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Abstract

It has been established that the 1" and 2™ seabed returns from a monostatic echosounder can be used as a seabed
classification tool. Typically these systems operate in the range of several tens of kHz so that bottom roughness
at the seabed interface is the dominant scattering mechanism. In this paper we extend the model to lower
frequencies; in this context lower frequency implies that scatter from the sub-bottom must be accounted for in the
model. Preliminary results indicate that volume scatter should provide an additional discrimination tool without
significantly corrupting the seabed information contained in the interface scatter returns. Not surprisingly, this
improvement comes at the cost of further complicating the model.

1. Introduction

Acoustic scatter from the seabed has been — and continues to be — a subject of substantial interest to the
underwater acoustics community. This is not surprising since the scattered energy often serves as the noise
background against which signals of interest must be measured. The literature contains a plethora of articles on
the modeling and measurement of acoustic scatter from the seabed (c.f. [1-3] and the references therein). It is not
the intent of this introduction to review this vast subject as an end in itself but rather as a means to an end. That
is to say, we shall consider the scattered field as it pertains to the subject of acoustic inversion.

Acoustic inversion can be loosely defined as the utilization of acoustic techniques to measure non-invasively,
the geophysical properties of the seabed. This rapidly growing research area spans an enormous frequency band,
from a few Hz to hundreds of kHz. At the lowest frequencies it is used in the seismic industry to explore for sites
likely to be rich in oil and gas deposits. At frequencies of hundreds of Hz several inversion techniques evolved
from Matched Field Processing (MFP) in which one localized a source by employing knowledge of the receiver
location and the environment [4]. This led to acoustic inversion whereby the search was carried out not only for
source position but also for a set of geophysical parameters such as wave speed, density, and sediment layer
thickness [5, 6]. In the low kHz frequencies Holland and Osler [7] employed a joint time-frequency approach to
perform high-resolution geoacoustic inversion which addresses the uniqueness problem typical of many inversion
techniques. For additional background on acoustic inversion across this fairly wide frequency band, the interested
reader is referred to the collection of papers contained in [8] and [9].

Much of the work at low and mid-frequencies concentrates on acoustic inversion for geotechnical and
geophysical properties. In contrast, research at the upper end of the frequency band tends toward classification of
sediment type and/or texture analysis. For example, side-scan sonar, swath bathymetry and sub-bottom profilers
are being used for seabed classification and bottom roughness estimation [10, 11]. There are also several
commercial systems that process the backscattered returns from normal incidence echo-sounders for the purpose
of sediment discrimination. These commercial systems fal! into two categories: (1) Processing the echo to extract
salient features that allow sediment discrimination [12] and (2) Processing the first and second backscatter from
the sea floor to discriminate the sediment [13]. A theoretical basis for discrimination of sediment types using the
energy densities of the first and second echo from the water/sediment interface (referred to as Ey and Ej,
respectively) has been derived by Heald and Pace (14]. They show that whereas the Ej| return is clearly
monostatic, the Eg return must be treated with a bistatic geometry in which a virtual transmitter is located at a
height of 2 to 3 water depths - the value being a function of the actual depth of the transmitter. The model is
based on a Helmholtz-Kirchhoff development for scattering from a rough interface evaluated at normal incidence.
Classification is achieved by combining information on the surface reflection coefficient obtained in the near-
field, with surface roughness information obtained in the far-field [15]. Because it 1s a high frequency model,
penetration into the seabed could safely be ignored.

In the present paper, we examine the feasibility of extending the model [14] down to the 1 — 10 kHz band.
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This would provide additional discrimination information since contributions from the seabed volume become
significant. Additionally, it allows for information about the nature of seabed layers that may be present.
However, all this comes at the cost of a more complicated model as well as a more complex data set. In addition
to lowering the frequency we consider the impact of employing a vertical receive array which encompasses a
substantial portion of the water column. This provides a series of near-field and far-field measurements using
only the first bottom return and eliminates any degradation of the bistatic return that would result from sea-
surface roughness.

Following the introduction, the model [14] shall be reviewed as background to the present work. Then the
impact that lowering the frequency band will have on sediment classification will be examined. First, the simple
case of a seabed consisting of an infinite inhomogeneous fluid half-space is considered. We then briefly examine
modifications to the model to include scattering from a layer within that inhomogeneous volume, Finally, the
advantages of employing a vertical receive array in place of a point receiver are considered.

2. Theoretical Background to the HF classification model

Since the current paper incorporates much of the work by Heald and Pace {14] we shall begin with a review of
that model. Figure 1 contains a schematic of the intensity of the 1* and 2" returns from the seabed interface

(denoted /.51 and I;p2) from an echo-sounder. Whereas the geometry for the first return is clearly monostatic, the
second return must be modeled as a vertically bistatic return with a virtual source located at height h, above the
sea surface. This is shown in Figure 2 in which the reflection from the sea surface has been unfolded to show the

position of the virtual source. Note that the insonified area for the monostatic return, dA 1, will be in the far-field
for all typical geometries. This is in direct contrast with the bistatic return in which the virtual source and the

receiver are displaced such that 8; # @; and one must employ a near-field model.

Tx{virtual)

sea surface

Figure 1. Cross-sectional schematic showing the

paths of the lst and 2nd returns from the seabed

interface for a normal incidence echo-sounder. The

hatched region represents the pulse as it propagates

into the seabed. The shaded region represents an

exaggerated view of the incremental angle d6,. In

the absence of volume scatter, only that portion of sea bed

the pulse in contact with the interface contributes 1o Figure 2. Schematic of the equivalent geometry
the scattered intensity. For the Ist return this cor- with virtual source located at h, above the sea
responds to the area constrained by 8, > 6; > 6p. surface.

Examining the monostatic return, we note that if the transducer is in the far-field of the incremental area dA; and
the surface is sufficiently rough then the scattered field is incoherent and the intensity can be expressed as [14]:
e

bl
T = J‘ $(8,)Gr, 61 )GR, (6))
sb1 = I

4
6, [RO 1+ tanz(e,)]

where G, and Gg; are the intensity beam patterns of the transmitter and receiver respectively, S1(81) is the
surface backscattering coefficient given by

dA) (1)
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where R is the magnitude of the Rayleigh reflection coefficient, and # and T are the rms height and correlation
length of the surface roughness {(assumed isotropic). Integration of (1) yields

M| Bldz~1)
fsb1=2ﬁ2 exp[ R, —1] (3)

where M =1, (ERT/ 4hR0)2 and }32 = (TIZ.‘!)2 +l/tf¢m2 6p for an omnidirectional receiver and a transmitter with a
Gaussian beam pattern in which 8 corresponds to the 1/e point on the intensity beam function. The energy
density Ey) of the first seabed return is then given by:

S1(61) = (2)

Eqy = | It @

4h

where the subscript s denotes the surface of the seabed to distinguish it from the volume beneath the seabed,
n =t,+7, and where t,, T are the onset of the return and the pulse duration, respectively. The integration is
performed over only the tail of the return to avoid overload of the receive amplifier. For the bistatic return one

integrates over the complete backscatter return to obtain [14):
)

2 o
Eqz= | Igppdt+ [ It )
‘o' 2

where t7 =1, +7, t,' is the onset of the bistatic return. The term Lg2 is given by [16]

b
402 2
n R 2B, g2\ () (28, B B} B
b2 =20 | expte) || = |+ (" L+ o] = S B E (6)
4R% B3 ["Bl] L B B \B I T
. 2 By

X
a

where {xg =0, xp =9a22ﬁi ) forr<ty, and { xz = 32}3} Xy = (9a2 +89)}3:‘:} for t > 1, and the terms B) and By

are defined in [16] of this Proceedings and are functions of T, h, 6, and R|/R,. Note that the factor ER4 occurs
because the scattered wave has undergone two (rather than one) seabed reflections. .

As shown in [15] the average backscattered intensity measured in the near-field is proportional to the plane
wave reflection coefficient for the surface, whereas in the far-fieid limit the backscattered intensity is inversely
proportional to the mean square slope. Classification is achieved by contrasting the roughness and reflection
properties of various sediment types [17].

In extending the model to low frequency, there is still one outstanding issue that should be addressed. With a
monostatic geometry, it is impossible to distinguish between a signal scattered from within the seabed at normal
incidence, and one scattered from a surface feature located at the appropriate slant range. This uncertainty is
depicted in Figure 3 (in cross-section) by the circular arc; paths €o€|€q and €,€2Eo have the same time of flight.
Use of the bistatic return (i.e. I;p2) alters the surface of time-coincident arrivals from a sphere to an ellipsoid. This
allows one to separate surface scatter from a sub-bottom layer. This is depicted (in cross-section) by the ellipse in
the figure and shows paths £9€1€3£0 and €4E4€5€, which have the same time of flight. For further discussion of
this see [18]. Of course, resolving layers from roughness features in this way requires the transducer to be well
removed from the sea surface since the ellipse collapses to a circle as the transducer approaches the air-water
interface. Next we extend the classification model to lower frequencies.

3 Extension of High-Frequency Classification model to Lower Frequency

In this section we examine the potential for extending the classification model to low frequency. In the present
context, Jow-frequency implies that penetration into the seabed is significant. In practice this means that the
contribution of volume scatter from within the seabed (and possibly the effect of sub-botiom layers) must be
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included. Before proceeding it should be mentioned that Pouliquen et al. [19] have previously developed a
sophisticated model for vertical incidence scatter from a Gaussian rough seabed which includes volume
perturbations; however their model requires numerical solution. The present heuristic approach - although
somewhat simplistic - has the advantage of being analytically solvable. We shall begin with the simplest scenario
in which the seabed consists of an infinite inhomogeneous fluid half-space. To further simplify the development,
we shall consider an omnidirectional receiver and an idealized source whose beam is of finite extent. The source

is omnidirectional within 8 < 8 and truncated outside this region.
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Figure 4. Cross-sectional schematic of the

Figure 3. With a monostatic geometry, it is ; ; -
insonified volume using an idealized source. As the

impossible to distinguish between a signal scattered

from within the seabed at normal incidence, and one
scattered from a surface feature located at the
appropriate slant range. Using the bistatic return
alters the surface of time-coincident arrivals from a

pulse reaches the seabed, the energy scattered from
the interface increases as the surface contacted by
the pulse grows (thick horizontal line). Later the
insonified spot transitions to an annulus and the

volume begins to contribute significantly to the total

sphere to an ellipsoid which allows one to separate
scattered energy.

surface scatter from a sub-bottom layer (see text).

3.1 Scattering contribution from the sub-bottom volume

Consider the idealized source with beamwidth 85 and pulse duration 7 incident on the bottom. Figure 4 shows
a cross-sectional schematic of the insonified volume. As the pulse reaches the seabed, the energy scattered from
the interface increases as the surface contacted by the pulse grows (thick horizontal line in Figure 4). This time

corresponds to the rise of the Igp) curve, At time f, + T after the pulse first comes in contact with the seabed, the
insonified spot transitions to an annulus as the back of the pulse propagates into the bottom. This corresponds to

the peak in the Is; curve. At time ¢,, the volume begins te contribute to the total scattered encrgy (shaded area in
Figure 4) and it reaches its maximum at approximately ¢, + T as the full pulse first intercepts the bottom. Scatter

from the interface typically dominates the intensity during the time #, < t < t; + 7, however, for low to moderate
frequencies absorption in the seabed will be low and surface scatter will decay at a much faster rate than will the
volume contribution. This will be demonstrated in the numerical examples and will be exploited for
classification.

We begin by expressing the backscattering cross-section per unit volume, oy, in the form [20]:
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Ty, 14
oy =" Bk (8)

where k; is the acoustic wavenumber in the seabed, and ®(k;) is the three-dimensional spectrum of the seabed

heterogeneities defined in terms of fluctuations in acoustic impedance. The function ®(k,) is piven by the Fourier
transform of the correlation function of the heterogeneities, N(7), and in the far-field reduces to:

(k)= | NCryexpiks - ridxdydz ©)

x:)',z
where r is the relative displacement given by r = Ex+}y +kz. Several expressions for ®(k;s) have been evaluated
[21, 22] based on various models for the correlation function N(r). When numerically evaluating (9} we shall

assume the simplified power law form given in [22]:
Al 2m

(k)= 12
. (K2p2+q§+l.;25

where A, is proportional to the mean square value of the spectrum strength of the heterogeneities, L; is the
vertical correlation length scale, p is the aspect ratio of horizontal to vertical correlation length, and K and g, are
the horizontal and vertical components of the scattered wavenumber vector. The maximum intensity of the
volume scatier, measured by a source/receiver located in the far-field at height R, above the seabed is then:

(10)

2
I
max =V 240 +9‘t)4(%“] H )

a 5
where V is the insonified volume, I, is the incident source level measured 1 m from the source, the term

(p.w/p_f}2 (1+ 91)4 accounts for the two-way transmission through the interface, pw, ps are the water and sediment
densities, respectively, and it is assumed that the pulse length is short enough to neglect absorption when
computing /ymax. We cannot directly apply (11) to the present problem because ®(k;) is a far-field solution
whereas the source (by virtue of its finite beamwidth) is in the near-field. However, we can obtain an
approximate sclution to the scattered intensity by sectioning the volume contiguously such that each sub-volume
is in the far-field of the receiver. That is to say, across any given sub-volume the angle € is approximately
constant. This is represented in Figure (4) using the dashed lines in the insonified volume. Implicit in this
approximation is the assumption that the correlation length of the heterogeneities is significantly smaller than the
width of any sub-volume. This will ensure that the effect of contributions from adjacent edges of the sub-
volumes is small compared to the total scattered intensity. These edge effects should average out in any case
since they only contribute to the coherent (rather than incoherent) component of the total intensity. In the limit
one obtains

e
2
omax =5 | 8¢ | 2% Klil® f[lwi(e)]“d)(msin(e)ds. (2)
Ra p.i' 2 0

which amounts to averaging the scattered intensity across incidence angle. To compute Iup] it is necessary o
account for the time dependence of the scattered intensity. Absorption in the seabed will result in an exponential
decay of the intensity so that we have:

Ly = Iymax exp{-dales(z-10)/2]}. (13)

where @ is the absorption in nepers/m, cs(f - £,)/2 is the one-way path length in the bottom, and the factor of 4
accounts for the two way path length in the sediment and the conversion from pressure to intensity. The reader
may have noted that this formulation assumes that the transmitted plane wave propagates coherently whereas the
reflected wave was previously assumed to scatter incoherently. This apparent dichotomy can be rectified by

examining the roughness parameter for the reflected (g} and the transmitted (g,) waves. From [23] one obtains:

gr = Teuhlcos(@;)+ cos@IF , g = Py hlcos®;)-n cos@]F (14a)

where the subscripts i, r, and ¢t denote incident, reflected and transmitted angles measured from vertical, £, is the
acoustic wavenumber in water, 1 is the index of refraction, and £ is the rms roughness. For normal incidence this
simplifies to:
2 2
© gr =Qkwh)", g =lkwh(1—n)]". (14b)
From (14a,b) we note that whereas gy is proportional to the roughness and the wavenumber, g, is proportional to
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the roughness and the change in wavenumber (through the term 1-#n); since Ak << k,, the transmitted wave is
much more coherent than the reflected wave. This effect of roughness is illustrated qualitatively in Figure 5. The
two points on the plane wave front incident on the bottom undergo a relative phase change of 2k, Ak upon
reflection. For the same two points, the change in phase of the transmitted wave is only AkwAh as the wave
propagates into the seabed at a slightly faster wave speed. As k; approaches k, the apparent roughness of the
boundary goes to zero and the transmitted wave propagates undistorted as expected. It is interesting to note that
for the reflected wave the boundary still appears rough even for ks = ky; it is the magnitude of the reflection

coefficient that goes to zero. This is a simplified interpretation of course which doesn’t account for effects such
as refraction due to the local angle of incidence. In fact, the roughness parameter enters not as a phase term but

as a multiplier which acts to reduce the coherence of the wave. This occurs through the factor exp(-g,) where
m=rort When exp(-gm) = 1 the wave is fully coherent and when exp(-g;») = 0 the wave is fully incoherent.
Figure 6 contains a plot of the function exp(-gm) with n = 0.93 for two substantially different values of roughness.

The figure clearly indicates a coherent transmitted wave and a predominately incoherent reflected wave over most
of the frequency band of interest.
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Figure 5. Qualitative illustration of normal Figure 6. Coherence of reﬂe.cted and transmitted
incidence plane wave being reflected and wave generated by a normal incidence plane wave
transmitted at a rough boundary. The reflected intercepting a rough boundary. A value of unity
wave front undergoes significantly more distortion implies the wave will be coherent; conversely a

than the transmitted wave front. value of 0 implies the wave will be incoherent.

Figures 7 and 8 show the time dependence of ;5 and Ip> plotted in decibels, for a silt bottom and a sand
bottom assuming a 5 ms pulse. The plots are done using several values of rms roughness # with the surface
correlation fixed at T = 1.5 m. The physical constants for silt and sand required to evaluate f;5) and ;52 were
taken from [22]. Note that t = 0 for curve 51 corresponds to f = tg whereas ¢ = 0 for curve I corresponds to ¢
=t3’. The time scales of the two sets of curves have been overlayed to allow comparison. In the absence of sub-
bottom scatter, one integrates Igp1 and I3 and classification is achieved because the relative values of E5; and
Eg2 are reasonably distinctive for different sediment types — the sand and silt curves merely serving as examples.

Figures ¢ and 10 shows the time dependence of 1,5 plotted in decibels, for a silt bottem and a sand bottom at
1,5, and 10 kHz. Valuesof p=35, L; =1, and A, = 0.001 along with the physical constants from [22] were used
to evaluate f.5). The curves for Iy are replotted from Figures 7 and 8§ for comparison. The first feature to note
is that the maximum intensity and the time dependenée of I,p1 depend on both frequency and sediment type.
Furthermore, although surface scatter initially dominates the return, the high rate of decay of the surface scatter
results in volume scatter dominating the return less than 5 ms after the peak intensity. One could use the change
in slope to mark the transition to volume-dominated scatter, and the level as an indicator of the type of sediment.

Clearly a wide frequency band source would assist in classification given the frequency dependence of the volume
scalter,
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Figure 7. Comparison of Iw; and Iy for a silt
bottom for rms roughness h = 3.75 cm (solid line),
7.5 cm (dask line), and 15 cm (dotted line). For all
curves the correlation length is T = 150 cm.

Figure 8. Comparison of Iwp; and Igpy for sand
bottom for rms roughness h = 3.75 cm (solid line),
7.5 cm (dash line), and 15 cm (dotted line). For all
curves the correlation length is T = 150 cm.
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Figure 9. Comparison of Igp; and lLypy for a silt
bottom for rms roughness b = 3.75 cm (solid line),
7.5 cm (dash line), and 15 cm (dotted line), at
frequencies of 1, 5, and 10 kHz.

Figure 10. Comparison of Igp; and I,p; for a sand
bottom for rms roughness h = 3.75 cm (solid line),
7.5 cm (dash line), and 15 em (dotted line), at
frequencies of 1, 5, and 10 kHz.

Furthermore, if one alters the integration time when computing Ej| such that
fy
Eg = jlsbld‘
t

(15)
1

where 13 corresponds to the time of the change in slope, then for the examples cited here Eg) is within 10% of that
obtained using (4). This means that volume scatter has virtually no negalive impact on the surface scatter
classification technique while providing additional classification information.

3.2 Scattering from a sub-bottom layer

At low frequency it is not uncommon for the layered structure of the seabed to become apparent. For this
reason we shall briefly consider the possibility of modeling a buried layer. We begin by expressing the intensity
incident at a sub-bottom layer, I, located d; below the water/sediment interface as:

o da U R)? exp(—2ad;)
R2(1+tan? ()]

(16)

where we assume R, >> d; and the exponential term accounts for absorption in the overlying sediment for the
down-going propagation path only. The backscattering coefficient for the sub-bottom layer will be of the same
form as that of the interface with the factors Ry, Ty, and #; referring to the sub-bottom layer; also, 8y is replaced

with 8 where sin(8y) = sin{8)/n and 0052(911)=1—sin2(9| )/n2 and » is the index of refraction for the two sediment
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This leads to the following expression for the monostatic backscattering coefficient at the sub-bottom
interface:

Sp(81)Gr, 0GR, ()

2
hs1 =1 (%‘] 1+ %) exp(-4ady) |

7 dAn a7
s 58, (ROJHmZ(eI)]
where the subscript [ refers to the sub-layer and 5y is given by:
2
5o
expl| - /i §
S = (18)

" m? [-@ ,n)zj

and we have made the narrow beamwidth approximation tan{@) = sin{(8) = 8. The expression for ;2 can be
obtained in a similar manner.

4. The Effect of a Vertical Line Array Receiver

Up to this point the model has assumed a co-located source and receiver. This has certain engineering
advantages since the water-borne portion of the system is compact and signal processing requirements are small.
That said, if one can accept the added complexity, a vertical line array receiver would improve sediment
classification considerably. The vertical aperture would enable a series of measurements which would transition
from near-field bistatic (using the hydrophone nearest the seabed) to far-field monostatic (using the hydrophone
co-located with the transmitier) [15]. In addition, the line array eliminates the requirement for the surface
reflected path which is sea-state dependent. Alternatively, the array aperture can be used to steer beams at or near
vertical incidence to separate shallow angle surface returns from sub-bottom layers [24]. However this restricts
the frequency band due to the nature of line array processing. In any case, the bi-static returns to the individual
elements can be can be used to isolate surface from sub-bottom using a procedure similar to that depicted in
Figure 3.

5. Concluding Remarks

In this paper we have extended a high-frequency model for sediment classification down to lower frequency.
In the present context lower frequency implies that scatter from the sub-bottom volume must be included.
Although scatter due to seabed roughness initially dominates the return, its high rate of decay results in volume
scatter dominating the return at longer times. One can use the change in slope of the decay to mark the transition
to volume-dominated scatter, and the level as an indicator of the type of sediment. Furthermore, a wide
frequency-band source would assist in classification since the volume scatter exhibits a marked dependence on
frequency. A formulation to extend the model to include scatter from a buried layer was examined briefly and
appears feasible. Finally, a vertical line array — as opposed to a single receiver co-located with the transmitter—
would significantly improve sediment classification at the cost of increasing the system’s complexity.
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