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Executive Summary:

Mines which are completely buried in certain types of ocean sediments are

generally considered undetectable for conventional high frequency minehunt-

ing sonars. This is due to the very low levels of energy that are transmitted

into the sediment for these frequencies at the low grazing angles favored for

minehunting operations. Since the attenuative e�ect of the sediment is less at

lower frequencies, some recent work at SACLANTCEN has investigated the

possibility of using much lower frequency sonars at low grazing angles in order

to enhance the ability to hunt buried mines.

The basic physics of sound penetration into the sediment is a current area of

active research, since a good understanding of this phenomenon is essential for

designing systems that can e�ectively hunt buried mines. Several researchers

have reported anomalously high levels of sound penetration into ocean sedi-

ments when compared to basic theory, and competing hypotheses have arisen

in order to explain this e�ect.

This report presents the results of a recent experiment, part of which was aimed

at attempting to explain the mechanism(s) by which anomalously high levels

of energy are transmitted into the sediment. Acoustic energy in the frequency

band 2-16 kHz was directed toward a sandy seabottom, and buried hydrophones

measured the incoming signals. Two di�erent theoretical approaches have been

used to model the experimental results. The conclusion is that fundamental

sound propagation theory can explain the received levels for frequencies below

5-7 kHz, but that scattering due to the rough nature of the seabed is the

dominant mechanism above these frequencies.

Future work in this area will in part concentrate on verifying the results pre-

sented in this report, and generalizing for other types of seabeds. Also, buried-

target backscattering measurements have been made in the same frequency

range, and the results will be reported using the conclusions of this report as

a guide. Finally, recommendations for system concepts that can enhance the

ability to hunt buried mines will be made based on the results of these studies.
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Abstract:

This paper presents the results of a recent study whose overall objectives are

to determine the mechanism(s) contributing to subcritical acoustic penetration

into ocean sediments, and to quantify the results for use in sonar performance

prediction for the detection of buried objects. In situ acoustic measurements

were performed on a sandy bottom whose geoacoustic properties were carefully

identi�ed. A parametric array mounted on a tower moving on a rail was used

to insonify hydrophones located above and below the sediment interface. An

extensive dataset covering grazing angles both above and below the estimated

critical angle and frequencies between 2-16 kHz was acquired and processed.

The results are compared to models. For the speci�c bottom type examined,

it is shown that for frequencies below 5-7 kHz the sound �eld into the sed-

iment due to subcritical insoni�cation is dominated by the evanescent �eld,

while scattering due to the surface roughness is the dominant mechanism for

higher frequencies. However, it must be mentioned that the contribution of the

roughness scattering was always found to be lower than the one obtained at

lower frequency with the evanescent wave.

Keywords: sea
oor � scattering � sound penetration � kirchho� � small

perturbation � evanescent wave �
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1
Introduction

Sonars are important tools for the detection of buried objects such as mines, pipelines,

containers or shipwrecks for example. The detection of such objects by conventional

high-frequency sonars is limited by the physics of high-frequency sound penetration

into the sediment.

Other research institutions have proposed buried object detection and classi�cation

systems using lower frequencies and normal incidence or swath approaches designed

to work above to the critical grazing angle. The NATO SACLANT Undersea Re-

search Centre (SACLANTCEN) has investigated an alternative approach to buried

object detection using a parametric source (with secondary frequencies in the range

2-16 kHz ) at low grazing angles, including below the critical grazing angle. This

approach would provide larger area coverage.

In order to pursue this approach, it is very important to understand the basic physics

underlying the penetration of acoustic energy into ocean sediments. Snell-Descartes

analysis [1] predicts evanescent energy propagating in the sediment for subcritical

grazing angles. Recent investigations ([2], [3]) have shown experimental evidence

of "anomalous" acoustic penetration below the critical grazing angle due to other

mechanisms. Several theoretical explanations have been promulgated for this phe-

nomenon, including:

� 1. the roughness of the water-sediment interface [4],

� 2. the e�ect of using a narrow beamwidth [5],

� 3. the porous nature of the sediment that leads to a second "slow" compres-

sional wave with a wave speed less than the speed of sound the water in [6],

� 4. the volume inhomogeneities within the sediment that scatters the evanescent

wave. [7],[8],[9],[10]

The goal of this work is to investigate the cause of acoustic penetration into ocean

sediments, and to quantify the e�ect to aid in our buried object detection sonar

design and performance prediction.

{ 1 { SACLANTCEN SR-287
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The acoustic measurements addressing the penetration hypotheses were performed

using the TOPAS parametric source [13] covering the frequency range 2-16 kHz for

the secondary frequencies and the 35-45 kHz for the primary frequencies. The sonar

was located 8 meters above the interface and displaced horizontally from 12.5 to 30

meters (grazing angles from 32.6 to 14.9 degrees) from a set of hydrophones both

in the water column and into the sediment. Environmental measurements were

performed, such as coring and sub-bottom pro�ling, in order to characterize the

bottom in which the hydrophones were buried. An underwater digital video camera

was also used by divers to have some idea about the roughness of the bottom.

This report describes the results obtained for hydrophones deployed at two di�erent

depths into the sediment (30 and 60cm) as a function of the grazing angle and of

the frequency of the incident beam.

Section 2 is dedicated to the description of the experimental set-up. A brief descrip-

tion of the equipment used, and especially of the rail facility specially designed for

this kind of experiment is given [14]. The results and the interpretation of the cores

and of the boomer survey are also given.

Section 3 describes the results obtained after processing the collected data. The

variation of the Sound Pressure Level and therefore the penetration ratio (de�ned

as the magnitude of the ratio in dB of the acoustic pressure in the sediment to the

incident pressure in the water at the same frequency) within the sediment (including

the loss at the interface water-sand) are given as a function of the grazing angle, the

frequency and the burial depths of the hydrophones. Both frequency ranges (2-16

kHz and 35-45 kHz) of the sonar are considered.

Section 4 presents the di�erent theoretical approaches and the associated numerical

models used for comparison with the data. The �rst model uses a combination of the

standard OASES code and a perturbation approach to compute the 3D scattered

�eld in the ocean waveguide [11]. The second model corresponds to a 3D simulation

of the penetration ratio using the Helmholtz-Kirchho� theory on a rough surface

[12]. The two models used the same statistically generated rough surface of similar

direction to that observed by divers during the at-sea experiment. A comparison

of the data to the models is therefore performed which yields the conclusion: for

the speci�c bottom type examined, subcritical penetration is dominated by the

evanescent �eld below 5-7 kHz, while scattering due to the surface roughness is

the dominant mechanism for higher frequencies. Also the analysis shows that the

frequency dependence of sound speed predicted by the Biot theory may be important

in porous sand sediments, primarly because of the associated change in critical angle.

Section 5 summarizes the e�ort and gives directions for future work.

SACLANTCEN SR-287 { 2 {
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�
Experimental Setup

��� Equipment and geometry

The parametric sonar used for this experiment was the SIMRAD TOPAS �TOpo�
graphic PArametric Sonar� ����	 A short single pulse is obtained by transmitting
a weighted HF�burst at the primary frequency	 The TOPAS transducer consists of

� staves� electronically controlled to form a beam in a selected direction	 It covers
the frequency range 
��
 kHz for the secondary frequency and the ����� kHz for
the primary frequency	 The transmitting source level is approximately 
�� dB for
the primary frequency	 The source levels obtained at di�erent frequencies vary from
about ��� to 
�� dB�� m ref	 �Pascal at � m in the 
 to �
 kHz frequency band	

The broadband integrated source level obtained for di�erent Ricker pulses of the
low�frequency generated by the parametric sonar are given in Table �� while Fig	
� shows graphically the temporal signals of the Ricker pulses with their associated
spectra	

Pulse Beam Width Band Width LF SL HF SL
HF�LF ���dB� LF ���dB� �dB���Pa� �dB���Pa�

Ricker �kHz �� � �� 
 kHz 
�� 
��

Ricker �kHz �� � �� � kHz 
��	� 
��

Ricker �kHz �� � �� 
 kHz 
�
	
 
��

Table � Source level measurements

Figure � Ricker pulses and their spectra

� � � SACLANTCEN SR����
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It must be noticed that no strong di�erence are observed bteween the di�erent
Ricker pulses generated by the TOPAS parametric sonar� The main di�erences are
the central frequency and the bandwidths of the generated signals�

A complete calibration of the TOPAS transmitter may be found in ����� while a
description of the main functionalities of the TOPAS may be found in the operation
manual from Simrad ��	��

The experimantal set up for the penetration measurements is shown in Fig� 
�

�����yyyyy

�����yyyyy

Figure � Experimental Setup

SACLANTCEN SR���� � � �
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For acquisition under variable conditions of trial geometry� the transmitter was
mounted on a variable�height tower �xed to �m for this experiment� The tower
in turn was mounted on a �� m linear rail deployed on the bottom� along which
its position could be precisely controlled using a pneumatic motor� The TOPAS
transmitter was mounted in a Pan�and�Tilt assembly with a MRU 	Motion Reference
Unit
 so that arbitrary transmission directions could be accurately measured� A
detailed description of the experimental set�up may be found in ���
�

Fig� � shows the structure used to support the TOPAS parametric sonar� Note the
vertical and horizontal Pan�and�Tilt motors which were essential for the accurate
steering of the TOPAS sonar on the buried hydrophones� The ���element array was
used as a receiver for a di�erent portion of the trial dealing with the detection of
buried targets�

Figure � TOPAS parametric sonar with Pan�and�Tilt unit

Fig� � shows the tower on which the sonar is mounted and the structure with four
legs providing stability� This structure was mounted on a small trolley which is
running on the rail� An underwater video camera was mounted on the structure to
accurately measure the position of the sonar on the rail�

� � � SACLANTCEN SR����
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Figure � Tower mounted on rail laying on the bottom

During the �rst day �June ��th� of this phase of the experiment� the �rst hydrophone
was put on the bottom and the second buried into the sandy sediment at �	
 cm
depth� However� the hydrophone in the water column was too close to the bottom�
and it was not possible to separate in time the signal received from the direct path
from that received from the bottom bounce� It was therefore decided to change the
geometry for the second day �June ��nd�� The hydrophone in the water column was
moved to 

cm above the sea �oor� Two hydrophones� instead of one were buried
into the sediment at �	
cm and �

cm respectively�

Di�erent grazing angles were achieved by moving the tower along the rail� The direc�
tion of the transmitter in the horizontal plane was carefully adjusted by mechanically
moving the pan unit until the maximum signal was received on the hydrophones�
Both primary and secondary frequencies of the parametric sonar were received by
the data acquisition system shown in Fig� �� The range from the sonar to the
hydrophones was far enough for the truncation of the primary near �eld by the
water�sediment interface not to play a part in acoustic penetration ��
��

SACLANTCEN SR���� � 
 �
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Figure � Data Acquisition System

Reson hydrophones �type TC����� were used for all the measurements� A pre�

ampli	er was speci	cally designed at Saclantcen to account for the di
erence in
source level between the primary and the secondary frequency of the TOPAS� Par�

ticular attention was given to the design of a 	lter which should have a linear phase

and very low inter�modulation level� and which would therefore prevent any gener�

ation of electronic low�frequency signal by the inter�modulation of pairs of primary

frequencies within the band�

Two types of measurements were performed at di
erent positions of the tower along

the rail� moving tilt and 	xed tilt�

In the moving tilt case� signals were transmitted at a 	xed interval while the tilt

unit mechanically swept a sector in the vertical plane of approximately �� degrees

centered on the direction of the receiving hydrophones� In the 	xed tilt case� the
vertical angle of transmission was 	rst determined by mechanically moving the tilt

unit in the vertical plane until the maximum signal was received on the hydrophones�

and subsequently a series of pulses were transmitted keeping the tilt unit 	xed� The


maximum
 signal was estimated by observing the change in received amplitude on

an analog oscilloscope�

The moving tilt experiment was aimed at the measurement of the TOPAS beampat�

tern in the vertical plane at primary and secondary frequencies� while the 	xed tilt

experiment was aimed at the measurement of the transfer function of the sediment�

Table � and table � lists the signals transmitted for both experiments on the 	rst

day and the second day� respectively�

� � � SACLANTCEN SR����
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Table 2 List of transmitted signals and corresponding geometries during day June

18th

Rail Pos. Range (m) Tilt (deg) Run Type Signals

0 15.0 -29.9 Fixed Tilt Ricker 5

-50 to -10 Moving Tilt Ricker 5, 8, 10, 4, LFM 2-10 10ms

1 17.5 -24.2 Fixed Tilt Ricker 5

-50 to -10 Moving Tilt Ricker 5, 8, 10, 4, LFM 2-10 10ms

2 20.0 -21.0 Fixed Tilt Ricker 5

-50 to -10 Moving Tilt Ricker 5, 8, 10, 4, LFM 2-10 10ms

3 25.0 -16.9 Fixed Tilt Ricker 5

-50 to -10 Moving Tilt Ricker 5, 8, 10, 4, LFM 2-10 10ms

4 30.0 -14.0 Fixed Tilt Ricker 5

-50 to -10 Moving Tilt Ricker 5, 8, 10, 4, LFM 2-10 10ms

5 22.5 -19.3 Fixed Tilt Ricker 5

-50 to -10 Moving Tilt Ricker 5, 8, 10, 4, LFM 2-10 10ms

6 12.5 -29.9 Fixed Tilt Ricker 5

-50 to -10 Moving Tilt Ricker 5, 8, 10, 4, LFM 2-10 10ms

Table 3 List of transmitted signals and corresponding geometries during day

June22nd

Rail Range Tilt (deg) Tilt (deg) Tilt (deg) Run Type Signals

Position (m) Hyd+60 Hyd-30 Hyd-60

0 13.0 -28.4 -30.5 -33.1 Fixed Tilt Ricker 5

-50 to -10 Moving Tilt Ricker 5, 8, 4,

LFM 2-10 10ms

1 20.0 -20.1 -21.7 -23.1 Fixed Tilt Ricker 5

-50 to -10 Moving Tilt Ricker 5, 8, 4,

LFM 2-10 10ms

2 25.0 -16.7 -18.1 -18.5 Fixed Tilt Ricker 5

-50 to -10 Moving Tilt Ricker 5, 8, 4,

LFM 2-10 10ms

3 30.0 -13.9 -14.5 -14.5 Fixed Tilt Ricker 5

-50 to -10 Moving Tilt Ricker 5, 8, 4,

LFM 2-10 10ms

SACLANTCEN SR-287 { 8 {
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2.2 Bottom properties

The experiment was performed on a sandy bottom in 10 meters water depth in the

Biodola Gulf on the North side of Elba Island.

2.2.1 Coring results

Cores were collected to measure the sound speed in the sediment and to determine

the characteristics of the sediment in terms of porosity, grain size, composition and

density.

The measured sound speed into the sediment was found to be 1720m/s which means

a critical angle of 28 degrees taking into account a sound speed in the water equal

to 1525m/s. Note that this sound speed was measured with laboratory equipment

operating at 200 kHz. The relevance of this measurement to the low-frequency

penetration is an important issue which will be addressed in Section 4.

The composition of the sediment is given in Table 4.

Table 4 Biodiola bottom composition

Gravel Sand Silt Clay

Percentage (%) 0 97.4 1.3 1.4

The average density and porosity were found respectively equal to 1.92 and 44.55

%. The average grain size was of the order of 2.28 (in � units, which corresponds

to 0.2 mm) corresponding to the classi�cation of �ne sand.

2.2.2 Sub-bottom pro�ling

A sub-bottom pro�ling ("boomer") survey was performed in the area before burying

the hydrophones. The following pro�le was found:

According to the 1720m/s sound speed measured into the sediment with the coring

measurements, the �rst layer of sand was approximately 1.8 meters thick.

{ 9 { SACLANTCEN SR-287
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Figure � sub�bottom pro�ling characteristics

����� Roughness Measurements

The measurement of the bottom roughness was performed by divers who took mea�

surements of the sand ripples height and wavelength� It was found that the rms

roughness height was of the order of � to � cm� The sand ripples wavelength was

estimated to be �� cm� Further experiments will have to consider some measure�

ment system such as stereophotography which should provide a more precise spectral

characterization of the bottom roughness�

SACLANTCEN SR���� � �� �
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�
Experimental results

��� Received signals in the time domain

Figure � shows examples of the signals received on the three hydrophones �one ��cm

above the bottom� and two buried at ��cm and ��cm respectively� into the sediment�

at two di	erent grazing angles
 The �rst column corresponds to the supercritical ���

case while the results to the right correspond to �
 degrees which is the subcritical

case


Figure � Examples of � KHz Ricker pulse received at di�erent depths and grazing

angles

For the hydrophone located ��cm above the sediment two di	erent signals may be
observed corresponding to the direct and bottom�bounce arrivals
 For �� degrees

grazing angle� which corresponds to the super�critical case� all the signals received

on the di	erent hydrophones �either in the water column or buried� look similar in

shape
 The only di	erence is a slight di	erence in the amplitude which is decreasing

with the increase of the burial depth of the hydrophones
 For �
 degrees grazing

angle� it may be observed that the received signals are changing in shape with the

increase of the burial depth
 In fact� on the ��cm buried hydrophone� the shape

of the incident Ricker pulse is not identi�able anymore
 A lower frequency content

is observed on the �rst signal received on the hydrophone �it is better seen on the

��cm buried hydrophone� which means that the higher frequencies of the signal

were more attenuated
 Moreover� it may be observed that the received signal on the

� �� � SACLANTCEN SR����
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���cm hydrophone consists of a succession of signals corresponding to the scattering

due to the sea �oor� A strong attenuation may aslo be observed in the amplitude of

the received signals with the increase of the burial depth�

��� TOPAS Beam Pattern

A measurement of the TOPAS beams �both at low�frequency and at high�frequency��

which are necessary for the models� was performed using the Pan�and�Tilt facility

of the equipment�

A detailed description of the way of how the beam patterns were computed is given

in Annex ���

����� Secondary frequency

The 	dB beamwidth of the TOPAS beam pattern derived from the signals shown in

Annex �� has been measured for the 
 di�erent positions of the rail and is shown in

Fig� � for each hydrophone�

Figure � Beamwidth of the TOPAS secondary frequency beam pattern versus trans�

mitter range

It can be observed on this 
gure that the beamwidh of the TOPAS is not constant

with range� In fact� because the sonar is parametric a given range is necessary to

SACLANTCEN SR���� � �� �
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have the complete generation of the virtual end��re array giving rise to the low�

frequency component� On this �gure� a range of �� meters is found to be necessary

at the minimum to get the expected beamwidth�

����� Primary frequency

In Annex A� Fig� �	 shows the primary frequency beampattern measured on the

hydrophones for all rail positions�

The �dB beamwidth of the TOPAS beam pattern derived from the signals shown in

Annex �� is shown in Fig� 
 for each hydrophone�

Figure � Beamwidth of the TOPAS primary frequency beam pattern versus trans�

mitter range

The beamwidth of the primary frequency of the TOPAS parametric sonar is found

to be independent of the range and of the order of ��	 degrees�

� �� � SACLANTCEN SR����
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��� Penetration ratio into the sediment

����� Penetration ratio versus frequency

In order to estimate the attenuation of the sound wave propagating into the sedi�
ment� the sea �oor has been modeled as an input�output system where the input
is the signal measured on the free �eld hydrophone� and the output is the signal
received on the hydrophones buried into the sediment� as shown in Fig� �	�

Figure �� Model of the sediment penetration ratio

The penetration ratio is de�ned as the hydrophone pressure measured at the buried
hydrophone 
either z or y� divided by the incident pressure 
x� in the water column
in the absence of the bottom interface�

H��
f� ��
jY 
f�j�

jX
f�j�
� H��
f� ��

jZ
f�j�

jX
f�j�
� 
��

Where X
f�� Y 
f� and Z
f� are respectively the energy spectrum of the signals
received on the free �eld hydrophone� the �
	cm buried hydrophone and the ��	cm
buried hydrophone� The symbol �� means an integration over consecutive pings�

However� instead of using the signal received on the hydrophone in the water a
synthetic replica 
previously measured during another experiment� was used with

SACLANTCEN SR���� � �� �
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the advantage of having a reference signal not �uctuating too much from one ping

to another and moreover not a�ected by any bottom bounce�

Fig� �� shows the penetration ratio in dB for all positions of the transmitter�

Figure �� Penetration ratio in dB versus grazing angles using synthetic replica

It can be observed that� for grazing angles larger than critical� the obtained pene�

tration ratio shows a roughly linear decrease with frequency �	�
 dB��� which is in

agreement with the common assumption of a given dB�� attenuation factor�

For all grazing angles below the nominal critical angle� it can be observed that

the penetration ratio is highly dependent on frequency� Two main regimes can be

identi�ed


� Below 
�� kHz

In this frequency range� a roughly linear decrease of the penetration ratio with

frequency is observed� Also� the magnitude of slope of the curve is increasing

� �
 � SACLANTCEN SR����
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with the decreasing grazing angle. It may be observed that signi�cant amounts

of energy are penetrating in the bandwidth 2-3 kHz, even for low grazing

angles.

� Above 5-7 kHz

In this frequency range, the obtained penetration ratio has leveled aout, and

is increasing with frequency, in some cases.

3.3.2 Broadband penetration ratio into the sediment

The broadband transmission into the sediment has also been measured by integrating

the received signal over the pulse duration (0.25 ms) [15].

In Annex B.1, a complete description of the variation of the SPL obtained on the

di�erent hydrophones for both the low-frequency and the high frequency of the

parametric sonar may be found. The variation of the SPL is given as a function of

the grazing angle for di�erent transmitted signals.

Taking into account the results given in Annex B.1 the broadband penetration ratio

has been computed and shown in Fig 12.

The following remarks can be made in regard to the broadband penetration ratio

versus grazing angle:

� For both the low-frequency and the high-frequency of the signals the attenu-

ation is changing strongly with the grazing angle.

� For the low-frequency the penetratio ratio slope is linear in grazing angle, with

changing proportionally with the burial depth of the hydrophone.

� A big di�erence is observed between the low-frequency and the high-frequency.

For example, di�erences of 8dB and 18dB are respectively observed for grazing

angles of 32 and 22 degrees between the low-frequency and the high-frequency.

Therefore, it was decided that only the low-frequency will be considered in the

rest of the document for the comparison between the data and the models.

SACLANTCEN SR-287 { 16 {

Report no. changed (Mar 2006): SR-287-UU



SACLANTCEN SR����

Figure �� Broadband penetration ratio versus grazing angle and burial depth
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4
Comparison of situ data with models

4.1 Models description

The analysis of the experimental penetration data has been performed using two new

models, based on di�erent approximations to the handling of the bottom penetration

problem. Both models include the evanescent coupling as well as the roughness

scattering contribution but one uses a low-frequency approximation for modeling the

scattering contribution, while the other uses a a high-frequency approximation. The

frequencies involved in the experiments are in the transition region between the two

approximations, and the performance of either modeling approach was uncertain.

In addition, neither of the models have earlier been compared against other models

or experimental data for the penetration problem, and the present study therefore

also served an important model validation purpose.

One model is OASES-3D [11], which uses wavenumber integration in combination

with a perturbation approach to compute the three-dimensional coherent and scat-

tered �elds in strati�ed ocean waveguides with rough interface patches. The other

model uses the Helmholtz-Kirchho� theory for penetration through a rough surface

[12].

Both modeling approaches di�er from traditional scattering theories in not using

formal averaging to achieve �eld statistics. Instead the scattered �elds are computed

deterministically using realizations of the seabed roughness statistics. In the studies

performed here, both models use the same synthetic rough surfaces, with spatial

characteristics similar to those observed during the experiment.

4.1.1 OASES Bottom Penetration Modeling

The 3-dimensional version of the OASES propagation model has recently been com-

bined with a perturbational approach to allow full wave-theory modeling of the 3-

dimensional �eld associated with bottom-interaction of narrow-beam sonars such as

the TOPAS parametric source [11]. The new OASES-3D model handles consistently

both the coherent component of the full waveguide �eld, including the evanescent

bottom penetration, and the scattering produced by anisotropic seabed roughness.
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As a �rst step, the standard OASES code is applied to compute the �eld in a waveg-

uide with smooth interfaces. Subsequently, the interface scattering is computed

using the perturbation approach to rough elastic interface scattering developed by

Kuperman and Schmidt [21],[22]. The original perturbation theory is based on a 2-D

Fourier transform formulation for interfaces of in�nite extent. For computational

reasons this approach is only feasible for evaluation of the scattered �eld in plane

geometry with one-dimensional roughness [22]. However, many sonar problems are

characterized by a sonar 'footprint' or 'patch' of limited extent, as is the case for

example for the TOPAS, and an alternative implementation of the perturbation the-

ory has therefore been devised, which in e�ect represents the insoni�ed roughness

patch as a virtual source distribution. The �eld produced by this source distribution

can then be very e�ciently evaluated by wavenumber integration models such as

OASES using azimuthal Fourier synthesis [23].

It should be pointed out that traditional perturbation approaches are most often

applied to directly predict the �eld statistics by formal averaging. In contrast, the

approach used in OASES-3D uses a spatial realization of the roughness statistics, or

a directly measured roughness patch, to generate a single �eld realization. However,

the model is su�ciently e�cient to allow for computing the �eld statistics using

ensemble averaging.

� Coherent Field Modeling

The coherent component of the �eld, including the evanescent bottom �eld,

is computed by the OASES code [24], using standard wavenumber integration

for strati�ed waveguides [25]. This approach expresses the �eld produced by a

point source of time dependence exp(�i!t) in each layer in the strati�cation

in terms of an integral representation,

�`(r) =

Z
1

0

he�+` (kr)eikzz + e��` (kr)e�ikzzi krJ0(krr)dkr ; (2)

where z and r are the depth and range coordinates, and kr is the horizontal

wavenumber. The depth-dependence of the �eld is represented by the expo-

nentials, with kz being the vertical wavenumber, de�ned as

kz =

8<
:
q
k2` � k2r ; kr � k`;

i
q
k2r � k2` ; kr > k`;

(3)

where k` = !=c` is the medium wavenumber for layer `. In this form, the inte-

gral representation clearly separates the �eld into waves propagating vertically

in the layer (kr � k`), and waves which are exponentially growing or decay-

ing, the evanescent waves (k` � kr), separated by the critical wavenumber

kr = k`. The amplitudes �
�

` (kr) are found by matching the boundary condi-

tions of continuous particle motion and stresses (pressure) at all interfaces in

the strati�cation.
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s
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Figure 13 Rough interface patch in strati�ed waveguide, insoni�ed by a seismo-

acoustic �eld.

� Perturbation Scattering Theory

Following the computation of the coherent �eld by wavenumber integration,

the scattering by rough interfaces can be consistently handled using the method

of small perturbations developed by Kuperman and Schmidt [21]. Here, the

term "small" is intended with respect to the acoustic wavelength. For arbitrary


uid-elastic strati�cations, this theory decomposes the wave�eld into coherent

and scattered components of the �eld potential �` in layer number `,

�` = h�`i+ s` (4)

Away from physical sources and the rough interfaces, the scattered potential

satis�es the same homogeneous Helmholtz equations as the coherent �eld and

the same boundary conditions. However, the physical sources are replaced

by a virtual source distribution resulting from the perturbation theory as a

convolution of roughness and the coherent �eld [21], [26],[27]

For a �nite size roughness patch or sonar footprint, the scattered �eld can then

be represented by a spatial integral over the patch P ,

s(~x) =

Z
P

Gv(~x; ~xv)d
2~xv ; (5)

where Gv(~x; ~xv) is a Generalized Green's Function satisfying the standard

Helmholtz equation and the virtual source distribution.

The result is a representation of the scattered �eld as an azimuthal Fourier

series of wavenumber integrals given by

s(r; �) =
1X

m=0

(
cosm�

sinm�

)Z
dq qJm(rq)
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�Z
P

eGm

v
�q� rv � �v�rvdrvd�v

�
� ���

��� Helmholtz�Kirchho� bottom penetration modeling

This approach is based on the Kirchho� approximation and on the Helmholtz�
Kirchho� integral� Its full description and a discussion of its validity can be found in
��	
� In summary� it �rst analyticaly expresses the elementary pressure contribution
dp�R�� received at a �xed point R� within the sediment from a point R located on
the water�sediment surface �see Fig� �
�� At low grazing angle and low frequency
�in this study as low as a few kHz�� this approximation is only valid for gently un�
dulating surfaces� i�e�� for surfaces whose ratio �s�l is small� �s being the sea�oor
RMS roughness and l the average correlation length� �

γ

γ

Θ

Figure �� Geometry of measurement� The source is located at P and is trans�
mitting an acoustic signal towards the sea�oor� An hydrophone is located at R�� n
is the local normal to the surface�

Considering a directional source at P transmitting a pulse p�e�t� with a beam di�
rectivity gain Di�P�R� f�� dp�R�� takes the form �in the time domain��

dp�R�� t� �
p�R�


�c�R�R�

�� � ����R��e��t�
R� � �n�

�
R�

c�
�

�
cos���R�� � �n� cos��

��R��
�
� F��fe�

�fR�
� g
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�F�1fDi(P�R; f)gdSR (7)

where =12(R) = 1 + <12(R) is the local water-sediment plane wave transmission

coe�cient, 
(R) is the angle made between the incident direction and the normal

vector n to the surface at R, 
0(R) is the angle made between the refracted direction

and the normal vector -n to the surface atR, �n02 is the real part of the water-sediment

index of refraction, k1 is the wave number in the water at a given frequency f , and

c1 is the average sound speed in water. The term dSR corresponds to an elementary

surface of the sea
oor at R. F�1 denotes an inverse Fourier transform and � is the

convolution factor. The term � is the attenuation term assuming a linear attenuation

with frequency.

The surface ensemble (St) is de�ned as all the sea
oor elementary surfaces which are

seen from the source at P (i.e., which are not in the shadow zones). The second step

of the model consists a computing the total pressure �eld received at the hydrophone

p(R0; t) by summing all the elementary pressures dp(S)(P
0; t) over the surface (St),

p(R0; t) =

Z
(St)

dp(R0; t): (8)

The computation of p(R0; t) of Eq. (8) is based on the random generation of realistic

sea
oor interface height �elds z(R). Computer simulations are based on the Fourier

synthesis method [20]. For each sea
oor realisation, a random surface height power

spectrum is generated and converted to an amplitude �eld in the spatial domain us-

ing a Fourier transform. Each realization has the expected �rst and second moments

(mean values and standard deviations). The generated random power spectrum is

made out of a pre-de�ned power roughness spectrum (gaussian or power law, for

example), for which part of the phase and amplitude is randomized). Each random

power spectrum produces a unique height �eld con�guration which can be utilized

for computing a single realization of the pressure �eld p(R0; t) in the time domain.

Figure 15 shows an example of a generated sea
oor interface height �eld which is

used in the following simulations.

4.3 Data-models comparison

4.3.1 OASES Modeling

As described above, OASES-3D computes the bottom �eld in two steps. The �rst

uses wavenumber integration to compute the incident �eld, including the evanescent

bottom �eld for sub-critical grazing angles. The second step then convolves this

�eld with the roughness of the sonar footprint to yield a virtual source distribution,
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Figure 15 3-D Display of a sea
oor realisation z(R). The dimension of the gener-

ated surface is 10 m x 10 m. The RMS roughness �2s = 2:5cm. The spatial frequency

Kc was put equal to 31:5rad=m which corresponds to a correlation length l equal to

20 cm, cut-o� spatial frequency Khp = 10rad=m.

the �eld produced by which is then determined using azimuthal Fourier synthesis

of wavenumber integrals. Consequently, the penetration is inherently decomposed

into a coherent component and a scattering component, with obvious interpretation

advantages.

Figs. 16 - 19 give a comparison of the data results with the results obtained applying

the OASES models. The red curve shows the predicted penetration ratio for plane

wave incidence. The blue curve accounts for the �nite TOPAS beamwidth. Crosses

indicate the scattering contribution predicted by OASES-3D.
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Figure �� Penetration ratio for hydrophone at ���cm� Grazing angle � �� de�

grees� Comparison between the data and the evanescent wave model and the small

perturbation model

Figure �� Penetration ratio for hydrophone at ���cm� Grazing angle � �� de�

grees� Comparison between the data and the evanescent wave model and the small

perturbation model
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Figure �� Penetration ratio for hydrophone at ���cm� Grazing angle � �� de�

grees� Comparison between the data and the evanescent wave model and the small

perturbation model� Due to not enough high level energy� the contribution of the

small perturbation model does not appear on the plot

Figure �� Penetration ratio for hydrophone at ���cm� Grazing angle � 	
 de�

grees� Comparison between the data and the evanescent wave model and the small

perturbation model
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� Coherent Field Modeling

The coherent �eld in the bottom below the TOPAS footprint is of �nite spatial

spectral composition, in spite of the fact that the parametric source is often

considered as producing highly directional wave �eld, as discussed by Jensen

and Schmidt [5], who analyzed the penetration problem in this context. Since

OASES directly allows for modeling plane wave incidence, as well as simulating

the actual spectral content of the source, both incidence �eld models were

considered.
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Figure 20 Penetration ratio in dB for 30 cm deep hydrophone, for plane wave

incident at 18� and 32� grazing angles. The water sound speed is 1530 m/s, while

the bottom sound speed is varied. Solid: 1685 m/s; Dashed: 1650 m/s; Dashed-

dotted: 1720 m/s.

The �rst modeling e�ort used simple incident plane waves at the nominal

angles of the TOPAS con�guration. Fig. 20 shows as the dashed-dotted line

the penetration ratio in dB for a hydrophone buried at 30 cm depth, assuming a

bottom sound speed of 1720 m/s, as measured on cores at 200 kHz. The density

of the sediment was measured to 1.92, and the water sound speed was 1530

m/s. The water is assumed lossless, while a compressional wave attenuation of

0.5 dB/� was assumed for the sediment. This attenuation value resulted from

the study as the one providing the best match with the data and is within

reasonable values for this type of sediment.

The penetration ratio is de�ned as the hydrophyne pressure divided by the

incident pressure in the water column in the absence of the bottom interface.

This prediction fell far short of the measured data, both for this burial depth

and for the deeper (60 cm) hydrophone. The bottom sound speed was therefore

SACLANTCEN SR-287 { 26 {

Report no. changed (Mar 2006): SR-287-UU



SACLANTCEN SR-287

0 5 10 15
−30

−25

−20

−15

−10

−5

0

5

10
MCG1−97: 30 cm. Cw = 1500 − 1530 − 1560 m/s. Cb =  1685 m/s

Frequency (kHz)

P
en

et
ra

tio
n 

R
at

io
 (d

B
)

18 deg − 1530 m/s
18 deg − 1500 m/s
18 deg − 1560 m/s

Figure 21 Penetration ratio in dB for 30 cm deep hydrophone, for plane wave

incident at 18� grazing angle. The bottom sound speed is �xed at 1685 m/s, while

the water sound speed is varied. Solid: 1530 m/s; Dashed: 1560 m/s; Dashed-dotted:

1500 m/s.

varied to better match the data. Fig. 20 shows several results, obtained for

bottom sound speeds of 1685 m/s (solid lines) and 1650 m/s (dashed line).

These results clearly shows a strong dependence on the sound speed in the

bottom for subcritical incidence (18�). The reason for the high sensitivity to

the bottom speed is the signi�cant associated changes in critical angle. Thus,

the fast bottom (1720 m/s) has a critical angle of �c = 27:19�, while the slower

bottoms have critical angles of �c = 24:77� (1685 m/s), and �c = 21:99� (1650

m/s). On the other hand the sound speed e�ect is insigni�cant at super-critical

incidence.

The same critical angle e�ect is observed in Fig. 21, where the bottom speed

is �xed at 1685 m/s while the water sound speed is varied. The incident

angle is 18� The solid curve represents the measured sound speed of 1530 m/s

(�c = 24:77�), the dashed curve 1560 m/s (�c = 22:21�), and the dashed-dotted

curve 1500 m/s (�c = 27:10�).

Another critical parameter is the burial depth of the hydrophone. In the

experiment the nominal burial depths were 30 and 60 cm, but with the ripple

structure and sediment transport during the experiment, an uncertainty of a

few cm is expected. Fig. 22 shows the sensitivity of the penetration ratio for

the 30 cm phone to the actual burial depth.

In addition to the sensitivity to the wave speeds and the burial depth, the sen-

sitivity to bottom shear parameters was investigated. It was found, however,
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Figure 22 Penetration ratio in dB for hydrophone at a nominal depth of 30 cm,

for plane wave incident at 18� grazing angle. The water and bottom sound speeds are

�xed at 1530 and 1685 m/s, respectively. Three actual burial depths are considered:

Solid: 30 cm; Dashed: 27 cm; Dashed-dotted: 33 cm.

that for shear speeds less than 400 m/s, as is typical for sediments, there is no

signi�cant penetration e�ect due to shear.

As a next step, the �nite TOPAS beamwidth was considered by letting OASES

model the beam using a focused vertical array [5]. It must be mentioned that

the achieved beamwidth with this technique is not meant to exactly reproduce

the TOPAS beamwidth and its variation with frequency. The main objective of

the simulation was to be able to show qualitatively the in
uence of a frequency

varying beamwidth on the penetration. Including this e�ect the best match

with the data on both hydrophones was achieved for a bottom sound speed of

1685 m/s, and the water speed being the measured 1530 m/s. The result for

an incident angle of 32� is shown in Fig. 16. Note that the �nite beamwidth

lowers the penetration ratio at this supercritical angle. The reason is that the

�nite beamwidth is associated with a �nite spectral width. Therefore, in this

case, the penetrated �eld is undergoing geometrical spreading, in contrast to

the plane waves.

Similarly, the �nite spectral width will increase the penetration ratio for sub-

critical angles, as indicated in Fig.17 , showing the measured data and the

OASES modeling results for 18� nominal incident angle. In the sub-critical

case, the higher angles of the source spectrum are closer to the critical angle,

and since the evanescent coupling is exponentially decaying away from the

critical angle, the resulting penetration will be higher than predicted at the
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nominal incident angle.

Figs. 18 and 19 show the corresponding results for the hydrophone buried at

60 cm depth. Here again the agreement between the OASES modeled coherent

�eld and the data is excellent. Again the bottom sound speed was assumed to

be 1685 m/s, and the beamwidth e�ect is equally evident here.
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Figure 23 Frequency dependence of sound speed in sand with porosity 43%. The

two curves show the results for two di�erent permeabilities within the range typical

for this type of sand.

In summary, the analysis of the penetration data shows that the measured

seabed �eld at frequencies below 5-7 kHz is accurately predicted by stan-

dard spectral models, in particular when accounting for the �nite spectral and

spatial width of the Topas beam. However, the analysis shows a signi�cant

discrepancy between the apparent compressional speed in the bottom (1685

m/s) and the speed measured on core specimens in the laboratory (1720 m/s).

To investigate whether such a frequency dependence is justi�able, the Biot-

theory poro-elastic capability of OASES was used. The core analysis included

porosity (44%) and grain size distribution measurements, but unfortunately

the permeability, which is a very signi�cant parameter for the frequency de-

pendence, was not measured. OASES was therefore applied to estimate the

bottom sound speed variability with frequency for a range of permeabilities

historically observed for sand of this type. Fig. 23 shows the predicted sound

speed variation for permeabilities of k = 10�10m2 and k = 4 � 10�11m2. In

both cases other free Biot parameters were adjusted to yield 1720 m/s at 200

kHz. These results clearly show that a compressional speed of 1685 m/s in the

1- 10 kHz regime is not unrealistic. Also, it should be pointed out that with

these sediement parameters, the generated slow wave is totally insigni�cant to
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the penetration.

In fact the high sensitivity to the sediment speed suggests that the estimate

provided by inversion of penetration data is much more accurate and robust

than the high-frequency core estimate. This follows, of course, provided the

experimental geometry is well controlled, as the sensitivity to burial depth is

equally critical, as shown in Fig. 22.

It should be pointed out that OASES can predict the penetration directly

using the Biot theory. However, it was desirable for interpretational purposes

to operate with the much simpler equivalent 
uid models.

In spite of the fact that the Biot theory may directly explain the di�erence

of sound speed necessary to match between the data and the models, it is

important to note that other explanations may be given.

Thus, as already mentioned previously, the knowledge of the accurate geometry

(grazing angle, burial depth) is essential knowing that a slight change in these

two parameters will have a signi�cant in
uence on the measured sound pressure

level.

In order to be able to completely answer the question of the variation of the

sound speed with the frequency, another experiment will be conducted in May

1998 where in situ measurements of the sandy bottom permeability will be

performed.

� The OASES computations of the penetration due to interface roughness is

performed using the environmental parameters providing the best match for

the coherent �eld, i.e. a water sound speed of 1530 m/s, a sediment speed

of 1685 m/s, and a sediment density of 1.9 g/cm3. The bottom attenuation

was 0.5 dB/�. The ripple �eld is identical to the one used for the simulations

by the Helmholtz-Kirchho� approach. It is a realization based on a model by

Pouliquen and Lyons [12], approximating the ripple structure observed during

the experiment, with a correlation length of 20 cm, a RMS height of 2.5 cm,

and a skewness of 30� relative to the plane of incidence. The same synthetic

ripple �eld was previouly shown in Fig. 15.

To approximate the 3-dimensional beampattern of the TOPAS, the roughness

patch is shaded by a Hanning window in both directions, as observed in Fig. 24.

The scattered �eld is linear in the roughness height, and the patch shading

is therefore equivalent to the incident beam shading within the limits of the

perturbation theory.

OASES-3D directly provides a spatial �eld distribution, as illustrated in Figs.

25 and 26. The �gures shows the pressure �eld associated with the roughness

scattering in horizontal planes 30 cm and 60 cm below the seabed, centered at

the patch center. The pressure levels are in dB, corresponding to a 6 kHz plane

wave incident at 18� grazing. Note the strongly anisotropic nature of the �eld,

governed by the ripple skewness, and the strong variability of the scattered
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Topas footprint -  30 deg ripple field

Figure 24 Ripple �eld used for OASES �eld computations. The correlation length

is 20 cm, the RMS height is 2.5 cm, and the skew angle is 30� relative to plane of

incidence. The penetration ratio is computed as an average over a cross-array of 0.5

m spacing as indicated.
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Figure 25 Scattered acoustic pressure �eld in dB 30 cm into sediment below ripple

seabed shown in Fig. 24. The patch is insoni�ed by a 6 kHz plane wave of 18� incident

angle.
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Figure 26 Scattered acoustic pressure �eld in dB 60 cm into sediment below ripple

seabed shown in Fig. 24. The patch is insoni�ed by a 6 kHz plane wave of 18� incident

angle.

�eld due to interference, the acoustic equivalent to the optical 'swimmingpool

e�ect'.

To reduce the realization-speci�c interference variability, the penetration ratio

was determined by averaging the �eld over 5 hydrophone positions spaced 0.5

m in a cross con�guration below the center of the patch, as indicated in Fig.24.

The results are indicated by crosses (x) in Figs. 17 and 19.

The scattering predictions are obviously in excellent agreement with the mea-

sured data above 7 kHz, in particular in view of the realization-speci�c inter-

ference uncertainty of approximately �3 dB.
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����� Comparison of data with Helmholtz�Kirchho� model

As described above� the �D Helmholtz Kirchho� model uses a stochastic approach�

for a given sea�oor realization� it computes the pressure signal at a single location

into the sea�oor� It is therefore inappropriate to directly confront data and model

penetration ratios which are both the outputs of two independent random processes�

One possible way to compare data and model is to average the output of the model

on several realizations and to use the averaged result as a reference� Fig� �	 presents

the penetration ratio and its standard deviation for 
� di�erent sea�oor realizations�

both at �� and 
� degrees grazing angle�

Figure �� Variability of the penetration ratio for various sea�oor realizations using

the Helmholtz�Kirchho� model� The solid line gives the averaged penetration ratio�

The dotted lines give the upper and lower bounds

It shows that the variability of the penetration ratio is very high especially above 


kHz where the evanescent wave becomes less dominant and the roughness scattering

process gradually takes over� Expecting a close match between data and model is

therefore illusive but it gives an idea on whether or not� model and data are more

or less in agreement� In addition to this statistical aspect� at some frequencies �here

around 	 kHz�� one may �nd higher variability that could be caused by the sea�oor

surface realization used for this simulation� A given orientation of the ripple �eld �in

our case when the ripple direction is skewed by �� degrees� may produce destructive

interferences at very particular frequencies which perturbs the penetration ratio even

more�
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Contrary to OASES, the Helmholtz-Kirchho� model estimates the penetration ratio

over the whole considered spectrum (2-15 kHz), combining in the same calculation

the evanescent coupling e�ect -by respecting the Huyghens principle- with the scat-

tering e�ect due to local sea
oor roughness -where the Kirchho� approximation plays

its e�ective role-. This model produces at the hydrophone the received amplitude

signal for a particular environmental and geometrical con�guration.

Figs. 28 to 31 present on the same plot a data averaged penetration ratio and

a simulated penetration ratio for two hydrophones located at -30 cm and -60 cm

at two di�erent grazing angles (30 and 18 degrees). The simulations have been

performed using the same sea
oor realization as the one used by OASES. Water

and sea
oor sound speed were respectively set to 1520 m/s and 1685 m/s. At sea

acquisition have been performed such that the recorded signals at the hydrophones

into the sediments correspond to a maximum penetration ratio. The corresponding

model penetration ratios have been computed by randomly and horizontaly moving

the hydrophone location for the same sea
oor realization until maximum energy

was found. Adequation between model and data is excellent considering their high

degree of variability. However, below 5 kHz, the model penetration ratio is slightly

underestimated. This can be explained in several ways:

� As shown with OASES sensitivity analysis, a slight misestimation of water

sound speed, of sediment sound speed, of the burial depth of the hydrophone or

of the permeability of the considered sand can lead to errors in the evanescent

wave amplitude. This is inherent to environmental characterisation.

� Local sea
oor topography could be causing a misevaluation of the local grazing

angle. Around and below critical angle, the grazing angle plays a key role in

the evanescent coupling phenomenon.

� Every parametric source has a particular directivity pattern whose tempo-

ral frequency content is particularly di�cult to quantify. It is known that

the beam pattern is widening as frequency goes down. In this study, the

Helmholtz-Kirchho� model uses a constant beam pattern over the 2-15 kHz

range which tends to underestimate the low frequency part of the penetration

ratio. This aspect will be accounted for in the future but in this report, a

slight underestimation of the low frequency part of the penetration ratio by a

few dB is normally expected.

In summary, the measured seabed �eld is well predicted using the Helmholtz-Kirchho�

approach.
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Figure �� Penetration ratio for hydrophone at ���cm� Grazing angle � �� degrees�

Comparison between the data and the Helmholtz�Kirchho� model

Figure �� Penetration ratio for hydrophone at ���cm� Grazing angle � �	 degrees�

Comparison between the data and the Helmholtz�Kirchho� model
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Figure �� Penetration ratio for hydrophone at ���cm� Grazing angle � �� degrees�

Comparison between the data and the Helmholtz�Kirchho� model

Figure �� Penetration ratio for hydrophone at ���cm� Grazing angle � 	
 degrees�

Comparison between the data and the Helmholtz�Kirchho� model
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����� Overall comparison of data with models

Figs� �� and �� give an overall comparison at the two burial depths between the

data and the models� Two di�erent grazing angles� one above the critical angle and

one below the critical angle� are considered�

Figure �� Measured and modeled Penetration Ratio for hydrophone at ���cm

The high level of consistency between the two models and the excellent agreement
with the data strongly supports the conclusion that two di�erent mechanisms are

responsible for the bottom penetration for sub�critical incident angles�

For low�frequencies �up to 	�
 kHz�� the main contribution to the penetrated �eld

is associated with direct evanescent coupling with the incident �eld� For higher fre�

quencies the roughness scattering appears to be the dominant mechanism� Note that

OASES inherently decomposes the two components� while the Helmhotz�Kirchho�

approach provides the total �eld�

Another experiment with 
� hydrophones buried into the sediment �up to 	�cm� was

performed in November�December 
��
 in a much more controlled geometry� Pre�

liminary results show the same important conclusion concerning the predominance

of the evanescent wave contribution under 	�
 kHz and the roughness scattering

above this frequency�

� �
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Figure �� Measured and modeled Penetration Ratio for hydrophone at ���cm
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5
Conclusion and future work

This report has described an initial attempt to determine the cause of sound penetra-

tion into sediments in the frequency band [ 2-15 kHz ] and to quantify the amount

of energy received on buried hydrophones while working below the critical angle.

The comparison between the data and the models dealing with the evanescent wave

and the roughness scattering strongly suggest, for this bottom type, the presence of

two main mechanisms, the relative signi�cance of which depends on the frequency

range.

For low-frequency (up to 5-7 kHz for the considered seabed), the main contribu-

tion to the penetration is the evanescent coupling in combination with the �nite

beamwidth e�ect, while for higher frequencies the roughness scattering appears to

be the dominant mechanism. Also, it was found that the frequency dependence of

the sound speed in porous sand may have to be accounted for. However, it must be

mentioned that the contribution of the roughness scattering was always found to be

lower than the one obtained at lower frequency with direct evanescent coupling.

Therefore, in terms of the hypotheses stated in the introduction this study concludes:

� 1. Two di�erent scattering modeling approaches adequately predicts the ob-

served penetration above 7 kHz, suggesting that the seabed scattering hypoth-

esis is valid at higher frequencies.

� 2. The �nite beamwidth e�ect is signi�cant at frequencies below 5-7 kHz, i.e,

in the regime where the direct evanescent coupling is dominant.

� 3. The presence, of a second "slow" compressional Biot slow wave was not

investigated during the experiment. However, no evidence of the presence of

the slow wave was found in the data. On the other hand, it was found that

the Biot theory predicts a frequency dependence of the fast wave speed which

is consistent with the observations.

� 4. The models account for all the scattering observed, suggesting that volume

inhomogeneities are insigni�cant in regards to the penetration in this environ-

ment and frequency regime.
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As already mentioned, another experiment was performed in November-December

1997 with more hydrophones (13 instead of 2) buried into the sediment (up to 50cm)

in a much more controlled geometry. Preliminary results show the same important

conclusion concerning the predominance of the evanescent wave contribution at low-

frequency and the roughness scattering at higher frequencies.

It was also observed that signi�cant amounts of energy are penetrating in the band-

width 2-3 kHz, even for low grazing angles, which may suggest a bene�t from of

using sonars in this frequency range for the detection of buried objects.

It must be mentioned that, to our knowledge, it is the �rst time that a quanti�cation

of the contributions of the roughness scattering and of the evanescent wave to the

penetration into the sediment were obtained from an at-sea experiment. Moreover,

the obtained results were validated using two di�erent models with a high degree

of consistency. As such, the study has also provided an important model validation

result.

Future work will be dedicated to the validation of this result by proceeding to

an extensive data processing of the data collected during the cruise of November-

December 1997. The geometry (roughness spectrum, hydrophones burial depths,

...) being known much more accurately, the comparison of the data to the mod-

els will provide a more solid validation of the conclusions of this study. Particular

attention will be given to the measurement of the spatial coherence between all

the hydrophones buried into the sediment, for both the supercritical and subcriti-

cal cases. For the supercritical case, the coherence of the signals will be measured

taking into account the full bandwidth, knowing that a possible loss of spatial co-

herence given by the bottom roughness will directly impact the array gain achieved

by broadband beamforming techniques or synthetic aperture processing for the de-

tection of buried mines. For the subcritical case, the coherence of the signals will

be measured in the frequency regime for which the contribution of the roughness

scattering predominates over the coherent evanescent wave, in order to evaluate the

potential of using this "anomalous" energy for the detection of buried mines.
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Annex A

TOPAS low-frequency and

high-frequency beampatterns

A.1 TOPAS low-frequency beam pattern

During the moving tilt experiment the secondary frequency signals received on the

hydrophones were �ltered in the signal band, then squared and integrated over the

pulse duration (as in [15]) to measure the sound pressure level (SPL) as a function

of the tilt angle of the pan and tilt unit.

Fig. 34 shows the SPL versus tilt angle for all positions of the rail on June 22nd .

Each plot on this �gure corresponds to a di�erent position on the rail and therefore

to a di�erent grazing angle. For each plot, three curves the variation of the signals

respectively recieved on the hydrophone in the water column (60cm above the sea

bottom in the water column), the hydrophone buried at -30cm and the hydrophone

buried at -60cm.

On theses curves it can be observed that the grazing angle for which the maximum

is achieved on each of the 3 hydrophones is sligtly changing from one hydrophone

to another. This is of course due to the geometry.

Moreover, it can also be observed that the Sound Pressure Level obtained on the

hydrophones for di�erent grazing angles is drastically decreasing for the hydrophone

buried at -60cm as long as the grazing angle is decreasing.

A.2 TOPAS high-frequency beam pattern

Fig. 35 shows the primary frequency beampattern measured on the hydrophones

for all rail positions.

It should be noted that the high-frequency TOPAS beampattern is not symmetric,

which is quite strange taking into account that the transducer is symetrical.
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Annex B

Variation of Sound pressure Levels

in function of range and grazing angles

In reporting SPL for signals received on the buried hydrophones, we have used

the calibrated sensitivities of the hydrophones as they were measured in water. It

is expected that the actual sensitivities while buried in sand are not too di�erent

from those in water, but this is an issue of continuing work. However, since the

sensitivities were measured in water, conversion from volts-squared to dB re 1 uPa

must account for the �-c change of the medium ([18], where rho is the density and

c is the sound speed.

B.1 low-frequency results:

Fig. 36 gives the varaition SPL obtained on the di�erent hydrophones for both

the low-frequency of the parametric sonar. The variation of the SPL is given as a

function of the grazing angle for di�erent transmitted signals.

In order to be able to compute the attenuation into the sediment (including the loss

at the interface water-sand), calibrated values of the SPL expected if the received

hydrophones were in the water column instead of the sediment were needed.

Fig. 37 gives the variation of the SPL as a function of the range, and e�ectively, of

the grazing angle. On Fig. 37, giving the SPL of the low-frequency of the TOPAS

it can be found the comparison of the obtained SPL with the Spherical spreading

hypothesis. It can be observed, that the spherical spreading hypothesis is valid

around the 35meters range whatever the frequency of the Ricker pulses used (in

agreement with [15]).

B.2 High-frequency results:

Fig. 38 gives the SPL obtained on the di�erent hydrophones for both the high

frequency of the parametric sonar. The variation of the SPL is given as a function

of the grazing angle for di�erent transmitted signals.

In order to be able to compute the attenuation into the sediment (including the loss
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at the interface water-sand), calibrated values of the SPL expected if the received

hydrophones were in the water column instead of the sediment were needed.

Fig. 39 gives the variation of the SPL as a function of the range, and e�ectively, of

the grazing angle.

On Fig. 39, the spherical spreading assumption is of course valid at closer range for

the primary frequency of the parametric sonar.
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Figure �� Low�frequency SPL vs depth and grazing angle
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Figure �� Low�frequency SPL vs range
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Figure �� High�frequency SPL vs depth and grazing angle
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Figure 39 High-frequency SPL vs range
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