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Introduction 
 
Surface integral formulations have been used as a basis for programs to calculate 
electromagnetic scattering from smooth objects in dispersive media. FOI (The Swedish 
Defence Agency) has developed two different programs NLAYSCA [1] and EMS-BEM [2] 
using this method for extremely low frequencies (ELF). Neither of these two programs allows 
the scattering object to be positioned in more than one layer, and the object is assumed to be 
perfectly conducting. This paper describes the theory behind a new program named 
EMSCATT that allows the object to be placed anywhere in a stratified environment, which 
means the scattering object can be placed across layer interfaces. 
 
The method used to solve the unknown current density on the surface is a Boundary Element 
Method (BEM) combined with point collocation. This method divides the surface of the 
scattering object into triangular elements where the unknown quantity is interpolated by an 
expansion in quadratic basis functions. The electric and magnetic fields outside the scattering 
object consists of the direct contribution from the source and the scattered fields from the 
reflecting object. The reflected fields are the contribution from the surface integral 
representations on the scattering object and consist of products between unknown tangential 
magnetic fields and the electric and magnetic dyadic Green’s functions. The dyadic Green’s 
functions are fundamental wave propagation solutions to a certain horizontally layered 
environment which makes the forms of the representations independent of the geometry. The 
fields from the source and the Green’s functions are computed using code from the program 
NLAYER 2.0 [3]. A system of linear equations for the expansion coefficients are set up using 
point matching at each node. The system is solved using an algorithm for solving non 
symmetrical linear systems [4]. 
 
The convergence of the scattered fields from the program is evaluated and compared with the 
results from NLAYSCA. An approximation of the Dyadic Green’s functions is examined and 
found to compute the collocation matrix in less than a sixth of the time it takes without the 
approximation. 
 
Two different numerical examples of objects positioned in more than one layer are shown 
illustrating the use of the program and its limitations. The first example is a large scatterer in a 
three layer environment where the scatterer is positioned in the water and sediment layer. This 
example illustrates why mesh refinement is important when the source is close to the 
scatterer. The second numerical example is an evaluation of the shielding effects surface 
vessels have on the electric background field. The ship is approximated to be a perfectly 
conducting ellipsoid. The vessel will scatter the background producing an interference pattern 
around the ship with a measurable decrease of the field intensity directly below the ship. 
 
 

Problem formulation 
 
Consider a smooth object in a horizontally layered environment, where the layers represent 
air, water, sediment, and bedrock. The object may be situated in more than one layer at a time 
and it is assumed that all media, layers and the scatterer, are nonmagnetic. Sources with the 
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time dependence te ωi− can be placed anywhere in the environment, with the exception of the 
space occupied by the scatterer. The angular frequency is denoted by ω and the time by t. 
 

 
Figure 1. Example of a five layer environment. 

 
The scattering object has a local coordinate system xyz which is attached at the point 

),,( 000 ZYX  in the environment XYZ. The relation between the right-handed coordinate 
systems is described by Euler angles as 
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where R is the rotation matrix and is given in Euler angles as 
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The superscript T denotes the transpose of R. 
 
The vector wave equations for the electric and magnetic fields are 
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with the wave numbers  
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The permeability in vacuum is denoted by 0µ  and the permittivity and conductivity in the 
regions are jε  and jσ  respectively, j is the index of the layer the field point is in. The free 
volume current density is denoted )(rJ . 
 
The boundary conditions on a perfectly conducting scatterer are 
 

0)( =× En  , KHn =× )(  , s)( ρε =⋅ En  , 0)( =⋅ Hn        (5) 
 
where n is the inward pointing unit normal to the object surface. The vector K is the surface 
current density and the scalar sρ  is the charge density. 
 
The boundary conditions at the interfaces between the regions are 
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The radiation conditions for the E- and H- fields are satisfied at infinity and are 
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The integral representations 
 
To formulate an integral equation that can solve general problems without treatment of special 
cases it is convenient to use dyadic Green’s functions. The electric dyadic Green’s function 

eG  and the magnetic dyadic Green’s function mG are problem dependent. They are 
fundamental solutions to dipole sources in the medium when the scatterer isn’t present. The 
dyadic eG  contains the three electric field solutions to three sources which are normalized 
infinitesimal current dipoles in three mutual perpendicular directions located at r´. The dyadic 

mG  contains the magnetic fields to these sources. See [5] for more information about dyadic 
Green’s functions. The wave equations for eG  and mG  are   
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where I  is the unit diagonal dyadic and )( rr ′−δ  the Dirac delta function. The boundary 

conditions at the regions interfaces for eG  and mG  are the same as for the E- and H-fields. 
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The integral representations for the E- field are derived from equation (3) and (8) in the 

following way  ⇒⋅−⋅ )()3()8()( e rrE G  
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Integrate (10) over the space V surrounding the scatterer and the source. The boundary 
conditions for the Green’s functions allow the volume V to incorporate multiple layers.  
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The term containing the free current density in the left hand side of equation (11) represents 
the incoming field  )((in) rE ′  and after using )(i)( 0 rHrE ωµ=×∇  , ),(),( me rrrr ′=′×∇ GG  
and the second vector-dyadic Green’s theorem  
 

[ ] [ ]∫∫∫∫∫ ×∇⋅×+⋅×∇×−=⋅×∇×∇−×∇×∇⋅
SV

dSQQdVQQ )()()()()( PnPnPP  (12) 

 
where n is the outward unit normal to the surface S enclosing the volume V equation (11) 
becomes 
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The volume V is bounded by two surfaces, an inner surface Sscatt enclosing the scatterer and an 
outer surface Sinf surrounding the whole volume V at infinity. The contributions from the 
surface integral Sinf vanishes due to the radiation condition (7). Equation (13) uses r´ to 
represent the field point, r´ is commonly used for the source point, therefore r is interchanged 
with r´ and the expression becomes   
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which follows the common notation for field expressions. The expression for the H-field can 
be derived in a similar way yielding  
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To derive the fields inside the scatterer the dyadic Green’s functions ),(0e rr ′G and 

),(0m rr ′G are used which are the whole space dyadic Green’s functions. With the exception 
that the volume V is the volume Vscatt occupied by the scatterer and that n is the inward unit 
normal.  
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For a perfectly conducting scatterer the fields inside the object are zero. Hence, using the 
boundary conditions (5) the integral representations (14) – (17) become 
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To solve for the unknown surface current density K on the scatterer an integral equation of the 
second kind is derived. The integral equation of the second kind is obtained by operating with 

×)(rn  from the left on the H- field representation in (18) and letting scattS→r from the 
outside of the surface. This limit yields 
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which is an integral equation of the second kind for K. The surface Sscatt is assumed to be 
smooth. The analogous limiting procedure on the H- field representation for a whole-space is 
performed in [8]. 
 
To be able to solve (20) a scalar version of the equation in formed. The surface current 
density vector is tangential on the surface Sscatt and can therefore be composed as 

)(ˆ)(ˆ)( ttss rrrK KeKe += where sê and tê are to unit tangential vectors at a point r on Sscatt. 
The integral equation (20) is then projected onto these vectors at the point r. The result is 
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The vector components sje  and tje are defined as  
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and the functions ),( rr ′ijB are derived 
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The normal vector components jn are defined by 
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The electric and the magnetic Green’s dyadic elements ),(e rr ′ijG and ),(m rr ′ijG  are defined as  
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The equations for the field expressions (18) outside the scatterer can be projected onto ie  
resulting in six scalar equations. 
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The BEM discretisation 
 
To solve the coupled scalar integral equations (21) a boundary element method is used, 
commonly referred to as BEM. The method, developed by K. E. Atkinson [6], divides the 
surface S into N triangles ∆Sk  
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and the unknown functions are expanded in quadratic basis functions over the subsurface  
∆Sk. To create a linear system of equations collocation or point matching at the node points on 
the discretisised surface is performed. Each element ∆Sk has six node points, one in each 
corner and one connected to the midpoint of the side of each side of ∆Sk. The six node points 
are parameterisised by a one to one mapping function ),( tskmr = , figure 2. 
 

 
Figure 2. The parameterisation. 

 
The six node points in a face ∆Sk are denoted by υk,j  and they are mapped from the points qj 
in the parameterisation domain σ. The nodes in the triangulation are denoted υi and there are 

22 += NNυ  nodes in total. The triangulation is built by a mesh generator that produces a 
simple surface consisting out of four, eight or twenty faces. To produce a more detailed mesh 
each face ∆Sk is divided in four new smaller elements as indicated by the dotted lines in figure 
2. An other mesh generator is possible to implement as long as it produces triangular elements 
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that are joined at the edges and have midpoints specified. An example of a BEM mesh is 
displayed in figure 3. 
 

 
Figure 3. An example of a BEM mesh consisting of 512 faces. 

 
The mapping function mk(s,t) is approximated by the expansion 
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where lj(s,t) are the quadratic basis functions, for quadratic interpolation over σ at the 
interpolation points qj. They are defined as  
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The surface current density components Ks and Kt using the expansion in (31) becomes  
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where the expansion coefficients are the surface current density vector at the node points. See 
[6] regarding details. 
 
A linear system of equations for the unknowns is obtained by inserting the expansions (30) 
and (31) into the system of integral equations (21) and then performing collocation at the node 
points. This result in 
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The BEM discretisation in the integral representation (28) yields 
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Scatterer crossing layer boundary interfaces 
 

Division of faces 
 
The goal is to be able to compute the scattered fields from a scatterer that is positioned in 
more than one layer in the environment. If the scattering object is placed in more than one 
layer, this will have to be considered when the BEM approximations are made. 
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object between two nodes. Note that a midpoint between two nodes on i.e. a sphere isn’t the 
same as for a plane. 
 
 

Outstretched triangles and their origin 
 
A problem that occurs when the triangular faces are divided is that it sometimes will create 
small or outstretched faces. The outstretched faces may give numerical errors and if they can 
be removed or prevented the number of faces that needs to be integrated over is reduced 
which will improve program performance. These faces are created when a small region of a 
face is divided by the algorithm described previously. The neighbouring faces of the resulting 
small triangle will share one side of the small triangle and most likely become long and 
outstretched, see figure 6. 
 

 
Figure 6. Example of small and outstretched faces . 

 
To solve this problem small faces that have more than one node on the boundary interface are 
removed as well as their closest neighbours. A face is removed from the mesh when two 
nodes are in the same point. To remove a small face all nodes in the element are put in the 
same point on the boundary, this will result in that the faces next to the removed face will 
have two nodes in the same point and will be removed. See figure 7. After a face is removed 
new midpoints have to be computed for the faces in the mesh.  
 

 
Figure 7. Example of removal of small and outstretched faces, the small faces are coloured 

red and its neighbours are coloured yellow. (Midpoints are not shown in the figure) 
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Midpoints 
 
For each shape EMSCATT needs a specific function to compute the midpoints between two 
corner nodes. If a shape can’t be described analytically the midpoint could be calculated using 
linear interpolation between the two nodes. Every shape also needs a function to compute the 
transversal and normal vectors to each node. To be able to use nonanalytical surfaces a 
method to compute the tangential and normal vectors at the nodes have to be used. 
 
The function that computes the midpoints between two corners do not take any notice of layer 
boundaries. The result is that a midpoint may end up in the wrong layer. To prevent this 
problem, the midpoints are forced to be on the layer boundary, this is done finding intercept 
points or correcting the z-coordinate of the midpoint. If the resolution of the mesh is high 
these methods work well. 
 
A problem that can occur is that the midpoint is placed in the wrong layer although both 
corner nodes, which the midpoint belongs to, are placed in the same layer. To solve this 
problem a new midpoint is calculated using linear interpolation, this is a rough approximation 
and often occurs when a face is outstretched and close to the layer interface. The easiest way 
to avoid these problems is to remove outstretched and small faces from the mesh. 
 
 

 Alternative solution to mesh refinement 
 
In the previous discussion the faces that are positioned in more than two layers are divided 
into three or two new faces. If the mesh consists of many faces and a face only can be 
positioned in two layers moving the corner nodes to the layer boundary might be a better 
solution to the problem. This method would not create any small faces and probably less 
outstretched faces. This method could also be combined with the dividing method to move 
nodes that are close to a boundary and spitting the faces that are left. 
 
 

The nodes on the boundary interface. 
 
For a perfectly conducting scatterer only the surface current density needs to be calculated, 
and when doing so only the magnetic Green’s dyad is used. These quantities are both 
dependent on the magnetic fields on the scatterer. The magnetic fields are continuous over the 
layer boundaries allowing nodes to be placed on the boundary or close to it. NLAYER which 
is the program used to compute the fields may have some problems computing the electric 
field when the contrast between two layers is high (i.e. air and water) for low frequencies and 
the result is that NLAYER gets stuck in a loop trying to achieve numerical convergence. To 
solve this it is wise to put the node in the layer which has the highest contrast, i.e. the nodes 
are put in the water layer if the layers are air and water. If the node can’t be moved or 
NLAYER locks up anyway, the number of correct digits of the E and B field can be reduced 
to 4 or 5 digits (6 digits is the default value). 
 
If the scatterer is a permeable scatterer the electric dyadic Green’s functions and the tangential 
electric fields have to be considered on both sides for a node on the boundary to be able to 
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calculate the scattered fields. The electric fields are not continuous over the layer boundary 
and have to be calculated as a limit from either side. To do this the nodes on the boundary 
need to be spit into two nodes with a distance ε  from either side of the interface.  The new 
nodes will create an equal amount of new equations and unknowns as there are new nodes. 
The result is that the size of the matrix containing the collocation integrals increases.  
 
 

Numerical examples 
 

Convergence of the BEM code 
 
The program developed to solve scattering from a perfectly conducting object is named 
EMSCATT and is written in Fortran 95. The program is based on NLAYER 2.0 [3], a 
program which calculates the fields in a given point in the horizontally layered environment. 
NLAYER is used to compute the dyadic Green’s functions and the incoming magnetic field 
H(in). NLAYER can use different types of sources to produce the incoming fields. In the 
present configuration of NLAYER there are four main types of sources, electric dipoles, 
magnetic dipoles, electric line sources and magnetic loop sources, these sources can also be 
combined creating complex sources. 
 
The BEM code in the program is based on a program EMS-BEM [2] and a program package 
from K. E. Atkinson [6]. The convergence of the BEM code is evaluated in [7] is has been 
found that for a whole space and a two layer environment 512 faces is more than sufficient to 
achieve a relative error smaller than 1%. 
 
A convergence test for EMSCATT has been made in a four layer environment, where the 
layers represent air, water, sediment and bedrock. Layer data is specified in table 1. 
 

 Layer 
thickness 

Conductivity
σ [S/m] 

Permittivity 
εr 

Air - 0 1 
Water 20 0.800 81 

Sediment 5 0.040 81 
Bedrock - 0.001 81 

Table 1. Layer data for convergence test 
 
The source is a horizontal electric dipole (HED) and is placed on a depth of 5m and points in 
the X-direction. A current moment of 50 Am and a frequency of 30 Hz is chosen. The 
scatterer is a sphere with a 5 m radius and is placed at a depth of 10 m and 50 m away from 
the source in the X-direction. The scattered fields are then computed along a strait path in the 
Y-direction at a depth of 10m and 30m away from the source in the X-direction. See figure 8. 
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Figure 8. Source, scatterer and path positions. 

 
The results are compared with calculated fields obtained from the program NLAYSCA [1]. 
NLAYSCA uses an earlier version of NLAYER for computations of the incoming fields and 
the dyadic Green’s functions but instead of a BEM formulation this program uses Galerkin’s 
method with spherical harmonic functions as basis functions. The relative error is plotted for 
the absolute values of the E- and H-fields in figure 9. The relative error is then calculated as 
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Figure 9.  The convergence of the electromagnetic fields. 

 
The relative error is below 1% for the scattered fields for 128 faces. This example took one 
hour to compute on a computer equipped with an Intel P4 processor running at 2.8 GHz. For a 
mesh consisting of 512 elements this time increases to approximately 16 hours. This is often 
too long and it would be desirable to make an approximation to make the calculation of the 
matrix containing the dyadic Green’s functions faster. 
 
A good approximation may be that the dyadic Green’s function is constant in a face for a fine 
mesh. The approximation gives 
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and will reduce the time to compute the collocation matrix to less than a sixth of the time it 
takes without the approximation. Now it is possible to calculate the collocation matrix for a 
mesh consisting of 320 faces in less time than it would take to calculate a mesh consisting of 
128 faces without the use of the approximation. In figure 10 we can se that the relative fault is 
less for the mesh consisting of 320 faces and only slightly worse for the same mesh when the 
approximation is applied. 
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Figure 10. Approximation results compared to original code. 

 

Future verification and evaluation 
 
Today there is no other program available to compute the scattered fields from a scatterer 
across a layer interface. In the future, programs or measured data will be used to verify and 
evaluate this program. 
 
A detail that would be studied more is the computation of the dyadic Green’s function. The 
function computing the dyadic Green’s function uses a symmetrical relation that may not be 
completely accurate in a stratified environment for the magnetic dyadic Green’s function. The 
impact of this error when computing the current density on the scatterer is not extensive 
because the matrix containing the collocation integral contributions is diagonally dominant. 
The scattered electric field will because of this still be very accurate since the equation only 
uses the electric dyadic function. The easiest way to detect an error in the dyadic Green’s 
function would be to look at the scattered magnetic fields. A future evaluation and verification 
of this program should focus on the accuracy in the computation of the magnetic fields.  
 

Buried large scatterer 
 
In this numerical example a large scatterer is positioned in the interface between the water and 
sediment layer in a three layer stratified environment described in table 2. The origin of the 
scattering object is positioned 25 m below the system origin. The scatterer is rotationally 
symmetric around the z-axis and the lower half of the scatterer is submerged in the sediment 
layer. The scatterer can be described as an ellipsoid with x-radii and y-radii set to 50 m and z-
radii set to 10 m. The dimension of the scatterer will have some effects as seen in the results 
further on. 
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 Layer 
thickness 

Conductivity
σ [S/m] 

Permittivity 
εr 

Air - 0 1 
Water 25 0.800 81 

Sediment - 0.040 81 
Table 2. Layer data for flat scatterer example 

 
The source is a horizontal electric dipole with a moment of 50 Am and frequency of 3 Hz. It’s 
directed in the x-direction and moved along a straight path from the coordinate (-800, 0, 3) to 
(210, 0, 3). The fields are computed for the point (200, 0, 24) one meter above the sediment 
layer. Field point, scattering position and source path is illustrated in figure 11.  
 

 
Figure 11. Source path, scatterer and field point positions in the three layer environment. 

 
 
The scattered fields are computed for four different resolutions of the object mesh. The mesh 
refinement is very important when the source is close to the scatterer, since the node points 
then can be far apart compared to the source-scatterer distance. In figure 12a&b two meshes 
of the scattering object is shown, illustrating the node density of the surfaces. As seen in 
figure 13 the scattered fields converge for detailed meshes, but give unreliable results for the 
sparse mesh when the source is close to the scatterer. 
 

 
Figure 12a. Current density on scatterer of 

512 faces.  Source located at (10, 0, 3). 
 

 
Figure 12b. Current density on scatterer of 

128 faces.  Source located at (10, 0, 3). 
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Figure 13. Scattered fields for four different meshes. 

 
The field intensity in the field point is decreased when the source is above the scatterer 
compared to when the scatterer is absent in the environment as can be seen in figure 14. This 
is because the scatterer acts similar to a perfectly conducting plane when the source is directly 
above the scatterer. When there is a conducting plane present, the horizontal dipole can be 
replaced by an image of the dipole with the reverse direction which will cancel out the fields 
from the original source when the field point is far from the sources. 
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Figure 14. Dampening of the field when the scatterer is present. 

 
When these examples where computed a four layer model was used instead of the three layer 
model stated earlier. The fourth layer was positioned below the sediment layer at a depth of 
1000 m with the same material properties as the sediment layer. This was done because a bug 
in NLAYER 2.0 produced incorrect magnetic fields when the source is positioned in the third 
layer in a three layer environment. When the Dyadic Green’s functions are computed in this 
example half of the source locations are positioned in the third layer and the result would be 
incorrect if a three layer environment was used.  
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Scattering caused by the electric background field 
 
In this numerical example scattering from surface vessels caused by the background is 
studied. The background is often considered as noise in most measurements but could also be 
used as a source in a scattering problem. A ship will create a scattered field close to the vessel 
that could be measured by a sensor at the bottom. The goal with this example is to illustrate 
this effect for three ship sized scattering objects. 
 
The background consists of several different sources both natural and man made. At low 
frequencies the sources are mainly natural and at higher frequencies man made sources 
dominates. A spectrum of the background measured close to the bottom in the Swedish 
archipelago is presented in figure 15. 
 

10
-2

10
-1

10
0

10
1

10
2

10
-10

10
-8

10-6 FFT of the E-field

f [Hz]

E
X [V

/m
]

10
-2

10
-1

10
0

10
1

10
2

10
-10

10
-8

10
-6

f [Hz]

E
Y

 [V
/m

]

10
-2

10
-1

10
0

10
1

10
2

10
-10

10
-8

f [Hz]

E
Z [V

/m
]

 
Figure 15. Frequency spectrum for fields measured close to bottom in the Swedish 

archipelago. 
 
The background noise is strongest for frequencies lower than 1 Hz. At these frequencies the 
source of the background is a group of phenomena called micropulsations. Mircropulsations 
create fields that originate from events in the ionosphere or the magnetosphere that are driven 
by the solar wind. The intensity of the micropulsations is approximately proportional to the 
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inverse of the signal frequency. If the goal is to measure changes in the background it might 
seem logical to measure signals at the lowest frequency possible. However, this is not the 
case. The system noise of measuring systems is often also proportional to the inverse of the 
frequency. Thus the signal to noise ratio does not change much for decreasing frequencies. 
 
In figure 15. a peak at 8 Hz is clearly visible, this peak is the result of the first Schuman 
resonance. The Schuman resonances are the modes that are created in the resonance cavity in 
the atmosphere between the ionosphere and the surface of the earth. The resonance is fed by 
lightning strikes from thunderstorms. The first resonance frequency is near 8 Hz, the second 
around 14 Hz the third around 20 Hz [9]. These three resonances are visible in the spectrum in 
figure 15. 
 
Around 162/3 Hz and 50 Hz there are two sharp peaks in the spectrum. These two frequencies 
are man made originating from power lines for the railroad and households respectively. In 
the archipelago these frequencies can be measured almost anywhere. This is because the 
power lines are grounded on islands creating currents between the islands and the mainland. 
The harmonics of these frequencies can also be strong i.e. contributions from 150 Hz is 
present in the frequency spectrum in figure 15. 
 
To simulate something that could be similar to the background a horizontal electric dipole 
source pointing in the x-direction is positioned 10 km above the surface. The reason is to 
produce an approximately plane wave in the vicinity of the scatterer. This source does not 
produce a true plane wave but is the best approximation made possible with NLAYER. This 
source setup fits the micropulstion and Schuman resonance but will not be correct to simulate 
the man made sources correctly since these sources are submerged. See figure 16 for 
illustration of source position, scatterer position and the environment. 

 
Figure 16. Source, scatterer and field point grid positions in the four layer environment. 

 
The scattered fields are computed for five different frequencies 0.01 Hz, 1 Hz, 10 Hz, 50 Hz 
and 150 Hz. The first two frequencies correspond to signals similar to mircopulsations, the 
third frequency to Schuman resonances and the last two frequencies to man made signals. 
 
As a scattering object three ellipsoids are used to resemble ships. The dimensions of the 
scatterers are described in table 3. The ellipsoids are put in the interface between the air and 
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the water layer so that half of the scatterer is submerged. The stratified environment consists 
of four layers, air, water, sediment, and bedrock and is described in the table 4. The ship is 
positioned in the origin and is said to be heading 0° in the x-direction. 
 
 

Scattering object nr 1 2 3 
Ellipsoid x-radii 25 m 7.5 m 2.5 m 
Ellipsoid y-radii 5 m 2 m 1 m 
Ellipsoid z-radii 5 m 2 m 1 m 

Table 3. Shape of scattering object. 
 

 Layer 
thickness 

Conductivity
σ [S/m] 

Permittivity 
εr 

Air - 0 1 
Water 15 0.800 81 

Sediment 10 0.040 81 
Bedrock - 0.001 1 

Table 4. Layer data for shield effect simulation. 
 
Two different sets of calculations are done. The first set is to investigate how the scattered 
fields change when the heading of the ship is altered and the second set is to compare the 
effects for the three different scattering objects. In both sets the scattered fields are computed 
for field points one meter over the sediment layer.  
 
The fields are computed at a grid around the scattering object and compared to the fields from 
the source when the scattering object is absent. Directly beneath the ship the scattered field is 
in anti phase with the incoming field and will create a minimum, and around the scatterer two 
local maxima occur. When the ship is rotated from being parallel to the dipole the intensity of 
the scattered field decreases as can be seen in figure 17. The two local maxima move when 
the scatterer is rotated in the xy-plane, so that the maxima coincide with points close to the 
maximum and minimum x-coordinate of the scatterer. The result of this is that the maxima 
move closer together when the scatterer is turned from 0° to 90°. For the same reason the 
local maxima will be almost 45° from the origin when the scatterer is turned 45° see figure 
18a-c. 
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function of heading. 
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 Figure 18a. Relative field intensity when 

the scatterer is heading in the 0° direction.  
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Figure 18b. Relative field intensity when 

the scatterer is heading in the 45° 
direction.  
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Figure 18c. Relative field intensity when 

the scatterer is heading in the 90° 
direction. 

 
In the previous examples scattering object nr: 1 was used and the frequency was 10 Hz. As 
can be seen in figure 17 the change in the background when the ship is parallel to the dipole is 
-4.7 dB. This deviation is measurable. The same calculations are made for the four other 
frequencies, see figure 19. The deviation in the background increases slightly for lower 
frequencies and it is almost unchanged for higher frequencies. For both scattering objects, nr: 
2 and nr: 3, the deviation in the background is small and would be very difficult to measure, 
figure 20 & 21, and the deviation varies with the frequency in the same manner as for the 
larger scatterer. The present available equipment needs a deviation of at least one or two dB 
from the background to detect a passing ship in this environment. These simulations make it 
evident that a small boat approximately 5 m long will not produce a detectable deviation in 
the background but a larger ship would. 
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Figure 19. Relative field intensity for scattering object nr: 1. (y =0 m heading 0°) 
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Figure 20. Relative field intensity for scattering object nr: 2. (y =0 m heading 0°) 
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Figure 21. Relative field intensity for scattering object nr: 3. (y =0 m heading 0°) 

 
The calculations performed in this example are close to the limitations of the program. 
EMSCATT uses NLAYER to compute the Dyadic Green’s functions and when parts of the 
scattering object is positioned in the air it will cause numerical convergence problems for 
NLAYER when the frequency is very low and the source and the field points are close to the 
layer interface between air and water. This prevents the use of finer meshes for small 
scatterers in the surface layer interface at frequencies around 0.01 Hz or improved accuracy in 
the numerical integration over a face. To prevent some problems the nodes at the boundary in 
the mesh is moved 10-12 m under the layer interface in to the water layer, without this 
modification there wouldn’t be possible to compute the scattering from the 5 m long ellipsoid. 
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Conclusions 
 
A program computing scattering from perfectly conducting objects situated in multiple layers 
have been developed and the theory and results are presented in this report. The environment 
is a horizontally stratified medium and the scattering object is an ellipsoid or a super-ellipsoid. 
The method used to compute the current density on the scattering objects surface is a 
boundary element method. 
 
Modifications of the mesh used in the BEM code have to be made when the scatterer is 
positioned in more than one layer. The method to modify the mesh divides the faces in the 
mesh so no face is positioned in more than one layer. The problems with this method is 
presented and discussed and a method how to remove unwanted faces in the mesh is 
presented. An alternative method of mesh refinement is also suggested. 
 
The convergence of the solution is compared with a well documented program NLAYSCA, 
and found to converge very well for meshes consisting of 128 faces or more. To decrease 
computation time an approximation of the Dyadic Green’s function in a face is made which 
reduces the computation by a factor of six. It is shown in this report that there is a small 
difference between the results achieved with the approximation and without it. The 
computation time gained could instead be used to increase mesh resolution. 
 
Since there is no other program or measured data of scattering from an object positioned in 
more than one layer when this report was written, two numerical examples were created to 
illustrate the use of the program and its limitations. 
 
The first numerical example is a large scattering object positioned in a water sediment 
boundary with a moving source that passes the scatterer at close range. This example 
illustrates the importance of mesh refinement when the source is close to the scatterer. 
 
The second example is to investigate the scattered fields from a surface vessel caused by the 
electric background field. The ships are modeled as a perfectly conducting cigar shaped object 
which is positioned in the air-water boundary. From the results it is deduced that for large 
ships it is possible to detect a significant deviation in the background caused by the scattered 
fields.  
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