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Signals received by low-frequency multibeam echosounders are strongly affected by sound
penetration inside the upper sediment layers and by backscattering from buried layers down to
depths of a few meters; this may lead to serious ambiguities and misinterpretations of experimental
data. These phenomena are modeled here using a concept ofequivalent input backscattering
strength~EIBS!, based on a combination of classical models of local backscattering strength and
propagation inside fluid layered media. The local backscattering strength at a buried interface is
expressed first to account for the impedance adaptation due to the overlying layers, for the angular
refraction effects due to the velocity profile, and for the layered structure of the underlying medium.
It is then transferred to the upper water–sediment interface, accounting for propagation inside the
layered stack; the transfer coefficient is obtained from the classical theory of plane wave
propagation in layered media. The volume backscattering effects are processed in the same way and
account for the finite thickness of the layers. The various contributions are finally summed to give
the backscattering strength, at the upper interface, that features the various effects of propagation
and attenuation inside the layered structure. ©2001 Acoustical Society of America.
@DOI: 10.1121/1.1329622#

PACS numbers: 43.30.Gv, 43.30.Hw, 43.30.Ma, 43.30.Pc@DLB#
to
ba
o
b

se
ee
h
u

-
b

ca
a
de
he

ac

o
c
-
lie
r
tio

sti-

by
ed

the
x-

he
the
ar-
ck-
se-

nd
no-
de
er,
m-

ay

ev-
er-

bu-
f-
p-
ring

g
t

I. INTRODUCTION

Deep-sea multibeam echosounders are widespread
in marine geology studies since they can readily provide
thymetry and sonar images of large seafloor areas. A ge
gist’s first interpretation can be formed from these images
combining the recorded backscattering strength with the
floor nature and assuming a one-to-one relation betw
these two variables. Classically, backscattering strengt
modeled as the sum of one contribution from the rough s
face and one from the semi-infinite volume below it~see,
e.g., Ref. 1!. But, at low frequencies~typically 10–15 kHz
for deep-water systems!, the signal may significantly pen
etrate into the seafloor. Since the geological context may
very complex in the first meters of sediment, the stratifi
tion effects on the overall response should be taken into
count. Simple two-component models are not able to
scribe the recorded backscattering strength so using t
may lead to ambiguities in data interpretation.2 There is
therefore a need for geoacoustic models predicting the b
scattering strength of layered seafloors.

Although many studies have dealt with the influence
sediment stratification on the reflection and transmission
efficients ~see, e.g., Refs. 3–5!, only a few have been de
voted to backscattering by layered media. One of the ear
works was Ivakin’s model6 of volume backscattering fo
stratified sediments, which is based on a small perturba

a!Electronic mail: guillon@lma.cnrs-mrs.fr
b!Electronic mail: lurton@ifremer.fr
122 J. Acoust. Soc. Am. 109 (1), January 2001 0001-4966/2001/1
ols
-

lo-
y
a-
n
is
r-

e
-
c-
-
m

k-

f
o-

st

n

approach over a Green’s function description of the acou
cal field inside the sediment. Later works by Ivakin7–9 and
Tang10 proposed unified approaches of backscattering
volume and buried interfaces in layered media. They show
that if a buried interface is considered as a perturbation of
surrounding medium, the two contributions may be e
pressed under a single formulation.

As opposed to these ‘‘global’’ methods considering t
problem in its generality, some authors tried to model
effects of stratification upon backscattering strength in p
ticular configurations. Solutions were proposed for the ba
scattering strength of a single isotropic layer upon a ba
ment: McDaniel11 took into account the layer roughness a
Essen12 the shear wave in the basement. They showed
table effects near the critical angle but they did not inclu
volume backscattering strength in their models. Moreov
their exact formulations cannot be generalized to more co
plex geological configurations.

Various more pragmatic approaches to the problem m
be found.2,13–15In particular, Lyonset al.15 proposed a back-
scattering strength model for layered seafloors, in which
ery layer is characterized by its own individual backscatt
ing strength ~based on Jackson’s model!; the global
backscattering strength is the sum of all the layer contri
tions individually modified by the layering. The layering e
fects, however, were not fully detailed in this attractive a
proach since those authors focused on volume backscatte
modeling.

The principle of our equivalent input backscatterin
strength~EIBS! model16–19 is basically an extension of tha
12209(1)/122/11/$18.00 © 2001 Acoustical Society of America
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of Lyonset al.15 Starting from the same intuitive descriptio
of local contributions from buried layers ‘‘seen’’ through th
filter of an overlying sediment stack, we account for strat
cation effects in a more rigorous way and under a more e
ily generalizable formalism,~1! by carefully accounting for
the local modifications of backscattering strength due
burying and~2! by using a classical model of plane wav
propagation inside a fluid layered medium. Finally, the u
mate ambition of our EIBS model is to provide results
good agreement~despite their narrower generality! with
those obtained from more global approaches such
Ivakin’s.9

II. THE CONCEPT OF EQUIVALENT INPUT
BACKSCATTERING STRENGTH

A. Geoacoustic model

In the following, the seafloor is described by a two-p
geoacoustic model~Fig. 1!:

~i! A fluid dissipative sedimentary layer of thicknessh,
split into n elementary layers. Each layerl is charac-
terized by its sound speedcl , densityr l , attenuation
coefficienta l , its thicknessdl , and its own individual
backscattering cross section~BCS! s l(u0), consid-
ered at its upper boundary.

~ii ! A semi-infinite fluid dissipative basement, with p
rameters cn11 , rn11 , and an11 , and its BSC
sn11(u0).

Note that the concept of ‘‘basement’’ here relates o
to the acoustical penetration, meaning that there is no sig
cant return of energy from the medium below interfacen
11. It is not related to a particular geological structure.

In the following, to define its individual BCS, each lay
is first considered as having its upper boundary overlaid w
water. We found this convention convenient for numero
practical configurations in which one has to compare ba
scattering strength levels from the same boundary either
cropping or buried under a stratified sediment layer. An i
tial local BCS is defined under this assumption, classica
split into two components~surface roughness and volum
inhomogeneities! and is then modeled using a local bac
scattering strength model such as Jackson’s.1

B. The equivalent input backscattering strength

Calculating the total BCS features two steps. First,
local individual BCSs l(u0) are defined taking into accoun
the effects due to layering: changes in impedance contra
influence of underlying layers, volume limitation, and refra
tion. These various effects are detailed in Sec. III. The mo
fied individual BCS for each layerl is written s̃ l(u l 21); this
notation includes the angle changes due to refraction.
second step of the process is to calculate the transfer co
cients accounting for sound propagation inside the stack.
contribution of each layerl is weighted by a coefficien
Cpl(u0) determined by the acoustic field inside the layer
structure. Under a small perturbation hypothesis, these c
ficients can be obtained by a classical plane wave appro
of sound transmission in layered media~see, e.g., Ref. 20!.
123 J. Acoust. Soc. Am., Vol. 109, No. 1, January 2001 L. Gui
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These two steps finally lead to the ‘‘equivalent inp
backscattering strength’’ at the upper water/sedim
interface.18 This term was chosen by analogy with the co
cept of ‘‘equivalent input impedance’’ in the theories of ele
tric circuits or sound propagation in layered media.20 There-
after, under the hypothesis of single scattering, the vari
contributions are summed to provide the total BCS of
geoacoustic configuration:

s t~u0!5 (
l 51

n11

Cpl~u0!s̃ l~u l 21!. ~1!

The global backscattering strength for the stack is fina
10 log@st(u0)#.

Two hypotheses are necessary for establishing this
pression of the total BCS. First, a small perturbation a
proach is used here: the scattered wave has second-
magnitude relative to the incident field, so one can deal w
plane wave propagation inside the stack. This approxima
is usually admitted in sediment backscattering models.1,6,21,22

Second, a single-scattering approach, related to the for
hypothesis, is needed. The multi-scattered field is conside
as negligible relative to the single-scattered echo~whose
backwards propagation accounts for the complete descrip
of phenomena associated with layered media!. Consequently,
one can make a single summation of the various contri
tions. This second hypothesis is valid if each layer’s ba
scattering strength is low enough. This is true outside
‘‘specular’’ regime, typically for incidence angles great
than 20 degrees; on the other hand, at low incidences, b
scattering strength may be large enough to allow multi
scattering. Consequently, for angles close to the vertical
cidence, the model must be considered as a first approx
tion of the problem and further calculations should be do
to extend it exactly to the whole angular range.

FIG. 1. Geoacoustic model.
123llon and X. Lurton: Backscattering from buried sediment layers
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C. Number of parameters and discussion

For every layer, the composite roughness model1 served
to determine the individual interface BCS. We used the t
classical parametersg and bJ defining the roughness spe
trum asWs(K )5bJK

2g, and a single parametersv for the
volume contribution.

Table I features the parameters involved in this mo
for the geoacoustic configuration presented in Fig. 1, sh
ing that 7n16 input parameters are needed for ann-layer
configuration. For example, a simple two-layer model~a
basement below two sediment layers! requires 20 input pa-
rameters. The effective number of independent parame
can be reduced by taking into account relations betw
some of them~see, e.g., Ref. 23!, but the array size will
nevertheless remain large.

III. LOCAL DESCRIPTION OF THE INDIVIDUAL BCS

Our objective was to model the modifications of t
backscattering strength due to layering. To do so, we u
the model of Jackson1 for the local backscattering strength
a given layer but other models could have been used. In
following, the changes induced by layering on the individu
layer BCS are illustrated by numerical applications co
puted on a geoacoustic model with two layers~mud and
medium sand! overlying a coarse sand basement. The lay
ing effects are visualized on the figures representing
backscattering strength of the medium-sand layer. The c
figuration parameters are given in Table II. The acoust
parameters~c, r, and a! are from data compilations b
Hamilton.23 The values forbJ and g are from Mourad and

TABLE I. Number of parameters used for the equivalent input backsca
ing strength model of ann-layer sediment stack.

Parameters No. of parameters

Geoacoustic configuration
cl : sound speed n11
r l : density n11
a l : attenuation n11
dl : thickness n

Backscattering parameters
Surface 23(n11)
Volume n11

Total 7n16

TABLE II. Input parameters of the geoacoustic model used for illustrat
the numerical applications in Secs. III and IV.

Layers Water Mud Medium sand Coarse san

c (m•s21) 1500 1550 1650 1840
r 1 1.3 1.43 2.2
a ~dB/la! 0 0.2 0.87 0.9
g ¯ 3.25 3.25 3.25
bJ ~cm4! ¯ 431024 3031024 6031024

sv (dB•m23) ¯ 243 235 230
d ~cm! ¯ 20 10 ¯

al is the wavelength.
124 J. Acoust. Soc. Am., Vol. 109, No. 1, January 2001 L. Gui
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Jackson.24 The volume backscattering strength coefficie
was based on typical values obtained on real data. The si
frequency is 13 kHz.

A. Local backscattering strength definition

As said above, for each layerl ( l .1), the individual
initial BCS is first defined as having its interface overla
with water. Now, when this layer is inside the sedime
stack, some changes obviously occur. First, the presenc
the upper sediment layerl 21 decreases the impedance co
trast associated with the backscattering phenomenon,
this decrease modifies the local reflection and transmis
coefficients. Because these coefficients are used in the l
backscattering models, the individual BCS will be modifi
accordingly, providing a new local BCS.

As an example, Fig. 2 shows the effect of this impe
ance contrast change on the backscattering strength o
medium-sand layer and its clear dependence on incid
angle.

At steep incidence, the backscattering process is do
nated by the roughness contribution; it is modeled, in Ja
son’s approach,1 using Kirchhoff’s approximation, as fol-
lows:

sk~u0!5
R2~0!

8p cos2 u0 sin2 u0
E

0

`

exp~2qug22!J0~u! u du,

~2!

whereq is a function ofu0 , k, g, andbJ , andR(u0) is the
amplitude reflection coefficient for the water–sedime
boundary for incident angleu0 .

This BCS expression is proportional to the squared pr
sure reflection coefficientR(0) upon the interface; hence
change from the water–sand boundary@R(0)50.222# to the
mud–sand boundary@R(0)50.079# leads to a decrease o
20 log (0.079/0.222)529.0 dB, which is clear in Fig. 2.
This is an impedance matching effect: the decrease in imp
ance contrast lowers the scattered energy.

r-

FIG. 2. Effect of impedance contrast changes for the medium sand b
scattering strength~BS!. The model used is Jackson’s~Ref. 1! with input
parameters given in Table II. The curves labeled ‘‘Initial BS’’ are compu
for the medium-sand layer covered with water whereas the curves lab
‘‘Modified BS’’ are computed for this layer covered with mud.
124llon and X. Lurton: Backscattering from buried sediment layers
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At oblique incidence, the combination of surface a
volume contributions makes the interpretation more difficu
In Ref. 24, the roughness scattering at large incidenc
expressed using the composite roughness model1 with the
local BCS written as follows:

scr~u0!54k4 cos4 u0uY~u0!u2Ws~2k0 sinu0!, ~3!

where

Y~u0!5
~r21!2 sin2 u01r22k2

@r cosu01P~u0!#2 . ~4!

In Eq. ~4!, r5r1 /r0 , k5k1 /k0 , andP(u0)5kz1 /k0 , where
kz15Ak1

22k0
2 sin2(u0); r0 and k0 are the density and wav

number in water, these are respectivelyr1 and k1 in sedi-
ment. Figure 2 shows that roughness scattering at obl
incidence is also affected by the impedance matching.

For volume backscattering, we used the expression f
the model of Jackson and Briggs:25

ssv~u0!5
u12R2u2cos2 u0

4k0I@P~u0!#uP~u0!u2 sv . ~5!

The effect of an impedance contrast change on volu
backscattering strength is weak becauseu12R2u2, which
features the two-way transmission losses through the wa
sediment interface, varies little with the impedance contr
More important is the angular dependence effect: lower
the impedance contrast increases the critical angle, as sh
in Fig. 2 and described in Sec. III D.

To summarize, the balance between the local BCS c
ponents is modified: the surface BCS is lowered~impedance
matching effect! whereas the volume BCS is almost u
changed. Consequently, burying the various layers m
strongly affect their BCS. Results then depend on the res
tive proportion of surface and volume backscatter
strength in the initial BCS.

B. Influence of underlying layers

The change in impedance contrast affects the ba
scattering strength through the local reflection and transm
sion coefficients. But the underlying stratified structure a
modifies these coefficients in a global way which a
changes the backscattering strength. This was shown by
and Jackson26 for a stratified structure underlying a roug
surface. In the following we used their expression for t
resulting BCS:

ss~u0!5S k0

4 D 4

u11RLu4U12
k2

r
1S 12

1

r D
3Fsin2 u01r cos2 u0S 12RL

11RL
D 2GU2

Ws~2k sinu0!,

~6!

whereRL is now the amplitude reflection coefficient for th
layered media~see, e.g., Ref. 20!. Figure 3 presents this ca
culation for the medium-sand layer; to make interpretat
easier the impedance contrast changes described earlier
omitted. The strong oscillations between 50 degrees and
125 J. Acoust. Soc. Am., Vol. 109, No. 1, January 2001 L. Gui
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degrees are caused by the reflection on the medium-s
layer.

C. Volume limitation

The volume contribution to the backscattering proces
classically25 modeled with a single parametersv , which is
the local BCS associated with a unit volume. This BCS is
‘‘seen’’ directly, but rather through the interface. Equatio
~5! given above is based on the hypothesis that the scatte
medium is semi-infinite. However, for a given sedime
layer, this is not true any more. To take into account t
volume limitation, expression~5! now becomes

ssv5
u12R2u2 cos2~u0!

4k1I@P~u0!#uP~u0!u2 @12e24I~kzl!dl#sv , ~7!

whereI(kzl) is the imaginary part of the vertical compone
of the wave vector inside the sediment. The bracketed c
rective term in Eq.~7! features the attenuation effect alon
the layer thicknessdl .

Figure 4 presents this effect of thickness limitation
the volume backscattering strength of the medium-s
layer. Backscattering strength is lowered, with a maxim
influence at steep angles. Beyond the critical angle, this
fect disappears because penetration becomes negligible
energy is conducted only by an evanescent lateral wav20

The layer thickness is then of little importance.

D. Refraction and attenuation

Sound propagation inside the sediment layers imp
two consequences for local individual BCS. First, the in
dent wave is refracted. At each interface, the Sne
Descartes relation gives

kl 21 sinu l 215kl sinu l5k0 sinu0 , ~8!

so layerl is now ‘‘seen’’ at incident angleu l 21 instead of at
the in-water original angleu0 . This modifies the backscatter
ing strength angular dependence by a kind of ‘‘anamorp
sis.’’ Second, the sediment layers are dissipative. Their

FIG. 3. Roughness backscattering strength of the medium sand layer
parameters provided in Table II. The solid curve is the initial roughn
backscattering strength, and the dashed curve corresponds to this lay
side the sediment stack, using Eq.~6!.
125llon and X. Lurton: Backscattering from buried sediment layers
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tenuation lowers the backscattered level, as seen from
~7!. This effect is all the stronger as the incident angle
large ~the acoustical path is longer! and the layer is deep.

E. Local backscattering strength synthesis

Figure 5 summarizes the various effects described
lier that affect the individual backscattering strength of t
buried medium-sand layer. On most of the angular ra
there is a global lowering, between 5 and 10 dB, relative
the water-overlaid case. Moreover, the cutoff angle effec
steeper than previously. This change in critical angle is
to refraction as described in Sec. II D. The underlying str
fication influence@Eq. ~6!# is weak in this case because th
dominant effect in this angular range is volume scatter
rather than interface roughness.

IV. COMPUTATION OF THE TRANSFER
COEFFICIENTS

Now that every layer’s local BCS is defined and spe
fied, it has to be transferred upwards to the water–sedim

FIG. 4. Volume limitation effect on the medium-sand layer backscatte
strength. Solid curve is computed with Eq.~5! whereas the dashed on
corresponds to Eq.~7!.

FIG. 5. Medium-sand backscattering strength as a semi-infinite med
covered with water~solid curve! and as a layer inside the sedimental sta
~dashed curve!. The parameters used are given in Table II.
126 J. Acoust. Soc. Am., Vol. 109, No. 1, January 2001 L. Gui
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interface in a way correctly accounting for the propagat
inside the sedimentary medium. In the following, the trans
coefficient Cpl(u0) quantifies, for each buried layerl, the
total energy incident at angleu0 transmitted inside the sedi
ment down to layerl and backscattered to the sonar in t
same directionu0 . The computation of these transfer coef
cients is first presented for the simple case of a single s
ment layer overlying a basement and then for the gen
multilayered case. In the followingRi , j , or Ti , j , denotes the
reflection, or transmission, coefficient from mediumi to me-
dium j. The complex wave numberkl5v/cl1 ia l /8.686l
~with a l in dB/wavelength! accounts for sound attenuation
layer l. The vertical, or horizontal, projection of the wav
vectork l is kzl

, or kxl
.

A. A single-sediment layer

We develop here the basement transfer coefficie
Cp2(u0). The calculation is split into two parts: we ex
pressed first the energy incident from the water to the ba
ment and then the energy transmitted back to the receiv

1. Incident path

Figure 6 depicts the first part of this approach. Under
small perturbation hypothesis, only plane waves are con
ered inside the sediment layers.

The acoustical pressure field in the three media may
written as follows:

p05@e2 ikz0
~z2h!1Raeikz0

~z2h!#eikxxe2 ivt,

p15@A1e2 ikz1
z1B1eikz1

z#eikxxe2 ivt, ~9!

p25Tae2 ikz2
zeikxxe2 ivt,

whereRa is the reflection coefficient at the water–sedime
interface for the whole sediment stack. HereTa is the global
transmission coefficient from water to basement (T0,2):

20

Ta5
4Z1Z2

~Z22Z1!~Z12Z0!ei j11~Z21Z1!~Z11Z0!e2 i j1
, ~10!

where Zl5r lv/kzl
is the plane wave impedance in layerl

and j l5dlkzl
. For notation convenience, the time depe

dencee2 ivt and the horizontal componentseikxx are sup-
pressed in the following, and the incident acoustical press
is normalized to 1. The acoustical continuity conditions
the basement boundary are used to express coefficientA1 ,
which is the relative amplitude of the incident wave on t
considered scattering boundary:

g

m

FIG. 6. Geometry for the incident path.
126llon and X. Lurton: Backscattering from buried sediment layers
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A15Ta

Z21Z1

2Z1
5

Ta

T1,2
. ~11!

The incident acoustical intensity on the sedimentz
5h) is

I i05
cosu0

2r0c0
. ~12!

On the basement, the incident intensity is

I i15
uA1u2R~kz1

!

2vr1
, ~13!

with R(k) denoting the real part of the complex numberk.

2. Backscattered wave

The incident acoustical wave is scattered in all dire
tions by the basement roughness; the angular dependen
given by a scattering function.27 The energy scattered up
wards through the sediment layer can therefore follow v
ous paths back to the receiver, with different angles co
sponding to image-sources due to successive reflect
inside the layer; themth-order image source is at depthzm

522mh. Figure 7 depicts the direct path~ABS! from a
scatterer at point A to the sonar and, for instance, the
multiple path~ACDES! from the first-order image source A*
at depthz522h.

The field emitted from A and transmitted to S ma
therefore be written as the summation of these image-so
contributions:

ps~u0!5 (
m50

` T1,0~u1,m!R1,0
m ~u1,m!R1,2

m ~u1,m!

Rm
ei @k0r 0,m1k1r 1,m#.

~14!

For the mth image source,r 0,m and r 1,m are the path
lengths in media 0 and 1,u1,m is the incident angle inside
medium 1, and 1/Rm is the spherical loss from the imag

FIG. 7. Backscattered spherical wave: direct and first multiple path
127 J. Acoust. Soc. Am., Vol. 109, No. 1, January 2001 L. Gui
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source to the receiver. The difference in phase termswm for
source~m! in Eq. ~14! and w0 for the direct path ABS is
obtained by

wm2w05k0~r 0,m2r 0!1k1~r 1,m2r 1!

5k0HS 1

cosu0,m
2

1

cosu0
D1k1hS 2m11

cosu1,m
2

1

cosu1
D ,

~15!

whereu0 andu1 are angles in media 0 and 1 for the dire
path.

Sinceh!H ~in a typical deep-water echosounding co
figuration,h is a few meters whereasH is 1 to 5 km!, angle
u0,m may be considered as a small perturbation ofu0 accord-
ing to variations of 2mh. Developing Eq.~15! to the first
order gives~see details in the Appendix!:

wm2w052mk1h cosu1,m . ~16!

The conditionh!H allows the spherical loss to be ap
proximated as 1/R0'1/R1'1/R2'¯ , meaning that the
extra range and the refraction effect raised by the layer
negligible in the geometrical divergence loss. Also, the
flection and transmission coefficients may be approxima
as T1,0(u1)'T1,0(u1,1)'T1,0(u1,2)'¯ and R1,0(u1)
'R1,0(u1,1)'R1,0(u1,2)'¯ because of the very slight varia
tion of the incident angle. This leads to the following expre
sion for Eq.~14!:

ps~u0!5
T1,0~u1!

R0
eiw0 (

m50

`

R1,0
m ~u1!R1,2

m ~u1!e2ik1hm cosu1,

~17!

which features the classical expression20 for a transmission
coefficient in a layered medium. Hence, the backscatte
wave will be considered as one plane wave emitted upwa
in directionu1 ~Fig. 8!.

The water-transmitted field is now determined from

p05Deikz0
~z2h!,

~18!
p15Feikz1

z1Ce2 ikz1
z.

For computational convenience, it is now supposed t
the system depicted in Fig. 8 is generated by a virtual pl
wave coming from the basement with amplitudeL. Thus,F
5T2,1L and D5TrL, whereTr is the transmission coeffi
cient from basement to water (T2,0) that can be obtained with

FIG. 8. Geometry for the backscattered wave.
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Eq. ~10! by inverting indices 0 and 2. The following relatio
betweenD andF is obtained:

D5F
Tr

T2,1
. ~19!

Inside the sediment layer, the basement-backscatt
field is linked with the incident field by the relation

I d5s̃2~u1!I i1 , ~20!

with the intensityI d5uFu2R(kz1
)/2vr1 . Using Eq.~13!, one

obtains

uFu25uA1u2s̃2~u1!. ~21!

The outgoing intensity is written

I s5
uDu2 cosu0

2r0c0
5uDu2I i0 . ~22!

3. Synthesis

Using relations~21!, ~22!, and~19!, one can write for the
intensity backscattered and transmitted back to the wate

I s5s̃2~u1!uAu2U Tr

T2,1
U2

I i . ~23!

Referring to Eqs.~1! and~11!, the transfer coefficient for
the basement underlying a single-sediment layer is finall

Cp25U Ta

T1,2
U2U Tr

T2,1
U2

. ~24!

If one neglects the multiple reflected paths inside
sediment stack, this transfer coefficient becomes

C̆p25uT1,0u2uT0,1u2e24hJ~k1!/cosu1. ~25!

Figure 9 presents the computation results of Eqs.~24!
and ~25! for a medium-sand layer covered with vario
thicknesses of mud, for parameters given in Table II.

The transfer coefficients are maximum at steep in
dences and decrease until the cutoff imposed by the cri
angles of the various interfaces. These coefficients ten

FIG. 9. Transfer coefficients computed from sand layer to water, for dif
ent mud thicknesses according to exact formulation@Eq. ~24!# ~solid curves!
or to approximate expression@Eq. ~25!# ~dashed curves!.
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zero beyond the highest critical angle. Oscillations asso
ated with the resonant character of sound propagation in
layers are superimposed over this global trend. The den
of these oscillations depends on the number of reson
angles at a given frequency, whereas their levels depen
the relative levels of interfering multipaths and hence up
attenuation across the dissipative layers. These oscillat
therefore get closer and smoother when the layer thickn
increases. In the case shown in Fig. 9, the effect of multip
interference is clearly negligible for the 1-m thickness, a
the simple expression~25! is then a good approximation. O
the other hand, for thinner mud layers, Eq.~25! is less ac-
ceptable, especially close to the critical angle cutoff wh
the oscillation effect becomes dominant. These oscillat
interference effects are obviously encountered in the res
ing transferred backscattering strengths. Experimental
dence of such oscillations may be found in the literature~see,
e.g., Ref. 13!.

B. General case

In the case of a multilayered seafloor as sketched in F
1, the transfer coefficients are obtained by generalizing
single-layer case. Thus, for layerl the transfer coefficient can
be written as

Cpl5uAl 21u2U Tl ,0

Tl ,l 21
U2

, ~26!

where Al 21 is the incident amplitude on layerl, obtained
from the following recursive relations:

Al 215
Ale

2 i j l

Tl 21,l
1Ble

i j l
Zl2Zl 21

2Zl
,

~27!

Bl5Al 21

Zl 212Zl

2Zl 21
1Bl 21

ei j l 21

Tl ,l 21
,

with

An5
Ta

Tn,n11
, Bn5Ta

Zn112Zn

2Zn11
.

Now Ta is the transmission coefficient from water to bas
ment (T0,n11) for the whole sediment stack:20

Ta5 )
j 5n11

1 Zin
~ j !1Zj

Zin
~ j !1Zj 21

ei j j , ~28!

with

Zin
~ j !5Zj

Zin
~ j 11!2 iZ j tanj j

Zj2 iZin
~ j 11! tanj j

; ~29!

and Zin
(n11)5Zn11 . Zin

(2) is the input impedance of the sys
tem.

Figure 10 presents the sand-to-water and basemen
water transfer coefficients. The former is limited by th
water–mud critical angle, and the angle range of the latte
narrower because of the steeper angle associated with
water–sand contrast. The differences in global levels are
ily accounted for by the respective sediment thicknesses c
sidered.

-
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All the above was developed for the case of dep
invariant characteristics inside each layer, for which
propagating waves are plane, thus making the reflection
transmission coefficients straightforward to compute. N
that the same method of transfer coefficient computa
may be readily adapted to the case of layers featuring de
varying sound speed, density, and attenuation. This
evoked in Refs. 18 and 19 and will be presented with m
details in a future paper.

V. NUMERICAL EXAMPLES

A. Practical application

The total EIBS of a geoacoustic configuration may
readily computed from the various elements presented in
previous sections. Several steps are necessary. After
acoustical parameters of each layer are defined~see an ex-
ample in Table II!, the individual BCS~related to their nature
and to the geological context! are computed at the variou
interfaces by using a backscattering model such as Eqs.~3!–
~5!. Then these individual BCSs are modified according
the acoustical parameters of the sediment stack in orde
define the local BCS, as described in Sec. III A and us
Eqs.~6! and~7!. The anamorphosis effect due to refraction
accounted for by applying Eq.~8!. Next, the transfer coeffi-
cients from the various layers to the upper interfaceCpl(u0)
are computed using Eqs.~26!–~29!. Finally, the total equiva-
lent BCS is obtained by summing all the layer contributio
using Eq.~1!.

B. Two-layer model

The first example is the geoacoustic configuration p
sented in Table II. The results are in Figs. 11 and 12.

The total backscattering strength follows the modifi
basement backscattering strength on a wide angular ra
The strong oscillation at 55 degrees is due to the tran
coefficient Cp4 of the basement near the water/basem
critical angle~see Fig. 10!. Beyond this critical angle, the
total backscattering strength decreases rapidly and fin
follows the mud layer backscattering strength.

FIG. 10. Transfer coefficients for Table II configuration, computed fro
sand layer to water~solid curve! and from basement to water~dashed curve!.
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C. Comparison with Ivakin’s model

It is interesting to compare, both formally and in the
results, our EIBS model and the ‘‘unified approach’’ pr
posed by Ivakin.9 While his is theoretically far more genera
than ours, a ground of comparison may be found in the li
case presented by Ivakin as the first-order approximation
his model. In this case corresponding to single-scattering,
two approaches provide nearly identical expressions@see his
Eqs.~64! and ~65! in Ref. 9#.

The two numerical models were compared in vario
test cases.28 We present here a computation of roughne
backscattering by a two-layer seafloor~clay and silt layers
over a sandy basement! with parameters provided in Tabl
III.

The computation of this seafloor backscattering stren
through Ivakin’s first-order model is presented in Fig. 1
and computation with the EIBS model is presented in F
14.

The two models are in very good agreement, especi
for the location and the amplitudes of the oscillations. Th

FIG. 11. Individual backscattering strength~dotted curves! with reference to
water, and EIBS~solid curve! for the geoacoustic configuration presented
Table II.

FIG. 12. Local backscattering strength~dotted curves! weighted by their
transfer coefficient and EIBS~solid curve! for the geoacoustic configuration
presented in Table II.
129llon and X. Lurton: Backscattering from buried sediment layers
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are small differences in the prediction of the backscatter
strength amplitudes from the two buried interfaces, but
two computation results are very close.

VI. DISCUSSION

The EIBS model proposed in this article offers a wi
potential for the interpretation of experimental backscatte
data, in particular those obtained with low-frequency mu
beam echosounders on soft sedimentary seafloors for w
penetration phenomena are notable. Actually its results h
already been compared to experimental data obtained w
13-kHz multibeam echosounder in two configurations,17,19

revealing effects associated with sediment layering.
However, one has to be careful in using such a mo

for experimental data validation, since its input paramet
are numerous and its output is very sensitive to small va
tions of the configuration. Its modular structure makes it p
sible to account for complex sedimentary structures. On
other hand, increasing the complexity of the description
creases the number of input parameters needed, which
make it difficult to provide the model with numerical value
and may make its results risky to interpret. This raises s
eral issues. First, establishing a geoacoustic model fo
given real configuration unavoidably implies relying up
available geological data; however, these are seldom us
directly for the acoustical modeling purpose. For instan
data obtained from geological analyses and geotechn
measurements of sample cores are often very detailed,

FIG. 13. Local and total backscattering strength for the seafloor m
presented in Table III computed with the first order of Ivakin’s model~Ref.
9!. ~This figure is taken from Fig. 1a in Ref. 28 by Ivakin.!

TABLE III. Geoacoustic parameters of the second numerical exam
~comparison with Ivakin’s model!.

Layers: Water Clay Silt Sand

c (m•s21) 1500 1580 1650 1750
r 1 1.5 1.8 2
a ~dB/l! 0 0.3 0.5 0.6
g ¯ 3.25 3.25 3.25
bJ ~cm4! ¯ 431024 1023 231023

d ~cm! ¯ 50 20 ¯
130 J. Acoust. Soc. Am., Vol. 109, No. 1, January 2001 L. Gui
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they must be simplified to make the acoustical model pr
ticable. Also, the parameters coming from classical geolo
cal investigations have to be transformed into usable aco
tical parameters, using intermediate models.23 Moreover
some of the parameters needed in an acoustical mode
layered sediments are not accessible to measurement; fo
ample, it is practically impossible today to measure thein
situ roughness of buried layers. Finally, because of the h
number of input parameters and the limited information u
ally obtainable from the echosounder experimental data,
biguities may affect the interpretation: several different la
ered structures may provide more or less the same resp
measured as an average intensity level.19

The theoretical limitations of the approach should a
be kept in mind. On one hand its overall validity depends
the model used for local phenomena, and the transfe
backscattering strength cannot be expected to be more a
rate than the initial local one. We did not propose anyth
new in this respect; we just present the local modifications
be applied to a given classical model. Moreover, the EI
model itself is defined under the limitation of small pertu
bations and single scattering, and hence its results shoul
taken cautiously in the regimes of high-level scattering su
as the near-specular incidences.

To summarize, the EIBS model presented is basicall
formalization of a physically intuitive approach, that mak
it possible to describe the backscattering strength assoc
with buried layers, considered as local phenomena filtered
the overlying sediment structure. Such a physical conc
has already been presented and exploited~see, e.g., Refs. 2
13, and 15!, but we believe that the EIBS approach is mo
general and easier to use because of its detailed descri
of the local backscattering phenomena modifications, its e
extension to any number of layers, and its potential for p
cessing sedimentary characteristics that continuously v
with depth. On the other hand, it agrees in a satisfactory w
with developments obtained from a general theoretical
proach of the problem.9 The EIBS model is then proposed a
a practical compromise between a pragmatic approach o

el

FIG. 14. Local and total backscattering strength for the seafloor mo
presented in Table III computed with the EIBS model.

le
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physical problem and a rigorous treatment of the backsca
ing phenomena.
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APPENDIX: PHASE DIFFERENCE FOR
BACKSCATTERED WAVE

Considering an image source A* at depthh* ~cf. Fig. 7
but the following is valid whatever the image-source orde!,
the phase difference between paths AS and A* S is developed
as

Dw5k0HS 1

cosu0,1
2

1

cosu0
D1k1S h*

cosu1,1
2

h

cosu1
D

5k0HS 1

cosu0,1
2

1

cosu0
D1k1h* S 1

cosu1,1
2

1

cosu1
D

1k1~h* 2h!
1

cosu1
. ~A1!

Taking into account thatH@h, variations in h will
slightly modify u0 and u1 . Therefore, the difference
1/cosu*21/cosu may be written as the differential (]/]u)
3(1/cosu). Equation~A1! becomes

Dw5k0H
sinu0

cos2 u0
]u01k1h*

sinu1

cos2 u1
]u1

1k1~h* 2h!
1

cosu1
. ~A2!

Neglecting the second-order terms leads to the following
pression for the phase difference:

Dw5k0H
sinu0

cos2 u0
]u01k1~h* 2h!

1

cosu1
. ~A3!

The relation between variations inh and u is obtained
from the expression of horizontal rangex:

x5H tanu01h tanu1 , ~A4!

the differential of which gives, neglecting the second ord
terms,

]u052tanu1 cos2 u0

]h

H
. ~A5!

Using Eq.~A5! in Eq. ~A3! leads to

Dw52k0 sinu0 tanu1]h1k1

h* 2h

cosu1
. ~A6!

Rewriting this expression with the use of the Sne
Descartes relation@Eq. ~8!# gives
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Dw52k1

sin2 u1

cosu1
]h1k1

h* 2h

cosu1

5k1 cosu1~h* 2h!5kz1
~h* 2h!. ~A7!

Hence, the phase difference between an image-source
metrical path and the direct path is simply approximated
the corresponding plane wave phase difference. Since
image~m!, h* 5(2m11)h, it becomes

Dwm52kz1
mh. ~A8!
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