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Abstract

Literature relating to normal incidence techniques for determining geo-acoustic
properties of sediment layers in the ocean is reviewed. The techniques outlined in the
literature are assessed for use with a Rapid Environmental Assessment (REA) buoy
currently under design at DRDC Atlantic. While there is extensive literature on
normal incidence techniques for frequencies above 10 kHz and limited literature on
experiments at lower frequencies in all cases there are critical differences in geometry
of these previous experiments when compared to that of the REA buoy. One
technique integrates the bottom and bottom-surface returns to determine roughness and
reflection coefficient of the ocean-sediment interface. The frequency range for which
this technique has been used (>10 kHz; 1-10 kHz) is not compatible with the current
source of the REA buoy. A second technique uses waveform inversion to determine
acoustic impedance (or other property) as a function of travel time. Geo-acoustic
properties are found using either an iterative layer stripping technique or by
minimizing the difference between perturbed models and the measured signal via least
squares or simulated annealing. While the waveform inversion techniques have the
most promise, the signal must be sampled at least 4 times the Nyquist criteria (or
resampled using Fourier techniques if possible). A method for determining the
attenuation of sub-surface layers is also reviewed, and a modified version is presented
for use with the REA buoy.

Résumé

La documentation sur les techniques a incidence normale pour la détermination des
propriétés géo-acoustiques des couches sédimentaires de 1'océan est examinée. Les
techniques décrites dans la documentation sont évaluées en vue de leur utilisation en
conjonction avec une bouée d'analyse rapide de I'environnement (REA) en voie de
conception a RDDC Atlantique. I y a beaucoup de documentation sur les techniques a
incidence normale a des fréquences supérieures a 10 kHz et une documentation limitée
sur les expériences menées a des fréquences inférieures, mais il y a, dans tous les cas,
des différences critiques dans la géométrie de ces expériences par rapport a celle de la
bouée REA. Une des techniques intégre les échos du fond et ceux de la surface du
fond en vue de la détermination de la rugosité et du coefficient de réflexion de
l'interface océan-sédiment. La gamme de fréquences pour laquelle cette technique a été
utilisée (fréquences supérieures a 10 kHz, et bande 1-10 kHz) n'est pas compatible
avec la source actuelle de la bouée REA. Une seconde technique fait appel a
l'inversion de la forme d'onde pour déterminer I'impédance acoustique (ou une autre
propriété) en fonction du temps de déplacement. Les propriétés géo-acoustiques sont
trouvées soit a I'aide d'une technique de décapage itératif des couches, soit par la
réduction de la différence notée entre les modeles perturbés et le signal mesuré a l'aide
de la méthode des moindres carrés ou du recuit simulé. Bien que les techniques
d'inversion de la forme d'onde soient les plus prometteuses, le signal doit étre
échantillonné a une fréquence égale a au moins quatre fois le critére de Nyquist (ou ré-
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¢échantillonné au moyen des techniques de Fourier dans la mesure du possible). Une
méthode qui permet de déterminer I'atténuation des couches sous-marines est
¢galement examinée, et une version modifiée est présentée pour utilisation avec la

bouée REA.
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Executive summary

Introduction

One of the systems under development for the Rapidly Deployable Systems (RDS)
Technology Demonstration (TD) project is a buoy (aka CARbuoy) with the three
purposes of Communications, Array Element Localization (AEL), and Rapid
Environmental Assessment (REA). The buoy is referred to in this report as the REA
buoy. Due to logistical constraints, the REA techniques considered for this buoy have
to be technologically and computationally simple. The normal incidence technique,
which measures the reflectivity of the seabed at normal incidence, answers these
requirements.

Results

In this document, literature relating to normal incidence techniques for determining
geo-acoustic properties of sediment layers in the ocean is reviewed. The techniques
outlined in the literature are assessed for use with the REA buoy currently under
design as part of the RDS TD. While there is extensive literature on normal incidence
techniques for frequencies above 10 kHz and limited literature on experiments at lower
frequencies in all cases there are critical differences in geometry of these previous
experiments when compared to that of the REA buoy. One technique integrates the
bottom and bottom-surface returns to determine roughness and reflection coefficient of
the ocean-sediment interface. The frequency range for which this technique has been
used (>10 kHz; 1-10 kHz) is not compatible with the current source of the REA buoy.
A second technique uses waveform inversion to determine acoustic impedance (or
other property) as a function of travel time. Geo-acoustic properties are found using
either an iterative layer stripping technique or by minimizing the difference between
perturbed models and the measured signal via least squares or simulated annealing.
While the waveform inversion techniques have the most promise, the signal must be
sampled at least four times the Nyquist criteria (or resampled using Fourier techniques
if possible). A method for determining the attenuation of sub-surface layers is also
reviewed, and a modified version is presented for use with the REA buoy.

Military significance

The environmental measurements made by the CARbuoy add significant capability to
the detection and localization by the RDS systems that the CARbuoy supports. The
normal incidence technique is a powerful tool as it provides essential information on
the impedance of the surficial sediment layer.

Future plans

The techniques outlined in this report will be used to select the most appropriate
source for the REA buoy, and the optimal sampling frequency for the system.

DRDC Atlantic CR 2004-137 iii
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Sommaire

Introduction

L'un des systémes en voie de mise au point dans le cadre du projet de démonstration
de technologies du systéme a déploiement rapide (RDS) est une bouée (aussi appelée
bouée de recherche acoustique canadienne [CAR]) servant a trois fins :
communications, localisation d'éléments de réseau [AEL] et analyse rapide de
I'environnement [REA]. Dans le présent rapport, la bouée est appelée « bouée REA ».
En raison de contraintes logistiques, les techniques REA examinées pour cette bouée
doivent étre simples sur les plans de la technique et des calculs. La technique a
incidence normale, qui permet de mesurer la réflectivité du fond marin a une incidence
normale, répond a ces besoins.

Résultats

Dans le présent rapport, la documentation sur les techniques a incidence normale pour
la détermination des propriétés géo-acoustiques des couches sédimentaires de I'océan
est examinée. Les techniques décrites dans la documentation sont évaluées en vue de
leur utilisation en conjonction avec une bouée REA en voie de conception dans le
cadre du projet de démonstration de technologie du systéme RDS. Il y a beaucoup de
documentation sur les techniques a incidence normale a des fréquences supérieures a
10 kHz et une documentation limitée sur les expériences menées a des fréquences
inférieures, mais il y a, dans tous les cas, des différences critiques dans la géométrie de
ces expériences par rapport a celle de la bouée REA. Une des techniques intégre les
¢chos du fond et ceux de la surface du fond en vue de la détermination de la rugosité et
du coefficient de réflexion de l'interface océan-sédiment. La gamme de fréquences
pour laquelle cette technique a été utilisée (fréquences supérieures a 10 kHz, et bande
1-10 kHz) n'est pas compatible avec la source actuelle de la boué¢e REA. Une

seconde technique fait appel a I'inversion de la forme d'onde pour déterminer
I'impédance acoustique (ou une autre propriété) en fonction du temps de déplacement.
Les propriétés géo-acoustiques sont trouvées soit a 'aide d'une technique de décapage
itératif des couches, soit par la réduction de la différence notée entre les modeles
perturbés et le signal mesuré a I'aide de la méthode des moindres carrés ou du recuit
simulé. Bien que les techniques d'inversion de la forme d'onde soient les plus
prometteuses, le signal doit étre échantillonné a une fréquence égale a au moins
quatre fois le critére de Nyquist (ou ré-échantillonné au moyen des techniques de
Fourier dans la mesure du possible). Une méthode qui permet de déterminer
l'atténuation des couches sous-marines est €¢galement examinée, et une version
modifiée est présentée pour utilisation avec la bouée REA.

Importance militaire
Les mesures environnementales faites par la bou¢e REA améliorent de facon

significative les fonctions de détection et localisation des systémes RDS que les
bouées REA supportent. La technique a incidence normale est un outil important qui
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donne de I’information essentielle sur I’impédance de la couche superficielle de
sédiment.

Recherches futures
Les techniques décrites dans le présent rapport serviront a la sélection de la source la

plus appropriée pour la bouée REA et au choix de la fréquence d'échantillonnage
optimale pour le systéme.

Schillinger, D.J. 2005. Etude de faisabilité des techniques d'incidence normale pour utilisation
avec la bouée REA. RDDC Atlantique CR 2004-137. R & D pour la défense Canada -
Atlantique.
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1. Introduction

Obtaining geo-acoustic parameters other than impedance from normal incidence
experiments is difficult. Unambiguous estimates of both density and the speed of
sound in the sediment layers using this limited amount of acoustic information (no
angular dependence) are difficult to obtain when compared to full field inversion
techniques, where layer thickness can be obtained from shallow angle incidence paths.
The ratio of mono- and bi-static normal incidence returns can be used to classify
sediment types. Waveform inversion of normal incidence returns is used to estimate
impedance as a function of two-way travel time. Conducting normal incidence
experiments using broadband sources increases the amount of information available
for the geo-acoustic inversion. Also, the attenuation over a sub-bottom layer can be
estimated using the shift in peak frequency of a FM pulse.

Ideally buoy geometry and instrument selection would be made to suit the findings of
this report. However, the REA buoy is currently under design for other geo-acoustic
methods, and the use of normal incidence techniques would simply be a
complementary technique for specific environments. Due to this constraint, all
possible techniques are presented for review in the annotated bibliography (Section 2)
and presented in the context of the REA buoy design in the discussion (Section 3).

1.1 The Rapid Environmental Assessment Buoy

A rapid environmental assessment (REA) buoy is currently under design for the
Rapidly Deployable Systems (RDS) Technology Demonstration project. The primary
design will use a coherence technique on surface driven ambient sound to invert for
the geo-acoustical properties of the seabed. For this purpose the buoy will be
equipped with 3 sub-surface hydrophones in a vertical line array (VLA) located at mid
depth in the water column. For compatibility with other DRDC equipment (both
horizontal and vertical line arrays) the sampling frequency is limited to 2 kHz, and will
be equipped with a low pass filter at 800 Hz. For array element localization (AEL) the
buoy will also be equipped with an acoustic source with an operating range above 300
Hz. The surface realization of the REA buoy will also be equipped with an acoustic
modem for communication with bottom-mounted electronics.

For arctic environments surface driven ambient sound is not a suitable source for geo-
acoustical inversion. This annotated bibliography investigates normal incidence
techniques using the AEL source rather than the ambient sound generated at the
surface as an alternative method of geo-acoustic inversion for this buoy.

Due to design limitations, the AEL source will be at the bottom of a SPAR buoy. The
spar buoy will be tethered to the bottom anchor by a line of length three times the
bottom depth to reduce wave induced tugging on the mooring. While the VLA will be
kept vertical via a top float and bottom weight, the possible distance of the AEL source
to the VLA makes them unsuitable for normal incidence techniques and full field
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1.2

geometries. To facilitate the normal incidence techniques two hydrophones located
directly below the source will be added to the buoy.

Annotated Bibliography Summary

Full field geometry [1, 2] is the most commonly used technique for estimating the geo-
acoustical properties of the ocean bottom. Full field geometry makes use of angular
dependence of the reflected signal and sediment layer thickness can be determined
using shallow angle ray paths. The limitation of these techniques is the large spatial
area required to collect data, thereby limiting the horizontal resolution of the studies.

Quite often it is more desirable to collect only the normal incidence rays (as in the
seabed discrimination method). Data collected in this manner produces results with
higher horizontal resolution than full field inversion, and the experiment requires less
instrumentation. However, the amount of independent variables collected is reduced
(no angular dependence). As such, usually only one property can be determined via
normal incidence, most commonly impedance as a function of the acoustic travel time.

The simplest means to obtain information about the ocean sediment interface is to
integrate the energy of the bottom signal, and the surface bottom signal. The
integrated return technique relates the energy of the second return (bi-static or near
field) to the plane wave reflection coefficient, and the integrated energy of the first
return (monostatic far field) to the roughness of the interface [3]. However, geo-
acoustic parameters are extracted empirically and not numerically from this method.
This technique is well suited to ship mounted echo sounders for use in underway
surveys. The results are better described as seabed discrimination rather than geo-
acoustic inversion. There is extensive literature based on the classification of the
ocean bottom based on the acoustic return from ship-mounted bottom sounders [see
bibliography section seabed discrimination]. In fact there are three off the shelf
packages able to perform this classification, one (QTC View) based on statistical
qualities of the measured acoustic return from the ocean bottom [4], the other two
(Roxanne and EHCOPIlus) based on the roughness and reflection coefficient [5,6]. In
general the mono- and bi-static integral method is generally limited to frequencies
above 10 kHz although the integral method has been extended to 1- 10 kHz [7]. In
these applications the directivity of the device excludes interference of the downward
travelling surface multiples, while the high frequency used limits the amount of
interference from sub-surface returns.

A more complicated normal incidence method produces estimates of acoustic
impedance versus two way travel time. Of the normal incidence experiments
reviewed, all were conducted in deep water so as to gate out any surface-multiple
interference. Geo-acoustic parameters are obtained either via a least squares
techniques or using simulated annealing methods. With regard to the least squares
technique, either an iterative layer-stripping approach can be used or the bottom can be
modeled as a set of iso-velocity layers of equal thickness. In the first technique the
return from individual sub-layers are identified, modeled and then removed from the
measured signal, while the second technique models the pressure field at the receiver
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via the greens function and minimizes a set of perturbed models. Time domain
inversions must be sampled at more than the Nyquist frequency [8]. If the source has
a known frequency and form, the recorded signal (or the matched filtered return) can
be re-sampled at a higher rate using Fourier techniques [8].

A method for determining the attenuation of sub bottom layers has been reported [8].

In this paper the authors measure the shift in peak frequency of overlapping returns
from a FM pulse.

Feasible techniques for the REA buoy are presented in an annotated bibliography and
are summarized in Table 1. A more broad range of papers is included in a general
bibliography at the end of this document. A discussion section outlining this reports
choice of feasible methods is presented in Section 3.

Table 1 Summary of papers presented in annotated bibliography, c, «, p denote speed of sound,
attenuation and density. The subscripts s and p denote shear and compressional properties

AUTHORS DATE GEOMETRY TECHNIQUE PARAMETERS LIMITATIONS
Rajan, S.D. 1992 Deep Water Re (P) CpsCs, Op, Ols, P deep water gates
(1900m) surface returns
waveform inversion source strength and multiples
S =125m above can also be an (topless model)
bottom non-linear unknown
optimization algorithm dependent on
R = 1, 50m above initial guess
bottom full field ,
errors in source
CW source 220 Hz position have
significant effects
synthetic data 50, )
75, 100 Hz real-time ??
drift 0-3000m away 2m thick layers
terminated by half
space
Panda, S et al 1994 underway survey full wave form Z deep water gates
inversion weighted bottom-surface
FM pulse 2-16 kHz, | least square fitting
4-24 kHz with layer stripping baffle to reduces
first surface
frequency shift of multiples
pulse spectrum
a priori knowledge
biot theory of source wavelet
o
) layers are parallel,
porosity, p, mean laterally
grain size and ¢, | homogenous, and
Cs: Z reflection
coefficients are
independent of
frequency
phase dispersion
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and pulse
spreading can be
neglected

acoustic wave at
normal incidence

reflection
coefficients << 1

Wood, W.T. 1996 underway survey wave form inversion Z versus two way LLS is a linearized
and Lindwall, travel time version of Rajan
D.A. 15 kHz 0.22 ms linearized least
pulse squares (LLS) a priori knowledge
of wavelet
moon pool simulated annealing required
mounted source (SA) with layer
stripping dependent on
~240 m water initial guess for
depth LLS, not SA
no global
minimum found
for SA when
phase is included
Holland C.W 2000 towed source, time domain Z,C iterative process,
and Osler J uniboom (0.6-6 guided by user
kHz) frequency domain ap _
not real time
shallow tow, short feedback
duration transmit wide angle
pulse full field reflection
one fixed receiver
shallow (150m)
water
Hines P.C., 2000 1-10 kHz monostatic and roughness bistatic return
Heald, G.J. bistatic return dependent on
z surface
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2. Annotated Bibliography

2.1 Waveform inversion, iterative layer stripping

2.1.1 S.Panda, L.R. LeBlanc, and S.G. Schock, “Sediment
classification based on impedance and attenuation
estimation,” J. Acoust. Soc. Am. 96, 3022-3055 (1994).

Estimates of the plane wave reflection coefficient and the attenuation of sub-bottom
sediment layers are determined in this paper. In addition, other properties including
the porosity, density, mean grain size and sound speed were determined using Biot
theory. The impedance is obtained using waveform inversion of an FM pulse swept
from 2 to 16 kHz. The following assumptions are made about the seabed:

layers are parallel and laterally homogeneous

interface reflection coefficients are frequency independent
phase dispersion and pulse spreading can be neglected
acoustic wave travels at normal incidence through the layers
reflection coefficients are less than 1

The potential time of arrival of the first reflection is identified (t). A set of 2n+1
signals each with start times ranging -n*t+t to n*t+t are determined and the exact
time and amplitude of the measured signal is calculated by minimizing the difference
between the observed data and the set of synthetic data. This synthetic signal is used
to remove the signal from the first reflector from the observed signal. Arrivals from
deeper layers are sequentially identified and removed following the same method as
for the first arrival (layer stripping algorithm). A weighting algorithm is employed to
aid in resolving overlapping signals from thin sediment layers.

An estimate of attenuation is made from the shift in centre frequency of the returned
pulse. This shift arises from the frequency dependence of the attenuation in a
sediment layer. The centre frequency is estimated form the instantaneous frequency of
the analytic signal. The frequency shift is then converted to a relaxation time for
which models exist to relate this quantity to attenuation.

These methods were used on synthetic data, and performed well even in the presence

of noise. For experimental data, sampling at the Nyquist frequency was inadequate in
resolving phase errors. To overcome this, the data were resampled at four times their
original rate using FFT methods.
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Finally sediment type prediction is quantified using Biot theory. Physical properties of
sediments (porosity, grain density, bulk density, bulk compressibility and the modulus
of rigidity) are related to the acoustical properties (impedance, compressional wave
velocity and attenuation).

2.1.2 Discussion

The REA buoy will not be able to produce FM pulses, so the method used to
determine attenuation cannot be used. However, a variation of this method is
presented in Section 3 of this report, which might be able to produce the attenuation
via a means amenable to the AEL source.

The waveform inversion technique requires either a high sampling rate (4 times the
Nyquist frequency), or the signal must be able to be accurately resampled using
Fourier techniques. Even so, given that the source and receivers of the REA are close
to the surface the complication of interference from surface multiples may limit the
reliability of the estimates provided by this method. The application of this technique
with the proposed geometry of the REA buoy is investigated in Section 3 of this
report.

Another alternative is to have the source and one hydrophone co-located in the bottom

of the surface buoy. If the buoy is made from syntactic foam, the hydrophone may be
shielded from any surface returns.

2.1.3 Related papers
P. Cobo-Parra, and C. Ranz-Guerra, “Impedance profile and overall attenuation
estimation of layered sea bottoms from their normal incidence acoustic reflection

response,” J. Acoust. Soc. Am. 85, 2388-2393 (1989).

L.R. LeBlanc, L. Mayer, M. Rufino, S.G. Schock, and J. King, “Marine sediment
classification using chirp sonar,” J. Acoust. Soc. Am. 91, 107-115 (1992).

L.R. LeBlanc, S. Panda, and S.G. Schock, “Sonar attenuation modeling for
classification of marine sediments,” J. Acoust. Soc. Am. 91, 116-126 (1992)

P.S. Hauge, “Measurements of attenuation from vertical seismic profiles,” Geophysics
46, 1548-1558 (1981).
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2.2 Waveform inversion, model

2.2.1 S.D. Rajan, “Waveform inversion for the geoacoustic
parameters of the ocean bottom,” J. Acoust. Soc. Am. 91,
3228-3241 (1992).

In this paper, waveform inversions are performed on synthetic data for tonals at 50, 75
and 100 Hz as well as for an experimental 220-Hz source. Parameters obtained in the
inversion are density, as well as the attenuation and both compressional and shear
sound speeds. The ocean bottom is modelled as a set of iso-velocity layers 2 m thick.
A priori information can be included in the model, and an initial guess of the
environment is required. In fact, the results are dependent on how close the initial
guess is to the actual parameters. The experiment is conducted with the source at
ranges from 1 to 6 km, resulting in a full field inversion. The source is towed close
(~150 m) to the ocean bottom in deep water (~2000 m) thereby gating out surface
returns.

The estimates for the acoustic model come from minimizing the least squares cost
function. In this case the solution is constrained by an initial guess of the physical
parameters. In the calculation of the forward model, the pressure field is determined
using a topless and iso-velocity ocean.

The performance of the technique is evaluated using both the complex pressure field
and the magnitude of the pressure field. Performance using only the magnitude is
comparable to using the complex data, which is significant for experimental situations
where the complex pressure field is more difficult to measure. In the presence of
noise, the complex pressure field performs betters than the real pressure field.

Several parameters affecting the quality of the inversion are investigated. These are
presence of noise, range error, source height variation, as well as the error associated
with modeling the sediment as a fluid. While the algorithm is robust in the presence of
noise, errors in range and source depth lead to significant errors in the estimates, with
the range error being more critical than the depth error.

Inversion of real data taken in deep water (1907 m) with two hydrophones located 1.17
and 54.55 m off the ocean bottom. The source was suspended from a ship by a cable

and suffered from vertical oscillations. Mean source height was 135 m from the
bottom. For the experimental data three assumptions were made:

shear effect at 220 Hz is negligible
measured field is most sensitive to compressional wave speed in the sediment.
the density and attenuation were assumed known.

approximate depths of the sediment layers were estimated using 3.5 kHz seismic data.
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2.2.2 W.T.Wood,and D.A. Lindwall, “Full waveform inversion of
field sonar returns for a visco-acoustic Earth; A comparison
of linearized and fully non-linear methods,” IEEE J. Ocean.
Eng. 21, 423-431 (1996).

The experiment described in this paper uses narrow frequency band source with a
normal incidence geometry to invert for acoustic impedance as a function of two-way
travel time. Short (0.22 ms) mid frequency (15 kHz) pulses are sent and received by a
ship-mounted transducer. Two inversion techniques are compared for speed of
inversion and experimental limitations. They used an EDO transducer tuned to 15
kHz, which was either omni, or had a 55-degree beam width (EDO makes two
transducers which fit the description given in the paper and it is not clear which one
they used).

The first technique reduces the inversion to a linear problem by reducing the ocean
bottom to a number of layers of constant travel time and is called a Linear Least
Squares Inversion (LLSI). The method uses the iterative matrix equation from
Tarantola. To solve the inversion problem a starting model must be provided, along
with a covariance matrix of both the model and data. This requirement for a priori
information may result in a local minimum in optimization if this information is too far
from the true values. Also, the data pass band is based on an event-picker, which may
fail if there is too much additive noise, too narrow a bandwidth, or if there is
interference in the reflections. The event picker is an algorithm similar to Panda et al,
where thick layer solutions are assumed. The results from this event picker seed the
model for the LLSI. The solution set was found quite quickly using this technique, but
the problem will increase geometrically with frequency, and will also require more
time if new matrices are required for each ping.

It must be noted that the LLSI method used here is a linearized version of the one used
in Rajan. The method used in Rajan is simplified by the normal incidence geometry.
In addition, in this paper the model is determined in frequency space so as to reduce
the number of data points required. In Rajan, the entire returned signal is considered,
while here only time-gated signals corresponding to signals from single reflectors are
considered (the event picker).

Simulated annealing (SA) is the second technique used for inversion. In this case the
search is conducted over model space by perturbing one variable of the current model,
calculating synthetic data with a forward model and comparing this to the measured
data using an objective function. The technique is based on the classic Metropolis
algorithm, but includes a layer dependence introduced to solve for the upper layers
first. Their SA algorithm has elements of the very fast simulated re-annealing
(VESA), while their forward model uses the reflectivity code PNSEB. A convolution
method similar to LLSI could have been used, but the reflectivity method had been
previously integrated to the authors SA for application to other data. Because only
impedance can be recovered from the data presented here the compressional velocity is
held constant while solving for density and layer thickness.
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The SA method requires no a priori information, and uses a more sophisticated wave
based algorithm for its forward calculations, but at the cost of computing time. Initial
attempts to invert synthetic data for layer thickness and impedance failed. By using
only the waveform envelope the computation time was reduced, but phase information
was lost. A two-pronged SA approach was suggested, where the envelope method
finds the events and seeds the model with the layer numbers, followed by a full SA
method to refine density estimates (as density is sensitive the phase information).

LSSI will not work for strong interbed multiples, strongly varying Q, or lateral
variability.

2.2.3 Related papers

G.S. Pan, R.P Phinney, and R.1.Odum, “Full waveform inversion of plane-wave
seismograms in stratified acoustic media: Theory and feasibility,” Geophysics 53, 21-
31 (1988).

G.V. Frisk, A.V. Oppenheim, and D.R. Martinez, “A technique for measuring the
plane-wave reflection coefficient of the ocean bottom,” J. Acoust. Soc. Am. 68, 602-
612 (1980).

S. Mallick, and L. N. Frazer, “Practical aspects of reflectivity modeling,” Geophysics,
52, 1355-1364 (1987).

M.K. Sen, and P.L. Stoffa, “Nonlinear one-dimensional seismic waveform inversion
using simulated annealing,” Geophysics, 56, 1624-1638 (1991).

2.2.4 Discussion

Wood and Lindwall are closest to the geometry of the REA buoy, while Rajan uses
frequencies more comparable to the REA buoy. Wood and Lindwall claim that their
model is effective at identifying large impedance contrasts though their experimental
results did not compare well to core data at small scales. They account for their
differences by suggesting high lateral variability in small (< 10cm thick features). The
impedance at the ocean sediment interface agree with Caiti et. al (see later). The large
scale features modelled in Rajan were consistent with those obtained by other
investigators.

2.3 Parametric SONAR

2.3.1 A. Caiti, O. Bergem , J. Dybedal , “Parametric sonars for
seafloor characterization,” Meas. Sci. Tech. 10, 1105-1115
(1999).

This paper discusses the advantages that parametric sonars represent over traditional
sources; that they are narrow beam rather than wide beam. The authors use the BoRIS

DRDC Atlantic CR 2004-137 9



2.4

10

prediction code to model the environment. The geometry is such that source signal is
steered at normal incidence and the returned signal is recorded on an omni-directional
receiver co-located with the source.

The sound speed in water, water depth and source characteristics are all assumed
known. The unknowns are mean acoustic impedance, a,, RMS seabed roughness and
the mean volume inhomogeneity.

Experimental results comparing estimated impedance to measured values taken from
core samples ‘reveal remarkable agreement’.

This approach can be applied to the uppermost layer of unconsolidated marine
sediments with low bioturbation.

2.3.2 Discussion

Since the REA buoy will not be equipped with a parametric SONAR, a detailed
analysis of the methods involved are not presented here. However, the results here do
support the waveform inversion of Wood and Lindwall.

Integrated energy of mono- and bi-static returns

The integrated energy from the trailing edge of the direct bottom return and the
integrated energy of the bottom-surface return are related to the bottom roughness and
the reflection coefficient of the ocean-sediment interface.

2.4.1 J.C. Osler, P.C. Hines, M.V. Trevorrow, “Acoustic and in-situ
techniques for measuring the spatial variability of seabed
geoacoustic parameters in littoral environments,” Impact of
littoral environmental variability on acoustic predictions and
SONAR performance,N.G. Pace, and F.B. Jenson eds, 83-90
(2002).

In this experiment a highly directional, downward looking source is used to classify
surficial sediment. The ratio of integrated energy of the bottom and bottom surface
returns are used to classify sediments. The source frequency is in the 1-10 kHz range
where bottom roughness at the seabed is the dominant scattering mechanism.

2.4.2 Related Papers
G.J. Heald, N.G. Pace, ”An analysis of 1st and 2nd backscatter for seabed

classification,” 3rd European conference on underwater acoustics Heraklion Greece,
J.S Papadakis ed, 649-654 (1996).
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P.C. Hines,G.J. Heald, ”Seabed classification using normal incidence backscatter
measurements in the 1-10 kHz frequency band,” Proceedings of the institute of
acoustics,T.G. Leighton ed.,Vol 23 part2 (2000).

2.4.3 Discussion

Given the geometry of the REA buoy this technique would likely be the most effective
provided the time between the arrival of the bottom signal and the bottom-surface
return was longer than the pulse length of the signal. However, only information about
the uppermost sediment layer would be retrieved. Also, it is not clear that this
technique can be extended to frequencies less than 1 kHz.
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2.6

12

Biot theory

While not specific to normal incidence techniques, the impedance and attenuation data
collected via normal incidence techniques can be expanded on using this theory [8].

2.5.1 K.L. Williams, D.R. Jackson, E.I. Thorsos, D. Tang, and S.G.
Schock, “Comparions of sound speed and attenuation
measured in a sandy sediment to predications based on
Biot Theory of porous media,” IEEE J. Ocean. Eng. 27, 413-
428 (2002)

The data presented here are part of a bigger data set, SAX99. This paper deals
compares in situ measurements to fast-wave-sound-speed and attenuation estimates
using Biot theory.

2.5.2 Related papers

K.L. Williams, “An effective density fluid model for acoustic propagation in
sediments derived from Biot theory” J. Acoust. Soc. Am. 110, 2276-2281 (2001).

2.5.3 Discussion

This topic is beyond the scope of this report. This section was included only because
Panda et. al used this theory report on grain size and porosity.

Full field inversion

Many normal incidence techniques use data from other nearby experiments to seed
their models. In addition, there will be many REA buoys deployed each using a near
surface source and a near bottom receiver for array element localization. In the event
that normal incidence is not feasible, a full field experiment using the REA buoys may
be necessary.

2.6.1 C.W. Holland, and J. Osler, “High-resolution geoacoustic
inversion in shallow water: A joint time- and frequency-
domain technique,” J. Acoust. Soc. Am. 107, 1263-1279
(2000).

In this paper a combined time and frequency technique is used to invert for density,
absorption, and compressional sound speed from full field inversion of 1-6 kHz pulses.
The recorded time series is used to pick out layers, interval velocities and layer
thickness. Ray theory and a bottom loss model are used on interval windows
(bounding the reflecting surfaces) to invert for the reflection coefficient, density and
attenuation. A layer stripping method is employed whereby the properties of the
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water-sediment interfaces are calculated first. I do not think an inversion algorithm
was used in this case, but rather the model was fitted to the data ad hoc.

2.6.2 C.W. Holland, “Coupled scattering and reflection
measurements in shallow water,” IEEE J. Ocean. Eng. 27,
454-470 (2002).

This paper is an extension of Holland and Osler (2000). In this particular experiment
the angle of intromission is observed, and is used with the normal incidence
backscatter to provide an unambiguous measurement of density and sound speed. The
time and frequency methods of Holland and Osler are used to get sound speed, density
and attenuation of the sediment layers.

Seabed discrimination

There is a large quantity of papers describing seabed discrimination using acoustic
means. Three off-the-shelf packages exist to make such discriminations: ECHOplus,
RoxAnne, and QTC view. ECHOplus and RoxAnne make use of the direct and
bottom-surface returns to discriminate bottom types, while QTC view makes use of
statistical properties of the returned signal. The papers are too numerous to list here,
but many are listed in the bibliography under seabed discrimination.
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3.

REA buoy design considerations

14

If only surficial sediment discrimination is required from the REA buoy, mounting a
standard echo sounder to the surface realization of the buoy would be easy to
implement. The mono and bi-static return integral method is simple to implement and
collect. However, the equipment for the REA buoy is limited to an acoustic source
meant also for array element localization (AEL) with an operating range from 200 to
800 Hz, where the upper range is imposed by a sampling rate limitation of the data
acquisition equipment. This frequency range is below that necessary for bottom
roughness to be the dominant reflection mechanism. Another reason this method is
not suitable for the present design of the REA buoy is that the source will likely be
located at the bottom of the surface buoy at a depth equivalent to less than the signal
length. This makes interference from surface reflections a problem.

For the waveform inversion methods, the sum of the direct and surface reflection from
the source can be used as the source signal in a matched filtered application of the
measured data. However, the returns from the bottom also suffer from interference
from their reflection off the surface making surface interference a problem for this
method as well. One possible means of overcoming this problem are to position the
source so that the delay between the direct and surface reflected path is greater than
the length of the source signal. In the absence of buoy motion the measured signal
would yield three distinct returns per interface. The first to arrive is the direct bottom
reflection. The second is the sum of the bottom-surface signal and the surface-bottom
signal, both of which have identical path lengths provided the geometry of the
instrument remains constant. The final arrival would be the surface-bottom-surface
return. The layer-stripping algorithm would then find each of these signals. By setting
the algorithm to only compute reflection coefficients for every third signal the two-
way travel time to each interface and an estimate of the reflection coefficients at the
interface may be obtained.

Following Panda et al., Figure 1 shows theoretical results, using a source frequency of
400 Hz, a sampling rate of 3200 Hz (which could be obtained by sampling at the 2000
Hz possible using the REA instrumentation, and resampling the observed signal at
twice that rate using Fourier methods). The source signal (I) and the surface reflection
(IT) is shown in a, while the time gated matched field signal is shown in b. The direct
bottom reflections from each interface are shown as III, IV, V. The residual signal
(measured minus modelled) is shown in c. It is clear that even at 4 times the Nyquist
frequency the energy from all reflections is not completely modelled. The signal
length was 5 ms, and the source was at 10 m depth. The model parameters for the
interface are given in Table 2. The results from the synthetic experiment are compared
to the model in Table 3.

By reducing the source depth, the direct and surface reflection signals begin to
overlap. This results in erroneous estimates of the reflection coefficient R using the
layer stripping technique, although the correct two-way travel time is identified. The
LLSI may be able to extract the layers and their equivalent mirror surfaces (located at
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a depth deeper than the real surface by the depth of the source) if the model layer
thickness could be made small enough, and if close approximations to the actual model
could be made in the initial guess.

One problem of the normal incidence technique is the inability to resolve layer
thickness. As a result an estimate of attenuation is not possible. However, since in the
REA application, all measurements would come from the same site, the REA buoy
could ping at different frequencies over its operating range. Using the layer stripping
technique the amplitude from each interface could be plotted versus frequency. Since
sediment layer thickness, reflection coefficient and spreading losses are frequency
independent the slope of the line should give the attenuation while the y-intercept
should be the combined effect of spreading losses and reflection.

The ideal geometry for waveform inversion would be to have the source located near
the bottom. The hydrophones would need to be at a distance so that the direct signal
has completed passed before the arrival of any reflections from sediment layers.

If the problem of surface interference cannot be overcome and the source and
hydrophone cannot be located at depth, perhaps a full field experiment can be
conducted using several nearby REA buoys and their AEL sources. The recorded
signal at each REA buoy of the AEL from one buoy would each provide independent
data provided distinct arrivals could be distinguished.

DRDC Atlantic CR 2004-137 15



|
012 012 "
0.002 #
0.004 |- #
014 014 4
0.006 - B
0008l | 018 016 i
0.01F =
018+ 018 -
0.012F 4
00141 | 02- 02- &
' I
0.016 #
022 0.22 "
0.018 B
0.02 L1 1 024t 024+ E|
-5 0 5 -1 -1 0

Figure 1. Source signal (I) and surface reflection (I) in a. Time gated matched filter signal (b) shows
reflections from interfaces (l11,1V, V), and the residual signal (modelled — experimental). Source was at 10

m depth, signal length was 5 ms.

Table 2. Sediment layer model

INTERFACE LAYER SOUND TWO-WAY R
DEPTH SPEED TRAVEL TIME
(m) (m/s) (s)
1 0. 1200 0.1197 0. 1200 0.5
2 0.1716 0.1712 0.1716 0.5
3 0.2161 0.2156 0.2161 1.0
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Table 3. Experimental results using synthetic data created from a sediment model

INTERFACE TWO-WAY R TWO-WAY R
TRAVEL TIME TRAVEL TIME
Model Model Experimental Experimental
1 0. 1200 0.5 0.1197 0.5000
2 0.1716 0.5 0.1712 0.4969
3 0.2161 1.0 0.2156 0.9536

DRDC Atlantic CR 2004-137
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