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Physics of 3-D scattering from
rippled seabeds and buried targets
in shallow water

Henrik Schmidt

Executive Summary: The reverberation from a rough seabed is severely
affecting the performance of mono- and bistatic sonars for mine detection and
classification. In particular, the sonar performance is reverberation limited for
insonification below the seabed critical angle, which is of importance in regard
to detecting buried objects at long distances. On the other hand, the reverber-
ation is highly dependent on the environmental characteristics. For example,
seabed ripple orientation is a critical parameter, a fact which may be explored
operationally, e.g. by adaptively repositioning platforms and insonification as-
pects, or by using flexible bi- and multistatic configurations.

The development of such new environmentally adaptive sonar technology re-
quires a significantly improved understanding of the fundamental physics of
the three-dimensional target scattering and reverberation environment. Here, a
new wave-theory model, providing consistent modeling of seabed insonification,
three-dimensional target scattering, and rough seabed reverberation has been
used to investigate the spatial and temporal characteristics of the multi-static
acoustic field associated with narrow beam sonars for seabed target detection
and classification.

The reverberation environment associated with hydrodynamically induced rip-
ple structures in water of 10-20 m depth is found to be strongly frequency
dependent in the 1-10 kHz regime, with the most distinct feature being a very
sharp drop in the reverberation below a ’cut-off’ frequency which for sand
ripples of 20 cm wavelength is approximately 2 kHz.

This low-frequency ’cut-off’ feature is a result of the specific, highly polarized,
roughness spectrum associated with sand ripples. Thus, the wavenumber spec-
trum of natural ripple fields have insignificant low-wavenumber components.
In contrast, the traditional power-law roughness spectra used for character-
izing seabeds have their maximum spectral content at the low wavenumbers,
resulting in a more gradual reverberation decay toward lower frequencies.

In addition to the drastic drop in reverberation observed at low frequencies, the
analysis also demonstrated theoretically that enhanced sub-critical backscat-
tering from buried objects is achieved at frequencies below 4-5 kHz. The two
effects together suggest that enhanced detection performance can be achieved
by limiting the processing bandwidth to frequencies below typically 3-4 kHz, in
contrast to traditional sonar philosophy of expanding bandwidth to achieve en-
hanced processing gain against reverberation.

S = SACLANTCEN SR-289
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Also, the analysis suggests, that at low frequencies in particular, a dramatic,
up to 60 dB, reduction in reverberation power can be achieved by insonifying
the seabed along the ripple direction.

These results in turn suggest the development of new environmentally adaptive
sonar technology that take optimum advantage of the strong temporal and
spatial sensitivity of the seabed response.
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Physics of 3-D scattering from
rippled seabeds and buried targets
in shallow water

Henrik Schmidt

Abstract:

The new OASES-3D code developed at MIT is used to investigate the spatial
and temporal characteristics of reverberation from rippled seabeds insonified
by narrow beam sonars such as the TOPAS parametric source. It is shown
that the highly polarized - close to monochromatic - spectral characteristics
of ripple fields is associated with a reverberation environment which is highly
sensitive to both frequency and insonification aspect relative to the ripples.
The study suggests that significant gains in detection performance for buried
objects can be achieved by band-limiting the processing to frequencies below
an environmentally dependent ’cut-off’ frequency. The study also confirms
theoretically the intuitive advantage of insonifying the seabed along the ripple
direction to reduce monostatic reverberation.

Keywords: reverberation o backscatter o surface scattering o seabed o
target scattering o shallow water
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1

Introduction

The detection and classification of targets buried in the seabed have traditionally
been performed using high-frequency sonars operating at grazing angles above crit-
ical, where the acoustic field is propagating in the vertical direction in the bottom
and therefore only undergoes losses associated with the seabed transmission and the
bottom attenuation. However, in shallow water such an approach is severely limited
in terms of coverage, and a significant research effort has recently been focused on
the potential of detecting and classifying buried objects using sonars with subcritical
incidence on the seabed.

Most of this work has focused on the high frequencies (10 - 100 kHz) of tradi-
tional bottom sonars, with the scientific issues being associated with the fundamen-
tal physics of the bottom interaction. Here, one of the most important issues has
been the identification of mechanisms for subcritical bottom penetration, including
rough seabed scattering [1], and porous media effects [2]. Other research has fo-
cused on the seabed reverberation environment, which is obviously a critical factor
in regard to sonar performance [3, 4]. Other related work has been associated with
the issues of the actual scattering process for buried targets [5].

It is well known that lower frequencies have better penetration properties, in part
because of the lower attenuation, but more importantly in the context of subcritical
target detection, lower frequencies have a deeper evanescent ’tail’ at subcritical
incidence [6]. As a consequence a significant research effort has recently been directed
towards lower frequencies. Thus, for example, SACLANTCEN has directed a series
of bottom interaction experiments involving both penetration, reverberation, and
target scattering measurements, using a parametric sonar with secondary frequencies
in the range 2-12 khz. The results of this effort are beginning to emerge. Thus, a
recent modeling and analysis effort has lead to a new understanding of the role of
evanescent coupling and seabed scattering as the dominant penetration mechanisms
in this frequency regime [7].

One of the models used in this study was the new OASES-3D scattering and re-
verberation model, developed at Massachusetts Institute of Technology (8, 4], and
which accurately reproduced the experimental data, while at the same time with
its inherent wavefield decomposition features, provided a direct measure of the rel-
ative contribution of the two mechanisms. Since OASES-3D inherently computes
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the coherent and scattered fields throughout the waveguide, the agreement with the
penetration data suggested that the same model could be applied to investigate the
spatial and temporal properties of the three-dimensional scattered and reverber-
ant field in shallow water waveguides, and the principal results of this analysis are

described in the following.

The study has led to several hypotheses regarding buried target detection and classi-
fication. However, it should be stressed that the conclusions concern only the ripple-
induced reverberation properties. Thus, it is likely that realistic rippled seabeds will
have some low-wavenumber roughness components, totally ignored in this study,
which will increase the low-frequency reverberation. Also, at low frequencies scat-
tering and reverberation from bed-rock roughness and volume inhomogeneities such
as buried rocks and boulders may become significant, countering the effect of the
spatial filtering provided by the seabed ripples. Another effect that will affect the
signal-reverberation budget is the frequency dependence of the sonar footprint. The
present study assumes a constant sonar footprint, whereas the insonified area for
parametric sonars will be approximately inversely proportional to the frequency
squared, countering the predicted decay of the ripple scattering.

The evaluation of the relative significance of these various mechanisms affecting low-
frequency bottom reverberation requires a series of well controlled experiments incor-
porporating different bottom types, seabed roughness statistics, and source-receiver
geometries. The GOATS‘98 experiment carried out jointly between SACLANTCEN
and MIT in May 1998 will include measurements of the full three-dimensional re-
verberant field, which according to the models described here will be significantly
different for the various scattering and reverberation mechanisms.

SACLANTCEN SR-289 =9 =
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2

OASES Scattering and Reverberation Model

The 3-dimensional version of the OASES propagation model has been combined with
a perturbational approach to allow full wave-theory modeling of the 3-dimensional
field associated with bottom-interaction of narrow-beam sonars such as the TOPAS
parametric source [9]. The new OASES-3D model handles consistently both the
coherent component of the full waveguide field, including the evanescent bottom
penetration, and the scattering and reverberation produced by anisotropic seabed
roughness [4]. Even though the modeling approach treats the scattered field de-
terministically, and therefore coherently, we will maintain the traditional scattering
theory terminology, with the field in the absence of scatters being referred to as the
coherent field, and the field perturbation being denoted the scattered field.

As a first step, the standard OASES code is applied to compute the field in a waveg-
uide with smooth interfaces. Subsequently, the interface scattering is computed
using the perturbation approach to rough elastic interface scattering developed by
Kuperman and Schmidt [10, 11]. The original perturbation theory is based on a 2-D
Fourier transform formulation for rough interfaces of infinite extent. For computa-
tional reasons this approach is only feasible for evaluation of the scattered field in
plane geometry with one-dimensional roughness [11]. However, many sonar problems
are characterized by a sonar ’footprint’ or ’patch’ of limited extent, as is the case
for example for the TOPAS, and an alternative implementation of the perturbation
theory has therefore been devised, which in effect represents the insonified roughness
patch by a wvirtual source distribution. The field produced by this source distribu-
tion can then be very efliciently evaluated by wavenumber integration models such
as OASES using azimuthal Fourier synthesis [12].

It should be pointed out that traditional perturbation approaches are most often
applied to directly predict the field statistics by formal averaging. In contrast, the
approach used in OASES-3D uses a spatial realization of the roughness statistics, or
a directly measured roughness patch, to generate a single field realization. However,
the model is sufficiently efficient to allow for computing the field statistics using
ensemble averaging.

-3 - SACLANTCEN SR-289
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2.1 Coherent Field Modeling

The coherent component of the field, including the evanescent bottom field, is com-
puted by the OASES code [8], using standard wavenumber integration for solving
the fluid-elastic wave equations in stratified waveguides [6].

For arbitrary fluid-elastic stratifications, this theory decomposes the wave-field in
each layer £ into compression and shear potentials,

xe = {de, e, Ao} (1)

where x; is a generic potential representing the compressional potential ¢, and the
two scalar shear potentials 1, and Ay, representing SH and SV waves, respectively
[12]. Obviously, in a fluid medium, x, represents the compressional potential alone.

Away from physical sources and the rough interfaces the seismo-acoustic field poten-
tials of time dependence ezp(—jwt) must satisfy homogeneous Helmholtz equations
of the form

[72 + k] xe(®) =0, 2)
where k, represents the appropriate medium wavenumbers.

In addition, the field must satisfy the boundary conditions at all interfaces z in the
stratification, as well as the source conditions. Assuming the physical sources are
limited to a single depth, z;, a dummy interface is added at this depth, and the
interface conditions may be written in the operator form

Bl(i)Xl;E-f-l(i) = —fs(i)a(Zg - zs) ,Z = 11 2---N. (3)

where N is the total number of physical and dummy interfaces in the stratification.
The differential matrix operator By represents the derivatives relating the physical
parameters involved in the boundary conditions to the potentials [10]. Thus, Eq. (3)
represents the continuity of the pertinent displacements and stresses at all physical
interfaces, and discontinuity conditions imposed by the physical source distribution

fs(X).

For problems with source distributions of finite horizontal extent, Egs. (2) and (3) are
most conveniently solved in cylindrical coordinates. Here, the Helmholtz equation
(2) have solutions in the form of an azimuthal Fourier series of Hankel transform
integrals,

oo 9 o0 ~ . o .
xe(r,z,0) = 3 { o } | Rt + T gllr)e757] ko)
0
(4)
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where 7, z are the depth and range coordinates, and k, is the horizontal wavenumber.
The depth-dependence of the field is represented by the exponentials, with &k, being
the vertical wavenumber, defined as

L[ VB-R k<hk -
‘ k2 — k2, ke >k,

where ky = w/cp is the medium wavenumber for layer £. In this form, the inte-
gral representation clearly separates the field into waves propagating vertically in
the layer (k, < ky), and waves which are exponentially growing or decaying, the
evanescent waves (kg < k), separated by the critical wavenumber k, = k;. The
amplitudes Xi;e(kr) are found by matching the boundary conditions of continuous
particle motion and stresses (pressure) at all interfaces in the stratification. Since
these boundary conditions must be satisfied at all ranges r, they must be satisfied
at each wavenumber component, in accordance with Snell’s Law. Assembled for all
interfaces these conditions are expressed in matrix form as

El(kr)j(v;;;e,u.ﬂkr) = ".ﬁ;m(kr)d(zé - zs)a ¢=12,...N (6)

where N is the number of interfaces. This equation is formally obtained as the
Fourier-Hankel transform of the spatial boundary conditions, Eq. (3). At the depth
of the source z;, the right-hand-side represents the discontinuity of the Hankel trans-
forms of the particle motion and pressure due to the presence of the source. Note
that the global coefficient matrix By in Eq. (6) is independent of the Fourier order m,
which has obvious computational advantages when solving for many Fourier orders.
As shown by Schmidt and Glattetre [12] this is achieved by expressing the boundary
conditions, and therefore the source term fs;m in terms of the following combinations
of the azimuthal expansion coefficients for the displacements and stresses:

Fom(kr)T = A[@™ +3™), (@™ — o™), @™, 67, (61 + &%), (6 - 57 (7)

It should be pointed out that the wave-field amplitude solutions to Eq. (6) are ezact,
whereas the numerical evaluation of the wavenumber integrals in Eq. (4) will exhibit
truncation and discretization errors. On the other hand, these errors can be reduced
to insignificance by the standard wavenumber-integration contour deformation and
sampling procedures [6].

The OASES propagation model directly implements Egs. (4) and (6), and conse-
quently inherently decomposes the field into its propagating and evanescent compo-
nents.

2.2 Perturbation Scattering Theory

Following the computation of the coherent field by wavenumber integration, the
scattering by rough interfaces can be consistently handled using the method of small

-5-— SACLANTCEN SR-289
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Figure 1 Rough interface patch in stratified waveguide, insonified by a seismo-
acoustic field.

perturbations developed by Kuperman and Schmidt [10]. For arbitrary fluid-elastic
stratifications, this theory decomposes the wave-field into coherent and scattered
components of the field potentials in layer number £,

$e = () +pe
xe=(xe)+se=13 ¢ = (o) +q (8)
Ae = (M) +e

where x, again is a generic potential representing the compressional potential and
shear potentials in layer £.

According to the self-consistent theory of Kuperman and Schmidt [10], the coherent
field satisfies the Helmholtz equation Eq. (2) and a boundary conditions similar to
Eq. (3), but with a modified boundary operator By. The self-consistent modification
is important for evaluating coherent scattering losses [10]. However, for evaluating
the scattered field, the unperturbed conditions may be applied for the coherent field
in what is equivalent to the Born approzimation.

Similarly, the scattered potentials satisfy homogeneous Helmholtz equations
[V? + B se®) =0, (9)

and a set of boundary conditions, which according to the perturbation theory are of
the form,

B(%)se1(%) = —fo(R)0(zg — 2) ,£=1,2-- N (10)

where 2, is the depth of the rough interface, and the distribution function f,(X) is

SACLANTCEN SR-289 -6 -
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given by [10, 13, 14]

elevation .
rotation

1B (X) —_—
7,2 = |10 225 | G o ()| (e () (11)

Here, ,(X) is the roughness elevation of interface £. B, is the same boundary
operator as above, while by represents the rotation of the boundary conditions due
to the roughness slope.

Obviously, Eq. (10) is totally equivalent to Eq. (3), with the physical source distri-
bution f,(X) replaced by the distribution function f,(X) at the depth of of the rough
interface. Thus, f,(X) represents a virtual source distribution, the amplitude and
phase distributions of which are determined by the coherent field and the roughness
through Eq. (11)

2.2.1 Wavenumber Representation

For horizontal stratifications with interfaces of infinite extent, the perturbation the-
ory proceeds by transforming the boundary equations (3) and (10) into the wavenum-
ber domain, yielding for the wavenumber spectrum of the scattered field [11]
- . = s 1L L = [0By(k) . ms ] ~
1@ = ~B; @5 [ PRu(d-K) [ 40 1 3(d - DB | (K ) (12

For random, spatially homogeneous interface roughness, the roughness statistics
is given by the spatial correlation function Ny(AF) or its Fourier transform, the
normalized roughness power spectrum P;(p), and the roughness variance {(v3)

NeAF) = (uF(F+A0) (13)
OOPAB) = 5= [ PATN(ADeTIF (19

Then, the following expression is achieved for the spatial correlation function for the
scattered field [11]

CS(FlazlaF2az2) =
O8) [ e [ [ n e s s 108
(27r)3 d pPz(p) d qu(zl,qu"' p)

o1t
<[ [z, a3+ 5957 (15)

— 7 — SACLANTCEN SR-289
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Figure 2 Graphical representation of the scattering wavenumber kernel. The scat-
tered field is a convolution in the wavenumber plane of the incident field by the
anisotropic roughness wavenumber spectrum.

where A (z,q, k) is the scattering kernel

Am(za da l-(') = em(za q)fzm (da l—(') (iZZ-}-l(E))

Here ey(z,q) contains the exponentials representing the up- and down-going scat-
tered wave-field in layer ¢, and Ty, is a generalized transition-matriz for the field
in layer m produced by scattering from rough interface number ¢,

1 [8By(k)

Tym(@K) = ~B (@5 | =, +3(6 - h(K) (16)

The scattering integrals of both Eq. (12) and (15) are of a form convolving a medium
dependent boundary operator term by the roughness spectrum at the difference
wavenumber. This Bragg scattering condition is illustrated graphically in Fig. 2.
An incident field with a wavenumber spectrum centered around the wave vector k
is convolved with an anisotropic roughness spectrum with skewness 6, creating a
scattered field composed of wave vectors d within the lightly shaded envelope in
Fig. 2, representing the roughness spectrum. The medium dependent part of the
kernel represents the modal structure of the waveguide, as indicated by the circles in
Fig. 2. Thus, the resulting scattered field will have a modal structure in all directions,
but shaded by the roughness spectrum centered at the incident wavenumber.

Even though in the following the wavenumber representation of the scattered field
statistics is not used directly, the Bragg scattering condition is convenient for inter-
preting the numerical results, and diagrams similar to to Fig. 2 will be used exten-
sively in the following to explain the spatial and temporal super sensitivity of the
reverberation environment associated with rippled seabeds.

NATO UNCLASSIFIED -8-
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2.2.2 Finite Roughness Patch

For realistic two-dimensionally rough interfaces, the convolution integrals in the cor-
relation function, Eq. (15), become four-dimensional. Even though a normal-mode
expansion of Eq. (15) has recently been developed, yielding orders of magnitude in
computational savings [14], the full numerical evaluation of the three-dimensional
field statistics through Eq. (15) is computationally prohibitive. Consequently, nu-
merical implementations have been limited to plane or axisymmetric problems with
one-dimensional roughness {11, 14].

To allow modeling of the fully three-dimensional reverberant field important to
multi-static sonar concepts, an alternative approach has therefore been developed
[4]. Instead of directly evaluating the spatial statistics through formal averaging,
e.g. using Eq. (15), specific realizations of the field can be determined using Eq. (12),
followed by the inverse Fourier transform. However, this approach is only computa-
tionally feasible for very small computational domains due to the Nyquist sampling
requirements. For long-range reverberation computations, this approach has there-
fore only been succesful in plane geometry [11].

To allow theoretical analysis of the fully three-dimensional scattering and reverber-
ation produced by two-dimensional seabed roughness such as ripple fields, another
deterministic form of the perturbation theory has therefore been developed, based
on spatial integration over finite roughness patches. This formulation leads to field
expressions which are evaluated using the same seismo-acoustic propagation model,
OASES, as the coherent field. By using a cylindrical formulation, it yields ex-
tremely efficient computation of specific realizations of the reverberant field from
rough interface patches, allowing for both narrow- and wide-band simulations, and
for Monte-Carlo estimation of the 3-D spatial field statistics.

For a finite size roughness patch or sonar footprint, the scattered field can be repre-
sented by a spatial integral over the patch P,

Sl(i; Z) = /I'-" Gl(i’ iv; Z,Zv)d2iv ) (17)

where Gy(X,%,;2,2,) is a Generalized Green’s Function satisfying the standard
Helmholtz equation, and the boundary conditions,

Bg()_(')Gg;[_H()_C', fv; zZ, Zv) = —-5(55 - iv)fv(i)J(Zg - 21,) 5 {= l, 2.-- N, (18)

with the virtual source distribution f,(X) given by Eq.(11). This equation is ob-
viously of a form identical to the coherent equation, Eq. (3), and can therefore be
solved in cylindrical coordinates using the Fourier-Hankel transform, with solutions
of the form of Eq. (4). Inserting these solutions into Eq. (17), and reversing the order

—.Q — SACLANTCEN SR-289
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of integration, then yields for the scattered field,

se(r,2,0) = Z

sinmé@
m=0

{ cos mé }/dqr @ I (qr) |:/ é;n(qr,z,'f'v,av)rvdrvdev (19)
P

As was the case for the coherent field produced by the physical sources, the scattered
field can then be computed using the three-dimensional version of OASES [12] with
the physical source kernels being replaced by the virtual source equivalents, obtained
as the Fourier-Hankel transforms of Eq. (11). The details of this transformation is
described by Fan [15].

The Fourier series in Eq. (19) converges very fast for orders larger than the dimen-
sionless size ka of the patch, due to the asymptotic behavior of the virtual source
kernels

Gy (gr, 2,7y, 0y) ~ JIm(grry) = 0, for m > gyry (20)

and the truncation of the azimuthal Fourier series is therefore easily determined
a priori. Thus, the number of significant terms in the series depends only on the
patch size with the typical number being equal to a few times the patch size in
wavelengths. In contrast the number of terms in the numerical evaluation of each
of the two dimensions of the equivalent Fourier transform in Cartesian coordinates
is determined by the receiver range. For finite size patches, the virtual source range
is typically much shorter than the receiver ranges, which is the key to the numerical
superiority of the cylindrical form.

2.3 Target Modeling

Even though the present paper focuses on the reverberation environment, the impli-
cations of the results have to be seen in the context of a potential target signal, and a
generic target modeling capability has therefore been implemented into OASES-3D.

Using a 3-D adaptation of the approach of Ingenito [16], the target is represented by
a virtual source with a radiation pattern determined by convolving the incident field
by a target scattering function. In this single-scattering approach, the stratification
is ignored in the actual scattering process, with the target assumed to be in an
infinite medium. Thus, for an incident plane wave of wavenumber k, and horizontal
azimuthal angle 6y, the target scattering is represented by a shaded point source
term [16],
__expJjkR

X(R,0,4) = —5—5%(0, 0r,00, k:) , (21)

where S*(0, q,00,k:) is the scattering function, with the + representing the up-
and downward propagating components. For simple objects the scattering function
can be determeined analytically. Thus, for spheres, the expansion of the scattering

SACLANTCEN SR-289 -10 -
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function in terms of spherical harmonics is well established [16]. The scattering
function in the evanescent regime g, k, > k is handled by simple analytical contin-
uation. For general targets the scattering function can be determined numerically,
e.g. using finite-element approaches [17].

For a target in a stratified waveguide, Eq. (21) must be transformed into a wavenum-
ber integral representation of the form of Eq. (4) to be able to express the boundary
conditions in the wavenumber domain, Eq. (6). Using a stationary phase or far-field
argument, an expression for the scattered field of wavenumber ¢, at depth z, still
ignoring the stratification interfaces, is achieved simply by replacing the spherical
Green’s function by its wavenumber equivalent [6],

‘equ|z_zt| +
X(zae’qr) = ]_Q_—S (0, qraeo’kr) . (22)

z

The wavenumber integral representation of the target scattering then follows as

£ 00 pfgzlz—2tl _
xi(rz0) = 3 { cosme }jm“ | 5t o ke e, (23)
where SZ(qy, 80, kr) is the azimuthal Fourier transform of the scattering function in
Eq. (22). For incident fields of finite spectral width, the kernel in Eq. (23) is replaced
by an integral over the incident wavenumber k,. The right-hand-side of the global
boundary condition equation, Eq. (6) for the scattered field is then directly obtained
from the discontinuity of the kernels in Eq. (23). The solution of Eq. (6) followed by
the wavenumber integration, Eq. (4) then directly yields the target scattering in all
layers.

The validity of the single-scattering approach for targets near interfaces is obviously
at issue, but as shown by Fawcett [5] the approach seems sufficiently accurate for
objects buried in sedimentary bottoms. G

-11 - SACLANTCEN SR-289
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3

Multi-static Scattering and
Reverberation Modeling

The new scattering and reverberation model has previously been applied to inves-
tigate the mechanisms responsible for sonar penetration into rippled seabeds in the
1-10 kHz frequency regime [7]. This study showed excellent agreement between the
penetration predicted by OASES-3D and the predictions of a Helmholtz-Kirchoff
approach [18], and the agreement with the experimental data was excellent, both
qualitatively and quantitatively. The analysis concluded that two mechanisms were
primarily responsible for the subcritical penetration. At frequencies up to 5-7 kHz,
the direct evanescent coupling is the controlling mechanism. This was confirmed by
direct OASES [8] modeling using both plane wave and finite beam insonification of
the seabed.

At higher frequencies, both scattering models showed a dominance of the roughness
scattering contribution. Further, the modeling showed a sharp ’cut-off’ in the scat-
tering contribution at approximately 3 kHz. A detailed analysis of this phenomenon
showed that the unexpectedly sharp low-frequency cut-off is associated with the
particular spectral characteristics of seabed ripples. Most scattering work in the
past has been assuming Gaussian or power-law spectra of the seabed roughness [19],
which, when adopted here, resulted in a much more gradual frequency dependence
of the scattering contribution.

This understanding then lead to the hypothesis that the reverberant field in the
water column would exhibit a similarly sharp low-frequency cut-off. Such a phe-
nomenon, in combination with the low-frequency enhancement of the evanescent
penetration and scattering by buried objects in turn suggests that significant gains
can be achieved in subcritical detection performance by operating below the envi-
ronmentally determined ’cut-off’ frequency. The present study focuses on the first
hypothesis, i.e. the frequency dependence of the reverberation environment and
its dependence on the ripple characteristics. A parallel study is dealing with the
systems issues associated with the target detection problem [20].

SACLANTCEN SR-289 -12 -
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___________________________

c=1525m/s
10m

30.7 m

i = cb=1685m/s

p =1.9g/cm

Figure 3 Geometry configuration for seabed reverberation modeling. A parametric
sonar is used to insonify a seabed patch of approzimately 10 X 5 m, at a nominal
grazing angle of 18°.

3.1 Environmental Model

The environmental model is identical to the one used for the penetration study [7].
As a characteristic subcritical incidence scenario we consider the geometry shown in
Fig. 3. The water sound speed is 1525 m/s, while the bottom is sand represented by
a fluid half-space with compressional velocity 1685 m/s and density 1.9 g/ cm®. The
seabed is insonified by a narrow-beam sonar at a nominal grazing angle of 18°. The
sonar footprint is approximately 10 m x 5 m.

Three different realizations of the ripple statistics are being considered, as shown in
Fig. 4. They are being generated by the ripple model developed by Pouliquen etal.
[18], based on statistics observed during the penetration experiment. The short
correlation length L of the ripples is 20 cm, and the RMS roughness height is 2.5
cm. Three different skewness angles are considered, 0°, 45°, and 90°. The associated
roughness wavenumber spectra are shown in Fig.5. Note the strongly polarized,
almost monochromatic nature of the roughness spectra, and the filtering of the
low-wavenumber components, necessary to reproduce realistic roughness realizations
[18]. The very small amounts of low- and high-wavenumber components of this
roughness is critical to the physics of the reverberation, as will be discussed in the
following.

The roughness patches are shaded by a Hanning window consistent with the spatial
width of the incident beam. The perturbation theory is linear in both the roughness
v¢ and the coherent field x, in Eq.(11). Consequently, within the limits of the
perturbation theory, the roughness shading is equivalent to a shading of the incident
beam.

- 13 - SACLANTCEN SR-289
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Figure 4 Rippled seabeds used for analysis. The ripples are shaded by the footprint
of the sonar beam, incident at 18° grazing angle in the direction indicated by the
arrow. The ripple fields are realizations of the same spectral statistics, but with
different skew angles relative to the incident beam: (a) 0°; (b) 45°; (c) 90°.
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Figure 5 Wavenumber spectra in dB of rippled seabeds shown in Fig. 4. Ripple
aspect angles: (a) 0°; (b) 45°; (c) 90°.
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Figure 6 3D scattering from rippled sand bottom insonified by narrow beam sonar
incident at a 0° aspect angle relative to the ripple azis. The incident field is a
plane wave of 0dB amplitude and 18° grazing angle. The plots show pressure level
contours in dB at (a) 2 kHz and (b) 6 kHz, in a horizontal plane 10 m above the
seabed, centered at the sonar footprint. The small circles indicate the position of the
source and monostatic receiver for a sonar with nominal 18° grazing angle incidence.

Rangoe (m)

Even though OASES is capable of simulating the actual spectral content of the
incident beam, it is much more computationally efficient to use the patch shading in
combination with an incident plane wave, and the effect on the scattered field has
been found to be insignificant. All the results shown in the following are therefore
generated using a plane wave of unit amplitude (0dB) incident at the nominal 18°

grazing.

3.2 Reverberant Field

The spatial and temporal distribution of the scattered field has been computed in
the band 1 - 10kHz, and covering ranges out to 50 m from the center of the footprint.

For the case of 0° ripples ( Fig.4(a) ), Fig.6 shows the CW power level in dB in
a horizontal plane at the source depth, 10 m above the seabed, at a frequency of
2 kHz (a), and 6 kHz (b). The dimensionless correlation length of the ripples at
the two frequencies are k,L = 2nfL/c = 1.6 and 4.9, respectively. The dynamic
range of the contour levels is 60 dB, with red indicating high field values and blue
low. The small circle indicates the position of the source and a monostatic receiver
for 18° nominal incidence. Note the extremely low reverberation levels at the low
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Figure 7 Bragg scattering conditions for ripples of aspect angle 0° relative to
incident field. The shading indicates the level of the roughness power spectrum,
centered at the incident wavenumber k;. The short correlation length of the ripples
is L, and the water wavenumber is ky,. (a) Low frequency (kyL < 2m). (a) Medium
frequency (kyL =~ 27).

frequency, and the predominantly forward scattering at 6 kHz.

The explanation for this behavior is illustrated in Fig7 showing the wavenumber
diagram similar to Fig. 2, but consistent with the specific ripple statistics. Thus, the
blue shading indicates schematically the power spectrum of Fig.5(a), centered at
the incident wavenumber k; corresponding to 18°. The circles indicate the medium
wavenumber at the two frequencies, separating the propagating (g < ky) and
evanescent components of the scattered field in the water column. At low frequen-
cies (kL < 27m) most of the roughness power is outside the circle and the associated
scattering is therefore evanescent in the water column and not reaching the receiver
at 10 m altitude.

At the higher frequency the acoustic wavelength is of the same order of magnitude as
the ripple correlation length (ky L = 27), and the ’tails’ of the power spectrum enters
the propagating spectrum, producing the ’splitting’ in the forward scattered field
observed in Fig.6(b). The backscattering even at this high frequency is obviously
still rather insignificant, consistently with Fig. 7(b).

Figure8 and Fig. 9 show the corresponding results for the 45° ripple aspect angle
in Fig. 4(b). Again the scattered field in the source plane is consistent with the
Bragg conditions, with an overall increase in scattering at the higher frequency
where more of the roughness power enters the propagating regime bounded the
circle |g,| = ky. The overall scattering, including the monostatic backscattering is
obviously increased significantly compared to the case where the insonification is
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Figure 8 3D scattering from rippled sand bottom insonified by narrow beam sonar
incident at a 45° aspect angle relative to the ripple azis. The incident field is a
plane wave of 0dB amplitude and 18° grazing angle. The plots show pressure level
contours in dB at (a) 2 kHz and (b) 6 kHz, in a horizontal plane 10 m above the
seabed, centered at the sonar footprint. The small circles indicate the position of the

source and monostatic receiver for a sonar with nominal 18° grazing angle incidence.

(b)

'

Figure 9 Bragg scattering conditions for ripples of aspect angle 45° relative to
incident field. The shading indicates the level of the roughness power spectrum,
centered at the incident wavenumber k;. The short correlation length of the ripples
is L, and the water wavenumber is ky. (a) Low frequency (kwL < 27). (a) Medium
frequency (kyL = 27).
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Figure 10 3D scattering from rippled sand bottom insonified by narrow beam sonar
incident at a 90° aspect angle relative to the ripple azis. The incident field is a plane
wave of 0dB amplitude and 18° grazing angle. The plots show pressure level contours
in dB at (a) 2 kHz and (b) 6 kHz, in a horizontal plane 10 m above the seabed,
centered at the sonar footprint. The small circles indicate the position of the source
and monostatic receiver for a sonar with nominal 18° grazing angle incidence.

parallel to the ripples.

Finally, Figures10 and 11 show the result for the ripples being insonified at 90°.
Here the difference between the two frequencies is particularly dramatic, with a
very strong backscattering observed at 6 kHz. Note also the insignificant forward
scattering in this case, the reason for which is that the forward lobe of the power
spectrum is in the evanescent regime, as illustrated in Fig.11. Also, the Bragg
diagrams show that for this case a maximum in the backscattering can be expected
for a frequency for which 27/L = 2k; which translates to a frequency of f = 4.22
kHz.

3.3 Target Scattering

The implications of the temporal and spatial characteristics of the ripple reverber-
ation become particularly evident when compared to the scattering produced by a
seabed target. To illustrate this, OASES-3D has been applied to compute the 3-D
scattered field produced by a solid sphere of radius 30 cm, buried flush at the center
of the sonar footprint, and insonified by a plane wave of 18° incidence. Analogous
to the reverberation results above, Fig. 12 shows the scattered power in dB in a hor-
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(a)

Figure 11 Bragg scattering conditions for ripples of aspect angle 90° relative to
incident field. The shading indicates the level of the roughness power spectrum,
centered at the incident wavenumber k;. The short correlation length of the ripples
is L, and the water wavenumber is ky,. (a) Low frequency (kyL < 2m). (a) Medium
frequency (kL = 27).

(a) Buried sphere -2 kHz (b) Buried sphere - 6 kHz
-49.97 -
E
@
2
o
o«
50 0
Range (m) Range (m)

Figure 12 3D scattering from 30 cm radius sphere buried flush in sand bottom
insonified by a plane wave of 0dB amplitude and 18° grazing angle. The plots show
pressure level contours in dB at (a) 2 kHz and (b) 6 kHz, in a horizontal plane 10
m above the seabed, centered at the sonar footprint. The small circles indicate the
position of the source and monostatic receiver for a sonar with nominal 18° grazing
angle incidence.
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Figure 13 Frequency dependence of monostatic reverberation power for ripple as-
pect 0° (red), 45° (green), and 90° (blue), corresponding to the footprints (a), (b)
and (c¢) in Fig. (4), respectively. The incident field is a plane wave of 0 dB ampli-
tude and grazing angle 18°. The monostatic recetver is at 10 m altitude an 31 m
range , as indicated by the small circles in Figs. (6) - (10). The cyan curve shows
the monostatic target return for a sphere of 30 cm radius buried flush in a smooth
seabed.

izontal plane 10 m above the seabed, centered at the target. The spatial structure
of the target scattering is obviously significantly different from the reverberation.
Thus, the target scattering at 6 kHz, Fig. 12(b), is dominated by steep scattering
angles, with a sharp drop in scattered power beyond a range of approximately 22 m,
corresponding to the critical angle of 24.77°. At shorter ranges, the target scattering
path corresponds to waves propagating in the bottom, while at longer ranges the
coupling of the target scattering back into the water column is occuring through
evanescent coupling, or ’tunneling’. For r > 22m a radial interference pattern is
evident, being associated, with a second, probably diffracted arrival from the target,
as can be observed in the timeseries shown in the following. Another characteristic
feature at the higher frequency is the strong forward lobe, even in the evanescent
regime. The dominance of the scattered field within the ’critical cone’ has been
discussed by Hovem [21].

At the lower frequency, Fig. 12(a), the critical angle transition is much less distinct,
and the scattering at the longer ranges is significantly higher than at higher fre-
quencies. The reason for this is obviously the slower decay of the evanescent ’tail’ at
subcritical angles, yielding improved penetration [7], as well as more efficient energy
tunneling back into propagating waves in the water column.

The most striking difference between the target scattering and the reverberation is
of course the opposite frequency dependencies. Thus, from a monostatic as well as
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bistatic point of view, the target scattering beyond the ’critical’ cone is increasing
with decreasing frequency, in contrast to the reverberation, which increases dramat-
ically with increasing frequency.

3.4 Monostatic Backscatter

Even though the present study has been aimed at the physics of the 3-D scattering
important to multi- and bistatic sonar concepts, there are still significant operational
advantages in operating in a monostatic configuration, and here the particular spec-
tral characteristics of the sand-ripples have some interesting implications as well.

For a monostatic receiver, the results of the target and reverberation modeling for the
subcritical incidence 18°, are summarized in Figure 13, showing the backscattering
power versus frequency for the three different ripple polarizations as the red curve
(0°), the green curve, (45°), and the blue curve (90°. The monostatic backscattering
power of the flush-buried sphere is shown as a cyan curve.

The blue curve shows a clear maximum in the backscattering from the footprint
at approximately 4 kHz, consistent with the Bragg condition as discussed above.
Also, Fig. 13 shows a very strong dependence of the monostatic reverberation on the
ripple aspect angle. Thus, at frequencies below 5 kHz the reverberation from the
90° ripples is close to 60 dB higher than from the 0° ripples, and 20-30 dB higher
than the backscattering power of the 45° ripples. At frequencies above 5-7 kHz, the
differences reduce to 10-20 dB.

Further, Fig. 13 clearly illustrates the opposite frequency dependence of the target
field and the reverberation for monostatic receivers. This in turn suggests that
significant gains may be achieved in subcritical detection performance by limiting
the bandwidth to frequencies below the ripple-induced ’cut-off’ frequency.

Of course, Fig. 13 shows results in terms of target and reverberation power, and do
therefore not account for any time-domain processing gain. However, it turns out
that the frequency dependence of the reverberation is so dramatic that no significant
time compresion gain can be achieved using the full sonar band. Fig. 14 shows the
timeseries of the pressure signal simulated for a monostatic receiver, band-limited
to 0.5 - 10.5 kHz. The source pulse is a replica of a Ricker wavelet with center
frequency 8 kHz, commonly used for the TOPAS secondary [7]. The incident field
is again a unit amplitude 18° grazing angle plane wave. The upper trace shows the
pure target signal at a receiver 10 m above the seabed at 30.77 m horizontal range,
corresponding to the nominal 18° grazing angle. Note the double target arrival
discussed earlier. The second trace shows the simulated reverberation timeseries for
a ripple aspect angle of 45°. Finally the lower trace shows the total received field,
where the target signal is obviously totally dominaced by the reverberation.
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Figure 14 OASES simulation of timeseries of acoustic pressure at a monostatic
receiver at nominally 18° grazing angle. The upper trace shows the target signal,
while the center trace shows the seabed reverberation for a ripple aspect of 45° aspect.
The lower trace shows the total signal. All traces are plotted on the same scale.

To illustrate how the different spectral characteristics of the target and the reverber-
ation may be explored for detection, Fig. 15 shows the spectrograms corresponding
to the timeseries in Fig. 14. The upper plot shows contours of the spectrogram of
the pure target signal, while the middle and lower plots show the spectrograms of
the reverberation and the total field, respectively. Here it becomes evident that the
only significant information about the presence of a buried target in this scenario
is at frequencies below the reverberation ’cut-off’ frequency of 2-3 kHz. This sug-
gests that improved detection performance can be achieved by band-limiting the
processing frequencies as opposed to using the full band. The investigation of this
hypothesis and the associated sonar processing issues is the subject of a parallel
research effort at SACLANTCEN [20].

Along the same line, the ripple orientation relative to the insonification is obviously
extremely critical to the detection problem. Thus, as can be observed in Fig. 13, by
insonifying along the direction of the ripples, the bandwidth associated with positive
target-to-reverberation ratio is obviously increased significantly, from 2 to 6 kHz
compared to the case where the insonification is perpendicular to the ripples. Also,
the ripple 'wavelength’ is a critical parameter. Thus, larger scale ripples encountered
in deeper water will shift the reverberation ’cut-off’ to a lower frequency, while
shorter near-shore ripples will be associated with less low-frequency reverberation.

To take advantage of such environmental reverberation dependencies in an opera-
tional scenario, the sonar system must be closely tied to the environmental assess-
ment and have adaptive capabilities which allows the platform to select optimal
insonification and reception geometries.
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Figure 15 Spectrograms of monostatic receiver timeseries simulated by OASES-
3D. (a) Target signal alone. (b) Reverberation for 45° ripple aspect. (c) Total signal.
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Conclusion

A new wave theory model providing consistent modeling of seabed insonification,
three-dimensional target scattering, and rough seabed reverberation has been used to
investigate the spatial and temporal characteristics of the multi-static acoustic field
associated with narrow beam sonars for seabed target detection and classification.

The reverberation environment associated with hydrodynamically induced ripple
structures in water of 10-20 m depth is found to be strongly frequency dependent in
the 1-10 kHz regime, with the most distinct feature being a very sharp drop in the
reverberation below a ’cut-off’ frequency which for sand ripples of 20 cm wavelength
is approximately 2 kHz.

This low-frequency ’cut-off’ feature is a result of the specific, highly polarized, rough-
ness spectrum associated with sand ripples. Thus, the wavenumber spectrum of nat-
ural ripple fields have insignificant low-wavenumber components. In contrast, the
traditional power-law roughness spectra used for characterizing seabeds have their
maximum spectral content at the low wavenumbers, resulting in a more gradual
reverberation decay toward lower frequencies.

In addition to the drastic drop in reverberation observed at low frequencies, the anal-
ysis also demonstrates theoretically that enhanced subcritical backscattering from
buried objects is achieved at frequencies below 4-5 kHz. The two effects together
suggest that enhanced detection performance can be achieved by limiting the pro-
cessing bandwidth to frequencies below typically 3-4 kHz, in contrast to traditional
sonar philosophy of expanding bandwidth to achieve enhanced processing gain against
reverberation.

Also, the analysis suggests, that at low frequencies in particular, a dramatic, up to
60 dB, reduction in reverberation power can be achieved by insonifying the seabed
along the ripple direction.

These results in turn suggests the development of new environmentally adaptive
sonar technology that takes optimum advantage of the strong temporal and spatial
sensitivity of the seabed interaction.

However, it should be stressed that these conclusions concern only the ripple-induced
reverberation properties. Thus, it is likely that realistic rippled seabeds will have
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some low-wavenumber roughness components superimposed, which will increase the
low-frequency reverberation. Also, at low frequencies scattering and reverberation
from bed-rock roughness and volume inhomogeneities such as buried rocks and boul-
ders may become significant, countering the effect of the spatial filtering provided
by the seabed ripples. Another effect that will affect the signal-reverberation bud-
get is the frequency dependence of the sonar footprint. The present study assumes
a constant sonar footprint, whereas the insonified area for parametric sonars will
be approximately inversely proportional to the frequency squared, countering the
predicted decay of the ripple scattering.

The evaluation of the relative significance of these various mechanisms affecting low-
frequency bottom reverberation requires a series of well controlled experiments incor-
porporating different bottom types, seabed roughness statistics, and source-receiver
geometries. The GOATS 98 experiment carried out jointly between SACLANTCEN
and MIT in May 1998 will include measurements of the full three-dimensional re-
verberant field, which according to the models described here will be significantly
different for the various scattering and reverberation mechanisms.
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