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ABSTRACT

Three-dimensicnal variability occurs in the ocean volume and bottem
on length scales that are important for acoustic propagation., There-
fore, there are situations when it is necessary to use 3-dimensional
propagaticn models for accurate predictions. A recent propagation
model (called FOR3D) that has three-dimensional capability is reviewed.
A summary of the theoretical development, numerical solution procedu-
res, and computer implementation of this model will be presented. An
application of the model to propagation through the sound gpeed field
from a mesoscale ocean prediction model will be discussed. It is
important to describe both the capabilities of FOR3D (what it can do)
and its limitations (what it cannot do). Its current limitations
suggest some enhancements which can improve its capabilities and per-
formance. These enhancements will be discussed along with a mumber of
research topics in the area of three-dimensional propagation modeling.

1. INTRODUCTICON

In reality, three—dimensional variability occurs in the ocean
bottom on a variety of length scales. These three-dimensional variabi-~
lities can be important for accustic propagation. In such case, to
obtain accurate predictions, an adequate three-dimensional acoustic
propagation model must be used. The production of three—dimensional
acoustic propagation models had been on the rise in the past 5 years,
There exist a number of three—dimensional acoustic models; each has its
advantages and limitations. An updated literature listing can be found
in Ref.l. Additional references can be found in Refs. 2-4, A useful
acoustic propagation model with azimuthal coupling capabilities, theo—
retically developed by Lee et al. (5], and used for many realistic
applications, 1s reviewed in this paper. Details of this model are
described in Refs. 5-10. This 3-dimensional acoustic propagation model
was implemented into a research computer code with the acronym FOR3D,
which stands for the use of a Finite difference scheme in conjunction
. with a numerical Ordinary-differential-equation method, and a Rational
function approximation for matrix exponentials for solving 3-Dimension-
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al acoustic propagation problems, Although the model itself has some
important features, it still reguires improvement both in capabilities
and in performance. Enhancements of more desirable capabilities can make
the model widely useful for research studies as well as applications. A
gection is devoted briefly to outline these enhancements. This paper
begins with a brief higtory of the thecretical development involving the
mathematical formulation and the introduction of an efficient numerical
solution. Following that is the computer implementation. A section will
j1lustrate the occurrence of true 3D effects whereas many other 3D
models without adequate capability of handling the azimuthal coupling
cannot detect such phencmena, Attention will be called to note an impor-
tant feature of the FORID model upon the capability to detect 3D effects.
Recent advances of the FOR3D model will be outlined.

2. BACFGROUND
2.1, Mathematical Model

The 3-dimensional (depth 2z, range r,. and azimith 8) FOR3D
mathematical model was derived from an elliptic equation, Eg.(2.1),
below,

2
a2 u au 2 =
;r—z + 21ko ar + ko(x + Y)u 0. (2.1)

where u = u(r,0,z) the wave field,
k = reference wavenumber,

X nztr.e,:)-'l . i '

E Ilz
ey i and
I.:rz 302 4
n=n{r,0,z) the index of refraction.
An cutgoing wave equation can be obtained by factoring Eq.{2.1)

into a product of cutgoing and incoming wave equations [5}. The wave
equation representing cne-way outgoing wave propagaticn is identified

u, = 1ko(-—1 +1/1+X+\’)u. '. (2.2)
Lee et al. (5] treated the square-root cperator ),/ 1+X+Y by: '
SRy 51 ¢ %x - -;-xz + JZ-Y. {2.3)

to derive the 3—dimensional wide angle wave equation,
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u_ =k (-1 + [1+ (/22X - (/DX + (/DY) (2.4)

where the wide angle capability is in the vertical rz-plane, and with
narrow angle capabllity in the azimuthal direction.

2,2. A Nurerical Solution

An implicit finite difference schems of the Alternating-Directien-
Implicit (ADI) type was also introduced by Lee et al.[5] to solve
Eq.(2.4) which takes this expression:

, i (2.5)
rG-pr - e Gebnane b

where = ik ar.
The stability of this marching echeme is assured by the fact that
the norms of the operators [1+(1/-ﬁ-5/6)x]-l[1+(1/b+5/4)){] and

[1—(5/4)Y]-1[1+(5/4)Y] are both unitary.

2.3. Computer Implementation
The symbolic form of Eq.(2.5) can be written as

apudt! = MM (2.6)
The computer code solves EqQ.{2.6) in two steps:
1. ij+1 = A*B*uj. (2.7}

2. pd*! = It _ (2.8)

In each step, the code solves a symmetric tridiagonal system of
equations which can be computed econcmically.

3. DETECTING 3-DIMENSIONAL EFFECTS

When real data are avallable, it is not clearly known a priori
vhether 3-dimensional effects will occur. Therefore, it is preferable
to use an acoustic propagation model wih azimuth-coupling capability
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that will detect any 3-dimensional effects that may be present. This
capability is an important feature of the FOR3D model. An analysis of
this capability would help the reader to understand how the FOR3D
code was constructed. Based on azimuthal variations, a 3-dimensional
proeblem can be classified into 3 categories according to physical
effects [6]: (1)} true 3-dimensional effects with the presence of azi-
mithal coupling, (2) 3-dimensional problem without azimuthal coupling,
and (3) true 2-dimensicnal problems.

3.1. Mathmatical Classification [6]
Equation (2.1) can be written asg

u  +2iku_ +tu .+ {1/1’2)ueB + ki(nz(r,e,z)—l)u =0. (3.1)

- A special case of EQ.(3.1) can be considered to be

2,2
wo + 2ku +u, + k (a"(r,8,2)-1)u =0, (3.2)

rr z

A special case of Eq.(3.2) can be written as

2,2
U + Zik':,ur +u_ + kD(n (r,2) -ll)u =0, (3.3)

Equation (3.1} accammodates true 3-dimensicnal wave propagaticn with
azimithal coupling because of the presence of both terms(”rz)uae
and n{r,8,z) in the eqguation. Equation (3.2) is a special case of
Eq.(3.1} because of the absence of the term(”l'z)uee ; however, it

is still considered 3-dimensional even though the azimuthal coupling -
is abgent, because the 3—dimensicnal index of refraction n(r,8,z) still
appears in the equation. Equation (3.3) represents a truly

2-dimensional model because of the absence of the term, (lfrz)uea .

In addition, the index of refraction is 2-dimensional, i.e. n=nir,z).
Thus, 2-dimensional models used to solve Eq.{3.3) (recognized as "2D"
sclutions) are not sufficient to solve Egs.(3.1) and (3.2). Again,
incomplete 3-dimensional models used to solve Eg.(3.2) (recognized as
"N x 2D" solutions) are not sufficlent to solve Eq.{3.1). On the other
hand, the models with azimuthal coupling capability used to solve
Eg.(3.1) (recognized as "3D" solutions) are alsc sufficient for solving
Egs.{3.2) and (3.3).

Frem the above discussion, it follows that an accurate and
efficlent 3D model with azimuthal coupling capability should be a
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desirable one. In fact, the FOR3D model has this advantage.
3.2. Computational Discuesicn

The numerical marching procedure to compute scheme (2.5) deals
with the solution of 2 symmetric tridiagonal systems, (2.7) and (2.8).
In the ADI rumerical algorithm the matrix B represents the azimuthal
coupling. From the formulation [5], the matrix B has off-diagonal
elements, s, in the form:

ar

S = .
kora(ae)z

{(3.4)

Y

In the 2D case, cne needs to solve only Eg. {2.7) because the B matrix
is an Identity matrix. In the N x 2D case where only the index of
refraction, n{r,8,z), is 3-dimensional, one still needs to solve only
system (2.7). In the true 3D case, cne needs to golve both systems
{2.7) and (2.8) where the B matrix in NOT an Identity matrix.

An important feature' of the FCRID model iz that one can select a
small @-increment in Eq.(3.4) such that the B matrix is generated to
be different from the Identity. This feature helps the user to ask the
code explicitly to try to allow for 3-dimensional effects whether they
are present or not. Consequently, if 3-dimensional effects are not
physically present, the computation would autcmatically generate an
Identity matrix B. This can be seen in the discussion given next.

In the numerical formulation of the system (2.8), each row of

+1
Bu]  excluding those from boundary terms, has the form

+ .
{Buj+1)m’? = _suit;'!'l +(1 + Zs)urjn'; -suitlr_l (3.5)

where the superscript j is the range index, m the depth index, and f
the azimuth index. In the event that there is no true azimithal
coupling, then .

50 N, 5 RN T |
Yo, 041 T “m,¢ T Yo, f-1" (3.6)

Consequently, Eq.(3.5) will beccme

j+1 (3.7)

j+1
{Bu” ") .8

R = Tu

Therefore, non-azimuthal coupling wbuld-consistently occur in the
mmerical computation. More details of this discussion can be found in _
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Ref. 6,

4. A NUMERICAL APPLICATION

True 3—dimensional effects have been demcnstarted by examples in

Refs. 6-8 . As supporting evidence, an example from Ref.8 is shown
next,

This example describes propagtion confined in a sector 80 degrees
wide, a variable water depth up to 2500 meters deep, and a propagation
range yp to 100 kilometers. Other inputs for this application consist
of: source location at 39N and 72.7'W, source depth=50 m, source

frequency=50 Hz, left sector boundary at 140° true, right sector bound-

ary at 220° true, density in the water=1.0 g/em’ , deneity at bottomm
1.7 g/en?® , and the receiver depth=100 m.

&s the figure below shows an 2D or (N x 2D) models do not adequate-
ly detect true 3-dimensional effects.
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Figure 4.1: Propagtion Loss vs RANGE for 2D, N x 2D, and FOR3ID

5. ENHANCEMENTS

In its current version, the FOR3D model can predict wave propagation
in 3 dimensions. The prediction covers problems to fairly long ranges,
for shallew and/or deep water, The model treats the density variation in
the medium numerically by handling an irregular bottom interface. Most
importantly, the model allows the user to call for detection of 1D
¢ffects. The model can be made more useful if some practical capabili-
tles can be incorporated. These additional capabilities are considered
to be the enhancements. Detailed discussions of these enhancements would
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be very lengthy but can be found in the three references 11,12, and 13.
Briefly, these enhancemente include:

(1) The development cf a capability to handle the interface between
fluid and elastic media in 2 dimensicns [11}. This capability has been
extended to handle wide angle propagation in an elastic medium, In
addition, the capability to handle shear wave propagation in three
dimensions is also under development.

(2) The development of a high-order mumerical finite difference scheme
to improve the computation speed for long range propagation problems was
published in Ref, 12,

(3) A recent useful enhancement of this model is the development of
a mathematical medel for 3-dimensional backscattering. Similar mumerical
techniques, used for the FOR3D model, were used for 3-dimensional
backscattering computations. Basic progress has been made in this topie,
as is reported in an article cited at Ref. 13.

6. CONCLUSION

It is understood that 3-dimensional propagation effects exist in the
naturral ocean. When this situation occurs, using 2-dimensiocnal (2D) or
incomplete 3-dimensional (N x 2D) models is not adequate to solve true
3—dimensicnal prcblems. In this case, a 3-dimensional model with azimu-
thal coupling capability is preferable. The FORID model can be used for
this cage. Further isprovements to the FOR3D model with respect to capa-
bility and performance will be very valuable. "
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