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Summary

This work treats modelling of electromagnetic fields from controlled sources in geophysical
applications. The focus is on modelling the marine CSEM (controlled source electromagnetic)
method in planarly layered media. The recent introduction of SeaBed Logging (SBL) as an
application of the marine CSEM method for direct hydrocarbon identification has resulted
in increased survey activity, and expanded as well as renewed the interest for investigating
electromagnetic field propagation in the subsurface of the earth.

The material within this document consists of a short introduction to the CSEM and

SBL methods and four self-contained papers:

e Low-frequency electromagnetic fields in applied geophysics: Waves or dif-
fusion? treats propagation of low-frequency fields in conductive media, and compares

their behaviour to nondistorted field propagation in lossless media.

e The first test of the SeaBed Logging method describes the first laboratory test of
this method. The scaled experiment was performed in order to validate if the detection

of thin resistive layers within conductive surrounding media is possible.

e Asymptotic evaluations of the marine CSEM field integrals elaborates on how
electromagnetic signals propagate in an idealized stratified earth model. To this end,

the method of steepest descents is applied in order to separate the various wavemodes.

e Electromagnetic fields in planarly layered anisotropic media formulates a
mathematical description of the field propagation in stratified media with arbitrary

anisotropy. The field equations are solved by using the matrix propagator technique.

Even if electromagnetic field propagation in layered media is a rather mature research
subject, the current development of the CSEM and SBL methods demands reinvestigations
and new theoretical insights. Optimal survey planning and solid interpretation rely on a
thorough understanding of the signal propagation in the subsurface. The main motivation
in this thesis is to contribute to increased knowledge of how electromagnetic fields travel in
the earth.
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Chapter 1

Thesis introduction

The purpose of this introduction is to give a brief review of the marine CSEM (controlled
source electromagnetic) and SBL (SeaBed Logging) methods. The main contents of the
papers are furthermore outlined, and I have attempted to put the contribution from each

paper into perspective as well as to explain the motivation for writing them.

1.1 Electromagnetic methods in geophysics

The history of scientific research of electromagnetism started with Orsted’s discovery of
the fundamental relation between electricity and magnetism, and furthermore Ampere’s ex-
planation of Orsted’s findings (Hofmann, 2006). Darrigol (2000) presents a review of the
development of electrodynamics in the 19th century, e.g., Ampere’s formulations, Faraday’s
field concept, Maxwell’s equations, Hertz’ production of Maxwell’s predicted waves, and
Einstein’s solution to the discrepancy between Newtonian and Maxwellian physics.

A summary of the early history of electromagnetic exploration in geophysics can be found
in Ward (1980). Presumably the most successful application for hydrocarbon exploration has
been well logging which was introduced by the Schlumberger brothers (Johnson, 1962). For
the variety of remote sensing methods that were introduced during the 20th century, it seems
that the more or less futile struggle to find a direct hydrocarbon-detection technique made
electromagnetic methods of minor importance compared to seismic methods in the petroleum
industry. The activity in electromagnetic exploration has however not been nonexistent, and
in the 1980s, improved equipment and increasing data-processing power led to extensive
development. Of particular interest to the work presented in this thesis is the development
of marine exploration methods such as the marine CSEM and the marine magnetotelluric
(MT) method (Chave et al., 1991).

Most of the electromagnetic applications in geophysics attempt to measure the resistiv-

ity of the earth materials. Numerous different names are used for more or less the same
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resistivity-measurement methods as is evident in Nabighian (1987). The variety of methods
reflects the possibility to vary the source type (e.g., magnetic or electric dipole) and source
signal (e.g., direct current, time-harmonic, or transient).

The electromagnetic properties of a medium are described by the electric permittivity,
magnetic permeability, and electric conductivity (resistivity is the reciprocal of conductivity).
Since the earth is conductive, the attenuation of propagating waves becomes more severe as
the signal frequency increases (frequencies in the optical window excepted). For example the
use of radio frequencies in the ground penetrating radar (GPR) method thus implies that
this method is employed for sensing the near surface. Both the electric permittivity and
conductivity are important electromagnetic properties for the field propagation in GPR. The
electric permittivity is also important in induced polarization methods where one seeks to
measure the capacitance of the earth materials. In most of the exploration methods, except
for e.g., magnetic ore-body prospecting, the possible variation of the magnetic permeability
has so far not been recognized as important.

All of the methods that use human-made signal sources can in principle be referred
to as CSEM methods. Contrary to the CSEM method, the MT method uses naturally
occurring electromagnetic signals in the magnetosphere and ionosphere to measure the earth’s
apparent resistivity. The source signal in MT contains a spectrum of frequencies. The lower
frequencies can be used to get a rough estimate of the deep subsurface resistivity profile, and
the higher frequencies can be used to determine the resistivity profile in the near subsurface.
The resolution of a subsurface image from MT increases as the applied source frequency
increases. The MT method was introduced by Cagniard in the 1950’s (Cagniard, 1953). The
same receiver equipment can be used for both the CSEM and MT methods.

Every application of electromagnetic methods in geophysics obeys the same fundamen-
tal electromagnetic equations and can thus be compared to exploitation of electromagnetic
phenomena in other technological disciplines such as for example communication technology.
The application of antennas that operate at extremely low frequencies used in submarines,
and the theoretical investigations in this subject (Burrows, 1978), are thus closely related to

the marine CSEM application and corresponding research.

1.2 The CSEM and SBL methods

In 2000 the first SBL survey was performed offshore Angola (Ellingsrud et al., 2002). The
survey was a result of successful laboratory testing (presented in Chapter 3 in this document),
and since then, the interest in electromagnetic methods for subsurface exploration has in-
creased. Today, six years after, electromagnetic methods are attractive for the petroleum
industry as complementary tools to seismic methods, or even standalone tools, for remote

sensing of the subsurface.



1.2 The CSEM and SBL methods

The SBL operation offshore Angola used the same apparatus as a standard marine CSEM
survey. Even if the application of marine CSEM for hydrocarbon exploration had been
investigated (Chave et al., 1991), the idea that the guiding of electromagnetic energy in
hydrocarbon reservoirs is detectable, had not been pursued before Eidesmo et al. (2002)
suggested using marine CSEM for direct hydrocarbon identification. The marine CSEM
method was introduced by Cox et al. (1971), and has since then been successfully applied
to study the oceanic lithosphere and active spreading centres (Young and Cox, 1981; Cox
et al., 1986; Chave et al., 1990; Evans et al., 1994; Constable and Cox, 1996; MacGregor and
Sinha, 2000).

In a marine CSEM experiment, a dipole antenna is used as source. Normally, a horizontal
electric dipole source is used since this configuration results in the strongest response from the
subsurface. The dipole emits a low-frequency signal (could be many frequency components,
typically in the range 0.1 Hz to 10 Hz) into the surrounding media, and the signal is usually

recorded by stationary seafloor receivers having both magnetic and electric dipole antennas.

(I)

Figure 1.1: A sketch of a basic marine CSEM/SBL survey layout. The source antenna is
towed behind the vessel, and the receivers are situated on the seabed. The signal propagation
is indicated assuming that a hydrocarbon reservoir is present. The main contributions to the
total response come from the sea-surface (I), direct field (II), seabed (III), “ray” reflection
(IV), and guiding (V).
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A typical CSEM/SBL survey layout is sketched in Figure 1.1 along with the basic signal
propagation. The model that is presented consists of an air halfspace (region 0), a seawater
layer (layer s), an overburden (layer 1), a thin resistive reservoir (layer 2), and an underburden
(region 3). The conductivity of the seawater is larger than the conductivity of the overburden.
The overburden conductivity is more or less equal to the underburden conductivity. The
thin layer (e.g., hydrocarbons) is more resistive than the surrounding media and is normally
referred to as a resistive layer. The term resistive layer might be a bit misleading since the
layer is actually very conductive. Thus, the conduction current in Ampere’s law dominates
the displacement current for this medium also. However, the thin layer is resistive compared
to the conductive surroundings which justifies the use of nomenclature.

Figure 1.1 furthermore contains a vessel that is towing a horizontal electric dipole source.
In order to get as much energy down into the subsurface as possible, the source must be
towed close to the seafloor. In a typical survey the source antenna has a length of 200 m and
the receivers, which are situated on the seafloor, have a separation distance of approximately
1 km. The illustrated signal paths between the source and one of the receivers are: the sea-
surface response (I), the direct field (II), the lateral wave along the seabed (III), the “ray”
reflection from the thin layer (IV), and the guided wave in the resistive reservoir (V). The
notion of the thin resistive layer as a “waveguide” stems from a description of the subsurface
layers as stratified. In 3-D structures, the term “lossy resonator” might be more appropriate
(cf. Jackson, 1998).

At short offsets (< 2 km) between a source and receiver, the direct field (path IT) dom-
inates the received signal. At longer offsets, the dominating contributions are due to the
resistor (path V) and sea-surface (path I). These contributions contain multiple reflections
in the water column which are not illustrated (cf. Chapter 4). In deep waters, the response
from the sea-surface will be less due to the heavy damping of the signal in the water column.
If the reservoir is not resistive, the guiding effect will not be present, and in this case, the
dominating signal from the subsurface in Figure 1.1 will be from the lateral wave along the
seabed (path III).

Along with doing a marine CSEM survey, a marine MT survey can be carried out simul-
taneously (when the controlled source is not active) since the same receiving equipment is
used for both methods. The additional information from MT can be used as a supplement
to the CSEM responses (Hoversten et al., 2006) when processing the survey data.

In the last few years, the terms marine CSEM and SBL have been used somewhat dif-
ferently due to the development of SBL as an application of marine CSEM for direct hy-
drocarbon detection. At present, many workers refer to all types of offshore hydrocarbon

exploration with controlled sources as marine CSEM.



1.3 Short review of the work

1.3 Short review of the work

The thesis consists of four papers. The focus has been on the propagation of electromagnetic
fields in stratified media, and the sources of the electromagnetic fields have been considered
in 3-D space for all of the presented work. Proper handling of the inversion and migration
problem relies on a thorough understanding of the mechanisms behind the field propagation.
A numerical solution to Maxwell’s equations for 3-D structures follows more or less directly
from the equations. However, the formulation of a specific problem in an appropriate manner
requires knowledge of the signal behaviour. It is thus believed that the contribution here is
of value when considering modelling of 3-D structures, and also when treating the inverse
problem and migration. Moreover, the equations for layered media are often useful when
applying approximation methods to more complicated structures.

The first paper (Chapter 2) can be read as an introduction to electromagnetic field prop-
agation in conductive media. The second paper (Chapter 3) presents the first test of the SBL
method. This chapter should be of interest both as a historical documentation and an intro-
duction to the basic concepts in the marine CSEM and SBL methods. The last two chapters
constitute the main body of the thesis. Chapter 4 evaluates how the electromagnetic signals
propagate in a planarly layered model, and Chapter 5 treats stratified media with arbitrary

anisotropy. In the following the papers are reviewed in more detail.

In Chapter 2, the paper Low-frequency electromagnetic fields in applied geo-
physics: Waves or diffusion? is presented. It was written together with Hans Magne
Pedersen, Bjgrn Ursin, Lasse Amundsen, and Svein Ellingsrud. The paper was published by
Geophysics in July 2006. The version presented in the thesis is slightly rewritten in order to
be more consistent with the notation and language in the rest of the document.

The paper is a review of basic electromagnetic field propagation in dispersive and con-
ductive media as well as nondispersive and nonconductive media. Maxwell’s equations are
considered in the frequency domain, and basic plane-wave analysis, asymptotic ray theory,
and propagation in layered media are subjects of discussion along with Green’s functions and
electric dipole radiation in homogeneous regions. The common frequency-domain description
of electromagnetic fields is used to calculate the time-domain characteristics of the fields for
single-frequency-component signals and transients. For nonconductive media, this is shown
to give basic sinusoidal wave propagation and pulse propagation, respectively. For conduc-
tive media, the paper demonstrates the attenuated wave propagation for the time-harmonic
signal and the diffusion-like spreading for the transient signal.

The motivation for writing the paper was an apparent reluctance of some workers in
the geophysical community to accept the term wave propagation in association with low-

frequency field propagation in conductive media; they prefer to use the notion of diffusion
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for such field propagation. The conclusion from our review is that both the term diffusion
and wave propagation can be used, but that both terms should be used with some care. In-
dependent of the choice of naming convention, the paper demonstrates that the well-known
mathematical techniques in wave theory can be used for low-frequency fields in applied geo-

physics.

Chapter 3 presents The first test of the SeaBed Logging method. The paper is a
result of collaboration with Hans Magne Pedersen, Tor Schaug-Pettersen, Svein Ellingsrud,
and Terje Eidesmo. It has been submitted to the Journal of Applied Geophysics, and it
describes the first laboratory test of the SBL method. The scaled experiment was performed
in order to validate if the detection of thin resistive layers within conductive surrounding
media is possible. The presented results show very good agreement between measured and
modelled data. The modelled data were produced by a modelling tool for stratified media
that can contain a dipole source in one of the layers. That 1-D modelling tools are sufficient
for many model configurations is confirmed by Constable and Weiss (2006) who consider
1-D modelling of thin resistors and conclude that this often give satisfactory answers when
compared to 3-D modelling.

The incentive for writing a summary of the initial test of the SBL method was to document
the central idea and history behind the SBL method. In the thesis, the paper also introduces
basic concepts and formulas that are further developed in the following two chapters. It
might be in order to mention that the implications of the results of the tank experiment
have been substantial. The successful test led to the first SBL survey offshore Angola in
2000 (Ellingsrud et al., 2002), and was an important part of the process that resulted in the
establishment of the company emgs AS. The current growth in electromagnetic exploration
activity in the petroleum industry is thus much obliged to the successful results in the tank

experiment.

In Asymptotic evaluations of the marine CSEM field integrals presented in
Chapter 4, I consider propagation of low-frequency electromagnetic fields in conductive
media in terms of their wavemodes. The paper has been submitted to IEEE Transactions
on Geoscience and Remote Sensing. The expressions that describe the electromagnetic fields
in layered media can be written as integrals over a spectrum of plane waves in terms of
Hankel functions and transfer functions. The evaluation of these integrals by the method
of steepest descents leads to a description of the wave propagation in terms of the various
wavemodes. This technique is well known and has e.g., been used to describe propagation of
radio waves along the surface of the earth. Wait (1998) gives a review of the history of the
so-called ground wave. Brekhovskikh (1960), Stamnes (1986), Kong (2000), and Felsen and

Marcuvitz (2003) investigate asymptotic evaluation methods of integrals that describe wave

6
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propagation.

When using the method of steepest descents, the wavemodes are results of the behaviour
of the integrand in the complex wavenumber domain, and they can roughly be divided into
the following categories: The reflected or transmitted ray is described by the saddle-point
contribution, a possible lateral wave is described by branch points, and surface waves or
guided waves are due to poles. The method of steepest descents is most often used for wave
propagation in lossless media, but some investigations have also been done for propagation in
conductive regions. Banos (1966) presents a thorough analysis of a medium configuration of
two halfspaces where one is conductive. Wait (1966) considers propagation in a multilayered
earth. Both authors describe the propagation in terms of electromagnetic potentials. In
the contribution presented in Chapter 4, the investigation is done for the field integrals
directly. The asymptotic approximations are accurate and provide a thorough basis for a
better understanding of the signal propagation in typical marine CSEM models. The results
explain why, for instance, the MT method will not detect thin layers in the manner that
the CSEM technique is able to (since the source signal in the MT method can be regarded
as plane waves). For the migration problem, the wavemode considerations suggest how the
standard reflector problem from seismics (Claerbout, 1971) must be modified in CSEM in
order to account for the lateral and guided wavemodes.

The results from the asymptotic evaluation should be valuable for optimizing the survey
setup in marine CSEM and SBL as well as when processing and interpreting the collected
data. The conclusions in the paper suggest that collection of data could focus on the ability
to split the contribution into the TE- and TM-polarization modes. By using the asymptotic
field expressions, one should then look for characteristic contributions from the different
wavemodes in the data set. The investigations in the paper also imply that, provided that
the polarization modes can be separated in acquisition or data processing, shallow water
conditions may result in enhanced subsurface response.

Although the results from the paper lead to many potential improvements in the way
marine CSEM data can be collected and rendered, it must be noted that the theoretical
investigations have been done for an idealized stratified model. In order to be applicable in

real CSEM scenarios, careful adaptation must be made.

The last part of the thesis, Chapter 5, treats Electromagnetic fields in planarly
layered anisotropic media. This paper was cowritten with Bjgrn Ursin, and has been
accepted for publication in Geophysical Journal International. The main focus is the formu-
lation of field propagation from dipoles in stratified media with general anisotropy. Many
useful equations are obtained in the process of deriving the field equations. Several relations
in Ursin (1983) are for the electromagnetic problem generalized to arbitrary anisotropic me-

dia. Reflection and transmission responses at planar interfaces between anisotropic regions
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are derived. The reciprocity relations as presented in Chapman (1994) for elastic wave prop-
agation are in our paper derived for the electromagnetic problem. The paper furthermore
contains a procedure for iteratively calculating reflection and transmission responses through
a stack of layers. A similar formulation can be found in e.g., Ursin and Stovas (2002) for
elastic wave propagation. The reflectivity method, originally introduced by Kennett (Chap-
man, 2004), avoids exponentially growing terms that would result if the propagators were
calculated directly. In addition to reflection and transmission for piecewise homogeneous
media, reflection and transmission are also considered for inhomogeneous media. The results
are useful for example when considering media with slow variation in terms of the WKB
method.

The matrix propagator method separates the wavefield into upgoing and downgoing
waves. This can be exploited when processing real CSEM data as described in Amundsen
et al. (2006). By carefully choosing the eigenvector matrices that are used for the transforma-
tion of the wavefield into its upgoing and downgoing constituents, the up/down-separation
can be done in terms of the polarization modes of the fields. The possibility to remove stacks
of layers above or below the position of the measured field follows. In marine CSEM or SBL
this implies the ability to remove the seawater layer or the sea-surface interface provided
appropriate collection of data.

Following the theoretical derivations, an application of the propagator matrix method is
demonstrated on some marine CSEM models with various anisotropies. This reveals that
the presence of anisotropy may mislead interpreters of CSEM/SBL data if the anisotropy
effects are not carefully taken into account. A modelling code for stratified media that can
handle general anisotropy configurations should be a helpful tool in survey planning and data

rendering.



Chapter 2

Low-frequency electromagnetic fields in

applied geophysics: Waves or diffusion?

L. O. Lgseth, H. M. Pedersen, B. Ursin, L. Amundsen, and S. Ellingsrud
Published in Geophysics 71(4), July-August 2006

Summary

Low-frequency electromagnetic signal propagation in geophysical applications is sometimes
referred to as diffusion and sometimes as waves. In the following we discuss the mathematical
and physical approaches behind the use of the different terms. The basic theory of electro-
magnetic wave propagation is reviewed. From a frequency-domain description it is shown
that all the well-known mathematical tools of wave theory, including an asymptotic ray-
series description, can be applied both for nondispersive waves in nonconductive materials
and low-frequency waves in conductive materials. We consider the electromagnetic field from
an electric dipole source and show that a common frequency-domain description yields both
the nondistorted pulses in nonconductive materials and the strongly distorted pulses in con-
ductive materials. We also show that the diffusion-equation approximation of low-frequency
electromagnetic fields in conductive materials gives the correct mathematical description,
and that this equation has wave solutions. Having considered both a wave-picture approach
and a diffusion approach to the problem, we discuss the possible confusion that the use of

these terms might lead to.

2.1 Introduction

Electromagnetic methods have been used for a long time and for different purposes in applied

geophysics, cf. the extensive treatment in Nabighian (1987). The electromagnetic methods in
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Low-frequency electromagnetic fields in geophysics: Waves or diffusion?

geophysics are based on the theory of classic electrodynamics in conductive materials which
is treated in well-known textbooks in electromagnetic theory (Stratton, 1941; Adler et al.,
1960; Jackson, 1998; Griffiths, 1999; Kong, 2000; Ulaby, 2001) and optics [cf. the chapter on
metal optics in Born and Wolf (1999)]. Ward and Hohmann (1987) give a comprehensive
review of the theory for geophysical applications.

Since its introduction as an additional hydrocarbon-exploration technique some years
ago, SeaBed Logging (SBL) has become an important complementary tool to seismic explo-
ration methods in the detection and characterization of possible hydrocarbon-filled layers in
sedimentary environments. SBL is a variety of the marine controlled source electromagnetic
(CSEM) method that uses an electric dipole source and array of seabed receiver antennas
in a manner suggested by Cox et al. (1971) and Young and Cox (1981). SBL exploits the
guiding of electromagnetic energy that occurs in resistive layers located in a more conductive
environment (Eidesmo et al., 2002; Ellingsrud et al., 2002).

Eidesmo et al. (2002) refer to electromagnetic signal propagation as both diffusion and
waves. They furthermore talk about flowing inductive and galvanic currents as well as
an equivalent picture of a respective TE and TM mode of electromagnetic field propaga-
tion (Born and Wolf, 1999). In a variety of geophysical literature it is common to refer
to the propagation of electromagnetic fields in conductive media as diffusion. Spies (1989)
discusses the depth of penetration of various electromagnetic sounding experiments with dif-
ferent source signatures. The propagation is referred to as diffusion; both transient signals
and a related time-domain diffusion depth in addition to single-frequency components and
their skin depths are considered. Raiche and Gallagher (1985) use the concept of a diffusion
velocity for transient electromagnetic signals in the conductive earth, and Lee et al. (1989)
consider a fictious wavefield representation of the diffusive electromagnetic field. Virieux
et al. (1994) refer to electromagnetic signal propagation in the earth as a diffusion process,
whereas Nekut (1994) discusses ray-trace tomography for low-frequency fields in the conduc-
tive earth, a well-known wave-theory technique. He refers to the propagation of the fields
as diffusive electromagnetic waves. Carcione (2006) applies wave concepts to the electro-
magnetic diffusion equation. Ward and Hohmann (1987) elaborate on wave propagation of
fields in conductive media. They further refer to the differential equations that describe
electromagnetic fields in conductive media as both diffusion equations and wave equations.

The propagation of low-frequency electromagnetic fields in conductive media is hence
sometimes referred to as diffusion and sometimes referred to as waves. It might be interesting
to ask if one naming convention is better than the other. What is the motivation for referring
to the propagation as waves, and what is the motivation for the diffusion picture? Is there any
physical understanding connected to the words that calls for some care when using either of
the terms? In the following we show that propagation of electromagnetic fields in conductive

materials is well described within the framework of standard theory of electromagnetic wave
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2.1 Introduction

propagation. We demonstrate that the wave equation in the frequency domain contains
the diffusion-like equation in the high loss approximation, and that this equation has wave
solutions which are attenuated as shown by Ward and Hohmann (1987). Moreover, we find
that there is no sharp boundary between propagation of fields in a wave-like manner and
a diffusion-like manner. Based on these observations, both terms can be used. However,
it is interesting to discuss both the diffusion and wave picture connected to low-frequency
electromagnetic fields in conductive materials. We consider the simple cases of an electric
dipole in a homogeneous nonconductive medium and a conductive medium. In both cases
time-harmonic and transient source signatures are considered. During the discussion, it
will become evident that picturing low-frequency propagation of electromagnetic fields in
conductive media as waves and diffusion calls for some caution.

We first review Maxwell’s equations in the frequency domain. The purpose of the basic
mathematical review is to show that a common frequency-domain description contains both
the physics behind high-frequency propagation in nonconductive regions and low-frequency
propagation in conductive regions. We introduce a complex wavenumber and impedance
before we derive inhomogeneous wave equations that describe electromagnetic wave prop-
agation in inhomogeneous media. The reason for treating the equations in the frequency
domain becomes evident as we compare the frequency-domain and time-domain differential
equations. The vector wave equation without damping term is a hyperbolic partial differ-
ential equation, and the vector diffusion equation is a parabolic partial differential equation
(Sommerfeld, 1967; Davison and Doeschl, 2004). A vector wave equation with a damping
term is either one or the other of these types depending on the material parameters involved.
In the frequency domain these partial differential equations reduce to an elliptic equation.
We review the simple plane-wave solutions of the frequency-domain wave equation and dis-
cuss the relation between the electric and magnetic fields and the wavenumber’s dependence
on frequency for these waves. The theory for reflection and refraction of plane waves at an
interface between two homogeneous media is reviewed in Appendix 2.A.

Next, we look at approximate solutions of the inhomogeneous wave equations by applying
asymptotic ray theory, which is well known and extensively used in fields like optics (Born
and Wolf, 1999), seismics (Cerveny and Hron, 1980), and ocean-wave modelling (Svendsen
and Jonsson, 1976). The eikonal equation which we derive from our ray-solution ansatz is
complex and frequency dependent. We show that it becomes real and frequency indepen-
dent for the two extreme cases of nondispersive waves in nonconductive materials and the
highly dispersive, low-frequency waves in conductive materials. Even if ray theory is a high-
frequency approach, it is also applicable in conductive media for low frequencies, as shown
by Nekut (1994).

We briefly consider the standard theory of wave propagation in horizontally layered media
(Born and Wolf, 1999; Brekhovskikh, 1960; Wait, 1962; Chave and Cox, 1982; Ursin, 1983)

11
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and simplify to homogeneous media where the wave equations are solved in terms of Green’s
functions. We calculate the Green’s functions and use them to derive an expression for the
radiated electromagnetic field from an electric dipole source. We consider dipole radiation in
homogeneous media and show that the simple frequency-domain description gives a nondis-
persive wave in nonconductive materials and an attenuated wave in conductive materials for
a time-harmonic source current. When regarding a radiated pulse, we get the simple pulse
propagation in nonconductive materials and the highly dispersive, distorted diffusion-like
pulses in conductive materials. Thus, as expected, we get a separate behaviour depending on
the dispersion relation for the two extreme cases. Having presented a unified mathematical
treatment of classic electrodynamics, we discuss some basic differences between a diffusion

picture and a wave picture of the propagation of fields in conductive regions.

2.2 Electromagnetic fields in the frequency domain

We introduce the Fourier transform pair

Y(w) = /OO dtp(t) et and P(t) = L /OO dwW(w) et (2.1)

—00 2m —00

where i = v/—1, t denotes time, w denotes angular frequency, ¥ is a field vector in the
frequency domain, and %) is a field vector in the time domain. Let E(x,w) represent the
complex electric field and H(x,w) the complex magnetic field; x is the position vector. The
electromagnetic fields in the time and frequency domains are interrelated by the Fourier
transform pair defined in equation 2.1. We restrict our discussion to linear and isotropic
media throughout this paper. The constitutive relation between the electric displacement D
and the electric field E then becomes D = &(x,w)E, where £ is the scalar complex electric
permittivity which includes a possible conductive property of the medium. The relation
between the magnetic induction B and magnetic field H becomes B = pu(x,w)H, where p
is the scalar magnetic permeability. In the constitutive relations we neglect the possible
nonlocal effects in space of the material parameters since these effects normally become
important above optical frequencies. The complex electromagnetic field obeys Maxwell’s

equations which now become (cf. Stratton, 1941; Jackson, 1998)

V- (€E) = po, (2.2a)
V- (pH) =0, (2.2b)
V x E = iwuH, (2.2¢)
V x H = Jy — iwéE, (2.2d)

where Jg is a source-current density and pg is a source-charge density. The macroscopic

averages of the electromagnetic properties in a surrounding medium are described by p and &
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2.2 Electromagnetic fields in the frequency domain

only. The local conduction-current density is normally well described by Ohm’s law, J. = cE,
where o is the electric conductivity. The displacement current is given as J4 = —iweE, where
€ is the electric permittivity. The term J = —iwéE includes both the conduction current
and the displacement current, and the complex electric permittivity becomes & = € + io /w.
This way of writing the conductivity is consistent with the electron model of Drude (Jackson,
1998). Note that it is a matter of convention if one writes the ohmic term as a standalone
term or in a combination with the dielectricity. The charge-conservation equation becomes
iwpyg = V - Jpy, where Jy # 0 only at the source antenna.

The material properties can be expressed by two secondary parameters that characterize
the interaction of the electromagnetic field at a specific frequency with the properties of the

medium. These are the complex wavenumber,

k= wy/pé = \Jw2ue + iwuo, (2.3)

and the characteristic impedance,

0= /ilE = /il + iofw). (2.4)

From Maxwell’s equations the wave equations for inhomogeneous media can be derived:

VE+ KB+ V[E-V (n8)] +iwVp x H = —iwp [Jo + L] + Thy (1) (2.50)

VH A4 EH+V[H -V (Inp)] — iwVE x E =~V x Jo. (2.5b)

2.2.1 Plane waves

In order to get an understanding of electromagnetic wave propagation, it is useful to consider
plane waves. Many problems involving spherical waves or cylindrical waves can be simplified
by expanding the waves into a spectrum of plane waves (Sommerfeld, 1909; Weyl, 1919), and
in asymptotic theory the assumption of local plane waves can provide useful simplifications.
Expressions for reflection and transmission of electromagnetic fields at boundaries are easily
derived if we restrict to plane waves at planar boundaries (cf. Appendix 2.A). We here look
at some elementary properties of electromagnetic plane waves and consider a source-free

homogeneous medium (Jo = 0). Then the wave equations 2.5a and 2.5b simplify to
VY 4+ B2Y =0, (2.6)

where W can represent either the electric or magnetic field. The wavenumber k is given by
the dispersion relation in equation 2.3 where the medium parameters in this case are space

invariant. Equation 2.6 has the plane-wave solution
Y(x) = Woekx, (2.7)
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The wavenumber k is complex if the medium is conductive. When the direction of prop-
agation coincides with the direction of attenuation, i.e., for uniform plane waves, k = kS,
where § is a unit vector in the propagation direction. Maxwell’s equations (2.2c and 2.2d)
then imply that, in source-free regions, the three vectors §, E and H form a right-handed,

orthogonal system and are interrelated by

E(x) = —n8 x H(x), H(x) = %é x E(x). (2.8)

Thus, the electric and magnetic field are transverse to each other and the direction of prop-
agation.

We find it illustrative to consider the wavenumber’s dependence on frequency, permittivity
and conductivity. Assuming for simplicity that the material parameters are independent of
frequency, we express the wavenumber in terms of a phase velocity ¢, and an attenuation
coefficient k;. Then k = w/c, +ik;, where k; is often given in terms of a skin depth 6 = 1/k;.
From the dispersion relation in equation 2.3, we see that the phase velocity and attenuation

coefficient have the same frequency dependence:

_ 1 d (e
Cp-ﬁf(uTO), k/’z—20' Ef<w0>, (29)

where wy = /e is the characteristic frequency at which the magnitude of the displacement

current equals that of the conduction current and

1 1 for xy>1,
=x1/2(J1+ = —1) 2.10
00 X\/ ( X2 > { V2x for xy<1. ( )

This function is illustrated in Figure 2.1. The asymptotic limits are seen to be very good for

x > 10 and x < 0.1, respectively.
Consider a plane wave in the z-direction (z = § - x). The wave can be described in terms
of the phase velocity and attenuation factor as W(z) = Woexp (—k;z) exp (iwz/cp). In the

time domain a time-harmonic plane wave at frequency w is thus given as:
—kiz ?
P(z,t) = Poe "% cos [w (— - t>] (2.11)
Cp
We observe that the attenuation increases and that the phase velocity decreases with in-

creasing conductivity. Moreover, the attenuation and phase velocity are seen to be frequency

dependent except when we/o > 1.

2.2.2 Asymptotic ray theory

In inhomogeneous media, asymptotic ray-series solution methods are an alternative to pure

numerical methods for modelling the electromagnetic fields described by Maxwell’s equations.
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(0

0.01 0.1 1 10 100

Figure 2.1: The function f(x) defined in equation 2.10 in log-log scale. The asymptotic limits
for x > 1 and xy < 1 are very good for x > 10 and x < 0.1, respectively.

In ray theory the energy is regarded as being transported along rays. The approximation
of wave propagation where one actually neglects the wave character is often referred to as
geometrical optics. In the classic works of Brekhovskikh (1960), Wait (1962), and Banos
(1966), the geometrical optics solutions are obtained when exact integral representations of
the fields are evaluated by the asymptotic method of steepest descents. When the paths of
integration are deformed into the paths of steepest descent, branch cuts and poles of the
reflection and transmission coefficients may yield lateral waves (head waves) and waveguide
modes (channel waves) in addition to the geometrical optics contributions. Bafios (1966)
gives a comprehensive treatment of that approach applied to dipole radiation in the presence
of a sea-surface interface and develops accurate expressions for all field components with a
dipole source in different orientations and at different positions in the two regions.

In the following we demonstrate that we can treat asymptotic ray theory in a unified
framework for both dielectric and conductive media and that the description simplifies in the
two special cases of either high frequency and low conductivity or low frequency and high
conductivity. We assume slow spatial variation of the medium properties and consider source-
free regions. Then equations 2.5a and 2.5b are both reduced to homogeneous Helmholtz

equations. Taking W to represent either the electric or magnetic field, we get
VY + k?(x)¥ = 0. (2.12)
We use the well-known solution ansatz

Yy
W(X) — eikgW(x) Z
m=0

m (%)
(ko)™

(2.13)
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where all the terms might be frequency dependent, but where the spatial variation is described
by the phase term W (x) and the slowly varying amplitudes W,,(x). In the sum we have
indicated an upper limit NV because infinite asymptotic series usually diverge. The parameter

ko is the wavenumber for a reference medium.

In our solution ansatz the underlying assumption is that only one geometrical wave front
passes through each point in space (Born and Wolf, 1999). In regions where several rays
pass through the same point in space, we often need to use a more general solution ansatz
which contains sums over raypaths. A thorough discussion of an analogous case from seismic
modelling can be found in Chapman (2004). Inserting our ansatz into equation 2.12 and

solving for powers of ik as the magnitude of kg becomes large, we get

(VW)? = (k/ko)?, (2.14a)
VEWW¥o + 2 (VW - V) ¥, =0, (2.14b)
VWY, +2(VW -V)¥,, + V¥, 1 =0, m>1, (2.14c)

where it is implicit that ky and k must have the same order of magnitude. Equation
2.14a is the eikonal equation, and equation 2.14b is the transport equation. In the eikonal
equation, k/ko is a normalized slowness. In optics this is equivalent to a refraction index
n = /ur-&r = k/ko, where p, and &, denote relative permeability and relative complex per-
mittivity, respectively, and it is common to use vacuum as the reference medium. If we use
only the first term in the ray expansion, the eikonal equation describes the raypaths whereas
the transport equation describes how the slow geometrical amplitude variations must be to

satisfy energy conservation.

The eikonal equation (2.14a) is complex and frequency dependent. However, in two cases
of particular interest, it becomes real and frequency independent. In the asymptotic limit
x > 10 (cf. Figure 2.1) or in nonconducting media, the wavenumber reduces to k(x) =
w\/m . With ko = w,/l10€0, where the index zero refers to values in a chosen reference
medium, we see that (VW)? = u(x)e(x)/(100). In the solution ansatz in equation 2.13, we
can in this case alternatively choose iwW’(x) in the exponential. Then the eikonal equation

becomes (VW')? = u(x)e(x), where VW’ now describes slowness.

In conducting media, low-frequency signals are approximated well by the dispersion rela-
tion k(x) = \/m . This corresponds to the asymptotic limit x < 0.1 in Figure 2.1.
With kg = /iwpgoo the eikonal equation 2.14a is real and frequency independent for this
case as well: (VW)? = u(x)o(x)/(11000). In the solution ansatz in equation 2.13, we can in
this case alternatively choose —y/—iwW” (x) in the exponential. Then the eikonal equation
becomes (VW")? = u(x)o(x), which is the solution approach found in Virieux et al. (1994).

16



2.2 Electromagnetic fields in the frequency domain

2.2.3 Layered media

In both geophysics and optics, it is often of interest to consider electromagnetic fields in
layered media. Then the medium varies only in one direction, and the spatial components
orthogonal to this direction are well suited for a Fourier expansion. We consider a stack of
homogeneous layers and decompose the wavenumber into k? = k2 + k’Z + k2. We choose the
variation to be along the z-direction. After the Fourier expansion: 9, — ik, and 0, — ik,,
and each Fourier component represents a superposition of upgoing and downgoing plane
waves in each layer. Introducing p, = k,;/w and p, = k,/w, which represent slownesses in
the a- and y-directions, respectively, and following the formalism of Ursin (1983), we can

express Maxwell’s equations as

db
i —iwAb+ s, (2.15)

with field vector b = (E, E, — H, Hx)T where T denotes transpose, source vector s =
(pud.)E pyJ.)E Ju J,)", and system matrix A = (0 A;; Ay 0), where

A =L (mEmrn ey )y, L (e peny (2.16)
€\ —DaDy ME —pz K PxPy HE _p?r

At interfaces we introduce mathematical idealizations that lead to discontinuities of the
material parameters. The boundary conditions state continuity of b, which leads to the
Fresnel reflection and transmission coefficients for two orthogonal states of polarization:
transverse electric (TE) and transverse magnetic (TM). Explicit expressions for the Fres-
nel coefficients are derived in Appendix 2.A. The propagator theory of multilayer systems
can be used to compute the overall TE- and TM-reflection and/or transmission responses
from several layers. One finally obtains the total response from the multilayered system by
an inverse Fourier transform (Ward and Hohmann, 1987; Lgseth, 2000). Most modelling
codes for horizontally layered media are based on this theory and, for low-frequency waves in
conductive materials, the formulas in Chave and Cox (1982) are readily obtained from this

formalism.

2.2.4 Green’s functions

From Green’s theorem stems the concept of Green’s functions (Green, 1828), which define
the impulse response of a medium. These functions can be used to solve inhomogeneous
differential equations with boundary conditions. In electromagnetic theory they provide an
alternative solution method to vector potential techniques. The dyadic Green’s functions for
the electric field Gg and magnetic field Gy = V X G characterize the electromagnetic re-
sponse resulting from a directional point source. Once the Green’s functions are constructed,

the electromagnetic field due to a source distribution can be determined, and the electric and
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magnetic fields outside the source region are given as volume integrals over the source and

their respective Green’s function:
E(x,w) = iwu/ dxoGg(x,w,x0)Jo (X0, w), (2.17a)
Vo
H(x,w) = / dxoG (%, w, x0)Jo(x0, w). (2.17b)
Vo

The Green’s function for the electric field obeys the reciprocity relation (Felsen and Marcu-
vitz, 2003)
G p(x,w, %0) = G5 (x0,w, %). (2.18)

This means that the m’th component of a signal at x caused by a unit impulse applied in
the n’th direction at x( equals the n’th component of a signal at xg caused by a unit impulse
applied in the m’th direction at x. The reciprocity relation (equation 2.18) then gives us the

conditions for interchanging source and receiver without affecting the measured signal.

2.2.5 Analytic solution in a homogeneous medium

In homogeneous media, the terms containing derivatives of the medium parameters in equa-
tion 2.5 vanish. The electric and magnetic fields are then solutions of inhomogeneous
Helmholtz equations where the wavenumber, k, found in equation 2.3, is now space invariant.
Following Tai (1994) the dyadic Green’s functions for the electric and magnetic field are then

solutions of
1
v2GE+k’2GE: — |:I+ EVV] (S(X—XQ), (2193.)
V3G + k*Gy = -V x [I§ (x — x¢)] - (2.19b)

Here, Vx denotes curl of a dyadic function, VV is a dyadic operator, and I is the unit

diagonal dyad. The solutions of the Green’s functions are:

b r?hy + (z — 20)*ha (z —@0)(y — yo) (z —0)(2 — 20)h2
Gp = 4mr3 (@ —20)(y —yo)ha  ?h1+ (y - ha  (y—yo)(z—2z0)ha |, (2.20a)
(—=z0)(z —20)h2 (y —wo)(z — 20) r2hy + (2 — 20)%ha
ikr — 1)etkr 0 —(z=20) (¥— o)
Gy = % (z — 20) 0 —(z —=z0) |, (2.20b)
—(y—yo0) () 0
where r = |x — xg| = [(x — 202+ (y—yo)? + (2 — 20)2]1/2 and

h1:<1—%—(1€+)2>, h2:<—1+%+(k3)2>. (2.21)
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2.3 Dipole radiation

These equations are equivalent to the dyadic Green’s functions found in Ward and Hohmann
(1987), but here they are not restricted to a conductive medium. In the special case of
a homogeneous medium it can be seen from equation 2.20 that the Green’s functions, in
addition to obeying the general law of reciprocity (equation 2.18), obey the symmetry relation

Gp(x,w,x0) = Gg(xo,w,x) and Gy (x,w,X9) = =Gy (xp,w, X).

2.3 Dipole radiation

We consider dipole radiation in a homogeneous medium in order to illustrate that the unified
description in the frequency domain yields the correct expressions in the time domain for

nondispersive waves in nonconductive media and dispersive waves in conductive media.

An infinitesimal electric dipole antenna can be represented by a line current of length
I < X\ with current amplitude I(w). This gives the dipole current moment II. For simplicity
we use spherical coordinates with the source located at the origin and pointing in the z-
direction. Then the source-current density becomes Jo = Ild(r)z. Let 6 denote the angle
between the z-axis and the radial vector r, and let ¢ denote the angle between the z-axis
and a projection of r into the xy-plane. The coordinate systems, with the source included,
are shown in Figure 2.2. The electromagnetic field in the frequency domain from such a
source-current distribution is easily found with the aid of the Green’s functions in equation
2.20 and the relation between the fields and their Green’s functions (equation 2.17). After a

transform from Cartesian to spherical coordinates, the radiated dipole field is expressed as

iknIl 1 1\ 4 1 1\ .
E = Tl — 1 ——=—+4+ —— ] Osind — - — ]2 0 2.22
(r;) At [ ( o+ (ikzr)2> sl (ikzr (ikzr)2> reos ] » (2222)
kIl 1 -
H — ikr 1— _ 3 .
(r,w) s ( ik;r) (—¢sind), (2.22Db)

where wp = kn and where 7 is the impedance as defined in equation 2.4. The exact expres-
sions for a Hertzian dipole are excellent approximations for the fields from a physical dipole
at distances r > [ and are found in a variety of works (cf. Bafos, 1966; Burrows, 1978).
The magnetic field is circulating around the z-axis (in the b direction), the electric field is
in the plane defined by the z-axis and the radial distance (in the r and 0 directions), and
the signal level is determined by the dipole current moment Il. The radiation pattern is
rotationally symmetric about the dipole axis, and the maximum radiation is in the normal
direction (# = 90°). A more thorough investigation of the radiation pattern can be found
in Appendix 2.B. We observe that the exact dipole formulas in equation 2.22 are ray-series
expansions of the same kind as in equation 2.13. In this case the ray-series method actually
yields exact results with N = 2 for the electric field and N = 1 for the magnetic field.
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Figure 2.2: The Cartesian and spherical coordinate systems are shown with the dipole an-
tenna included. The antenna is oriented in the z-direction. The elevation angle 6 is in the

plane spanned by r and Z. The azimuth angle ¢ is in the zy-plane.

2.4 Time-domain signals

The electromagnetic field in the time domain from an electric dipole source is found by

applying an inverse Fourier transform to the frequency-domain fields in equation 2.22:

e(r,t) = 4/% {eo(r, t)(8sin ) + [e1 (r, t) + ea(r, )] (2F cos 6 + O sin 9)} , (2.23a)
h(r,t) = 41? {ho(r,t) + hi(r,t)} (dp sinb), (2.23b)

where the real electric field is represented by e(r,t) and the real magnetic field by h(r, ).
The two far-field terms are

i o

eo(r,t) = — dw wI(w)e'Fr=wt " ho(r,t) = —%/ dw ikI(w)e' ==t (2.24)

—o0
The electric near-field terms ej(r,t) and es(r,t) are described by integrals over the two
higher-order terms in the dipole expansion. The two integrals are given by consecutive
multiplication of the frequency-domain far-field term by the factor —1/(ikr). The magnetic
near-field term hq(r,t) is an integral over the magnetic far-field term times this factor. Note
that an additional factor 1/(ik) in the integrals in equation 2.24 equals an integration that
can be carried out in the time domain:

/00 dw Meikr = _/00 /00 dr'dw f(w)e™" . (2.25)

oo ik r Jeoo

Let us consider the radiated electromagnetic field from an electric dipole in a noncon-

ductive medium and a conductive medium. We first look at the resulting electromag-
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netic field from a simple time-harmonic current source I(t) = Ipcos (wot) and next de-
rive the step response, i.e., the electromagnetic field from a constant current turned on at
t = 0. The frequency-domain representation of the two current distributions are I(w) =
TIpm[d(w + wo) + d(w — wo)] and I(w) = Iy[rd(w) — 1/iw], where §(w) represents the Dirac

delta function.

2.4.1 Nondispersive and nonconductive media

For nondispersive waves in nonconducting materials, we have the dispersion relation k(w) =
w/e, where ¢ = 1/,/pe is the velocity in the medium. The radiated electromagnetic field

from a dipole source for a time-harmonic current distribution then becomes

Iplsi - Ipl 1 1 N
e(r,t) = P00t P 8 gin g + —2 —cosp — —singp| (0sind + 2Fcosh),  (2.26a)
47y 4drer? | c wor
Il |wo | 1 A
h(r,t)= — |—singp + —cosp| ¢ sinb, (2.26b)
drr | ¢ r

where ¢ = wq (r/c —t).
In the step-response calculations the well-known result with a perfect but delayed delta

pulse is obtained:

- MIQZ o A . Iolt o A . A
e(r,t) = T (t—1r/c)0sinb + P H(t—r/c)(0sinf + 2 cos b), (2.27a)
hert) = 25 L6 - /o)~ La(t - r/e)| G sine (2.27b)
r,t)=— |=0(t—r/c)— =H({t—r/c sin :
’ atr | ¢ r ’

where H(t) is the Heaviside step function. Note that the electric field has a near-field
contribution only for times ¢ > r/c. This is a contribution equal to the static dipole field
from the charges +qop = +1pt accumulated on the dipole ends in a nonconductive material.
For the magnetic field, the first term is the radiated far-field pulse, but for ¢ > r/c the near-
field term yields a static magnetic field caused by the constant source current. The far-field
term has the same time dependence as the electric field since the impedance 7 is independent

of frequency in nonconductive materials.

2.4.2 Conductive media

For low frequencies and conductive media, we use k(w) = (1 + i)\/wpo/2 as the dispersion

relation. In this expression the real (k,) and imaginary (k;) parts of the wavenumber are
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equal. A time-harmonic source current then yields

e(r,t) = %ﬁole_m sin (o) (6 sin 6)
Iol  _,., Lwo 1 . - .
+ L [’ / —cos (pe —m/4) + —, cos goc] (2f cos 0 + O sinb), (2.284a)
Iol 1 A
h(r,t) = p— o [\//Twocos( —m/4) + . cos goc] (b sinb), (2.28b)

where k =k, = k; = \/W and ¢, = (kr — wot).

When calculating the step response, we evaluate the integrals asymptotically. That is,
since the main contribution to the integrals comes from the low-frequency regime, we ap-
proximate the integrals by integrating up to a cutoff frequency where the low-frequency
wavenumber approximation for conductive media is valid. We then use this approximation
and expand the integration limits to infinity again. The approximation is justified by the
heavy attenuation of the higher frequencies in highly conducting media, which implies that
the measurable part of the signal is in the low-frequency region. A formal correct mathe-
matical treatment should include the entire dispersion relation given in equation 2.3. This
would lead to a solution containing weighted sums of heavily attenuated delta pulses for
higher frequencies. A discussion of pulse propagation in dispersive media can be found in
the classic papers of Sommerfeld (1914) and Brillouin (1914). A thorough treatment is also
given in Stratton (1941). Morse and Feshbach (1953) solve the expression in equation 2.24
and the higher-order terms for the complete dispersion relation. However, our goal here is
to demonstrate the calculation that leads to the quasi-static approximation.

To solve the first integral in equation 2.24 for the step response, we introduce a new
variable £ = y/wt/2 and use that cos(—¢) = cos(§). Then

2
eo(r,t)g% i d§§exp< JEE g) [ %5—2521. (2.29)

This integral is tabulated in equation 3.966.2 in Gradshteyn and Ryzhik (1980). The result

is
nor? por?
=N/ — . 2.
eo(r,t) = Iyly/ e exp( y” > (2.30)

For the higher-order terms that constitute the near-field, we use the method in equation 2.25.

We then obtain by repeated integration

Iol puor? Iol nor?
) —— — t) = 1—erf 2.31
ex(r,t) ry/mpot exp( a )’ e2(r,1) por? o 4t ’ (2:31)

where the error function is

erf(z) = —= [ d€exp(—&?). (2.32)



2.4 Time-domain signals

To determine the magnetic field, we note that since we are using the dispersion relation
k? = iwpo, the terms in the expression for the magnetic field only differ from the higher-
order terms of the electric field by the factor or.

For convenience we express the dipole step response in terms of a scaled time 7 = t/t,,

where tg = por?/4. In terms of these parameters the electromagnetic field becomes

e(r,t) = ol 1 12 Osind + fo i (B sinf 4 2F cos )| , (2.33a)
4mors ta tq
Ll (N
h(r,t) = e f2 (ﬁd> P sin b, (2.33b)

where

fi(r) = \/%eXp (—%) (2.34)

is the far-field step response for the electric field, and

2 (-2) e () o)

is the step response of the two near-field terms for the electric field. These step responses

fa(r) =1+

are shown in Figure 2.3.
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Figure 2.3: Step responses for dipole radiation in conductive materials: far-field response

f1(7) and near-field response fa(7). The far-field response is largest for 7 < 1.4.

The step response for the magnetic field is given by fa(7). If we consider the magnetic
field and split fo(7) into the far-field term and near-field term, we get a relation between the
two components that is similar to the relation between fi(7) and fa(7). To illustrate our

point, it is thus sufficient to consider f1(7) and f2(7). When doing so, we see that although
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the far-field term arrives first and dominates for ¢ < ¢4, we cannot neglect the near-field term.
We also have the same geometrical r-dependence for both the near-field and the far-field. In
contrast to the frequency domain, there is thus no clear distinction between the far-field and
the near-field. In a conductive material, for t > t4, the near-field term yields a constant,
static dipole field:

~ I ~
(0sinf + 2f cosf), hp(r) = le) sin 6. (2.36)
4mr?

Iol
4mors

epc(r) =

With a current impulse ¢od(t) of total charge go at t = 0, the frequency-domain current
amplitude is Iy = qp, and the resulting impulse response is obtained from the step response

by a simple time differentiation:

e(r,t) = q7055 [gl <i> Osinb + gs <i> (B sinf 4 2F cos )| , (2.37a)
THo2r tq la
qol R
h(r,t) = 792 | — | ®sind, (2.37b)
TUOT td

where g; = df;(7)/dr (j = 1,2) are the derivatives of the functions in equations 2.34 and
2.35. These time responses are shown in Figure 2.4. We see that the far-field response arrives
first and has a peak value more than three times that of the near-field response, but at later

times the near-field term cannot be neglected.

— 9,
--9,(7) §

g(7)

Figure 2.4: Impulse responses for dipole radiation in conductive materials: far-field response

g1(7) and near-field response go(7). The far-field response is largest for 7 < 0.5.
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2.5 Discussion

2.5 Discussion

In SBL and marine CSEM, the signal sources are towed electrical dipole antennas, and they
are very well approximated by Hertzian dipoles at the frequencies and wavelengths involved.
Detectable signal transmission is only obtained at very low frequencies, w < wg = o/e. In
this limit the contribution from the displacement current can be ignored and equation 2.28
describes propagation of single-frequency components in homogeneous media. Compared to
time-harmonic signal propagation in nonconductive media (equation 2.26), the propagation of
a low-frequency signal in conductive materials is characterized by the damping term and the
frequency-dependent phase velocity. In addition, the phase behaviour between the electric
and magnetic fields differs in conductive media. The wavelength is A = 276 where § is the
skin depth; thus, we have 54.6 dB attenuation per wavelength, and in most cases it is only
possible to detect signals that are transmitted a few wavelengths. One then normally wants
to use very low frequencies and long wavelengths (A > 1 km) to reach down to deeply buried
layers.

In exploration configurations where one uses transient source signals, one gets responses
that resemble the strongly distorted pulse forms in Figures 2.3 and 2.4. The propagation has
the same characteristics as in many diffusion processes. The far-field and the near-field terms
in equations 2.33 and 2.37 have the same geometrical r-dependence. The difference between
the time-domain step responses in nonconductive and conductive materials is caused by the
strong dispersion and frequency-dependent attenuation in conductive materials.

We observe that the frequency-domain treatment of signal propagation in homogeneous
media leads to the correct mathematical description of time-harmonic signals and transients
for both conductive media and nonconductive media. A correct time-domain approach would
of course lead to the same equations. If we derive the wave equation from Maxwell’s equa-
tions in the time domain, assuming that the permeability, permittivity, and conductivity are
independent of frequency, we get the following damped wave equation both for the electric

field and magnetic field when we ignore the source term:

P 9*P
V2 _ L
11’_”0& TP

The term involving conductivity represents a damping term in the wave equation. Without

(2.38)

damping, we would have the wave equation

0P
VA = pe—-, 2.39
b= pegy (2.39)
which describes nondispersive waves in nonconductive materials. If the damping term be-
comes completely dominant as is the case for low-frequency signals in conductive materials,

the wave equation is well approximated by

Vi = ua%—lf, (2.40)
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which is the diffusion equation one gets if the displacement current in Maxwell’s equations is
ignored, i.e., the speed of light is assumed infinite. This is often referred to as the quasi-static
limit (e.g., Jackson, 1998). The equation has the same form as diffusion equations found in
various literature (e.g., Crank, 1975).

The hyperbolic wave equation and the parabolic diffusion equation are both transformed
into an elliptic equation when moving from the time domain into the frequency domain (Som-
merfeld, 1967). In the frequency domain, the propagation is characterized by the position of
the wavenumber £ in the complex plane. The position might vary from the real axis to a line
rotated by 45° with respect to the real axis. The first case of the two extremes corresponds
to propagation of an undamped wave, whereas the second case represents highly attenuated
propagating waves. Between these two cases there is a gradual change from undamped wave
propagation to highly attenuated wave propagation or diffusion. Thus, the diffusion equation
has wave solutions. Moreover, the diffusion equation 2.40 is a vector equation. Depending on
what one means by a diffusion process, one should be careful about thinking of the physical
process as a diffusion process since the notion of diffusion often is characterized by random
motion which constitutes a probability distribution that describes diffusive transport (cf.
Einstein’s 1905 paper on Brownian motion). The conservation of direction and polarization
of the electromagnetic field might not easily be related to this physical picture [cf. Milne’s
problem (Morse and Feshbach, 1953)].

On the other hand, when one thinks of the propagation of low-frequency fields in con-
ductive media in terms of waves, one must consider that these waves are strongly attenuated
and highly dispersive. Thus, the concept of time reversal, which is often used in processing of
seismic data (Claerbout, 1971), cannot be directly applied. Moreover, the concept of group
velocity loses its traditional significance (Stratton, 1941).

As stated above, there is nothing wrong in using equation 2.40 as the starting point
for treating low-frequency electromagnetic fields in conducting media (assuming frequency-
independent material parameters). This quasi-static approach is often used in connection
with low-frequency electromagnetic fields in conductive media. The concept of looking at
field propagation in terms of currents follows from this. However, we have also seen that by
considering electromagnetic fields in the frequency domain, we can treat wave propagation in
both nonconducting media and conducting media. Thus, the two apparently very different
cases of nondispersive wave propagation and low-frequency highly dispersive wave propaga-
tion can be treated within a unified mathematical framework. In fact, all the well-established
tools of wave theory can be directly applied. Moreover, there is no clear transition zone from
one “process type” to the other as can be observed from Figure 2.1. An example of a uni-
fied treatment is for example found in the modelling of electromagnetic wave propagation in
layered media. The well-known description of reflection and refraction of plane electromag-

netic waves at planar interfaces and associated division of the fields into TE and TM modes
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implies that both nondispersive waves in nonconductive materials and low-frequency waves
in conductive materials obey the same equations (cf. Appendix 2.A). Thus, layers that are
dominantly dispersive and layers that are dominantly dissipative can be treated on an equal
footing. Within this picture the electromagnetic response from buried highly resistive layers
can be explained in terms of the characteristic difference between the TE and TM polariza-
tion. In SBL, this characteristic difference is used to detect buried hydrocarbon layers by
orienting the dipole source and receiver antennas in specific directions. However, in many
other applications which use low-frequency electromagnetic fields, it might be advantageous

to consider the problem from the quasi-static point of view.

2.6 Conclusion

The basic theory of electromagnetic wave propagation has been reviewed and used to develop
a unified frequency-domain description that applies for nondispersive waves in nonconductive
materials and highly dispersive low-frequency waves in conductive materials.

We have considered the time-domain responses for an infinitesimal electric dipole antenna
and shown that a unified description in the frequency domain yields both the undistorted
pulses in nonconductive materials and the highly distorted diffusive pulses for low-frequency
signals in conductive materials. In the latter case both the step response and the impulse
response are strongly attenuated and distorted.

The question of whether electromagnetic field propagation in conductive materials can
be referred to as diffusion or wave propagation has been discussed. We have shown that the
approximation that results in a diffusion-like equation is valid. We have also shown that the
wave-propagation description provides the correct mathematical formulation. We conclude
that one might call low-frequency propagation of electromagnetic fields in conductive media
what one prefers, but when one characterizes the field propagation as diffusion, it might
be clarifying to add that one is not referring to the random motion usually affiliated with
diffusion processes. When the field propagation is characterized as wave propagation, it

should be kept in mind that the waves are highly dispersive and strongly attenuated.
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2.A Reflection and refraction of plane waves

At an interface between two homogeneous media the boundary conditions for the tangential

components of E and H become (Stratton, 1941)
n x (EQ—El) :0, n x (HQ—Hl):K, (2A—1)

where K is a surface current and n is a unit vector normal to the surface. The subscripts 1
and 2 denote the fields in medium 1 and 2, respectively. When the conductivities of the media
are finite, there is no surface current, and we may assume that the tangential components of

both E and H are continuous.

a) b)

Figure 2.5: Reflection and transmission of a plane wave described by rays at a planar inter-
face. The wavenumber vector k, electric field E, and magnetic field H form a right-handed
system. For the TE mode the electric field is perpendicular to the plane of incidence as
shown in Figure a. For the TM mode, shown in Figure b, the magnetic field is perpendic-
ular to the plane of incidence. The incoming electric and magnetic fields have subscript 1,
the reflected electric and magnetic fields have subscript 1/, and the transmitted electric and
magnetic fields have subscript 2. The angle of incidence is denoted 61, the angle of reflection
equals the angle of incidence and is denoted 6/, and the refracted angle is denoted 6. The
wavenumber is k; = k1 in medium 1 and ks in medium 2. The unit vector n is normal to

the interface.

Now, consider plane waves impinging at a planar interface. As depicted in Figure 2.5

we denote the incoming, reflected, and transmitted electric and magnetic fields with the
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2.A Reflection and refraction of plane waves

subscripts 1, 1’ and 2, respectively. Phase-matching conditions at the interface are now seen
to give Snell’s law and the law of reflection since the incoming, reflected and transmitted

fields must have equal phases at the interface. These laws can be expressed as

sin#; = sin 6y, (2.A-2a)
k/’l sin 91 = k/’g sin 92, (2.A—2b)

where 0 (= 61/) denotes the angle between the incoming (reflected) ray and interface normal,
and 6> denotes the angle between the transmitted ray and the opposite direction of the
interface normal. The wavenumbers in medium 1 and medium 2 are denoted by k; and ks,
respectively. When considering the relations between the amplitudes of the incident, reflected

and transmitted fields, we get

n X (E1 + Ell) =nx EQ, (2A—3a)
n X (H1 + Hll) =nx H2. (2A—3b)

Now we resolve the electric field into one component that is normal to the plane of incidence
(cf. Figure 2.5a). This component is parallel to the interface and known in optics as s-
polarization (Vasicek, 1960). Here we refer to it as transverse electric (TE) polarization
(Born and Wolf, 1999). The TE-mode decomposition leads to the following relations between

the incident, reflected, and transmitted transverse electric field components:

B ok cos 6y — pyko cos 6o

E 2.A-4
VT ki cos Oy + pnkacosfy ( 2)
2
e ok cos 6, (2.A-4b)

= E;.
ok cos 61 + pyko cos 6o !

For the other component the electric field is in the plane of incidence (cf. Figure 2.5b).
Thus the magnetic field is normal to the plane of incidence and parallel to the interface.
This is referred to as p-polarization or transverse magnetic (TM) polarization. The TM-
mode decomposition leads to the following relations between the incident, reflected, and

transmitted transverse magnetic field components:

H {::2]61 COS 91 —élk’g C0592
1/ =

2.A-5
Eoky cos 01 + E1ko cos Oy b ( a)
252]61 COS 91
H2 = = — 1-
Eoky cos 01 + E1ko cos Oy

(2.A-5b)

As seen from Figure 2.5, we have k.1 = kycosfy and k.o = kycosfs. In general, k, =
\/k? — k2, where k2 = k7 + k7. In the double-valued square root the condition Im(k.) > 0
must be satisfied. We furthermore observe that the reflected tangential components of the

electric and magnetic fields will have opposite signs. Thus, the reflection and transmission
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coefficients for the TE- and TM-polarization components of the horizontal electric field are:

pokz1 — pkzo E1k.o — 2k
=, T B T —— 2.A-6a
T okt + koo M Bk + Erkae ( )
21k, 2 k.
trs H2la1 fpng = =122 (2.A-6b)

okt + piko Eoko1 + ks

Note that 1 + 735 = t7p and 1 + 74, = tr,,. For the horizontal magnetic field components,

the reflection and transmission coefficients are:

k 2 — Mgk 1 ékal - élkz2
7,./ = —r — Ml 272 s 7"’ = —T = < 2.A‘6C
e T ok + pakae o M G0k + 1k ( )
2M1k’zg 2§2k3z1

tITE =1+ T;‘E tlT]\/I =1+ T;‘]\/f = (2A'6d)

ok + ko’ Eoko1 + 1k

The vertical magnetic field component is a pure TE mode and has the same reflection and
transmission coefficients as the horizontal electric TE component. The vertical electric field
component is a pure TM mode and has the same reflection and transmission coefficients as
the horizontal magnetic TM component.

The coefficients in equation 2.A-6 are valid for both conductive and nonconductive media.
The absolute value of the squared reflection coefficient represents reflected energy, whereas
the absolute value of the squared transmission coefficient represents transmitted energy.
Snell’s law describes ray propagation across interfaces, and the law of reflection describes ray
reflection at an interface. In the general case, Snell’s law describes a relation between complex
quantities. However, in the two cases of nondispersive waves in nonconductive media and

low-frequency waves in conductive media, Snell’s law is a relation between real quantities.

2.B Radiation Pattern
The complex Poynting vector S is defined as (Stratton, 1941; Jackson, 1998)
1
S = §E x H*. (2.B-7)
The time-averaged power density in a harmonic electromagnetic field is
1 .
<8 >= §Re(E x H"). (2.B-8)

The magnetic field from the electric dipole considered in this paper has a component in
the &)-direction only. In order to determine the radiation pattern of the dipole we need to
evaluate the complex Poynting vector

S — (EBH;f - ETH;é) . (2.B-9)

| =
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2.B Radiation Pattern

Using equation 2.22, the products in equation 2.B-9 become

E* 0TI or i(k* — k)  k—Fk* i .
EgH* = — 11 o=2Im(k)r |1 29 2.B-10
e T Tam " T e ke s (2B108)

CRRRIP oy, L[, =R 1
(4mr)? ikr kk*r kk*r?

E.Hj = ] sin 26, (2.B-10Db)
where |I1|? = IT*1? is the absolute value of the dipole current moment squared; k and k*
are the wavenumber and its complex conjugate, respectively; and 7 is the impedance. In a
nonconductive medium where k = w,/ue, the complex Poynting vector becomes

K2 sin® 0, knlIl*sin20 . plll* 1

.2 na . ~
3972 12 3972 13 59r2% 15 (sm 0f — sin 299) . (2.B-11)

Using that \/ue = 1 /e, where c is the velocity in the medium, the time-averaged power

density becomes

w?p|I1|? sin” 0
32m2¢ 2

When considering low-frequency radiation in conductive media, we use the dispersion relation

k= (1+14)\/(puwo)/2. The complex Poynting vector is in this case

TII12 e—267 1 1 1 1 ~
g — wrslIlf e - {[1+—+ ]sinQOf'— [—+—] sin299}

<S>=

£ (2.B-12)

3272 r Kr o K2r? Kkro 2k3r3
‘4IM|H|2 e 2 1 1 1 .o, sin20 .
B KT * w22 2maps | O OF + K272 00, (2.B-13)

where k = \/wpo /2. The real part of the Poynting vector now becomes

2 e 1 1 1 1 A
<55 wunlllZe {[1 b= ] sin? 0F — [— n —] sin299} . (2.B-14)

32m2 2 kT K22 kro 2r3r3
Observe that the conductive case yields an attenuation term as well as terms for higher
negative powers of r. Note also that the time-averaged power density in this case has a
component in the 0-direction.
In nonconductive media, the total radiated power P, is calculated by integrating #- < S >
over a sphere of radius r. The integration gives
wplI1?

2.B-15
127c ( )

27 e
PT:/ dqb/ df sinfr? <S8, >=
0 0

If we normalize the power density <.S, (6, ¢) > on the total radiated power averaged over all

angles, we get the directive gain G(6, ¢):

<S> 3 n2g, (2.B-16)

G(9,¢) = P jam® 2

A plot of the directive gain is shown in Figure 2.6.
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For the conductive case the presence of absorption represented by the attenuation term
indicates that we cannot find the total radiated power by simply integrating over a sphere.
In this case one would rather consider the time-averaged power density at the coordinates of

interest. The radiation pattern, normally understood to describe the pattern of the radiated

power in the far-field, can however still be represented by Figure 2.6.

Z

X

Figure 2.6: Radiation pattern for the electric dipole. The radiation is symmetric around the

dipole axis and largest normal to the dipole axis.
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Chapter 3

The first test of the SeaBed Logging method

L. O. Lgseth, H. M. Pedersen, T. Schaug-Pettersen, S. Ellingsrud, and T. Eidesmo
Submitted to Journal of Applied Geophysics

Summary

SeaBed Logging (SBL) is an application of the marine controlled source electromagnetic
(CSEM) method that is used to directly detect and characterize possible hydrocarbon-bearing
prospects. Although the CSEM method has been used by academia for more than three
decades, the application as a direct hydrocarbon indicator was first introduced about five
years ago. The central idea of SBL is the guiding of electromagnetic energy in thin resis-
tive layers within conductive sediments. Even if it has been well known for a long time
that electromagnetic signals can propagate from a conductive region to another via resis-
tive regions such as air or resistive parts of the lithosphere, the application to hydrocarbon
exploration has not been developed until recently. This might be due to the uncertainty of
getting any significant response from thin resistive layers such as hydrocarbon reservoirs since
electromagnetic energy is highly attenuated in conductive sediments. Thus, during the early
development phase of the SBL technique, a scaled laboratory experiment was performed to
validate if a thin resistive layer (hydrocarbons) buried within conductive media (sediments)
could be remotely detected by using electric dipoles as sources and receivers. Data from this
experiment were compared to a forward modelling code for layered media, and the compar-
ison showed good agreement between experimental and theoretical results. This suggested
that thin resistive layers buried in conductive media are detectable due to the guiding of the
electromagnetic field within the resistor. The successful results were vital for realizing the
application of marine CSEM as a hydrocarbon exploration technique. We here present the

results of the first scaled SBL experiment.
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3.1 Introduction

Information about resistivity variations beneath the seafloor is crucial in offshore hydrocarbon
exploration. Although various electromagnetic methods for remote mapping of resistivity in
marine environments exist cf. Chave et al. (1991), until recently, sub-seafloor resistivity data
in the oil and gas industry were obtained almost exclusively by wire-line logging of wells. In
the last few years, a new application of the marine controlled source electromagnetic method
(CSEM) called SeaBed Logging (SBL) has become an important complementary tool to
seismic exploration methods to evaluate and rank possible hydrocarbon-bearing prospects.
The basic idea behind the SBL method is to exploit lossy guiding of electromagnetic en-
ergy in resistive bodies within conductive media for direct detection and characterization of

hydrocarbon-filled reservoirs.

In a marine CSEM experiment an electric dipole antenna is used as source. The dipole
emits a low-frequency signal into the surrounding media, and the signal is normally recorded
by stationary seafloor receivers having both magnetic and electric dipole antennas. The
marine CSEM technique was introduced by Cox et al. (1971), and has since then been
successfully applied to study the oceanic lithosphere and active spreading centres (Young
and Cox, 1981; Cox et al., 1986; Chave et al., 1990; Evans et al., 1994; Constable and Cox,
1996; MacGregor and Sinha, 2000).

It has long been known that electromagnetic signals can propagate fairly long distances
in conductive regions, e.g., seawater, by the aid of a resistive halfspace, e.g., air (Kraichman,
1970), or a resistive waveguide (Wait, 1966). However, although the marine magnetotelluric
(MT) method has been used for hydrocarbon exploration (Constable et al., 1998), the marine
CSEM method had not been applied as a direct hydrocarbon indicator before the SBL
application was introduced about five years ago. The basic theory behind the SBL method
is described in Eidesmo et al. (2002), and a summary of the first SBL survey can be found
in Ellingsrud et al. (2002). This survey was performed owing to successful testing during the
early development phase of the method. A scaled experiment was performed in the spring
of 1999 in a large water tank at the Statoil Research Centre in Trondheim (Ellingsrud et al.,
2000) in order to confirm the theoretical predictions that a signal guided in a resistive layer
within conductive surroundings could be remotely detected. Along with the experiment some
basic modelling studies had been performed using a forward modelling code (Lgseth, 2000),
and the data from the experiment and the modelling results showed a very good agreement.

In this paper we present the results from the first SBL experiment. The experimental
setup of the water tank is explained, and the skin depths, wavelengths and phase velocities
in the tank are discussed since these parameters are important when interpreting the exper-
imental results. In order to relate the results to a full-scale experiment, the scaling between

the tank-experiment configuration and a typical realistic setting for an SBL survey is consid-
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3.2 Experimental setup

ered. Next, the electromagnetic field equations are discussed, followed by a basic modelling
study in order to illustrate some important aspects of the signal behaviour. Finally, the
results from the experiment, i.e., the measured electric field components in the inline and
broadside directions of the source antenna, are presented along with numerical results from
the implementation of the field equations.

The theory for electromagnetic field propagation in planarly layered media is well known
(Born and Wolf, 1999; Brekhovskikh, 1960; Wait, 1962; Chave and Cox, 1982; Ward and
Hohmann, 1987; Chew, 1995). For completeness of the paper, we however briefly review
the derivation of the field equations in the appendix. We keep the displacement current in
the equations since we find this more convenient when handling the sea-surface interface.
In air one might approximate both the displacement and conduction currents to zero in
marine CSEM modelling, but we prefer not to do this (cf. King et al., 1992). Another reason
for taking displacement currents into account, is the need to model effects of other highly

resistive layers that are present in the apparatus used in the experiment.

3.2 Experimental setup

The experimental setup consisted of a large indoor water tank as shown in Figure 3.1. The
tank had a surface area of 9 m by 6 m, and depth of 8 m. A conductive environment was
created by filling the entire tank with seawater. A resistive layer was constructed by fitting
8 king-size waterbed mattresses into a wooden framework. This construction had a length
of 7.50 m, width of 4.25 m, and thickness of 0.25 m. The mattresses were filled with tap
water and could be held in a horizontal position at any desired depth beneath the seawater
surface. Two identical electric dipole antennas were used as source and receiver. These
antennas were constructed from two 15 cm x 15 cm brass plates mounted on an epoxy
substrate. Each plate was connected to a coaxial cable, and the antenna impedance was
approximately 50 Q. A series of measurements with a time-harmonic signal in the frequency
range between 30 kHz and 830 kHz with an interval of 4 kHz were performed. The dynamic
range of the analyzer was from 0 dBm to approximately -100 dBm in this frequency range.
The separation distance between the source and receiver (offset) was varied from 0.4 m up
to 4 m with 0.2 m subintervals. The series of measurements were furthermore done with the
antennas 25 cm and 65 cm below the seawater surface. We will refer to these as the shallow
and deep configurations, respectively.

Two different orientations of the source and receiver were used throughout the experiment
both being in the horizontal plane with respect to the layered system. The configuration that
will be referred to as the inline measurement means that the separation distance between the
source and receiver antennas is parallel to the direction of the antennas. The configuration

that will be referred to as the broadside measurement implies that the separation direction
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9m
8m 7.5m
air
25/65 cm sea water
32cm
25 cm tap water
sea water
4.25m
6m
7.5m
9m

Figure 3.1: A sketch of the water tank seen from the side and above. In the excerpt, the

details of the setup are shown.

is normal to the direction of the antennas. As well as measurements for the inline and
broadside configurations, control measurements were done for the antennas at right angles

to each other.

3.2.1 Wavelengths, skin depths, and phase velocities

The electromagnetic properties of a medium are described by the electric permittivity €, mag-
netic permeability u, and electric conductivity o. Consider propagation of a time-harmonic
plane wave with frequency f (angular frequency w = 27 f). The propagation can be described

in terms of a wavenumber

k= wy\/pe +iuc/w =w/c, +i/4, (3.1)

where ¢ = v/—1, ¢, is the phase velocity, and ¢ is the skin depth. The skin depth is a measure
of how far the wave will penetrate into the medium. In the wavenumber expression in terms

of the material parameters, the first part inside the square root is related to the displacement
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currents in Maxwell’s equations, and the second part to conduction currents. Thus, it can be
observed from equation 3.1 that the conduction current dominates the displacement current if
o/we > 1. The frequency where the displacement current and conduction current contribute
equally to the wavenumber (o /we = 1), will be referred to as the critical frequency.

For water the relative electric permittivity is &,, = 80. This means that for seawater with
conductivity 5.2 S/m, the critical frequency is 1.2 GHz. For tap water with conductivity
0.013 S/m, the critical frequency is 3 MHz. The displacement current can thus be ignored
when considering field propagation in the seawater and tap water for the frequencies (in the

kHz domain) used in the tank experiment. The wavenumber in equation 3.1 can thus be

ko~ (1 +¢),/¥. (3.2)

From this approximation and the relation in equation 3.1, the skin depth, phase velocity,

written as

and wavelength A for low-frequency propagation in conductive media become:

2 2 2
S| ——, eym )22 A= T2 ~ops, (3.3)
pow no w

The skin depth, phase velocity, and wavelength for seawater and tap water for frequencies of
50 kHz, 100 kHz and 200 kHz are shown in Table 3.1.

Table 3.1: Skin depths, phase velocities, and wavelengths at 50 kHz, 100 kHz, and 200 kHz

for seawater and tap water.

f o 1) Cp A
(kHz)  (S/m)  (m) (m/s) (m)
50 5.200 0.99  3.10 x 10° 6.20
50 0.013 19.73  6.20 x 10° 123.96
100 5.200 0.70  4.38 x 10° 4.38
100 0.013 13.95  8.77 x 108 87.65
200 5.200 0.49 6.20 x 10° 3.01
200 0.013 9.86 1.24 x 107 61.98

3.2.2 Scaling between the experiment and a realistic SBL setting

The purpose of the experimental setup was to create a stratified structure with a sublayer
of low-loss material (the “hydrocarbon” layer) embedded in a medium with high loss (“over-
burden”). The conductivity of the seawater was measured to 5.2 S/m (resistivity 0.2 Qm)

during the experiment, and the conductivity of the tap water was measured to 0.013 S/m
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(resistivity 80 Qm). The conductivity contrast was thus close to 400. It was important that
the distances and frequencies used in the tank experiment could be scaled up to realistic
distances and frequencies that can be encountered in a real SBL survey. The choice of ge-
ometry and frequencies was thus based on the following consideration: If the frequencies (in
the kHz domain) are scaled down by a factor 2 x 10, and the conductivities by a factor
5, the seawater corresponds to a typical overburden with resistivity approximately 1.0 Qm,
and the tap-water layer corresponds to a hydrocarbon layer with resistivity 400 Qm. The
dimensions are then scaled up by a factor d2/6; ~ 1000, where d; and d2 are skin depths re-
lated to corresponding layers in the tank experiment and a typical full-scale SBL experiment,

respectively.

3.3 Field expressions

The electromagnetic field from an infinitesimal electric dipole source contained within a
stratified medium was calculated by solving Maxwell’s equations in terms of electromagnetic
potentials. Since the medium properties change in one direction only, the spherical-wave
expression in the vector potential can be expanded into a spectrum of plane waves. At the
interfaces, a plane-wave constituent obeys the boundary conditions which lead to the Fresnel
reflection coefficients for two orthogonal states of polarization. These are referred to as the
transverse electric (TE) mode meaning that the electric field component is normal to the
plane of incidence (and parallel to the interface), and the transverse magnetic (TM) mode
meaning that the magnetic field component is normal to the plane of incidence (Stratton,
1941). For both polarization modes, the reflection response from an arbitrary number of
layers is obtained by an iterative combination of the reflection and propagation in each layer.
The total reflection response within the source layer is obtained by combining the responses
from the two stacks of layers above and below the source antenna. The derivation of the

electromagnetic field expressions is presented in Appendix 3.A.

In order to compare data from the experiment to theoretical predictions, we need to know

the electric field from a horizontal electric dipole (HED) source in isotropic media:

Il, 1

Eylp.f.2) = =42 cosp | Thf + 1 (@55 - 750)|. (3.40)
Ill . TE 1 TE T M

Eg(p, 8, 2) = — 2 SnB | =Tao + ;( a1t —Zar)|, (3.4b)

where F, and Eg are frequency-domain representations of the complex horizontal electric
field components. Their magnitude is determined by the dipole current moment Il, where

I is the source current and [, is the length of the dipole. The symbols Z in equation 3.4
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represent integrals over a spectrum of plane waves:

Ihe(p, z) = wu/ooo dk, Z—’Z)Jo(k;pp) [e’ikzlzl + RZ‘E(ka,z)} , (3.5a)
i (p,2) =wp /OOO dk, kinl(k,,p) [e’““z'zl + RYE(k,, z)] : (3.5b)
(0.2 = 2 [ by ki) [ 4 R ()] 3.5
a1 (p,z) = :—’; /OOO dky k= Jy (kpp) [e""”'z' + RYM (k,, z)} . (3.5d)

By definition the medium properties have discontinuities in the vertical direction only. Thus,
it is advantageous to write the equations in terms of cylindrical coordinates. The horizontal
wavenumber component is given by k,, and the vertical wavenumber component is described
by k, = /k? — k;g The corresponding spatial components are p and z, respectively; whereas
[ describes the angle between the HED and p. The source is situated in the origin of the
coordinate system. The field equations are written in terms of integrals containing Bessel
functions of the first (Jy) and second (J7) order so that double integrals in terms of the

horizontal wavenumber components k, and k, are avoided in the numerical implementation.

} -
R,=0
Upper stack
7~
/ )
7.=0-—H—
RS
Lower stack
Ry.:=0
z

Figure 3.2: The source antenna situated between an upper and a lower stack of layers with
reflection responses Rs and Rs, respectively. Note that these are the reflection responses

from the stacks at z; = 0.

It can be observed that the electromagnetic field expressions consist of a direct field, which
is the field that would be observed in a homogeneous wholespace, and a reflection response
given by R 4. This reflection response is obtained by combining the reflection responses from
an upper stack Rs and a lower stack Rs as illustrated in Figure 3.2. The subscript s means

that the stack responses are to be calculated at the source position zs = 0. The appropriate
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summation of the reflection responses from the upper and lower stacks gives:

Rs(l —‘,—Rs)e—ikzz + Rs(l _,’_Rs)eikzz

Ralko.2) = I RR

(3.6)

The reflection coefficient from a stack is obtained by a recursive combination of reflections
from all the layers in the stack as shown in Chew (1995) or Lgseth and Ursin (2007):

Tm A Bt ik dn

Ry, = " 3.7
1 + T'rnR'rn-‘rl ( )

where d,, is the thickness of the m’th layer, k.,, is the vertical wavenumber in the m’th
layer, Ry = 0, 7., is the Fresnel coefficient for reflection between the m’th and (m + 1)’th
layer and m = 1,2, ..., M. The iteration procedure is illustrated in Figure 3.3. At a single
interface between two homogeneous regions, denoted by the subscripts 1 and 2 and where
the incoming field is found in medium 1, the reflection coefficients for the TE and TM modes
are (Stratton, 1941; Jackson, 1998):

_ pokar — pakee E1kzo — 2k

= , and  rpy = — - , 3.8
ok + k.o T Gk + ok (3:8)

TE

where € = ¢ + io/w.

m+1 m

Figure 3.3: An illustration of how the reflection response from a stack is calculated. The

response just below the m’th interface in layer m+1 is R,, 1, and r,, is the Fresnel coefficient.

The field expressions were implemented in Fortran 90 using an adaptive Gauss-Legendre

quadrature and the Euler summation-acceleration method (Press et al., 1997).

3.4 Modelling study

The effects on the signal propagation when varying the conductivity, thickness, and depth of
the resistive layer were investigated (cf. Figure 3.4). With a source frequency of 100 kHz, the

variation in responses for different conductivities and thicknesses of the resistive layer was
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looked at separately. In these cases the air halfspace was not included. The effect of the air
halfspace was considered by modelling responses from the shallow and deep configurations,

i.e., by varying dp in Figure 3.4.

) R €
d,
.......... T (n I G,
d,
t 11
d, (1) S 5,
z G,

Figure 3.4: A sketch of the signal propagation. The contributions to the total response come
from the sea-surface (I), direct field (IT), and guiding (IIT).

In all the modelling cases, the resulting electric field components in the inline and broad-
side directions were studied. The results are shown in Figure 3.5 and 3.6. For the inline
configuration E, with 8 = 0 is plotted (dash-dot lines), and for the broadside configuration
Eg with § = 90° is plotted (solid lines). In both cases, the presentation of the results is in
terms of magnitude versus offset (MVO) and phase versus offset (PVO).

In Figure 3.5a-b the magnitudes and phases of the electric field are shown for various
conductivity contrasts. The green lines show the direct field which is the response one would
measure in a homogeneous wholespace. Note that in this case the broadside component has
the largest magnitude. For a three layer model (resistive layer in a conductive background
medium), the responses from models with background-medium conductivity 5.2 S/m and
thin-layer conductivities of 0.13 S/m, 0.065 S/m, and 0.013 S/m (conductivity contrasts
of o, = 40, 0, = 80 and o, = 400) are represented by yellow, magenta, and black lines,
respectively. The resulting plots can be separated into three regions. In the first region the
direct field dominates. In the next, the response from the more resistive layer is noticeable,
whereas in the last and most interesting region, the energy that has been guided in the
resistive layer dominates the response. Note that the inline configuration has the largest
response in this region.

In Figure 3.5¢-d the magnitudes and phases of the electric field for various thicknesses of

the resistive layer are shown. For reference, the response from a homogeneous wholespace
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Figure 3.5: MVO plots for various conductivity contrasts o, are shown in Figure a, whereas
Figure b shows the respective PVO plots. In Figure ¢ and d the differences in responses for
various thicknesses ds are shown. I and B denote inline and broadside antenna configurations,

respectively.

is included and shown by the green curves. The yellow, magenta and black lines represent
responses from a resistive layer of thickness 0.05 cm, 0.10 cm, and 0.25 cm, respectively. The
plots indicate that the inline configuration is not as sensitive to a variation in thickness as it
is to a variation in conductivity contrast. The broadside configuration is more sensitive to a
variation in thickness than the inline configuration.

The effect of an air halfspace above the antennas is demonstrated in Figure 3.6. Again
the green curves represent the direct field, and the response without the presence of the sea-
surface interface (dy = oo in Figure 3.4) is plotted in yellow. These reference curves can be
compared to the curves for the responses from the so-called deep configuration (dy = 65 cm)
represented in magenta, and the shallow configuration (dg = 25 cm) shown in black.

It can be observed that the responses are larger at shallower depths, but that the response

from the lossy waveguide is still present in the modelled data. The interpretation of the
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Figure 3.6: Modelled response for various seawater depths.

phase plots might become more complicated than the interpretation of the magnitude plots
in shallow water. It can be observed that the response from the sea-surface interface is
significant at all distances where the signal is not dominated by the direct wave. Moreover
the combination (“interference”) between the response from above and below the antenna
might lower the overall signal response. Note that one in a common SBL setting has one
more layer that represents the seawater/overburden interface, and that the “interference”

effects may become more complicated here.

3.4.1 TE and TM modes

From equation 3.4 we see that the TE-polarization component will dominate the signal
in the far-field for the broadside configuration since the contribution from the TM mode
vanishes as p — co. By the same argument, the TM-polarization component will dominate
the signal in the far-field for the inline configuration. However, in a marine CSEM or SBL
experiment, one cannot neglect the near-field. Thus, both components contribute to the
overall signal response both for the inline and broadside configurations. Moreover, the TM
mode is sensitive to thin resistive layers whereas the TE mode does not “see” thin layers
(Lgseth, 2007). When a resistive layer becomes thick however, the contribution from the TE

mode becomes significant.

In the geophysics literature the TM mode is often referred to as galvanic coupling be-
tween layers whereas the response due to the TE mode is referred to as inductive coupling
(MacGregor and Sinha, 2000). The TM and TE modes are also sometimes referred to as TM
and PM modes, respectively, then meaning toroidal and poloidal magnetic modes (Chave
et al., 1991).
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3.5 Results

In order to compare the measured responses in the tank to modelled responses, we plot the
measured inline and broadside data along with the corresponding modelled data in Figure

3.7, 3.8, and 3.9. In all the figures the measured inline (broadside) data are represented by

7
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Figure 3.7: Calculated and measured response for a 50 kHz source frequency at 65 cm depth.

0’s (x’s). The modelled inline (broadside) data are represented by dash-dot (solid) lines. For
comparison, the modelled response from a seawater wholespace (green) and two halfspaces
consisting of seawater and air (cyan) are shown. We denote the latter as the halfspace model.
Figure 3.7 shows measured and calculated magnitude and phase responses for a signal of
50 kHz with the deep configuration. It can be observed that the modelled data fit the
measured data very well at intermediate distances, and that the responses are substantially

larger than the response from the halfspace model. In Figure 3.8, responses at shallow
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Figure 3.8: Calculated and measured response at 100 kHz and 25 cm depth.

depth for a 100 kHz signal are shown. This figure shows a large halfspace response, but
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the modelled data fit the real data very well for intermediate distances. One is thus able to
“see” the tap-water layer at the shallow depth as well. The deep configuration at 200 kHz
is shown in Figure 3.9. Here, the magnitude data fit the modelled data even better than for
lower frequencies at large distances. For the inline case however, the phase data do not fit

the modelled data as well as for the lower frequencies.
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Figure 3.9: Modelled and real data for a 200 kHz source frequency at 65 cm depth.

3.6 Discussion

As seen from Figure 3.7, 3.8, and 3.9, the agreement between the modelled and experimental
results was very good. For small offsets however, the fact that the physical antenna has
finite size does not correspond to the Hertzian dipole approach followed in the modelling
code. This deviation is not large and is of minor importance in the overall picture.

At large offsets, disagreements between modelled and measured data will be due to the
walls and finite bottom of the water tank. Response from the bottom of the water tank is
however avoided by the large distance from the bottom to the tap-water layer (approximately
7 m). As seen from Table 3.1, the skin depth in tap water is much larger than the lateral size
of the tap-water layer for low frequencies. Thus, we expect that reflections from the end of
the mattresses will influence the data, and that these effects will be evident at far offsets. At
higher frequencies, the attenuation is larger, and the end effects will not influence the data
that much. Note also that, at the largest offsets, the receiver is operating near its detection
limit.

The above considerations imply that the experimentally and theoretically obtained curves
should be compared at intermediate source-receiver separation distances. The modelling code
for stratified media is well suited to investigate the measured data at these offsets.

If one was to try to get an exact match between the modelled data and measured data,

45



The first test of the SeaBed Logging method

one would have to take into account the coating of the mattresses that leads to very thin
nonconductive layers in the model. From modelling investigations, it was seen that this would
alter the responses only slightly. One should also take into account the wooden framework
and the intermediate separation between the 8 mattresses in the tank. These parameters
will however give only a slight mismatch in the phase plots at higher frequencies (cf. Figure
3.9b). At these frequencies, the phase is more influenced by the tap-water layer than at lower
frequencies.

A determination of the details of the tank was however not the purpose of the experi-
ment. The goal was to validate that the guiding of electromagnetic energy in thin resistive
layers within conductive media is detectable by electric dipole antennas. The experiment
indicated that the detection of a lossy waveguide (1-D modelling), or rather lossy resonator
(experiment), is possible. The results also confirmed that, if one only has the opportunity to
acquire some data, and if one looks for thin layers; one might want to use the inline configu-
ration. Moreover, one might use the difference in response between the inline and broadside
configurations to look for thin resistive layers. For thick layers, the increased sensitivity of
the broadside configuration might become useful if one has a scenario that includes both a
thin reservoir and a thick resistive layer.

A concern about the experimental setup compared to a real SBL or CSEM setting, is
the lack of the “seabed” interface. When the experiment is scaled into a realistic setting,
the seawater layer corresponds to an overburden, and one might argue that the presence
of another layer in the experiment would have masked the response from the thin resistive
layer. However, as discussed in Lgseth (2007), the characteristic TM-mode response from
the thin resistive layer would be altered only slightly in case of having an additional interface
with relatively weak contrast to the source layer. Thus, the tank experiment gives valuable
information about the detectability of the guiding effect in the thin resistor even without the

seabed interface.

3.7 Conclusion

The purpose of the water-tank experiment was to investigate if a thin resistive layer (repre-
senting a hydrocarbon-filled reservoir) buried in a conductive medium would give a directly
detectable electromagnetic response. The experiment showed that such detection was indeed
possible. Moreover, it was confirmed that the sensitivity of the measurements was larger
for certain configurations of the antennas. The results from the experiment and modelling
study suggested that the inline configuration is the preferred configuration for detection of
thin resistive layers. Moreover, the experiment verified that the difference in the response
for the inline and broadside configurations can be used to identify thin layers. Even if a

modelling study of a realistic SBL scenario would require full 3-D modelling, the results from
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3.A Derivation of the field expressions

In order to solve Maxwell’s equations, the magnetic flux-density vector B can be expressed
in terms of a vector potential as B = V x A (Stratton, 1941). By applying the Lorenz gauge
(Kong, 2000), the following Helmholtz equation for the vector potential from a source with

current density Jg is obtained:
VZA + K2A = —udy, (3.A-1)

where k is the wavenumber given in equation 3.1. The complex electric field E and magnetic
field H in the frequency domain are then described in terms of the vector potential as

VIV-Ar,w)] }

2 (3.A-2a)

E(r,w) = iw {A(r, w) +

1
H(r,w) = -V x A(r,w), (3.A-2b)

I
where r is the radial vector. An infinitesimal electric dipole source can be represented by
a length vector |I| < A with current amplitude I(w). This gives the source current density
Jo(w) = I(w)1é(r). For such a source, the vector potential is found by solving equation 3.A-1:

ul(w)l
4rr|r|

A(r,w) = exp (ik|r]). (3.A-3)

In a stratified medium with the electric dipole source situated between two layered stacks
and the medium variations in the z-direction as shown in Figure 3.2, the coordinate system
can be chosen with the dipole antenna located at the origin and in the plane defined by the
2- and z-axis. This means that the source current distribution can be written as Jo(w) =
I(w)[lz0(r)% +1,0(r)z]. The z-component of the antenna will be referred to as a horizontal
electric dipole (HED) and the z-component as a vertical electric dipole (VED).

In order to calculate reflection and transmission at the interfaces in the layered system, the
spherical wave in the expression for the vector potential in equation 3.A-3 can be expanded

into plane waves (Weyl, 1919):

exp(ikr) :i/‘” ke dk exp i (kgx + kyy + k.|2|)]
, . z Wiy k. )

(3.A-4)
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where k, and k, are the spatial frequencies in the z- and y-direction, respectively; k/Q) =
k;f + k:,i; and k, = /k? — k;g The double-valued square root is made unique by the following
physical consideration: Since k is complex and k, and k, are real, k. is a complex quantity.
To ensure that the field vanishes for |z| — oo, one must require that Im(k,) > 0. The
inhomogeneous plane waves are thus exponentially damped with increasing |z|.

By using equation 3.A-2 and 3.A-4, the electromagnetic field in the frequency domain

can now be expressed as:
0 . .
Y(r)= — / dkpdky, W(ky, ky, 2) eFeotikuy (3.A-5)

where ¥ = {E, H} and

puwl KK DY\ ..
E(ICJ,; ky, Z) = — 2. (1 — T e k- | |, (3A—6a)
I .
H(ky, ky, 2) = “ (k' x 1) et*=l2l (3.A-6Db)

where k' = [ks, ky, sgn(z)k;]. The delta-function contribution at the source position for the
E.-component is ignored. Equation 3.A-5 describes a 2-D inverse Fourier transform from

the wavenumber domain into the spatial domain.

y

Figure 3.10: TE-polarization component for a plane wave. The TE part of the quantity
1 - k/(k’ -1)/k? is denoted e, and 1, corresponds to a HED.

In order to calculate the reflection response from each interface in layered media, the
quantities in equation 3.A-6 need to be decomposed into the transverse electric (TE) po-
larization component and the transverse magnetic (TM) polarization component. The term
transverse here means that a plane-wave constituent is normal to the plane of incidence. The
plane of incidence is defined by the wavenumber direction k and the z-direction (interface
normal). The TE mode is obtained by considering the electric field component normal to the

wavenumber in the horizontal plane that contains the HED as shown in Figure 3.10. Thus,
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the field components in terms of the TE- and TM-polarization modes become:

Jwk?

TE — Y ik |z| TE _
B7 b i 2) = et yey (e + RY, ) (3.A-7a)
2
B (e, by, 2) = o 2Rz (e“lezl + RQM) : (3.A-7b)
(k2 + k2)
wkk -
BT (kg ky, 2) = —ch% (e“lezl + RQE) : (3.A-7¢)
z\lhg y
TM _ MWki‘kykz ik |z| TM B
By (ke i 2) = engiz s 5 (e + RY, ) : (3.A-7d)
k.k )
TE — vy z ik.]z| TE _
HE s b 2) = 5 i (lzle + RY ) : (3.A-7e)
k.k )
HI (ke by, 2) = =g (ﬁef’%lzl + REM) : (3.A-7f)
T Y
k2 |
Hy " (ke by, 2) = engg 5 (e + rEy). (3.A-Tg)
x
I (ks by, 2) = et (e + RpY) (3.A-7h)
y xy Ny, hk’g +k’,§ [2] D ) .
ky .
B (ks ky, 2) = _ch”:; (ﬁef’%lzl + REM) , (3.A-7i)
k .
H. (ky. by, 2) = —cn 7 (e“lezl + RQE) : (3.A-7j)

z

where ¢, = —Il,/2. Note that the E,-component is a pure TM mode, and that the H.-
component has a TE mode only. The exponential term describes the direct field, R4 is the

reflection response given in equation 3.6, and

—Ry(14 Ry)e =% 4 Ry(1 4 Ry)etk==
1 — RyRs '

Rp(ky, z) = (3.A-8)

The difference in sign from R4 is due to the antisymmetric radiation characteristics for the
field components with the sgn(z)-term and the sign of the Fresnel coefficients being opposite

compared to the definitions in equation 3.8.

From Figure 3.10 it can be deduced that the VED has no TE-polarization component.
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Thus:
B2 (ky, by, 2) = —cq,”:—fl‘ (e + mE"). (3.A-92)
By (ke by, 2) = —eo P (e 4 R, (3.A-0b)
HY (kg ky,z) = cq,z—z (e“MZl + RgM) , (3.A-9c¢)
Hy (ks ky, 2) = —cq,% (e“lezl + RgM) : (3.A-9d)
EY(ky, ky, z) = cww (e“MZl + RgM) : (3.A-9¢)
where ¢, = —1I1,/2, H, = 0, and the reflection responses are:

Rs(l - Rs)e_ikzz - Rs(l - Rs)eikzz

Rp(ky, 2z) = — : 3.A-10a
B( P ) | — L., ( )
_Ryl_R‘ —ikzz_Ryl_R‘ ik, z
Re(ky, 2) = o é)el I o 2)e (3.A-10b)
- stls

The explanation of the sign differences in R4, Rp, Rc, and Rp can be summarized as
follows: The horizontal components of the electric (magnetic) field have positive (negative)
reflection coefficients in terms of the definitions in equation 3.8. The reflection coefficient
is negative (positive) for the vertical electric (magnetic) field. The radiation from a HED
is symmetric above and below the antenna for the horizontal components of the electric
field and vertical component of the magnetic field. The radiation is antisymmetric for the
horizontal components of the magnetic field and the vertical component of the electric field.
For the VED the horizontal components of the magnetic field and vertical component of
the electric field are symmetric, whereas the horizontal components of the electric field are
antisymmetric.

The Fourier transform of the expressions in equation 3.A-7 and 3.A-9 into the spatial
domain must be done numerically. In order to do the calculations efficiently, the double
integral can be reduced to a single integral by using cylindrical coordinates. Thus, the ex-
pressions must be written in terms of Bessel functions. Let a represent the angle between
ky, = K2+ kzg and the k;-component so that k, = k,cosa and k, = k,sina. The corre-
sponding cylindrical spatial variable is the angle § between the HED and the polar radius
p. The exponential term in the integral that describes the plane-wave expansion (equation

3.A-4) can be rewritten as
exp (tkyx + ikyy) = exp (ik,psin), (3.A-11)
where ¢ = a — 8+ 7/2. Equation 3.A-11 can be expressed by a series of Bessel functions
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(Gradshteyn and Ryzhik, 1980):

exp (ik,psing) = ZJ (kop) e eine, (3.A-12)

where J_,, (k,p) = (=1)" J,, (k,p). From this, one obtains the representation:

1 2 ) y
Jo(kpp) = — / dg etkepsing (3.A-13a)
2T 0
1 2 ) )
Ji(kpp) = — / d¢ sin & etkorsing (3.A-13b)
2wt Jg
1 2 ) )
Jo(kyp) = —/ d€ cos 2¢ etkersing (3.A-13¢)
21 Jo
where the following relationship between Jy, Ji, and Jo holds:
2
Jo(kpp) + J2(kpp) = k;—pJ1 (kpp).- (3.A-14)
13

In order to rewrite the expressions in equations 3.A-7 and 3.A-9 in terms of Bessel functions,

the relations

—~

E+ B —m/2) =sincos B+ cosEsin f, (3.A-15a
E+ B —7/2) = —cos&cos 5+ siné sin S, (3.A-15b
26+ 203 — w) = — cos 2€ cos 23 + sin 2¢ sin 2, (3.A-15¢
26426 —m) = —sin 2 cos 23 — cos 2€ sin 23, (3.A-15d

COS &x = COS

sin o = sin

—~

Ccos 2av = cos

—~

sin 2 = sin

)
)
)
)

—~

are needed. Note that terms involving cosé and sin2¢ do not contribute to the Bessel
expansion. In order to rewrite the Cartesian field components into cylindrical components,

the following relations are used:
E,=F;cosfB+ Eysin and FEg=—FE,;sinf+ E,cosf. (3.A-16)
The horizontal electric field components due to a HED are as given in equation 3.4. The

corresponding F, component is

twully,
4rk?

Ez(p, B,z) = ﬁ/ dk’ Jl pp) [_lezk 2|z +RT}\/](k,p,2) , (3.A—17)

and the magnetic field can be written as

1, 1
Hp.0.2) = 42 sinf | ~Ths + 1 (T - 7). (3.A-180)
Ill T M 1 TE T M
Hg(p, B,2) = 4 cosf | Ipy + p (ZH —Zp))!, (3.A-18b)
Wiy * k/QJ ik.|z| TE
H.(p,B.2) = i | - dky 721 (kpp) [e + RYE (K, 2)] | (3.A-18¢)
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where

0 .

A / dk, k, Jo(k )[ﬁef’lezlJngE(k,,,z)}, (3.A-19a)
OOO

Dl pa / dk Jl |:|Z| ka2 |+REE(k/’paz)} ) (3A'19b)
0
(o)

() 2 / dk, &, Jo(k,p) [We“f :l2 |+RTM(1€,,,Z)}, (3.A-19¢)
0

Ipi(p = )_/0 dky J1(Kop )[|Z| etz |+RTM(k’paZ)}- (3.A-19d)

The field components due to a VED are:

iuwll, [ .
Ey(p.8,2) = Lo / dhp k2 Ty (kop) [ o™= + REY (R, 2)] (3.A-20a)
7Tk 0
0 k2
Hy(p.0,5) = /O dhy 2 Tilp) [+ RE (hy )] (3.A-20D)
1. k:3 |
BX(p, 0,2) =~ /O dky 72 To(kpp) [+ REM (R, ). (3.A-20¢)
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Asymptotic evaluations of the marine CSEM
field integrals

L. O. Lgseth

Submitted to IEEE Transactions on Geoscience and Remote Sensing

Summary

In marine controlled source electromagnetics (CSEM) or SeaBed Logging (SBL) one explores
the subsurface by emitting low-frequency signals from an electric dipole source close to the
seabed. The signals are recorded by receivers that are usually positioned on the seafloor. The
main goal is to detect and describe possible thin resistive layers within the conductive sur-
roundings beneath the seabed. A simple geological model from an exploration case includes
an air halfspace, a water column, and a thin layer in the subsurface. The electromagnetic
response from such a plane-layered model is easily calculated using standard modelling tools.
However, in order to improve our understanding of the physics of marine CSEM, it is of in-
terest to analyze how the electromagnetic signals propagate. In an isotropic stratified earth
model, the electromagnetic field is given in terms of integrals over TE- and TM-polarized
field constituents in the wavenumber domain. An analysis of the signal propagation can then
be performed by an asymptotic evaluation of the field integrals. This results in closed-form
space-domain expressions for the field contributions in terms of the TE and TM modes.
In the first part of this paper, asymptotic expressions have been derived for three separate
models that consist of: two halfspaces with air and seawater, two conductive halfspaces, and
a thin resistive layer within a conductive background medium. By using the saddle-point
method of evaluation, where the large parameter in the expansion is the propagation distance
of the fields, the lateral wave responses from the sea-surface and seabed, due to branch points

in the complex integration plane, have been obtained. It is shown that the response from the
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sea-surface is dominated by the TE mode. It is furthermore shown that the response from a
thin resistive layer is accounted for by a TM-mode pole in the complex wavenumber domain.
Hence one may consider the thin-layer response as caused by a waveguide. In the second part
of the paper, a complete model that consists of a sea-surface interface, a seabed interface,
and a thin resistive layer in the subsurface has been considered. For this case is it shown
that the TM response from the thin resistive layer and the TE response from the sea-surface
account well for the total field response for the source and receiver offsets of main interest in
conventional marine CSEM surveying for hydrocarbons. In shallow water, the TE response
from the sea-surface and the TM response from the resistive layer normally increase. The
effects introduced by the water column can be interpreted in terms of a larger effective source

strength and an additional amplification of the signal at the receiver.

4.1 Introduction

In marine CSEM or SBL one looks for thin resistive layers in conductive sediments by using an
electric dipole source that emits low-frequency signals into the surroundings (Eidesmo et al.,
2002). Although SBL has been used to describe applications of marine CSEM where one
seeks to directly detect thin resistive layers such as hydrocarbons, both naming conventions
are nowadays used to describe the same exploration technique. I will in the following refer to
both applications as marine CSEM. In realistic geological scenarios one needs 3-D modelling
tools in order to accurately predict how electromagnetic fields from an electric dipole in
seawater will propagate. However, the modelling routines for layered media are often well
suited to predict the electromagnetic response from the subsurface since geological structures
in a typical CSEM setting in many cases can be represented as stratified layers (Constable
and Weiss, 2006; Hoversten et al., 2006). A simple 1-D model should include the interface
between the seawater and sediments, a thin layer, and the interface between seawater and
air (cf. Figure 4.1).

Even if 1-D modelling provides information about the resulting response, it does not
clarify which interfaces and layers that contribute what to the modelled signal response.
In order to clarify this matter it might be interesting to perform a direct evaluation of
the so-called Sommerfeld integrals, i.e., the integrals that describe the electromagnetic field
components in a stratified medium. A well-known evaluation technique of integrals is the
method of steepest descents (cf. Morse and Feshbach, 1953; Brekhovskikh, 1960; Felsen and
Marcuvitz, 2003). The basic idea is to deform the integration path in the complex plane
of the integration variable so that the imaginary part of the function in the exponential
of the integrand is constant along the deformed path. A function which is analytic in the
complex domain has its most rapid changes for the real part along the curves of constant

imaginary part (Bender and Orszag, 1999). The main contribution from the integration will
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then normally be from a saddle point. However, during the deformation of the integration
path, poles and branch cuts might be encountered and in this case they contribute to the
resulting integral value. These contributions can sometimes be far more significant than the
saddle-point contribution.

The evaluation of wave propagation by the method of steepest descents dates back to
the early attempts to describe radio-wave propagation in terms of a ground wave (Zenneck,
1907; Sommerfeld, 1909). In a recent paper Wait (1998) reviewed the history of ground-
wave investigations related to radio-wave transmission. The method of steepest descents
is obviously used for evaluating types of wave propagation other than radio waves; e.g.,
Brekhovskikh (1960) has a thorough treatment of spherical acoustic and electromagnetic
wave propagation in layered media, and Banos (1966) considers dipole radiation in presence
of a conducting halfspace.

The asymptotic evaluation of an integral that describes reflection or transmission of a
spherical wave or dipole wave in a medium with one interface may give a lateral wave which
can be ascribed to a branch point in the complex integration domain. Branch points are
always associated with the outermost halfspaces in integrals that describe propagation in
layered models (Chew, 1995). In seismology the term head wave is used for the lateral wave
(DeSanto, 1992). The description of electromagnetic signal propagation in terms of a lateral
wave along the interface between sea and air has been — and still is — important when consid-
ering e.g., communication (with submarines) and measurement techniques with submerged
electric and magnetic dipoles. Batios (1966) calculated the electromagnetic potentials, due to
a source either above or below the surface, by using asymptotic expansions that are valid near
the interface, near the vertical axis, and in the entire hemisphere. For all the cases he used
the method of steepest descents, but with different expansion parameters. He furthermore
reported that the so-called double saddle-point method, where the asymptotic expansion of
the Hankel function is performed along with the expansion of the rest of the integral kernel,
is more efficient than the normal way of expanding the Hankel function before one expands
the integration kernel. Bamnos (1966) then simplified the asymptotic expressions for three
separate distances which were referred to as the near-field zone, intermediate zone, and far-
field zone. In the near-field case, of importance for low frequencies, he also considered the
quasi-static approach which means that the wavenumber in air is set to zero. In fact, Wait
(1961) stated that only in the quasi-static analysis does the exponential factor in the result-
ing field expressions appear in an appropriate manner, and from his analysis, Wait (1961)
obtained exact expressions for the lateral wave between the sea and air. Bannister (1984)
derived simplified formulas by using the work of Wait (1961). The effect of the sphericity of
the earth on lateral waves was investigated by Bremmer (1949) and Hill and Wait (1980).

An investigation of lateral waves in general was presented in King et al. (1992).

The saddle point gives a contribution to the asymptotic expansion which may be inter-
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preted as a reflected or transmitted ray which propagates from the source to the observation
point (Brekhovskikh, 1960). In the deformation of the integration path into the steepest
descent path, singularities of the functions in the integration kernels may be encountered.
These singularities (or poles) must be taken into account by adding the residue of the func-
tion at these points. Poles represent surface waves, leaky waves, or guided waves (Felsen
and Marcuvitz, 2003). Wait (1966) examined the possibility of a resistive layer in the earth’s

crust to support guided waves.

Although asymptotic expansions of integrals that describe field propagation find their
most widespread use in cases where one seeks far-field responses for wave propagation with
low attenuation, it might be worthwhile to apply asymptotic analysis to dipole radiation
in conductive media. This is not a new idea and has, as already mentioned, been done by
e.g., Banos (1966) and Wait (1966). However, in this paper I consider the marine CSEM
field integrals expressed in terms of their TE and TM modes directly, and the integrals are
evaluated for the following three simple models: a conductive halfspace (seawater) in presence
of a resistive halfspace (air), seawater in presence of a less conductive halfspace (sediments),
and a thin resistive layer within a conductive background medium. In addition, models that
consist of different combinations of the simple scenarios are looked into. For the different
models, explicit spatial expressions for the field propagation in terms of lateral-wave, guided-
wave and ray-reflection contributions are derived. The major motivation of the analysis is

to obtain a better physical understanding of the signal propagation in marine CSEM.

The paper starts by reviewing the method of steepest descents. The contributions from
a saddle point, branch point, and a simple pole are presented along with a method for
calculating the saddle- or branch-point contribution when a pole is located close to the
respective point. Next, integrals that describe the horizontal electric field from a horizontal
electric dipole, found in e.g., Lgseth et al. (2006a) and Lgseth and Ursin (2007), are presented.
The asymptotic evaluation of these field integrals is sufficient for the investigation of the TE-
and TM-mode propagation in a layered model. The evaluation is performed by writing
the integrals in terms of Hankel functions and the appropriate reflection-response functions.
The single-interface model is studied first. In this case the integrals are considered in the
complex wavenumber domain before a method from Banos (1966) is used. This implies a
transformation of the branch-point contribution into a saddle-point contribution. However,
the double saddle-point method that Banos (1966) used in his investigations has not been
found to be of any advantage here. The method for properly handling the presence of a pole
in vicinity of a branch point is applied for the TM mode. The next model considered is a thin
resistive layer within a conductive background medium. The deformation of the integration
path is done in the angular-spectrum domain. This transformation of the integration variable
was first done by Ott (1942) for nonconductive media. The influence of the poles (in the

reflection response) on the field integrals is determined by their location in the complex
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angular-spectrum domain. The corresponding residue contributions are calculated. Having
considered the simple models, different combinations of them are looked into. First, the case
with a seabed and a thin layer is studied. Next, the case of having a model with a seawater
column is considered, and eventually a full model which includes both the water column and
the thin layer is discussed. In an appendix the separation of measured data into the TE and

TM modes is discussed.

4.2 Method of steepest descents
Consider an integral with the functions ¢(¢) and f(¢):

I(x) = /C ACF(C) X9, (4.1)

where the integration path C' originally goes from minus infinity to infinity along the real axis
in the complex (-plane. Assume that the parameter y is large. Then a good approximation
to the integral can be found by using the method of steepest descents (which is also referred
to as the saddle-point method). The method of steepest descents implies a deformation of
the original integration path into a path with a constant phase contour. If the function in
the exponent is written as ¢(() = é-(¢) + i¢i((), where ¢, is the real part and ¢; is the
imaginary part, the constant phase contours are found where ¢; is constant. From complex
function theory it is evident that when ¢; is constant, ¢, must have its most rapid increase
or decrease (Bender and Orszag, 1999). Assume in the following that the integrand has
one saddle point in the interior of the complex integration domain. Then the saddle point
is found at the point on the constant phase curve where ¢'(¢) = 0. The phase contour
that passes through the saddle point is either a steepest descent path (SDP) or a steepest
ascent path. The deformation of the integration path into the SDP, assuming that the
functions in equation 4.1 are analytic, does not alter the value of the integral. Moreover,
along the deformed path, the dominating contribution to the integral comes from a short path
segment around the saddle point. Thus, a good approximation to the integral can be found
by replacing the function f(¢) with a simpler function that equals the original function along
the short path segment through the saddle point. The accuracy of the resulting asymptotic
approximation usually improves with increasing value of the large parameter xy. However, it
is rather the radius of convergence of a power-series expansion of the part of the integrand
that is multiplied with the exponential behaviour, that determines how well the asymptotic
approximation works [Watson’s Lemma (Banos, 1966)]. This usually implies that y is large.

During the deformation of the integration path one must account for the following: At
infinity the deformation from the real axis to the steepest descent curve is justified as long
as the value of the integral approaches zero sufficiently fast as the integration variable ap-

proaches infinity (Jordan’s Lemma). Next, if the functions in the integrand are not analytic,
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one must account for possible crossings of poles or branch cuts as the path is deformed. In
addition, possible nearby poles must be carefully handled in the calculation of the saddle-
and/or branch-point contributions.

In the next sections, general expressions for contributions to the integral in equation 4.1

from saddle points, possible branch points, and possible poles are reviewed.

4.2.1 Contribution from the saddle point

Both the functions ¢(¢) and f(¢) in equation 4.1 can be Taylor expanded around the saddle

point (s:
B(0) = 9(C) + 6/ (C)(C — Co) + 5" (CE — G . (1.22)
F(Q) = G+ F1(GC — G+ 57/ (GE =G+ . (1.2)

The notation is simplified when using ¢ — (s = s, ¢, = ¢ (¢s)/n!, and f, = £ (¢)/n!.
At the saddle point ¢'(¢;) = 0, and along the path of steepest descents the imaginary part
of ¢(¢) is constant. Thus, the variable s is real. Now, by inserting the Taylor expansions
from equation 4.2 into the integral in equation 4.1, and by rewriting the expression in the
exponential function in terms of its series expansion after the ¢o-term, one obtains the

contribution from the saddle point (Stamnes, 1986):

[e e}

Ts(x) ~ eX¢0/ ds ex#25” [fo+ fis+ fas® + ]

—00
[1 +x (035° + das* + ) + 2% (d5® +..)° + } L (4.3)
Using equation 4.A-5 in Appendix 4.A, this leads to:

—27

~ oXP(Cs)
L) e x¢" (Cs)

1
f(¢s) [1 + mw@s) + ] ; (4.4)

where

sy = LG Q) 1M  16M&) 5 9GP
VT FG) T G TG T 2 0GP

The value of the square-root term in equation 4.4 is made unique by requiring that the sign

(4.5)

of its argument is equal to the sign of the inclination of the steepest descent path through
the saddle point (cf. Felsen and Marcuvitz, 2003).

The expression in equation 4.4 can also be derived by using the substitution

P(¢) = d(¢s) — v, (4.6)

Note furthermore that a series expansion of the integration kernel f in terms of the small vari-
able u followed by an integration of each term, might save laborious work on differentiations

that follows from equation 4.4 and 4.5.
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4.2.2 Contribution from a branch point

Branch points with appropriate cuts originate from multivalued functions in the integration
kernel in equation 4.1. In the problems encountered in this paper, branch points are due to
square-root functions in the integrals. The two solutions of the square-root function are on
two different Riemann sheets which are glued together at the branch cuts in the complex
plane. If the deformation from the original integration path to the SDP leads to a crossing of a
branch cut, one must enter another Riemann sheet in order for the function to be continuous.
However, the integration path should be kept on the same Riemann sheet all along the path.
Thus, the sign of the square root is chosen so that the integrand is not exponentially growing
towards infinity, and this also determines the Riemann sheet on which the integration should
be performed (in order to satisfy the radiation condition). It furthermore implies that the
function f(¢) is discontinuous along a branch cut. Thus, the integration path should be
deformed to encircle possible cuts.

In order to obtain the contribution to the integral in equation 4.1 from a branch point at

Cp, the function f(¢) can be expanded in terms of the variable t = /¢ — (p :

F(Q) = f(G) +b1(Go) t+ba(Go) 2 +b3(Co) £ + .., (4.7)
where
N A N e ST NGRS Nk S

By expanding ¢ in terms of t2 = ( — ¢y, i.e., ¢(¢) = #(¢) + ¢1t% + .., one gets:

[ee]
Tu(x) ~ eX¢<<b>/ dt 2t X [£(Cy) + bit + bt + bgt® + .

—00

[1 +x (Bat* + dat® + ) + 22 (dot* + ) + } . (4.9)
which leads to the following contribution:

o oxler) VT [ 3 <§¢_"_b_3> ]
Zo(x) ~ eX BT 1+2x¢’ 1 n) | (4.10)

The functions in equation 4.10 must be evaluated at the branch point. Note that an implicit
assumption in equation 4.9 is that the integral is evaluated along a constant phase contour.

The expression for the branch-point contribution can also be obtained by writing ¢(¢)
as in equation 4.6 (with ¢, replaced by (). Instead of doing the differentiations that follow
from equation 4.10, the integration kernel can be expanded in terms of the small variable u,
and then integrated for each power of w. It might furthermore be advantageous to map the

portion of the integration path around the branch point into a steepest descent path.
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4.2.3 Contribution from poles

If a simple pole of the function f(¢) is crossed when the integration path in equation 4.1 is
deformed, the contribution from the pole must be added to the integral. This contribution

is found by considering the residue of the kernel function at the singularity:

7,00 = fc ¢ £(Q) ¥ = 2w 296) Res £(0). (4.11)

In cases where f({) can be written as a rational function f(¢) = fn(¢)/fp(¢), the expression

for the residue is simplified by performing a Taylor expansion of the denominator:

es = lim _ = lim (C - CP)fN(C) _ fN(Cp)
?chf(C) Cl—>Cp [(¢ Cp)f(Cp)] Cl—>Cp [fD(Cp) + fID(CP)(C —(p) + - fJID(Cp) , (4.12)

since fp(¢,) = 0. The contribution from the pole to the overall response in equation 4.1

must in principle not be taken into account before the argument y is of such a value that
the deformation of the path (which is dependent on x) crosses the pole. However, if the pole
is close to a saddle or branch point it will affect the saddle- or branch-point contribution to
the integral. Thus, in this case the effect of the pole must also be taken into consideration

for values of y that do not lead to a crossing of the pole as the path is deformed.

4.2.4 Pole in the vicinity of a branch or saddle point

When a pole is close to a saddle point or branch point the expressions for the contribution
from a saddle (equation 4.4) or branch point (equation 4.10) might become worthless. This
is due to the radius of convergence for the power-series expansion of the integrand becoming
small because of the nearby located pole. In such cases one attempts to remove the pole
from the integral kernel. Consider the integral

o0

T,(x) = X% / du q(u) e X’ (4.13)

—0
which is obtained from equation 4.1 after a substitution as in equation 4.6. This way of
evaluating the integral can be used for a saddle point as well as a branch point; the subscript
v may represent one or the other, and the constant ¢q is either ¢((s) or ¢(¢p). The integral
is approximated for large x by expanding ¢(u) = f({)d{/du in a Taylor series for small u.
Note that u is real on a constant phase contour.

A polein f(() at (, results in a corresponding pole in ¢(u) at u, which might be complex

up =/ do — d(Gp); (4.14)

where the sign of the double-valued root is selected so that the position of u, is in accordance

and is given by:

with the relative position of the pole compared to the SDP in the original complex domain.
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The evaluation of the saddle- or branch-point contribution when a pair of poles at v = +u,,
have an effect on the contributions can be handled by separating the singularity from the

rest of the integrand:

2T,

2 _ 20
UJP

= Res f(Q), (4.15)

q(u) = qe(u) + w v

. u? —
where I'= lim q(u)
u—up Uy

where the last relation holds for the substitutions used in the current analysis, cf. equation
4.6. The method for explicitly calculating the contribution from a pair of poles in a saddle- or
branch-point evaluation is presented in e.g., Banos (1966) and Kong (2000). The calculation
is reviewed in Appendix 4.B for completeness. The results in equation 4.B-15 means that

the integral in equation 4.13, when ¢(u) has singularities at u = £u,, can be written as

I’U (X) = I’UC + I'Up, where (416&)
(o)

Toe(x) = eX% / du q.(u) e X%’ and (4.16b)
—00

Top(x) = £2mi T X% [1 — exf (Fiy/Xup)] e X" (4.16¢)

The sign in front of equation 4.16c and corresponding opposite sign in the argument of
the error function are determined according to the location of the pole u, compared to the
deformed integration path. Thus, when Im(u,) > 0 the positive sign in front of the expression
and negative sign in the argument of the error function must be selected. When Im(u,) < 0
the signs must be switched. This corresponds to the discontinuity that is encountered when
crossing the pole.

When considering one pole at u = u,, the expression in equation 4.15 can be written as
q(u) = ge(u) + T/(u — up). This means that the contribution from the pole is half of the
value given in equation 4.16¢ (cf. Felsen and Marcuvitz, 2003).

The integral in equation 4.16b can be calculated by subtracting the series expansion of
the Z,p,-integral from the series expansion of the Z,-integral. Thus, the expansion of the
error function times the exponential function for small arguments is needed (Abramowitz
and Stegun, 1962, equation 7.2.14):

1 3 15

2 1

s (4.17)

When the argument in the error function is small, the pole is close to the saddle or branch

point in the complex plane and the effect of the pole is large. When its argument is large, the

error function approaches unity which means that the effect of the pole becomes negligible.
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Asymptotic evaluations of the marine CSEM field integrals

4.3 Electric field from a horizontal electric dipole

In Figure 4.1 a sketch of a layered structure for a typical marine CSEM-exploration case
is presented. The electromagnetic field in such a model is easily calculated by a standard
modelling tool. However, it is not obvious how the signals propagate in the model. In
order to enlighten this matter, it is found illustrative to consider the signal propagation for
5 different versions of the model: The first case consists of the presence of only a single
interface as sketched in Figure 4.2. This case embodies the two very different situations
of a conductive and a nonconductive halfspace (sea-surface), and two conductive halfspaces
(seabed) where the source is within the more conducting medium. Next, the case of a
thin layer contained within a more conductive background medium (Figure 4.1 without the
seawater layer and air) is considered. Having studied the relatively simple single-interface
and thin-layer cases, the signal propagation in models where these cases are combined is
looked into. The combinations that have been considered are: a seabed interface with a
thin layer in the subsurface, a sea-surface and seabed interface (water column), and finally a

complete model as shown in Figure 4.1.

t9) R €
dw ........ _41\]_ ........... (1) (6}
v hs \Mx ...... hr
(111) ~
d, O,
(Iv)
d,! V) > O,
G,

Figure 4.1: Sketch of the signal propagation in a stratified model. The permittivity in air is
€0, the conductivity is o in the seawater (thickness d,,) , o1 in the sediments (thickness d;),
and o9 in the thin resistive layer (thickness d3). In the water column the source (receiver)
is at height hg (h,) above the seabed. The signal paths sketched are (the most important
ones): the lateral wave on the sea-surface interface (I), the direct wave between the source
and receiver (II), the lateral wave on the seabed interface (III), the reflected wave from the
thin layer (IV), and the guided wave in the thin layer (V).
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4.3 Electric field from a horizontal electric dipole

The signal propagation is studied by using asymptotic evaluations of the field integrals
with the method of steepest descents. Thus, general expressions for the field integrals in
stratified media are needed. In the following the horizontal electric field components will
be considered since they contain both the transverse electric polarization components (TE
mode) and the transverse magnetic polarization components (TM mode). The expressions
that describe the vertical electric field component (E,) are given in Appendix 4.C, and the
magnetic field can be obtained from the electric field components by differentiations that
follow from Faraday’s law.

The polarization modes behave differently when reflected from or transmitted through an
interface. Thus, a field needs to be separated into its polarization modes in order to calculate
the reflection and transmission responses for the spectrum of plane waves that constitutes
the field integral. The TE mode has no electric field component vertical to the interface and
the TM mode has no magnetic field component vertical to the interface (Kong, 2000). The
E,-component is a pure TM mode, and its behaviour is similar to the behaviour of the TM
mode considered for the horizontal electric field.

In the frequency domain the radial and azimuthal electric field components from a hori-
zontal electric dipole (HED) within the source layer are (Lgseth and Ursin, 2007):

I, 1
By =~ cosf | TH + 1 (T8 ~ T3] (1.184)
By= -1 ginp |-158 + Lz - 13y (4.18h)
4 p

where I[, is the electric dipole current moment, p is the radial distance in the horizontal

plane, and [ is the azimuthal angle. The contributions from the TE and TM modes are:

T o =/O dA X Jo(Mp) 94" (M), Tu =/O dX Ji(Ap) 4" (M), (4.19a)
B [ AR B0, TR = [ d0n g3 0. (4.19b)
0 0

where A is the horizontal wavenumber, and Jy and J; are the Bessel functions of order zero

and one, respectively. The functions in the integral expressions are
gAE ) = = [+ REFV] (4.20a)
’)/ .
g5 () = L [t + REV (V)] (4.20b)

where the first terms on the right hand side describe a direct field (the contribution in a
homogeneous medium), h,s is the vertical distance between the source and the receiver, and
the second terms are the reflection responses. The parameter w is the source frequency, p is
the magnetic permeability, and £ = e +i0/w is a complex permittivity that includes both the

electric permittivity € and the conductivity . The vertical wavenumber is denoted =~ and
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Asymptotic evaluations of the marine CSEM field integrals

given by v = Vk? — A2, where k is the total wavenumber. The sign of the square root must
be chosen so that Im(v) > 0 in order to satisfy the radiation condition. The wavenumber in

terms of electromagnetic properties and frequency is

k= \/w?ue + iwpo. (4.21)

Assume that the z-axis is pointing downwards and that the receiver position is below the
source position. Then the reflection response can be written as (Lgseth and Ursin, 2007):
Ry(1+ Ry) + R,(1+ R,)

Ry = — eithes (4.22)
1— R,R,

where Rb is the reflection response from a lower stack up to the level of the receiver, Rs is the
response from a lower stack up to the level of the source [i.e., Rb = Rs exp (—2ivhy,s )], Rs is
the reflection response from an upper stack down to the level of the source, and exp (iyh,s)
is the phase-propagation factor from the source to the receiver.

The reflection coefficient from a stack of layers for both the TE and TM mode is:

R .
R, = Memmhm, m=0,1,2,.., (4.23)
1+ 7rmBRmi

where 7, is the vertical wavenumber in the m’th layer. The initial condition at the start
of the stack is that Ry = 0. The expressions can be used for both upgoing and downgoing
reflection coefficients. In both cases R,,4+1 is the reflection response just behind the m’th
interface, 7, is the reflection coefficient at the m’th interface, and h,, is the distance from
the m’th interface to the z-level of R,,.

The TE- and TM-mode reflection coeflicients at an interface are for the horizontal electric
field components (cf. Lgseth et al., 2006b):

— E1Y2 — €
pop = M2 172 172 — 271 (4.24)

= and 7Ty = = —
P pem + e T o + E1ye
where the subscript 1 refers to material parameters in the region that contains the incident
field, and the subscript 2 denotes material parameters on the opposite side of the interface.

The transmission coefficients can be written as

241271 28172

==  and t = — 4.25
Moy + f1y2 o 91 + €172 ( )

TE

which gives the relations 1 + r;p =trp and 1 + 1y = try-
In order to simplify the calculations in the following it will be assumed that the magnetic
permeability is constant in all the layers in Figure 4.1. For simplicity it will be referred to

as p. In air the wavenumber in equation 4.21 reduces to

k/’o = W4/ UEQ, (426)
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4.3 Electric field from a horizontal electric dipole

where the subscript 0 is used to denote the air halfspace, and g is the free-space permittivity.
For all other layers the low-frequency wavenumber approximation for conductive media is
used. This means that equation 4.21 reduces to

k= l—j;\/m (4.27)

The wavenumber in seawater will be referred to without subscript, in the sediment layer (or
overburden) the subscript 1 is used, and the subscript 2 represents the thin layer. Thus, the
only electromagnetic properties that will be considered in the following, in addition to the
free-space permittivity and permeability, are the conductivities in the seawater, sediments,

and thin layer; denoted o, o1, and o9, respectively.

4.3.1 Direct and reflected field integrals

The integrals in equation 4.19 can be written as a sum of a direct field and a reflected field
(Z =Z4+4 Z,). In the integrals that describe the reflection response, the Bessel functions
can be replaced by the Hankel functions using equation 4.D-29 from Appendix 4.D. It
furthermore simplifies the notation if the function H,  is introduced as the Hankel function

without the exponential term exp (i¢):
Hy (Q)=HV(¢)e ™ and H; (€)= HM(Qe . (4.28)

If the reflection response is written as the response at an appropriate interface times the
factor that describes the vertical propagation distance h between the source, interface, and

receiver, one gets the following expressions for the reflected field integrals:

A0y = % /_ O:O dA 3 Hy (Ap) Rrp(N) eAotinh, (4.292)
Alr= % _O:O dA % Hi (Ap) Rop(N) A0tk (4.29D)
I%’,r = ;u_k/; /_O:O dA Xy Hy ()‘P) R ()‘) eMpH’yha (4-29C)
ALy = % /_ O:O ANy H (Ap) Rras () €200, (4.29d)

The relation 1/wé = wpu/k? has been used in equation 4.20b when deriving equations 4.29¢
and 4.29d. The introduction of the Hankel function leads to an integration path from minus
to plus infinity which is convenient in order to deform the integration path into a steepest

descent path. The direct field integrals can be calculated as shown in Appendix 4.E. This
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Asymptotic evaluations of the marine CSEM field integrals

results in:

eikr

o= o (4300
ik _ ik

e 4.30b

Al,d W ikp ) ( )
ot 2 2 0 3 3

AP, 1-— - P+ —=—+-—22)], 4.30

A0,d wh r [( ikr k:27“2> + 72 ( + ikr + k:27“2>] ( )

eikr 1 1 eikr _ eikhm
o R 4.30d
Al,d wH [ T ( ikr k:27“2> P ikp ] ’ ( )

where 7 here is the distance from the source to the receiver r = \/m . Note that when

separated into the TE and TM modes, the homogeneous field contributions from the first

order integrals (Z 41) have a plane-wave contribution. These vertically propagating plane-

wave components cancel each other in the final field expressions (equation 4.18) since they
T M

depend on the difference of Z%5 and 7%}, and since the reflection coefficients in equation

4.24 are equal for normal incidence.

4.4 Single interface

In this section, asymptotic expansions of the field integrals in equation 4.29 for a stratified
model with one interface are derived. The objective is to obtain explicit spatial expressions
in terms of the TE and TM modes for a source in seawater in presence of a seabed or
sea-surface interface. The resulting expressions can in all cases be pictured as a sum of
a lateral and ray-reflected contribution. Consider the model depicted in Figure 4.2. The
model may represent both a seabed and a sea-surface interface. The source and receiver are
situated in seawater, and the interface is close to the antennas. The vertical propagation
distance in the seabed case is h = hs + h,.. In the sea-surface case, Figure 4.2 can be thought
of as upside/down, and the source (receiver) is at depth ds (d,) below the interface. In
accordance with the expressions in equation 4.29, the wavenumber in seawater is denoted k
and the vertical wavenumber is denoted +. The corresponding total wavenumber and vertical

wavenumber in the other medium are denoted k, and ~,, respectively.

4.4.1 Reflection coefficients

The reflection coefficients in equation 4.29 are obtained from equation 4.24 with the assump-
tion of constant permeability across the interface:
Y= Ya
RIF(N) = , 4.31a
S ( ,y _"_ ,ya ( )
gy - e =Ky =iy
* kv + kY Ya+ny

(4.31D)
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4.4 Single interface

z

Figure 4.2: Sketch of the signal propagation between the source and receiver in case of a
single-interface model. The wavenumber in the source medium is k and in the other medium
it is kq. The height of the source (receiver) is hy (h,). The main contributions to the signal
at the receiver are: the direct wave (I), the “ray”-reflected wave (II), and the lateral wave
(IIT). The reflected ray with angle 6, propagates a distance r = \/m , where p is the

horizontal distance and h the vertical distance.

where the subscript si denotes single interface, and the reflection coefficient for the TM
mode has been written in terms of the refraction index n = kq/k. It is useful to rewrite the

reflection coefficients as

k? (1 + n2) — 277, — 222

RZlE()\) = k2 (1 _ n2) 3 (4323.)
TM 1 ’72 — 2712’)/’)/,1 + n4’7 4
Rs’i ()\) = 1 _ n4 kg _ )\2 9 ( 32b)
where the pole in the TM coefficient is given as
k
kp = +——— (4.33)

Vi+n?

This is the famous Sommerfeld pole (Sommerfeld, 1909; Batios, 1966).

4.4.2 Integration in the horizontal wavenumber domain

The integrals in equation 4.29 are given in terms of the horizontal wavenumber variable from

minus to plus infinity. In order to use the saddle-point method, A is considered complex:
A=A+ i, (4.34)
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Asymptotic evaluations of the marine CSEM field integrals

Figure 4.3: Sketch of the original path, steepest descent path (SDP), branch cuts, and pole
in the complex horizontal wavenumber domain when the integrals are evaluated in the case
of having a single interface. The TM-mode poles are located at +£,, and the branch points
at +k, and £k. The saddle point is at A; = ksinfs. The asymptotes of the SDP are given
by tanfs = X\;/| .|, and the SDP furthermore crosses the \;-axis at A; =~ Re(k)/ cosf,, and
the A,-axis twice at A, ~ Re(k)/sin 6;.

where A, is the real part and A; is the imaginary part. By comparing the integrals in
equation 4.29 with the integral in equation 4.1, an obvious choice of the large parameter x
is the distance travelled by the signals between the source and receiver r = \/p? + h2. The

function in the exponent in equation 4.29 then takes the form:

h
d(\) = Mf VR = (4.35)
The saddle point As is given by ¢'(As) = 0:
As = +k2 = +ksing,, (4.36)
r

where the parameterization sin s = p/r has been introduced. This means that cosf; = h/r.
The deformation of the original integration path is performed in the upper halfplane. Thus,
the positive sign in equation 4.36 must be selected. The inclination of the SDP through the
saddle point is found to be A)X;/A\,. = —1 by inserting \; + A\, where A\ = AN, 4+ A\,
into equation 4.35. The asymptotes of the SDP are found from equation 4.35 by letting

A — Zoo along the constant phase contour that passes through the saddle point in the
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4.4 Single interface

upper halfplane:

Ai ~ |A,A|% = |A,| tan . (4.37)
Possible branch points and poles in the complex A-plane are found by considering the ana-
lyticity of the integration kernel in equation 4.29. From the reflection coefficients in equation
4.31 it is clear that there are branch points at +k and +k, for all the integrals in equation
4.29. In addition, the TM integrals have simple poles at £k,. Note also that the Han-
kel function has a singularity at zero which will not lead to complications in the current

considerations.

7\’i/\

Figure 4.4: Sketch of the branch cuts and integration path when the source and receiver are
close to the interface (6; — 7/2 in Figure 4.3). The curve around k, gives the branch-point

contribution whereas the curve around k gives the saddle-point contribution.

A deformation from the original integration path along the A,-axis into the SDP is
sketched in Figure 4.3. The figure is meant to illustrate both the seabed and sea-surface
cases since when k, is real, a small artificial imaginary part should be added during the
calculations in order for the integrals to converge. The angle 65 from the A.-axis to the SDP
is seen from Figure 4.2 to be the reflection angle of a ray between the source and receiver.
Observe furthermore that the branch cut from k, is crossed when the angle 65 becomes larger
than a certain (small) value. The integration path should then be deformed so that it encir-
cles the branch point in order to be on the physical Riemann sheet. For the TM integrals,
Figure 4.3 shows that the pole is crossed and that it is close to the branch point. Moreover,

the source medium is more conductive than the medium on the opposite interface. Since the
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Asymptotic evaluations of the marine CSEM field integrals

imaginary part of k is larger than the imaginary part of k., the contribution from the branch
point will dominate the saddle-point contribution as p gets large.

In the models considered in Figure 4.2, the antennas are close to the interface. As the
angle of incidence approaches 90°, i.e., p >> h, the SDP in Figure 4.3 approaches the
integration path in Figure 4.4 where the integration path around k, yields the branch-point
contribution and integration path around k yields the saddle-point contribution. In Figures
4.3 and 4.4 the branch cuts have been chosen in two different ways. The branch cuts can
be chosen at will as long as they imply that Im(y) > 0 and Im(y,) > 0 on the original
path of integration (Bafios, 1966). Thus, both the cuts sketched in Figure 4.3 (Sommerfeld
cuts) and Figure 4.4 (Banos cuts) are valid. However, on which Riemann sheet the poles
are situated is dependent on the choice of cuts. If the Sommerfeld cuts are chosen, the pole
kp lies on the physical sheet which means that the pole must be accounted for explicitly. If
however the Banos cuts are chosen, as will be done in the calculations here, the pole is not
on the physical Riemann sheet. Then it contributes to the expressions only through limiting
the convergence radius of the power-series expansion of the integrand that is used for the
branch-point evaluation. The determination of which Riemann sheet the pole is on is done
by considering the denominator in equation 4.31b: The vertical wavenumbers v and v, must
have opposite signs in order for the pole to be on the physical sheet. This happens when
the pole is to the right of the cut as in Figure 4.3, but not when the pole is to the left as
in Figure 4.4 (cf. Kong, 2000). The choice of cuts must eventually lead to the same overall

contribution to the integral which is thoroughly discussed by Banos (1966).

4.4.3 Branch-point contribution

The branch-point contribution to the asymptotic expansions of the integrals in equation 4.29
can be found by using equation 4.10. However, when h is much smaller than p, a method

suggested by Banos (1966) simplifies the calculation of higher-order terms. The substitution
A = kq cos a, (4.38)

transforms the branch cut through &, into a steepest descent path through k,. The integrals
to evaluate can be written on the same form as in equation 4.1 with « as the integration

variable. The function ¢(«) and its derivatives are then
d(a) =ikgpcosa, ¢ (a) = —ikgspsina, and ¢ (a) = —ikypcosa. (4.39)

The part of the exponential function that contains the vertical propagation distance h is
contained in the function f(a), and the large parameter (the horizontal distance p) has been

kept within ¢(«) for simplicity. The saddle point is found at as = 0. Another transformation
7 = ¢as) — p(av), (4.40)
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4.4 Single interface

now implies that the integration kernel can be expressed as a series expansion in terms of the
small parameter 7. Banos (1966) uses this method with success, but he uses integrals that
come from a description of the fields in terms of potentials and a double saddle-point method
required by using integral expressions for the Hankel functions. In this work, asymptotic
expressions for the Hankel functions are used (equation 4.D-30) which means that double
integrals are avoided.

The calculations of the branch-point contribution to the integrals in equation 4.29 are

shown in Appendix 4.F. For the TE integrals, equations 4.F-45 and 4.F-46 give:

. 2€ikap+ikhm ' ) 5. 2

A0,b ~ —W |:Z7’lk/’ + ; (—1 + §Zkh\/T7) + i| s (4413.)
. 2eikap+ikhm -

AL T 52 (1 = n2) [1 TV = } ' (4.41b)

In the TM case the expressions in equation 4.F-53 and 4.F-54 give:

2W i ptikh/ T2 1 3n2 3(14n%) 3. 2
Izjow,b N k,apg oikaptikhVi—n [1 P (1 _ 1—nn2 _ n2" — §Zl€h\/1n_7) + } , (4.42&)
20 ik ptikh/IonZ 1 3n2 3(1+n%) | 3. 2
ALy ™~ _ikzgpQ SR " [1 ikap (# + 5+ gikh 1n—n2) + } ' (4.42b)

With a choice of branch cuts as in Figure 4.4, the residue due to the pole in equation 4.33 is
not to be included in the asymptotic expansion of the integral. However, as can be observed
from equation 4.42, the TM-mode expressions are useless when n is small. This is due to the
presence of the pole in close vicinity to the branch point for small n. Thus, the effect of the

pole must be subtracted from the integrands and considered separately. The branch-point

T M
bp

termwise subtracted from the appropriate expression in equation 4.42 in order to obtain the

contribution due to the pole is denoted Z; . The series expansion of this expression can be

contribution Z," where the presence of the pole has been removed. The total branch-point
contribution is thus written as:
TP = I3 1 T3 (4.43)

The branch-point pole contribution is given by equation 4.16¢:
IR = —2mi T e*e? [1 — erf (i7,)] 77, (4.44)

where the locations of the pair of poles in the 7-domain are derived from equations 4.40,
4.39, 4.38, and 4.33:

7'3 = ikop(1 —1/v/1 4 n?). (4.45)

The negative sign must be chosen when taking the square root of this expression according
to the selected integration path in Figure 4.4 and the transformations in equations 4.38 and

4.40. The choice of signs in equation 4.44 follows from the same reasoning. The residues,
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Asymptotic evaluations of the marine CSEM field integrals

Ty for the zeroth- and I’y for the first-order integral, are found by using the procedure in

equation 4.15. The calculations shown in Appendix 4.F, cf. equation 4.F-55, give:

_ wpkn® —(_kap ikh(14+n2) /2
Lo = s s Ho ( Tﬂﬂ) oikh(14n%) 7% (4.46a)
3
_ wpn —(_kap ikh(14n2)” "7
D= s (m) eikh(14n®) (4.46b)

The first term in the contribution from equation 4.44 can be referred to as a surface wave
(cf. Banios, 1966). The surface wave can be of importance for certain medium configurations
and offsets. However, in the present analysis, the surface-wave term is of minor significance.

The expressions where the effect of the pole has been removed are derived in Appendix

4.F, and the results in equations 4.F-62 and 4.F-65 can be written as:

) . . —1/2
A0 be ™ WO Jikaptikh(1+n?) (U1 + - uQ +. ) (4.47a)
. . —1/2
TR e ~ %e”“a”“’“”(H"Q) (m + v+ ) (4.47b)
wup =2n"[1—In®+28p* — ] up =n® [(8] +ikh) — (& + Likh)n® +.], (4.48a)
v =2n[1—3n? 4+ 18n* — ], vy =n[(3E +ikh) + (& — Jikh)n® +..]. (4.48b)

In an asymptotic series, the first few terms normally converge. The series starts to diverge
for higher-order terms. The series should be broken off just before the smallest term. This
term can then be used as an error estimate for the expansion (Bender and Orszag, 1999). In
the expansions in equations 4.41 and 4.47, it has been found sufficient to consider the first

two terms. The third term can then be used as an error estimate.

4.4.4 Saddle-point contribution

Even if the branch-point contribution dominates for both the seabed and sea-surface interface,
the saddle-point contribution is of some importance at the shorter horizontal separation
distances. It will become evident in the next section that it is least laborious to obtain the
contribution from the saddle point in the angular-spectrum domain. The calculations are

presented in Appendix 4.G, the final relations can be found in equation 4.G-71, and they are

ikr 1
T30~ —ion SR (0) 1+ %%E(Gs) =t (4.492)
TE - eikr TE 1 TE
THi s~ —iwp RIF (04 )zkzsme 1+ — k: —UTE(0,) + .., (4.49b)
ikr
Th s ~ —zwuer RTM(6y) cos? 0 [1 + %ng(es) + ] : (4.49¢)
ikr 2 0. 1
B~ i R (0) o [1 U (0) + ] , (4.49d)
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4.4 Single interface

where 6, = sin~'(p/r) and the reflection coefficients are given by equation 4.G-73. The
second-order terms represented by the W-variables are given by equations 4.G-72 and 4.G-74
for the TM mode and equation 4.G-75 for the TE mode. The first term in the expressions
in equation 4.49 is the well-known geometrical optics contribution. The next term gives the

first correction to the raypath contribution.
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Figure 4.5: Plots of the asymptotic expressions with corresponding exact numerical eval-
uation of the integrals for the single-interface seabed case. Figures a and c¢ show the TE
magnitudes and phases, respectively. In the same manner the TM mode is presented in Fig-
ures b and d. The receiver is situated on the seabed whereas the source is elevated by 30 m.
The source frequency is 0.5 Hz, the conductivity in seawater ¢ = 3.2 S/m, and the conduc-
tivity in the overburden oy = 1.0 S/m. The notation “A0TE” refers to the Z%g-integral,

“A1TM” refers to the Z%} -integral, and so on.

4.4.5 The seabed interface

Consider Figure 4.5 where the asymptotic expressions for the TE mode (equation 4.41) and

TM mode (equations 4.44 and 4.47) are compared to exact numerical evaluations of the field
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integrals. In the seabed case, k, = k1, n = k1/k, and h = hgs + h,. The receivers are situated
on the seabed and the source is elevated by 30 m. The source frequency is 0.5 Hz and the
conductivity is o = 3.2 S/m in seawater and o1 = 1.0 S/m in the sediments. In the plots the
exact numerical calculations of the zeroth-order integrals are shown with the thick “sawtooth”
black line, and the first-order integrals with the dash-dot black line. The contributions from
the asymptotic branch-point expansions are plotted with the red curves, the saddle-point
contributions with the green curves, and the combination of the contributions with the blue
curves. It can be observed that the branch point accounts for the response almost entirely.
The saddle-point contribution improves the match for distances up to 3-4 km in the TE
case. In the TM case, the saddle-point contribution is insignificant compared to the branch-
point contribution. The dominance of the lateral-wave contribution can be explained using
Figure 4.2: The rays that travel down to the seabed, into the sediments, and then along the

interface within the sediments are damped less than the reflected rays in seawater.

4.4.6 The sea-surface interface

When the interface under consideration is the sea-surface, k, = ko, n = ko/k, and h = ds+d,
in the branch-point expressions in equations 4.41, 4.44, and 4.47. Since |k| >> ko which
implies that n ~ 0, the expressions for the TE mode can be simplified into

ikh ikh

TE € d TE 2e

Ao ™ 3 ol A1 ™Y T
op

U—p2, (4.50)
where the propagation factor in air can be neglected because kg is small. Equations 4.44
and 4.47 show that the main branch-point contribution for the TM mode is proportional
to n? for the zeroth-order integral and n for the first-order integral. Thus, the sea-surface
response from the TM mode becomes negligible compared to the TE-mode response. When
the expressions in equation 4.50 are inserted into equation 4.18, the well-known expressions
for the electric field from a submerged dipole close to a sea-surface are obtained [compare
with e.g., Wait (1961), Banos (1966), and Bannister (1984)]. Here, I have shown that these
expressions are TE-polarized field components.

A comparison to numerical modelling for the asymptotic expressions in the sea-surface
case has been performed in Figure 4.6. The source frequency is 0.5 Hz, and the depth below
the interface is 50 m (100 m) for the source (receiver). The approximate expressions for the
TE mode fit the curves from the modelling program well, and the branch-point contribution
accounts almost entirely for the response. The addition of the saddle-point contribution
gives a slight improvement for small distances. The contributions to the field components
from the zeroth- and first-order integrals are equal in magnitude (except at small distances)
as is evident from equations 4.18 and 4.50. For the TM response, which is much weaker

than the TE response, the comparisons in Figure 4.6 are made for the first-order integral
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Figure 4.6: Plots of the asymptotic expressions and the exact values from numerical modelling
in case of an interface between sea and air. The depth below the interface is 50 m for the
source and 100 m for the receiver. The subfigures show the TE- and TM-mode responses in

the same way as in Figure 4.5.

since the zeroth-order integral is smaller in magnitude (see equations 4.47 and 4.48). The
TM-mode branch-point contribution explains the curves well at large distances. In order to
improve the asymptotic expansion of the TM-mode integral for short offsets, more terms in
the saddle-point evaluation could be considered, but since the response is small, this is not

pursued further here.

4.5 Thin resistive layer

In this section, asymptotic expansions of the field integrals in equation 4.29 for a stratified
model that consists of a thin resistive layer within a conductive background medium are
derived. The resulting explicit spatial expressions are for the TM mode a sum of a residue

contribution and a saddle-point contribution. For the TE mode, the contribution is accounted

75



Asymptotic evaluations of the marine CSEM field integrals

for by the ray reflection due to the saddle point. The model in Figure 4.1 without the seawater
layer and the air halfspace describes a thin layer with thickness do within a conductive
background medium. Assume that the antennas are situated in the background medium
(wavenumber k7). In order to perform the asymptotic evaluation of the field integrals, the
reflection response from the thin layer is needed. It will be shown that the response contains
poles for both the TE and TM mode, but that only the TM pole has an explicit contribution
to the expansion. However, for certain values of the expansion parameter, both the TE- and
TM-mode poles will affect the saddle-point contributions. To determine how the poles and
saddle point contribute to the asymptotic expansions, it is found convenient to perform the
integration in the angular-spectrum domain. The residues are however calculated in terms

of the horizontal wavenumber variable.

4.5.1 Reflection response

The reflection response R, from a layer is derived from equation 4.23. When assuming that

the medium below the layer is different from the medium above the layer, one gets

0
_ Tria+Tage i72dz

— (4.51)
1+ riaraze

v 2iy2ds ’
where 715 and ra3 are the reflection coefficients for the upper and lower interfaces, respec-
tively. The distance between the two interfaces is expressed by ds, and o is the vertical
wavenumber within the layer. By writing the reflection coefficient from one interface in

terms of impedances

_ kM

where k=j7+1 and j=1,23.., (4.52)
Nk + 1y

Tik
the following expression is obtained:

_ (18 —mns) + 12 (n3 — m) i cot (72d>)
YT (2 +mns) + 12 (73 + m) i cot (12dz)

(4.53)

The series expansion of the cotangent function in equation 4.A-7 can be used in order to
obtain the reflection response Ry for a thin layer since |y2|d2 << 1 in this case. In fact,
keeping only the first term will be sufficient. The expression in equation 4.53 is further

simplified by assuming that the impedance in medium 3 is the same as in medium 1 (93 = 7;):

2 2 d
Ry = - (o 7721) 722 S : (4.54)
2immnz + (i + n3) V2d2
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4.5 Thin resistive layer

When inserting for the appropriate impedances (compare equation 4.52 to 4.24), this leads

to the following reflection responses for the TE and TM mode:

_ ki (1-n%)ds

20y + [k (1+n2) —202]dy’

() = — Q[n%k’% (1 — n%) -2 (1 — n‘ll)] ds ,
2in3y; + [n2k? (1 4+n?) — A2 (1 + nf)] da

R (A)

(4.55a)

(4.55b)

where ny = ko /k;.

4.5.2 Angular-spectrum representation

The evaluation of the integrals in equation 4.29 for the thin-layer case simplifies if the in-
tegration variable is transformed from the complex horizontal wavenumber domain into the
angular-spectrum domain. Let 6 represent the complex angle between a “ray” with wavenum-

ber k1 and the z-axis. Then
A=kysinf and ~=kjcosf, where 6 =0, +10;. (4.56)
The function in the exponent of the integrand in equation 4.29 can now be written as
P, . h .
d(N) = iA= +iy1— = tky cos (0 — 0,), (4.57)
r r

where 0, is the saddle point, h = rcos s, and p = rsinf,. The large parameter is given by
the propagation distance between the source, upper interface, and receiver: r = \/p? + h2.
The real and imaginary parts of the horizontal wavenumber in terms of 6 are obtained from
equation 4.56 by writing k1 = Re(k1) + ¢ Im(k1) and using the relation from equation 4.A-6a
in Appendix 4.A:

Ar = Re(ky) sin 0, cosh 6; — Im (k1) cos 6, sinh 6;, (4.584a)
Ai = Im(kq) sin 6, cosh 6; + Re(k1) cos 6, sinh 6;. (4.58b)

The original integration path is found by requiring that A\; = 0. In the conductive source

medium, Re(k;) = Im(k1) which follows from equation 4.27. Thus, the original path goes as

In cos (9,« + %)

1y, 2" 47
27 cos (9,« — %)

0; = (4.59)

Note that when the source medium is lossless, one obtains the well-known path in the complex
f-plane that goes from —7/2 + ico down to —7/2, then along the 6,-axis to 7/2, and finally
from 7/2 to 7/2 — ioo (Ott, 1942).

The steepest descent path is found where the imaginary part of ¢ is constant. Since the

path passes through the saddle point:
Tm[iky cos (0 — 05)] = Re(kq). (4.60)
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By using the relations from equation 4.A-6 in Appendix 4.A, this gives:

(4.61)

The original path and steepest descent path are sketched in Figure 4.7. Note that the
inclination of the SDP through the saddle point is negative. There are no branch cuts in
Figure 4.7, and it can be seen from equation 4.55 that there are no branch points related
to the thin layer. This is as expected since branch points and lateral waves are affiliated
with halfspaces at the ends of a layered stack. The branch point for the source medium in
the wavenumber domain is removed with the mapping into the angular-spectrum domain in
equation 4.56. Thus, the contributions to the field integrals in the thin-layer case come from

the saddle point and possibly the poles in the reflection coefficients.

af ‘\ T T T ]
) = Qriginal path
\ 1 ~— SDP p = 1000 m
' * Saddle point p = 1000 m
~ SDP p = 5000 m
2r [T + Saddle point p = 5000 m H
[ WY = = SDP p = 10000 m
vy O Saddle point p = 10000 m
I O TE-mode pole
L IR O TM-mode pole

-3
Il
-15 -1 -0.5 0 0.5 1 15 2 25 3

Figure 4.7: Angular-spectrum domain for a scenario where a thin resistive layer is contained
within a conductive background medium. The plot shows the original path, steepest descent
path (SDP), TM pole (blue), and TE pole (red). The SDP is plotted for three distinct
horizontal separation distances p. The conductivity in the background medium is o1 =
1.0 S/m and in the resistive layer oo = 0.01 S/m. The thickness of the thin layer is 50 m.
The source frequency is 0.5 Hz and the source and receiver height above the thin layer is
hs = h, = 1000 m. The SDP crosses the TM pole at p ~ 1000 m. As p — oo the SDP moves
towards the TE pole, but this pole is not crossed.
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4.5 Thin resistive layer

4.5.3 Location of the poles

The reflection response from equation 4.55 in terms of the angle variable 6 is:
. (1 — n%) k/’l dQ
2i cos 6 + [(1 +n?) — 2sin? 9] kyds’

TM [n% (1 - n%) — SinQ 0 (1 — néll)] kldQ
RM(0) = 2in? cosO + [n? (1 +n?) — (1 +ni)sin® 6] kido”
2 2 2 i 1da

i (

(4.62a)

(4.62b)

The poles are found at the values of # which make the denominator of the expressions in

equation 4.62 zero:

) 2 .
1 7 1
07 =ty = (1—-n?)+ [ —n | — —— 4.63
o8V \/2 (1=mi)+ <2k’1d2> 2k1dy’ ( ?)
1—n? n? 1 \° in? 1
OTM = 4 L L -1 . 4.63b
cosOp \/1+n‘11+<1+n‘11k:1d2> 1+n‘11k:1d2 ( )

In the wavenumber domain, the poles are given by the relations:
A;E = k; sin 9;’5 and )\;M = k; sin GZM. (4.64)

Note that ny = ko/k; is small since o1 >> o2. The locations of the poles, when the positive
signs in front of the square roots in equation 4.63 are used, are plotted in the angular-
spectrum domain in Figure 4.7. The TM pole is passed when deforming the integration
path. This happens when the horizontal distance p gets larger than the depth of the thin
layer, and implies that the contribution from the TM pole must be taken into account in
the evaluation of the field integrals. The TE pole is not crossed, but it can be expected to

influence the saddle-point contribution for large horizontal distances.

4.5.4 Contribution from the TM pole

Consider the Z%¢ -integral in equation 4.29¢ with reflection response given by equation 4.55b.
The response function contains a simple pole, and the contribution from this TM pole can

be obtained by using equation 4.11. The derivative of the denominator in equation 4.55b is

arp
d\

= =2X; ' [(1+nt) mde +ind], (4.65)

and the residue is obtained using equation 4.12 when the nominator of the reflection-response
function and the rest of the integrand in equation 4.29c¢ except for the exponential factor,

are accounted for:

(k3 = A2) [AM2(1 = n) —niki(1 —n?)]| do
(1+nt)day/kT = A2 +ind
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It is implicit in this expression that A, is the TM pole (i.e., A, from equation 4.64). The
residue for the first-order integral is obtained from equation 4.66 by a division with the factor
Ap and a replacement of the zeroth-order Hankel function by the first-order function.

The pole contribution is obtained by inserting the residue and the propagation factor

with ¢(),) from equation 4.57] into the expression in equation 4.11:
D
(k:% - )\12)) [)\12)(1 —ni) —n3ki(1 - n%)] do widnptin/FT=AZh

(14 nt)doy /K — X2 +ind

0~ T g Oup) (k= 22) [N2(1 = nf) — niki(1 - n})] d
Alyp = 5 111
»~ 20, : A [(1 +nd) da[k2 — A2 +mﬂ

4.5.5 Saddle-point contributions

™ —
ZIOW,;U = —HO ()‘;Up)

4.
20, (4.67a)

2 qidpptin/kI=AZh (4.67b)

The calculation of the saddle-point contributions is presented in Appendix 4.G. The ex-
pressions are on the same form as in equation 4.49, but now the wavenumber is k; rather
than k, and the reflection response functions are as in equation 4.62. This means that the
expressions in equations 4.G-76 and 4.G-77 must be inserted into the second-order terms
WP, UTe, wiM and UM in equation 4.G-72.

From Figure 4.7 it can be observed that the presence of the TE pole may affect the saddle-
point contribution. The effect is stronger for large distances since the SDP moves closer to
the pole with increasing horizontal separation between the source and receiver. Thus, the
residue due to the TE pole also needs to be calculated. The derivative of the denominator
in the reflection-response function in equation 4.55a is

TE

d
di = 2y ' [i + 21da] . (4.68)

The residue for the integral in equation 4.29a is then found using equation 4.12:

k’%dg(l — n%)

i+ 2dy [k — A2

where it is implicit that the TE pole (A}* from equation 4.64) must be used. For the first-

W
Lo === Ho (pp)

(4.69)

order integral, the residue is obtained by a division of the factor A\, and the replacement of
the zeroth-order by the first-order Hankel function. The contribution from the TE pole (if

it were to be crossed during the deformation of the path) would be:

k2ds(1 —n? , ,
= — i Hy () — 21 ging e RE3G0, (1.700)
i+2d2\//€%—)\§
k3da(1 — n? AoptinJRTNT
T4y =~ iwon H () 12— M) inptiy/FERGh, (4.70b)

A (i 4+ 2da /K3 = 32)
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4.5 Thin resistive layer

The TM pole also has an effect on the saddle-point calculation in addition to its explicit
contribution. Thus, the method in section 4.2.4 is applied to account for the presence of
the pole in both the TE and TM case. Now, let 74 , represent the pole contributions in
equations 4.67 and 4.70. As seen from equation 4.11 and 4.16¢, the pole effect 7 4 4, on the

saddle-point contribution is obtained by a multiplication with the error function complement:

1
Tasp=+5Tap [1— erf (FiupVr)] (4.71)

where the “distance” from the pole to the saddle point is given by equation 4.14:

up = [ikl —i (Ap sinf, + /K2 — A2 cos 9)} v (4.72)

The division by the factor 2 in equation 4.71 is required because of the presence of a single
pole rather than a pair of poles (cf. equation 4.16¢). Equation 4.71 can be interpreted as
the SDP picking up the effect of the pole presence by encircling half the residue. If the
deformation of the integration path implies that the pole is crossed, the minus sign in front
of equation 4.71 must be selected since the SDP picks up the residue contribution clockwise.
In addition, since Im(u,,) < 0 in this case, the sign of the argument in the error function must
be positive. If the pole location is not picked up by the deformation, Z 4 4, takes the plus
sign since the pole is encountered in the counterclockwise direction. In this case Im(u,) > 0,
and the sign of the argument in the error function must be negative.

The removed pole presence 7 4 5. in the saddle-point contribution is found by subtracting
the pole contribution Z 4 s, from the original saddle-point contribution 74 ,. When using

the expansion in equation 4.17, this gives:

s 1 )
IA,sc ~ IA,s + \/j—tl (1 + 5 + > ezklr, (473)
T Up 27“up

where the expressions for I'y; for the zeroth-order TE and TM integrals are found in equation

4.66 and 4.69, respectively. The first-order integrals are obtained by a division of A, and by

using the first-order instead of the zeroth-order Hankel function.

4.5.6 Discussion

For the thin-layer response, the results of the asymptotic evaluation of the integrals are
compared to exact numerical calculations in Figure 4.8. The comparisons are presented for
the zeroth-order integrals whereas the exact first-order integrals are shown as a reference.
The source frequency is 0.5 Hz, the conductivity in the background medium is o3 = 1.0 S/m,
and the source and receiver are 1 km above the thin layer. The thickness of the thin layer is
dy = 50 m and the conductivity is oo = 0.01 S/m. The green curve shows the saddle-point

contribution and the yellow curve shows the pole contribution (only the TM mode). The
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Figure 4.8: Comparison of asymptotic expressions and numerical modelling in case of a thin
resistive layer contained in a more conductive background medium. The TE-mode plots are
shown on the left hand side, and the TM-mode plots to the right. The model parameters are

the same as in Figure 4.7.

TE plot is made better for large distances (from 2-3 km) by accounting for the pole influence
on the saddle point (blue curve based on expressions in equations 4.71 and 4.73). In the
same manner the TM plot is improved at short distances (up to 3 km) by accounting for the
pole in the saddle-point calculations (blue curve includes the saddle-point contributions from
equations 4.71 and 4.73 and the pole contribution). For the TM response, it can be seen that
the saddle-point calculations could be improved some more at short distances. This would
involve taking more terms into account. However, the important points to make about the
thin-layer response are already evident in the plots: The TE response can be pictured as a
ray reflection as sketched in Figure 4.1 (path IV) whereas the TM response is a guided mode
due to the pole contribution in equation 4.67a (path V in Figure 4.1).
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4.6 Combined models

Having obtained asymptotic expressions for the simple seabed, sea-surface, and thin-layer
case, the resulting asymptotic expansions for different combinations of these cases can be
studied. First, a model which consists of a thin layer and a seabed interface is investigated.
Next, a model with a seabed and sea-surface interface is considered (water column). Finally
the complete model including the thin layer, seabed, and sea-surface is discussed. In all
the cases the vertical distances are kept constant, e.g., the distance from the source to the
thin layer is the same for both the simple thin-layer case and the full model. In Figure
4.1 the source depth is 70 m, the thickness of the water column is 100 m, the receiver is
situated on the seabed, the thickness of the overburden is 1000 m, and the thin resistive
layer has a thickness of 50 m. As in the simple cases, the source frequency is 0.5 Hz, and
the conductivities are: ¢ = 3.2 S/m for the seawater, o1 = 1.0 S/m for the overburden, and
o2 = 0.01 S/m for the resistor.

In Figures 4.9, 4.10, and 4.11, only the 7 4o-integrals are plotted since they always dom-
inate the 7 41-integrals (except for the sea-surface case). Moreover, the 7 41-integrals repeat
the same trends as can be found in the Z 4o-integrals since they normally compare to the sec-
ond term in the expansion of the Z gp-integrals. The direct field contributions from equation

4.30 are shown in the seawater-layer case for reference.

4.6.1 Seabed interface and thin layer

When the seabed interface is introduced into the thin-layer model, the reflection responses in
equation 4.55 change, and the expressions for the pole locations in equation 4.63 are modified
accordingly. However, since the thickness dy of the overburden is fairly large (so that it can
be assumed to suppress the effects of multiples), one can approximate the reflection response
from the seabed and thin layer R4 by using the reflection series from equation 4.23 in terms

of the reflection coefficient Ry; from the thin layer and r; from the seabed:

2iy1d

Ry L e =y [Rac™ 0~ R ] (0T
The second term in the expansion describes the downward (¢1) and upward (1) transmission
through the seabed (1 —rf = flfl), the propagation through the sediments (e7191) and
the reflection response from the thin layer. The third term accounts for the first multiple

between the seabed and the thin layer.
From Figure 4.9 it can be observed that the TE response is nearly the same no matter if
the thin layer is present or not. Thus, the first term on the right hand side in equation 4.74
dominates in the TE case. For the TM mode on the other hand, the response in the seabed

and thin-layer case resembles the response in the simple thin-layer case. Thus, the second

83



Asymptotic evaluations of the

marine CSEM field integrals

Magnitude [V/Am?]

Phase [rad]

-6 T T T T T T
— seabed AOTE
— thinlayer AOTE
el seabed and thinlayer AOTE ||
&
£
<
S ]
®
e}
2
Z ]
(=2}
o
=
20 . . . . . . h
0 2 4 6 8 10 12 14
a) Distance between source and receiver [km]
20+
151
=)
S
=10
[0
(2]
©
£
o
sk
0 '7 — seabed AOTE I
/ — thinlayer AOTE
4 seabed and thinlayer AOTE
. . . : T T

c)

2 4 6 8 10 12 14
Distance between source and receiver [km] d)

-6 T

_g|H

~20 L

T T
— seabed AOTM
— thinlayer AOTM

seabed and thinlayer AOTM
- - pole contribution with seabed transmission

2 4 6 8 10 12
Distance between source and receiver [km]

14

— seabed AOTM
— thinlayer AOTM

seabed and thinlayer AOTM
- - pole contribution with seabed transmission
T T T T ;

2 4 6 8 10 12
Distance between source and receiver [km]

14

Figure 4.9: Comparison of the responses from a thin layer, a single seabed interface, and a
combination of the seabed interface and a thin resistive layer; TE modes to the left and TM
modes to the right. It can be observed that the TE mode only “sees” the seabed interface
(green curve overlying the red curve), whereas the response in the TM case is shifted in

amplitude due to the transmission through the seabed.

term must dominate both the first term and the third term. An approximate expression
for the TM response when the seabed interface is introduced into the thin-layer model can
then be obtained by using the relations for the transmitted field integrals in Appendix 4.H.
Consider equations 4.H-85 and 4.H-86: With the assumption that the signals are transmitted
almost normal to the seabed interface, the approximation cos? 65/ cos? #, ~ 1 can be made.
The propagation distance in the sediment layer is moreover much larger than in the seawater.
Thus, for the downward propagation ro >> r;. The transmitted source signal should thus
be multiplied with the transmission coefficient and the refraction index n. The guided signal
is transmitted up through the seabed interface, but in this case r; >> r3. An approximation

to the TM response is then obtained from multiplying equation 4.67a by the factor ni,f;,
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and moreover accounting for the propagation through seawater:

Izzowd - ™ ilfl Fé"]\é{ eAppFiy [k3—A2 2d1+ikh, (475)
. /o10 .

where I'J is the residue from equation 4.66 without the factor wu/2k% and h is the vertical

propagation distance in the source layer. The transmission coeflicients are obtained using

equation 4.25:

s o7 Ao JRE-NZNRE-NZ T | o Jgest -
tit, ~ [0m+01m2 ~ [5 + Z( o1 + 7)} ) (476)

where normal incidence for the transmission through the seabed is a fairly good approxima-
tion when )\;M is smaller than k; and k.

As seen in Figure 4.9, the thin-layer response is only slightly altered for the TM mode
when the seabed is introduced into the model. The smaller amplitude is accounted for
when adding the effect of the transmission through the seabed. The extra damping from
the propagation in seawater has little influence on the amplitude due to the short distance
travelled. From the TE plots in Figure 4.9, it is observed that the TE mode does not
“see” the thin layer when the seabed is present. However, it should be noted that the
overburden in the case study presented here has a thickness that suppresses the multiples
that are generated between the seabed and the thin layer. If the overburden gets thinner,
these multiples lead to more complicated deviations from the TE-mode seabed response and

the TM-mode transmitted thin-layer response.

4.6.2 Seawater layer

From equation 4.22, the reflection response R, in a region between two interfaces can be

formulated as

pper(hethe) |0 (2du—ho—hr) 4o @iy @du—hathe) o 6y (2duthe —hy)

R, (4.77)

y b
1 — roryeivdw

where rg and r; in the case considered here are the reflection coefficients from the sea-surface
and seabed, respectively. The propagation factors are determined from the thickness of the
water column d,, and the height of the source hy (receiver h,) above the seabed. From the
geometric series expansion of the denominator in equation 4.77, the following expressions can
be derived:

Ry, = 1o @4 [1 4 p20] [1 4 71?2 [1 4 rorie®7® + ] 4 71 th) - (4.78a)

= pyetV(hsthe) [1 + Toe%”dr] [1 + 7“062”‘15] [1 + rorpe2de 4 ] + roety(dstdr) (4.78b)

where the expression in equation 4.78a (4.78b) has been obtained by considering the multiples

in terms of rg (r1). The source depth (below the sea-surface) ds = d,, —hs and receiver depth
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Figure 4.10: Comparison of the responses from a sea-surface, a seabed interface, and a
combination of the seabed and sea-surface interface; TE modes to the left and TM modes
to the right. The TE mode is dominated by the sea-surface response which is larger for the
water-column model than for the model with the single sea-surface interface. The TM mode

has a water-column response that is similar to the seabed response.

d, = dy — h, have been introduced into equation 4.78b for simplicity. Note that in both
equations, the reflection response is a sum of two terms where all the multiples are accounted

for in the first term.

Figure 4.10 shows that the TM response from the seabed is slightly increased when the
sea-surface is added to the model. Of the two modes, the TE mode has by far the largest
response in the water column. This is due to the sea-surface response being increased by the
presence of the seabed. Equation 4.78a can be used in order to explain the increase in the TE

response: The reflection coefficient at the sea-surface r( is multiplied by the term 1 +rqe2ivhs

which can be pictured as an amplification of the source signal. The next term, 1 4 re>7hr,
can be considered as an added strength to the signal at the receiver. The geometric series

that follows these terms accounts for additional multiples in the water column, and the last
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4.6 Combined models

term in equation 4.78a is small and can be ignored. Now, for the lateral wave along the sea-
surface, the seabed reflection r; and vertical wavenumber v can be approximated by assuming
vertical propagation (7 = k). For the multiples, the consequence of the reflection coefficient
squared, cubed, quadrupled, etc., in the branch-point contribution must be evaluated. This
is done in Appendix 4.F where equation 4.F-48 implies that 73 ~ 2r¢ when n ~ 0. For the
higher-order terms, 7§ ~ 3rg, rg & 479, and so on, as shown in Appendix 4.F. When the

water-column effects are added to the sea-surface response in equation 4.50, one thus gets:

2 ikh ) ] . .
0. f ™~ ;—/)3 1+ 7“162”””] 1+ TleQ’khS] 1+ 2r e?thde 4 3p2otikdy | -], (4.79)
where h = ds+d,. The expression in the last bracket can be written as [1 — TleQikdw] _2, but

because of the attenuation in the water column, only the first few terms in the corresponding
series expansion are needed. The relation in equation 4.79 gives a good approximation to
the water-column TE response as can be seen in Figure 4.10. The increased TM response
can in principle be calculated by using the same approach (cf. equation 4.F-48). However,
since the TM response is “governed” by the seabed interaction, and thus is small compared

to the water-column TE response, the calculation is not pursued further here.

4.6.3 Full model

For the TE-mode response, the asymptotic expression for the field integral that is given in
equation 4.79 will still be a good approximation when the thin layer is introduced into the
water-column model. This is evident from Figure 4.9 where it can be seen that the seabed TE
response is almost not altered at all by the introduction of the thin layer. The TM response
in the water-column model is much weaker than the TE response. However, when the thin
resistive layer is introduced into the model, the TM response increases substantially. An
approximation to the TM response in the full model can be found by considering equation
4.78b if the seabed reflection coefficient r; is replaced by the seabed/thin-layer response Ry
from equation 4.74. The transmitted guide response described in equation 4.75 increases
when a sea-surface is present in the model. This is due to the amplifications of emitted as
well as received signal introduced by the water column. In order to quantitatively account for
the increase, the powers of R4 in the geometric series that describes the reflection response
(cf. equation 4.78b with r; replaced by R4) must be evaluated. If the reflection response
from the seabed and thin layer is denoted as Ry ~ 11 + Ry where Ry is the transmitted

thin-layer response (second term in equation 4.74), one gets
RZ ~ (7“1 + Rtt)Q ~ 2T1Rtt and Rz ~ (7“1 + Rtt)g ~ 3T%Rtt, (480)

because terms with pure seabed reflections are much weaker than the terms that contain

the thin-layer response, and because the higher-order terms of R;; are negligible due to the
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substantial thickness of the overburden.

6T T T T T T T -6 T T T T T T T
' — sea-surface AOTE — sea-surface AOTM
‘\ seabed and thinlayer AOTE seabed and thinlayer AOTM
8\ — full model AOTE H _8 — full model AOTM u
- - approx AOTE with effect of water column pole contribution with effect of water column
-101 -10
& &
< <
S -ef S -2
® ®
e} e}
= =
= - 4 = -1
(=2} (=2}
o o
= =
-6 4 -16
-8 4 -18
20 . . . . . . h 20 . . . h . . .
o 2 4 6 8 10 12 14 [ 2 4 6 8 10 12 14
a) Distance between source and receiver [km] b) Distance between source and receiver [km]
aF T T T T T T — T T T T T T
oF ]
=) =)
S g
Q B Q
(2} (2]
© ©
= =
o o
— sea-surface AOTE M -4T] — sea-surface AOTM M
seabed and thinlayer AOTE seabed and thinlayer AOTM
— full model AOTE — full model AOTM
_al - - approx AOTE with effect of water column || 6 - - pole contribution with effect of water column ||
. . . : T T ; . . : ; T T ;
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
C) Distance between source and receiver [km] d) Distance between source and receiver [km]

Figure 4.11: Plots of the responses from the full model described in Figure 4.1 along with
the responses from a single sea-surface interface and a model with infinite water depth. The
TE mode has an increased sea-surface response due to the presence of the seabed. The TM
mode has an increased thin-layer response due to the presence of the sea-surface. The explicit

spatial expressions from the asymptotic evaluations fit the exact modelled data well.

Now, when assuming vertical propagation in the water column (v & k), the combination
of the reflection series in equation 4.78b, with R, instead of 1, and the expression in equation

4.75 leads to the approximate expression:
B p ~ Th0 g [L+ €] [14 e2Fr] [1+ 2rye v 4 3pfetifde 4 ] (4.81)

where it has been used that ro =~ 1. In Figure 4.11 it is shown that this expression is a
quite good approximation to the TM response in the complete model. It can furthermore be
observed from Figure 4.11 that the lateral response from the sea-surface for the TE mode, and
the guided response in the thin layer for the TM mode, are the strongest contributors to the

overall response in the complete model. Thus, the asymptotic expressions in equation 4.79
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for the TE mode and equation 4.81 for the TM mode account well for the total contributions
from the corresponding field integrals. The thin-layer TM response, which looses strength
due to the seabed transmission, is amplified by the presence of the sea-surface. Even if the
multiples in the water column are rapidly attenuated, the first few terms cannot be neglected
in shallow water. From equation 4.79 and 4.81 it is seen that the effect of the water column is

similar for the seabed-transmitted thin-layer TM response and the sea-surface TE response.

4.7 Conclusions

Propagation of horizontal electric field components in layered media in terms of their TE-
and TM-polarization parts has been studied. Asymptotic evaluations of the field integrals
using the method of steepest descents give expressions that describe the signal propagation in
conductive media well. The expressions have been verified by exact numerical modelling. The
large parameter that justifies the asymptotic expansion is the propagation distance between
the source and receiver.

The asymptotic expansions of the CSEM field integrals have been obtained in order to
contribute to the understanding of the physics of marine CSEM. The considerations have
been made for propagation in ideal models that simulate the typical settings in conventional
marine CSEM surveying for hydrocarbons.

It has been verified that the sea-surface response is due to a lateral wave, and that the
propagation term in air is negligible. The notion of the signal propagation along the sea-
surface as instantaneous might be appropriate. It has moreover been shown that the response
is dominated by the TE mode. The responses in a simple model with only a seabed interface
are also due to lateral waves, and in this case the magnitudes of the TE and TM responses
are similar. At the seabed interface, the propagation term cannot be neglected. In a model
with a thin resistive layer contained in a conductive background medium, the response is
accounted for by the pole in the reflection response for the TM mode. Hence, the thin-layer
response can be pictured as a guided TM mode. The TE response from the thin-layer model
is moderate compared to the TM response, and it is accounted for by a ray reflection from
the thin resistor.

The main point that follows from the accurate asymptotic expressions that describe field
propagation in the simple models, is that the sea-surface response is a TE mode, whereas
the thin-layer response is a TM mode.

In the more complicated models this conclusion still holds. In presence of a seabed,
the thin-layer TM response for the electric field is only slightly more damped due to the
transmission through the seabed. The TE-mode response from the seabed/thin-layer model
on the other hand, is due to the seabed interaction even with the thin layer present in the

subsurface.
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Asymptotic evaluations of the marine CSEM field integrals

For the complete model described in Figure 4.1, i.e., when the sea-surface interface is
added to the seabed/thin-layer model, the TM response from the thin resistive layer increases
due to the first few multiple reflections in the seawater layer. The multiples can be interpreted
in terms of amplifications of the signals at both the source and receiver sides. The response is
explained quite well by the spatial expression in equation 4.81. The TE response is accounted
for by the lateral sea-surface response and the additional “boost” of the emitted and received
signal due to the seabed interaction. The expression in equation 4.79 is a good approximation
to the TE response.

An interpretation of marine CSEM data in terms of the TE and TM modes requires that
the modes can be separated in acquisition or data processing. A brief discussion on how this

can be done is provided in Appendix 4.1.
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4.A Useful relations

From Abramowitz and Stegun (1962) the following relations are obtained for a small param-

eter x:
——=l-a+2? -2+ — .., (4.A-1a)
1+
VIFT =14 ho o+ oo = gt 4. (a.010)
1 2_ 5.3, 35 4
e =1+a+ 30+ 3+ Lot + (4.A-1d)
ea(lte) — oo (14 az + L(ax)® + (az)® + 2 (ax)* +.]. (4.A-1e)

In the calculations the following relations involving complex numbers are used:

1+ . .
N s T S e B VL SO LTS (4.A-2)

V2
The square root of a complex number can be written as:
1/2 1/2
Vatib=a+ib, a:[%( a2+62+a)} , g:[% (\/a2+b2—a)} . (4.A-3)

From Gradshteyn and Ryzhik (1980), equation 3.461, one gets:

> —as? 2n (2%)' ™
=——_—/— A-4
/ dse s 2nn!(2a)™ | a’ (4.-A-4)

—00
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4.B Pole near a saddle or branch point

which gives:

(o) (o)
1
/ dse " = \/E, / dse g2 = — E, (4.A-5a)
oo a oo 20V a

o 3 o . 15
/ dse " st = a2 E, / dse " 50 = e un (4.A-5D)
a?V a NS adV a

— 00

The sine and cosine of a complex angle 6 = 0,. + i6; can be written as:
sin @ = sin 0, cosh 6; + ¢ cos 6, sinh 6;, (4.A-6a)
cos ) = cos B, cosh8; —isin@, sinh6;. (4.A-6b)

The series expansion of the cotangent function is:

1 1 1
cot = T gg — E@ — ... (4.A-7)

4.B Pole near a saddle or branch point

In order to derive an expression for the contribution from the pole, the same approach as in
Banos (1966) and Kong (2000) is used. Define the integral:

> 2u I 2
L) :/ dus _pu2 e (4.B-8)
oo -
which leads to the relation
dT o
42 (y) + ui Iy(y) = —2upf/ due v = —2u,l, /T (4.B-9)
dy —oo Y

The homogeneous solution to this equation is 7 Z (y) = po exp(—yuf)) where pg is a constant.
A particular solution is on the form Z,(y) = p(y) exp(—yuf)). Inserted into equation 4.B-9
this yields

p'(y) = —2u,T,/ % Y. (4.B-10)

An integration from y = 0 to y = 1 leads to

p(1) —p(0) = —2%1“\/?/0 dy\/g Vs, (4.B-11)

where the substitution v = —iu,,/y, assuming that Im(u,) > 0, gives
1 . —iu .
1 2 P
/ cly\/j vip = = dve™?" = @erf(—iup). (4.B-12)
0 Y Up Jo Up

The integral has been expressed in terms of the error function:
£(¢) = 1— erfe(¢) = — /C dve (4.B-13)
er =1—-erfc(() = — ve U, .B-
VT Jo
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where erfc(() is the complementary error function. An expression for Z,(0) is furthermore
needed. When Im(u,) > 0:

(o) (o) 1
Z,(0) :F/ du 22% 5 :F/ du ( ! > = 2mil. (4.B-14)

U—Up U Up

oo UP—ug e

This leads to the expression:

T,(1) = p(1)e ™" = 2mil [1 — exf (—iu,)] e ¥r. (4.B-15)

4.C The magnetic and vertical electric field

In the main text the horizontal electric field has been considered in order to show how the
TE and TM modes propagate in a layered model. The derivations of the lateral, guided, and
ray-reflected responses for the F.-component are found using the same procedures as for the
TM-mode integrals in the main text. The E,-integral is (Lgseth and Ursin, 2007):

Ill T M T M Z * T M
E, = . cosfB Iy, where Iy = E/o dAXN2T1(Ap) g5 (N). (4.C-16)

The function gp is given by:

A\) = es + Rp(\), where Rp = —
gp(A) p(A) D )

s (4.C-17)

An explanation of the different reflection-response contributions to the total response Rp is
given following equation 4.22 in the main text.

In the single-interface case (cf. section 4.4), the branch-point contribution is:

pzb kp?V/1—n? Tap 30-—n?) T a2 2 ATE) T

(4.C-18)
which for small n must be separated into an explicit pole contribution and an asymptotic

expansion with the pole contribution removed:
Doy = —2mi Tpy ether [1 — erf (i7))] e s, (4.C-19a)

where 7, is given in equation 4.45,

_ —iwpkn® —( _kap ikh(14n%) "2
tp2 = 2(1—nt)(1+n2)>2 " (¢1+n2) ¢ ’ (4.C-19b)
and ‘
—iw , -1/2
Thy pe ~ T” oikaptikh(14n?) (w1 + pws + ) , (4.C-20a)
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4.C The magnetic and vertical electric field

where
wy = 2n° [1 — %nQ + %n‘l — ] . we=n? [—2 + (% +ikzh) n? — %n‘l + ] . (4.C-20b)

The thin-layer response is (cf. section 4.5):

. /22 N2 2201 — mdY _ 222201 _ 22
IE]\/] — T H— ()\ p) )\p kl )\p [)\p(l nl) nlkl(l nl)] d2 ei)\pp"l‘i k%_)\?)h
2p 1 \"p .

201 (1+n) da\ /K2 — N2 +in?
(4.C-21)
The saddle-point contribution is:
ikr
Thy.s ~ iwp sin 0 cos 0, RLM (6,), (4.C-22)

where the positive sign in front of equation 4.C-22 is due to the negative sign in equation 4.C-
17. The saddle-point contribution in case of transmission through an interface (cf. section
4.H) takes a similar form:

eikrl +ikgro
Iy ~ —iwp———— sinfy cos b 7., (6s), (4.C-23)

Tt T M
where t/.,, =1 —r4,, in terms of the definitions in equation 4.24. From equation 4.C-23 and
an analogous argumentation as in section 4.6.1, the corresponding expression to equation
4.75 can be derived:

T M 27 7 T M ikh
D2.d ~ 1 tltl D2,p ez s (40-24)

where flfl is given in equation 4.76, and where h in equation 4.C-21 now is 2d;. In the
full model, the expression for the multiple reflections in the water column described by
equation 4.78b for R4 is modified due to the difference between Rp (equation 4.C-17) and
R4 (equation 4.22). Accounting for this difference, the expression for the Igy-integral in

the full model becomes:
Dy ~Ihy g [L—e®®] [1 4 *Fdr] [14 2re?hde 4 3pfetihde 4 ] (4.C-25)

The derivation of the asymptotic expressions for the integral in equation 4.C-16 does
not add substantial new insight into the behaviour of the signal propagation for the TM
mode in a stratified medium. However, it should be noted that there is a sign difference
in the expression that describes water-layer reflection effects in equation 4.C-25 (for the
E.-component) compared to the corresponding relation in equation 4.81 (TM mode for the
horizontal electric field), and that the effect of the transmission of the thin-layer response

through the seabed interface is different (factor n? instead of n).
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When the asymptotic expressions for the electric field components are known, expressions

for the magnetic field components can be obtained using Faraday’s law:

1 [10E. OE,
H,=—|- - = 4.C-2
P iwp [p ap 0z ] ’ (4.C-26a)
1 [0 oF
Hzy= — |—£ z 4.C-26b
P wn [ 0z dp ] ’ ( )
1 1[8(pEs) O,
H,=— - |4P28) 9% 4.0-26
iwpp [ Op op ( ©

4.D Hankel functions

The Hankel functions of the first and second kind are defined as (Abramowitz and Stegun,
1962):

HD(C) = J,(Q) +iY,(¢) and HP(() = J,(¢) — iV, (Q), (4.D-27)

where ( is a complex variable, J,, is the Bessel function of the first kind, and Y}, is the Bessel
function of the second kind (or Weber’s function). The Hankel functions in equation 4.D-27

are related as (Abramowitz and Stegun, 1962, equation 9.1.39)
HP(¢) = —e"™HV (¢e™), (4.D-28)

and by using equation 4.D-27 and 4.D-28, the Bessel functions Jy and .J; can be expressed

Jo(¢) = % [Hé”(() - Hé”(—()} : (4.D-29a)
Ji(¢) = % [Hfl)(C) + Hfl)(—C)} : (4.D-29D)

In the main text the Hankel function of the first kind (sometimes referred to as the Bessel
function of the third kind) is referred to as the Hankel function.

For large arguments the Hankel functions of the zeroth and first order can be written as
(Abramowitz and Stegun, 1962):

NS Py it OIS S NI RS & )
Hy ' (Q) = - [1 T aRTTr ] =% (4.D-30a)
W [2 0,3 1 s i
HY () = ’/WC [1 5~ TP ] e . (4.D-30D)

Because the Hankel functions involve Weber’s function, both Hél)(C) and Hfl)(C) have a
logarithmic branch-point singularity at ¢ = 0. The asymptotic expansions have a multiple-

valued singularity at ¢ = 0.
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4.E Field integrals in a homogeneous medium

The following relations between the zeroth- and first-order Hankel functions and their

derivatives are useful (with ¢ = Ap):

d

g, H0 Q) = =AHY (). (4.D-31a)
1

T () = M1 0) — SH (). (4.D-31b)

The relations in equation 4.D-31 are valid for the Bessel functions of the first kind as well.

4.E Field integrals in a homogeneous medium

The first terms on the right hand side in equation 4.20 can be integrated analytically. The
solution to the first integral in equation 4.E-32 is found in Gradshteyn and Ryzhik (1980),
and the solution for the other integrals follow, unless otherwise noted, by a differentiation of

the integral above the one that is considered in terms of the variable z:

o . 1o
I, = / X\ — Jl()\p) T = T (e — &%) | (4.E-32a)
1 ) )
T, = / A\ J1(\p) €7 = —= (fe“““ _ e“”) , (4.E-32b)
0 p AT
% k22 ip\ .. k.
Ty = / Ay Ji(\p) e (—% n %) othr 4 Dikz, (4.E-32¢)
0 pr2 r p
> dI, 1 ikr
Ty = / a2 ~ ) e Tt S S L (4.E-32d)
0 dp  p T
o0 .
Ty = / dA X Jo(\p) €7 = (—’k—j n %) etk (4.E-32¢)
0 T T
is ko i+ik*22 3k2% 3i2%\
Tg= /O X Ny Jo(Ap) =7 = <_7~_2 S (4.E-32f)

where v = V&2 — A2 and r = /22 + p%. The expressions for Z4¢ 4, Za7 4 LTao .4, and T4 4
are found using equations 4.E-32d, 4.E-32a, 4.E-32f, and 4.E-32c, respectively.

4.F Single-interface branch-point contributions

The calculations of the branch-point contributions for the single-interface case are presented
in this section. First, a simple relation between integrals that contain zeroth- and first-order
Hankel functions is derived. Next, the TE- and TM-mode branch-point contributions are
calculated. The asymptotic expansions are obtained with the horizontal source and receiver
offset (p) as the large variable. Finally, an asymptotic evaluation of the TM-mode branch-
point contribution is performed where the effect of the pole is removed from the asymptotic

expression and considered separately.
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4.F.1 Relation between the zeroth- and first-order integrals

If the Z 40-integrals can be written on the form
a a a a
T aolp) = <_0 + ot = — > e, (4.F-33a)
P p
the corresponding 7 41-integrals are given as

1 {a a a 1 2a 2a 1
IAl(p) = 5 [—O + p—; + (ag + —1) p—3 + (ag + TQ + b_21> p—4 + ] ebr. (4.F—33b)

This can be derived by noting that the integrals in equation 4.19 are related as follows (cf.
equation 4.D-31):

d 1

— 4+ = | Za1 =T 40. (4.F—34)

dp p
The homogeneous solution is Iffu = qo/p where qo is a constant. A particular solution is
found by taking Z41 = q(p)/p where ¢(p) is a function of p. Using equation 4.F-34 one
gets q(p) = [dp'p'Zao(p’). When Z g is on a form which includes an inverse power series
times an exponential function of p, the resulting relation between Z 4o and 7 4; is as given in

equation 4.F-33.

4.F.2 Transformation of the integrals

The following relations derived from equation 4.38 (A = k, cos ) are needed:
d\ = —kgsina do, (4.F-35a)
Yo = —kqsina, (4.F-35b)

v =kv'1—n?cos? a, (4.F-35¢)

where n = kq/k is the refractive index. As seen from the transformation in equation 4.38,
a = £7/2 when A = 0. Since the branch point is transformed into a saddle point at o = 0,
a should be —7/2 when A = 0. The negative sign must then be chosen in equation 4.F-35b
because v, must be equal to +k, when \ = 0.

The variable 7 from equation 4.40 can be expressed in terms of a new variable £ as
€=kt where k= (ikop) /2 (4.F-36)

The relations in equation 4.38 and 4.F-35 expressed in terms of £ then become:

cosa =1— &2, (4.F-37a)

sina = V2¢4/1 — L¢2, (4.F-37b)

sin ada = 2£dE, (4.F-37c)
V1-—n2cos?a=+/1 —n2\/1+ 1€2(2 - €2). (4.F-374d)
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4.F Single-interface branch-point contributions

The integral in equation 4.1 is rewritten in terms of a by using equation 4.38 and 4.39. From

the transformations in equation 4.40 and 4.F-36, the integral in terms of £ can be written as

Tiip) = *or [ dgsle) e €I (4.F-38)

where f¢(€) can be expanded in a power series in terms of the small parameter £. From

equation 4.A-4 it is observed that only even powers of & will contribute to the integral.

4.F.3 TE mode
Consider the expression in equation 4.29a with a reflection response as given in equation
4.32a. Since ¢p(\) = i\p, the function fr(X), cf. equation 4.1, is:

wit A K2 (14 n2) — 297y, — 202
fTE()‘):_M_ ( 2) 2
2 v k2 (1 —n?)

Hy (\p) e". (4.F-39a)

From equation 4.F-37c (4.F-35a) comes an odd-order term in &. Since the only other odd-
order term in the expressions is in equation 4.F-37b (4.F-35b), the branch-point contribution

in equation 4.F-39a is:
—wp B ,
freW, = P —n2) Xva Hy (Ap) €™ (4.F-39Db)

The part of the reflection coefficient from equation 4.32a that contributes to the branch-point
response is then:

TE —27Ya
RGN, = 2(—n?)

When the asymptotic expansion of the Hankel function in equation 4.D-30 is inserted into

(4.F-39c)

equation 4.F-39b, one gets:

—Ww 2 i
freON)|, = m\/ﬂ—pe T VM e [1+ng+m+.. e (4.F-39d)

Now, f(A) is transformed into fg¢(§) by using the relations in equation 4.F-35 and 4.F-37. The
series expansions in powers of £ are furthermore worked out using the relations in equation

4.A-1. The exponential term becomes:
e = [1+ 18 + et +..], (4.F-40a)

where the shorthand notation

ce = ikhV/1 =12, e1=cos, €2 = —hoe o (l - cen?), (4.F-40b)
has been used. The second- and third-order terms in the Hankel function are:
1 1
=h (1+&+¢*+.), wh hi = , 4.F-41
8ip 1A+ E+ ), where Iy Sikap ( 2)
9 9
— = hy (1428 +3¢*+.), wh hyo = ———. 4.F-41b
128(irp)2 2 (14265436 +.), where by 128(ikap)? ( )
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Asymptotic evaluations of the marine CSEM field integrals

and in addition, the expansion of the following variables is needed:
Ve = —V2E37 e (1362 - Let ). (4.F-42)
The relation between the differentials is given by equation 4.F-35a and 4.F-37c:
d\ = —2kyEd¢, (4.F-43)
and the function f¢'* then becomes:

JEPQ) =A5"E [L+hi+ha+ (e1— 2 +ethy + 2h1) €+ (e2 — 2e1 — 55) &' + ],
(4.F-44a)

where

TE 4k2/2 1 —iZ ikhv/I—nZ
by = —wum W—pe 4e . (4F—44b)

An asymptotic series for the TE integral is now obtained using equation 4.F-38, 4.F-44, and
the relations in equation 4.A-2 and 4.A-4:

2w ikg tkaptikhyi-—n? [

1 3 1 15 21
K2p2 (1 — n2) I+ 55 <_1 + 561) + R (TeQ - ?el) + } :

TE
IAO,b ~ = ikap

(4.F-45)

The sign has been chosen in accordance with the slope of the steepest descent curve in the
a-plane. Note that the third-order term only contains factors from the expansion of the
exponential function in equation 4.F-40. Note moreover that each successive term in 2 in
the integral corresponds to a multiplication with 1/ik1p in the asymptotic series. Terms from
the Hankel function in equation 4.F-44 that give higher-order terms than those considered in
the expansion can thus be ignored when deriving equation 4.F-44. An expression for Z7 ,

is obtained by using equation 4.F-33:

2 iwp etkaptikhy 1—n?2

TE ~ —
Al,b k32p2 (1 —n2)

1+ oder + gt (Bea+ Ber) +.] . (4F-46)

In the considerations for the combined models in section 4.6, the multiples in the water
column are expressed as a power series in terms of the sea-surface reflection coefficient. From
equation 4.31a and 4.32a it is found that

2 4 3 2.2 3 4
— —4 + 6 —4 +
[R;.E()\)]2 = (7 %> = 7 ¥ Ya 7 a Mo %. (4.F-47)

Y+ Ya k(1 —n?)?

The part that contributes to the branch-point integral becomes

2 —277, 2n? 2 _ ¢4
RTE? = 20 _;2) 2|14 3 (28 —¢Y) |, (4.F-48)
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4.F Single-interface branch-point contributions

which follows from equation 4.F-39c and the substitutions in equation 4.F-35 and 4.F-37.
For the interface between air and seawater, the refraction index is ng =~ 0. Thus the ap-
proximation R? ~ 2R (where the TE superscript and b subscript have been omitted for
simplicity), can be used for the branch-point contribution that describes the first multiple
of the sea-surface reflection. By repeating the above procedure for higher powers of the

reflection coefficients, one readily obtains that R? ~ 3R, R* ~ 4R, and so on.

4.F.4 TM mode

Consider the expression in equation 4.29c¢ with a reflection response as given in equation
4.32b. The function f;,(\) for the TM mode is, cf. equation 4.1:

w 2 _9p? +nt
fT]\/] ()\) /’1/ ,)/a 'Y’Ya ,7

= H- ivh 4.F-4
(L —nt) T 2N o () e, (4.F-49)

where k,, is as given in equation 4.33. Since only even-order terms contribute to the integral,

this expression reduces to

—nwp YaY* - ;
fraN)], = g A ERE Hy (\p) €. (4.F-49D)

When the asymptotic expansion of the Hankel function in equation 4.D-30 is inserted into

equation 4.F-49b, one gets:

FrauOly = e 2 emin Ry 0 1k g b ] €0 (4F-490)
W = 21 iy \ 7p Va k2 — A2 8ixp T 128(ixp)Z | -\

The series expansion of 1/(k2 — A\?) is

1 14+ n2
N2 _ k2 n2k2 1 +p1&% + pogt + - (4.F-50a)
p a

where the shorthand notation

2(1+ n? 4+ 7n*+ 3n*
I +2n) and py = I (4.F-50D)
n n
has been used. The vertical wavenumber squared is
Z=k(1-n?)1 2 4 h o d ey —1 4.F-51
v = (—n)[+C1§ +CQ§], where ¢ =_—-5 and c;=-cc1 (4.F-51)

Series representations of the exponential factor, the terms in the Hankel function, and the
term \/X'ya, have been obtained in equation 4.F-40, 4.F-41, and 4.F-42, respectively. Inserted
into equation 4.F-49c, the above expansions and the relation between the differentials in

TM

equation 4.F-43 imply that the function f¢ (&) becomes:

JEME) =AM E Nt +ho+ (g0 — F + il + 1) €+ (a2 — fa1 — 55) €' + ]
(4.F-52a)
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where
gi=ei1+ci+p1 and g2 =ex+ca+p2+cipr +eicit +eipi, (4.F-52b)

and the amplitude factor is

[k T e TonE
A}])“]\/I = dwp 2a o~y gtkh 1—n? (4.F—52C)
P

The integral is then calculated by inserting the expression for ff* (&) into equation 4.F-38:

2w, ; —
zzovib ~— 2€’Lkap+'tkh\/1 nZ [1 + z‘klap (—1 + %fh) + (ikip)Q (%qQ - %QI) + } . (4.F-53)

a

The first-order integral 7'y}, is obtained from equation 4.F-53 by using equation 4.F-33:

2w, ; —2
Qq{b ~ _ik’2p2 etkaptikhy/I—n [1 + —ikip%fh + (ikip)2 <%Q2 + §q1) + } . (4.F-54)
a

4.F.5 Accounting for the influence of the TM pole

The asymptotic expansions in equation 4.F-53 and 4.F-54 are useless for small n. This is
due to the pole in close vicinity to the branch point for this case as observed in Figure 4.4.
The procedure in section 4.2.4 is applied to obtain a separate expression for the branch-point
contribution due to the pole. This contribution is given by equation 4.44 for both the zeroth-
(residue T'y) and first-order (residue I';) integrals. The residue Ty is found from equation
4.F-49b and the relation in equation 4.15:

2

1 A —k2 _ . wun 2 12y - iy/KP—k2 h
Lo = Alggflp [Tp”f()\)} = 20 =) ke — k3 (k" — k) Hy (kpp) e »", (4.F-55)
where k, = ko /1 + n?.

In order to obtain an expression for Z7y,., a series expansion of equation 4.44 is per-
formed. The terms in this expansion are subtracted from the corresponding terms in the
expression given by equation 4.F-53. The locations of the pair of poles in the £&-domain are
given by (cf. equation 4.40 and 4.F-36):

9 1

g1 s, (4.F-56)

and thus, the residue in equation 4.F-55 can be written as

Iy = 2K P L+ vI4n? [1 4 VIEn? | 904n?) oikh(14n?) 71
0= V2rp(1 —nf) P 1+n2 8ikap 128(ikap)2 ' :
(4.F-57)
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4.F Single-interface branch-point contributions

The series expansion of the error function times the Gaussian function in equation 4.44 is
given in equation 4.17, and in terms of 7, it becomes (§ = k7):
1 3

1+—+—+..1. 4.F-58
\/_Tp + 272 + 41} + ( )

e T erfe(—ity,) ~

From equation 4.45 one gets

1 21 +n?
L AmviEn (4.F-59)
o V1+n2-1

and the series expansion of the contribution from the pole then becomes:

s iwp V2021 + V1 + n? oikaptikh(14+n2) """

A0,bp ™ _7 (14 n?) (1 —n?)

[ + ul‘f‘(zk p)2u2+

(4.F-60a)
where
Uy =311 (s +1). (4.F-60b)
1 2 3 1 9
Us = 3(L+n7) ((\/1+n2—1)2 tivie oy Tt 3_2) ' (4.F-60c)

In addition the exponent in equation 4.F-53 must be modified in order to compare terms

with the expression in equation 4.F-60:
. . 1/2
V=T Gk (L) Likhn® 4 Likhn® — Likh (3 —ikh)n® +.].  (4.F-61)

Now, the contribution from the branch point when the pole contribution is separated out

becomes:

W . 2\—1/2
Wi = Tl =Ty ~ S et (0) " (g L 4 Lt 4] (@ P6)

where:
Up=2n[1—In®4 28pt — 1181p0 4 864518 4 ] (4.F-62b)
Uy =n' [(2] +ikh) — (3% + 3ikh) n® + (383 + Tikh {3 —ikh})n* +..], (4.F-62c)
Uy = —n* [(82 +ikh) + (225 — Likh {11+ 3ikh})n® + .] . (4.F-62d)

The contribution from the pole in 777, is found in the same manner as for Z7g,. The

only difference is an extra division of k, and that the residue consists of the Hankel function

of first order:

I — wpn?e=B/4 1+ V1+n? [ _ 3VIFRZ _ 15(14n%) eikh(1+n2)*”2
1= V2rkap (1 — ) P 1+n2 Sikap 128(ikap)? . :

(4.F-63)
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The pole contribution is given in equation 4.44. A series expansion of this expression leads

to
wp V20?14 V14 n2 ik, R 1 1
Tyl s itn? [1+mvl+—(ikap)2vg+.. :
(4.F-64a)
where
Vi=2V1+n2 (ﬁ B %) ’ (4.F-64b)
_1 2 3 3 15
Vo = 3(1+n%) ((\/1+n2—1)2 T A(Viteron) ﬁ) : (4.F-64c)

The branch-point contribution to the integral Z%}" when the pole contribution is separated

out then becomes:

Wi . . 2\—1/2
e =I5, — T5Y,, ~ Hem ptikh(14n?) [VO + oo Vit Gz Ve + } , (4.F-65a)

where
2 163, .4 615 6 48163, .8
Vi =nt [(82 +ikh) + (&5 — $ikh) n® + (3253 4 Likh {3 —ikh})n* + .|, (4.F-65¢c)
Vo =n' [-198 + (355, + 2ikh {3 + ikh})n® + .] . (4.F-654)

4.G Saddle-point contributions

In this section, expressions with two terms for the saddle-point contributions are derived.
Consider the integral in equation 4.1 in terms of the angle variable § where the function f(6)
is in angular coordinates after the transformation in equation 4.56. The function ¢ is given

by equation 4.57, and at the saddle point:
o(0s) =ik, ¢'(0s)=0, ¢"(0s)=—ik, ¢"(0s)=0, and ¢"V(0s5) =ik, (4.G-66)

where the subscript 1 on the wavenumber has been ignored since the derivations that follow
can be used for saddle-point contributions in both the single-interface and thin-layer case.
The saddle-point contribution is given by equation 4.4. The second term in the expansion is
given by equation 4.5 which reduces to

f70s) 1
I(ORES

for the angular-spectrum representation when inserting the relations in equation 4.G-66.

(0,) = (4.G-67)

From writing f(0) = h(#)R(0) and expressing the derivative of the reflection coefficient as

R'(0) = R(9)y(0), (4.G-68)



4.G Saddle-point contributions

the derivatives of f(0) become

f/ h/ f// h// h/ ,
L _ I (o . 4.G-
7 h—i—y and 7 h—i— 2h+y y+y (4.G-69)

4.G.1 TE-mode functions

The function hJ® in the integral Z%§ is derived from equation 4.29a and the transformation

in equation 4.56:

TE el 2k —im/4 : 1
= —/—e 7 14 —+..). 4.G-70
h{®(0) 5 \/ 7Tpe Vsinf [ 1+ Sikpsing + (4.G-70a)

Since the derivatives of the second-order term of h contribute to the third-order term, the
second-order term is ignored in the calculation of the derivatives:

1 dho\ ™" cos 1 d2ho\"" 1 1
L dho L B 4.G-70b
(ho do >1 psing 0 (ho a0z ), 4 4sin’6 ( )

where the subscript 1 denotes that only the first-order term of h{j” is taken into account.

The integral Z%7 differs from Z%§ by a factor 1/iksinf and different weights in the
asymptotic Hankel-function series (i.e., the factor 1/8 in the second term of equation 4.G-
70a must be substituted by —3/8). The function h{*” then becomes

wp 2k 4 1 3
RTE(0) = —— | Ze"/ 1-— . 4.G-70
170 =5 V7" Vene Rikpsing ) ( °)

and the derivatives of the first-order term are:

1 dhi\"" cos 0 1 d?2n\"" 1 3
_ 1 I 4.G-70d
(hl a0 >1 2smg (m a0 >1 17 TonZg ( )

4.G.2 TM-mode functions

As seen from equation 4.29 after applying the transformation in equation 4.56, the TM-mode

h-functions differ from those of the TE mode by an extra factor cos? 6:

w2k 4 9 1
Tg) = == e/ 0 014+ ——"T—+..]. 4.G-70
hiM(0) 5 7Tpe V'sin 6 cos + Sikpsng + ( e)
When ignoring the second-order term in hj™, one gets
M .92 2 M .92
— 1 1 1
idho :1 .E)sm 0 q _d ho :__7_ L +2sm 9. (4.G-70f)
ho db ), 2sinf cos 0 ho d6? ), 4  4sin“6 cos? 6

The first-order TM integral differs from the zeroth-order integral by the factor 1/ik sin § and

different weights in the Hankel function. Accounting for this, hT* becomes

. wp |2k i cos? 0 3
Sl i it 1— . 4.G-70
hi™(0) 2k 7Tpe Vsin @ 8ikpsin O ) ( g)
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and the derivatives of the first-order term are:

1 TM 1 -2 1 2 TM -2
( dh1> _ + 3sin” 0 ( d h1> 1 3 sin® 0 (4.G-70h)
1 1

hy d  2sinfcosh hy d2 :_Z+4Sin29 cos?2 0’

4.G.3 General expressions

The saddle-point contributions are found using equation 4.4 with the appropriate functions
in the integrand, i.e., f(6s) = h(fs)R(0s) where R is the reflection response and where the
various h-functions are given in equation 4.G-70, and ¢(6;) is as given in equation 4.G-66.
Then:

ikr 1
0. ~ —iwp Rr5(65) [1 + —Ul"(0s) + ] , (4.G-T1a)
r ikr

e o S R 0) ——— |14+ —wre(g 4.G-T1b
Al,s Wop m o Rrells ik sin 0, ikr (6) +-1 (4.G-71b)
T M - ikr 2 1 M

IAO,s ~ =W T RTM(es) COS 98 1 + %\IIO (95) + .. s (4G—71C)

ethr cos? 0 1

T M i S M _
s wp —— Ry (0s) Tsng. [1 o UIM(0,) + ] : (4.G-71d)

By inserting the derivatives of the h-functions (equation 4.G-70) into equations 4.G-69 and
4.G-67, and accounting for the second-order Hankel-function term (1/8ikpsin 05 for Hy and
—3/8ikpsinf, for Hy), the following expressions for the W-variables are obtained:

1 [ cosb, 1
wg* s) — 3 . TE\Us TE\Us —y s S
5500 = 5 | Sg + ve(00)| pes 0+ 304l60) (1.G-720)
wre(6,) = + (=0 00| en(6) + 24 60) (4.G-72b)
1 s) =5 sin, Yre\Us)| Yre\Us 2yTE s)s G-
sin?f, 1[1—5sin?6, 1
U™ (0s) = — = a = v \Us v \Us —y s -
0" (%) 2 cos? 0 + 2 [sin@s cos 0 yra(0 )] yru(0s) + 2yTM(9 ) (4.G-T20)
sin®0y, 1 [ 14 3sin?6, 1
v 95 = > — v \Us M \Us —y s)- 4.G-72
1 (0) cos? 0, - 2 [ sin @, cos 0 Y (0 )] yras(0:) + 2yTM(9 ) (4.G-72d)

The expressions for the y-functions are found from the reflection coefficients (cf. equation
4.G-68). Note that the first-order term of the TM mode gets small as ; — 7/2, and that
the second-order term gets large. However, the squared cosine factor in the denominator of
the second term is cancelled by the squared cosine term in the overall expression. Thus, the

second-order term is still bounded.
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4.G Saddle-point contributions

4.G.4 Single interface

The reflection coefficients in case of a single interface are rewritten into angular coordinates

by using the transformation in equation 4.56 on the expressions in equation 4.31:

cosf — \/n2 —sin®6

RIF(0) = , (4.G-73a)
cosf + \/n2 —sin®6
_n2 2 _ qip?

RTM(9) = n’cosf + v/n? —sin” 0 (4.G-73D)

n2cosf + \/n2 —sin? 0 .

The saddle-point contribution in the single-interface case is then obtained by inserting the
values of these reflection coeflicients at the saddle point into equation 4.G-71. The functions
yrr and yr,, that are needed in equation 4.G-72 to compute the second-order term of the

saddle-point expansion then become:

_ 2sin 0 _ 2n? sin @ 1 _
Yre = —\/m; Yrv = \/n2—sin2 5 ATn?)sinZ 0—n?’ (4.G 74&)
r_ 2n2 cos 6 r cosf n? . 2(n2+1) sin? 6 (4 G 74b)
Yre = (n?—sin2 6272 Yo = YTM 0o | m2—sin0 — (1+n?)sinZ 0—n? -G-

The second-order terms in the asymptotic expansion are obtained by inserting the expressions

in equation 4.G-74 into equation 4.G-72. For the TE mode the resulting expressions simplify

to
TE _ cos 6, 2sin? 0. n? cos 0.
ER(0,) =~ 4 B 4 (4.G-75a)
TE . cos 6, 25sin? 6, n? cos 6.
i) = \/n2—sin2 0, TR s 0,57 (4.G-75b)

4.G.5 Thin layer

The reflection coefficients in the thin-layer case in angular coordinates are given by equation

4.62. The functions y,5(0) and y,,(6) in equation 4.G-68 are:
2isin @ + 4k1ds sin @ cos 6

yrs(6) = 27 cos + kids [(1 + n%) — 2gin? 9] ’ (4.G-762)
Yons (0) = 2sinf cos 6 . 2in? sin 0 + 2k1da(1 + nf)sindcos f .
sin?0 —n? (1+ n%)_l 2in? cos 0 + kids [n%(l +n?) — (1 +n?)sin? 9]
(4.G-76b)

The saddle-point contributions are on the same form as in equation 4.G-71, but the wavenum-
ber is now k; and the reflection coefficients are those in equation 4.62. In addition the
second-order terms are found using equation 4.G-76. By writing the y-functions in terms of
their fractions

N N N
Yrp = y_O and Yrv = Yrm,l + Yrv,2 = y—l + y_2, (4G_76C)
YpDo Yp1  YD2
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their derivatives can be expressed as

yh ) 2 Yni  Ypj
/ NO DO ’ Z J Jj
Yrw = Yre [yNO yDO] Yoo =1 Yrag [yNj YDj ] ( )

where the values at the saddle point are needed:

Yno(0s) = 2icos b + 4k1ds ((2052 0, — sin? 98) , (4.G-77b)
Ypo(ls) = —2isin 0y — 4k1dy sin 0, cos 0, (4.G-77c)
Yn1(0s) = 2 (cos? O —sin?0;) (4.G-77d)
Yp1(0s) = 2sin b cos by, (4.G-77e)
Yno(0s) = 2inT cos by + 2k1da(1 + nY) (cos® O, — sin® 6 (4.G-77f)
Ypo(0s) = —2in sin O, — 2k1do(1 + nf) sin O, cos 0. (4.G-77¢g)

4.H The transmitted field through one interface

The integrals that describe the transmitted fields through one interface can be written as
(cf. equation 4.29)

wi [\ A

e ="y | AT Hy Q) trp(3) ertontiete, (4.H-78a)
—o0

e w o d\ 1 H(\p) # A iAp+ivhs+iveha 4.H-78b

ALt = o7 ; 1 (Ap) trs(A) e ) (4.H- )
—o0

o wp [ ANy H=(O00) £ () @iMoHivhe +Hivaha 4.H-78

A0t T 572 Y 0(/’) () e ) (4.H-78c)
—00

TTM wp o [ dXy Hy (Ap) tras(N) iAp+ivhs+ivaha (4.H-78d)

ALt T 9g2 | Ty (AP) tru(A) € ’ :

where hg is the vertical distance from the interface to the source and h, is the vertical distance
from the interface to the receiver. The transmission coefficients are given by the expressions

in equation 4.25. The function ¢(A), cf. equation 4.1, and its derivatives now become:

(b()‘) = % ()‘p +vhs + ’Yaha) ) (4.H—79a)
r Y Ya
: 2 2
¢"(\) = ; (—,’j—ghs — 5—‘;%) : (4.H-79¢)

The saddle point is then given by the equation

p— A= X =0, (4.H-80)
g
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4.1 Separation of the TE and TM modes

The horizontal and vertical wavenumbers can be parameterized as (DeSanto, 1992)
As = ksinby, s =kcosfy, and 7, = k,cost., (4.H-81)

since the distances in the triangles; hs, p1, and r; on the source side and h,, p2, and 75 on

the opposite side of the interface, are related as
hs =11 cosbs, p1 =risinbs, hy =raco86,, ps =rosind.. (4.H-82)

Note that ry is the distance travelled by a ray on the source side of the interface whereas
ro is the distance travelled after the ray has been transmitted. From equation 4.H-80 the

relation
p

As = ksinbly = k———
s sin 0 7“1—1—%7“2

(4.H-83)

where n = k,/k is obtained. By using Snell’s law, ksinf = k,sin6’, the following relations

are obtained from equation 4.H-79:

1 1
ré(Ns) = ikry + ikare and  r¢’(\g) = —i Bl 2

— — 4.H-84
! k cos?0s = kg cos? 6, ( )

By plugging into the formula in equation 4.4 the first term in the saddle-point expansion is
found to be

eikT1+’ika7'2
TG, ~ —iwop ————trs(0s), (4.H-85a)
t
iwu eikT1+’ika7'2 1
v o~ t.p(0,) ——— 4.H-85b
ALt ik T4 v (05) sinf,’ ( )
o ) eikT1+’ika7'2 )
A0t Y W 7“7 tT}\/I(es) cos” s, (4.H-85C)
t
; ikri+ikqrs 2
TM wp e ¢ COS 98
~—— — t., (0, 4.H-85d
Al ik Tt w2 (0s) sinf ’ ( )

where

2
re = \/(rl + %7‘2) [7“1 + (—iﬁiizg) %7“2]. (4.H-86)

4.1 Separation of the TE and TM modes

From equation 4.18 it is seen that if the fields are measured at an azimuth angle (with the
source direction) other than 0° and 90°, the field integrals can be obtained from measured

data if one has access to the TE and TM parts separately:

1/ E E 1,
JIM | TTE r__ B h == 4.1-87
40 440 ch (cosﬁ sinf3 /)’ WHEEE Ch 4m ( 2)
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This furthermore implies that

T M p ENI TE pE;;E
= — d 7457 = 4.1-87b
Al cp sin 3 a AL ¢ cos B ( )

The TE and TM part of the measured horizontal electric field components can be sepa-
rated by using the procedure described in Lgseth and Ursin (2007). In order to do this, the
horizontal electric field components must be known in a 2-D plane on the seabed. If this is
the case, the data can be transformed into the wavenumber domain and rotated using the
eigenvector matrix described in Lgseth and Ursin (2007). The resulting upgoing and down-
going TE- and TM-field quantities can be transformed back to the space domain separately.
Hence the TE and TM modes are separated.

In marine CSEM the interesting mode to measure is often the TM mode since this mode
can detect a possible thin resistive layer. The presence of a sea-surface interface normally
increases the thin-layer response. Since the vertical electric field (E.) is a pure TM mode
(Kong, 2000), an alternative to measuring the horizontal fields in a 2-D manner on the seabed
is to measure the F,-component.

The E,-response can also be derived by measuring the horizontal derivatives of the hori-
zontal magnetic field components. By using Ampere’s law:

B! [M _ %] . (4.1-88)
WE p op op

TM responses are furthermore obtained by measuring quantities that when combined
correspond to derivatives of the E.-response. In this case one can measure horizontal mag-
netic field components and vertical changes in the horizontal electric field components or

horizontal derivatives of the horizontal electric field components. This follows directly from

Faraday’s law or Gauss’ law, respectively:

OE. , 0B,
9re 9% Al
5 p [zwqu + o ] , (4.1-89a)
oF OF

2 = |—iwpH £ 4.1-89b
= |ty + 2. (1.1-80b)
OE.  1[0(pE,) 0Es

_ 1 sl 4.1-89

0z P [ dp ” op ( ©

Similar relations can also be obtained for the TE response in terms of the vertical magnetic

field component and its derivatives.
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Summary

This paper presents a method for calculating the electromagnetic field from a dipole source
in stratified media with general anisotropy. The formulation can be applied to geophysical
applications such as ground penetrating radar (GPR) and marine controlled source electro-
magnetic (CSEM) methods. In stratified media, the propagation of fields can be considered in
the frequency-wavenumber domain. The resulting set of ordinary differential equations con-
sists of a field vector, a system matrix, and a source vector. In each piecewise homogeneous
region, the system matrix is given by the material properties and the horizontal slownesses.
The vertical slownesses are the eigenvalues of the system matrix. A diagonalization of the
system matrix transforms the field vector into a mode-field that contains upgoing and down-
going field constituents. For system matrices that account for general anisotropy, it is shown
how the electromagnetic field from any of the four basic dipole types can be calculated at
any desired position in the stratified medium. It is furthermore shown how the reflection
and transmission response from a stack can be calculated by a recursive scheme. Potential
numerical instabilities due to using propagators are avoided by using this recursion method.
Due to an energy-flux normalization of the eigenvector matrices, the reciprocity relations
for reflection and transmission of electromagnetic fields in general anisotropic media can be
derived. Several other useful relations between the reflection and transmission matrices are
obtained as well. The propagator method is dependent on the ability to calculate eigenvalues

and eigenvectors of the system matrix for all layers. In simple cases with isotropy or trans-
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verse isotropy in the direction of medium variation, the eigenvalue problem can be solved
explicitly. These eigenvector matrices have useful properties, e.g., when processing data. The
possibility to remove layers above or below the receiver layer follows from the decomposition
of a field into upgoing and downgoing modes. The propagator theory was implemented in
order to model anisotropy in marine CSEM. A modelling study shows that responses are
affected by horizontal, vertical, and dipping anisotropy in different manners. This suggests
that when anisotropy is present at a survey site, careful planning and interpretation are

required in order to correctly account for the responses.

5.1 Introduction

Anisotropy is a phenomenon that occurs on various scales, and it is a concern or an advantage
(depending on how it can be exploited), in a variety of geophysical applications such as
ground penetrating radar (GPR), which is towards the high-frequency end of applications,
and marine controlled source electromagnetic (CSEM) methods or SeaBed Logging (SBL),
which are applications that use very low frequencies.

In electromagnetic surveying of the subsurface, anisotropy effects will almost certainly
be encountered to some extent. Thus, it is important to have an understanding of how
various forms of anisotropy will affect the measurements. In elastic theory, a lot of work
on anisotropy has been performed. Helbig and Thomsen (2005) review its history in elastic
wave propagation. One of their main points is that anisotropy in many cases can be exploited
in the exploration. Anisotropic effects when measuring electromagnetic fields in geophysical
applications have also been studied for quite some time. Much of this work has been for
media with stratification and transverse isotropy in the same direction, e.g., Maillet (1947),
O’Brien and Morrison (1967), Sinha and Bhattacharyya (1967), Kong (1972), Chlamtac and
Abramovici (1981), and Edwards et al. (1984). Another type of anisotropy configuration
that has been studied, is transverse isotropy in a direction normal to a layered structure,
e.g., Li and Pedersen (1991) and Yu and Edwards (1992). Everett and Constable (1999)
studied the effects of such anisotropy on CSEM data, and Yu et al. (1997) considered triax-
ial (orthorhombic) anisotropy. For the modelling of GPR, Carcione and Schoenberg (2000)
and Carcione and Cavallini (2001) treated anisotropy with orthorhombic symmetry in 3-D
structures. Arbitrary anisotropy was considered for the DC-resistivity method in layered
media by Yin and Weidelt (1999). Their solution approach, in terms of potentials, was ex-
tended to the controlled source audio-magnetotelluric (CSAMT) method by Yin and Maurer
(2001). Moreover, Yin (2006) considered the marine magnetotellurics (MT) forward problem
formulated for stratified media with arbitrary anisotropy.

There are many material configurations in the subsurface that might lead to anisotropy

(Negi and Saraf, 1989). It might be that there are some preferred directions in the subsurface
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rocks, or some preferred orientation of grains in the sediments. Fine layering or a pronounced
strike direction might lead to an effective anisotropy. Alternations of sandstone and shales
may give reservoir anisotropies. Kennedy and Herrick (2004) examined the consequences of
anisotropy in reservoir rocks.

Anisotropic material properties can often be described in terms of different parameters
along three orthogonal coordinate axes in a principal coordinate system for each property.
Anisotropic media are furthermore often classified as triclinic, meaning that the various
material properties have no principal axes in common, monoclinic meaning that they have
one principal axis in common, or orthorhombic, which means that the principal axes coincide
for all the medium properties (Carcione and Schoenberg, 2000). When two parameters in
the principal coordinate frame for an orthorhombic medium are equal, the medium can be
referred to as transversely isotropic. In this case, we will refer to the axis with the distinct
parameter as the axis of anisotropy. In optics, one often works with anisotropy related to
crystal classes. It is in this case common to consider uniaxial and biaxial media meaning
either one or two anisotropy axes, respectively (Born and Wolf, 1999; Huard, 1997; Stamnes
and Sithambaranathan, 2001).

In the following we study stratified media with arbitrary anisotropy by using a matrix
propagator method. There are several reasons for studying plane-layered media. The calcu-
lation of electromagnetic fields in such media is often useful in order to simplify a problem
for interpretational purposes. In case of anisotropy, the added complication to the interpre-
tation makes it worthwhile to study the effects of anisotropy in 1-D models. In addition,
plane-layer modelling codes are fast and useful in e.g., more complicated modelling schemes
and inversion. Plane-layer modelling is also important as a verification tool for numerical
algorithms that handle 2-D or 3-D structures.

The matrix propagator methods are well known techniques for treating wave propagation
in stratified media cf. Berremann (1972) in optics, Suchy and Altman (1975) in plasma
physics, Kong (1972) for the geophysical electromagnetic problem in stratified media with
transverse isotropy in the direction of medium changes, Griffiths and Steinke (2000) for wave
propagation in locally periodic media, Kennett (1983) for seismic wave propagation, Ursin
(1983) reviewing elastic and electromagnetic wave propagation, and White and Zhou (2006)
for electroseismic prospecting in layered media.

However, to our knowledge, there has not been many applications of propagator tech-
niques to electromagnetic problems in stratified media with general anisotropy and loss. In
the following we derive equations that describe electromagnetic field propagation from any of
the basic dipole sources in general anisotropic media. An implementation and application of
the theory will be presented after the theory sections. During the derivation of the formalism,
several useful relations for reflection and transmission in anisotropic media are derived.

The constitutive relations between the field variables are considered in terms of dyadic
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material parameters (second rank tensors). It will be assumed that these dyads can be
given in an orthogonal principal frame where they have only diagonal elements. This means
that a rotation into another (e.g., the main) coordinate frame will preserve the symmetry
of the dyads (Onsager, 1931). In geophysical applications where one uses low frequencies,
the important material parameter will be the dyadic conductivity. In applications such as
GPR, the electric permittivity is also important. Even if the magnetic permeability in many
applications is assumed to be that of free space, all the material parameters are taken to
be dyads for completeness. Nonlinear effects are however not considered, and the entries
in the material dyads are assumed to be frequency-domain scalars, meaning that they are
local parameters in space. It should also be noted that cross-coupling between electric and
magnetic fields in the constitutive relations, so-called bianisotropy, is not considered since
we expect these effects to be minimal in geophysical applications.

Since the medium varies in one direction, the electromagnetic fields are Fourier trans-
formed into the frequency-wavenumber domain. This leads to a set of ordinary differential
equations for the horizontal field components that can be written as in Ursin (1983). The set
of equations involves a field vector that contains the horizontal electromagnetic field compo-
nents, a system matrix (4 x 4) that describes the medium seen by one frequency-wavenumber
component, and a source vector that can either be an infinitesimal electric or magnetic
dipole. The system matrix will in the general anisotropic case have no nonzero elements, but
because of the assumption of symmetric material parameters, it will contain symplectic sym-
metries (Chapman, 1994). The eigenvalues of the system matrix can be obtained by solving
a quartic equation, and they correspond to vertical wavenumbers or slownesses (wavenumber
divided by frequency). An alternative to solving the quartic equation, is solving the eigen-
value problem with standard routines from linear algebra libraries. To this end it should be
noted that the structure of the matrix resembles the structure found in Hamiltonian systems
(Bunse-Gerstner et al., 1992; Fabender et al., 2001).

By introducing an ad-hoc field, we show that the eigenvector matrix, which is used for
the similarity transform of the system matrix, should be chosen to be flux normalized. In
lossless media this is straightforward, but in lossy media, a general “energy-invariant” which
corresponds to the Poynting vector in the vertical direction for lossless media is introduced.
A discussion of adjoint and conjugate fields for these purposes can be found in Altman and
Suchy (1998).

In a homogeneous region the transformed physical field, using the flux-normalized eigen-
vectors, will be referred to as the upgoing and downgoing mode-field. From considering
propagation of the mode-field in a homogeneous region, across a source, across an interface
or a stack of layers, expressions for the electromagnetic field anywhere in the layered system
are obtained. In homogeneous regions the differential equation is decoupled, and from the

boundary conditions a description of reflection and transmission in terms of the eigenvector
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matrices (2 x 2) at each side can be obtained. The reflection and transmission in a stack of
layers can be described by a recursive scheme similar to that found in Kennett (1983), Chap-
man (2004), Ursin and Stovas (2002), and Stovas and Ursin (2003). By using the recursive
expressions, one avoids the problem with exponentially large terms.

In order to handle a stack of layers that can contain general anisotropy as well as isotropy,
various special cases of anisotropy configurations are considered. In addition to arbitrary
anisotropy which normally leads to four different magnitudes of the system matrix’ eigenval-
ues, up/down-symmetric media, meaning that the eigenvalues for the upgoing and downgoing
mode-fields are equal in magnitude, are treated. A medium with transverse isotropy in the
horizontal direction (TIH) is an example of an up/down-symmetric configuration. With
transverse isotropy in the vertical direction (TTV), the eigenvalues and eigenvectors reduce
to simple expressions. The polarization modes of the field vector do not couple at the in-
terfaces in this case. Even if this might happen for some wavenumbers in more complicated
anisotropic structures, it is only for TIV media and isotropic media that the eigenvalues of
the system matrix correspond to pure polarization modes which are decoupled at interfaces
between homogeneous regions for the entire wavenumber spectrum. The decoupling means
that the 2 x 2-matrix problem reduces to a scalar problem.

In most of the realistic problems in geophysics, the source medium will be TIV or isotropic.
Assuming that the receiver (the position where the field is calculated) layer has the same
characteristics, but not necessarily is the same layer as that of the source, we derive explicit
expressions for the electromagnetic fields. In these formulas, other layers than the source
and receiver layers may have general anisotropy. It should be noted that the derived field
components correspond to Green’s functions when normalized properly. The expressions
have been implemented in FORTRAN 90, and a modelling study of some scenarios from
CSEM/SBL has been performed.

In the last appendix, an application of the separation into upgoing and downgoing field
constituents is demonstrated. Depending on the choice of eigenvector matrix, it is possible
to remove the effect of a stack of layers above the source in the measured electromagnetic
field. In order to do this “free-surface” removal, the horizontal field components should be

known throughout a 2-D plane.
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5.2 Maxwell’s equations

Maxwell’s equations in the frequency domain are (cf. Stratton, 1941; Jackson, 1998; Kong,
2000)

V-D=p, (5.1a)
V- -B=0, (5.1b)
VxE—iwB=0, (5.1c)
VxH+iwD =1J, (5.1d)

where E is the complex electric field intensity and H is the complex magnetic field intensity.
The fields vary with position x = [z,y, z] and frequency w. In the equations there are two
more field quantities which are normally referred to as the electric displacement D and the
magnetic induction B. The density of free charges is described by p, and J is the current
density. The charge conservation is described by the relation —iwp = V - J. In conductive
media it is convenient to split the current density J into a source term Jy and a conduction-
current density J.. For macroscopic media it might furthermore be advantageous to introduce
a magnetic source term Jo,, into Faraday’s law (equation 5.1¢) which in this case is modified
to V x E —iwB = —Jg,,. Charge conservation then leads to the modification V - B = p,,
where p,, is the magnetic source-charge density. Although magnetic sources have not yet been
found to exist, their introduction into the equations is justified by the equivalence principle
(Kong, 2000). Since magnetic sources have been introduced, we will in the following refer to
the source term Jg as the electric source.

In macroscopic media the constitutive relations between the field quantities might be
very complicated (Nabighian, 1987; Jackson, 1998; Kong, 2000). In the following, nonlinear
effects found in ferroelectric and ferromagnetic materials are not taken into account. Unless
otherwise noted, only (piecewise) homogeneous regions are considered, and possible nonlocal
effects in space of the material parameters are ignored. The constitutive relations may then

be written as

D =¢(w)E, (5.2a)
B = p(w)H, (5.2b)

and in conductive media the relation between the conduction-current density J. and the
electric field (Ohm’s law) is

J.=0o(w)E, (5.2¢)

where o is the electric conductivity. The material parameters e, p, and o are dyads. The

principal axes of the medium-property dyads can be illustrated using Figure 5.1, where the
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main coordinate system xyz is sketched along with a rotated system xz’y'z’. This rotated
system may represent the principal axes of one of the material dyads, e.g., conductivity.
The dyads, which are diagonal in the principal coordinate frame, will be symmetric after
a rotation into a new coordinate frame when the principal axes are orthogonal (Onsager,
1931).

Figure 5.1: The main coordinate frame zyz and a principal system z’y’z’. Rotation from the
main frame to the principal system (and vice versa) can be performed in terms of the Euler

angles ¢, 6, and 1. L represents the line of nodes.

In the following it will be assumed that the material dyads have been rotated from their
principal system into the main coordinate system. A procedure for doing so is presented in
Appendix 5.A. To simplify notation, the permittivity and conductivity can be written as a
complex electric permittivity

E=e+io/w (5.3)

in the main coordinate frame. Note that by doing this, the meaning of the electric flux
density changes. The charge density in Gauss’ law now describes source charges instead of
free charges.

As sources of the electromagnetic field in the stratified medium, electric and magnetic
dipoles with general orientation are considered. An infinitesimal electric dipole antenna can
be represented by a periodic line current of length 1 = ;% +[,§ +[.Z with current amplitude

I(w). The frequency-domain source-current density can then be written as:
Jo = 1) [lb% + 1,3 + 1.7] 3(x), (5.4)
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where r is the distance from the source, i.e., the radial vector is described in terms of
Cartesian coordinates as r = x — X, where the source position is given as x5 = [Zs, ¥s, 25
If the electric dipole moment is represented by P (polarization), the dipole current moment
becomes —iwP. The magnetic dipole moment is given by m = pl(w)a, where a is the area
of a current carrying loop with direction normal to the loop. Analogous to the source-current
density for the electric dipole in equation 5.4, an infinitesimal magnetic dipole source can be

introduced as
—iwI(W) [flaz Oz + flay@y + peza.] ()

Jou = —iwpl(w)ad(r) = | —iwl(w) [fysas + Hyyay + pyza:]0(r) | (5.5)
—iwl(w) [Mzwaw + pzyly + MzzaZ] i(r)

where possible anisotropic effects have been taken into account.

h,
ZO
VMD HMD
HED  VED
P P Z,
oo 74
Z
— 7,
Z.
h, ]
J+1 Zj+1
ZN
v hN+1

Figure 5.2: A sketch of the multilayer system. Four types of sources are considered: the
horizontal electric dipole (HED), vertical electric dipole (VED), vertical magnetic dipole
(VMD), and horizontal magnetic dipole (HMD).
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In planarly stratified media the electromagnetic properties vary in one direction only.
Consider a layered medium as depicted in Figure 5.2, and assume that the medium properties

vary in the z-direction. The Fourier transform pair

O (ky, by, 2, w) = / dxdydt $(x,y, z,t) exp [—i(kyx + kyy — wt)], (5.6a)
1 [ee]
b(z,y, 2,t) = (ZT)?’ / dkydkydw © (kg ky, 2z, w) exp [i(kyz + kyy — wt)], (5.6b)

where k, and k, are the wavenumbers in the x- and y-directions, respectively, describe
transformations between the space-time and frequency-wavenumber domains. Equation 5.6a
transforms Maxwell’s equations in the time domain into the frequency-wavenumber domain
and implies the following operations: 0y — —iw, 0, — tk,, and 0, — ik,. The time and
frequency part of equation 5.6a has already been applied in order to obtain equation 5.1
from the time-domain Maxwell’s equations. In the time domain, the variables in Maxwell’s
equations are real, whereas in both the frequency and frequency-wavenumber domains the
variables might be complex. From Faraday’s law (equation 5.1c) with source term and
Ampere’s law (equation 5.1d), a set of ordinary differential equations is obtained after using

the wavenumber part of the transformation in equation 5.6a:

di“‘ = iwBy + ik, E. — J), (5.7a)
dd% = —iwB, +ikyE, +J, (5.7b)
_% — —iwD, — ik, H. + J,, (5.7¢)
% = —iwDy, + ik, H, + J,,. (5.7d)

The components in the z-direction are related to the horizontal components as

1

D = — (=iksHy + ik, Hy + J.), (5.82)
1

B. = — (ikyEy — ikyEy + JM) . (5.8b)
w

The variables J,, and J)' (n = z,y, z) denote the Cartesian components of the frequency-
wavenumber domain appearance of the electric and magnetic source, respectively. Likewise
the field components E,,, D,,, H,, and B,, are frequency-wavenumber domain quantities. In
order to simplify notation it is convenient to introduce the slowness variables p, = k,/w and
py = ky/w. With the constitutive relations D,, = £, Ep, and By, = ppmHpm (m = 2,9, 2),

the system of equations can be written as

(Ii + iwA> b=Lb=s, (5.9)
dz
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by (B, _ (-H,
o () e (B). o (). 0

identity matrix I, system matrix A, and source vector s. In addition the operator £ has

with field vector

been introduced. The system matrix is

a11 @12 a3 ai4

Ay A a a a a
A— 0 1) _ 21 Q22 @23 0G24 , (5.11)
a3l a3z a33 (34

Q41 Q42 A43 A44

where
a1l = %’:px + ﬁji:py, a2 = Z::pa - ﬁjz:paa (5.12&)
algzuyy—&ﬁ:—izl—g’;, a14:_lﬁym+%_%a (5'12b)
a1 = %jpy - %py, 22 = %py + %pm; (5'12C)
a23:—uxy+uij—iﬂi—%, a24:M1‘1‘_%%_&%%5 (5'12d)
Qg1 = Eyp — Sufne — ,fi’ (32 = Eay — % Dby (5.12¢)
ass = £5py + E2py, asy = $=py — bz=p,, (5.12f)
Qa1 = &y — E= 4 By aig = &, — SEE - 2 (5.12g)
43 = %px - %px, 44 = %py + %pa (5'12h)

In the following it will be assumed that all the material dyads have a set of orthogonal
principal axes. Thus, the material parameters are symmetric, and because of this reciprocity,

6 of the 16 entries in A are equal:

23 = A14, G33 = A11, A34 = A21,
(5.13)
Q41 = A32, A43 = @12, Q44 = A22.
This implies that the system matrix is on the form

Ay A
A= (70 71, (5.14)
A, Al

with A] = A; and A2 = A,.
The vertical components of the electromagnetic field are given in terms of the horizontal

components as

1 . . 1

E, = - (pny —poH, —E.Ey — £ By, + EJZ> , (5.15a)
1 Loy

H, = m —py By + paBy — ponHy — poyHy + EJZ . (5.15b)
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The source vector consists of an electric source vector s, and a magnetic source vector

Snm (3 =Sg + S]\/I):

pa;Jz/ézz _J?jw + %Jgf
1)z gt
Sp = Py Z! == and Su = * ]lvtfzz : . (516)
Jo = £ —py 2/ ez
Jy — ZfﬁJz pwa/Mzz

zz

The z- and y-components of the electric and magnetic sources will be referred to as the
horizontal electric dipole (HED) and horizontal magnetic dipole (HMD), respectively. In a
plane-layered model the coordinate system may be rotated so that the horizontal component
of the electric or magnetic dipoles points in the z-direction, but it is sometimes advantageous
to let the HED and HMD have components in both the z- and y-direction. The vertical
components of the electric and magnetic dipoles are referred to as the VED and VMD,

respectively. In the frequency-wavenumber domain the HED components are

(@)z6(2 — 25), (5.17a)

T,
Jy = I(w)lyd(z — zs), (5.17b)

where z4 = ys = 0, and the VED component is

J. = I(w)l0(z — zs). (5.17¢)
The HMD components become
Sy = —iwl(W) (Haw o + Hayay + pazaz) 6(2 — z5), (5.17d)
Jy' = —iwl(W) (fye @z + pyyay + pyzaz) 0(z — ), (5.17¢)
and the VMD component is
T = —iwl(w) (HanOsz + HayQy + fiazaz) 0(z — 2s). (5.171)

The infinitesimal or Hertzian dipoles are good approximations for any physical dipole source
with finite length or size when the wavelength of the radiated signal, or distances at which
the fields are considered, are larger than the dimensions of the dipole (length of the electric

dipole and diameter of the magnetic dipole).

5.3 Symmetry relations and energy flux

From equation 5.14 it can be seen that A has a symplectic symmetry (Goldstein, 1980;

Chapman, 1994) which can be exploited in order to find invariants and reciprocity relations.
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Consider equation 5.9 in source-free regions (Lb = 0). Introduce an operator L in order to

construct a new set of equations for a field vector b:
- d -
Lb=|I——iwA|b=0. (5.18)
dz

By using the property KA = (KA)T with

0 I
K=K '=K"= : (5.19)
I 0
one obtains the invariant
d /T
2 (b Kb) —0. 5.20
dz ( ( )

The time-averaged Poynting vector in the z-direction is < S, >= %Re(E x H*), which

can be written as:

* * * * 1
(E.H; — E,H; + E;H, — E;H,) = —ZbTKb. (5.21)

N

<S8, >=

The superscript t denotes complex conjugate transpose. In lossless media A is real, and
from equation 5.9 and 5.18 it can be seen that b = b* in this case. The consequence is
that ETK b= —4 < S, >, meaning that the time-averaged energy flux in the z-direction is
constant for lossless media.

Next, introduce an operator £ which is obtained from £ by reversing the directions of
the horizontal slowness components p;,py, — —ps, —py. The set of equations for the field

vector b is then:

Lb= (I% + iwA'> b=0, (5.22)

where A’ is obtained from A by changing the signs of Ay and AJ:

~A, A
A = ( A; AIT> : (5.23)
420

By using that (K'A')T = K’ A where

0 I
K =-K'=_-K"= : (5.24)
-1 0

one obtains the invariant

d% (ETK’b) —0. (5.25)
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5.4 Decomposition into upgoing and downgoing fields

The system matrix A is diagonalizable when there is a set of four linearly independent

eigenvectors of A (Horn and Johnson, 1985). Then the similarity transformation
AN = NA, (5.26)

where the eigenvector matrix IN is formed by the set of eigenvectors as columns, implies
that the diagonal matrix A contains the four eigenvalues of A along its diagonal. By using

equation 5.26, the differential equation 5.9 can be written as

dw = —iwAw —N_ld—N

Nt 2
P e w + s, (5.27)

where the physical field vector b has been transformed into a mode-field vector w:
1 u
b=Nw and w=N b= nE (5.28)

Since A is diagonal, the solution of equation 5.27 in a source-free and homogeneous region
w(z) = exp [~iwA(z — z0)]wo(20), (5.29)

reveals that the mode-field vector w consists of upgoing (u) and downgoing (d) field con-
stituents. Thus, the eigenvalues of A are the vertical slownesses, and it is convenient to write
A as

A= (pz (3 ) = dia’g{pzhszI;szII;szV}; (5-30)
0 —b,

where p, = diag{p.;, p.u} and p, = diag{—p.u1, —p.rv}. The two eigenvalues in p, are

related to the upgoing field, and the two eigenvalues in p, are related to the downgoing field.

Since it will simplify many derivations and relations at later stages, the eigenvector matrix

NN and its inverse should be normalized with respect to vertical energy flux. In order to

achieve this, consider source-free and homogeneous media and use the invariant in equation

5.20. A decomposition of the ad-hoc field vector b into b = N then leads to

dw ~

— = iwAw, 5.31

5, — wAw (5.31)
by using the similarity transform

AN = NA. (5.32)

Now, A must contain the same eigenvalues as A. From

~ _\z 0
A= ( Pz ) (5.33)
0 p.
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the invariant

% (@TKw) -0 (5.34)

is obtained by using that K A = KA. In order for N to be energy normalized, the following

relation must hold:

" Kw=1b Kb. (5.35)
By using that b = Nw and b = N this means that
~T
N KN =K. (5.36)

A relation between N and N can now be obtained by multiplying equation 5.26 by K’ from
the right and using that AK’ = K’A. This leads to ANK’ = NK'A which is consistent
with equation 5.32 if N = NK'. The latter result combined with equation 5.36 yields

N '=JNTK, (5.37)
where

I 0
Jogogr ( ) | (5.38)
0o I

The choice of sign in the derivation of N =NK'is justified by considering the lossless case.

The energy contained in the mode-field in the vertical direction for lossless media is:

1 1
<8, >= 1 (de—uTu) = —ZwTJ'w. (5.39)
Equation 5.39 must be equal to the energy expression in equation 5.21. This yields equation
5.37 in the lossless case by using that the energy-normalized eigenvector matrix in the lossless
medium is real.

The eigenvector matrix IN can be written in terms of submatrices as

1 (Np N
N=— (2% "F1. (5.40a)
V2\Ny —Ny

Equation 5.37 then implies that the inverse eigenvector matrix is given in terms of the

submatrices transposed:

» T » T
1 (N, N
Ntl=— |0 "2, (5.40b)
V2 \N, -N,

which means that the electromagnetic energy in the field vector b is preserved within the

mode-field vector w after the transformation w = N~ 'b.
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5.5 Propagation of upgoing and downgoing fields

5.5 Propagation of upgoing and downgoing fields

The mode-field vector w can be used to describe propagation of electromagnetic fields in
homogeneous regions, across interfaces, and in a system of layers. Now, represent propagation
of w downwards in the positive z-direction in terms of the propagator Q, and propagation
upwards in the negative z-direction by Q Since the z-axis is pointing downwards, this means
that if z > zo:

w(z) = Q(z, 20)w(z0), (5.41a)
w(z0) = Q(z0, 2)w(2). (5.41b)

The relation between a propagator and its inverse is thus

s —1

Q(zo, 2)=Q (z,20). (5.42)

5.5.1 Source-free homogeneous regions

In a source-free homogeneous region, equation 5.27 simplifies to dw/dz = —iwAw with
solution w(z) = exp [—iwA(z — zp)]wo(z0). Thus, propagation downwards within a homo-

geneous region from zy to z is described in terms of the propagator matrix Q in equation

5.41a where
. e iwPz(z—20) 0
Q(z,20) = ( ) . (5.43)

0 oiwba(—0)

The propagation upwards is related to the propagation downwards as described in equation
5.42.

5.5.2 Propagation across a source

A point source causes a discontinuity in the mode-field vector w. The transformation of the

source in equation 5.27 is denoted as
X =N"'s (5.44)
Propagation across a source can be described by
w(zh) = 2(z) + w(zy), (5.45)

where z; denotes the source position and z; and 2z are the positions just above and just

below the source, respectively. The mode-domain source can furthermore be written as

’ . T ’ .
3 = (ET ET) , where 3 describes the upgoing radiation and ¥ describes the downgoing

radiation.
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5.5.3 Propagation in continuously varying media

In equation 5.27 the term that contains the derivative of the eigenvector matrix describes
possible medium variations. In homogeneous regions this term is zero, and the medium varia-
tions are discretized into piecewise homogeneous regions which are connected by applying the
appropriate boundary conditions. In several occasions it can be useful to consider medium
variations by using the entire differential equation 5.27. Write the product of N ! and the

derivative of IN as:

N F G
NN ( . ) : (5.46)
dz G F
where
2 1 . T dNE . T dNH
=—|N N 4
F 2<Hdz Edz)’ (5.472)
N 1 T dNE A dNH
=—|N N 4
P Q(HdZ+EdZ>, (5.47b)
A 1 . T dNE . T dNH
G=—|N - N 5.47
2 ( L T ) ! (5.47¢)
- 1 <1 dNE ~TdN gy
G=—- 5.47d
2 ( H E dz ) ( )
Then equation 5.27 in terms of the upgoing and downgoing fields can be written as
du o, , . ,
7, = ~wbau + Fu+Gd+ X, (5.48a)
z
dd L. N - .
= iwpzd+ Fd+ Gu + X. (5.48b)
z

T

T T R
Considerations of the symmetries in N and N ! lead to GT, F=—-F ,and F=-F .

é:
Thus,
F= 0, frz and F = 0 frz . (5.49)
—fiz O —fiz O

These relations are useful e.g., when considering slow and continuous medium variations in
for instance the WKB approximation, and in the calculation of approximate expressions for
the reflection and transmission matrices at interfaces with weak contrasts as will be shown

in the next section.

5.6 Reflection and transmission responses

Figure 5.3 describes reflection and transmission of a unit incident field in a region between

the coordinates z~ and z*. This region might contain an arbitrary number of layers or just a
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N R/
. Z+|/\§

yA

Figure 5.3: Reflection and transmission for an upgoing and downgoing incident plane wave

through a stack of layers.

single interface. The reflection and transmission at an interface when propagating downwards

in the positive z-direction can be written in terms of a propagator matrix Q(z+, z7):

O = (@ Qo) (B) e (L) (9 @) (T}, 50
T Q1 Qo I R Q1 Q 0
where R and T denote reflection and transmission of a downgoing field, respectively; and

R and T denote reflection and transmission of an upgoing field, respectively. The reflection

and transmission coefficients can be written in terms of the elements of Q:

. «—1

T=0Q,, (5.51a)
R=Q,0Q,, (5.51b)
B=-Q, Q. (5.51c)
T=Q— Q21Q1_11Q12- (5.51d)

When propagating upwards in the negative z-direction, the relations between the incoming

reflected and transmitted fields in terms of the propagator Q(z_, 27T) are:

BY (9 Q) (0) (T'>:<C?n C?w) <I> 65.52)
I Q2 Q) \T 0 Qx Q) \R)’
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and in terms of @, the reflection and transmission coefficients are:

S s —1

T=Q,,, (5.53a)
< s s—1
R=0Q,Q,,, (5.53b)
, s—1 2
R=-Q5 Qy, (5.53¢)
4 s s s—1 »
T=Q —Q12Q2 Q- (5.53d)
The propagators written in terms of the reflection and transmission coefficients become
7 TR
QT2 ) =, . N SN E (5.54a)
RT T—-RT R
, «a—1 . Co—1
. T—-RT R T
- 4+
Zo,z20)= <1, . ; 5.54b
Q( ) ( B ! ) ( )

where Q(z1,27) = Q_l(z_, 2h).

5.6.1 Reciprocity relations

Consider the field vector b in equation 5.22. In this system the direction of the slowness

vectors are reversed. Thus, the similarity transform of the system matrix A’ becomes
A'N = —NA. (5.55)

By using the diagonal matrix J from equation 5.38, the relationship A'J + JA = 0 is
obtained. The use of this property when comparing the expressions in equation 5.55 and

equation 5.26, gives that N = JIN. Inserted into equation 5.37 this means that
N K'N=J. (5.56)

Equation 5.25 with the mode-field transformations (@ = Nb and w = Nb) and equation
5.56 now lead to

@’ Jw = constant. (5.57)

Consider the preservation of the quantity in equation 5.57 between e.g., the interfaces z+ and
2z~ (propagation upwards cf. equation 5.52). For simplicity a matrix where the left column
represents the mode-field vector with incidence from above (left side of Figure 5.3) and the
right column represents the mode-field with incidence from below (right side of Figure 5.3)

can be formed. Then equation 5.57 leads to

1 B R T 7" o 0 I
tola (. Vol L), (5.58)
o T I 0 BT T R
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5.6 Reflection and transmission responses

where the reflection and transmission in the slowness-reversed system are denoted R’ and
T’, respectively. The upgoing and downgoing incident, reflected, and transmitted fields have
furthermore been swapped for the slowness reversed mode-field since there is a reversal of the
propagation direction in this system. This also implies that the reflection and transmission
coefficients have opposite signs for the horizontal slowness parameters in the slowness reversed
and “normal” systems. Thus, the following reciprocity relations for the transmission and

reflection coefficients become evident:

T

R(pxapy) =R (=pz, —py), (5.59a)
. .T
R(pz,py) = R (=pas —py), (5.59b)
N T
T(pzspy) =T (—pa, —py)- (5.59¢)

These expressions are equivalent to the expressions found in Chapman (1994) for elastic

anisotropic media.

5.6.2 Reflection and transmission at a single interface

Explicit expressions for the reflection and transmission coefficients at a single interface can be
derived by using the boundary conditions. The horizontal electromagnetic field components
represented by b = Nw are continuous across an interface. This leads to IN (zj_)'w(zj_) =
N (zj)'w(zj), where z; and zJ+ are the z-coordinates on each side of the interface at z; as
illustrated in Figure 5.2. Thus, the propagators across the interface become

Q(zj_, zh) = N_I(ZJ_)N(Z;_) and Q(zj, z;) = N_l(z+)N(zJ_) (5.60)

In order to derive the 2 x 2 reflection and transmission matrices at an interface, it is convenient

to introduce the matrices

L 1T 4 . , 1T 4
C = [NH} Ny, D= [NE} N, (5.61a)
N 1T 4 . 1T 4+
C = [NH} Ny, D= [NE} Ny, (5.61b)
. 1T .+ . 1T 4
C = [NH} Ny, D= [NE} N, (5.61c)
N 1T 4+ N 1T 4+
C = [NH} Ny, D= [NE} Ny, (5.61d)
where the superscripts “—” and “4” denote eigenvector matrices in the upper and lower

homogeneous regions, respectively. The propagators in both directions across the interface

can now be written (using equations 5.60 and 5.40) as:

, 1<é+ﬁ é-[)) . 1(1’7T+CT DT—OT>

and Q== T s . 5.62)
pr_ar DT+CT (

2
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The propagator elements are related to the reflection and transmission coefficients as de-
scribed in equations 5.51 and 5.53, and from this the reflection and transmission matrices

can be derived in terms of the C and D matrices:

=2 (é n 16) - (5.63a)
i=—(¢-D) (¢+D) = (¢+D) (C-D). (5.63D)
»=(¢-D)(¢+D) = (¢+D) (¢-D)", (5.63¢)
t=2 (C’ + D)_l . (5.63d)

Note the use of small boldface letters to denote reflection r and transmission ¢ from a single

interface.

5.6.3 Single-interface weak-contrast approximation

In case of weak contrasts at an interface, equation 5.48 can be used to derive approximate
expressions for the reflection and transmission matrices in terms of F' and G as in Ursin and
Stovas (2002) and Stovas and Ursin (2003). In a source-free region a Taylor expansion of u

leads to
du L, , .
u(z — Az) = u(z) — d—Az = (I + iwp, Az — FAZ) u(z) — Gd(z). (5.64)
z
When Az — 0 this becomes
u®t = (I — Flu™ — Gd™, (5.65)

where u°" is the resulting upgoing field after transmission of u™ and reflection of d™. The
propagation is in the negative z-direction and u®"* and d™ are on the upper side of the
interface (ZJ_) whereas u' is on the lower side (zj) The matrices F and G refer to F' and
G with the derivatives replaced by the discontinuity in the parameters, and the parameters

replaced by their average values. A Taylor expansion for d leads to
d(z+Az) = d(z) + ZZZ_ZAZ = (I +iwpa Az + FAZ) d(z) + Gu(2), (5.66)
which when Az — 0 leads to
d° = (I + F)d™ + Gu™, (5.67)
Thus, from equation 5.65 it can be seen that
{~I-F and ~-G, (5.68a)

whereas equation 5.67 gives

N

t~I+F and 7*=x=G. (5.68b)



5.6 Reflection and transmission responses

5.6.4 Recursive reflection and transmission responses

The eigenvalues in A will in general be complex and have a spectrum that contains evanescent
waves and attenuation for both upgoing and downgoing waves. A calculation of reflection and
transmission responses from a stack of layers can be done by matrix multiplication of all the
propagator elements involved. However, in numerical simulations this procedure may lead to
numerical instabilities. It might be better to obtain the overall reflection and transmission
matrices from a recursive calculation. Consider a propagator through a stack of layers from
zZN41 to zf, and furthermore propagation through the interface z; and the homogeneous
region up to zj_l (cf. Figure 5.2):

Q(Z;_—p ZN41) = Q(Z;_—p ZJ_)Q(ZJ_a Zj)Q(Z;_a ZN+1)- (5.69)
In the 4 x 4 propagator Q(zj,zNH), the 2 x 2 reflection and transmission matrices in
the right column of equation 5.54b are denoted as R;y; and T;1;. In the propagator
Q(zf_l, ZN+1), the corresponding reflection and transmission matrices are denoted Rj and
T;. The propagation across the single interface z; is described by equation 5.54b as well,
and in this case the reflection and transmission matrices are written in lowercase letters (r
and t) with subscript j. For propagation upwards in the homogeneous region, the inverse
of the matrix expression in equation 5.43 is used. The following recursion formulas for the

downward reflection and transmission matrices are then obtained:

. . - ’, . . _1 - . s

R; = e!wPalis |:’f‘] +t; R (I - T:jRj+1) tj:| e'przh/j, (570&)
. . S _1 . . s

Ty =Ty (T iRy0)  djetPels, (5.70b)

where h; = z; — z;_1, and where P, and p, are the eigenvalue submatrices in layer j. The
initial values are RN+1 =0 and TN+1 = giwbzhni1

The same procedure can be used for the downgoing propagators to find recursive relations
for Rj and T'j:

’ . > - ’ ’ _1 ’, . 2
R; = glwbzhit1 |:T"J +t; R (I - ’f‘jRj_l) tj:| e'przh/j+1, (5.71&)
’ ’ rd _1 rd . -

Tj = Tj—l (I — 'f'jRj—l) tjezwpzhj+1 . (571b)

Here, Rj_l and T'j_l describe reflection and transmission at z; whereas Rj and T'j describe
reflection and transmission at Ziy1- The initial values are RO =0 and T’O = WPzl and
the eigenvalue submatrices are those of layer j 4 1. The initial conditions are not necessarily
related to the “top” and “bottom” of the stack as the interpretation of Figure 5.2 might
suggest; the recursion formulas can be applied to substacks anywhere in the medium, but
not across a source (cf. Figure 5.4). Note that the structure of the formulas is the same for

both the upward and downward reflection and transmission matrices.
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Figure 5.4: A sketch of the multilayered medium with reflection and transmission responses
that must be calculated in order to obtain the field anywhere above or below the source in

any layer.

5.7 System of layers containing a source

A system of homogeneous layers containing a source is shown in Figure 5.2. The interfaces
are denoted as 0, ...J,...N along the positive z-direction from the topmost interface to the
bottommost interface. Now, consider propagation downwards from the source through the

stack below:

w(zn) = Qan, 2 Jw(=) = Qan, ) [w(z]) + (=) - (5.72)

In the lower halfspace, that is, in the region below the interface zy, there are only downgoing

fields. Furthermore, the downgoing field above the source is the reflected upgoing field;
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5.7 System of layers containing a source

d(z;) = Rsu(zs_), where R, is the reflection response from a stack above z,. Thus, equation

5.72 can be written as

0o\ _. 1 —le u(z) ¥(2s) -
(d(ZN)> @n (QL Q21 Q1_1 Q22> {(Rsu(z;)> " (E(zé)> } , ( )

R s -1 s R
where the relation Ry = —Q; Q5 from equation 5.51c has been used. The matrix R,

represents the reflection response from the stack below z;. The mode-field vector just above

the source now becomes:
_ I < oL \—1 , N
w(z) = (Rs> (I - RSRS) (—2 + RSE) . (5.74)

In order to obtain an expression for the mode-field vector anywhere above the source, down-
ward propagation of w(z) to w(z; ), where z < zg, is considered by using equation 5.54a.

The relation between the upgoing mode-fields now gives
. ’ _1 ’
u(z < z) = (I - RuRa) Tou(=D), (5.75)

when the relation d(z) = R,u(z) is used. The notation follows from Figure 5.4: The
reflection and transmission between z < 2z, and z, is denoted 7', and Ru, respectively;
whereas the reflection from the above layers is denoted R,. The total mode-field vector is
thus

w(z < z,) = ( é ) (1- ki) T (1-RE) (-S+R3). (5.76)

Written in this way the mode-field expression contains multiple reflections in the source layer
and in the receiver layer. In addition there is a transmission matrix between these two layers.
An expression for the mode-field vector below the source can be found by considering

propagation from the source through the upper stack:
w(z0) = Q(z0, 2, Jw(z]) = Q20,2 [w(=)) — (=] . (5.77)

The radiation condition for the upper halfspace implies that there are only upgoing waves
in this region. The upgoing field below the source equals the reflection response from the

downgoing field, u(z]) = de(zj) This leads to a corresponding relation to equation 5.73:

u(zo) A Q2_21Q11 Q2_21Q12 de('zj) _ E(Zs)
(5) - (Bl SN -G o

. =1 . .
where R, = —Q45, Q5 from equation 5.53¢, and R is the reflection response from the stack

above zs. The mode-field vector just below the source now becomes
R, PN N
w(zH) = ( ; ) (I - RsRs) (2 - Rsz) , (5.79)
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and the mode-field vector anywhere below the source, z > z, is found by propagating w(z)
up to w(z}) with the propagator in equation 5.54b. By using that u(z) = Rbd(z), a relation

between the downgoing fields can be derived:
’ . _1 .
d(z > z) = (I - Rde) Tad(21). (5.80)

The reflection and transmission between z > 2z, and z, are denoted Td and Rd, respectively;
whereas the reflection from the bottom layers is denoted R, as shown in Figure 5.4. The

total mode-field vector then becomes

R PR SN RN O
w(z > z,) = ( I”) (I - Rde) T, (I - RSRS) (2 - RSE) . (5.81)
Note that equation 5.76 can be obtained from equation 5.81 and vice versa by switching
the roles of upgoing and downgoing mode-fields, reflection, transmission, and radiation. In
addition, the signs of the mode-fields must be switched.
Within the source layer equations 5.76 and 5.81 reduce to

e~ wPz(z—2s5) NN . N
Wiz <2) = | iges (I - RSRS) (—2 + RSE) , (5.82a)
a

wa(z > 20) = (Rbe"“f’z‘z‘z‘g’> (1-fk) ' (2-R5), (5.82b)

eiwi)z (z—2z5)

where Ra in this case differs from Rs by a phase factor that corresponds to propagation
down and up between the receiver and source, and likewise Rb equals Rs when the receiver
is at the same z-level as the source. The eigenvalue submatrices in equation 5.82 are those

of the source medium.

5.8 Eigenvalues and eigenvectors

In the previous section, expressions for the mode-field from an infinitesimal dipole source
have been derived. The physical field follows from the transformation b = Nw (equation
5.28). In order to calculate the mode-field, the reflection and transmission from a stack
of layers are needed. These are provided by the relations in equation 5.70 and 5.71. The
reflection and transmission from a single interface are described by equation 5.63. Finally,
the expression for the source vector in the mode-domain as given by equation 5.44 is required.

In all of the derivations, the relations are obtained from the eigenvalues and eigenvectors
of the system matrix A. Thus, the calculation of the electromagnetic field is dependent
on solving the eigenvalue problem for the system matrix in each homogeneous region. The
eigenvalues and eigenvectors of A are dependent on the material parameters in the specified

region and the horizontal slownesses p, and p,.
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5.8.1 Eigenvalues

The eigenvalues of A are determined by solving det (A — p,I) = 0. This leads to the quartic

equation
Ps + b3 p2 + by pZ + by ps + b =0, (5.83)
where
by = —2(a11 + az2), (5.84a)
by = (a11 + ag2)* + 2a11a20 — 2012021 — 2614039 — G13031 — 24049, (5.84Db)

b1 = 2a11[a12a21 + a14a32 + a24a42 — a22(a11 + a22)] + 2a12(a21a22 — azqaszs — ar4as),
+ 2a13(as1azs — as1as2) + 2a14(az2a32 — aziaqs), (5.84c¢)

by = a11[a11(a32 - a24a42) + 2a12(a24a32 - a21a22) + 2a14(a21a42 - a22a32)],

+ az[a12(a3; — azqast) + 2a14(azeaz — aziazs)],

[a12(
+ a13[a21(a22a32 - a21a42) + a22(a21a32 - a22a31) + a24(a31a42 - a%Q)],
[a14(

+ a14]|a14 a§2 — as1a42)]. (5.84d)

The solution of equation 5.83 can be found using the approach in Abramowitz and Stegun

(1962), page 17. This implies to determine one solution, e.g., u; of the cubic equation
u® — bau® + (bzby — 4bo)u — [b3 + bo(b3 — 4by)] = 0, (5.85)

and then determining the four roots from the two quadratic equations:

b b2 U u?
2 el 23 _ “n A1 _
p; + ( 5 T\ tw bQ) p-+ ( 5 T\ 7 ~bo 0. (5.86)

The derived set of roots p,; (where j = {1,11,111,1v}) must satisfy the following relations

szj = —b3, szjpzkpzl = —by, szjpzk =by, and pPuPPaPav = bo.
(5.87)
The eigenvalues represent slownesses in the vertical direction, and in general, these are
all complex parameters. In order for the iterative reflectivity method to work properly
(cf. equation 5.70 and 5.71), it is important that the eigenvalues that have positive (nega-
tive) imaginary parts are sorted into the upgoing (downgoing) submatrix in equation 5.30.
Since the horizontal slownesses are real, this requirement (i.e., the radiation condition) cor-
responds to the requirement that the direction of the energy flow should determine which
eigenvalue that relates to upgoing and downgoing constituents (cf. Chapman, 1994; Carcione
and Schoenberg, 2000). In case of real eigenvalues, the determination of an eigenvalue being
upgoing or downgoing relies on the energy-flow condition. In Appendix 5.C, a method for
calculating the energy velocity in a homogeneous region in terms of the slowness and material

parameters is presented.
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Within each eigenvalue submatrix for upgoing and downgoing constituents, the sorting
of the eigenvalues does not matter as shown in Appendix 5.D. If it is desirable to derive
the correct physical reflection and transmission matrices at an interface, the eigenvalues
must however have the same sorting on each side of the interface. This can be obtained by
accounting for signs throughout the solution of the quartic equation. Another method for
sorting the eigenvalues is provided through the calculation of the energy velocity in Appendix
5.C.

5.8.2 Eigenvectors

The eigenvector matrix IN can be written in terms of the eigenvectors, matrix elements, and

submatrices as
nip ni2 ni13 14

Na1 N n n N N
\/§N=(n1 Ny T nw)z 2t fea Mes Tl (STE TE ) (5.88)
n31 N3z —MN33 —N34 Ny —Ng

N41 M42  —N43  —N44
Thus, j = {r,11,111,1v} in the eigenvectors and corresponding eigenvalues, appear as j =
{1,2,3,4} in the second number in the subscript of the eigenvector-matrix elements. The

eigenvectors that correspond to the eigenvalues are found from solving
A’I’Lj = Pz, (589)

and for each eigenvalue p.;, the following relations between the entries in an eigenvector can
be obtained:

ngj—gjnlj, ngj—iﬁjnlj, and n4j—iﬁjnlj, (5.90)
where the plus sign is applied when j = {1, 2} and minus sign when j = {3,4}, and where
513‘ = (an - pzj)(a22 —pzj)a14 - (an - pzj)a12a24
— (ag2 — pzj)aizazr — a34a32 + a12a14a21 + a13a24a3, (5.91a)
Baj = aza(a1n — pzj)* — 2a14az1(a11 — pzj) + ar13(a3; — azaasi) + aiqazi, (5.91Db)
533‘ = a21(a11 - pzj)(a22 —pzj) - a24a32(a11 - pzj)
— ar4as1(age — pzj) — a12(a3; — agsazi) + arsaz1asz, (5.91c)
543‘ = - (an _pzj)Q(GQQ - pzj) + (a12a21 + a14a32)(a11 —pzj)
+ a13a31(a22 — Pzj) — G12014031 — G13021032. (5.91d)

The n; j-entries are obtained from the flux-normalization criterion. The relation NN =7
in terms of the eigenvector submatrices from equation 5.40 implies that
’ 2T N T ’ 2T N T
NENH+NENH:2L NHNH:NHNHa ( )
5.92
’ 2T N T ’ 2T N T
NuNp+NgNp=2I, NpgNp=NgNg,
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and these equations provide the set of equations:

5.93a
5.93b
5.93c
5.93d

2 2 2 2 _
ni; +niy —niz —nj, =0,

./

Nn11M21 + N12N22 — N13N23 — NNz = 0,

—

N11N31 + N12n32 + N13N33 + N14Nzy = 2,

—

n11M41 + N12N42 + N13143 + n1angg = 0,

where ni1, n12, n13, and ni4 are the unknowns. The solution is

n%l = 2(@12@23 — algagg)Dgl, N%Q = 2(@13@21 — Oéllagg)Dgl, (594&)
n3; = 2(a11002 — ara001) D, n3y =n3, +niy —nis, (5.94b)
a11 = 5&4 - 5é1a 12 = 5&4 - ﬁéQa Q13 = 5&3 - 5é4a (5-94(7)
Q21 = @111 - @114; Qoo = @112 - @114; 23 = @114 - @113; (5-94d)
az1 = O3 — Baa, sz = By — B34, sz = (34 — B33, (5.94e)

where the quotient 5;; = (;;/f1; has been introduced, and
D, = a11(aooass — agzase) + arz(aosas — agiass) + ais(agiase — aggast).  (5.94f)

The sign of the square root in the solutions for ni; and ni2 can be chosen at will, but the

sign of n13 and ni4 must correspond to the selected sign for ny; and nis, respectively.

5.9 Up/down-symmetric media

When one of the principal axes in the anisotropic medium coincides with the vertical axis of
the main coordinate system, the relation between the principal and main coordinate systems
is given in terms of one rotation in the horizontal plane (cf. Appendix 5.A). This corresponds
to a monoclinic medium with the horizontal plane as a mirror plane of symmetry. Then the

system matrix reduces to:

0o A
A= (A 01> . (5.95)
2
In this case the entries in the submatrices are denoted
als  al ah, at
Ap=( 72 M) and Ay=| P PP (5.96)
a1q Qoq gy Qg2

where the same indices as in the general case are used. However, the expressions in the

entries simplify compared to the general case and become:

I p o PxPy

13 = Hyy — 7> Q14 = “Hay — 27 (5.97a)

2 2

/ P / ~ P
a24 — /'[/ll _ éiz, a31 = Exzx — M;’ (597b)

2

I ~ 74 I ~ P
a/32 == Eg;y + Pa y, a/42 — Eyy — =, (597C)
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Now, because of the symmetry in the original 4 X 4-matrices, the eigenvalues and eigenvectors

can be obtained from 2 x 2-matrices. The product of the submatrices will become useful:

! !
AlA, = (O‘“ O‘”) , (5.98)

! !
Qo1 Qgo

where
= @Ay + ah,a5, Q= alzas, + alal,, (5.99)
Qo) = @14a51 + Ahya5), by = 4030 + A54as.
The eigenvalues can be derived from the expression in equation 5.83 where the terms b3 and
by are zero for the up/down-symmetric (u/d-symmetric) case. This means that the quartic
equation reduces to a quadratic equation for the squared eigenvalues, which can be written

in terms of the submatrix product as:

p. =+ {% [tr(AlAg) + /62 (A14,) - 4det(A1A2)] }1/2 . (5.100)

The two eigenvalues that correspond to the positive sign in front of the square root are p.; and
p.11- These two quantities are furthermore obtained by using the positive and negative sign
inside the square root, respectively. Then p.;;; = —p,; and p.1v = —p.1u1, which means that the
eigenvalue submatrices in equation 5.30 are equal due to the u/d-symmetry: p, = P, = pa.

Because of the symmetry in the upgoing and downgoing field constituents, the submatrices

in equation 5.88 become pairwise equal:

1 (Ny N
N=—|[_"F 7, (5.101)
V2\Ny —Ny

where the block inverse and relation from the general expression for the eigenvector matrix

(equation 5.40) give:

Nt- Ny Ny \_ 1 (Ny N 5.102
Ve \nNyt -NyY) T Ve \NE N (5.102)
E H H E
The following symmetry-relations thus appear:
Ny' =N}, Ny =N} (5.103)

The similarity transform AN = N A, where A = diag{p,, —pz} then gives the equations:
A, = Ngp,N, and Ay, =Npgp,N7j. (5.104)

Complex symmetric matrices as A; and A5 can always be diagonalized as in equation 5.104
(Horn and Johnson, 1985). It has previously been shown that this choice of eigenvectors

corresponds to a flux normalization.
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5.9 Up/down-symmetric media

By writing Ngp = (TLI nH), the multiplication of As by A; from the left in equation
5.104 leads to:
A Az = pliny, (5.105)

where j = {1,11}. Using the relations in equation 5.103, the eigenvector submatrices N g

and NN gy can be written as:

Np= (”“ ”12> . Np=-— ( 22 _”21> . (5.106)

Nn21  N22 Nn1i1N22 —Ni12M21 \ —Ni12 N1
The elements in the eigenvector matrices can now be calculated in terms of the eigenvalues
p.1 and p.;; from equation 5.100 as follows: Find a relation between the entries in the
eigenvectors from equation 5.105, and use equation 5.104 to obtain a scaling between the
eigenvectors that satisfies the flux-normalization condition. It is useful to derive two sets of

solutions. The following expressions can be used as long as the anisotropy is not uniaxial

and in the y-direction:

1/2 1/2
- a0ty + aby (g — p2y) - a0ty + aby (ohy — p2)) (5.107a)
Pz (ng - pgn) , Pz (pgn - ng) ,

2 /! 2 /!
P — Qap P — Qigg
nll — _n21, n12 — 77122, (5107b)

A A
Qg Qg

Equivalently, the following set of eigenvectors can be used, except for uniaxial anisotropy

with a direction that coincides with the x-direction:

1/2 1/2

_ ah 0+ ah; (0/11 - pfﬁn) _ ah 0y +als (0/11 - pfﬁl) (5.1084)

nip = p(2—2) , N1z = (2_2) ) . a
zI sz szI Pzu szI sz

2 /! 2 /
Pz —ap Pon — Oy
Ng1 = ————N11, Ny = ————

12 P

(5.108Db)

5.9.1 Common principal and coordinate axes

The case where the principal axes of anisotropy coincide with the coordinate axes will be
denoted as nonrotated orthorhombic. Since the Fourier expansion of dipole radiation in
stratified media gives a spectrum of slownesses in terms of p, and p,, this orthorhombic case
does not in general lead to any simplifications compared to an u/d-symmetric case where
the principal axes are rotated with respect to the horizontal coordinate axes. However, the
expressions for the eigenvalues simplify for uniaxial nonrotated orthorhombic media. Thus, it
might be enlightening to calculate the eigenvalues for biaxial orthorhombic media explicitly.
To this end, note that it is possible to always choose the coordinate system to coincide with
the principal axes of anisotropy for u/d-symmetric media by decomposing the antenna into

z- and y-components that coincide with the principal axes.
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For nonrotated orthorhombic media, the material parameters are € = diag{é1, &2, £3} and
p = diag{p1, p2, u3}. The eigenvalues of A become:
L4/ (pe) w2 pa VS (= a2 2 2\]Y?
Pzt = [T (MQE pJ, Mdpy) + 2 (MIEQ - ap‘], - apy)} ) (51093.)

M3

o ) B . 1/2
o — [1+f2(pm) (MIEQ N E—ipi) | 1fle) (mgl L l%py)} . (5.109b)

where

f(ps) = \/ L+ Aunts—patarre (5.109¢)

paEa—p281+q1 p2+q2p2)

with g1 = €1 /83 — 1 /ps and g2 = E2/&3 — p2/us. The eigenvalues can also be written as

- 1/2
|:1+f2(py) (/ME 2 @pz) 4= f(py) (MQE _ g_ipi - g_ipz)} , (5.110a)

Pzt = M3 psty
14£(py) £2)2) | 1=1w) 2o 2]V
Pz = |: P} (/j/ &1 — _pJ, - apy) + (MIE ;Ldpd, ;Ldpy)i| ’ (5110b)
where

p182—p2é14q1p2+q2p2)

o 191 2
flpy) = \/1 1 Lnlapali)aap, (5.110¢)

Note that the quantity f(ps;) is equal to one when p, is zero, and similarly that f(p,) is
equal to one when p, is zero.
When the anisotropy is uniaxial and in the z-direction, the expressions for the eigenvalues

simplify since g2 = 0 which means that f(p,) = 1. Thus,

Dzt = \/méz —Bp2 —p2 and p.; = \/M2§1 — g_ipz —p2. (5.111)

M3

Similarly, when the anisotropy direction is along the y-axis only, g1 = 0 and f(p,) = 1. Then

pa =i ==l and pas b - B G012)

5.9.2 Reflection and transmission coefficients

In u/d-symmetric stratified layers the relations in equation 5.59 reduce to
s T AT , T
R=R, R=R, and T=T . (5.113)

At an interface between two u/d-symmetric media, the relations in equation 5.63 reduce to:

=2(C+D)", (5.114a)
=—(Cc-D)" (C+D)_T:—(C+D)_1 (C - D), (5.114b)
:( (C+D) = +D) " (C-D)7", (5.114c)
=2(C+D)" (5.114d)
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5.10 Transverse isotropy in the vertical direction

since the relations in equation 5.61 now are
C=[Ny] Nf and D=[Ny|] Nj, (5.115)

because of the symmetries in the eigenvector submatrices in equation 5.103. The superscripts
“—" and “4” denote upper and lower homogeneous regions, respectively; and the matrices C
and D have the property C D’ = I. This way of writing reflection and transmission matrices
for u/d-symmetric media was introduced by Ursin and Stovas (2002). From equation 5.114

it can be verified that the upgoing and downgoing reflection matrices are related as

1 1

#=—trt  and = —t (5.116)

and that the reflection matrices are related to the transmission matrices as
#2=T—tf and +*=1—#t. (5.117)

The relations in continuously varying media also simplify with u/d-symmetry since F=
F=Fand G =G = G. For weak contrasts, the approximations in equation 5.68 then
imply that 7 ~ —.

5.10 Transverse isotropy in the vertical direction

Transverse isotropy in the vertical direction (TTV) means that the electromagnetic properties
of a medium are rotationally symmetric about the z-axis. In this case the constitutive
relations simplify to € = diag{é},, &n, &, } and p = diag{pn, tn, v}, and the system matrix

has the same form as in equation 5.95 with

1 (pnéo —p2  —papy 1 (mén—pl  papy
A = — T A= — ) (5.118)
Ev —PxDy HhEv — Py Ho PxPy HoER — Py

The eigenvalues of A now become

Pz1 = —Pzin — \/Mhéh - l% (pz +p§) , (5.119&)
Pzt = —Pziv = \/thh - i;_z (pf +p§) . (5.119b)

The eigenvector matrix and its inverse from equation 5.101 and 5.102 have the submatrices:

Hh pzl1 P En
1 Dy Pz = 1 Pyn/ Pzy/ 5
NE _ = Pz1 Eh and NH _ = 12 P=11

21
h
~ b
P —p . B Pell P — . ] BEL £Lh_
’ Pzy/p.r Pyy/ E, ’ Pzy/w, Py\ pon

where p, = \/p2 + p2 .

(5.120)
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5.10.1 Reflection and transmission matrices

In the TIV case, explicit expressions for the reflection and transmission matrices can be

derived by inserting equation 5.120 into 5.115 and using equation 5.114:

21y, 1y PP B P~ by P
0 0

N - -+ . + = e
t = Hp, Pzt +Hh, P.1 I e P = MKy Por +Nh P.r P (5121)
0 VEen €n PauiPeun 0 {Lﬂ_ﬂ&j_l
&, Pl + &L pon €n Porr T En Ponr
Since these matrices are diagonal, the relations in equation 5.113 and 5.116 lead to
t=1 and 7= — (5.122)

In equation 5.121 the reflection coefficients are recognized as the Fresnel coefficients for trans-
verse electric (TE) and transverse magnetic (TM) polarization (cf. Stratton, 1941; Jackson,
1998). Thus, in the TIV case, the eigenvalue p,, corresponds to a TE mode, and the eigen-
value p,;; corresponds to a TM mode. The transmission coefficients are symmetric across
the interface. In order to obtain the Fresnel transmission coefficients, another normalization

of the eigenvectors can be chosen as shown in Appendix 5.E.

5.10.2 Recursive reflection and transmission responses

When the transmission and reflection matrices describing propagation through one interface
are diagonal, the expressions in equations 5.70 and 5.71 simplify. The result is scalar recursive
reflection and transmission responses valid for both modes. By using the relations in equation
5.117 and 5.122, one gets:

Tm + R4l 2i0p.n
R, — —m ™ tmtl 2iwp. m 5.123a
m 1+ TmRm-i-l ( )
T, = Meiwl)zhm, (5'123b)
14+ 7rmBRms1

where p, = p.; for the TE mode and p, = p,;; for the TM mode. It is implicit that the
eigenvalues take their respective values in the m’th layer. The initial conditions at the start
of the stack are Ry;41 = 0 and Thr41 = eiwpzhym+1  The expressions can be used for both
upgoing and downgoing reflection and transmission coefficients. In both cases h,, describes
the thickness from the m’th interface, where r,, and t,, are evaluated, to the z-level of R,,
and T;,.

5.11 Isotropic media

In isotropic media the system matrix has the same form as in equation 5.95, but now

A L [HE — D7 —PaDy A, =+ HE= Py Papy (5.124)
E\ —papy  pE-Dy) W\ pepy HE P
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and the eigenvalues are

Pz = Pzt = Pzt = —Pzin = —Pziv = \/Mé - pi —pz. (5.125)

Because of the degeneracy of the eigenvalues there are several possibilities for choosing a
linear independent set of 4 eigenvectors that satisfy the flux-normalization condition. It will
however be convenient to choose the same form of the eigenvector matrix as in the TIV case.
Thus, the same eigenvector matrices as in equation 5.120 can be used with pu, = @, = p,
En =&, = & and p,; = p.ir = p.. All the relations that have been derived and will be derived

for TIV media are hence valid for isotropic media.

5.12 Explicit expressions for the electromagnetic fields

By using equations 5.76 and 5.81 the electromagnetic field in a stratified medium with general
anisotropy in all the layers can be obtained. However, in many applications in geophysics
the source medium is isotropic or transversely isotropic in the vertical direction (TIV). The
purpose in this section is to derive explicit expressions for the electromagnetic fields from
sources that are either a horizontal electric dipole (HED), vertical electric dipole (VED),
horizontal magnetic dipole (HMD), or vertical magnetic dipole (VMD) when the source and
receiver are situated in TIV or isotropic media. The infinitesimal dipole source is contained
in one of the layers as shown in Figure 5.2, and the resulting electromagnetic field can be
obtained in any TIV or isotropic layer from the explicit expressions that will be derived. In
all layers other than the source and receiver layer(s), the anisotropy may be arbitrary.

The field expressions are given in the frequency-wavenumber domain, and a 2-D Fourier
transform is required in order to get to the spatial domain. It is only in the case of TIV or
isotropy in all the layers that the transformation to the spatial domain can be reduced to a
single integral by using cylindrical coordinates. The field expressions for such cases are given

in Appendix 5.F.

5.12.1 Up/down-symmetry in the source and receiver layer(s)

If the source and receiver layers have u/d-symmetry, the expressions for the mode-field vectors
in equations 5.76 and 5.81, and the corresponding physical field vectors b = (bg; bp),
simplify. The resulting fields from the four types of sources (HED, HMD, VED, and VMD)
are considered. The source vectors from equation 5.16 are split into s, = (s%; s%) and

sy = (8" ; sY,). The different source types in the mode-field domain then become
M M

HED: 3= -% = -Njs}/V2, VED: $= $-— NTsU/Vo,

. ] . ] (5.126)
HMD: 3= 3= Nys),/V2, VMD: £ =-%=-NZTs"/V2,
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where equation 5.44 with the eigenvector matrices from equation 5.101 has been used. The

electromagnetic field due to any of these sources is then given by the expression
bp=NgR ¥/V2 and by =NpyR 3/V2, (5.127)

where the coefficient matrices R (RT-amplitudes) are, respectively, RA and RP for the
electric and magnetic field components in case of a HED and VMD. When the source is a
HMD or a VED, the coefficient matrices for the electric and magnetic fields are R? and

’RC, respectively. The RT-amplitudes above the source, z < zs, are:

RU= (11 1) (1- i) 1o (1-RE) (Ro41), (5.128)
R = (1+ 1) (1- i) 1. (1-RE) (1), (5.128b)
RO=(1- &) (1-RB) 1. (1-RE) (R-1). (5.1280)
R = (1-R) (1-RR) T, (1-RR) (Ro+1). (5.128d)
and the RT-amplitudes below the source, z > z,, are:
R = (R + 1) (1- Ralt)) T (1-RR) (1+R). (5.128¢)
R" = (Rb n I) (I - Rde)_l T, (I - RSRS)_I (I - Rs) : (5.128f)
R = (B 1) (1-Ralty) 4 (1- RR) ™ (1-R.). (5.128¢)
R” = (I~ 1) (1~ Ryt iy (1- &) o (1+1.). (5.128h)

The reflection and transmission can be calculated from the relations in equation 5.70 and
5.71. The single-interface reflection and transmission matrices are described by equation
5.63.

5.12.2 RT-responses and polarization modes

In TIV or isotropic media the wavenumber vector for a plane-wave constituent and the electric
and magnetic field components form an orthogonal system (cf. Appendix 5.C). This means
that in presence of an interface, the electromagnetic field can be decomposed into a transverse
electric (TE) and transverse magnetic (TM) polarization mode. The interface normal and
the wavenumber vector form the plane of incidence. The electromagnetic field component
where the electric field is normal to the plane of incidence is referred to as the TE mode, and
the field component where the magnetic field is normal to the plane of incidence is referred
to as the TM mode.

For reflection and transmission between two TIV regions there is no coupling of the po-

larization modes as seen from equation 5.121, since the reflection and transmission matrices
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5.12 Explicit expressions for the electromagnetic fields

are diagonal. From equation 5.119 it can be observed that the vertical slowness that corre-
sponds to the TE mode is governed by anisotropy in the magnetic permeability, whereas the
vertical slowness that corresponds to the TM mode is governed by anisotropy in the complex
electric permittivity. The modes are obviously also decoupled for reflection and transmission
at interfaces between TIV and isotropic media or between isotropic regions. For isotropic
media the slownesses are equal, cf. equation 5.125.

At interfaces between media with more complicated anisotropy than TIV, the offdiagonal
elements of the reflection and transmission matrices (cf. equations 5.63 and 5.114) are nonzero
and thus the polarization modes are coupled. However, in a general anisotropic homogeneous
region there are no pure TE- and TM-polarization modes since the propagation direction is
not orthogonal to the field components (cf. Appendix 5.C). We will refer to the modes in
such regions as quasi-TE (qTE) and quasi-TM (qTM). When the anisotropy simplifies into
TIV, the qTE mode should then correspond to the TE mode, and likewise the qTM mode
should give a TM mode.

Consider the matrix expressions in equation 5.128 which can be written as:

R R
R=(" ™2 (5.129)
Ro1 Rao

where the notation R refers to all the eight different reflection and transmission responses in
equation 5.128. Let equation 5.129 represent the RT-response in a TIV or isotropic layer from
an anisotropic stack due to a source in a TIV or isotropic layer. The sorting of eigenvalues
in equations 5.119 and 5.30 then means that subscript 1 in the matrix elements in equation
5.129 is related to the TE mode, whereas subscript 2 is related to the TM mode. Thus, the
emitted TE polarization and the resulting TE-mode response is represented by R11, whereas
Rz is the resulting TM mode from the TE radiation. In the same manner, the emitted TM
polarization is represented by Ro1 and Rao, where the latter is the TM mode in the resulting
electromagnetic field, and Ro; is the TE mode due to the radiated TM mode. In short,
subscript 11 implies TE — TE, 12 is TE — TM, 21 is TM — TE, and 22 is TM — TM. Note
however, that in a stack with general anisotropy, the Rii-response will contain responses
which have been converted from TM to TE and then back from TM to TE within the stack.
In the same manner the Ryo-response is not a pure TM response. When all the layers in the
stratified model are TIV or isotropic, there is no cross-coupling between the modes. Then
the entries R12 and Ro; are zero, and the calculation of the RT-response reduces to a scalar
problem in terms of the TE and TM modes.

5.12.3 Horizontal electric dipole

For a HED in the z-direction, the source vector from equation 5.16is s = (0 0 J, O)T, where

J,. is given by equation 5.17a and the delta function is accounted for in equation 5.45. Using
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equation 5.126 this leads to

: 2 1 7 [ Je 11, PyEs
) 3 S N — , 5.130
V2 B (0 ) \/ipp (px./\/lgl ( )

where the eigenvector submatrix from equation 5.120 has been used since the source is

assumed to be in a TIV layer, and where the variables

£= /" and M= |, (5.131)
Pz Pzu

have been introduced to simplify notation. The subscript s implies material parameters

within the source layer. The electromagnetic field is given by equation 5.127:

1 (NpRY) &
b(z) = 7 (NH’RD> 3 (z). (5.132)

The expression is valid for z < z,, then R — 7é; and z > z, which implies that R — R.

Written explicitly, the electric and magnetic field components in a TIV layer become:

T & Es 1
p L s s
I, T A £ A, & 9na 1 A
E, = o _—Egspxpan - MpiRm + ﬁpiRm + M—Mspypszz ; (5.133b)
Il, [E 1 M
H, = +ﬁ fpinﬁ + mpypﬂ?,g + MEpap,RE + v ping] : (5.133c)
p L s s
I, [ &, 1 M
H, = 52 —?épxpyRﬁ — mping + MEpRY + prpmg] . (5.133d)
p L s s

The z-components of the electric and magnetic fields are found using equation 5.15a and

5.15b, respectively; and they become:

11, M
Ez = _251) [MgépyRQDl + MPJ,RQDQ] ) (51336)
Ill A g A
H, = EEp RY + —p. R 5.133f
21 [ sPy Ry + Msp 12] ( )

The electromagnetic field from a HED in the y-direction is found by letting p,J, — pyJy
and p,J, — —p,Jy in the equations above. When performing the substitution in expressions
where both p, and p, are present, it is the rightmost slowness parameter that must be used
(i.e., by the notation used here it is this slowness parameter that can be ascribed to the
source transformation).

In cases where all the layers are TIV (or isotropic), the RT-response simplifies. The

cross-coupling coefficients are R12 = 0 and Ro; = 0 in this case. The responses for the TE
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and TM modes (R1; and Rao, respectively) are then given by the same scalar expression.

For z > z, the RT-amplitudes are

. . Ry+1 1+R,

Roa=Ty—otl 147 (5.134a)
1—-R4Ry1— R,R,

. . Ry—1 14+R,

Rp=T,——b—1 1H7s (5.134b)
1—-R4Ry1— R,R,

and for z < z, the RT-amplitudes are

, . 1+R, 1+R.
RA = Tu +\ a) +\ 6, s (5134C)
1-R,R,1— RsR,
, ., 1-R, 1+R.
Rp = Ty—m—ta_ 141 (5.134d)
1-R,R,1— RsR,

5.12.4 Horizontal magnetic dipole

A HMD implies that the source term from equation 5.16 becomes s = (0 JM 0 0)”. In TIV
media the HMD source in equation 5.17d reduces to J» = —iwpupTa,0(z — z5). The source

in the mode-domain can thus be written:

oo 1 0 —iwps Tay [—paEt
S=%= NG )= e (TP ) (5.135)
\/5 gy \/Qpp pyMs

where the superscript s on uy refers to the permeability in the source layer. To obtain the

electromagnetic field, the expression in equation 5.127 is used:

1 (NpRP) ¢
b(z) =— 3(zs). 5.136
@ ﬁ<NHRC> (=) (5136)
Written explicitly the electric and magnetic fields become:
iwpsla, [ &€ 1 5 M, B
E, = ;T e, pyp¢R11 +5Mspy M—c‘,’spiRQI + ﬁpxpyRQQ , (5.137a)
iwpslay [ € 5 g B 1 B Ms 5
Ey _W _g_slell — gMSpl‘pyRIQ - M—é,épyleQI M yR 5 (5137b)
iwpsTa, [ 1 o M c M c c
H, = +2}LT,2) _—Epypan + TSPZRIQ - E—SP?LRm + MM;papyRas | (5.137¢c)
iwps Ta, [ 1 AL c M c
H, = Q”T _T&piRH — = PapyRiz — £ TPy RG + MMPIRS, | (5.137d)
The z-components are found using equation 5.15:
ITa, M
E. = % [—g—pmg + MMspyRQ%] , (5.137¢)
v S
jwus la, | €
g, = | 2 RE - eMp,RE| . (5.137f)
2y Es
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It can be seen from equations 5.133 and 5.137 that there is a duality between the electro-
magnetic field from a magnetic and an electric dipole, a subject that is treated in Appendix
5.B. The field from a source in the y-direction can be found by letting p,J;" — p,J;" and
pydyt — —paJy"

If all the layers are TIV or isotropic, the cross-coupling terms are zero and the TE-mode

and TM-mode responses are both given by:

,

Ry+1 1-R,

Rp =Ty—20— —, (5.138a)
1—RyRy 1 — RsR;
. . Ry—1 1-R,
Re =Ty—2b = s (5.138b)
1—-R4Ry1— R,R,
when z > z,. For z < z; the RT-amplitudes are
. . 14+ R, Ry—1
Rp =T, M = (5.138¢)

“1 - R,R,1— R.R,

, ., 1-R, R,—1

Re=T,———2 "5~ (5.138d)
1— RyR,1— R.R,

5.12.5 Vertical electric dipole

The source term for a VED is given by equation 5.16 as s = (pyJ. /€y pyJ./Ev O O)T where
J. is given by equation 5.17c. Thus,

= < Jz T Pz Ilzpp 0
X=3¥= N = —" , 5.139

where the superscript s on €} refers to the complex permittivity in the source layer. Since

the upgoing radiation of the mode-source vector equals the downgoing radiation, the VED
has the same scattering coefficients as the HMD in equation 5.136. Since the uppermost

element in equation 5.139 is zero, this means that

I, T M,
B = % _sMspyR% + ﬁpméé] : (5.140a)
I, T M,
E, = = _—EMspfo,Q + ﬁpyR%] , (5.140Db)
I, [M,
H, = T ozs —épnyQ + MMsdeRgQ] ) (5'140C)
el €
I, [ M,
Hy= o2 |- 55 RS, +MMspyR§2] . (5.140d)
v L
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5.12 Explicit expressions for the electromagnetic fields

The vertical electric and magnetic components become, using equation 5.15:

E Ilzp’Q’MM RS, + 11 5(2s) (5.140¢)
z = o ~ 3 —— 11,0\ Zs), . [§]
2838, ST g °
Il.p?
H,=-——LEMRE,. 5.140f
25%#1) Mé 12 ( )

When all the layers are TIV or isotropic, the VED has pure TM-polarization components

only, and there is no vertical magnetic field (H, = 0).

5.12.6 Vertical magnetic dipole

The VMD source is described by equation 5.16 as s = (0 0 — p,J™ [y paJ /ps)’. By
using the expression for J}' from equation 5.17f, which in TIV-media reduces to J}' =

—iwpylad(z — zs), one gets

o . w - iwlap, (&,
- s L N TPy) o Zwlep (&) (5.141)
V2pus Pa V2 0

Since 3 = —3, the VMD has the same scattering coefficients as the field from a HED, cf.
equation 5.132. Then

iwla, Es
B, = =% [ssspynﬁ + ﬁpmél] , (5.142a)
wla, E.
Ey = - ) [_Egspfol + HépyRIQL‘l] ’ (5'142b)
wla, [Es D D
Hy = 9 ?plel + MgspxRQI ) (5'142C)
wla, Es
H, = — 5 [—fpmﬁ + Mé‘spyRé’l] . (5.142d)
The z-components are found using equation 5.15:
iwla,p?
B - _TpﬁMf;ng, (5.142¢)
v
iwlazpi A
H, = T&E’SRH — Ta,6(zs). (5.142f)
v

When all the layers are TIV or isotropic, the VMD produces pure TE-polarization compo-

nents, and the vertical electric field is zero (E, = 0).

147



Electromagnetic fields in planarly layered anisotropic media

€ €o
dw dln* (e} d, dw diu* o d
h =<h h, ==y
d, O d, o,
d, G, d, =
63 63
a) z b) z
€ €o
dw dln* (e} d, dw d:n« S d
h, ey h =<y
d, S, i Iz nnnn
G; G;
c)z d) z
€ €o
d, ., c d, d, & c d
h, <y h, 8
| \
d, \ 5, d, s
\ N
d, S, 2N L VNG NANNN
e) z > f) z >

Figure 5.5: Anisotropy models for some idealized CSEM/SBL scenarios. The figures to the
left (right) illustrate anisotropy in the overburden (reservoir). Three basic uniaxial models

are considered. Figures a and b show TIV media, ¢ and d illustrate TTH media, and in e and

f, media with dipping anisotropy (TID) are sketched.
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5.13 Numerical results

The theory for electromagnetic field propagation in stratified anisotropic media has been
presented in a rather general form. As long as the constitutive relations are as given in
equation 5.2, the formalism can be applied to electromagnetic problems in geophysics from
e.g., ground penetrating radar (GPR) to marine controlled source electromagnetics (CSEM)
or SeaBed Logging (SBL). The expressions in equations 5.76 and 5.81 can be used to model
electromagnetic fields from electric and magnetic dipole sources in stratified media with
arbitrary anisotropy. Here, we apply the method to plane-layer marine CSEM modelling.
We assume that the source and receiver layers are TIV, and thus, equations 5.133, 5.137,
5.140, and 5.142 can be used to calculate the electromagnetic fields. Other layers than the

source and receiver layer(s) may then have arbitrary anisotropy.

The expressions in equations 5.133, 5.137, 5.140, and 5.142 are given in the frequency-
wavenumber domain. In order to calculate the fields in the spatial domain, the 2-D inverse
Fourier transform in equation 5.6b must be applied. We consider the frequency-domain field
expressions since single-frequency components of the source signal are studied. If all the
layers in the stratified model are limited to TIV, the 2-D Fourier transform can be reduced
to a 1-D Hankel transform due to the rotational symmetry. Explicit formulas for this are

given in Appendix 5.F.
The field expressions were implemented in FORTRAN 90. Since marine CSEM is a low-

frequency application in conductive regions, the dielectric part of the permittivity dyad in
equation 5.3 is totally dominated by the conductivity dyad in all of the homogeneous regions,
except in the air halfspace. This implies that the wavenumber-domain field components
will have large variations in strength, and in order to accurately calculate the fields in the
spatial domain, the integration in the wavenumber domain requires large wavenumbers and
careful sampling. We implemented the 2-D Fourier transform using adaptive Gauss-Legendre
quadrature, and the integration was performed between zero crossings of the sine function
(extrema of the cosine function). Series-summation acceleration was implemented using
continued fractions and Euler’s method as described in Hénggi et al. (1998) and Press et al.
(1997), respectively. For the types of input functions encountered here, numerical solutions to
the Fourier transform that use logarithmic spacing are often very efficient. The digital filter
method described by e.g., Anderson (1979), Mohsen and Hashish (1994), and Christensen
(1990), was thus implemented. The efficiency and accuracy of the two different methods
(numerical quadrature and digital filter) depend on the input function (Anderson, 1989).
The various models that have been considered are shown in Figure 5.5. For simplicity,
the permeability is taken to be constant. Thus, this dyad is diagonal with all entries equal.
The seawater is isotropic. In all of the figures the water depth is 300 m, the source height is

30 m, the thickness of the overburden is 1 km, and the reservoir is 100 m thick. Anisotropy

149



Electromagnetic fields in planarly layered anisotropic media

6L — Isotropic overburden || 3 4
— TIV overburden
TIH overburden

7k — TID overburden n

25F 4

&
£ 2
S B
©
E % 15
g T
I}
E 1
05 — Isotropic overburden ||
— TIV overburden
TIH overburden
— TID overburden
14 . . . . . . . . . . . . .
-10 -8 -6 -4 -2 0 2 4 6 8 10 -10 -8 -6 -4 -2 o 2 4 6 10
a) Distance between source and receiver [km] b) Distance between source and receiver [km]
6L — Isotropic reservoir || 3 4
— TIV reservoir
TIH reservoir
-7k — TID reservoir il

25F 4

Magnitude [V/Am?]
Phase [rad]

— Isotropic reservoir ||
— TIV reservoir
TIH reservoir

— TID reservoir
T T T

iy —4 - 0 2 4 6 10
Distance between source and receiver [km]

c)

Figure 5.6: Modelling results for the anisotropic models in Figure 5.5. Figure a shows
the amplitude response for various kinds of anisotropy in the overburden, whereas Figure b
shows the phase response. Figures c and d are the corresponding responses for an anisotropic
reservoir. In all the figures the isotropic conductivity contrast between the overburden and

the reservoir is 100.

in the overburden and reservoir is considered separately and for the two different cases of
having a resistive reservoir and a conductive reservoir. The isotropic conductivities are
o = 3.2 S/m for seawater and o1 = 1.0 S/m for the overburden and bottom halfspace
(03 = 01). The conductivity in the reservoir is oo = 0.01 S/m for the resistive case and
o2 = 0.5 S/m for the conductive case. To simplify interpretation, the anisotropy is taken
to be transversely isotropic (uniaxial). We refer to the direction with different conductivity
than the two other as the direction of anisotropy. In addition to the isotropic case, scenarios
with transverse isotropy in the vertical direction (TIV), transverse isotropy in the horizontal
direction (TTH), and dipping transverse isotropy (TID), are modelled. The conductivity
in the anisotropy direction is taken to be one-fourth of the isotropic conductivity. This

means for example that in the model with a TIV overburden, the vertical conductivity is
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Figure 5.7: Modelling results for the anisotropic models in Figure 5.5. The isotropic conduc-
tivity contrast between the overburden and the reservoir is 2 in these simulations. Figures a
and b show the effect of anisotropy in the overburden, and Figures ¢ and d show the responses

from an anisotropic reservoir with low resistivity.

01y = 0.25 S/m whereas the horizontal conductivity is o1, = 1.0 S/m. For the resistive
reservoir case, the vertical conductivity in a TIV model is o2, = 0.0025 S/m, whereas the
horizontal conductivity is o2, = 0.01 S/m. In the TTH model, the azimuth angle between the
direction of the source and anisotropy is 15° (cf. Figure 5.1). When the model has dipping
transverse isotropy (TID), the anisotropy direction has a 30° tilt from the vertical axis. This
dip is furthermore taken to be in the direction of the source antenna. The source frequency
is 0.25 Hz.

For simplicity we consider the inline electric field from a HED (e.g., the field component
in the same direction as the source dipole). The plots are shown in Figure 5.6 for the resistive
reservoir case and Figure 5.7 for the conductive reservoir. In both cases, Figure a shows the
magnitude versus offset (MVO) when the overburden is anisotropic, and Figure b shows the
phase versus offset (PVO). Figures ¢ and d show the MVO and PVO plots when the reservoir
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is anisotropic.

In the resistive reservoir case, the MVO plot that describes anisotropy effects in the
overburden shows an increase in response when anisotropy is present. This is due to the
conductivity being less than in the isotropic case. Moreover, the response is largest for a
TIH overburden since it is this direction that has the strongest support of field propagation
between the seafloor and the reservoir. To this end, note that there is a cross-coupling of
polarization modes in the TTH case. Using the same line of arguments, the effect of a dipping
anisotropy should come out with magnitude in between the TIV and TIH cases as shown
in the modelling. The phase behaviour is a bit more involved. The signals propagate faster
when anisotropy is present since they experience less conductivity. In consistency with the
amplitude responses, at far offsets the TTH model leads to faster propagation than the TID
model, and the TID model implies faster propagation than the TIV model. At intermediate
distances, the behaviour is a bit more complicated since, in this case, the responses from the
guiding in the reservoir and the lateral field propagation along the seabed are nearly equal
in magnitude.

A rough interpretation of the consequences of anisotropy in the reservoir can be made
along the following lines: The response from the thin resistive layer is due to propagation
in the horizontal direction of the reservoir, and the important conductivity parameter is
the vertical conductivity. The TIV reservoir has less conductivity in the vertical direction
than the isotropic model, and thus, the TIV case should be expected to give an increase in
the reservoir response. The same effect, but less, should be expected for the TID reservoir,
whereas TIH in the reservoir should not influence the response to any particular extent.
From Figures 5.6¢ and d it can be observed that the behaviour of the modelled data has
these characteristics. The dip in the phase curves for the isotropic case and TIH case is due
to the sea-surface response.

In the conductive reservoir case the thin layer has almost the same resistivity as the
surrounding overburden and underburden (half the value). From Figure 5.7 it can be observed
that anisotropy in the overburden has pronounced effects on the response. The small variation
in the isotropic conductivities leads to larger sensitivity to the anisotropy. The interplay
between the lateral field propagation at the sea-surface and seafloor along with the reflection
from the reservoir, leads to the TIV model having the strongest response for small distances
and the TTH model having the strongest response for larger distances. As seen from Figures
5.7c and d, anisotropy in the reservoir has small effects on the response when the reservoir
is conductive.

The purpose of the modelling examples is to illustrate some of the effects of anisotropy.
Even if responses from isotropic models can be constructed to resemble more complicated
anisotropy models (by carefully selecting the conductivity parameters in the direction normal

to the propagation direction of the strongest signal contribution), isotropic models will seldom
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account for all the anisotropic effects. With one more degree of freedom, a TIV model
can obviously account for anisotropy better than an isotropic model, but not fully explain
more complicated anisotropy phenomena. Another point to make by the simple modelling
examples made here, is that anisotropy in the overburden might confuse the interpretation

of the response from a reservoir if not carefully rendered.

5.14 Conclusions

Electromagnetic field propagation from electric and magnetic dipoles in planarly layered lossy
anisotropic media has been considered. The set of first-order ordinary differential equations
in terms of the horizontal electromagnetic field components in the frequency-wavenumber
domain has been evaluated in terms of a system matrix. This matrix is dependent on the
medium properties for a specific layer and the horizontal wavenumbers for a plane-wave
component in the wavenumber spectrum.

By evaluating the eigenvalues and corresponding eigenvectors of the system matrix, it has
been shown that the resulting diagonalization leads to two decoupled differential equations
with upgoing and downgoing field constituents in a homogeneous region. The eigenvalues
of the system matrix correspond to the vertical slownesses. The reflection and transmission
(RT) at an interface can be calculated from the eigenvector matrices on each side, and a
recursive scheme for calculating the RT-response across a stack of layers has been derived.
Thus, we were able to obtain expressions for the field vector in any layer at any position in
terms of eigenvalues, eigenvector matrices, RT-response matrices, and the source function.

The assumption that the property dyads are symmetric, and the energy-flux normalization
of the eigenvector matrices, made it possible to obtain reciprocity relations for reflection and
transmission responses. An example of an application of the reciprocity relations is that the
number of calculations in the inverse Fourier transform can be reduced by 50%.

In addition to media with general anisotropy, configurations with simpler anisotropies
have been studied. In anisotropic media the diagonalized system matrix is in general
not up/down-symmetric. Up/down-symmetry follows if one of the principal axes of the
anisotropic medium coincides with the coordinate axis normal to the planar interfaces. Then
the diagonal submatrices in the system matrix are zero. In vertically transversely isotropic
(TIV) media, the mode-field is decoupled in a TE and TM mode throughout the layered
system.

For a source and receiver in a TIV medium, explicit expressions for the electromagnetic
fields from the source dipoles HED, HMD, VED, and VMD have been derived. If the entire
stratified medium is characterized by TIV or isotropy, the recursive relations for the RT-
responses simplify to scalar equations. In this case the 2-D Fourier transform can be reduced

to a 1-D Hankel transform.
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A numerical implementation of the algorithms and a modelling study have been per-
formed. The modelling example was taken from a marine CSEM setting. The obtained
responses show different behaviour for different anisotropy configurations.

Finally, an application of the propagator method for isotropic media has been demon-
strated in Appendix 5.G.
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5.A Rotation of the anisotropy principal axes

5.A Rotation of the anisotropy principal axes

The electromagnetic property dyads are determined by three values in their principal-axis
system. The axes of the principal system are referred to as (1,2,3), and in a medium with
triclinic anisotropy, each of the property dyads may have their own set of principal axes. In
order to rotate the principal coordinate system into the main coordinate frame (z,v, z), it is
convenient to use Euler angles (¢, 6,1). The convention used by Goldstein (1980) is followed.
Now, as seen in Figure 5.1, ¢ is the angle between the z-axis and the line of nodes, 6 is the
angle between the z-axis and the 3-axis, and finally, v is the angle between the line of nodes
and the l-axis. Note that the “line of nodes” is the line defined by the intersection of the
xy-plane and the 12-plane (i.e., the horizontal planes of the coordinate frames). The entries
of a property dyad in the main coordinate frame are then obtained by transforming the dyad

from the principal system as follows:

Ozz Ozy Ozz €11 €12 €13 ocpr 0 O €11 €21 €31
O = |0y Oyy Oy | = |€21 €22 €23 0 oo O e1a ean ezz |, (5.A-1)
Oz Ozy Oz €31 €32 €33 0 0 o3 €13 €23 €33
where
€11 = COs ¢ cos Y — sin ¢ cos 0 sin P, (5.A-2a)
€12 = — Cos ¢ siny — sin ¢ cos 0 cos P, (5.A-2b)
€13 = sin ¢ sin 6, (5.A-2¢)
€21 = sin ¢ cos Y + cos ¢ cos 0 sin b, (5.A-2d)
€92 = — sin ¢ sin Y + cos ¢ cos 0 cos P, (5.A-2¢)
€23 = — COS ¢ sin b, (5.A-2f)
e31 = sin @ sin ), (5.A-2¢)
e32 = sin 6 cos ), (5.A-2h)
e33 = cos 0. (5.A-2i)

This procedure, o = eapeT, where e is the coordinate rotation matrix with elements ¢;; =
eji, and o, is the dyad in the principal system, can be performed for all the three property
dyads. In general, the principal axes may be different for all these dyads (which obviously

requires different rotation angles for each property dyad).

The entries in the conductivity matrix in the main coordinate frame are given by the
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rotation angles and the principal values as:

Opw = 0162, + 09€7 + 0367, (5.A-3a
Ozy = O1€11€21 + 02€12€22 + 03€13€23, (5.A-3b
Ogz = 01€11€31 + 02€12€32 + 03€13€33, (5.A-3¢
Oyy = 0165, + 0235 + 03633, (5.A-3d
5.A-3¢
5.A-3f

)

)

)

)

Oy = 01€21€31 + 02€22€32 + 03€23€33, ( )
0. = 0163 + 02€5, + O3€33. ( )
In u/d-symmetric media, the relation between the principal and main coordinate systems

is described by one rotation only (for each property dyad) in the horizontal plane (i.e., ¢ in

equation 5.A-2). The conductivity dyad can in this case be written as

Opw Ozy O cos¢p sing 0 op 0 O cos¢p —sing 0
Oyz Oyy 0 | =|—sing cos¢ 0 0 o2 0 sing cos¢p 0|, (5.A-4)
0 0 o, 0 0 1 0 0 oy 0 0 1
whence

Opw = 03082 ¢+ 03sin’ ¢, 0y, = 05 sin® ¢ + o3 cos? ¢, (5.A5)
5.A-5
Opy = Oyz = (02 — 01) sin ¢ cos ¢.

The relations presented in this section in terms of the conductivity dyad are equally valid

for the permittivity and permeability dyads.

5.B Duality in the field expressions

When magnetic sources are introduced into Maxwell’s equations, Faraday’s and Ampere’s

laws can be written as

VX E = —Joux +iwpH, (5.B-6a)
V x H = Jy — iwéE, (5.B-6b)

where J is the electric source and Jg,, is the magnetic source. Using the equations of charge
conservation, the divergence equations can be written in terms of the source-current density

as
(
V - sE;) _Z V - 'O) (5B_Gc)

1
V- (pH) = ——V - Jou. (5.B-6d)
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5.C Energy velocity of a plane-wave component

From these equations one observes a simple relationship between the fields from a magnetic
dipole and an electric dipole. Starting with Faraday’s law (equation 5.B-6a) and the corre-
sponding divergence equation (5.B-6¢), one can arrive at Ampeére’s law (equation 5.B-6b) and

its corresponding divergence equation (5.B-6d) by doing the following change of variables:

E - H, (5.B-7a)
H - E, (5.B-7h)
u— €, (5.B-7c)
-, (5.B-7d)
Jo — Jou. (5.B-Te)

The opposite “transformation”, from Ampere’s law to Faraday’s law and their corresponding

divergence equations, also holds. In this case the relation
Jom — —Jo (5B—7f)

is needed. In terms of the dipole sources used in equation 5.4 and 5.5, the source transfor-

mations become:
11— —iwpla and dwpla — IL (5.B-8)

In the main text, RT-responses from a multilayered medium are considered. If a change of
variables as described above is performed, a change in polarization modes and signs in the
reflection coefficients must be taken into account due to the interchange of the electric and
magnetic fields.

The explicit field expressions for the HMD and VMD (HED and VED) can be derived
from the expressions for the HED and VED (HMD and VMD), respectively, by using the
change of variables in equations 5.B-7a to 5.B-7d and 5.B-8. In addition, the following change

of variables for the RT-response coefficients must be performed:

R —RS, R < RE, (5.B-9a)
Ry < R%, RE o —RY, (5.B-9b)
R = —Ra, RE, o RY, (5.B-9¢)
Ry1 < Ri, RE, — —RD. (5.8-9d)

5.C Energy velocity of a plane-wave component

The energy velocity can be defined as (Kong, 2000; Carcione and Schoenberg, 2000):

B Re(S) i
Ve = Retutu’ (5.C-10)
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where S = %E x H* is the complex Poynting vector, u. = %E - D* is the electric energy,
and u,, = iH - B* is the magnetic energy. Consider a plane electromagnetic wave in a

homogeneous source-free medium. Then Maxwell’s equations can be written as:

p-D =0, (5.C-11a)
p-B =0, (5.C-11b)
p x E =B, (5.C-11c)
pxH=-D, (5.C-11d)

where p is the slowness vector. From these equations it is seen that the slowness is in a
direction perpendicular to both the D- and B-field. It is convenient to rotate the coordinate
system so that one of the axes coincides with the direction of the slowness. Some caution
must however be taken here; since the slowness vector is complex, the “rotation” must be
performed with complex angles. Thus, the coordinate system is rather transformed into a
new state. We will as in Kong (2000) refer to the system after the transformation as the
kDB-system, in which the axes are denoted as 123. (cf. Figure 5.1 where 2’y’z’ can be
pictured as 123). Note that the axes in the kDB-system are not the same as any principal
anisotropy axes. Now, an expression for the energy velocity in terms of the material and
slowness parameters can be obtained. From Figure 5.1 it is seen that a rotation into the

kDB-system described by the angles ¢ and 6 can be written as:

! ! !

€11 €12 €13

— ! A
expB = | ey ey ehs |, (5.C-12)

A A A
€31 €32 €33

where
e}, = sin ¢, ey = —cos ¢, 3 =0, (5.C-13a)
e, = cos ¢ cos b, ehy = sin ¢ cos 0, ey = —sin b, (5.C-13b)
€4, = cos ¢sin b, ey = sin ¢ sinf, 43 = cos . (5.C-13c)

The angles would take the values ¢ € [0,360°), 6 € [0, 180°) in a lossless case, but here they

are complex with

P2 and cosf=—— P2
\/Pz + Py \/ P2+ pi + p?

The material parameters in the kDB-system are obtained from the material parameters in

cos ¢ = (5.C-14)
the main coordinate frame by the dyadic transformation:
X' = expBX€ips (5.C-15)
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5.C Energy velocity of a plane-wave component

where the resulting matrix is symmetric after the orthogonal transformation. Next, a relation
between D and B is needed. It is convenient to introduce the impermeability and the
complex impermittivity, which are the inverses of the permeability and complex permittivity,

respectively (Kong, 2000):
E=¢'D=kD and H=p 'B=vB. (5.C-16)

From the curl equations in 5.C-11, the following relations between D and B can be obtained
in the kDB-system:
D1 = p(vy B1 + 3y B2), 5.C-17a
Dy = —p(v1,B1 + v1,B2), 5.C-17b
Bi = —p(ka; D1 + Ky D2), (5.C-17c
By = p(r11D1 + K15D2), (5.C-17d

( )
( )
)
)

where p = |p| is the slowness in the &;-direction. Note that by definition, this is the direction
of the total slowness. Note also that B3 = 0 and D3 = 0. From equation 5.C-17, the

dispersion relation

1
u? = =3 [bu + /02 — 4%} , (5.C-18a)
bu = (Ka1V9) + KigVia — K1Vhs — Khol11) (5.C-18b)

Cu = ("@1211/51 - "‘@I11V§2) ("‘@I12V12 - "@1221/11)

- ("@1221/51 - "@1121/52) ("@1111/12 - "@1211/11) ) (5-0‘18(7)
and a relation between D7 and Dy can be obtained:

2 I ! I ! ! ! ! !
Do _U”+ KoV — KiiVag Ro1V11 — R11V12

=, (5.C-18d)

Dy K19V39 — Kool S u?t KlaVip — Koal1y
where the complex velocity is the reciprocal of slowness, uw = 1/p. The electric field in the

kDB-system can then be written as
K11+ Y
Exps = £'Dips = | why + kbW | Di, (5.C-19)

K31 + K50
whereas the magnetic field in the kDB-system is obtained using Faraday’s law:

(Viah11 — Vigkog) + (VoK — V1K) W
Hipg = v/(p x Ewpp) = p | (vhoty — vh1khy) + (Voakha — V1)V | D (5.C-20)

(V3aK11 — V31K51) + (V3aK1g — V51K59) W
The complex Poynting vector in the kDB-system expressed in terms of D; then becomes:

SipB = $skpp* D107, (5.C-21)
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where
s11 + $12V + 513U + 514 VU™
SkDB = | s21 + 522U + 593U* + 5o, WU* | | (5.C-22a)
531 + 5300 + 533 0" + 53, W U™
and
s11 = (V3o — Vaokigy ) (K11)™ — (Va1K5; — Varhay)(Kay)™,
s12 = (Viakng — Vaokio) (K11)™ — (Va1Kag — Va1K30) (K9)",
s13 = (Viakay — Vaoki)(Kha)™ — (Va1kay — Vo K1) (Koa)™,
s14 = (V3ohng — Vaoko) (K12)" — (V31K5e — Va1hia) (Kao)™,
s21 = (V1o — Vaakyy)(K11)" — (V1185 — v31R1q) (Kay)™,
s22 = (Vighia — Vaak'0) (K11)" — (Vi1K5e — V31R12) (K5)", (5.C-22b)
s23 = (Vighay — Vaak’q) (Kh2)™ — (Vi1k5y — v31R11) (K92)",
$24 = (V1ohiy — V3aK1o) (K12)" — (V11850 — V31K)0) (Ka0)™,
s31 = (Vaok1y — Viaka)(K11)" — (Vo111 — Vigkar) (o)™,
s32 = (VioKia — Viakno)(K11)" — (Va1K12 — Vi1K0) (K9)",
s33 = (Vaoh'y — Vigkay)(K12)" — (Va1K11 — V11kny) (Kaa)™,
834 = (Vyoh'iy — Vighng)(K12)" — (Va1 K19 — V11Kno) (Kao) ™
The energy densities in the kDB-system can be written as
um = 1H-B* = }(H\ B} + HyB3) = 5&(E{ Dy + E3Dy) = Lou, (5.C-23a)
ue = 1E - D* = 1(E1 D} + E2Dj) = 1 (K1 + K1) + (kb + K5, 0)U*] D1 D}, (5.C-23b)

The energy density is independent of the coordinate system in which it is calculated, whereas
the Poynting vector must be transformed back to the main coordinate frame S = el 5Skpp.

This leads to the following expressions for the energy velocity:
ve =n, 'Re(p*elppsos), (5.C-24)

where
Ny = Re(%)Re[p(’@In + K12W) + p(Kdy + Koy W)U (5.C-25)

If ¥ — oo, the Poynting vector and energy velocity can be calculated in terms of D5, which
implies multiplying the expressions with U1 (\I/_l)*.

When the eigenvalues are found, their ordering into upgoing and downgoing constituents
can be determined from the direction of the z-component of the corresponding energy veloc-

ity. Moreover, the ordering of modes can be determined by matching the eigenvalue and the
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complex velocity in the dispersion relation in equation 5.C-18a. The choice of sign that cor-
responds to what mode can be established by considering what happens when the anisotropy
simplifies into TIV. Then the fraction between D; or D5 either approach zero or infinity

depending on if the slowness corresponds to a TE or a TM mode.

5.D Mixing the qTE and qTM modes in a layer

Consider reflection and transmission through a stack of three layers [from region (3) to (1)
through layer (2)], and assume that the qTE and ¢TM modes have been switched when sort-
ing the eigenvalues into the upgoing eigenvalue submatrix in region (2). Then, in region (2),
the “mixed” eigenvector submatrices and eigenvalue matrix are related to the corresponding

“correct” matrices as

Ny=(" ") = NpK, (5.D-26a)
N22  N21

Ny = ("2 ") Z NyK, (5.D-26b)
Tg2 M4

f)'z = Kp, K, (5.D—26(:)

where K is given by equation 5.19. By using equation 5.61, the C' and D matrices between

medium (3) and (2) become:
¢ =kC, D =KD, ¢ =KC, and D =KD, (5.D-27)

since layer (2) has the mixed modes. Thus, the reflection coefficients are

£ =2 (Ké + Kﬁ) okt (5.D-28a)
P = — (Ké - K[))T (Ké + K[)) R (5.D-28b)
M= (é - 1‘)) (KC' + KD) T K (5.D-28c)
i =2(¢+D) R (5.D-28d)

When inserted into the recursive formula in equation 5.70, this leads to
R, = Ke“behi K [Kf«j + KR4 (I - ijj+1) B ij] ewbshs — KR, (5.D-29)
In the propagation between medium (2) and (1), the same procedure yields the relations:
¢ =Ck, D' =DK, ¢ =CK, and D =DK, (5.D-30)
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which give the reflection coefficients

»

£ =2 (éK + 1’)K) ik, (5.D-31a)
7= — (é - [))T (éK + 1’)K) Tk, (5.D-31b)
" = (CK+DK)  (CK - DK)" =17, (5.D-31c)
i = (C’ + D)_l —i (5.D-31d)

When inserted into the recursive formula, one gets

</

.. . < IS -1 s . <
Rj—l = e“"}pzhj*1 |:’i“j_1 +tj_1KKRj (I — T"j_lKKRj) tj_1:| etwpzh]*l = Rj—l-
(5.D—32)

The proof for mixing the downgoing modes is similar and leads to the same conclusion.

5.E The Fresnel eigenvector matrix in TIV media

The flux-normalized eigenvector leads to a symmetry in the transmission coefficients in equa-
tion 5.121 that might not be appropriate for all purposes. In order to get the Fresnel trans-
mission coefficients, a different scaling on the eigenvectors that make up the eigenvector

matrix can be chosen:

Py Pa Py Pa
1 ey —Pz Py
Vo e | Py z;i; Pa pihﬁ Py I;)tz; Pz pihﬁ
wE n nE hgh .
Py Pz Pyb™ pat™
Nl L | e Py Dt pyfEt
Y B T R i
Ps py  —pEL —py R

With the choice in equation 5.E-33, the downgoing reflection matrix 7 is as given in equation

5.121 with #* = —#. The upgoing and downgoing transmission matrices are:
- - ot
_Zmypg 0 _ 2y Py 0
i— | mnpatm vl {— | mopatmph (5.E-34)
- 26~ pt ) - 28t p— T
0 €p Popx 0 €p Porr

— P — T e
€ Poin €, Pon €n Pzt &, Ponn

Note that the Fresnel transmission matrices are not symmetric, i.e.,  # £, by contrast to the

relation in equation 5.122.
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5.F Electromagnetic fields in TIV media

When all the layers in the stratified model are either TIV or isotropic, the double Fourier
integral over the horizontal wavenumbers £, and k, in equation 5.6b can be rewritten into a
single integral in terms of Bessel functions and the polar horizontal wavenumber £,. Thus,

it is convenient to introduce cylindrical coordinates:

kp= /K2 + k2, ke =k, cosa, ky = kysina, (5.F-35a)
p=+x2+y?, x = pcos f3, y = psin (3, (5.F-35b)

where « is the polar angle in the wavenumber domain, 3 is the angle in the spatial domain,
and p is the polar radius. The inverse Fourier transform from the wavenumber domain back
to the spatial domain (equation 5.6b without the time and frequency part), can then be

rewritten as
oo oo ] ] 27 [e%s) ] )
/ / dkydky @ (kg, k) eF=v iy = / / dédk, k, @ (k,, &) eFersing = (5F-36)
oo J—so 0 0

where £ = o — 8 + 7/2. The exponential term that contains the sine function, can be

expressed by a series of Bessel functions (Gradshteyn and Ryzhik, 1980):

[e )

exp (ikypsing) = Z T (kpp)ei™. (5.F-37)

n=—oo

By using the property J_, (k,p) = ( -1)"J, (kop), one arrives at the representation:

1 2 ) y
Jo(kpp) = — / dg etkopsing (5.F-38a)
2T 0
1 2 ) )
Ji(kpp) = =— / d¢ sin& etkersing (5.F-38b)
2w Jg
1 2 ) )
Jo(kpp) = —/ d€ cos 2 ¢tFePsing (5.F-38¢)
2T 0
where the following relationship between Jy, J; and Jy holds:
2
Jo(kpp) + J2(kpp) = k,—le(k?pP)- (5.F-39)
13

Since the RT-responses are symmetric about the vertical axis in TTV media, the angle « is
explicitly present in the field expressions in equations 5.133, 5.137, 5.140, and 5.142 in this
case. Thus, the angle dependence in the wavenumber domain can be accounted for by the
higher orders of the Bessel functions. Now, rewrite the cosine and sine terms that contain «
into expressions that contain £ and 8. Since terms involving cos § and sin 2§ do not contribute

to the Bessel expansion, this means that

cos a — sin & cos 3, sin v — sin & sin 3, (5.F-40a)

cos 20 — — cos 2€ cos 23, sin 2a — — cos 2§ sin 2. (5.F-40b)
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The field components in cylindrical coordinates are furthermore obtained from the Cartesian

components by the rotation:

v, cosf  sing 0 U,
Vg | =|—-sinf cosfB 0 U, |, (5.F-41)
U, 0 o 1) \w,

where ¥ = {E, H}.

In the following subsections, the electromagnetic field expressions in a TIV medium for
the four different source types are given in terms of cylindrical coordinates. In a numerical
implementation cylindrical coordinates are advantageous since they imply evaluation of one
integral instead of a double integral. The integral over the horizontal angles is contained
within the Bessel functions as seen from equation 5.F-38. The vertical slownesses p.; and
P-r that will be used in the following equations are dependent on k, = wp, as described in

equation 5.119.

5.F.1 Electromagnetic field from a HED

From the expressions in equation 5.133 the following field components from a HED is derived:

1, 1 1
By =~ oos | TH 4 (TR~ 7)) (5.F-422)
1, S LN
EB = _4— Slnﬁ _IAO IAI IAI ) , (5F‘42b)
™ P |
o TE M
Hp = +E sinf |— Dl) , (5.F—42c)
Hpg = L cosf | Ipo 1 e T]\/I)_ (5.F-424)
o 4 p D1 | ) .
Il; icos 3
E. = 4_; wE, 0 dkpk/% J1 (k’pp) gD (pzn) (5,F_42€)
Il isin o0
He =+ o ’ | dhoky Tu(kop) 61 (=), (5.F-42f)
v
where
o (o)
40 :/ dkpky JO(kpp) 94" (pa1), Al = / dk, Ji(k o0) 94 (D), (5.F-42g)
0
o (o)
T _ / dkpkp Jo(kpp) 94" (pon), Tt = / dk, J1(kpp) 95 (Danr), (5.F-42h)
0 0
o (o)
Do = / dkpky Jo(kpp) 9p° (P21), / dky Jy(kep) 917 (D), (5.F-42i)
0 0
Iho = /O dkpky Jo(kop) 95" (pon),  Tpy = /O dky Jy (kpp) g5 (Do), (5.F-42j)
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and
S
QEE(sz) = % % RZE(sz)a gzM(sz) = ij: ZZ: RTM(sz) (5-F‘433)
z1 z1
P
90" (p=1) = —\/ m ;:h RE (=) 90" (pan) = —\/ 5 ;I RTM(pzn), (5.F-43b)
z1 zZI11

where the RT-amplitudes are given by equation 5.134.

5.F.2 Electromagnetic field from a HMD

From the expressions in equation 5.137 the field components from a HMD can be calculated:

twpy Tay
Bp=—-——
iwps Tag
Eg = +%
wwpy Tay
H,= T ar

wp s1a

Ho=——1—

E, = _Iaa, Mh

dm &,

H, = 410t

4 Moy

where
[ee]
/ dkpk, Jo(kop) 95° (P21),
0
75 = [ dhohy To(kop) 65" (pon).
5o = | o(kpp) 95" (p2un
IhE = ooclk: ky Jo( &

co — 0 O pp) gc (sz))

o
TM / dk’ k? JO pp) gc (pzn)
0

and

S
[Hh [P
TE(sz) - - = REE(sz)a
Pz Hh
g p
gé‘E (pZI) = - M_ZhI /;LI

RTE(pZI)

1
sin 8 [ T + - (T3 —Izﬁ] ,
1 TE T M
cos 3] - _1mn)
cos 3 [ & 2{1)] ,
Sll’lﬁ |: T]\/I TE 21\1/1):| ,

nﬁ/ dk k Jl(kpp) gC (pzn)

cos 3 / A k2 1 (k) G55 (=1).

_ / dky Ty (kpp) 957 (par),s
0

LS
IEI;I:/ dk Jl(kpp) gB (sz)
0
LS
15 = [ dhy Iillyp) 6 (02),
LS
B [ by (k) g5 (),
0
—s
P £
QEM(sz): p~H 1/ b REM(sz)a
h Pzur
—s
™ Eh Eh ™
z = - R Z11)
9" (Pan) pon \| P € (pan)

where the RT-amplitudes are given by equation 5.138.
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5.F.3 Electromagnetic field from a VED

The field components from a VED are obtained from equation 5.140:

I, i o 2 ™
E,= +Ewé§ ; dk,k;, Ji(kop) 95" (Ponr),
I, i o 2 ™
Hj = +Ewé§ ; dk:,,k:,, Ji(kop) 9" (Pamr),
. 1 S 5 I, 1
E: = _Ew—/ Aok Tolkpp) 967 (Pen) + o282 = 2)0(@)0(0)

5.F.4 Electromagnetic field from a VMD

The field components from a VMD are obtained from equation 5.142:

]az * 2 TE
Eg=— i J, dkpkp J1(k’,,p) ga (pzl)a
]az * 2 TE
H,=+ ey dk,k, Ji(kyop) 9p° (P21),
Ia, i o 3 Ia,
H, =+ Ir o, /0 dkok;, Jo(kpp) ga" (Pr) — Eé(z — 25)0(z)d(y).

(5.F-46a)
(5.F-46b)

(5.F-46¢)

(5.F-47a)
(5.F-47b)

(5.F-47c¢)

5.F.5 RT-amplitudes with source and receiver in the same layer

Consider the responses in equation 5.F-43 and 5.F-45 with the source at z;, = 0, and the

receiver within the same layer at z. The RT-responses in equation 5.134 and 5.138 can then

be combined into a single expression for z < z; and z > zs and written in terms of a direct

and reflected field contribution:

Rs(l + Rs)e—iw;vzz +Rs(1 +Rs)eiwpzz

Ra =Pzl L Ry, Ry = — :
A A A )
) R~1—R~ —iwpzz_Ryl_RV iwps 2
Rp =sgn(z)e? !l + Ry, Rp = o e — o ) ;
1— RsR;
—Re = eP:l*l 4 Re, Rc = —1,(1 - Rs)e_wpzz,_\Rs(l - Rs)e"“”zz,
1— RsR;

—Rp = sgn(z)e™?=1*l t Rp, Rp =

1— R.Rs

In the expressions, p, = p.; for the TE mode, and p, = p.; for the TM mode.
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5.G Up/down-separation and free-surface removal

Consider an isotropic source medium in which the electromagnetic field from a dipole antenna
e.g., HED is recorded. The propagator-matrix method with its implicit splitting of fields into
upgoing and downgoing components can be useful in processing real data from e.g., a marine
CSEM/SBL experiment in shallow water. A possible choice of the eigenvector matrix that
diagonalizes the system matrix into upgoing and downgoing components of the electric field,
is (Amundsen et al., 2006)

I I 1 (1 N;!
N,y = , N '=- > ). (5.G-49)
Ny, —N> 2\I -N,
where in isotropic media
~ 2 ~ 2
_ y Ty -1 _ x Py
No=— (#7P Pely ) o L (HETRe TReR )  (5 )
Kpz \ pupy  ME —Di €P= \ —Pupy HE — D}

In this case, the eigenvector matrix is normalized with respect to the electric amplitude which
leads to the relations

E,=EJ+E? and E,=E]+E}. (5.G-51)

Now b = N qw 4, where wy = (Eﬁj Eg ED Ef)T. The quantity EY describes the part of
the electric field that is upgoing, and E” describes the downgoing electric field. From the

equations for up/down-separation where N 4 is arranged to give E, = EfLJ + Ef , one then

gets
1 . = _p2
B = (Ei - ijpy H, — ”Eé Pz Hy> , (5.G-52a)
Dz Pz
1 . = —p?
BP = (El n p&:;y H, + ”i:p Pi Hy> . (5.G-52b)

When inserting the field expressions from equation 5.133 into equation 5.G-52 with the
appropriate simplifications for isotropic media with source and receiver within the same

layer (equation 5.F-48), one gets:

pv_ 1l | 1y f(—2 RE®,—RTF) 1 Pap: F(—2 R5M, —RTM) (5.G-53a)
x 2 pppz y+tA > D gpp y LA D )

Il, | mp; p2p
EE _ T Y 2, TE,RTE + :L_Z Z,RT]\/I, TM , 5.G-53b
B) lpppzf( A D) B f( A D) ( )

where
1 - R R

f(z,Ra,Rp) = %n(z) oiwpslzl 4 %. (5.G-54)
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From equation 5.F-48a and 5.F-48d, the following relations can be derived:
R4s—Rp 1

= ———— R(1+ Ry)e "P=%, 5.G-55a
2 TR, ( )
1 C
fatlip _ ———Rs(1+ R,)e"P=%. (5.G-55b)
2 1— R.R,

The TE and TM modes are not separated in these expressions. In order to derive expressions
with separated modes, the eigenvector matrix can be chosen as in equation 5.E-33. Then

the mode-field vector describes the upgoing and downgoing TE and TM mode. In isotropic

media
ure Py Pz Pypo P2l E,
A ST, O H (5.G-56)
DTE - F - \/Q s e H ’ T
Pp | Py —Px Py Ps Pz Ps — 11y
DT pe Py —PE -pyiE) \ He

By inserting the field expressions from equation 5.133 with the appropriate simplifications

for isotropic media with source and receiver within the same layer, one then gets

UTe = % (lfzy {[1 — sgn(z)]ei“pzvl + R — RJTyE}> ; (5.G-57a)
= e (2 s R R). GG
O o T
D™ — 2\1/%0/) (ngx {[1 + sgn(z)]etr=#l 4 RIM 4 REM}) - (5.G-57d)

Here, the upgoing and downgoing mode-fields are a mix of the electric and magnetic field.
In a marine CSEM/SBL experiment, the receiver is normally situated below the receiver,

i.e., z > 0 in equation 5.F-48. The reflection response from the lower stack can thus be

obtained by dividing the upgoing mode-field by the downgoing mode-field. The reflection

responses for the TE- and TM-polarization components hence become:

UTE TM

DTE = R;;E and DT]\/I

= R™, (5.G-58)
where R, is the reflection response from the lower stack at the receiver (cf. Figure 5.4). The
decomposition matrix from equation 5.120 would give the same results since the difference
between the eigenvectors lies within a normalization factor. By using the reflection response
from the lower stack when calculating the electromagnetic field from an artificial source,
one might say that one in this way has removed the free surface from the original data set.
In order to do the free-surface removal with the procedure described here, a 2-D data set
with z > z; and which contains all the horizontal components of the electromagnetic field is

needed.
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