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S A F A R I  

Seismo-Acoustic Fast  fleld Al- 
go r i t hm for  Range-Independent  
envi ronments  

User's G u i d e  
-- 

H. Schmidt 

Abs t rac t :  An efficient algorithm has been developed for solving the 
depth-separated wave equation in general fluid/solid horizontally stratified 
media. The algorithm has been built into a general-purpose package of com- 
puter codes called SAFARI. The package consists of three modules provid- 
ing plane wave reflection coefficients, cw transmission losses, and broadband 
pulse response. This document first describes the mathematical model for 
seismo-acoustic propagation in stratified media. Then the numerical solu- 
tion technique is outlined followed by a description of the three different 
SAFARI modules and their implementation. Finally, the actual use of the 
different modules is described, including a detailed discussion on the numeri- 
cal considerations that are crucial for successful use of this type of numerical 
model. SAFARI is applicable to a wide range of problems in many disci- 
plines, from seismology to ultrasonics. Here its use is illustrated by a series 
of examples from underwater acoustics. 

Keywords:  attenuation o beam propagation o fast field program o 
Green's function o normal mode propagation o nurnerical modelling o 
pulse propagation o reflection coefficient o SAFARI o seismic interface 
wave o seismo-acoustic propagation o stratified media o transmission 
loss o underwater acoustics o wave equation o wave propagation 
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1 - Introduction 

1. Introduct ion 

The seismo-acoustic environments encountered in nature are in general very com- 
plex. Sound velocity in the ocean varies with both range and depth due to changes 
in temperature, salinity and density, induced by solar heating, gravity, currents and 
eddies. The water depth can vary significantly, in particular near the shore and at 
the continental rise. In addition, the bottom will often be characterized by irreg- 
ular stratification and anisotropy. Since the seismo-acoustic propagation is highly 
dependent on the material properties, an exact computer modelling would require 
exact knowledge of the environmental properties to the smallest detail, which is 
of course prohibitive. Some ltind of approximation therefore has to be applied in 
order to obtain a physical model of the environment for which the wave equation 
can be solved numerically. Solution techniques such as the fmite-difference tech- 
nique [I] and the finite-element method [2] require only a few approximations of the 
environment. These techniques are therefore the most general, but the computa- 
tional requirements are extensive, in reality prohibiting their application to large 
scale propagation modelling. None of the more efficient techniques are applicable 
to the general problem since they are based on specific assumptions concerning the 
environment. The parabolic equation technique [3] can treat propagation in a range- 
dependent environment, but the shear properties of the ocean bottom are ignored 
and the results are only accurate for moderate grazing angles. One class of solution 
techniques requires the environment to be described by a physical model for which 
the wave equation is separable. This class includes the normal mode [4] technique, 
which, however, in most implementations ignores shear and is limited to propagation 
at grazing angles less than critical (by means of mode coupling, the normal mode 
technique may be applied to non-seperable problems as well [ 5 ] ) .  Another solution 
technique requiring the wave equatiion to be separable is the Fast Field (FFP) or 
full wavefield technique applied in SAFARI. This technique yields - at least in prin- 
ciple - an exact solution to the wave equation in a horizontally stratified fluid/solid 
environment. 

The principle of wave equation separation for horizontally stratified media was in- 
troduced in underwater acoustics by Pelteris [6], who treated the problem of acoustic 
propagation in plane layered waveguides using simple two- and three-layered envi- 
ronmental models. Later, Jardetzky [7] and Ewing, Jardetzky and Press [8] used the 
same technique to investigate seismic propagation in few-layered waveguides. The 
technique was to apply a series of integral transforms to the Helmholtz wave equa- 
tion to reduce the original four-dimensional partial differential equation (3  space 
dimensions and 1 of time) to a series of ordinary differential equations in the depth 
coordinate. These differential equations were then solved analytically within each 
layer in terms of unknown amplitudes which were determined by matching of the 
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1 - Introduction SACLANTCEN SR-1 13 

boundary conditions at the interfaces. The displacement and stress quantities were 
finally determined by evaluation of the inverse integral transforms. 

For the few-layered cases originally presented, the linear systelrl of equations in 
the unknown wavefield amplitudes, expressing the boundary conditions, can easily 
be solved analytically. For more complicated environmental models, however, this 
procedure is inconvenient and has to be replaced by a numerical technique. 

Traditionally, computation of the depth dependence of the field has been per- 
formed by means of propagator matrix methods as introduced by Thomson [9] and 
Haskell [lo]. The propagator matrix approach has the computational advantage that 
it only requires a small amount of computer memory due to its recursive nature. 
However, it was realized quite early that special numerical treatment is required in 
order to ensure numerical stability, and several modified propagator matrix schemes 
have been proposed. In general, however, these have resulted in much more time 
consuming codes. Further, the propagator technique is not well suited to problems 
where the field has to be determined at more than a single receiver depth. A review 
of the propagator approaches is given by Kenneth [ll] who himself introduced the el- 
egant invariant embedding formulation [12] which has the interpretational advantage 
that arrivals resulting from reflections from a single interface can be isolated. 

The propagator matrix approach has formed the basis of several application codes in 
both underwater acoustics [13] and seismology [14]. The so-called Fast Field program 
developed by DiNapoli [15] applies a very elegant recursive technique to determine 
the depth-dependent solution for many horizontal wavenumbers simultaneously, and 
is therefore extremely efficient. In contrast to the other techniques, however, the 
depth-dependent solution is approximate, and the technique is only applicable to a 
limited class of fluid problems. 

In SAFARI a direct, global matrix approach is taken to determine the depth de- 
pendence of the field solution, known as the depth-dependent Green's function. 
The SAFARI technique is in fact a general numerical implementation of the original 
solution technique of Ewing et al. [B], but implemented using efficient numerical 
techniques adopted from modern finite-element programs. 

In what might be termed a direct global matrix or 'finite wave element' approach, 
the wavefield in each layer is considered as a superposition of the field produced by 
an arbitrary number of sources and an unknown field satisfying homogeneous wave 
equations. These unknown fields are then determined from the boundary condi- 
tions to be satisfied simultaneously at all interfaces. The local boundary conditions 
at each interface lead to a linear system of equations in the Hankel transforms of 
the potentials in the adjacent layers. These local systems of equations are then 
straightforwardly assembled in a global system of equations expressing the bound- 
ary conditions at all interfaces simultaneously. The resulting global coefficient ma- 
trix is organized to be block-bidiagonal and diagonally dominant in close analogy 
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1 - Introduction 

to the global stiffness matrix arising in the finite-element method. Uncondition- 
ally numerically-stable solutions are determined efficiently by gaussian elimination, 
yielding the field in all layers simultaneously. 

Despite the analytical equivalence of the propagator and global matrix solutions for 
the depth-dependent Green's function, there are a number of import ant advantages 
of the latter technique for application to general wave propagation problems in 
underwater acoustics and seismology as well as in ultrasonics: 

r The field produced by multiple sources, e.g. in phased arrays, is easily deter- 
mined since the fields produced by the individual sources within a layer are 
simply superimposed, and no dummy interfaces are required at the source 
depths. 

a The field can be determined at any number of receiver depths in a single solu- 
tion pass, since the wavefield potentials are found in all layers simultaneously. 

r In contrast to the situation for techniques based on propagator matrices, 
mixed problems with fluid, solid and vacuum layers are readily treated in an 
efficient manner, as the global system of equations is set up to involve only 
non-vanishing potential functions. 

a Time consuming stability assurance problems do not arise, because they are 
removed automatically by choosing an appropriate coordinate system within 
each layer together with a specific organization of the global system of equa- 
tions. 

r The solution is unconditionally numerically-stable for any number of layers. 

r Due to the global nature, many operations can be vectorized, making the 
code efficient on modern array and vector processors, in particular in cases 
with many layers. 

These properties make the global matrix approach well suited for implementation 
in a general applications program like SAFARI, rendering it applicable to a large 
range of seismo-acoustic propagation problems in underwater acoustics, seismology 
and ultrasonics. 

Although the solution for the depth-dependence of the field is exact to within ma- 
chine accuracy, it is a common characteristic of all numerical models of the full 
wavefield type that they are not easy to use. They are what might be termed 'sci- 
entific' numerical models which require the user to possess a significant knowledge 
of the physics involved in wave propagation phenomena in stratified waveguides and 
at the same time be confident with numerical analysis. This is due to the fact that 
the evaluation of the inverse integral transforms has to be made numerically, which 
requires both truncation and discretization of the integration interval, both of which 
introduce errors and numerical artifacts which have to be reduced to insignificance. 
There are no general rules to follow, because the necessary sampling depends on the 
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1 - Introduction 

characteristics of the actual problem. This is particularly true in cases where only 
selected parts of the solution are of interest. The numerical integration therefore 
cannot be fully automated, but has to be controlled by the user. 

The present document is not intended for teaching waveguide propagation and nu- 
merical analysis to the new SAFARI user. Those topics are treated in many different 
textbooks. Thus the intention is solely to present a self-contained user's guide which 
should introduce the new user to the SAFARI model and at the same t i ~ n e  act as a 
reference manual for the experienced user. 

In order to describe the basic assumptions underlying the SAFARI codes, the ~na th -  
ematical model for wave propagation in stratified media is first outlined. Secondly, 
the numerical implementation of the mathematical model is discussed in detail, pre- 
senting first the global matrix solution technique particular to SAFARI and then the 
different numerical integration schemes available for evaluating the total field. In 
the third part, the implementation of the three basic SAFARI modules is discussed 
in general terms; the precise procedure of course depends on the actual installation. 
Finally, the last and most important part treats the process of running the codes, 
including preparation of input files and the necessary numerical considerations con- 
cerning the numerical integrations in particular. The actual use is illustrated by 
a series of characteristic numerical examples from underwater acoustics. Applica- 
tions of SAFARI to other problems, both from seismology and ultrasonics, are given 
in [16-271. 
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2 - The environmental model 

2. The environmental model  

The mathematical description of the seismo-acoustic propagation used in SAFARI 
requires the environment to be represented as a horizontally stratified medium as 
illustrated in Fig. 1. All interfaces are plane and parallel, and the layer properties 
are range-independent. The layers, including the upper and lower half'spaces, may 
be either viscoelastic solids or fluids, or they may be empty space, i.e. vacuum. 

Layer 1: Upper 
halfspace 

Xnbrface 1 + 
Xnterfaoe Z - 

I Layer m 
InWacs m - Layer m+l  

I Layer N: Lower 
halfspace 

Fig. 1. Horizontally stratified environment. 

The solid layers are required to be homogeneous and isotropic with Lam4 constants 
X and p and density p.  The corresponding compressional wave speed is 

and the shear speed is 

In order for the solid medium to have positive compressibility, it is required that the 
bulk modulus, K = X + Qp, be positive. A physically realistic material therefore 
requires 
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2 - The environmental model 

In the fluid layers the density p must be constant, whereas the nonvanishing Lam6 
constant X is allowed to vary with depth according to the linear law: 

which corresponds to the following depth dependence for the sound speed, Eq. ( I ) ,  

The special case of a homogeneous fluid medium corresponds to a = 0.  
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3 - The mathematical model 

3. T h e  mathematical model 

Only two-dimensional propagation problems can be treated by the standard SAFARI 
package, although a special three-dimensional version has been developed [28]. Thus 
the seismo-acoustic field has to be either plane or axisymmetric, restricting the 
sources to be either line sources perpendicular to the plane of propagation or omni- 
directional point sources placed on a common vertical axis. In underwater acoustics 
the last type is the most common, and therefore we here describe the mathematical 
model for the axisymrnetric case. The corresponding model for the plane case is 
described in [21]. 

The full wavefield solution technique is based on the fact that for a horizontally 
stratified environment, it is possible to obtain exact integral representations for the 
field within each layer in terms of a set of unknown coefficients. These coefficients 
are found by matching the boundary conditions simultaneuosly at all interfaces, and 
the total field is determined by evaluation of the integral representations. In this 
section the basic principle of the solution of the wave equation by depth-separation 
is first described. Then the resulting field representations will be given for both fluid 
and solid media, and finally the pertinent boundary conditions are discussed. The 
actual numerical implementation is discussed in Sect. 4. 

3.1. THE DEPTH-SEPARATED WAVE EQUATION 

A cylindrical coordinate system {r, 0, z) is introduced, Fig. 1, with the z-axis pass- 
ing through the sources, making the field independent of azimuthal angle 8. For 
the isotropic media considered here, the seismo-acoustic wavefield can then be ex- 
pressed in terms of scalar wavefield potentials Q(r, z, t), which satisfy the linear wave 
equation 

1 a2 (v2 - --) c(r, 2)2 at2 Q(T, z, t) = F#(T, z, t). 

Here C(T, z) is a wave speed and F,(r, z, t )  a forcing term which in the present case 
is due to the seismo-acoustic sources. We now utilize the Fourier transform pair 

1 -  
f (Y) = - / ~ ( t ) e - ~ ~ ~  dt, 

2n -, 
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3 - The mathematical model 

When the unknown coefficients are found, the total field at the angular frequency w 
is found at any range r by carrying out the inverse Hankel transform, Eq. (13). Sim- 
ilarly, the time response is determined by evaluating the inverse Fourier transform, 
Eq. (8). 

The basic property of the full wavefield solution technique is to restrict the depth 
dependence of k & ( z )  to cases where Eqs. ( 1 4 )  and ( 1 5 )  can be solved analytically, 
limiting the numerical effort to determining the unknown coefficients A- ( k )  and 
A + ( k )  from the boundary conditions and to evaluating the inverse integral trans- 
forms. 

In the following, the analytical field representations will be given for the media 
included in the SAFARI model, followed by a discussion of the boundary conditions 
to be satisfied at the interfaces. 

3.2. HOMOGENEOUS FLUID MEDIUM 

For an ideal fluid, the equation of motion for angular frequency w is easily shown 
to be satisfied if the displacements are expressed in terms of a scalar displacement 
potential as 

where u and w are the radial and vertical components, respectively, and the potential 
@(r ,  z )  satisfies the wave equation, Eq. (9). The depth dependence of the field is 
therefore of the form given by Eq. (16). 

In the case of a homogeneous fluid layer, the medium wavenumber is 

i.e. the compressional velocity c, is constant not only in range but also in depth, and 
the homogeneous solutions obtained from Eq. ( 1 5 )  are simply exponential functions, 

where 
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3 - The mathematical model SACLANTCEN SR-113 

If no sources are present in the layer, the total field then follows directly from Eq. (13) 
as 

r m  

In physical terms, Eq. (23) is a decomposition of the total wavefield in upgoing (eQZ) 
and downgoing (e-"') conical waves with horizontal wavenumber k. 

The boundary conditions for fluid layers , discussed in Sect. 3.5, involve the vertical 
displacement w and the normal stress u,, (equivalent to negative pressure in a fluid 
medium). The vertical displacement follows from Eq. (18) ,  

whereas the normal stress follow from Hooke's law, 

2 uz,(r, Z) = X V ~ @ ( T ,  z) = -pw + ( T ,  z)  = -pw [A-e-"" + A+eQz] Jo(kr)k dk. 

If a source is present in the layer, the particular solution to Eq. (14) has to added. 
In the case of an omnidirectional point source, the term f,(z, w )  in Eq. (11) takes 
the form 

f,(z,w) = -Sw6(~  - z,), (26) 

where Sw is the source strength and z, is the source depth. It can be shown [30], 
that in this case the particular solution to Eq. (14) is 

and the corresponding source contribution to the total field again follows from 
Eq. (131, 

A f: la3 e-aI-zal 
@(T, Z )  = - Jo(kr)k dk. 

If more sources are present in the layer their contributions are simply superimposed. 
The displacements and stresses are derived analogously to Eqs. (24) and (25) and 
become 

s w  W(T, z) = - - sign(z - z,)e-QIZ-Z* I ~ o ( k r ) k  dk, 
47r /om (29) 

A Supw2 La e - a L - z a  I 
U ~ ~ ( T ,  2) = - - Jo(kr)k dk. 

4x 
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3 - The mathematical model 

3.3. INHOMOGENEOUS FLUID MEDIUM 

In a real ocean environment the sound velocity varies with depth, and it is well 
known that this variation has significant impact on the acoustic propagation. The 
ocean waveguide can therefore not in general be represented by a single homogeneous 
fluid layer. It can be shown, however, that if the range-independent ocean waveguide 
is represented by an increasing number of homogeneous layers, a numerical solution 
based on the field representation for homogeneous layers will converge towards the 
correct solution. However, a satisfactory convergence requires the layers to be less 
than one quarter of a wavelength thick. Such a technique is therefore only convenient 
for low frequency propagation in shallow water, and modelling of deep water or high 
frequency propagation does require some sort of velocity profile to be incorporated. 

Since it is still necessary that Eq. (14) can be solved analytically it is obvious that the 
ocean cannot in general be represented by a single layer, but has to be approximated 
by a series of layers, within which the depth dependence of the field has an analytic 
representation. A few examples of sound speed interpolation functions for which this 
is possible are given in [15]. However, the actual choice of interpolation function is 
not very critical since the profile is usually measured at discrete depths with a finite 
uncertainty. In the SAFARI code the solution corresponding to the sound-speed 
variation given in Eq. (5) has been implemented. In this case the homogeneous 
depth-separated wave equation, Eq. (15)) becomes 

By introducing the variable transformation, 

C = c-2l3(C% + d) 

= ( p ~ ~ a ) - ~ / ~ ( k ~  - po2(az + b)),  

the following equation is obtained: 

This is a special form of the Bessel differential equation, for which two independent 
solutions are the Airy functions At(() and Bi((), [29]. Independent homogeneous 
solutions to Eq. (31) are therefore 

Qt(k, r )  = ~ i ( c - ~ / ~ ( k '  - (CZ + d)), 

Q-(k, Z )  = ~ i ( c - ~ / ~ ( k '  - (CZ + d)). 
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3 - The mathematical model 

The total field at angular frequency w is again obtained by evaluation of the inverse 
Hankel transform, Eq. (13), 

@(T,  I) = Lm[A+Ai(() + A- Bi(()]Jo(kr)k dk, 

with the corresponding displacement and stress given by 

W(T,  Z )  = -c ' I 3  Ail(() + A- Bil(()]Jo(kr)k dk, 

c,,(T, Z)  = -pw [A+Ai(C) + A-  Bi(C)]Jo(kr)k dk, Im 
where a prime denotes the derivative with respect to the argument. 

When a source is present in the layer the corresponding particular solution to 
Eq. (14) again has to be added. However, even in the case of a point source it is 
not straightforward to find such a particular solution. We will apply a small 'trick' 
to obtain analytical representations for the depth dependence of the field produced 
by a point source at depth Z, in an infinite medium with the sound velocity given 
by Eq. (5). A thin homogeneous layer of thickness e with sound speed c, = c,(z, )  
is introduced containing the source, Fig. 2. In the limit e -+ 0, the solution of this 
layered problem converges to the solution of the original problem. 

Fig. 2. Point source in inhomogeneous fluid medium. 
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3 - The mathematical model 

This 3-layer problem is solved in exactly the same way in which the general multi- 
layered problem is solved in SAFARI. As an illustration of this solution technique, 
we shad here go through the details. In Fig. 2 the sound speed variation is shown 
for the case in which a > 0, i.e. lirn,,, c,(z) = 0 and lim,,-b/, c , ( z )  = oo. The 
argument 6 to the Airy functions, Eq. (32), therefore has the limits 

lim C = -oo, 
Z+00 

lim 6 = oo. 
2,-00 

Since no sources are present in the two halfspaces, the field in both is given by 
Eq. (36). The field, however, must satisfy the radiation condition for z + f oo, 
which immediately reduces the number of unknown coefficients. Since the field 
must be limited and Lim(,, B i ( 0  = oo, the depth dependence of the field in the 
upper halfspace must be of the form 

Similarly, the radiation condition requires that only downgoing waves exist for z -+ 
oo. Because of the asymptotic behaviour of the Airy functions for C -+ -oo [29], it 
is required that the field in the lower halfspace be 

For the intermediate isovelocity layer, the depth dependence of the field is directly 
obtained from Eqs. (20), (21) and (27) as 

The next step is to satisfy the boundary conditions of continuous vertical displace- 
ment and stress at the two interfaces, which are so close together that they can both 
be considered to be at depth z,, leading to the following system of equations: 

s w  
--A;A~(C,) + (A; + A:) = - - 47ra ' 
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All terms involving the coefficients A; and A: are easily eliminated by pairwise 
addition, and the resulting two equations give the following solutions: 

The source field representations for the case where the sound speed increases with 
depth, i.e. a < 0, can of course be determined in the same way, but it can also be 
determined right away by symmetry considerations. The choice of depth axis z is 
arbitrary, and we can therefore perform the variable transformation z -r -2 .  This 
will also change the sign of a in Eq. ( 5 ) ,  and, as can be observed from Eq. (32), C is 
then invariant to this transformation, and the results above are therefore still valid; 
they just have to be interchanged between the two halfspaces. The field produced 
by a source in an inhomogeneous fluid layer therefore has the integral representation 

a(z  - z,) 2 0. 

The resulting stresses and displacements are derived as they are for the homogeneous 
case. Note that, as was the case for a source in a homogeneous layer, the kernel 
in the integral representation for 3 ( r ,  z )  is continuous at the source depth, but the 
depth derivative is discontinuous. If more sources are present, their contributions 
are simply superimposed. 
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3.4. HOMOGENEOUS SOLID MEDIUM 

For a homogeneous and isotropic elastic solid, it can be shown [8], that the equation 
of motion is satisfied if the displacements are expressed in terms of scalar potentials 
($1 '@I 85 

where the potentials in the absence of sources satisfy the uncoupled homogeneous 
wave equations 

c, and c, being the compressional and shear velocities, respectively, given in terms of 
the Lam6 constants in Eqs. (1) and (2).  Both these equations are of the same form 
as Eq. (6) and can therefore be depth-separated. As in the case of a homogeneous 
fluid, the constant wave speeds lead to simple exponential functions in depth, and the 
potentials therefore have the following integral representations for angular frequency 
0: 

( r ,  z) = [A-e-a' + A+eaz] Jo(kr)k dk, 

g( r ,  z) = l o O [ ~ - e - o z  + B+eoZ] ~ ~ ( k r )  dk, 

where 

The medium wavenumbers h,  and k, are for compressional and shear waves, re- 
spectively. By means of Eqs. (51) and (52), the following integral representations 
are obtained for the displacements, 

w(r, I) = lo [-aA-e-" + aAf e"' + k ~ - e - ~ '  + k8+eP'] Jo(kr)kdk, (60) 
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and the normal stress a,, and tangential stress a,, follow from Hooke's law, 
aw au 

a,, (r, 2) = (A  + 211) - + a2 

In a solid medium, integral representations for several types of sources can be de- 
rived, including point forces and force couples. A number of examples are given by 
Harkrider [31]. In the SAFARI code, two source types are available for solid media. 
One is a compressional point source equivalent to the one used in fluid media. The 
compressional point source involves the compressional potential 9 only, with the 
integral representation 

A m e - a ( z - z , l  

a 
Jo(kr)k dk. 

The corresponding displacement and stresses again follow from Eqs. (51),(52) and 
Hooke's law: 

h sign(z - z,)e-aIz-za I ~O(kr)k dk, 

e - a J z - z 4  I ?'' l m ( 2 k 2  - kk) Zz,(r, 2) = - Jo(kr)k dk, 
a 

The second implemented source type is a vertical point force, with the following 
integral representations for the potentials [8] : 

A 

sign(z - Z , ) ~ - ~ I ~ - " ~ I  ~ O ( k r ) k  dk, 
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Jo(kr)k dk. 

Integral representations for the displacements and stresses are again obtained from 
Eqs. (51),(52) and Hooke's law: 

00 

sign(. - z.)k [ e - a I z - z # I  -  P PI'-^* I] Jl(kr)k dk, (70) 

h 

47r k'p-le-f l~~-~*l]  Jo(kr)k dk, 

A 

Q T Z ( ~ ,  2) = 2 4a loo [2kae -a lz -z*  1 - (k3p-I + k@)e-~l~-'#l] JI (kr)k dk. (73) 

3.5. BOUNDARY CONDITIONS 

The field at each interface now has two distinct integral representations, one from 
the layer above and one from the layer below. Depending on the type of interface, 
a certain set of boundary conditions has to be satisfied. 

o If the interface is separating two fluid layers, the vertical displacement w and 
the normal stress a,, have to be continuous. If one of the media is a vacuum, 
the normal stress a,, must vanish. 

a If one of the layers is solid and the other is a vacuum, both a,, and a,, 
must vanish, whereas the fluid/solid interface requires that w and a,, must 
be continuous and a,, must vanish. 

At a welded interface between two solid media, w, u, a,, and a,, all have to 
be continuous. 

The boundary conditions for the different types of interfaces are summarized in 
Table 1. 

Since the boundary conditions have to be satisfied at all ranges r,  it is obvious that 
they must be satisfied by the kernels in the integral representations as well. The 
radiation conditions for z -+ f oo together with the conditions to be satisfied at all 
interfaces simultaneously, lead to a linear system of equations in the unknown kernel 
coefficients A-, A+, B- and B+. In principle, this system has to be solved for all 
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Table 1 
Boundary conditionsa 

Field parameter 

" Symbols used: =, continuous; 0, vanishing; -, not in- 
volved. 

values of the horizontal wavenumber k ,  and the total field can then be determined 
by evaluating the inverse transforms. Except for a few trivial cases, however, both 
the solution of the linear system of equations and the evaluation of the inverse 
transforms have to be done numerically, requiring truncation and discretization of 
the horizontal wavenumber axis. 

3.6. ATTENUATION 

It is well known that sound propagating in the ocean bottom undergoes a significant 
attenuation due to the dissipation of seismo-acoustic energy into heat. It is there- 
fore crucial to a realistic prediction of the propagation characteristics that volume 
attenuation be taken into account. In the present full wavefield solution technique 
this is straightforwardly done as shown below. 

Assume a plane harmonic wave of angular frequency w propagating in a homogeneous 
medium along the positive x-axis of a cartesian coordinate system. With the present 
choice of time-frequency transform pair, Eqs. (7),(8), such a wave has the form 

where k, is the medium wavenumber for either compressional or shear waves and 
A is the amplitude. If k, is real, this wave has constant amplitude for all ranges x.  
It  can be shown (321, however, that viscoelastic attenuation can be accounted for by 
letting the medium wavenumber k, be complex, i.e. 
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By applying the forward transform, Eq. ( 7 ) ,  to the wave equation, Eq. ( 6 ) ,  the 
frequency domain wave equation is obtained: 

where w is the angular frequency and km(r,  2) is the medium wavenumber, 

Since the environment is range independent and the sources are confined to the 
vertical axis, Eq. (9) can be rewritten as 

In the following the w dependence will be generally suppressed. 

Next, we employ the Hankel transform pair 

roo 

where k is the horizontal wavenumber, and apply the forward transform, Eq. (12), 
to Eq. (ll), obtaining the depth-separated wave equation 

i.e. an ordinary differential equation in depth. The solution is the sum of a particular 
solution s ( k ,  t) to Eq. (14) and any linear combination of the two independent 
solutions 9-(k,  z )  and 9 + ( k ,  z) to the homogeneous equation 

The total solution for the depth dependence of the field, the so-called depth-depen- 
dent Green's function, is therefore 

where A-(k) and A+(k) are arbitrary coefficients to be determined from the bound- 
ary conditions. The particular solution to Eq. (14) is most conveniently chosen to 
be the field produced by the sources in the absence of boundaries. 
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Then the wavefield becomes 

F ( ~ ,  t )  = ~ ~ - 6 k r n ~ ~ i ( w t - k r n ~ )  

Now the amplitude is decaying exponentially in range as is required for linear vis- 
coelastic fluid and solid media. Since the full wavefield solution technique is based 
on plane-wave decomposition as described above, it is obvious that a viscoelastic 
attenuation is taken into account by letting the medium wavenumbers and therefore 
also the Lam6 constants be complex: 

- 
X = X + iX', 

ji = p + ip'. 

It has been experimentally observed [8,32], that most solid media exhibit an atten- 
uation that increases linearly with frequency, i.e. 6 = const. For these solids, 

where Qc and Q, are constants. By inserting the complex Lam6 constants in Eqs. (1) 
and (2), we get from Eqs. (10) and (75) the following value of 6 for compressional 
and shear waves respectively, assuming Q,, Q, >> 1: 

In underwater acoustics it is more common to express the linear frequency-dependent 
attenuation in dB /A (where A is the wavelength): 

F(x + A, t )  27.29 y = -2010g = -20 log [e-6kmA] = 40~61og e 2. - Q (83) 

Although the solution technique is valid for any value of the attenuations, these 
must be physically meaningful. Thus it is required that a pure dilatation of a solid 
medium does not produce energy. Therefore the bulk modulus, K = X + iCr1 must 
have a positive imaginary part, which is easily shown to require 
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The linear-elastic fluid media are merely limiting cases of solids with p + 0, and 
the attenuation is therefore introduced accordingly. 

In addition to the volume attenuation described above, scattering at rough inter- 
faces also attenuates the stress waves in stratified environments. Since the depth- 
separation solution technique requires all interfaces to be plane and parallel, a deter- 
ministic treatment of rough surface scattering is not possible by means of the present 
method. Such a deterministic treatment is, however, only of academic interest, since 
the roughness appearing in nature is either rapidly changing (as in the case of ocean 
surface waves) or is not sufficiently well described to permit direct modelling. The 
statistical roughness characteristics, on the contrary, are relatively slowly varying 
and can be more easily determined even for the ocean bottom. 

If the roughness is small compared to the acoustic wavelength involved and the 
roughness characteristics are stationary in both space and time, it is possible by 
means of a perturbational approach to modify the boundary conditions in such a 
way that the effect of the roughness on the coherent (mean) part of the field can be 
taken into account by the present solution technique. Such a technique, originally 
developed for fluid media only, has been generalized to interfaces between solid 
media and implemented in the SAFARI code [25 ] .  The actual perturbation theory is 
not of importance to the general use of the code, and therefore only the underlying 
assumptions concerning the roughness characteristics will be given here. For details 
reference is made to [25 ] .  

The interface elevation at a point with the horizontal coordinates given by the vector 
r is y(r) .  This function is only determined in terms of its correlation function N(R) ,  
defined by 

( 1  = ( Y ( ) Y ( ~ ) ) ,  R = rl - r2 (85) 

or in terms of the two-dimensional Fourier transform of the interface-roughness 
power spectrum P(s) ,  

where (y2)  is the rms value of the roughness. In SAFARI only isotropic roughness 
can be treated, i.e. the interface correlation depends only on the horizontal distance 
I RI between two points, not the direction. Further, the spectrum - of course also 
isotropic - is assumed to be gaussian: 

where L is a characteristic correlation length for the interface roughness. The inter- 
face roughness statistics are therefore described entirely by the rms roughness (y2)  
and the correlation length L. These parameters may, of course, vary from interface 
to interface. For the perturbation expansion to be valid, it is required that y /L  < 1. 
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4. Numerical solution technique 

The numerical solution of the full wavefield problem divides naturally into three 
parts. First the depth-dependent Green's function is found at a discrete number of 
horizontal wavenumbers for the selected receiver depths. Secondly, the wavenumber 
integral, Eq. (13), is evaluated, yielding the transfer function at the selected depths 
and ranges. Finally, upon repetition of the first two steps at selected frequencies, 
the frequency integration, Eq. (8), is performed to yield the total response in time. 

It is clear that the three steps are not independent. In particular, the frequency and 
wavenumber sampling cannot be chosen arbitrarily, but have to satisfy the require- 
ments of the sampling theorem. The frequency interval depends on the bandwidth 
of the source and the time window must be sufficiently large to contain the whole 
signal in order to avoid wrap-around, which again imposes requirements on the fre- 
quency sampling. Similarly, the wavenumber sampling must be sufficiently large to 
allow accurate integration of the often rapidly varying and oscillating integrand in 
Eq. (13). 

Depending on the timelfrequency and rangeldepth requirements, the determination 
of the depth-dependent Green's function may have to be performed a substantial 
number of times. The efficiency of the code is therefore highly dependent on this 
part, and it is precisely here - in the global matrix approach - that the SAFARI code 
differs in computational approach from recursive propagator matrix techniques used 
in earlier codes of the same type. 

The global matrix solution technique forms the basis for all three SAFARI modules. 
SAFARI-FIPR calculates plane-wave reflection coefficients for an arbitrarily strati- 
fied halfspace. SAFARI- F I P first calculates the depth-dependent Green's function 
and then evaluates the wavenumber integrals to obtain the single-frequency seismo- 
acoustic field at selected receiver depths and ranges. The last module, SAFARI-FIPP, 
performs the same operation for a number of frequencies, and after weighting with 
a source spectrum it determines the pulse response at any receiver by evaluating 
the frequency integrals. In this section we will describe in detail the numerical 
techniques applied in all three program modules. 
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4.1. DEPTH-DEPENDENT GREEN'S FUNCTION 

The use of digital computers for numerically solving field problems in continuous 
media in general requires some kind of discretization. One possibility is to set up 
the exact field equations for the continuum and subsequently find an approximate 
solution by discretization of the equations. This is the approach taken in finite 
difference techniques. The other possibility is to discretize the medium itself and 
then in effect let the computer numerically determine an exact solution to this now 
approximate problem. The best-known example of this latter approach is the fi- 
nite element method [2]. This technique is based on the division of the continuum 
into finite blocks or elements connected to each other at a finite number of discrete 
nodes. Exact local solutions for the single elements, together with the continuity 
between the elements, concentrated in the nodes, lead directly to an exact solu- 
tion for the approximated global problem. This, however, requires the solution of 
very large linear systems of equations in the unknown degrees of freedom (typically 
node displacements). The unavailability of sufficient computing power until the last 
decade delayed the widespread use of this powerful technique, which today is the 
most widely employed methodology in structural and fluid mechanics, for example. 

In this regard, it is easily observed [19,23] that the integral transform solution of 
the wave equation for horizontally stratified environments is of the 'finite element ' 
category. The local expressions for the depth-dependent Green's function are exact 
within each layer (element), and thus an exact global solution can be obtained 
directly from the boundary conditions to be satisfied at all interfaces (nodes). It 
is therefore not surprising that the numerical implementation can be performed in 
close analogy with the finite element method using efficient numerical tools created 
within the last decades. 

In order to develop this analogy formally, the basic properties of the finite element 
method will be briefly outlined at this point. For details reference is made to the 
pertinent literature [2]. 

The simple static element in Fig. 3a is chosen as a representative example. It has 
four degrees of freedom, here the four independent node displacements {u), = 
{ul, u2, u3, u4). The corresponding node forces {p), = {pl , p2,  p3, p4) are then 
given by 

{P), = [klm{u)m, m = 172..  .N ,  (88) 
where [k], is the local element stiffness matrix and the subscript refers to the actual 
element number. N is the total number of elements. As the nodes are in general 
common to more elements, it is here convenient to introduce a global degree-of- 
freedom vector { U )  defined by 

where [ L ] ,  , a topology or connectivity matrix for element m, is an extremely sparse 
matrix with only four non-vanishing elements equal to unity. The mapping de- 
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a) Finite element 

Element 

b3 Finite wave element 

--- 
Lay- 

Fig. 3. Analogy to finite element method: (a) finite element with four 
degrees of freedom; (b) finite wave element with four degrees of freedom. 

fmed by Eq. (89) directly reflects the connectivity conditions governing the globally 
assembled element sys tem in question. 

At this point a variational principle, often Hamilton's principle of stationary energy, 
together with Eqs. (88),(89) leads to the following linear system of equations having 
to be satisfied: 

[KI{U) = {R)' (90) 
where [K] is the global stiffness matrix 

and {R) is the global external force vector 

The local vector {T), represents the external forces acting on element number m, 
again concentrated in the nodes. 
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It is not necessary here to go into details concerning the actual implementation of 
the finite element equations, but it is important to note the structure of the global 
system of equations, Eq. (90). Since the topology matrices contain only zeros and 
ones, the matrix multiplications in Eqs. (90) and (91) never need to be performed, 
but can be replaced by a set of indices (pointers) indicating the row and column of 
the global stiffness matrix where each element of the local ones have to be added. 
The actual generation of the global stiffness matrix can therefore be performed very 
efficiently once the local ones have been determined. 

Returning to the determination of the depth-dependent Green's function in stratified 
media, the fact that the horizontal range dependence has been removed by the 
depth-separation yields the possibility of effectively representing each layer as a 
one dimensional 'finite wave element', as shown in Fig. 3b, in formal analogy to the 
standard finite element discussed above. The degrees of freedom for this element are 
simply the amplitudes A;, AA, B; and BL of the conical waves in layer number m. 
These are conveniently collected in a local degree-of-freedom vector {a(k)),, where 
k is the horizontal wavenumber: 

If the kernels for the field parameters involved in the boundary conditions are ex- 
pressed in vector form as 

the following matrix relation is obtained for the homogeneous part of the solution 
in layer number m 

The local coefficient matrix [c(k, z)lm is a function of the horizontal wavenumber k 
and the depth z. For the homogeneous layers the depth is involved in the exponential 
functions only, and in these cases the coefficient matrix can be factorized as 

where [d(k)lm is a depth-independent matrix containing only simple functions of k, 
and [ e (k ,  z], is a diagonal matrix containing the exponentials. 
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The kernels for the source field {ii(k, z)), are now superimposed with the kernels 
for the homogeneous solution, and the continuity of the field parameters at interface 
number m separating the layers in and m + 1 can then be expressed as 

where the depth r of the interface has been removed and replaced by a superscript 
indicating the interface number. If Eq. (97) is rewritten as 

{ v ) }  - { ~ ( k ) } + ~  = { ( k ) } + l  - { ( k ) } ,  m = 1 , 2 . .  . N - 1, 

it expresses the cancellation of the discontinuity in the source field by the discon- 
tinuity in the homogeneous solution. The interface discontinuity vector { ~ ( k ) ) ~  is 
therefore introduced as 

and similarly for the source field discontinuity vector {G(k))". 

In order to assemble the local equations, Eq. (98), into a global system, the global 
degree-of-freedom vector {A(k)) in the upgoing and downgoing wavefield amplitudes 
is first introduced, defined by the unique local-to-global mapping 

After insertion of Eqs. (95) and ( l o o ) ,  the discontinuity vector, Eq. (99), takes the 
form 

We now introduce a second unique mapping, collecting the local field discontinuity 
vectors {v(k)Im into one global discontinuity vector {V(k)), 

which after insertion of Eq. (101) becomes 

Similarly the global source-field discontinuity vector {c(k)}  is 
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Loca l  coef f ic ient  mat r ix  [c]: Pointer  m a t r i x [ l ] l  

R O W  - n o .  I 

Global  coef f ic ient  mat r ix  [c] 

Fig. 4. Mapping between local and global coefficient 
matrices by means of row and column pointers. 

The global cancellation of Eq. (103) by Eq. (104) therefore requires the following 
linear system of equations to be satisfied: 

where [C(k ) ]  is the global coefficient matrix 

As can be observed, the global system, Eq. (105), is very similar to the finite element 
system, Eq. (90). The mapping matrices [TIm and [S], are equivalent to the topol- 
ogy matrices [ L ] ,  defmed for the finite element method in Eq. (89). However, due 
to the fact that the governing boundary conditions for the wave equation are not set 
up in the unknowns directly, but in derived quantities, two sets of topology matri- 
ces are needed here: one for the local-to-global mapping of the degrees of freedom, 
i.e. the wavefield amplitudes, and one for the physical parameters, i.e. displacenlent 
and stresses involved in the boundary conditions. 

Report no. changed (Mar 2006): SR-113-UU



4 - Numerical solution technique 

The matrices [S], and [TIm are extre~nely sparse, containing only zeros and ones. 
Since the mappings of Eqs. (100) and (102) are unique, the corresponding sum- 
mations and matrix multiplications in Eqs. (104) and (106) need never actually be 
performed but can be replaced by a unique set of pointers, connecting the elements 
of the local systems with those of the global system, as illustrated in Fig. 4. As is 
the case in finite element programs, the topology matrices are therefore never set up 
in the actual computer code. Their formal use in Eqs. (104) and (106) is, however, 
very convenient in the general fluid/solid/vacuum case. The topology matrix [S], 
is set up to include only the non-vanishing wavefield amplitudes, e.g. in the upper 
and lower halfspaces only those corresponding to upgoing (A+, B+)  and downgoing 
(A-, B - )  waves respectively, and in fluid media only A- and A+. Similarly, [TIm 
is set up to include only the actual number of boundary conditions at interface m, 
as described in Sect. 3.5. This ensures that the global coefficient matrix is a square 
matrix and also reduces the total number of equations and unknowns compared to 
the purely solid case. 

The pointer indices defined by the mappings of Eqs. (100) and (102) depend solely 
on the number of unknowns within each layer and the boundary conditions at each 
interface. They are therefore both frequency and wavenumber independent and can 
be determined a priori. 

In this notation, the set-up of the global coefficient matrix requires only the calcula- 
tion of the elements of the local coefficient matrices [ ~ ( k ) ] , ,  followed by the indexed 
move defined by the mappings given in Fig. 4. The subsequent solution of Eq. (105) 
then yields the unknown wavefield amplitudes in all layers simultaneously. 

Although the global system of equations, Eq. (105), is analytically well conditioned, 
apart from poles corresponding to normal modes and interface waves, its numerical 
solution is not necessarily stable. However, by choosing the mappings such that 
the coefficient matrix becomes block-diagonally dominant it is possible to ensure 
unconditionally stable solutions using gaussian elimination with partial pivoting. 
This important feature will be discussed in the following. 

The difference in absolute dimension between the displacements and stresses can 
yield a difference of several orders of magnitude between the coefficients in the cor- 
responding rows for both the local and global systems. As is well known in such 
cases, simple gaussian elimination, with or without partial pivoting, will not guaran- 
tee unconditional numerical stability. In the SAFARI implementation, the coefficient 
matrices are therefore scaled to make all elements physically dimensionless. 

Although from a theoretical point of view the origin of the depth axis can be chosen 
arbitrarily, its choice is quite critical for the numerical stability. The Airy function 
solutions for the inhomogeneous fluid layers are invariant to the choice of origin, 
but this is obviously not the case for the isovelocity layers. First of all, a common 
origin for all layers is inconvenient due to the limited allowed arguments to the 
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exponential functions. A local origin is therefore used for each layer, but this still 
does not ensure numerical stability for large layer thicknesses and large horizontal 
wavenu~rlbers where the real parts of arguments to the exponential functions become 
significant (the evanescent regime). In these cases argument overflow may of course 
appear, but even before this happens numerical instability may appear due to the 
fact that the difference between the growing and decaying exponentials exceeds the 
machine precision. This problem can be avoided by factorizing out the exponential 
functions growing in depth [33], but unconditional stability can also be obtained 
by very simple means not requiring any additional computational effort, just by 
observing the physical significance of the problem and adopting a numerical 'trick' 
from the finite element technique. This is the key to the efficiency of the SAFARI 
code and will therefore be discussed at this point. 

The physical significance of the evanescent regime for a certain layer is that the 
wavefield in the absence of a source is a superposition of two exponentially decaying 
fields, one arising from a non-vanishing field at the interface above, the other from 
the interface below. Now assume that sources are only present above the actual 
layer. Then the field decaying away from the lower interface (eUZ) can only be due 
to 'reflection' from this interface of the field decaying away from the upper interface 
( e - a Z ) .  If, however, the layer is very thick or the horizontal wavenumber is large, 
the amplitude at the lower interface of the downwards decaying field is insignificant, 
and the upwards decaying field will be practically non-existent. In other words, the 
layer containing the evanescent field will behave exactly like an infinite halfspace. 

It is obvious that numerical stability can be obtained in these cases if the environ- 
mental model is truncated by replacing the thick layer by an infinite halfspace. This 
would, however, introduce significant book-keeping problems and rearrangements of 
the global system of equations, seriously affecting the computation time. 

Instead it is possible to take advantage of the knowledge about the vanishing up- 
wards decaying wavefield in another way, simply adopting a numerical trick from 
implementations of the finite element technique. If a certain node displacement is 
known to vanish it is not removed from the degrees of freedom; instead the corre- 
sponding diagonal element in the global stiffness matrix is set to a very large number. 
This automatically ensures that the node displacement obtained by the solution will 
vanish numerically. 

In the present case we know that the amplitude of the upward-decaying field must 
vanish. This could be accomplished by placing a large number in the correspond- 
ing diagonal element in the global coefficient matrix. Again, however, complicated 
book-keeping is involved. The same result can be obtained almost free of charge 
in the following way. First the interface above the layer is selected as the local 
origin for the depth axis. This removes the exponential functions from the local 
coefficient matrix at this interface. Then the argument to the exponential func- 
tion is truncated at a value close to the maxiinum allowed for the actual computer. 
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This avoids overflow problems and at the same time yields very large numbers in the 
columns of the global coefficient matrix corresponding to the upward-decaying fields. 
It can now be shown [20,21], that gaussian elimination with pivoting by columns 
will automatically force the corresponding amplitudes to vanish numerically if the 
mappings of Eq. (100) and (102) are chosen such that the global coefficient matrix 
becomes block-diagonally dominant. In essence this is obtained by assembling the 
local systems in consecutive order and placing the coefficients involving the large ex- 
ponential functions close to the diagonal of the global matrix. When the amplitude 
of the upward-decaying field is thus forced to vanish, the solution obtained for all 
wavefield amplitudes in the other layers is indistinguishable from the one obtained 
if the thick layer had been replaced by a halfspace. 

Similar arguments can be used to show that also in the case of sources below or 
within the thick layer the SAFARI technique is unconditionally numerically stable. 
Concerning the inhomogeneous fluid layers, the two independent solutions Ai(() and 
Bi(() exponentially decay and grow respectively for ( + oo. The stability in cases 
where these are involved is therefore ensured in exactly the same way as described 
above. 

In summary, unconditionally stable solutions are obtained simply by choosing a 
proper local coordinate system and a proper local-to-global mapping in connection 
with gaussian elimination with partial pivoting. The solution technique is stable 
for any machine precision. Double precision is therefore not required for stability 
purpose, but the dynamic range is of course limited to the number of mantissa digits 
available, due to the global nature of the solution. For most purposes, however, the 
6-7 orders of magnitude offered by single precision is more than enough. 

When the global system of equations, Eq. (105), has been solved, the kernels in 
the integral representations can readily be evaluated at any depth. The present 
technique is therefore highly efficient in cases where the total wavefield is to be 
determined at many depths, e.g. for depth-range contouring of single frequency 
transmission loss and for synthetic vertical seismic profiling (VSP). 
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4.2. REFLECTION COEFFICIENTS 

The determination of plane-wave reflection coefficients of a stratified halfspace is of 
great interest in both underwater acoustics and seismology for several reasons. It is 
required as input to the widespread ray-tracing codes and it forms the basis of the 
synthetic reflectivity seismograms commonly used in crustal seismology [23]. Fur- 
ther, the plane-wave reflection coefficients are often used for ocean bottom-property 
inversion schemes. 

The full wavefield solution technique is based on a decomposition of the total wave- 
field in conical waves for cylindrical geometry and plane waves for plane cartesian 
geometry. We have here given the field representations in cylindrical geometry, but 
the similar plane-geometry representations are obtained simply by replacing the 
Hankel transform with the Fourier transform; the kernels are identical in the two 
cases [21]. The relation between the horizontal wavenumber k and the grazing angle 
8 of propagation for an isovelocity layer is 

where the medium wavenumber k ,  may correspond to either compressional or shear 
waves. As can be observed, only wavenumbers k I k ,  correspond to real angles. 

We shall now demonstrate that the plane-wave relection coefficient R(8)  for a wave 
incident from above at angle 0 on a certain interface is straightforwardly fbund by the 
present solution technique. The layer above the interface i s  replaced -by an i n k i t e  
halfspace. By letting the source field be a plane wave incidentat angle 0 and with 
amplitude A - ( k )  = A - ( k ,  cos 8) at the interface, the solution of the global system 
of equations for this new layered problem will directly yield the complex amplitude 
of the reflected plane wave A+ ( k )  = A+ ( k ,  cos O), and the reflection coefficient can . . 
be determined by 

A ' (L, cos B )  
R(0) = A - ( k ,  cos 8) ' 

Both the incident and reflected waves may of course in general be either compres- 
sional or shear waves. As the global solution is exact to within machine accuracy, 
the same is the case for the reflection coefficients, i.e. no approximation except for 
the environmental model is involved. 

The SAFARI- FI P R module computes the plane- wave reflection coeficients for inci- 
dent compressional waves only, since a standard SAFARI compressional line source - 
placed just above the interface - is used to produce the incident plane wave; however 
the calculated reflection coefficient may be either for reflected compressional waves 
or for reflected shear waves. 

It should be pointed out that the reflection coefficients calculated in this way are 
for true plane waves. Plane-wave reflection coefficients are difficult to determine 
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experimentally [22], which should be kept in mind when comparing synthetic and 
experiment a1 reflection data. 

4.3. WAVENUMBER INTEGRATION 

The horizontal wavenumbers at which the depth-dependent Green's functions have 
to be determined are controlled by the numerical integration scheme used for evalu- 
ating the integral representations for the displacements and stresses. These Hankel 
transform integrals are of the for111 

where m = 0 except for the horizontal displacement and shear stress where m = 1. 

To evaluate these integrals numerically, a truncation of the infinite integration in- 
terval is required. Due to t,he exponentially decaying kernels for k -+ oo this can be 
done to any degree of accuracy. In most cases a truncation point 10 to 20% higher 
than the maximum medium wavenumber in the problem will include everything. 
There are, however, exceptions when solid layers are present. In these cases poles 
may exist due to evanescent surface, interface or plate modes. Especially in the case 
of thin plates, very large wavenumbers are involved. It is therefore important to be 
aware of the behaviour and significance of these waves in order to choose a proper 
integration interval. 

Even with a proper truncation there are two factors complicating the numerical 
evaluation of the Hanltel transforms. One is the kernel, which in the case of guided 
propagation in lossless media is known to have poles on the real axis corresponding 
to normal modes and interface waves [ 6 ] .  In the more realistic cases where vol- 
ume attenuation is included, these poles will move out into the complex plane, in 
principle malting real axis integration possible, but the kernel will in most cases re- 
main rapidly varying. The second complicating factor is the Bessel function J,(kr), 
which especially for long ranges r oscillates very rapidly in k.  Therefore an accurate 
evaluation of the Hankel transform will usually require a very fine sampling in the 
wavenumb er k . 

There are algorithms available for directly evaluating the Hanltel transform. The one 
developed by Tsang [34], however, requires the evaluation of an FFT for every range 
selected, but even more importantly it requires a numerical separation parameter 
which is not easily selected. The so-called Fast Hankel Transform [35] is very efficient 
for relatively smooth lrernels, but not well suited for the rapidly varying kernels of 
the waveguide proble~ns. 

Nevertheless it has been shown [15] that except for ranges shorter than a few wave- 
lengths and very steep propagation angles, accurate evaluation can be obtained by 
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an asymptotic approximation. First the Bessel function is expressed in terms of two 
Hankel functions 

J m ( k r )  = ( H : ) ( k r )  + H : ) ( k r ) )  . ( 1 1 0 )  

(1 )  With the present choice of timelfrequency transform the ter~n H ,  ( k r )  corresponds 
to incoming waves which are only important for representing the standing wavefield 

( 2 )  at very short ranges. This term is therefore neglected, and H ,  ( k r )  is replaced by 
its asymptotic approximation 

The inverse Hankel transform then takes the form 

Due to the desire for generality, which excludes the use of dedicated quadrature 
schemes, the truncated wavenumber space is discretized equidistantly in SAFARI as 
follows: 

kl = kmin + l A k ,  1 = 0 , l . .  . ( M  - I ) ,  (113) 

where M is the total number of sampling points. 

The value of the field is often required at a large number of ranges r ,  in particular 
in connection with the common underwater acoustics problem of determining trans- 
mission loss as function of range. In these cases the Fourier integral in Eq. ( 1 1 2 )  
is very efficiently evaluated by means of the so-called 'Fast Field' approach [ 1 5 ] .  
This technique is therefore applied in the single-frequency transmission-loss pro- 
gram SAFARI-FIP. The range axis r  is discretized as 

where the range step A r  is determined by the relation 

A r A k  = 2 r / M ,  ( 1 1 5 )  

and M is an integral power of 2. The following discrete approximation of Eq. ( 1 1 2 )  
is then obtained: 

( 1 1 6 )  
where the summation can be performed by means of an FFT yielding the field at 
all M ranges, Eq. ( 1  14) ,  simultaneously. 
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It is well known from the use of the FFT for time/frequency transformations that 
undersampling in one domain causes aliasing (wrap-around) in the other domain. 
This is also the case here, where the kernel is often rapidly varying due to poles and 
branch points close to the integration axis. The reason is [36] that the evaluation of 
Eq. (116) does not yield G(r, z )  but instead Cp==_, G(r+nR, z ) ,  where R = 2n/Ak, 
i.e. a sum of the signals in all range windows of width R = M A r .  As can be observed, 
wrap-around will happen from both sides of the actual interval and therefore also 
from ranges smaller than rmi,. The negative range axis does not give any significant 
wrap-around due to the fact that only waves travelling in the positive range direction 
are included. However if r,i, > 0 the signals in the interval [O,rmi,] are wrapped 
into the interval [R, rmin + R]. Consequently the maximum useable range is always 
R = MAT, independent of the choice of rmin. 

In the case of lossy media, the aliasing from ranges larger than rmin + R can be 
reduced by choosing R so large that the signal is known to die out within the range 
window. However, we see from Eq. (115) that a long range may require a substantial 
number of wavenumber samples, especially when the wavenumber interval is fixed. 

Fig. 5. Complex integration contour. 
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The aliasing problem can, however, be solved by moving the integration contour 
away from the poles, i.e. by smoothing the kernels. According to Cauchy's theorem 

kmin km, 
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the integrals in the complex plane between two points is invariant to a change in the 
integration contour. Therefore Eq. (112) can be replaced by 

where C is the contour shown in Fig. 5. The contour consists of three linear sections 
C1, C2 and Cg, where the vertical sections of length E are chosen at the points 
where the wavenumber axis would in any case be truncated. If these points are 
chosen where the kernels are small, i.e g(kmi,, t ) c ,  g(km,,, t ) c  zz 0, and 
6 << k,,,- kmi, then the contributions from the vertical sections become insignificant 
compared to the integral along the horizontal section defined by = k + ic. By 
inserting 5 in Eq. (1  17), we obtain 

G(r,  t)e-" E G e i ( m + + ) + m  1::; g(k + if, t ) d m e - i r k  dk. 

This integral can again be determined by means of an FFT, with the result 

or, after multiplication with ee'j , 

It is now clear that all signals wrapped around from ranges larger than rmi, + R will 
be attenuated by at least e-ER. On the other hand signals wrapped around from 
ranges smaller than r,i, will be amplified by at least eeR. As was the case for the 
real axis integration the maximu~n range is therefore r,,, = R also for the offset 
contour integration. 
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The actual value of E is not extremely critical. However, if it is chosen too large 
the contributions from the two vertical parts of the contour may become significant. 
On the other hand a too small value will require a very large number of sampling 
points. For most practical purposes an attenuation of the wrap-around by 60 dB is 
more than enough. The corresponding value of the contour offset is 

3 - c = - -  3 
(kmax - kmin) Rloge 2 r ( M  - 1)loge 

which even for a relatively small number of sampling points M will ensure that 
c << kmax - kmi,, and thus yield insignificant contributions from the vertical con- 
tours. 

Whereas the Fast Field integration technique is highly efficient for single-frequency 
transmission-loss calculations, its use is inconvenient in the case of wideband pulse 
calculations. If the pulse response is required at more than a single range, the 
wavenumber sampling distance Ak would have to be frequency independent in order 
to satisfy Eq. (115). Furthermore, the pulse response will usually only be required 
for a relatively small number of ranges, so that direct numerical integration for 
each individual range is feasible. This is therefore the approach taken in the pulse 
program SAFARI-FIPP. 

There is an optional choice of two different quadrature schemes. The first, which 
is the default scheme, performs a standard trapezoidal rule evaluation of the inte- 
gral in Eq. (112), still with equidistant wavenumber sampling. The trapezoidal rule 
integration approximates the integrand by a function varying linearly between the 
sampling points. It is therefore obvious that this technique is only applicable out 
to ranges where the product of the kernel and the exponential function is well rep- 
resented by a linear function. The kernel can be smoothed by moving the contour 
out into the complex plane as described above, but the exponential function varies 
rapidly at long ranges. To ensure that the exponential function alone is well rep- 
resented by a linear function, the wavenumber sampling must satisfy the following 
inequality [36] 

AkR < in, 

which by comparison with Eq. (115) translates into a maximum range which is 
much shorter than the one obtained by the Fast Field technique. Here it should be 
pointed out, however, that the FFT technique has a degraded accuracy at longer 
ranges, which is insignificant on the logarithmic scale used for representation of 
transmission loss but which definitely is important in connection with wideband 
pulse calculations. For accurate pulse calculations the maximum ranges for the two 
techniques are almost identical and determined by Eq. (122). 

It is possible, however, to obtain accurate solutions at much larger ranges by applying 
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the generalized Filon integration scheme [37]: 

S A g L Y L J L  SAg 1 '  

where A f = f (b)  - f (a)  and similarly for the other functions. This quadrature 
scheme is exact for linear variations of f ( k )  and g(k). In the present case S = -ir 
and g(k) = k, i.e. a linear function of k .  The Filon scheme is therefore applicable 
to any range provided that the kernels are well represented by linear interpolation 
between the sample points. On the other hand the error due to the 'nonlinearity' of 
the kernel will increase with range, and the Filon scheme therefore also has a finite 
range of applicability. Since this range of applicability depends on the smoothness 
of the kernel, it is not possible to give any specific value. Mallick and Frazer [36] 
have found that whereas the wavenumber sampling required for the trapezoidal rule 
of integration is inversely proportional to w r ,  the Filon scheme requires a sampling 
which is approximately inversely proportional to fi. The additional computations 
involved in the Filon scheme are insignificant compared to the total calculation time 
involving the determination of the depth-dependence of the field. It is clear that this 
scheme has significant computational advantages due to the reduction in the required 
sampling, in particular if combined with the kernel-smoothing contour offset. 

For all the numerical integration schemes described above the kernels must vary 
smoothly between the sampling points. One of the effects of a too rapidly vary- 
ing kernel is the wrap-around, but as demonstrated, this problem can be overcome 
by choosing a complex integration contour, which in effect smooths the kernels by 
moving the contour away from the poles and branch points. If, however, the in- 
tegration interval is truncated at points where the kernel amplitude is significant, 
the discontinuities so introduced will also give rise to wrap-around. In broadband 
calculations, in particular, this will cause artificial arrivals which will often be indis- 
tinguishable from true arrivals. These discontinuities therefore must be smoothed. 
In SAFARI-FIP and SAFARI-FIPP this is done by extrapolating the kernels by a first- 
order Hermite polynomial, where the coefficients are chosen such that the kernel and 
its first derivative become continuous at the truncation points. 

In summary, it should be stressed that the evaluation of the wavenumber integrals 
is by far the most critical part of the full-wavefield solution technique. Whereas the 
depth-dependent Green's function is exact to within the computer accuracy once the 
environmental model has been chosen, the integration requires both truncation and 
discretization of the wavenumber interval, a procedure which is not easily automated 
since the significance of the errors introduced is highly dependent on the character- 
istics of the actual problem. As described above there are remedies available for 
reducing the errors to insignificance, but these tools have to be selected carefully, 
involving a significant portion of physical knowledge and experience. The best rule 
of thumb that can be given for the use of this type of model is therefore: 
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I Never be satisfied with the first result - check the convergence! 

4.4. FREQUENCY INTEGRATION 

The last step involved in determining the full pulse response is the evaluation of the 
inverse Fourier transform, Eq. (8). This integral has to be evaluated for all field 
parameters, ranges, and depths of interest, i.e. 

M 

F ( r ,  Z ,  t )  = G(r,  Z, w)eiwt dw. 

Due to the fact that the frequency interval is predetermined by the source spectrum, 
i.e. the frequency dependence of S,, the frequency axis is easily truncated and the 
Fourier integral is therefore most conveniently evaluated by means of an FFT,  i.e. 

where the frequency and time axes have been discretized as follows, 

and the samplings satisfy the relation 

AtAw = 2 a / N .  

Due to the symmetry relation G(r,  z ,  - w )  = G(r, z,w) it is clear that the time 
function F ( r ,  z ,  t )  determined by Eq. (124) is real. In order for the discrete form, 
Eq. (125), to yield a real time series it is required that the frequency discretization, 
Eq. (127), be symmetric around w = 0. There are algorithms available, the so-called 
real FFT's (RFFT), which take advantage of the symmetry relation of the kernel 
and therefore only require input of G(r,  z ,  w )  at the N / 2  discrete frequencies 

and still yield the time series at all N times, Eq. (126). Due to the computational 
savings, the RFFT is always used to evaluate the time series in SAFARI-FIPP. 
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The discretization of the frequency axis again introduces wrap-around due to the 
limited time window T, which is related to the angular frequency sampling Aw by 

T = NAt = 2n/Aw. 

As was the case for the wavenumber integration, the wrap-around can be eliminated 
- or at least reduced - in two ways. One way is to smooth the kernel G(r,  z ,  w )  by 
moving the integration contour, which is the technique called complex frequency in- 
tegration [36]. The other way is to choose T so large that the whole signal is included 
in the time window. Although the first approach definitely has computational ad- 
vantages, the latter is the one chosen in SAFARI-FIPP. This is due to the transient 
nature of wideband signals which makes it much easier to perform a truncation of 
the time window than of the range window. No signal can arrive to a receiver at 
a higher speed than the fastest wave speed in the problem. This therefore deter- 
mines the beginning of the time window for which no wrap-around will happen from 
earlier times. The length T of the time window is more difficult to determine, but 
with some experience in conjunction with convergence tests it becomes relatively 
straightforward. One approach is to make an initial calculation with a very long 
time window but with a narrow source spectrum. This will of course yield relatively 
wide pulses, but the overall arrival structure can be determined; the time window 
can then be reduced and the full source spectrum included. 

In SAFARI-FIPP it is possible to calculate the pulse responses for many receiver 
ranges and depths through a single solution pass, and a fixed start of the time 
window is therefore inconvenient. Instead one can choose a 'running' window defined 
by 

tmin(r) = TIC,, (131) 

where r is the range and c, is a constant called the reduction velocity. This constant 
has to be large enough that tmin(r) is smaller than the arrival time of the fastest 
signal in order to avoid wrap-around. In most applications c, is conveniently chosen 
to be equal to the fastest wave speed in the problem. 

Report no. changed (Mar 2006): SR-113-UU



5 - Installation of SAFARI 

5. Installation of SAFARI 

The SAFARI package consists of the three main programs SAFARI-FIPR, SAFARI-FIP 
and SAFARI-FIPP and a number of subroutines, most of which are common for the 
three main programs. 

All output from the SAFARI modules is produced in graphics form, either as standard 
curve plots or three-dimensional contour plots. The plotting is performed by two 
main programs, FIPPLOT and CONTUR, which have to be called after execution of 
the calculating programs. 

At SACLANTCEN the programs are implemented on an FPS164 Attached Processor 
linked to a VAX 8600. The programs are therefore highly vectorized, and a number of 
FPS164 library subroutines are used. Apart from these and a few critical subroutines 
used for generating the kernel of the Green's function written in APAL64 assembler 
plus special subroutines for asynchronous 110, the codes are written entirely in 
FORTRAN 77. A special FORTRAN 77 library with simulations of these special 
subroutines is available, however. The codes for the FPS164 and the VAX are 
therefore basically identical. The fact that standard FORTRAN 77 has been used 
makes installation possible on any computer satisfying the hardware requirements. 

6.1. PRECISION REQUIREMENTS 

The solution algorithm is stable for any machine precision, but the argument of the 
exponential function has to be truncated accordingly, in order to avoid arithmetic 
overflow. The maximum argument is set in each of the main programs through the 
variable AM. For VAX single precision a value of 65 is used, whereas 300 is used for 
64-bit machines such as the FPS164 and the CRAY. 

Although the actual precision has no influence on the st ability, it affects the dynamic 
range of the results, but double precision will only be required in very special cases. 
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5.2.  MEMORY REQUIREMENTS 

The codes will run in their default version on any machine with more than 250 k 
words of memory, where one word corresponds to a real number in the actual pre- 
cision. It is, however, possible to reduce the array sizes to allow installation on 
machines with less Inemory. The array sizes are basically controlled by three pa- 
rameters defined in most subroutines. If changes are made, they therefore must be 
made in all source files. The parameters are: 

NLA : Maximum number of layers in environ~nental model, including the upper and 
lower halfspaces. The default is N L A  = 24. 

NP : Maximum number of wavenumber samples. In SAFARI- F IPP NP is also the 
maximum allowed number of frequency samples. Due to the use of an RFFT 
for the frequencyltime transform, the corresponding maximum number of 
time samples is 2NP. The default is NP = 4096. 

NRD: Maximum number of source and receiver depths. The default is NRD = 1001. 

It is obvious that the array sizes may also be increased by any amount allowed by 
the available hardware. 

5.3. SOURCE FILES 

The main programs are placed in separate source files, but the subroutines have 
been grouped together in a few relatively large files according to their use. In the 
following the source files and their contents are described. 

SJEFIPRJO. FOR The reflection coefficient program SAFARI-FIPR version 3.0, 
which uses the SAFARI solution technique to determine the reflection coefficients 
of any horizontally stratified fluidlsolid halfspace. The implemented output options 
are 

Modulus and phase as function of grazing angle for a selected number of 
frequencies. 

Modulus and phase as function of frequency for a selected number of grazing 
angles. 

Modulus contoured us frequency and grazing angle. 

There is a choice between calculation of the P-P reflection coefficient and the 
P-SV reflection coefficient. The last, of course, only have meaning for a solid 
upper halfspace. 
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SJEFIP30.FOR The transmission loss program SAFARI-FIP version 3.0, which for 
a single frequency solves the wave equation for a horizontally stratified environment. 
The output is controlled by a number of options. Some of the features are 

Solid, liquid or vacuum isovelocity layers and half spaces. Variable velocity 
allowed in fluid layers. 

Interface roughness (all interface types). 

Cylindrical or plane geometry. 

Multiple sources (vertical line arrays). 

Multiple receivers. 

o Calculation of normal stress (pressure in fluids). 

Calculation of vertical particle velocities. 

Calculation of horizontal particle velocities. 

Depth averaging of calculated field properties. 

Rangeldepth contouring of field properties. 

Complex integration contour for use in lossless cases. 

SJEFIPP30. FOR The pulse program SAFARI-FIPP version 3.0, which solves the 
wave equation for a horizontally stratified environment at a selected number of 
frequencies. Some of the features are 

Solid, liquid or vacuum isovelocity layers and half spaces. Variable velocity 
allowed in fluid layers. 

a Interface roughness. 

a Cylindrical or plane geometry. 

Multiple sources (vertical line arrays). 

Multiple receivers. 

a Several choices of source pulse shapes. 

Synthetic hydrophone signals. 

Synthetic seismograms. These can be plotted separately for each receiver or 
stacked. The stacking can be performed in either range or depth. 

Dispersion curves for normal modes. 

Dispersion curves for seismic interface waves. 

Complex integration contour. 
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FIPPLOT. FOR The main program FIPPLOT, which performs all plotting of results 
except for contour plots. FIPPLOT is based on the DISSPLA plotting system. The 
plot data are transfered through two files. One file contain titles, labels, axis limits 
etc. This file is a formatted file and the default values can be changed by the user. 
The other file is a formatted file which contains the data for plotting. 

CONTUR. FOR The main program and associated subroutines, which perform the 
contour plotting optionally using a DlSS PLA compatible plotting package or the 
raster package UNIRAS. The two-file interface to the calculating programs is also 
used here. 

FIPPSJE30. FOR High-level subroutines used by all programs. 

FIPTSJE30. FOR High-level subroutines used by SAFARI-FIP 

FIPRSJE30. FOR Subroutines used only by SAFARI-FIPR. 

FIPSSJE30. FOR Lower-level subroutines used by all programs, i.e. basically all 
subroutines involved in determining the depth-dependent Green's functions. 

FIPUSJE30. FOR Subroutines used by all programs for generation of printout and 
plot files. 

APMATHSIM. FOR Subroutines simulating the APMATH64 library of the FPS164 
Attached Processor. Also contains FORTRAN equivalents to those subroutines, 
which in the FPSl64-version are written in APAL64 assembler. 

5.4. COMPILING THE SAFARI CODES 

The compilation is straightforward, since no special options are needed. Thus for 
VAXJVMS, 

$ FOR/LIST SJEFIP3O 
$ FOR/LIST SJEFIPP30 
$ FOR/LIST SJEFIPR3O 
$ FOR/LIST FIPPLOT 
$ FORILIST CONTUR 
$ FOR/LIST FIPPSJE3O 
$ FOR/LIST FIPSS JE3O 
$ FOR/LIST FIPRS JE30 
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$ FOR/LIST FIPTSJEJO 
$ FOR/LIST FIPUSJE30 
$ FOR/LIST APHATHSIM 

For convenience the subroutines are placed in two libraries: 
- ---~p - 

$ LIBR/CREATE APMATH64 APMATHSIM 
$ LIBR/CREATE SAFLIB FIPPSJE30,FIPSSJE3O,FIPTSJE3OJ- 

FIPUSJE30pFIPRSJE30 

The compilation of SAFARI for the FPS164 is described in Appendix A. 

5.5. LINKING THE SAFARI CODES 

The linking of the five executable modules is performed as follows under VAX/VMS: 
- p~ - -- - - 

$ LINK/EXE=VAXFIP30 SJEFIP30,SAFLIB/LIBpAPMATH64/LIB 
$ LINK/EXE=VAXFIPPJO SJEFIPP30,SAFLIB/LIBpAPHATH64/LIB 
$ LINK/EXE=VAXFIPR30 SJEFIPR30,SAFLIB/LIB,APMATH64/LIB 
$ LINK FIPPLOT,DISSPLA/LIB 
$ LINK CONTUR,DISSPLA/LIB,UNIRAS/LIB 

where DISSPLA.OL6 is a library containing the DISSPLA subroutines; UNIRAS.OLB 
is the UNIRAS library if available. If UNIRAS is not available, the call to the subrou- 
tine MAINRAS in the main program included in CONTUR.FOR must be removed. 
DISSPLA can of course be exchanged with any other plotting system available. 

The linking of SAFARI for the FPS164 is described in Appendix A. 

5.6. RUNNING THE SAFARI CODES 

The programs are now ready to run. On the VAX it is most convenient to make one 
command file with parameter input for each program: 

$ ASSIGN/USER 'PIJ.DAT FOR001 !INPUT DATA FILE 
$ ASSIGN/USER 'P19.PLP FOR019 !PLOT PARAMETERS (FIPPLOT) 
$ ASSIGN/USER 'PIJ.PLT FOR020 !PLOT DATA FILE (FIPPLOT) 
$ ASSIGN/USER 'PI' . CDR FOR028 !CONTOUR PLOT PARAMETERS 
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$ ASSIGN/USER 'P12.BDR FOR029 
$ RUN VAXFIPRJO 
$ ASSIGN/USER 'PlY.PLP FOR019 
$ ASSIGN/USER 'PIJ.PLT FOR020 
$ RUN FIPPLOT 
$ ASSIGN/USER 'Pl'.CDR FOR055 
$ ASSIGN/USER 'PIJ.BDR FOR017 
$ RUN CONTUR 

!CONTOUR DATA FILE 
!EXECUTE SAFARI-FIPR 
!ASSIGN PLOT FILES TO 
!LOGICAL NAMES USED BY FIPPLOT 
!EXECUTE FIPPLOT 
!ASSIGN CONTOUR FILES TO 
!LOGICAL NAMES USED BY CONTUR 
!EXECUTE CONTUR 

$ ASSIGN/USER 'Pl'.DAT FOR001 
$ ASSIGN/USER 'PIJ.PLP FOR019 
$ ASSIGN/USER 'Pl'.PLT FOR020 
$ ASSIGN/USER 'PIY.CDR FOR028 
$ ASSIGN/USER 'P12.BDR FOR029 
$ RUN VAXFIP30 
$ ASSIGN/USER 'Pl'.PLP FOR019 
$ ASSIGN/USER 'PIJ.PLT FOR020 
$ RUN FIPPLOT 
$ ASSIGN/USER 'PlY.CDR FOR055 
$ ASSIGN/USER 'Pl'.BDR FOR017 
$ RUN CONTUR 

!INPUT DATA FILE 
!PLOT PARAMETERS (FIPPLOT) 
!PLOT DATA FILE (FIPPLOT) 
!CONTOUR PLOT PARAMETERS 
!CONTOUR DATA FILE 
!EXECUTE SAFARI-FIP 
!ASSIGN PLOT FILES TO 
!LOGICAL NAMES USED BY FIPPLOT 
!EXECUTE FIPPLOT 
!ASSIGN CONTOUR FILES TO 
!LOGICAL NAMES USED BY CONTUR 
!EXECUTE CONTUR 

$ ASSIGN/USER 'PIJ.DAT FOR001 
$ ASSIGN/USER 'Pl'.PLP FOR019 
$ ASSIGN/USER 'P12.PLT FOR020 
$ ASSIGN/USER 'PI'.CDR FOR028 
$ ASSIGN/USER 'Plt.BDR FOR029 
$ RUN VAXFIPPJO 
$ ASSIGN/USER 'Pl'.PLP FOR019 
$ ASSIGN/USER 'PI'.PLT FOR020 
$ RUN FIPPLOT 

!INPUT DATA FILE 
!PLOT PARAMETERS (FIPPLOT) 
!PLOT DATA FILE (FIPPLOT) 
!CONTOUR PLOT PARAMETERS 
!CONTOUR DATA FILE 
! EXECUTE SAFARI-FIPP 
!ASSIGN PLOT FILES TO 
!LOGICAL NAMES USED BY FIPPLOT 
!EXECUTE FIPPLOT 

The command files shown here of course have to be extended with the definition 
of the proper directories. However, this is installation dependent and therefore not 
included here. The preparation of conmiand files for running SAFARI on the FPS164 
is described in Appendix A. Details on running FIPPLOT and CONTUR are given 
in Appendixes B and C respectively . 
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Assume that a file I N P U T . D A T  has been prepared for SAFARI-FIP. The user then 
only needs to give the command 

$ QFIP INPUT 

and the program will run. All files related to the actual run will have the same 
names except for the extensions. Similarly in batch: 

-- 

$ SUBMIT FIP/PARAM=INPUT 

The preparation of input files is described separately for the different SAFARI mod- 
ules in the following sections. 
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6. Runrling SAFARI-FIPR 

The SAFARI-FIPR module calculates the plane-wave reflection coefficients for an ar- 
bitrarily stratified fluid/solid halfspace. The layer above the interface of interest 
should be replaced by an infinite halfspace with the properties existing just above 
the interface. The code will then automatically place a co~~lpressional line source 
in the upper halfspace and, for each selected grazing angle and frequency, use the 
global matrix technique to calculate the complex amplitude of the resulting upgoing 
plane wave in the upper halfspace. The cornplex reflection coefficient then follows di- 
rectly by division with the complex arrlplitude at the interface of the incoming wave 
produced by the source. The complex reflection coefficient Re is most conveniently 
displayed as ~nodulus 1 Rcl and phase tan-' (Im[Rc]/Re[Rc]). In underwater acous- 
tics it is common, however, to represent the modulus by the corresponding reflection 
loss defined by 

RdB = -2010gIR~I 

and this is the parameter displayed in the graphic output produced by SAFARI-FIPR. 

The results are presented in graphic form as curve plots showing the dependence of 
the reflection loss and phase shift as function of either grazing angle or frequency. 
Further, there is an optional choice of reflection loss contours vs grazing angle and 
frequency. 

All inputs to SAFARI-FIPR are read from the file currently assigned to the logical file 
FOR001. Before running the program the user has to assign the file containing the 
input data to this logical name. It is most convenient to include this assignment in 
a general command file also assigning file names to the logical names of the output 
files, as described in Subsect. 5.6. 

In the following the preparation of the input files will be discussed in detail followed 
by an outline of the necessary numerical considerations. 
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6.1. INPUT FILES FOR SAFARI-FIPR 

T h e  input  data are structured in 9 blocks. T h e  first 5 blocks, shown in Table 2, 
specify t he  title, options, environmental parameters,  together with the  desired graz- 
ing angle and frequency sampling. The  last 4 blocks, outlined in  Table 3, contain 
axis specifications for the  graphical ou tput .  Some of these blocks should always b e  
included and others only if certain options have been specified. T h e  single blocks 
and  parameters  are  described in detail in  the  following. 

Table 2 
Parameters of SAFARI- FIP R input files: Calculation and environmental parameters 

Block Parameter Units Limits 

TITLE: title of run < 80 char. - 
output options - 

number of layers, incl. halfspaces - 

depth of interface 
compressional speed 
shear speed 
compressional attenuation 
shear attenuation 
density 
rms value of interface roughness 
correlation length of roughness 

< 40 char. 

FMIN : minimum frequency 
FMAX : maximum frequency 
NRFR: number of frequencies 
NFOU: plot output increment 

Hz F H I N  > 0 
Hz FHAX > 0 - NRFR 2 1 
- NFOU 2 0 

V AMIN: minimum grazing angle deg A U I N  2 0 
AMAX: maximum grazing angle deg AHAX 2 0 
NRAN: number of grazing angles - NRAN >_ 1 
NAOU: plot output increment - NAOU 2 0 
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Table 3 
Parameters of SAFARI-FIPR input files: Plot paranleters 

Block 

ALEF: 
ARIG : 
ALEN : 
AINC : 

RALO : 
RAUP : 
RFLN : 
RFIN : 

Parameter 

left border of angle axis 
right border of angle axis 
length of angle axis 
distance between tick marks 

lower border of R-loss axis 
upper border of R-loss axis 
length of loss and phase axes 
R-loss axis tick mark interval 

Units Limits 

deg - 
deg - 

cm ALEN > 0 
deg AINC > 0 

dB - 
dB - 
cm RFLN > 0 
dB RFIN > 0 

VIP FLEF: left border of frequency axis Hz - 
FRIG: right border of frequency axis Hz - 
FLEN: length of frequency axis cm FLEN > 0 
FINC: distance between tick marks Hz FINC > 0 

RFLO : 
RFUP : 
RFLN : 
RFIN : 

V I I I ~  ALEF : 
ARIC : 
ALEN : 
AINC : 

FRLO : 
FRUP : 
OCLN : 
NTKM : 

lower border of R-loss axis 
upper border of R-loss axis 
length of loss and phase axes 
R-loss axis tick mark interval 

left border of angle axis 
right border of angle axis 
length of angle axis 
distance between tick marks 

lower border of frequency axis 
upper border of frequency axis 
length of one octave 
number of tick marks per octave 

ZMIN: minimum contour level 
ZMAX : maximum contour level 
ZINC: contour level increment 

- 
RFLN > 0 
RFIN > 0 

- 
ALEN > 0 
AINC > 0 

FRLO > 0 
FRUP > 0 
OCLN > 0 
NTKN > 0 

dB - 
dB - 

dB ZINC > 0 
- - - 

IX' VLEF: wave speed at left border m/s - 
URIC: wave speed at right border m/s - 
VLEN: length of wave speed axis cm VLEN > 0 
VINC: wave speed tick mark distance m/s VINC > 0 
DVUP: depth at upper border m - 
DVLO: depth at lower border m - 
DVLN: length of depth axis cm DVLN > 0 
DVIN: depth axis tick mark interval m DVIN > 0 

' Only for NFOU > 0. ' Only for NAOU > 0. Only for option C. Only for option Z. 
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NVIRONMENTAL DATA 
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AS (1 : Attenuation y, of shear waves in 
attenuations to be physically me 
required that 

R O O  : Density p in.,g/em3. 

To invoke the full non-Kirchhoff sc 
must be specified equal to the ne 
roughness, i.e. RG < 0. 

CL() : Correlation length af roughness in 

scattering has been selected, i.e. RG 
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ALEF A R I G  ALEN A I N C  
ALO RAUP RALN R A I N  

border of plots. 

Upper border in dB. 

Report no. changed (Mar 2006): SR-113-UU



6 - Running SAFARI-FIPR 

Report no. changed (Mar 2006): SR-113-UU



6 - Running SAFARI-FIPR 

If option C was specified. 
ALEF ARIG ALEN AINC 
FRLO FRUP OCLN NTKM 

' - -  ZMIN ZMAX ZINC 

border of contour plots. 
I G :  Right border of grazing angle axis on contour 
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6.2. NUMERICAL CONSIDERATIONS 

Since the determination of plane-wave reflection coefficients does not involve any nu- 
merical evaluation of integral transforms, the only nu~~lerical problem is related to 
the discretization of the environmental model. When modeling real data where only 
a few environmental data are known, it is obvious that the niodel has to be re-run 
several times in order to fit a discrete stratified model. On the other hand the accu- 
racy requirements are very limited, and there are no purely numeric considerations 
involved. This is, however, the case when the SAFARI- F IPR reflection coefficients 
have to be compared to those obtained by other numerical models, which is very 
common in relation to the verification of new algorith~ns. Some reflection coefficient 
codes, e.g. those based on finite differences, assume a linearly varying sound veloc- 
ity profile between the sampling points, whereas SAFARI assumes either isovelocity 
layers or a sound speed varying non-linearly between the sampling points, Eq. (5). 
It is therefore necessary that the number of profile sampling points is so large that 
the differences between the interpolation techniques has insignificant effect on the 
calculated sound field. It is not possible to give any specific rules in this regard since 
the effect depends on the frequencies and grazing angles of interest. If isovelocity 
layers are used to represent the profile, a layer thickness of +A will usually be suf- 
ficient. For the inhomogeneous fluid layers, however, the thickness can be chosen 
much larger. In any case the profile discretization should be controlled by checking 
the convergence. 

6.3. SAFARI-FIPR EXAMPLES 

In this section a few characteristic examples will be given of the use of SAFARI-FIPR 
for determining plane-wave reflection coefficients. The examples here have been 
chosen from underwater acoustics, but problems from seismology and ultrasonics 
are treated in an identical manner. Several other examples can be found in (20-271. 

The environment considered in the present, and in all following examples for the 
transmission loss and pulse models, is characterized by a water depth of 100 m and 
a bottom consisting of a silt layer of 20 m thickness overlying a homogeneous sub- 
bottom of coarse sand. The material properties of the bottom are given in Table 4. 
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Table 4 
Material parameters for ocean bottom 

Wave speed Attenuation 
Layer Thickness Density 

Silt 20.0 1600 400 0.2 0.5 1.8 
Sand 00 1800 600 0.1 0.2 2.0 

w 6.3.1. SAFARI-FIPR case 1: Reflection coefficients us grazing angle 
This test case concerns the determination of the plane- wave reflection coefficient of 
the ocean bottom as function of grazing angle at a single frequency of 50 Hz. The 
data file is given in Table 5. 

When running SAFARI-FIPR with the above data file, 3 plots are produced (Fig. 6). 
Figure 6a shows the calculated reflection loss with the velocity profile plot inserted. 
Note that the loss is very small for grazing angles less than the critical angle for the 
sub-bottom, OC2 = cos-1(1500/1800) = 33.6'. At a frequency of 50 Hz no significant 
transition happens at the sediment critical angle, Ocl = cos-'(1500/1600) = 20.4'. 
The main effect of the low shear speeds is the non-vanishing reflection loss at grazing 
angles smaller than critical. Figure 6b shows the associated phase shift as function 
of grazing angle. Again the transition at the sub-bottom critical angle is appar- 
ent. Here it should be noted that no phase unwrapping is performed; therefore the 
discontinuous behaviour at 33.6' in fact represents a 360' phase change. 

6.3.2. SAFARI-FIPR case 2: Loss contours us frequency and angle 
In this example we calculate the reflection loss as a function of grazing angle over 
4 frequency octaves from 20 to 320 Hz and generate a contour plot. The environment 
is the same as case 1, and the data file is given in Table 6. 

The contour plot generated by SAFARI-FIPR for this case is shown in Fig. 7a. Fig- 
ure 7b shows the plot obtained when the contour program C O N T U R  is re-run with 
the UNlRAS option, as described in Appendix C. The dark areas indicate high loss, 
the light ones low loss. Note that the contour levels have been changed to a spacing 
of 2 dB in Fig. 7b. 

Note that at the low frequencies the reflection properties are dominated by the 
critical angle OC2 = 33.6' of the sub-bottom, whereas for the higher frequencies 
a series of 'resonance ridges' of high loss appear, asymptotically approaching the 
sediment critical angle, OC1 = 20.4'. This behaviour is typical for layered media. 
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Table 5 
SAFARI-FIPR case 1 data file 

Data file Description Notes 

SAFARI-FIPR case I title 
P Z options: P - phase plot, Z - velocity profile 1,2 
3 number of layers 
0 1600 0 0 0 1 0 layer 1 (upper halfspace, water) 3 
0 1600 400 0 .2  0.5 I .8 0 layer 2 (sediment) 4 
20 1800 600 0 .  I 0 . 2  2 .0  0 layer 3 (sub-bottom) 4 
50 60 1 1 frequency 50 Hz, NFOU = 1 5 
0 90 181 0 angle interval 0 to 90°, 181 samples 5,6 
0 90 20 30 angle axis for plots 6 
0 16 12 6 loss axis for plots 6 
0 2000 10 1000 velocity axis for profile plot 
-20 40 10 20 depth axis for profile plot 

In order to obtain plots of the phase shift in addition to the default plot of the reflection 
loss, option P has been specified. 
Option Z is specified to get a plot of the velocity profile. This option requires that the 
axis specifications are given at the end of the data file. In the present case the profile 
is plotted from a depth 20 m above the bottom to 40 m below. 
Note that the 100 m thick water column has been replaced by an infinite halfspace 
with the properties of the water. For convenience the ocean bottom has been selected 
as origin for the depth axis. This is, however, arbitrary, and 100 m could be added to 
all depths without influencing the results. ' Since both interfaces are plane the rms roughness is specified as 0 in all cases, and the 
correlation lengths have been omitted. 
By specifying NFOU = 1, plots of the reflection data as a function of grazing angle will 
be produced for each frequency, in this case of course only one. NAOU = 0 indicates 
that no plots of reflection loss as a function of frequency are requested. 
The reflection coefficient will be calculated in 181 equidistantly-spaced points in the 
angular interval 0 to 90°, and the plots will show the reflection loss and phase shift 
over the whole interval. The loss axis is specified to cover the interval 0 to 15 dB. 
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REFLECTION COEFFICIENT 
SAFARI-FlPR case 1. PIPR P-P 

80.0 1 

s SO 80 

Grazing angle (degrees) 

(b) REFLECTION COEFFICIENT 

I 
0 30 0 W 

Grazing angle (degrees) 

Fig. 6. Results for SAFARI-FIPR case I: (a) reflec- 
tion loss as function of grazing angle, with velocity 
profile inserted; (b) phase shift as function of graz- 
ing angle 

Report no. changed (Mar 2006): SR-113-UU



6 - Running SAFARI-FIPR 

Table 6 
SAFARI-FIPR case 2 data file 

Data file Description Notes 

SAFARI-FIPR case 2 
C 
3 
0 1500 0 0 0 I 0 
0 1600 400 0.2 0.5 1.8 0 
20 1800 600 0.1 0.2 2.0 0 
20 320 41 0 
0 90 181 0 
0 90 20 30 
20 320 3 1 
I 10 I 

title 
option C - contour plot of reflection loss 
number of layers 
layer 1 (upper halfspace, water) 
layer 2 (sediment) 
layer 3 (sub-bottom) 
frequency interval 20 to 320 Hz, 41 samples 
angle interval 0 to 90°, 181 sal~lples 
angle axis for contour plot 
frequency axis for contour plot 
contour levels 

Option C is specified to create a contour plot of the reflection loss us angle and fre- 
quency. ' When option C is selected, the 41 selected frequency samples are placed equidistantly 
on a logarithmic frequency axis. The sampling in angle is the same as above, but note 
that both NFOU and NAOU have been set to 0 in order to disable the creation of the 
normal curve plots produced in case 1. 
The parameters for the angle axis are given exactly as for the curve plots in case 1. 
However, for the logarithmic frequency axis the total length of the axis is not specified. 
Instead the length of one octave is given in cm, here 3 cm. The tick marks are controlled 
by the last parameter in the line, in this case one tick mark per octave is plotted. ' The last line in the data file specifies that contour lines are to be plotted for each 1 dB 
in the interval 1 to 10 dB. 
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920 8 QIDa .O m RD= 0 m CONFR,P-P 
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h z : 
0' 
Q, 2 ro 

LO 
30.0 60.0 

Grazing angle (degrees) 
SAFARI-FIPR case 2. 

O:O 30.0 60.0 90.0 
Grazing angle (degrees) 

SAFARI-FIPR case 2. 

ABOVE 10.0 
8.0 - 10.0 
6.0 - 8.0 
4.0 - 6.0 
2.0 - 4.0 

BELOW 2.0 

Fig. 7. Results for SAFARI-FIPR case 2: (a) contour plot of reflection loss a s  
function of grazing angle and frequency produced by the DlSS P LA package; 
(b) contour plot produced by U N IRAS . 
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w 6.3.3. SAFARI-FIPR case 3: Reflection loss a t  rough ice layer 
T h e  last exa~np le  of using SAFARI- FIP R concerns the determination of the  reflection 
loss appearing a t  a randomly rough ice layer. This problem from arctic acoustics 
is included for two purposes. First of all it il1ustrat.e~ how t o  include the  effect of 
interface roughness in the calculations. Secontlly it is an  exa111ple of a proble~li  where 
the  environ~nent  has t o  he  turned upside clown as SAFARI-FIPR always places the  
source in the upper halfspace. 

It is assumed tha t  a n  ice layer of average thickness 3.9 1x1 covers a water column with 
a constant sound speed of 1500 m / s .  The free surface of the ice layer is stochastically 
rough with an rms  elevation of 0.6 m. The  underside of the ice has a n  rms  roughness 

Table 7 
SAFARI-FIPR case 3a data file 

Data file Descript,ion Notes 

SAFARI-FIPR case 3a title 
N option N - normal reflection loss 1 
3 number of layers 
0 1600 0 0 0 1 0  layer 1 (upper halfspace, water) 2 
0 3000 1600 1.0 2.5 0.9 1.9 layer 2 (ice layer) 3 
3.9 0 0 0 0 0 0.6 layer 3 (vacuum) 4 
1 50 60 0 frequency interval 1 to 50 Hz, 50 samples 5 
10 10 1 1 angle interval l o 0 ,  1 sample. 5 
0 50 20 I0 frequency axis for plot 6 
0 0.2 12 0.1 loss axis for plot 6 

Option N means that the default reflection loss is to be calculated. This option need 
not to be specified, but the option field should always be represented by one line, which 
in this case could be empty. ' The environment has been turned upside down. Therefore the upper halfspace is water. 
Note that the depth and roughness parameters are dummy for the upper halfspace, 
the depth of the first interface and its roughness data should be given together with 
the material properties of the first real layer, i.e. layer 2. 
The roughness of the waterlice interface is specified to be 1.9 m. Since this is a 
positive number, the correlation length is assumed to be infinite and has therefore 
been omitted. The scattering theory based on the Kirchhoff approximatio~l will be 
applied in this case. 
The roughness of the free ice surface is specified to be 0.6 m, again the correlation 
length is infinite. ' The frequency interval is chosen to be 1 to 50 Hz, and since the contour option C was 
not selected, the 50 samples will be placed equidistantly on a linear frequency axis. 
The calculation is to be performed at only one grazing angle, NANG = 1 and NAOU = 1. 
In contrast to the case for the contour plot, the frequency axis is here linear, and the 
parameters are given in the usual way. 
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of 1.9 m. Initially the correlation length is assumed to be infinite. The ice has a 
compressional velocity of c, = 3000 m/s, a shear velocity of c,  = 1600 m/s and a 
density of 0.9 g/cm3. The compressional and shear attenuations are 1.0 dB/A and 
2.5 dB/A, respectively. The data file given in Table 7 is set up to calculate the 
reflection loss as function of frequency at a fixed grazing angle of 10". 

The resulting plot of the reflection loss as function of frequency is shown in Fig. 8a. 
Note the expected increase in the loss with increasing frequency. Now assume that 
the correlation length for the roughness of the waterlice interface is 40 m, and not 
infinite as above. Then the data file would look as shown in Table 8. As can be 
observed, the data file is identical to the one above except for the line stating the 
environmental data for the ice layer. 

Table 8 
SAFARI-FIPR case 3b data file 

-- 

Data file Description Notes 

SAFARI-FIPR case 3b title 
N option N - normal reflection loss 
3 number of layers 
0 1600 0 0 0 1 0 layer 1 (upper halfspace, water) 
0 3000 1600 1.0 2.5 0.9 -1 .9  40 layer 2 (ice layer) 
3.9 0 0 0 0 0 0.6 layer 3 (vacuum) 
I 60 50 0 frequency interval 1 to 50 Hz, 50 samples 
10 10 I 1 angle interval l o 0 ,  1 sample 
0 50 20 I 0  frequency axis for plot 
0 0.2 12 0 . 1  loss axis for plot 

- 

By specifying the negative rms value of the roughness, the non-Kirchhoff scattering 
theory will be applied, and in this case the correlation length (40 m) has to be given 
as 8 last number in the same line. 

The resulting reflection-loss curve is shown in Fig. 8b. There is a significant effect of 
the finite correlation length in the actual frequency interval, but at higher frequencies 
the non-Kirchhoff result will approach the Kirchhoff result. More examples treating 
interface roughness can be found in [24,25]. 
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( 8 )  REFLECTION COEFFICIENT 
02 SAPUO-RPlP ou 8.. ?mi P-P 

uroU: 10.0 dy 

h m u 
V 

m 0.1 * 

! 
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Frequency (Hz) 

(b) REFLECTION COEFFICIENT 
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Fig. 8. Results for SAFARI-FIPR case 3: (a) reflec- 
tion loss at rough ice layer as function of frequency 
at grazing angle lo0 ,  correlation length L = oo; 
(b) reflection loss at rough ice layer as function of 
frequency at grazing angle lo0,  correlation length 
L = 40 m. 
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7. Running SAFARI-FIP 

The SAFARI-FIP module performs single-frequency calculation of the total wavefield 
at any number of depths and ranges for either a single compressional source or a 
vertical phased source array. In both cases the sources may be either point sources 
or line sources, yielding axisymmetric and plane fields, respectively. 

In the case of a single source in a fluid medium, the source strength S, is normalized 
to yield a pressure of 1 Pa at 1 m distance from the source. For both a compres- 
sional source and a point force in a solid medium the source strength is normalized 
to yield a normal stress a,, of 1 Pa, 1 m below the source. The graphical results 
are always given in dB and for the pressure or normal stress they therefore directly 
correspond to the standard definition of the transmission loss. For the phased ar- 
rays, the source strength of each individual source is divided by the total number 
of sources in order to get a maximum level in the generated beams which is inde- 
pendent of the number of sources. It is common in both underwater acoustics and 
seismology to measure particle velocities by means of geophones, and these param- 
eters are therefore included as optional outputs. Since the particle velocities are 
vector parameters depending not only on the receiver position but also on the di- 
rection, there is no logical 'transmission loss' definition as in the case of the scalar 
pressure. In the graphical output these parameters are therefore given directly in 
dB relative to 1 m/s for a source strength of 1 Pa at 1 m distance. Thus the dB 
values for pressure and particle velocity will in general be offset with respect to each 
other. For a plane wave in a fluid with density p and sound speed c,, the offset is 
determined by the relation between pressure p and particle velocity v, (pl = pc,(vl, 
i.e. approximately 123 dB for water. 

For all parameters the output is available both as standard curve plots us depth or 
range and as contour plots showing the field variation in both depth and range. 

All inputs to SAFARI- FIP are read from the file currently assigned to the logical file 
FOR001. Before running the program the user has to assign the file containing the 
input data to this logical name. The most convenient approach is to include this 
assignment in a general command file which also assigns file names to the logical 
names of the output files as described in Subsect. 5.6. 

A successful use of SAFARI-FIP is highly dependent on how the parameters are 
specified, in particular those related to the truncation and discretization of the 
horizontal wavenumber interval. We will therefore in the following f i s t  describe the 
preparation of the input files in detail and then outline some important numerical 
considerations. 
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Table 9 
Parameters of SAFARI-FIP input files: Calculation and environme~ltal parameters 

Block Parameter Units Limits 

I T I T L E  : title of run - 5 80 char. 

I1 opt1 opt2 . . .: output options - - < 40 char. 

I11 F R E q  : source frequency Hz > 0 
COFF:  integration contour offset dB/A COFF 2. 0 

number of layers, incl. halfspaces 

depth of interface 
compressional speed 
shear speed 
compressional attenuation 
shear attenuation 
density 
rms value of interface roughness 
correlation length of roughness 

S D :  source depth (mean for array) m - 
N S  : number of sources in array - N S  > 0 
D S  : vertical source spacing m D S  > 0 
AN: grazing angle of beam deg - 
I A :  array type - 1 5 I A 5 5  
F D :  focal depth of beam m F D  # S D  

VI R D l  : depth of first receiver 
R D 2 :  depth of last receiver 

NR: number of receivers 
I R :  plot output increment 

VII C H I N :  minimum phase velocity m/s C H I N  > 0 
CHAX: maximum phase velocity m/s - 

VIII NW: number of wavenumber samples - NW = 2M 
I C I :  first sampling point - I C i  2 1 
I C 2 :  last sampling point - I C 2  5 NU 

7.1. INPUT FILES FOR SAFARI-FIP 

T h e  input data are  structured in 13 blocks. T h e  first eight, shown in Table 9, 
specify t he  title, options, frequency, environmental parameters,  source and receiver 
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geometry, and finally the wavenumber sampling parameters. The last 5 blocks, 
outlined in Table 10, contain axis specifications for the graphical output. Some of 
these blocks should always be included and others only if certain options have been 
specified. The single blocks and parameters are described in detail in the following. 

Table 10 
Parameters of SAFARI-FIP input files: Plot parameters 

Block Parameter Units Limits 

Ix RMIN: minimum range on plots km - 
RMAX: maximum range on plots km - 
RLEN: length of z-axis for all plots cm RLEN > 0 
RINC: distance between tick marks km RINC > 0 

X' TMIN : minimum transmission loss dB - 
TMAX : maximum transmission loss dB - 
TLEN : length of vertical TL axes cm TLEN > 0 
TINC : distance between tick marks dB TINC > 0 

XI' DCUP: minimum depth for plots m - 
DCLO: maximum depth for plots m - 
DCLN: length of depth axis cm DCLN > 0 
DCIN: distance between tick marks m DCIN > 0 

XII~ ZMIN : minimum contour level dB - 
ZMAX : maximum contour level dB - 
ZINC : contour level increment dB ZINC > 0 

~111' VLEF : 
VRIC : 
VLEN : 
VINC : 

DVUP : 
DVLO : 
DVLN : 
DVIN : 

wave speed at left border 
wave speed at right border 
length of wave speed axis 
wave speed tick mark distance 

depth at upper border 
depth at lower border 
length of depth axis 
depth-axis tick mark interval 

- 
VLEN > 0 
VINC > 0 

DVLN > 0 
DVIN > 0 

Only for options A ,  D, 1 and T. a Only for options C and D. Only for option C. 
Only for option Z. 
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MI 0 t Density p in g/cma. 
RG () : RM$ roughness of intierface in m. RG (I ) is 

dummy. If RC 3 0 the Kirchhoff approht ion  
is wed fop the scattering loss, i.e. CL -v m*, . 
Thia fa c ~ p ~ t a t i o n d l y  faster than d a w  thii , ., 
fall scattering theory, bat it is only applicabW&r 
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of the lowermost receiver. If NR = 1, then 

umber of receivers in depth, 
options T or I have been.:specified; plots 

ameter is useful-if option C or A have 
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TMIN TMAX TLEN TINC 

TMIN: Minimum transmission loss in dB. For plots 
of transmission loss vs range (options A and 

se of transmission loss vs depth (option D), it 
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options C or 9, were specified. 

'. I.:! :. . 
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option Z was specified in Block 11. 
EF VRIG VLEN VINC 

Report no. changed (Mar 2006): SR-113-UU



7 - Running SAFARI-FIP ' \ 

7.2. NUMERICAL CONSIDERATIONS 

When SAFARI-FIP is to be applied to a propagation problem, the first difficulty that 
arises is related to the discretization of the environmental model. When modelling 
real data collected in an area where only a few environmental data are known, 
it is generally necessary to re-run the code several times in order to fit a discrete 
stratified model; on the other hand the accuracy requirements will usually be limited, 
and there will be no purely numerical considerations involved. However, the choice 
of environmental model is important in cases where the SAFARI results have to be 
compared to those obtained by other nu~nerical models, which is very common in 
relation to the verification of new algorithms. Many codes, like the normal mode and 
parabolic equation models, assume a linearly varying sound velocity profile between 
the sampling points, whereas SAFARI assumes either isovelocity layers or a sound 
speed varying non-linearly between the sampling points, Eq. (5). It is therefore 
necessary for the number of profile sa~npling points to be so large that the difference 
between the interpolation techniques has no significant effect on the calculated sound 
field. It is not possible to give any specific rules in this regard since the effect depends 
on many factors such as frequency, water depth and the receiver range of interest. 
But if isovelocity layers are used to represent the profile, a layer thickness of !A will 
usually be sufficient. For the inhomogeneous layers, however, the thickness can be 
chosen to be much larger. In any event the profile discretization should be controlled 
by checking the convergence. 

The actual choice of parameters controlling the wavenumber integration is far more 
critical. There are essentially 5 parameters: CMIN, CMAX, NW,  I C 1  and IC2, but 
they cannot be chosen independently from other parameters, in particular the range 
interval of interest (Block IX),  because of the wrap-around problem. F'urther, both 
source and receiver depths influence the choice of integration parameters, e.g. in 
the waveguide problem the presence of the normal modes will require much higher 
sampling rate if the source and receiver are inside the waveguide than if one of them 
is buried in the bottom. There are no general rules which can be used to automate 
the wavenumber integration. The only way to obtain accurate results is to change 
the integration parameters until convergence is obtained. 

Clearly, when making parameter studies, convergence tests are not required for every 
small change in the environmental parameters. However, convergence tests must 
be done for at least one characteristic example before proceeding with a complete 
propagation study. A user with a reasonable knowledge of the physics of waveguide 
problems will - after gaining some experience - be able to determine the proper 
parameters relatively quickly. All problems are, however, not equally easy to predict, 
and it is therefore advisable - also for the experienced user - to use the following 
guidelines for estimating the integration parameters for every new application of 
SAFARI-FIP: 

1. Select the horizontal phase velocities CMIN and CMAX such that d l  signifi- 
cant wave phenomena are included, i.e. C M I N  should be chosen to be 10-20% 
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smaller than the smallest wave speed in the problem and CMAX should be a 
very large number, e.g. CMAX = 1E8. If evanescent waves are known to be 
present C M I N  may have to be even smaller. 

2. Select a few characteristic receiver depths. 

3. Select a reasonably small number of sampling points NW, and run the code 
with option I to obtain plots of the integration kernels. 

4. Repeat steps 1 to 3 with decreasing CMIN until all significant wavenumber 
components are within the integration interval. Then read the wavenumber 
limits kmin and k,,, from the plot or calculate them directly as kmin = 
2 ~ f  Ic,,, and Lax = 2 r f  lcmin. 

5. Select the range interval ( R M I N ,  RMAX) of interest, and convert from km to m 
to obtain r,in and r,,,. For the FFT integration to 'reach' r,,, the nec- 
essary number of sampling points must be larger than Nmin = rma,(k,,, - 
kmin)/27r). Choose the smallest M for which NW = 2M > Nmin. Set I C 1  = 1 
and I C 2  = NW. 

6. If the integration kernels plotted out in step 3 are very 'peaky' due to low loss 
in the waveguide, select option J and specify C O F F  = 0 to invoke the default 
contour offset. The experienced user can choose a specific value of C O F F  as 
described in Block I11 above. 

7. Now select option T and calculate the transmission loss. 

8. Double the number of sampling points NW (remember to double I C 2  as well) 
and re-calculate. 

9. Repeat step 8 until a stable transmission loss curve is obtained. 

10. Now the number of receivers can be increased and the other options C, A 
and Z can be specified, as desired. Remember to change the plot parameters 
accordingly, see Table 10. 

This is the standard procedure which is only applicable if the number of sampling 
points NW is reasonably small, at least smaller than the maximum allowed for the 
actual installation. If this is not the case, there are two different ways to proceed. If' 
the computation time is not important and the actual computer allows it, a larger 
version can be installed, and the procedure above is repeated or continued. In many 
cases, however, the computation time will become unacceptable using this approach, 
and the second possible approach has to be taken. This, however, requires a little 
more knowledge concerning the physics of the actual problem. 

As discussed earlier, each horizontal wavenumber component k corresponds to a 
specific conical or plane wave propagating at grazing angle 9, where k = k, cos 0, 
k, being the medium wavenumber of layer m. Therefore the small wavenumbers 
correspond to steep propagation, and k = k, corresponds to horizontal propagation. 
It is well known for the waveguide problem that the waves propagating at grazing 
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angles larger than the critical angle 9, at the bottom will suffer a large attenuation 
for every bottom bounce and will therefore yield an insignificant contribution to 
the total field at longer ranges. This so-called continuous part of the wavenumber 
spectrum 0 5 k 5 kc can therefore be ignored for long range propagation. This is in 
fact the approximation made in most normal mode models where only the discrete 
part kc < k < k, of the spectrum is considered. In SAFARI-FIP the wavenumber 
spectrum can be reduced by specifying a smaller value of CMAX. This will obviously 
lead to a smaller wavenumber spectrum, and thus to larger ranges covered by the 
FFT integration. Due to the fact that the wavenumber spectrum is a continuous 
function of k, an arbitrary truncation point may give rise to numerical artifacts such 
as wrap-around. The truncation is therefore usually determined in the following 
way: 

1. Carry out steps 1 to 3 above. 

2. By inspection of the integration kernels, choose a truncation point in the con- 
tinuous spectrum where the amplitude is small. Calculate the corresponding 
phase velocity c t .  If only a single receiver depth is required choose CMAX = ct 

and proceed to next step. If more receiver depths are involved a universal 
truncation point with vanishing amplitude can usually not be found. In these 
cases and when the kernel has significant amplitude in the whole continuous 
spectrum, choose CMAX somewhat larger than ct .  Then use ICl to specify 
the first sampling point where the calculation should start, and SAFARI will 
automatically taper the discontinuity. The same procedure is of course ap- 
plicable if the wavenumber spectrum is truncated at the large wavenumber 
end, which requires a proper choice of CMIN and IC2. 

3. Now perform steps 5 to 8 above. 

4. If determination of both short and long range propagation is required, cal- 
culate the full-spectrum solution to a reasonable and convenient range as 
described above. Then compare the solutions to ensure that they overlap. If 
this is not the case - which will only very rarely happen - change the trun- 
cation point to include more of the continuous spectrum and re-calculate the 
long-range field until there is an overlapping region of identical results. 

To the inexperienced user the procedure outlined here may seem very cumbersome, 
but as mentioned above the test of convergence is not needed for every small change 
in the parameters, and after a few trials it will probably seem a very logical proce- 
dure. 
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7.3. SAFARI-FIP EXAMPLES 

Using basically the same environmental model as for the SAFARI-FIPR examples, we 
will here demonstrate the different features of SAFARI-FIP by a series of examples. 
These have been chosen such that also the numerical considerations involved in the 
wavenumber integration are illustrated. 

In all cases the water depth will be 100 m and the ocean bottom is assumed to have 
the properties given in Table 4. 

7.3.1. SAFARI-FIP case 1 : Seismic interface wave propagation 
In the first example we will calculate the transmission loss at 5 Hz for a source depth 
of 95 m and a receiver depth of 100 m and for ranges out to 5 km. This is done by 
specifying the data file given in Table 11. 

After running SAFARI-FIP with this data file, the plot program FIPPLOT will pro- 
duce the plots shown in Fig. 9. The kernel in the wavenumber integral representation 
of the normal stress at depth 100 m is shown in Fig. 9a. As can be observed, there 
are two distinct peaks. The large peak at a wavenumber of 0.07 m-' is the funda- 
mental interface mode. The second peak at a wavenumber of 0.017 m-' is a virtual 
mode associated with propagation in the water column. Figure 9b shows the calcu- 
lated transmission loss, clearly displaying an interference pattern produced by the 
interface mode and the virtual mode. It should be pointed out that the integra- 
tion contour has not been offset in this case because no discrete normal modes are 
present. Had the frequency been chosen a little higher, however, the virtual mode 
would have moved into the discrete spectrum and given rise to a very sharp peak 
in the integration kernel. In that case option J could conveniently be selected, but 
this is dealt with in the following example. 

As can be observed from Fig. 9a, the amplitude of the integration kernel is not 
insignificant at the truncation point defined by the parameter IC2. However, due to 
the tapering of the discontinuity and the fact that the exponential function is rapidly 
varying at the large wavenumbers, the influence of the truncation is insignificant. 
The significance of the truncation can of course be checked by increasing the value 
of IC2 and comparing the results. 
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Table 11 
SAFARI-FIP case 1 data file 

Data file Description Notes 

SAFARI-FIP case 1 title 
N I T options 1 
5.0 frequency 5 Hz 
4 number of layers 
0 0 0 0 0 0 0  layer 1 (upper halfspace, vacuum) 
0 1500 0 0 0 I 0 layer 2 (isovelocity water column) 
100 1600 400 0.2 0.5 1.8 0 layer 3 (silt sediment) 
120 1800 600 0.1 0.2 2.0 0 layer 4 (sand sub-bottom) 
9 6 source depth 95 m 
100 100 I I receiver depth 100 m 
100 1E8 phase velocities CHIN and CMAX 
2048 1 1000 wavenumber sampling parameters 
0.0 5.0 20 1.0 range axis parameters 
20 80 12 10 transmission-loss axis parameters 

Option N indicates that the normal stress (= - pressure) should be calculated. The I 
option will produce a plot of the depth-dependent Green's function, i.e. the kernel in 
the integral representation for the normal stress at the selected receiver depth. Option 
T will generate a plot of the transmission loss as function of range. 

a The sea surface is introduced by including a vacuum upper halfspace, and the sea 
surface is chosen as the origin for the depth axis. 
In order to include the propagation directions close to vertical, CMAX has been set 
to a very large number such that kn,in c 0. Since the source is close to the sea- 
bed and the frequency is relatively low, seismic interface waves will be excited. CHIN 
should therefore be chosen somewhat smaller than the smallest wave speed in the 
problem, i.e. the sediment shear speed 400 m/s. A value of 250 m/s would probably be 
sufficiently low. However, due to the link between the wavenumber and range sampling, 
Eq. (115), this would lead to a relatively course range sampling, AT 21 c , i . / f  = 50 m. 
To reduce this to 20 m, CHIN is specified as 100 m/s. ' The number of wavenumber sampling points, NW, is specified as 2048 = 211, but since 
no wave phenomena are expected with phase velocities smaller than 200 m/s, the 
depth-dependent Green's function is only calculated for the first 1000 sampling points 
(ICI = 1, IC2 = 1000), automatically invoking the discontinuity tapering. 
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Fig. 9. Results for SAFARI-FIP case 1: (a) depth- 
dependent Green's function as function of horizon- 
tal wavenumber; (b) calculated transmission loss as 
function of range. 
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7.3.2. SAFARI-FIP case 2: Normal mode propagation 
As a second example, a propagation problem is chosen where the interface wave is 
unimportant. Because of the characteristic exponential amplitude decay away from 
the guiding boundary, the interface wave is insignificant when either the source or 
the receiver is far away from the sea-bed in terms of wavelength. Typically, the 
contribution to the total field by the interface wave is insignificant if the source 
is one wavelength away from the sea-bed and if discrete modes are present in the 
water column. We will therefore place a 30 Hz source at mid-water depth and again 
calculate the transmission loss out to 5 km range for a receiver at the ocean bottom. 
To demonstrate how a velocity profile in the water column is specified, it is assumed 
that the sound speed has been measured to be 1500 m/s at the surface, 1480 m/s 
at 30 m depth, and 1490 m/s at the sea-bed. The data file is set up as shown in 
Table 12. 

The results are shown in Fig. 10. Figure 10a shows the integration kernel with the 
velocity profile plot inserted. Two discrete modes are apparent, and a third mode is 
just around cut-off at the medium wavenumber for compressional waves in the sub- 
bottom, k = 27r f/1800 - 0.105. The resulting transmission loss plotted in Fig. lob 
is clearly dominated by the interference pattern produced by the 2 discrete modes 
for ranges larger than 1 km. 
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Table 12 
SAFARI-FIP case 2 dat.a file 

Data file Descriptiol~ Notes 

SAFARI-FIP case 2 
N I T J Z  
30 0 
5 
0 0 0 0 0 0 0  
0 1500 -1480 0 0 1 0 
30 1480 -1490 0 0 1 0 
100 1600 400 0.2 0.5 1.8 0 
120 1800 600 0.1 0.2 2.0 0 
5 0 
100 100 1 1 
700 1E8 
1024 I 512 
0.0 5.0 20 1.0 
20 80 12 10 
1460 1550 10 25 
0 100 10 20 

title 
options 
frequency and contour offset 
number of layers 
layer 1 (upper halfspace, vacuum) 
layer 2 (water layer) 
layer 3 (water layer) 
layer 11 (silt sedinlent) 
layer 5 (sand sub-bottom) 
source depth 50 111 

receiver depth 100 m 
phase velocities C M I N  and CMAX 4 
wavenumber sa~ t~p l ing  parameters 5 
rang? axis parameters 
transmission-loss axis parameters 
velocity axis for profile plot 1 
depth axis for profile plot 1 

The  first 3 options are the same as specified in case 1, but here option J has been 
specified to  invoke the contour offset since discrete modes are present a t  this frequency. 
Further, option Z will generate a plot of the velocity profile in the water column. The  
associated axis specifications are given a t  the end of the data file. ' The  frequency is specified as 30 Hz and t , l~e default contour offset will be applied since 
COFF = 0. 
By specifying a negative value for the shear speed, SAFARI will interpret the number 
as the negative of the compressional speed at the b o t t o ~ n  of the layer, i.e. a t  the next 
interface. The solution obtained assumes a linear depth variation of l/c: within the 
layer. ' Although it can be demonstrated that the part of the spectrum with phase velocities 
smaller than sz 1400 m/s yields no significant contribution to  the total field, a relatively 
small value of CHIN has been selected. This is agai11 done in order to obtain a reasonable 
range sampling. In the present case A r  zz c,,,i,, / f = 23.3 m. 
As in the former case, by specifying I C 2  = 512 the insignificant second half of the 
wavenumber spectrum is not calculated. 
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Fig. 10. Results for SAFARI-FIP case 2: (a) depth- 
dependent Green's function as function of horizon- 
tal wavenumber with velocity-profile plot inserted; 
(b) calculated transmission loss as function of range. 
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w 7.3.3. SAFARI-FIP case 3: Transmission loss vs depth and range 
Next, we take exactly the same problem considered in case 2, but calculate the 
transmission loss at several receiver depths, both in the water column and in the 
sediment, and produce a contour plot of the loss as a function of range and depth. 
Further, we produce a plot of the transmission loss averaged over depth as a function 
of range. The data file is given in Table 13. 

The resulting plot of the depth-averaged transmission loss is shown in Fig. l l a .  Note 
that the averaging removes the interference pattern seen at the individual receiver 
depths, Fig. lob. The contour plot produced by the CONTUR program is shown in 
Fig. l lb .  The periodic pattern for ranges longer than a couple of kilometres is typical 
for a 2-mode propagation problem. The actual contouring grid size is indicated by 
the small 'box' at the upper left corner of the plot. 

Figure 12 shows two out of a total of 5 plots of transmission loss us depth produced 
by option D. 
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Table 13 
SAFARI-FIP case 3 data file 

Data file Description Notes 
- 

SAFARI-FIP case 3 title 
N C A D J  options 1 
30 0 frequency and contour offset 
6 number of layers 
0 0 0 0 0 0 0  layer 1 (upper halfspace, vacuum) 
0 1500 -1480 0 0 1 0 layer 2 (water layer) 
30 1480 -1490 0 0 1 0 layer 3 (water layer) 
100 1600 400 0.2 0.5 1.8 0 layer 4 (silt sediment) 
120 1800 600 0.1 0.2 2.0 0 layer 5 (sand sub-bottom) 
60 source depth 50 ni 
0.1 120 41 40 receiver depths 0.1-120 m 
1350 iE8 phase velocities CMIN and CHAX 
1024 I 960 wavenumber sampling parameters 
0.0 5.0 20 1.0 range axis parameters 
20 80 12 10 transmission-loss axis parameters 
0 120 12 20 depth axis for contour plot 
40 70 6 contour levels in dB 

Option C will create a contour plot of the transmission loss as a function of depth and 
range, whereas option A will calculate the depth-averaged transmission loss over the 
specified number of receiver depth. Option D will generate plots of transmission loss 
us depth at the ranges defined by the range axis parameters, see note 5 below. 

"1 receivers will be placed equidistantly in the depth interval 0.1-120 m. Note that the 
first receiver is not placed on the surface where the field is known to vanish and thus 
has an undefined dB level. The last parameter in this line is IR = 40. This parameter 
is dummy in the present case; but if option I or T had been specified, an integrand or 
transmission loss plot would be created for every 40 receiver depth, i.e. here for the 
first and last depth only. ' Compared to case 2, the wavenumber interval is smaller here, since a very fine range 
sampling is not crucial for the contour plots as a consequence of the CONTUR program 
performing a smooth interpolation between the data points. The present choice of C H I N  
and CHAX translates into a range step of AT -- 45 m. ' The tapering is again activated by specifying IC2 = 950. 

'   he range axis parameters are applied to both the plot of the depth-averaged trans- 
mission loss and the contour plot. Further, they determine the ranges for which trans- 
mission loss vs depth will be plotted (option D ) .  Thus, these plots will be produced at 
the ranges corresponding to the tick marks on the range axis. 
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DEPTH AVERAGED LOSS 
SAFARI-FIP case 3. FIPP STLDAV 

Freq: 30.0 Hz 
SD: 50.0 m 

0 1 .O 2.0 3.0 4.0 5.0 
Range (km) 

Fig. 11. Results for SAFARI-FIP case 3: (a) depth-averaged transmission 
loss as function of range; (b) contour plot of transmission loss as function of 
range and depth. 
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SAFARI-PIP caae 3. FIP Sl'LDEP 
Fmq: 30.0 Hn 
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Fig. 12. Results for SAFARI-FIP case 3: (a) trans- 
mission loss us depth at 2 km range; (b) transmis- 
sion loss us depth at 4 km range. 
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w 7.3.4. SAFARI-FIP case 4: Long-range propagation 
In this example it is demonstrated how long-range propagation problems are treated 
by properly truncating the integration interval. The problem considered is exactly 
the same as in case 2, but now the transmission loss should be calculated out to a 
range of 50 km. If the wavenumber interval was left unchanged, several thousand 
sampling points would be required. It is well known, however, that except for 
very short ranges - typically less than a few water depths - the field will be entirely 
dominated by the two propagating normal modes, clearly showing up as sharp peaks 
in the integrand plot of Fig. 10a. The long-range propagation loss can therefore be 
calculated by including only the discrete part of the spectrum containing the two 
modes, significantly reducing the required sampling. This is done by creating the 
data ftle given in Table 14. 

The resulting plots of the integration kernel and the transnlission loss are shown in 
Fig. 13. As can be observed, the wavenumber interval has been properly truncated. 
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Table 14 
SAFARI-FIP case 4 data file 

Data file Description Notes 

SAFARI-FIP case 4 title 
N I T J  options 
30 0 frequency and contour offset 
6 number of layers 
0 0 0 0 0 0 0 layer 1 (upper halfspace, vacuum) 
0 1600 -1480 0 0 I 0 layer 2 (water layer) 
30 1480 -1490 0 0 I 0 layer 3 (water layer) 
100 1600 400 0.2 0.5 1.8 0 layer 4 (silt sediment) 
120 1800 600 0.1 0.2 2.0 0 layer 5 (sand sub-bottom) 
50 source depth 50 m 
100 I00 1 I receiver depth 100 m 
1300 1760 phase velocities CHIN and CHAX 1 
612 46 465 wavenumber san~pling parameters 2 
0.0 60 20 10 range axis parameters 
40 120 12 20 transmission-loss axis parameters 

A proper value of CMAX is found by observing the full integrand in Fig. 10a. An 
obvious point to truncate is where the amplitude vanishes at the wavenumber 0.11 m-', 
corresponding to a phase velocity of 1712 m/s. The actual value of CIAX has been 
chosen a little larger, as 1750 m/s. The value of CMIN is less critical, but 1300 m/s has 
been chosen to yield a reasonable range sampling. 

a Since CMAX was not chosen equal to the actual value corresponding to the wavenumber 
where the integrand amplitude was zero, IC1 is given a value which will start calcu- 
lation a t  this particular point. Also, since the integrand amplitude is known to be 
insignificant a t  the high wavenumber end of the selected interval, IC2 is set to a value 
smaller than NW. 
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INTEGRAND 
30 WARI-FIP case 4. Fp SNTGR 

I Req: 30 0 Ha 
SD. 50.0 m 
RD: 100.0 m 

Horizontal wavenumber (lo-' m-I) 

TRANSMISSION LOSS 

Range (km) 

Fig. 13. Results for SAFARI-FIP case 4: (a) trun- 
cated integration kernel as function of horizontal 
wavenumber; (b) calculated transmission loss as func- 
tion of range. 
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7.3.5. SAFARI-FIP case 5: Beam propagation 
In this last example it is demonstrated how SAFARI-FIP is applied to a beam prop- 
agation problem. A linear vertical array, placed at mid-water depth in the environ- 
ment treated in case 1, is generating a 1000 Hz gaussian beam impinging on the 
bottom at a nominal grazing angle of 25'. The task is to investigate the reflection 
and transmission characteristics of this beam by generating a contour plot of the 
sound-pressure field in depth and range. The data file is set up in Table 15. 

The contour plot produced by means of the DISSPLA plot package is shown in 
Fig. 14a, whereas Fig. 14b shows the corresponding UNIRAS contour plot with dark 
shading indicating high levels. Since the angle of incidence of the beam is between the 
critical angles of the silt layer and the sub-bottom, the incident beam is both reflected 
and transmitted at the waterjsediment interface whereas the transmitted beam is 
totally reflected at the sediment/subbottom interface. The resulting complex beam- 
splitting reflectivity pattern is easily observed. More beam examples can be found 
in [21,22,26,27]. 
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Table 15 
SAFARI-FIP case 5 data  file 

Data file Descriptioll Notes 

SAFARI-FIP case 5 
P N C  L 
1000 
4 
65 1500 0 0 0 1 0 
65 1500 0 0 0 1 0 
100 1600 400 0.2 0.5 1.8 0 
120 1800 600 0.1 0.2 2.0 0 
50 41 0.75 25.0 4 100 
50 125 51 52 
1500 5000 
2048 1400 1950 
0.0 0.3 20 0.05 
50 125 12 25 
24 54 6 

title 
optio~is 
frequency 1 kHz 
number of layers 
layer I (upper halfspace, water) 
layer 2 (isovelocity water layer) 
layer 3 (silt sediment) 
layer 4 (sand sub-bottom) 
source array parameters 
receiver depths 50 to 125 m 
phase velocities C M I N  and CMAX 
wavenumber sampling parameters 
range axis for contour plot 
depth axis for contour plot 
contour levels in d B  

Option P indicates that the sources are line sources rather than point sources. The 
calculations are therefore performed in plane geometry, and the calculated parameter 
is the normal stress, option N. Option C  generates a contour plot of the field in depth 
and range. Finally, option L indicates that the field is generated by a vertical linear 
array. 
Since only the first bottom bounce of the beam is of interest, the sea surface is removed 
by replacing the water column by an infinite halfspace. Note that a dummy interface 
has been introduced just below the lowermost source in the array. This is a 'trick', 
reducing the computation time in cases where many sources and receivers are present. 
This is due to  the fact that the homogeneous solution within a layer has to be super- 
imposed with the direct source field - an operation which must be performed for every 
source/receiver combination within each layer. In the present case the introduction of 
the dummy interface reduces the number of receivers present in the source layer to  the 
uppermost 10, and the savings in computational effort more than compensates for the 
additional computation involved in adding an extra interface. I t  is left as an exercise 
to  the user to  demonstrate this. 
Since option L was chosen, all 7 source paranleters have to be specified. The mid-point 
of the array is 50 m,  i.e. in the middle of the water column. The array has 41 elements 
with a spacing of 0.75 m,  i.e. half a wavelength. The total array length is therefore 
30 m. The steering angle is 25" downward with respect to horizontal. The array is of 
type 4, indicating a Gaussian, non-focusing shading. The focal depth, specified to  the 
depth of the sea-bed, is therefore dummy in this case. 
Although the wavenumber spectrun~ of the parallel beam will be relatively narrow, 
almost the whole spectrum of propagation angles in the water has been included in 
order to  get a reasonable range sampling. 
The  wavenumber sampling parameters have been chosen such that only the non- 
vanishing part of the spectrum is included. This can be shown by adding option 
I to  obtain plots of the integration kernel. 
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1 2 5 . 0 h  - , 1 I I I 
0.0 . 50.0 100.0 150.0 200.0 250.0 300 

Range (m) 
SAFARI-FIP case 5. 

ABOVE 64 
4 0 - 5 4  
42-48 
96-42 
30-96 
24 - 30 

BELOW 24 

Fig. 14. Results for SAFARI-FIP case 5: (a) contours in depth and range of 
beam-generated acoustic field produced by the DlSSPLA package; (b) con- 
tour plot produced by U N IRAS. 
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8. Running SAFARI-FIPP 

The SAFARI-FIP P module calculates the depth-dependent Green's function for a 
selected number of frequencies and determines the pulse response at a given re- 
ceiver position by evaluating first the wavenunlber integral, Eq. (13), and then the 
frequency integral, Eq. (8). As was the case for SAFARI-FIP, both stresses and par- 
ticle velocities can be determined, and the field may be produced by either point 
or line sources. By arranging the sources in a vertical phased array, pulsed bean1 
propagation can be analysed. 

The time response is of course dependent on the pulse shape at the source. In 
SAFARI-FIPP the user can either select one of the five internal pulse shapes or create 
an external file containing any desired pulse shape. In either case the source pulse 
is defined as the pressure pulse produced at a distance of 1 m from the source (for 
solids the negative of the normal stress 1 m below the source). The time dependence 
is therefore not directly that of the forcing term in the potenti J wave equation, 
Eq. (6). This is important to note when comparing the SAFARI-FIPP solutions with 
those obtained by other codes. 

The pulse response output is available as either individual pulse plots for single 
receivers or as stacked plots, where the stacking can be performed in either range or 
depth. For the individual plots the time series are produced in true units, i.e. Pa  for 
stresses and m/s for particle velocities, again assunling that the source pulse shape 
is given in Pa. For the stacked plots the individual traces are scaled according to 
certain rules specified in the following. 

All inputs to SAFARI-FIPP are read from the file currently wrigned to the logical 
file FOR001. Before running the program the user has to assign the file containing 
the input data to this logical name. The most convenient approach is to include this 
assignment in a general command file which also assigns file names to the logical 
names of the output files, as described in Subsect. 5.6. 

As was the case for the single-frequency module, successful use of SAFARI-FIPP is 
highly dependent on the parameters specified, in particular those related to the 
truncation and discretization for carrying out numerical integrations. It is obvious 
that the additional frequency integration performed in SAFARI- FIPP ~nakes this 
module even more difficult to use than SAFARI-FIP. It is therefore important that 
the user be extremely confident in running SAFARI-FIP before trying to use the pulse 
model. In the following the preparation of input files is first discussed in detail and 
then the numerical considerations part,icular to the pulse model are addressed. 
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Table 16 
Parameters of SAFARI- FIP P input files: Calculation and environmental parameters 

Block Parameter Units Limits 

1 T I T L E  : title of run - < 80 char. - 
I1 opt1 opt2 . . .: output options - - < 40 char. 

111 F R E q :  source centre frequency Hz > 0 
COFF: integration contour offset dB/A COFF 2 0 

number of layers, incl. halfspaces 

depth of interface 
compressional speed 
shear speed 
compressional attenuation 
shear attenuation 
density 
rms value of interface roughness 
correlation length of roughness 

SD: source depth (mean for array) m - 
NS : number of sources in array - N S  > 0 
D S  : vertical source spacing m D S  > 0 
AN: grazing angle of beam df% - 
I A :  array type - 1 5 I A L 5  
FD: focal depth of beam m ED # SD 

VI R D 1 :  depth of first receiver m - 
R D 2  : depth of last receiver m B D 2  > B D l  

NR: number of receivers - NR > 0 

VII CMIN: minimum phase velocity m/s C H I N  > 0 
CHAX: maximum phase velocity m/s - 

-- 

VIII NW: number of wavenumber samples - NW > 1 
I C I :  first sampling point - I C l  2 1 
I C 2 :  last sampling point - I C 2  5 NW 

I I N C :  integrand plot increment - I I N C  3 0 

Ix NT: number of time samples - NT= 2M 
F i  : low frequency limit Hz F l  2 0 
F 2 :  high frequency limit Hz F2 > F l  
DT: time sampling increment s DT > 0 
RO: first receiver range km - 
DR: receiver range increment knl DR # 0 

NRAN: number of ranges - NRAN 2 0 
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8.1. INPUT FILES FOR SAFARI-FIPP 

T h e  input  d a t a  are structured in 1 3  blocks. The  first nine, described in  Table 16, 
specify the  title, options., frequency, envjron~nental  parameters,  source and  receiver 
geometry and finally the wavenumber and frequency integration parameters.  The  
last four blocks, described in Table 17, contain axis specifications for the  graphical 
ou tput .  Some of these blocks should always be  included and  others only if certain 
options have been specified. The  single blocks and  parameters are described in detail 
in the  following. 

Table 1 7  
Parameters of SAFARI-FIPP input files: Plot parameters 

Block Parameter Units Limits 

x1 CRED : reduction velocity m/s CRED 2 0 

TMIN: start of time window s - 
TMAX: end of time window s - 

TLEN: length of time aixs cm TLEN > 0 
TINC: distance between tick marks s TINC > 0 

XI2 SPLO: lower limit of stacked plots m or km - 
SPUP: upper limit of stacked plots m or km - 
SPLN: length of stacking axis cm SPLN > 0 
SPIN: distance between tick marks m or km SPIN > 0 

X I I ~  NMOD: number of modes - NMOD > 1 
FMIN: min. freq. dispersion curves 
FMAX: niax. freq. dispersiorl curves 
FLEN: lenght of frequency axis 
FINC: frequency tick mark spacing 

GVLO : 
GVUP : 
GVLN : 
GVIN : 

~ 1 1 1 '  VLEF: 
VRIG : 
VLEN : 
VINC : 

min. phase/group velocity 
max. phase/group velocity 
lenght of velocity axis 
velocity tick mark spacing 

wave speed at left border 
wave speed at right border 
length of wave speed axis 
wave speed tick mark distance 

FNIN > 0 
FMAX > 0 
FLEN > 0 
FINC > 0 

GVLO > 0 
GVUP > 0 
GVLN > 0 
GVIN > 0 

VLEN > 0 
VINC > 0 

DVUP: depth at upper border m - 
DVLO: depth at lower border m - 

DVLN: length of depth axis cm DVLN > 0 
DVIN: depth axis tick mark interval m DVIN > 0 

Only for option R or NRAN > 0. ' Only for options S and D. Only for option G. 
* Only for option 2. 
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opt1 opt2 o p t 3 . .  . 

eries of alphanumeric characters specifying the desired 
ptions. The following are implemented at present: 

wavenumber integration instead of the standard 
scheme based on the trapezoidal rule. 

: :  :. : . .  
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SOURCE PULSE 

-2.0 L 
0.0 0.5 1.0 1 .S 

Dimensionless time tf, 

Dimensionles frequency f/f, 

Fig. 15. SAFARI-FIPP source pulse no. 1 and its 
frequency spectrum. 
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(4 SOURCE PULSE 
2,0 PUlSE TYPE 2. FIPP RF'ULSE 

has.: 1.0 m 

-2.0 4 
D.0 0.5 1.0 1.5 

Dimensionless time tf, 

Fig. 16. SAFARI-FIPP source pulse no. 2 and its 
frequency spectrum. 
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SOURCE PULSE 

-2.0 J 1 
0.0 0.5 1.0 1.5 2.0 

Dimensionless time tf, 

Dimensionless frequency f/f, 

Fig. 17. SAFARI-FIPP source pulse no. 3 and its 
frequency spectrum. 
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SOURCE PULSE 

I 
1 1.0 2.0 3.0 4.0 8.0 

Dimensionless time tf, 

(b) SOURCE SPECTRUM 

Dimensionless frequency f/f, 

Fig. 18. SAFARI-FIPP source pulse no. 4 and its 
frequency spectrum. 
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SOURCE PULSE 
PULSE TYPE 6. FlPPRPULSa 

Range. 1.0 rn 

) 0.5 1.0 1.6 i 
Dimensionless time tf, 

Dimensionless frequency f/f, 

Fig. 19. SAFARI-FIPP source pulse no. 5 and its 
frequency spectrum. 
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QUENCY AND RANGE PARAMETERS 

NT F1.F2 DT RO DR NRAN 

: Number of sampling points in time domain. 
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OT PARAMETERS 
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8.2. NUMERICAL CONSIDERATIONS 

It must be assumed that the user is confident with the numerical problems involved 
in running the reflection coefficient and transmission loss models SAFARI- FIPR and 
SAFARI-FIP before trying to use the much more complicated pulse code. We will 
therefore at this point concentrate on the numerical considerations particular to the 
pulse code. For guidelines concerning the selection of environmental models, the 
user is referred to the previous sections. 

The first thing the user has to select is a proper source pulse, which can either be one 
of the internal pulses or one created by the user and placed in a file that can be read 
by SAFARI-FIPP. After selecting the centre frequency f,, the frequency bandwidth, 
defined by the parameters F1 and F2, is chosen such that the amplitude of the source 
spectrum is small at the truncation points. This is easily done by inspection of the 
frequency spectrum of the source pulse. 

Next, the time sampling DT is selected. If chosen too large, the pulse plots will 
become very 'peaky', but in most cases 10 sampling points per period at the centre 
frequency f, will be sufficient, i.e. DT = 0.11 f,. The total time window T is of course 
dependent on the total number of time samples NT, but it is usually convenient to 
postpone the determination of this parameter until later. 

Instead we select at this point the parameters controlling the wavenumber Sam- 
pling. The numerical considerations in this regard are identical to those described 
for SAFARI-FIP, but the wide frequency band is a complicating factor. First an 
appropriate slowness interval, defined by CMIN and CMAX, should be selected, which 
is most conveniently done in the following way: 

1. Select three characteristic frequencies, typically the centre frequency and one 
at each end of the frequency interval. 

2. Determine the necessary wavenumber interval for each frequency as described 
for S A F A R I - ~ I P .  

3. Now determine whether the wavenumber interval should be held constant 
at all frequencies (default) or should vary such that the slowness interval is 
constant (option B)  and select values of CMIN and CMAX accordingly. 

If only a certain spectral part (limited and frequency-independent bearnwidth) is be- 
ing considered, then option B must be selected, but in this case the procedure above 
is used to determine proper truncation points, and, as was the case for SAFARI-FIP, 
the truncation may have to be tapered by selecting proper values of ICI and IC2. 

The number of wavenumber sampling points is a parameter which is even more 
critical in the present case than for transmission loss calculations where an error of 
a fraction of a dB is usually acceptable. This is due to the fact that not only the 
amplitude but also the phase of each frequency component has to be accurate in order 
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to yield a correct pulse response. Although a convergence test could be performed 
by using SAFARI-FIP at a few selected frequencies, it will usually be necessary to 
perform the convergence test on the full pulse problem. For the inexperienced user, 
however, it is advisable to perform a convergence test for SAFARI-FIP at least at the 
centre frequency to obtain reasonable initial estimates of the number of wavenumber 
samples. It should be stressed that although the Filon integration scheme (option F) 
is not default it is highly recornnlended due to the increased accuracy and reduced 
sampling requirements. 

An initial convergence test for the wavenurnber sampling is most conveniently done 
together with the one necessary for determining the length of the time window, 
T = NT * DT. This is done in the following way: 

1. Select a narrow frequency window around the centre frequency, typically F1 = 
0.8 f, and F2 = 1.2 f,. 

2. Choose CRED and NT such that the time window of length T is believed to con- 
tain all arrivals. As the frequency sampling interval is inversely proportional 
to the length of the t i~ne  window, A f = 1/T,  NT should be chosen as small 
as possible in order to limit the calculation time. CRED is most conveniently 
taken to be the highest wave speed in the problem. 

3. Select pulse type 4 which has the narrowest spectrum. 

4. Run SAFARI-FIPP to obtain pulse responses at all ranges. 

5. If the pulse response at longer ranges become 'noisy', it indicates that the 
wavenumber sampling is insufficient. Increase the sampling and re-run until 
the 'noise' disappears. Remember that the very narrow frequency band will 
yield considerable 'ringing' of the pulse, which should not be confused with 
the undersampling noise. The amount of 'ringing' of the source pulse can 
be checked by selecting option R, which produces a plot of the source pulse 
filtered by the rectangular window determined by F1 and F2. 

t 
6. When the result is stable, increase the time window by changing either NT or 

DT. The true arrivals will be invariant to the change in time window, whereas 
the arrivals which are wrapped around will change position. Repeat until the 
wrap-around disappears. 

7. The pulse type is now changed to the desired one and the frequency window is 
extended accordingly, usually containing the entire main lobe of the spectrum. 
The full response is then calculated. If high-frequency noise again appears at 
the long ranges, the wavenumber sampling must be increased. On the other 
hand it will only rarely be necessary to change the time window again. 

8. As usual: When the result is stable, it is the final result. 

It is clear that this convergence test procedure can become extremely time consurn- 
ing since the computation time is proportional to both the number of frequencies 
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and the number of wavenumber samples. It is therefore important that the user se- 
lects reasonably low initial values, which again requires that he is already confident 
with the wavenumber sampling concepts of the single frequency SAFARI-FIP mod- 
ule. Further, it is extremely important that the user has a substantial knowledge 
of timelfrequency analysis by means of FFTs in order to be able to properly select 
the timelfrequency parameters and to pinpoint and remove the different numerical 
artifacts such as wrap-around and ringing. 

8.3. SAFARI-FIPP EXAMPLES 

The use of SAFARI-FIPP for calculating the full time response will here be illustrated 
by a few examples, all treating propagation in the sample environment used for the 
SAFARI-FIPR and SAFARI-FIP test cases, i.e, a shallow water environment with 100 m 
water depth and the layered bottom given in Table 4. 

8.3.1. SAFARI-FIPP case 1:  Dispersion curves 
In this and the next example we use SAFARI-FIPP to model the propagation of 
seismic interface waves along the ocean sea-bed. One of the numerical problems 
particular to the pulse model is the determination of the necessary time window 
in order to avoid wrap-around. As described above, the starting time is easily 
determined from the maximum wave speed in the problem. The length of the time 
window, however, requires a Little more skill to determine, in particular in cases 
where very slow interface waves are present. However, SAFARI-FIPP has the option 
of calculating group velocities of the interface wave, which is a very valuable tool in 
this regard. In this f i s t  example we will therefore calculate the dispersion curves in 
the frequency interval 1-12 Hz for the slowest fundamental interface mode associated 
with the environment treated in SAFARI-FIP case 1. To do this, the data file given 
in Table 18 is set up. 

The resulting dispersion curves are shown in Fig. 20. The minimum group velocity 
is observed to be 280 m/s. If the pulse response has to be calculated out to a range 
of 2.5 km and no reduced time is applied, the length of the time window required in 
order to avoid wrap-around is T = 10 s. 
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Table 18 
SAFARI-FIPP case 1 data file 

Data file Description Notes 

SAFARI-FIPP case 1 title 
V G options 1 
3 centre frequency 3 Hz 2 
4 number of layers 
0 0 0 0 0 0 0  layer 1 (vacuum halispace) 
0 1500 0 0 0 1 0 layer 2 (water column) 
100 1600 400 0.2 0.5 1.8 0 layer 3 (silt sediment) 
120 1800 600 0.1 0.2 2.0 0 layer 4 (sand sub-bottom) 
9 5 source depth 95 m 
100 100 1 receiver depth 100 m 
300 1E8 phase velocity interval 
250 1 250 0 wavenumber sampling parameters 
512 1.0 12.0 .O1 0.5 0.5 0 frequency sampling parameters 
1 number of modes 
0 12 20 2 frequency axis parameters 
200 600 12  100 velocity axis parameters 

* It is indicated by option G that the dispersion characteristics of one or more modes 
should be determined. Option V indicates that the depth-dependent Green's function 
for the vertical particle velocity is used for finding the peak corresponding to the 
interface mode. 

a The centre frequency is specified as 3 Hz, but this parameter has no influence on the 
dispersion calculation. 
The wavenumber interval is chosen so large that the fundamental interface mode is 
known to be included at the maximum frequency of 12 Hz. Note that option B was 
not specified. The wavenumber spectrum is therefore constant and equal to  the one 
determined by the maximum frequency. ' The wavenumber sampling is not extremely critical for the G option because a bisection 
technique is used to iterate onto the correct position of the modal peak. ' The frequency interval has been chosen as 1 to 12 Hz, and to obtain a frequency 
sampling interval of Af = 0.2  Hz ,  the time sampling parameters have been adjusted 
to  yield a total time window of length 2' = l / A f  E 5 s. Since NRAN = 0 ,  no pulse 
plots are generated, but we have in any case chosen A t  = 0.01 s, which is the sampling 
required to nicely represent graphically a wave of frequency 12 Hz. The appropriate 
number of time samples therefore follows as NT = 29 = 512. 
In order to determine the width of the time window for the following pulse calculations, 
only the group velocity of the fundamental interface mode is required. 
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DISPERSION CURVES 
SAFARI-FIPP case 1. FIPP DISP 

0.0 2.0 4.0 6.0 8.0 10.0 12.0  
Frequency (Hz) 

Fig. 20. SAFARI-FIPP case 1: dispersion curves for the fundamental in- 
terface mode in a stratified sea-bed. The solid curve indicates the phase 
velocity and the dashed curve the group velocity. 
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8.3.2. SAFARI- FIP P case 2: Seismic interface wave propagation 
In this example we calculate the time response of 5 vertical geophones on the ocean 
bottom, spaced 500 m apart out to a range of 2.5 km, using a source of type 2 with 
a centre frequency of 5 Hz. The environment is exactly as in the previous example. 
This is done by specifying the data file given in Table 19. 

The resulting stacked plots of the time behaviour of the vertical and horizontal par- 
ticle velocities are shown in Fig. 21a and b, respectively. Note that the amplitudes 
have been multiplied by range before being plotted. The highly dispersive nature of 
the slow seismic interface wave is characteristic for this type of propagation situa- 
tion. Although not particularly evident in the present case, it is also characteristic 
that the horizontal component shows a second interface mode more pronounced than 
the vertical component. For a more detailed description of the behaviour of seismic 
interface waves, reference is made to [16-181. In Fig. 21b for the horizontal compo- 
nent, the first arrival is the lowest waterborne normal mode, which is only weakly 
present on the vertical component. This arrival also contains a head wave arising 
from the sub-bottom, but this wave is not easily isolated from the waterborne mode. 
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Table 19 
SAFARI-FIPP case 2 data file 

Data file Description Notes 

SAFARI-FIPP case 2 
V H S 2 F J  
5 0 
4 
0 0 0 0 0 0 0  
0 1500 0 0 0 1 0 
100 1600 400 0.2 0.5 1.8 
120 1800 600 0.1 0.2 2.0 
9 5 
100 100 1 
300 lE8 
1024 1 950 0 
2048 0.0 12.5 .006 0.5 0 
0 
0 10 20 2 
0 3 16 0.5 

title 
options 1 
centre frequency 5 Hz 2 
number of layers 
layer 1 (vacuum halfspace) 
layer 2 (water column) 
layer 3 (silt sediment) 
layer 4 (sand sub-bottom) 
source depth 95 m 
receiver depth 100 m 
phase velocity interval 3 
wavenumber sampling parameters 4 
frequency sampling parameters 5 
reduction velocity 6 
time axis for stacked plots 7 
range axis for stacked plots 8 

Options V and H are specified in order to calculate both vertical and horizontal particle 
velocities. Since option S has been selected, the time responses will be displayed in a 
range-stacked format. A source pulse of type 2 has been selected. Option F invokes 
the Filon integration scheme which requires less sampling points than the default 
trapezoidal-rule integration scheme. Finally, the J option is specified to move the 
wavenumber integration contour out into the complex plane. This is not necessary 
for the interface wave, which is itself highly attenuated, but, as was demonstrated in 
SAFARI-FIP case 1, normal modes will become important for frequencies above the 
centre frequency of 5 Hz. Therefore a significantly larger number of sampling points 
than the actual 1024 would be required at the higher frequencies in the band. Note 
that option B was not specified because the exponential decay of the wavenumber 
integration kernel will be very slow at the low frequencies in cases where interface 
waves are important. 

a The centre frequency is specified as 5 Hz. By inspection of Fig. 16b it is clear that 
the source pulse will contain significant energy up to a frequency of 12.5 Hz, which is 
therefore selected as the upper limit for the calculations. The default contour offset is 
applied by specifying COFF = 0. 
As in case 1, a wide wavenumber spectrum is used in order to encompass all real angles 
of propagation and all evanescent waves that are present. ' The number of wavenumber samples selected is 1024, which translates into A k  r,,, N 

0.64 < ilr, i.e. sufficient also for the standard trapezoidal rule integration and therefore 
more than enough for the selected Filon scheme. The last parameter IINC is set to 0 
in order not to create any wavenumber integrand plots. By selecting IC2 as 950 the 
tapering is invoked, to take care of possible discontinuities at the high wavenumber 
truncation point. 
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' The frequency interval selected is 0 to 12.5 HZ, which is an appropriate choice for 
pulse type 2, see Fig. 21. The total time window is chosen a little larger than 10 s by 
specifying DT = 0.006 and NT = 2048. The ranges where pulses are to be calculated are 
determined by the last 3 parameters. I11 the present case there are 5 receiver ranges 
spaced 500 m apart in the interval 500 to 2500 m. Note that ranges are always given 
in km. 
Due to the short ranges involved, no time reduction is applied; therefore CRED = 0. 

' The time axis on all generated plots is specified to  contain a window of width 10 s, 
starting at 0 s. The length of the time axis selected is 20 cm. 
Since the receivers are placed at ranges between 0.5 and 2.5 km, the range axis for the 
stacked plots has been chosen to range from 0 to 3.0 km in order not to truncate the 
first and last trace. 
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VERTICAL PARTICLE VELOCITY 
SAFARI-FIPP case 2. FIPP WPSTCK 3.0 SD: 95.0 m 
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HORIZONTAL PARTICLE VELOCITY 
SAFARI-FIPP case 2. FIPP UPSTCK 
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Fig. 21. Results for SAFARI- FIP P case 2: (a) stacked plot of vertical particle 
velocity traces; (b) corresponding horizontal particle velocity traces. 
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8.3.3. SAFARI-FIPP case 3: Normal mode propagation 
In this last example the stacking in depth instead of range will be demonstrated by 
calculating the field produced at a vertical array of hydrophones for a source at 50 m 
depth and with range offsets of 5 and 10 km. The environment is the same as treated 
in examples SAFARI-FIP 2 and 3, and the source is assumed to be of type 4 with a 
centre frequency of 30 Hz. Only the discrete part of the wavenumber spectrum wil 
be included in order to demonstrate how the truncation of the integration interval 
is introduced in the pulse calculations. The data file is given in Table 20. 

The resulting stacked plots are shown in Fig. 22. Note the two arrivals corresponding 
to the two normal modes. As expected, the first arrival is the first mode with its 
largest amplitude at approximately 60 m depth. The second mode arrives 0.2 to 0.3 s 
later, and it has a low anplitude at 60 m depth. By comparing the results for the 
two different ranges, the characteristic dispersion of the modes is evident. 
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Table 20 
SAFARI-FIPP case 3 data file 

Data file Description Notes 

SAFARI-FIPP case 3 title 
N D 4 J F B  options ]. 
30 0 centre frequency 30 Hz 
5 number of layers 
0 0 0 0 0 0 0  layer 1 (vacuum halfspace) 
0 1600 -1480 0 0 1 0 layer 2 (water layer) 
30 1480 -1490 0 0 1 0 layer 3 (water layer) 
100 1600 400 0.2 0.5 1.8 0 layer 4 (silt sediment) 
120 I800 600 0.1 0.2 2.0 0 layer 5 (sand sub-bottom) 
50 source depth 50 m 
90 10 9 receiver depths 10 to 90 m 2 
1450 1700 phase velocities CMIN and CHAX 3 
560 50 500 0 wavenumber sampling parameters 3 
1024 15 75 0.0012 5 5 2 frequency sampling parameters 4 
1600 reduction velocity 5 
0 1 20 0.2 time axis for stacked plots 6 
100 0 15 20 depth axis for stacked plots 7 

' Option N indicates that the normal stress, equal to the negative value of the acoustic 
pressure, should be calculated. The depth stacking is invoked by specifying option 
Dl and the wavenumber contour offset, option J ,  is again applied. Option F selects 
the Filon integration scheme, and finally option B indicates that the phase velocity 
interval (or slowness interval) should be held constant at all frequencies in contrast to 
the former example, where the wavenumber interval was held constant. The B option 
is essential when the calculations involve only a limited beamwidth. 

a There are 9 receivers in the vertical array, with the lowermost receiver at 90 m depth 
and the uppermost at 10 m depth. The deepest receiver has been specified first, since 
the amplitude scaling is controlled by the first receiver depth, and the amplitude is 
expected to be larger at the bottom than at the pressure-release surface. ' As in example SAFARI-FIP case 3, the wavenumber interval has been selected to 
include only the propagating normal modes, and the tapering is applied by properly 
specifying ICI and IC2. No integrand plots have been requested (IINC = 0), although 
this feature is often applied to check the wavenumber truncation. 
As can be observed from Fig. 18b, the selected frequency interval 15 to 75 Hz will 
include the whole main lobe of the source frequency spectrum. The time sampling 
parameters have been chosen to yield a total time window of 1.2 s, which turns out to 
be sufficient for the ranges selected. As above, a dispersion calculation for the normal 
modes (2 at the centre frequency) could have been performed in advance. 
Since the fast-bottom head wave has been excluded from the wavenumber integration 
interval, no arrivals faster than the water velocity (1500 m/s) are expected. Therefore 
this velocity has been chosen as reduction velocity. 
The time axis covers the first 1 s of the selected time window. 

' The depth axis for the stacked plots covers the whole water column, leaving enough 
space for both the first and the last trace. 
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NORMAL STRESS 
a] , SAFARI-FIPP cese 3. FIPP SPSTDP 

SD: 50.0 m 
Range: 5.0 km 

.oo 1 
0.0 0.2 0.4 0.6 0.8 1 

Reduced time t-r/1.5 (secs.) 

NORMAL STRESS 
b) SAFARI-FIPP case 3. 0 FIPP SPSTDP 

SD: 50.0 m 1 
Range: 10.0 

100 4 1 
0.0 0.2 0.4 0.6 0.8 1 .O 

Reduced time t-r/1.5 (secs.) 

Fig. 22. Results for SAFARI-FIPP case 3: depth-stacked plots of hy- 
drophone traces at two different ranges: (a) 5 km; (b) 10 km. 
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Appendix A 

Installing and running SAFARI on the FPS164 

SAFARI is installed at SACLANTCEN on both the VAX 8600 cluster and the FPS164 
Attached Processor. The installation on the VAX proceeds exactly as described in 
Sect. 5. For the FPS164 the simulation of the FPS library functions should of course 
not be used. Further, the most critical subroutines have been written in APAL64 
assembler and a special set of subroutines is available for doing asynchronous I/O 
to all scratch files. This last feature requires the FPS164 to be equipped with a D64 
disk subsysteln and to run under the Single Job Executive (SJE) operating system. 

The FPS164 version is conlpiled and linked by means of the following command file: 

$ SET DEF USS: [SCHMI . ANIS] 
$ ! 
$ ! SUBROUTINES 
$ ! 
$ APFTN64/XOFF=ALL/OPT=2 FIPASJE30 
$ APFTN64/XOFF=ALL/OPT=2 FIPSSJE30 
$ APFTN64/XOFF=ALL/OPT=2 FIPPSJE3O 
$ APFTN64/XOFF=ALL/OPT=2 FIPUSJE30 
$ APFTN64/XOFF=ALL/OPT=2 FIPTSJE3O 
$ APFTN64/XOFF=ALL/OPT=2 FIPRSJE3O 
$ !  
$ ! ASSEMBLER SUBROUTINES 
$ !  
$ APAL64 APCBGE6 
$ APAL64 CVMOVI 
$ APAL64 CVIMOV 
$ !  
$ ! SUBROUTINES FOR ASYNCHRONOUS 1/0 
$ ! 
$ APFTN64/XOFF=ALL/OPT=2 AS104 
$ ! 
$ ! CREATE LIBRARY 

$ ! 
$ APLIBR64/OUT=SAFLIB/IN=~FIPPSJE30yFIPSSJE3OyFIPUSJE3Oy- 

FIPTSJE30,FIPRSJE30,FIPASJE30,APCBGE5,CVMOVI,CVIMOV,ASIO4~ 
$ !  
$ ! MAIN PROGRAMS 
$ ! 
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$ APFTN64/XOFF=ALL SJEFIPP3O 
$ APLINK64 SJEFIPP30,SAFLIB.AOL 
$ APFTN64/XOFF=ALL SJEFIP30 
$ APLINK64 SJEFIP30,SAFLIB.AOL 
$ APFTN64/XOFF=ALL SJEFIPR30 
$ APLINK64 SJEFIPR30,SAFLIB.AOL 
$ !  
$ ! CREATE AND SUBMIT COMMAND FILE FOR COPYING 
$ ! IMAGES INTO FPS164/SJE FILES, HERE UNDER 
$ ! ACCOUNT :SCHHI 
$ !  
s OPENIWRITE con cop.con 
$ WRITE COU It $  SET DEF USS: [SCHHI . ANIS] " 
$ WRITE COU "$ SJE" 
$ WRITE COU I1ATT/W'' 
s WRITE con ll~cc :SCHMI" 
$ WBITE COH "COPYIN/BI SJEFIP30.IMG,SJEFIP30" 
$ WRITE COH "COPYIN/BI SJEFIPP30.IHG,SJEFIPP30" 
$ WRITE COW "COPYIN/BI SJEFIPR30.IUG,SJEFIPR30" 
$ WRITE COW "DET" 
$ WRITE COU ''QUIT1l 
$ CLOSE COH 
$ FPSqUE COP 

Also, a special command file is required for running SAFARI on the FPS164, e.g. for 
the transmission loss program SAFARI-FIP: 

FIP.COM 

S SET DEF USS: [SCHHI. ANIS] 
9 OPENIWRITE con SAFARIFIP.COU 
$ WRITE Con "$ SJE1' 
S WRITE COU "ATTACH/W 1" 
$ WRITE COU "COPYIN ' 'PI ' . DAT,FTN0018' 
$ WRITE COU : SCHHI: S JEFIP30" 
$ WRITE COU "COPYOUT FTNO19,'JPl'.PLP" 
$ WRITE COU "COPYOUT FTNO2O,"Pl'.PLT" 
$ WBITE COU "COPYOUT FTNO28, "PI ' . CDR" 
$ WBITE Con ''COPYOUT FTNO29, "PI' .BDRt1 
s WRITE con  C DETACH^^ 
$ WRITE COU "QUIT" 
s CLOSE con 
$ QSAFARIFIP 
$ ASSIGN/USER 'PI'.PLP FOR019 
$ ASSIGN/USEB 'PIY.PLT FOR020 
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$ ASSIGN/USER SYS$COHHAND : SYSSINPUT 
$ RUN US6 : CSCHHI .VAXFIPl FIPPLOT 
8 ASS/USEB 'PI'.CDR FOR056 
$ ASS/USER 'PI'.BDR FOR017 
8 ASS/USEIt SYS3COMMAND: SYSSINPUT 
$ RUN USS:CSCHHI.FIPCONlCONTUR.EXE 

The two other modules are run by means of similar command files. 
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Appendix B 

Running FIPPLOT 

When SAFARI is run by using the command files given in Sect. 5 and Appendix A,  
the plot program FIPPLOT is automatically executed to obtain the graphical output. 
The plot data are transferred through two files. The file with extension PLP contains 
plot parameters such as axis lengths, titles, labels etc, whereas the other file, with 
extension PLT, contains the actual data values to be plotted. Both files are formatted 
ASCII files, and it is therefore possible to change the layout of the plots by editing 
the PLP file and then execute FIPPLOT independently. Further, FIPPLOT has such 
a general setup that it is easily interfaced to any other numerical code requiring 
graphical output. We will therefore describe here the structure of the PLP file in 
detail. 

As a characteristic example, the PLP file generating the plot shown in Fig. 1 l a  is as 
follows : 

~1024 modulo 
uFIPPuuSTLDAV,CPX,IYA 
uDEPTH AVERAGED LOSS 
USAFARI-FIP case 3. 

u2 
,,Freq: 30.0 Hz$ 
,,SD: 60.0 mS 
u20.000000 
u12.000000 

uo 
',o. 000000 

,,6.00000 
,,I. 00000 
~1.00000 

 range (km)$ 
uLIN 

~ 8 0 .  0000 
u20. 0000 
u10. 0000 
,,I. 00000 

,,Normal stress (dB//lPa)$ 
"LIN 

ui 
uii2 

~ 0 .  044957 
u0.449667-001 

number of labels 

XLEN 
YLEN 
grid type 
XLEFT 

XRICHT 
XIWC 

XDIV 

YDOWN 
YUP 
YINC 
YDIV 

NC 
N 
XUIN 
D X 
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YMIN 
DY 

Notice especially the initial space (denoted by u)  which is necessary for FIPPLOT to 
correctly read the file. The PLP file will always start with a block size modulo, with 
which the corresponding data file was written. This parameter is a leftover from 
the versions using binary data files, but for the present version of FIPPLOT this 
parameter is dummy. The fle ends with the PLTEND flag signalling the end-of-file. 

Between these two records the blocks of actual plot parameters are specified, in 
the present case for a single plot only. Any number of blocks could, however, be 
included, each generating one plot. 

The plot parameter block starts with a record specifying a 12-character plot iden- 
tification ( F I P P ~ ~ S T L D A V )  followed by a series of 3-character options separated by 
commas. The files generated by the SAFARI modules will in general not have any 
options specified, but these are important tools for generating final plots. The fol- 
lowing options are currently available: 

DUP: The duplex character generator will be used in stead of the default simplex. 

CPX: The complex character generator is selected. This is the option chosen for 
all plots in this report. 

ITA: The italic character generator is used. 

IXA: Integer format will be used for plotting the z-axis tick mark numbers instead 
of the default decimal format. 

IYA: Integer format will be used for plotting the y-axis tick mark numbers instead 
of the default decimal format. 

DSD: If the plot contains more than one curve (NC > I ) ,  then the first curve will 
be plotted with a solid line, the second with a dashed line and the third 
with a dotted line. If more than three curves are plotted, this sequence will 
be repeated. To generate the dispersion plot in Fig. 20 the DSD option was 
applied. 

MRK: A marker will be plotted for each 10th data point on the curves. In the case 
of more curves, different markers will be used for each. 

COL: This option will plot individual curves in different colours, using the repeat- 
able sequence: red-green-blue-cyan-magent a-yellow . 

SCA: The default character size has been selected to yield a reasonable 'balance' 
of the plot when the length of the z-axis is 20 cm. This option will scale 
the character size accordingly for larger or smaller sizes. This is particularly 
important when preparing illustrations for reports and journal papers, where 
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a uniform character size is desirable, independent of the size of the original 
plots. 

R E S :  When this option is selected, FIPPLOT will request a scaling factor (1.0 = 
no scaling) which will be applied to all curves in the plot, but not to the axis 
values. This option is particularly useful for the range and depth-stacked 
time series produced by SAFARI-FIPP. 

T C T :  This option is used in connection with the stacked time series plots in order 
to truncate the amplitude of each trace at a value corresponding to half the 
distance between traces. Used in particular to avoid overlap of curves when 
rescaling with a large factor (option R E S ) .  

NOP: With this option both the parameters from the PLP file and the data from 
the PLT file are read but no plot is produced. It is therefore used for time- 
saving when only selected plots are required. 

The next record specifies the main title of the plot, followed by a record containing 
the title specified in the SAFARI data file for the actual run. This title will be plotted 
just above the plot frame. 

Then follows a sub-block containing the labels to be plotted in the upper right corner 
of the plot frame. The number of labels ( 2  0) is given f i s t ,  followed by the label 
texts, each of which should be on separate lines and terminated by a $. 

The parameters XLEN and YLEN specify the length in cm of the x- and y-axis, re- 
spectively. The parameter labelled 'grid type' indicates whether a grid should be 
plotted. A value of 1 will produce a dotted grid as in Fig. 20. 

The next 6 records contain the parameters for the x-axis of the plot. X L E F T  and 
X R I G H T  are the data values at the left and right borders of the plot frame, respec- 
tively, whereas X I N C  is the distance in the same units between the tick marks. X D I V  
is a multiplication factor which will be applied to both the axis parameters and the 
data values. After X D I V  the x-axis label is specified, terminated by a $, and finally 
L I N  indicates that the x-axis should be linear. Another possibility is a logarithmic 
axis, which has not yet been implemented, however. The parameters for the y-axis 
are given in the same way in the next 6 records. 

The parameter N C  specifies the number of curves to be plotted. For each curve 
a sub-block of 5 records has to be specified. The first parameter N indicates the 
number of points in the curve. If N is negative, no curve will be plotted; instead a 
marker will be plotted at the position of each data point. The parameter XMIN is the 
z-coordinate (range) of the first data point, whereas DX is the equidistant spacing. 
If DX had been specified as 0, then the N x-coordinates of the data points would be 
read from the PLT file. In that case X M I N  would be interpreted as an x-offset to be 
applied to the curve. The same rules apply to YMIN and DY. In the actual case the 
y-values (transmission losses) will therefore be read from the PLT file, and no y-offset 
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will be applied. The offsets are only used for the stacked time series plots, where 
it is important to be able to rescale (see option RES above) the amplitudes without 
changing the trace offset. If both DX and DY are specified as 0, then FIPPLOT will 
f i s t  read all N x-values and then all y-values. As an example of this, reference is 
made to the PLP file for generating the sound-speed profile plot inserted in Fig. 10a. 

When the PLP file has been edited, FIPPLOT is executed with the following com- 
mand file: 

$ ASS/USER 'PI1.PLP FOR019 
$ ASS/USER ' P l J . P L T  FOR020 
$ ASS/USER SYS$COMMAND: SYS$INPUT 
$ RUN FIPPLOT 

All plots presented in this report have been edited, and they therefore do not appear 
exactly as those produced automatically. 
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Appendix C 
Running CONTUR 

As was the case for FIPPLOT, the cornmandfiles given in Sect. 5 and Appendix A will 
automatically execute the contour plotting program CONTUR.  The plot parameters 
are transferred from SAFARI into the file with extension CDR, whereas the actual 
contour data are placed in the file with extension BDR. The data file is allowed to 
be in both ASCII or binary format, but as SAFARI is run both on the VAX and the 
FPS164 at SACLANTCEN, it has been most convenient to use the ASCII format. 

The CDR file can be edited to change the layout of the contour plot. As a typical 
example, the CDR file used to create the contour plot of Fig. 14b is shown below: 

CONDR,FIP,FHT,CPX,UNI,TEK 
SAFARI-FIP case 6. 
SAFFIP6.BDR;I 
Range (m) 
0.0000 

299.8635 
0.0000 

300.0000 
16.0000 
60.0000 

Depth (m) 
60.0000 
126.0000 

6.2500 
26.0000 
141.0000 
51.0000 

1.0000 
1.0000 

0.0000 

50.0000 
125 .OOOO 
60.0000 
141.0000 

61.0000 
1000.0000 

0.0000 
6.0000 
5.0000 

21.0000 

RHIN 
RHAX 
XLEFT 
XRICHT 
XSCALE 
XINC 

YUP 
YDOWN 
YSCALE 
YINC 
data points along x-axis 
data points along y-axis 
DIVX 
DIVY 
FLACRC 
RDUP 
RDLO 
source depth (m) 
grid points along x-axis 
grid points along y-axis 
frequency ( H z )  
dummy 
CAY 
NRNC 
ZHIN 
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54.0000 ZMAX 
3.0000 Z I N C  
2.0000 z-origin of plot in inches 
0.0000 dummy 
2.0000 y-origin of plot in inches 
0.0000 NSM 
0.1000 HGTPT 
0.1400 HGTC 
-3.0000 LABPT 
1.0000 NDIV 
5.0000 NARC 
-1.0000 L ABC 
-1.0000 LWGT 

The first record specifies one 5-character option (CONDR) followed by a series of 3- 
letter options. The CONDR option indicates that the actual contour plot is of the 
depth-range type and CO NTU R will interpret the parameters accordingly. This 
option should therefore never be changed. The first 3-letter option ( F I P )  is purely 
for identification and has no further effect. The FMT option indicates that the BDR 
data file is ASCII formatted (BIN for binary format). These first 3 options should 
always be present in the specified order, but the options following are optional and 
can be given in any order. The implemented options are as follows: 

DUP: The duplex character generator will be used for DISSPLA plots (MINDIS at 
SACLANTCEN) instead of the default simplex. 

CPX: The complex character generator is selected. 

ITA: The italic character generator will be used. 

UNI: The UNIRAS plot package will be used to generate a colour or grey-tone 
contour plot. DISSPLA (MINDIS at SACLANTCEN) is the default plot 
package. 

VTT: The raster plot will be produced on a VT240 terminal. This only has effect 
if option UNI is specified. 

G41: The raster plot will be produced on a Tektronix 4105 terminal. This only 
has effect if option UNI is specified. 

TEK: The raster plot will be produced on a Tektronix 4691 ink jet plotter. This 
only has effect if option UNI is specified. 

PRX: The raster plot will be produced on a Printronix printer. This only has 
effect if option UNI is specified. 

COL: If the option UNI has been selected, a colour raster plot using an in-built 
colour scale will be generated. By default a grey-tone scale is applied. 
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VUG: If option U N I  is selected, a viewgraph will be produced on a Tektronix 4691 
or 4692 ink jet plotter. 

ROT: The UNIRAS plot will be rotated 90'. Mainly used for generating viewgraphs 
of plots with the x-axis being larger than the y-axis. 

After the option record there is a record containing the title of the plot and a record 
containing the name of the file containing the data, i.e. the BDR file. Except for 
2 records containing the x-axis and y-axis labels, the rest of the records contain 
numerical parameters, all supplied with a descriptive label. In general only a few of 
these parameters should be changed. The most important ones are described below. 

The lengths of the x- and y-axes are controlled by the parameters XSCALE and 
YSCALE, respectively. CONTU R requires these parameters to be specified in coor- 
dinate units per cm. ZMIN and ZMAX specify the limits of the contouring interval, 
whereas ZINC is the contour increment. If UNIRAS is selected, areas with small data 
values will be coloured with magenta (black in the grey-tone mode). The colour scale 
then moves through different red tones into blue (white in the grey-tone mode). If, 
however, ZMIN > ZMAX, then the colour scale will be inverted by CONTUR.  If the 
default DISSPLA package is selected, only contour lines with identifying numbers 
are plotted. In the present case, removal of the U N I  option leads to the contour plot 
shown in Fig. 14a. 

The last important parameter is NSM, which controls the amount of smoothing ap- 
plied to the calculated contours. This parameter can be set to any value between 
0 and 10, with 0 corresponding to no smoothing. It is obvious that this parameter 
should be used with extreme care. 

After editing the CDR file, CONTUR may be executed by means of the following 
command file: 

$ ASS/USER 'PI'.CDR FOR056 
$ ASS/USER 'PIJ.BDR FOR017 
$ ASS/USER SYS$COUHAND: SYS$INPUT 
$ RUN US5: CSCHUI . FIPCONI CONTnR 
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I n i t i a l  D i s t r i bu t i on  for SR-113 

Ministries of Defence 
JSPHQ Belgium 
D N D  Canada 
CHOD Denmark 
M O D  France 
M O D  Germany 
M O D  Greece 
M O D  ltaly 
M O D  Netherlands 
CHOD Norway 
M O D  Portugal 
M O D  Spain 
M O D  Turkey 
M O D  UK 
SECDEF US 

N A T O  Aythcrities 
Defence Planning Committee 3 

NAMILCOM 2 
SACLANT 3 

SACLANTREPEUR 1 
CINCWESTLANT/  

COMOCEANLANT 1 
COMSTRIKFLTANT 1 

ClNClBERLANT 1 

CINCEASTLANT 1 

COMSUBACLANT 1 
COMMAIREASTLANT 1 

SACEUR 2 
CINCNORTH 1 
CINCSOUTH 1 
COMNAVSOUTH 1 

COMSTRIKFORSOUTH 1 

COMEDCENT 1 
COMMARAIRMED 1 

CINCHAN 3 

SCNR for SACLANTCEN 
SCNR Belgium 
SCNR Canada 
SCNR Denmark 

SCNR Germany 
SCNR Greece 
SCNR ltaly 
SCNR Netherlands 
SCNR Norway 
SCNR Portugal 
SCNR Turkey 
SCNR UK 
SCNR US 
French Delegate 
SECGEN Rep. SCNR 
NAMILCOM Rep. SCNR 

National Liaison Officers 
N L O  Canada 
N L O  Denmark 
N L O  Germany 
N L O  ltaly 
N L O  UK 
N L O  US 

N L R  to SACLANT 
NLR Belgium 
NLR Canada 
NLR Denmark 
NLR Germany 
NLR Greece 
NLR ltaly 
NLR Netherlands 
NLR Norway 
NLR Portugal 
NLR Turkey 
NLR UK 

Tota l  external distribution 234 
SACLANTCEN Library 10 

Stock 36 

Total  number o f  copies 
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