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Summary

The reverberation is an important issue in underwater acoustics, in particular in shallow water where it has
serious consequences on the detection and classification performance of sonar systems. The prediction of the
reverberation level is then required and several models have already been developed. In this paper, a shallow-
water reverberation model REVPA is presented. On one hand, in order to deal with the forward propagation,
a wide-angle parabolic equation model (based on the Fourth order Padé approximation) was developed. On
the other hand, interface reverberation (backscattering) phenomena can be well described by scattering strength
functions. The REVPA model is based on the coupling between a propagation model and a scattering law by
means of a plane-wave decomposition. Whereas any scattering laws and/or bathymetry can be included in the
REVPA model, we concentrated, in this paper, on Lambert’s law to predict bottom reverberation in the range-
invariant case. The simulations results obtained with the REVPA model were compared to the results given by
two different models based on the normal-mode theory: for tens of simulations, peak errors ranged from 0.1 to
1 dB for constant sound-speed profiles and from 1 to 2 dB for variable ones.

PACS no. 43.30.Gv, 43.30.Hw

1. Introduction o the detailed bottom structure and, in particular sub-bot-
tom structure (of high importance in low frequency),
is most often unknown and roughly described either
by macroscopic topography or qualitative informa-
tion (sandy, muddy, rocky...) or measured scattering
strengths

The reverberation is an important issue in underwater
acoustics, in particular in shallow water where it has se-
rious consequences on the detection and classification per-
formance of sonar systems. As the ”persistent” reverbera-

tion is due to both interfaces (air-sea, bottom), our effort Various models already exist based on topography descrip-

will concentrate on this type of reverberation and ignore, at
this stage, any volume reverberation. Furthermore, in order
to be able to compare to existing models, we will concen-
trate, in this paper, on the bottom reverberation. Neverthe-
less, the model developed can be extended to both surface
and volume reverberation (for both range-independent and
range-dependent cases).
The modeling of the reverberation is faced to the fol-
lowing major challenges:
e the physical phenomena involved are occuring at two
very different scales:
— the scale of the propagation phenomena: hundreds to
thousands of meters.
— the scale of bottom scattering phenomena: tens to
hundreds of centimeters (typically half a wave-
length).

Received 5 October 2009,
accepted 3 December 2011.

216

Document downloaded by @DAEL, 2026-05-11 15:19:01 - personal use only

tions [1, 2] or on scattering strength predictions [3, 4, 5, 6,
7, 8]. The former ones are used mainly to deal with impor-
tant changes in topography (i.e. sloping bottom), the latter
ones have been derived to estimate the variations due to
roughness, sediment type, etc. A lot of theoretical and ex-
perimental papers deal with detailed microscopic descrip-
tion of scattering by rough surfaces and ocean bottom.

In this paper, we will try to combine both approaches
using a plane-wave decomposition of both the incident
field and the bottom scattered one (associated with for-
ward and backward scattering). The bottom is described
by its bistatic scattering function (for simplicity, the 2D
bistatic Lambert’s law has been used in the simulations but
any other law — either theoretical or experimental, if avail-
able — could be used). Both range-dependent or range-
independent environments may be considered (as shown
in Figure 1).

A parabolic propagation model has been implemented
that has been used to model the propagation from the
source to the vicinity of the bottom. Parabolic equations

© S. Hirzel Verlag - EAA
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Figure 1. Geometry of range-dependent bottom reverberation.

were used in order to facilitate the future consideration of
the range-dependent cases, and/or extend the approach to
deep water cases. The incident field is decomposed into
plane waves at the scattering interface. For each plane
wave, the bottom bistatic scattering function is used for
predicting the amplitude and the phase of both forward and
backward scattered plane waves, and then the parabolic
equation is used to back-propagate the bottom reflected
plane waves to the receiver.

The reverberation model we have set up is the so-called
REVPA model (REVerberation and Propagation in Acous-
tics). It has been designed for the simulation of time series.
Thus, it is essential that it should not only provide inco-
herent prediction of reverberation level but has to be fully
coherent from beginning to end.

As it can be readily extended to range-dependent cases,
parabolic equation was preferred to coupled modes. Nev-
ertheless, the REVPA model relies on a normal-mode
WKB decomposition at intermediate computation steps.

In this paper, we will describe the propagation part of
the REVPA model and compare it to existing codes and
then extend it to the computation of reverberation level.

2. REVPA: propagation modeling

2.1. Theory

In order to deal with wide propagation angles, the REVPA
model is based on the fourth order Padé approximation of
the parabolic equation [9, 10, 11]. The complete deriva-
tion of parabolic equation being out of the scope of this
paper (for more details, see [12]), only the main equa-
tions are given below. Considering a constant density, a
range-independent and axially symmetric medium, and
exp(—imt) time dependence (where w is the angular fre-
quency), the generalized parabolic equation, in cylindrical
coordinates is given as

op(r.z) .

— = =ik (Ve - 1y(r2), (1)

where

e r and z are respectively the propagation range and the
depth,
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e y(r, ) is the envelope function defined by the relation
p(r,z) = w(r, z)H(gl)(r). p(r, z) and H(()])(r) are respec-
tively the acoustic field and the Hankel function of first
kind and zero order,

e ko is a reference wavenumber, usually defined for a

sound speed equal to 1500 m/s,
2

1 0
o 0 =1+X = 1+(n*(zx)—1)+— — (nis the refraction

0
index, depth varying).

Using the fourth order Padé approximation (m = 4), the
acoustic field is defined by

oy (r, z) ke l 4 ajs X

Lo 2
or o 1+b,,4X] (.2 @

The coefficients a;,, and b; ,, are given by [11]

sin2< Jz >
2m+ 1 2m+1/"

0s2< Jn )
2m+1/"

Equation (2) is associated with the following boundary
and interface conditions:
e pressure release condition at the free surface,

aj,m

bjm

p(r,0) =0,

e continuity of pressure and normal velocity at the wa-
ter/sediment interface,

Pw(r, 2i) = ps(r, 2),

iapw(r: Zi) _ ial’s(", Zi)

Pw 0z Ps 0z

s

where p,, and p; represent, respectively, the acoustic
fields in the water and in the sediment, p,, is the den-
sity of the water, p; is the density of the sediment and
z; is the depth of the water/sediment interface,

e Neumann condition on the lower interface of the sedi-
ment Z,,q,

aps(r’ Zmd) -
0z

0.

The different layers used to model the environment as well
as the boundary conditions are shown on Figure 2.

To take the sediment attenuation into account, the sound
speed in the sediment, c;, that is included by means of the
refraction index n, is considered as a complex number c;
[2],

* Cs
ST 1vnp

3)

where c; is the sound speed in the sediment without atten-
uation, 7 = (407 log,,(e))~"! and f is the attenuation given
in decibels per wavelength.

In the case of a semi-infinite bottom, an artificial layer
is added above the lower interface (cf. Figure 2) in order to
ensure that no energy is reflected from this boundary [12,
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Figure 2. Modeling of the environment.

p- 362]. In this layer, the attenuation is assumed to increase
linearly with depth from its sediment value to a maximum
one specified by the user (a value of 10dB/4 was chosen
for all the simulations).

Equation (2) is solved using a finite-difference tech-
nique. With this technique, the envelope function y (r, z)
and its first and second derivatives can be approximated,
respectively, by

l/~/n + ll~/n—1

w(rz) ~ —

) -

or Ar
Py (rz) | Vot =200+ Wy
02 AzZ? ’

where Ar and Az correspond respectively to the horizontal
and vertical steps and " = ¥, (j = 1,2, 3, 4 for a fourth
order Padé development) is the acoustic field at depth z,,
and range r, for j = 4 [13].

These approximations lead to the numerical scheme as-
sociated to equation (2),

c ~n ¢ ~n
o m_1+<1+c1(n2—1)—2 - 2>wm
kOAZ k()Az

(&
i @)
kéAZ2 +1
= 2y + (14 am - -2 g
koAz kyAz?
[
+ Vet
kéAzz +1
where
ikOAra i4 ikoAra j4
C1=bjj4—Tj C2=bj,4+TJ

The computation is initialized with one of the following
initial sources: modal starter [12], Gaussian source [14] or
Greene’s source [15].

For the sake of simplicity, the model has been devel-
oped, at this stage, to deal only with range-independent
environments. However, thanks to the parabolic equation
theory, range-dependent environments (and deep water

218

Document downloaded by @DAEL, 2026-05-11 15:19:01 - personal use only

N e h A b
o S =) o =]

TL (dB ref. 1m)

&
S

©
=]

-100 L L L L L L L L L
0O 05 1 15 2 25 3 35 4 45 5
Range (km)

Figure 3. Case 1: Transmission losses predicted with the ORCA
and the REVPA models.
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Figure 4. Case 2: Transmission losses predicted with the ORCA
and the REVPA models.

cases) could be considered in the future. In that case, the
input parameters (properties of the environment) are up-
dated for every change in the medium i.e. the environment
is divided into range-independent cells characterized by
their own range-independent sound-speed profile and bot-
tom properties. Furthermore, in the case of a sloping bot-
tom, the continuity conditions have to be modified [16].

2.2. Validation of the propagation code

The REVPA model has been benchmarked by comparison
with the normal-mode model ORCA [17] for constant and
depth-dependent sound-speed profiles. The results are pre-
sented in Figures 3 and 4, for either an homogeneous en-
vironment (referred as case 1) or an environment charac-
terized by a downward refracting sound-speed profile (re-
ferred as case 2). The different environmental parameters
used for the simulations are summarized in Tables I and II.

Both figures show good agreement between the REVPA
and the ORCA models (maximum error less than 0.5 dB
out of the destructive interference zones). After the valida-
tion of the propagation part, the REVPA model was then
coupled to scattering models.
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Table 1. Environmental parameters used for simulations.

Case 1 Case 2
Source type! Modal [12] | Greene [15]
Propagation range (km) 5 5
Source depth (m) 50 50
Frequency (Hz) 100 100
Water depth (m) 400 100
Sound speed in water (m/s) 1500 see Table 11
Water density (kg/m?) 1000 1000
Thickness of real sediment 200 200
layer (m)
Sound speed in sediment (m/s) 1550 1800
Sediment density (kg/m?) 1000 1000
Attenuation in sediment (dB/A) 0.7 0.2
Thickness of artificial layer (m) 300 200
Maximum attenuation in 10 10
artificial layer (dB/A)

Table II. Sound-speed profile used for simulation: case 2.

Depth (m) Sound speed (m/s)
0 1530
8 1525
20 1510
100 1505

3. REVPA: reverberation modeling

3.1. Scattering strength

The backscattering phenomenon was included by means
of scattering strength laws. Several empirical or theoreti-
cal scattering functions have been determined to describe
surface/bottom reverberation/scattering due to roughness,
bubbles, etc. [18, 19, 20, 21, 22, 23, 24, 25, 26]. Any
bistatic scattering function can be introduced in the
REVPA model, but only Lambert’s law was used for the
simulations. It is defined as

S.S,(6;,65) = 101ogy (1) + 101log,, (sin6;sin8;), (5)

where 0; and 6, represent respectively the incident and
scattering angles and u is a constant depending on the sed-
iment type, 101og,, (x) is equal to [27]

e —15dB for gravel,

e —22dB for sand,

e —29dB for mud and clay.

3.2. Plane-wave decomposition - reverberation mod-
eling

As the used scattering coefficients are defined for plane
waves, a plane-wave decomposition was performed at

I'In order to compare the models, a modal starter that does not take
evanescent waves into account, was used for Case 1, whereas a Greene
source that takes both propagating and evanescent waves into account,
was used for Case 2.
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each range step in order to include the reverberation phe-
nomena into the propagation model. Such decomposition
can be achieved using two main techniques: Fourier de-
composition and Single Value Decomposition (WKB ap-
proximation associated with SVD). Discrete Fourier trans-
form has been associated with the parabolic equation the-
ory [7] in incoherent computations of the reverberation
levels. The extension to our case (coherent) has shown
several oscillations problems that we could not overcome
[28]. As the field computed with the parabolic equation
could be associated to mode decomposition, we have used
WKB approximation for the estimation of the plane-wave
coefficients. With this approximation, each normal mode
was written as a summation of an upward and a downward
propagating plane waves. For an exp(—iwt) time depen-
dence, the modal function ®,,(z) is defined as [12]

O, (c) = —2m

—( | &Xp IJ kzm(Z) dz -6, /2>
V kzm(Z) [ < Zip '
+ exp ( - II kzm(Z) dz + gtp/2>] (6)

Zip

Apdn(2),

where

e A, is the amplitude of mode m,

® 2z, is the depth of the turning point or reflection depth
of mode m, the former being defined by k., = k(z;,)
(with k(z) the wavenumber in the water column),

e 0,, the phase at the turning point (equal to z/2 for in-
terior turning points and x if the turning point is at the
surface),

o kn(z) = Vk2(z) — k2, is the vertical wavenumber.

In equation (6), the first exponential term represents down-
ward propagating waves and the second term upward prop-
agating ones, for z increasing in depth. From equation
(6), it appears that the use of WKB approximation with
the parabolic equation, requires that the number of nor-
mal modes and the associated horizontal wavenumbers are
known. In the case of constant sound speed, these param-
eters are given by the modal starter [12, p. 342-343]. For
depth varying sound-speed profiles, they have to be calcu-
lated using a normal-mode model.

For a given range, the acoustic field y(z) can be written
as a sum of normal modes,

N N
w(2) = Y Pu(2) = ) Anda(2), @)

n=1 n=1

where N is the total number of propagating modes.

The incident field was determined using the parabolic
equation, the amplitudes of each incident plane wave are
calculated solving a linear system of equations (deduced
from equation 7) by means of an SVD (Singular Value
Decomposition [29]). Associating a scattering coefficient
(such as the Lambert’s law) to each incident plane wave
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leads to the calculation of the amplitudes of each scattered
plane wave at angle 6;,

Ay(05.2) = ®)

X (4100 Vm, (01,09 expCizko sin ) ).

0;

where A;(6,, z) and A;(6;) represent respectively the am-
plitudes of the scattered and incident plane waves, 6; and
0, the incident and scattering angles, m;; is the scatter-
ing coefficient (defined as my;, = usiné;sinfy), and k the
reference wavenumber.

A phase was also associated to each scattered plane
wave,

@(z, 05) = exp(zizko sin by). )

The sign of the phase is related to its direction of prop-
agation (the positive sign being associated to downward
propagating waves).

For a given scattering spot (given range), the amplitude
and the phase of each incident and scattered plane wave
were determined. Then the reverberated field was com-
puted at the interface and back-propagated to the source
using reciprocity principle (the losses between the source
and the scattering area are equal to the losses between the
scattering area and the receiver).

In order to compare to other existing models that take
into account the range resolution [4], ér, the surface of
the insonified spot on the bottom (incident footprint) was
integrated for every spot range ry: 6A = 2xror. The final
reverberated field, p,.,, was then obtained,

Prev(r.z) = VoA Hy (kor) (10)
D [A(0)Ai6,) exp ( £ ikoz, sin6,)],

0y

where z, is the receiver depth.

3.3. Simulation results

Some bottom reverberation simulations results obtained
with the REVPA model are presented in this paragraph.
They are compared with results obtained with two other
models based on normal-mode theory. For the case of con-
stant sound speed, a model based on the equations pro-
posed by Brekhovskikh [30] has been developed and used
[13]. This model is a very simple normal-mode one that
can handle only depth- and range-independent environ-
ments. For depth varying sound-speed profile, REVPA re-
sults were compared to simulations realized using the ex-
isting R-Snap model [6]. For all simulations, the reverber-
ation phenomena were included in the propagation model
by means of the Lambert’s law, with 101log,, 4 = —27dB,
which represents a sandy bottom.
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Table III. Environmental parameters used for the simulations pre-
sented on Figure 5: constant sound-speed profile.

Source type modal
Propagation range (km) 5
Source depth (m) 50
Frequency (Hz) 100
Water depth (m) 100
Sound speed in water (m/s) 1500
Water density (kg/m?) 1000
Thickness of real sediment layer (m) 150
Sound speed in sediment (m/s) 1800
Sediment density (kg/m?) 2000
Attenuation in sediment (dB/A) 0.36
Thickness of artificial layer (m) 200
Max. attenuation in artificial layer (dB/4) 10

4.542

LN . ] | \

I 5 © ® N o O

o & 0 © o o o
: :

Reverberation level (dB ref. 1m)

— Brekhovskikh
-+ REVPA+WKB/SVD

4
N
=}

-130 ! ! ! ! !
0 05 1 1.6 2 25 3 35 4 45 5
Range (km)

Figure 5. Bottom reverberation level (coherent and incoherent)
predicted with a normal-mode model based on Brekhovskikh
equations and the REVPA model.

3.3.1. Depth-independent sound-speed profile

The environmental parameters used for the simulations are
presented in Table III.

The backscattered acoustic field at the receiver has been
computed for both coherent and incoherent cases. The re-
sults are presented in Figure 5.

For both cases, the benchmarking is excellent as the er-
ror on the reverberation level is smaller than 0.1 dB even
in interference areas. As the error is hardly visible (plots
overlay) a zoom has been added in the Figure 5 (top right)
in order to emphasize the match. After the validation, in
this very simple case, the REVPA model was then bench-
marked for depth variable sound-speed profiles.

3.3.2. Depth variable sound-speed profile

The bottom backscattered field was estimated using both
the REVPA and the R-Snap models. A downward refract-
ing sound-speed profile was considered. The environmen-
tal parameters are summarized in Tables IV and V.

Only incoherent calculations were used for benchmark-
ing with R-Snap. The results are presented in Figure 6.

Figure 6 shows less agreement than Figure 5. Neverthe-
less, the error was about 1-2 dB. In addition, the error is an
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Table IV. Environmental parameters used for the simulations pre-
sented on Figure 6: depth variable sound-speed profile.

Source type Greene
Propagation range (km) 5
Source depth (m) 50
Frequency (Hz) 100
Water depth (m) 130
Sound speed in water (m/s) see Table V
Water density (kg/m?) 1000
Thickness of real sediment layer (m) 170
Sound speed in sediment (m/s) 1800
Sediment density (kg/m?) 1000
Attenuation in sediment (dB/A) 0.7
Thickness of artificial layer (m) 200
Max. attenuation in artificial layer (dB/1) 10

Table V. Sound-speed profile used for the simulations presented
on Figure 6.

Depth (m) Sound speed (m/s)
0 1521
36 1519
38 1514
50 1511
130 1508
-60 0

— R-SNAP 20
- REVPA+WKB/SVD

-65 ':

Reverberation level (dB ref. 1m)

95 n n n n n n n n n -
0 05 1 15 2 25 3 35 4 45 5
Range (km)

1508 1522
Sound speed (m/s)

Figure 6. Bottom reverberation level predicted with the R-Snap
and the REVPA models.

oscillating one in the latter case. After running numerous
trials in several configurations and comparing the results,
the source of error was finally identified: it is mainly due
to the definition of turning points in the WKB approxima-
tion. Whereas higher frequencies should remove this prob-
lem, it seems clear that, in future versions, the accuracy of
computation of the modal functions in the vicinity of the
turning points has to be improved.

The presented results are very simple and not character-
istic of the complex situations encountered in situ. How-
ever, they correspond to first steps in the development of
the reverberation model. For range-independent environ-
ment, both incoherent and coherent calculations can be
performed with this model, the latter one being required
to obtain time series simulations. Whereas the extension
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of the propagation part of the model to range-dependent
cases is readily available thanks to the parabolic equation,
the reverberation calculations require to determine the hor-
izontal wavenumbers, i.e. to use a normal-mode model, at
each range the environmental properties change. As such
a method can constitute a strong limitation of the model,
another procedure could be considered based on a Tay-
lor series expansion of the transcendental equation, for a
Pekeris waveguide,

where

w is the angular frequency,

¢y, is the sound speed in the water,

k, is the horizontal wavenumber,

h is the water depth,

ps 1s the sediment density,

pyw 1s the water density,

¢, is the sound speed in the sediment.

Once the horizontal wavenumbers are determined at the
source range, an expansion of the previous equation should
allow to determine the horizontal wavenumbers for differ-
ent values of the environmental parameters (depth, sound
speed, etc). However, such a procedure has to be studied
in order to determine its limitations.

4. Conclusion

A new model (REVPA) has been developed for the com-
putation of reverberation level at long ranges in shallow
water. While using "conventional" methods, the REVPA
model has focused on the coupling problem allowing
scales separation and the introduction of any bottom (or
surface) scattering law. It is then based on the coupling
of a wide-angle parabolic equation method (fourth order
Padé) to the bottom bistatic scattering function through a
plane-wave decomposition. To handle incoherent as well
as coherent calculations, this decomposition is based on a
Single Value Decomposition.

Several tens of simulations have been conducted for
several configurations. Some representative cases have
been used for benchmarking the model for simple geome-
tries (range-independent) before extending it to more com-
plex ones (range-dependent bottom (topography and type)
and range variable velocity profile).

The benchmarking has shown good performance of the
REVPA model (maximum error on all simulations: 0.1 to
1dB) for constant sound-speed profile. Nevertheless, the
REVPA performances are still good but less satisfactory
for a continuously varying sound velocity profile (error: 1—
2dB). In addition, the error looked periodic”. Thanks to
several simulations for different configurations, the source
of error was identified: the integration of turning points
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in the WKB approximation while carrying out plane-wave
decomposition.

The presented results correspond to first steps in the de-
velopment of a complete reverberation model. It has been
designed from the beginning to handle range varying cases
and general bottom (or surface) scattering functions. Sim-
ulations have been conducted in the range invariant situa-
tion in order to compare the REVPA results with the ones
obtained in the published literature.

The model might be readily extended to the range vari-
able case.

A relevant enhancement for future versions is the im-
provement of plane-wave decomposition, by improving
the computation accuracy of the modal functions in the
vicinity of the turning points. The accuracy of the current
model should also improve with frequency as the turning
point phase becomes better approximated as 7 and the
depth of the turning point become better defined.

Future step is the comparison of REVPA model, in the
range-dependent case, either to existing models or prefer-
ably to experimental data (first in controlled tank con-
ditions and then in real sea situations). The major diffi-
culty, at sea, will be the access to enough experimental and
ground truth data for using as model inputs: sound veloc-
ity profiles in the water column and experimental bottom
bistatic scattering function. The model calibration on tank
data will be an essential intermediate step.
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