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ABSTRACT

A study of the three dimensional (3-D) effects of mesoscale variability on un-
derwater sound propagation is conducted by interfacing the Chiu-Ehret 3-D acoustic
coupled mode (CM) model with a forecasted sound speed field generated by the Har-
vard Open Ocean Model (HOOM). This research concentrates on the sensitivity of
the acoustic wave field to source depth and location with respect to a core ring in

the Gulf Stream system for a 50 Hz sound source.

The inclusion of the exact 3-D physics in acoustics modeling requires substan-
tial computer resources. For this reason, it is very desirable to determine when the
simpler adiabatic or Nx2-D approximations may be used. To achieve this goal, “ex-
act” 3-D acoustic coupled mode model calculations are compared to results from the
adiabatic approximation and the Nx2-D approximation in terms of transmission loss
and phases and amplitudes of individual mode modulation envelopes. The results
show that the accuracy of the adiabatic and Nx2-D approximations depend strongly
on the radial and transverse sound speed gradients along the track and the acoustic

quality considered.
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I. INTRODUCTION

A. BACKGROUND

The ocean environment as a sound transmitting medium varies both temporally
and spatially due to the presence of mesoscale features such as fronts, currents, eddies
and internal waves. Qur increasing knowledge of the complexity of the structure and
dynamics of the world’s oceans have led to a broad range of studies on oceanographic
influences on underwater acoustics. Numerous works have been published following the
pioneering work of Pekeris [Ref. 1], who first illuminated the complexities of shallow
water acoustics due to interaction with a penetrable bottom. The basic technique used
in Pekeris’ work was the method of normal modes in which the acoustic field in the
ocean is expressed as a sum of modes propagating independently of each other. Since
then, the normal mode theory rapidly became a valuable tool for calculating acoustic
propagation. However, most of the studies were confined to cases of vertical variations
only. In such stratified media, the velocity profiles and boundaries are independent of
range and thus give an exact separation of the wave equation in the radial and vertical
directions. Unfortunately, horizontal stratification of the acoustic media is a condition
that rarely occurs in the real world. Mesoscale variability in the world’s oceans imposes
a need for a fully 3-D acoustic propagation model

In 1965, Pierce [Ref. 2] and later Milder [Ref. 3] extended the method of normal
modes by deriving a set of coupled mode equations to investigate acoustic propagation
for a gradually range-dependent ocean environment known as an “almost-stratified
medium.” When sound propagates in medium that has both vertical and horizontal

variations, the normal modes are couplea and interact continuously. Mathematically.




this means that the equations governing the amplitudes of the modes have to satisfy
a coupled set of differential equations describing the exchange of energy between the
normal modes. These equations are very difficult to solve when a large number of
modes are involved. To avoid this problem, Pierce and Milder employed coupled mode
theory in an approximate fashion by performing an “adiabatic” separation of the depth
and range coordinates. The principal assumption in adiabatic theory is the neglect of
mode-mode coupling based on the idea that as the modes propagate, they progressively
adapt to a slowly changing environment. In other words, in the adiabatic approxima-
tion the amount of energy initially associated with a mode remains with that modes
since energy exchange between modes has been neglected. Detailed discussion of this
approximation’s limitatious may be found in the work of Desaubies, et al. [Ref. 4].
Extensive research on sound propagation in a range variable environment using
ray theory methods [Refs. 5, 6] and parabolic equation methods [Refs. 7-12] have been
widely used within the underwater acoustics modeling community. This thesis however
uses the 3-D coupled normal mode (CM) model developed by Chiu and Ehret [Ref.
13] to examine the complexity of acoustic-oceanographic interactions. An interface of
this 3-D acoustic mode} with a predicted sound speed field generated by the Harvard
Open Ocean Model (HOOM) [Ref. 14] has provided this opportunity to examine the

3-D environmental effects on sound propagation.

B. OBJECTIVES

This thesis has two objectives:

1. Investigate the 3-D environmental effects on low frequency sound transmission.
Specifically, this thesis examines the effects of horizontal refraction and mode-
mode interaction in the presence of a warm core ring. This warm eddy is located

north of the Gulf Stream system.




2. Quantify the accuracy of the “approximate” 3-D adiabatic and Nx2-D coupled
mode solutions by comparing them to the “exact” 3-D coupled mode model
solutions at two different source/receiver locations with respect to the warm
eddy (inner and outer) at two different depths (300 m and 1360 m). The acoustic

quantities compared include mode amplitude, mode phase and transmission loss.

The above objectives were accomplished by first running the 3-D acoustic CM
model on the VAX 8250 for a 50 Hz sound source placed at the sound channel depth
(1360 m) cutside of the warm eddy region. The implementation of the acoustic CM
model on the VAX mini-computers is discussed in Appendix A. The 3-D adiabatic
approximation and the Nx2-D coupled mode models were then run using the same
geometric and acoustic parameters. The results from these three runs were compared
and discussed to determine the validity of the “approximate” models. The process was
then repeated for subsequent cases where the source was moved to the center of the
eddy and later to a shallow depth of 300 m.

The computer implementation of the CM algorithm required large amounts of
central memory and computer time. The other two “approximate” model algorithms
required much less; for the adiabatic approach, computation time was reduced by al-
most 90%, while the Nx2-D approach was reduced by as much as 50%. Therefore, if the
physics may be approximated, the usefulness of the adiabatic and Nx2-D approxima-
tions is obvious. The adiabatic model and the Nx2-D model also require significantly
less memory storage.

The outline for this thesis is as follows:

o Chapter Il contains the mathematical formalism of coupled mode theory as orig-

inally proposed by Pierce and later applied in the CM numerical acoustic model.




A discussion of the interfacing procedure of the CM model with the forecasted

sound spred field generated by the HOOM is also included.

Chapter 111 details the results of the full 3-D acoustic CM solutions and the com-
parison to the Nx2-D and adiabatic methods. The compared acoustic quantities
include mode amplitude, mode phase, and transmission loss. Two test cases are
investigated. Case 1 places the source outside of the warm eddy and Case 2
places it inside the core. Comparison and discussion on the propagation in and

out of the eddy are made for two different source depths (1360 m, 300 m).

Chapter IV summarizes the work completed in the thesis, draws conclusions, and

suggests recommendations for possible future studies in this endeavor.




II. THEORY

In this chapter, the mathematical formalism of coupled mode theory is presented.
First, normal mode theory for a horizontally stratified medium will be reviewed. Next,
the extension of normal modes to sound propagation in media containing horizontal
variations as well as vertical variations, known as coupled mode theory, will be formu-

lated and discussed.

A. REVIEW OF NORMAL MODE THEORY FOR A HORIZONTALLY
STRATIFIED MEDIUM

The essence of ocean acoustic theory is contained in this second order wave equa-
tion:
1 9*®

2 TR e e——
Ve = 5o (2.1)

where ® is the acoustic velocity potential or pressure perturbation, c is the sound speed
which may vary in the x, y, z coordinates, and V? is the three dimensional Laplacian
operator.

The three mathematical approaches used to solve the wave equation are ray
theory approximation, parabolic equation approximation theory, and normal mode
theory. This study focuses on the normal mode theory approach.

Normal modes constitute an “exact” solution to the wave equation providing
that the boundaries are flat. In normal mode theory, sound propagation is described in
terms of characteristic vertical functions called normal modes. Each mode represents
a vertical standing wave traveling outward from the source with an amplitude that
is a function of radial and transverse variability. The propagating normal modes are

combined additively to represent the ocean acoustic field.




The method of normal modes was originally applied by Pekeris [Ref. 1] to study
long-range sound propagation. However, this method was confined to the case of
stratified media, with the sound speed profiles and boundaries independent of range.
This neglect of the range variability makes it possible to illustrate many fundamental .
wave properties by means of simple equations and solutions. When cylindrical geometry
is used with the z-axis normal to the ocean surface and pointing down, the wave
equation can simply be reduced by separation of variables. This exact separation leads
to a system of two linear differential equations, one for depth dependence and the other
for range dependence. Specifically, the time independent Helmholtz equation for the

acoustic velocity potential ®(r,z) to be solved is:
V20(r,z) + k*(2)®(r,2) = —476(r, z — zo) (2.2)

where r is the range from the source, z is the depth, and k is the wave number defined

as:
e (2.3)

for a unit point source of harmonic frequency w located z = z,, r = 0. By assumption,

k

k is taken to be range-independent and depends on a single sound speed profile ¢(7).
Equation (2.2) may be expressed in terms of products of radial and depth functions,
ie.,

®(r,z) = LR(r) Z,(2) (2.4)

Because the horizontal structure of the medium (represented by R,) is assumed

to be invariant, the range equations which govern the evolution of each of the modes
are not coupled, i.e., the normal modes propagate independently of each other. The
bulk of the remaining problems centers around the evaluation of the depth functions,
i.e., the normal modes. The particular form of the solution for Z, depends upon the

functional description of the sound speed profiles and the boundary constraints.

6
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B. 3-D COUPLED MODE THEORY

The description of the open ocean as a horizontally stratified fluid is only an
approximation to the actual physical situation. The sound field in the ocean is strongly
affected by the variation of the temperature and salinity with horizontal distance as
well as depth. Consequently, the modes which represent the acoustic field in such a
variable ocean do not propagate independently (as in the case of a perfectly stratified
medium) of each other; they are coupled and interact continuously [Ref. 13]. In other
words, when range dependence of the medium is present, an exchange of energy between
modes occurs and the partitioning of energy between modes changes with range from
the source.

In 1965, Pierce introduced the theory of acoustic propagation via coupled normal
modes for guided wave propagation in a medium that varied slowly with range in
addition to varying with depth [Ref. 2]. The mathematical formalism of this coupled
mode theory forms the basis of a 3-D acoustic CM model developed by Chiu and Ehret
[Ref. 13], used in this study.

The reduced wave equation for the velocity potential in a medium with depth,

range and azimuth dependence due to a point harmonic source is:
[V + ¥(2)] @(2) = ~4n6(z - 50) (2.5)

In Equation 2.5, cylindrical coordinates are used and £ = (r, 8, z) where r is the range,
0 is the azimuth angle measured positive counterclockwise, and z is the depth. The
extension of the method of normal modes now treats the sound speed as a function
of 3-D space, ¢ = ¢(Z), to account for the sound speed fluctuations caused by fronts
and eddies. The above equation describes a field with a point source located at T, and
oscillating at an acoustic frequency of w. Boundary conditions currently used in the

CM model are a pressure release flat surface and a hard flat bottom.




The method employed here to obtain the solution to Equation 2.5 is one used by
Chiu and Ehret. Analogous to earlier mode theory, coupled mode theory expresses the

solution as a linear combination of the local normal modes Z,
\/_ —= Y " Pu(r,0)Z,(z;1,0) (2.6)
where the normal modes satisfy:

o The depth equation

62
[a S+ (K - k"’)} Z,=0 (2.7)

e Surface and bottom boundary conditions

Zn(0;7,0) = 0
2-Z( H;r,0) = 0 (2.8)
0z " no = '
e Orthonormality condition
0
/  PZnZndz = b (2.9)

where p is the density, H is the ocean depth, k is the total wave number and k, is the
horizontal wave number.

The coupled mode equations governing the mode amplitude functions, P,, can be
obtained by substituting Equation 2.6 into the wave Equation 2.5 and then applying
the conditions given in Equations 2.7, 2.8, and 2.9 [Ref. 13].

For the far field where kr > 1, the coupled mode equations are:

i 1 6 6 18

m
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where Ypmn and P, are the coupling coefficients defined as

Amnf + Bnd = 2 / 02,V Zomdz
o [ p(kVk)Z0Z,dz m #n

0 m=n
B, = / pZ. V7, dz

10 10 1
= '2' {'8':7mn + ;'a_a'ﬂmn + '2' ; (71717"1' + BI"B'"I)}

where V is now a two-dimensional horizontal gradient operator.

The above coupling coefficients express the rates of interchange of acoustic en-
ergy between modes m and n as the signal propagates outward from the source. In the
stratified case where there is no horizontal sound speed variation, the acoustic energy
initially associated with a mode remains with that mode, the coupling terms in Equa-
tion 2.10 vanish, and each mode amplitude function P, remains constant with range.
The mode amplitude P, is approximately constant for cases where there is sufficiently
slow range variation of the medium. In such cases, the adiabatic approximation is
applicable. Such approximation is based on the assumption that the effects of mode-
mode coupling become small i a slowly changing environment and therefore may be
neglected. However, under more variable oceanic conditions due to ocean fronts, me-
anders, and eddies, appreciable horizontal sound speed variations do exist and cause a
transfer of energy between modes. The mode amplitude P, is no longer constant but
varies in both the radial and azimuthal directions with periods equal to the mode inter-
ference distances 27w /(k, — k,,) and the ocean perturbation length scales, respectively
[Ref. 13].

There is an obvious computational advantage to assuming a near adjabatic solu-
tion modulated by a slowly varying complex envelopes and solving for the envelopes

rather than P,’s [Ref. 13]. By solving for these modulation envelopes, a much larger
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integration step size, a fraction of the characteristic length of ocean perturbations, can
be used for the computation [Ref. 13]. To implement this assumption and take the

rapid variations out of F,, the following decomposition is made

P, = U,(r,0)e*"® (2.11)
where

¢ — [
/0 ko(r, 0)dr

The governing equations for the slowly varying envelopes U,’s can be obtained by

substituting Equation 2.11 into Equation 2.10 [Ref. 13]:

& 1 8 bl 10
D (62+—2‘6—0;)Un+(5‘:+En)Un —B—Un=§: mn'VUm+;Han'm
(2.12)

where

1 [a 1 & ifa \
En = m[ak + g% +ﬁ(5§¢")]

1
F. = m(%d)n)

G..""‘ = '2_;:_“' [7mn’= + ﬂmné] ei(é"'—'t")

H.. = { 7L [tmnkm + 22 26, — By, €iom=6n) m#n
3 Bmn m=n
To obtain the coupled mode solution, Equations 2.7, 2.8, 2.9 and 2.12 need to be solved.
The CM model numerically integrates the differential equations governing the

complex envelopes in the radial direction and iterates in the azimuthal direction to
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construct a 3-D solution in a cylindrical coordinate system. The slowly varying en-
velopes can be computed accurately using a step size an order of magnitude longer

than the acoustic wavelength. Details of the implementation of the CM model on a

VAX 8250 are discussed in Appendix A.

C. INTERFACE WITH THE FORECASTED SOUND SPEED FIELD
GENERATED BY THE HOOM

To investigate the effects of the transverse and radial sound speed gradients on
sound propagation, an interface of the 3-D CM model with the HOOM is performed.

The HOOM is a quasigeostrophic, open boundary, ocean model developed by
Robinson, et al. [Ref. 14] to forecast the ocean fields in the Gulf Stream region. This
model contains six vertical levels (at 100, 300, 700, 1100, 2200, and 3900 m, respec-
tively), and has a horizontal resolution of 15 km. Due to the widely spaced vertical and
horizontal computational grid points found in the ocean model output, two tasks are
required to accomplish the interfacing procedures. The first task is the interpolation
of continuous sound speed profiles in the vertical in order to realistically compute the
acoustic normal modes, acoustic mode wavenumbers, and coupling coefficients. The
second task is the construction of continuous functions of acoustic mode wavenumbers
and coupling coefficients along radial paths. These two tasks were accomplished by
fitting cubic and bi-cubic spline surfaces to values existing at grid points {Ref. 13]. For
this study, 100 data points are interpolated from the modelled vertical six point sound
speed profile to get a vertical resolution of 40 m necessary fcr the calculation of normal
modes over the 4 km ocean depth.

The sound speed contours associated with this ocean model at a depth of 120 m
are illustrated in Figure 2.1. This figure shows the Gulf Stream front, located almost

parallel to the x-axis, a meander, a warm eddy to the north, and a cold eddy to the
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south. Of particular interest are the strong sound speed gradients existing across the
Gulf Stream front and at the perimeter of the eddies and meander. The location of
the domain (240 x 510 km?) chosen for the two case studies is marked.

Figure 2.2 is an enlargement of the study area to illustrate the appreciably strong
sound speed gradients (approximately .8 m/s in 5 km) across a small section of the
Gulf Stream and the entire warm eddy region.

To examine the 3-D environmental effects on sound propagation through the
warm eddy, two case studies are performed.

In Case 1, a 50 Hz sound source is placed outside the core ring. The acoustic
solution domain in a cylindrical coordinate system is marked in Figure 2.3. The pie
shaped sector is bounded by the -2° and 72° tracks. It is important to note that
significant transverse sound speed gradients are found in this sector.

In Case 2, a 50 Hz sound source is placed within the warm eddy. The acoustic
solution domain for this case is displayed in Figure 2.4. This pie shaped sector is
subtended by -45° and 45° allowing a complete examination of the inner part of the
eddy and its effects on sound propagation. The interesting features observed in this

case are the large radial sound speed gradients.
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Figure 2.1: Sound Speed Contours at a depth of 120 m generated by Har-
vard University Open Ocean Model (Robinson, et al.) for a region in the
Gulf Stream current (480 km x 960 km). The location of the domain chosen
for the case studies is marked.
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Figure 2.2: Sound Speed Contours (m/s) at a depth of 120 m for a 240 x
510 km? region containing a warm eddy north of the Gulf Stream system:.
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Figure 2.3: CASE 1: Sound source is placed outside the warm eddy region.
The acoustic solution domain in a cylindrical coordinate system and six
selected paths § = -2°, 6°, 10°, 44°, and 62° are shown (each tic mark on the
pie shaped sector indicates a 2° increment).
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Figure 2.4: CASE 2: Sound source is placed inside the warm eddy region.
The acoustic solution domain in a cylindrical coordinate system and three
selected paths § = -45°, 0°, 45° are shown (each tic mark on the pie shaped
sector indicates 2° increment).
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III. RESULTS AND ANALYSIS

Three acoustic models are used to investigate the effects on sound propagation
of varopis sound speed gradients found inside and outside of the observed warm eddy.
They are: 3-D CM model, 3-D adiabatic approximation model, and Nx2-D approxima-
tion model. The acoustic field computed using the adiabatic approximation method
neglects all mode coupling terms, reducing computer time by as much as 90%. With
the Nx2-D approach, azimuthal homogeneity is assumed and thus all the terms in-
volving derivatives with respect to 0 are dropped. The computer time of the Nx2-D
algorithm is faster than the 3-D algorithm by about 50%. The acoustic parameters

used for the model runs are:

o Acoustic Frequency: 50 Hz
e Source Depth: 1350 m (sound channel axis) and 300 m

o Solution Domains:

— Case 1: Propagating source is outside of warm eddy

r < 220 km and -2° < 0 < 72°

— Case 2: Propagating source is inside of warm eddy

r < 220 km and -45° < 0 < 45°

e Ocean Depth: 4 km
e Radial integration step size: 5 km

e Angular resolution: 2°
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Since the warm eddy region contains strong sound speed gradients, it is ideally
suited to demonstrate the three dimensional acoustic effects over a 220 km range with
various source/receiver locations. This study deals with two horizontal and two vertical
source/receiver configurations.

The purpose of these runs is to compare the approximate models to the accuracy
of the “exact” CM model in terms of phases and amplitudes of the individual modes,
and transmission loss. The comparisons establish the validity of the two approximate

solutions for modeling sound transmission in the warm eddy region.

A. CASE 1: SOURCE IS PLACED OUTSIDE A WARM EDDY
1. Comparison Between the 3-D Adiabatic and 3-D CM Models
a. Source Depth: 1360 m
(1) Amplitude Comparison

To investigate the effects of the strong transverse sound speed gra-
dients on sound propagation originating outside of the warm eddy, acoustic quantities
along six radial paths are examined (See Figure 2.3). These six paths are along -2°,
6°, 10°, 44°, 48°, and 62°. The envelope amplitudes of 10 of the modes from the 3-D
CM solutions along these paths are then plotted to examine the mode coupling effects
due to the highly variable environment.

In Figure 3.1a, along the path 0 = -2°, the envelope amplitudes
indicate continuous interactions between the Ist and 2nd modes, the 6th and 7th
modes, the 13th and 14th modes, and the 18th and 19th modes. These neighboring
modes are tightly coupled, indicating an exchange of energy between the modes. As
energy increases in one of the modes, the energy in the adjacent mode decreases. This
coupling effect is stronger at higher modes. The envelope amplitudes of 10 modes in

the 3-D CM solutions calculated along the 6° (Figure 3.1b) and 10° (Figure 3.1c¢) radial
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paths which traverse a small section of the Gulf Stream front (Figure 2.3) also exhibit
similar behavior to that along the -2° path. The strongest transverse gradient for these
paths is 4 m/s in 23 km. For the paths that intersect the warm core eddy along which
the radial sound speed variation is large (averaging 4 m/s per 35 km), mode coupling
becomes even more significant. The strong mode-mode interactions for these paths (4
= 44°, 48°, and 62°) are illustrated in Figure 3.2a, b, and c, respectively.

Unlike the 3-D CM solution, the mode amplitudes in the 3-D adi-
abatic solution are constant in range due to the neglect of mode coupling terms. Figure
3.3 depicts this result for a 6° path. Hence, the difference between the envelope am-
plitudes of the 3-D adiabatic and CM solutions indicates the inappropriateness of the
adiabatic approximation for regions of large radial sound speed gradient.

(2) Phase Comparison

Figures 3.4a and b display the differences between the phases in
the 3-D CM and adiabatic solutions for the entire solution domain for modes 1 and 18,
respectively. These two modes are representative of the low modes and high modes.

For mode 1, phase errors in the adiabatic approximation are con-
centrated and accumulated along the small section of the Gulf Stream and edge of the
warm ring. In these two locations, radial sound speed gradient is roughly 4 m/s per 20
km (refer to Figure 2.3). The phase errors grow to 16° along the edge of the warm ring
and 11° along the small section of the Gulf Stream. As the mode number increases,
the phase errors generally decreases. At mode 18, the phase errors decrease to 6°.
The largest phase errors are colocated with the regions of high transverse sound speed
gradient. However, the phase errors are still small, i.e., the adiabatic phase results are

adequate.
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b. Source Depth: 300 m
(1) Amplitude Comparison

Figures 3.5a, b, and c display the envelope amplitude of 10 of the
modes for the 3-D CM solution with the new source depth at 8 = -2°, 6°, and 10°,
respectively. The envelope amplitudes of all 20 modes were plotted; however, only
mode 9 and higher modes have amplitudes that significantly differ from zero. Such
results are to be expected since a shallow source distributes more energy to the higher
modes (see Figures 3.6 and 3.7). Coupling between neighboring modes is evident but
weak for 8 lying between -2° to 10°. These weak interactions for a shallow source
imply that the adiabatic approximation is a fairly good assumption in locations where
the transverse sound speed gradient is large. However, this is not the case in locations
where the radial sound speed gradient is large. This observation is illustrated in Figures
3.8a, b, and c for the envelope amplitudes of 10 modes along 6 = 44°, 48°, and 62°,
respectively. Significant fluctuations in the amplitudes are detected at § = 62° where
the path encounters the largest radial change in the sound speed. Stronger mode-mode
interactions are observed at very high mv de numbers and at longer range.

(2) Phase Comparison

Figure 3.9 displays the differences in phase of mode 17 between the
3-D CM and adiabatic approximation solutions for the entire acoustic domain. Mode
17 is representative of the high modes excited by a shallow scurce depth. The phase
errors in the adiabatic approximation grow to roughly 30° and are largest in the area
of large radial sound speed gradients. Thus, for a shallow source and propagation into
locations of large radial sound speed gradients, the adiabatic approximation does not

accurately predict neither amplitude nor phase of the mode envelopes.
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c. Transmission Loss Comparison at 300 m and 1360 m Depths

Figures 3.10, 3.11, and 3.12 display the differences in transmission loss
between the 3-D CM and adiabatic solutions at two depths (300 m, 1360 m) along
three selected paths at 8 = 6°, 48°, and 62°, respectively.

Along the 6° path, the radial sound speed gradient is small and yields
generally small transmission loss error for both source depths. For the sound channel
axis source (Figure 3.14a), there is a transmission loss of 13 dB at 20 km, a region
where the CM amplitudes exhibit strong mode coupling.

At 48°, the path crosses the periphery of the warm eddy (refer to Figure
2.3) containing the transverse and radial sound speed gradients of approximately 4 m/s
per 25 km. For a source depth of 300 m (Figure 3.11a), errors of 2 dB are found along
this path for ranges of less than 140 km and greater than 170 km. Errors of 5 dB are
found between 140 km to 170 km from the source where the acoustic waves start to
make contact with the edge of the warm eddy where the largest radial sound speed
gradient is found. For a 1360 m source depth (Figure 3.11b), the average errors grow
gradually with range.

At 62°, the path goes through the center of the warm eddy where the
radial sound speed gradient increases significantly, up to 4 m/s per 12 km (refer to
Figure 2.3). Transmission loss errors up to 10 dB are found for the channel axis source
(Figure 3.12a), and up to 5 dB for the shallow source (Figure 3.12b).

Based on the above results, transmission loss error is generally smaller
for the shallower source. The transmission loss errors grow gradually with increasing
radial sound speed gradient for a SOFAR axis source; whereas for the shallow source,
transmission loss error remains small until encountering a very large radial sound speed
gradient. Similar to the modal amplitude results, transmission loss as predicted us-

ing the adiabatic approximation is largely adequate for regions of small radial sound
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speed gradient. For significant radial sound speed gradient, accurate transmission loss
calculation requires consideration of mode coupling.
2. Comparison Between the 3-D CM and Nx2-D Models
a. Source Depth: 1360 m
(1) Amplitude Comparison

Figures 3.13a and b display the differences between the amplitudes
of the 3-D CM and Nx2-D solutions in the entire solution domain for modes 1 and 17,
respectively. The envelope amplitudes of these show that the Nx2-D solutions are
almost identical to those of the 3-D CM solution. Since the Nx2-D approximation
model neglects all azimuthal variations in its calculations, the results obtained imply
that mode amplitudes in the studied domain are minimally affected by the transverse
(azimuthal) sound speed variations. The Nx2-D model, therefore, gives accurate mode
amplitudes everywhere in the acoustic solution domain for Case 1 (source outside eddy).

(2) Phase Comparison

Figures 3.14a and b display the differences between the phases of
the 3-D CM and Nx2-D solutions in the entire solution domain for modes 1 and 17,
respectively.

At mode 1, the phase errors in the Nx2-D approximation are con-
centrated and accumulated along the Gulf Stream and edge of the warm ring. By
neglecting azimuthal variations in the Nx2-D model, the phase errors can grow up to
15° in locations where large transverse sound speed gradients, 4 m/s per 15 km, are
observed. The phase errors decrease as the mode number increases. At mode 17, phase

errors are only visible at the edge of the warm ring and fall off to 6°.
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b. Source Depth: 300 m
(1) Amplitude Comparison
Figures 3.15a and b display the differences between the amplitudes

of the 3-D and Nx2-D CM solutions for a 300 m source depth over the entire solution
domain for modes 1 and 17, respectively. Similar to the results obtained for the 1360
m source depth, there is minimal amplitude error in the Nx2-D coupled mode model.
Negligible amplitude errors in the Nx2-D were also found in all other modes (Figures not
shown here). Thus, it is evident that the Nx2-D approximation gives good amplitude
calculations everywhere over the warm eddy region.

(2) Phase Comparison

Figure 3.16 displays the differences between the phases of the 3-D
Cm and Nx2-D solutions in the entire solution domain for a high mode. Errors of
only 6° are detected at the edge of the warm ring where strong azimuthal sound speed
gradients are present (refer to Figure 2.3).
c. Transmission Loss Comparison at 300 m and 1360 m Depth

Figures 3.17, 3.18, and 3.19 display the differences in transmission loss
between the 3-D and Nx2-D Cm solutions at two depths (300 m and 1360 m) along
paths at 6 = 6°, 48°, and 62°, respectively (refer to Figure 2.3). Insigificant errors in
the Nx2-D solutions are obtained indicating that the Nx2-D approximation for trans-
mission loss calculations is valid for a deep (as well as shallow), low frequency source
transmitting energy through a warm eddy to a range of 225 km. By switching to Nx2-D

calculations in this regime, one can greatly reduce computer time.
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B. CASE 2: SOURCE IS PLACED INSIDE A WARM EDDY
1. Comparison Between the 3-D Adiabatic and 3-D CM Models
a. Source Depth: 1360 m
To display the effects on sound propagation due to the significant radial
sound speed gradients inside the warm eddy, two paths are chosen as shown in Figure
2.4. These paths are at § = -45° and @ = 1°, traversing the edge and center of the
warm eddy, respectively.
(1) Amplitude Comparison

Figures 3.20a and b display the envelope amplitudes of 10 of the
modes in the 3-D CM solutions along the -45° and 1° paths. At the edge of the warm
eddy (Figure 3.20b) where the sound speed gradient in the radial direction is initially
small, weak coupling of the lower modes is observed. However, as the mode number and
range (with increasing radial sound speed gradient) increase, mode-mode interactions
become more significant. Recall that the adiabatic solution has constant amplitude.

For the 1° path (Figure 3.20b) where the radial sound speed gra-
dients increase rapidly toward the center, significant amplitude fluctuations and mode-
mode interactions are evident, especially at modes 17, 18, 19, and 20. At the center of
the eddy, a region of zero sound speed gradient, the amplitude flattens (near 90 km).
The significance of mode coupling, particularly for the higher modes is further illus-
trated in Figures 3.21a and b where the differences between the amplitude of modes
1 and 17 in the 3-D CM and adiabatic mode solutions in the entire solution domain
are shown. The results suggest that for source depths at the SOFAR axis, the 3-D
adiabatic mode model approximates the sound propagation rather well when the lower

modes are excited. However, the adiabatic approximation model is not valid when

24




the higher modes are excited, particularly in locations where the radial sound speed
gradient is large, such as inside a warm eddy.
(2) Phase Comparison

Figures 3.22a and b display the differences between the phases of
the 3-D CM and adiabatic approximation solutions in the entire solution domain for
modes 1 and 17, respectively. At mode 1, the phase ¢ rors are not significant. At mode
17, phase errors grow only to 14° in regions of large radial sound speed gradients (refer
to Figure 2.4).

b. Source Depth: 300 m
(1) Amplitude Comparison

Figures 3.23a and b display the envelope amplitudes of 10 of the
modes in the 3-D CM solution along the -45° and 1° paths, respectively. As expected,
at a shallower source depth, only mode 9 and higher modes are excited. Coupling
between neighboring modes is observed for the highest modes especially for mode 20
along the 1° path. At mode 17, the amplitude error in the adiabatic approximation
model is significant at the center of the warm eddy, as illustrated in Figure 3.24. It
is interesting to compare these results with the results obtained from Case 1 (source
outside eddy) to determine the regimes for which mode coupling is significant. For a
source depth of 300 m depth, the amplitude fluctuations in Case 1 are smaller even
at higher modes (See Figures 3.8a, b, and c). The Case 1, 62° path encounters ever
increasing sound speed. Here, for Case 2, the 1° path encounters first an increase in
sound speed and then a sharp decrease. The results imply that mode coupling is more
significant in Case 2. Thus, the adiabatic mode model should not be used for the paths
crossing through the center of the warm eddy where significantly large radial sound

speed gradients exist.
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(2) Phase Comparison

Figure 3.25 displays the diflerences between the phases in the 3-
D CM and adiabatic approximation solutions in the entire solution domain for mode
17. Significant phase errors are found in regions of large radial souna speed gradient.
Errors of up to 70° are detected. The adiabatic approximation degrades substantially
in locations where the radial sound speed gradients are significant, such as inside the
core rings.

c. Transmission Loss Comparison at 300 m and 1360m

Figures 3.26 and 3.27 display the differences in transmission loss be-
tween the 3-D CM and adiabatic mode solutions at depths (300m, 1360 m) along two
chosen paths at 8 -= -45° and 1°, respectively.

The -45° path is located at the lower bound of the sclution domain.
Along this path, for the shallow source depth, the transmission loss error is less than 3
dB. At the SOFAR axis (1360 m depth and for a SOFAR axis source), the transmission
loss error reaches 10 dB.

For the path that crosses the center of the warm eddy (6 = 1°), trans-
mission loss error is appreciable. At approximately 200 km from the source location,
errors of greater than 15 dB are found for both source depths.

2. Comparison Between the 3-D and Nx2-D CM Models
a. Source Depth: 1360 m
(1) Amplitude Comparison
The Nx2-D CM model contains the coupling mechanisms; it was
found to give accurate mode amplitudes everywhere in the warm eddy region (Figure

not shown here).
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(2) Phase Comparison
Figures 3.28a and b display the differences between the phases of
the 3-D and Nx2-D models for modes 1 and 17, respectively, in the solution domain.
For both modes, the phase errors in the Nx2-D are small. The phase errors obtained
in Case 2 (source inside eddy) are even smaller than those detected in Case 1 (source
outside eddy). The reason is that in Case 2, the transverse sound speed gradients are
much weaker than those found in Case 1. Similar to Case 1, the phase errors decrease
as the mode number increases.
b. Source Depth: 300 m
(1) Amplitude Comparison
There is negligible amplitude error in the Nx2-D approximation
(Figure not shown here).
(2) Phase Comparison
Figure 3.29 displays the differences between the phases of the 3-D
and Nx2-D CM solutions over the entire solution domain for a dominant mode. The
phase errors in the Nx2-D approximation are quite small for the shallow source.
c¢. Transmission Loss Comparison at 300 m and 1360 m Depths
Figures 3.30 and 3.31 display the differences in transmission loss be-
tween the 3-D and Nx2-D CM solutions along the paths § = -45° and 1°, respectively,
(at depths 300 m and 1360 m). For the shallow source, transmission loss difference
between 3-D CM and Nx2-D models is negligible (Figures 3.29a and 3.30a). However,
transmission loss errors are substantial at the SOFAR axis for a source at the same
depth (Figures 29b, 30b). This is due to the fact that low modes are affected more
by the transverse sound speed gradient. Both paths have surges of transmission loss

at the edge of the eddy or leaving the highest gradient area. The 1° path (passing
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through the eddy center) also has a surge near the center where the zero sound speed
gradient is followed by a large negative gradient region. Based on the results obtained,
the application of Nx2-D approximation is not recommended for a SOFAR axis source

when the transverse sound speed gradients are large.
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Figure 3.1: Envelope Amplitude of 10 Modes from the 3-D CM Solution
Along the Paths § = 2° (Figure 3.1a), § = 6° (Figure 3.1b), and § = 10°
(Figure 3.1c). (Source is placed outside a warm eddy at depth = 1360 m)
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Figure 3.2: Envelope Amplitude of 10 Modes from the 3-D CM Solution
Along the Paths § = 4° (Figure 3.2a), § = 48° (Figure 3.2b), and § = 62°
(Figure 3.2c). (Source is placed outside a warm eddy at depth = 1360 m)
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Figure 3.3: Envelope Amplitude of 10 modes for the 3-D Adiabatic Ap-
proximation Solution Along the Path § = 6°. (Source is placed outside a

warm eddy at depth = 1360 m)
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Figure 3.4: Differences Between the Phases of the 3-D CM and Adiabatic
Solutions for Modes 1 (Figure 3.4a) and 18 (Figure 3.4b) at 1° Contour
Interval. (Source is placed outside a warm eddy at depth = 1360 m)
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Figure 3.5: Envelope Amplitude of 20 Modes from the 3-D CM Solution

Along the Paths § = -2° (Figure 3.5a), § =

6° (Figure 3.5b), and 6 = 10°

(Figure 3.5c). (Source is placed outside a warm eddy at depth = 300 m)
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Figure 3.9: Differences Between the Phases of Mode 17 in the 3-D CM
and Adiabatic Approximation Results Over the Entire Solution Domain at

Contour Interval = 4°. (Source is placed outside warm eddy at depth =
300 m)
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Figure 3.10: Differences in Transmission Loss Between the 3-D CM and
Adiabatic Results at 300 m depth (Figure 3.10a) and 1360 m depth (Figure
3.10b) along the Path § = 6°. (Source is placed outside warm eddy for
depths of 300 m (Figure 3.6a) and 1360 m (Figure 3.6b))
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Figure 3.11: Differences in Transmission Loss Between the 3-D CM and
Adiabatic Results at 300 m depth (Figure 3.11a) and 1360 m depth (Figure
3.11b) along the Path § = 48°. (Source is placed outside of warm eddy for
depths of 300 m (Figure 3.11a) and 1360 m (Figure 3.11b))
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Figure 3.12: Differences in Transmission Loss Between the 3-D CM and
Adiabatic Results at 300 m depth (Figure 3.12a) and 1360 m depth (Figure
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Figure 3.13: Differences Between the Amplitudes of the 3-D CM and Nx2-D
Solutions for Modes 1 (Figure 3.13a) and Mode 17 (Figure 3.13b) at Contour
Interval = 1 x 1000. (Source is placed outside warm eddy at depth = 1360

m)
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Figure 3.14: Differences Between the Phases of the 3-D CM and Nx2-D
Solutions for Mcdes 1 (Figure 3.14a) and 17 (Figure 3.14b) at Contour
Interval = 1°. (Source is placed outside warm eddy at depth = 1360 m)
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Figure 3.15: Difference Between the Amplitudes of the 3-D and Nx2-D
Solutions for Modes 1 (Figure 3.15a) and 17 (Figure 3.15b). (Source is
placed outside a warm eddy at depth = 300 m)
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Figure 3.16: Differences Between the Phases of Mode 17 in the 3-D CM
and Nx2-D Solutions Over the Entire Solution Domain at Contour Interval
= 1°. (Source is placed outside warm eddy at depth = 300 m)
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Figure 3.17: Differences in Transmission Loss Between the 3-D CM and
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Figure 3.19: Differences in Transmission Loss Between the 3-D CM and
Nx2-D Results at 300 m Depth (Figure 3.19a) and 1360 m depth (Figure
3.19b) along the Path 6 = 62°. (Source is placed inside warm eddy for
depths of 300 m (Figure 3.19a) and 1360 m (Figure 3.19b))
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Figure 3.20: Envelope Amplitudes of 10 of the Modes in the 3-D CM So-
lution Along the Paths § = -45° (Figure 3.20a) and § = 1° (Figure 3.20b).
(Source is placed inside warm eddy at depth = 1360 m)

48




AMPLITUDE DIFFERENCE

(3D ~ AA) X 1000 FOR MODE 1 (3D - AA) X 1000 FOR MODE 17
930 T T T T T T T 1 930 T T T T T T T
882 - ~ 882 -— -
834 834 -

786 786

~
w
[os]
~
w
@

(X.Y AXES IN KM)
o
)
Q

(X.Y AXES IN KM)
o
N
S

o
oS
N

594 594
546 546
a98 | 4 498 | -
450 I T TN TN SN SO N N 459 h R
405 450 495 540 585 630 405 450 495 540 585 630
a b

Figure 3.21: Differences Between the Envelope Amplitudes of the 3-D CM
and Adiabatic Solutions for Mode 1 at Contour Interval = 1 (Figure 3.21a)
and Mode 17 at Contour Interval = 2 (Figure 3.21b). (Source is placed
inside warm eddy at depth = 1360 m)
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Figure 3.22: Differences Between the Phases of the 3-D CM and Adiabatic
Approximation for Mode 1 at Contour Interval = 1° (Figure 3.22a) and
Mode 17 at Contour Interval = 4° (Figure 3.22b). (Source is placed inside
warm eddy at depth = 1360 m)
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Figure 3.23: Envelopes Amplitudes of 10 of the Modes in the 3-D CM
Solution Along the Paths 0 = -45° (Figure 3.23a) and 6 = 1° (Figure 3.23b).
(source is placed inside warm eddy at depth = 300 m)
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Figure 3.24: Differences Between the Envelope Amplitudes of Modes 17 in
the 3-D CM and Adiabatic Approximation over the Entire Solution Domain

at Contour Interval = 4. (Source is placed inside warm eddy at depth =
300 m)

52




PHASE DIFFERENCE (3D - AA)

MODE 17

930 vy T 17T 77T 71 1

882 |- -
834
786
738

690

(X.Y AXES IN KM)

642

594

546 |- 4

498 L -

450 IS TN U WA TR NN TR N
405 450 495 540 585 630

Figure 3.25: Differences Between the Phases of Mode 17 in the 3-D CM
and Adiabatic Results over the Entire Solution Domain at Contour Interval
= 10°. (Source is placed inside the warm eddy at depth = 300 m)
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Figure 3.26: Differences in Transmission Loss Between the 3-D CM and
Adiabatic Approximation Results at 300 m depth (Figure 3.26a) and 1360
m depth (Figure 3.26b) along the Path § = -45°. (Source is placed inside
warm eddy for depths of 300 m (Figure 3.26a) and 1360 m (Figure 3.26b))
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Figure 3.27: Differences in Transmission Loss Between the 3-D CM and
Adiabatic Approximation Results at 300 m depth (Figure 3.27a) and 1360
m depth (Figure 3.27b) along the Path § = 1°. (Source is placed inside
warm eddy for depths of 300 m (Figure 3.27a) and 1360 m (Figure 3.27b))
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Figure 3.28: Differences Between the Phases of the 3-D CM and Nx2-D
Solutions for Mode 1 (Figure 3.28a) and Mode 17 (Figure 3.28b). Contour
Interval for both Graphs = 1°. (Source is inside warm eddy at depth =
1360 m)
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Figure 3.29: Differences Between the Phases of Mode 17 in the 3-D CM
and Nx2-D Solutions at Contour Interval = 1°. (Source is placed inside
warm eddy at depth = 300 m)
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TRANSMISSION LOSS (3D - 2D) AT -45 DEG.
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Figure 3.30: Differences in Transmission Loss Between the 3-D CM and
Nx2-D Solutions at 300 m Depth (Figure 3.30a) and 1360 m depth (Figure
3.30b) along the Path § = -45°. (Source is placed inside warm eddy for
depths of 300 m (Figure 3.30a) and 1360 m (Figure 3.30b))
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Figure 3.31: Differences in Transmission Loss Between the 3-D and Nx2-D
Solutions at 300 m depth (Figure 3.31a) and 1360 m depth (Figure 3.31b)
along the Path 6 = 1°. (Source is placed inside warm eddy for depths of
300 m (Figure 3.31a and 1360 m (Figure 3.31b))
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IV. CONCLUSIONS AND
RECOMMENDATIONS

The 3-D CM model employed in this thesis has provided the user an opportunity
to investigate the 3-D environmental effects on sound transmission in a warm eddy
located north of the Gulf Stream. By placing the acoustic source at different horizontal
and vertical locations within the region being investigated, thorough examination of the
effects of strong sound speed gradients on underwater sound propagation is possible.
Results obtained from the 2 case studies (Case 1: Source outside of warm eddy; Case 2:

Source inside of warm eddy) offer the following conclusions for a 50 Hz sound source:

1. Sound propagation through the warm eddy region encounters significant horizon-
tal refraction and acoustic mode coupling. The ability of the 3-D model coupled
with the predicted sound speed field provided by HOOM has made it feasible to

study these two important physical mechanisms in this region.

2. Although the CM model offers precision in the computation of sound propaga-
tion through this mesoscale ocean field, on the VAX 8250 it requires tremendous
computer execution time and core storage. It is therefore advantageous to inves-
tigate the regimes for which the “approximate” models are valid in order to save

computer time.

3. Mode coupling is most significant in Case 2 (particularly for the paths crossing
the core of the warm eddy) due to strong radial sound speed gradients. Significant
horizontal refraction along edges of the warm eddy and along a small section of
the Gulf Stream front regions of strong transverse gradient are observed in Case

1.
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4. Since the 3-D adiabatic approximation solution does not model mode coupling,
significant errors in amplitude are found in Case 2, particularly at higher modes
and at shallow source depth away from the SOFAR axis. The 3-D adiabatic
approximation model generally breaks down in locations in Case 1 where large

radial sound speed gradients are observed.

5. In complete contrast, the error in the Nx2-D approximation model is sensitive
to the transverse sound spced gradients. For modes propagating parallel to the
edges of the warm eddy, the large transverse sound speed gradients cause some
phase changes. However, since the model contains the physics of mode-mode

coupling, it gives accurate amplitudes everywhere in the warm eddy region.

6. Overall, the use of the adiabatic approximation for predicting transmission loss
inside the core ring must be withheld since the neglect of mode coupling produces
significant errors when strong radial sound speed gradients are observed. On the
other hand, the Nx2-D approximation model appears to produce negligable error,
particularly for a shallow source depth because low modes suffer more horizontal

refraction than high modes.

While the promise of accurate acoustic prediction offered by the 3-D CM model is
without question, there are still some problems. These include the amount of computer
time required to run the model and core storage requirement. These two issues are of
obvious concern for Navy applications because of the cost involved and time delays.
Severa) improvements and further studies remain to be done. The algorithms for the
numerical integration/iteration of the differential equations governing the complex en-
velopes need to be re-examined to optimize computer run time. Future research should

include continuation of the model parameter studies for various acoustic frequencies,
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source and receiver depths, and range of propagation, as well as study of the 3-D CM

model sensitivity to spatial resolution of the sound speed input field.
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APPENDIX A

IMPLEMENTATION OF CHIU-EHRET COUPLED
MODE MODEL IN A VAX 8250

The CM model was originally developed on a VAX 8800. Due to the core size of
the VAX 8250 used for this study, the original algorithm was modified. The computer
implementation of this algorithm to study underwater sound propagation north of the
Gulf Stream was accomplished in nine stages.

The first stage entails interfacing the acoustic CM model with the HOOM to
compute the eigenvalues, k., and the eigenmodes, Z,, using a centered finite difference
approximation [Ref. 13]. The eigenvalues and the eigenmodes are then determined by
the QR algorithm and method of backward substitutions [Ref. 13] respectively.

Two domains were chosen to investigate the effects of the ocean mesoscale vari-

ability north of the Gulf Stream on sound propagation.
e Case 1: A 50 Hz source is placed outside a warm eddy.

o Case 2: A 50 Hz source is placed inside a warm eddy.

In the second stage, the derivatives of the acoustic mode wave numbers are com-
puted in Cartesian coordinates using a bi-cubic spline and then transformed into cylin-
drical derivatives.

In the third stage, the dimensional array size of the eigenmodes is rearranged and
modified to accommodate the core storage requirements. This is achieved by writing
an additional algorithm to fit the CM model to the core size of the VAX 8250.

In the fourth stage, the normal mode functions are used to compute the coupling

coefficients, Ymn, Bmn, and B,,,.
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The terms kn, Ymns Bmn, and B,,, are now defined over a rectangular grid con-
taining a partial circle of radius 220 km centered at the source location. In the fifth
stage, these terms are interpolated (bi-cubic spline again) to each radial integration
path. Cubic (radial) splines of these terms are then calculated for each integral path
needed for the calculation of the complex mode envelopes.

In the sixth stage, the coupling coefficient and cumulative wave number splines
are rearranged so that they are grouped by individual angle in order to minimize storage
requirements.

In the seventh stage, each individual radial path is integrated to give the com-
plex envelope amplituce, U,. Backscattering and the effects of horizontal sound speed
variation near the source are neglected in the calculation [Ref. 13].

In the eighth stage, the acoustic pressure resulting from a point source is com-
puted by summing all modes to estimate the intensity of the acoustic field and the
propagation loss values.

In the last stage, output data are plotted using NCAR GRAPHICS subroutines.

In each of the stages 1 through 5, there are questions concerning the sensitivity of
the acoustic CM model to horizontal and vertical resolution of the input sound speed
field. These questions are essentially numerical analysis concerns and are not studied
in this thesis. Suffice to say, the depth and range sampling must be fine enough to
allow sufficiently accurate numerical solutions of the differential equations governing
the depth and range functions of the acoustic wave field. For details regarding the
numerical procedures used by Chiu and Ehret to compute the acoustic field, readers

are advised to consult References 13, 15, and 16.
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