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ABSTRACT

A roughened seafloor may be expected to scatter incident sound at non-specular angles, but also to reflect coherently
at the specular angle, with some loss of amplitude attributed to the scattering and some loss attributed to sound
transmission into, and absorption within, the seafloor. Our initial expectation was that a reasonable estimation of the
total coherent reflection loss, at a given grazing angle, might be obtained simply from a combination of the loss at-
tributed to a flat seafloor based on its geoacoustic properties, and the separate coherent loss due to the roughness scat-
tering described for a pressure release surface. To test this hypothesis, loss values obtained using this simple addition
of model outputs were produced for several seafloor material types with prescribed roughness profiles. These results
are compared with loss values obtained using the perturbation approach for rough surface scattering from stratified
media described by Kuperman and Schmidt (JASA, 86, Oct. 1989). The latter is a model which describes the coher-
ent plane wave reflection from a rough surface of stratified material which has specified geoacoustic properties.

INTRODUCTION

As is well known, a considerable body of work has been
devoted to the description of the coherent sound reflection
from a rough surface of a defined profile. In underwater
acoustics, the problem of sound reflection from the rough
ocean surface has received much attention, and modelling
solutions have been described for practical use (e.g. Williams
et al. (2004), Ainslie (2005)). The problem of sound reflec-
tion from a rough seafloor has received much less attention,
but is very relevant to many sound transmission scenarios
involving shallow oceans. For acoustic frequencies in the
range to about 10 kHz, Jones et al. (2012) used stochastic
modelling based on Monte-Carlo runs of a Parabolic Equa-
tion (PE) transmission model to illustrate that the small-slope
approximation model (SSA) of coherent surface reflection
loss developed at the Applied Physics Laboratory of the Uni-
versity of Washington (APL-UW) provided accurate descrip-
tions at a range of small grazing angles considered, including
angles as small as 1°. This work also confirmed that the
well-known Kirchhoff (KA) model of coherent reflection loss
(e.g. Lurton, 2002, section A.3.3) from a surface with a
Gaussian distribution of surface heights was a good approxi-
mation to the APL-UW small-slope model for grazing angles
greater than a particular value. It needs to be noted that
sound reflection from the rough sea surface requires consid-
eration of the effects of near-surface bubbles induced by
wind action (e.g. Ainslie (2005)), and that the above com-
ments on the suitability of the SSA and KA models is on the
basis of a correct description being obtained of the angle of
incidence of sound at the mean plane of the surface.

The experience gained by the authors, in application of the
SSA and KA models to the problem of coherent acoustic
reflection at the rough sea surface, suggested that it would be
reasonable to assess the suitability of modelling the reflection
loss from a rough seafloor by a combination of the loss at-
tributed to a flat surface based on its geoacoustic properties,
and the separate coherent loss due to the roughness scattering
described for a pressure release surface of identical profile.
In particular, inasmuch as each of the logarithmic coherent
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loss functions for the smooth surface and rough surface has a
form that is close to linear for small grazing angles, it is en-
ticing to contemplate a very simple solution through addition
of two functions each of the form F f§ dB, where F is a con-

stant with unit dB/radian and B is grazing angle. (The con-
cept of a linear rise of logarithmic loss for a smooth seafloor
as a function of grazing angle, for small angles less than criti-
cal, is well known, e.g. Etter’s (2003) equation 5.7, which is
attributed by Rogers (1981) to A. L. Eller. The trend of the
coherent reflection loss from a rough pressure release surface
to approximate a linear rise of logarithmic value for small
angles of incidence is less known, but has been determined
by Bartel (reported by Jones et al. (2012)) as the small angle
limit of the SSA model.) A simple combination of separate
loss effects offers the potential for ready inclusion within ray-
type transmission models, and knowledge of the applicability
of loss functions of the form F 8 dB permits inclusion within

simple depth-averaged models of transmission.

Isakson and Chotiros (2011) used a finite element model to
study the Transmission Loss (7L) of a shallow water scenario
for which the seafloor was assigned various levels of rough-
ness. This modelling was carried out using a Monte-Carlo
technique in which the sound fields obtained with each of
many realisations of the rough surface were averaged to ob-
tain a coherent resultant. (The Monte-Carlo modelling by
Jones et al. (2012) is similar in concept.) From a limited
study, Isakson and Chotiros (2011) concluded that the effects
of roughness might be equated with the effects of increased
attenuation of the compressional wave in the seafloor mate-
rial. As the effect of increased attenuation within a Rayleigh
reflection model is to give an increase in the linear loss func-
tion F dB/radian, at small grazing angles less than critical
(ref. Etter’s equation 5.7), the expectation of the authors was
that the roughness effect might be modelled in such a simple
way.

Kuperman and Schmidt (1989) developed a technique with
which the coherent plane wave reflection may be determined
for a rough-surfaced seafloor of stratified material of speci-
fied geoacoustic properties. Hence, in the present work, an
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implementation of this model was used as a reference against
which more simple descriptions would be compared. In this
initial study, the approach of Kuperman and Schmidt was
implemented without, at this point, a detailed critique of its
derivation. To provide an intuitive expectation of what might
be expected for the coherent reflection from a rough absorp-
tive seafloor, below an assessment is made of how a
Kirchhoff type model of the phenomena might differ from
the form of this model for a lossless surface.

KIRCHHOFF MODEL FOR ROUGH SURFACE
OF SPECIFIED GEOACOUSTIC PROPERTIES

As stated earlier, techniques for modelling the coherent re-
flection from a rough sea surface are well-known. It is then
reasonable to consider the changes made to these modelling
approaches for the case in which the boundary does not pre-
sent an extreme difference in impedance, that is in the case of
the boundary being assumed neither pressure release nor rigid
(zero or infinite impedance).

For a pressure release surface with a Gaussian distribution of
surface heights, the well-known Kirchhoff (KA) model of
coherent reflection loss (RL) for a single surface reflection, in
terms of the Rayleigh parameter, is (e.g. Lurton, (2002) sec-
tion A.3.3)

RL = —2010g1()(e_()'5r2 )
=10r"2/In(10) dB per bounce. (1)

where “In” denotes natural logarithm, to base e =2.71828...
and the acoustical roughness of the surface is given by the
Rayleigh parameter ' = (475 f hgsin B)/ c,, , where f'is cyclic
frequency, Hz; hg is rms height of the rough surface, metres;

B is the acoustic grazing angle with the mean surface plane,
radians; c,, is speed of sound in seawater, m/s. The coherent

reflection is, of course, at the specular angle.

For a Gaussian distribution of surface heights, it may be
shown that the Rayleigh parameter I' is the same as the stan-
dard deviation of the phase variation (in radians) amongst the
components scattered in the specular direction. For I' <<1,
the surface is considered acoustically smooth, and for I' >> 1
the surface is considered acoustically rough.

The reflection loss from the KA model may be seen as sim-
ply due to the phase coherent combination, in the specular
direction, of components which are scattered by sections of
the sea surface at different heights. The loss results from
path length differences, which cause phase differences. The
loss from a rough pressure release surface, as described by
the KA model, will be the same as the loss described for a
rough rigid surface, as the relativity of phase difference be-
tween reflected components is the same in each case. The
acoustic impedance of a surface of specified geoacoustic
properties is, of course, neither infinite, nor zero. Considered
in terms of reflection coefficient and phase, for a smooth
seafloor of realistic geoacoustic properties, each of the reflec-
tion sound pressure amplitude and reflection phase angle is
dependent on the incident grazing angle, while for either a
pressure release or rigid surface, each is independent of graz-
ing angle. Clearly a Kirchhoff model of roughness loss from
a seafloor of realistic geoacoustic properties will not be the
same as given by Equation (1). A key issue is the handling of
the amplitude and phase of the scattered component. In the
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analysis of following sections, these are assumed to be in
accord with that locally reflected due to the incidence angle
on each respective facet. For sound at normal incidence to
the mean surface plane, this will be a reasonable assumption,
as the reciprocal arrangement, that is the situation with a
swapping of the incidence and reflection directions, will re-
sult in identical angles of incidence on each facet. For small
angles of incidence, however, the assumption of basing the
scattered component on the amplitude and phase relevant to
the angle of incidence on each facet does not satisfy reciproc-
ity, although the degree of error caused is unknown.

For the example of a seafloor half-space consisting of silt
(seafloor type A of Desharnais and Chapman (1999)), for
which geoacoustic properties were assumed as shown in Ta-
ble I, and for seawater at the ocean bottom of density
p,, = 1000 kg/m’® and sound speed (i) ¢, = 1496.15 m/s (ii)

¢, = 1516.83, the reflection characteristics are as shown in
Figure 1 (solid blue and red curves).

Table 1. Seafloor Properties for silt (after Desharnais and
Chapman (1999))

Density ~ compres- shear ~ compres-  shear attn.
(kg/m’) sional speed speed sional attn. (dB/A)
¢, (m/s) ¢ (mfs)  a, (dB/A)

1600 1550 125 0.78 0.25

As is well known (e.g. see Weston (1971)), for sound inci-
dence at less than the critical angle, a very good approxima-
tion to the bottom loss at the small grazing angles relevant to
shallow water transmission may be made by assuming that
the bottom loss function is F § dB, where F' dB/radian is the

assumed “linear bottom loss function”. The blue dashed line
in the upper part of Figure 1 shows this assumed function,
averaged over the first 10°, for the silt half-space example,
for ¢,,=1496.15 m/s, for which F ~ 15 dB/radian. The red
dashed line shows the function for an alternative value of
¢, = 1516.83 m/s, for which F' ~ 28 dB/radian.
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Figure 1. Reflection bottom loss & phase angle for flat sur-
faced silt half-space, - full description, - - - description based
on F

Further, for a seafloor material of low shear speed, it may be
shown (e.g. Jones et al. (2008)) that the reflection phase an-
gle has a near-linear variation from —n radians at 0° grazing

to a phase angle of zero at , = arccos(cw /c p), where 3, is

the critical angle. For the present example of silt, the critical
angle B.=15.1° for ¢, =1496.15 m/s, and B.=11.9° for
¢, = 1516.83 m/s. By making the assumption that the critical
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angle corresponds, very approximately, with a bottom loss
value of some nominal amount (Jones et al. (2008) assumed
6 dB), the reflection phase may be approximated from,
merely, knowledge of the bottom loss function F dB/radian.
The blue and red dashed lines in the lower part of Figure 1
show these approximate functions of reflection phase for the
two water sound speed values. If it is assumed that 3. is
known, the approximated variation of reflection phase ¢ may
be stated as

¢~ -+ (nB)/B, radians 2)

and the slope of the function of reflection phase ¢ in terms of
incidence angle B is m/B, . Using the assumptions stated

above, of the relationship between a value of bottom loss of
6 dB and the critical angle (., the bottom loss function F
dB/radian is then approximated as

F = 6/B,. dB/radian, i.e B, ~ 6/F radians.  (3)

Based on these approximated functions for reflection loss in
dB, and reflection phase angle, it now becomes easy to esti-
mate the modifications required of a Kirchhoff-style model of
coherent roughness loss. Here, the travel distance from each
surface facet affects the phase of the specularly scattered
component, and the local angle of incidence of each facet
determines the amplitude of the specularly scattered compo-
nent (e.g. Ogilvy (1991)). Of course, the reflection phase of
the facet combines with the travel distance component to
determine the total phase of the specularly scattered compo-
nent.

Reflection from rough absorptive surface

The scattered components which, in the Kirchhoff approxi-
mation, contribute to the coherent reflection from either a
rigid or pressure release surface, may be represented as in
Figure 2. In the case of a Gaussian distribution of surface
heights, the components may be represented by phasors all of
equal amplitude but with phase values in accordance with a
Gaussian distribution. As stated earlier, the Rayleigh pa-
rameter [ is the same as the standard deviation of the phase

variation.
}\F‘radians

vector sum

Figure 2. Phasor diagram for Kirchhoff components for
rough surface either pressure release or rigid

The corresponding phasor diagram for an absorbing rough
boundary, of specified geoacoustic parameters, is not neces-
sarily straightforward to determine. While each particular
surface height is associated with a known travel time, it can-
not be associated with a particular surface slope, and must be
associated only with a distribution of surface slopes. How-
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ever, if the distribution of the heights of the rough surface is
assumed Gaussian, a simplified analysis is possible, as fol-
lows.

Distribution of surface slopes

The average shape of a rough surface may be defined in
terms of the rms displacement /g of heights z and the hori-

zontal spatial scale L over which the surface heights are cor-
related to a nominal degree, taken here to be a correlation of
1/e. Ogilvy (1991, p.22), for example, shows that for an
isotropic surface with a Gaussian correlation function of sur-

face height of the form ef(x/ Ly (where x is horizontal dis-
placement), the rms surface slope s is

s = hcﬁ/L radians 4)

where the value of s is unrelated to the local value of height.
Medwin and Clay’s (1998, equ.13.2.10c) identical result
confirms that the rms slope is the same for every value of
surface height. As stated by Ogilvy (1991, p.21), for a Gaus-
sian distribution of surface heights, the distributions of all
higher order derivatives are also Gaussian, hence the surface
slope values are Gaussian distributed. The distribution of
surface slopes may then be seen to be the same for every
value of surface height.

Ogilvy (1991, p.23) also considers the matter of the surface
radius of curvature p, a key determinant in the validity of the
Kirchhoff model. For small values of rms slope s, the values

of radius of curvature are centred near p ~ L* / (2\5 hc), or

in terms of rms slope p = L/(\/g s). For small values of rms
slope, the radius of curvature approximates the inverse of the
second derivative of surface height, that is il/ (d 22/ d x2)

(as shown by Jones et al (2010) for example). This second
derivative is Gaussian distributed, hence its inverse is not.

Loss expected due to distribution of slopes of ab-
sorbing surface

Returning to the matter of the phasor diagram of specularly
scattered components from different points of height, we now
know that for an absorbing rough boundary with Gaussian
distribution of heights and a Gaussian spatial correlation
function, on average the distribution of surface slopes is the
same for every part of the surface, and hence the same for
each height value of the surface. This will have the result
that, for all points having a particular value of surface height,
that is for all points contributing to a particular single phasor
in Figure 2, there will be a distribution of sub-components
relating to the distribution of values of surface slope. As this
distribution is the same for all values of surface height, the
resultant value of phase on reflection at every height of the
surface will be the same, so that, after accounting for travel
times from the different height components, the resultant
phasors will have an identical relative angular distribution as
in Figure 2. Further, as the resultant of the distribution of
reflection events at each value of surface height is the same
as at every other value of surface height, the resultant loss
value from absorption by the geoacoustic seafloor material
will also be the same at every height value of the surface, and
every phasor in Figure 2 forming the coherent specular re-
flection has an identical attenuation. The vector sum is then
of the form relevant to Figure 2, with a reduced amplitude, by
A dB, equal to that imposed on every phasor. The Reflection

3
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Loss for the rough surface, being the counterpart of Equa-
tion (1), then becomes

2
RL,, = —2010};10(50-5F )+ 4
=A+ 10F2/ln(1 0) dB per bounce. )

As outlined above, each phasor in Figure 2 is formed from a
combination of the sub-components scattered from all points
of the surface at a particular value of height, and for the
points at each value of height there is a Gaussian distribution
of slopes. The average value of slope is zero, for which the
value of the dB loss is F 3 dB, and the reflection phase is

o~-T+ (n [3)/ B, radians , where F' dB/radian is the assumed

“linear bottom loss function” discussed earlier, and B is the
angle of incidence of sound at the mean seafloor plane. With

reference to Figure 3, for each value of rms slope /5 ﬁ / L,

for each angle of incidence B, there is a distribution of sub-
components in accord with the angles of incidence on the
facets, with a value of reflection amplitude and phase for
each of these angles, so that each phasor in Figure 2 may
itself be seen to be comprised of a distribution of sub-
components for which there is a vector sum, much like as in
Figure 2, and as depicted in Figure 4. The distributions of
reflection amplitude and phase of the sub-components that
are illustrated in Figure 3 are as for the small angle forms of
the bottom loss and reflection phase curves, discussed earlier.
(This implies that the incidence angles on the facets are all
less than the critical angle.) An analytical determination of
the sum of the vectors shown in Figure 4 is not pursued here.
However, as the function of reflection phase in terms of inci-
dence angle on each facet is known (Equation (2)), the stan-
dard deviation of reflection phase of the sub-components may

be stated as ﬁnhc /(Bc L), as shown in Figure 3. From the

argument presented earlier in terms of the KA model, it also
follows that if

ﬁnhc -

> 1,1
B L

ie. M >>1, 6)
6L

the phasors representing the sub-components will form a
vector sum which involves phase cancellation and amplitude
reduction with the result that the Reflection Loss for the
rough surface RL,,dB will be greater than obtained by add-

ing RL dB from Equation (1) to the loss F 3 dB appropriate

to a smooth surface. If, however, the expression is << 1 there
is relatively little spread of either reflection phase or ampli-
tude values, and the Reflection Loss for the rough surface
RL,;dB may be expected to be virtually identical with the

sum of RL dB from Equation (1) and F (3 dB appropriate to a
smooth surface.

Expression (6) is equivalent to ﬁ hg / L>>B,/n, that is the
rms surface slope being much greater than B,/n. For the
example of silt described by Table 1 and Figure 1, for which
the critical angle is 15.1°, the rms slope must then be much
greater than 4.8° for the requirement to be met. Of course,
the available span of reflection phase angles for the sub-
components from the facets is over m radians, as reflection
phase is -m at grazing angle of 0°, and is 0° at the incidence
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angles > the critical angle. As the distribution of reflection
phase of the sub-components is two-sided, an approximate

maximum value for the standard deviation 2 Thg /(B ¢ L)
can be seen to be /2, when B=f./2. The corresponding
rms slope then becomes /2 for this maximum phase can-
cellation scenario.

As illustrated in Figure 3, the reflection loss of the sub-
components, in dB, itself is normally distributed about

F B dB, with standard deviation x/E Fhg / L, that is, F times

the rms slope. Assuming a value of, say, 0.2 radians (11.4°)
for a maximum rms slope, this results in a maximum standard
deviation of loss values for sub-components of 3.0 dB, for the
silt material described in Table 1. It may be noted that the
linear mean of a distribution which is symmetrically distrib-
uted on a logarithmic scale is not the same as the linear form
of the mean of the logarithmic values. The low values within
the distribution, below F 3 dB, may be shown to add more

reflected energy than the high loss values, above F[3dB,

remove, so that, if there is not a spread of phase angles with
resultant phasor cancellation, the expectation is that the re-
flected energy of the ensemble would be greater than for a
flat surface.

J2Fh/L
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°
I = S
£ Average of dB
£ T I loss values
R Average | !
reflected energy
o
0 Incidence angle T p TBc
o ©
& | Wann /(L) i
QP | 2h\/L
55|t !
23 -n+np/B. = slope 1/B¢
o=
©
& [
G —>
0 ts 4.

Incidence angle relative to mean seafloor plane

Figure 3. Reflection loss and phase angle fluctuations of sub-
components due to Gaussian distribution of surface slopes of
mean value 3, for small

If the standard deviation of reflection phase of the sub-
components JE nhg/ (BC L)z 1, a phasor representation of
the sum will resemble that in Figure 4. Here, the phasors
representing the sub-components are distributed in angle in
accord with the bottom sub-figure of Figure 3, and the ampli-
tude values are in accord with the expectation from the top
sub-figure of Figure 3. Although no proof will be pursued
here, it does appear that the vector sum will be reduced,
through phase cancellation, more than implied by F 3 dB and
that the vector sum is phase-shifted in the direction of a
smaller phase angle ¢ than the value —Tc+(n[3)/ B, implied

by the mean incidence angle f3.
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The above analysis is, of course, in terms of the Kirchhoff
model of coherent reflection loss, but it may be presumed
that the principles described above will be relevant to a “cor-
rected Kirchhoff” model, such as the APL-UW small-slope
approximation model (Williams et al (2004)).

J2rhy (B, L)radians
’_\/
\

vector sum

Figure 4. Phasor diagram for sub-components for each
height value of the rough surface of specified geoacoustic
properties

Practical aspects

The distribution of reflection phase and amplitude of the sub-
components from the angled facets will not necessarily exist
as implied by the approximate forms of the reflection ampli-
tude and phase shown in Figure 1, and the assumptions car-
ried through to Figures 3 and 4. There is a large range of
possible situations. For seafloors other than lossy fluid types
(for which the silt in Table 1 and Figure 1 is an example) the
reflection phase functions do not resemble the form of Equa-
tion (2). Figure 5 shows data similar to that in Figure 1 for
soft sedimentary rock (seafloor type F of Desharnais and
Chapman (1999)), for which the geoacoustic properties are
shown in Table 2, and the calculations for Figure 5 used wa-
ter density of 1000 kg/m® and water sound speed 1500 m/s.
This shows a much smaller phase variation over the span of
grazing angles to about 15°, than for the silt material of Fig-
ure 1. Even with a large value of seafloor slope, for sound
incidence angles to 10° and more, there will be little phase
cancellation from sub-components. The implication of this,
in terms of the above Kirchhoff-model arguments, is that the
resultant coherent reflection loss of a rough surface will be
expected to resemble the combination of the loss attributed to
a smooth surface based on the geoacoustic properties, plus
the separate coherent loss due to the roughness scattering
from a pressure release surface.

Table 2. Seafloor Properties for soft sedimentary rock (after
Desharnais and Chapman (1999))

Density ~ compres- shear ~ compres-  shear attn.
(kg/m’) sional speed speed sional attn. (dB/A)
¢ (m/s) ¢ (mfs)  a, (dB/A)

2100 2300 850 0.23 0.17

Australian Acoustical Society

Phase (deq)

&
=]

-100+

-160

17-20 November 2013, Victor Harbor, Australia

40
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Grazing angle(deg)
Figure 5. Reflection bottom loss & phase angle for flat sur-
faced soft sedimentary rock half-space, - full description,
- - - description based on F

SIMULATIONS OF ROUGH ABSORBING
SURFACES

An implementation of the second order, rotated coordinate,
perturbation method for the determination of the plane wave
coherent reflection coefficient for a rough seabed, as de-
scribed by Kuperman and Schmidt (1989), was made in order
to test the hypothesis of the present paper. The details of the
implementation will not be described here. The implementa-
tion was used to generate values of coherent bottom loss per
bounce, as a function of incident grazing angle, for a number
of candidate seafloor half-space types and roughness parame-
ters. Here the seafloor material was specified in terms of
geoacoustic parameters. The roughness profile was described
in terms of an rms height A, and a correlation length L, with

either a power-law or Gaussian correlation function being
used. In order to keep within the presumed requirements of a
perturbation method, roughness parameters were chosen so
that the Rayleigh roughness of the surface was <1 for small
grazing angles of interest. For computations used in this
study, the Rayleigh roughness was confined to <0.35. As
stated by Ogilvy (1991, p.103), for example, several re-
quirements for incidence angles 3 may be postulated for the
validity of the Kirchhoff method. Firstly, a requirement for
flatness of the surface segments assumed to be facets may be
made in terms of the radius of curvature of the surface p, as

sinf3 > (cw / (fp))l/ 3. Secondly, a requirement exists for the

length extent of a facet, as projected onto the plane normal to
the incidence angle P, to be larger than an acoustic wave-
length. If the length of a facet is approximated as the correla-
tion length L, this requirement may be stated as
sinf>c, / ( fL). For the key scenarios considered below,

the radius of curvature values p are centred near order 3.5 m,
and the correlation length is 1 m, hence, for the frequency of
interest (3000 Hz), the respective requirements are 3 > 32°
and § >30°. These are greater than the angles of incidence
used, so inferences based on the Kirchhoff model will in-
volve some error.

Simulations were carried out to determine the loss per bounce
for several roughness profiles for several seafloor types,
across a range of angles of incidence. The seafloor types
included the silt seafloor of Table 1, for a water sound speed
of 1516.83 m/s, and the soft sedimentary rock seafloor of
Table 2.
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Rough seafloor - silt

The coherent reflection loss per bounce was determined for
the silt seafloor, for a range of grazing angles and for a range
of roughness parameters, using the Kuperman and Schmidt
(1989) method. The particular implementation was first
checked for correctness by comparison against the example
shown in Kuperman and Schmidt’s Figure 3, with no error
evident.

T T T T
— Rough bottom, perturbation }
gl Flat bottom + small slope !

|
— Pressure release, small slope | |
] ] ] |

Coherent scattering reflection loss (dB)

|
l
1
0 2 4 6 8 10
Grazing angle (deg)

Figure 6. Coherent reflection loss per bounce for rough ab-
sorptive seafloor, silt, rms surface slope 6.5°, rms surface
height 0.08 m, correlation length 1 m, frequency 3000 Hz,

- Kuperman & Schmidt method, - flat surface loss plus SSA

roughness loss for lossless boundary, - SSA roughness loss

for lossless boundary

Figure 6 shows the Kuperman and Schmidt method result for
the silt seafloor with an rms surface height A5 =0.08 m and

(Gaussian) correlation length L =1 m (giving an rms surface
slope of 6.5°), for a source frequency of 3000 Hz. Figure 6
also shows the coherent loss function obtained by the SSA
roughness loss model for a lossless (pressure release) surface
with the same roughness profile, and shows the summation of
this loss function with the loss function obtained for a flat silt
surface. It is clear that the loss function derived by the Ku-
perman and Schmidt analysis is virtually identical with that
obtained by summing the smooth surface loss function with
the SSA loss function for a lossless surface.

For the silt seafloor for a water sound speed of 1516.83 m/s,
the critical angle B.is 11.9°. The anticipated standard devia-

tion of reflection phase of the sub-components reflected from
surface segments at different slopes is then V2 mhe/B. L),

that is 1.71 radians. This is very close to the value /2 ex-
pected to cause maximum cancellation among the sub-
components reflected by the surface components of different
slope, yet no effect is observed in Figure 6, as the Kuperman
and Schmidt analysis produces virtually the same result as
the summation of the flat surface loss with the roughness loss
for a lossless surface. Stated in simple terms, for an angle of
incidence with the mean seafloor surface of 6°, the rms slope
of the surface of 6.5° will cause incidence angles of surface
facets to vary from 0° to over 12°, yet no phase cancellation
effects are apparent.

Rough seafloor — soft sedimentary rock

A similar set of comparisons was made for the example of a
rough seafloor comprised of soft sedimentary rock, for which
the reflection characteristics are shown in Figure 5. The
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results were the same as for the silt example, in that the Ku-
perman and Schmidt analysis gave virtually the same result
as adding the smooth surface loss to the roughness loss for a
lossless rough surface. The results for the same roughness
parameters and acoustic frequency, as used for Figure 6, are
shown in Figure 7.

4.5 : : : T
Al Rough bottom, perturbation| P |
- Flat bottom + small slope
3.5-{ —Pressure release, small slope|... i ... 4
3

25

Coherent scattering reflection loss (dB)

Grazing angle (deg)
Figure 7. Coherent reflection loss per bounce for rough ab-
sorptive seafloor, soft sedimentary rock, rms surface slope
6.5°, rms surface height 0.08 m, correlation length 1 m, fre-
quency 3000 Hz, - Kuperman & Schmidt method, - flat sur-
face loss plus SSA roughness loss for lossless boundary,
- SSA roughness loss for lossless boundary

Discussion

Other simulations for each of the silt and soft sedimentary
rock materials which included both larger (2 m) and smaller
(0.5m) correlation length values, and a repetition of the
simulations at 6000 Hz, but were otherwise identical, all
showed that the coherent reflection loss from the Kuperman
and Schmidt analysis gave virtually the same result as adding
the smooth surface loss to the roughness loss for a lossless
rough surface. It remains surprising to the authors that no
cancellation effects, due to variations in the reflection phase
at the facets, was evident. One issue with this work is that
the roughness scenarios have been chosen so that the
Rayleigh roughness parameter is < 0.35. Whilst it is desir-
able to test scenarios of greater roughness, it is considered
that a perturbation method, such as used by Kuperman and
Schmidt, will not be suitable to use as a benchmark. It is
desirable to carry out some level of validation of results simi-
lar to those shown in Figures 6 and 7 through use of Monte
Carlo simulations based on PE modelling, as these will be
known to include all relevant physics. It is desirable that
such Monte Carlo simulations include some seafloors of
greater roughness, and also include scenarios which more
closely adhere to the assumptions of the Kirchhoff method.
If the results shown in Figure 6 and 7, and other simulations,
are verified though Monte Carlo PE techniques, it would
appear that the effects of seafloor roughness may be included
within acoustic transmission models in a very simple manner.

For the examples considered, the resultant coherent loss func-
tion for the rough absorptive surfaces may be seen to be very
close to linear in dB with grazing angle of incidence on the
mean seafloor plane. This also has the potential to simplify
certain analyses, for example in the same way that the bottom
loss function F dB/radian has been used for a smooth absorp-
tive seafloor.

Australian Acoustical Society



Proceedings of Acoustics 2013 — Victor Harbor

CONCLUSIONS

Based on the considerations relevant to the simple Kirchhoff
model of coherent reflection loss at a rough surface, an at-
tempt was made to anticipate the coherent loss effect for a
rough surface in the case of an acoustically absorbing sea-
floor material. For a surface with an rms slope value of the
order of the angle of incidence of an acoustic plane wave,
where the angle of incidence is small, it did appear that the
differing reflection phase angles from the surface facets
would result in an increased loss effect, but none was appar-
ent when the coherent loss was determined for several sea-
floor examples using an analysis of Kuperman and Schmidt.
If these indications from use of the Kuperman and Schmidt
method are found to apply more widely, the inclusion of
seafloor roughness effects within conventional sound trans-
mission modelling would appear to be quite straight-forward,
for small angles of incidence. In particular, the coherent
reflection loss from a rough seafloor may then be estimated
accurately by summing the dB loss obtained for a flat surface
of the candidate seafloor material to the roughness loss ob-
tained for a lossless surface of the same surface profile.
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