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4 Interaction of sound with the seafloor

4.1 Reflection of sound at the seafloor
4.1.1 Fluid-fluid interface

We already considered the case of a plane wavedantbn an interface between two
media with differing acoustic impedance, see figurBoth media are assumed to be

fluids with parametergp,,c,) and(p,,c,) . Medium 2 is called the reflecting medium.

medium1
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Figurel

By applying the continuity conditions at the interé (for pressure and normal velocity)
we have found Snell’s law

cosfd, cosf,
S (1)
C2 Cl
and the expressions for the reflection and trassiom coefficients:
R = P2C2 s?n@1 - plcls?nﬁ2 @)
P,C,sing, + p,c sing,
T=1+R= 2p,C,Sing, (3)

P,C,sing, + p,c sing,

If ¢, >c,, there exists a critical given by
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6. = arcco{&j (4)
C2

For 6, <8, no compressional wave can propagate inside megiltibecomes complex

with unit modulus independent éf (‘total reflection’). Whené, increases while
crossing the critical angl&® will suddenly decrease and then varies smoothily ¢i At
normal incidence&, = 9C°)

R = PoC, — PG

: ()
10202 + Iolcl

Figures 2 and 3 show the modulufRofersusé, where we varied, ando,
independently.
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Figure 2: Parameter fixed: p, = 1.5.
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Figure 3: Parameter fixed: ¢, = 1700 m/s.

When (p,c, > p,c;, C, <c,) (i.e. for clayey bottoms) or whefp,c, < p,c,, C, >cC))

(i.e. a non-physical situation) we hake= 0 at an anglé, the angle of intromission,
which is given by

g, = arctan

(6)

Equation (3) implies that the pressure of the trdtied wave may be higher than the
pressure of the incident wave. This apparentlyrising result only expresses continuity
of pressure at the interface and does not violatservation of energy. The plane wave
intensity, projected on the vertical directipns conserved:

2 2
R sin6?1+T—sin92 =
2p,¢, 2p,C, 2p0,¢,

sing, (7)

4.1.2 Lossy reflecting medium

Absorption in the second medium is accounted fombking the wave numbé&s, and
hence the sound speeg complex. Letax, be the absorption coefficient in medium 2
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expressed in units of dBfbecause oftemn is considered to be proportional with
frequency). The absorption coefficient in nepersitinen given by

. 0’2
a, =— "2 8
2 1,20 loge (®)
Here the factoR0'°logeconverts units nepers/m to dB/m, see section 3114, is the

conversion from Wto 1/m.a," is equal to the imaginary part of the wave nunibén
the second medium:

k, - k, +ia,
The imaginary part of the sound speed in the seatedium then becomes:

G4,

im(e,) = 407t ®loge

(9)

The derivation for the reflection and transmissioefficients are still valid provided the
complex expression fde is used. The implication of absorption in the setmedium is
that an attenuated wave can always be transmitieg@pagate through medium 2, even
below the critical angle. Total reflection does notur below the critical angleR)|is
slightly below unity, see figure 4.
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Figure 4: Parametersfixed: ¢, = 1700 m/s, p, = 2.
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We will now consider the following unconsolidateztisnents, the parameters of which
are given table 1 below.

Table 1: geo-acoustic parameters of unconsolidsgdinents.

Sedimenttype | M, |n Jo) C > Cs.2 h
@ glent] | [m/s] [ [dBA] |[m/s] | [cm]

Clay 9 0.80 1.2 1470 0.08 - 0.5
Silty clay 8 0.75 1.3 1485 0.10 - 0.5
Clayey silt 7 0.70 1.5 1515 0.15 125 0.6
Sand-silt-clay 6 0.65 1.6 1560 0.20 290 0.6
Sand-silt 5 0.60 1.7 1605 1.00 340 0.7
Silty sand 4 0.55 1.8 1650 1.10 390 0.7
Very finesand | 3 0.50 1.9 1680 1.00 410 1.0
Fine sand 2 0.45 1.95 1725 0.80 430 1.2
Coarse sand 1 0.40 2.0 1800 0.90 470 1.8
The mean grain sizd; in phi units is defined as

M. [¢] =—*log(d[mm]) (10)
with d the average grain diameter in mm.

Density of the sediment is given by

P, =np, + @- n)pb (11)

with n the porosity ang, the bulk grain density (approx. 2.7 g&m
h is the standard deviation of the seafloor rougbrm@splitudes (see paragraph 3.4.2.2).

Figure 5 gives the reflection coefficient as a timt of grazing angle for the 9 sediment
types given in table 1 (shear is neglected).
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4.1.3 Elastic reflecting medium

When the second medium is solid and elastic, Shages may propagate along with the
compressional waves. The shear wave velagitys different from the sound velocity
in such a way that

C., <2 (12)

J2

The incident wave can potentially excite both thespure wave and the shear wave.
Snell’'s law now becomes

cosf, _cosd, _Cosd,,
Cl CZ CS,2

(13)

The situation depends on the relative values,af, andc; s
If cs2<c;the shear wave can always be excited, hence aloréfiection can ever occur,

even for 8 <, (see figure 6a).
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Figure6a: c,=1700 m/s, p, = 2, cs», =500 m/s, @ = 0.

If cs2> c1, two critical angles exist:

C
6. = arccos —+
CZ

0, = arcco{ij (14)

CS,Z

and there are three angular regimes now (see f@gje

- 8<6,.: total reflection;
- 6,.<6<6,: only shear wave is transmitted;
- 0>6.: both pressure and shear wave is transmitted.
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Figure 6b: c, = 4500 m/s, p, = 2.5, ¢5» = 2500 m/s, a; = 0 (dashed line: ¢s; = 0 m/s).

4.1.4 Layered reflecting medium

We now consider the three-layered fluid structiwelepicted in figure 7. The reflection
and transmission coefficients at the interfage 4re denote®®; andT;;.
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Figure?7

The total reflection coefficient can be written as

R=R, +T,RyT,; e’ z [R23R21 e’ ]n (15)

n=0

92



SEAFLOOR MAPPING — MODELLING — INTERACTION OF SOUNW/ITH THE SEAFLOOR

with
¢, =k,h,sing, (16)

the vertical phase delay for a sound path crogsi@dayer of thicknesis,.
Using the sum for the infinite geometric series,oléain

R=R, +T,R,T, "% R ;2 . (17)
We can further use

Ry =-R;, (18)
and

T,T,, =1-R} (29)
thereby obtaining

R= Tt Rye™ (20)

1+ R,Ro Gl

The total reflection coefficient has become depanda frequency. As before, the sound
speeds can be complex to account for absorptiomeigium 2 and 3. Figure 8 presents an
example. At low frequencies, medium 2 is practicathnsparent ang is similar toR of
water (medium 1) — substratum (medium 3) interf@&@e can observe the critical angle
associated with medium 3. As the frequency in@gagsonance appears inside the
layer due to multiple reflections between the baures. At the same time absorption
inside the fluid layer becomes increasingly impotitand the wave transmitted into the

layer progressively becomes unable to reach thstsatbm. FinallyR is given by the

contrast at the upper boundary.
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Figure 8: Parameters: ¢, = 1600 m/s, p, = 1.5, @ = 0.2 dB/A, h, =10 m, c3 = 2000 m/s, p; = 1.5, a5 = 0.5
dB/A.

4.2  Scattering of sound at the seafloor

4.2.1 The physics of scattering

The seafloor is usually far from an ideal plandate. The acoustic processes will
therefore be much more complex than described alitheewater-seafloor interface may
be considered as locally plane, on average, witliceoscale roughness whose influence
will be significant if its characteristic dimens®are at least comparable with the
acoustic wavelength. The effect of relief on theident acoustic wave will depend on the
frequency, the angle of incidence and the locatattaristics of the relief. Interface
irregularities will scatter the incident wave ithdirections. Part of the incident wave will
be reflected with no deformation other than an dwonié loss in the specular direction
(the so-called coherent part). The remainder oktiergy is scattered in the entire space,
including back towards the source (the backscattpaet). This process is depicted in
figure 9 below.

94



SEAFLOOR MAPPING — MODELLING — INTERACTION OF SOUNW/ITH THE SEAFLOOR

[ncident wave

Scattering
Coherent

. Scattering
Backscalttering Scattering

Figure9

The relative importance of the specular and satteomponents will depend on surface
roughness in terms of the acoustic wavelength.aSas which appear rough to short
acoustic wavelengths will appear smooth to longiatio wavelengths.

Low interface roughness will induce a relativelsgler specular component and low
scattering distributed around the specular direct@n the other hand, high interface
roughness will strongly attenuate the specular aamapt and spread the scattering in all
directions. Typical directional patterns for diet conditions of seafloor roughness and
impedance contrast are given in figure 10.
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4.2.2 The spatial roughness spectrum

Microscale roughness on the seafloor has variossiple origins and presents a wide
scale of amplitudes ranging between a millimetr@ afew meters. Several micro-
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roughness scales coexist on the same surfacengtance, on a sandy seafloor, the sand
waves have a centimetre-scale roughness, supemthposthe existing topography. In
this case, the two roughness scales might corrésfoodifferent physical processes,
depending on their size relative to the acousticelength.

We will therefore introduce the concept of the sdapectrum of the relief to quantify
the amplitude distribution of a rough surface hibws the energy distribution of the
different harmonic components of the relief andbsained by Fourier transforming the
relief. Every spatial spectrum component is defing@ wave numbex =271/A, A\

being the spatial wavelength, see figure 11.
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Figure 11

The spectrum can have specific, strong compongétits relief is periodic (e.g. regular
sand ripples). It can also be continuous if theefé$ completely random. In the latter
case one often uses a spectrum of the type

S(k) =S,k (21)

with y approximately equal to 3.

In principle, the spatial spectrum should be coergd along one particular direction.
However, in practice, the relief is often assunweld isotropic, with a spectrum
independent of direction. (This assumption is obsig not valid in the case of the sand
ripples).

The expression for the spatial spectrum, equafi8hié normalised according to

[Stx)di =h (22)

with h the standard deviation of the relief amplitudegid@line values foh are given in
table 1.
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4.2.3 Reflection revisited — the Rayleigh parameter
Interface roughness can be quantified by the Rglylparameter:
P = 2khsind (23)

with k =271/ A the acoustic wave numbérthe standard deviation of the relief

amplitudes an@the grazing angle of incidence. The coherent ecslar component of
the reflected wave can be described by

RC(H) = R(H) e—P2 12 — R(H) e—2k2h2 sin?@ (24)

with R the reflection coefficient for the interfaadgthout relief. This ‘model’ is valid
whenP is small:P < 772. For larger values ¢t the coherently reflected wave becomes
negligible and the scattered field is dominant.

Figure 12 illustrates the effect of interface rongbs for a coarse sand sediment (see
table 1 for the parameters) for various frequen@¢20 kHz the ‘Rayleigh parameter
model’ is not valid at all angles (as indicatedthg dashed line in the figure).
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Figure 12

4.2.4 The scattering strength

The fundamental scattering quantity is the so-dddeckscattering strength defined as
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S= 10“’Iog||—S (25)

i.e. the ratio in dB’s of the intensityof the scattered sound from a unit area o1 m

at a distance of 1 m from this unit area, and titensityl; of the incoming plane wave
(see figure 13). We refer to ‘backscattering’ foe scattered sound in the direction of the
source (indicated by point P in the figure).

L unit area

Figure 13

The scattering streng®of the seafloor potentially depends on seaflopetfroughness),
frequencyf and the grazing angle of inciden@ein general, scattering strength increases
with increasingd. Frequency dependence and seafloor type depentgemeeeh more
complicated. For some types of seafl8ancreases with increasirigwhile other

seafloor types exhibit hardly any frequency depeandde.g. when the scale of roughness
is large compared to the acoustic wavelength).

Apart from seafloor roughness, also inhomogeneiti¢se bottom can contribute to the
scattering of sound and hence the scattering gtreng

425 Lambert’s rule

A frequently used formula for the backscatteringrsgth is the so-called ‘Lambert rule’.
This rule provides a specifi2-dependence according to which many rough surfaces
behave. It is not only applied in acoustics, babah optics.

We consider the situation as depicted in figure 14.
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Figure 14

li is the intensity of a plane wave impinging on agto seafloor at a grazing angle of
incidenced . The power intercepted by the bottom surfd&es equal tol; sind dA .

This power is assumed, by Lambert’s rule, to bétaead proportional to the sine of the
angle of scattering. The intensityls in the directiong at a distance of 1 m frodA is
then given by:

|, = u(1, sin@ dA)sing (26)

whereu is a proportionality constant. For a unit ar& of 1 nf we can write

101°Iog||—S =10"log i +10”log(sing sing)

The backscattering strength, for whighs 180° - 8, then becomes
S=10"logu + 101°Iog(sin2 6?) (27)

In principle, the frequency and seafloor type del@mce can be put in the parameter
Practically observed values d0 *°log i range between —40 dB and —10 dB. At high

frequencies there is evidence that'°log i increases with grain size. A useful starting
value for10™logu for all types of seafloor is —27 dB. Figure 159@etsS as function
of @for this value ofw.
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If all the incident acoustic energy is redistriliteto the upper medium, with none lost
by transmission into the medium below, it can bewshthaty, ., =1/ 77 (i.e.

10*log ., =-5dB).

4.2.6 More sophisticated scattering strength models

Figure 16 gives modelled backscattering strength fasiction of incidence angle (8@)

for the 9 different seafloor types given in tablarfl for a frequency of 100 kHz. These
results were obtained assuming scattering is déecti scattering near vertical incidence
combined with Bragg scattering and volume scattedime to inhomogeneities (buried
stones, shells, crustaceans, gas bubbles) in dmeet volume. The three different
components are plotted as thin lines, whereasothéliackscattering strength is plotted
as a thick line. From clay to clayey silt, volunoattering dominates at grazing angles,
whereas from sand-silt to coarse sand, Bragg stegftéominates.
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