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Experimental measurements have been conducted to investigate the effects of a 

three dimensional bathymetry on ocean acoustic propagation and our abilities to use array 

processing for localizing sources. This work is unique because it uses laboratory scale 

measurements to isolate the effects of the bottom bathymetry. Previous investigations 

using laboratory scale measurements have only used simplistic bottom profiles. In 

addition. experiments which have investigated the effects of the bottom bathymetry at sea 

have encountered difficulties isolating these effects due to range dependent sound speed 

profiles and the uncertainties of ocean acoustic experiments. 

The first part of this dissertation investigates the tracking of an acoustic source in 

a three dimensional shallow water environment. This work is comprised of two studies. 

The trrst study uses matched field processing for identifying the trajectory of a source. 

The second investigation uses experimental measurements and theoretical predictions to 
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evaluate the bearing angle bias caused by the use of plane-wave beamforming in the 

presence of bathymetric refraction. 

The second part of this dissertation uses laboratory scale measurements to analyze 

two and three dimensional propagation over a realistic bottom bathymetry. This series of 

investigations uses an inverse approaclt based on normal mode theory. The inversion 

algorithm is used to extract the normal mode amplitudes for the purpose of analyzing the 

measurements for two dimensional mode coupling and bathymetric refraction. 

The results of this investigation show that the bathymetry has a strong influence 

on the three dimensional acoustic field. Analysis of the experimental measurements 

identify that mode coupling and bathymetric refraction are important for propagation 

over the laboratory scale model and these effects adversely influence our abilities to 

localize sources in three dimensional shallow water environments. It is also shown that 

by incorporating three dimensional propagation models into the signal replica used by the 

array processor a significant improvement in performance can be achieved. 
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Cbapterl 

Introduction 

The need for understanding how sound propagates in the coastal environment is a 

top priority for the United States Navy. Work in the last decade has emphasized shallow 

water littoral warfare for regional_conflicts as opposed to the deep water problem faced 

during the cold war period [1]. Acoustic surveillance in. shallow water is a difficult 

problem due to reflections off the bottom and the surface. The effects of the boundaries 

cause signal degradation, scattering. and coherence problems. In addition, propagation 

over sloping bottoms causes sound to be bent in both the vertical and horizontal planes. 

In addition to the Navy• s need to conduct surveillance against enemy submarines 

and surface craft. acoustic surveillance in littoral areas is also being used for the detection 

of illegal immigration, drug trafficking. pollution. the enforcement of fishing laws [2], 

and the protection of marine mammals. The understanding of shallow water acoustic 

propagation is also necessary for seismic exploration, acoustic tomography, and 

underwater communications. 

In order to use acoustic energy for the purpose of surveillance, marine mammal 

tracking, seismic exploration, or many of its other applications, array processing is 

employed using signals from multiple receivers to obtain gain against unwanted noise. 

Recent( y Matched Field Processing (MFP) methods have been developed which assume 

apriori knowledge of the acoustic field received at the array. Traditionally, assumptions 

of a single plane wave arriving in a particular direction in azimuth have been used as a 

model for the acoustic pressure field. This is often an over simplified model of acoustic 
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propagation. The actual field consists of multiple acoustic wave fronts being reflected 

and refracted due to variations in the sound speed profile and bottom bathymetry_ The 

use of a more realistic propagation model can improve the array performance. MFP uses 

the full acoustic field based on the best model available. Passive acoustic MFP is a 

technique that has received considerable attention over the past 10 years due to its ability 

to improve array processing and localize targets in range, bearing. and depth with a single 

array. 

Propagation in the coastal environment is strongly influenced by the spatially 

varying bathymetry. The bottom slopes in this region are typically in the range of 2-5°, 

but can be as large as 20°. As sound propagates over a variable slope bathymetry, its path 

deviates three dimensionally with each interaction with the bottom. Figure 1 shows a 

sound ray which travels upslope over a perfectly reflecting bottom of constant slope. At 

each reflection from the bottom, the ray elevation angle with respect to the horizontal is 

increased by an amount equal to twice the angle between the bottom and the ocean 

surface. This angle increases until the ray reverses direction and propagates back 

downslope becoming increasingly more horizontal with each bottom bounce. This 

illustration only considers acoustic waves traveling in the upslope and downslope 

directions. A similar effect occurs for across slope propagation. After each reflection off 

the bottom, the ray path trajectory is altered in both the vertical and horizontal planes. 

This effect causes the rays to bend horizontally (figure 2) towards the downslope 

direction. This phenomenon is referred to as bathymetric refraction. 

The two dimensional (propagation in the range-depth plane) and three 

dimensional (includes propagation in the horizontal plane) effects described in the 
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previous paragraph can be modeled using normal mode theory. For flat bottom 

environments (range independent bathymetry), the solution to the Helmholtz equation is 

exact. However, for environments in which the bathymetry is changing with range 

(range dependent bathymetry), the solution is approximated by ignoring three 

dimensional effects and considering a two dimensional modeL The range dependent field 

is then constructed by piecing together the range independent solutions in small segm~nts 

and satisfying the interface conditions of continuity of particle velocity and pressure 

between segments [3]. This calculation of the range dependent acoustic field can be 

computationally intensive. Because of this, various approximations are used to speed up 

the time required for numerical computation. Approximations for two dimensional 

propagation include coupled modes and the adiabatic mode approximation. The coupled 

mode solution allows for the exchange of energy between modes where the adiabatic 

mode approximation ignores the coupling of energy between modes [3] and is 

computationally efficient. In addition to the approximations made for two dimensional 

propagation, additional approximations ·are used to model three dimensional propagation. 

Due to the computational complexity of propagating the acoustic field in three

dimensions, the Nx2D [3,4] approximation is often applied to calculate the three 

dimensional sound field. This approximation ignores the effects of bathymetric 

refraction, and an azimuthally dependent acoustic field is calculated by determining the 

two dimensional field at a series of radials. 

The purpose of this work is to investigate the effects of a three dimensional 

bathymetry on ocean acoustic propagation. This dissertation is a unique set of results 

because laboratory scale measurements over a replica of an actual sea bottom are used to 
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isolate the effects of the bottom bathymetry. Previous investigations using laboratory 

scale measurements have only used· simplistic bottom geometries. In addition, 

experiments which have tried to study the effects of the bottom bathymetry at sea have 

encountered difficulties isolating these effects due to range dependent sound speed 

gradients in the water column and the uncertainties of conducting ocean acoustic 

experiments. 

The first part of this dissertation (Chapter 4) investigates the tracking of acoustic 

sources in three dimensional shallow water environments. This work is comprised of two 

studies; the first investigation tests the concept of using matched field processing for 

identifying the track of a source. As stated previously, matched field processing uses 

models of acoustic propagation to improve array processing. This study investigated the 

effects of the bottom bathymetry by comparing the output of the matched field tracker 

using two different propagation models. The first model only considered the direct and 

surface reflected ray paths, and the second methodology modeled the acoustic field as 

three dimensional propagation over a wedge with a penetrable bottom. The second 

investigation uses experimental measurements and theoretical predictions to identify the 

bearing angle bias caused by the use of plane-wave beamforming in the presence of 

bathymetric refraction. The second part of this dissertation (Chapters 5-8) uses 

laboratory scale measurements to analyze two and three dimensional propagation over a 

three dimensional bathymetry. In order to accomplish this, an inverse approach has been 

developed which uses normal mode theory. The amplitudes of the normal modes can be 

used to analyze the measurements for two dimensional mode coupling and bathymetric 

refraction. There are numerous theoretical approaches used to calculate the acoustic field 
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m a range dependent environment (normal modes. parabolic equation. finite 

diffeTencelelement. wavenumber integration. and ray theory). One of the most popular 

propagation codes is the parabolic equation (PE) model RAM (and RAMS for elastic 

bottom boundaries) written by M. Collins [I}. This program does not include three 

dimensional effects and can only be used in a Nx2D capacity. Three dimensional models 

exist. but they have only been recently developed. This dissertation interprets the results 

of the propagation measurements using the more general formulation of normal modes. 

This introduction is followed by a literature review (Chapter 2) of published work 

relevant to this dissertation. This will be followed (Chapter 3) by a detailed description 

of the laboratory scale model and experimental setup which was used for experimental 

measurements. Chapter 4 will detail the matched field tracking and bearing angle bias 

investigations. Chapters 5-8 outlines the collection and analysis of measurements of the 

two and three dimensional acoustic field. This work will be summarized and conclusions 

will be made in Chapter 9. 
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Chapter2 

Literature Review 

There are a large number of publications in the literature which discuss 

underwater sound propagation in range dependent media. Because the list of these 

investigations is long. this section will only review the most significant work that has 

considered the effects of bathymetry on acoustic propagation. This chapter will first 

describe theoretical investigations of two and three dimensional propagation; this will be 

followed by a review of the experimental work that has been done to isolate the effects of 

the bottom bathymetry. These investigations will include ocean acoustic and laboratory 

scale measurements. 

2.1 Theoretical Investigations of Propagation Over Range Dependent Bathymetry 

A number of theoretical studies have investigated three dimensional underwater 

sound propagation over sloping bottoms. A review of these investigations (theoretical 

and experimental) is provided by Glegg and Riley [5]. The first description of the three 

dimensional sound field in a wedge with rigid boundaries was given in an article by Biot 

and Tolstoy [6]. They formulate solutions to the three dimensional acoustic field using a 

modal solution and ray theory based on the method of images. 

Weston [7], Pierce [8]. Weinberg and Burridge [9], and Harrison [10] discuss the 

concept of ray front curvature in the horizontal plane due to propagation over a range 

dependent bathymetry. Weston [7] uses small angle approximations to simplify the 

calculation of three dimensional ray tracing using direction cosines. These 
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approximations are used to develop analytical expressions for bathymetric refraction. 

Weston [7] also discusses three dimensional ray tum-around. This occurs when a ray 

propagating upslope and across slope gets refracted in the horizontal plane until 

eventually it turns around and starts propagating downslope (figure 2). Unlike Weston 

(7], Pierce [8] uses normal mode theory to describe bathymetric refraction. By using 

uncoupled modes (later to be termed adiabatic mode theory), he is able to write analytical 

expressions for three dimensional wave propagation which is valid for propagation over 

bottoms with small slopes. Weinberg and Burridge [9] describe the effects of 

bathymetric refraction by using a hybrid normal mode-ray model to describe propagation 

in the horizontal plane. Harrison [10] uses ray invariants to develop analytical 

expressions for the horizontal projections of ray paths for propagation over basins, 

troughs, seamounts, and ridges. He also discusses the effects of bathymetric refraction 

and makes the statement " ... it is necessary to consider tile horizontal curvature of ray 

paths caused by repeated reflection at a sloping sea bed. This curvature can increase the 

travel time by an arbitrary amount and alter the apparent bearing of a given sound 

source .. " The altering of the apparent bearing of a source is addressed by the bearing 

angle bias investigation in section 4.2. 

One year later, Harrison [11] showed that bathymetric refraction led to the 

development of regions in the horizontal plane in which acoustic energy did not 

propagate (shadow zones). Before this paper, the use of ray theory did not restrict the 

initial ray elevation angles in the vertical plane, and as the ray elevation angle goes to 

zero, all energy in the horizontal is insonified. Harrison [ll] used normal mode theory to 

restrict the ray elevation angles from the source and this led to the idea of shadow zones. 
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Harrison [11) also identified the shadow zone~s dependence on frequency. In this paper. 

the importance of shadow zones on hydrophone positioning is described. This is 

accomplished by pointing out that a hydrophone positioned over the continental slope 

may detect sound far out in the ocean basin due to downslope enhancement (downslope 

enhancement is described in section 2.2). but may not detect acoustic sources that are 

across slope due to shadow zones. He also makes the statement that ambient noise levels 

might be lowered due to bathymetric refraction having a screening effect on shipping 

noise along the continental shelf. These are two important effects that need to be 

considered when using arrays for the detection of acoustic targets in the littoral 

environment. 

A complete modal solution of the three dimensional acoustic field in a wedge 

with pressure release boundaries was given by Buckingham [12]. This was significant 

because it was the first solution that did not put restrictions on the slope of the 

bathymetry. Buckingham [12] used this theory to define the concepts of frequency 

dependent bathymetric refraction, the existence of shadow zones. and three dimensional 

ray tum-around. Solutions for the three dimensional acoustic field in a penetrable wedge 

have been given by Buckingham [13]. Deane [14. 15]. and Westwood [16]. 

In addition to the work that has been conducted on three dimensional acoustic 

propagation, there has been a significant amount of work that has only considered 

propagation in the range-depth plane. Since the second part of this dissertation 

investigates the adiabatic and coupled mode approximations, this section of the literature 

review will concentrate on the work that has used normal mode theory for range 

dependent propagation. 

8 



Pierce [8] is credited with developing the first approach for calculating acoustic 

propagation in range dependent media using normal mode theory. As mentioned 

previously, Pierce [8] neglects the contributions of the coupled modes to develop what is 

termed today as the adiabatic approximation. 

Graves et al. [17] apply the adiabatic approximation of Pierce [8] to the 

isovelocity wedge problem with a rigid bottom, and compare their results to the exact 

expression derived by Bradley and Huminac [18]. Graves et al. [17] make the statement 

that good agreement between the adiabatic approximation and the exact solution is 

obtained. However. in this paper they only present two intensity plots. one using the 

adiabatic approximation and the other using the exact solution. Therefore only a visual 

interpretation of the differences can be made .. and from observation of these figures it is 

apparent that there are differences. The authors later acknowledge the differences, and 

state that they believe the inclusion of mode coupling would significantly reduce the 

discrepancies. 

Nagl et al. [19] apply the adiabatic approximation for range and depth dependence 

(both sound velocity and bathymetry) using Airy functions, by a method in which 

segmented linearization of the environmental parameters is performed. This approach is 

used to simulate range dependent propagation for experimental results acquired in deep 

water with a range dependent sound velocity structure in the western North Atlantic, and 

then a shallow water experiment over a sloping bottom in the Norwegian Sea. Fairly 

good agreement between theoretical calculations and experimental measurements were 

found for the deep water example, but poor agreement was obtained for the shallow water 

example. Nagl et aJ. [19] attributed the discrepancies to mode coupling (which was 
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neglected in the theoretical calculation)_ However~ the comparison to theory was so poor~ 

it is believed that the discrepancies are not caused by mode coupling~ but most likely 

caused by a mismatch in the estimated and actual environmental parameters used to make 

the theoretical predictions. 

In an effort to resolve discrepancies between theory and experiment as seen by 

Graves [ 17] and Nagl [19]~ a number of researchers started to investigate the importance 

of using coupled mode theory. It was shown by Rutherford and Hawker [20] that using 

conventional coupled mode theory for range dependent bottoms is not consistent and can 

lead to violation of conservation of energy depending on the slope. Rutherford and 

Hawker [20] mitigated this problem by deriving a correction factor which they applied to 

a rigid bottom example. The problem of energy conservation was solved by Evans [21] 

who developed the full two-way coupled mode formulation. This approach allows for 

interactions between each segment in range and the inclusion of bottom backscatter. 

However, the full two-way coupled mode formulation is computationally intensive. For 

this reason, it is primarily used as a reference solution for simpler approximate models 

[3]. Due to the computational complexity of the two-way coupled mode formulation 

[21], Poner [22] developed an efficient algorithm for one-way coupled modes that 

resolves the inherent energy conservation problem and satisfies reciprocity. 

Due to the development of coupled mode solutions which solve the energy 

conservation problem, researchers began investigating the importance of using the 

computationally more demanding coupled mode approach compared to the more efficient 

adiabatic approximation. McDaniel [23] applies a mode coupling model to examine the 

exchange of energy between propagating modes due to bottom interaction. Numerical 
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solutions to the one-way coupled mode equations were obtained for environments with 

small and large range dependence. McDaniel [23] states that for the sediments that she is 

considering and for modes far from cut-off7 a correction factor to account for energy 

conservation is not needed. An example was given for propagation over a flat plain, up a 

5.7° slope. and over a shallow flat plain. This calculation showed significant mode 

coupling as the receiver passed over the slope and the shallow plain. Comparison of 

adiabatic and coupled mode solutions resulted in differences in transmission loss as large 

as 15 dB. Kuperman et al. [24] also evaluated the variation in the predicted acoustic field 

between using the one-way coupled mode approach and the adiabatic approximation. 

They showed theoretical calculations that identified clear differences between the two 

approaches. However. these results included a range dependent sound speed profile. thus 

making it difficult to identify the effects of the bathymetry. They did show one result 

which plotted the mode coupling matrix for propagation from the 3200 m to the 3400 m 

isobath for a constant sound speed profile. In this result mode coupling was most 

noticeable for higher order modes7 but the magnitude of this effect was considered slight. 

This result was on I y for one range step7 therefore making it difficult to determine whether 

mode coupling is important for propagation over longer ranges and larger changes in 

water depth. 

Rouseff and Ewart [25] also address the importance of mode coupling. This study 

uses simulations to investigate the effects of surface and bottom roughness for 

propagation in a wedge shaped environment. The simulation was conducted using a 

parabolic equation model to simulate the acoustic pressure field. The environment 

consisted of a wedge in which the water depth at the source was 24 m. and over a range 
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of 10 km the water depth increased to 68 m resulting in a slope of 0.25°. The sound 

speed had a downward refracting gradient and the source was excited at 400 Hz at a 

depth of 10 m. In attempt to determine the effects of boundary roughness on mode 

coupling, a modal decomposition algorithm was used to analyze modal amplitudes. The 

results of this study showed that for flat interfaces, 99% of the energy was contained 

within 4 modes. However, when bottom roughness was applied, only 58% of the energy 

was in the first 4 modes, and when both interfaces were rough this reduced to 39%. 

These results suggest that the interface roughness was causing significant mode coupling. 

2.2 Ocean Acoustic Experiments 

There have been only a few ocean acoustic experiments designed to measure the 

effects of propagation over a range dependent bathymetry. Horizontal refraction was 

investigated by Doolittle et al. [26] off the coast of Australia. Downslope enhancement 

has been investigated by Carey et al. [27] in the Gulf of Mexico, by Dosso and Chapman 

[28] off the coast of Canada, and by Hodgkiss [29] near Pt. Conception Ca. In addition to 

the work on horizontal refraction and downslope enhancement, it is reported by Tindle 

[30] that Wolf [31] and Ingenito [32] conducted experiments over a sloping bottom. 

The experiment by Doolittle et al. [26] investigated horizontal refraction of 

underwater sound propagation over a sloping bottom. The experiment took place over 

the continental slope on the east coast of Australia. The slope of the shelf ranged from 

0.43° nearshore, to 17° 50 km from shore. Over most of the region, the bottom consisted 

of a smooth-sandy sediment at least 200 m deep. The experiment consisted of two ships 

initially 34 km apart and 30 km from the shoreline. One ship towed a 152Hz CW source 
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at 80 m water depth? and the other towed an array of receivers at a depth of 60 m. The 

two ships started in approximately 500 m water depth and proceeded out to deeper water 

keeping the heading of the source at an angle of 38° from the receiving array. The 

signals from the array were processed using conventional and adaptive beamforming. 

Adaptive processing was used to suppress interfering noise? and spatially whiten the 

noise field. In the absence of horizontal refraction. the acoustic energy should arrive at 

angles close to 38° . (Some deviation of the source heading occurred during the 

experiment but this was less than 8° .) The azimuthal arrival angles of acoustic energy 

significantly varied from 38°, with some arrivals coming in at angles as large as 88°-. The 

large deviation in arrival angles suggests that horizontal refraction was occurring. 

Simulated beamfonning results using ideal wedge theory [12] helped confirm the results 

of the experiment. The results of this study imply that horizontal refraction was causing 

the deviation in arrival angles, however this study was not able to differentiate between 

the effects of the bathymetry and the effects caused by spatial variations in the sound 

speed profile. 

In addition to the investigation of horizontal refraction. downslope enhancement 

has also been studied with ocean experiments. Downslope enhancement is an ocean 

acoustic feature of propagation over range dependent bottoms. As sound propagates 

downslope, each bottom reflection reduces its grazing angle by twice the slope angle. 

This allows for high angle acoustic energy that is generated in shallow water to reduce 

their ~azing angles enough to get trapped in the deep sound channel as it propagates 

away from the continental shelf. This energy propagates without bottom interactions? aod 
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the focused acoustic energy propagates long distances with very little attenuation. This 

phenomenon is described as downslope enhancement. 

This feature of propagation over sloping bottoms was investigated by Carey et aL 

[27} in the Gulf of Mexico. A source was towed over the Florida Plain for a range of 200 

km at a water depth of 3400 m and then up over the West Florida Escarpment which has 

a slope of 8.6°. The sound speed profiles taken along the track of the experiment had a 

strong negative gradient, therefore making the acoustic propagation bottom interacting. 

The experiment used a towed source driven at 67 and 173 Hz, operating at a depth of 100 

m. The receiver was a seismic streamer composed of 64 groups of hydrophones spaced 

at 4.75 m intervals. The array was towed at 400 m depth, and individual hydrophone and 

r--dllge averaged pressures were recorded. Estimates. of downslope enhancement were 

made by comparing the measured transmission loss to the flat-bottom transmission loss 

model FACf. Downslope enhancement for propagation over the slope was estimated to 

be 2-4 dB on the average, and as high as 6 dB at 67 Hz. At 173 Hz, the maximum 

downslope enhancement was also estimated at 6 dB. Frequency dependent propagation 

effects were observed as the source traversed upslope. At the higher frequency, 

transmission loss increased rapidly after the source crossed the range of maximum 

downslope enhancement. However, at the lower frequency, the transmission loss 

remained almost constant as the source traversed upslope. The variation in transmission 

loss over the slope as a function of frequency is believed to be caused by frequency 

dependent propagation characteristics of the seafloor. 

Downslope enhancement was also investigated by Dosso and Chapman [28] off 

the west coast of Canada. This experiment took place over the deep ocean basin, at a 
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depth of 2500 m, the continental slope which was elevated nominally at 5°~ and the 

continental shelf at an average water depth of 150 m. On the continental slope., a 

pinnacle from an ocean bottom ridge is present. Two ships were used in the experiment. 

The first ship dropped SUS charges which were detonated at a depth of 22 m. The 

second ship maintained position and monitored an array of hydrophones suspended at a 

depth that was approximately 300-400 m below a surface buoy. The placement of the 

array was at the axis of the sound channel, thus maximizing the effects of downslope 

enhancement. To estimate the magnitude of downslope enhancement, a flat-bottom 

transmission loss model was compared to experimental measurements. As the source 

traversed over the pinnacle on the continental slope, the measured transmission loss was 

7 dB less than the prediction of the model at a source frequency of 400 Hz. (Before the 

onset of the slope, the measured and modeled transmission loss was nearly identicaL) As 

the source crossed the top of the continental shelf, the measured transmission loss was 15 

dB less than the prediction at 400 Hz. At a location farther over the shelf, bottom 

interaction with the shelf increased the transmission loss rapidly. In addition to the 

downslope enhancement, frequency dependent propagation effects were also observed. 

For propagation over the deep ocean basin and the shelf, transmission loss increased with 

increasing frequency due to attenuation in the bottom. However, at ~e range of 

maximum downslope enhancement, there was very little frequency dependence observed. 

This is due to rays only encountering one or two bottom bounces before being trapped in 

the sound channeL 

Hodgkiss [29] carried out an experiment to investigate the effect of downslope 

enhancement on the vertical arrival structure of ambient noise. In particular, to 
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investigate the high levels of ambient noise arriving near the horizontal~ a phenomenon 

not well understood . This experiment was carried out in July of 1989 in the region of the 

continental margin NW of Pt. Conception • CA (the bathymetry for the laboratory scale 

model is a replica of this region). Source tows and stations were made in deep water. on 

the continental shelf. and along the continental margin. The source was a HLF-3. which 

was operated at a depth of 100 m. CW tones at 18, 34, and 80 Hz and a MLS (maximal 

length sequence) at 80 Hz were transmitted. The results of this experiment showed that 

source deployments at one location in deep water at a source frequency of 34 Hz 

observed an absence of energy in the vertical arrival structure for angles near the 

horizontal. However. source deployments over the continental shelf at 80 Hz contained 

significant energy at angles near the horizontal, and it assumed this is being caused by 

downslope enhancement. In contrast to the result conducted at 34 Hz. an additional 

source deployment in deep water at a location different than the first deep water 

deployment and at a source frequency of 80 Hz resulted in a significant amount of energy 

near the horizontaL Using a parabolic equation model. it was later shown that the cause 

of the anomaly at the first deep water site was due to range dependent sound speed 

profiles. 

Tindle [30] reports that Wolf [31] and Ingenito [32] conducted experiments over 

slopes ranging from 0.3° to 0.9°. They report adiabatic propagation for downslope 

measurements, however, upslope propagation showed the presence of mode coupling. As 

is often the case for ocean acoustic experiments, the results of this study were 

complicated by a range dependent sound speed profile in the water column. 
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2.3 Laboratory Scale Measurements 

The first experimental investigation to identify the effects of bathymetric 

refraction was described in a paper by Wood [33]. Laboratory scale measurements were 

conducted in a rectangular tank made of concrete with the dimensions 1.05 m x 0.83 m x 

0.1 m. One of Wood's [33] most interesting results occurred when a wedge-like 

environment was created by conducting an experiment over a piece of glass that was 

tilted up from the bottom of the tank. The glass bottom was painted with a pressure 

sensitive paint. The region was insonified at a frequency of 1 MHz and the acoustic 

pressure field was imprinted on the painted glass thus giving a visual picture of the three 

dimensional acoustic field at the bottom surface. This picture showed the presence of 

downslope interference patterns and shadow zones. 

Glegg and Yoon [34] carried out an experiment to verify the theoretical solutions 

given by Buckingham [12] for propagation in a wedge with pressure release boundaries 

and to demonstrate pulse distortions as a function of propagation distance. The 

experiments were conducted over an air filled Plexiglas wedge. The wedge had an across 

slope width of 2.4 m. a downslope length of 1.2 m. and the maximum height of the

wedge was 0.4 m. These dimensions correspond to a slope of approximately 18.5°. 

However. since the experiments were conducted in a much larger tank. the Plexiglas 

structure could be adjusted to change the slope of the wedge relative to the water surface. 

The wedge angles considered for this experiment were between 18° and 22.5°. and the 

source frequency varied between 7.5 and 8.5 kHz. The experiments showed the 

frequency dependence of the shadow zones. and the agreement with Buckingham's [12] 

theory was good. 
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Additional laboratory scale measurements of three dimensional propagation over 

a wedge were conducted by Glegg, Deane, and House [35]. In contrast to Glegg and 

Yoon's [34] experiment, these measurements were conducted over a shear supporting 

bottom and the results were compared to the theory developed by Deane [15]. The 

laboratory scale model consisted of a 0.06 m epoxy layer overlaying a 0.3 m concrete 

basement. The materials of the model were chosen to be representative of terrigenous 

sediments, such as sands and silts, overlaying a hard rock basement. The horizontal 

dimensions of the model were 1.2 m wide by 2.88 m in length. Additional details of the 

model can be found in a paper by Glegg, Hundley, and Riley [36] and also in Riley [37]. 

Similar to Glegg and Yoon's experiment [34], the laboratory scale model was placed 

inside a much larger tank. Measurements were made using CW signals between 30 and 

120 kHz for across slope measurements. The results described in this paper [35] only 

considered propagation over a slope angle of 20° for across slope measurements. The 

results of the across slope measurements identified the existence of shadow zones and 

were in excellent agreement with theoretical predictions for a source frequency of llO 

kHz. Measurements at 70 kHz also identified the presence of a shadow zone at a shorter 

across slope range as would be expected from normal mode theory [12,13]; however, the 

comparison to the theory was not as good as the results achieved at 110 kHz. In spite of 

the increased error between the predictions from the theoretical model and the 

experimental results at 70 kHz, the model predictions did appear to model the major 

features of the acoustic field, but they were slightly displaced in range. 

In. addition to the investigations that have used laboratory scale measurements to 

identify bathymetric refraction, there have a number of studies that have used model scale 
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measurements for investigating the effects of propagation over sloping bottoms in the 

range-depth plane. 

Tindle et al. [38] apply laboratory scale measurements to investigate downslope 

propagation of acoustic propagation in a penetrable wedge. Experiments were conducted 

over a tray of sand with the dimensions 10 m x 0.93 m x 0.2 m. The bottom could be 

tilted in the vertical plane to fonn a wedge, and experiments were conducted over slopes 

ranging from 0° to 9°. A vertical source array was used to generate and isolate individual 

low-order modes at a frequency of 80 kHz. Through experimental investigation. it was 

found that in order to obtain single modes throughout the wedge. it was necessary to align 

the line source to form an arc of a circle centered on the wedge apex. The result was to 

create normal modes which propagate with wave fronts that also are curved into arcs 

centered at the wedge apex. These modes are termed ··wedge modes" [12,13], and the 

results of this experiment show that the modes propagate with little evidence of wedge 

mode coupling. It may be misleading to try to compare the idea of wedge mode coupling 

and traditional mode coupling because adiabatic and coupled mode theory are based on 

the assumption that the normal modes accommodate to the local water depth but retain 

their vertical wave fronts. 

In addition to using a vertical line array, Tindle et al. [39] also used normal mode 

filtering to isolate the waveforms of individual modes. This study was able to identify 

mode coupling by the presence of a higher order mode cutting on at a downslope range. 

This mode cut on at slope angles greater than 2°. with the amplitude of the mode 

becoming greater with increased slope angle. 
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2.4Summary 

A number of publications have been reviewed which investigate the effects of the 

bottom bathymetry on ocean acoustic propagation. Theoretical investigations of acoustic 

propagation over simplistic bottom geometries identified the presence of bathymetric 

refraction. In addition to the studies on three dimensional propagation, this chapter 

reviewed theoretical studies which investigate two dimensional propagation over a range 

dependent bathymetry using normal mode theory. These investigations focus on the use 

of the adiabatic and coupled mode approximations. This chapter identifies scenarios for 

which the adiabatic approximation was appropriate and scenarios in which the 

computationally more demanding coupled mode approach was necessary. Similar to the 

investigations on three dimensional propagation, most of these studies considered a 

simplistic bottom topography. 

In addition to the theoretical investigations, this literature review also discussed a 

number of experimental studies that attempt to identify the effects of the bathymetry on 

range dependent propagation. The ocean acoustic experiments discussed in this chapter 

investigated bathymetric refraction, downslope enhancement, and compared adiabatic 

versus coupled mode propagation. However, all of these studies had difficulties in 

isolating the effects of the bottom bathymetry due to range dependent sound speed 

gradients and the difficulties associated with conducting experiments at sea. 

Laboratory scale measurements minimize the problems of at sea measurements 

due to the controlled laboratory conditions. This review has shown that laboratory scale 

measurements have been used to identify the presence of bathymetric refraction for 

propagation in a wedge over relatively steep slope angles. In addition, model scale 
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measurements have also been used to investigate the use of normal mode theory for two 

dimensional propagation in a wedge. 

As stated in the introduction. the work presented in this dissertation is unique 

because it is the first set of laboratory scale measurements conducted over a realistic 

ocean bathymetry. Therefore. the work benefits from the controlled conditions of the 

laboratory scale environment. while also being able to investigate the effects of a three 

dimensional bathymetry on ocean acoustic propagation. Using simplistic bottom 

topographies. the literature has shown the presence of bathymetric refraction and has 

investigated adiabatic versus coupled mode propagation for two dimensional propagation. 

This dissertation investigates these effects on propagation over an actual three 

dimensional bathymetry and also studies their effects on array processing. 
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3.1 Laboratory Scale Model 

Chapter3 

Experimental Setup 

A laboratory scale model of the Santa Lucia Escarpment off California has been 

built at 1:10,000 scale. The bathymetry in this region (figure 3) is typical of the 

continental shelf off the west coast of the United States. The escarpment includes a large 

area with a 2r> slope in shallow water which extends into a region with a 14° slope in 

deeper water, where it joins the edge of the abyssal plain. The water depth ranges from 

400 to 4000 mat full scale. and the bathymetry varies three dimensionally. The bottom 

topography also includes a spur that extends out into the abyssal plain at the western end 

of the region. 

The bathymetry was obtained from the NOAA/National Geophysical Data Center 

for the region 34° -35° N, 121° -122° W, at increments of 15 seconds of arc. However, 

this data is relatively sparse, especially in the deeper waters to the west. Therefore, the 

NOAA data was combined with the bathymetry soundings from the 1989 Downslope 

Conversion Experiment [29] conducted in the same area by Scripps Institute of 

Oceanography. The combined bathymetry data was then contoured using the Generic 

Mapping Tool Software. The contours produced by the mapping software were used to 

specify the molds from which the bottom of the model was constructed [40]. 

At a scale of 1:10,000, the model size is 6 x 2.5 m with water depths ranging from 

4 to 40 em (figure 3). The model is made of concrete, a material which has similar 

properties as basalt and limestone. These materials are substrates typically found in 
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shallow water environments. To form the bottom topography, it was necessary to pour 

concrete into forms made to the inverted bathymetry. By pouring the concrete in this 

configuration, its weight causes a smooth surface to develop to the precise shape of the 

forms. This feature is desirable because it eliminates small perturbations typically seen in 

concrete, and thus minimizes the effect of acoustic scattering. When the model had been 

completed, the actual bathymetry of the model was measured to an accuracy of 1 mm, 

and the bathymetry was found to correspond to the design values within a rms error of 3 

mm [40]. 

It was necessary to construct the model in six sections which could be positioned 

individually and then joined to form one block. Since wave propagation within the 

concrete is important. it was necessary to ensure that the blocks could be joined so that 

they could be considered acoustically homogeneous. Tests were carried out to verify that 

the bonding process used to join each section would not cause reflection and scattering of 

acoustic waves propagating through the bottom [40]. 

The geoacoustic properties of the model have been estimated using a combination 

of experimental measurements. theoretical expressions, and published data. The 

compressional wave speed of the concrete was evaluated from the time of the first arrival 

of an impulse applied to the concrete without water present. The shear wave speed was 

then estimated as 58.5% of the compressional wave speed by using an expression relating 

the two wave speeds with the dynamic Poisson's ratio of concrete (v=0.24) [36]. The 

attenuation coefficients of the substrate were obtained from previous work on laboratory 

scale measurements over a model with a concrete basement [36], and the density was 
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measured. The estimated geoacoustic properties of the laboratory scale model are 

presented in Table L 

Prior to estimating the geoacoustic parameters, experimental measurements [ 41] 

of the acoustic field were compared to theoretical predictions based on penetrable wedge 

theory [42). In this process~ the geoacoustic parameters input into the prediction code 

were varied to obtain the best fit to the experimental data. The results of this 

optimization determined the shear wave speed to be the dominant geoacoustic parameter, 

and the optimized value using the prediction code was within l% of the valued estimated 

in Table L 

3.2 Laboratory Scale Measurements 

The source and receivers used in the experiments are Bruel and Kjaer 8103 

hydrophones which are cylindrical in shape with outside dimensions of 25 mm (length) 

and 9.5 mm (diameter). The majority of the experiments and analysis in this dissertation 

were conducted at 20 and 50 kHz. At these frequencies the transducers are 

omnidirectional and provide a signal to noise ratio that is typically 20 dB. Because the 

tank has hard side walls, time-gated CW signals are used to avoid reflections from the 

walls of the tank. The receiver signals were sampled at an AID (analog to digital) sample 

rate of 20 MHz in order to achieve good temporal resolution. 
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Chapter4 

Tracking of Acoustic Soun:es·in Three Dimensional Shallow Water Environments 

4.1 Matched Field Tracking Experiments 

Experiments have been conducted to investigate the concept of matched field 

tracking in shallow water [43]. This concept uses matched field processing to locate the 

path of a moving source. The matched field tracking algorithm correlates measured 

signals to theoretical solutions of the acoustic field for a set of hypothetical source tracks_ 

The correlation value between the experimental measurements and the theoretical source 

tracks is used to identify the trajectory of the source. 

Because shallow water acoustic propagation is strongly dependent on the 

bathymetry and the geoacoustic properties of the seabed, which may be unknown or 

rapidly changing within localized areas, this set of experiments tests the concept of using 

simplistic theoretical models in the matched field tracking algorithm. If the use of these 

models enables the matched field tracking algorithm to identify the source track. the 

computations will be quick and the algorithms will be robust over a variety of acoustic 

environments. It is proposed that a modem micro-processor could be used to process a 3 

sensor matched field tracking algorithm [43]. This system could then be used as a low

cost autonomous surveillance system. 

In addition to testing the concept of matched field tracking (the original goal of 

this work), this set of experiments also compares the output of the matched field tracking 

algorithm using two different theoretical propagation models. The first model only 

considers the direct and surface reflected paths; the second approach models the acoustic 
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field for specularl y reflected propagation over a penetrable wedge. Performance 

comparisons of the matched field tracker output using the two models provides insight 

into the improvement that can be obtained when more accurate signal models are 

incorporated into array processing. 

Two matched field tracking experiments were conducted over the laboratory scale 

model described in section 3.L The first set of experiments was conducted over a region 

21 em x 21 em (2 km x 2 km at full scale) to test the concept. The second experiment 

investigates the concept at a much larger .scale to simulate the effects of three 

dimensional propagation in a shallow water environment. This experiment covered a 

region 1.5 m x L5 m (15 km x 15 km at full scale). Each experiment achieved the 

highest correlation between the experimental measurements of the source track and the 

theoretical solution for the same track (termed reference track). 

This section (section 4.1) describes the matched field tracking algorithm and 

provides a detailed description of the experiments and the results. The outputs of the 

matched field tracking algorithms are presented by listing the normalized correlation 

values for the reference track and various hypothetical tracks. Finally, conclusions based 

on the results of the experiments are provided. 

4.1.1 Matched Field Tracking Algorithm 

From Bucker [43], for a track from location A to B, the correlation function 

between the theoretical field and measured field is 
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Cab= real{LLL(gpftKpft*>} 
t f p 

(l) 

t = time samples f -frequency bins * =complex conjugate 

p -index for a pair of sensors (i.e. p = l refers to the correlation of hydrophones land 2) 

* g pft = F ff Fkf {Experimental} 

F ff - FFr of signal from sensjor j at frequency f 
j and k are the sensor pair for inde~ p 

~ ~ * g p.ft = F ff Fkf {Theoretical} 

F ff - theoretical solution of the acoustic field in the frequency 

domain for sensor j at frequency f. 

For the two experiments. a single frequency was excited by the source. In addition. the 

time index is replaced by the discrete locations of the experimental measurements 

denoted by s. Thus the correlation function can be written 

g sp -experimental result from a pair of receivers (p ). and a source located at s_ 

g sp -theoretical result for a pair of receivers (p ). and a source located at s. 
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The results section lists the values of Cab using normalized correlation values such that 

for perfect correlation a value of unity is obtained; the equation for the normalized 

correlation is defined as 

rea LLKspKsp* (3) 

Cab= 
s p 

LLIKspiiKspl s p 

As stated previously7 the experimental measurements are correlated with 

theoretical solutions of the acoustic field for hypothetical source tracks. A high 

correlation (a high positive value of Cab) between the experimental measurements and a 

hypothetical source track indicates a similarity in the actual and hypothetical source 

track. Therefore. high correlation values are used to identify the actual trajectory of the 

source. One of the original goals of this experiment was to show that simple theoretical 

models could be used to identify the source track. If this can be accomplished. the 

matched field tracking algorithm will be robust over a variety of acoustic environments. 

Because of this. the first set of experiments matched the experimental measurements to a 

theoretical solution considering only the acoustic rays of the direct and surface reflected 

paths. The second set of experiments used the same theoretical modeL In order to try 

and improve the results of the matched field tracking algorithm. the penetrable wedge 

model [42] was also used. 
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4.1.2 Experimental Setup 

The matched field tracking experiments were conducted over the shallow region 

of the laboratory scale modeL The locations of the experiments are shown in figure 4. 

The first experiment consisted of matching experimental measurements to the source 

track and four additional hypothetical tracks. The location of the source track. theoretical 

matched field tracks. and the two receiver locations are shown in figure 5. The second 

experiment was conducted over a much larger scale. and an additional receiver (total of 

three receivers) was added. Theoretical calculations for the acoustic field from a source 

to the known receiver locations were calculated for the grid shown in figure 6. 

Calculations were computed at a spacing of 0.04 m to form a 38 x 38 matrix. The 

experimental measurements were matched to theoretical solutions for the trajectory of the 

source track and for all possible source tracks in the across slope (Y meters) and 

downslope (X meters) directions (all rows and columns of the theoretical matrix). In 

addition. calculations were made for the diagonal tracks of the theoretical matrix. in the 

direction of the source (positive Y meters direction) track. The source track. the receiver 

locations. and the grid area of the theoretical calculations are shown in figure 6. 

4.1.3 Results 

This section lists the normalized correlation values Cab for each experiment and 

discusses the results. Table 2 reports the correlation values obtained using the 

measurements from experiment I and each of the five hypothetical tracks considered. 

The hypothetical track that corresponds to the source track is titled reference. 
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Tables 3.1 and 3.2 list the normalized correlation values obtained using the 

measurements from Experiment 2. The tables provide the three highest values of Cab for 

all the hypothetical tracks considered. The tables present the values of Cab obtained using 

both of the theoretical models applied to this data. Similar to Table 2. the hypothetical 

track that corresponds to the source track is titled reference. 

The normalized correlation value of the reference track decreased from 0.4532 in 

experiment 1 to 0.1595 in Experiment 2. when the model that only considers the direct 

and surface reflected paths for the theoretical acoustic field is used. The significant 

decrease in the correlation value for Experiment 2 is caused by the mismatch between the 

acoustic field over a three dimensional sloping bottom and the simple theoretical solution 

used in the calculations. Due to the fact that Experiment 1 was at very close ranges. the 

effects of multiple bottom and surface reflected waves were not as important. This 

conclusion is supported by the fact that the value of Cab increased to 0.2988 by using the 

more realistic model of a point source in a wedge. 

4.1.4 Conclusions 

Two important conclusions can be extracted from the matched field tracking 

experiments. (I) In each of the matched field tracking experiments. the correlation 

between the experimental measurements of the source track and the simple theoretical 

solution of the acoustic field for the same track had a correlation value (Cab) that was 

higher than the correlation value that was obtained when correlating the experimental 

measurements to any of the hypothetical tracks. This conclusion supports the theoretical 

work of Bucker [43]. (2) The significantly higher correlation value (Cab) obtained by 
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using the penetrable wedge model shows the benefit of including the effects of the 

bottom bathymetry in the matched field processing algorithm. 

31 



4.2 Experimental Measurement of the Array Bearing Angle Bias Caused by 

Bathymetric Refraction 

The literature review (Chapter 2) identified that bathymetric refraction has been 

verified both theoretically and experimentally for propagation over sloping bottoms. The 

only study that has demonstrated the bearing angle bias that horizontal refraction induces 

on a line array was the ocean acoustic experiment by Doolittle et al. [26]. However. it 

can be argued that they were unable to differentiate between the effects of the bathymetry 

and the effects caused by variations in the sound speed between the source and receiver. 

To make this differentiation. this chapter describes a study using the laboratory scale 

model in which there are no sound speed gradients. As a consequence of the controlled 

environment. it is possible to isolate the effects of bathymetric refraction and consider a 

far wider range of experimental conditions then were considered by Doolittle et al [26]. 

The experimental results presented in this chapter show the differences which occur for 

array beamforming in the downslope and across slope directions and how the bearing 

angle bias varies with range and frequency. The most important conclusion which is 

identified by these experiments is that the bearing angle bias does not increase 

monotonically with range, an effect that has not been reported in any previous studies. 

4.2.1 Bearing Angle Bias Experiment 

A plane-wave beamformer detects the bearing of a source from the arrival 

direction of the waves incident on the array. However, as sound propagates over a 

sloping bathymetry, the propagation path is curved, causing a bias in the detected bearing 

(figure 7). 
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The objective of the experiments described in this section is to measure the 

magnitude of the bearing angle bias caused by bathymetric refraction. The setup for the 

bearing angle bias experiments using an array of two hydrophones spaced 10 em apart is 

sho~ in figure 7. The experiments were conducted over the shallow region of the 

laboratory scale model (figure 8) at a location where the water depth at the array was 7.2 

em and the acoustic center of the hydrophones was placed at a depth of 4.3 em. The 

source was also placed at a depth of 4.3 em. At very large across slope ranges. ideal 

wedge theory suggests that there will be a shadow region. However, for the present 

configuration. this occurs at an across slope range of at least 2.2 m (at 20 kHz) which is 

outside of the measurement region. 

The frequencies chosen in this experiment were 20 and 50 kHz. which correspond 

to the full scale frequencies of 2 and 5 Hz over the Santa Lucia Escarpment. These 

frequencies are well below actual frequencies of interest but were chosen because: (I) it 

was originally thought that only one mode would be supported in the water column at the 

lower frequency and so modal interference effects would be eliminated and (2) at the 

higher frequency at least two modes are excited at the source depth and so this frequency 

should identify the importance of modal interference. The scaling and relevance of these 

results to sound propagation in coastal regions (where the water depth may be different 

but the slopes are the same) will be discussed in section 4.2.3. 

4.2.2 Experimental Results 

The measured time histories clearly identified the beginning of the acoustic signal 

which was found to correspond exactly with the propagation time from the source to the 
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receiver through the water column. The detail of the first arrival is shown in figure 9, 

which compares the signals of the two hydrophones in the array when the array bearing 

line (array look direction) intersects the source so that both receivers are the same 

distance from the source (see figure 7). This clearly demonstrates that the first arrival is 

in phase at both receivers, and this was found to be the case for all the measurements 

made during. the experiment. The explanation of this result is that the first arrival is the 

wave traveling directly from the source to the receiver without any bottom or surface 

interactions. In contrast, the receiver signals in the CVI region of the time histories, for 

the same source and array configuration, are out of phase, as shown in figure 10. The 

phase shift across the array is the result of the interaction between waves with different 

propagation paths to each receiver. It is important to realize that this effect would not 

occur for propagation over a flat bottom, for which propagation paths and thus the 

received signals would be identical at each receiver. This would result in a 0° phase shift 

for the first and all subsequent arrivals. 

The fact that the two signals in figure 10 are out of phase indicates that the waves 

are not arriving at the array from the broadside direction. These signals can be brought 

into phase by moving the location of the source. In these experiments, the source was 

moved up or down slope (east/west on the model) until the CW signals were in phase. 

The results are shown in figures 11 and 12. The array bearing lines (array look 

directions) are given by the dashed lines, the dotted lines are the bathymetry contours, 

and the solid lines are the source locations which give an apparent source position on the 

bearing lines (i.e. when the transducer signals are in phase). 

34 



When the source is close to the array and the dominant ray path has minimal 

interaction with the bottom, the bearing angle bias is negligible, especially in the 

downslope direction. However, as the source and receiver separations become larger, the 

dominant ray paths have increased bottom interaction and a significant bearing angle bias 

is caused by bathymetric refraction. Along the 90° look direction (across slope) at a 

source frequency of 20 kHz (figure 11), the mean bearing angle bias is 7.4° with a 

maximum bearing angle bias of 26.8°. At 50 kHz (figure 12), there is a decrease in the 

magnitude of the bearing angle bias; however, the bias is still significant with a mean 

bearing angle bias of 2.9° and a maximum bearing angle bias of 8.5° along the 90° 

steering direction. Observation of figures 11 and 12 show that the general trend of the 

bearing angle bias is to increase at the lower frequency and along bearing lines oriented 

farther across slope. 

The most surprising result of the experiments is the erratic and discontinuous. 

features of the bearing angle bias results. The bias does not increase monotonically with 

range in the downslope direction, as would be expected when considering a single ray 

path propagating in a wedge-shaped environment of constant slope. Instead, the bearing 

angle bias changes quite rapidly as a function of range. This feature of the experimental 

results is present at both frequencies, however the deviations about the mean bearing 

angle bias is larger at the lower frequency. Even though the features are changing 

erratically, the general trend is that they are increasing in the downslope direction as 

function of range. The results also show regions in which the bearing angle bias location 

is not plotted. At these ranges, the source location at which the two receiver signals were 

in phase could not be identified due to nulls in the acoustic field. 
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Another surprising feature of the experimental results was the magnitude of the 

bearing angle bias recorded along the 0° bearing line (downslope direction of the 

laboratory scale model). When considering propagation in a wedge-shaped environment 

which has constant slope, there should not be any bearing angle bias along the downslope 

direction of the wedge. Even though the model has a realistic three dimensional 

bathymetry. it was expected that the experiments would measure minimal bias along this 

steering direction. However. along the 0° bearing line, a bearing angle bias as large as 

5.9° was recorded at a frequency of 20 kHz, and a maximum bias of 2.6° was measured at 

50 kHz. 

The frequency dependence of the bearing angle bias results can be described as a 

modal waveguide effect. At lower frequencies, the modes of the waveguide propagate at 

steeper ray elevation angles. This causes increased bottom interaction and thus enhances 

the effect of bathymetric refraction. Harrison [ll] showed a similar effect when he 

identified the frequency dependence of shadow zones for three dimensional propagation. 

For a slowly varying medium. Harrison [11] was able to demonstrate that the horizontal 

projection of ray paths as deduced by ray invariants coincides with the horizontal path of 

the appropriate modes. Using a formula for the analytical ray paths in the horizontal 

plane based on the initial elevation angles of the modes; he showed that for higher initial 

elevation angles, the effect of horizontal refraction increased. Using SAFARI [44], it was 

determined that for the bearing angle bias experiments at 20 kHz, only one mode was 

propagating in the water column at an initial ray elevation angle of 26° (however, it has 

subsequently been found that there is a also an interface wave present at this frequency, 

and this will be discussed in more detail in the next section). At 50 kHz, the calculations 
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indicated that there were two modes~ with the dominant mode propagating at an initial 

ray elevation angle of 12°. As shown by Harrison [11]. the higher angle energy at the 

lower frequency caused enhanced bathymetric refraction. thus increasing the bearing 

angle bias at the lower frequency. 

The larger bearing angle bias for bearing lines in the across slope direction is 

caused by the downslope component of the reflected ray. As a bottom interacting ray 

propagates across slope over a wedge. the reflection of the ray has an across slope and a 

downslope component. For bearing lines directly across slope (90"}, the downslope 

component of the wedge is perpendicular to the incident propagation path, thus causing 

the ray to be bent in a direction normal to the propagation path. For bearing lines in a 

direction only slightly across slope. the downslope component of the wedge bends the 

rays in the horizontal plane at smaller angles. This explanation concurs with the 

experimental results at 20kHz, and the general trend is seen for the results at 50 kHz. It 

is also worth mentioning that some of the results at 50 kHz show a bearing angle bias 

which lies on either side of the array look direction. 

4.2.3 Theoretical Simulations 

To verify the results of the experiment and to investigate the erratic and 

discontinuous behavior seen in the experimental measurements~ a simplified calculation 

of the acoustic field was evaluated. This approach approximates the bathymetry of the 

laboratory scale model as a wedge with a fixed angle. The method of images was then 

used to approximate the three dimensional acoustic field. This theory uses a series of 

image sources which are centered around the apex of the wedge at a radius equal to the 
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distance from the wedge apex to the source (figure 13). In addition to the image sources. 

a series of image planes are used to simulate interaction with the bottom [5.15]. 

The total sound field is calculated by summing the complex pressure field from 

the source and multiple reflections off the boundaries. The eigenrays for each multi path 

arrival are obtained from the propagation paths between the image sources and the 

receiver [5]. [15]. [16]. For the eigenray paths that intersect the boundaries of the wedge. 

the incident wavefield is decomposed into an equivalent set of plane waves using a 

wavenumber integral. The integrand of the wavenumber expansion is multiplied by the 

plane wave reflection coefficient to give an exact specification of the reflected field. The 

eigenray paths that intersect the surface an odd number of times are shifted by 180°. 

Evaluation of the wavenumber integral shows that the field is dominated by the 

specularly reflected wave and multiple lateral waves [42]. If only the specular wave is 

considered (approximation of geometrical acoustics). and both beam displacement and 

lateral waves are ignored. the method is relatively simple to apply. The equation for the 

complex pressure field using the approximation of geometrical acoustics is 

{
s } ikr. 

p(r) = ~ IJV<Ds) Pindex~ 
n s=l ~ 

(4) 
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where, 

p-complex pressure field 

r -receiver location 

rn- distance from the nth image source to reciver 

s- index for the number of bottom interface crossings 

S -Maximum number of images sources 

V(B s )- reflection coefficient for the s bottom interaction 

{

p index = l for an even number of surface reflections} 

P;ndex = p index = -1 for an odd number of surface reflections 

k- wavenumber 

This approximation is most accurate at large distances directly across slope where the 

eigenrays are not incident with the bottom at angles close to the critical angle [42]. To 

simplify the numerical calculations, the approximation of geometrical acoustics was used 

to simulate the bearing angle bias experiment. 

A nominal wedge angle of 2.68° was determined to be the best fit to the 

bathymetry in the region of the experiment. Calculations were performed for source and 

receiver depths of 4.3 em at incremental source spacings of ')J5 (A.=acoustic wavelength) 

in both the across slope and downslope directions. The phase of the field at each of the 

receivers in the array was calculated and then the phase difference was determined. The 

apparent location of the source as perceived by a plane-wave beamformer with the same 

look direction as the pair of receivers was determined by plotting the location of the 

source which gave a 0° phase shift between the signals at each receiver. However, some 

care was required to eliminate numerical errors. First, the phase had to be unwrapped to 

avoid 21t phase jumps and secondly, spatially aliased arrivals had to be eliminated. The 
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spatially aliased arrivals occurred at angles 30° and 12° relative to the look direction for 

20 and 50 kHz respectively; these angles are much larger than any of the measured 

bearing angle biases and are clearly distinguishable. For the simulation7 the receivers 

were placed at spacing of less than }J2 to avoid the presence of aliasing (calculations at 

IJ2 and A/20 gave the same results). Additional care was needed to eliminate 0° phase 

lines caused by phase jumps which occurred at nulls in the field due to modal 

interference. This was overcome by only considering areas where the magnitude of the 

phase difference was less than a constant (7rll0 for A/2 and 7r/200 for A/20) and 

contouring the 0° phase line from the phase differences on a matrix of source locations at 

equal increments in the across slope and downslope directions. 

Calculations were carried out for both frequencies used in the experiment and for 

look directions of 0°, 40°, 60°, and 90° relative to the downslope direction of the model 

(figures 14 and 15). The array bearing lines are given by the dashed lines, and the dotted 

lines are the idealized bathymetry contours of the wedge. The solid lines are the 

theoretical source locations which give an apparent source position on the bearing lines. 

The simulations predict that three dimensional propagation causes a bias in the 

detected bearing of a source using a line array with plane-wave beamfonning. Similar to 

the experiments, the bearing angle bias increases as the bearing line traverses across slope 

and decrease as a function of frequency. In addition, the theoretical results do not predict 

the presence of a bearing angle bias along the downslope direction of the wedge (0° 

bearing line) since horizontal refraction only occurs for across slope propagation. 

However, the most important feature of the results is that the simulations predict a rapid 

variation in bearing angle bias that was similar to the experimental results, but smaller in 
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magnitude. Note also that at the higher frequency the bearing angle bias is displaced on 

either side of the look direction as was observed (to a lesser extent) in the experimental 

results (figure 12). 

There are several reasons for the significant differences between the numerical 

calculations and the experimental results. First, the calculations approximate the bottom 

as having constant slope. which was not the case for the experiment which had small 

variations in slope across the region. Secondly, and perhaps of more significance, the 

geometrical acoustics approximation used to obtain equation ( 4) does not allow for slow 

waves traveling at the water-concrete interface. Subsequent experiments have identified 

the presence of these waves and that they are a significant contributor to the field at the 

lower frequency considered. The role of interface waves on low-frequency across slope 

propagation has not been thoroughly discussed in the literature and is beyond the scope of 

this section. However, it is worth noting that Glegg et al. [35] found differences between 

their numerical calculations and an experiment in an ideal wedge with a shear supporting 

bottom at lower frequencies (similar to the 20 kHz frequency used here) where slow 

interface waves could have been important. 

As was pointed out in section 4.2.1, the frequencies used in this experiment were 

equivalent to 2 and 5 Hz at full scale in the Santa Lucia Escarpment, which are below 

typical frequencies of interest. However, the modeling used in this section scales with 

the acoustic wavelength and the bottom slope. It is not unusual to find slopes of similar 

magnitude to those used here in shallow-water coastal regions where the water depth is 

20 or 30 m. In these cases, the 20 kHz model scale frequency corresponds to a full-scale 
,. 

frequency of 72 or 48 Hz, respectively, which is a range of practical interest. 
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Consequently, the type of effect which has been observed in the model scale experiments 

is most likely to be observed in shallow-water. low frequency sound propagation 

experiments over slopes in excess of 1°. In order to investigate this hypothesis. 

simulations were conducted using the same procedure described in this section to 

simulate ocean acoustic propagation. The main difference in these results and the 

laboratory scale simulations was the environmental scaling (water depth, source and 

receiver depths, and frequency) and that a sand bottom was used to model the bottom 

interface for the ocean acoustic simulations. Figure 16 shows a bearing angle bias 

simulation for propagation over a wedge with a slope angle comparable to the coast off 

Boca Raton. Florida for a source excitation of 50 Hz. This result shows that the bearing 

angle bias results observed in the laboratory scale measurements scale to the ocean 

acoustic example. 

It is also interesting to compare the results of this investigation with the 

observations made by Doolittle et al. [26]. The theoretical approach used here includes 

the same physics as the analysis given in the paper and would be expected to lead to the 

same conclusions. They were able to explain the smaller bearing angle bias in their 

experiment but were unable to account for the very large bearing angle bias which they 

observed. The experimental observations given here provide considerably more detail 

than Doolittle et al. [26] were able to obtain, but the results do not explain the large 

bearing angle bias reported in this investigation [26]. 
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4.2.4 Conclusions 

Experimental measurements have been conducted at laboratory scale to measure 

the effects of a realistic bottom bathymetry on detecting a source with a horizontal line 

array. The experiments measured the bearing angle bias obtained in locating a CW 

source using plane-wave beamfonning. The results of the experiments measured a large 

bias which varied rapidly with range. In addition, a significant bias was recorded in the 

downslope direction. Additional features of the experimental measurements identified 

the dependence on bearing line and frequency_ The most surprising feature of the 

experimental results was that the bearing angle bias did not increase monotonically with 

range, an effect that has not been previously identified in the literature. 

In order to verify the experimental results and investigate the rapid variation in 

magnitude of the bearing angle bias, a simplified computation of the acoustic field was 

used to simulate the bearing angle bias experiment. This approach approximated the 

bathymetry as being of constant slope, and then used the method of images to calculate 

the three dimensional acoustic field. The theoretical computations confirmed the trends 

of the experimental results by showing a bearing angle bias with the same dependence on 

look direction and frequency. Most importantly, the simulation also showed the rapid 

variation in the bearing angle bias which was found in the experimental results. In 

addition, simulations showed that results observed in the bearing angle bias experiments 

scale to low frequency, shallow water, ocean acoustic environments. The bearing angle 

bias is largest for low frequencies when only one mode is expected in the water column 

and is reduced as the frequency is increased. However, it should be noted that the 
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differences between the numerical calculations do not include the effects of interface 

waves at the lower frequencies or small variations in the bathymetry. 

This investigation has several implications for the detection of acoustic sources 

using horizontal line arrays with plane-wave beamforming in the coastal ocean. The 

results suggest that at low frequencies, in which there are only a small number of modes 

propagating in the waveguide, a significant bearing angle bias is possible due to 

bathymetric refraction. In addition, the variation in the bearing angle bias changes 

rapidly as a function of the source and receiver separation distance due to the spatially 

varying acoustic field caused by the interaction of multiple acoustic ray paths. 
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ChapterS 

Measurement and Analysis of the Three Dimensional Acoustic Field 

Laboratory scale measurements have been used to analyze the effects of the 

bathymetry on ocean acoustic propagation. This chapter describes a series of experiments 

which measure transmission loss (TL) over the laboratory scale modeL In support of 

these experiments, an inverse approach based on normal mode theory has been developed 

for the purpose of analyzing the measured acoustic field for two and three dimensional 

propagation. An overview of the methods used calculate the acoustic pressure field for 

range independent and range dependent environments is presented. This is followed by 

a description of the inversion algorithm and the experimental validation of this technique. 

5.1 Transmission Loss Measurements 

A series of experimental TL measurements have been conducted over the 

laboratory scale modeL The measurements consist of TL versus range, TL versus depth, 

at various ranges and locations over the model, and two dimensional surveys of the

acoustic field in the horizontal plane at fixed source and receiver depths. The 

measurements have been conducted at various locations over the model in order to 

sample the acoustic field in regions with significantly different bathymetry profiles. Over 

85 individual experiments were conducted. A detailed description of the experiments is 

given in the report: "Laboratory Scale Measurements of Underwater Sound Propagation 

over a Variable Three Dimensional Bathymetry". Final Report on ONR Grant Number 

N00014-93-J-004. 
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The TL versus range measurements record TL as a function of range at fixed 

source and receiver depths. For these experiments, the receiver was fixed and the source 

was traversed in range. Measurements were made to verify that the results were 

reciprocal and it was found that the source and receiver could be interchanged without 

any observable differences. In addition to satisfying reciprocity, all of the TL 

measurements were repeatable with errors less than 0.5 dB. An example of a TL versus 

range measurement is shown in figure I 7. 

The TL versus depth measurements record TL as function of depth at various 

ranges. For these measurements, the receiver was fixed and the source was moved as 

function of depth and range. An example of a TL versus depth measurement at a single 

range step is shown in figure 18. 

Two dimensional surveys of the sound field were carried out in the two regions of 

the model shown in figure 19 at frequency of 20 kHz. In the first experiment, a receiver 

was placed in the NE comer of Area #1 (X= 1.38 meters, Y=l.2 meters). A lawn mower 

pattern (figure 20) was used to scan the source over a region extending 0.73 m to the 

south, 0.08 m to the north (across slope), 1 m to the west (downslope), and 0.3 m to the 

east (upslope) of the receiver. The water depth at the source was 0.0725 m and the 

source and receiver were located at a depth of 0.04 m. The shallowest point of the 

measurement region is 0.05 m (on the eastern boundary) and the deepest is 0.12 m (on the 

western boundary. 

In the second experiment, the receiver was placed in the SE comer of Survey 

Area #2 (X::0.8 meters, Y=3.50 meters). Once again a lawn mower pattern was used to 

sample the acoustic field. The source was traversed 0.9 m to the north (across slope), l m 
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to the west (downslope)~ and 0.56 m to the east (upslope) of the receiver. The water 

depth at the receiver was 0.1490 m and the source and receiver were at a depth of 0.1 m. 

The shallowest point in the measurement region was 0.14 m~ and the deepest depth was 

0.3 m. 

A colormap of the TL (negative TL) measured over Survey Area #1 is presented 

in figure 21 with the color scale given in (- dB). For the colormaps used in figures 21 and 

22. the color red is associated with high acoustic intensity (high negative TL) and the 

color blue is associated with low acoustic intensity (low negative TL). There are several 

interesting features in the experimental results. First note the banding of the levels as a 

function of range from the receiver. This indicates an interference pattern which is 

typical of ducted sound propagation when two modes interfere with each other. 

However. in a previous study [41] it has been shown that in Survey Area #1 only one 

discrete mode is excited in the water column. Therefore. the banding. or maxima in the 

TL. could either be a consequence of one mode interfering with itself (referred to as 

intramodal interference). which is only possible if the mode follows two different paths to 

the same location (this is a result of bathymetric refraction). or due to interference with a 

strongly excited interface wave. Also note the strong modal interference in theSE region 

of figure 21 which is occurring in shallow water. 

In the experiment over Survey Area #2. measurements were carried out in deeper 

water. and close to a significant bathymetric feature. The results (TL (-dB)) are shown 

in figure 22 and a banding is observed which is similar to the results seen in the 

measurements over Survey Area #1. Also note the higher intensity levels over the spur 

like feature in the bottom contours and the reduction in intensity over the steep slope in 
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the western regi~>n of the survey area. In contrast to the shallow water experimen~ more 

than one mode was excited in the water column in this case~ and interference between 

different order modes is most likely occurring. Also in Survey Area #2~ a set of TL 

versus depth measurements was taken directly west (downslope) of the receiver. The 

depth profile shapes are shown in figure 23. This set of experiments is interesting 

because the modal structure of the depth profiles appears to be changing as a function of 

range. 

The results from the two dimensional surveys suggest that bathymetric refraction 

may be playing an important role in the propagation mechanisms seen in figures 21 and 

22. In addition, the downslope depth profile measurements in figure 23 suggest that two 

dimensional mode coupling might also be occurring due to propagation over the range 

dependent bathymetry. In order to investigate these effects, an experimental procedure 

for extracting mode amplitudes has been developed. 

Typically, researchers in the ocean acoustics community analyze experimental 

measurements by comparing the results to theoretical predictions. The analysis approach 

taken in this dissertation is more direct and results in quantitative metrics for the analysis 

of two and three dimensional propagation. An inversion algorithm is applied to the 

experimental measurements for the purpose of extracting the mode amplitudes. The 

normal mode amplitudes can be used. to identify two dimensional mode coupling and 

bathymetric refraction. This procedure is discussed in sections 5.4-5.6. 
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5.2 Theoretical Formulation of the Acoustic Pressure Field in a Range Independent 

Environment 

For propagation over a horizontally stratified medium in cylindrical coordinates, 

the acoustic pressure field can be expressed using the spectral integral representation [3]. 

--
where, 

p -acoustic pressure, r- range, z -depth, z-s -source depth, 

kr -horizontal wavenumber 

HJ -Hankel function of the first kind 
A 

G-Green's Function which satisfies the depth dependent wave equation 

and the top and bottom boundary conditions such that [3] 

p(z)!!....[ l dG(z)]+[.-!!!.__-k;]c(z) = 
dz p(z) dz c2 (z) 

T 2 A 

JT (k;)G(O) + g (kr) dG{O) = O 
p(O) dz 

8 2 A 

/8 (kz)G(D) + g (kr) dG(D) = 0 
r p(D) dz 

where, 

p -density, m = 2nf, f - frequency, c -speed of sound, D- bottom depth, 

JT·8 and gT·8 -functions which represent an angle dependent impedance 

(5) 

(6) 

The numerical integration of equation (5), termed the wavenumber integration approach, 

is the methodology the numerical prediction code SAFARI [ 44] uses to calculate the 

acoustic pressure field. The integrand of equation (5) can be used to identify the modes of 

the waveguide. SAFARI [44] permits the user to plot the integrand as function of 
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horizontal wavenumber (figure 24). The modes of the waveguide are identified by peaks 

in the output of the integrand. The integrand plots are used for analysis in section 6.2 and 

ChapterS. 

For propagation over a lossy bottom, there exists a critical angle of reflection. 

Acoustic energy which propagates at grazing angles less than the critical angle encounter 

minimal reflection loss at the water-sediment interface. Therefore, this energy can 

propagate long distances with very little attenuation. Acoustic energy propagating at 

angles greater than the critical angle transmit a significant amount of energy into the 

seafloor, this results in a strong decay of the waterborne wave (the reflected wave) as 

function of range. The energy propagating at angles less than the critical angle is 

generally referred to as the discrete spectrum. This is because there is a discrete set of 

angles that correspond to ray paths which constructively interfere, these ray paths are the 

normal modes of the waveguide [3]. The steeper angle energy propagating at angles 

greater than the critical angle is highly attenuated and referred to as the continuous 

spectrum (figure 25). When using the wavenumber integration approach, the discrete and 

continuous spectrum are represented by significantly different values in the wavenumber 

spectra (horizontal wavenumbers). Therefore, when numerically integrating equation (5), 

the limits of integration can be chosen such that the acoustic pressure field calculation 

includes only the discrete spectrum, the continuous spectrum, or both. 

The inclusion of the continuous spectrum, the ability to model propagation over 

horizontally stratified layering of the ocean floor, and numerical stability has given the 

wavenumber integration technique a reputation for providing reliable and accurate 

50 



prediction of ocean acoustic propagation in range independent shallow water 

environments. 

Contour integration can be applied to equation (5) to formulate the acoustic 

pressure field such that 

p(r.z) = ~A.n(r)vrm(z)+ J F 
(7) 

m 

The terms in the algebraic sum of equation (7) are the residues of the contour integral. 

and the second term is a branch line integral which is needed because of the reflection 

process at the interface of the bottom boundary. The residues are the normal modes of 

the waveguide which are contained in the discrete spectrum. Am is the amplitude and 'fFm 

is the eigenfunction for mode m. The branch line integral represents the energy which is 

contained in the continuous spectrum. 

KRAKENC [ 46] is a numerical code for the prediction of underwater sound 

propagation which uses normal mode theory. The model calculates the mode 

eigenfunctions and amplitudes to calculate the complex pressure field. Most programs 

(KRAKENC [ 46] included) which use normal mode theory to calculate the acoustic 

pressure field ignore the computation of the branch line integral. This is due to the fact 

that for the majority of ocean acoustic environments the continuous spectrum decays 

rapidly as function of range. In addition. the exclusion of the branch line integral leads to 

a computationally efficient solution of the acoustic pressure field. This dissertation uses 

.KRAKENC [46] to calculate the local mode eigenfunctions which are used by the 

inversion algorithm for the purpose of analyzing range dependent propagation. 
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5.3 Analysis of Range Dependent Propagation Using Normal Mode Theory 

Normal mode theory can be used to describe propagation over a range dependent 

bathymetry. In this section. the solution of the acoustic pressure field generated by a 

harmonic point source over a range dependent bathymetry will be summarized for both 

two and three dimensional propagation. 

5.3.1 Two Dimensional Propagation in Range Dependent Environments 

Following [3]. the acoustic pressure field for two dimensional propagation in 

cylindrical coordinates is formulated using the Helmholtz equation. 

(8) 

A solution to equation (8) is sought such that 

m 

where the local modes Iff m (r. z) are found by solving the depth separated wave equation 

as a function of range. 

1 \ d[ 1 dlffm(r.z)] [ w
2 

2( )] f ) 
Pv-.zra; p(r.z) dz + c2(r.z) -krm \! lfFm\!•Z =0 (10) 

krm -horizontal wavenumber for modem (eigenvalues of problem) 
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Equation (10) can be written as 

1 [ { \a( 1 avrm{r.z)) w
2 

( >] -k 2{.) --- P\r.Z~ + lf'm r,z - nn ~ 
1/Fm(r,z) dz p(r.z) dz c2{r,z) (11) 

By substituting equation (9) into equation (8) and using equation (ll) to eliminate the z 

derivatives, we obtain 

(12) 

If the operator J •IfF n ( r, z) dz is applied to equation ( 12), this results in the equation for 

coupled modes. 

_!_~(rd(Jn ]+ ~2Bmn d(Jm + ~Amni/Jm +k!(r)i/Jn = 8{r)Jrn(zs) 
r dr dr m dr m 2m-

where, 

Amn = J-!.if r d IfF m J V'"n dz 
rdr\ dr p 

B =Jdlf'm Vl"n dz 
mn dr p 
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Equation (13) can be solved using finite differences [3}, or using the approach described 

by Evans [21}. A further simplification can be made to equation (13) if it is assumed that 

the coupling matrices Amn and Bmn are negligible. This simplification leads to an 

analytical solution that is termed the adiabatic approximation,. and the solution to the 

acoustic pressure field is given as 

(14) 

The solution of the acoustic pressure field using the equation for coupled modes (13) is 

computationally intensive. Because of this, the coupled mode solution is primarily used 

for benchmarking simpler approximate models [3]. In practice, the adiabatic 

approximation (14) is the most common approach for calculating the acoustic field using 

normal mode theory for propagation in range dependent media. As was shown in the 

development of the adiabatic approximation, the main difference between the two 

solutions is that the couple mode solution permits the transfer of energy between modes 

as a function of range and the adiabatic approximation assumes this transfer of energy is 

negligible. 

5.3.2 Three Dimensional Propagation in Range Dependent Environments 

One approach to predicting the azimuthally dependent acoustic field is to 

calculate the two dimensional acoustic field on a series radial lines extending outward 

54 



from the source. The combination of these calculations as a function of azimuth pennits 

the construction of a three dimensional estimate of the acoustic pressure field. This 

approacfl neglects the effects of bathymetric refraction and is termed the Nx2D 

approximation [3]. 

In contrasty the calculation of three dimensional acoustic field must include the 

effects of bathymetric refraction. The bending of sound energy in the horizontal plane 

can influence the spatially dependent acoustic field such that shadow zones and modal 

interference from propagation paths of azimuthally different origins may be important 

(figure 26). Assuming that the calculation of the acoustic pressure field includes the 

effects of bathymetric refraction, the generalized equation for the three dimensional 

acoustic field as sum of normal modes is 

p(x.y.z)= LArn(x,y)lfFm(x,y.z) (15) 
m 

where, 

Am(x, y)- mode amplitudes 

IfF m (x, y. z )-local mode eigenfunctions 

An inversion algorithm can be applied to equation (15) to solve for the modal amplitudes 

Am(x.y) if the mode eigenfunctions l{Fm(x.y.z) are known. This approach will be used to 

analyze laboratory scale measurements for two and three dimensional propagation. 

5.4 Mode Amplitude Extraction (MAE) 

Mode Amplitude Extraction (MAE) is an inversion process which estimates the 

modal amplitudes from experimental measurements. By measuring the complex pressure 
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field as a function of depth, and having knowledge about the modal structure of the 

waveguide, it is possible to solve for the modal amplitudes. 

MAE applies a least squares solution to equation (15) in order to estimate the 

mode amplitudes Am. The least squares formulation gives [45] 

where, 

L+ 1-I + 
A, = ~ G J G P measured 

Pmeasured = the measured complex pressure field 

'fli(x,y,zt> fll"2(x,y,zl) 

G = fYI{x,y,z2) 

(16) 

In order to use equation (16), the mode eigenfunctions fYm must be known, G+G must be 

invertible, and a finite number of modes must define the field. 

Two approaches have been used for estimating the mode eigenfunctions. The 

first method uses the theoretical normal mode model KRAKENC [ 46] to estimate the 

mode eigenfunctions. The mode eigenfunctions are estimated by providing KRAKENC 

[ 46] with the water depth at the measurement location, and the best estimate of the 

geoacoustic parameters of the bottom interface (Table 1). 

Since there may be some mismatch between the estimated and actual geoacoustic 

parameters, a second approach has been used. This technique attempts to estimate the 

mode eigenfunctions experimentally. The eigenfunctions are assumed to be of the form 
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V'm(Z) =sin(kzmZ) 

where. 

kzm is the vertical wavenumber 

kzm =~k2 -k~ 

(17) 

This approach is termed the Matched Field Eigenvalue Localization (MFEL) algorithm. 

This algorithm first assumes a range of eigenvalues (horizontal wavenumbers) to be used 

in the matched field search. A set of eigenvalues (estimates of the horizontal 

wavenumber for each mode) is then used with equation (17) to build the G matrix in 

equation (16). Equation (16) is then applied to a depth profile measurement to extract the 

modal amplitudes. The modal amplitudes are used to develop a theoretical model of the 

acoustic pressure field (P modrc)- The mean square error (MSE) between the complex 

pressure field measurement (P dara) and P modrl is calculated. This series of calculations is 

repeated for all sets of horizontal wavenumbers that are being searched. After this has 

been completed, the algorithm finds the set of horizontal wavenumbers that provides the 

minimum MSE. The set of horizontal wavenumbers that provides the minimum MSE 

can then be used to build the eigenfunctions (equation (17)) used by the MAE algorithm. 

A flow chart of this algorithm is provided in figure 27. This calculation is only 

conducted for propagation conditions that support two modes. By limiting the calculation 

to two modes. a two parameter ambiguity surface can be viewed to test the convergence 

of the solution. 

For waveguide conditions which contain more than two modes, it is not practical 

to analyze the multiple parameter ambiguity surface for convergence. However, the mode 

eigenfunctions under these conditions can be estimated using a hybrid of the two 

previously described techniques. Using results from the MFEL algorithm, the mode 
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eigenfunctions and associated horizontal wavenumbers are estimated for conditions in 

which the waveguide supports two modes. A theoretical propagation model can be used 

to estimate the horizontal wavenumbers of the modes for the experimental conditions 

used with the MFEL algorithm. If the theoretical estimates of the horizontal 

wavenumbers match the output of the MFEL algorithm. it can be assumed the 

geoacoustic parameters used for input into the theoretical model are accurate. If the 

values do not match. the geoacoustic parameters can be varied until a good match to the 

output of the MFEL algorithm is obtained. Once this has been completed. the calibrated 

set of geoacoustic parameters can be used with KRAKENC [46] to estimate the mode 

eigenfunctions under conditions in which more than two modes are excited. 

5.5 The Use of Mode Amplitude Extraction fo~ the Analysis of Two and Three 

Dimensional Propagation 

In section 53.1 it was shown that coupled mode theory allows for the transfer of 

energy between modes as function of range. and that adiabatic mode theory neglects this 

transfer of energy. Adiabatic mode theory assumes that the number of modes which are 

excited at the source location fixes the number of modes at all ranges. However~ as 

sound propagates into deeper water. normal mode theory supports the excitation of 

additional modes. Coupled mode theory permits the transfer of energy into these modes 

that are now supported at the deeper water depths. This effect is referred to as modes 

"cutting on". For example. consider a waveguide which supports the excitation of 3 

modes at the location of the source. As a receiver traverses to a location further 

downslope (in deeper water depths). normal mode theory supports the excitation of 4 
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modes. Adiabatic mode theory predicts that only 3 modes are excited at the downslope 

location. while coupled mode theory predicts that the acoustic pressure field can be made 

up of four modes depending on the importance of coupling. In addition to transferring 

energy to modes which are cutting on at deeper water depths, mode coupling can also 

result in the transfer of energy to modes that are already cut on but may have small 

amplitudes at the location of the source. 

MAE will be used to analyze experimental measurements to determine whether 

the propagation is closer to adiabatic or coupled mode theory. In order to achieve this, 

experimental depth profile measurements of the complex pressure field were conducted 

in the downslope direction of the laboratory scale modeL Two approaches are used to 

analyze the experimental measurements. The first approach plots the modulus of the 

mode amplitudes as a function of range. Observation of these results are used to identify 

the transfer of energy between modes, and the presence of additional modes cutting on at 

deeper water depths (figure 28). The second approach calculates the mean square error 

(MSE) between the generic range dependent model (15) and the experimental depth 

profile measurements as function of the number of modes used in the MAE modeL 

l N 2 
MSE(M max• r) =- LIPmodetCZn ,M max, r)- p measured(Zn, r)l 

N n=l 

M max -maximum number of modes used in model 

Zn -nth depth profile measurement 
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Figure 29 shows the results of this approach for an example in which the fourth. mode is 

not excited at the location of the source, but at a location downslope from the receiver the 

fourth mode cuts on. The cutting on of the fourth mode causes a significant decrease in 

the MSE due to the fact that the additional mode is needed to accurately model the 

acoustic pressure field at the deeper water depth. 

In addition to using MAE to analyze two dimensional propagation, the approach 

can also be used to identify the presence of bathymetric refraction (three dimensional 

propagation). For across slope propagation, bathymetric refraction can cause intramodal 

interference. The MAE algorithm is ideally suited for identifying intramodal interference 

due to its ability to decompose the modal structure of the acoustic pressure field. 

In order to illustrate how the MAE algorithm can be used to identify bathymetric 

refraction, a simulation was conducted. The simulation generated the complex pressure 

field using the method of images (4) for propagation over a pressure release wedge. The 

simulation was conducted for conditions that are similar to the laboratory scale 

measurements. The excitation frequency was 20kHz, the slope of the wedge was 2.5°, 

the water depth at the source was 0.0925 m, and the source and receiver depths were 0.04 

m. Under these conditions, two modes are supported at the source and receiver locations. 

The simulation calculated a series of depth profile measurements directly across slope 

from the source. The MAE algorithm was applied to the simulated pressure field to 

extract the modal amplitudes. Figure 30 plots the TL for the across slope simulation. 

Figure 31 plots the modulus of the modal amplitudes as function of across slope range for 

both modes 1 and 2. This figure clearly identifies the oscillation of the modulus of the 
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modal amplitudes which is caused by intramodal interference and the presence of shadow 

zones for each individual mode [12,13]. 

5.6 Experimental Approach for Mode Amp6tude Extraction 

MAE applies an inversion algorithm to experimental measurements of the 

complex pressure field for the purpose of extracting the normal mode amplitudes. This 

section defines the procedure used to measure the complex pressure field. This is 

followed by a description of a series of investigations which were conducted to test the 

MAE process. 

5.6.1 Measurement of the Complex Pressure Field 

MAE requires the measurement of the complex pressure field (amplitude and 

phase) as function of depth (referred to as depth profile measurements). In order to 

measure the complex pressure field; a source, a receiver, and a reference receiver are 

used. The physical layout of the measurement is shown in figure 32. Note that the TL 

measurements described in section 5.1 only measured the magnitude of the signal. 

The complex pressure field experiments were conducted using 20 kHz tonals. 

The magnitude of the signal was measured by calculating the rms amplitude at the 

receiver over 10 cycles. The phase of the signal was determined by correlating the signal 

at the reference hydrophone and the receiver. Due to the fact that it was necessary for the 

phase between the source and the reference hydrophone to be constant, the source and the 

reference receiver were fixed and the receiver was traversed as function of range and 

depth. A test was conducted to measure the consistency of the phase measurement 
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between the source and the reference receiver. This test fixed the location of the source 

and reference receiver and then repeated 20 identical transmissions of a 20 kHz tone. 

The results of this experiment showed that the variation in relative phase between the 

receiver and the reference receiver was less than 0.5°. Similar to the TL measurements~ 

variations in the magnitude of the complex pressure field measurements between 

experiments were typically less than 0.5 dB. 

5.6.2 Validation of the Experimental Approach for Mode Amp6tude Extraction 

Before a detailed set of complex pressure field measurements was conducted, the 

MAE algorithm was checked using experimental measurements. In order to accomplish 

this, experiments were conducted over a pressure release boundary. A pressure release 

bottom was used because there is an analytical solution to the acoustic pressure field. 

The normal mode solution to the acoustic pressure field for an isovelocity waveguide 

over a range independent pressure release bottom is 

m 

where, 

1C "lc i l -i- e' rmr 
Am(r) = ~e 4 sin(kzmZs) r;:-

D v21lr ...;krm 

D- Water Depth 

kzm- vertical wavenumber for the mth mode= lll1r 
D 

knn -horizontal wavenumber for the mth mode =~k2 - k;, 

IfF m (z) = sin(kzmz) 
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Equation (19) is exact. and due to the bottom boundary condition the continuous 

spectrum does not exist. 

The experiments were conducted over bubble wrap which was overlaying a thin 

layer of aluminum that was placed on top of the laboratory scale model (figure 33). The 

bubble wrap was wrapped tightly over the aluminum plate to form a smooth surface. The 

air that is entrapped in the bubble wrap creates a pressure release surface. This surface is 

not a perfect pressure release boundary due to the finite thickness of the bubble wrap 

overlaying the aluminum plate~ however it will be shown that good agreement was found 

between experiment and theory. In order to validate the MAE algorithm~ the MFEL 

algorithm (which uses MAE) was run to compare the values of the experimentally 

extracted eigenvalues (horizontal wavenumbers krm) to theoretical estimates. If the 

experimentally extracted eigenvalues are in good agreement with theoretical estimates, 

the complex pressure field is being accurately measured and the MAE algorithm (which 

is used by the MFEL algorithm) is successfully performing modal decomposition of the 

acoustic pressure field. Due to the small surface area of the bubble wrap boundary, it was 

not possible to avoid reflections from impedance changes at the edges of the surface. For 

this reason, a direct comparison of the experimentally extracted and theoretical mode 

amplitudes was not attempted. Edge reflections do not influence the extraction of the 

eigenfunctions. 

Using equation (19) it can be seen that modes only propagate at long ranges when 

krm is real; when krm is imaginary the modes are termed evanescent and they 

exponentially decay as a function of range. Therefore, the number of modes effectively 

propagating is a function of frequency and water depth. The first set of experiments over 
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the bubble wrap was conducted in a water depth which supported the excitation of one 

mode. Five separate experiments were conducted at different source and receiver 

separations and at slightly different water depths. Figure 34 compares the matched field 

estimates of the horizontal wavenumber (krm) to theoretical calculations for mode L The 

vertical axis of figure 34 plots the modulus of krm and the horizontal axis is the 

experiment number (l to 5). Figure 34 shows excellent agreement between experiment 

and theory. The experimental estimates of krm are within 3% of the calculated values. 

The second set of experiments (three total) over the bubble wrap was conducted in a 

water depth that supported two modes. Figure 35 compares the matched field estimates 

of the horizontal wavenumbers (krm) to theoretical calculations for modes l and 2. Figure 

35 also shows an excellent comparison between experiment and theory. The 

experimental estimates of mode 1 are within l % of the theoretical values and within 5% 

formode2. 

Additional results for one of the two mode experiments are presented in figures 

36-38. Figure 36 shows the comparison of the measured depth profile measurement 

(P dara - figure 27) and the least squares solution of the acoustic pressure field (P modeL -

figure 27) using the set of eigenvalues extracted from MFEL algorithm. The horizontal 

axis plots the magnitude of the pressure field in dB and the vertical axis is depth in 

meters. This figure shows that the MFEL algorithm finds a set of eigenvalues which 

provides an excellent fit to the complex pressure field. Figure 37 plots the relative phase 

difference (horizontal axis) between the receiver and the reference receiver as function of 

depth (vertical axis). This figure plots the phase relative to the first measurement at depth 

of O.Olm. Figure 38 plots the ambiguity surface created by the MFEL algorithm. The 
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horizontal and vertical axes are the horizontal wavenumber used in the matched field 

search space for modes I and 2. The color scale represents a plot of the inverse of the 

mean square error (MSE- figure 25) between P data and Pmot:kc- Figure 38 shows that the 

matched field localization algorithm converges on a solution of kri 78 and krF51. These 

values are within I % of the theoretical estimates kri<rh~ory,-; 11 .9I and kr2(rh~oryr56. 78. 

S. 7 Conclusions 

The experimental measurements of TL show indications that bathymetric 

refraction and mode coupling may be important for propagation over the laboratory scale 

modeL In order to investigate this hypothesis. an inversion approach which extracts the 

normal mode amplitudes (MAE) was developed and then tested with experimental 

measurements over a pressure release surface. 

The MAE algorithm requires that the modal matrix G be estimated and that the 

matrix G+ G has a stable inverse. The estimation of the G is discussed in Chapter 6. and 

the inversion of a+G is discussed in Chapter 7. 
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Chapter6 

Initial Studies of the Mode Amplitude Extraction Method 

Using Laboratory Scale Measurements 

The MAE algorithm requires accurate knowledge of the modal matrix G in 

equation (16). Section 5.4 describes two approaches to estimating the mode 

eigenfunctions. The first approach uses KRAKENC[ 46] to estimate the eigenfunctions. 

This technique inputs the environmental conditions of the experiment and uses the best 

estimate of the geoacoustic parameters. The second approach tries to experimentally 

calibrate the geoacoustic properties of the waveguide through the use of the MFEL 

algorithm. 

This chapter describes the application of the MFEL algorithm to complex 

pressure field measurements conducted over the laboratory scale model. The results of 

this investigation show that the continuous spectrum is contributing significantly to the 

acoustic field. As a result of this, the continuous spectrum must be included in the MAE 

algorithm. 

6.1 Complex Pressure Field Measurements Over the Laboratory Scale Model 

Seven sets of complex pressure field measurements (depth profiles) were 

conducted over the laboratory scale modeL These experiments are referred to as 

Experiments Ml, M2, M3, M4, M5, M6, and MS. The locations of these experiments are 

shown in figure 39. The MAE algorithm will be applied to these measurements to 

66 



investigate the effects of bathymetric refraction and mode coupling. This section (section 

6.1) provides a brief description of each set of experiments. 

Experiments Ml and M2 (identical experiments) were conducted to 

analyze the two dimensional survey results shown in figure 21. This set of experiments 

was designed to investigate whether the banding seen in figure 21 is being caused by 

bathymetric refraction. These experiments measured depth profile measurements in the 

across slope direction of Survey Area #1. The experimental setup is provided in Table 4. 

Experiments M3 and M4 (identical experiments) were conducted in the 

downslope direction of Survey Area #1. These experiments were designed to investigate 

mode coupling for downslope propagation. The experimental setup is provided in Table 

5. 

Experiment MS was conducted to analyze the 20 survey results show in figure 

22. Experiment MS measures depth profile measurements in the across slope direction of 

Survey Area #2. Similar to Experiments Ml and M2, Experiment MS was designed to 

investigate bathymetric refraction. The experimental setup is provided in Table 6. 

Experiments M5 and M6 (identical experiments) were conducted in the 

downslope direction of Survey Area #2. These experiments were designed to investigate 

mode coupling for downslope propagation. The experimental setup is provided in Table 

7. 
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6.2 Application of the Matched Field Eigenvalue Localization (MFEL) Algorithm to 

Experiment M1 

In an attempt to experimentally calibrate the properties of the concrete, the MFEL 

algorithm was applied to Experiment Ml and M3. The results of this investigation 

identified that the MFEL algorithm did not consistently converge to a set of horizontal 

wavenumbers that was close to the values predicted by theory (SAFARI [44]). 

Furthermore, the estimates of the horizontal wavenumbers were not consistent between 

successive measurements. 

This section (section 6.2) discusses the application of the MFEL algorithm to 

Experiment ML Experiment Ml was chosen because all the depth profile measurements 

were conducted at similar water depths. and the water depths of these measurements only 

supported the excitation of two modes. Since the measurements are at nearly constant 

water depth. only small variations in the estimated values of the horizontal wavenumbers 

are expected. Because of this, multiple depth profile measurements can be used to 

evaluate the robustness of the MFEL algorithm. If the waveguide only supports two 

modes as SAFARI [44] predicts, the ambiguity surface created by the MFEL algorithm 

can be used to evaluate the convergence of the solution. Since the application of the 

MFEL algorithm to Experiment M3 measurements is consistent with the results obtained 

using data from Experiment MI. the results from Experiment M3 will not be discussed. 

Using the geoacoustic properties in Table 1. and assuming an infinitely thick 

concrete bottom (termed semi-infinite bottom), SAFARI [44] predicts the acoustic 

pressure field for the measurements in Experiment Ml is comprised of a discrete mode 

and an interface mode. A discrete mode is a mode trapped in the \Yater column which 
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efficient! y propagates in the waveguide; an interface mode is a wave that propagates 

along the surface of the bottom and emits energy into the water column and the bottom. 

For Experiment M1, the nominal values of the horizontal wavenumbers (eigenvalues of 

problem) predicted by SAFARI [44] for the discrete and interface modes are 73.7 m·• and 

92.7 m·• respectively. Figure 40 plots the estimates of the horizontal wavenumbers for 

mode 1 (the dominant mode) that were obtained using the MFEL algorithm at each range 

from the source. In figure 40 the vertical axis is the estimate of the horizontal 

wavenumber and the horizontal axis is the location of the across slope depth profile 

measurement as defined in figure 39. This result shows that the matched field estimate of 

the horizontal wavenumbers is not consistent between successive measurements. The 

variation in the horizontal wavenumber of the discrete mode due to the water depth 

change for all of the depth profile measurements in Experiment M1 is predicted to be less 

than 1 m·•. The results in figure 40 clearly demonstrate that the variations in the 

estimates of the horizontal wavenumber for mode 1 are much greater than I m-I. 

Figure 41 shows the ambiguity surfaces created from the MFEL algorithm for 

depth profile measurements at X=0.86 m and X=0.68 m. The horizontal and vertical axes 

are the horizontal wavenumbers used in the matched field search. The colorbar maps the 

inverse of the mean square error (1/MSE- figure 27). At X=0.86 m, the ambiguity 

surface converges on the horizontal wavenumbers kr/=90 and kr2=13. These values are 

within 3% of the nominal values predicted by SAFARI [44]. However, at X=0.68 m, the 

ambiguity surface converges on the horizontal wavenumbers krJ=78 m·• and kr2=63 m-1
• 

These values are significantly different from the SAFARI [44] predictions, and figure 41 
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shows that at X=0.68 m the ambiguity surface lacks the convergence seen at X=0.86 m or 

the results obtained in the experiments over the pressure release bottom (figure 38). 

When applied to acoustic propagation measurements over the elastic bottom of 

the laboratory scale model, the MFEL algorithm was not robust. For the across slope 

depth profile measurements of Experiment Ml, the MFEL algorithm estimated variations 

in the horizontal wavenumbers which were significantly greater than what would be 

expected due to the small variations in water depth at each measurement location. In 

addition, many of the numerical estimates of the horizontal wavenumbers were 

significantly different than the values predicted by SAFARI [44]. This is in contrast to 

the results obtained for propagation over the pressure release bottom. For these 

experiments, the MFEL algorithm consistently produced estimates of the horizontal 

wavenumbers that were in good agreement with theoretical calculations. 

The poor performance of the MFEL algorithm that was observed when the 

algorithm was applied to data over the concrete bottom may be due to the effects of the 

continuous spectrum. The approach to MAE used by the MFEL algorithm does not 

include the continuous spectrum. Since the continuous spectrum does not exist for 

propagation over a pressure release surface, its effects could be the reason the MFEL 

algorithm worked well when applied to propagation measurements over the pressure 

release surface, but failed for propagation measurements over the concrete bottom. The 

continuous spectrum and its effects on the MAE algorithm will be discussed in detail in 

the next section (section 6.3). 
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6.3 The Continuous Spectrum and its Effects on Measurements Over the 

Laboratory Scale Model 

In section 6.2 it was hypothesized that the poor performance of the MFEL 

algorithm when applied to measurements over the laboratory scale model may have been 

due to the fact that the approach to MAE did not include the continuous spectrum. In 

order to test this hypothesis, a series of simulations and comparisons between 

measurements and theory were conducted. 

The simulations used an environment which was representative of the 

measurements taken over the laboratory scale model (figure 42). Figure 43 plots depth 

profile outputs of TL from KRAKENC [46] and SAFARI [44] for source and receiver 

separations of 0.1 and 0.7 m. As shown in figure 43, there is a significant difference 

between the predicted transmission loss from the two models. This is most likely caused 

by the exclusion of the continuous spectrum by KRAKENC [46]. To verify this. the 

limits of integration for the wavenumber integration approach used by SAFARI [44] were 

truncated to exclude the continuous spectrum. Figure 44 plots the outputs of KRAKENC 

[46], SAFARI [44] with the continuous spectrum included, and SAFARI [44] with the 

continuous spectrum removed. With the continuous spectrum removed, the SAFARI 

[44] prediction is nearly identical to the KRAKENC [46] output. 

In addition to the theoretical simulations, short-range (small source and receiver 

separation) TL measurements were compared (figure 45) to KRAKENC [46] and 

SAFARI [44] predictions (unless otherwise stated, SAFARI [44] calculations include 

both the discrete and continuous spectrum). It was necessary to use short-range TL 

measurements to minimize mismatch in the bottom description used by the propagation 
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models and the actual bottom topography of the laboratory scale measurements. The 

propagation models assume a flat-bottom environment. Figure 45 shows that the short 

range TL data has a significantly better fit to the SAFARI [44] predictions. 

The comparison of the short-range TL measurements to theoretical predictions 

(figure 45) and the simulations (figures 43 and 44) provide strong evidence that the 

continuous spectrum is important for the laboratory scale measurements. It also suggests 

that the reason the MFEL algorithm worked well for measurements over the pressure 

release surface, but not for measurements over the laboratory scale model, is due to the 

exclusion of the continuous spectrum in the approach used for MAE. 

The previous discussion and results on the effects of the continuous spectrum 

have assumed a semi-infinite (infinitely thick layer) concrete bottom. Another possible 

source of error is the model boundary conditions. In reality, the concrete has finite 

thickness, and the bottom is supported by a small number of supports which raise the 

model above the floor. The majority of the surface area on the bottom of the concrete is 

exposed to a layer of air. From an acoustic propagation modeling perspective, the 

laboratory scale model is considered to be a water column overlaying a finite thick layer 

of concrete, on top of a semi-infinite pressure release surface (figure 46). 

For the environment sho\\'n in figure 46, the calculation of the acoustic pressure 

field using normal modes (equation (7)) does not require the evaluation of the branch line 

integral [21}. . Even though the evaluation of the branch line integral is no longer 

necessary, the physics of the continuous spectrum are still important. It is possible for 

energy to be partially reflected at the water-concrete interface. In addition, energy which 

is transmitted into the concrete can reflect at the concrete-air interface and re-enter the 
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water column. In some propagation models this process is used to replace the continuous 

spectrum, adding highly attenuated modes (termed virtual modes) to the composition of 

the acoustic pressure field. The addition of the ·virtual modes to the normal mode 

solution simulates the continuous spectrum. This is shown in figure 47 which compares 

the output of SAFARI [44], KRAKENC [46] using a semi-infinite bottom, and 

KRAKENC [46] using a bottom with a finite thick concrete layer overlaying a pressure 

release surface. 

6.4 Conclusions 

This chapter (Chapter 6) has shown through theory. simulations, and comparison 

of experimental measurements to theoretical predictions that the continuous spectrum is 

contributing significantly to the acoustic pressure field over the laboratory scale modeL 

This is important to the MAE process. and the continuous spectrum must be added to the 

theoretical model used by the MAE algorithm. This will be accomplished by adding the 

virtual modes which are excited in the region of the continuous spectrum to the modal 

sum in equation (15). 

The estimation of the mode amplitudes requires that the mode eigenfunctions be 

known (or estimated to a reasonable accuracy- section 5.4 Mode Amplitude Extraction). 

Two methods for estimating the mode eigenfunctions have been described. The MFEL 

algorithm tries to experimentally calibrate the geoacoustic parameters of the bottom 

interface. The addition of the virtual modes to equation (15) insures that the number of 

modes used in the MAE process will be greater than 2 for all of the laboratory scale 

measurements. Because of this. it is not practical to inspect the multiple parameter 
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ambiguity surface for convergence~ Therefore~ the MFEL algorithm will not be used 

with the measurements over the laboratory scale modeL The mode eigenfunctions will be 

estimated using KRAKENC [46]~ In order to do this~ the environmental model input into 

KRAKENC [46] will assume a water layer overlaying a finite thick layer of concrete on 

top of a semi-infinite pressure release surface (figure 46). The best estimate of the 

geoacoustic parameters of the concrete (Table 1) and the thickness of the concrete at each 

measurement location will be incorporated into the environmental model. 
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Cbapter7 

Simulations of Mode Amplitude Extraction AppUed 

to Laboratory Scale Measurements 

Simulations of laboratory scale measurements were conducted to verify that the 

matrix cFG in equation (16) has a stable inverse and that the MAE algorithm is able to 

accurately extract mode amplitudes for the purpose of analyzing acoustic propagation. 

Simulations were conducted for an idealized environment with a semi-infinite concrete 

bottom and for an environment similar to the laboratory scale model (a finite thick 

concrete layer overlaying a pressure release surface). The results of this investigation 

identified matrix inversion problems when MAE was applied to the simulated complex 

pressure field which was generated over the environment that is similar to the laboratory 

scale model. Due to these problems, alternative approaches to MAE were investigated. 

7.1 AppUcation of the Least Squares Approach to Mode Amptitude Extraction with 

Laboratory Scale Measurements 

KRAKENC [ 46] was used to generate the theoretical complex pressure field for 

simulated depth profile measurements over the laboratory scale model. KRAKENC [46} 

also outputs the mode eigenfunctions and the horizontal wavenumbers (knn) used to 

generate the complex pressure field. The complex pressure field and the mode 

eigenfunctions are input into the MAE algorithm (equation (16)) in order to extract the 

mode amplitudes. The estimated mode amplitudes can then be compared to the 

theoretical values used by KRAKENC [ 46] to generate the complex pressure field. 
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KRAKENC [461 does not permit the user direct access to the mode amplitudes; however. 

they can be calculated using 

where the density is assumed constant in the water column 

Zm - KRAKENCeigenfunction 

(20) 

To verify the accuracy of equation (20). the output from KRAKENC [461 was compared 

to the calculation of the complex pressure field using 

P(r.z) = LAm(r)Zm(Z) 
(21) 

m 

In all cases. the output from equation (21) agreed exactly with the complex pressure 

output of KRAKENC [461. 

This section describes two investigations. The first investigation simulates 

laboratory scale measurements over a semi-infinite concrete bottom; the second 

investigation simulates propagation over a six inch layer of concrete overlaying a semi-

infinite pressure release boundary. The thickness of the concrete over the laboratory 

scale model is dependent on the measurement location and it ranges from 0.13 to 0.23 m. 

The simulations used 0.1524 m (6 inches) as a representative thickness of the concrete for 

the locations in which the complex pressure field measurements were conducted. 

The environment used to simulate propagation over a semi-infinite concrete 

bottom is shown in figure 48. The water depth was 0.1 m. the source depth was placed at 

4 em. the receiver depths range from I em to 8 em at 2 mm increments. the depth profiles 
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were simulated at 10 ranges from 0.1 m to 1m at 0.1 m increments. and the frequency 

was 20 kHz. Figures 49 and 50 compare the modulus of the mode amplitudes for modes 1 

and 3 that were theoretically calculated using equation (20) (termed Theoretical in 

legend) with the results obtained using the MAE algorithm (equation (16) - termed 

Extracted in legend). The horizontal axis is the location of the depth profile simulation in 

range. and the vertical axis is the modulus of the mode amplitudes. For this example four 

modes were excited; the agreement with theoretical calculations for modes 2 and 4 is also 

excellent (but not shown). 

The second investigation is similar to the first except for the bottom boundary 

condition. The environment used to generate the complex pressure field for this 

investigation is shown in figure 5 L Due to the pressure release boundary below the 

concrete interface. a number of additional modes are excited, the total number equal to 

nine. This investigation followed the same procedure as the first investigation. and the 

results for modes l-4 are shown in figures 52-55. The format of the figures is identical to 

the first investigation (figures 49 and 50). As can be seen from these results, significant 

differences exist between the estimates of the mode amplitudes using MAE and the 

theoretical values. The error is caused by problems with the matrix inversion in equation 

(16). Section 7.2 investigates a number of solutions to this problem. 

7.2 Modification of the Mode Amplitude Extraction Algorithm 

The MAE algorithm produced good estimates of the modal amplitudes when 

applied to simulated data for propagation over a semi-infinite concrete bottom. However. 

matrix inversion problems with the evaluation of equation (16) caused errors in the MAE 
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results when simulating propagation over an environment that had a concrete layer on top 

of a pressure release surface. This is unfortunate~ because the latter environment is more 

representative of the laboratory scale model. Furthermore. the estimation of the mode 

eigenfunctions. which are needed as input into the MAE algorithm. require the placement 

of a pressure release surface under the concrete layer to model the effects of the 

continuous spectrum (which were shown to be important in Chapter6). 

Three approaches to solving the matrix inversion problem were attempted. These 

approaches are termed "Diagonal Loading". ••Reduced Eigenvalue". and ··singular Value 

Decomposition... This section (section 7.2) provides a detailed description of each 

approach. This is followed by a simulation which applies each of these techniques to 

simulated data to evaluate the effectiveness of each approach. The simulation uses the 

same environmental parameters that were used in Section 7.1 (figure 51). 

The Diagonal Loading approach uses white noise to add robustness to the 

inversion of cFG in equation (16). This technique uses singular value decomposition 

(SVD) to decompose the matrix cFG into a diagonal matrix of singular values and two 

unitary matrices. White noise is added to a matrix of inverted singular values~ and then 

this matrix and the unitary matrices are used to estimate [cFGT1
• The estimate of 

[cFGT1 is used in equation (16). A mathematical description of the Diagonal Loading 

approach to estimating [G+GT1 is 

Using SVD and matrix notation 
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U and V are the matrices of singular vectors ofR such that u+U-1 and V'"V=I, and Sis a 

diagonal matrix of the singular values of the matrix R. 

The inverse of o+G with white noise added is 

s' = 

1 

A.r+e 

0 

0 

1 

~+E 

0 

(23) 

1 

The estimates of the mode amplitudes are sensitive to the value of E. The simulation at 

the end of this section uses a value of E = 0.0000 I for the Diagonal Loading approach. 

The Reduced Eigenvalue approach is very similar to the Diagonal Loading 

technique. The major difference in the two approaches is that the Reduced Eigenvalue 

approach only applies the matrix inversion to the D most significant singular values of 

the G+ G matrix. 

79 



Using SVD, assume that frG can be approximated by 

D 
(24) 

R0 =G+G = ~Aruiv: +E In =U0 S0 V; +E In 
i=l 

where U D and V0 are the matrices which contain the singular vectors which correspond to 

the D largest singular values, and In is the identity matrix. 

By using the matrix identity [51] 

It can be shown that if the identity in equation (25) is applied to equation (24) as a 

function of D, the inverse of G+G can be approximated as 

where, 

L+ l-' -1 I L ... +] 
~ GJ = R0 =-l!n -U0 SV0 

E. 

0 0 

80 

(25) 

(26) 
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The mode amplitude estimates are sensitive to the values of E and D. The simulation at 

the end of this section uses a value of E= 0.00001 and D=5 for the Reduced Eigenvalue 

approach. 

The Singular Value Decomposition approach uses SVD to estimate the mode 

amplitudes (this approach does not use equation (16)). 

Using SVD to Decompose G. 
(28) 

G=USV+ 

where. 

U is an x n matrix. Vis am x m matrix. U and V are unitary such that u+U=l and 

v+V=I. and Sis a diagonal matrix of the singular values of the matrix G. The estimate 

of the modal amplitudes A using the d most significant singular values is 

(29) 

where. P ~asur~d is the measured complex pressure field at each depth. Vd is first d 

columns of V, Ud is the first d rows of U. and SS is comprised of the d most significant 

singular values such that 

1 
0 0 0 (30) 

Su 0 0 0 Su 
0 s22 0 

1 
. S= SS= s22 

Snm 1 

sdd 
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The estimates of the mode amplitudes are sensitive to the value of d. The simulation at 

the end of this section uses d=6 for the Singular Value Decomposition approach. 

A simulation was conducted·· to investigate the potential improvement in the 

estimation of the mode amplitudes by using the techniques described in this section. A 

direct comparison of these techniques and the direct application of equation (16) was 

conducted to evaluate the performance of these algorithms. The simulation used the 

same complex pressure field and environmental setup used to simulate propagation over 

the concrete layer on top of a semi-infinite pressure release surface. A description of this 

environment is shown in figure 51. The results of this simulation are plotted in figures 

56-59 for modes 1-4. Figures 56-59 compare the modulus of the mode amplitudes that 

were theoretically calculated using equation (20) (termed Theoretical in legend) with the 

results obtained using the MAE algorithm (equation (16) - termed Extracted-inv via 

MATLAB in legend), the Diagonal Loading approach (termed Extracted- DL in legend), 

with the Reduced Eigenvalue approach (termed Extracted-REin legend), and with the 

Singular Value Decomposition approach (termed Extracted - SVD in legend). The 

horizontal axis is the location of the depth profile simulation in range, and the vertical 

axis is the modulus of the mode amplitudes. 

Except for mode 2 (which is still a reasonably good estimate of the mode 

amplitudes) the Singular Value Decomposition approach did the best job of estimating 

the mode amplitudes. 
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7.3 Conclusions 

The least squares approach to MAE encountered matrix inversion problems when 

applied to simulations over an environment similar to the laboratory scale modeL A 

number of improvements to MAE were investigated. and it was determined that the 

Singular Value Decomposition approach obtained the best results with the simulated data. 

Due to the improved performance of the Singular Value Decomposition approach to 

MAE. this technique was applied to the laboratory scale measurements described in 

section 6.1. The results of this investigation are discussed in Chapter 8. 
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ChapterS 

AppUcation of Mode AmpUtude Extraction 

to Laboratory Scale Measurements 

MAE has been applied to the complex pressure field measurements described in 

section 6.1 for the purpose of analyzing two and three dimensional acoustic propagation. 

As mentioned previously in Chapter 7, the Singular Value Decomposition approach to 

MAE (equation (29)) will be used for estimating the modal amplitudes (all reference to 

MAE in this section refers to this approach). This approach only uses the d (equation 

(29)) most significant singular values. The value of d is chosen such that the smallest 

singular value is always greater than or equal to 0.1. This results in a ratio of the largest 

to smallest singular value which remains nearly constant at a value which is 

approximately equal to 200. By limiting the smallest singular value to a value greater 

than or equal to 0.1, the magnitudes of the estimated mode amplitudes are comparable to 

the theoretical values calculated for the simulations of laboratory scale measurements 

using KRAKENC [46] (Chapter 7). When singular values less than 0.1 are incorporated 

into the MAE algorithm, the magnitudes of the mode amplitudes increase by orders of 

magnitude. These large values are not consistent with the simulations, and are 

considered to be unreliable. (Note- The analysis in this section normalized the complex 

pressure field measurements to have a free field pressure magnitude of 1 Pascal at 1 m. 

This is the same normalization used by KRAKENC [46]). 
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8.1 Two Dimensional Propagation 

This section presents the results of applying MAE to downslope laboratory scale 

measurements to investigate the impact of the range dependent bottom bathymetry on 

two dimensional propagation. The measurements will be used to investigate whether the 

propagation is closer to adiabatic or coupled mode theory. Experiment M5 and M6 

(identical measurements in the deep water region of Survey Area #2) and Experiment M3 

and M4 (identical measurements in the shallow water region of Survey Area #1) have 

been used for this purpose. 

Due to the fact that the depth profile measurements are measured at significantly 

different water depths. the number of modes which are available to cut-on increase with 

downslope range. The number of propagating modes affects the number of singular 

values (parameter d in equation (29)) used by the Singular Value Decomposition 

algorithm; therefore the number of singular values used by the MAE algorithm changes 

as function of the measurement location. However. the ratio of the largest to smallest 

singular value remains nearly constant at a value which is approximately equal to 200. 

This section will present the results of the MAE algorithm using the two metrics 

defined in section 5.5 for two dimensional propagation. The first metric calculates the 

mode amplitudes as a function of downslope range. These results will be presented in a 

series of figures. The horizontal axis of these plots will be the downslope location of the 

measurements and the vertical axis will be the modulus of the extracted mode amplitudes. 

These results will be followed by the second metric which calculates the mean square 

error (MSE) as a function of range and the number of modes used in the MAE model 

(equation (18)). This result will be presented in a single figure. The horizontal axis of 
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this plot will be the downslope location of the measurement~ the vertical axis will be the 

MSE~ and each of the lines on the figure represent a different number of modes used in 

the MAE modeL A detailed description of how these metrics are used to analyze two 

dimensional propagation is discussed in section 5.5. 

The location of Experiment M5 and M6 and a plot of the measured depth profile 

shapes for Experiment M5 are provided in figure 60. For each of the measurement 

locations (measurement locations will also be referred to as ranges)~ a series of 

calculations which evaluate the integrand of equation (5) as a function of horizontal 

wavenumber were run and plotted using SAFARI [44]. The integrand plots can be used 

to identify the local modes (identified by the corresponding horizontal wavenumbers) that 

are dominant in the waveguide. The term local modes is used because these are the 

modes that are supported at the water depth of a specific measurement location. Whether 

or not the mode is excited for range dependent propagation depends partially on whether 

the propagation is closer to adiabatic or coupled mode theory. The calculations show that 

at the shallowest range (Y=3.70 meters) the field is dominated by three discrete modes, at 

ranges greater than Y=4.10 meters, the waveguide supports the addition of a fourth 

discrete mode. This section will only analyze the results of the discrete modes. This is 

due to the fact that these are the modes which propagate long distances and are of the 

most interest when studying the effects of the bottom bathymetry on long range acoustic 

propagation. 

At a range of Y=3.7 meters, KRAKENC [46] predicts that the field consists of 12 

modes, only the first four modes are considered to be in the discrete spectrum. At a range 

of Y=4.6 meters, KRAKENC [46] predicts the field can support up to 16 modes. At this 
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range only the first five modes are considered to be in the discrete spectrum. For the 

ranges Y=3.7 meters to Y=4.1 meters, the horizontal wavenumbers for the first, second, 

and fourth horizontal modes predicted by KRAKENC [46] are in agreement with the 

horizontal wavenumbers for the three modes that SAFARI [44] predicts to be the 

dominant modes. For ranges Y =4.2 meters to Y =4.6 meters, the horizontal wavenumbers 

for the first, second, third, and fifth modes predicted by KRAKENC [ 46] are in 

agreement with the horizontal wavenumbers for the four modes that SAFARI [ 44] 

predicts to be the dominant local modes. 

Figures 61-65 plot the estimates of the mode amplitudes which are extracted using 

the MAE process as function of downslope range for modes 1-5. Figure 66 plots the 

mean square error as function of range and the number of modes used in the range 

dependent pressure model. The results of this analysis are similar for both Experiment 

M5 and M6; therefore the results are only shown for Experiment M6. 

This dissertation defines mode coupling as the transfer of energy between modes 

due to propagation over a range dependent bathymetry. This effect is identified by 

changes in the magnitude of the mode amplitudes as function of downslope range. The· 

most significant variation in the magnitude of the mode amplitudes occurs for modes 3 

(figure 63) and 4 (figure 64) at ranges close to Y=4.1 meters. The modulus of the 

amplitude for mode 3 is small (less than 0.2) at ranges less than Y=4.1 meters. At ranges 

greater than Y=4.1 meters, there is a significant increase in the modulus of the amplitude 

for mode 3, with the value of the mode amplitude reaching a maximum value of 1.3 at a 

range of Y=4.2 meters. In contrast, the modulus of mode 4 is relatively large (with 

values exceeding LO) at ranges less than Y =4.1 meters. However, at ranges greater than 
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Y=4.1 meters there is a significant decrease in the amplitude of mode 4, and the value 

decreases to a value less than 0.25 at ranges greater than Y =4.2 meters. The abrupt 

transfer of energy from the fourth mode to the third mode (most noticeable) and 

potentially to the first mode (notice the steady increase in amplitude above a range of 

Y =3.9 meters) and other modes is characteristic of mode coupling. 

Evidence that the transfer of energy between the fourth and third modes is being 

caused by mode coupling is supported by theoretical predictions of the local modes. 

SAFARI [44] predicts the acoustic field is dominated by three discrete modes at 

the ranges which have shallower water depths. For these same locations, KRAKENC 

[ 46] predicts the field to consist of four discrete modes, and the horizontal wavenumbers 

for the first, second, and fourth modes predicted by KRAKENC [ 46] are in agreement 

with the horizontal wavenumbers for the three modes predicted to be dominant by 

SAFARI [44]. Therefore, it is assumed that the third mode predicted by KRAKENC [46] 

is a mode with a relatively small amplitude, and because of this the mode is not observed 

on the SAFARI [44] integrand plots. This hypothesis is supported in figure 67 which 

plots the real and imaginary parts of the horizontal wavenumbers predicted by 

KRAKENC [46] for modes 3 and 4 as function of range. This plot shows that for ranges 

less than Y=4.1 meters, mode 3 has a significant imaginary part. The imaginary part of 

the horizontal wavenumber causes a mode to be evanescent and have minimal amplitude. 

Figure 68 plots the normalized mode shapes for modes 3 and4 at the range Y=4.1 meters. 

SAFARI [44] also predicts that for ranges greater than Y=4.10 meters, the 

waveguide supports the addition of a fourth dominant local mode. At these same 

locations, KRAKENC [ 46] predicts the waveguide will support 5 modes, and the 
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horizontal wavenumbers for the first. second. third. and fifth modes are in agreement with 

the horizontal wavenumbers for the four dominant modes predicted by SAFARI [44]. 

For these locations, the fourth mode is assumed to have a small amplitude. This is also 

supported by figure 67. Figure 67 shows that for ranges greater than Y=4.1 meters, the 

horizontal wavenumber of the fourth mode has a large imaginary component. Figure 69 

plots the normalized mode shapes for modes 3 and 4 at the range Y =4.2 meters. 

The comparison of the KRAKENC [46] and SAFARI [44] predictions suggest 

that for ranges less than Y=4.1 meters the first. second. and fourth modes should be 

dominant; at ranges greater than Y=4.1 meters, the first. second, third and fifth modes 

should be dominant. This is true if the propagation supports the modes in the local 

environment (water depth at each range step). The transfer of energy from the fourth 

mode to other modes (especially the third mode) is observed in the MAE results. It is 

noted that the transfer of energy occurs at the range where the imaginary component of 

the horizontal wavenumber abruptly increases for mode 4 and decreases for mode 3. In 

addition, there is a significant change in the magnitude of the mode shapes for modes 3 

and 4 at the bottom interface. Figure 70 plots the magnitude of the mode shapes for 

modes 3 and 4 at the ranges Y=4.1 and Y=4.2 meters. This result shows that the MAE 

algorithm is finding the best fit to the experimental data with the modes that have a 

magnitude close to zero at the water-concrete interface. This suggests that the 

requirement for continuity of pressure along the interface [3] is causing the energy from 

the fourth mode to couple to the third mode due the change in the theoretical mode 

shapes at the deeper water depths. This is important because this type of propagation is 
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supported by coupled mode theory,. but it is not supported by the adiabatic mode solution 

to the acoustic pressure field. 

The transfer of energy from the fourth to the third mode can also be observed in 

the plot of the MSE as function of range and the number of modes used in the range 

dependent pressure model (figure 66). On average, this figure shows a significant 

difference in the MSE between the model using four modes and three modes for ranges 

less than or equal to Y=4.1 meters. However at ranges greater than or equal to Y=4.2 

meters. the MSE is almost identical. At ranges less than Y =4.1 meters, the fourth mode 

is contributing significantly to the acoustic pressure field. At ranges greater than Y=4.1 

meters, a significant portion of the energy in the fourth mode is transferred to the third 

mode. Due to the coupling of energy from the fourth mode at ranges greater than Y=4.1 

meters, the addition of the fourth mode in the range dependent pressure model does not 

improve the fit to the experimental data. 

The location of Experiment M3 and M4 and a plot of the measured depth profile 

shapes for Experiment M3 are provided in figure 71. Similar to the analysis done for 

Experiment M5 and M6, integrand plots are used to determine the dominant local modes 

for each of the measurement locations. These results show that at the shallowest range 

(Y=l.40 meters) the field consists of two discrete modes. and the waveguide will support 

the propagation of three discrete modes at the deepest two ranges (the third mode begins 

to cut on at the range Y=l.9 meters, however not until a range of Y-2.2 meters is the 

mode completely cut-on and considered to be a discrete mode). At a range of Y-1.40 

meters, KRAKENC [46] predicts that the field consists of 9 modes, and the first three 

modes are considered to be in the discrete spectrum. At a range of Y =2.3 meters, 
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KRAKENC [46} predicts that the field can support 10 modes,. and the first four modes are 

considered to be in the discrete spectrum. For ranges Y=l.4 meters to Y=L6 meters,. the 

horizontal wavenumbers for the first and third modes predicted by KRAKENC [46} are 

in agreement with the horizontal wavenumbers for the two modes predicted to be 

dominant by SAFARI [44}. For ranges Y=2.0 meters to Y 2.3 meters, the horizontal 

wavenumbers for the first, second, and fourth modes predicted by KRAKENC [46] are in 

agreement with the horizontal wavenumbers for the three modes that SAFARI [44} 

predicts to be the dominant local modes. At the ranges Y 1.7 meters to Y~l.9 meters, the 

horizontal wavenumbers for the second and third modes have values which are very close 

to each other and are close to the horizontal wavenumber predicted to be the second 

dominant mode by SAFARI [44]. 

Figures 72-75 plot the estimates of the mode amplitudes which are extracted using 

the MAE process as function of downslope range for modes 1-4. Figure 76 plots the 

MSE as function of range and the number· of modes used in the range dependent pressure 

model. The results of this analysis is similar for both Experiment M3 and M4, therefore 

the results presented in figure 76 are only for Experiment M4. 

The most significant variation in mode amplitudes as function of range occurs in 

modes 2 (figure 73) and 3 (figure 74) at depth profile locations close to Y 1.9 meters. 

The modulus of the amplitude for mode 2 is small (less than 0.25) at ranges less than 

Y=L9 meters,. at ranges greater than Y=l.9 meters, the magnitude of the mode amplitude 

increases significantly (increases to a maximum value of 0.8). Conversely, the modulus 

of the mode amplitude for mode 3 is relatively large (a maximum value of 1.8 at Y=L4 

meters) at ranges less than Y-1.7 meters, at the range of Y 1.7 meters the mode 
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amplitude drops to a level of 0.4, and then it increases to a level of 0.9 at a range of 

Y=L9 meters. At ranges greater than Y-1.9 meters, the modulus of the amplitude of 

mode 3 decreases to a value less than 0.25 at a range of Y =2.3 meters. The transfer of 

energy from the third mode at shallower water depths to the second mode (and other 

modes) at the deeper water depths is characteristic of mode coupling. 

Evidence that the transfer of energy between modes three and two is being caused 

by mode coupling is supported by theoretical predictions of the local modes. 

SAFARI [44] predicts the acoustic field is dominated by the composition of two 

discrete modes at the depth profile locations which are located in the shallower water 

depths. For the same locations, KRAKENC [ 46] predicts that the field consists of three 

discrete modes, the horizontal wavenumbers for the first and third modes predicted by 

KRAKENC [ 46] are in agreement with the horizontal wavenumbers for the two dominant 

modes predicted by SAFARI (44]. It is assumed that the second mode predicted by 

KRAKENC [46] has a small amplitude. This hypothesis is supported in figure 77 which 

plots the real and imaginary parts of the horizontal wavenumbers predicted by 

KRAKENC [46] for modes 2,3, and 4. Figure 77 shows that for ranges less than Y=L8 

meters. mode 2 has a significant imaginary part. Figure 78 plots the normalized mode 

shapes for modes 2 and 3 at a range of Y=l.7 meters; this figure shows a significant 

imaginary component for mode 2. 

SAFARI [44] also predicts that at the depth profile locations which are at ranges 

greater than Y=l.9 meters. a third mode is supported by the waveguide. At these same 

locations. KRAKENC [46] predicts the waveguide supports four discrete modes, the 

horizontal wavenumbers for the first, second. and fourth modes predicted by KRAKENC 
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[ 461 are in agreement with the horizontal wavenumbers for the three dominant local 

modes predicted by SAFARI [44}. For these depth profile locations, it is assumed that the 

third mode has a small amplitude. Similar to the previous analysis, this is supported by 

figure 77. Figure 77 shows that for ranges greater than 1.8 meters, there is a steady 

increase in the magnitude of the imaginary part of the horizontal wavenumber for mode 

3. Figure 79 also shows a significant imaginary component in the mode 3 eigenfunction 

at a range of Y =2.2 meters. 

This analysis suggests that at the shallower water depths the first and third modes 

predicted by KRAKENC [ 46} are dominant, and at the deeper water depths the first, 

second, and fourth (once it cuts on) modes are dominant if the propagation supports the 

modes in the local environment. The transfer of energy from the third mode to the 

second mode and possibly to the first and fourth modes is observed in the MAE results. 

This energy transfer is most noticeable at ranges in which the imaginary component of 

the horizontal wavenumber steadily increases for mode 3 and decreases for modes 2 and 

4. In addition, there is a significant change in the magnitude of the mode shapes for 

modes 2 and 3 at the bottom interface. Figure 80 plots the magnitude of the mode shapes 

for modes 2 and 3 at the ranges Y=l.7 meters and Y=2.2 meters. Similar to the results 

from Experiment M5 and M6, the MAE algorithm is finding the best fit to the 

experimental data with the modes which have a magnitude close to zero at the water

concrete boundary. Similar to the previous results, this suggests that the requirement for 

continuity of pressure along the bottom interface [3} is causing the energy from the third 

mode to couple to the second mode due to the changes in the mode shapes at the deeper 

water depths. 
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Additional evidence of mode coupling can be found in figures 72 and 75. the 

estimates of the mode amplitudes for modes 1 and 4. Figure 75 shows a significant 

increase in the modal amplitude at depth profile locations greater than Y~2.0 meters. 

This corresponds to the approximate location that SAFARI [44] predicts the fourth mode 

to cut-on. In addition. at a range of Y=2.0 meters the prediction by K.RAKENC [46] for 

the imaginary component of the horizontal wavenumber for mode 4 is relatively low. 

Figure 72 also shows a significant increase in the estimate of the amplitude for mode 1 at 

ranges greater than Y 2.0 meters. 

8.2 Three Dimensional Propagation 

In addition to analyzing the laboratory scale measurements for two dimensional 

propagation, across slope measurements are used to investigate three dimensional 

propagation (the presence of bathymetric refraction). Experiment M1 and M2 (identical 

measurements in the shallow water region of Survey Area #1) and Experiment M8 have 

been used for this purpose. 

For across slope measurements. the water depth remains nearly constant. therefore· 

the number of modes propagating remains nearly constant. For this reason. the same 

number of singular values (parameter din equation (29)) used by the Singular Value 

Decomposition algorithm remains constant for all the measurement locations. 

This section will present the results of the MAE algorithm using the metric 

described in section 5.5 for three dimensional propagation. This method estimates the 

mode amplitudes as function of the across slope range. These results are used to identify 

intramodal interference, an effect which can only be caused by bathymetric refraction. 
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The results of this methodology will be presented in a series of figures. The horizontal 

axis of these figures will be the across slope location of the measurements and the 

vertical axis will be the modulus of the extracted mode amplitudes. 

The location of Experiment M1 and M2 and a superposition of the location of 

these measurements over the two dimensional survey results in Survey Area #1 are 

provided in figure 81. Integrand plots were used to determine the dominant modes for 

each of the measurement locations. These results show that two discrete modes are 

propagating at all of the depth profile locations. KRAKENC [46] predicts there are 9 

modes propagating, the first three are considered to be in the discrete spectrum. The 

horizontal wavenumbers for the first and third modes predicted by KRAKENC [46] are 

in agreement with the horizontal wavenumbers for the two modes SAFARI [44] predicts 

to be dominant. 

Figures 82-84 plot the estimates of the mode amplitudes which are extracted using 

the MAE process as function of across slope range for modes 1-3. 

As mentioned previously, the horizontal wavenumbers for the first and third 

modes are in agreement with the horizontal wavenumbers predicted by SAFARI [44] to 

be the dominant modes of the waveguide. Similar to the previous analyses, it is assumed 

that the second mode predicted by KRAKENC [46] has a small amplitude. This 

assumption is supported in the MAE results for mode 2 (figure 83). This is an important 

result which provides confidence that the MAE algorithm is working properly. Due to 

the fact that the experimental MAE results estimate a minimal mode amplitude for mode 

2, this suggests that the MAE algorithm is accurately decomposing the modal structure of 
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the acoustic pressure fielcL and that the estimates of the geoacoustic parameters used to 

model the eigenfunctions are reasonably accurate. 

The goal of these measurements is to investigate whether bathymetric refraction is 

occurring over a realistic bottom bathymetry. As described in section 5.5, bathymetric 

refraction will be identified by the presence of intramodal interference (oscillation in the 

modal amplitudes as function of across slope range) in the MAE results. The MAE 

results for mode 1 (figure 82) show significant variations in the estimates of the mode 

amplitudes as a function of across slope range which may be caused by bathymetric 

refraction. However, the repeatability between the results from Experiment M1 and M2 

are not very good, thus making it difficult to draw conclusions. The MAE results for 

mode 3 (figure 84) also show significant variations in the estimates of the mode 

amplitudes as a function of across slope range. Also note that the local minima in the 

estimated mode amplitudes correspond to locations in which a large increase in 

transmission loss for the two dimensional survey over Survey Area# 1 is observed (figure 

81). Due to the oscillations in the modal amplitudes, the observation that the minima are 

aligned with the interference structure seen in the transmission loss measurements, and 

that the experimental results for Experiment M1 and M2 are in relatively good 

agreement, it is hypothesized that bathymetric refraction is occurring for mode 3. 

The location of Experiment M8 and a superposition of the location of these 

measurements over the two dimensional survey results in Survey Area #2 are provided in 

figure 85. Integrand plots were used to determine the dominant local modes for each 

measurement location. The results show that three discrete modes are propagating at all 

of the depth profile locations. KRAKENC [ 46] predicts that there are either 12 or 13 
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modes propagating (13 modes for the depth profile measurements at the deeper 

locations), the first four modes are considered to be in the discrete spectrum. The 

horizontal wavenumbers for the first, second, and fourth modes predicted by KRAKENC 

[46] are in agreement with the horizontal wavenumbers for the three dominant modes 

predicted by SAFARI [44]. 

Figures 86-89 plot the estimates of the mode amplitudes which are extracted using 

the MAE process as function of across slope range for modes 1-4. 

Similar to the MAE results from Experiment Ml and M2. good agreement was 

observed between theory and experiment. As previously mentioned, the horizontal 

wavenumbers for the first, second. and fourth modes predicted by KRAKENC [46] are in 

good agreement with the horizontal wavenumbers predicted by SAFARI [44] for the 

three dominant modes. For this reason. it is assumed that the third mode predicted by 

KRAKENC [ 46] has a small amplitude. This assumption is supported by the MAE 

results for mode 3 (figure 88). Once again. this result provides confidence in the process 

used for MAE. 

The MAE results for Experiment M8 also show a significant variation in the 

modal amplitudes as function of the across slope measurement locations. The variations 

in the estimates of the modal amplitudes are most noticeable for modes 1 (figure 86) and 

4 (figure 89). For mode 4. the estimate of the mode amplitude is small at the across slope 

range of Y=0.8 meters (less than a value of 0.25). the value increases to a value of 2.4 at 

a range of Y=L08 meters, decreases to value less than 0.25 at range of Y-1.48 meters, 

and increases again to value greater than 1 at range of Y-1.8 meters. The local minima 

in the estimated amplitude of mode 4 at the range of Y=L48 meters occurs at the 
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approximate location of one of the bands of high transmission loss observed in the two 

dimensional survey (figure 85). The significant change in the magnitude of the amplitude 

of mode 4 as function of across slope range is most likely caused by bathymetric 

refraction. It is also possible that the rapid variations in the estimates of the mode 

amplitudes for mode 1 are due to the effects of bathymetric refraction. 

8.3 Conclusions 

MAE has been applied to laboratory scale measurements in the dowslope 

direction (this was done to minimize the influence of three dimensional effects) of the 

laboratory scale model to investigate whether the propagation was closer to adiabatic or 

coupled mode theory. These results show that for experiments in both the deep and 

shallow water locations energy is being transferred between modes as function of 

downslope range. The transfer of energy between modes is permitted by coupled mode 

theory, but it is neglected by the adiabatic mode approximation. 

MAE was also applied to across slope measurements to investigate whether 

bathymetric refraction was contributing to the strong modal interference structure seen in 

the two dimensional survey results. The MAE results showed intramodal interference as 

a function of across slope range, an effect which is indicative of bathymetric refraction. 

It was also noted that some of the minima in the estimates of the modal amplitudes were 

located in the same regions as the modal interference observed in the two dimensional 

surveys. 
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9.1 Summary 

Cbapter9 

Summary and Conclusions 

The first part of this dissertation investigates the tracking of acoustic sources in a 

spatially varying three dimensional acoustic field. This work consists of two different 

investigations. (l) the matched field tracking experiments and (2) the array bearing angle 

bias investigation. The second part of this dissertation describes a series of laboratory 

scale measurements of the three dimensional acoustic field. This work uses a modal 

decomposition technique for analyzing laboratory scale measurements for two and three 

dimensional propagation effects. 

The matched field tracking experiments used matched field processing to track an 

acoustic source for measurements over the laboratory scale model. According to Bucker 

[47]. this was the first experiment to investigate matched field tracking [43]. This 

investigation produced two significant conclusions. All of the matched field tracking 

experiments showed that the correlation between the measured complex pressure field 

and simple theoretical solutions of the source track had higher correlations than the 

correlation of the complex pressure field to any of the hypothetical tracks used in the 

matched field tracking algorithm. This conclusion supports the theoretical work of 

Bucker [43]. It was also shown that the use of a theoretical model which incorporated the 

effects of the bottom bathymetry significantly improved the results of the matched field 

tracking algorithm. This model was the penetrable wedge model which incorporates the 

bottom slope. geoacoustic properties of the bottom. and also models three dimensional 
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propagation. The use of this model resulted in a correlation value which was 

approximately two times better than that achieved using a propagation model which only 

considers the direct and surface reflected ray propagation paths. 

Laboratory scale measurements were used to identify the effects of the bottom 

bathymetry on azimuthally localizing an acoustic source with a horizontal line array. The 

experiments measured the bearing angle bias obtained in locating a CW source using 

plane-wave beamforming. The results of the experiments measured a large bearing angle 

bias which varied rapidly with range. This effect was most severe at low frequencies and 

for across slope propagation. The most surprising feature of the experimental results was 

that the bearing angle bias did not increase monotonically with range, an effect that has 

_not been previously identified in the literature. Simulations of the bearing angle bias 

experiments were run to verify the results of the measurements. The simulations 

confirmed the trends of the experiment by showing a rapidly oscillating bearing angle 

bias with the same dependence on look direction and frequency. In addition to the 

simulations of the laboratory scale measurements, simulations were also conducted for 

ocean acoustic propagation. These simulations showed that the results of the laboratory 

scale measurements scale to low frequency, shallow water, littoral environments. This 

investigation has several implications for the localization of acoustic sources using 

horizontal line arrays with plane-wave beamforming. This work shows that narrowband 

systems using plane-wave beamforming at low frequencies in the littoral environment 

may encounter a significant bearing angle bias. The source of these bearing angle biases 

is due to bathymetric refraction and the effects of the interaction of multiple acoustic ray 

paths (interfering modes). 
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A large set of transmission loss (TL) measurements was conducted over the 

laboratory scale model. These measurements included TL versus range, TL versus depth, 

and two dimensional surveys of the acoustic field. The two dimensional surveys 

conducted detailed measurements of the acoustic field over a large two dimensional area 

using a fixed receiver depth. These experiments produced two dimensional images of the 

acoustic field in the horizontal plane. The results of the two dimensional surveys 

identified strong modal interference. The interference could be the result of different 

modes interfering with each other, and/or the results of intramodal interference caused by 

bathymetric refraction. In order to investigate the cause of this interference, and to 

analyze experimental measurements for two and three dimensional propagation effects, 

an inversion approach for extracting modal amplitudes was developed. 

Mode Amplitude Extraction (MAE) is the term given to the inverse approach used 

to extract estimates of the modal amplitudes from the laboratory scale measurements. 

The extraction of the modal amplitudes can be used to investigate two and three 

dimensional propagation. This work describes a set of metrics which is used to 

investigate adiabatic versus coupled mode propagation. Metrics are also used to identify 

the effects of bathymetric refraction. 

The experimental approach to MAE was verified using laboratory scale 

measurements over a pressure release surface. These experiments showed that the 

experimental approach to MAE was working properly, and that the algorithm was 

successfully performing modal decomposition of the acoustic pressure field. 

In addition to the laboratory scale measurements over the pressure release surface, 

simulations were conducted to verify the accuracy of the MAE algorithm for propagation 
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over an environment similar to the laboratory scale modeL These simulations identified 

that the continuous spectrum is important for propagation over the laboratory scale model 

and should be included in the theoretical model used by the MAE algorithm. It was also 

discovered that the air interface underneath the concrete influenced the propagation 

measurements by adding additional modes into what is traditionally referred to as the 

continuous spectrum. Because of this. an environmental model which consists of a finite 

thick concrete layer on top of a pressure release surface is used by KRAKENC [46] to 

estimate the eigenfunctions input into the MAE algorithm.. The application of the MAE 

algorithm to simulations of laboratory scale measurements resulted in matrix inversion 

problems for propagation over an environment with a finite thick concrete layer 

overlaying a pressure release surface. Since this environment is characteristic of the 

laboratory scale model. various approaches were investigated to mitigate the matrix 

inversion problem. An approach to MAE which uses Singular Value Decomposition 

(SVD) was determined to provide the best estimate of the simulated mode amplitudes. 

The Singular Value Decomposition approach to MAE was applied to a series of 

complex pressure field measurements conducted over the laboratory scale model. The 

purpose of these measurements was to use the MAE algorithm to analyze the experiments 

for two (adiabatic versus coupled modes) and three (bathymetric refraction) dimensional 

propagation effects. Using predictions from theoretical propagation models, it was 

shown that the MAE algorithm was accurately performing modal decomposition, and 

because of this it is deduced that the geoacoustic parameters used in the estimation of the 

eigenfunctions must be reasonably accurate. The results of the MAE analysis identified 

strong evidence that mode coupling was occurring for downslope propagation. The 
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results also identified variations in the mode amplitudes as function of across slope range 

which were indicative of intramodal interference; an effect which is only caused by 

bathymetric refraction. 

9.2 Conclusions 

This dissertation uses laboratory scale measurements to investigate the effects of 

an ocean acoustic bathymetry on underwater sound propagation. and the effect this has on 

array processing. This set of results is unique because laboratory scale measurements are 

used to isolate the effects of the bottom bathymetry. Previous studies conducted in ocean 

acoustic environments had difficulties isolating the effects of the bottom bathymetry due 

to sound speed gradients and the uncertainties of doing experiments at sea. 

Through the use of laboratory scale measurements and theoretical simulations this 

work has shown that the bathymetry strongly influences acoustic propagation. It also has 

been shown that the affects of the bathymetry on underwater sound propagation 

ultimately influences our ability to use array processing for the purpose of detecting and 

localizing acoustic sources. The matched field processing experiments showed that 

localization is improved by accounting for three dimensional propagation effects in the 

signal processing. It was also shown that traditional plane-wave beamforming may 

produce a significant bearing angle bias when applied to low frequency data in a three 

dimensional shallow water environment. 

MAE is a unique approach which permits the analysis of acoustic propagation 

through the use of experimental measurements. This approach has been applied to 

laboratory scale measurements and the results suggest that mode coupling and 
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bathymetric refraction contributed significantly to the acoustic pressure field over the 

laboratory scale modeL This implies that for propagation over a nominal ocean acoustic 

bathymetry. the use of the computationally more efficient approaches to calculating 

ocean acoustic propagation, such as adiabatic mode theory for two dimensional 

propagation and the Nx2D approach for three dimensional propagation, may not be 

satisfactory. 

Laboratory scale measurements are excellent for isolating the effects of the 

bottom bathymetry due to the controlled conditions of the experiments and the absence of 

sound speed gradients. However. this work showed that the use of a finite thick elastic 

bottom overlaying an air interface complicated the analysis of acoustic propagation. The 

use of a single pressure release bottom is recommended for future investigations of the 

effects of the bottom bathymetry on underwater sound propagation through the use of 

laboratory scale measurements. Excellent agreement with theory was achieved in this 

work and also with the work conducted by Glegg and Y oon [34] for laboratory scale 

measurements over a pressure release surface. By eliminating the complications of the 

bottom interface, the investigations could concentrate on the analysis of acoustic 

propagation and its effects on array processing. This environment would also be an 

excellent platform for investigating new array processing techniques such as matched 

field processing. It is also recommended that the horizontal dimension of the model be 

increased to improve the sampling of three dimensional effects and the identification of 

shadow zones. 
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Material Compressional Shear Compressional Shear Density 

Wave Speed Wave Speed Wave Wave 

Attenuation Attenuation 

imfs} (mls]_ (dB/A) (dB/A) (k2/m~ 
Concrete 2980 1743.3 0.1 0.147 2600 

Table 1: Estimated geoacoustic parameters for the laboratory scale modeL 

ll2 



Track cab 

l -0.3708 

2 -0.2967 

3 0.1023 

4 0.1774 

5 (reference) 0.4532 

Table 2 - Normalized correlation values (Cab) for Experiment L 

ll3 



Track Cab 

1 (reference) 0.1595 

2 0.1254 

3 0.1139 

Table 3.1 -Normalized correlation values Cab for Experiment 2 using the direct and 

surface reflected paths. 

Track Cab 

!(reference) 0.2988 

2 0.1522 

3 0.1400 

Table 3.2- Normalized correlation values Cab for Experiment 2 using the solution for a 

point source in a penetrable wedge. 
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Source Depth - 0.04m 

Frequency- 20 kHz 

Source Location (Figure 39) 

X (meters) -1.38 Y (meters) -1.2 

Receiver Depths- 0.01 to 2 em above the bottom (water depths range from 0.0602 to 

0.0672 meters). 

Depth Profile Locations (Figure 39): 

X (meters) -1.2:-.002:0.68 

Y (meters)- 1.04 (fixed) 

Table 4- Experimental setup for Experiments Ml and M2. 
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Source Depth - 0.04m 

Frequency- 20 kHz 

Source Location (Figure 39) 

X (meters) -1.38 Y (meters) -1.2 

Receiver Depths- 0.01 to 2 em above the bottom (water depths range from 0.0765 to 

0.1184 meters). 

Depth Profile Locations (Figure 39): 

X (meters) -1.38 (fixed) 

Y (meters)- 1.3:0.1:2.3 

Table 5 - Experimental setup for Experiments M3 and M4. 
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Source Depth - 0.1m 

Frequency- 20 kHz 

Source Location (Figure 39) 

X (meters) -0.8 Y (meters) -35 

Receiver Depths- 0.01 to 2 em above the bottom (water depths range from 0.13 to 0.164 

meters). 

Depth Profile Locations (Figure 39): 

X (meters) -0.92:0.04:1.68 

Y (meters) - 3.40 (fixed) 

Table 6 -Experimental setup for Experiment MS. 
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Source Depth- 0.04m 

Frequency- 20 kHz 

Source Location (Figure 39) 

X (meters) ~-8 Y (meters) -3.5 

Receiver Depths- 0.01 to 2 em above the bottom (water depths range from 0.1467 to 

0.2945 meters). 

Depth Profile Locations (Figure 39): 

X (meters) -1.38 (fixed) 

Y (meters)- 3.6:0.1:4.6 

Table 7 -Experimental setup for Experiments M5 and M6. 
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Figure 1: Ray tracing in a wedge shaped environment showing the effects 
of propagation over sloping bottoms. 
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effects of bathymetric refraction. 
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Figure 7: Bearing angle bias of a plane-wave beamformer caused by 
bathymetric refraction. 
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Figure 8: 
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Location of laboratory scale measurements used in the 
bearing angle bias experiments. 
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Figure 10: Time series data showing the two receiver signals to be out of phase 
for the CW region of the signal for a source located on the bearing 
line. 
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Experimental bearing angle bias results for a source frequency of 20 
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which give an apparent source position on the bearing lines. 
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which give an apparent source position on the bearing lines. 
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Figure 13: Locations of the image sources and planes used in the method of 
images calculations. 
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Figure 17: An example transmission loss versus range measurement. 
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Example transmission loss versus depth measurement. Water surface 
at a depth of 0 m, bottom boundary at depth of -0.147 m. 
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Figure 21: Transmission loss (-dB) measurements over Survey Area #1. 
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Figure 22: Transmission loss (- dB) measurements over Survey Area #2. 
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SAFARI integrand plot. Peaks in the integrand identify the 
normal modes of the waveguide. 
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Figure25: Physical interpretation of the discrete and continuous spectrum. 

143 



8 . --. ·- .. ------ ----- -- .... --· ....... -. ·- .. ·- ----------- ----· --- -------- --·-. ----------.--- ... -

1 

- - . 
---·-·Sbadow·Zmie·------~------

- -. -- -. . - . . . 

- .. --.- ~---·-----: -· ... -·: .. -. .. --- --. . . - -- . - . - . - . 

2 3 4 5 6 7 
Dcwnsfope {m) 

8 9 

Intramodal Interference 

10 

Interference From 
Acoustic Energy 

With Significantly 
Different Propagation 

Paths 

Downslope 

11 
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(MFEL) algorithm. 
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Example calculation of the modulus of the mode amplitudes 
using MAE. Top example shows mode 3 is not excited at the 
shallower location, but cuts on at the deeper location. Bottom 
example shows the transfer of energy from Model to Mode 2. 
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Example calculation of the mean square error as a function of 
the number of modes used in the MAE modeL Additional 
modes are cutting on at the deeper water depths. This example 
implies that coupled mode propagation is occurring. 
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Figure 33: 

Receiver Source 

Physical configuration of the pressure release surface used for the 
bubble wrap experiments. 

lSI 



- 8 
s ---r.. 
.8 s 
::s c 
~ 
> 
~ 

at; 
= -c 
0 
N ·c 
0 

:I: 

1 

Figure 34: 

1.5 

- Matched Field Estimate 
••••••• Theoretical 

I I 
I i 

i ~ E : 

I ~ i : 
~ I ~ 

i ! ~ 
~ 

: 

: • 
f . 
=.. ~-······ ········-r·········1········· .. : .. : 

~-~. ..;······· i .. : 
f •••• ! 
:... i. 

•• -!' .... ~ 

2 2.5 3 3.5 

Experiment Number 

: : 

i i 
I I 

I I 
i ~ 

4 4.5 5 

One mode bubble wrap experiments. Comparison of experimental 
estimates and theoretical calculations of the modulus of the 
horizontal wavenumber. 

152 

~-



-a -= 0 
N ·c 
0 
:I: 

90r---------~~--------~~--------~~----------
! • I 

80 ----------~----------~·----------~-· .. -· .. -··-·-·-· .. -··--·--~ ·---

70~--------------~---.-.---·------···+i=:_~-.. -·-.. ·-·-----------~, ··-----

~ --- .. 
: --60~- ;- •t-...e ---

: ---- : ········· : ~-:···········~·········· .................. -. .,.. .. : ··················:_.,.•• : : 

~----- · ·1 I I 
50 ~·---.... '·--·---..... • • -· • I -----

1 ~ 

I - i Matched Field Estimate- Mode 1 
40 

~--· .. -· -· -·-.. -· .. -· ... ·-·~-~~--- ~~~: ==::~=~·re-Mode 2 

1 
30L---------~--_.--------------------------~ l l.5 2 2.5 3 

Expeornnent~urnnber 

Figure 35: Two mode bubble wrap expeornnents. Comparison of experimental 
estimates and theoretical calculations of the modulus of the 
horizontal wavenumber. 

153 



-0.01 

-0.02 

-0.03 

-0.04 -s -.c -0.05 -c. 
~ 

-0.06 

-0.07 

-0.08 

-0.09 
-19 

Figure 36: 

- actual -- LSF 

: . 

i : : . . 

i 
: . 

. 

-18 -17 -16 -15 -14 -13 -12 -11 

Magnitude of the Acoustic Pressure (dB) 

Two mode bubble wrap experiment. Comparison of the least squares 
fit of the acoustic pressure field measurements using the optimized 
set of eigenvalues from the MFEL algorithm. 

154 



0 

0.01-

0.02 

0.03 

- 0.04 
e -.c -c.. 0.05 
~ 

0.06 

0.07 

0.08 

0.09 

Figure 37: 

! I I ! ! 

I I ~ i 
f 

: . i . 

~ . . . 

I \ f i . . 

\ E 

\l . 

!\ 
~-

·~ 

~-\I 
i i i i i i i 

-150 -100 -50 0 50 100 150 

Relative Phase (degrees) 

Two mode bubblewrap experiment. Measurement of the relative 
phase between the receiver and the reference receiver. Phase 
measurements plotted relative to first measurement at a depth of 
0.01 m. 

ISS 



20 

30 

40 

- 50 5 ---'"" 60 _g 
5 
:::l = 70 G.) 
> 
~ 

~ 80 = -= 0 
N 90 ·-'"" 0 
:I: 

100 

110 

120 

Figure 38: 

20 40 60 80 100 120 

Horizontal Wavenumber (1/m) 

Two mode bubblewrap experiment. Ambiguity surface created by 
the MFEL algorithm. 
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Environmental model used for simulations over a semi-infinite 
concrete bottom. 
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Figure49: Simulation of MAE over a semi-infinite concrete bottom for mode 1. 
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Simulation of mode amplitude extraction using modified approaches 
to MAE. Simulation conducted over a finite thick concrete bottom 
overlaying a pressure release bottom for mode 2. 
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Application of MAE to laboratory scale measurements Experiment 
M1 and M2. Results for mode 2. 
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Figure 84: 

Mode#3 

- Experiment Ml -- Experiment M2 
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Application of MAE to laboratory scale measurements Experiment 
Mland M2. Results for mode 3. 
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Application of MAE to laboratory scale measurements 
Experiment MS. 
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Figure 86: Application of MAE to laboratory scale measurements Experiment 
MS. Results for mode L 
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Figure 87: 

Ll 1.2 1.3 1.4 1.5 1.6 

X(meters) 

Application of MAE to laboratory scale measurements Experiment 
M8. Results for mode 2. 
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Figure 88: 
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Application of MAE to laboratory scale measurements 
Experiment M8. Results for mode 3. 
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Figure 89: 
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Application of MAE to laboratory scale measurements 
Experiment M8. Results for mode 4. 
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