I 8±0 4 
125 51 3±0 3 51 3±0 3 51 1±0 3 50 8±0 3 50 5±0 3 50 2±0 3 49 9±0 3 49 9±0 3 50 0±0 3 50 2±0 3 50 4±0 3 
160 48 7±0 3 48 8±0 3 49 3±0 3 49 8±0 3 50 3±0 3 50 4±0 3 50 3±0 3 49 8±0 3 49 2±0 3 48 7±0 3 48 7±0 1 

200 48 8±0 3 48 6±0 3 48 6±0 3 48 6±0 3 48 5±0 3 48 2±0 3 48 I ±0 3 48 3±0 3 48 8±0 3 492±01 49 4±0 1 

250 47 5±0 3 48 0±0 3 47 7±0 3 472±01 47 I ±0 3 47 6±0 3 48 0±0 3 48 1±0 3 47 8±0 3 47 5±0 3 47 3±0 3 

315 46 1±0 3 46 1±0 3 46 5±0 3 46 6±0 3 46 4±0 3 46 4±0 3 46 4±0 3 46 4±0 3 46 5±0 3 46 8±0 3 47 0±0 3 
400 454±01 45 3±0 3 45 3±0 3 45 3±0 3 45 5±0 3 45 5±0 3 45 2±0 3 45 2±0 3 45 7±0 3 45 8±0 3 45 4±0 3 

500 44 3±0 3 44 2±0 3 44 2±0 3 44 3±0 3 44 4±0 3 44 3±0 3 44 3±0 3 44 7±0 3 44 4±0 3 44 3±0 3 44 6±0 3 

630 42 6+0 3 42 8+0 3 42 7+0 3 43 O+O 3 42 9+0 3 43 O+O 3 43 1±0 3 43 1±0 3 43 1±0 3 43 4±0 3 43 2±0 3 
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Table 6 4 1/3 Octave source levels for O 82 kg SUS charges at 170 to 210 m (dB//erg/cm2/Hz//lm) 

Centre SQ!!rs:~ Qe111b 
Freq (Hz) 170m 174 m 178m 182m 186m 190m 194 m 198 m 202m 206 m 210 m 

5 35 0±1 7 347±1 7 34 5±1 8 34 3±1 9 34 0±1 9 33 9± I 9 33 7±2 0 33 6±2 0 33 4±2 0 33 3±2 I 33 1±2 I 
63 37 1±1 3 36 7± I 3 36 4±1 4 36 1±1 5 35 9±1 4 35 9±1 4 35 8±1 4 35 6±1 4 35 4±1 4 35 0±1 6 34 8± I 6 
8 39 3±1 0 39 0±1 0 38 8±1 I 38 5±1 I 38 3 I 38 1±1 I 37 9± I 2 17 7±1 2 37 5±1 I 37 3± I 2 37 0± I 2 
10 41 8±0 7 41 6±0 7 41 3±0 7 41 1±0 8 40 8±0 8 40 6±0 8 40 3±0 9 40 1±0 9 39 9±0 9 39 7±0 9 39 5±0 9 

12 5 44 7±0 4 44 4±0 5 44 1±0 5 43 8±0 5 43 6±0 5 43 4±0 5 43 0±0 5 42 8±0 5 42 6±0 5 42 4±0 5 42 1±0 6 
16 47 7±0 4 47 4±0 5 47 1±0 4 46 8±0 5 46 6±0 5 46 4±0 5 46 0±0 5 45 8±0 4 45 5±0 4 45 3±0 4 45 0±0 4 
20 50 5±0 5 50 2±0 5 49 9±0 4 49 7±0 5 49 4±0 5 49 2±0 5 48 9±0 5 48 7±0 5 48 5±0 4 48 2±0 5 48 0±0 5 
25 53 3±0 5 53 0±0 5 52 7±0 5 52 5±0 5 52 2±0 5 52 0±0 5 SI 7±0 5 51 5±0 5 51 2±0 5 510±05 50 7±0 5 

31 5 55 9±0 5 55 7±0 5 55 5±0 5 55 2±0 4 55 0±0 4 54 8±0 5 54 5±0 5 54 3±0 5 54 1±0 4 53 8±0 5 53 6±0 5 
40 57 7±0 5 57 6±0 5 57 5±0 4 57 3±0 4 57 2±0 4 57 0±0 5 56 8±0 5 56 6±0 5 56 5±0 4 56 3±0 5 56 I ±0 5 
50 56 3±0 5 56 6±0 5 56 9±0 5 57 1±0 5 57 2±0 5 57 3±0 5 57 4±0 5 57 4±0 5 57 4±0 5 57 4±0 5 57 4±0 5 
63 54 0±0 5 53 6±0 5 53 3±0 5 53 0±0 5 52 8±0 5 52 8±0 5 52 9±0 6 53 2±0 6 53 5±0 6 53 9±0 6 54 3±0 6 
80 53 5±0 5 53 8±0 5 53 9±0 5 54 0±0 5 54 1±0 5 54 1±0 5 54 1±0 5 54 1±0 5 54 1±0 5 54 1±0 5 54 1±0 'i 
100 49 7±0 5 49 3±0 5 49 3±0 5 49 6±0 5 50 2±0 6 )0 8±0 5 51 2±0 5 516±05 519±05 52 0±0 5 52 2±0 5 
125 514±06 52 0±0 5 52 3±0 5 52 5±0 5 52 6±0 5 52 6±0 5 52 6±0 5 52 4±0 5 52 2±0 5 51 8±0 5 51 3±0 5 
160 50 2±0 5 50 2±0 4 50 2±0 4 50 1±0 4 49 8±0 4 49 3±0 4 48 7±0 4 48 2±0 4 47 9±0 4 47 8±0 5 48 I ±0 6 
200 48 3±0 4 48 0±0 5 48 0±0 5 48 2±0 5 48 5±0 5 48 7±0 5 48 9±0 5 49 1±0 5 49 4±0 5 49 6±0 5 49 7±0 5 
250 48 6±0 5 48 4±0 4 47 9±0 4 47 2±0 4 47 0±0 5 47 2±0 6 47 8±0 5 48 2±0 5 48 5±0 5 48 7±0 5 48 7±0 5 
315 46 3±0 4 46 3±0 5 46 6±0 5 46 9±0 5 47 2±0 5 47 3±0 4 47 1±0 4 46 7±0 4 46 3±0 4 46 1±0 4 46 2±0 5 
400 45 3±0 5 45 8±0 5 46 0±0 5 45 8±0 4 45 5±0 4 45 4±0 5 45 6±0 5 46 0±0 5 46 1±0 5 46 0±0 4 45 8±0 4 
500 44 5±0 5 44 5±0 5 44 5±0 5 44 6±0 5 44 9±0 5 45 0±0 5 44 7±0 5 44 4±0 5 44 5±0 6 45 0±0 5 451±0 5 
630 43 2±0 4 43 0±0 4 43 1±0 5 43 5±0 5 43 5±0 4 43 1±0 5 43 3±0 5 43 7±0 5 43 8±0 5 43 5±0 5 43 5±0 5 

Table 6 5 1/3 Octave source levels for O 82 kg SUS charges at 230 to 280 m (dB//erg/cm2/Hz//lm) 

Centre ~hari:~ D~11!h 
Freq (Hz) 230 m 235 m 240 m 245 m 250m 255 m 260 m 265 m 270 m 275 m 280 Ill 

5 32 9±2 2 32 7±2 3 32 5±2 3 32 2±2 4 32 0±2 5 31 8±2 6 31 7±2 6 3 16±26 31 6±2 6 31 5±2 6 31 4±2 6 
63 34 6±! 8 34 4±1 8 34 I±! 9 33 9±1 9 33 6±1 9 33 5±1 9 33 4±2 0 33 3±2 0 33 1±2 0 33 0±2 I 32 7±2 I 
8 36 7±1 6 36 4±1 7 36 0±1 7 35 8±1 8 35 7±1 7 35 6± I 7 35 5±! 7 35 3±1 6 35 !±I 6 34 8±1 7 34 5± I 7 
10 39 0±1 5 38 7±1 5 38 5±1 5 38 2±1 5 38 0±1 5 37 8±1 6 37 7±1 6 37 5±1 5 37 3±1 5 37 1±1 6 36 8± I 6 

12 5 41 5±1 4 41 2±1 4 41 0±1 4 40 7±1 3 40 6±1 4 40 3±1 4 40 !±I 5 39 9±1 4 39 7±1 4 39 5±1 4 39 1±1 4 
16 44 4±1 4 44 2±1 4 43 9±1 3 43 6±1 4 43 4±1 3 43 2± I 3 42 9±1 4 42 6±1 3 42 4±1 3 42 2±1 3 41 9±1 3 
20 47 4±1 3 47 1±1 3 46 8±1 3 46 5±1 3 46 4±1 3 46 1±1 3 45 8±1 4 45 6±1 3 45 4±1 3 45 1±1 3 44 9±1 3 
25 50 2±1 3 49 9±1 3 49 7±1 3 49 4±1 3 49 2±1 3 48 9± I 3 48 7±1 3 48 5±1 3 48 3±1 2 48 0±1 3 47 8± I 2 

31 5 53 0±! 2 52 7±1 3 52 4±1 3 52 2±1 3 51 9±1 3 51 7±1 3 51 5±1 3 5 1 3±1 3 51 0±1 3 50 8±1 3 50 6±1 3 
40 55 5±1 0 55 3±! 0 55 0±1 0 54 8±1 I 54 6±1 I 54 4±1 I 54 2±1 I 54 0±1 2 53 8±1 2 53 6±1 2 53 4±1 2 

50 57 0±0 5 56 9±0 5 56 8±0 5 56 6±0 5 56 5±0 5 56 4±0 5 56 2±0 6 56 1±0 6 56 0±0 7 55 8±0 7 55 6±0 8 
63 55 7±0 7 55 9±0 7 56 1±0 8 56 2±0 8 56 3±0 8 56 4±0 9 56 5±0 9 56 5±0 8 56 5±0 8 56 5±0 8 56 5±0 7 

80 512±05 52 9±0 5 52 6±0 6 52 4±0 7 52 3±0 7 52 4±0 8 52 5±0 7 52 7±0 7 53 0±0 6 53 3±0 6 53 7±0 6 
100 52 8±0 8 52 9±0 8 53 I ±0 9 53 2±0 8 53 2±0 8 53 3±0 8 53 3±0 7 53 3±0 7 53 3±0 6 53 3±0 6 53 3±0 6 
125 49 0±0 8 49 0±1 I 49 1±1 2 49 6±1 I 50 0±1 0 50 5±0 9 50 9±0 8 5 1 1±0 7 513±06 51 5±0 5 51 5±0 5 
160 51 0±0 6 514±06 516±06 5! 8±0 6 51 8±0 7 51 8±0 7 51 7±0 7 5 I 5±0 8 51 3±0 8 50 9±0 8 50 5±0 8 
200 49 5±0 5 49 5±0 6 49 4±0 6 49 3±0 5 49 0±0 5 48 5±0 4 48 1±0 5 47 6±0 6 47 4±0 7 47 4±0 8 47 7±0 8 
250 47 6±0 5 47 5±0 6 47 5±0 5 47 7±0 5 47 8±0 6 48 0±0 6 48 2±0 6 48 5±0 6 48 7±0 5 48 9±0 5 49 0±0 5 
315 47 8±0 6 47 5±0 5 46 9±0 4 46 4±0 4 46 4±0 5 46 7±0 6 47 2±0 5 47 6±0 5 47 8±0 6 47 9±0 6 47 9±0 6 

400 45 6±0 5 45 7±0 5 46 0±0 5 46 4±0 5 46 6±0 5 46 6±0 5 46 3±0 5 46 0±0 4 45 6±0 4 45 5±0 5 45 6±0 5 

500 44 9±0 5 45 2±0 5 45 2±0 5 45 0±0 5 44 8±0 5 44 8±0 5 45 0±0 5 45 3±0 5 45 3±0 5 45 2±0 5 45 2±0 4 

630 43 8+0 5 43 8±0 5 43 8±0 6 44 0±0 6 44 2±0 5 44 2±0 5 43 9±0 5 43 7±0 5 43 8±0 6 44 3±0 6 44 5±0 6 
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The uncertainties given in tables 6 1 to 6 5 are the standard deviations of the 

levels used for each average We note that averaging was performed on source levels in 

linear units The standard deviations, also in linear units, were added to the averages and 

the sums were converted to decibels The uncertainties listed are the differences between 

the sums and the averages in decibels 

C. Ceptsrum technique for depth measurement 

The modulation of the source spectra can be expl01ted to provide a convenient 

method for measuring source depths As ment10ned prev10usly, the frequency penod of 

modulat10n is the flfst bubble pulse frequency, which 1s a function of depth according to 

equat10n 6 l The modulation penod 1s easily determined by taking the spectrum of the 

energy spectrum The secondary spectrum 1s referred to as the CEPSTRUM A fairly 

rehable peak in the CEPSTRUM occurs at the time delay representing the bubble pulse 

penod 

V. Comparison with accepted levels 

Because the previously published 1/3 octave band source levels are for spec1f1c 

depths, we will restnct companson of our results to the accepted levels of Chapman, 

(Chapman, 1988), at the specific depths 23 5 m, 99 6 m, 194 4 m, and 244 m The 

present results at these depths are consistent with Chapman's levels within the 

uncertainties except for the 5, 6 3, and 8 Hz bands These rrnsmatches are probably due 

to a small d1ff erence between our I /3 octave band edges and those used by Chapman 

Band edges for the present work were determined according to 10nno±o 05 where, for 

example, n = 9 for the 8 Hz band Add1t1onally, the low frequency levels do not match 

well at the shallow 23 5 m depth This mismatch is very likely due to the different 

methods used for deconvolving the surface reflection m the shallow charge waveforms 

The method used for the present work 1s supenor for reconstructing the low frequency 

components 



Appendix B 

Calculation of the Reflection Coefficient for Plane 
Acoustic Waves Incident from a Fluid onto a Solid 
Layered Substrate 

I. Introduction 
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The reflection coefficient for plane acoustic waves, incident from a serru-infimte 

tlmd layer onto a layered sohd substrate, 1s dependent upon the frequency of the incident 

wave and the angle of incidence at the tlmd-sohd interface The reflection coefficient 1s 

also dependent upon the elastic properties of the flmd and all layers in the sohd substrate, 

as well as the layer thicknesses The denvat1on of a closed form express10n for the 

reflection coefficient at an interface separating two serru-infimte layers 1s relatively 

straight-forward e g (Brekhovsk1kh, 1980) It 1s s1gmficantly more comphcated, 

however, to obtain a closed form expression for the reflection coefficient when there 1s 

more than one layer m the sohd substrate In this appendix, a method for calculating the 

multi-layer reflection coefficient 1s descnbed This method, which was outlined by 

Brekhovslakh, takes advantage of the relat1onsh1ps between the amphtudes of waves m 

adJacent layers Brekhovsk1kh's outline, however, contains several errors and therefore 

reqmres time-consuming denvattons before It can be implemented These errors are 

corrected in the following descnpt1on, which also shows how to include both 

compressional and shear wave attenuation for all sohd layers into the method 

Add1t1onally, the FORTRAN source code for a subroutme which implements the method 

for the case of a flmd layer overlying two homogeneous sohd layers 1s included 

II. Mathematical Formulation 

The wave equat10n descnbes how disturbances propagate m linear media The 

disturbance of interest when cons1denng elastic waves 1s the particle displacement It 1s 

assumed that the media are linear m the sense that the restoring force actmg on displaced 

particles 1s dtrectly proportional to, and m the opposite d1rect1on of the displacement 
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Also, m order to s1mphfy the development of solutions, the time dependence of the 

particle displacement will be assumed to be harmomc with angular frequency w Arbitrary 

time dependencies can be considered usmg Founer superposition of the solut10ns for 

harmomc cases The particle displacement, U(x,y,z,t) will thus be wntten, 

U = u(x,y,z)*exp(1rot) The wave equat10n for particle displacement not m the v1cm1ty of 

sources 1s, 

(7 la) 

or eqmvalently (7 I b) 

where c 1s the speed of propagat10n of the disturbance m the rnedmm and k=wlc 1s the 

wave number Equat10n 7 lb 1s often referred to as the time reduced wave equation or the 

Helmholtz equation It 1s useful to defme u m terms of a scalar potential <j>, and a vector 

potential '¥, 

(7 2) 

This representation 1s chosen to account for the observation that, m sohd media, there are 

two distinct types of propagating elastic waves These waves are charactenzed by the 

d1rect1on of particle mot10n relative to the d1fect1on of propagation In the literature 

concerning propagat10n m sohd elastic media, waves with particle displacement parallel to 

the direct1on of propagat10n are referred to as longitudinal or compress10nal waves 

Waves with particle displacement perpendicular to the direct1on of propagation are 

referred to as transverse or shear waves The gradient of potential <j> represents particle 

displacement due to compressional waves The curl of vector potential '¥ mtroduces 

particle displacement resultmg from shear waves 

If only plane waves onginating m a flmd half-space are considered, a coordinate 

system can be onented so that the direct10n of propagat10n hes m the (x,z) plane as shown 

in figure 7 1 
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Figure 7 1 Geometry of flmd and n sohd layers 

For this case, all particle motion m the flmd also occurs m the (x,z) plane because 

only compressional waves can exist m the flmd It follows that particle displacements m 

the y dJrect10n are zero for all layers 1f the interfaces are perfectly flat and honzontal 

Because of the restnct1on of displacement to the (x,z) plane, all shear waves are vertically 

polarized It 1s apparent from equation 7 2, that to have vertically polanzed shear waves 

reqmres the t and z components of the vector potential \J' to be O The vector potential 

can thus be wntten, \J'='Jf y, where \j/ 1s a scalar function In the followmg,\j/ will be 

treated as the scalar potential for shear waves W1thm each layer, the scalar potentials <j> 

and 'l' satisfy the mdependent Helmholtz equations 

(7 3a) 

(7 3b) 

Where c and b are the speeds of propagation for compress10nal and shear waves 

respectively These equations are connected through the boundary conditions at the layer 

mterfaces Now usmg equation 7 2 and the fact that \J'=\j/y, particle displacements are, 

u =0 
) ' 

a~ cl'Jf 
u =-+­

z clz ax (7 4) 
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A ngorous treatment of the elastic properties of solids, (Pilant, 1979), shows that, 

when homogeneity m all layers 1s present, the z and x components of the stress tensor on a 

honzontal plane can be wntten, 

(7 5) 

where A andµ are the Lame constants for the layer The Lame constants can be wntten m 

terms of the density p, and the compressional and shear wave speeds c and b as 

A= p(c2 -2b 2
) and µ = pb2 The honzontal component of all wave vectors 

(compressional and shear), mall layers 1s ~ = k Sm 8 = K Sm 'Y This value 1s constant for 

a wave of spec1f1c frequency and angle of mc1dence from the flmd This 1s a consequence 

of Snell's law In fact, the x dependence of all compress10nal and shear waves can be 

wntten e•9' Because this dependence 1s common to all potentials, 1t will be omitted m the 

following expressions The dependence however allows us to replace all denvat1ves of the 

potentials with respect to x by i~ Usmg this and the expressions for the Lame constants, 

the stress components in 7 5 can be rewntten with the z subscnpt omitted, 

where 

Boundary conditions to be satisfied on the interfaces between the elastic layers are, 

1 The x and z stress components must be continuous 

across the interface 

2 Particle displacement must be continuous 

across the interface 

These conditions may be wntten using the notation of Brekhovsk1kh, 

[i:]=0, [TJ=O, [uJ=O, [uzl=O 

(7 6) 

(7 7) 
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where the square brackets represent the change of the value across an mterface The four 

conditions m 7 7 are rewntten m 7 8 usmg the expressions for the stress components m 

7 6 and the particle displacements m 7 4, 

(7 8 a,b) 

(7 8 c,d) 

At the flmd-sohd mterface, cond1t1on 7 8c which represents contmmty of ux does not hold 

because the flmd particles are free to slide along the surface of the solid 

We now have general equations for the shear and compressional waves m each 

layer, and boundary conditions at the layer mterfaces These equations are reqmred for 

calculatmg reflect10n and transmission coefficients for a system of 2 or more layers 

III. Direct calculation of the reflection coefficient 

We proceed by considermg the geometry and coordmate system shown m figure 

7 I, which consists of a flmd half-space layer overlymg n sohd layers The bottom sohd 

layer 1s numbered I and 1s a half-space The z axis pomts upward with z=O at the mterface 

between layers 1 and 2 Quantities associated with a particular layer are distmgmshed by 

thelf subscnpts Usmg this notation, kn+i=ffilcn+J 1s the wave number m the flmd Also 

kn=mlcn and Kn=mlbn are the compress10nal and shear wave numbers m the top sohd layer 

The layers have thicknesses d
1

, 1=2 n 

The potentials <I> and 'I' m each layer are spht mto upward and downward travelmg 

plane waves Note the x dependence has been omitted 

(7 9) 

J = I n+l 
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Here a
1

, and ~
1 

are the vertical components of the wave vectors for compressional and 

shear waves m layer J These values are easily calculated, usmg Snell's law to obtam the 

d1rect10ns of the wave vectors, and using the wave speeds to obtain the1r magmtudes 

Because we do not have upward traveling waves mc1dent from layer 1, <)>' 1= \j/'1= 0 Also, 

because shear waves are not supported in the fluid layer, \11\+i= 0 and \Jl"n+i= 0 

The reflect10n coefficient at the flmd-solid mterface 1s simply the rat10 of the 

reflected wave to the incident wave, <1>:+ 1 / <1>::+1 The direct method for calculating the 

reflect10n coefficient 1s to make <1>;+1 a umt amplitude wave and then to solve the system of 

equations 7 9 to obtam <l<+i The equat10ns 7 9 can be solved directly usmg the boundary 

cond1t1ons spec1f1ed m equations 7 8 The boundary cond1t1ons are applied at the 

mterfaces, where z = ( 0, d2, d2+d1, d2+d3+d4, ) When applying these boundary 

cond1t1ons, 1t 1s worthwhile to consider the x and z dependence of <j> and \j/ We recall the x 

dependence 1s simply e1g for both potentials m any layer The z dependence 1s e±mi2 or 

e±1~,z, with the sign of the exponent depending on the vertical duect1on of the wave m the 

layer These relat1onsh1ps make the application of the x and z denvat1ves straight-forward 

m the boundary cond1t1ons 7 8 

Even for a small number of layers, the above method for obtaming the reflection 

coefficient becomes tedious due to the large number of equat10ns and boundary 

cond1t1ons In the followmg sect10n, a method which takes advantage of the relat1onsh1ps 

between the amplitudes of waves m adJacent layers 1s mvest1gated 

IV. Brekhovskikh's method 

We start by cons1dermg solid layer n The ongin of the z axis 1s temporanly placed 

at the lower boundary of this layer The thickness of this layer 1s d The compressional and 

shear potentials in the layer are wntten 

th = th' e'a.z + th"e-,a.z 
'+' n '+'11 't'n ' 

=(k 2_t2)1,2 a ,, II ":, (7 10) 

R R ~II= (v,,2 -~2)1/2 \If = \lfl e'Pn Z + \lf"e -tp,Z "-
't' 11 't' n 't' n ' 

The components of particle displacement, ux,, and u211 are obtamed from equations 

1 4 The components of the stress tensor, Tz,, and Tx,, are obtamed from equat10ns 7 5 We 
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want specific expressions for these four quantities at the upper boundary of the layer 

( z = d) Substituting the expressions 7 10 for <1>n and 'V"n mto the equation for ux m 7 4, 

and expandmg the complex exponentials mto their cosme and sine components we get 

where P=ad and Q=~d The remainder of the express10ns Uzn , 'Ln, Ln have very similar 

forms to 7 11 The only differences are that the coefficients of ( <l>'n +<!>\), ( <l>'n-<1>\), 
('l''n -\j/\), and ('l''n +\j/\) are different Equat10n 7 11 as well as the quantities Uzn , 'Ln, L11 

can thus be conveniently wntten in the matnx form shown m equation 7 12, 

u,.n t~cosP -~smP -tPcosQ PsmQ <1>: + <!>~ 
U zn -asmP mcosP -~smQ t~cosQ <t>: - <t>: 

= 
T," -(Ak ' +2µa 2 )cosP -t(Ak2 +2µa 2 )sm P -2µ~pcosQ -21µ~psmQ 'V;, - \JI;; 
T,.n -21µa~sm P -2µa~cosP 1µ(p 2 

- ~
2 )sm Q µ(P 2 

-~
2 )cosQ 'I< + 'V" 

(7 12) 

We now regard the lower boundary of the layer (n) which we have been 

considenng This 1s the mterface where we have chosen z = 0, so P = Q = 0 Expression 

7 12 can be used agam to obtain the particle displacements and the stress components at 

this lower boundary Now we make use of the fact that the displacements and stresses are 

continuous across the lower boundary The quant1t1es at the lower boundary of layer n are 

therefore equal to the respective quant1t1es at the upper boundary of layer n-1 We then 

express 7 12 at the lower boundary m 7 13, 

UX(11 - l ) l~ 0 -iP 0 <1>~ +<!>~ 
Uz(n - 1) 0 -ra 0 l~ cp~ - <p~ 

'L(n - 11 -(Ak 2 + 2µa 2) 0 -2µ~p 0 \jf ~ - \jf; 
(7 13) 

TX (n- l ) 0 -2µa~ 0 µcp 2 -~2) 'I';, + 'I' " 

The center matnx m equation 7 13 may be inverted and the result mult1phed from 

the left through the equation to express the nghtmost matnx, which ts also present m 

equation 7 12, m terms of the displacements and stresses at the upper boundary of layer 

n-1 The resultmg express10n for the nghtmost matnx m equat10n 7 13 1s then entered into 

equation 7 12 to obtam matnx equation 7 14 



Ux" a,, a, 2 a, 1 a,4 U,,(n- l ) 

Uzn az, a 22 a21 a24 Uz(n- l ) 
= 

Tzn a 1, a 12 a 11 a 14 T,_(11- l ) 

T x11 a4l a42 a41 a44 L_(11 - l ) 

where the elements alj, ( 1 , ; = 1 4) are listed m equat10ns 7 15 

a,,= 2sm 2 y cosP+cos2ycosQ, 

a, 2 =1(tan8cos2ysinP-sin2ysinQ), 

a, 1 = 1 sm S(cosQ-cosP) / rope, 

a, 4 = (tan Ssin ysin P+cosysin Q) / ropb, 

a 21 = zb 2 (e-2 sin 28sin P-b-2 cos2ytan ysin Q), 

a22 = cos2ycosP+2sin 2 ycosQ, 

a21 =(cos8sinP+tanysin8sinQ)/rope, 

a 31 = -2zropbsmycos2y(cosQ-cosP), 

a12 = -rop[ (ecos 2 2y / cos S)sin P + 4b cosy sin 2 y sin Q ], 
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(7 14) 

(7 15) 

The components of the wave vectors ~' a, and ~ which occur m equations 7 13 

and 7 14 have been wntten m terms of their wave vector magnitudes, (role or ro/b) and 

the1r wave vector angles, (8 or y) m equations 7 15 The Lame constants A and µ also 

present m 7 13 and 7 14 have been wntten in terms of the density p, and the wave speeds 

e or b, m equations 7 15 Note that all values m equations 7 15 are associated with the 

layer n for the case being considered so far We can now move our coordinate system 

down one layer so that z = 0 corresponds with the interface between layers n-1 and n-2 

The 1dent1cal reasoning which lead to equations 7 14 and 7 15 can be applied again to 
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obtain the same relat1onsh1ps of particle velocity and stress components between layers 

n-1 and n-2 In this case however, the constants a 11 to a44 in equation 7 15 are obtamed 

usmg values associated with layer n-1 

This procedure 1s applied 1terat1vely from layer n down to layer 2 so that the 

particle displacements and stress components in layer n are expressed in terms of the 

respective values m layer 1 This result 1s wntten m the form 7 16 

Ux,, All A1 2 A1 1 A14 U.q 

Uz,, A 21 An A21 Ai4 u , 1 
(7 16) = 

T,_,, A 11 A 12 A 11 A 14 Ti1 

Tx,, A 41 A42 A41 A44 Tx1 

where the matnx A 1s the product of n-1 matnces, each of the form of matnx a m equation 

7 14 Thus A= a<"l a<n-lJ a<1l a<2J Where a(nl 1s the matnx relatmg layers n and n-1 

The ind1v1dual elements of A are wntten out m equation 7 16 only for reference because 

they will be used separately m following equations 

We proceed by returning to the coordinate system shown m figure 7 11, m which 

the ongm 1s placed on the mterf ace between layers 1 and 2 The interface between the top 

sohd layer n and the flmd layer n+ 1 1s then at z = H where H = d2+d1+ +d
11 

The 

downward travelmg wave m the flmd ( the incident wave ) 1s given amplitude l and 1s 

assumed to have zero phase The upward travelmg wave m the flmd 1s the reflected wave 

It has amplitude V which may be complex, md1catmg non-zero phase change The total 

potential field m the flmd layer can then be wntten 

th = - ,a,., (z-H) + ~ ,a.+1 (z- H ) 
't'n+I e e ' (7 17) 

The z particle displacement and z stress component in the flmd on the boundary are 

obtamed from 7 17 usmg equations 7 4 and 7 6, 

z=O (7 18) 

Combming equations 7 18, we can wnte the reflect10n coefftc1ent V m the form , 

V = (Z,n - z n+I) I (Z,n + Z,,+1) (7 19) 
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where z = P11 + lcn+ I 

n+ I e 
cos 11 + ! 

(7 20) 

Note that equation 7 19 1s of the form of the reflection coefficient commonly ansmg m 

transm1ss1on lme theory Contmumg this analogy, Zm 1s called the mput impedance to the 

set of layers, and Z,,+ 1 1s the charactenst1c impedance of the flmd to the wave We stIII do 

not have a closed form expression for the mput impedance, for which we reqmre the z 

particle displacement and the z component of stress at the flmd-sohd mterface In order to 

fmd these values, we have to consider the field m the bottom layer I In layer 1, which 1s a 

solid half-space, no upward traveling waves are expected The field m this layer 1s thus 

wntten, 

,+. = UT - ,a,z 
't'i ne , (7 21) 

Notice, m this expression, that the coefficients W and X are the transm1ss1on 

coefficients for compressional and shear wave potentials The particle displacements and 

stress components at the top of layer I are obtamed from 7 21, by agam usmg equations 

7 4 and 7 6, 

z=H (7 22 a,b,) 

(7 22 c) 

(7 22 d) 

The boundary cond1t1ons at z = H state that, 

(7 23) 

We now make use of these relat1onsh1ps between particle displacements and stress 

components at the flmd-sohd mterface (z = H) , and the same values at the mterface 

above layer 1 (z = 0 ) This relat10nsh1p was given m matnx equat10n 7 16 Mult1plymg 

out the terms of mterest, we get 



UZ(n+ l) = Ai,ux, + A22uZJ + f½ 3T;, + Ai4Tx, , 

Yz(n+ l) = A, ,ux, + A32Uz1 + A 33T; , + A,4Tx,, 

0 = A4,ux, + A42Uz, + A43Yz1 + A44L1 
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(7 24) 

where the terms for layer n+ 1 are taken at z = H , and the terms for layer 1 are taken at 

z = 0 The third equat10n m 7 24 1s solved for Ux
1 

and this value 1s put mto the first and 

second equations These first two equat10ns can then be wntten, 

where 

UZ(n+ l) = M22uz, + M2,Yz, + M24Tx,, 

Yz(n+I) = M,2Uz1 + M3, Tz1 + M,4Ll 
(7 25) 

(7 26) 

We now substitute the values of u21, T21 and Tx1 from equations 7 22 a,c,d mto equat10ns 

7 25 and multiply the results by t!W to obtam the express10ns A= 1Tz(n+i/W and 

B=IUz(n+i/W 

A= a 1M,2 - lffi
2P,[ cos 2y 1M1, -(b,2 I c~)sm 20,M,4 ] 

-[l;M32 -zro2p1(sm2y,M33 +cos2y,M34 )]X / W 

B = a 1M22 -zu:i2p,[ cos2y,M23 -(b1
2 I c~)sm 201M24 ] 

-[~M22 - zro 2p1(sm 2y1M23 +cos2y,M24 )]X / W 

(7 27) 

(7 28) 

The ratio Tz(n+ i/uz(n+I) 1s reqmred m equat10n 7 20 for the mput impedance to the 

system of layers Note smce A/B = Tz(n+i/uz(n+ I)' that rat10 can be substituted 

We stIII are not qmte finished The rat10 XIW which occurs m equations 7 27 and 

7 28 may be deterrruned by subst1tutmg all four expressions from equat10ns 7 22 mto the 

third equation m 7 24 The resulting ratio 1s, 

X 

w 
(7 29) 

The problem 1s thus solved In order to obtam the reflection coefficient, we first 

calculate the wave numbers and angles for both shear and compressional waves m all 

layers usmg Snell's law and the wave speeds We then construct the matnces a whose 
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components are given m equation 7 15 for each layer The matnx A 1s then calculated as 

the product of all matnces a as 1s shown m the second !me following equation 7 16 The 

elements of A are used to obtam the elements MY usmg equation 7 26 The elements of A 

are also used to obtam the ratio XJW m equation 7 20 This rat10 1s used m equat10ns 7 27 

and 7 28 to get values for A and B The ratio A/B 1s equal to the ratio T z(n+i/uz(n+ I ) which 

1s reqmred m equat10n 7 20 to obtain the input impedance Zm to the system of sohd layers 

Finally the reflection coefficient 1s calculated from equation 7 19 

V. Attenuation Coefficients 

Although not exphc1tly shown, attenuation of both compressional and shear waves 

can be accounted for easily usmg the above method Attenuat10n m the layers anses when 

the Lame constants are complex This leads to complex sound speeds (c and b) and wave 

numbers (k and K) for compressional and shear waves respectively The imaginary 

components of the wave numbers introduce real spatial decay m the complex exponentials 

present m the potential expressions We therefore introduce attenuation by first calculating 

the real parts of the wave numbers for each layer as kr = role and Kr= wlb, where c and b 

are the ordmary (real) sound speeds for the layer The 1magmary parts of the wave 

numbers are calculated based on the value of the attenuation coefficient If the attenuation 

coefficients (ar and as) are given in umts of dB/A, then k1 = kr * ar / [21t*20log(e)], and 

K
1 
= ~ * a s / [21t*20log(e)] Finally, we recalculate complex sound speeds based on the 

complex wave numbers c = ro/k and b = ro!K 

VI. Reflection Loss Subroutine 

The following subroutine calculates the reflection loss m a spec1f1ed frequency 

band for a plane acoustic wave signal mc1dent from a flmd onto a two homogeneous layer 

sohd substrate It assumes that the incident wave power specturm 1s constant over the 

frequency band The loss 1s calculated as the average square modulus of the complex 

reflect10n coefficient at a spec1f1ed number of eqm-spaced frequencies w1thm the band 

This subroutine was used for modelmg the reflect10n loss for acoustic energy mc1dent 

from water onto the sediment/ basalt ocean bottom Vanables and equat10ns are named as 

closely as possible to the scheme used by Brekhovsk1kh 



C*********************************************************************** 
C** 
C** 

SUBROUTINE BY DAVID HANNAY 
VERSION 1 APRIL, 1993 

** 
** 

C*********************************************************************** 

C***************************************************************** 
C This program calculates the plane wave reflection loss 
C for waves incident from a fluid on to a layered solid substrate 
c The method used is outlined in "Waves in Layered Media", 2nd 
c Edition, by Brekhovskikh This program first calculates the reflection 
C coefficent for the specific case of a solid sediment layer 
c overlying an infinite solid halfspace basement layer For this 
c case, the matrix A is equal to matrix a whose components are 
c given in equation 8 29 in Brekhovskikh The components for this 
c matrix are calculated using the parameters from the sediment layer 
c The numbering of the layers here is done as in Brekhovskikh 
c The solid layers are numbered starting from the lower solid half­
c space In the case being considered, the basement is layer 1, the 
c sediment is layer 2, and the water is layer 3 
C***************************************************************** 

C Variable names 
C A(iJ} 
C 

C ANG_ FREQ 
C C(n} 
C B(n} 
C Kp(n} 
C Ks(n} 
C E 
C ALPHA(n} 
C BETA(n} 
C U3z 
C T3z 
C Zin 
C Z3 
C V 
C 

are based mainly on those used by Brekhovskikh 
4X4 Matrix in equation (8 31} Note (== a} from 
equation (8 28) for the case being considered 
Angular frequency of incident wave 
Compressional wave speeds 
Shear wave speeds 
Compressional wavenumber for layer n 
Shear wavenumber for layer n 
Horizontal component of all wave vectors 
Verticle components of compressional wave vectors 
Verticle components of shear wave vectors 
Z component particle displcmt at wat-sed interface 
z component of stress at water - sediment interface 
Input impedance to the solid layers 
Characteristic impedance of the water 
Reflection coefficient 

c***************************************************************** 

SUBROUTINE REFL_ COEF 
& ( NUMANGLES, NUMFREQS, FREQMIN, FREQMAX, RSEDTHICK, 
& CR, BR, ATTENP, ATTENS, RDENSITY, RUF, 
& GRAZANGLE, RC) 

DOUBLE PRECISION 
& PI, 1 Pi -- 3 141592654 
& FREQ, 1 Frequency of incident wave in Hertz 
& FREQMIN, 1 Minimum frequency to use in average 
& FREQMAX, 1 Maximum frequency to use in average 
& FREQSTEP, 1 Frequency step size to use in average 
& CR(3), Real parts of layer compressional wave speeds 
& BR(3), 'Real parts of layer shear wave speeds 
& ATTENP(3), 1 P wave attenuations in dB per wavelength 
& ATTENS(3}, 1 S wave attenuations in dB per wavelength 
& RDENSITY(3), 1 Input densities of layers 
& RSEDTHICK, ' Input sediment thickness 
& RUF(3), 1 Roughness above bsmt and sed interfaces 
& kr, r Temporarily stores real part of wave numbers 
& GRAZANGLE(90), 1 Grazing Angles 
& RC(90) ! Reflection coefficients 

DOUBLE COMPLEX 
& i, A(4,4), M(4,4), ANG_ FREQ, C (3), B(3), 
& Kp(3), Ks(3), ANG_IN, E, 
& ALPHA(3}, BETA(3), SEDTHICK, DENSITY(3}, 
& P, Q, x_w, 
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& SINP, COSP, SINQ, COSQ, 
& SINTHETAl, COSTHETAl, SINGAMMAl, COSGAMMAl, 
& SIN2THETA1, COS2THETA1, SIN2GAMMA1, COS2GAMMA1, 
& U3z, T3z, Zin, Z3, V, 
& E2mB2, E2pB2INV, RHOB2 

INTEGER 
J, Iterative index & 

& 
& 
& 
& 

L, 
IGRAZANG, 
NUMFREQS, 
NUMANGLES 

1 Index for layer number 
1 Grazing angle index 
'Number of frequencies to average over 
1 Number of grazing angles 

c-----------------------------------------------------------------
C Constants 

i = ( 0 DO, 1 DO } 
PI= 3 1415926535897932DO 

c-----------------------------------------------------------------
c Initialize values in vector RC(} to zero 

DO IGRAZANG = 1, NUMANGLES 
RC(IGRAZANG} = 0 DO 

END DO 

c---------------------------------------------------------------
C Assign values to the parameters in the water which do not change 
C and put double precision densities in complex double variables 

L = 3 
B(L} = ( 0 ODO, 0 ODO} 
Ks(L) = ( 0 ODO, 0 ODO } 
BETA(L} = ( 0 ODO, 0 ODO 

No shear wave speed in water 
No shear wave number in water 
No vert shear wave component in water 

DO L = 1, 3 
DENSITY(L} = DCMPLX( RDENSITY(L} 

END DO 
SEDTHICK = DCMPLX( RSEDTHICK} 

1 Work with complex density 
variables but densities 
here are always real 

c----------------------------------------------------------------
c Start frequency and grazing angle loops here 

C Determine the frequency step size 
IF ( NUMFREQS GT 1} THEN 

FREQSTEP ( FREQMAX-FREQMIN} / DBLE( NUMFREQS - 1 } 
ELSE 

FREQSTEP = 0 lDO ! Note FREQSTEP undefined for NUMFREQS = 1 
END IF 

c Start the Frequency loop 
DO FREQ= FREQMIN, FREQMAX, FREQSTEP 

c Convert frequency from units of Hz to rad/sand put in complex var 
ANG_ FREQ = DCMPLX( 2 DO* PI* FREQ} 

c Start the grazing angle loop 
DO IGRAZANG = 1, NUMANGLES 

C Convert grazing angle in degrees to incidence angle in radians 
ANG_ IN = DCMPLX( (90 DO-GRAZANGLE(IGRAZANG} }*PI/180 DO, 0 DO 

c-----------------------------------------------------------------
c Calculate the parameters associated with the water layer 

L = 3 1 Water layer is number 3 for sed-bsmt model 
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C(L) = DCMPLX( CR(L) ) Compressional wave speed 
Kp(L) = ANG_FREQ / C(L) 1 Wave number in water 
E = Kp(L) * SIN(ANG_IN) 1 Horizontal component for all 
ALPHA(L) = SQRT( Kp(L)**2 - E**2) 1 Vert comp of Kp in water 

c-----------------------------------------------------------------
c Incorporate attenuations into complex sound speeds and wave components 
C for the solid layers Note entered sound speeds are Just the phase speeds 
c The real parts of the wave numbers are calculated from these The 
c imaginary parts of the wave numbers are calculated from the attenuations 

DO L = 1, 2 1 Calculate parameters for basement and sed layers 

c First calculate complex wave numbers Note sound speeds CR() and BR() 
c here are purely real Complex sound speeds are calculated later The 
c imaginary parts of the wave vectors are determined from the 
c entered attenuations 

kr = DBLE(ANG_ FREQ) / CR(L) I Real part of compr wave num 
Kp(L) = DCMPLX( kr, kr * ATTENP(L) / 54 57505415D0 ) 
kr = DBLE(ANG_FREQ) / BR(L) 1 Real part of shear wave num 
Ks(L) = DCMPLX( kr, kr * ATTENS(L) / 54 57505415D0 ) 

c Now calculate the verticle components of the wave vectors 

C 

ALPHA(L) = SQRT( Kp(L)**2 - E**2) 1 Vert component of compr 
IF ( DIMAG( ALPHA(L) ) LT ODO) ALPHA(L) = -1 * ALPHA(L) 
BETA(L) = SQRT( Ks(L)**2 - E**2) 1 Vert component of shear 
IF ( DIMAG( BETA(L) ) LT ODO ) BETA(L) = -1 * BETA(L) 

c Calculate complex sound speeds from the complex wavenumbers 
C(L) ANG_FREQ / Kp(L) 
B(L) = ANG_FREQ / Ks(L) 

END DO 

c----------------------------------------------------------------------
c Calculate matrix A (equiv to matrix "a" for current case) 
c This matrix is given in equation (8 29) in Brekhovskikh 
c If more than one intermediate layer is present, then matrices 
c of this form must be calculated for them and these matrices 
c must be multiplied together starting with the top layer on the 
cleft 

L = 2 ! layer number 2 -- sediment for present problem 

P = ALPHA(L) * SEDTHICK 
Q = BETA(L) * SEDTHICK 
SINP = SIN(P) 
COSP = COS(P) 
SINQ = SIN(Q) 
COSQ = COS(Q) 

E2mB2 = E**2 - BETA(L)**2 
E2pB2INV = 1 / Ks(L)**2 
RHOB2 = DENSITY(L) * B(L)**2 

A(l,1 ) 

A(l,2 ) 
& 
A(l,3) 

A(l,4 ) 
& 
A(2,1 } 

& 
A(2,2 } 

= ( 2 * E**2 * COSP - E2mB2 * COSQ) * E2pB2INV 

= -1 * i * E * ( E2mB2 / ALPHA(L) * SINP + 
2 * BETA(L} * SINQ) * E2pB2INV 

= i * E / RHOB2 * ( COSQ - COSP) * E2pB2INV 

= ( E**2 / ALPHA(L) * SINP + BETA(L) * SINQ) * 
E2pB2INV / RHOB2 
i * E *( E2mB2 / BETA(L) * SINQ + 
2 * ALPHA(L) * SINP) * E2pB2INV 
( 2 * E**2 * COSQ - E2mB2 * COSP) * E2pB2INV 

A(2,3 } = ALPHA(L) * SINP + E**2 / BETA(L) * SINQ) * 
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&: 

&: 

A(2, 4) 

A(3, 1) 

A(3, 2) 

E2pB2INV / RHOB2 
= A(l,3) 

A(3,3) = 

2 * i * RHOB2 * E * E2mB2 * ( COSQ - COSP 

-1 * RHOB2 * ( E2mB2**2 / ALPHA(L) * SINP + 
4 * BETA(L) * E**2 * SINQ) * E2pB2INV 
A(2,2) 

&: 

A(3,4) 

A(4, 1) 

A(4, 2) 

A(4,3) 

A(4, 4) 

A(l,2) 

-1 * RHOB2 * ( E2mB2**2 / BETA(L) * SINQ + 
4 * ALPHA(L) * E**2 * SINP) * E2pB2INV 

= A(3,1) 

A(2, 1) 

A(l,1) 

* E2pB2INV 

c----------------------------------------------------------------
c Calculate components of matrix M shown in Brekhovskikh (8 38) 
c Only require M22, M23, M24, M32, M33, and M34 

DOK= 2, 4 
M(2,K) = A(2,K) - A(2,1) * A(4,K) / A(4,1) 
M(3,K) = A(3,K) - A(3, 1) * A(4,K) / A(4, 1) 

END DO 

c----------------------------------------------------------------
c Calculate the ratio X/W in variable X_W as in Brekhovskikh (8 44) 
c This is the ratio of the transimitted shear wave displacement 
c potential amplitude to the transmitted compressional amplitude 
c Note that the last term in the denominator sin(2thetal) should 
c be cos(2thetal) Also the bA2/cA2 multiplying that term should be 
c deleted from Brekhovskikh's expression 

C First need the following expressions 
SINTHETAl = E / Kp(l) 
COSTHETAl = ALPHA(l) / Kp(l) 
SINGAMMAl = E / Ks(l) 
COSGAMMAl = BETA(l) / Ks ( 1) 
SIN2THETA1 = 2 * SINTHETAl * COSTHETAl 
SIN2GAMMA1 = 2 * SINGAMMAl * COSGAMMA.l 
COS2GAMMA1 = COSGAMMA1**2 - SINGAMMA1**2 

x_w = -1 * ( E * A(4,1) - ALPHA(l) * A(4,2) + i * 
&: ANG_FREQ**2 * DENSITY(l) * ( COS2GAMMA1 * A(4,3) -
&: SIN2THETA1 * A(4,4) * B(1)**2 / C(1)**2) ) / 
&: ( Ks(l) * COSGAMMAl * A(4,1) + E * A(4,2) -
&: i * ANG_FREQ**2 * DENSITY(l) * ( SIN2GAMMA1 * 
&: A(4,3) + COS2GAMMA1 * A(4,4) ) ) 

c-- --------------------------------------------------------------
c Calculate z components of particle displacement U3z, and stress at 
c the water - sediment interface T3z Note Brekhovskikh equ (8 43) 
c should have a multiply instead of a divide in the expression for 
c Zin Also, the last"+" sign in the expression for A should be a 
c "-" sign The expressions for U3z and T3z below are actually the 
c A and B from equations 8 43 These however are related to the true 
c displacement and stress by A= i*T3z/W and B = i*U3z/W Since only 
c the ratio of T/U is required we can use A/B because T/U = A/B 

T3z = ALPHA(l) * M(3,2) - i * ANG_ FREQ**2 * DENSITY(l) * 
&: ( COS2GAMMA1 * M(3,3) - SIN2THETA1 * 
&: M(3,4) * B(1)**2 / C(l)**2) -
&: ( E * M(3,2) - i * ANG_ FREQ**2 * DENSITY(l) * 
&: ( SIN2GAMMA1 * M(3,3) + COS2GAMMA1 * M(3,4) ) * x_w 
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U3z = ALPHA(l) * M(2,2) - i * ANG_FREQ**2 * DENSITY(!) * 
& ( COS2GAMMA1 * M(2,3) - SIN2THETA1 * 
& M(2,4) * B(1)**2 / C(1)**2) -
& ( E * M(2,2) - i * ANG_FREQ**2 * DENSITY(l) * 
& ( SIN2GAMMA1 * M(2,3) + COS2GAMMA1 * M(2,4) ) * X W 

c---------------------------------------------------------------
C Calculate the "Characteristic impedance" in the water Z3, and 
C the input impedance Zin, to the solid layer system Expressions 
c for these quantities are given in Brekhovskikh (8 42) 

Z3 = DENSITY(3) * C(3) / COS( ANG_IN 
Zin= i * T3z / ( ANG_ FREQ * U3z) 

c---------------------------------------------------------------
C Calculate the reflection coefficient from the characteristic 
C impedance of the water and the input impedance of the solid layers 
C using Brekhovskikh (8 41) 

V = ( Zin - Z3) / (Zin+ Z3) 

c---------------------------------------------------------------
C Add contribution from present frequency and grazing angle 
C into vector RC() 

RC(IGRAZANG) = RC(IGRAZANG) + ABS( V )**2 / DBLE( NUMFREQS) 

c----------------------------------------------------------------
C Terminate loops in angle and frequency 

END DO I For do loop in angle 
END DO I For do loop in frequency 

c---------------------------------------------------------------
C Convert power reflection coefficent to the equivalent amplitude 
C reflection coefficient Note this is not the ordinary coeffient 
C unless the bandwidth is zero It does, however represent 
C reflection loss in a band over which the input signal power 
C spectrum is constant 

DO IGRAZANG = 1, NUMANGLES 
RC(IGRAZANG) = SQRT( RC(IGRAZANG) 

END DO 

c---------------------------------------------------------------
c Return to calling program 

RETURN 
END 

***************************************************************** 
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