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COMPUTATION OF SYNTHETIC SEISMOGRAMS FOR MARINE REFRACTION STUDIES 

Abstract 

A method for calculating synthetic seismograms is presented which 
can be used for comparing real seismic refraction data obtained with 
ocean bottom seismometers with that computed for an assumed earth 
model. The model consists of flat-lying , homogeneous, elastic layers 
overlain by a fluid half-space. The thickness, P and S wave velocities, 
density, and specific attenuation factors are specified for each layer. 
The source is an explosion within the fluid whose detonation depth and 
size are known. The method involves the calculation of the generalized 
plane wave reflection coefficients for the structure at different angles 
of incidence and frequencies. These coefficients then form part of 
integral expressions for the reflected spherical wave field which are 
evaluated by numerical quadrature. The use of a computer program for 
the generation of synthetic seismograms, which correspond to the 
vertical component of particle velocity at the sea floor and are modified 
by the frequency response of the recording instruments, is described. 
Examples of computed seismograms and the specification of numerical 
parameters used as part of the program input are given. 

Resume 

Dans le present rapport, on presente une methode de calcul des 
sismogrammes synthetiques, permettant de comparer les donnees reelles 
de sismique-refraction obtenues a !'aide de sismometres places sur le 
fond de !'ocean, avec les resultats de calculs obtenus par modelisation de 
l'ecorce terrestre. Le modele utilise consiste en couches elastiques 
homogenes et planes, recouvertes par un demi-espace fluide. L'epaisseur, 
la vitesse des ondes P et S, la densite, et les facteurs d'amortissement 
specifique sont indiques pour chaque couche. La source est une explosion 
dans le fluide choisi. la prof ondeur et la force de la detonation etant 
connues. La methode comprend le calcul des coefficients de reflexion de 
l'onde plane generalisee, qui caracterisent la structure pour divers angles 
d'incidence et diverses frequences. Ces coefficients font al ors partie des 
expressions integrales applicables au champ d'ondes spheriques 
reflechies, expressions que l'on calcule par quadrature numerique. On 
decrit le mode d'utilisation d'un programme-machine pour la production 
de sismogrammes synthetiques qui correspondent a la composante 
verticale de la vitesse des particules sur le fond mar in, et sont modifies 
par la reponse de frequence des apparei ls enregistreurs. On donne des 
exemples de sismogrammes calcules, et l'on specifie les parametres 
numeriques qui ont f ait par tie de l'entree de programme. 





COMPUTATION OF SYNTHETIC SEISMOGRAMS FOR MARINE REFRACTION STUDIES 

INTRODUCTION 

Marine seismic refraction techniques have recently been greatly improved by the use of 
ocean bottom seismomete rs which have elminated many of the difficulties associated with near 
surface instruments (Kennett, 1977). These give an improvement in signal-to-noise ratio and the 
abi lity to obtain particle motions from horizontal and vertical geophones. The improvement in 
the data has been accompanied by more advanced techniques of data analysis including better 
methods for the inversion of travel times and the use of synthetic seismograms, so that a more 
detailed interpretation of the oceanic c rustal structure can be made. In areas of young oceanic 
c rust where most of the new studies have been concentrated, it is now possible to search for low 
velocity zones in the c ru st, possib ly associated with magma chambers beneath the axial zones of 
ridge crests (Fowler, 1976; Orcutt et al., 1976) and to investigate the development of the oceanic 
crust with time (Lewis and Snydsman, 1977). 

The Atlantic Geoscience Centre has recently acqu ired an ocean bottom seismometer 
system (Barrett et a l., 1977) which has been used successfu lly in refraction experiments over 
young oceanic crust off the west coast of Canada (Hyndman et al., in press), on the Reykjanes 
Ridge (Loncarevic , pers. com m.), and on the continenta l margin northeast of Newfoundland 
(Keen, 1977). To best use the data from these experiments and future refraction studies a 
compute r program has been developed to generate synthetic seismograms, given as input a 
sequence of f lat-lying homogeneous layers each cha racte rized by P and S velocities and densities, 
the depth and size of the explosive c harge, and the frequency response of the instrument used. 
The resulting sy nthetic seismograms can be compared to the observed data and the model 
adjusted to provide good correspondence between the observed and computed seismograms. 

The pu rpose of this paper is to describe the methods used in the generation of the synthetic 
seismogram . Many publications outline these methods few give the details of the computational 
procedures thus allowing the computer program to be used by other investigators. The essence of 
the ideas presented here fo llow the ref lectivity method of Fuc hs and Muller (1971) and Kennett 
( 1974-), but the program has been developed specifically for marine refraction interpretation 
using explosives detonated in water as the sou rce, and seismometers on the ocean floor as the 
recording devices. 

This paper has been organized so that those who wish to use the compute r program without 
much app reciation of the computational methods may turn di rectly to sections on the use of the 
computer program where the basic assumptions and directions for the program use are described. 
The next seven sections outline and review the theory involved in these calculations for readers 
who wish to obtain an understanding of the techniques . A li st of symbols is given in Appendix l. 

Acknowledgments 
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AN OUTLINE OF THE METHOD 

The generation of synthetic se ismograms can be divided into three parts: (a) specification 
of the source function, (b) computation of the elastic response of the earth structure chosen, and 
(c) specification of the characte ristics of the recording instrument on the waveforms. I have 
chosen to wo rk with components of the Fourier spectrum (i.e. to work in the frequency rather 
than the time domain) so thc.t the total response in the frequency domain can be expressed as 
S( w) = A( w) · E( w) · I( w ). Here S( w) is the total response which can be transformed to the time 
domain to give the synthetic seismogram, S(t) = J.: S( w )e -iwtdw, and A( w ), E( w ), and I( w) a re 
the source, earth, a nd instrument frequency responses. 

The geometry of the problem is shown in Figure l where a point (explosive) source is 
detonated a distance, h, below the sea su rface and recorded at the sea floor by an ocean oottom 
seismometer with a horizonta l source-receiver separation of r. Below the sea floor, the earth 
struc ture is approximated by a number of flat-lying layers and each interface is associated with 
an index running from i = l (sea f loor) to i = n (deepest interface). These interfaces occur at 
z = z1 . . . z . Each layer (for example, the ith layer) is character ized by its P and S wave 
velocities aRd density . The first task is to find the form of the comp ressional wave from the 
source , incident on the sea floor. 
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SEA SURFACE 

h 

RECEIVER 
l---k-----,.~~~~~~~~~~~~~~~~~~~~~~~--.t1a-~~ i=ISEAFLOOR 

a1 °f31 ·P1 

z 
Figure 1. The geometry of the problem , showing the positions of the source and r eceiver 

in relation to the layered earth model. Angles e and y are the angles of 
incidence for P and Splane waves respectively. The subscripts ref er to the layer 
in which the wave is propagating. Depths are measured from the sea 
floor (z 1 = 0) and are positive in the downward direction. 

The source 

The shape of the pressure pulse generated by an explosion is well known (Weston, 1960; 
Kennett, 1977). It consists of the initial shoc k wave, followed by a series of bubble pulses c aused 
by the expansion and contraction of gases formed as part of the detonation proc ess. Also, a 
re flec tion of each of these pulses from the sea surface occurs at time, z = 2h/ao, after the initial 
pulse. The equations governing the sourc e as a fun c tion of detonation Jepth a nd c harge siz e are 
given below and the resulting pressure pulse as a fun c tion of time is shown in Figure 2 and 
Table l for a 45 kg (100 lb) c harge loc ated 60 m below the sea surfac e. The detonation time is 
taken to be t = 0, so that no seismic energy is generated for t < 0. Note that metric units a re not 
used in the equations which follow in order to confo rm to the units used in the computer program 
and in most of the literature . 

Shoc k wave: 

where 

and 

p = Ps e - t / Ts t > 0 

Ps 

Ts 

2 .16 x 104 (w 11JR)
1

'
13 

lb inch- 2 

58 wl /3(w 1/3/R) - o . 22 x io- 6 s 

R is the distance from the charge in feet , 

w is the charge size in pounds . 

First bubble pulse: 
p = p e- (T 1-t)/Tb 1 b 1 

t < T 

- (t- T1 ) / T 
pb1e b 1 t > T 

where 

Second bubble pulse: This has the same form as the first bubble pulse except some of the energy 
has been dissipated and therefore the constants have c hanged as follow s: 

Pb
2 

Pb/4 . 72 

Tb
2 

1 .91 Tb
1 

T2 0 . /2 T1 +T 1 

There are more bubble pulses following the second but they contain in significant energy 
c ompared to the first two osc illations and can be ignored . 
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Figure 2. Pressure pulse in water, generated by a 45 kg explosive charge at a 
depth of 60 m beneath the sea surf ace and measured at a distance of 
10 m. The pulses refl ected from the sea surface have been included 
where tr is two-way travel time for surface reflections. T1 and T 2 are 
the periods of the first and second bubble pulses respectively. 

The Fourier Transform P( w) of the total pressure response is used. Because the time 
constants, T , Tb and Tb are small (about 5xl0- 4 s) compared to the periods of the seismic 

S I 2 
waves (about 0.1 s) whic h will be considered, each pulse, the shock wave, and bubble pulses can 
be treated as an impulse with a flat response over the frequency range of interest (5 to 20 Hz). 
Henc e the Fourier Transform of the pressure source fun c tion P( w) becomes: 

P(w ) = f
00

P ( t)eiwtdt 

[PsTs + 2P T e - iwT i + 2P T e - iwTz] · [1 - e - i wtr] (1) 
b 1 b 1 b z b 2 

In equation (1 ), the fi rst term gives the Fourier Transform of the shock wave a nd the first and 
second bubble pulses (delayed by the appropriate phase terms corresponding to times T 1 and T 2 ) . 

The second term gives the contribution of the surfac e reflections, where each pulse is inverted 
and delayed by an amount \ = 2h/a 0 • 

The wave incident on the first boundary (i = 1, Fig. 1) will be a compressional wave with 
spheric al wavefronts. The wave potential in the liquid upper layer fo r a single frequency 
component can be written as : 

ikR 
$(w , R) = A(w) ~ 

where R is the distance from the sourc e . The relationship between pressure and wave potential in 
a liquid is: 

P(w) ~ 
<lt = -i WPo$( w, R) 

3 
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Table l 
Parameter for a l 00 lb (45 kg) Explosive Charge 

Detonated 60 m Below the sea surface and evaluated at a 
range R = 10 m 

Shock Wave First Bubble Pulse Second Bubble Pulse 

p s 2369 psi pb1 488 psi pb2 l 03 psi 

T 4.13xl0- 4 s T 5.60xl0- 4 s Tb 2 10.7xl0- 4 

s b1 s 

T1 0.22 s Tz 0.37 s 

t - reflection time from sea surface= 2h/ao = 2x60/l.5xl0 3 = 0.080 s r 

P( w ) is given by equation 1, where the parameters, Ps, Ts, Pb , etc . , are evaluated at some 
distance, R =a, from the source . Hence from equation I, 

1 

P(w) 
ika 

e 
a 

If the distance, a, is muc h less than the wavelengths, k = 2TT/'A, then eika "' l and 
A{w) = P(w)a /(-iwp 0). 

This gives the amplitude of the incident wave, A( w ), whe re qi = A( w) cikR /R, evaluated at 
a frequency, w. 

Integral representation of the response for a layered earth 

The spherical wave incident on the boundary (i = 1) can be made an integral sum of plane 
waves (Fuchs and Muller, 1971; Brekhovskikh, 1960, p. 237-244 ). 

ikR .k e 
~(w ,r, z) = A~ = ikA(w) J Jo(krsin6)sin6el zcos d6 

r 
The wave potential can be written in a similar manner, due to waves which have propagated 
through the layered earth model and arrive at the ocean bottom seismometer. Since the detec tor 
is located on the sea floor, both P and S waves will be recorded. 

For P waves recorded at the ocean bottom seismomete r 

~R(w , r , z) = ikA(w) J Vpp(w , 6)Jo(krsin6)sin6eik(z1 - h)cosed6 
r 

and for S waves 

ikA(w) J Vps(w,6)J
0
(krsin6)sin6eik(z1 - h)cosed6 

r 
(2) 

In these integral expressions J 0 (krsin6) is the Bessel Function of zero order, e is the angle of 
incidence of a plane wave upon the interface i = 1, and Vpp, Vps are the generalized plane wave 
reflection coefficients for a P wave incident from the liquid onto the layered earth model, 
producing reflected P and S waves respectively. They will be discussed in detail later. 

The contour of integration, r, over angles, e, is shown in Figure 3. It includes a ll real angles 
of incidence from 0 to TT/2. At TT/2 the contour leaves the real e axis and the integral is evaluated 
at complex e where e = TT/2 - ia, for a r <:!al and positive. This integ ral Is evaluated numerically by 
simple methods of numerical quadrature. Many authors have described other methods of 
evaluation which consist of the determination of the contributions due to singu larities in Vpp(w, 6) 
and Vps( w,fl) in the co mplex G-plane (Phinney, 1961; Heelan, 1953). 

The ocean bottom seismometers measure particle ve locities in the vertical or horizontal 
direc tion; these velocities are obtained from the displacement potentials using the relationships 
below (Ewing et al., 1957). 

Vertical pa rtic le displacement : u .£! ! .L 
[r *) z az r ar 

Horizontal particle displacement: u .£! ~ 
r ar araz 



Particle veloc ities: au 
z 

au 
r 

i'.i (w , r , z) 
z 

i'.i (w ,r, z) 
r 

u 
z at u 

r at 

iwk2A(w) f [Vpp(w , e)cose- iVps(w , e)ksin2e)J 0(kr sine)eik(zi - h)cosesinede 
r 

- wk2A(w ) J [Vpp(w , e) -ikVps(w , e)cose )J 1(krs i ne)eik(zi - h)cosesin 2ede 
r 

In the numerical evaluation of these integrals the asymptotic representation of the Bessel 
functions, J 0 and Ji, are used because in almost all real problems in marine refrac tion 
seismology, krsin8 » 1 (Fuc hs and Muller, 1971). Physically this means that the shot-receiver 
range is muc h greater than the horizontal wavelength in the elastic media. Therefore 

iwk2A(w)e- i(rr/ 4) J 
{i (w , r , z) = 

z h rrkr r 

{i (w,r z) 
r 

[v ( e) e ·v ( e)k . 2e] ikrs i ne+ik(z1 - h)cose pp w, cos -l ps w, sin e 

. /s i ne de 
(3) 

[Vpp(w , e)s i ne-ikVps(w , e)coses i ne)eikrsine+ik(z 1-h)cose 

· /s i ne de 

These integral representations for u and u are similar; the only differences occur in the 
terms contained in square brackets involvfng the ~eneralized plane wave reflec tion coe ffi c ients. 
Only u can be found from the computer program now but with some modification, u , the 
horizon1al component, could also be obtained. r 

The integral expressions are essential to the calculation of the synthetic seismograms. 
Only in this form can the solution be found by the evaluation of plane wave re flec tion 
coefficients which can be easily, if not quickly, calculated. The solution (given in equation (3)) 
represented as an integral sum of plane waves can also provide some physical insight into the 
various contributions to the seismogram (Brekhovskikh, 1960, Ch. 4). 

lm8 

rr/2 

Figure 3. The path of integration, f, in the complex 8-plane . 

5 
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The effect of attenuation 

The attenuation of the amplitudes of P and S waves as they travel through the layered 
earth model can be specified by assigning values for the quality factors, Q and Q , for P and S 

p s 
waves for each layer. These values range from about 50 for sediments to 500 for c rystalline roc ks 
in the lower c rust and upper mantle (Knopoff, l 96lf; Kennett, 1975). The quality factors, Q, are 
mathematically incorporated into the computations by defining the P and S velocities for each 
layer as (Kennett, 197 5): 

Vp = Vp (1 - i/2Qp) , Vs = Vs (1 - i/2Qs) 

These modified exp ressions for velocity lead to exponential decay terms of the form e-(wR)/(2VQ). 
The computer program allows QP. and Qs to be specified for each layer and if no attenuation is 
desired Q and Q are set equal to zero. [Note that setting Q equal to zero is a computational 

p s 
convenience. The true valu e of Q is infinity when there is no attenuation.] 

Frequency response of the instruments 

The frequency bandwidth of the recording instruments usually provides the upper and lower 
frequency limits of the total seismogram spectrum. Figure lf shows a typical response curve for 
instruments used in refrac tion seismology (Fowler, 1976). Here the response peaks between 5 and 
13 Hz and the response can be considered to be zero for frequencies lower than about l Hz and 
higher than about 19 Hz . 

The total response is S{w) = A(w) · E(w) · l(w). The source times earth response [A(w). E(w)] 
is given by equation (3). For the vertical component of particle motion the total response is 

given by 

- ill 
S(w) = iwk2A(w)I(w)e ~ J [v ( e) e ·v ( S)k . 2e] ikrsin8+ik(z 1- h)cos8 ~ede pp w , cos - 1 ps w , sin e ~ sinti' 

hnkr r 
(4) 

and the sy nthetic seismog ram s(t) is found from: 

s(t) J S(w)e- iwtdw 

Hence the synthetic seismogram involves a double integration, over 6 and over w. This is 
acco mpli shed by finding the integral over 6, for constantw, and repeating this integration for a 
set of values of w = w .. The integral over 6, then, gives us E( w ) at discrete wi and these values a re 

mutiplied by the app~opriate A( w .) and 1( w .). The values of ·A( w .) are evaluated using equation 1. 

0.15 

w 0.10 
0 
::J 
1-
_J 

()._ 

::;: 
<I: 

0.05 

l l l 

5 10 
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()._ 
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20 

Figure 4. Amplitude and phase response in the frequency 
domain for typical ocean bottom seismometer 
recording instruments. 



The values of I( w) are part of the input to the computer program. This input specifies the 
frequencies at which I( w) are given and these frequencies, w , need not be the same as the 
frequencies at which the E( w.) are evaluated. Linear interpo~ation is used between frequencies.<J.JQ.' 
to obtain the instrument respbnse at any w = w .. Having found S( w. ) the second integration i·s 
performed to obtain s(t), the desired synthetic seismogram. 1 

Calculation of the generalized plane wave reflection 
coefficients, Vpp( w,6), Vps( w,6) 

The calcu lation of the plane wave reflection coefficients is the most time-consuming and 
the most difficult part of the problem discussed here . To do this, I have used the method 
described by Kennett (1974) but because that paper contained a number of important errors, 
particularly in the appendix, (eqs. 15, 69, 70, 71) the correct form of these equations is presented 
below and in Appendix 2. 

Kennett's (1974) method was based upon the relationships between the reflection 
coefficients at the ith interface and at the i-1 th interface. At each interface there are 16 
possible reflec tion and transmission coefficients which are listed in Appendix 1. Tqrire are four 
reflection coefficients for plane waves (either P or S) incident from above the i-1 interface, 
(see list of symbols for explanation) 

D D 
r r 

RD(zi- 1) 
pp sp 

D D 
r r ps SS 

Similarly there are four reflection coefficients for plane waves incident from below the i-1 th 
boundary and contained in the matrix RU(zi - I ). There are a lso eight transmission coefficients 

contained in the two matrices T 
0

(zi _
1
) and T U(zi_ 1). As discussed in Appendix 2 these 2x2 

mat rices are formed from the calculation of the simple plane wave reflection and transmission 
coefficients at any boundary, i-1, within the layered st ructure, each of which is multiplied by an 
appropriate phase term. These phase terms ar ise because, in the usual reflection and transmission 
coeff icient calculations, the boundary is t aken to coincide with the plane z =O, making the phase 
terms zero also . Thi s is not possible when there is. more than one interface - all interfaces 
cannot lie at z=O. Instead phase terms of the form e- 2ikz i-lcosei-1 will multiply the usual 
form of the plane wave reflec tion and transmission coefficients. These are called the phase­
related reflection and transmission coefficients. Kennett's (1974) relationship between the 

reflection coefficient at the i-1 th boundary, V(zi_
1
), in terms of the 16 phase-related coefficients 

co rresponding to that boundary and in relation to the reflection coefficient at its ith boundary, 
V(zi), is: 

V(z. 
1

) = RD(z . 1 )+T (z. 1 )V( z . ) [I - R (z . 1 )V (z. )] - 1TD(z . 1 ) 
l - l - u l- l u l - l l -

( 5) 

where the complex 2x2 matrices R
0

, TU' RU, T 
0 

have been discussed above and I is the 2x2 

identity matrix. V(z . 
1
) is also a complex 2x2 matrix, each element of which represents one of 

!-

the four reflec tion coeffic ients at the interface zi_
1
. These a re 

[

v ( z. 
1

) 
V(z. ) = pp i -

i - 1 ( ) v z. 1 ps i -

v ( z. l)l sp i -

v ( z. 1) 
SS l -

where V , for example, is the ref lection coefficient given by the ratio of the upgoing P wave to 
sp 

the downgoing S wave, at z = z. 
1 

(above the i-1 th interface). Each of these elements includes 
!-

amplitude and phase terms appropriate to a ll possible rays propagating in the layered structure 

below the i-1 thinterface. V(z. ) refers to the same quantity calculated for the ith interface. 
l 

In order to better understand the physical meaning of equation (5), consider the simple case 
of a single fluid layer, bounded above (z = z. 

1
) and below (z = z.) by fluid half spaces . Since no S 

1- l 

waves propagate in this case, equation (5) becomes a scalar equation; all elements of the 2x2 
matrices vanish except fo r those cor responding to P wave propagation . In addition, let the upper 
interface at z = zi- I coincide with z = 0 and the layer thickness, h = zi-zi-J' Then, as many 

authors have shown (see, for example Brekhovskikh, 1960), the reflected wave field, related to 
the plane z = 0, can be represented as a sum of ray contributions. These include the reflected 
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z i-1 
ai-2• Pi-2 

i-1 

h ai-1 •Pi-t 

Z; 
a; •Pi 

Figure 5. An illustration of some of the more important ray paths of a plane wave incident on the 
upper boundary of a fluid layer of thickness h. Arrows denote directions of propagation of 
the rays. 

wave from the upper interface, R0 (zj_ 1); the wave transmitted down through the upper 

interface, reflected from the lower interface, and transmitted up through the upper interface, 
TU(zi_1)R0 (zi)T 0 (zi_ 1); and multiple reflected waves within the layer (Fig. 5). Represented as a 

sum of all these contributions the total reflected wave field becomes 

V(z . 
1

) = RD( z. 
1

) + T (z . 
1

)RD(z .)TD(z. 
1

) L [R_ (z .)R (z . 
1

)Jn 
i- i - U i- i i- n=O -D i U i-

Here all coefficients related to the boundary z . 
1 

= 0 will contain no phase terms; however, 
R ( ) R ( ) 2ikhcose h -R . h . i-1 d d fl . ff' . h D zi = D zi e w ere D 1s t e s1mp e ownwar re ect1on coe 1c1ent at t e 

boundary, i, and the phase term represents propagation in the z direction twice through the layer 
of thickness h. The equation above can be represented in the equivalent form: 

V( z. 
1

) = RD ( z. 
1

) + T (z . 
1

)RD( z . )TD( z . 
1

)[ 1 - RD(z. )R (z. 
1

)]-l 
l- l - u l- l l- l u l-

This is the same as equation (5) for a simple fluid case. The analysis above shows how the 
generalized plane wave reflection coefficient, V(z . 

1 
), contains the effect of all possible ray 

!-

paths (multiples) within the layer. If the layer is solid, each reflection and transmission 
coefficient becomes a 2x2 complex matrix and the coefficients, V(z. 

1 
), include P-S conversions 

as well as mu! tip le reflections. J-

in the case of our layered solid model, equation (5) can be used iteratively to find the 
generalized reflection coefficient due to a plane P wave or S wave incident on the second 
interface at ang les 61or y 1 respectively (Fig. I). The following procedure is adopted: 

I. For the deepest in terface, i=n, below which there is no reflected 
energy, calculate the phase-related plane wave reflection 
coefficients. For this boundary note that V(z ) = R

0
(z ). n n 

2. Calculate.R0 (zn-l)' RU(zn_ 1), T0 (zn_ 1), Tu<zn_ 1). 

3. Using equaiton (5), calculate V(zn-l ). 

4. Calculate R0 (zn_2), RU(zn_2), T 0 (zn_2), T U(zn_2), and using 

equation (5), calculate V(zn_
2

). 

5. Repeat the process until the interface, i=2, is reached . . 

Then V(z 2 ) = (:pp ~ sp) will provide the quantities necessary in the evaluation of the 

ps SS 

integrals (3). It is important to note here that the above process must be repeated for each value 
of eat which the integrand of equation (3) is desired and for each frequencywi at which the 
spectrum is needed. The reflection and transmission coefficients at any boundary, i, are found 
using the relationship between the angle of incidence, e, on interface l and the angle of incidence 
for P and S waves at any other interface. From Snell's Law (see also Fig. l) 

s i n6/a 0 = sin6i/ai-l = siny i /Si-l 



Kennett's (1974) iterative method has been used for the layers below the fir st layer. 
Because the source is in the upper fluid and the receiver is on the interface i=l, they must be 
treated as if they were situated in two different layers and Kennett's method, therefore, does not 
easily deal with this situation. To circumvent this problem, I assumed tha t a thin upper layer, 
usually corresponding to low velocity unconsolidated sediments, be inc luded in the model. This 
layer can be made as thin as desired and need have no significant effect on the seismograms. The 
amplitudes of the plane P and S waves transmitted from the water into this layer (corresponding 
to interface i=l) were calculated by application of the appropriate plane wave transmission 
coefficients. The iterative equations were used for all interfaces below z 1 • 

The correspondence between the formulation of equation (5) and the sum of all possible ray 
contributions to the reflected wave field for a simple fluid case has been shown already. It may 
be useful, in terms of computation time and for the interpretation of the resulting seismograms 
in terms of ray theory, to express e'quation (5) as a partial ray expansion. As was shown for the 
simple case the term, [l-Ru(z 

1 
)V(z.)] - i, can be written as 

I- I 

"' 
{I + l [R (z . 

1
)V ( z . ))q} 

u l - l q=l 

equation (5) becomes 

"' 
RD ( zi-l )+Tu (zi- l )V(z i ){I+ l (Ru (zi- l)V ( zi))q}TD(zi- 1) 

q=l 

The series, r [R (z )V(z )]q, can be truncated to include only the most important ray paths 
q=l u i-1 i 

(Kennett, 1974). If q , the upper limit of the series, were taken to be 1, equation (5) becomes 
max 

V( z . 
1

) = RD(z. 
1

)+T (z . 1 )V(z . )TD(z . 1 )+T ( z . 1 )V ( z . )R (z . 1 )V(z . )TD(z. 1 ) 
l - l - u l - l l - u l - l u l - l l -

The first two terms represent the primary reflections, including P-S conversions, from the upper 
and lowe r boundaries and the last term represents the first multiple reflections. Inc reasing qmax 

will obviously increase the number of multiple reflec tions allowed. The computer program allows 
the user to decide upon qmax for each layer or allows the complete solution to be ca lculated. 

Numerical integration in the 0-plane 

Once the plane wave reflection coefficients, V ( w,8) and V ( w,8 ), have been calculated, 
pp ps 

the integrals (4) must be evaluated numerically. The path of integration, r, for integration in the 
6 plane can be terminated either ate = n/2 or at some real angle e = emax suc h tha t a ll the ray 

paths one wishes to consider are included. A lower limit of integration 8 = 8min may also be 

specified. The validity of this cutoff is discussed by Fuchs ( l 968) and by Fuchs and Muller (197 l ). 
These terminations can be justified if the source and/or receiver are suffic ientl y far removed 
from the nearest bounda ry that interface waves are not important and if a time window, is 
considered starting at the first arrival, such that the apparent veloc ities (c ) of all a rrivals within 
that time window satisfy eto/sin6 . > c = a 0 /sin8 > a 0 /sin8 . An example is given la te r. mm max 

The numerical quadrature is performed using a modified version of the trapezoidal rule. 
The integrals (3) in the 8-plane have the form 

I = jmaxB(w, e)eik (z 1- h )cos8+ikrsin8de 

e . 
mi n 

where B( w,8 ) is a function of the plane wave reflec tion coefficients and can be considered a 
known function of 8 at real values of 8 between 8 == 8 . and 8 = 8 . The spac ing t, 8 at which 
this evaluation is carried out is an input to the comp\11f~r program'?'ax 

The contribution to the integral over eac h inc rement /',8 and the sum of a ll the contribu­
tions are used to obtain the value I. Within each inc rement, t,8 =. 8i+l-8i, the complex fun c tion 

B( w,fl) is represented by its amplitude and phase, B( w, 8 ) = f BI e 1
<1>. The integral ove r t, 8 is 

tiI. 
l 

J i +l [Bf e i ~(e , w)eik(z1 -h)cos8+ikrsin8de 
e. 

l 
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and 

Then 

where 

and 

The total phase term and the amplitude are approximated by straight lines 

~(6 , w) + k(z - h)cos6 + krsin6 = m. 6 + n. 
l l 

IB(w , 6) I 

b.I. 
l 

a . 6 + b . 
l l 

For intervals where t. cj>i = 0, the above equation does not apply. Instead: 

b.I. 
l 

The total integral is given by the sum of all inc rements, 

n- 1 
I = l b.I. 

i~l l 

w 
(j) 

<i:O 
I 
0.. 

\ 

-rr~~~~~~~~~~~~~~~~~~~~~~~~~~~-

0 .15 020 025 030 035 
8- rad ians 

Figure 6. An example of the variation of amplitude and phase of the integrand 
over 8. These values correspond to model 1, given in Table 2. The 
angles, 81, 82 , and 83 are critical angles of reflection at the upper 
surface of the 8.0, 6.8, and 5.9 km/s layers respectively . 



Table 2 

Test Model I .- Oceanic Crust 

M 6, AO = 1.5, RO = 1.0, XH = 3.0 

Layer No. A(I) B(I) R(I) D(I) QP(I) QS(I) INDC(I) 

l 1.8 0.80 1.50 0.0 100.0 50 .0 0 

2 2.0 1.20 2.00 0.005 100.0 50.0 0 

3 4.5 2.61 2.70 0.5005 200.0 100.0 0 

4 5.9 3.41 2.85 1.5005 300.0 150.0 0 

5 6.8 3.93 3.00 2.005 500 .0 300.0 0 

6 8.0 4.62 3 .30 6.005 600.0 450.0 0 

NOTE: INDC(l) "' 0 for all layers. Therefore the complete solution 
is calculated for v and V 

pp ps 

N NW NT WO DELF PHIO DELP Tl DELT 

400 155 100 3.28 0 .1 5.0° 0 . l 0 -0 .1 0.02 

XR = 30, TO = 7.0 

A complication arises in this numerical integration procedure because the quantity 
!:i<j>. = <j>(8. 

1
)-<!>(8.) is on ly known to ±2n11. Values of phase,<j> (8), are formed from the equation 

l l+ J 

~ ( e) = atan[ ImB (w, 6)/ReB(w , e)] 

and the arctangent is limited to the interval -11 to 11, leading to discontinuities in the numerical 
values of <!> fo r some values of 8 and hence in !:i <j>. This problem was overcome by making the 
reasonable assumption that, for small !:i 8, the true change in phase, !:i <j>, is the minimum possible 
value. That is, !:i <!> = min ( !:i <!> , !:i <!> -211, !:i <!> +211) where !:i <!> is the value calculated using the 
arctangent. These discontin1iitie~ in !:i <!> a'i-e illustrated ffi Figure 6 where unadjusted values of 
the phase of B( w, 8 ) a re plotted. 

This method of integration is rather crude. However, more elegant methods do not apply in 
this case where both the amplitude and phase of the integrand vary rapidly with 8 (Davis 
and Rabinowitz, 1967). Furthermore, as the results show, the method is effective and sufficiently 
accurate to produce the desired seismograms. Figure 6 presents an example of the amplitude and 
phase variations of the function B( w,8) and the co rresponding model is given in Table 2. 

The integration procedure is repeated for all frequencies at which the spec trum S(w) 
is desired and at all source-receiver ranges, r, at which seismograms are to be obtained. 

Numerical integration of the spectrum 

The Fourier Transform of the spectrum, S( w ), is found by numeric al integration to obtain 
the synthetic seismogram . 

S(t) = f S(w)e-iwt dw 

The function S( w) may be a rapjW varying func.tion of w. One of the reasons for this .is that S( w) 
contains an exponential term, e A, where tA is the first arrival time. We are not interested in 
the synthetic seismogram before the first arriving energy and it is important to remove as much 
of the non-essential variations .of the fun.ction.S( w) as possible. Th~rffi~ore, before integration is 
carried out, the funct10n S( w) is premult1p!Jed by the exponential, e 0

, where to "' t . This 
effectively shifts the time origin from t = 0 to t = t 0 and the earliest energy will arr~e shortly 
after to if this quantity has been co rrectly chosen. The values of t 0 , corresponding to a particular 
model for a seismogram at a given range, are presently part of the input to the program. 
However, they can be calculated by the program through the addition of a subroutine to 
determine first arrival times. 

The numerical integration is performed in a similar way to the integration in the 8-plane. 
However, instead of approximating the amplitude and phase by straight lines in each interval, !:iw, 
the real a nd imaginary parts of the function, S( w ), are approximated by straight Jines. Use is a lso 
made of the fact that s(t) is a real function so that 

00 

s(t ) = J S(w)e- iwt dw 2f Re[S(w)]coswtdw + 2 J Im[S(w)]sinwtdw 
0 0 
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Card No. Parameter 

1 N 

M 

NW 

NR 

NT 

NL 

2 WO 

DELF 

PHIO 

DELP 

Tl 

DELT 

AO 

RO 

XH 

AR 

12 

Table 3 

Computer Input Parameters 

Description Card No. Parameter Description 

The number of angles, r, at which V , 3 XR(K) Horizontal source-receiver range in 
V ps are evaluated. PP ki lometres. 

The number of layers in the model, ONE CARD 
including the lower half space but 

PER RANGE, WW(K) Charge size for explosive at range not the water layer. 
NR CARDS XR(K) in pounds. 

The number of frequencies at which the 
spectrum is calculated. TOTAL 

The number of ranges, r, at which the DO(K) Detonation depth below sea surface 
synthetic seismograms are calculated. for explosive at range XR(K) in metres. 

The number of points, t, at which a 4 A(!) P wave velocity in Ith layer - km/s. 
synthetic seismogram is calculated. 

ONE CARD B(l) S wave velocity in Ith layer - km/s. 
The number of points (frequencies) at 

PER LAYER, R(I) D . . ,th 1 I 3 
which the instrument response is given. ens1ty in ayer - g cm . 

th 
The lowest angular frequency to be M CARDS D(I) Depth from sea floor to top of I layer 

considered. - kilometres. 

The frequency increment - in hertz. TOTAL QP(I) Speci~ic P wave attenuation factor 
for It layer. 

The minimum angle of incidence, QS(l) Specific S wave attenuation factor 
emin' to be considered - in degrees. for 1th layer. 
The increment in angle, f'l 8 - in INDC(l) The q a discussed in Section 5 . degrees. 

INDCffi aierefore specifies the number 
The minimum time at which the of multip le ref\ictions to be con-
synthetic seismogram is to be evaluated. sidered in the I layer. If INDC(l) = O, 
This time is to be given with respect the complete solution for the reflection 
to TO (see text) - in seconds. coefficient is given . 

The time increment, f'l t, giving the 5 FREQ(L) The frequency in hertz at which the 
spacing between points at which the 
seismogram is calculated - in seconds. ONE CARD 

The velocity in the upper medium (water) PER 
containing the source and receiver - in 

FREQUENCY, km/s. 

The density in the upper medium - in NL CARDS 

g/cm 3
• TOTAL 

The distance of the source from the 
first boundary (z 1-h) in kilometres. 

The distance, a, from the source at 
which the pressure response due to an 
explosion is evaluated - usually taken 
at l 0 m (see Section l ). 

Table 4 

Layer No. A(!) 

1 6.41 

2 6.57 

3 6.91 

4 7.29 

5 7.65 

6 8.0 l 

7 8.20 

Model Parameters after Fuchs (1968) 

M = 7, AO= 6.40, RO = 3.00, XH = 59 

B(l) R(l) D(l) QP(l) 

3.69 3.00 0.0 0.0 

3.80 3.03 0.005 0.0 

4.00 3.09 0.205 0.0 

4.21 3.15 0.405 0.0 

4.42 3.21 0.605 0.0 

4.63 3.27 0.805 o.o 
4.73 3.30 l.005 0.0 

instrument response XB(L) is specified. 

XB(L) The instrument response represented as 
a complex number ( not as amplitude 
and phase). 

QS(l) INDC(l) 

0.0 0 

0.0 0 

0.0 0 

0.0 0 

0.0 0 

0.0 0 

0.0 0 

NOTE: The upper layer in this case, with a P velocity of 6.4 km/s, is 
obviously not water but must be a fluid. Since the model was 
used to compare calculated seismograms with those of Fuchs 
(1968) who considered only incident P waves the fact that the 
upper layer is fluid will make little difference to the results. 



THE USE OF THE COMPUTER PROGRAM 

Basic assumptions 

The following assumptions have been rnade in the computations: 

(a) The earth can be represented by a stack of flat-lying layers in 
each of which the P and S ve loc ities and density can be 
specified. Velocity gradients within the structure can be 
approximated by many thin homogeneous layers. 

(b) Surface waves and interface waves are not important either 
because the source or receiver is sufficiently far removed 
from the nearest boundary that they are not generated or 
observed, or because they are late -arriving signals which will 
not affect the part of the seismogram being considered. 

(c) The sou rce and receiver are sufficiently far apart that the 
Bessel functions, J 0(krsin8) and J 1 (krsin8) , can be represented 
by their asymptotic forms. This implies that krsin8 » 1. 

(d) The source and receiver are located in sea water, the receiver 
being loca ted on the sea floor. 

(e) The water layer is sufficiently thick tha t multiple reflections 
within this layer are unimportant. They are arrivals appearing 
la ter in time than the arrivals being considered. 

(f) The source function may be represented by an explosive 
c harge, inc luding the shock wave, first and second bubble 
pulses, and associated surface reflections. The charge size and 
detonation depth are known . 

(g) The instrument response is known. 

(h) The vertical particle velocity is desired. 

Of these assumptions, the first three are most binding. With little additional effort the 
computer program could be modified to include a solid surface layer and different sou rce 
functions other than those for explosives . The positions of the source and receiver could be 
changed, to the free surface of a solid, for example . The instrument response must be known if 
the true waveforms are to be reproduced. However, if the approximate frequency bandwidth of 
the instruments or of the combined source and instrument response is known, useful comparsions 
of relative signal amplitudes as functions of distance and time for observed and synthetic 
seismograms can be made (Fuchs and Muller, 1971; Fowler, 1976). 

Input parameters 

The computer program is written in FORTRAN IV for a CDC 7600 computer. The input is 
punched on ca rd s and the output is written on a line printer. The input parameters are listed and 
described in order of card input in Table 3. 

An example is perhaps the best way of illustrating the determination of these parameters. 
The model used approximates the standard oceanic c rustal structure and model parameters are 
listed in Table 2. As previou sly noted, Figure 6 shows the behavior of the integrand as a function 
of 8 for the same model. The oscillations in amplitude and phase suggest that very smal l 
increments in 68 must be taken in order to obtain an accurate estimation of the integral over 8. 
lhe oscillations are most rapid betwee n 6 = 81 and 82 (Fig. 6). Physically this corresponds to 
angles of inc idence greater than the critical angle for P reflection at the lowest interface (Moho) 
and Jess than the critical angle for P reflec tion at the interface between the 5.9 and 6.8 km/s 
layers. That is, the oscillations shown in Figure 6 between 81 and 82 are due to multiple 
reverberations within the 6.8 km/slayer. For angles greater than 82 these oscillations are Jess 
rapid and this is caused primarily by the decrease in layer thic kness and consequent decrease in 
travel time through the structure for angles greater than 82 , the critical angle for P reflection at 
the top of the 6.8 km/s Jay er. In general, a good guideline for selecting the correct increment in 
angle, 68, is 

2fh . 
l 

~ 
;J_ -~ 

66 << 1 

where h1 1s the thickness of any laye r m the model, ai, ai+l and a 0 and P wave velocities (or S 
wave veJoc1t1es) and f is the frequency. Relating this to test model l for the 6.8 km/slayer, 
68 = 0.0017 rad and, therefore, 0.14 << !. Note tfiat the above relation states that the increment 
in 8 will be much Jess than the period at which the oscillations are occurring in the integrand 
(Fig. 6). 
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Figure 7. Synthetic seismograms corresponding to the models 
given in Tables 2 and 4, and described in the text. 
The arrows denote the arrival times for particular 
ray paths through the models. 

Figure 8. Synthetic seismograms corresponding to the model 
given in Table 4. These are presented using a 
reduced travel time, calculated for a 8.2 km/ s 
velocity. The dashed line indicates the arrival time 
of the mantle head wave. This figure can be 
directly compared to the equivalent diagram 
presented by Fuchs (1968, his Fig. 8). 
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The range of integration in 6 is fixed by 6 . = PHIO and 6 = PHJO + N . DELP. These 
angles correspond to apparent veloc ities of I f.~ and 2.1 km/s ~'li~ch span the range of desired 
apparent velocities. Most early arriving energy at a range of 30 km for model l will come from 
the refracted and reflec ted P wave arrivals from the mantle and lower crust, with apparent 
velocities between about 10 km/s and 6.8 km/s. The range of apparent velocities used includes 
probable values for apparent S velocities from these layers also . 

The parameters, NW, DELF and WO are dictated by the frequency bandwidth of the 
rec orded signals and the size of the interval, tiw, necessary to use the trapezoidal rule for 
numerical integration of the spectrum. The bandwidth used in model l was centred at 5 Hz and 
extended from 0.5 to 15 Hz. The effects of an explosive source were not considered in these 
calculations. The frequency increment ti•v m~st be chosen so that, if significant energy is 
observed ove r time interval t, t tiw < < 2n or t /:; f < < 1. The example included as input T l = -0. l 
and TO = 7. This means that the program will begin to calculate the synthetic seismogram at an 
actual time of 6.90 s after the explosion, while the first arrival time in this case is 7.25 s at 
30 km range . 

Computer times in the CDC 7600 are 300 s fo r N = 400, NW = 310, NR = 4 and M = 7. By far 
the largest proportion of time is spent calc ulating the coefficients Vpp(w,6) and Vps(w ,6). Relatively 
little is spent in the numeric al integration and inc reasing NR or NT are therefore insignificant in 
terms of computation time . 



Some examples of synthetic seismograms 

Figure 7 shows the synthetic seismogram co rr esponding to model l. The first a rriva l for 
this range is the P wave refrac ted along the top of the 6.8 km/s laye r, c losely followed by the P 
wave refracted along the top of the 8.0 km/s laye r. These two events occur within 0.04 s and 
cannot be separated. They are followed closely by their associated reflec tions. The other large 
event centred at 8 .1 s is probably related to reflec tion a nd refraction along the top of the 
5.8 km/s layer. There is some noise evident before the first arrival in this example which could 
be eliminated by using a finer grid in 1:.8 and /:.w. The user must decide between computer time 
expense and accuracy according to his needs. 

The second example shown in Figure 7 was obtained for a simple model of one interface 
between two half spaces in which the interface is a linear velocity gradient l km thick (Table 4). 
The model is the same as that presented by Fuc hs ( 1968, his Fig. 8) and was used to test the 
program by compa ring the synthetic seismograms for similar source-receiver bandwidths to those 
obtained by him. The seismogram in Figure 7 was calculated using an explosive source of 90 kg at 
a depth of 100 m below the upper surface and the instrument response shown in Figure 5. The 
arrival times of the refracted and reflected P waves are indicated and it is interest ing to note 
that the reflected wave is about six times greater in amp litude than the re frac ted wave. Similar 
relationships have been noted by many authors (Cerveny and Ravindra, 1971 ). 

Finally, in Figure 8, a set of synthetic seismograms corresponding exactly to those 
presented by Fuchs (1968, his Fig. 8) is shown. Those calcu lated using the computer program 
given here closely match those presented by Fuc hs, providing confidence in the computational 
methods offered in this paper. 
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APPENDIX l 

List of Symbols 

P wave and S wave velocities and density in an elastic body 

frequency in hertz 

depth of the source below sea surface 

Bessel functions of order 0 and I respectively 

wave number, k = w /v where vis the velocity (P or S) in an elastic body 

acoustic pressure 

qua Ii ty factor, or specific attenuation factor for P or S propagation through an elastic 
body 

plane wave reflection coefficients for reflection of an incident wave from above or 
below an interface between two elastic solids. The indices i,j can refer to P or S 
propagation; i indicates the nature of the incident wave, and j the nature of the 
reflected wave. Hence r ps U indicates the coefficient for reflection of a wave 
incident as a P wave in the lower solid and ref lected as an S wave 

plane wave transmission coefficients wit/) the same superscripts and subscripts as for 
the reflection coefficients. Thus tss indicates the transmission coefficient for 
a shear wave incident from the upper solid through the boundary and propagating as 
a shear wave in the lower solid 

compressional wave displacement potential 

shear wave displacement potential 

angle of incidence of a plane wave . Usually with reference to incidence from the 
water onto the sea floor 

horizontal range from source to receiver 

time (in seconds) 

components of particle displacement in Cartesian 

or cylindrical co-ordinates 

the generalized plane wave reflection coefficient for incident P/reflected P waves 

the generalized plane wave reflection coefficient for incident P /reflected S 

angular frequency 

depth measured positive downward, z = 0 is the sea floor 

APPENDIX 2 

Plane Wave Reflection and Transmission Coefficients 

A. Simple Plane Wave Coefficients from a Single Interface 

At a single plane interface separating two elastic solids, the boundary conditions, continuity of 
particle displacement u and u and of the stresses tangential and perpendicular to the boundary, Tand 
a r -~spectively, are used' to obtain the reflection and transmission coeff icients. This procedure has 
been described often in the literature [see Young and Braille (1977) for a list of references]; 
however, it is worth repeating here because, as Young and Braille (1977) have noted, there are many 
errors in the published results. 

The plane waves travelling in the upper solid (medium l, Fig. 8) are represented as their P and S 
wave displacement potentials; 

1/!1 



Appendix 2 (cont'd) 

where k 1' is the wave number for S wave propagation in the upper medium and YI is the angle of 
incidence of an S wave on the boundary (Fig . 9). 

In the lower medium the wave potentials are: 

In each of the above four equations the first term rep resents a wave propagating down, in the positive 
z direction, a nd the second term represents a wave propagating in the negative z direction . The 
displacements and stresses are related to these wave potentials by the equations 

u z 
= ~+ ~ u 

az ax ' x 

The wave potentials in the upper and lower media are differentiated to obtain the displacements and 
stresses and equate these quantities derived for the upper and lower media at the boundary. The 
boundary is conside red coincident with the level z = 0. These steps give the following four equations: 

These four equations yield four unknowns. For example, a P wave incident from the first medium onto 
the boundary gives the amplitude coefficients related to the following waves: 

A 1 =incident P, A 2 = reflected P, B1 = 0 (incident SY), 

B 2 = reflected SY, C 1 = transmitted P, D 1 = refracted SY, 

C 2 = D 2 = 0 (no reflected waves in the lower medium). 

These four unknowns may be found from the four equations either in explicit terms (Young and 
Braille, 1977) or by solving the corresponding matrix equations. Furthermore, the reflection and 
transmission coefficients associated with an S wave, incident from the first medium, and with P and S 
waves incident from the second medium, can be similarly found, giving the 16 reflection and 
transmission coefficients for the boundary. 

I have used the explicit form of the equations for the reflection and transmission coefficients 
(Young and Braille, 1977; Cerveny and Ravindra, 1971 ). However, for com pleteness, I present the 
matrix formulation below. All coefficients discussed here are displacement potential 
coefficients [Type II of Young and Braille (1977)] . 

17 



Appendix 2 (cont'd) 

In matrix form the equations are: 

ED D EU u ' 
r - 2P1sin2y1cos81/sin81 r 2p2 sin2y2cos82/sine 2 pp PP 

D 
- p j ( COS 2YJ - Sirf YJ) 

u 
- P2(cos 2y2 - sin2y2 ) r r 

ps ps 
D t u 

t - 1 - 1 pp pp 
D t u 

cos82/sin82 t - cose ii sin91 ps ps 

ED D 
P1(cos 2y1 - sin2y1)1 EU u 

P2(cos 2y2-sin 2yz) r r sp sp 
D 

- 2p1siny1COSY1 u 
2p2sinY2COS Y2 r r SS SS 

t 
D 

cosy1/siny1 u 
-cosy2f sinY2 t sp sp 

t 
D 

- 1 t 
u 

-1 SS SS 

where ED, Eu are 4x4 matrices and may have complex elements. 

D cos81 
u 

cose 2 
E11 - 2P1sin2Y1 sin81 E11 2pzsin 2y2 sine 2 

E12 
D 

- P1(cos 2Y1 - sin2y1) E12 
u 

- p2(cos 2y2- sin 2y 2 ) 

D cos82 
u 

cose 1 
E13 - 2P2sin2Y2 sin82 E13 2p1sin2n sine 1 

E14 
D 

P2(cos 2Y2 - sin 2y2) E14 
u 

P1(cos 2y1 - sin 2y1) 

E21 
D 

P1(cos 2y1 - sin 2y1) E21 
u 

P2(cos 2y2 - sin2y 2 ) 

E22 
D 

- 2p 1 sinYJ cosy 1 E22 
u 

2P2sinY2cosy2 

E23 
D 

- P2(cos 2y2 - sin2y2) E23 
u 

- P1( cos 2y1-sin2y1) 

E24 
D 

- 2P2siny2cosy2 u 
E24 2p1siny1cosy 1 

E31 
D 

1 u 
E31 1 

E32 
D 

cosy 1/sinyl E32 
u 

- cosy 2/siny2 

E3 3 
D 

- 1 E33 
u 

- 1 

E34 
D 

cosy2/sinY2 E34 
u 

- cosyi/sinY1 

18 



Appendix 2 (cont 'd) 

E4 l 
D 

- cos61/sin61 E41 
u 

cos62/sin62 

E42 
D 

1 E42 
u 

1 

E43 
D 

- cos62/sin62 E43 
u 

cos6i/sin61 

E44 
D 

- 1 E44 
u 

- 1 

The reflection and transmission coefficients are complicated functions of the angles of 
incidence . If given the angle of incidence, 81 or ri, for example, the angle of propagation in the other 
media, Y2 and 82 must be found. Using Snell's Law, when a P wave is incident from medium 1, 

cos62 ±/1 -~ cq 
sin2e1 

±/1 - s 2 
sin2e1 COSY! ~ 

and the appropriate sign of the square root must be chosen. These quantities become imaginary (or 
complex for complex P and S velocities) when (a2)/(a1hin81 > l or (S2)/(a1hin81 > l. In this case the 
sign of the square root must be selected such that Im cos8 2 and Im cosy 2 are positive. Only then will 
the plane wave propagation decrease exponentially with increasing z when the angle for critical 
reflection is exceeded. 

B. Phase Related Reflection Coefficients 

Calculation of the simple plane wave reflection and transmission coefficients involves the 
restriction that the boundary coinc ides with z = 0. This cannot be true for all interfaces in a stack of 
layers such as in the models considered here. In this case, the reflection coefficients for any boundary 
are ca lculated as described in part A but the boundary now lies at an arbitrary depth z = h and 
exponential propagation terms will appear in the coefficients. When this is done, Kennett's ( 1974) 
equations for the phase-related reflection coefficients become, 

D 2ik1hcosei 
r e 

pp 

D ik1hcosy1+ik1hcos8 1 
r e 

sp 

I 
I 

r Deik1hcosy1 +ik1 hcos61 r 
D 2ik1hcosyi 

e ps SS 

r ue- 2ikzhcos82 r ue- ikz ' hcosyz-ikzhcose 2 
PP sp 

r ue-ikzhcos8z- ikz ' hcosyz r ue- 2ikz 'hcosyz 
ps SS 

t Deik1hcos81 - ikzhcos61 t Deik1 ' hcosy 1- ikzhcos8 2 
PP sp 

t Deik1hcos81 - ikz ' hcosyz t Deik 1 'hcosy 1- ikz'hcosy 2 
ps SS 

T t ueik1hcose 1- ik2hcose 2 t ueik1hcose 1- ikz'hcosy 2 
u pp sp 

t ueik1 'hcosy 1-ik2hcos8 2 t ueik1 ' hcosy 1- ikz ' hcosyz 
ps SS 
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Appendix 2 (cont'd) 

20 

In these equations r 0 , r u, t 0 , etc ., are the simple reflection and transmission coefficients with 
pp SS ps 

no phase term. The subscripts l and 2 could be replaced by the subscripts i and i+l, for the i+l 
boundary within the stack of layers. 

Numerical difficulties present themselves when the exponential phase terms are calculated if 
one or more of the cosines become imaginary (the corresponding critical angle is exceeded). Then, 
the matrices Ru' T 

0
, and Tu will contain large positive, real exponential elements whic h can lead to 

significant roundoff errors in the calculations. These large exponential terms represent plane wave 
propagation paths whic h are not physically realistic because the angle of critical reflec tion has been 
exceeded. Th is justified the omission of elements in the above mat r ices when their exponents exceed 
a certain value. When the absolute value of the exponent, 

l
wdi 

v . 
l 

V. sin 
l 

is greater than 20, the computer grogram sets the cor responding matrix e lement equa l to zero. Here 
Vi is the P or S velocity in the it layer and d . is its thickness. When all critical angles for 
propagation below an interface have been excee1ded by the amount given above, the program ignores 
layers below it because there a re no real propagation paths through this part of the layered structure. 



APPENDIX 3 

The Computer Program 

The computer program is listed here, with comments concerning the function of various parts of 
the program. The main program controls the input and output, calls subroutines which calculate the 
generalized plane wave reflection coefficients and the source response. The main program also 
performs the numerical. integration. The subroutine REFLECT calculates the generalized plane wave 
reflection coeff icients using Kennett's (1974) method. It, in turn, calls subroutines RPLV which 
calculates the 16 reflection coefficients associated with one boundary and PHASE which sets up the 
four 2x2 matrices of phase-related reflection coefficients. In addition, inversion and multiplication 
of 2x2 complex matrices are performed in subroutines !NVR and MULTC respectively. Subroutine 
SPLAT calculates the frequency response of an explosive source. 

(4.1l I MSOS <;.l 

PROGRAM CK<lNPUT=300,TAPE&=INPUT,UUTPUT• 
DIMENSION A(?c;),B(25) 9 H(2~)tD!2:,),QP(~5.,lilS(25ltXR(lOl 
DIMENSION FREQ(l50) ,INDC(C:Sl ,Dll(lll),W•(lOl 
DIMENSION RPP(2000) 9 RP5(2UOO)tRPP!(2000.,MP51(~000)tW(2000I 
COMPLEX. BR(l50)tXltPtPP 
COMPLEX XR(l50) 
COMPLEX llJ 
COMPLEX 5Pf.C(l0•200nl 
COMMON RPP 9 RPStRPPl,RPSltWtSPEC 
LEVEL ?tRPP,RPSt~PPltRPSl,WtSPEC 

c 
c 
C PROGRAM Tn COLCULATE SYNTHETIC SE!SMOGRAMS AT RANGES XR ANO WATER 
C DEPTH XH. THIS VERSTON Gl~ES VERTlXALCOMPUNENT FOR 0BSo 
c ~, ANE HAVE REFL COEFFS CALCULATED 11~ RErLeT UsIN~ KENNETT 1974 BSSA 
C INDC I~DTCATES wHEN TO THUNCAT~ HlS SER[E~ f0H MAULTIPLES 
c INDC=O NO TRUNCATION N=NO OF ANGL~S,PMIO:STARTlNG ANGLE IN DEGREES 
C DFL.P=INCREMENT IN OEGHEE~tAO=WAT~R D~PTH,Ro:WATER 8ENSITYtTOcTIME REMOVED 
c BY PREMULTIPLYING SPECTRA BY EXP(IW 0To• 
C T1:START1Nr. TlME OF TIME ?ERIES,D~LTcTIME INCR~MENT,wOsSTART 0 FREQ 
C IN RAOIANS,OELF FREQ INC~~. IN HZ,MsNU OF LAYEHS,Nw•NO OF FREQS,NTENO OF T 
C TIMEStA=LAYER P VEL,B=LAY~R S VEL,RsL8YER RHO,VcLAYER THICKNESS 
C QP=Q FOR VPtOS=Q FOR VS 
C XA (Ll = INSTRLJ RESPONSE 
C BB(L.l=SOURCE TI~ES JNSTRU RESPUMSt AT FRE~ :FRtQ(Ll L=ltNL 
c BR NEEDNT RE f(~lJISP,\CEU NUk AT SAME F~rns AS CALCULATED 
c EARTH RESPONSF ONLY NEED IQ BE CLUSE ~NOU~H FOH LINEAR INTERP 
c 
C INH:G1H1T!ON IN ANGLF. Alm ~REQ OOMAlNS By AppROX pHASE ANGLE AND AMpLITUDE 
C BY STRAIGHT LINE SEGMENT? IN OEL~ OH DSLr o TO FINO PHASE ANGLE 
C USE ATAN2 THUS HAVE TO Ct1tCK THAT IN (;;Q~RECT TUPI RANGE ONLY IMPORTANT 
C TN FINDTN6 PHl(l+l)-PHJ(l) IF ONE UR OTH ER TERM iS OUT BY TUPI 
c U5E MINIMUM OF THIS DIFFEHENCRGE ~so ~HOULD BE SMOOTHLY VARYING 
c c AR=RANGE IN M FOR SOURCE ~ALCS, wW~CHARGE SrZE lN LBS,DO=oETONATION 
C DEPTH IN i.i. 

c 
c 
c 

REAOlltlOll NtMtNW,NR,NTtNL 
READ (ltl02) wo,DELFtPHIOtDELPtTl,TO,~ELT,AQtRU,XH,AR 
READ <l•lOSl (XR(K),WW(K)tDO<KltK=ltNM) 
PRINT 206 
PRINT 20'5, (XR!K) ,WW(K) ,D04KI tK;:},l~Rl 
XI=CMPLX(Oetlel 
TUPI=2. 03.l415926 
XJ=CEXP(-XIOTUPI/4.) 
PHI=O.Ol75450PHIO 
DELP=O.Ol75450UELP 
W(l):WO 
DELF=OELFoTUPI 
DO 1 K=l tNR 
SPEC(Ktll=O• 
DO 1 J:2,NW 
SPEC(K,J):O. 
W(J):W(J-ll+DFLF 
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22 

PRJNT 200 
PRINT 201, N,~,NW,NP,NT,wU,oELF1PHIO•~tLP•T11U~LT1AU1RO 
PqINT 202 
REM (l•lOOl (A(!) tR(I) ,k(J) tll(Il •QP(l) tQ!::>(Il .lNUC(l) tl=l.Ml 
PRINT 203, (ACll ,R(Tl ,HCil, O(Il 1G~(J)1QS(l),JNUG(Il•l=l,M) 
RF An ( l tl 0 3 l C FI~ E Q C Ll , X d ( L ) t L = l 1 NL ) 
l~N=N-1 

C CALCULl\TF CNW:t;O OF Fkl:JJ ~) PHASE HELA!tQ HEFL \..UtFFS OT Pi-ii AND 
C PHil 
r. IN SA"'1F PHI llO LOOP Tl\llEG~AlE tH ~DD!••G INCREMc.IH IN PHil-PH! 
C REFLCT HETUqNs COEFFS ~UH AHRAY 
C OF W RPP:ANP,RP5=PHA5E 

Iel 

r. 

CS=COS (PHI l 
SS = S I ' ~ ( PH I l 
CALL REFLCT(A,~•R1D1PHl1w•RPP1HPS•WP1~S•M•NW1AU1R0 1 lN0Cl 

2? PHil=PHI+rJELP 
CSl:COS (PHI 1 l 
SSl:SIN(PHTll 
CALL REFLCT(A,~1R1D,PHll1M,HPPl1R~Sl1~P,Q~,M1NW,A0,~01INDCl 
DO 10 J=l1NW 
X K = 1o1 ( J l I AO 
DP=RPSl (J)-RP<:;(J) 
l)PPTU=nP+ TI IP r 
DPMTU=flP-TUPI 
DPl:At--IJNl (AHS( LW ) oA85(UPPILJ) 1A!:iS(UPMfU)) 
lF(l)Pl.EA.ABScnP)) ~o lU ~o 
lF(DPl.E{a,l\BSCf>PPTU) l UP:UP~TU 

lF(()PJ,E~.ARSCDPMTUll UP:UPMTU 
2u XHXKCS=XH*XK*CS 

XHXKCSJ=XH*XK*CSl 
XKSSl=XK*SSl 
XKSS=XK*SS 
RPPJ:RPP(J) 
RPPlJ:qPPl(Jl 
DP2:nP 
on 14 K=l,NR 
PHl=XHXKCSJ+XP(Kl*XKSSl 
PH=XHXKCS+XR(Kl*XKSS 
PP=CEXP(XJ*(PHl+RPS1CJl l l 
P=CEXP(XJ*(PH+PPS(Jlll 
DP=OP?+PHl-PH 
IF (DP,EQ,O. l GO TO 15 
SPEC(KtJl:SPEC(KtJ)-XJ*(H~PlJ*PP-HPPJ 0PtXl*cRP~lJ-RPPJl*(PPeP)/U 

1Pl*OELPIDP 
GO TO 14 

l~ SPEC(K 1 J):5PEC(K 9 ,J)+P.i(RP~lJ+RPPJl•OElP/2• 
14 CONTINUE 

RPP(Jl:RPPJJ 
RPS(Jl=RPSl(Jl 

1 o CONT I NI JE 
2~ PHT:PYil 

SS=SSl 
CS=rSl 
I=I+l 
IF(J."IEoNNl GO TO?? 
00 3 K=ltNR 
PRINT 204 1 TO 
DO 4 J=l1NW 
SPEC(KtJ):-SPFC(K1Jl*CtXPl-XI*W(Jl•TU)/tS~RT(XH{Kl*TUPill 
SPEC (KtJ) :SPEC (K,J) *XJ* ( (W (J) /AOl ** (3•/i~. I l 

4 P~INT 204, W(.Jl,SPEC(K1Jl 

C C~LCULATJON OF SOURCE HES~ AND TQIAL INST AND !::>OURCE RESP 
C INCLUDES SYOCH TWO RURtiLt~ AND SUHFAC~ RErLECf lUN 

CALL SPLATCWW(Kl 1DO(Kl tBti•XB,FMEQ•NL•~R~ 
c 
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C INTEGRATION OF SPECTRUM U~ING MODlFitU TRAPEZ01DAL RULE FyRST WITH 
C MULTIPLY SOURCE INST RtSP BY EAHTM RE~P INTERPULATE IN 8B(LI 

DO 12 J=ltNW 
FR:W(J)/TUPI 
OQ 44 L=l,NL 
IF (FREQ(L)-FRl 44,71,88 

44 CONTINUE 
77 S~ECIKtJ):SPEC(~tJ)•RR(Ll 

GO TO 12 
88 SPEC(KtJ):~PEC(KtJl*(B~(L-ll+(~ij(Ll-8~(L-1l>*(~H-FRE.Q(L-llll/(FR 

lEO(Ll-FREO(L-ll l 
lt' CONTINUE. 

C FOllRIER TRANSFORM 
c 

NJ=NW-1 
TIME:TJ 
DO Cl I=loNT 
FT=O. 
TJME:TIME+nEL T 
DO 17 J=l,NJ 
FT=FT+REAL(SPFC(K,J+ll-SPtC(KtJl)*(CO~(W(J+1>*llMEl•COS(W(Jl*TIM 
1Ell+AI~AG(SPEC(KtJ+tl-SPE~(KtJll*(SI~'WtJ+l1*T!ME.l-SIN(W(J)*TIME 

'll 
17 CONTINUE 

I~ (A9S(TIMEloLT.0.000i) TIME=TIME+,uoe1 
fT=2 0 *FTl(TlME*TIME•OELF) 
FF:-REAL(SPEC(K,lll*SIN(wlll•TlMEl+AlMAG(SPEC(K 9 lll•C0S(W(ll*Tl M 

1E1+REAL(SPEC(K 9 NW))*SJN(WINW1*T!Mt)•AlMAGtSPEC(K 9 NW))*COS 1w1NW)* 
?TIME> 

FF:2 1•FF/TIME 
FF=FT+Ff 

9 PRINT 204, TIME,FF,XR(K) 
3 CONTINUE 

101 FORMAT (614) 
lOe FQR~AT (11F7,0l 
100 FORMAT (6Fl010t13l 
103 FORMAT L~FlO.O) 
105 FORMAT (3FA,Ol 
200 FORMAT (* N M NW NR NT WO DELF PHIO DE 

,L~ Tl nELT AO RO*l 
201 FORMAT (15I4t8Fl0o2l 
202 FORMAT (* ALPHA RETA ~HU UEpTH QVP QVS 

, *) 

ZOJ FORMAT(6FlOo3tl4l 
204 FORMAT 13El0,3l 

20~ FORMAT (J(El0,3tZXll 
20~ FORMAT (• RANGE CHA~GE SIZE SHUT DtPTH*l 

EfllD 

SUBROUTINE REFLCT(A,Bt~tOtPHI,WtR~P,H~S•Q~,QS,M,NW,AO,RO,fNOC) 
C SUBROUTI~E TO CALCULATE CUMPLEX P SV PLANE. 
C RETLECTI9N COEFFICIENTS Al ANGLES OF lNCI~ENCE PHI 
C TO A SERIES OF LAYERS OF ~EPTH o,~ AN~ S VELS A AND B 
C DENSITIES Ro OtAo8o ANO RARE ~ECIORS STA~TING WITH 
C UPPERMAST SOLID LAYER. PH! IS •NGLE vF JN~IUEN~E ON 
C UpPERMOST SOLID • LIQUID BUUNUARY. ASS~NtS TIME 
C DEPENDEN€E EXP(•l~Tlo ALL COEFFI~IENIS HtFERENGEO 
C To SEA FLOOR WHERE Z=O• Z POSITIVE DUWN, W rS ANGULAR FREQ 
c McNO OF SOLTn LAYERStN=NO OF ANGLts,AO=~AIER VtL 
C RO=WATER DENSJTY,QP,QS=ATIN FAGTOHS SU fHAT 
C VELOCITIES BECOME COMPLEX-UNLESS ~p,Q&:e 
c 
C USES METHOD OF KENNETT 1974 BSSA. 16 GOEFrS PEH INTERFACE 
C CALCULATER USING SURROUTI~E RPSV ANO KNOTI EQUATIONS 
C THESE ARf STORED ON DISK, THES~ CUEFFS PHASFD 10 
C Z:O:SEA FLOOR,USJNG SU~ROVTINE PHASE 
C KENNFTTS ETERATION PERFORMEU FOR ?UCC~SSIVE 
c INTERFACES AND RESULT MULlIPLIED ~y T~ANS CoEFr DOWN 
C THROUGH LIQUID SOLID JNTE~FACE 
c 

23 
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C NO APPROXIMATIONS USED KE-NETTS EWNS Jo 31 
C C~EFFS ARE WITH RESPECT TU DIS~LA~EME~T PUl[NTl~LS 
c RESULTS RPP=P WAOE AT oas 
c RRS=S WAOE AT o~s 
c 
c 

DIMENSION A(l) ,9(1) ,R(l) ,WP(l) ,QSlll tlr'(U 
DrMENSION W(ll 
COMPLEX RU(2t?l ,RD(2t2l ,TU(2t2) tTU(l!hi) ~RM(2t2l 
COMPLEX RUUl2t2ltRDD<2•2l•TUU(Zt2ltTD~l2t~l,RR~<2t2t2000l 
DIMENSION RPP<ll tRPS(l) 
COMPLEX REM(2,2l 
COMPLEX RESSl2t2!tRE5(2,2>,CAltCBl,CA~t~B~tXI,AltA2 
COMPLEX BltB2t5AltS~l,SA2•S~2tTPPtTPS•T~p~,7,Zl;Z2 
DIMENSION INDC(25) 
LEVEL2,RPP.RPs,w 
XI:CMPLX<Qotlol 

C LOOP ON ANGLES 
RES<ltll=O. 
~ES<lt2l=O. 
RES< 2, l l !:: 0 • 
RES<?,z>,.o. 

c 

c 
c 
c 
c 
c 

l l 

lo 

c 
20 

13 

12 
!4 
lb 

15 
17 

19 

lM 

c 
c 

21 

23 

22 
24 
i:'.b 

2:; 
27 

CV=SIN(PHil/AO 
MM=M 

LOOP Q'\j !..AYERS 

D~TERMINE IF MUST FORM CO~PLEX VELOCITY FURQ Nt O 
DO DOWN TO 17 ONLY FOR LOlllEST I •~TtRFAEE 
IF(QP('1M)ll0t10tll 
A~=A(MM)*(l.-XI/(2.•QP(MM~)l 
B2=B(M'1l*(l.-xI/(2 0 •Q5(MM>)l 
GO TO 20 
A2=fJ ("'1'1l 
B2:R(M"1l 
CALCULATE SINES AND coSINtS FOR LUWES fMf:;DlA S<.lt'(TS POSIT! VE 
Sa2:A2•Cv 
SR2=82•CV 
IF (1.-CA85(SA2•SA2)) 12,13.13 
CA2:CSQRT(l.-SA2*SA2l 
GO TO 14 
CA2:XI•CSORT(SA2•SA2-l•l 
IF (l.-CA8S(SR2•Sb2)l l5t!6tl6 
CR2:CSQRT(l.-SB2*SB?.l 
GO TO 17 
CB2=XI*CSQRT<SA2*5B2-l~> 
MM=MM-1 
lF("1M.EQ.0) 110 TO 71 
lF(0P!"1M)) 18olAt19 
Al=A(MM)*(l.-X!/(2 0 •QP(MM~)) 
Bi=R(~~)*(l.-X!/(2.oQS(M~}) l 
Gri TO ?l 
Al=A (M'1) 
1:31=8 (MM) 

CALCULATE SINES AND COS!NtS FO~ M~OIA l 
SAl:CV•Al 
SAl:Cll•Bl 
IF (t.-CAAS(SAl*SAl)l 22,t:!3t23 
CAl:CSQ~T(J.-SAl*SAll 
GO To ;;>4 
CAl:XI•CSQRT(SAl*SAl-l•l 
IF<l.-CAAs<SRl•SBl)) 2s,20,26 
CBl:CSQRT!l.-~Bl*S81l 
GO TO 27 
CBl=XI•CSQRT(S~l*SRl-l•l 
CONTrNUE 
CALL RPSV <CV,AltA2,8l•B2tR(MMltHlMM+iltRUU,RUU,TUUtTDD,C4l,CBlt 

1C112,CB2l 



Appendix 3 (cont'd) 

c A~ovE SUBROUTTNE CALCllLAf~S REFL 9TRANS cuEFFS PoR ONE INTERFACE 
c BETwEE"I MEDIA 1 AND 2. REIUHNS MAKTICE.S Of- cOEl"FS RU,RD,Tu,TD 
c 
c LOOP ON FREQ AS PHASES AH~ CALCULATED z~o IS S~A FLUOR 
C CALCULATE COEFFS PHASEU IQ SEA F~OO~ 

Dn 2 J:l,NW 
WW= t1J (J) 

DO 3 I=lt2 
DO 3 K:l,2 
R11 (It K) =RUii (I• K) 
RD (I ,K) =RiJn (I ,KJ 
Tll(!tKl=TUU(l,Kl 
T0(!tKl=T00(!,Kl 

3 RR(I 9 KJ=RRF(I,KtJ) 
C•LL PHASE (RUtRO,r1i.TO,CA1,CAi:?9Cdl,Cb2;0(MM+l) ,O(MM) ,x1.ww.A1,A 

12,Bl ,R2tMl ,RETURNS (70l 
C IF LOWEST INTERFACE GO TO 31 

IF' (MM+l-111) 30.3lt31 
C CALCIJUTE INTEt<ATIOf\J AS I~ KENDiETI 
c FrRST CALC Tll(J-l)Rf)(J) (l ... RU(J-l)HQ(J) >•l~To(J-!l 
C USING SURROUTINE FOQ 2$2 COMPLEX MATRICES MULTL AND INVR FOR INVERSION 

311 CALL MULTC(RU,RR,RESl 
IND:INDC(1"Ml 
IF (!"IDoNE.0) GO TO 35 
RES(1,1>=1.-RES(ltll 
RE5(1•2l:-RE5(1•2l 
R~S(2tll=-RES(2•ll 
RES(2t2l=l.-RES(2,2l 
CALL INV~(RES,RESSJ 
GO TO 36 

3!:> DO 38 JJ=l•2 
On 38 Il=lt2 
REM(IJ,JJl=RES(II,JJl 

3~ R~SS(IltJJ):RES(IItJJ) 
IF <.INO,EQ.1 l GO TO 39 
00 37 KK=:? .tNn 
CALL MULTC (REStREM,REM) 
DO 40 Il=l ,2 
OQ 40 JJ:1,2 

40 RESS(II•JJl=REM(l!,JJl+RE~S(lltJJ) 
37 CONTINUE 
3~ CONTINUE 

RFSS~ltll=le+RESS(l 9 ll 
R~SS(2,2l:l.+RESS(2,2l 

36 CONTINUE 
CALL MULTC(RESStTO,RESl 
CALL MULTC(RR,REStRESSl 
C~LL MULTC(TIJ,RESStRESl 

C TOTAL COEFF IS 
c 

31 RRF(ltltJ):RD(ltll+RE5(1,1l 
RPF(lt2•Jl=R0(1•2l+RES(l,~l 
RRF(2•l•Jl=R0(2tl)+PE5(2,1) 
RRF(~•2•J):R0(2t2l+RES<2•'> 

70 CnNTINUE 
2 CnNTINUE 

c SwITcH MEDIA 2 FOR MEDIA 1 
5A2:SA1 
5B2=SB1 
C•2:CA1 
CB2=CB1 
A2"A1 
B;:>:Bl 
GO TO 17 

71 CONTTNUE 
c CALCULATION ON TRANS cOEFtS OO~N rHOM LlQUio TU SOLID 
C AFTER BREKHONSKI P 31 

Rl=R (1 l 
S1q:SIN (PHI) 
CAl=cOSIPHil 
SQ"SQRT(REAL<SAl)) 

2.5 
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26 

Z::R O *~OICAl 

Zl=R2*A2/CA;:> 
Z?=R2* B2/C82 
TPPP=Zl*((l.-2.*(5Bc**2ll 9 *2l+Z~*~••(CB2•~B2)**2+Z 
T nP= ( RO/R2) * ( ;:>. ll Z l * ( 1 • -2. 11SA2**2) l :TPPP 
TPS:-(R0/R2l•4.•Z2*sB2*C8~/TPPP 

c MULTIPLY TO ORTAIN TOTAL ~EFL COErFS ~RRPtRpStPHASEU To SEA FLOOR 
c 
C LOOP ON FREQ AGAIN AS MULi TOTAL ~OEFfS BY TRA NS COEFFS DOWN 

D() l J=ltl'lll" 
RRF<l•l•Jl=RRF(ltltJl•TPP+RRF(lt2tJl*IP5 
RRF(2•l•Jl=RRFC2tltJl*TPP+RHF(2t2tJ)*lPS 
RRF(?•2tJ):(RRF(ltl,J)*CAl-XI*RRF(2tltJ•O~A1•S-1•wcJ)/AO)•SQ 
RPP(Jl=CABS(RRF<2•?.oJl) 
RPS ( J l :AT AN2 (A 1 MAG ( RRF ( 2 t'' J l ) t RE14L (~HF .t 2 • 2 ~ J) ) l' 
CONTIN UE 
RET URN 
ENO 

SUBROUT!Nf RPSV!CV•Al•A2t~ltB2tRl•R2tRU1RUtTUtfOtCAltCBltCA2tCB2l 
COMPLEX eA1,cs1,CA2,CB2 
CGMPLEX Al ,A2,B1 tB2,RU (2ti:!) ,RD ,2,c), TU(lt2), TO <Zt2l 
COMPLEX V(4l tP(4) ,Q,X,YtZtO 
COMPLEX R(4,4l 
COMPLEX CVQ 
Qs2.•(R2•<A2••2>•Rl•<Bl••c) l 
CvQ:(CV*4'2l*Q 
X•R2-CVQ 
Y•Rl•CVQ 
Zt:R2-Rl•CVQ 
V(l):Al 
Vt2):81 
VO> :A2 
V(4):B2 
P<ll=CAl 
P(2l=CB1 
P13):CA2 
PC4):CB2 
~:Al*A?.*Al*B2•(CV**?.l*(Z* 9 2)+A2•BC!•p(ll•P<21•<X•*2l 
D:D+Al*Bl•P!3)*P(4)•<Y**2~ 
D:D+Rl*R2*<Bl*A2*P(l)*P(4~+Al*B2*P(2)!Pt3l)+((W•CVl**2l*P(ll*P(2 

l ) •P ( 3) •P ( 4) 
R1ltll=-1•+(2 0 •P<l>•<A2•BC•P(2l*<~••2~+Bl'Az•Rl*R2•R(4)+((Q•CVl* 

l*2l*P<2l*PC3l*PC4)))/D 
R(l,2)=-2 0 *Al*CV*P(l)•(Q*P(3)•P(4l•Y-A2•92•x•Zl/O 
R1l 0 3):2,<1Al•Rl•P(l)*(B2•P(2)•X+Bl•P(~ltYl/O 
R{J,4l=-2.•A1•R1•cv•P(l)*kQ*P(2)•P(3l•B)•A2•Zl/O 
Rl2t2l=l.-C2.•P<2l•<A2*B2*P(l)*lX*•2ltAl•B2•Rl*B2•P(3)+((Q*CVl** 
,~\*P(l)*P(3)*P(4)))/D 
Rt2.3l=2,•Bl•Rl•CV*P(2)•( Y•P(ll*P(4l-el•B2•z)/U 
H12,4l=2.•Bl*Rl*P(2)*(Al*~(3)•Y•Ac•P(l)•Xl/o 
R(3,3>=- l .+<2.•P(3)•<Al•dl•P(4l*(Y~•2~+AlfB?*Rl•R2•R(2)+((Q*CVl* 

1*2)•P(ll*P<2l•P(4)))/D 
R{3,4)=2.•A2*CV*P(3~•(Q•PAl)*P(2)9X+Al*Bl*Y•Zl/0 
R~4,4l:l.-(2.•PC4l*~Al*Bl*P<3l*<Y**2)t8JoA2•Rl*82*P(ll+((Q*CVl** 

•2i*P(ll*P(2l*P(3))l/D 
RC2tll=P<2l*VC2)*R<lt2l/(P(ll*llCPI 
R{3,ll=PC3l*V!3)*R2•R(lt3~/(P(l)*V1llfR!l 
Rt3,z):P(3l*V(3l*R2•R(2t3>/(P(Zl*V(2l*R!l 
R{4,l)=PC4l*V!4)*R2•R(lt4>/(P(ll*V(llt.Rll 
Rc4,2):P(4)*V<4l*R2•R(2t4•1CP(Z)*V(21tR)) 
Rc4 9 1):P(4l*V(4l*R(3t4)/(P(3)*V(3ll 
R{2 9 ll=-R(2tll 
R<2,2l=-RC2t2l 
R{3,4l=-R!3t4l 
Rt4 9 4l=-RC4t4l 
Rc2,]l:-R(2,3) 
R ( l , 4 l =-R < 1'4 l 
Do 10 r=l,2 
DO 10 J=l,4 



Appendix 3 (cont'd) 

IF !JoLEo2l GO TO 11 
Tr;> ( J-2 t I l =R (It J) *V (.)) /V (I~ 
GO TO 10 

ll Rn(Jtll=R(!tJl*V(Jl/V(I) 
lo CONTINIJE 

SUBRQIJTlNF PHASE (PIJtRll ,TU1TDtCAl•CA2•C8l•Cfl2•lJ2,Dl•Xl,w,4l,A2• tj 
11,92,"ll •RETURNS(A) 

DIMENSION IND(4) 
COMPLEX PHI (4) tXItPHAS•Rlll2•2l tR012t2> tTUl2,2l •TIJ(2•2) •Al,A?t Bl• 
1B?.1CAl,CB1,cA2,c~2 

DO 2 J:l,4 
I? IND<Jl=l 

PHI(ll=-XI*CA2*~/A2 
PHI!2l=-XI*CR?OW/92 
PMI<3l=-XI*CA1*~/Al 
PHl(4l=-XI*CRl*W/~l 
I.JO l I=l14 
IF <REAL(PHI!T.ll*I02-Dl).(.:iT.?.O.l !N[J(l)1cO 
CONTINl.IE 

C FIND IF ALL CRITICAL ANGLtS EXCEEUED 
JJ=MAXO ( INO ( l l, IND (2), I N i) 13), IND('+) l 

C IF ALL EXCEEDED DROP INTE~FACE ANU HE!URN To [J U NEXT INTERFAC E 
I'° ( JJ.EQ 0 O l GO TO 200 
DO 100 I::1,4 

100 PHI<Il:PHJ(ll•D2 
tlo 101 K:l,2 
On 101 L:l,2 
RU(K•Ll=IND(Kl*INO(L)*RU(~,Ll*CEX~(PHl ( K)+PHI(Ltl 
RD(K,Ll=IND(K+2l*INO(L+2l*RO(K1Ll*CEX~(s(PHJ(K+2l+PHI(L+2Jll 
PMAS~PHI<Ll-PH11K+2l 
TU(K,Ll=lNO(K+2l*INn<Ll*TU(K,Ll*C~XP(PHASl 

101 TO(LtKl=INO(K+2l*INn(Ll*TU(L1K)*C~XP(PHASl 
RETURN 

200 Me:M-1 
RET URN A 
ii.ND 

Do l 2 I= 1, 2 
DO 12 J=l14 
IF (J.GE.31 GO TO 14 
TU(J 1ll=R<I+21Jl*V(Jl/V(J+2> 
GO TO 12 

14 RU(J-21Il:R(I+21Jl*V(J)/VII+2) 
} 2 CONTINUE 

RF TURN 
END 

SUBROUTINE SPLAT (W,D 1 d8,AB1FREQ,NL,A~ 
DIMENSION FREQ(l50l 
COMPLEX XB (150) 
COMPLEX 8R(l50)1XI,cA,CB,CC,sO 
TUPJ=2.*3.1415926 
XI=CMPLX<o.,l.l 

C CALCULATION OF SOURCE *IN~TRU ~ES~ONSt 
C THJS PROGRAM TAKES yNSTRU RESP =Bd AT FREUS:FRtQ CALCULATES EFFECT OF 
c SnURCE INCLUOING SllRFACE REFLE CTLON ANl:l IWn BUBBLE PULSES 
C MULTIPLIES INSTRU *SOUKCE RESP sTUTAL RBS~ 
C SHOCH WAVE + AU~BLES APPRUX BY IM~ULSES OVER FHEQ RANGE 
C O~ INTEREST IE UP TO 17 HL 
C A:RADIUS FOR CLLCULATIONS AROUND !O M 
C W:CHARGE SIZE IN LBS 
C D = DEPTH IN M 
C NL VAL UES OF XB=INSTRU RE~P ON IN~UTt~ B : ToTAL RESP ON OUTPUT 
c 
C SEE WEST0N 1960 

WT=W•*.3333 
HT=3.2A08•0 
AT:3 0 2808•A 
Hl:(2.•DY1SOO.l 
PER:4o36•~T/((HT+33 0 l**(5•/6.l) 

27 
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PMAX:3450 0 1>(WT/AT) 
TC8:9.''i8/(345fl.1>2.*( (Hl+3J.)1>*(1.16.))) 
XIMPl=PM~X1>2.i>TCB 

C SFC OND BllRB LE 
XIMP2=XlMPl/2.4 9 
PER:;;>=.72i>PER 

C SHOCK WAVE 
PS=?.J~l>(lOl>*4)1>(( Y T/Arl**l•l3) 
TCS:S H0 l>WTl>(lWT/ nT)1>1>(-,2c.!)) 

C CALC OF 50\J RCE SPECT RUM A 1~D TOl AL SPECTRUM 
On 10 L=l,"JL 
CA=l.-CEXP(XJi>T U Pl*F R E 0 (L~l>TR) 
CR:CEXP(XJl>T lJ Pii>FREQ(L)*PCR) 
Cc=cr:XP ( xr l>TIJP I *FREI'.\ ( L) l>PCR2) 
SQ=PSi>TCSi>CA+XI M Pli>CA~ CFl +~I ~ P21>CA*CC 

BR (L) :SOl>X R (Ll 
PRI NT 100, S1) , Hi:! (L),F RtrJ(L) 

ln CnNTT NU E 
l 0 o F 0 R ·~ AT ( S ( E 12 • 5 , 2X I I 

RET Uql\J 
END 

SUBROUTINE ~ULTC(A, R tCl 
COMPLEX Al?t?.l ,B(2,;>I tC( 2 •2) 
C ( 1, 1) :A ( l t l) * B ( l, l) +A ( l tc.!) *B (2' 1) 
C ( l, 2) :A ( l t l I l> R ( l, 2) +A ( l • t!.) 1> 8 ( 2 t 2) 
C (?., l) :A ( 2, l I i>R < l t l) +A ( 2 t ~) l> fl ( 2 t l I 
C (2,2) :A(?.• l) 1> 8 ( l t2) +A (2,C.:) l> fl (2t2l 
RET llR N 
t:N D 
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