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Comparison of a time domain spectral collocation method and the

time�evolution backscatter model BORIS

O� Bergem� T� Jenserud

Executive Summary�

Reverberation from the seabed is one of the principal factors degrading the
capability of minehunting sonars to detect ground mines� The acoustic scat�
tering processes giving rise to this reverberation are complex phenomena for
which several models are available� However� the majority of the existing mo�
dels were developed for frequencies lower than those of interest for minehunting
applications�

Accurate seabed acoustic scattering models may also be used for remote sen�
sing using inversion techniques� if the acoustic response of the seabed is mea�
sured� its properties can be determined� Inversion techniques require many
iterations for success and consequently model speed is an important factor�
SACLANTCEN has recently developed a new model� Bottom Response from
Inhomogeneities and Surface �BORIS�� which emphasizes the acoustic scatte�
ring contributions of the sea	oor roughness and the sediment inhomogeneities
in the 
rst metre or so of the seabed� The BORIS model is largely analy�
tical and therefore the calculation speed is fast� BORIS has been validated
using data recorded at sea but it is di�cult to measure accurately the sea	oor
parameters for the recorded data�

A alternative model to BORIS has been developed by Forsvarets Forskning�
sinstitutt �NDRE�� this model is entirely numerical which should theoretically
provide more accurate answers than BORIS does but at the expense of much
longer calculation times� Therefore� a comparison with this reference model
has been carried out with the aim of a further validation of the BORIS model�

This report describes the comparison between the two models with speci
c
reference to the di�erent approximations� model limitations and levels of con
�
dence� The comparison has been carried out at medium frequency �
 kHz� so
that the NDRE reference model could be run on a standard workstation� but
the validation of the SACLANTCEN BORIS model is applicable also to higher
frequencies� The results from the two models are su�ciently similar to increase
con
dence in the analytical approach adopted in BORIS�
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Comparison of a time domain spectral collocation method and the

time�evolution backscatter model BORIS

O� Bergem� T� Jenserud

Abstract� A model based on the time�domain spectral collocation me�
thod has been implemented at Forsvarets Forskningsinstitutt �NDRE�� The
model can predict the time�series response from a sea	oor de
ned by two two�
dimensional matrices of compressional sound speed and density� At SACLANT�
CEN� a model named BORIS �Bottom Response from Inhomogeneities and
Surface� based on the time�evolution approach has recently been developed�
Both models are brie	y described� and the implication of the di�erent assump�
tions and limitations in both models are discussed� Five test�cases have been
de
ned in order to study and compare the responses� The test�cases range
from a 	at� homogeneous bottom to a bottom containing both roughness and
volume inhomogeneities� The comparisons show that the two models give si�
milar results both from the surface and from the volume inhomogeneities� The
absolute levels of the signals from the spectral collocation model are generally
slightly higher than the levels from the BORIS model� This is believed to be
due to the two�dimensional limitations in the spectral model�

Keywords� � sea	oor backscatter � BORIS model � spectral collocation
method � model comparison
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�
Introduction

A model designated BORIS �BOttom Response from Inhomogeneities and Surface�
has been developed and implemented at SACLANTCEN ��� �� ��	 The model has
been compared with data recorded with a TOPAS PS
��� parametric sonar ����
demonstrating successfully the capabilities of the model to account for the main
underwater acoustic scattering mechanisms	 The model has also been used for in

version of seabed properties ���� and for examining the variability of the time
domain
signal as a function of the source motion �
�	

The purpose of this report is to compare the BORIS model with one based on the
spectral collocation method developed at Forsvarets Forskningsinstitutt �NDRE�	 As
the models depend on di�erent assumptions� a complete comparison is not possible�
and a one
to
one relationship between the results can not be expected	 However�
the comparison of the results enables the study of e�ects from certain parameters
which are di�cult to study by comparison with data	 In particular this is the case
for the e�ects of interface roughness and volume inhomogeneities	

Five test were de�ned for the comparison of the results	 The source� pulse and
depth were unchanged to facilitate the comparison	 The test cases were designed to
emphasize and separate the e�ect of the interface roughness and volume inhomoge

neities	 The �rst test case consists of a �at� inhomogeneous bottom	 The complexity
of the bottom is then gradually increased to a rough� inhomogeneous bottom for the
last test case	

� � �
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�
BORIS model

The model is designated BORIS which is an abbreviation for �BOttom Response
from Inhomogeneities and Surface�	 The theoretical basis of the model is descri

bed in ���� the veri�cation and testing in ���� and the detailed speci�cation of the
implementation in ���	

The following integral ��� forms the basis of the model�

p�P� t� � ps�P� t� � pv�P� t�

�

Z
S

dps�P� t� �

Z
V

dpv�P� t� ���

This integral expresses that the pressure �eld received at the source P from the
sea�oor is the sum of the elementary pressure �elds over the sea�oor surface �S�
and the sea�oor volume �V �	 For a monostatic source and receiver with directivity
pattern Di and Dr� the sea�oor surface contribution is given by

dps�P� t� �
cos���R��

��c�R�
�

p�

� �DiDr�R������R�e
�

�t�
�R�

c�
�dSR ���

Here� ��� is the local water
sediment plane wave re�ection coe�cient at the point
R� c� is the average sound speed in water� ��R� is the angle between the incident
direction and the vector n normal to the surface at �R� and p� is the source level	
e

�

�t� is the time derivative of the transmitted pulse e�t�	

The volume contribution is given by

dpv�P� t� �
�n���R

�

�

��R�
�
c��

��R
�

�p�

� � �
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� Di�R�Dr�R�����R�����R�

�

�
�

�

�R�

��

��R�

��
�� � t�

� e��t� ��
n�R� �R�

c�
��

�

� dVR ���

In this expression� n� is the average refractive index in the �rst few metres of the
bottom� n� is the local refractive index at location R

�

and R� is the distance of
penetration into the sediment	 � is the attenuation coe�cient� ����R� and ����R�
are the plane wave transmission coe�cients	 The double time derivative of the
transmitted pulse e�t� is denoted by e��t� and � denotes convolution	

These equations give the sound pressure level for a given time t at position P by
integration over the surface �S� and the volume �V �	 The local incident angle ��R��
the local re�ection coe�cient ����R� and the local degree of inhomogeneities in
the volume ��R

�

� are assumed to be known	 Instead of using average quantities for
these parameters� a di�erent approach has been adapted	 Before the calculations are
carried out for the integral over S� one realization of the sea�oor surface and volume
is calculated based on a statistical set of parameters	 The calculations are based on
the Fourier synthesis method	 For the surface� a �ltered power law spectrum is used
to calculate the height �eld� while for the volume part an exponential correlation
function has been used to generate the inhomogeneity �eld	 The model includes �D
rotation and position matrices for the source and receiver which allows for variations
of position� heave� pitch and roll	

It is important to notice that the model has a stochastic nature� and that the result
from one run to another will be di�erent even with the same input parameters	 This
is because there is an in�nite number of realizations of the sea�oor for a �xed set of
statistical parameters	 However� the same realization might be used in several runs
by controlling the random generator used in the model	 A simpli�ed block diagram
of the model is shown in Fig	 �

� � �
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Figure � Simpli�ed box diagram of the model�
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�
Spectral collocation model

��� Numerical methods for rough surface scattering problems

Many methods exist for calculating the �eld scattered from rough surfaces ���	 The
method of small perturbations is valid for a surface which is slightly rough and
has small surface slope	 The Kirchho� approximation is valid for problems where
the wavelengths are short relative to the roughness �radius of curvature� of the
surface� but can be applied when the surface height is not negligible compared with
the wavelength	 Both these methods ignore the e�ects of multiple scattering at a
rough surface	 Methods are available� which sum contributions from distributions
of surface irregularities to partially include multiple scattering	

Integral equation techniques ��� may be used to derive methods which require fewer
limiting assumptions and are therefore more accurate than the approximations des

cribed above	 However� the solution of integral equations generally requires the use
of numerical methods	

Numerical methods� such as the �nite di�erence or �nite element ��� methods� have
the potential of computing solutions to complex scattering problems with few limi

ting assumptions	 A major limitation of these methods is that they are computa

tionally intensive	 The models are typically restricted by computational limitations
to �D problems with ranges of a few tens of wavelengths	

In this work the linearized acoustic equation is solved using the spectral collocation
method ���	 The spectral collocation method requires generally fewer grid points per
wavelength for numerical stability than �nite di�erences� and the method has very
low numerical dispersion and di�usion	

The model is a full
wave solution� i	e	� it includes backscatter and all multiple in

teractions between scatters	 Interface roughness and volume inhomogeneities with
length scale of the order of the acoustic wavelength can be studied with the model	

For rectangular grids the discretization of the sea�oor pro�le imposes a stair
step
micro
roughness onto the larger scale topography	 Dougherty ��� has shown that
signi�cant scattering can be caused by this micro
roughness	 Hence the speci�cation
of complex sea�oors may require a much �ner grid than is necessary for numerical

� 
 �
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stability and accuracy	 This problem can be avoided by deforming the grid in order
that the interface lies directly on a grid line	 Such methods are described by Fornberg
���� and Lie ����	

��� Physical model and numerical implementation

The problem we will study is the scattering of a beam at a rough bottom with
volume inhomogeneities	 Figure � illustrates the model con�guration	

An acoustic source �array� is located in an homogeneous water column above a
rough� inhomogeneous bottom	 The height of the source over the bottom is such
that the interaction of the beam with the bottom occurs in the far
�eld of the source	

Although only monostatic scattering will be considered� bistatic scattering is easily
achieved with the present model as illustrated in the �gure	

With the requirement that the interaction of the beam with the bottom occurs in
the far
�eld of the source� a grid or computational domain containing the source and
receiver will be far too large	 Instead� a small computational domain containing the
rough� inhomogeneous bottom with only a very shallow water layer is used	 The
source signal is computed analytically and introduced along the top of the computa

tional domain at each time step	 For propagating the scattered signal from the top
of the computational domain back to the receiver� the Kirchho�
Helmholtz formula

tion is used	 The method requires the water column above the rough bottom to be
homogeneous� and that outgoing energy from the computational domain propagates
out of the domain without re�ections at the boundaries	

The spectral collocation method ��� is used to solve the linear acoustic equations in

side the computational domain	 The equations are solved in Cartesian coordinates	
Depth
 and range
dependent sound speed and density� and variations in bottom to

pography are implemented by specifying the appropriate values at the gridpoints	
The conditions at the upper and lower boundaries are constructed to give free trans

mission of waves through the boundaries	

The model is a time
domain model	 A smooth� symmetric pressure pulse is used
for the source	 A beam is generated by using a source array with elements spaced
approximately ���	 The output of the model is �snapshots� of the pressure
 and
velocity
�elds at selected times� and time series at selected gridpoints	

� � �
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Figure � Model geometry for the scattering problem� The computational grid is
rectangular with dimensions Lx����� m� Lz����� m in x and z	direction respectively�
A beam is generated by the source array of 
� elements located at x�����
 m� y�����
m above the computational grid� The source generates a short pressure pulse centered
at ��� kHz� For monostatic scattering a single receiver is located at the centre of the
array �x��y���

� � �
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����� The Basic Equations

The equations used to model the wave motion are the linearized acoustic equations	
Consider two
dimensional motion in Cartesian coordinates �x� z� where x is the
horizontal axis and z is the vertical axis	 By writing the components of the velocity
vector as v � �u� w�� the components of the �uid equations become

ut � �
�

��
px ���

wt � �
�

��
pz �
�

pt � ���C
��ux � wz� ���

Here �u� w� p� are perturbation quantities and ���x� z�� C�x� z� are density and sound
velocity respectively	

The equations of �uid motion are given in physical units	 For numerical com

putations it is convenient to transform the equations into non
dimensional form	
Non
dimensional variables �unmarked� are introduced by normalizing the physical
variables �indicated by an asterisk� as follows�

� �
��

��
�

� u �
u�

V �

�

� w �
w�

V �

�

� p �
p�

��
�
�V �

�
��
� ���

x �
x�

L�
�

� z �
z�

L�
�

� t �
V �

�

L�
�

t ���

With these choices the normalized speed of sound becomes C � C��V �

�
and the

equations remain of the same form in the non
dimensional quantities	 ���� V
�

� are
chosen to be the density and sound velocity at the source� while L�

�
is the water

depth	

����� The Numerical Scheme

Equations � 
 � are solved using a spectral collocation method described by Canuto
et al	 ���	 A semi
discretization method is used� where the spatial term is discretized
�rst� reducing the partial di�erential equation to a system of ordinary di�erential
equations	 An attractive feature of semi
discretization is that several techniques
are available ���� to solve the semi
discrete form of the original partial di�erential
equations	 The time integration scheme used here is an explicit second
order Runge

Kutta method	

� � �
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The spatial discretization is spectral� i	e	 the solution is represented by in�nitely
di�erentiable global functions �as opposed to �nite di�erence schemes which use
local functions�	 Trigonometric functions and Chebychev polynomials are used to
describe the horizontal and vertical structure� respectively	 As a result� the solutions
are periodic in the horizontal direction and admit aperiodic solutions in the vertical
direction	 The error in the discretization of a smooth interface not aligned with the
grid acts as a source of unphysical noise unless the interface has roughness on this
scale	 This source could have been eliminated by using interface mapping	

The problem can be formulated as

Ut �A�Ux � A�Uz � f ���

where U � �u� w� p�T 	 The spectral method approximates the solution U by a �nite
series

�U�x� z� t� �
Nx��X
n��

NzX
m��

amn�t�e
imxTn�z�� ����

where Tn is the Chebychev polynomial of order n� and amn are complex coe�cients	
The domain of de�nition of the basis functions is ��� ���� ���� ��	 This choice of
basis functions leads to a set of collocation points �the grid� given by

xm � ��m�Nx� � � m � Nx � � ����

zn � cos���n�Nz�� � � n � Nz ����

The spectral collocation solution to the equations gives the requirements that the
approximate solution should satisfy the equations at the collocation points�

d

dt
�U�xm� zn� t� �A�

�Ux�xm� zn� t� �A�
�Uz�xm� zn� t� � f��xm� zn� t� ����

This is a set of ordinary di�erential equations in time	 The set of equations is
integrated in time by an explicit second
order adaptive Runge
Kutta method	

At the upper and lower boundaries� open boundary conditions are implemented using
a method suggested by Gustafsson ����	 The boundary conditions are formulated
on di�erential form ����� i	e� given as di�erential equations� which are integrated
together with the equations for the interior points	 Periodic boundary conditions
are used for the sides� where the numerical grid corresponds to the sides of the box
in Fig	 �	

� � �
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�
Di�erences between the models

As the two models are based on two totally di�erent approaches� an unambiguous
one
to
one comparison is not possible	 In this section� the main di�erences and their
implications are discussed	

��� Two versus three dimensions

The main limitation in the comparison between the two models lies in the fact that
the spectral collocation model is two dimensional� whereas the BORIS model uses
a three dimensional approach	 Even though the spectral collocation model could
have been implemented in �D� the run
time and storage allocation of the model are
currently too high for practical use	 The BORIS model can be run in a �D mode�
but the way the equations are implemented would require a spatial resolution which
will be too high for the spectral collocation model	

The approach used in this report is to run the BORIS model in �D which generates
a �D surface and volume	 A �D slice of this surface and volume is then used as
input to the spectral collocation model	 With this approach the two models can
be run without major modi�cations� but the limitations introduced must be taken
into consideration	 The total scattering from the surface and volume consists of
a sum of coherently added contributions	 If the contributions are totally random
with a zero mean� the sum would be zero	 In reality the contributions are not
randomly distributed� but the contributions from the �D model will introduce more
randomness in the contributions than the �D model	 Therefore� the �D model is
expected to have a lower amplitude on the backscattered pressure �eld than the �D
model in the presence of a rough surface or volume inhomogeneities	

An alternative would have been to run the spectral collocation model in a N��D
approach	 That is� the �D model is run on a number of �D slices through the �D
sea�oor and volume generated by BORIS� and the contributions from each slice are
summed coherently to obtain the total scattered signal	 This approach is better
than the approach used� but as the spectral collocation model has a considerable
run time� this approach could not be adopted for this report due to time constraints	

� �� �
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��� Single versus multiple scattering

The BORIS model calculates the single return from each surface and volume element
by integration over the insoni�ed area	 Any e�ect due to multiple scattering from
the surface or in the volume will therefore be ignored	

The time domain spectral collocation method solves the two
way linear acoustic
and elastic wave equation	 Time domain solutions to the two
way wave equations
contain all multiple interactions between scatters� including mode conversions bet

ween compressional� shear and interface waves	 Interface roughness and volume
inhomogeneities with length scale of the order of the acoustic wavelength can be
studied with the model	

The e�ect of single versus multiple scattering on the time
series result is di�cult
to predict� as multiple scattering can both increase and decrease the total pressure
depending on the phase coherence	

��� Inhomogeneity description

In the BORIS model� the sediment inhomogeneity is described by the equation�

��R
�

� � �c�R
�

� � ���R
�

� ����

where �c and �� are respectively the relative �uctuation of the sound speed and of
the density at the same location	 These �uctations are calculated as the variation
around the mean values �c� and ��� in the total insoni�ed volume�

�c�R
�

� �
c��R

�

�� �c�
�c�

��
�

���R
�

� �
���R

�

�� ���
���

����

For the spectral collocation model the separate variation of the sound speed and
the density is needed� whereas only the sum ��R

�

� is available from the BORIS
model	 According to core analysis done by Hamilton ��
� and Yamamoto ����� these
two variables are independent	 For the comparison between the models� the two
variables are treated as proportional such that

���R
�

� � K�c�R
�

� ����

� �� �
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where K is the proportionallity factor	 The local sediment sound speed and density
used by the spectral collocation model are then given by

c��R
�

� � �c��� �
�

K � �
��R

�

�� ����

���R
�

� � ����� �
K

K � �
��R

�

�� ����

��� Attenuation

Attenuation is not implemented in the spectral collocation model	 For the com

parison� attenuation is therefore set to zero in the BORIS model in order not to
introduce any di�erence in the results due to attenuation	

��� Bottom discretization

The BORIS model generates a bottom which is used as input to the spectral col

location model as described above	 The spectral collocation model uses a grid that
is equidistant in x
direction� but in z
direction the non
equidistant Gauss
Lobatto
points are used�

�xi� zj� j xi � i�Nx� zj � cos��j�Nz�� ����

i � �� ���� Nx� �� j � �� ���� Nz

where the number of points in the x and z direction are Nx and Nz	 Input data from
BORIS are equidistant in both x and z
direction� and an interpolation is therefore
carried out in order to generate the grid used by the spectral collocation model	 The
resulting resolution is the same in both models	

� �� �
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�
Simulation setup

��� Pulse and geometry

The pulse� beam pattern and geometry are selected in order that both models can
operate within their limits	 An area of �	�� x �	�� m� is insoni�ed by a source
located �	� m over the bottom at normal incidence	 The source generates a pressure
pulse

p�t� � sin�	t��
�

�
sin��	t�� � � t � ���w ����

centered at �	� kHz	 The source is a linear array �planar in the case of �D� of �� point
sources with an element spacing of ��� � ����
 m	 The array is amplitude weighted
in order to decrease the sidelobes in the beam pattern	 The pressure pulse and the
resulting beam pattern measured �	� m away from the source are shown in Fig	 �
and Fig	 � respectively	 The maximum bottom penetration taken into account is
� m	 The resolution of both the sea�oor surface and the volume is �	
 cm	 The
sampling frequency used for the BORIS model was 
�� kHz� which corresponds
to the step size� or sampling interval� used by the spectral model	 The sampling
interval is determined by stability conditions� and is much smaller than that which
is required to represent the pulse	

The BORIS parameters used for the runs are shown in Table �� while Table � shows
the parameters used for the spectral collocation model	 It should be noted that the
same statistical realization of the sea�oor and volume were used in order to compare
the di�erent test cases	

� �� �
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Figure � The time	series of the pulse

Figure � The beam pattern of the source

� �� �
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Table � BORIS model parameters�

Parameters Symbol �Unit� Value

Surface resolution dps �m� �	��

Surface length 
 �m� �	��
Volume resolution dpv �m� �	��

Source depth H �m� �	�
Sediment sound speed c� �m�s� ����
Sediment density �� �g�cm�� �	��
Surface rms roughness 
h �m� �	��
Surface power exponent � �	�
LP cuto� Klp �rad�m� ��
HP cuto� Khp �rad�m� �
Volume rms inhomogeneity � �	�

Volume depth 
 �m� �	�
Volume Horizontal Correlation lh �m� �	

Volume Vertical Correlation lv �m� �	��
Attenuation � �dB�m� �	�

Table � Spectral collocation model parameters�

Parameters Symbol �Unit� Value

Model a�e
Grid in x�z direction Fourier x Chebychev
Gridpoints in x
direction NX 
��
Gridpoints in z
direction NZ ���
Scaling in x
direction scale x �	�
Scaling in z
direction scale z �	�
Scaling of length L� �m� �	�� m
Dimension of computational domain Lx �m��Lz �m� �	��� �	��
Scaling of velocity V� �m�s� �
��
Scaling of density �� �kg�m�� ����
Source frequency fc �Hz� ����
Source location x��y� �non
dim� pi���
Elements in source array ��
Element distance ���
Source array weighting Welch
Time series recorded at interval �nondim� �	���
Source type Spherical
Model time �non
dim� �	� 
 �	�

� �
 �
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�
Model comparison results

This section presents the results from the �ve comparisons carried out between
the two models	 The �gures produced can be found in Annex A	 The bottom
characteristics of the �ve test cases can be seen by looking at the two dimensional
sound velocity pro�le� Fig	 
 
 �	 For case �� the bottom is �at and homogeneous�
and the sound velocity pro�le �Fig	 
� is a simple step function	 Case � has a
rough surface and homogeneous volume	 In case �� the main impedance of the
volume is the same as that of water� but variations around the mean values make
the volume inhomogeneous	 The surface is �at	 Figure � shows the resulting sound
velocity pro�le for case �	 The volume is inhomogeneous� and there is an impedance
contrast between the �at bottom and the water	 Finally� case � includes both the
volume inhomogeneities� impedance contrast and rough surface	

��� Case �� Flat and homogeneous bottom

This case is the simplest one where the bottom is �at �no roughness� and the volume
is homogeneous	 For this special case the �D��D problem is not present because
the bottom is equal in all directions	 The �D propagation is properly taken into
account in the spectral collocation model	 Figure �� shows the results from the
BORIS simulation	 The small peak at the right is due to the truncation of the beam
at �
� and is arti�cial	 Figure �� shows the result from the spectral collocation
model corresponding to the spatial position of the BORIS source	 As with the
BORIS model� an arti�cial return occurs at t��	��� s� due to the �nite horizontal
integration range of the Kirchho�
Helmholtz integral	 If the model domain is made
larger in the horizontal direction� the arti�cial pulse will appear later� hence leaving a
longer portion of the scattered signal una�ected	 For the spectral collocation model�
some noise can also be seen just after the main re�ection	 This artifact is due to
re�ections from the left and right boundaries of the model but can be reduced or
removed by making the model domain larger in the horizontal direction� or by using
a narrower beam	 Some numerical noise can be seen just after the main re�ection�
but compared to the amplitude of the pulse this can be disregarded	 However� for
both models the arti�cial return to the right will be present also in the following
cases� and therefore the signal is truncated earlier in the following cases	

The shapes of the two signals are similar� but not identical	 Both models show

� �� �
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that the negative peak has a slightly higher amplitude than the positive peak	 For
the transmitted pulse the situation is the opposite	 The fact that the pulse is not
a perfect re�ection of the transmitted pulse is correct as the source is not a point
source ���	 The reason for the small di�erence in the pulse shape between the two
models for this special case is probably due to a non
valid approximation in the
BORIS model	 The model assumes that the pulse shape is unchanged over the
whole beam� but as seen from Fig	 �� the pulse changes shape depending on the
position in the beam	

��� Case �� Rough and homogeneous bottom

For this case a roughness with an rms value of � cm is introduced in the sea�oor
surface �see Tab	 � for other parameters�	 All the other parameters are keep equal to
the setting in case �	 The roughness can be seen in Fig	 � where the resulting sound
velocity pro�le is shown	 The e�ect of the roughness is to spread the energy out
in time� thereby reducing the maximum amplitude of the signal and introducing a
tail behind the coherent part of the re�ection	 The results from the BORIS models
are shown in the lower plot in Fig	 ��	 The result from the spectral collocation
model is shown in the lower plot in Fig	 ��	 The result from the BORIS model
has a lower amplitude of the coherent re�ection and more random behavior than
the result from the spectral collocation model	 The di�erence is probably due to
the �D��D problem and the di�erence corresponds to the expected behavior as
described in section �	�	 Even though there are di�erences in the signals� the overall
characteristics and amplitude of the signals are similar�	

��� Case �� Flat and inhomogeneous bottom without impedance contrast

In this case we look at the volume contribution only	 This is obtained by setting
the impedance contrast equal to zero� i	e	 the average sound speed and density of
the bottom equals the corresponding values for the water column	 The result is an
introduction of a sound speed and density �uctuation at the sea�oor interface as seen
in Fig	 �	 The horizontal periodicity in the �uctations is due to the way the BORIS
model implements the volume inhomogeneities	 From Figs	 �� and �� the results
from the two models can be studied	 Again� the signal from the BORIS model has
a lower amplitude and more random behavior as expected	 It is encouraging to see
that the volume contributions from both models are in the same order of magnitude
with respect to amplitude	

�The di�erence of approximately ���s in the arrival time between the two signals is due to a

discretization error and should be ignored�

� �� �
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��� Case �� Flat and inhomogeneous bottom

This case consists of a combination of case � and case � with a �at surface but an
inhomogeneous bottom �Fig	 ��	 The results from both models illustrate that the
time
series produced look similar to the coherent sum of the result from case � and
case �	 This might be explained by Eq	 ��� which states that the total scattering
from the sea�oor can be treated as the coherent sum of the volume and surface
scatter	 It is important to note that the impedance contrast will change both the
shape and the amplitude of the volume part compared to the volume contribution
in test case �	 Therefore the coherent sum of case � and case � will look similar to�
but not be identical to the results for case �	

��� Case �� Rough and inhomogeneous bottom

This case may be viewed as the combination of case � and case �	 The sea�oor
surface is rough� and the volume is inhomogeneous �Fig	 ��	 The results follow the
same trends as described in the previous cases	 A snapshot of the pressure �eld
from the spectral collocation model is also shown in order to illustrate the spatial
properties of the �eld	 The �eld is plotted just before the backscattered pulse reaches
the upper boundary of the model	

� �� �
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�
Summary

In this report� results from the BORIS model have been compared with results from
a model based on the spectral collocation method	 The purpose of the compari

son has been to increase the con�dence in the model results and to understand the
implications of the assumptions and limitations built into the models	 The com

parisons show that the two models produce comparable results from all test cases	
The comparisons su�er from the fact that the BORIS model is a �D model whereas
the spectral collocation model is �D	 One of the implications of that is that the
spectral collocation model predicts a slightly higher amplitude on the backscattered
signal than the BORIS model	 Also� a one
to
one match in the shape of the signals
from the volume and the surface can not be expected	 Given the limitations in
the comparison itself� the result are considered to be encouraging for both models	
The general and expected trends are followed by both models� and the levels of the
scattering due to surface roughness and volume inhomogeneities are comparable	

��� Future work

In order to overcome the �D versus �D problem� future work will concentrate on
running the spectral collocation model over several �D slices through the �D sea�oor
and volume generated by BORIS	 This way the contributions from each slice can
be summed coherently to obtain a prediction of the full �D scattered signal	 An
improved model setup will also use a computational domain that is larger in the
horizontal direction for the spectral collocation model	 This will shift the arti�cial
returns caused by the �nite horizontal range to a later time� leaving a longer portion
of the scattered signal uncorrupted	

� �� �
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Annex A

Figures from test runs
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Figure � The sound velocity pro�le� case �

Figure � The sound velocity pro�le� case 


Figure � The sound velocity pro�le� case �
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Figure � The sound velocity pro�le� case 


Figure � The sound velocity pro�le� case �
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Figure �	 Result from BORIS� case �

Figure �� Result from spectral collocation model� case �
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Figure �� Result from BORIS� case 
	�

Figure �� Result from spectral collocation model� case 
	�
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Figure �� The �gure show a snapshot of the pressure �eld at a given time t����s�
It is produced by the spectral collocation model for case �
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