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ABSTRACT

APZ is a normal mode computer program which predicts acoustic
propagation loss in.a horizontally stratified ocean with a flat
bottom. Since it is based on an exact solution of the wave
equation, APZ is used primarily as a check on the predictions
of ray programs which, though more economical and therefore
more widely used,.frequently yield erroneous results. In order
that it may serve in such a capacity, it is designed to accept
the same environmental inputs as ray programs. Being dimen—
sioned for 500 nodes. APZ is useful in typical deep—water
environments at frequencies up to about 100 Hz.

Routine theoretical predictions of acoustic propagation loss are usual—
ly made on the basis of ray theory because of the high computational effi—
ciency of ray—type computer programs. Ray programs_are especially efficient
for predictions at short to moderate ranges where the assumption of a hori-
zontally stratified ocean is usually acceptable. However, ray theory is
subject to a number of well know limitations, and even modern ray programs
such as the FACT Model [1], which incorporate certain wave corrections, fre-
quently run into difficulties. 'When questionable results are obtained, it
is highly desirable to have available a program which provides an exact
solution of the wave equation for the same environmental inputs. APZ is a
normal mode program which serves this purpose.

 

,2 APZ is designed to accept an arbitrary velocity profile (figure 1) con:
‘sisting of as many as 26 points. The bottom may be specified in either of
two ways, (1) as a physical bottom consisting of up to 10 homogeneous, non-
elastic,-attenuating layers, or (2) as an-empirical bottom characterized by
a set of curves of bottom reflection loss versus grazing angle. The physicalbottom has not proved particularly useful, partly because of the paucity of

[suitable oceanographic data and partly because of the difficulty of attempt-ing to synthesize layered structures which simulate measured bottom loss
curves. The empirical bottom, though it involves some approximations, can
be specified with precisely the same inputs as are entered into the ray pro-
grams. '

APZ is dimensioned for 500 modes and is useful in typical deep-water
environments at frequencies up to about 100 Hz. The number of modes required
to generate a complete propagation loss curve is roughly the number of half
wavelengths in the ocean depth. The program may be used with caution at
somewhat higher frequencies if the user is willing to ignore erroneous pre—
dictions in the bottom bounce region at short ranges.

APZ is completely automatic and does not require of the user any spe-
cial knowledge of normal mode theory or of the internal details of the pro- vgram.



The solution of the wave equation embodied in APZ is a steady-state CW
solution. The wave function W (r,z,z ,t), representing the acoustic pres-
sure, is written in equation (1) of f gure 2 as the product of a spatial
function a (r,z,z ) and the time factor exp(imt), where z is the source
depth, 2 the receiver depth, and r the receiver range in 3 cylindrical
coordinate system. Separation of variables leads to the integral (2) over
the horizontal wave number k, which is evaluated by contour integration in
the complex k-plane. In order that the solution may represent the field of
an omnidirectional point source, the Green's function U(z,z ,k) is expressed
in the form of equation (3), where u and v are the two solugions of the
separated depth equation and H is their Wronskian. The contour of integra‘--*
tion, shown in figure 3, is based on_the Pekeris branch cut [2] and leads to
a solution consisting of'a finite set of modes whose eigenvalues lie to the
right of the branch point , an infinite set-of soecalled "improper" modes
whose eigenvalues lie to the left of ,'and a branch line integral whose
contribution in most cases of practice interest_is negligible. In general
the mode eigenvalues are complex.

The program is similar in many respects to Stickler's program [3].
However, Stickler employs a different branch cut [4] which leads to a solu—
tion consisting of the same finite set of.modes plus a branch line integral
over the continuous spectrum covering bottom bounce propagation at the
steeper angles. It has been demonstrated by numerical calculations that
both approaches lead to equivalent results [3][5].

In applying the normal mode solution to AP2 the velocity profile is
fitted with segments in which the reciprocal of the square of the sound
speed c(z) varies linearly with depth, as'indicated in equation (6), figure

. The.resulting depth functions are expressed in terms of the Airy func-
tions Ai(Z ) and Bi(Z ), as indicated in equations (7) and (8). The
function unsatisfies e pressure release boundary condition at the surface
and is evaluated by working downward through the layers to the source (or
receiver) depth with the aid of recursion formulas (figure 5). The func-
tion v satisfies the boundary conditions at the bottom interface, which can
be expressed in the form of equation (11), and is evaluated by working upward
with similar recursion formulas. '

The contribution of the bottom is transmitted through the parameter u .
When a layered physical bottom is specified, u is evaluated as indicated
:in equation (12), figure 6. When the bottom is specified by empirical bot—
tom loss curves, u is computed from the reflection coefficient R at the
bottom interface, as indicated by equation (13), figure 7. Several approx—
‘imations are made. (1) It is assumed that the imaginary part of the eigen-
value may be neglected in computing the bottom contribution. (2) In the
immediate vicinity of the bottom interface it is assumed that the mode may
be treated as a plane wave, the parameter 8 of equation (14) representing
the vertical wave number. (3) Since only the magnitude of R is determined
by the bottom loss N (6), equation (15), the phase angle is unknown and is
arbitrarily assumed go be zero. (4) Only those modes whose equivalent rays
strike the bottom are assumed to interact with the bottom, the effects of
the exponential tails of the depth functions in RSR type modes being neglec—
ed.

    



The mode eigenvalues are values of k which satisfy the characteristic
equation (17), figure 8. They are computed by an iteration procedure which
requires a fairly accurate initial estimate. For modes whose phase veloc-
ities are smaller than the maximum sound speed of the profile the initial
estimates are computed by a WKB approximation. The estimates for higher
order modes are obtained by extrapolation from previously computed eigen—
values. '

A unique feature 6f the AP2 program is an algorithm which improves the
computational efficiency by bypassing the calculation of weakly excited lows—fl
order modes. The concept is illustrated in figure 9. Modes whose phase
velocities are appreciably smaller than the sound speeds at the source and
receiver depths are excited only through the exponential tails beyond their
turning points. The algorithm computes a minimum required phase velocity
such that the attenuation factor between the turning point and source or
receiver depth (whichever lies closer to the channel axis) is exp(~8). Only
those modes whose phase velocities exceed this value need be computed, there-
by conserving computation time and making space available in the computer
memory arrays for modes beyond the 500th.

The last four figures illustrate some of the results obtained from the
AP2 program. Figures 10 and 11 show comparisons between the physical and
empirical bottoms for two different deep—water profiles. To facilitate the
comparisons, smoothed curves have'been plotted over the original data. In
each case a layered bottom was selected, from which a bottom loss curve
was computed by an auxiliary program and then inserted for the empirical
bottom. Figure 10 shows almost perfect agreement, while figure 11 is repre-
sentative of the poorest agreement observed in a set of test runs. It is
seen that even here the discrepancies are relatively minor.

Figure 12 is an example of a run in which more than the available 500
modes are required to describe the sound field. In this case the estimated
number of modes required is approximately 720. The missing modes corres-
pond to propagation at grazing angles steeper than about 45 degrees. A
simple ray calculation based on straight—line geometry reveals that-the mode
deficiency should result in erroneous predictions at ranges shorter than
12,000 yards. This result is clearly evident in the curves of figure 12.
It should_be noted, however, that in the direct propagation zone at very
short ranges, where the sound field is dominated by rays which leave the
source at shallow angles, the predictions of AP2 are valid.

A comparison between AP2 and the semi-coherent predictions of the FACT
ray model is shown on figure 13. Aside from the remarkable agreement in the
two interference patterns, the feature of primary interest in these plots is
the convergence zone which appears in the FACT curve at 75 kyd, but is
totally absent from the AP2 curve. An investigation of this case has
revealed that the convergence zone is formed by an exceedingly narrow bundle
of rays whose energy ray theory assumes to remain intact but in reality
leaks away by diffraction before reaching the convergence zone range. This
is an example of the value of a normal mode program as a check upon ray
predictions.  
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