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Ocean bottan reflection loss (BRL) cannot be catplted by 

traditional methods fran data recorded in a borehole. A grazing angle­

dependent loss, called bottan transmission loss (BTL), is incurred by a 

ray passing through the overlying sediments and basalts. BTL must be 

raroved before BRL can be carputed. A new BRL carputation method 

.irrplicitly raxoves this extraneous angle-dependent loss. The new 

tecimique, called the grazing angle matching arpirical method (GAME), is 

nore general than other methods of Catplting BRL. GAME uses multiple 

bottan-interacting rays with the same grazing angle to obtain BRL 

estimates. GAME is "self-calibrating" in grazing angle as well as in 

frequency, alla'ling the source and receiver directionality to vary in 

the vertical-radial plane. BRL estimates carputed by GAME fran borehole 

data are consistent. These results closely match those of Chapran 

(1983) and Focke, et al. (1980) , carputed by another method fran other 

deep ocean data sets. BTL was also carputed fran the borehole data, 

yielding consistent results. BTL is greater (by 5 u; 10 dB) for 

particle notion in the transverse horizontal direction than for particle 

notion in the radial-vertical plane. BRL results are the same for both 

particle notions • 
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LISI' OF ABBREVIATIOOS 

a A subscript suffix, meaning "asstnned". 

A Azimuth. 

BTL Bottom Transmission Loss 

BRL Bottom Reflection Loss 

c Velocity of the medium at the receiver. 

dA Correction to azimuth. 

DAE Direct arrival enpirical method of conputing BRL. 

DN Difference between nuni:>er of bottom interactions of the two 

arrivals used in the BRL ratio (2.1). 

e Error term in BRL and BTL equations (AJ;pmdices B.13 and B.14). 

E Energy-flux density, used to conpute intensity from broadband 

data. 

f Frequency. 

4 f Frequency band. 

F Instnnnent transfer function. 

FR A weighting function subscript, denoting "frequency" weights. 

GAME Grazing angle-matching enpirical method of conputing BRL. 

i 'lbe square root of -1. 

I Intensity. 

j Discrete time index. 

A j Discrete frequency band. 

jl Frequency index for the lowest frequency in a band. 

j2 Frequency index for the highest frequency in a band. 
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Spr Spreading Loss 

xii 

SN A weighting function subscript, denoting "signal-to-noise" ratio. 
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1. INI'RCDUCI'ION 

Bott.an reflection loss (BRL) is a neasure of energy lost when 

an acoustic WCNe in the ocean interacts with the ocean bottan. BRL is a 

function of the grazing angle and f requercy of the acoustic wave, as 

well as the physical properties of the ocean bottan. BRL results 

d:>tained in explosive srurce exper:i.nents may also deperxi on the data 

window length. This is because head WCNes, reflections fran deep 

interfaces, and intet:bed nrultiples may be received outside the data tirre 

window. (These 11rxm-specular11 arrivals may also interfere with the 

specular reflection, carplicating the analysis of BRL.) BRL 

measurerrents are ma.de for two reasons: 1.) to better understand the 

effect of bottan interactions on soun:i propagation in the ocean and 2.) 

to detennine ocean bottan sti:ucture • 

Several nechanisms of ocean bottan reflection loss have been 

identified, including scattering, shear conversion and head WCNe 

generation at interfaces, and intrinsic attenuation in the sedirrents and 

in the subbottan. Assessrrent of these effects has been the subject of a 

large nurrber of theoretical rrodeling papers (e.g. Fcyer, 1978~ Hawker & 

Forerran, 1978; Rutherford & Hawker, 197 8; Hawker, 1979; Hawker et al. , 

1979; Rutherford et al., 1979; White, 1979; Vidmar, 1980a,b,c; White & 

Stephen, 1980; Stoll & Kan, 1981; Daniels & Vidmar, 1982; Oakley & 

Vidmar, 1983; Hanpton, 1985; Stem et al., 1985) • 

Arrong the nethods that have been used to dete:rmine ocean 

bottan structure fran BRL results are pararcetric inversion and forward 



m:x:leling. Mitchell & Focke (1979) inverted the bottan reflection loss 

of rays refracted uµ-rard fran the sedi.nent column at low grazing angles 

arrl estimated a sedi.nentary carpressianal wave attenuation profile. 

Foi:ward m:xieling of neasured BRL has been used to evaluate theoretical 

ocean bottan velocity structures by DiNapoli et al. (1980), arrl to 

esti.ma.te the carpressional wave velocity gradient arrl attenuation 

constant in ocean bot tan sedhrent by Spofford (1980) • 

2 

Urick (1983) defined BRL in tenns of the ratio of reflecte:i to 

incident intensity of a bottan interaction. BRL is intrinsically a 

plane wave function arrl can therefore be un:ierstoc:rl in tenns of the 

slant staek (or tau-p) transfomation well kna-Jn in seisrrology. A slant 

stack converts spherical-wCNe data fran the experinental danain of tine 

arrl distance into the plane-wave danain of ray pararreter arrl delay time 

(or, equivalently, into the dana.in of grazing angle and delay tine). 

The BRL function can be defined as the nomalized integrate:i power, at 

each grazing angle arrl frequercy, of the slant stack transfonration of a 

single well-defined reflected arrival fran the ocean bottan. Under this 

definition BRL is carputed as follCMs: 1.) The raw data are wi.n:iowed 

so only bottan reflected arrivals fran a single family are non-zero (the 

bottan reflected arrivals are classified into families in Section 3.3), 

2.) The data are slant stacked, then squared arrl integrated over delay 

tine at each grazing angle and f requercy, 3. ) The integraterl power is 

nomalized by the power i.Ix:ident at each grazing angle arrl frequency, 

and corrected for spreading differen:es. A similar result, power 

integrated over delay tine at each ray pararreter using slant-stacked 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 



• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

3 

finite record-length data, has been prc:posed by Brcx:her & Phinney (1981) 

as a constraint on velocity-depth structure inversion of the delay-tine 

function of a slant stack. 

Because BRL is intrinsically a plane-wave function, it is 

difficult to neasure. 'Ihe rrost reliable rreasurerrents of BRL are 

prc:bably cbtained by performing a seismic experinent to rreasure bottan 

structure, then perfonn:i.ng fol'.Wcl.rd rrodeling to predict BRL. such 

pararretric estinates of BRL are not always practical, either because of 

expense or the difficulty of neasuring bottan structure. lbn-pa.ranetric 

or direct rreasurerents of BRL attarpt to cbtain the function directly 

f ran the ratio of reflected to incident energy. Direct rrethcxis of BRL 

canputation differ in the way the intensity of the refe~e rey, used 

to awraxinate the incident ray intensity, is cbtained. 'lllree rrethcxls 

have been reported in the literature: 1.) The direct source-to-receiver 

ray has been used as the refererx::e ray (e.g. Bucker et al., 1965; 

Hastrup, 1969,1980~ Santaniello et al., 1979). Metlxxi one is called the 

direct arrival arpirical rrethod (DAE) in this thesis. 2.) A semi­

arpirical incident ray intensity based on a known srurce level has also 

been used (Mitchell et al., 1980~ Chaptan, 1980,1983). Method two is 

tenred the sani-arpirical rrethod (S-E) in this thesis. 3.) A Backus­

Gilbert linear inversion teclmique has been proposed as a rreans of 

ircplicitly canputing the canplex reflection coefficient of the ocean 

bottan (Schoenberg, 1978). Method three is not discussed further in 

this thesis • 

In the current study a new direct rrethod is prq;:osed. This 



4 

method appraKinates the incident ray intensity in a new way. 'llle 

intensity of a ray with the sane grazing angle as a reflected rey, but 

with fewer bottan interactions, is used to appraKinate the incident 

intensity of the reflected ray. Specular reflection fran the ocean 

bottan is asSUired when carputing grazing angles. The new method is 

called the grazing angle natching empirical method (GAME). GAME can be 

used to deduce bottan reflection loss fran data d:>tained with water 

coltmn, ocean floor, or borehole receivers1 whereas the other methods 

can only be applied in a limited fashion to reduce borehole data. DAE 

cannot be used on boremle data unless the direct and reflected arrivals 

in the ratio have the sane grazing angle. S-E cannot deal with borehole 

data unless the water-to-receiver bottan transmission loss as a fun::::tion 

of grazing angle is k:ru:::M1 in advance. 

GAME is similar to the direct arrival appraK:i.na.tion technique, 

but in the new technique the direct ray has the sane grazing angle as 

the reflected rey. The new procedure (GAME) goes one step further, in 

that if a direct ray is not available, a reflected ray with the sane 

grazing angle (but fewer reflections) can be used as the refererx::e rey. 

Because it natches grazing angles of reflected and reference rays, the 

"self-calibrating" property of the direct arrival technique is exterrled 

here to include the directionality of the source and receiver (discussed 

in Section 2.3). 

In this paper GAME is applied to a data set recorded in DSDP 

Hole 581C located in the NN Pacific Basin 1100 km east of Hokkaido and 

750 km south of the Kam::hatka peninsula (Figure 1.1). The data 
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Figure 1.1 'lhe site of the borehole in the m Pacific OCean. (From 
~ennebier, et al. , 1986a.) 

5 



collection is discussed by Duennebier et al. (1986a), who used a three­

carpanent borehole seisrcareter package (Byrne et al., 1986). SUS 

(sources of un:Jerwa.ter sound) charges were dropped along a line out to 

90 km fran the receiver to generate the arrivals studied here. 

6 

It is necessazy to define s~ tenns. Gearetric rays carrying 

a portion of the total acoustic field are saretines called "eigenrays" 

(Urick, 1983). In ocean acoustics, These arrivals are saretines tenred 

''water waves" to distinguish than fran "grour:rl waves" (Pekeris, 1948). 

The latter sper:rl a portion of their travel path as body waves in the 

ocean bottan. Ray "order" is an integer quantity s:i;:ecifying the order 

in which bottan-interacting eigenrays are received near the source (e.g. 

Olapnan, 1980). Since the data in this study were recorded in a 

borehole, the eigenray order equals the rn.mber of bottan mteractions of 

the eigenray. In general an eigenray of order N has N-1 bottan 

reflections, plus one transmission through the bottan to the receiver, 

for a total of N bottan interactions. For exanple, the first order 

eigenray arrives directly fran the source. It mteracts with the bottan 

once, being trans:nitted through the water/serlinent arrl serlinent/basalt 

interfaces down to the receiver. The second order eigenray fran the 

sane source interacts with the bottan twice: It has one bottan boun:e, 

plus trans:nission through the interfaces to the receiver. All the 

eigenrays used here are shown schenatically in Figure 1.2 arrl carpared 

with the general case in Section 3.3. 
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Figure 1.2 'Ihe eigenrays used in this study. 'Ihe notation (NWl) 
indicates the nurrber of bottom interactions (N) of the ray. 
Locations of bottom reflection loss (BRL), bottom 
transmission loss (BTL), and surface decoupling loss (SDL) 
are circled • 
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2. THEORY 

2.1 General. 

For the sinple case of a single ray reflected on:::e fran the 

ocean bottan, bottan reflection loss (BRL) is defined as the ratio of 

the reflected ray intensity to the intensity of the incident ray at the 

ocean bottan (expressed in dB) so that 

BRL = - 10log10 c Reflected ray intensity I Incident ray intensity] 

8 

(Urick, 1983). The incident ray intensity, however, is not easily 

cbtained, ani is usually estinated. The te:rm "reference ray" intensity 

is used here to refer to the incident ray intensity estinate. BRL can 

be expressed in tenns of the reference ray as 

BRL = - 10log10 [ Reflected ray intensity I 

Reference ray intensity ] I DN, (2.1) 

where DN is the difference in nurrber of bottan bounces between the 

reflected ani reference rays. In (2.1) the intensities of both rays are 

assurred to be neasured at the :point of reflection on the ocean bottan. 

The sane result will be cbtained, however, as long as both intensities 

are measured at (or referenced to) the sane location in the water 

column, provided this does not introduce additional attenuation or 



• 
9 

• 
caustic f onnation. 

When an inpulsive soorce is used, ocean acoustics prcblems are 

studied in tenns of "energy-flux density", defined as instantanea.ls • 
intensity integrated over the tine period containing the signal (Urick, 

1983). In the follc:Ming theoretical discussions energy-flux density is 

used. An expression for this quantity is derived in Apper:rlix A. • 
Calil>rated quantities, such as the receiver response, are 

given as spectrum levels in ocean acoustics. "Spectrum level" rceans 

that a one Hertz bandwidth is assumed (Urick, 1983, p. 14) • Thus, a • 
quantity such as RMS particle velocity is expressed in units of RMS 

particle velocity per Hertz or as RMS particle velocity spectrum level. 

2.2 A new technique: GAME, the grazing angle matching arpirical 

rcethod of approximating the incident ray energy-flux density. 

• I introduce here a new BRL cCJiputation net;hod called GAME, or 

the "grazing angle matching ercpirical" nethod, after the way the energy-

flux density of the reference ray is cCJiputed. GAME enploys an eigenray 

• of order M (where M > O), at grazing angle g, to approxirra.te the 

incident ray energy-flux density for reflected eigenrays of order N 

(where N > M) at the sarre grazing angle. This new technique is designed 

to analyze data fran a boremle receiver (but handles all cases). • 
H;ydrophone or vertical geopmne data can be used, as well as the radial 

or transverse carpanent of orthogonal horizontal geq:ilones, or sare 

vector carbination of these. • 

• 
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For the eigenray (i.e. water wave) of order N at frequency f 

arrl grazing angle g, we d:>tain 

BRL (f ,g,N) = -10log10 { [ Em (f ,g,N) I Spra (N,g) ] I (2.2) 

[ E {f ,g,M) I Spr {M,g) ] } I [N - M{f ,g)], 
m a 

where M is the order of the refererx::e eigenray. The teDTlS E are the 
m 

t\o.10 measured energy-flux densities. The tenns Spr are gearetric a 

spreading losses. At each frequency and grazing angle BRL estirrates can 

be calculated for all N, where N > M. An average of these estirrates 

yields the final BRL value for each frequency arrl grazing angle; the 

details of this operation will be descr:ibed in Olapter 4. 

Spreading losses are ra.tios of the energy-flux density 

expected in a ray at the receiver location to the energy-flux density 

expected at sare stan:Jard distan:e fran the source, assuming lossless 

nedia. (Appeniix B.5 discusses the spreading loss asst1TPtion used in 

applying GAME to borehole data in this thesis. ) 

The neasured, noise-corrected energy-flux densities of the 

eigenrays are denoted E • E (M) arrl E (N) in {2.2) corresporxi to the 
m m m 

reference arrl reflected eigenrays, respectively. These energy-flux 

densities, carputed fran broadbarrl data {using Equation A.11), are 

2 
= (Jc) (tn-s> [ IXm {f ,g,J) I I FMSPV{f,g) ] • {2.3) 

Here j is the density of the earth material at the receiver location • 



11 

'!he quantity XmCf) is the measured geophone resixmse, and FMSPV is the . 

receiver transfer function for mean-square particle velocity (converting 

the rCftl geoEitone response to mean-square particle velocity). 

An inp:>rtant property of GAME is that the technique does not 

require that the receiver transfer function be known. In the G\ME 

formulation, when (2.3) is substituted into (2.2) the receiver response 

cancels. In addition the inpedance of the medium and the data window 

length (assumed to be constant) cancel. Only the raw geophJne responses 

are required. 

For the purpose of BRL corrputation GAME defines the measured 

energy-flux densities to be 

E\n(f,g,J) - [Es(f,g)-SDL(f,g)-Spr(J,g)] -

[J-l]BRL(f,g) - BTL(f,g). (2.4) 

Where E5 is the energy-flux density at a standard distance from the 

source (relative to unit energy-flux density). Spr is the loss due to 

geometrical spreading (relative to no loss of energy-flux density at a 

standard distance from the source). BTL is the ocean bottom 

transmission loss and SOL is the surface decoupling loss (both relative 

to no loss of energy-flux density). Formal definitions of B'R.. and SDL 

will be given later. '!he locations along the raypathS where BRL, B'R.. 

and SOL occur are circled in Figure 1.2 (locations of BTL and SDL are 

also labeled) • 

The losses B'R.. and SDL are irrplicitly raroved by GAME. They 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 
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are functions of both grazing angle an:i frequency, an:i are incurred once 

in both the reference and reflected eigenrays. These losses inplicitly 

cancel in the energy-flux density ratio (2.2) because the eigenrays used 

in the ratio have the sane grazing angle an:i frequercy. 

The quantity B'IL is the loss incurred during the one-way 

traverse through the ocean bottan (including both the water/se:ii.rrent an:i 

sedinent/basalt interfaces) to the borehole receiver. B'IL contains 

losses due to scattering, head wave generation, an:i shear conversion at 

interfaces, scattering an:i intrinsic attenuation in the subbottan, and, 

in the basalt, evanescent decay of both carpressional and converted 

shear waves. For a receiver located in the water column or on the ocean 

bot tan, BTL = 0. 

SDL results fran interference between. uwoing and downgoing 

rays when a source or receiver is near an interface. In the case of a 

near-surface source with a borehole receiver the ·effect is due to 

interference of an initially upgoing ray, reflected downward by the sea 

surface, with an initially damgoing rey (these reys are shc:Mn in Figure 

3.Sd an:i 3.Sb, respectively). This interference is saretimes called 

irrage-interference or the Lloyd's mirror effect. Explicit corrections 

for the effect of SDL on bottan reflection loss neasurarents have been 

given by Bannister & Pedersen (1981). 

GAME also limits the critical angle effect often called 

"negative bottan loss", associated with interference fran energing head 

waves (Stickler, 1977: Santaniello, et al., 1979) • Such effects will 

not appear in the results of GAME. As both incident an:i reference rays 



• 
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• 
have identical bottan interactions, the head wave interference carx::els 

exactly. Other interfererx:e effects, due to such phenanena as sedinent 

reveiberations ani caustic fonnation, can be limited by using a narrcM • 
data window. 

Errors in the quantities ani assurrptions of (2.2) are assured 

to be sma11. such errors nay be systematic, for exarcple due to • 
attenuation in the water colUim (Focke et al., 1982), or ran:kJn, due to 

such things as i.nlx:;m:)geneous bottan rouglmess (Tuteur, 1976). Sinc:e 

errors are assumed to be small, the carbination of many such • 
discrepancies has a Gaussian distribution centering on zero error. The 

effect of these errors is further reduced when several BRL estinates are 

averaged (this point is elaborated on in Apperxiix B.15). 

2.3 catparison of GAME with the semi-errpirical (or S-E) appraKination 

to inc:ident ray energy-flux density. • 
One rrethod of carputing BRL involves reconstructing the 

inc:ident energy-flux density based on theoretical, or sani-erpirical, • 
information (e.g., Mitchell, et al., 1980: Olapran, 1980,1983). I will 

call this rrethod "S-E". Irrplarenting S-E requires use of a well knavn 

source (such as "S.U.S." practice depth charges), a calibraterl receiver • 
ani accurate ray tracing. BRL carputed by S-E is 

BRL (f,g,N) = - lOloglO {Em (f ,g,N) I (2.5) • 
[ Es (f) /Spr (N) /SOL {f ,g) ] } I N. ,a a a 

• 



• 

• 

• 

• 

• 

• • 

• 

• 

• 

• 

• 

Here [ES (f)/Spr(N)/SDL (f,g)] is the energy-flux density of the ,a a 

reference ray at the receiver location. Es (for Es .---=i) is a , a , assuur=:u 

source level calibration (defined as the energy-flux density at a 

standard distance fran the soorce). SDLa (for SDLassurred) is the 

assurred surface decoupling loss (i.e. image-interfererx::e) • 

The treasured energy-flux densities carputed with broadbar:rl 

data are (fran Apperrli.x A) 

14 

(2.6) 

where FMSPV,a (for FMSPV,assurred) is a particle velocity calibration 

curve for the receiver. (Notice that the receiver response is assuned 

to be independent of grazing angle.) For the purp:>se of BRL carputation 

S-E defines the treasured energy-flux densities this way: 

Em(f,g,J) - [Es(f)-Spr-SDL(f,g)] - [N]BRL(f,g,N). (2.7) 

The tenns in this expression have been defined in reference to (2. 4) 

above. Notice that the source level is assurred to be independent of 

grazing angle, in contrast to (2.4) in GAME • 

One approach of using S-E involves forward m:x:lel ing the 

propagation loss of identified rays falling within the data wirrlCM 

(Harrpton, et al., 1978 ar:rl Mitchell, et al., 1980). In this approach 

the contributions of rays identified as arriving in the wir:rlCM are 

coherently surrrce:i at each frequency. Equation 2.5 then becanes 



ERL (f ,g,N) = - 10log10 { [Em (f ,g,N) I ES,a (f)] I 

J2 
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sun [ [Spra (J)] [SDL (f ,.g,J)]] } I N. (2.8) 
J=Jl 

Here J1 and J2 are the lowest and highest order arrivals in the data 

wirxkM, respectively, and N is the rrean m.mber of bottan interactions of 

the arrivals falling in the data w:lrxkM. 'Ibe sum in (2.8) is called 

"reference propagation loss", the energy-flux density ratio is called 

"rreasured propagation loss" and cylirxirical spreading over smt range is 

assumed. 

S-E requires kncwledge of sairce arrl receiver calibration. 

~r, differences between the cal:ibration and experirrentation 

enviroments limit the accuracy of S-E (Ballagh, 19e2). Unlike S-E, 

GAME is "self-calibrating" in the experirrental enviroment, which should 

be advantageais in many situations. (Recall that the receiver response 

cancels in GAME, and that the source tenn is not needed.) In addition 

SOL is corrected ircplicitly in GAME. Explicit corrections, with with 

their attendant inaccuracies, are not needed in GAME. 

S-E is not applicable to boremle data. Boremle data 

includes significant losses incurred on the final traverse fran the 

water column to the subbottan receiver (in:luded in the term BTL of 

Equation 2.3). S-E could be used with borehole data if an explicit 

correction for BTL(f,g) was applied. 
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2.4 C'arparison of GAME with the direct arrival arpirical (or DAE) 

appi::axination to incident ray energy-flux density • 

Another BRL carputatian net.hod appraxinates the incident ray 

energy-flux density using the rceasured energy-flux density of the direct 

source-to-receiver ray. I will call this nethod "DAE". BRL cacputed 

with DAE is 

BRL(f,g,N) = - lOloglO { [Em(f,g,N)/Spra(N)] I 

[Em(f,gd,1)/Spra (1)] } I [N-1] • 

(2.9) 

Here N is the order of the reflected ray (with N-1 bottan boun:::es), g is 

the grazing angle of the reflected ray and gd is the grazing angle of 

the direc,t arrival at the sane range as the reflected ray. The order of 

the direct arrival is one (1) • This nethod has been used by Bucker, et 

al. (1965), Hastrup (1969), and Santaniello, et al. (1979), for exanple. 

E (f ,gd,1) and E (f,g,N) are the neasured energy-flux m m 

densities of the direct arrival and a bottan reflected arrival, 

respectively. When carputed fran broadband data (using Equation A.11) 

these quantities are 

E (f ,g,J) 
m 

(2.10) 

Notice that the particle velocity transfer function is assured to be 

indeperxient of grazing angle here, in contrast to the correspon:ling 
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definition (2.3) used in Gr\ME. 

'!he measured energy-flux densities used in DAE are defined to 

be 

~(f,g,J) a [Eg(f)-Spr(J)] - [J-l]BRL(f,g) (2.11) 

for the ~rpose of BRL coIIpUtation. '!he tems in this expression have 

been defined in reference to (2.4) above. R>tice the source level is 

assumed to be indeperxlent of grazing angle here, in contrast to the 

corresponding factorization (2.4) in G\ME. 

DAE has been celebrated as being •self-calibrating" in 

frequency (Santaniello, et al., 1979). '!he ME foanul.ation reooves the 

frequency-dependent receiver response from the problem, since ratios of 

enpirical energy-flux densities are conputed at each frequency and this 

function cancels in these ratios. Additionally, aid in contrast to S-E, 

this fornulation reooves the frequency-dependent source level from the 

problem, since ratios of enpirical energy-flux densities are conputed at 

each frequency. GAME shares with ME this property of inplicitly 

handling source level frequency deperxlence. 

However, DAE is not "self calibrating" in grazing angle. 

(Note that the direct and reflected rays in F.quation 2.9 in general have 

different grazing angles.) '!his has caused complications in conputing 

BRL-leading to ad hoc solutions. For exanple, differEn:es in 

transducer directionality have required explicit corrections to BRL 

results (Bucker et al., 1965). In another case the data window length 

awlied to reflected arrivals was decreased as the grazing angles of 
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these rays decreased to correct for the relative "time-compression" of 

the reflected arrivals (Hastrup, 1969). such explicit corrections to 

the data or algorithm are not necessary in GAME (except in tmusual 

circmnstances, such as when the receiver or source directionality 

functions change during the experinent) • 
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Gl\ME is "self-calibrating" in grazing angle, since it involves 

taking energy-flux density . ratios of two rays with the same grazing 

angle. 'Ibis property of GAME means that it properly accounts for the 

directionality of ooth the source and the receiver in the vertical­

radial plane. 'Ibis quality is indicated in (2.3) and (2.4) by the 

grazing angle-dependence stipulated for the receiver and source terms, 

respectively. cne result of this property is that a horizontally 

anisotropic source array could be used in a BRL measurement without 

empirical corrections (if the source alignment relative to the shot line 

is kept constant). For exanple, Aquaflex could be used as a source 

(White, 1979). Applications of Dl\E in the literature do not have this 

property of implicitly reroving source directionality • 

Bannister and Pedersen (1981) pointed out that if shallow 

explosive sources are used and low frequencies are studied, surface 

decoupling loss (SOL) is significant at low grazing angles and slx>uld be 

corrected before conpiting BRL. Under these conditions SOL should be 

included in (2.11) and explicit corrections for this loss should be made 

in (2.9). In contrast, GAME should inplicitly handle the dipole 

directionality of shallow explosive sources at low frequency. 

In addition, since BTL (oottom transmission loss, defined and 
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discussed in Section 2.2) is ignored, DAE cannot handle borehole data. 

BTL is neither explicitly included, nor inplicitly accounterl for in DAE. 

DAE could be m:xiif ied so that the direct ray has the sane 

grazing angle as the reflected ray (I will call this rrethod ''m:ldified 

DAE"). Then SDL and BTL will be the sarre for both rays, and will cancel 

in the ratio. Source and receiver directionality would also be 

implicitly rem:ived in this m:xiif ication. Explicit corrections would be 

unnecessa.i:y. M:xiified DAE is similar to GAME. 

Although similar, m:xiified DAE still differs fran GAME. When 

the direct arrival is not sarrpled across the sane grazing angles as the 

reflected arrival m:xiified DAE cannot work, while GAME canpensates by 

subs ti tu ting a subsequerit arrival for the referen::::e ray. Another 

p:rcblem exists: the reference arrival nru.st be densely sarrpled near 

grazing angles where BTL or SDL change abruptly (e.g. near 40 and 55 

degrees for BTL in this study, shown in Figures 5.9a and 5.9b). 

Although lacking in versatility, m:xlified DAE is furx::tionally equivalent 

to GAME if reliable direct arrival energy-flux densities are available 

at all the right grazing angles. 

M:xiif ied DAE may not be appropriate for boreh:::>le data, 

hcwever. In Section 5.2 the energy-flux densities of direct wave 

arrivals (lWW) are foun:i to be relatively stronger than those of the 

reflected wave arrivals (2WW, 3WW, etc.), in:iicating that it may not be 

proper to use the direct water wave arrival in boreh:::>le data for BRL 

ccrcputations. 
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3. DATA 

3.1 Experirrent. 

The borerole seismic experinent was corrlucted on May 26, 19 83 

at DSDP drill site 581C in the Nf'l Pacific Basin at 43.924 degrees N, 

159.7973 degrees E {Figure 1.1). The water is 5467 rreters deep at the 

site. A borehole seism:::rreter was clanped against the side of the hole 

at a depth of 358 rreters below the water/sedinent interface and 21 

rreters into the basalt. 

The receiver is carprised of horizontal and vertical geophone 

arrays in a borehole tool (Duennebier & Blackington, 1983 an:1 Byrne et 

al., 1986) • 'lWo orthogonal pairs of well-matched horizontal geophones 

an:1 a well -matched vertical geophone stack were used. (The geophones in 

each orthogonal set were wired in series.) Carbined with an anplifier, 

the response is flat to particle velocity fran 4.5 to 13 Hertz an:1 flat 

to displacarent fran 13 to 50 Hertz (Duennebier, et al., 1986b). The 

vertical geophone was detennined to be within 5 degrees of true 

vertical, one horizontal geophone was rreasured to be about 4 degrees 

fran horizontal an:1 the other within one degree of true horizontal 

(Duennebier, et al., 1986b). These deviations fran true vertical an:1 

horizontal will have no significant effect on this study. The azimuthal 

orientation of the y--axis horizontal geophone {in a right-harrled 

coordinate system) is +89 degrees rreasured clockwise fran north, plus or 

minus 1.5 degrees (Arrlerson, et al., 1986). The data were digitized 



with 130 dB of dynamic range am a ~ist frequency of so Hz before 

being transmitted to the ship am recorded. 
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The sources were two ourx:e s.u.s. (Sources of Underwater 

Souni) practice depth charges (P.D.c. 's) set to explcrle at a depth of 18 

meters. The charges were droi;:ped evecy 40 secon:is (evecy 4 km) fran a 

:Navy aircraft. The shot line :pegan about 120 km east of the hole am 

continued to a point about 20 km west of the hole. 'Ihe data used in 

this study were f ran the shots dx:opped fran O to 90 km east of the hole 

(indicated by the dark solid line in Figure 3.1). 

Figure 3. 2 displays a spectrogram of the data recorded by the 

vertical geophone stack during the experinent. In this figure the sh:>ts 

appear as broken vertical lines across a range of frequerx:ies. The 

single-frequency, horizontal lines may be propeller noise fran nearby 

ships. The strong, persistent, low frequercy signature beginning just 

after shot mmber 55 is a magnitude 7.7 earthquake, lcx::ated 15.7 degrees 

fran DSDP site 581C, mrler the Japan Sea (Duennebier, et al., 1986b). 

The bottan reflection loss experinent was terminated because of the 

earthquake. 

3 .2 Envirorment. 

In the region of the experinent the cx::ean has a nean depth of 

about 5400 m. The water depth is assmood constant, since the bathynetcy 

under the shotline varies by less than 100 meters (Figure 3.1). 'Ihe 

assmood seawater sound velocity structure is given in Table I (fran 
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Bathylretry in the vicinity of the borehole. '!he location of 
the borehole is identified with a solid circle. 'Ihe 
locations of shots used in this study are indicated by the 
solid, heavy line to the east of the hole. (z.bdif ied from 
Bibee and Bee, 1986.) 
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Figure 3.2 Spectrogram of the borehole seisrrometer vertical geoi;:hone 
record during the time of the BRL experilrent. 'Ihe y-axis 
is frequency and the x-axis is tine or slx>t nurrber • . 
Relative signal strength is shown by shading (black is 
strongest, white is weakest). 
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Depth (meters) 

000 

018 

268 

393 

518 

768 

1,018 

2,018 

3,018 

4,018 

4,818 

5,318 

5,518 

5,568 

5, 768 

5,843 

TABLE I Physical Properties of m:xiel. 

V (km/s) 
_P 

1.525 

1.492 

1.483 

1.481 

1.480 

1.482 

1.492 

1.506 

1.524 

1.542 

1.552 

1.570 

1.580 

1.600 

1.650 

4.000 

Rho (g/an3 ) 

o.o 1.05 

o.o 1.05 

o.o 1.05 

o.o 1.05 

o.o 1.05 

o.o 1.05 

o.o 1.05 

o.o 1.05 

o.o 1.05 

o.o 1.05 

o.o 1.05 

o.o 1.05 

0.1 1.06 

0.2 1.40 

0.3 1.50 

2.0 2.05 

• 
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• 

Material • 
SF.AWATER 

II • 
II 

II 

II • 
II 

II 

II • 
II 

II 

II • 
II 

SEDIMENI' 

II • 
II 

BASALT 

• 

• 

• 
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Urick, 1983; Figure 5.16, curve 4). _This rrodel was used to carpute the 

ocean· bottan grazing angles and travel path l~ths of acoustic water 

wave arrivals (as explained in Apperxii.x B.4). 

The basal tic basemmt is appraxinately parallel to the 

sedirrent surface in the area, as shown by single channel reflection data 

fran a line directly west of the hole (Figure 3.3). Thus, by Snell's 

law, the grazing angle of a ray at the water/sedirrent :interface is the 

same whether the ray reflects fran this interface or fran the 

sedinent/basal t interface beneath. (The circle in this figure in:licates 

the receiver location.) 

Sarcples of the sedirrent and basalt fran the hole were cbtainerl 

during drilling. The sedinents recovered were pelagic siliceous clays 

with sare chert bands intemrixed near the sedinent/basal t interface. A 

physical property rrodel for these sedinents is included in Table I (fran 

F. K. Duennebier, 19 86, personal ccrmu..mication) • This rrodel was used to 

carpute theoretical BRL (as detailed in Section 5.3). The basalts fran 

the upper 20 neters of the baserrent recovera:l fran the drill hole were 

foum to be typical mid-ocean ridge basal ts (IDRBs) • 

In situ seismic velocities of the oceanic lithos:i;:here in the 

area of the site were cbtained fran seiEmi.c refraction data by 

Duennebier et al. (1986a). They founl the carpressional wave velocity 

of the toprost basalts to be about 4.0 km/s and the shear wave velocity 

to be about 2.0 km/s there. These velocities were used to carpute 

theoretical BRL of the sed:i.rrent/basalt interface (elaboration on this is 

given in Section 5.3) • 
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Figure 3.3 Single channel reflection profile west of the borehole. 
(ftbiified from Duennebier et al., 1986a and Bibee & Bee, 
1986.) 
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. More detailed geq:>hysical data of this area are available in 

the site survey of Grim & Gettrust (1985). Regional geophysical data 

an:i analyses are published :in Asada & Sh.inmmlra (1976) , Anosov et al. 

(1982) an:i Bibee & Bee (1986), who also ptblished refraction results at 

site 581. 

3. 3 Raw data • 

The data sanples used :in this study are displayed in "wate~ 

fall" fo:rm :in Figure 3.4. The data slx:lwn are vertical t:e.rticle notions. 

Each trace is aligned so the secon::l eigenray (2WW) falls pe:rperrlicular 

to the tine axis. Sb:>t mmbers 34 through 54 were used :in this study. 

The data slx:Mn were bcmiIBSS filtered fran 15 to 45 Hertz using a 3-pole 

Butten.orth filter. Each trace has been nultiplied by the sane scale 

factor, ch:>sen to rcake the noise level vis:ible on all traces (tills 

vertical caiponent noise is seen to be nearly in:iependent of sh:>t 

range) • Although sare trace anplitudes have been trun:ated in this 

figure, the data thercsel.ves are not clipped. The plot was truncated so 

all the arrivals in each trace can be seen. 

Also slx:lwn in Figure 3.4 are arrivals fran sh:>ts fired to the 

west of the receiver. Alt:lx:ru.gh not used in this study, the relative 

times of the latter arrivals establish the consistency of the arrival 

tine structure of the slx>ts we did use. (Details about the picking of 

arrivals are given :in AI;peD:iix B.1.) N:>ise sanples were picked fran the 

record farthest to the left. At close ranges head wave arrivals can be 
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Figure 3.4 Tine domain "waterfall" presentation of the data versus shot 
range. '!he origin of each trace has been roved to align 
the second water wave (2WW) arrival in a line perperrlicular 
to the time direction. 
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seen, prior to the stronger acoustic water wave arrivals. At larger 

shot ranges head waves becane indistinguishable fran the noise • 

In this experinent the receiver was below the ocean bottan. 
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For the general case of an explosive scurce in the ocean there are four 

families of acoustic water waves (Ewing & Worzel, 1948). The eigenrays 

with one bottan-interaction are illustrated in Figure 3.5. The acoustic 

water waves recorded in this borehole experinent \'.Ere &Mngoing at the 

receiver (Figures 3. Sb azx3. 3. Sd) • Since the scurce iri this experinent 

was near the surface azx3. low frequencies \'.Ere studied, these two 

arrivals interfered azx3. appeared to be a single arrival, making eigenray 

identification an easy task (that is, instead of four distinct arrivals 

with a single bottan-interaction at each range as Figure 3.5 shows, in 

this experinent only one such arrival was visible) • 
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a . ) 

b.) 

c.) 

d.) 

Figure 3.5 '!he four possible families of bottom-mteracting rays in 
ocean acoustics: a.) Rays downgoing at the source and 
upgoing at the receiver. b.) Rays downgoing at both the 
source and receiver. c.) Rays up;oing at both the source 
and receiver. d.) Rays upgoing at the source and downgoing 
at the receiver. 
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4. A GAME ALGORI'IHM • 

Briefly, the algorithm used to inplenent GAME on the data set 

at hand is as follows: 

1.) 

2.) 

3.) 

4.) 

S.) 

6.) 

Identify and classify the eigenrays according to the nurrber of 

bottom interactions each has experienced (i.e. the "order" of 

the rays). 

Calculate the energy-flux density of e~h arrival in a 

frequency band. 

Renove si:herical spreading loss over the travel path length of 

each eigenray. 

Calculate the ocean bottom grazing angle (at the water/sedinent 

interface) of each eigenray. 

Calculate and apply the correction for surface decoupling loss. 

Interpolate the corrected energy-flux density of each arrival 

order at integer grazing angles between the maxim.mt and 

minim.mt angles available in the data set for that order. 

7.) Conprt:e energy-flux density ratios using the reference arrival 

and succeeding arrivals at each interpolated grazing angle. 

8.) NJrmalize the ratios for the difference in the nurrber of 

• bottom bounces of the reflected and reference rays at each 

• 

• 

grazing angle. 

Identical source levels and source depths were assumed for all shots in 

the experinent • 
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The eigenray data were tapered am Fourier transf onned after 

step 1 above. After step 2, energy-flux densities estinates of the 

noise sarrples were subtracted fran the eigenray data to yield the 

energy-flux density of the eigenray signals. After step 3 energy-flux 

densities of the signals were averaged over frequency arrl range. 

Sroothed signal energy-flux densities were used to ccrcpute BRL in this 

study (via F.quation 2. 2) • They are 

E (4f ,g,J) = 
r2 f2 2 

~cl [t
0
-Sl sum WR (r) sum [WF(f) IX(f,r,J) I I SDLa (f,g) ] • 

r=rl f=fl 
(4.1) 

Here WR are range snoothing weights (defined in Apper.dix B.10), WF are 

frequency weights (defined in Apper.dix B.9), X is the frequency darain 

data, SDLa is a correction for surface decoopling loss (defined in 

Apper.dix B.8) ~ rl arrl r2 are the first arrl last ranges snoothed over, fJ f 

is the frequency band studied, fl arrl f2 are the first arrl last 

frequencies in the frequercy band, arrl g is grazing angle (detennined by 

range r, ray order J, arrl the velocity--depth rn:xiel in Table I). The 

weights arrl wirrlows were nontalized to prese:rve the energy in each data 

sanple. 

In addition values were intet:pOlated at integ-er grazing angles 

by a cubic spline rout:ine (details are given in ~ix B.12). 

Intet:p0lation was necessary because GAME stipulates that intensity 

values be known for several arrivals with the sane grazing angle, am 

the data did not fit this requirarent. 
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For each frequency band, and at each grazing angle, the best 

estimate of BRL is 

J2 
BRL(4f ,g) = sum [ WSN(Af ,g,J) BRL(Af,g,J) ] • 

J=Jl 
(4.2) 

This final value is a weighted average of the individual estinates, 

using the weights, WSN(Af), defined in Appendix B.15. ('lhe entire data 

processing algoritlln is given in Appemix B.) 

Because of the frequency weights used in conputing energy-flux 

density (B.2) the quantity (4.1) can be interpreted as a normalized 

propagation loss, corrected for surface decoupling loss. In the 

following section (containing inter:mediate results) propagation loss is 

presented as a function of shot range (in Figures 5.3a and 5.3b) and of 

ocean bottom grazing angle (in Figures 5.4a and 5.4b) • 
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5. RESULTS AID DISOJSSION 

5.1 Characteristics of the arrivals. 

In this study two different carpanents of particle notion were 

studied: notion in the vertical-radial plane (called PSV notion here) 

and notion in the transverse horizontal direction (called SH notion 

here) • Both PSV and SH particle notions are generated in the vicinity 

of the receiver by the sane arrival. PSV particle notion is assured to 

be crnp::>sed of both P- and converted SV-w;rve notion (as expected fran a 

carpressional source in a one-dirrensional m::::rlel). If the assurrption of 

one-dinensional structure is true, soot-generated energy should only 

cause notion in the vertical-radial plane. /my shot-generaterl energy in 

the transverse direction (SH particle notion) is caused by secondary 

phenarena outside the 1-D structure assurrption. Exanples of structures 

causing such phenarena are lateral heterogeneity, both of :interface 

structure and sedirrent or basalt properties, anisotropic naterials, and 

poor coopling of the instrurrent to the earth. 

RMS particle velocities of noise-contaminated acoustic water 

wa:ve arrivals and anbient noise sarrples are plotted as a function of 

shot range for PSV and SH notion in Figures 5.la and 5.lb, respectively 

(ccrcputed fran raw data using F.quation A.12, the filter function in 

F.quation B.1, and the rrean-squa.re particle velocity transfer function in 

Table II). lt>te that SH particle notion for water wa:ve arrivals is 5 to 

10 dB less than the corresporrling PSV values, justifying the assurrption 
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Figure 5.1 BMS particle velocity (spectrum level) of water wave 
arrivals and noise sarrples. Gaps occur where the shot did 
not explode, where the signal-to-noise ratio is less than 5 
dB and where there were no shots. 'lbe notation used in the 
key is illustrated in Figure 1.2. 
a.) Values obtained using particle notion (PSV) in the 

radial-vertical. plane. 
b.) Values obtained using particle rotion (SH) in the 

transverse horizontal direction. 
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TABLE II Transfer functions (in dB for a one liartz 

bmxlwidth) • 

Frequency (Hertz) Propagation loss Particle velocity 

1. 118.4 28.9 

4. 156.2 52.9 

5. 162.4 55.9 

6. 164.8 56.9 

9. 168.5 56.4 

13. 170.0 54.7 

16. 170.8 53.1 

20. 173.6 51.1 

22. 174.3 50.2 

27. 175.0 48.5 

30. 172.0 47.5 

50. 153.7 43.2 

• 
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(mi/s) 
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that phenarena outside a 1-D assurcptian are of secorx:lary inportance. A 

single channel seismic reflection profile (Figure 3.3) sbJws nothing 

unusual in the imrediate vicinity of the receiver, implying that these 

results are not peculiar to the drill site but rather are representative 

of the sw:vey area. To first order, the interfaces can be assumed to be 

planar and the layers isotropic and lx:Jrogenec:us. 

RMS particle velocities for head wave arrivals are plotted in 

Figures 5.2a and 5.2b fran neasured PSV and SH notions, resi:ectively • 

The values for SH notion are usually la-.ier than the corresporrling values 

for PSV notion~ otherwise the two carpanents are similar. Both shear 

and cacpressional head wave arrivals are shotm. At these frequencies 

the shear head wave arrivals are stroIYJer than those of the 

cacpressional head waves. At sare ranges a head wave (2P or 2S) 

generated by a secorrl order acoustic arrival (2WW) appears st:roIYJer than 

a head wave (lP or lS) generated by a direct acoustic wave (lWW) , a 

result also cbse:rved by Bagge:roer, et al. (1984). (This presentation is 

similar in fonn to the integrated intensity results given by Bibee & 

Bee, 1986.) 

Carparing the particle notion anplitudes, the head wave 

arrivals are usually weaker than the water wave arrivals (at the 

frequeocies studied here). There are exceptions in the 9-18 Hertz band • 

In Figure 5.2a, at 20 km the first cacpressional head wave (lP) has 

stronger PSV notion than an;y water wave arrivals. In Figure 5.2b at 25 

km the first shear head wave (lS) has stronger SH notion than the 

corresponding water wave notions • 



40 

Figure 5.2 BMS particle velocity (spectnnn level) of head wave arrivals 
(and noise sarrples) • In the key lP & lS stand for the P 
am s waves generated by the direct water wave, likewise 2P 
& 2S stand for the P and s waves generated by the second 
water wave. Gaps indicate that the slx>t did not explode or 
that the signal-to-noise ratio is less than 5 dB. 
a.) Values obtained using particle notion in the 

transverse oorizontal direction (SH). 
b.) Values obtained using particle notion in the radial­

vertical plane (PSV) • 
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In Figures S.2a and S.2b the behavior of noise particle notion 

is clearer than in Figures S.la and S.lb, since there are fewer data 

points. ?t>tice that the SH noise level is about 5 dB less than the PSV 

noise level at close range. However, the PSV noise level remains fairly 

constant over sh:>t range, inplying that mrbient noise sources dominate 

(i.e. they are not increased by the arrival of sh:>t-generated energy), 

while the SH noise level drops with increasing sh:>t range, inplying that 

for those data mst noise is shot-generated. '1hls discrepancy can be 

explained if nearby ships were aligned to the east or west of the 

receiver, along the azinuth of the sh:>t line. Ships aligned in this way 

would generate energy in the radial-vertical plane, indepement of shot 

range. For exanple, Scholte waves on the sedinent/basalt interface 

could generate this notion. In addition, Sch:>lte waves would tem not 

to be scattered into the transverse horizontal direction. en the other 

hand, propagating sh:>t-generated sedinent reverberations have a greater 

tendency to be scattered into the transverse oorizontal direction (SH). 

'!his scattered energy would decrease with increasing sh:>t range (due to 

geometrical spreading), explaining the observed behavior of SH noise. 

If the ship-generated noise is stronger than the sh:>t-generated noise, 

both the PSV and SH noise behaviors match expectations. 

5.2 Propagation loss. 

Propagation loss of the eigenray signals is plotted, as a 

function of shot range, for PSV and SH particle rotion (in Figures S.3a 
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and S.3b, reSpectively). ('lhese results were conputed using equation 

4.1 without the surface decoupling loss term and with SUM in equation 

B.2 set equal to the stnn of the filter taper values.) 'Ihe signal energy 

decays nore quickly than expected from sl:ilerical spreading, and the maan 

decay of SH particle notion (as r-2•7> is greater than that of PSV 

particle notion (as r-2•5). It is interesting to note that 5/2 

spreading over the shot range has been predicted when the source is 

located near an interface (Weston, 1971). ('Ihe least squares 

conputations used to determine the spreading exponents enployed the 

algorithm of Menke, 1983.) 

Propagation loss is plotted versus ocean bottan grazing angle 

in Figures 5.4a and 5.4b, after correcting for surface decoupling loss. 

~tice the sparseness of the .direct water wave data conpared to data 

from the other water waves. ('Ihe sparseness of the direct water wave 

data was one reason it was not used in the BRL analysis.) 

A snooth curve was drawn through these propagation loss data 

points after correcting for spreading and surface decoupling loss 

(Figures S.Sa and 5.Sb for 'PSV and SH particle m:>tion, respectively) • 

In these figures the direct wave (first water wave) curve is higher than 

the other curves. '!he difference may be due to the m:>re nearly 

spherical wavefront of the direct wave compared to the wavefronts of 

subsequent arrivals. ('lbis is another reason that the first water wave 

was not used in conputing BRL.) 

BRL estimates can be found from the difference between the 

propagation loss (PL) curves of successive order in Figures 5.Sa and 
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Figure 5.3 Propagation loss spectrum level of eigenray signals versus 
shot range. '!he notation used in the key is illustrated in 
Figure 1.2. Gaps occur where the shot did not explode and 
where the signal-to-noise ratio is less than 5 dB. 'llle 
solid line ~ least squares fit of the data points to the 
function: r , where K is a positive constant. (Also 
plotted are theoretical spreading curves for K=2 and K=3.) 
a.) Values obtained using particle m:>tion in the radial.-

vertical plane (PSV) • 
b.) Values obtained using particle rrotion in the 

transverse horizontal direction (SH). 
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Figure 5.4 Propagation loss spectrum level of eigenray signals versus 
ocean bottom grazing angle. '!he notation used in the key 
is illustrated in Figure 1.2. 

. . - - ...... 

a.) Values obtained using particle notion in the radial­
vertical plane (PSV}. 

b.) Values obtained using particle notion in the 
transverse horizontal direction (SH) • 
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Figure s.s Slooothed and corrected propagation loss (spectrum levels) 
versus ocean bottom grazing angle. '!he notation used in 
the key is illustrated in Figure 1.2. 
a.) Values obtained using particle notion in the radial­

vertical plane (PSV) • 
b.) Values obtained using particle notion in the 

transverse horizontal direction (SH). 
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S.Sb. BRL (at grazing angle g) can be estina.ted fran a ray of .order N, 

using the PL curve of order N (at grazing angle g) as the reflected 

value ani the value (at the sane grazing angle) of the next l~t curve 

as the refererx=e value. A nore consistent estina.te of BRL is founi when 

the referen:e value is always fran the l~t order PL curve. ('Ihis 

latter procedure was used to ccnpute the BRL results given in the 

following section. As an exanple of this procedure: In the 9-18 Hz 

band, at a grazing angle of SO degrees the order of the refererx=e value 

is two, this value is natched .with the reflected values of order three 

and of order four. ) 

By inspecting the propagation loss (PL) plotted in Figures 

S.Sa ani S.Sb the bottan trans:nission loss, B'IL, can be estina.ted also. 

B'IL is sint>ly the curve for the first water wave arrival, s~e this 

arrival has no bottan reflections ani other losses have been corrected. 

Note, however, that the first order eigenray was not recorded at all 

angles. 'lb cbtain B'IL estina.tes over a greater range of grazing angles, 

ani to cbtain redumant neasurarents, B'IL can be carputed by cacparing 

the PL of the first arriving eigenray (of order greater than one) with 

the PL of subsequently arriving eigenrays. ('!his is similar to the 

preferred BRL CCllPUtation nethod nentioned above. ) 

S.3 Bottan Reflection Loss. 

Bottan reflection loss (BRL) estina.tes carputed usinJ PSV ani 

SH particle notion are shavn in Figures 5.6a ani 5.6b, respectively. 
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Figure 5.6 Bottom reflection loss (BRL). '!he syntx>ls used in the key 
indicate the nt.mDer of bottom bounces of the reflected rey 
(of order Nin Elquation 2.2). 
a.) Results obtained using particle notion in the radial­

vertical plane (PSV) • 
b.) Results obtained using particle notion in the 

transverse horizontal direction (SH). 
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BRL results using these two particle notions are similar. The 9-18 Hz 

band has yielded no:re consistent results than the 21-29 Hz band. But 

even so, all the results here are within 3 dB of the rrean. The greatest 

scatter in the data is at low grazing angles. 

The results prinarily describe the sedi.rrent/basalt :interface, 

rather than the water/serlinent interface. Plane \.lave BRL (ignor.ing 

nultiples) was ccriputed for these two interfaces using a nodel of 

lxxroge.r:ous isotropic layers (Table I). Carpressional wave reflection 

ani transmission coefficients (energy ratios) \\ere calculated using the 

algorithm of Aki & Richards (1980). The p:ro:iuct of u~ am c:kf...n:l-going 

transmission coefficients for the :interfaces above the reflector was 

nultiplierl by the downgoing reflection coefficient of the reflector 

.interface itself, yielding a total m:xie1 reflection coefficient. Minus 

ten tines the ccmron logarithn of this coefficients results in the 

theoretical BRL esthrate. The results are slx::Jwn in Figure 5. 7. The 

figure sh::iws that the strongest specular :reflection is expected from the 

sedi.rrent/basalt :interface at the angles represented by air data (ocean 

bottan grazing angles of 28 to 65 degrees). Specular reflections fran 

the water/sed.inent :interface sl:x:uld be at least 20 dB weaker than trose 

fran the serlinent/basalt interface at these angles. 

The enpirical BRL results (Figures 5.6a ani 5.6b) slxM a loss 

minllnJm near a grazing angle of abcut 40 degrees. The onset of a BRL 

minllnJm has been seen by others to co:in:ide with the errergerx::e of head 

wave arrivals into the data window (Stickler, 19771 Santaniello, et al., 

19791 Cllin-Bing et al., 1982). In the results presented here a shear 
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head wave arrival enters the water wave data wirx3ow (e.g. at a sb:>t 

range of about 4 km in Figure 3. 4, the first shear hea:1 wave arrival 

errerges anJ. interferes with the direct water wave). '!be shear wave 

phase velcx::::ity at the receiver depth in the ~r cx::::eanic crust can be 

detex:mined fran this infomatian (~tt et al. , 1984) • 'Ihe in:iicated 

shear phase velcx::::ity is about 2.0 km/s. '!be minina of all the BRL 

estimates are oot precisely aligned at one grazing angle: possible 

causes ·of this discrepanCy include lateral heterogeneity in the upper 

ba.senent velcx::::ity structure (White, 1979) anJ. ocean-bot tan slq;)e 

(Itzikc:Mitz et al., 1983 anJ. Koch et al., 1983). 

In Figure S.8 sare BRL results d:>tained here with GAME are 

ccnpared with two different results crnputed by S-E. 'Ihe S-E results 

\Ere carputed with data fran other deep ocean sites. 'Ibey are very 

similar to the GAME results. lt>te, however, that the BRL mi.nimlm near 

40 degrees seen in the GAME resu1 t is not seen in the other two results. 

This nay be due to differen:es in cx::::ean bottan structure, or it nay be 

because they -were carputed without natching grazing angles. If they 

used a grazing angle natching nethcxi enploying arpirical arrivals, naybe 

they would have resolved this BRL feature. 

S.4 Bottan Traru:lnissian Loss. 

B'IL esti.na.tes us~ 'PSV anJ. SH particle notions are presented 

in Figures S.9a anJ. S.9b. The consistency of the B'IL results is 

carparable to that of BRL, seen by the srrall scatter in the data. In 
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Figure 5.8 Conparison of BRL from this study (using ~) with results 
obtained elsewhere using S-E. 'lbe triangles are for a band 
centered on 25 Hz (from Focke, et al., 1980). 'lbe dots are 
for a one-third octave band centered on 40 Hz (from 
Olapnan, 1983) • 
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Figure 5.9 Bottom transmission loss (BTL). '!he syrrbols used in the 
key (?itM) indicate the order (N) of the water wave used to 
obtain that curve (N and N4M are from Fl:;luation B.S). '!he 
heavy line is the weighted average of the curves f rorn the 
individual results. 
a.) Results obtained using particle notion in the radial­

vertical plane (PSV) • 
b.) Results obtained using particle notion in the 

transverse horizontal direction (SH). 
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addition, B'R. (in:lepen:1ently) estircated fran the first eigenray is 

consistent with the other estinates. 
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B'IL catpu.ted with SH particle Il'Ction is quite different fran 

that carpited with 'PSV particle Il'Dtion. 'lhese two results are closer at 

low grazing angles than they are at higher grazing angles. Whatever 

ne:::hanism generates the cbserved SH particle Il'Ctian, it IIUst be nore 

efficient at low grazing angles than at high grazing angles (at least 

within the range of grazing angles contained in this data). 

The kllxi of energy cbserved at each grazing angle can be 

detennined using Snell's law, the seawater acc:ustic velccity just above 

the ccean bottan and the upper crustal shear and carpressional wave 

velocities. For grazing angles greater than 70 degrees both P and S 

waves are propagating. For grazing angles frQ!l 40 to 70 degrees, S 

waves are propagating and P waves are evanescent • . For grazing angles 

less than 40 degrees both P and S waves are evanescent. Significant 

evanescent energy in the subbottan fran acc:ustic Witer waves has been 

predicted in a theoretical study {Stephen, 1984). .. 
B'R. depen:3s on grazing angle, expecially beb.een the angles of 

40 and 55 degrees. Recall that BTL affects borel:ole neasurarents of the 

acc:ustic field in the ocean. 'lb catpite BRL fran borerole data, BIL 

nust first be reroved. GAME correctly accamts for the grazing angle 

depemerx::e of B'R. and .inplicitly raroves it. 
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Bottan reflection loss (BRL) carputation metbcds were 

classified by the way they estinate incident intensity. A new 
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technique, the grazing angle matching arpirical rrethod (GAME), estinates 

incident intensity using an eigenray arrival with the sane grazing angle 

and frequercy as the correspor.ding reflected rey, but with fewer bottan 

bounces. GAME was cCITipared and contrasted theoretically with other 

rrethods, and was founi to be applicable to a greater variety of sa.irces 

and receivers than the other rrethcds. In particular, carputing BRL from 

borehole data requires a grazing angle matching method • 

GAME was applied to a borehole data set to carpute redurx3ant 

and consistent BRL estirrates for ocean bottan grazing angles fran 28 to 

65 degrees. This BRL curve yields an upper crustal shear wave velocity 

estina.te of 2.0 km/s. The BRL values cbtained here are similar to t:h;)se 

reported by two other workers using another teclmique and different 

data • 

A new parameter, bottan transmission loss (BT.L), was also 

carputed fran the data. Consistent results (-5 to +20 dB) \\Ere cbtained 

for ocean bottan grazing angles fran 24 to 66 degrees. This quantity 

presents a new perspective on acoustic interaction with the ocean 

bottan. For exanple, BTL can be used to better un:ierstand propagation 

loss rreasured with a borehole receiver (Duennebier, et al., 1986b) • 
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APPEM>IX A. Carputaticn of Energy-Flux Density . 

Energy-flux density, E, often arployed in the fonnulation of 

ocean acoustics prd:>lans using a broadband source, is defined as the 

integral of intensity (Urick, 1983, p. 14). For plane waves 

instantaneous intensity, I, is related to instantaneous pressure, p, by 

where c is sound velocity, ..P is density and t is time. Given digital 

pressure data, energy-flux density, E, can be carputed as follows: 

(A.l) 

Here k is the time index, n is the nurcber of saII'()les and the sampling 

rate is assUired to be constant. (E is essentially the mean-square 

pressure, nomal.ized for the data window length and the ircpedance of the 

nalium where the receiver is located.) 

Assuming plane waves, pressure is related to particle 

velocity, u, by p = rye] [u] I Equation A.l can be rewritten as 

(A.2) 

or, 

(A.3) 
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where ii2 is the mean-square particle velocj.ty. 

The relationship between the digital data values, x(k), and 

energy-flux density, E, can now be fa.md. The n recorded digital data 

values can each be expressed in teJ:mS of the discrete frequency 

CatpCl1elltS X(j) as 

n/2-1 
sun [ X(j) exp(-i21rjk

0
/n) ] , 

j=-n/2 
(A.4) 

where k
0 

is the index of a particular time sanple and j is the frequency 

index. Similarly, each frequency carpooent of the data can be expressed 

in tenns of the time series x(k) by 

n-1 
X(j

0
) = [ (ii"/n] sun [ x(k) exp(+i21Tj

0
k/n) ], 

k=O 
(A.5) 

where j
0 

is the index of a particular frequency sanple. (Equations A.5 

and A.4, respectively, define the fozward and inverse discrete Fourier 

transfomations, DFI', used in this study.) 

Given the time and frequency darain data and the DFI' 

definitions in (A.4) and (A.5) , it follows that 

n/2-1 n-1 
sun IX (j) 12 = sun x2 (k) (A.6) 

j=-n/2 k=O 

by the generalized Parseval-Rayleigh theorem (Bracewell, 1978). S~e 

the carponent, X(-j
0
), for each frequency, j

0
, is the carpleK conjugate 
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of the carp:ment, X(+j
0
), Equation A.6 can be rewritten as 

n/2 n-1 2 
sum [2/n] IX (j) 12 = sum [1/n] x (k) , (A.7) 
j=O k=O 

where both sides have also been divided by n. Note that the right side 

of (A. 7) is sinply the mean-square of the tline series. Given the 

instnmYant particle velocity transfer ftmction, FPV(j), the xrean-square 

particle velocity is 

n/2 
u2 = sum [ [2/n] IX(j) 12 I FPV(j) ] • 

j=O 
(A.8) 

After substituting the mean-square particle velocity transfer function, 

(A.9) 

we get 

-2 n12 2 
u = ~ [ IX(j) I I FMSPV(j) ] • 

J=O 
(A.10) 

This quantity can be substituted into (A.3) to get energy-flux density 

fran the data: 

(A.11) 
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Here the X(j) are the output of the DFT used here (A.S) and the FMSPV(j) 

are the transfer function elanents (A.9). 

The mean-square particle velocity in scma frequency band, 

rather than all frequencies, can be abtajned by filtering the data. If 

the filter is awlied in the frequency danain, the result is: 

n/2 
u:(4j) = ~ { [2/n] w(j) IX(j) 12 I FMSPV(j)} 

J=O 
(A.12) 

where w(j) are the filter coefficients and u: ~j) is the mean-square 

particle velocity in the discrete frequency baOO 4j. (If the filter is 

a delta functicn, the resulting filtered tbne series is m:mchrara.tic.) 
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APPENDIX B. DATA REDUCTION 

The algorithm used in this study to reduce the data is 

outlined belcw: 

B.1 

B.2 

Pick data. 

Deglitch data. 

B.3 Detennine ranges and azimuths of shots. 

B.4 Calculate grazing angles and travel path lengths • 

B.5 Correct for spreading. 

B.6 carbine gec:phane outputs for the PSV or SH response. 

B.7 Isolate the frequencies to study • 

B.8 Correct for surface decoupling loss. 

B.9 Convolve with the transfer function. 

B.10 Pick and apply noise estircates. 

B.11 Strooth intensity over adjacent ranges • 

B.12 Detennine grazing angles and intei:polate intensities 

between measured angles. 

B.13 Take ratios to carpute BRL • 

B.14 Solve equations to c~ute B'I'L. 

B .15 Carpute weighted average of BRL or B'I'L using 

(signal+ooise)/ooise (in dB) as weights • 

In the follcwing these steps are discussed in detail • 

70 
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B.1 Data picks made. 

The data (discussed in Section 3 .3) showed strong arrivals at 

time intervals ai;:propriate for acoustic watez-wa:ve multiples. These are 

:rays which bounce between the ocean bottan arrl the sea surface (Figure 

1.2). These arrivals were analyzed here for bottan reflection loss. 

Ray ~ing is necessazy in the nore general case, where the source or 

receiver (or both) are located at mid-depth in the ocean, to identify 

the eigenray arrivals (Mitchell et al., 1980). 

A time average is inherent in BRL carputation with broadband 

sources (Appendix A). In addition, since the cacputation of BRL was 

done in the frequency darain, a tapered window should be applied to the 

time sanple before Fourier transfonna.tion to reduce leakage error 

(Bracewell, 1978). The window length used for water wave arrivals and 

noise sanples in this study was 2.56 seconds. (A 1.28 second wimow was 

used for the head wave arrivals picked to carpare with the water waves.) 

Hazming windows, aligned so that the highest arrplitude portion of the 

arrival was 2/5 of the way into the window, were used. (The time window 

is syni:x)lized by wr in Fquation 4.1.) 

B.2 Deglitch the data. 

sane incorrect values were futerspersed am:mg the gocd data, 

due to a digitization prd::>lan. Incorrect data points were recognized as 

values occuring nore than NPI'S/30 times in a data wi.mow, where NPI'S is 
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the nunber of points in the data window. These incorrect values were 

raroved and their values appraxinated by interpolation fran adjacent 

(good) data values using the cubic spline routines IQHSaJ and ICSE.VU 

(D&, 1984) • 

B.3 Det:.ennine ranges and az.inu.lths of shots 
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Shot-receiver offsets were citlculated fran the shot and 

receiver coordinates. The shot coordinates and tines of the drops were 

given by the U.S. Navy. The shot drop locations were ccnbined with 

eigem:ay travel tine infozmation to recanstJ:uct the receiver location • 

The receiver location detennined by this method was found to be 

systana.tically in error. The error was attributed to a systana.tic 

error, :possibly involving both the locaticn of both shots and receiver, 

while the shot line orientation was assumed to be correct. The shot 

drop coordinates were adjusted (by 1.52 minutes west and 1.90 minutes 

north) relative to the fixed receiver location to fit expected travel 

times to the eigenray travel time data. The corrected shot coordinates 

and known receiver coordinates were used to carpute the magnitudes 

(offsets) and directions (az.inu.lths) of the receiver-to-shot vectors • 

B.4 calculate grazing angles and travel path lengths. 

Ray tracing was used to calculate the grazing angle and travel 

path length for each observed eigem:ay, assuming specular reflection 



73 

from the sediment/basalt interface. ('!bis interface waa identified as 

the strongest seismic reflector in Section 5.3.) An acoustic IOOdel of 

the ocean representative of the experimental site (from Urick, 19831 

Figure 5.16, curve 4) was used in the r8::f tracing conputation, with 

sediment acoustic velocities from Duennebier, et al. (1986a). '!be sound 

velocities used are given in Table I. '!be grazing angle .and travel path 

length assigned to ea.ch eigenray were COnplted using the corrected range 

of the shot, the mmber of bounces of the eigenr8::f and the slope of the 

bottom in the direction of the shot line. Rays were traced iteratively 

to determine the take-off angle at the source for each arrival such that 

the range error was less than one meter. '!he grazing angle at the ocean 

bottom and sea surface were obtained by Snell's law. '!be travel path 

length was conpited in conjunction with the eigenray grazing angle 

determination. 

B.5 correct for spreading. 

'!be eigenrey spreading correction used here is 

-2 Spra(J,g) = L (J,g) 

where J is the order, g is the ocean bottom grazing angle and L is the 

travel path length of the eigenray, assmning a parallel ocean bottom and 

sea surface. Rays were traced to conpute L (r8::f tracing is ~iscussed in 

Section B.4). For the regional ocean bottom slope, s, encountered at 
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this site (where s < 0.5 degree) and the shot ranges, r, in this 

experiment (where r < 90 km) the parallel approxinatian will not cause 

significant errors in the travel path lengths. This cm:rectian assunes 

spherical (ie. inverse squared) spreading along the rays' travel path. 

Spreading loss in ocean acoustics is of ten quantified as sane 

exponential function of shot-receiver offset (e.g. Urick, 1983; p. 102). 

These spreading laws are approxinations based an intensity analysis of 

eigem:ay sums, rather than the study of individual eigem:ay intensities 

(Weston, 1971). Since individual eigenrays are studied here, the 

spreading of ea.ch eigem:ay is deter.mined and corrected separately • 

B.6 Carbine geophone responses to find PSV and SH response magnitudes. 

The gecphone response magnitudes in the radial and transverse 

horizontal directions ( IXJ.irl and IXb_t I, respectively). were carputed with 

data recorded by the oriented horizontal geophones, h1 and h2. (Radial 

notion is positive towards the shot and transverse notion is positive to 

the right of the shot-to-receiver vector.) The equations used are 

and 

fran Sutton and Paneroy (1963). Here the X(j) are oriented orthogonal 

horizontal geophone carpanents (at frequency j ) in the directions 
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indicated by the subscripts (hr, ht, bl and b2), A is the corrected 

azimuth of the receiver-to-shot vector (see Section B.3) ard dA is the 

az.inuth of the bl ("y-axis") geophJne (89 degrees F.ast from North). '!he 

geopiones are discussed in rore detail in Section 3.1. 'lhe ~ase lag 

between the multiplexed geophone channels was corrected before 

coherently conbining the geoiilone resp:mses. 

z.t>tion in the transverse horizontal direction (SH) is 

'lhe horizontal response in the radial direction was cont>ined with the 

outrut of the vertical 9eop00ne, yielding the vector magnitude in the 

radial-vertical plane, called 'PSV notion here: 

where Xz is the vertical geo:Eil<>ne output and the ~ase lag between the 

radial and vertical COilp)nents was corrected before conbining them. 

B.7 Isolate frequency bands used in this study. 

Close examination of the waveforms of the water wave showed 

aliasing to be present. '!he frequency bands chosen for analysis were 

well below the Nyquist frequency to avoid aliasing artifacts. Two 

frequency bands were chosen (9-18 Hz and 21-29 Hz). '!he data on either 
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side of these bands was tapered down to· zero over 2.5 Hertz. These 

tapered data are included in the analysis (this is detailed in Section 

B.9). 

B.8 Correct for surface decoupling loss • 

Surf ace decoupling loss corrections were carputed using the 

linea.r approximation technique reccmnended by Bannister and Pedersen 

(1981) • This correction depends both an frequency and the sea surface 

grazing angle of the upgoing ray at the source (Figure 3 .Sd) • 

B.9 Carpute average values (with tmits) in a frequency band. 

BRL ratios in (2 .2) were carputed for average energy-flux 

density in a frequency band using (4.1) instead of using the discrete 

frequency energy-flux densities in (A.11). This irodification was lllade 

to conseI:Ve carputer storage space and canputatian time. The BTL ratios 

ccnputed in this study also utilized the frequency band energy-flux 

densities in (4.1). 

The frequency bands were tapered at the ends. The taper 

window, w(f), is defined this way: 

w(f) = (1/2) (l+<DS(1T(f
1
-f)/fedge)) 

w(f) = 1.0 

(f
1
-fedge) < f < f

1 

fl < f < f2 (B.l) 

w(f) = (1/2) (l+coo ( 1T (f-f
2

) /fedge)) < f < (f2+fedge). 
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Here "fedge" is the tapering length of the window on either side of the 

cut-off frequencies, f1 and f 2• (In this study, fedge=2.5 Hz.) 

'!be frequency band taper and transfer function conbine to give 

the normalized frequency weights, WF' used in (4.1): 

WF(f) = [ w(f) I FPL,a (f) ] I SUM, 

where 

is a transfer function for propagation loss. FMSPV,a and Es,a were 

defined in section 2.3 and SUM is the normalizing term. (Transfer 

(B.2) 

functions are given nmnerically in Table II for a one Hertz bandwidth: 

since the data scmples studied here have a bandwidth of less than one 

Hertz, they were srooothed over· frequency before using the transfer 

functions. ) 

When PL or B'IL is COirputed, SUM is the sum of the frequency 

window elements, w(f), in the band. When BRL is conpited, SUM cancels 

in the ratio. Since it cancels, it can be set equal to anything. If we 

say SUM is the sum of [ w(f) I FPL, a (f) ] over the frequency band 4f, 

then we can think of BRL as a power of the weighted average of E(N) and 

E(M), where [ w(f) I FPL,a(f) ] are the weights and the exponent is 

l/(N-M). 
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B.10 Pick and apply noise estimates • 

The noise picks were chosen fran the data recorded prior to 

the arrival of the first visible signal fran each shot (Figure 3.4). In 

addition to arrbient noise, source-generated noise (e.g. revei:berations 

caused by previous shots) is included in these estirrates. 

The noise sanples were processed in the same way as the signal 

data. That is the sanples were each deglitched and the squared 

magnitude of the PSV and SH response, in each frequency band and at each 

range, was obtained. 

The noise estimates were used in three ways: 1.) Noise 

sarrple mean-square particle velocities were subtracted fran the noise­

cantaminated data at each discrete frequency to recover the mean-square 

particle velocity of the signals alone, 2.) The signal-to-noise ratio 

of the eigenray arrivals at each discrete frequency was used as a 

measure of data reliability to weed out weak arrivals of dubious 

accuracy (this was done by specifying a critical signal-to-noise value 

of 3.0 and ignoring any arrival which had a signal-to-noise ratio belc:M 

this value), 3.) The signal visibility, (signal+noise)/noise, at each 

frequency and range was sumned over a frequency band and used to weight 

the estirrates of BRL or BTL using those signals in the final weighted 

average for that frequency band • 
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B.11 Sloooth the data points over adjacent ranges. 

'!'he particle velocity data at each range were SIOOOthed using 

data from the adjacent shots (four kiloneters away) • A three point 

zooving average (with the weights: 1/4, 1/2, 1/4) was used. If one 

adjacent data point was not available, a two point mving average was 

used with the weights (1/3, 2/3) or (2/3, 1/3) if the right or left 

point, respectively, was missing. '!he range weights were synbolized by 

WR in (4.1). 

Sooothing was necessary because the cubic spline interpolation 

routipes ICSEVU and IQHSCD (IMSL, 1984) would not work accurately with 

the spacially aliased raw data. Interpolation was required because GAME 

asstmteS that eigenray energy-flux densities are known at specified 

grazing angles. 

Additional justification for srooothing comes from coru;sidering 

the ranOOin focusing and defocusing caused by lateral irregularities in 

the ocean bottom (Tuteur, 1976). Another reason is the effect on 

received energy of lateral variations in bottom structure (White, 1979) • 

Slooothing over nearby grazing angles can also be justified (especially 

for higher order arrivals) because the sloping ocean bottom and 

horizontal ocean surface result in each bottan intercw:::tion having a 

different grazing angle (Itzikowitz et al., 1983). While the ocean 

bottom response may vary unpredictably, the source-receiver 

directionalities are assumed to be slowly varying, so they are 
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approximately constant for the three points averaged here. Thus, 

srcoothing should correct for sane lateral reflectivity smearing, while 

leaving source &d receiver directionality infomatian intact. 

B.12 Detennine grazing angles ani interpolate energy-flux densities 

between measured grazing angles. 
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The BRL caiputatian algorithm used in this study requires that 

energy-flux densities be available at oonstant values of grazing angle. 

However, data were not recorded at constant grazing angles. To cbtain 

values at constant grazing angles the interpolation routines ICSE.VU am. 
Ic;HSCU were used (IMSL, 1984). The spatial density of the data required 

that one to four values be interpolated between data points • 

B.13 Take ratios to carpute BRL. 

Using GAME to solve (2 .1) is equivalent to treating the n data 

values as n equations in the ~ 'l.1DkncMns, BRL ani BTL. We can solve 

for n-1 estimates of BRL. The bottan reflection loss estimates (in dB 

units) obtained by the algoriilin are illustrated by (2 .2). When (2 .4) 

for a frequency bazxi, ~f, is substituted into (2.2) the result is 

BRL ( A f I g IN) = { [ [N-1] BRL + BTL] - (B.4) 

[ [M-1] BRL + BTL] } I [N-M] + e(N,M) • 
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Here M, BRL, BTL and e are all functions of the frequency band and 

grazing angle. The tez:m, e(N,M) (in dB), has been stated explicitly to 

recognize the presence of en:Ors and l.mSPeCified losses in the eigenrays . 

(they are discussed at the end of Section 2.2). The other factors are 

defined in Secticn 2.2. The n-1 BRL estimates are averaged to yield a 

final value. The error tez:m, e, is reduced in the average, assuming the 

statistics given in Secticn 2.2. (The set of equaticns (B.4) could be 

solved .in other ways. For exmrple, the error, e, could be minimized in 

a least squares sense.) 

B.14 Solve equations for BTL. 

Instead of solving (2.4) for BRL, the loss BTL can be 

cbtained. BTL can be expressed in a fashion similar to (2.2): 

BTL (.1f ,g) = - 10log
10

{ [Em (llf ,g,N) I Spra (g,N)] (M(£\f,g)-l] (B.5) 

I [Em (t\f ,g,M) ·I Spra (g,M)] [N-l] } I [N-M(t.f ,g)], 

where 1 < M < N (or M=l and N=2, in which case only the first eigenray 

was used). Fquaticn 4.1 was used to carpute the values Em used here, 

with the quantity SUM in the frequency weights (B.2) set equal to the 

sum of the frequency taper functian values. The other factors were 

identified in Section 2 .2. 

After the source function is cancelled and spreading and 

surface decoupling loss corrections are applied, the result (similar to 
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Equation B.4) is: 

BTL~f,g,N) = { [M-1] [ [N-l]BRL + BTL ] - (B.6) 

[N-1] [ [M-l]BRL + BTL ] } I [N-M] + e(N,M) • 

Here M, BRL, BTL and e are all functions of both frequency band and 

grazing angle. The error ter:m, e, fulfills the same purpose as it did 

in Appendix B.13 above. Again, a set of equations (B.6) could be solved 

by minimizing the error ter:m, e, in a least squares sense. 

In the BTL corrputation any errors in the eigenray energy-flux 

densities are magnified, compared to the BRL computation, because of the 

exp:>nentiations by (M-1) and (N-1) in Equation B.S. In addition, errors 

which preferentially affect the eigenray with fewer bounces (E(M)) are 

increased relative to errors which preferentially affect E(N) or errors 

which affect both equally. This is because E(M) is raised to a higher 

nunber (N-1). These errors will appear in the ter:m, e, of Equation B.6. 

(Again as in Appendix B.13 above, the error ter:m is reduced when the BTL 

estimates are averaged, assuming the statistics given in Section 2.2.) 

B.15 Compute the weighted average of BRr.. or BTL • 

A weighted average of the individual BRL and BTL estimates was 

computed yielding an average value for each grazing angle and frequency 

band (4.2). The weight for each data signal, WSN' is defined in te~ 

of the measured, noise-contaminated energy-flux density of the data, 
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E "sydata' and the measured energy-flux density of the noise alone, m,noi 

E . , as follows: m,noise 

WSN{f,r) = 10log10 { [ E "sydata{f,r) ] I E . (f,r) } I SUM, m,noi m,noise 

where 

nf 
SUM = ~ lOloglO { [ Em,noi~vdata {fJ. ,r) ] I Em,noise {fJ. ,r) } 

J=l -~ 

and "nf" is the nurcber of discrete frequencies in the barrl being 

studied. This weighting function is a measure of the signal's 

visibility above the ani:>ient noise. Ratios were carputed for both the 

reference and reflected rays: the mean of these ~ ratios was used to 

weight the BRL and BTL estimates. 
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