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Abstract

Recent publications of reverberation and scattering strength modeling are reviewed. Emphasis is
placed on investigating operationally oriented models (as opposed to research oriented) that may
be compatible with the Bellhop propagation model for use within the Environment Modeling
Manager (EMM). Special attention is given to the research of Dr. Dale Ellis including his normal
mode reverberation model, his clutter model approach, and his scattering strength model.
Recommendations are made to consider adding the Ellis normal mode model and the Harrison
closed form expressions to the Environment Modeling Manager to compliment Bellhop. It is
recommended that a range of bottom scattering strength models be implemented to provide a
choice of grazing angle dependences. It is recommended that the Gauss surface scattering
strength model be investigated to possibly replace the Ogden-Erskine model. It is also
recommended that the Ainslie angle/decay rate relationship be examined to possibly provide the
experimental evidence for choosing one scattering strength kernel over another at each
operational site.

Résumé

On examine des mémoires récents sur la modélisation de la réverbération et de la force de
diffusion. On se concentre sur les modéles a orientation opérationnelle (comparativement a ceux
orientés vers la recherche) qui pourraient étre compatibles avec le modéle de propagation Bellhop
pour utilisation dans I’Environment Modeling Manager (EMM). On a porté une attention
particuliere aux recherches du D' Dale Ellis, entre autres a son modele de la réverbération en
mode normal, sa modélisation du fouillis et son modéle de la force de diffusion. On recommande
d’examiner I’ajout du modéle de mode normal d’Ellis et des expressions analytiques de Harrison
a I’Environment Modeling Manager pour compléter le modele Bellhop. On recommande de
mettre en ceuvre divers modéles de la force de diffusion par le fond pour offrir un choix de
dépendances sur I’angle rasant. On recommande d’examiner le modéle gaussien de la force de
diffusion par la surface comme possibilité de remplacement du modele d’Ogden-Erskine. On
recommande également d’examiner la relation entre I’angle d’Ainslie et le taux de décroissance,
ce qui pourrait peut-étre justifier expérimentalement le choix d’un noyau de force de diffusion
particulier a chaque site opérationnel.
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Executive summary

A Literature Survey of Reverberation Modeling: with Emphasis
on Bellhop Compatibility for Operational Applications

McCammon, D.F.; DRDC Atlantic CR 2010-119; Defence R&D Canada —
Atlantic; September 2010.

Introduction: Reverberation can be defined as any projector-related energy received by an
acoustic sensor after signal generation onset, that is not energy returned by a target. In the bistatic
case, it is also not the one-way received energy associated with the direct blast from the source.
This definition excludes ambient/background noise.

Recent publications of reverberation and scattering strength modeling are reviewed. Emphasis is
placed on investigating operationally oriented models (trading some accuracy for responsiveness,
as opposed to research oriented models having high fidelity but being resource-intensive) that
may be compatible with the Bellhop propagation model for use within the Environment Modeling
Manager (EMM). Special attention is given to the research of Dr. Dale Ellis including his normal
mode reverberation model, his clutter model approach, and his scattering strength model.

Results: Recommendations are made to consider adding the Ellis normal mode model and the
Harrison closed form expressions to the EMM to compliment Bellhop. It is recommended that a
range of bottom scattering strength models be implemented to provide a choice of grazing angle
dependences. It is recommended that the Gauss surface scattering strength model be investigated
to possibly replace the Ogden-Erskine model. It is also recommended that the Ainslie
angle/decay rate relationship be examined to possibly provide the experimental evidence for
choosing one scattering strength kernel over another at each operational site

Significance: The Environment Modeling Manager is a sophisticated tactical oceanography
system being developed to aid naval planning and operations. It provides tactical decision aids
with accurate and consistent predictions of acoustic conditions and target detectability. This
report examines methods to predict reverberation resulting from the use of subsurface projectors,
and to recommend how best to enhance EMM to handle target detections during such active sonar
operations.

Future plans: It is planned to implement a number of recommendations from this study to
enhance the capabilities of the Environment Modeling Manager.

DRDC Atlantic CR 2010-119 iii



Sommaire

A Literature Survey of Reverberation Modeling: with Emphasis
on Bellhop Compatibility for Operational Applications

McCammon, D.F.; DRDC Atlantic CR 2010-119; R & D pour la défense Canada —
Atlantique; Septembre 2010.

Introduction : On peut définir la réverbération comme étant toute énergie liée a un projecteur qui
est recue par un capteur acoustique apres I’émission d’un signal, et qui n’est pas de I’énergie
réflechie par une cible. En situation bistatique, la réverbération n’est pas I’énergie recue
unidirectionnellement qui est reliée au souffle provenant directement de la source. Cette
définition exclut le bruit ambiant.

On examine des mémoires récents sur la modélisation de la réverbération et de la force de
diffusion. On se concentre sur les modéles a orientation opérationnelle (en sacrifiant un certain
degré d’exactitude pour accroitre la réactivité, comparativement aux modeles orientés vers la
recherche, lesquels ont une grande fidélité, mais exigent beaucoup de ressources) qui pourraient
étre compatibles avec le modéle de propagation Bellhop pour utilisation dans I’Environment
Modeling Manager (EMM). On a porté une attention particuliere aux recherches du D' Dale Ellis,
entre autres a son modele de la réverbération en mode normal, sa modélisation du fouillis et son
modele de la force de diffusion.

Résultats : On recommande d’examiner I’ajout du modele de mode normal d’Ellis et des
expressions analytiques de Harrison a I’EMM pour compléter le modéle Bellhop. On
recommande de mettre en ceuvre divers modéles de la force de diffusion par le fond pour offrir un
choix de dépendances sur I’angle rasant. On recommande d’examiner le modéle gaussien de la
force de diffusion par la surface comme possibilité de remplacement du modéle d’Ogden-Erskine.
On recommande également d’examiner la relation entre I’angle d’Ainslie et le taux de
décroissance, ce qui pourrait peut-étre justifier expérimentalement le choix d’un noyau de force
de diffusion particulier a chaque site opérationnel.

Importance : L’Environment Modeling Manager est un systéme océanographique tactique
perfectionné en cours d’élaboration pour aider la planification et les opérations navales. 1l fournit
des aides a la décision tactique qui font des prévisions exactes et cohérentes des conditions
acoustiques et de la détectabilité des cibles. Le présent rapport examine des méthodes de
prévision de la réverbération utilisant des projecteurs subsurfaciques, et fait des recommandations
sur la meilleure facon d’améliorer I’lEMM pour prendre en charge la détection des cibles durant
de telles opérations sonar actives.

Perspectives : On prévoit mettre en ceuvre certaines des recommandations de la présente étude
pour améliorer les capacités de I’Environment Modeling Manager.
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1. Introduction

1.1 Scope of Literature Review

Recent publications of reverberation and scattering strength modeling are reviewed in this paper.
In 2004, McCammon [1] described all the current models and components of active sonar
modeling with emphasis on the creation of sonar stimulators. The emphasis in this paper is
placed on investigating operationally oriented models (trading some accuracy for responsiveness,
as opposed to research oriented models having high fidelity but being resource-intensive) that
may be compatible with the Bellhop propagation model called BellhopDRDC for use within the
Environment Modeling Manager (EMM). Special attention will also be given to the research of
Dr. Dale Ellis including his normal mode reverberation model, his clutter model approach and his
scattering strength model.

Section 2 will discuss newer approaches for computing Reverberation. Section 3 will discuss
Scattering Strength models. Section 4 contains a summary and recommendations.

1.2 Definition of Reverberation

A general definition of reverberation is any source-related energy received by an acoustic sensor
after signal generation onset that is not energy returned by a target, and in the bistatic case, not
the one-way received energy associated with a direct blast from the source. This definition
excludes ambient/background noise. A generalized equation for the bistatic reverberation
intensity due to boundary scattering can be written as:

R(t) = jjAm Iy zp:zq: P, P,S(6,,6, ¢)dA 1)

Where, the subscripts p and q refer to source and receiver ray fans and ¢ represents the bearing
angle to the scattering point. |y is the intensity of the source of pulse length z, dA is the elemental
scattering area, a function of range and pulse length that is connected by the propagation terms P.
The scattering strength S is a function of the angles each ray from source and receiver makes with
the scattering surface, as well as the azimuthal angle. The double sum counts all rays (or modes)
associated with each propagation expression P. The double integral covers all areas touched by
the pulse at time t. These areas are bounded by ellipses whose size and shape are determined by
the geometry, pulse length and ray angles. All angles have implicit time dependence because they
have different path lengths in the water column, and the angles at source and receiver dy, and 6y
are not the same as the angles at the scattering surface (6, and 6,) due to water column refraction.
In this most general expression, the scattering strength equation can be a complicated function of
angles and slopes of the scattering surface. All of the high fidelity reverberation models follow
this mathematics; however, each model chooses different methods for evaluating the propagation
field, the scattering function and in some cases, the scattering area.

Some of the older models of reverberation are the Generic Sonar Model (GSM), Cass/Grab,
BiRasp, and ASTRAL. A more complete listing of reverberation and active performance models
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is given by Etter [2]. Traditionally, reverberation has been computed using ray theory because the
travel time of the rays was a readily calculated quantity, whereas with the Parabolic Equation
(PE) or Normal Mode theory, it was not. However, some researchers have constructed normal
mode reverberation models, one of which will be described in Section 2.1.

Beam patterns are an important part of the reverberation calculation, but three-dimensional
patterns such as the conical beams from a towed array can be cumbersome and time consuming in
a reverberation calculation. Ellis [3] has suggested an effective beam pattern approach that would
be good for reverberation with flat bottom monostatic geometry. This approach was extended by
Theriault [4]

There has been some research into building reverberation from the parabolic equation approach.
In particular, Tappert [5] and Tappert and Ryan [6] have put forward a three dimensional model
for long range oceanic boundary reverberation. These models are high fidelity and generally
suitable for research but not operational use. There would be no ability to combine Bellhop with
any of these PE models.

2 DRDC Atlantic CR 2010-119



2. Reverberation Research

2.1 Normal Mode Reverberation

The research of Dr. Dale Ellis has centered on the creation of a normal mode reverberation model
suitable for shallow water low frequency analysis. He has concentrated on a normal mode
approach because modes have been quite successful in modeling shallow-water transmission loss.
In [7], his method is outlined. He obtains the travel time for each mode from its group velocity
and the arrival angle at the bottom interface from its phase velocity. His choice of mode functions
allows him to decompose the mode amplitudes into up-going and down-going waves to obtain the
incident and reflected field at the surface and bottom. A plane wave scattering function such as
Lambert’s Law can then be applied. In [8], Ellis demonstrates the quality of this modeling
approach by comparisons with bistatic towed-array reverberation measurements in the
Mediterranean in a flat-bottomed area. He shows that shallow-water reverberation has a strong
dependence on propagation conditions, especially bottom loss.

In [9], Ellis, Deveau, and Theriault extend the calculations from surface and bottom reverberation
to include volume reverberation, target echo and signal excess. In this paper the authors note that,
in general, the range dependence of the signal excess will likely be quite sensitive to the details of
the propagation loss.

Normal mode theory is naturally suited to shallow-water low-frequency calculations because the
number of modes is small leading to very fast calculations. However it is usually restricted to
range independent environments. In [10], Ellis, Preston, Hines and Young extend the method to
include a limited range dependence using adiabatic normal modes. In [11], Kwan and Ellis study
reverberation over a sloping bottom using adiabatic normal modes. For this research,
combinations of computer languages are used. The adiabatic normal mode coefficients,
eigenvalues, and group velocities are computed using the Fortran code PROLOS. These are input
to a Matlab routine to compute reverberation and display results. The results are compared to the
Harrison energy-flux (see section 2.3.1) predictions, a range-dependent reverberation case from
the Reverberation Modelling Workshop and also with the predictions of the DRDC SWAMI
(Shallow Water Active-sonar Modelling Initiative) model. The comparisons with the energy-flux
methods are very good, except near mode cut off at long ranges.

In recent years, Dr. Ellis has studied modeling the reverberation in other ways. His more exact
method described above involves using the group velocity of each mode to provide the time
dispersal of the propagated acoustic field. A quicker method (akin to the energy flux method first
proposed by Weston [12] for propagation) can provide a depth averaged reverberation field with a
simple linear decay with time suitable for monostatic backscattering. Dr Ellis feels that the
advantages in speed of the energy flux approach more than outweigh the cost in accuracy,
although the temporal details may be required for target echo modeling.

The techniques used in all of these modeling efforts are not applicable to Bellhop because they
are designed specifically to take advantage of the normal mode decomposition. However, EMM
could certainly employ the normal mode reverberation model in addition to Bellhop. There could
be logic defined to select which model is best suited for the environment in question, in terms of

DRDC Atlantic CR 2010-119 3



both speed of execution and accuracy requirements. The normal mode approach would be only
weakly range dependent.

2.2 DMOS - Bellhop Extension

In 2006, Calnan [13] reported on the inclusion of Bellhop into the DRDC Atlantic Model
Operating System (DMOS) along with the normal mode model PMODES. DMOS is an evolution
of the SWAMI suite of programs in use at DRDC Atlantic that enables a user to produce modelled
reverberation, transmission loss, signal excess, and probability of detection for an active sonar. In
order to make the choice between the two propagation engines (Bellhop and PMODES) smooth
and seamless, Calnan created several ‘translation’ programs to create the input files, rename the
output files and convert the Bellhop arrival salt tables into eigenray files. As of 2006, the version
of Bellhop in DMOS was 2005’s BellhopDRDC_S and DMOS did not handle bistatic scenarios.

2.3 New Directions in Research

Two opposing philosophies for computing reverberation have recently been put forward. In
2003, C. Harrison proposed some closed form solutions for reverberation and signal excess that
produce a diffuse reverberant field. This method is fast and operationally attractive, effectively
averaging the field in range and frequency. In 2004, B. Cole proposed a modified coherent
reverberation model to produce Lloyd’s Mirror type oscillations in the reverberation time series.
These two approaches are discussed below.

2.3.1 Closed Form Expressions for Reverberation and Signal Excess

In 2003, C.H. Harrison [14] published his derivations of closed form solutions for propagation
and diffuse reverberation at high and low frequencies and in isovelocity but arbitrary range-
dependent environments with three different choices for scattering strength laws. As this is an
analytical approach, it is restricted to simple profiles; however, these solutions are quite tractable,
and in the context of broadband active sonar where single frequency effects are smoothed out,
these formulas explain the trends quite well. In [15], Ainslie extended the solution set by
including general separable scattering coefficients with an arbitrary power law dependence. In
[16], Harrison has shown a simple relationship between range and frequency averages for
broadband sonar.

The following expression is an example of Harrison’s solution for bottom reverberation using
Lambert’s law (see section 3.1.1) for a range independent case at high frequency:

D
R, = % {1-exp(-w2) f ?)

Where, u is the Lambert coefficient, ® is the beamwidth, p is the pulse length, « is the bottom
attenuation, r is the range, 6. is the critical angle, H is the water depth, andWFfI =a r902 /2H .

With Eq. (2) at short range, 1- exp(\NRzl) —>WR2, so that the reverberation has a range
dependence of 1/r, while at long range, 1— exp(VVFfI ) — 1 so that the reverberation has a range
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dependence of 1/ a’r® . In the long range region, the bottom attenuation affects the slope of the
range decay, while it does not appear in the short range region. (This bottom attenuation
dependence in the decay rate was noticed and utilized by Ellis and Preston [17] when they were
inverting reverberation data to obtain bottom properties.) The transitional bend in the
reverberation occurs at about WRZI =1, which, according to Harrison, is about 2 km for typical
values of ocean bottoms in 100 m of water.

In 2005, Harrison [18] extended his closed form solutions to include the bistatic case with
variable bathymetry and sound speed. In this case, the formulations are more complicated but
still intuitive. He finds that refraction does have an important effect on reverberation and SRR
(signal-to-reverberation ratio).

Harrison argues that for operational research studies and trial planning, more model sophistication
is hardly necessary. He feels these closed form solutions can provide useful benchmarks for
testing other models, and Kevin LePage [19] has used them while testing the R-Shap model.

A good research topic for Bellhop evaluation would be to compare these solutions with a Bellhop
generated SRR to ensure that the correct trends with range, bottom loss, pulse length, scattering
strength, frequency and beamwidth are being followed. Further comparisons with Bellhop in
more rigorous environments with refracting sound speed profiles should prove very interesting.
Particular attention should be paid to the products of these two approaches when using range
smoothing on Bellhop’s output.

2.3.2 Coherent Bottom Reverberation

The appearance of coherent temporal structures in reverberation measured by hull-mounted and
other near-surface sonars has been noted using both Linear Frequency Modulation (LFM) and
Continuous Wave (CW) pulses. The coherent effects produce distinct patterns in the reverberation
time series analogous to the Lloyd mirror effect in propagation loss as a function of range. In
2004, Cole et al [20] published a model for coherent bottom reverberation and compared it to at-
sea measurements. They show Lloyd’s mirror interference patterns in temporal records taken in
the Persian Gulf. The critical requirement for this pattern to form is that the pulse length is long
enough to include the interfering paths but not so long that several cycles of the pattern can
interfere.

In the model presented by Cole, in order to avoid the sometimes spurious behaviour of a
completely coherent formulation, the authors restrict the interfering paths to just the first four
paths scattered from the bottom. (source-bottom-source, source-surface-bottom-source, source-
bottom-surface-source, and source-surface-bottom-surface-source). This is a form of limited
coherence which lets only the contributions from a small portion of the classical pulse length
projected area to add together coherently. It assumes the bottom loss on scattering is much greater
than the surface scattered loss, and it assumes short narrowband pulses are being transmitted. The
requirement for coherence is that two or more arrivals overlap in time with phases that add
together or cancel effectively. Taking just the direct and surface reflected paths as an example, if
the pulse length is shorter than the time difference between the two paths then there can be no
overlap in time of arrivals and all paths would add incoherently. If the pulse length is greater than
the time difference between the paths, then the two paths can overlap and add constructively and
destructively. If, however, the pulse length is very much greater, so that many paths are
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combining, then the interference pattern is smeared and the reverberation approaches the
incoherent behaviour. Thus the presence of coherence is very dependent on the pulse length and
bandwidth, the physical geometry of the scenario, and the amount of surface scattering loss
(which destroys Lloyd’s mirror). Cole states “... the effect could be widely prevalent in many
reverberation data sets but is not recognized due to it being obscured by the long pulse length
and/or wide bandwidth pulses generally transmitted.”

When these patterns occur in reverberation, then they can potentially also occur in the target echo
time series, albeit at different times than the reverberation time series. This would lead to a signal
excess graph with many potential oscillations with range.

One of the interesting characteristics of coherent reverberation is that the fluctuation statistics will
not be the same as incoherent (diffuse) reverberation. In particular, the false-alarm rate (Pfa) will
be higher than Rayleigh because of the deterministic structures that appear in the time series
realizations, equivalent to successive pings. Because of this effect on the false-alarm rate it would
be very advantageous operationally to determine just exactly what environmental conditions must
be present to produce the coherence and just what the Pfa statistics will be.

Cole notes that he has been told that later versions of the CASS model of Weinberg and Keenan
[21] will be modified to include this capability of computing coherent reverberation. Modeling
this coherent interference using the four strongest paths will not be difficult for BellhopDRDC
because the CASS and BellhnopDRDC maodels use similar approaches.

2.3.3 Philosophical questions for operational models

In the last two sections, two very different approaches for modelling reverberation have been
presented. The energy flux approach provides fast closed form solutions that model smooth
diffuse reverberation, simple target echoes, and simplified signal excess. The modified coherent
approach requires careful combinations of the four major propagation paths with time to provide
path overlap necessary for coherent additions to take place.

The philosophical questions that must be decided before improving models for operational usage
are these: Should the operational models be increased or decreased in complexity? Will the
environment ever be known sufficiently accurately to correctly predict any coherence structures?
Should operational models become more complicated and time consuming in order to capture all
possible reverberation nuances? Are there short cuts that could be developed to mitigate potential
coherence effects without having to compute them, such as using a worst-case Pfa curve
whenever there is a potential for coherence effects, rather than trying to predict the actual SE and
Pfa?

2.4 Applications using Reverberation Modeling

2.4.1 Bottom Loss and Scattering Strength Estimation

In [22] and [17] Drs Ellis and Preston used a ray-based reverberation model from GSM (Generic
Sonar Model) in the inversion of measured reverberation to estimate the bottom scattering
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strength, and bottom loss (and the geoacoustic properties from the bottom loss). They found that
the bottom loss controlled the rate of temporal decay of the reverberation while the scattering
strength influenced the overall level of the reverberation. They also found that the critical angle
and bottom loss at normal incidence were the most useful bottom parameters in establishing the
decay rate. The inversion method they used at first was manual matching, checking the fit at
different frequencies and beams and qualitatively estimating the goodness-of-fit. In other
publications, Preston employed an automated method called simulated annealing [23]. It was
concluded that at-sea inversions were reasonably successful and that the method was worth
refining. Preston and Ellis state that the method is clearly not a precise tool; however, it does
provide an area average that is ideally suited for an REA (Rapid Environmental Assessment)
survey. For computational efficiency, they assumed a range-independent environment, monostatic
calculations, and broadband beam patterns.

Note that Holland [24] and [25] has determined that inverting reverberation for seabed parameters
may have an uncertainty as large as several 10’s of dBs, due to uncertainty in the angular
dependence of the scattering kernel. He suggests modifying the inversion by including
independent measurements of backscattering from the critical angle to as low an angle as
practical. He also suggests conducting the reverberation measurements in isovelocity or upward
refracting environments, and he advocates using multiple source/receiver depths. A measurement
technique for bottom scattering is suggested by Holland et al in 2000 [26].

In 2007, Ainslie [15] published a study of the bottom parameters that could be inferred from
multipath bottom reverberation in shallow water. Assuming a power law dependence of the
backscattering strength on grazing angle, he determined that the angle dependence of the
scattering strength could be inferred from the decay rate of long range reverberation in isovelocity
water. This would help greatly to mitigate the bias errors reported by Holland when the wrong
scattering kernel’s grazing angle dependence is used. Ainslie also suggests reverberation
inversions be made using multiple measurements at different depths, frequencies and/or different
sound speed profiles. This paper presents a potentially useful technique (here called angle/decay
rate analysis) to determine which angle dependence to select in modeling bottom scattering
strength.

This use of a reverberation model to provide bottom information by inversion could also be
accomplished using a Bellhop reverberation calculation, and in addition, because of the
capabilities of Bellhop’s reverberation model, range-dependent and bistatic geometries could be
used. Bellhop’s reverberation model contains a choice of scattering strength angle dependences
which will allow the use of Ainslie’s angle/decay rate analysis to choose the correct angle
dependence.

2.4.2 Clutter Model

In [10], Ellis, Preston, Hines and Young have designed a clutter model suitable for large scale
bottom irregularities which uses a basic flat-bottom model and varies the Lambert scattering
strength coefficient over the area to achieve isolated increases in reverberation. This deterministic
clutter model can be used to define known reverberant areas on the bottom (such as ship wrecks
or isolated sea mounts) which could then be subtracted from a measured reverberation to ‘clean
up’ noisy data. This deterministic clutter definition could also be accomplished in a Bellhop
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reverberation calculation by inputting a range-dependent (down range and cross range) Lambert
coefficient array.
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3. Scattering Strength

3.1 Bottom Scattering Strength Models, Old and New

3.1.1 Lambert’'s Rule

Lambert’s Rule (also referred to as Lambert’s Law) is a very simplified way of describing sound
scattering from the sea floor. It assumes the sound is scattered equally in all azimuthal directions,
that is, diffusely rather than specularly. The scattering strength is defined as a function of the
incident grazing angle 0j,, the reflected grazing angle 0,,, and a magnitude called the Lambert
coefficient p. Mackenzie who was the first acoustician to study this rule, fitted the coefficient to
experimental data and obtained p=0.002 or -27 dB, hence, this value is often called the
Mackenzie coefficient. The equation for scattering strength under Lambert’s Rule is given by

S =10log(usin@,,sinéb,,) (3)

Lambert

This formulation is not a rigorous theoretical result; it is viewed by most acousticians as a simple
geometrical argument but it has the virtue of fitting the angle dependence of a lot of observed
bottom scattering data at moderate grazing angles in the 20° to 60° range.

Harrison [14] notes that scattering laws are poorly known and to date there is no database of
scattering strength. Because of the relative simplicity of Lambert’s Rule, many researchers have
criticized its use, citing its lack of frequency dependence and lack of relationship to sediment
properties of roughness, density, penetrability, etc. Preston defends the use of Lambert’s Rule by
pointing out that the coefficient can be defined to be dependent on frequency, sediment content
and roughness. In the extraction of bottom properties from the inversion of reverberation
measurements, Preston and Ellis in [22] and [17] found values of the coefficient that ranged from
-27 dB to -35 dB.

3.1.2 Omni-directional Rule (Lommel-Seeliger Law)

The general form of omni-directional scattering is dependent only on the incident grazing angle.

Somni = 1010g(x, Sin6,) (4)

omni

Here, the coefficient p, can be dependent upon the surface material properties and possible
frequency, just as the Lambert’s Rule coefficient.

This theory features a first power dependence on the sine of the grazing angle, so in monostatic
backscattering cases, it falls off more slowly with grazing angle than does Lambert’s Rule.
McCammon [27] fitted an omni-directional coefficient to older published data of monostatic
backscattering and was able to tie the value of the coefficient to the bottom properties. Table 1
shows these empirical relationships.
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Table 1: Empirical relationships between omni coefficients and sediment properties or
descriptions from McCammon[27].

Omni coefficient p, Sediment Sediment Density MGS Province
(dB) Description
18.7 Rock, coarse sand, | Greater than 2.2 7-9
shell
27.5 Fine sand, silt 1.7-2.2 1-4
335 Clay, mud Less than 1.7 5-6

3.1.3 Ellis and Crowe 3-D Scattering function

To improve on Lambert’s Rule at high grazing angles where the difference between scattering
and reflection from the fathometer returns starts to blur, in 1991 Ellis and Crowe [28] developed a
facet term to express the high angle reflectivity from facet-like planes. This term is important for
reverberation near the fathometer returns or in the bistatic case near the direct blast (forward
scattering near the specular arrivals). The Ellis and Crowe facet term requires two coefficients: o
is the facet strength and ¢ is the facet width or RMS slope assuming a Gaussian random surface.
Values for these two coefficients are suggested to be facet width 6=10° (but expressed in radians)
and facet strength v =R, the sea floor reflection loss at normal incidence, in other words the
normal bottom loss. The general expression for this 3-D scattering function is

S(8,,6,,,4) = usind, sin@, , +v(1+Q)* exp(-Q/257%)

)
where the incident and scattered angles are labelled &, and &,,, and the bistatic angle of the

receiver from the specularly reflected direction is¢ . The symbol Q is a measure of the deflection
of the scattered ray from the specularly reflected ray.

O~ (cos2 0, +cos’ @, —2cos b, cosd,, cos ¢) _ _ '
(sin@, +sind,,)?

For backscattering, this term Q simplifies tocot’ 6, .
The value of this scattering function is its geometric generality, making it useful for bistatic
applications. The facet portion of this function could also be applied to the omni-directional
scattering rule rather than Lambert’s Rule if required.

3.1.4 ONR Workshops Bottom Scattering Strength Models

For the ONR sponsored reverberation workshops held in November 2006 and in May 2008, the
bottom scattering strength [29] was specified for all participants. It was based on the perturbation
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theory for backscatter at frequencies no higher than 3.5 kHz. A critical input to this theory is the
roughness spectra of the surficial layer of the bottom and the theory predicts the grazing angle
dependence to be sind. This is a very steep fall off at low grazing angles, as compared to
Lambert (sin?0) or omni (sin®), and because of this, the perturbation theory is often coupled with
sub-bottom scattering and/or fish models which will contribute at shallow angles. At this
workshop, for coherent forward scatter, the small slopes approximation to the Kirchhoff
approximation was specified. For smooth sand bottoms, the lowest order term was used while for
rougher bottoms, the second order term was included. The document in [29] specifies all the
equations for 2-D and 3-D reverberation problems that were studied at these workshops.

For operational use, these models are not suitable because they require a detailed knowledge of
the surficial roughness of the bottom.

3.2 Surface Scattering Strength
3.2.1 Ogden-Erskine

In 1992, Ogden and Erskine [30] produced a set of empirically derived equations to predict
scattering strength from 50 to 1000 Hz, although it is often used at higher frequencies. An
attempt to extend these expressions to the bistatic case was made by Vendetti [31] in 1993.
Improvements to this theory are given in Nicholas, Ogden and Erskine [32] in 1998. The basic
theory contains two parts, depending on the wind speed. The low wind speed portion was fitted
empirically by Ogden and Erskine while the high wind speed portion comes from the empirical
curves of Chapman-Harris. Linear interpolation in dB space is used to obtain the scattering
strength in wind speed regions between these two curves.

3.2.2 McDaniel

In 1993 McDaniel [33] published a good review of theories and data relating to sea surface
reverberation between 3 kHz and 60 kHz. She champions the use of Composite Roughness
theory for modelling the surface scattering, combined with a bubble scattering term. She states
that high grazing angle scattering is due to the rough ocean surface while low grazing angle
scattering comes from resonant sub-surface microbubbles. The major input for this model is the
sea surface spectrum of waveheights.

3.2.3 Gilbert Bubble Model

The Gilbert [34] model published in 1993 is a treatment of the contribution from the clouds of
subsurface bubbles that enhance low-angle scattering. To match the data, an empirically derived
relation between wind speed and sound speed fluctuations is obtained by visually matching the
Ogden-Erskine model. The values obtained from this theory are similar to those of the Ogden-
Erskine model in the region of the Chapman-Harris (high winds) but the advantage of the Gilbert
theory is that the bistatic angular dependence may be more geometrically accurate. This model
can be coupled with a composite roughness model in the same way as McDaniel’s model for low
wind speeds.
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3.2.4 3-D Broadband Bistatic Surface Scattering Model

In 2000, Gauss, Fialkowski, Wurmser and Nero [35] published a model for the low frequency
region from 50 to 1000 Hz and for the mid frequency region 1 to 10 kHz of operational active
sonars. This is a semi-empirical model that includes contributions from the air-sea interface using
both small slope approximations and perturbation theory for swell contributions. The sub-surface
bubble cloud is modeled with an improved form of the Gilbert Bubble model. This model is
physics-based and multistatic; however, it contains four parameters that were matched to data,
making it actually a combination of empirical and physical. The authors note that they feel their
model should be viewed as an interim model as they are still refining some of the empirical
relationships.

The model they have presented shows that bubbles become increasingly important with both
increasing frequency and wind speed and with decreasing grazing angle.

3.2.5 ONR Workshops Surface Scattering Strength Model

For the ONR sponsored reverberation workshops held in November 2006 and in May 2008, the
surface scattering strength [29] was specified for all participants. The surface backscattering
model was based on first order perturbation theory using the isotropic Pierson-Moskowitz
spectrum for a fully developed sea. The forward scattering model was the Kirchhoff
approximation, keeping one or two terms according to the roughness of the surface. No bubble
models were defined.

3.3 Volume and Sub Bottom Scattering

3.3.1 Fish

In 2000, Gauss, Fialkowski, Wurmser and Nero [35] also published a fish scattering strength.
This model requires the density of fish, the mean size of their swim bladders, and the layer depths
in which they are lying. The authors note that near-surface fish can be a significant and complex
low- and mid-frequency scattering mechanism and that the fish, and not the bubbles, may in fact
be responsible for reported low-frequency surface scattering strengths at low grazing angles being
elevated over rough-surface scattering predictions in low and moderate sea states.

In 1993, Love [36] also published a fish scattering strength model that has virtually the same
inputs as the Gauss model. Love found good comparisons with data when the knowledge of the
biological life was well known. He obtained his biological inputs from fishery surveys on the
number and sizes of fish populations in the area. His data shows a swim bladder resonance for
blue whiting at about 1000 Hz when lying at 80 m, and 2000 Hz when lying at around 400 m
depth. His major conclusion was that “the extent of knowledge required for accurate predictions
at frequencies near or below [the swim bladder] resonance is significantly greater than at
frequencies well above resonance, where scattering strengths are relatively insensitive to
parameters other than fish density.’

Both of these models require a detailed knowledge of the type, size and location of fish for

accurate predictions of volume scattering strength, and therefore are not very operationally useful.
In Love’s paper, he tries to use fishery surveys to supply the needed information but he notes that
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species of no commercial value are dismissed as unimportant in the fishery sense, although they
could be major contributors to volume reverberation at low frequencies (below 5000 Hz). Thus,
these surveys may not be very useful for operational acoustic prediction purposes.

3.3.2 Sub-surface bottom volume scattering

Holland [37] proposes a model for interface scattering, sub-bottom sediment volume scattering,
and a sub-bottom horizons component. His model is proposed for the frequency region
100 - 1000 Hz. It requires inputs of bottom properties including sediment thicknesses, sound-
speed profile and attenuation. It predicts that the low angle data are controlled by sediment
volume inhomogeneities while the intermediate angle data are controlled by the rough basement
horizon.

Li, Tang and Frisk [38] have evaluated several sound propagation models used in bottom volume
scattering studies including Hines [39], and Ivakin [40]. They discuss the validity of using the
equivalent of surficial scattering strength to characterize the sediment volume scattering process.
They conclude that because of multipath contribution within the sediment volume, the results will
be sensitive to the layer thickness no matter what type of sediment is found below the surface.

Thus, to apply any of these volume scattering models, a detailed knowledge of the sediment

structure and composition would be required, knowledge that would probably not be available for
an operational model.
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4. Summary and Recommendations

In this brief survey of reverberation and scattering strength models, the emphasis has been on
examining models that can be implemented by or combined with the BellhopDRDC propagation
prediction model for operational applications controlled by the EMM.

D. Ellis has put considerable effort into using normal mode theory to compute reverberation and
has created several models along these lines. While his models are not useable by the ray model
BellhopDRDC, they can be a compliment to a Bellhop reverberation model. That is, the normal
mode approach is naturally suited to making low frequency shallow water predictions, where
Bellhop would be less accurate and less efficient. Therefore, consideration should be given to
including both approaches and using logic within EMM to choose which one to employ.

C. Harrison has developed a new approach to diffuse reverberation modeling with the derivation
of closed form expressions for reverberation, target echo and signal excess. These expressions do
include range dependence, sound speed profiles, and bistatic applications, and they are tractable
for fast operational use. It is recommended that a BellhopDRDC reverberation model be tested
against these solutions for accuracy and runtime. The result of these tests may provide a clear set
of criteria for choosing between the two models within EMM.

B. Cole et al. have determined that coherent reverberation can often be found under conditions of
smooth seas, surface mounted sonars and short pulse lengths. Their approach to predicting this
coherent reverberation is readily implementable by a BellhopDRDC reverberation model;
however, the question is whether it should be implemented. This is a philosophical question:
should operational models become more complicated and time consuming in order to capture all
possible reverberation nuances or should they always strive for average general behaviour like
that predicted by the diffuse reverberation closed form solutions.

A short review of applications for reverberation models include bottom loss and scattering
strength inversions and clutter models. Both of these applications are suitable for a BellopDRDC
reverberation model.

Scattering strength models are discussed. For bottom scattering strength there are no new
candidates. The BellhopDRDC reverberation model should include the omni rule, Lambert’s rule
and the Ellis and Crowe 3-D model. The Ainslie angle/decay rate relationship may provide a tool
for EMM to choose which model to use. The models in the ONR reverberation workshops are not
suitable for operational use because they require hard-to-find inputs such as the bottom surficial
roughness spectrum.

For surface scattering, the newest model is the 3-D broadband model from Gauss et al. It contains
scattering models for the air-water interface, bubble clouds and fish. It is recommended that the
first two terms of this model (not the fish) be investigated more fully for possible inclusion in
BellhopDRDC surface reverberation.
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For volume and sub-bottom scattering, none of the models investigated are suitable for
operational use. The models are not proven over a wide variety of conditions and the inputs are
not easily obtainable.

To summarize the recommendations arising from this literature survey with regard to
BellhopDRDC reverberation modelling within the EMM:

Consider adding the Ellis Normal Mode Reverberation model to the suite in EMM as
an alternative choice to BellhopDRDC, specifically for low frequency, shallow water
situations.

Test the Harrison closed-form expressions for diffuse reverberation and signal excess
against BellhopDRDC reverberation for accuracy and run time. If the tests are
favourable, consider adding these expressions to EMM as an alternative choice to
BellhopDRDC.

Examine the change to the probability of false alarm (pfa) rate when in coherent
reverberant areas. Investigate the possibility of defining a rule for choosing Pfa
statistics given pulse length, wind speed, and location of receivers.

Consider implementing a clutter model by extending the Lambert coefficient input to
permit an array of area dependent designated values.

Implement a choice of bottom scattering strength models with different grazing angle
dependences.

Investigate the use of the Ainslie angle/decay rate relationship to determine which
bottom scattering strength angle dependence to choose (possibly for in situ application
by the EMM to measured reverberation or in a scattering strength database).

Investigate the 3-D broadband surface scattering model of Gauss et al. Determine if all
the inputs have been clearly defined and if this model is better (bistatic and broadband)
than the Ogden-Erskine model.
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List of symbols/abbreviations/acronyms/initialisms

CWwW
DMOS
DND
DRDC
EMM

GSM

LFM

ONR

PE
PLEIADES

R&D
REA
RMS
SE

SRR
SWAMI

Continuous Wave

DRDC Atlantic Model Operating System
Department of National Defence

Defence Research & Development Canada

Environment Modeling Manager, an acoustic prediction component of
PLEIADES

Generic Sonar Model

Linear Frequency Modulation
Office of Naval Research
Parabolic Equation

A research-level combat system designed and implemented by DRDC
Atlantic

Research & Development

Rapid Environmental Assessment
Root Mean Square

Signal Excess
Signal-to-Reverberation Ratio

Shallow Water Active-sonar Modelling Initiative
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Bellhop. It is recommended that a range of bottom scattering strength models be implemented
to provide a choice of grazing angle dependences. It is recommended that the Gauss surface
scattering strength model be investigated to possibly replace the Ogden-Erskine model. It is
also recommended that the Ainslie angle/decay rate relationship be examined to possibly
provide the experimental evidence for choosing one scattering strength kernel over another at
each operational site.
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