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REMOVING SEA SURFACE-RELATED ELECTROMAGNETIC
FIELDS IN PERFORMING AN ELECTROMAGNETIC SURVEY

TECHNICAL FIELD

[0001] The invention relates generally to removing sea surface-related
electromagnetic fields in performing an electromagnetic survey, such as a controlled

source electromagnetic survey.

BACKGROUND

[0002] Various electromagnetic techniques exist to perform surveys of
subterranean structures underncath a surface for identifying structures of interest.
Examples of structures of interest in the subterranean structure include subsurface
resistive bodies, such as oil-bearing reservoirs, gas injection zones, and fresh-water
aquifers. One survey technique is the controlled source electromagnetic (CSEM)
survey technique, in which an electromagnetic (EM) transmitter (typically towed by a
sea vessel in a marine environment) is used to generate electromagnetic signals.
Surveying units (or receivers) containing electric and magnetic field sensors are
deployed on the sea floor within an area of interest to make measurements (of EM
wavefields) from which a geological survey of the subterranean structure underneath

the surface can be derived.

[0003] Through the use of the CSEM technique, a high-resolution mapping of
changes in resistivity associated with the presence of oil and hydrocarbon is possible.
Measurements taken by the EM receivers are interpreted in such a way that a
prediction of the presence and location of 0il and hydrocarbon in the sedimentary

layers of the subterranean structure can be made.

[0004] In a shallow water environment, ghosting and water-layer multiple
reflections can occur due to the presence and proximity of the air-water interface to
the surveying units. Ghosting and water-layer multiple reflections arise because water
has a substantially different resistivity from the air above the water surface.
Furthermore, water typically has a substantially different resistivity from the earth

formations underneath the sea floor. When an EM transmitter located in sea water is
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activated, the downwardly radiating EM energy from the EM transmitter passes
through the sea floor and into the subterranean structure. Some of the EM energy is
reflected by resistivity changes of certain layers in the subterranean structure. The
reflected EM energy (in the form of reflected EM signals) travels generally upwardly
through the subterranean structure, and is ultimately detected by EM receivers at the
sca floor. After the reflected signals reach these receivers, the reflected signals
continue to travel upwardly through the sea water until they reach the sea surface.

- The sea surface reflects a large part of the upwardly traveling EM signals. Therefore,
a substantial part of the upwardly traveling EM signals will reflect back from the sea

surface, and travel downwardly once again.

[0005] The sea surface reflected downwardly traveling EM signals would also
be shifted in phase from the upwardly traveling EM signals. A surface-reflected,
downwardly traveling EM signal is commonly referred to as a “ghost” signal. Ghost
signals are also measured by the receivers at the sea floor. In addition, downwardly
traveling EM signals, whether reflected from the sea surface or transmitted directly by
the EM transmitter source, may also reflect from the sea floor and travel back
upwardly. EM signals traveling between the sea surface and the sea floor may reflect
from both the sea surface and the sea floor a number of times before such signals are
attenuated. The multiple reflections of EM signals by the sea surface and sea floor
result in the EM receivers detecting multiple versions of the same signals (resulting in
the water-layer multiple reflections phenomenon). These reverberations (that cause
ghosting and water-layer multiple reflections) can have substantial amplitudes within
the total EM fields measured by the receivers, which can cause masking of field
signals that are reflected from subterranean structures. The presence of ghosting and
multiple reflections make it difficult to accurately identify subterranean structures and

compositions based on collected CSEM survey data.

SUMMARY

[0006] In general, methods and apparatus are provided to remove sea
surface-related electromagnetic fields when performing an electromagnetic survey of

a subterranean structure underneath a sea floor.

SUBSTITUTE SHEET (RULE 26)



WO 2008/054888 PCT/US2007/070689

3

[0007] Other or alternative features will become apparent from the following

description, from the drawings, and from the claims.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] Fig. 1 schematically illustrates an example arrangement for performing
a survey of a subterranean structure underneath a seabed or sea floor in a subsea or

marine environment.

[0009] Fig. 2 illustrates an example of downwardly traveling and upwardly

traveling electromagnetic wavefields when a sea surface is present.

[0010] Fig. 3 illustrates an example of downwardly traveling and upwardly

traveling electromagnetic wavefields when the sea surface is not present.

[0011] Fig. 4 is a flow diagram of an example process of performing an -

electromagnetic survey.

DETAILED DESCRIPTION

[0012] In the following description, numerous details are set forth to provide
an understanding of the present invention. However, it will be understood by those
skilled in the art that the present invention may be practiced without these details and
that numerous variations or modifications from the described embodiments may be

possible.

[0013] Fig. 1 illustrates an example arrangement for performing a survey of a
subterranean structure in a subsea environment. As will be described in further detail
below, the subterranean structure surveying performed in accordance with some
embodiments uses measurements received according to a controlled source
clectromagnetic (CSEM) survey technique. With the CSEM survey technique, an EM
transmitter (102 in Fig. 1) generates EM signals that propagate or diffuse through
various layers, including the sea water and layers in the subterranean structure, which
EM signals are reflected by the subterranean layers back up to the receivers located on

the surface (in this case the seabed or sea floor 104). In Fig. I, receivers are depicted
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as sensor modules 110 located on or near the seabed 104, The sensor modules 110

are used to measure the EM signals reflected from the subterranean layers.

[0014] Each sensor module 110 may be able to measure both the tangential
(horizontal) électric fields and the tangential (horizontal) magnetic fields. The
tangential (horizontal) electric fields and magnetic fields refer to field vectors that are
generally parallel to the séabed 104. The electric and magnetic field measurements
are processed using EM data processing, from which subterranean structures can be
analyzed to determine if the subterranean structures contain subsurface resistive

bodies, such as oil-bearing reservoirs, gas injection zones, or fresh-water aquifers.

[0015] In the following discussion, reference is made to three directions: x;,
x2, and x3 The x,; and x; directions are perpendicular to each other and are generally
parallel to the seabed 104, and the x; direction is petpendicular to both the x; and x;
directions and extends in a generally vertical direction (generally perpendicular to the
seabed 104).

[0016] The tangential electric and magnetic fields measured by each sensor
module 110 is based on EM wavefields that travel in the vertical (or x;) direction. As
noted above, an issue associated with presence of the sea surface 105, particularly in a

shallow water environment, is ghosting and multiple reflections.

[0017] A technique for performing deghosting is to decompose EM fields into
an up-going (upwardly traveling) EM wavefield and a down-going (downwardly
traveling) EM wavefield. Note that the term “EM wavefield” refers generally to EM
energy propagating or diffusing through any of sea water or subterranean structure.
The EM wavefield that is of interest is the up-going EM wavefield, which is the EM
wavefield that is reflected from subterranean layers back up to the sensor modules
110. Down-going EM wavefields are caused by reflections from the sea surface 105,

and thus are not of interest for performing a survey of subterranean layers.

[0018] However, although decomposing EM wavefields into up-going and
down-going EM wavefields allows for deghosting, the up-going EM wavefield
measured by the sensor modules still contains reverberations, which are also known

as multiples (or water-layer multiples) that are caused by reflections between the sea
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surface 105 and the seabed 104 that occur multiple times until EM wavefields have

been attenuated by the sea water.

[0019] An example technique is provided to remove water-layer multiples in
sighals acquired by the sensor modules 110. The example technique may enable
multiple removals that are relatively insensitive to the sea depth and the earth geology
below the seabed 104. Also, the technique for removing water-layer multiples can be
accomplished without knowing the source wavelet (EM signature) produced by the
EM transmitter 102 beforehand. Thus, an EM processing technique for performing
CSEM survey measurements may enable the removal of sea surface-related mulitiples

without a priori knowledge of the EM source wavelet.

[0020] According to some embodiments, the algorithm for the EM processing
technique is based on application of the EM reciprocity theorem. The EM reciprocity
theorem relates EM fields in an actual measurement configuration that includes the
sea surface 105 with EM fields in a desired (or ideal) configuration without presence
of the sea surface (by extending the water-layer medium or sea surface to infinity).
The relationship between EM fields in the actual measurement configuration and the
EM fields in the desired (or ideal) configuration is used to solve for an EM field
representing the EM signals reflected from subterranean structures with ghosting and

multiple reflections effects removed.

[0021] As further depicted in the subsea arrangement of Fig. 1, a sea vessel
100 is capable of towing the EM transmitter 102 in sea water. Typically, the EM
transmitter 102 is arranged a relatively short distance above the seabed 104, As
examples, the relatively short distance of the transmitter 102 above the seabed 104
can be 50 meters or less. Although only one EM transmitter 102 is depicted, it is
contemplated that alternative embodiments may use two or more EM transmitters

102.

[0022] The EM transmitter 102 is coupled by a cable 106 to a signal generator
108 on the sea vessel 100. Alternatively, the signal generator 108 can be contained
within the EM transmitter 102. The signal generator 108 controls the frequency and

magnitude of the EM signal generated by the transmitter 102.

SUBSTITUTE SHEET (RULE 26)



WO 2008/054888 PCT/US2007/070689

6

[0023] In one example, a plurality of sensor modules 110 are arranged on the
seabed 104 in a row (in a direction depicted as x,)}. In other embodiments, the sensor
modules 110 can have other arrangements (such as an array of sensor modules or
some random arrangement of sensor modules). Each sensor module 110 includes
various sensors, including electric field sensors and magnetic field sensors for making
electric field measurements and magnetic field measurements, respectively. Each of
the sensor modules 110 depicted in Fig. 1 provides measurement data (CSEM
measurement data), where the measurement data corresponds to measurements at

plural points along a line (row in direction x; as depicted in Fig. 1).

[0024] In one example, each of the sensor modules 110 includes a storage
device for storing measurements made by the various sensors, including electric field
and magnetic field sensors, in the sensor module 110. The stored measurement data is
retrieved at a later time when the sensor modules 110 are retrieved to the sea vessel
100. The retrieved measurement data can be uploaded to a computer 116 on the sea
vessel 100, which computer 116 has analysis software 118 capable of analyzing the
measurement data for the purpose of creating a map of the subterranean structure 112,
The analysis software 118 in the computer 116 is executable on a central processing
unit (CPU) 120 (or plural CPUs), which is coupled to a storage 122. An interface 124
that is coupled to the CPU 120 is provided to allow communication between the
computer 116 and an external device. For example, the external device may be a
removable storage device containing measurement data measured by the sensor
modules 110. Alternatively, the interface 124 can be coupled to a communications
device for enabling communications of measurement data between the computer 116
and the sensor modules 110, where the communications can be wired communications
or wireless communications. The wired or wireless communications can be
performed when the sensor modules 110 have been retrieved to the sea vessel 100.
Alternatively, the wired or witeless communications can be performed while the

sensor modules 110 remain on the sea floor 104.

[0025] Alternatively, instead of providing the computer 116 (and the analysis
software 118) on the sea vessel 100, the computer 116 can instead be located at a

remote location (e.g., at a land location). The measurement data from the sensor
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modules 110 can be communicated by a wireless link (e.g., satellite link) from the sea
vessel 100 to the remote location. In yet another alternative, each sensor module 110
can include processing circuitry to process the measurement data and derive electric

field values in accordance with some embodiments.

[0026] An EM wavefield in space and time is denoted as {E(x,t), H(x,1)},
with spatial coordinates x = {x,,x,,x,} and time coordinate +. E(x ) represents the
electric field, while H(x i) represents the magnetic field. The coordinates {x,,x,}
denote the horizontal directions (directions generally parallel to the seabed 104),
while x, denotes the Vertical. direction pointing into the earth (or generally
perpendicular to seabed 104). The EM wavefield is generated by the electromagnetic
transmitter 102 located in the sea at spatial position x° = {x’, x5, x7}, as depicted in
Fig. 2. On the scabed 104, the EM wavefield reflected by the earth geology is
measured by sensor modules 110, It is assumed that there exists a hypothetical

observational (horizontal) plane 202 (Fig. 2) between the source level (the level of the

transmitter 102) and the seabed 104. The vertical coordinate of this observational

obs

plane is given by x;

[0027] In the ensuing discussion, the EM field quantities in the frequency
domain, denoted as {ﬁ‘ (x), H(x)}, are considered, where the symbol # denotes the

dependence on the frequency parameter @ (the frequency of the EM signals produced
by the EM transmitter 102). It is also assumed that the seawater is homogeneous
(within the resolution of the measurement). The material parameters of the

subterranean structure underneath the seabed 104 are denoted by the complex

et el A o o1 .
~ constant permittivity £ =& ——, and the real constant permeability ¢ . Here, & is the
j@

dielectric permittivity of the subterranean structure o is the electrical conductivity of

. the subterranean structure, and j is an imaginary unit.

[0028] At the observational plane 202, the EM wavefield can be decomposed

into up-going and down-going wavefields. In the frequency domain, these wavefields
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are denoted as {E‘“"(x), H"(x)} and {E‘“”“’“ (x), B (x)}, respectively, as shown in

Fig. 2.

[0029] As mentioned above, a technicjue for removing water-layer multiples
may utilize the EM reciprocity theorem, which relates EM fields in the actual |
measurement configuration (that includes the sea surface 105) with EM fields in a
desired configuration (without the presence of the sea surface). One example of an
actual measurement configuration is depictéd in Fig. 2, while the desired
configuration is depicted in Fig. 3. EM fields measured in the two different
configurations are referred to as EM fields in two different EM field states, where a
first state correspond to EM fields measured in the actual configuration (state A), and
the second state correspond to EM ficlds measured in the desired configuration (state

B).

[0030}1 The two clectromagnetic ficld states are considered in the domain
below the observational plane 202. Since there are no EM sources below this
observational plane 202 and assuming that the earth geology is the same in both field

' states, the EM field reciprocity theorem applied to this domain yields, in the

observational plane 202, the following reciprocity relation:

| & [B*xA”-E*xh*]aa=0, (Eg. 1)

(x),xy )ER2

where {E”(x), b4 "(x)} and {ﬁ‘ "(x), " (x)} represent EM fields in two field states

(corresponding to the actual configuration and desired configuration of respective

Figs. 2 and 3) at the observational plane x = {x,,x,,x;"}. The vector i, is the unit

vector in the vertical direction x;. R® denotes the two-dimensional domain of the
observational plane 202. By using the decomposition of the electromagnetic fields in
states A and B into up- and down-going wavetields and noting that only wavefields

traveling in the opposite directions confribute, Eq. 1 can be rewritten as follows:

SUBSTITUTE SHEET (RULE 26)



WO 2008/054888 PCT/US2007/070689

jJ‘ i3 'I:EA‘A,HP % I;”]E,down _ Eﬂ,dalvr: % I}A,up +EA,dmwr % ﬁrﬂ,wp H‘EA‘B"'F’ % ﬁA,down:I dd =0.

(x1:)eR’

(Eq. 2)
It is observed that, in the integrand of Eq. 2, the second term (E#%""x ™) is equal
to the first term (B x H%%") and the fourth term (B x A*%"") is equal to the
third term (B x A% "), Hence, it may be concluded that at the observational

plane 202 there is reciprocity between up- and down-going wavefields through the

relations:
LBl aa= [ b (B ]a, (Eq.3)
(x),%)eR? (3,5 )eR?
or
[ afgsmlaa= [ o-[8m i (Eq. )
(x1,%0eR? (3.5, JeR?

[0031] The relations expressed in Eqs. 3 and 4 are the propagation/diffusion
invariants for up- and down-going wavefields, which form the basis for the removal
of sea-surface multiples and the source ghost. These two relations are not
independent of each other. One can use either the first relation (Eq. 3) or the second

relation (Eq. 4). In the ensuing discussion, the relation of Eq. 3 is utilized.

[0032] State A includes a down-going wavefield (B (x), A" (x)} and an

up-going wavefield {E™(x), B (x)}. These down- and up-going wavefields were
determined from pre-processing based on measurement data from a survey module
110. The down-going wavefield in state A includes the direct wavefield generated by
the EM ‘source as well as down-going wavefields reflected from the sea surface 105.

In state A, the up-going wavefield includes the target up-going reflected wavefield
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(which is the wavefield reflected from the subterranean structure) as well as up-going

reflected signals from the scabed 104.

[0033] In state B (the desired configuration), the sea surface 105 has been
removed and the sea water layer has been extended to i_nﬁnity (see Fig. 3). At the

- observational plane 202, a desired wavefield is represented as a superposition of a

down-going incident wavefield {£'(x), H'(x)}, generated directly by the EM

transmitter 102, and an up-going reflected wavefield {E"(x), H (%)}, reflected from

subterranean layers. With the above definitions, Eq. 5 below is obtained from Eq. 3 as

follows:

I [ faa= [[ i [Brxhon]as (B4. )

(x;%)eR? (.0, )eR?

where E* represents the up-going electric field in state A, ' replaces H>%™"

E" replaces E® ™, and ™" represents the down-going magnetic field in state

A.

[0034] To indicate the different seurce positions x° of the actual wavefield and

the different source positions ™ of the desired wavefield, Eq. 5 is written as:

if ;;-[E"P(x|x3)xf}"(x|x*‘r)]d,4= I} z;-[E*(x[xsf)xI;'d°"*"(x|x3)] dA,
(3 )R’ (51,5 )eR?

(Eq. 6)

where x = {x,,x,, x>}, x*={x,x0, x5} andx® = {x7, %, %)}, in which x%* is the

vertical location of the observational plane, x; is the vertical location of the actual

source, and xg’ is the vertical location of the desired source. Note that Eq. 6 involves
only the horizontal components of the electric and magnetic field vectors.

[0035} In one example, to solve Eq. 6 to obtain the up-going reflected
waveficld (without presence of ghosting and multiples), measurements are taken with

the sensor module 110 for a number of source positions x* above the area of

investigation. Further, the integration of Eq. 6 is replaced by a finite summation,
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which leads to a system of equations. In the system of equations, for one source
position x*, the horizontal components of E"(x|x™) are the unknown, while the
horizonfal components of E” (x| x%), H (x| x%)and H®" (x| x%) are known.
E"”(x|x%) and H*"(x|x*) are obtained from the decomposition of the actual
wavefields (derived based on measured EM fields by sensor modules) into up- and

down-going wavefields, while E' (x| x) is a prescribed incident wavefield that
would produce the desired reflected wavefield. Further, since Eq. 6 is a scalar
equation, while the unknown is a two-component vector field including the two
horizontal components of the electric field vector E (x| x™), a set of measurements
using two different source orientations (referred to as orientations I and I1) atx* are
used. For example, the two orientations (or excitations) can be provided by an
electric dipole located in two horizontal directions. In an alternative implementation,
orientation (or excitation) I and orientation (or excitation) Il can refer to two different
EM transmitters (e.g., a vertical electronic dipole source and a vertical magnetic

dipole source).

[0036] The terms “orientation” and “excitation” are used to connote either a
particular orientation of a single source or a particular type of source. From the

above, the following system of equations is obtained:

I} i3-[E'*f’*f(ﬂxs)xﬁ"(x|x3')]dA= [[ [ B o™y < Breoms (x[x) |da,

(¥ )eR? (3,5 )eR

(Eq. 7A)

H i .[E‘"P’”(x’xs)xH"i(x|xsr)]de4 _ J'J' i, _[E'r(x|x3r-) Xﬁdo"'"‘”(x’xs)]dA,

(xx }eR {x,3)eR?

(Eq. 7B)
forall x° e R®.
[0037] In the above equations, E*" (x|xs) represents the £ (x’xs)

wavefield for the transmitter at orientation I, and E™ (x|xS) represents the
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E» (xlxs) wavefield with the transmitter 102 at orientation II. The H®™"" and

H ! wavefields similarly represent magnetic wavefields at respective orientations
Iand II. After discretization of the integrals in Eqgs. 7A-7B, a discrete set of equations
for the horizontal components of the desired electric field E'(x|x™) are obtained for

a discrete set of x-points and for one specific value of the source point x*

[0038] The time domain version of Egs. 7A and 7B can be converted into:

Idt' H i [E“”’(x|x z‘—t‘)xl’;l"(xlxsr :|dA

t'eR (x),%9 )e.R

far |f l;-[E'(x|xs",:')><H‘*""'"-f(x|x3,:-:')}dA (Eq. 8A)

r'el (x JJeR?

far ] ¢'3-[E'“’-”(x|x°‘,z—:')xH"(x|xS’,z']dA

H'eR (x5 )e k2

= far [ 4 [E*(x|x5’ 1) x H“"’“"”(xlx t—t)}dA (Eq. 8B)

1'eR (%%, )eR?

forall x’ e R* and r€ R.

[0039] The above equations can be solved to derive the desired reflected
wavefield E"(x|x¥,#). Alternatively, Eq. 7 can be solved in the frequency domain

(as explained further below). After solving the system of equations either in the

frequency domain or in the time domain, desired multiple-free wavefield data

(representing the up-going reflected wavefield E r(xlxsr,t) is obtained).

[0040] Note that both in the frequency domain and in the time domain, a
priori knowledge of the actual source signature (in the incident wavefield) is not
needed. Instead, the type of incident wavefield in the desired configuration may be

freely chosen.

[0041} Fig. 4 shows an example of a procedure performed by the analysis
software 118 in accordance with an embodiment to determine a wavefield reflected

from a subterranean structure, where the wavefield is free of ghosting and sea
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surface-related multiples. As depicted in Fig. 4, magnetic fields are measured (at 402)
with a sensor module 110 (Fig. 1) for a source (transmitter 102) at orientations I and
II. In accordance with some examples, the magnetic ficlds measured by the sensor
modules 110 include magnetic fields that are tangenti’al to the seabed 104 (in other
words, horizontal magnetic fields). At the observation plane 202, up-going and
down-going EM wavefields are determined (at 404) for the measured magnetic fields

according to orientations I and 11
[0042] The analysis software 118 then identifies (at 406) the incident
wavefield F'(x ’ x*y for state B. The analysis software 118 then applies (at 408) the

reciprocity theorem to define relationships between EM wavefields and states A in B,
where the relationship is expressed as a system of equations. The system of equations
relates EM fields in state A to EM fields in state B for up-going and down-going EM
wavefields for orientation 1, and relates EM fields in state A and EM fields in state B
for orientation I (such as in Egs. 7A-7B and 8A-8B).

[0043] The analysis software 118 then solves (at 410) the system of equations

for the unknown wavefield £ r(x| x%Yy. The wavefield E"(x] x™) is the up-going

reflected waveficld in which the ghosting effect and the water-layer multiple effect
have been removed to provide an accurate representation of the subterranean structure

from which an accurate survey can be performed.

[0044] Eqgs. 7A-7B above may be simpliﬁed in some conditions. In a first

simplified example, the EM source is a horizontal electric dipole in the x, -direction
with electric moment #; . Basically, a horizontal electric dipole is a source that
includes two wires extending in a horizontal orientation (e.g., x,-direction). In this

case, the magnetic incident field from such a dipole has no component in the x, -

direction, which means that Eqs. 7A and 7B can be simplified to:

1 A g T '+ . S . ~ down,]
- (x| = [ i-(E (x|x3)><H (x|x*))dA (Eq. 9A)
(x),X3)eR?
1 LR r . o r o down,JT
o AEP G =[] R < (e dd (Eq. 9B)

(x).%,)eR?
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for all xS IS R2 .

[0045] Note thatin Eq. 9A, - %ﬁqf has replaced the H (x|xS) value in Eq.

7A, which is possible due to the fact that there is no magnetic incident field in the

x,-direction when a horizontal electric dipole is used. A similar substitution is
performed in Eq. 9B (with respect to Eq. 7B). After the inversion of this [inear
system of equations, E; and I'ff; are derived (which are the electric field E in the x,
and x; directions, respectively).

[0046] In a second simplification example, a horizontally layered earth model
is considered. A horizontal layered earth model refers to a model of the subterranean
structure where layers in the subterranean structure are relatively flat such that the

layers differ in the vertical x; direction. Without loss of generality, in this scenario

x¥ is equal to {0,0, x:r }, where it is assumed in the desired state B that the horizontal

positions (along x; and x;) do not contribute to the reflected EM wavefield from the

subterranean structure. Further, since the horizontal dependence of the actual

wavefield is given in terms of the coordinates {x, - x;,x, —x; }, Eq. 6 may be

replaced by:
H i [}3"””(;%]l —xfxy =g, x000,0, x5 x (%, x,, %27 (0,0, xf’)] dA
(Jc,,xz)nsR1
= H i, -[E"(xl, xz,x;’b‘ 0,0, xf’) x I}'“"’“'"(x1 - xf,x2 - x.f,x;’bs 0,0, xf)]dA.
(%1% )eR?
(Eq. 10)

[0047] For convenience, all quantities are transformed to the two-dimensional
spatial Fourier domain, using the transform pair,

ik kyx) = || expUkyx, + jk,x Yii(x,,x,, %, )dA, (Eq. 11A)

(x ,.1:2)61'?2

1 . L
|| exp(=jkx, - jk,x )iE(k, k,,x,)dd, (Eq. 11B)

(27) (K hy)eR”

U(x,x,x)=
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where j denotes the imaginary unit and {kl , kz} denote the two-dimensional transform

parameters. In view of the correlation theorem, Eq. 10 transforms to
iy | B (hyeky) x A (k. k,) | = 1y [ B (e ) H®" (-ki,-k) | 5 (Ba. 12)
where

E"(k k)= E"(k, k,, %" |0,0,x"),

H' (kb)) = H (K, ky, x| 0,0, x5,
E®(-k,,-k,) = B (-k;,~ky, x5 1 0,0,53),
HO" (ks -de) = HO (<l -hyy 357 10,0, 53).

[0048] Again, two independent measurements are obtained by taking two
different EM source excitations, denoted by I and II. Then, for each value of {,,k,},
a system of two equations for the two unknowns E and E} is derived, as follows:

—E (chyoky) B Ry hg) N HiGky)
_E;p'll('kp'kz) E:p'u ('kls'_kz) ﬁ;(klﬁkz)

_ ﬁ‘;own,l ("kl , 'kz) _ﬁfown,l (_kl, "kz) E"Ilr (kl’ k2 )
ﬁ;o\w,ﬂ ('kl , 'kz) ___j;rldown,ll ("kl , 'kz) Ezr (kl , kg )

(Eq. 13)

[0049] After inversion of this system, E] and E} are derived. Subsequently,

a two-dimensional inverse Fourier transformation is applied to the spatial domain.

obs

This yields the horizontal electric field components, El’ (x,,%,,x, 10,0, %)

and If:‘; (%, 5%, %5” 10,0, x57), of the multiple-free wavefield in the spatial domain.

[0050] Further simplification can be accomplished if a horizontal electric
dipole is used. When dealing with the particular case for a measurement setup

(orientation I) in a horizontally layered medium, where the wavefields are generated

by a horizontal electric dipole in the x, ~direction, it is observed that a second

measurement (II) may be superfluous and unnecessary. Normally, measurement Il is
created by rotating the source such that the wavetields are generated by a horizontal

electric dipole in the x, -direction. However, the wavefields in measurement setup Il
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are directly obtained from the measurements of setup I, by taking E/»" = -},
E;p,il — Elup,l , Hldown,ll — WH;DWIL,I and H;‘]uwn,]l — Hlduwn,l .
[0051] In yet another simplication, if in the horizontally layered configuration

the desired EM field is generated by a vertical electric dipole source, it is known that

the desired wavefield only includes TM wave constituents with zero vertical magnetic

field component. In this case, the horizontal components {E]' , EZ‘ 3 of the desired field
can be expressed in terms of the vertical component £} of the desired field, as
follows:

k(@8- k -k
K+ K

s k(@b k -k

B = E; (Bq. 14

B, E =

[0052] Therefore, Eq. 12 may be rewritten as an equation for the vertical
electric field component, E; , of the desired waveficld only. Hence, for a horizontally

layered earth model, it is observed that one set of measurements is sufficient to

uniquely determine the multiple-free reflected wavefield.

[6053] Similarly, if in the horizontally layered configuration the desired field
is generated by a vertical magnetic dipole source, it is known that the desired

wavefield only includes TE wave constituents with zero vertical electric field

component. In this case, the horizontal components {ET , E; } of the desired field can

be expressed in terms of the vertical component H ; of the desired field, as follows:

~r O O )7/ S
o O o oMk 5

= ; = (Eq. 15)
1 2 2 3 2 2 2 k|
k. + kz kl + k2

[0054] Therefore, Eq. 12 may be rewritten as an equation for the vertical
magnetic field component, H?, of the desired wavefield only. Hence, for a
horizontally layered earth model, it is observed that one set of measurement is enough

to uniquely determine the multiple-free reflected wavefield,

[0055] The general case is further discussed below, where in the general case

the earth is not horizontally layered. Since the results of the decomposition of the
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actual wavefield are arrived at in the spatial Fourier domain, it may be convenient to

solve the removal equation in the two-dimensional spatial Fourier domain. Using

Parseval’s theorem, Eq. 6 is replaced by:

x5y« H (k,, k,, 3

x }dA

b (B

(Fy ky JeR?

x5Y 5 FT (ke sk 205 xs)]dA (Eq. 16)

= I_[ I 'I:Er(kpkpx;bs

U by)er?
[0056] Similarly, Eqs. 7A, 7B can be replaced in the two-dimensional spatial
Fourier domain.

[0057] Alternatively, the tangential components of the electric and magnetic

fields can be expressed in terms of the vertical components, which leads to:

H —21 z[éﬁjaajz“;% yﬁg’"’aﬁ;]dA

ey )R kl + kz
I A fadowna Tar Frr 7 down
= | W[EE;’ 0,8y + pH0,HP™ | dA, (Eq. 17)
hkert 1 T
where
Eal = E:i(kpkz,x:bs |xSr), FI:: = ﬁai(kvkvx;bs |xSr),
Ef = EX(k kyy x2 | ™), HE = H(ky, Ky 32 | X)),

EP = EF(-hyyoky, x5 | X%), H =117 (ki ok, 23 | ),

E;lown — E;iuwn (-kl,-kz,x;’bs Ix.S‘)’ I;r;io\‘m — ﬁ;iown(_k]’_kpx:bs |x.S')'
[0058] Note that the E, and E; components have been removed from Eq. 17,

so that a single equation for the unknown 8,E! and H! results.

[0059] In the special case, where a horizontally layered earth model is

assumed, the TE and TM waves are uncoupled and, for each spectral value {k,4,},

the solution is arrived at:
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nl E;p ALl rrr H:;]p i
Ey==2—FE, for'TM -waves, H,=-=2—H; for TE -waves. (Eq.

Frdown frdown
E3 3

18)

[0060] In the general case, two equations are used. This is achieved by
completing a set of measurements with two different types of EM soutces, such that,
in the actual configuration, both transversal electric (TE) and transversal magnetic
(TM) waves are present. In the desired configuration, the type of EM source can be
freely chosen. In particular, a first choice of the desired configuration will be one with
a vertical magnetic dipole source. In this desired configuration mainly TE waves will
occur, while TM waves only arise if lateral changes of the subsurface are present.
Alternatively, a second choice of the desired configuration will be one with a vertical
¢lectric dipote source. Then, mainty TM waves will occur, while TE waves only arise
if Jateral inhomogeneities of the subsurface are present. This procedure facilitates an
enhanced interpretation of the “multiple-free” field data, especially the EM signals

due to the lateral changes of the domain under investigation.

[0061] Instructions of software described above (including the analysis
software 118 in Fig. 1) are loaded for execution on a processor (e.g., CPU 120 in Fig.
1). The processor includes microprocessors, microcontrollers, processor modules or
subsystems (including one or more microprocessors or microcontrollers), or other
control or computing devices. As used here, a “controller” refers to hardware,
software, or a combination thereof. A “controller” can refer to a single component or

to plural components (whether software or hardware).

[0062] Data and instructions (of the software) are stored in respective storage
devices (such as storage 122 in Fig. 1), which are implemented as one or more
machine-readable storage media. The storage media include different forms of
memory including semiconductor memory devices such as dynamic or static random
access memories (DRAMs or SRAMS), erasable and programmable read-only
memories (EPROMS), electrically erasable and programmable read-only memories
(EEPROMS) and flash memories; magnetic disks such as fixed, floppy and removable
disks; other magnetic media including tape; and optical media such as compact disks

(CDs) or digital video disks (DVDs).
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[0063] While the present invention has been described with respect to a
limited number of embodiments, those skilléd in the art, having the benefit of this
disclosure, will appreciate numerous modifications and variations therefrom. It is
intended that the appended claims cover all such modifications and variations as fall

within the true spirit and scope of this present invention.
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WHAT IS CLAIMED IS:
1. A method of performing surveying of a subterranean structure,
comprising: |
determining electromagnetic (EM) wavefields traveling in opposite
directions;

defining a relationship among the EM wavefields, wherein the EM
wavefields include a first set of EM wavefields in a first state in which a sea surface is
present, and a second set of EM wavefields in a second, different state in which the
sea surface is not present; and

solving for at least one EM wavefield in the relationship to perform

removal of sea surface-related effects.

2. The method of claim 1, wherein solving for the at least one EM
wavefield comprises solving for a reflected wavefield that is reflected from the

subterranean structure.

3 The method of claim 2, wherein solving for the reflected wavefield

comprises solving for the reflected wavefield with ghosting and multiples removed, '

4. The method of ¢laim 1, wherein defining the relationship comprises

defining a relationship according to an EM reciprocity theorem.
5. The method of claim 1, further comprising obtaining measurements in
response to an EM transmitter, wherein solving for the at least one EM wavefield is

according to the measurements.

6. The method of claim 5, wherein obtaining the measurements comprises

obtaining the measurements with the transmitter in two different orientations.

7. The method of claim 5, wherein obtaining the measurements comprises

" obtaining the measurements with two different types of transmitters.
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8. The method of claim 5, wherein the first set of EM wavefields in the
first state comprises up-going and down-going EM wavefields traveling generally in a
vertical direction, the method further comprising computing the up-going and down-

going EM wavefields based on the measurements.

9, The method of claim 8, wherein the second set of EM wavefields in the
second state comprise the at least one EM wavefield being solved and an incident EM
wavefield from the transmitter, wherein the at least one EM wavefield comprises a

reflected EM wavefield reflected from the subterranean structure.

10.  The method of claim 1, further comprising simplifying the defined
relationship among the EM wavefields when an EM source comprises one of a
horizontal electric dipole, a vertical electric dipole, and a vertical magnetic dipole, the
method further comprising determining the first set of the EM wavefields based on

measurements by a sensor module in response to EM signals from the EM source.
11.  The method of claim 1, farther comprising simplifying the defined

relationship among the EM wavefields by representing the subterranean structure as a

horizontally layered earth model.
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12, An article comprising at least one storage medium containing

instructions that when executed cause a system to:

receive measurement data obtained by a sensor module in response to
an clectromagnetic (EM) wavefield from at least one transmitter;

produce up-going and down-going EM wavefields according to the
measurement data, the up-going and down-going EM wavefields representing EM
wavefields in a first state where a sea surface is present; |

provide an incident EM wavefield and a reflected EM wavefield for a '
second state where the sea surface is not present; and

solve for the reflected EM wavefield according to a relationship among
the up-going and down-going EM waveficlds and the incident and reflected EM
wavefields, where the reflected EM wavefield that is solved is free of sea surface-

related effects.

13, The article of claim 12, wherein the sea surface-related effects include
ghosting and multiple reflections, and wherein the reflected EM wavefield is free of

ghosting and multiple reflections.
14.  The article of claim 12, wherein solving for the reflected EM wavefield
comprises solving for the reflected EM wavefield that is reflected from a subterranean

structure under a seabed.

15.  The article of claim 12, further comprising defining the relationship
among the up-going and down-going EM wavefields according to an EM reciprocity

theorem.

16.  The article of claim 12, wherein receiving the measurement data is in

response to plural different orientations of the at least one transmitter.

17. The article of claim 12, wherein receiving the measurement data is in

response to use of different types of transmitters.

18. A system to perform surveying of a subterranean structure, comprising:
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at least one transmitter to emit electromagnetic (EM) signals;
at least one sensor module to provide measurement data responsive to
the at least one transmitter; and
a computer to:
determine EM wavefields traveling in opposite directions;
define a relationship among the EM wavefields, wherein the
EM wavefields include a first set of EM wavefields in a first state in which a sea
surface is present, and a second set of EM wavefields in a second, different state in
which the sea surface is not present, wherein the first set of EM wavefields is based
on the measurement data; and
solve for at least one EM wavefield in the relationship to

perform removal of sea surface-related effects.

19.  The system of claim 18, wherein the solved at least one EM wavefield

is free of ghosting and water-surface multiples.

20.  The system of claim 18, wherein the relationship is according to an

EM reciprocity theorem.

21. The system of claim 18, wherein the solved at least one EM wavefield
is an EM wavefield reflected from the subterranean structure that is free of water-

surface multiples.
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