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ABSTRACT

For a number of years systems, such as RoxAnn and QTC-View, have been attached to
ships' echosounders in order to estimate sediment bottom types from the acoustic
returns. In this report the physics of acoustic backscatter is examined, at near-normal
incidence grazing angles, to determine if these systems can be made less empirical. The
Jackson model is used to examine backscatter versus grazing angle, for angles between
65 and 90 degrees, at a frequency of 50 kHz. This is a typical frequency for a standard
ship's echosounder. Backscatter predicted by the Jackson model depends on six input
parameters and a range of different physical mechanisms. In order to simplify
interpretation of results, it seems worthwhile to examine the sensitivity of the model
results to different input parameters as a function of sediment type. It is likely that not
all six parameters will always be needed, and that some scattering mechanisms can be
ignored in some cases. Backscatter versus time for a pulsed system will be examined in
a subsequent report. From the model the level of the backscatter and the shape of the
backscatter versus grazing angle curve depend principally on the size of surface
roughness, the ratio of sediment acoustic impedance to that of water, and a volume
scattering coefficient. Other model parameters may be replaced by constants. The
Kirchhoff approximation describes well the surface backscatter component, for all but
the very roughest surfaces. It is concluded that it should be possible to seperately
estimate the surface roughness height, the volume backscatter and the sediment's
acoustic impedance from acoustic returns. Sediment impedance is well correlated with
other sediment properties which can then be estimated.
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Modelling Acoustic Backscatter from Near-
Normal Incidence Echosounders -
Sensitivity Analysis of the Jackson Model

Executive Summary

Knowledge of seabed properties, such as sediment type, grain size, bulk density and
sound speed, is required for predictions of mine burial and the detection ranges of sea
mines. For a number of years devices have been fitted to ships’ echosounders that
analyse the level and shape of the acoustic returns to infer bottom types. Commercial
examples are RoxAnn and QTC-View. The methods used by these systems are
generally highly empirical. Careful calibrations have to be carried out to relate
particular echo shapes to particular bottom types. The calibrations thus found are
specific to a particular echosounder and are for a single location. For instance, a
calibration carried out in Sydney Harbour, over a range of bottom types, may be of no
use for surveying sediments in Torres Strait.

In an effort to reduce the empiricism involved in using echosounders for acoustic
seabed classification the physics of acoustic backscatter at near-vertical grazing angles
is being investigated. In this report a well established mathematical model (the Jackson
model) is used to investigate the main mechanisms affecting backscatter at these angles
in order to determine what sediment properties can reasonably be expected to be
inferred from echosounder systems. The modelling is done for a frequency of 50 kHz, a
typical frequency for ship’s echosounders. For sediments composed of mud (i.e silts
and clays) the returns are dominated by backscatter from inhomogeneities within the
sediment body; for fine sands both surface roughness and volume inhomogeneities are
important; for all coarser sediments only the surface roughness matters. The size of the
surface roughness is far more important than the length scale of the surface
inhomogeneities. The overall level of acoustic backscatter increases as pv increases,
where pv is the ratio of the product of the sediment density and sound speed to the
same product for water. There are thus three principal factors determining acoustic
backscatter, each of which is parameterised in the Jackson model. Other model
parameters can be replaced by constants. From the shape and level of the backscatter
versus grazing angle curve it should be possible to estimate the three principal
parameters from real data. As pv is well correlated with other sediment properties it
would be possible to determine these also.

The data obtained from an echosounder are backscatter versus time, not grazing angle.
A treatment of this will be the subject of a subsequent report, and at that stage methods
to extract values of pv, roughness height and volume scattering coefficient will be
developed. One important conclusion arising from a preliminary examination of the
shape of backscatter versus grazing angle curves is that backscatter changes little for
grazing angles between 70° and 20°. Therefore, if one only wants an indicator, or index,
of backscatter levels for estimating acoustic detection ranges, the tail of the output from



a ship’s echosounder, which corresponds to grazing angles near 65° or 70°, could be
used, either in real-time or for route surveys.

The benefits of this work to mine countermeasures and route surveying are that it will
be possible to provide improved inputs to mine burial prediction models and to
probability of mine detection algorithms. This should result in increased speed and
certainty in mine clearance operations. For Australian industry there exists the
possibility of developing improved acoustic seabed classification systems.
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1. Introduction

The conduct of mine hunting operations is very much influenced by a number of
environmental factors and amongst these one of the most important is the nature of the
sea floor. Acoustic backscatter from the seabed has a major influence on the detection
probability of ground mines, and if a mine becomes buried or partly buried it can be
extremely difficult to detect. A number of acoustic systems have been developed for
classifying the seabed, prominent ones being RoxAnn (Murphy et al, 1995) and QTC-
View (Collins et al, 1996). These systems are attached in parallel to the output of a
standard ship’s echosounder and analyse the acoustic returns from the seabed in
various ways. The relationships they obtain between features of the acoustic returns
and seabed properties are empirical and site specific, and they always require a certain
amount of ground truthing to correlate seabed parameters with acoustic features
(Hamilton et al, 1999).

A number of mathematical models have been developed in recent years in order to
gain a better physical understanding of acoustic backscatter from the sea floor. Models
that consider backscatter versus grazing angle include those of Stockhausen (1963),
Crowther (1983), Stanton (1984), Jackson et al (1986), and Boyle and Chotiros (1995).
Models which consider the behaviour of backscatter versus time, from a pulse
transmission, include those of Bergem et al (1999) and Clarke et al (1988). The model of
Jackson et al (1986) is one of the most widely used for backscatter versus grazing angle.
It has a large body of experimental data from a range of different environments to
support it. Jackson et al (1986) state that the model is valid in the frequency range
10 kHz to 100 kHz.

In this report the theory of Jackson et al (1986), herein called “the Jackson model”, is
used to model the nature of the acoustic returns from a near-normal incidence
echosounder of the type used for acoustic seabed classification, to determine which
parameters are most important for particular bottom types. (Details of this model are
also in Applied Physics Laboratory, 1994). The aim here is to determine the type of
information to be expected from the acoustic returns of a near-normal incidence
echosounder, so as to improve the physical basis for acoustic seabed classification and
to determine if the amount of empiricism currently required can be reduced.

2. Summary of the Jackson Model

The Jackson model calculates backscatter as a function of grazing angle, not backscatter
as a function of time, as seen by echosounders. It models the total backscatter, from the
sediment surface and below it, returning to an acoustic transponder from a narrow
beam which strikes an element of the sea floor, at a grazing angle 6, as sketched in
Figure 1. In contrast the signal obtained with a broad beam echosounder, of the type
used with acoustic seabed classification systems, is obtained as a function of time.
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Hence, at any one time, contributions are made to the return signal both from the
sediment surface and from volume inhomogeneities within the sediment. Details of the
geometry of the ensonified volume as it changes with time are in Clarke and Hamilton
(1999). The Jackson model is used here because it helps to clarify the magnitude of
different backscatter processes for different sediment types. The modelling of
backscatter as a function of time, for a near-normal incidence echosounder, will be the
subject of a subsequent report that uses the simplifications arising out of this one.

Figure 1. Sketch of geometry for backscatter versus grazing angle models.

The Jackson model splits seabed acoustic backscatter into two parts — that from the
sediment-water interface and that from volume inhomogeneities within the sediment.
Although Lyons et al. (1994) have extended the Jackson model to include interfaces
within the sediment body, this feature will not be considered here, and the sediment
body will be assumed to be homogeneous, but with some volume scattering cross
section, ov.

2.1 Model’s Input Parameters

The six parameters controlling the backscatter from the water-sediment interface are:

p = the ratio of sediment mass density to water mass density, also called density
ratio;

v = the ratio of sediment sound speed to water sound speed, also called sound
speed ratio;
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& = the ratio of imaginary wavenumber to real wave number for the sediment, (it is
related to the sound attenuation coefficient), also called loss parameter;

y = the exponent of the power-law, bottom relief spectrum, also called spectral
exponent;

B = the magnitude of the bottom relief spectrum (cm?) at a wavenumber of 1 cm?,
also called spectral strength.
(The bottom relief spectrum, W(k;), is assumed to be of the form W(k:) = Bk:", where k;
is a spatial wave number).

The sediment volume backscatter is parameterised by the one variable:

02 = the ratio of sediment volume scattering coefficient to sediment
attenuation coefficient, also called the volume parameter.

A number of careful experiments have been carried out comparing the results of the
model with at sea experimental data (Jackson et al, 1986; Mourad and Jackson, 1989;
Applied Physics Laboratory, 1994; Jackson and Briggs, 1992; Jackson et al, 1996). Good
agreement has been found between the two, using measured values of all the sediment
surface parameters as input. However it is extremely difficult to estimate the volume
parameter and it can only be used as an adjustable constant, to provide a best fit
between model and data. What has been provided by these experiments is the range of
values of the volume parameter to be expected in different sediments.

In most cases the sediment surface parameters p, v, §, y and B are not known. Mourad
and Jackson (1989) developed empirical relationships between each of these and the
logarithmic grain size Mz, where

Mz =- 10g2 (d/do) =-3.32 logw(d/do), (1)
where d = mean grain diameter (or grain size) in mm, and
do = a reference length of 1 mm.

Mourad and Jackson'’s relationships for p, v, §, v, B and o2 are listed in Appendix A and
are similar to those of Hamilton and Bachman (1982). The values given in Appendix A
for v, B and o2 are only reasonable default values and are not tightly correlated with Mz.
The values of sediment parameters used in subsequent calculations are listed in
Table 1. The values for p, v, 3, y, B and o2 were obtained from the formulae of Appendix
A and are representative values associated with each grain diameter. In this report the
terms “mean grain diameter’ and ‘grain size” will be used interchangeably.
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Table 1. List of Sediment Parameters Values used in this Report.

Sediment | Mean Density | Sound Loss Volume Spectral | Spectral
Name Grain ratio Speed parameter parameter | exponent | strength
diameter | p Ratio 8 G2 Y B (cm?)
(mm) v

Clay 0.002 1.144875 | 0.9801043 | 0.0014725417 | 0.001; 0; 3.25 5.175x10%
0.005 51.75x10+

Silt 0.02 1.149182 | 0.9881798 | 0.005651104 | 0.001;0; 3.25 5.175x10%;
0.005 51.75x10+

Finesand | 0.25 1.615902 | 1.139692 0.01610051 0.002; 0; 3.25 0.0035
0.005

Medium 0.5 2151217 | 1.174087 0.01578149 0.002; 0; 3.25 0.00558833

sand 0.005

Coarse 1.0 23139 1.2278 0.01566176 0.002; 0 3.25 0.008601511

sand

Very 2.0 2492159 | 1.286925 0.01641595 0.002 3.25 0.01293447;

coarse 0.026

sand

Gravel -- 25 1.5 0.014 0.002 3.25 0.014

Rock -- 25 25 0.01374 0.002 3.25 0.01862;

0.000518
0.20693

The sediment names in Table 1 are just used here as convenient labels. For example a
sediment with a grain size of 0.02 mm could be a mixture of sand and silt, as could one
with a grain size of 0.25 mm. Of course the proportions of silt and sand would differ.

2.2 Equations for Bottom Backscattering Strength

This section is a summary of the description of the relevant equations in Applied
Physics Laboratory (1994). The bottom backscattering strength Sy(6) depends on the six
parameters described in section 2.1, the acoustic frequency, f, and the grazing angle, 6.
Sp(6) can be written as:

Where

S6(6) = 10log0[c+(6) + 5+(6)]

(2

o:(8) = dimensionless backscattering cross section per unit
solid angle per unit area due to surface roughness,

ov(0) = dimensionless backscattering cross section per unit
solid angle per unit area due to volume scattering
from below the sediment surface.
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2.2.1 Roughness scattering cross section, 6x(6)

Three different approximations are used for the roughness scattering cross section in
the Jackson model. For smooth and moderately rough surfaces (e.g. clay, silt and sand)
the Kirchhoff approximation is used for grazing angles near 90°, and the composite
roughness approximation (Brown, 1978 and 1980, McDaniel and Gorman, 1983) is used
for all other angles. For rough bottoms (e.g. gravel and rock) an empirical expression
from Jackson (1987) is used.

2.2.1.1 Kirchhoff Approximation

The Kirchhoff approximation applies to surfaces having arbitrary height and slope, but
with a local radius of curvature, R., which satisfies:

Re2 X / (n sin®0y), 3)
where 6y is the local grazing angle, and A is the wavelength of the incident sound.
In the Kirchhoff approximation, following Applied Physics Laboratory (1994), the

backscattering cross section, ok, is given by the following approximation to a full
integral expression:

ok = bge [R(90°) |2 /{87 [cos®(8) + a qc2 sin¢(0)]@**/2}, 4)

where oa=05y-1,

qe = Cp2 2122 k2(1-9),

Cr2 = 2rpl'(2-0)22 / {ho'a(1-o)'(1+a)},

k=2xn/},

ho = a reference height of 1 cm,

a=[8a2T(0.5+0.5/c) / {T'(0.5) T(0.5/ ) T(1/a)}]2,

b =a05+05/2T(1/a) / 20,

I' = the gamma function,
and R(90°) = (imp-1)/ (imp+1), the complex Rayleigh reflection coefficient,

where imp = pv/(1+3).
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From Applied Physics Laboratory (1994), when the surface roughness power spectrum
and the rms roughness height, h, are obtained over the same 1 m long track, B is related

toh by:
B = 0.00207 h2, in cm? (5)
2.2.1.2 Composite Roughness Approximation

In the composite roughness approximation, the small-roughness perturbation
approximation is used with corrections for shadowing and large-scale rms bottom
slope (McDaniel and Gorman, 1983). For the small-roughness perturbation
approximation the rms roughness height is much less than the acoustic wavelength
and surface slope is small. The large-scale rms slope, s, is defined by:

s2 = (2B ho")/* [k?/ aJe-ore /{2(1-0)} (6)
The composite roughness cross section, cer, can be written as:
O = 5(9, S) F(el Gpn S) (7)

where S(6, s) is the shadowing correction and F(8, o, s) is a slope averaging integral,
to be defined. Following Applied Physics Laboratory (1994),

5(6, s) = (1-e29)/2Q (8)
where Q = 105 exp(-t?) —t[1-erf(t)] /4t,
and t = tan(0)/s.

Now F(8, opr, s) is the small-roughness perturbation cross section averaged over
bottom slope. It is approximated by:

F(6, opr, 5) = 105 i {an opr (0-00)} e

n=—1

a;=a; = 0.295410, ao=1.181636, 0.1 = 61 = 1.2247450;, 6p = 0.0, 6s = (180s/7) degrees.

opr(6) is the bottom scattering cross section in the small-roughness perturbation
approximation, and, following Kuo (1964), is given by:

ope(8) = 4k sin%(8) | Y(0) |2 B(Ko) (10)

where Y(8) = (p-1)2 cos(8) + p2 - k2/ {psin(0) + P(6)}?,
K = (1+i8)/v,
P(6) = V(x2 - cos?(6)),
Ko = [4k2 cos? (8) + (k/10)2]0s.
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2.2.1.3 Large-Roughness Scattering Cross Section

For gravel and rock bottoms the Kirchhoff and composite roughness approximations
are no longer valid, and the Jackson model uses the following empirical equation for
the large-roughness cross section, oir:

o (8) = o1 sin™ [/ fact] + 0.0260 | R(90°) |2 / {s? fact[1+(6-90)2/ (2.6652)]19} (11)

where fact=  1+0.816:2 / 02,
m = 0.726s1/3,
o1 = 0.04682s125v325[(1-2/p)v2 + 1]2 / {1 + 3.5405/6c},

and the critical angle, 8, is given as:

0. = cos1(1/v), for v21.001, and
8. = 2.5613°, for v < 1.001.

2.2.1.4 Interpolation between Approximations
Interpolation between the different approximations uses the function f(x), where:

£(x) =1/ (1+e9 (12)

First interpolation is carried out between the Kirchhoff and composite roughness
approximations. Defining the interpolated cross section as the “medium roughness”

cross section Gmr, Omr is given by:

me(6) = £(x)oi(8) + [1-f(x)]ox(6) (13)
where:
x = 80[cos(B) - cos(Okan)],

cos(Ohas) = [4+1/Ci]2,
C, = (1000)/ 1+ (age)V/e.

The changeover from the Kirchhoff to the composite roughness approximation occurs
approximately at the angle 6xas, at which the Kirchhoff cross section has fallen to
approximately 15 dB below its value at 90°.

Next the interpolation is carried out between the large roughness and medium
roughness approximations to give the final surface roughness cross section, o, as:

or = f(y)om(0) + [1-f(y)]on (14)
where
y = (6s-6:)/ A8,
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0, =7° A0 =0.5.
2.2.2 Sediment volume scattering cross section, 6v(6)

ov(0) is given by:
6v(8) = S(8, s) F(B, opv, s) (15)

where S(6, s) is given by equation (8) and F(8, opr, s) is given by equation (9), with Opr

replaced by:
Opv = 5802 | 1-R¥(0) | 2 sin2(8)/[v In10 | P(8) |2 Im{P(8)}] (16)

where P(6) = V(K2 - cos()).

3. Results for Backscatter versus Grazing Angle

From the previous section it can be seen that results from the Jackson model depend on
six input parameters and a range of different physical mechanisms. In order to simplify
interpretation of results, it seems worthwhile to examine the sensitivity of the model
results to different input parameters as a function of sediment type. It is likely that not
all six parameters will always be needed, and that some scattering mechanisms can be

ignored in some cases.

To simplify the investigation, to some extent, the range of grazing angles to be
considered will be that of an echosounder, with a beam width of 50°, pointing
vertically downwards, and operating at a frequency of 50 kHz. Grazing angles then are
greater than or equal to 65°. These specifications are used because that is the type of
echosounder being used at DSTO, Sydney, to gather data. Also it will be assumed that
the sea floor has no large scale slope, ie. that it is flat, and that there are no large
seabed inhomogeneities such as sand dunes, individual rocks, etc. within the

ensonified area.

3.1 Model Sensitivity to the spectral exponent, Y

The spectrum, W(k:) of the seabed interface roughness has been assumed to have the
form:

Wi(ks) = Bke".

From Applied Physics Laboratory (1994), v is limited by theoretical and numerical
considerations to 2.4 < y < 3.9, and from available experimental data v lies between 3
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and 3.5, with a mean of 3.23 and a standard deviation of 0.44. A default value of 3.25 is
often used in calculations.

It will be seen below that for all sediments, except the coarsest, (grain sizes > 2 mm) the
Kirchhoff approximation, by itself, provides an acceptable approximation to surface
scattering, for grazing angles > 65°.

As before we write o = 0.5y -1. Then for 3 < y < 3.5, we have 0.5 < a < 0.75. From
equation (4), and the equations immediately following it, it can be seen that the
Kirchhoff backscattering cross section, oy, is a function of o, 8, 8 and |R(90°) |, where
the last is the Rayleigh reflection coefficient and is a function of the product pv. By
looking at the ratio ow/ | R(90°) |2 the dependence of backscatter on o, p and 8 can be
modelled, independently of other parameters.

Fixing B at 0.01, (equivalent to a rms roughness height of 20 mm, from equation (5)) the
influence of a (or equivalently y) on backscatter for grazing angles, 8, between 65° and
90° is shown in Figure 2. Over this range of grazing angles, at any one 6, the ratio
o/ | R(90°) |2 only varies with a by + 1 dB. Given the natural variability in acoustic
backscatter this is negligible. For the rest of this report y will be given the default value
of 3.25, equivalent to o = 0.625.

Kirchoff backscatter(beta=0.01)

Y . — R ‘
0 10 20 30 40 50 60 70 80 90 100

! [—s—bss (aLpha=0.5)
—®—alpha=0.55
alpha=0.6
~—X—alpha=0.65
—*—alpha=0.7
—®—alpha=0.75

dB
*

theta

Figure 2. Ratio ow/| R(909) |2 versus grazing angle for = 0.01 and 0.5 <a <0.75.
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3.2 Model Sensitivity to the spectral strength,

Using the same approach as in section 3.1, o was held fixed at 0.625 and the spectral
strength, B, varied from 0.0005 to 0.3125, and the results are shown in Figure 3. Note
that as P (i.e. the surface roughness) increases, the backscatter, represented by the ratio
oke/ | R(90°) |2, becomes less dependent on grazing angle. When B gets to 0.027951, the
modelled backscatter is almost independent of grazing angle, for angles > 65°. Because
the backscatter curve flattens out as surface roughness increases, backscatter near 90°
decreases with increasing roughness. However, for values of B > 0.013, the Kirchhoff
approximation starts to break down and the large-roughness approximation should be

Kirchoff: beta varying

25

20

~—4—0.0005
—#-0.00118
0.0025
—>0.00559
—*—0.0125
—@-~0.027951
—+-0.0625
~——0.139754
——0.3125

S 20 30 a0 50 80

dB
-
o

-20

-25

-30
Grazing angle

Figure 3. Ratio ow/| R(909 |2 versus grazing angle for 0.0005 < <0.3125, a = 0.625.

used. Note the unphysical prediction of backscatter decreasing as grazing angles
approach 90°, for B > 0.02795.

3.3 Model sensitivity to the Rayleigh reflection coefficient

It can be seen from equation (4) that ok is proportional to [R(90°) |2 Likewise from
equation (11), when 8.<< 8, oy oc | R(90°) | 2. Now

R(90°) = (imp-1)/ (imp+1), the complex Rayleigh reflection coefficient,

where imp = pv/(1+5).
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Because 8 << 1, (See Table 1) R(90°) = (pv - 1)/( pv + 1).
From Table 1, the normal range of values for the product pv is 1.1 to 6.25, which means

0.05 <R(90°) < 0.72, and 0.002 < | R(90°) |2<0.52.
The ratio of 0.52 to 0.002 is 227.6, which gives a decibel range of 23.6 dB. Thus the
effects of variations in pv have an effect which is comparable to those from variations
in surface roughness. Note that the spectral strength, B, (or size of the surface
roughness) is roughly correlated positively with grain size as is pv, so that the two
effects will often combine.

3.4 Backscatter versus grazing angle for different sediment types.

The curves of backscatter versus grazing angle, using the recommended parameter
values from Applied Physics Laboratory (1994), are displayed in Figure 4, for grazing
angles from 65° to 90°. Curves for the full range of grazing angles can be found in
Appendix B, for all the cases considered in this report. The recommended values are
listed in Table 1. Where there are several values listed under a particular category in
that table, the recommended values are the first ones. As most parameters are
correlated with grain size, as in Appendix A, surface roughness generally increases
with grain size. As a consequence the backscatter from finer sediments is more peaked
near 90° than it is for coarser sediments, and backscatter becomes less dependant on
grazing angle as grain size increases. As grain size increases the product pv also
increases, and backscatter can be seen to increase, as expected. For grazing angles
between 65° and 90°, the results fall into three groups:

clay and silt, which are barely distinguishable from each other;

the four sand types and gravel, whose backscatter levels agree within * 4 dB which
is a significant range;

the two rock types.
The differences between the backscatter versus grazing angle curves for these three
groups (i.e. mud, sand/gravel, rock) are sufficiently different from each other that one
would expect it to be possible to distinguish between them. One factor left out of the
model, at this stage, is the possible presence of small bubbles within the sediment, as
discussed by Boyle and Chotiros (1995). The presence of these can lead to enhanced
backscatter.

Note also that the values of backscatter at grazing angles near 65° or 70° provide a
good indication of backscatter levels at lower grazing angles down to approximately
20°. This means that ordinary ships’ echosounders can provide useful data to infer
backscatter values applicable to quite low grazing angles.

1
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Figure 4. Backscatter versus Grazing Angle Curves for different bottom types, Using
recommended sediment parameters for each type.

3.4.1 Backscatter curves for Clay

Backscatter versus grazing angle curves for clay, based on different model parameters,
are presented in Figure 5. In Table 2 the descriptions of the six cases considered are
summarised. For Case A the whole Jackson model was used to calculate backscatter
versus grazing angle. In Case B the volume contribution was unchanged but only the
Kirchhoff approximation was used for the surface contribution. The difference between
these curves is negligible. For Case C the whole model was used for surface scatter but
there was no volume scattering. It is clear that surface scattering dominates for grazing
angles greater than 80°, but volume scattering dominates for grazing angles less than
80°. For Case D the whole model was used but surface scattering was increased greatly.
Case E is the same as D, except that only the Kirchhoff approximation was used for
surface scattering. Cases D and E are indistinguishable from each other and they differ
little from Cases A and B, except near 90°, where values are greatly reduced. In Case F
volume scattering has been greatly increased but the surface scatter has been returned
to its original value. There is a significant increase in backscatter compared to the other

cases, except near 90°.




-20

DSTO-TN-0304

50 60

70 80 90

i
; ——Clay
i |~%=CyKirconly
Cy 0 vol
J —-cy v

% -25
“ ~¥~Cyv. ruf & K
-30 —®—Cy hivol
-35
-40 i
_45 :
Grazing Angle
Figure 5. Backscatter versus grazing angle curves for clay.
Table 2. Descriptions of Backscatter Curves for Clay in Figure 5.
Case | Description Label on | Symbol Volume Spectral
curve parameter | strength
(cm?)
A Whole model Clay Blue diamonds | 0.001 5.175x104
B Kirchhoff approx for| Cy Kirc only | Pink Squares 0.001 5.175x10+
surface scattering
C Whole model, no volume | Cy 0 vol Yellow triangles | 0.0 5.175x10+4
scattering
D Whole  model, very | Cy v.ruf Blue crosses 0.001 51.75x10+4
rough surface
E Kirchhoff approx for | Cyv.ruf& K | Brown filled | 0.001 51.75x10+4
surface scattering, very circles
rough surface
F Whole  model, high | Cy hivol Purple asterisks | 0.005 5.175x10+
volume scattering

One can conclude that for clay, the Kirchhoff approximation is perfectly adequate for
modelling the surface scattering but, except near 90°, volume scattering is the
dominant contributor.

13
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3.4.2 Backscatter Curves for Silt

Backscatter versus grazing angle curves for silt are shown in Figure 6, with data on the
curves in Table 3. For Case A, the whole Jackson model was used. Case B is the same,
except that for surface scattering, only the Kirchhoff approximation is used. There is
negligible difference between the two and the curve for Case B completely overlies that
for Case A. In Case C the Kirchhoff approximation alone is used for surface scattering
and volume scattering is set to zero. In Case D volume scattering is again set to zero,
but the whole model is used for surface scattering. Cases C and D agree very closely
but both are well below Cases A and B, except near 90°. In Case E the whole model is
used with a high value of 0.005, for the volume parameter. As for clay, there is a
significant increase in backscatter, except near 90°. Finally in Case F, the volume
parameter is set back to 0.001, but the spectral strength of the surface roughness is
increased by a factor of ten. There is little change in backscatter from the levels in

Case A, except that near 90° there is a marked decrease.

The conclusions to be drawn for backscatter from silt are much the same as those for
clay, i.e. that the Kirchhoff approximation provides a good model for surface scattering
but, except near 90°, volume scattering dominates.

10 20 30 40 50 60 70 . 80 90 100

-20

-25

BS (dB)

-30

-35

-40

-45

-50
Grazing Angle

—e—Whole (no large scale slope vol scat = 0.001) —®=Kirchoff+0.001 vol.scat. . Kirchoff alone
—¥%—\Whole, no large scale slope, volScat=0 —¥—VolScat=0.005 —®—with rough surface(vol=0.001

Figure 6. Backscatter versus grazing angle curves for silt.




Table 3. Descriptions of Backscatter Curves for Silt in Figure 6.
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Case | Description Label on curve Symbol Volume | Spectral
paramete | strength
r (cm?)
A Whole model Whole (no large | Blue 0.001 5.175x104
scale slope,vol diamonds
scat=0.001
B Kirchhoff approx | Kirchoff+0.001 Pink 0.001 5.175x10+
for surface vol.scat. squares
C Kirchhoff approx | Kirchoff alone Blue 0.0 5.175x104
for surface, no crosses
volume scattering
D Whole model no Whole, no large Purple 0.0 5.175x10+
volume scattering | scale slope, asterisks
volScat=0
E Whole model high | VolScat=0.005 Yellow 0.005 5.175x10+
volume scattering triangles
F Whole model, high | with rough Brown 0.001 51.75x10+4
surface scattering | surface(vol=0.001) | filled
circles

3.4.3 Backscatter curves for fine sand

Model backscatter curves for a fine sand (grain size = 0.25 mm) are shown in Figure 7,
with details on these curves listed in Table 4. For Case A the whole Jackson model is
used, while for Case B surface scatter is obtained by only using the Kirchhoff
approximation. Differences between these two curves are negligible. In Case C the
whole model is used, but volume scattering is set to zero. The difference between
Cases B and C is negligible near 90°, is only 2 dB at a grazing angle of 75°, but is up to
5.6 dB by 65°. That is, in the grazing angle range of 90° to 65°, volume scattering has
negligible effect near 90°, but gradually becomes significant as grazing angle decreases.
In Case D the volume parameter is increased to 0.005. Again this makes negligible
change near 90°, but starts to be significant for grazing angles less than about 70°. The
spectral strength parameter has been kept the same in all these cases. Overall, while
volume scattering is important, surface scattering is the dominant factor. Again the
Kirchhoff approximation provides a good description of surface scattering for grazing
angles greater than 65°. Boyle and Chotiros (1995) modelled the effects of small bubbles
within sand on acoustic backscatter. This can considerably enhance volume scattering,
but appears not to be a major effect at grazing angles greater than 65°.

15
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Table 4. Descriptions of Backscatter Curves for Fine Sand in Figure?.
Case | Description Label on curve | Symbol Volume Spectral
parameter | strength (cm?)
A Whole model Whole (no Blue 0.002 0.0035
large scale diamonds
slope)
B Kirchhoff Kirchoff Pink 0.002 0.0035
approx for squares
surface scatter
C Whole model, No vol scatter | Yellow 0.0 0.0035
no volume triangles
scatter
D Whole model Vol:0.005 Blue 0.005 0.0035
high volume crosses
scatter

8S (dB)

-15

20 +—

-25

-30

Figure 7.Backscatter versus grazing angle curves for fine sand.

Grazing Angle

[+Wno|e ( no large scale slope) —®—Kirchoff

No vol scatter —*—vol:0.005

3.4.4 Backscatter curves for medium sand

Backscatter versus grazing angle curves for a medium sand (grain size = 0.5 mm) are
shown in Figure 8, with details on the curves tabulated in Table 5. For Case A the
whole Jackson model was used. This is compared with Case B, in which volume
scattering was unchanged but only the Kirchhoff approximation was used for surface
scattering. Again these two cases are indistinguishable for grazing angles greater than
65°. In Case C the whole model is used but volume scattering is set to zero, while in

16




Table 5. Descriptions of Backscatter Curves for Medium Sand in Figure 8.

Case | Description Label on curve | Symbol Volume Spectral
parameter | strength
(cmd)

A Whole model Whole (no large | Blue 0.002 0.0056
scale slope) diamonds
B Surface scatter Kirchoff Pink 0.002 0.0056
with only squares
Kirchhoff approx
C Whole model with | No vol scat. Yellow 0.0 0.0056
zero volume triangles
scattering
D Whole model with | Vol.Scat=0.005 Blue 0.005 0.0056
high volume crosses
scatter

17
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Case D volume scattering is put up to 0.005. The maximum difference between these
curves for grazing angles > 65° is only 2.3 dB. Clearly surface roughness is dominant in
this case, and is well modelled using the Kirchhoff approximation.
° ' ‘ ' " )
10 20 30 40 50 60 70 80 90 1?0
2 I
-4
-6 ’ﬁ
-8
-10
-12
-14
-16
7
]‘*‘Whole (no large scale slope) —#—Kirchoff No vol scat. *‘*‘Vol.scat.zo.OOSI
Figure 8. Backscatter versus grazing angle curves for medium sand.
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3.4.5 Backscatter curves for coarse sand

Backscatter versus grazing angle curves for a coarse sand (grain size = 1 mm) are
shown in Figure 9, and data on the curves is presented in Table 6. In Figure 9, Case A is
that in which the whole Jackson model is used. In Case B volume scattering is
unchanged but only the Kirchhoff approximation is used for surface scattering, while
in Case C the whole model is used but volume scattering is set to zero. The difference
between these curves is no more than 1.3 dB. Again surface scattering is dominant and
well described by just the Kirchhoff approximation for grazing angles > 65°.

Table 6. Descriptions of Backscatter Curves for Coarse Sand in Figure 9.

Case | Description Label on Symbol Volume Spectral
curve parameter | strength
(cm?)
A Whole model Whole Blue diamonds | 0.002 0.0086
B Surface scatter Kirchoff Pink squares | 0.002 0.0086
with only
Kirchhoff approx
C Whole model with | No vol scat. | Yellow 0.0 0.0086
zero volume triangles
scattering
’ 10 2'0 3‘0 [ '410 o 5;) - 60 70 80 : ‘910- ' 100

BS (d8)

Grazing Angle

| ¢ Whole —®—Kirchoff No vol scat,J

Figure 9. Backscatter versus grazing angle curves for coarse sand.
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3.4.6 Backscatter curves for very coarse sand

Backscatter curves for a very coarse sand (grain size = 2 mm) are displayed in Figure
10, with data on the curves listed in Table 7. Volume scattering is the same in all six
cases. Its influence will be negligible, because the surface roughness for very coarse
sand is even larger than it was for coarse sand. In Case A the whole model is used,
while for Case B only the Kirchhoff approximation is used for surface scattering. The
two agree within 1 dB, for grazing angles > 65°. For Case C both the Kirchhoff and
large scale roughness approximations are used, while in Case F only the large scale
roughness approximation is used. The results for Cases A, C and F are identical. For
Cases D and E the surface roughness is approximately doubled. For Case D both the
Kirchhoff and large roughness approximations are used, while for Case E only the
Kirchhoff approximation is used. (For Case D the model carries out an interpolation
between the Kirchhoff and large roughness approximations). The difference between
Cases D and E is negligible for grazing angles > 65°. In conclusion, at this grain size,
either the Kirchhoff or large scale roughness approximation will give equally good
results, although the latter is slightly more accurate. A grain size of 2 mm must be very
close to the transition between the Kirchhoff and large-roughness regimes.

Table 7. Descriptions of Backscatter Curves for Very Coarse Sand in Figurel0.

Case | Description Label on curve | Symbol Volume Spectral
parameter | strength
(cm)
A Whole model Whole Blue 0.002 0.013
diamonds

B Surface scatter with | Kirchoff Pink 0.002 0.013
only Kirchhoff Squares
approx

C Kirchhoff and large | Kirch&large Yellow 0.002 0.013
roughness approx roughness triangles
for surface scatter

D Kirchhoff and large | Kirch&v.rough | Blue 0.002 0.026
roughness approx (hi beta) crosses
for surface scatter -
very rough case

E Surface scatter with | K alone Purple 0.002 0.026
only Kirchhoff (V.rough)Hi asterisks
approx -very rough | beta
case

F Large roughness Large Brown 0.002 0.01293447
approximation only, | roughness filled
for surface scatter only circles
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Grazing Angle

F—whole —®—Kirchoff Kirch&large roughness ——Kirch&v.rough(hi beta) —*—Kalone(V.rough)Hi beta —e—Large roughness only

Figure 10. Backscatter versus grazing angle curves for very coarse sand.

3.4.7 Backscatter curves for gravel

Backscatter curves for gravel are shown in Figure 11, with data on them in Table 8.
Both the volume and surface scatter are the same for all three curves. In Case A the
whole model is used, while in Case B only the Kirchhoff approximation is used. Finally
in Case C only the large roughness approximation is used. (For Case A the model
carried out an interpolation between the Kirchhoff and large roughness
approximations). Case C gives identical results to those in Case A, so that although all
three curves are very similar, the large roughness approximation is more accurate. The
same conclusion was found from the coarse sand calculations. However, for both very
coarse sand and gravel, the Kirchhoff approximation still gives quite good results, for

grazing angles > 65°.
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Figure 11. Backscatter versus grazing angle curves for gravel.

Table 8. Descriptions of Backscatter Curves for Gravel in Figurell.

Case | Description Label on Symbol Volume Spectral
curve Parameter | strength (cm?)
A Whole model Whole Blue 0.002 0.014
diamond
B Kirchhoff Kirchoff Pink square 0.002 0.014
approximation only
only
C Large roughness L.roughness | Yellow 0.002 0.014
approximation only triangle
only

3.4.8 Backscatter curves for rock surfaces

Backscatter curves for rock are presented in Figure 12, with data on the curves being
tabulated in Table 9. The volume parameter, whose influence is negligible, was set at
0.002 for all these cases. For Case A the whole model was used, while in Case B only
the Kirchhoff approximation was used for surface scattering. For Case C only the large
roughness approximation was used. Cases A and C give identical results, while results
in Case B are up to 3.9dB low, for grazing angles > 65°, indicating that the large
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roughness approximation works well for a typical rock surface, while the Kirchhoff
approximation does not. A rock surface with a roughness similar to silt or clay was
modelled in Case D. The drastic change in the shape of the curve is quite evident.
However a rock surface is very unlikely to have a surface roughness this low, except
perhaps in a region which has been subject to glaciation. Such smooth rock surfaces are
found off the coasts of Canada. Finally cases with large surface roughness are
examined in cases E and F. In E the whole Jackson model was used, while in Case F
only the large roughness approximation was used for surface scattering. As expected
they agree exactly. As for gravel, the conclusion is that the large roughness
approximation provides a good model for backscatter for most rock surfaces.

20

10 200 Um0 0 80 60

BS (dB)

T e AN VA SISO

-15

-20

-25
Grazing Angle

[:O—Whole —=—Kirchoff only Large roughness only —*—Smooth rock —*—whole V. rough ~—®—V.rough,Large roughness only

Figure 12. Backscatter versus grazing angle curoves for rock.




Table 9. Descriptions of Backscatter Curves for Rock Surfaces in Figurel2.
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Case | Description Label on curve | Symbol Volume Spectral
parameter | strength (cm?)
A Whole model Whole Blue 0.002 0.0186
diamonds

B Kirchhoff Kirchoff only | Pink 0.002 0.0186
approximation Squares
only

C Large roughness | Large Yellow 0.002 0.0186
approximation roughness triangles
only only

D Whole model, Smooth rock Blue 0.002 0.000518
smooth surface crosses

E Whole model, Whole V. Purple 0.002 0.207
very rough rough asterisks
surface

F Very rough V.rough, Large | Brown 0.002 0.207
surface, large roughness filled
roughness only circles
approximation
only

4. Conclusions

In section 3.1 it was shown that the spectral exponent, y, has very little influence. In
section 3.2 it was seen that the spectral strength, B, a measure of surface roughness
height, had a major influence and so did the Rayleigh reflection coefficient, R(90°), over
the range of experimentally found values. The roles of the different physical
mechanisms in the Jackson model are summarised in Table 10, for grain sizes between
65° and 90°. For grain sizes less than or equal to 1 mm the Kirchhoff approximation by
itself provides a good model for surface scattering, and even for very coarse sands and
gravels it provides an acceptable model. However the large roughness approximation
is probably better for the last two sediment types and it has to be used for the rougher
rock surfaces.
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Table 10. Summary of modelling results for different sediments. K signifies that the Kirchhoff
approximation provides a good model for surface scattering; “Large roughness”
implies that the large roughness approximation provides a good model for surface
scattering; oy implies that volume scattering must be included.

Sediment type Grain size (mm) Mechanisms Grazing angle

required range for Kirchhoff
alone (°)

Clay 0.002 mm K + 5, (dominant) | 85-90

Silt 0.02 “ “ 85-90

Fine Sand 0.25 K (dominant) + o2 | 70-90

Medium Sand 0.5 Konly 40-90

Coarse Sand 1.0 L i

Very Coarse Sand | 2.0 Large roughness,
but K good. 50-90

Gravel Large roughness,
but K good. 50 - 90

Rock Large roughness

Volume backscatter needs to be included for grain sizes < 0.25 mm, and is the
dominant backscatter mechanism for silt and clay. For grazing angles near 90°, only
surface scattering is important even for fine sediments. These conclusions apply for a
frequency of 50 kHz and for grazing angles greater than 65°. At higher frequencies
volume scattering would be even less important.

From the above it can be seen that the dominant mechanisms affecting backscatter from
near-normal incidence echosounders are:
(a) the size of surface roughness, specified by B, surface backscatter being
adequately predicted by the Kirchhoff approximation in most cases;
(b) the product pv (= ratio of sediment to water acoustic impedance);
(c) volume backscatter, specified by .

The level and shape of the backscatter versus grazing angle curve is thus specified by
only 3 parameters, except for cases with very large roughnesses. It should be possible
to estimate these from real data on backscatter versus grazing angle. However this
exercise will be considered as part of a subsequent study into backscatter versus time,
received from a pulsed echosounder. As a general rule, as pv increases the overall level
of backscatter increases, while as surface roughness increases the backscatter versus
grazing angle flattens out, and there is less of a peak near 90°. For muds, volume
scattering becomes important and separating the effects of volume and surface
scattering appears to be less simple. However this may become feasible when looking
at backscatter versus time because, over muds, volume returns will continue after
surface backscatter returns have ceased. Also near 90° the backscatter is dominated by
surface scattering. The consideration of practical algorithms to extract bottom types
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from echosounder returns, and the modelling of backscatter versus time will be the
subject of future reports. Some preliminary work is reported in Clarke and Hamilton
(1999).

Note also, from the curves in Appendix B, that the values of backscatter at grazing
angles near 65° or 70° provide a good indication of backscatter levels at lower grazing
angles down to approximately 20°. Therefore, if one only wants an indicator, or index,
of backscatter levels for estimating acoustic detection ranges, the tail of the output from
a ship’s echosounder, which corresponds to grazing angles near 65° or 70°, could be
used, either in real-time or for route surveys.
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Appendix A: Sediment Parameters versus Grain Size

For density ratio:
p = 0.007797*(Mz)? - 0.17057*Mz + 2.3139, for -1.0< Mz <1.0

p =-0.0165406*(Mz)? + 0.2290201*(Mz)2 -1.1069031*Mz + 3.0455, for 1.0 Mz <5.3
p =-0.0012973 * Mz + 1.1565, for 5.3< Mz <9.0

For sound speed ratio:
v = 0.002709*(Mz)? - 0.056452*Mz + 1.2278, for -1.0 £ Mz <1.0

v =-0.0014881%(Mz)3 + 0.0213937*(Mz)? -0.1382798*Mz + 1.3425, for 1.0 Mz <5.3
v=-0.0024324*Mz + 1.0019, for 5.3< Mz <9.0

For Loss parameter, 0:

First calculate Alpha2 (whose units are decibels/m)

aLpha?2 = freq * 0.4556, for -1.0< Mz <0.0

aLpha2 = freq * (0.4556 + 0.0245*Mz), for 0.0 Mz <2.6

aLpha? = freq * (0.1978 + 0.1245*Mz), for 2.6< Mz <4.5

aLpha?2 = freq * (8.0399 - 2.5228*Mz + 0.20098*(Mz)?), for 4.5< Mz <6.0
aLpha2 = freq * (0.9431 - 0.2041*Mz + 0.0117*(Mz)?), for 6.0< Mz <9.5
aLpha2 = freq * 0.0601, for 9.5<Mz.

Then:

8 = (aLpha2*v*3.518*freq/(40.0*r)

Here freq = the operating frequency of the sonar in kHz.

For volume parameter:
o2 = 0.002, for -1.0€ Mz < 5.5,
o2 =0.001, for 5.5 Mz <9.0.

For spectral exponent:
y=23.25.

For spectral strength:

h = (2.03846-0.26923*Mz) / (1.0+0.076923*Mz), for -1.0< Mz <5.0

h=0.5, for 5.0 Mz <£9.0,

where h = the rms roughness relief, in cm, of a 1 m track, across the sediment surface.
Then:

B = 0.00207*h*h* ho*hy,

where ho = a reference height of 1 cm, and B has units of cm®.
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Appendix B: Backscatter versus Grazing Angle
Curves, for 0° to 90°.

Curves for backscatter versus grazing angle, for grazing angles from 0° to X0°, are shown in this
appendix for all the cases covered in this report. This is merely done for completeness. Details on curves

B2 to B9 can be found in Tables 2 to 9, respectively. There is a discontinuity at 40° in some curves
because, in the mode, the Kirchhoff approximation is only used for angles between 40° and 90°.

BS vs Grazing Angle using Recommended Values

10 20 30 40 .50 50 70 80 90 100
Nooe g !

Grazing Angle

Figure B1. Backscatter versus Grazing Angle curves for different bottom types, using
recommended sediment parameters for each type.
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Figure B2. Backscatter versus grazing angle curves for clay.
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Figure B3. Backscatter versus grazing angle curves for silt.
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Figure B4. Backscatter versus grazing angle curves for fine sand
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Figure B5. Backscatter versus grazing angle curves for medium sand.
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Figure B6. Backscatter versus grazing angle curves for coarse sand.
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Figure B7. Backscatter versus grazing angle curves for very coarse sand.
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Figure B8. Backscatter versus grazing angle curves for gravel.
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Figure B9. Backscatter versus grazing angle curves for rock.
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