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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 conceggjunfalent 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. 2@1 Acoustical Society of America.
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I. INTRODUCTION approach over a Green'’s function description of the acousti-
cal field inside the sediment. Later works by Ivakihand
Deep-sea multibeam echosounders are widespread toofang® proposed unified approaches of backscattering by
in marine geology studies since they can readily provide bavolume and buried interfaces in layered media. They showed
thymetry and sonar images of large seafloor areas. A geolahat if a buried interface is considered as a perturbation of the
gist’s first interpretation can be formed from these images byurrounding medium, the two contributions may be ex-
combining the recorded backscattering strength with the se@ressed under a single formulation.
floor nature and assuming a one-to-one relation between As opposed to these “global” methods considering the
these two variables. Classically, backscattering strength igroblem in its generality, some authors tried to model the
modeled as the sum of one contribution from the rough sureffects of stratification upon backscattering strength in par-
face and one from the semi-infinite volume below(see, ticular configurations. Solutions were proposed for the back-
e.g., Ref. 1. But, at low frequenciestypically 10-15 kHz  scattering strength of a single isotropic layer upon a base-
for deep-water systemsthe signal may significantly pen- ment: McDaniet* took into account the layer roughness and
etrate into the seafloor. Since the geological context may bessef? the shear wave in the basement. They showed no-
very complex in the first meters of sediment, the stratificatable effects near the critical angle but they did not include
tion effects on the overall response should be taken into acrolume backscattering strength in their models. Moreover,
count. Simple two-component models are not able to detheir exact formulations cannot be generalized to more com-
scribe the recorded backscattering strength so using theflex geological configurations.

may lead to ambiguities in data interpretatfothere is Various more pragmatic approaches to the problem may
therefore a need for geoacoustic models predicting the backye found®*3-*%In particular, Lyonset al® proposed a back-
scattering strength of layered seafloors. scattering strength model for layered seafloors, in which ev-

Although many studies have dealt with the influence ofery layer is characterized by its own individual backscatter-
sediment stratification on the reflection and transmission coing strength (based on Jackson’s mogtelthe global
efficients (see, e.g., Refs. 3350nly a few have been de- backscattering strength is the sum of all the layer contribu-
voted to backscattering by layered media. One of the earliestons individually modified by the layering. The layering ef-
works was Ivakin's modél of volume backscattering for fects, however, were not fully detailed in this attractive ap-
stratified sediments, which is based on a small perturbatioproach since those authors focused on volume backscattering

modeling.
3Electronic mail: guillon@Ima.cnrs-mrs.fr The principle of our equivalent input backscattering
DElectronic mail: lurton@ifremer.fr strength(EIBS) modef®~%is basically an extension of that
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of Lyonset al!® Starting from the same intuitive description
of local contributions from buried layers “seen” through the
filter of an overlying sediment stack, we account for stratifi-
cation effects in a more rigorous way and under a more eas-
ily generalizable formalism(1l) by carefully accounting for
the local modifications of backscattering strength due to
burying and(2) by using a classical model of plane wave
propagation inside a fluid layered medium. Finally, the ulti-
mate ambition of our EIBS model is to provide results in d
good agreementdespite their narrower generalitywith Eh

those obtained from more global approaches such as
Ivakin's.® “d, OIX X P 0,0 (6) 1
__---'_—-—-....‘___._._..1

IIl. THE CONCEPT OF EQUIVALENT INPUT :

BACKSCATTERING STRENGTH 1:/_-'\—/7
A. Geoacoustic model )
n+1

In the following, the seafloor is described by a two-part On+1
geoacoustic moddFig. 1): basement

(i) A fluid dissipative sedimentary layer of thicknelss
split into n elementary layers. Each laykis charac-
terized by its sound speexl, densityp,, attenuation
coefficiente, , its thicknesd, , and its own individual
backscattering cross sectidBCS) o(6,), consid-
ered at its upper boundary.

(i) A semi-infinite fluid dissipative basement, with pa-
rameters ¢y, 1, pn+1, and a,,q, and its BSC
on+1(00).

E )

FIG. 1. Geoacoustic model.

These two steps finally lead to the “equivalent input
backscattering strength” at the upper water/sediment
interface!® This term was chosen by analogy with the con-
cept of “equivalent input impedance” in the theories of elec-
tric circuits or sound propagation in layered metfidhere-
after, under the hypothesis of single scattering, the various
Note that the concept of “basement” here relates on|ycontributions are summed to provide the total BCS of the

to the acoustical penetration, meaning that there is no signifd&0acoustic configuration:
cant return of energy from the medium below interfate
+1. It is not related to a particular geological structure. n+1
In the following, to define its individual BCS, each layer o(00)= 2, Cpi(00)T1(6)-1). (1)
is first considered as having its upper boundary overlaid with =1
water. We found this convention convenient for numerous

practical configurations in which one has to compare back- 1 g0hal backscattering strength for the stack is finally
scattering strength levels from the same boundary either outrq lod (o).

cropping or buried under a stratified sediment layer. An ini- 1, by hotheses are necessary for establishing this ex-
tlalllo_cal BCS is defined under this assumption, classmallypressiOn of the total BCS. First, a small perturbation ap-
split into two componentssurface roughness and volume o0 s used here: the scattered wave has second-order
mhomqgeneltle)sand is then modeled usmg a local back- magnitude relative to the incident field, so one can deal with
scattering strength model such as Jackson’s. plane wave propagation inside the stack. This approximation
is usually admitted in sediment backscattering motéfs-22
Second, a single-scattering approach, related to the former
Calculating the total BCS features two steps. First, thenypothesis, is needed. The multi-scattered field is considered
local individual BCSo(6,) are defined taking into account as negligible relative to the single-scattered edhdose
the effects due to layering: changes in impedance contrastbackwards propagation accounts for the complete description
influence of underlying layers, volume limitation, and refrac- of phenomena associated with layered mgdisnsequently,
tion. These various effects are detailed in Sec. Ill. The modione can make a single summation of the various contribu-
fied individual BCS for each laydris writtena(6,_4); this  tions. This second hypothesis is valid if each layer's back-
notation includes the angle changes due to refraction. Thecattering strength is low enough. This is true outside the
second step of the process is to calculate the transfer coeffispecular” regime, typically for incidence angles greater
cients accounting for sound propagation inside the stack. Thinan 20 degrees; on the other hand, at low incidences, back-
contribution of each layef is weighted by a coefficient scattering strength may be large enough to allow multiple
Cpi(6o) determined by the acoustic field inside the layeredscattering. Consequently, for angles close to the vertical in-
structure. Under a small perturbation hypothesis, these coeéidence, the model must be considered as a first approxima-
ficients can be obtained by a classical plane wave approadfon of the problem and further calculations should be done
of sound transmission in layered meds®e, e.g., Ref. 20  to extend it exactly to the whole angular range.

B. The equivalent input backscattering strength
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TABLE |. Number of parameters used for the equivalent input backscatter- 10

ing strength model of an-layer sediment stack. oo i‘/}i‘:i;lﬁi‘:i’fs‘frefa]zflss
oR, ke Initial volume BS I
Parameters No. of parameters o---0 Modified volume BS
G — Tnitial total BS
Geoacoustic configuration -10 o—o Modified total BS |1
¢, : sound speed n+1
p, . density n+1 J
a : attenuation n+1
d, : thickness n

Backscattering parameters

Backscattering strength (dB.m

Surface X (n+1)
Volume n+1
Total m+6
1 1 1 1 I I L A\
-8 10 20 30 40 S0 60 70 80 90
. . Incident angle (degrees)
C. Number of parameters and discussion

For every |ayer’ the Composite roughness mbegetved FIG. 2. Effect of impedance contrast changes for the medium sand back-

. N . scattering strengtfiBS). The model used is Jackson(Ref. 1) with input
to determine the individual interface BCS. We used the tWyarameters given in Table II. The curves labeled “Initial BS” are computed

classical parameterg and 8; defining the roughness spec- for the medium-sand layer covered with water whereas the curves labeled
trum asWy(K)=8;K "7, and a single parameter, for the “Modified BS” are computed for this layer covered with mud.

1 v
volume contribution.

Table | features the parameters involved in this modelacksorf* The volume backscattering strength coefficient
for the geoacoustic configuration presented in Fig. 1, showwas based on typical values obtained on real data. The signal
ing that T+ 6 input parameters are needed for mfayer  frequency is 13 kHz.
configuration. For example, a simple two-layer modal
basement below two sediment layersquires 20 input pa-
rameters. The effective number of independent parameterfd Local backscattering strength definition
can be reduced by taking into account relations between
some of them(see, e.g., Ref. 33 but the array size will
nevertheless remain large.

As said above, for each layér(I>1), the individual
initial BCS is first defined as having its interface overlaid
with water. Now, when this layer is inside the sediment
stack, some changes obviously occur. First, the presence of
the upper sediment layér 1 decreases the impedance con-
trast associated with the backscattering phenomenon, and
— e this decrease modifies the local reflection and transmission
Our objective was to model the modifications of the iy - .
. . oefficients. Because these coefficients are used in the local
backscattering strength due to layering. To do so, we use§ . T : "
. ackscattering models, the individual BCS will be modified
the model of Jacksdrfor the local backscattering strength of : -~
. accordingly, providing a new local BCS.
a given layer but other models could have been used. In the : .
. . . o As an example, Fig. 2 shows the effect of this imped-
following, the changes induced by layering on the individual .
. . S ance contrast change on the backscattering strength of the
layer BCS are illustrated by numerical applications com-

outed on a geoacoustic model with two laydraud and medium-sand layer and its clear dependence on incident

) : angle.
medium sangoverlying a coarse sand basement. The layer- 9

: . . : i At steep incidence, the backscattering process is domi-

ing effects are visualized on the figures representing thenated by the roughness contribution; it is modeled, in Jack-

backscattering strength of the medium-sand layer. The Con: s approach, using Kirchhoff's a;;proximation és fol-

figuration parameters are given in Table Il. The acousticar i ' ’

parameters(c, p, and a) are from data compilations by

Hamilton?® The values for3; and y are from Mourad and R?(0) o -
7 6o) = 87 cos 6, Sirt 6, fo exp(—qu” S)Jo(u) uduy,

TABLE Il. Input parameters of the geoacoustic model used for illustrating (2
the numerical applications in Secs. Il and IV.

Ill. LOCAL DESCRIPTION OF THE INDIVIDUAL BCS

whereq is a function off,, k, v, andB;, andR(6,) is the

Layers Water Mud Medium sand  Coarse sand amplitude reflection coefficient for the water—sediment
- boundary for incident anglé,.
¢ (ms7) 1500 1550 1650 1840 This BCS expression is proportional to the squared pres-
P 1 1.3 1.43 2.2 . > )
a (dBAD 0 0.2 0.87 0.9 sure reflection coefficieniR(0) upon the interface; hence a
y : 3.25 3.25 3.25 change from the water—sand boundpiR(0)=0.222 to the
B; (cn) . e 4x10% 30x10°f 60x 10 * mud—sand boundaryR(0)=0.079 leads to a decrease of
gy - 30 20l0g (0.079/0.222% —9.0dB, which is clear in Fig. 2.
This is an impedance matching effect: the decrease in imped-
3\ is the wavelength. ance contrast lowers the scattered energy.

124  J. Acoust. Soc. Am., Vol. 109, No. 1, January 2001 L. Guillon and X. Lurton: Backscattering from buried sediment layers 124



At oblique incidence, the combination of surface and 10

volume contributions makes the interpretation more difficult. — xgium—sang iayer,bsemi—infini:ie, cgvered withc\ivater
H H H H L -= —! er between mud and coarse san
In Ref. 24, the roughness scattering at large incidence is 0 lmsane

expressed using the composite roughness moadith the
local BCS written as follows:

ocr(0) = 4k* cos' 05| Y (6o)|*W(2kg Sin ), )
where

|
—
T

(p—1)?sir? §y+ p2— k2
[ costot P(0) 2" @

Y(60o)=

Backscattering strength (dB.m'z)

_40.
In Eq(4), pzpl/po, K=k1/k0, andP(G’o):kzl/ko, Where -50}
k1= VKi—K§ sir’(6); po andk, are the density and wave
numberlln water, these are respectivply and k% in sedi- _ 00 a0 50 60 70 80 %
ment. Figure 2 shows that roughness scattering at oblique Incident angle (degrees)

incidence is also affected by the impedance matching.

= | back : d th ion f FIG. 3. Roughness backscattering strength of the medium sand layer with
or volume bac Scatte”n_g’ we used the expression rorBarameters provided in Table Il. The solid curve is the initial roughness
the model of Jackson and Briggs: backscattering strength, and the dashed curve corresponds to this layer in-

side the sediment stack, using Ef).
|1—R?|%co¢ 6,

a,. 5
4koZ[ P(80)][P(6o)|* © degrees are caused by the reflection on the medium-sand
The effect of an impedance contrast change on voluméayer.
backscattering strength is weak becalise- R?|?, which
features the two-way transmission losses through the water€. Volume limitation
sediment interface, varies little with the impedance contrast. The volume contribution to the backscattering process is
More important is the angular dependence effect: Iowerinq:Ias

. : o sically® modeled with a single parametet,, which is
fche !mpedance con.trast Increases the critical angle, as Shov{,ﬁe local BCS associated with a unit volume. This BCS is not
n F'_f_]'o ifg%gﬁ;g”?ﬁgg‘;gﬁ; ltl)IeItDv;/een the local BCS Com‘:seen” directly, but rather through the interface. Equation

. e : . (5) given above is based on the hypothesis that the scattering

ponen.ts is modified: the surface BCS is Iowe(mipedance medium is semi-infinite. However, for a given sediment
matching  effedt whereas the \_/olume BCS. Is almost un- layer, this is not true any more. To take into account this
changed. Consequently, burying the various layers may | ime limitation expressiof6) now becomes
strongly affect their BCS. Results then depend on the respec- '
tive proportion of surface and volume backscattering _ [1-R?*cos(6p) —azed
strength in the initial BCS. T~ 4k T p(go)]|p(go)|2[l_e 2oy, (7

O-Sv( 00) =

whereZ(k,) is the imaginary part of the vertical component
of the wave vector inside the sediment. The bracketed cor-
rective term in EqJ(7) features the attenuation effect along
The change in impedance contrast affects the backne layer thicknesd,. . S

scattering strength through the local reflection and transmis-  Figure 4 presents this effect of thickness limitation on
sion coefficients. But the underlying stratified structure alsgh€ volume backscattering strength of the medium-sand
modifies these coefficients in a global way which alsol@yer. Backscattering strength is lowered, with a maximum
changes the backscattering strength. This was shown by MdBfluence at steep angles. Beyond the critical angle, this ef-
and Jacksdff for a stratified structure underlying a rough fect disappears because penetration becomes negligible; the
surface. In the following we used their expression for the€n€rgy is conducted only by an evanescent lateral Wave.

B. Influence of underlying layers

resulting BCS: The layer thickness is then of little importance.
4 2
o(0p)= ZO 11+R_ 41— < 1— _> D. Refraction and attenuation
P Sound propagation inside the sediment layers implies
2 2 1-R.\2]I? K si two consequences for local individual BCS. First, the inci-
X| SN 6o+ p cOS" b 1+R, Ws(2k sin6o), dent wave is refracted. At each interface, the Snell-
©) Descartes relation gives
whereR, is now the amplitude reflection coefficient for the K-y sin 6y, =k sin 6 =ko sin by, (8)

layered medidsee, e.g., Ref. 20Figure 3 presents this cal- so layerl is now “seen” at incident angl#,_, instead of at
culation for the medium-sand layer; to make interpretatiorthe in-water original anglé,. This modifies the backscatter-
easier the impedance contrast changes described earlier weng strength angular dependence by a kind of “anamorpho-
omitted. The strong oscillations between 50 degrees and 6§ls.” Second, the sediment layers are dissipative. Their at-
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—— Semi-inifiite volume 4
- - - Layer thickness = 10 cm

~35¢

/ / 0 water

d A \/\/\ sediment
1i - 1
O‘I' 4 x
k\ 2 basement
6

FIG. 6. Geometry for the incident path.

Backscattering strength (dB.m'z)

interface in a way correctly accounting for the propagation
: . s s ; . . - inside the sedimentary medium. In the following, the transfer
0 10 20 30 40 50 60 70 80 90 . . oo .
Incident angle (degrees) coefficient C,(6p) quantifies, for each buried layéy the
total energy incident at anglé, transmitted inside the sedi-
FIG. 4. Volume limitation effect on the medium-sand layer backscattering

. ; . ment down to layet and backscattered to the sonar in the
strength. Solid curve is computed with E€p) whereas the dashed one . . . .
corresponds to Eq(7). same directiord,. The computation of these transfer coeffi-

cients is first presented for the simple case of a single sedi-

tenuation lowers the backscattered level, as seen from E _enF layer overlying a basemfant and then for the general
(7). This effect is all the stronger as the incident angle isreﬁgizﬁire:r f?;‘fs'r:]?sgggogg\g;;ggn’t ?rrozi{irhgginm?h;efn:]e
large (the acoustical path is longeand the layer is deep. dium j. The complex wave numbet = w/c,+ia,/8.686\
(with «; in dB/wavelengthaccounts for sound attenuation in

Figure 5 summarizes the various effects described eat@er |- The vertical, or horizontal, projection of the wave
lier that affect the individual backscattering strength of theVectork, is kzw or er
buried medium-sand layer. On most of the angular range
there is a global lowering, between 5 and 10 dB, relative toA. A single-sediment layer
the water-overlaid case. Moreover, the cutoff angle effect is We develop here the basement transfer coefficient:
steeper than previously. This change in critical angle is du<=C 0 Th pl lation i lit into t s o
to refraction as described in Sec. 11 D. The underlying strati- p2( o). 'he cajcuiation IS Spit Into tWo parts. we ex
fication influencd Eq. (6)] is weak in this case because the pressed first the energy incident f_rom the water to the _base-
dominant effect in this angular range is volume scatteringment and then the energy transmitted back to the receiver.
rather than interface roughness.

E. Local backscattering strength synthesis

1. Incident path

Figure 6 depicts the first part of this approach. Under the
IV. COMPUTATION OF THE TRANSFER

small perturbation hypothesis, only plane waves are consid-
COEFFICIENTS ered inside the sediment layers.
Now that every layer's local BCS is defined and speci- ~ The acoustical pressure field in the three media may be

fied, it has to be transferred upwards to the water—sedimenyritten as follows:

Do=[ e KnZM 4 R_elkz (2~ gikuxg—iot
10

—— Medium-sand layer, semi—-infinite, covered with water p;=[Ae” ikz,z 4 Bleikzll] elkxxgi wt, 9
- - - Medium—sand layer in the sediment stack

p,=T.e" ikz,ZgikXg i wt’

whereR, is the reflection coefficient at the water—sediment
interface for the whole sediment stack. Héigis the global
transmission coefficient from water to baseme'ngi):zo

B 42,7,
(23— Z9)(Z1—Z0) €1+ (Zo+ Z1)(Z1+ Zg)e ™'

where Z,= pjw/k,, is the plane wave impedance in layer

and §|=d,kzl. For notation convenience, the time depen-

dencee '“! and the horizontal componen&** are sup-

o 10 20 30 40 S0 & J0 80 9% pressed in the following, and the incident acoustical pressure
Incident angle (degrees) is normalized to 1. The acoustical continuity conditions at

FIG. 5. Medium-sand backscattering strength as a semi-infinite mediurrghe_ basement bogndary a.re used to gxpress COEffIA@’m
covered with watefsolid curve and as a layer inside the sedimental stack Whmh is the reIaUV_e amplitude of the incident wave on the
(dashed curve The parameters used are given in Table II. considered scattering boundary:

Ta

(10

Backscattering strength (dB.m_z)
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sonar

0 : water

1 : sediment

2 : basement

N
=A" image source

FIG. 7. Backscattered spherical wave: direct and first multiple path.

L Zytzy; T,
17 'a 221 _E

The incident acoustical intensity on the sediment (
=h) is

(11)

cosfy

lig=—— . 12
i0 ZPOCO ( )
On the basement, the incident intensity is
|A1|2m(kzl)
Iil_Tpl (13

with 2R(k) denoting the real part of the complex numliber

2. Backscattered wave

water

: 0

sediment
I !

x
/ / 5 basement

FIG. 8. Geometry for the backscattered wave.

e

(=]
-

source to the receiver. The difference in phase tepmpmdgor
source(m) in Eq. (14) and ¢, for the direct path ABS is
obtained by

em— Po=Ko(rogm—To) +Ky(rim=—rq)
1 1

2m+1 1
_— |+
cosfyn CoSby) *

coSfy cosal) :
(15

where 6, and 6, are angles in media 0 and 1 for the direct
path.

Sinceh<H (in a typical deep-water echosounding con-
figuration,h is a few meters whereds is 1 to 5 km, angle
0om may be considered as a small perturbatiodoéccord-
ing to variations of 2nh. Developing Eq.(15) to the first
order gives(see details in the Appendix

= koH

©m— @o=2mk;h coséy . (16)

The conditionh<H allows the spherical loss to be ap-
proximated as Ry~1/R,~1/R,~---, meaning that the
extra range and the refraction effect raised by the layer are
negligible in the geometrical divergence loss. Also, the re-
flection and transmission coefficients may be approximated

as Ty0)~T101)~T1(01)~- and Ryy61)

The incident acoustical wave is scattered in all direc-~Ryo(01,)~R1 (612~ because of the very slight varia-
tions by the basement roughness; the angular dependencetign of the incident angle. This leads to the following expres-

given by a scattering functiofl. The energy scattered up-

wards through the sediment layer can therefore follow vari-
ous paths back to the receiver, with different angles Correp (g,)=
sponding to image-sources due to successive reflections

inside the layer; thenth-order image source is at degh
—2mh. Figure 7 depicts the direct patthABS) from a

sion for Eq.(14):

Ty1d01)
Ro

el o 2 RTO( 6,) RTZ( 6l)e2ik1hm costy
m=0 ’
17

which features the classical expresgfbfor a transmission

scatterer at point A to the sonar and, for instance, the firs{yefficient in a layered medium. Hence, the backscattered

multiple path(ACDES) from the first-order image sourceA
at depthz=—2h.

The field emitted from A and transmitted to S may

wave will be considered as one plane wave emitted upwards
in direction 6, (Fig. 8).
The water-transmitted field is now determined from

therefore be written as the summation of these image-source

contributions:

T1o O1m) RT( O1m) RT'A O1m)
Rm

[}

Ps(0o) = E

m=0

ei[koro,m+ klrl,m]_

(14
For the mth image sourcety,, andr,,, are the path
lengths in media 0 and 1§, , is the incident angle inside
medium 1, and R, is the spherical loss from the image
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po=DekzzM,

pi= Fe'kz?+ Ce k22, (18

For computational convenience, it is now supposed that
the system depicted in Fig. 8 is generated by a virtual plane
wave coming from the basement with amplitudeThus, F
=T,,L andD=T,L, whereT, is the transmission coeffi-
cient from basement to watet § o) that can be obtained with
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1.2

— Exact computation

- ~ - Approximation
Water-mud critical angle
-~-— Mud-sand critical angle

Transfer coefficient

30 40 50 60
Incident angle (degrees)

10

FIG. 9. Transfer coefficients computed from sand layer to water, for differ-
ent mud thicknesses according to exact formulafeaq. (24)] (solid curve$
or to approximate expressigiqg. (25)] (dashed curves

Eq. (10) by inverting indices 0 and 2. The following relation
betweenD andF is obtained:

T
D=F-"

: 19
Tor (19

Inside the sediment layer, the basement-backscattered

field is linked with the incident field by the relation
lg=02(01)11, (20

with the intensityl d=|F|29‘{(kZl)/2wpl. Using Eq.(13), one
obtains

zero beyond the highest critical angle. Oscillations associ-
ated with the resonant character of sound propagation inside
layers are superimposed over this global trend. The density
of these oscillations depends on the number of resonant
angles at a given frequency, whereas their levels depend on
the relative levels of interfering multipaths and hence upon
attenuation across the dissipative layers. These oscillations
therefore get closer and smoother when the layer thickness
increases. In the case shown in Fig. 9, the effect of multipath
interference is clearly negligible for the 1-m thickness, and
the simple expressiof25) is then a good approximation. On
the other hand, for thinner mud layers, Eg5) is less ac-
ceptable, especially close to the critical angle cutoff where
the oscillation effect becomes dominant. These oscillatory
interference effects are obviously encountered in the result-
ing transferred backscattering strengths. Experimental evi-
dence of such oscillations may be found in the literatses,

e.g., Ref. 13

B. General case

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

Tio |?

C,=|A_4]?
pl | | l| TI,Ifl

(26)

where A,_; is the incident amplitude on laydr obtained
from the following recursive relations:

IF|2=|A,|%55(6,). (21 |—1=Ale_I§I+B|ei§|£,
Ti—qy 27,
The ou;going intensity is written . i 1~2, . i1 (27)
s:—|D|2pZZ:00=|D|2|io- 22 S T
with
3. Synthesis T, Zoi1—Zn
Using relationg21), (22), and(19), one can write for the An= Tonet’ B“:TaTH'

intensity backscattered and transmitted back to the water

T 2
ls=T2(01)|A]? li.

r
— 23
o (23

Now T, is the transmission coefficient from water to base-
ment (Ton+1) for the whole sediment stadk:

1

20z,
Referring to Eqs(1) and(11), the transfer coefficient for Ta= _:111 7047 & (28)
the basement underlying a single-sediment layer is finally _ ! n -1
. T. 2| T, |2 » with .
=l . U+ _;7. )
p2 T1,2 TZ,l Zl(r]])_ ZII‘] IZJ tané] . (29)

If one neglects the multiple reflected paths inside the

sediment stack, this transfer coefficient becomes
Cpo=|T1d% Tol%e™ #ku/costy, (29

Figure 9 presents the computation results of Egg)

~Tz-iz{l PV tang;

andz{""Y=z ... z{3) is the input impedance of the sys-
tem

Figure 10 presents the sand-to-water and basement-to-

water transfer coefficients. The former is limited by the

and (25 for a medium-sand layer covered with various water—mud critical angle, and the angle range of the latter is

thicknesses of mud, for parameters given in Table .

narrower because of the steeper angle associated with the

The transfer coefficients are maximum at steep inci-water—sand contrast. The differences in global levels are eas-
dences and decrease until the cutoff imposed by the criticaly accounted for by the respective sediment thicknesses con-
angles of the various interfaces. These coefficients tend tsidered.
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FIG. 10. Transfer coefficients for Table Il configuration, computed from Incident angle (degrees)

sand layer to watefsolid curve and from basement to wat@tashed curve o . )
FIG. 11. Individual backscattering strendtiotted curvepwith reference to

water, and EIBSsolid curve for the geoacoustic configuration presented in
All the above was developed for the case of depth-Table Il.
invariant characteristics inside each layer, for which the
propagating waves are plane, thus making the reflection an@. Comparison with Ivakin’s model
vansnissin cosflient agNonkarfo comuE, Nt nterstig tocompare, both formaly and i e
may be readily adapted to the case of layers featurin% deptr}?suns’ our E.IBS mpde] a}nd the “ynlfled approach” pro-
. . . . %—‘osed by Ivakir?. While his is theoretically far more general
varying sound speed, density, and attenuation. This w.

. . . an ours, a ground of comparison may be found in the limit
evok_ed_ln Refs. 18 and 19 and will be presented with MOT% ase presented by Ivakin as the first-order approximation of
details in a future paper.

his model. In this case corresponding to single-scattering, the
two approaches provide nearly identical express|ses his

V. NUMERICAL EXAMPLES Eqgs.(64) and(65) in Ref. 9. o
_ o The two numerical models were compared in various
A. Practical application test case&® We present here a computation of roughness

The total EIBS of a geoacoustic configuration may bePackscattering by a two-layer seaflo@lay and silt layers
readily computed from the various elements presented in th@ver a sandy basemenwith parameters provided in Table
previous sections. Several steps are necessary. After tHl.
acoustical parameters of each layer are defifseg an ex- The com_putat?on of this seafloo_r backscatteri_ng s_trength
ample in Table I), the individual BCSrelated to their nature through Ivakin's first-order model is presented in Fig. 13,
and to the geological contéxare computed at the various and computation with the EIBS model is presented in Fig.
interfaces by using a backscattering model such as Bgs. 14. ) )
(5). Then these individual BCSs are modified according to ~ The two models are in very good agreement, especially
the acoustical parameters of the sediment stack in order iior the location and the amplitudes of the oscillations. There
define the local BCS, as described in Sec. Ill A and using

Egs.(6) and(7). The anamorphosis effect due to refraction is 10 — Mud
accounted for by applying E@8). Next, the transfer coeffi- -=-~ Medium sand
cients from the various layers to the upper interf@cg 6,) o T gg;'fe sand

are computed using Eq&6)—(29). Finally, the total equiva-
lent BCS is obtained by summing all the layer contributions
using Eq.(1).

B. Two-layer model

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

The total backscattering strength follows the modified
basement backscattering strength on a wide angular range.
The ;trong oscillation at 55 degrees is due to the transfer 60— 0 70 30 %
coefficient Cp, of the basement near the water/basement Incident angle (degrees)
critical angle(see Fig. 1f1 Beyond this critical angle, the FIG. 12. Local backscattering strengttiotted curvesweighted by their

total backscattering strength deqreases rapidly and finallyansfer coefficient and EIB&olid curve for the geoacoustic configuration
follows the mud layer backscattering strength. presented in Table II.

Backscattering strength (dB.m_z)

129  J. Acoust. Soc. Am., Vol. 109, No. 1, January 2001 L. Guillon and X. Lurton: Backscattering from buried sediment layers 129



TABLE Ill. Geoacoustic parameters of the second numerical example 0 y T r T v T r T

(comparison with Ivakin’s modgl — Water-Clay Interface i
10k |- Bur@ed C.lay—SiltI.merface ; il/‘
Layers: Water Clay Silt Sand T ¥§$‘;cs;g;s?£;j};§;erface ,j’
c(m-sY 1500 1580 1650 1750 g0 /
p 1 1.5 1.8 2 g
a (dBI\) 0 03 05 06 §"3°
y 3.25 3.25 3.25 w0
B; (e 4x10°* 1073 2x10°3 £
d (cm) 50 20 g
350
K]
g
. . . . . m_60
are small differences in the prediction of the backscattering /
strength amplitudes from the two buried interfaces, but the  -70t i
two computation results are very close. .
B 10 20 30 40 0 60 70 8 %

Grazing angle, degree

VI. DISCUSSION

. . . . FIG. 14. Local and total backscattering strength for the seafloor model
The EIBS model proposed in this article offers a wide presented in Table Il computed with the EIBS model.

potential for the interpretation of experimental backscattered
data, in particular those obtained with low-frequency multi-

beam echosounders on soft sedimentary seafloors for whic[ﬁey must be simplified to make the acoustical model prac-
penetration phenomena are notable. Actually its results hay

X . 1aviable. Also, the parameters coming from classical geologi-
already been compared to experimental data obtained with a P 9 9 9

. . . . cal investigations have to be transformed into usable acous-
13-kHz multibeam echosounder in two configuratioh¥’ 9

: . . . . tical parameters, using intermediate modéldVioreover
revealing effects associated with sediment layering. . .
Iome of the parameters needed in an acoustical model of

However, one has to be careful in using such a mode red sediments are not ible to m rement: for ex
for experimental data validation, since its input parameter ayered sediments are not accessivle fo measurement, for €
ample, it is practically impossible today to measure ithe

are numerous and its output is very sensitive to small varia=

tions of the configuration. Its modular structure makes it pos-s'Itu roughness of buried layers. Finally, because of the high

sible to account for complex sedimentary structures. On th8UMPer of input parameters and the limited information usu-

other hand, increasing the complexity of the description in2ly obtainable from the echosounder experimental data, am-
creases the number of input parameters needed, which mggpers may affect the interpretation: several different lay-
make it difficult to provide the model with numerical values, €€d structures may provide more or less the same response
and may make its results risky to interpret. This raises sevieasured as an average intensity level.
eral issues. First, establishing a geoacoustic model for a The theoretical limitations of the approach should also
given real configuration unavoidably implies relying upon b€ keptin mind. On one hand its overall validity depends on
available geological data; however, these are seldom usablB€ model used for local phenomena, and the transferred
directly for the acoustical modeling purpose. For instancePackscattering strength cannot be expected to be more accu-
data obtained from geological analyses and geotechnic&fte than the initial local one. We did not propose anything
measurements of sample cores are often very detailed, aft¢W in this respect; we just present the local modifications to
be applied to a given classical model. Moreover, the EIBS

Clay (H1=50cm) over Sit (H2=20cm) over Sand, f=13kHz model itself is defined under the limitation of small pertur-
0 ' ' " ' ' ' ' ' i bations and single scattering, and hence its results should be
Water-Clay Interface, W2=0.0004, g=3.25 i . . . . .
taken cautiously in the regimes of high-level scattering such
as the near-specular incidences.

10 - Buried Clay-Silt Interface, W2=0.001, q=3.25 M
== Buried Silt-Sand Interface, W2=0.002, q=3.26 il
----------- Total Scatter 74

Backscattering Strength, dB
8 &
o

]
D
(=]

T

-70

FIG. 13. Local and total backscattering strength for the seafloor mode
presented in Table Il computed with the first order of Ivakin’s madRsf.

P R1=1.5, C1=1580, a1=0.3 1
R2=1.8, C2=1650, a2=0.5
R3=2, C3=1750, a3=0.6

! ! \ 1 1 L

10 20 30 40 50 60 70 80 90
Grazing Angle, degree

9). (This figure is taken from Fig. 1a in Ref. 28 by Ivakin.
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To summarize, the EIBS model presented is basically a

formalization of a physically intuitive approach, that makes
it possible to describe the backscattering strength associated
with buried layers, considered as local phenomena filtered by
the overlying sediment structure. Such a physical concept
has already been presented and exploises, e.g., Refs. 2,
13, and 15, but we believe that the EIBS approach is more
general and easier to use because of its detailed description
of the local backscattering phenomena modifications, its easy
extension to any number of layers, and its potential for pro-
cessing sedimentary characteristics that continuously vary
with depth. On the other hand, it agrees in a satisfactory way

ith developments obtained from a general theoretical ap-
proach of the proble The EIBS model is then proposed as
a practical compromise between a pragmatic approach of the
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physical problem and a rigorous treatment of the backscatter- Sir? 6, h* —h
ing phenomena. Ap=—k

+
L cose, Lcos6,

=k, c0s6;(h* —h) =k, (h* —h). (A7)
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