
METHOD FOR DEGHOSTING MARINE SEISMIC STREAMER DATA
WITH IRREGULAR RECEIVER POSITIONS BACKGROUND OF THE
INVENTION   1. Field of the Invention  [0001] This
invention relates generally to the field of
geophysical prospecting. More  particularly, the
invention relates to the field of deghosting marine
seismic streamer data. 2. Description of the Related
Art [0002] In the oil and gas industry, geophysical
prospecting is commonly used to aid in the  search for
and evaluation of subterranean formations. Geophysical
prospecting techniques  yield knowledge of the
subsurface structure of the earth, which is useful for
finding and  extracting valuable mineral resources,
particularly hydrocarbon deposits such as oil and
natural  gas. A well-known technique of geophysical
prospecting is a seismic survey. In a land-based
seismic survey, a seismic signal is generated on or
near the earth's surface and then travels  downward
into the subsurface of the earth. In a marine seismic
survey, the seismic signal may  also travel downward
through a body of water overlying the subsurface of
the earth. Seismic  energy sources are used to
generate the seismic signal which, after propagating
into the earth,  is at least partially reflected by
subsurface seismic reflectors. Such seismic reflectors
typically  are interfaces between subterranean
formations having different elastic properties,
specifically  sound wave velocity and rock density,
which lead to differences in acoustic impedance at the
interfaces. The reflected seismic energy is detected
by seismic sensors (also called seismic  receivers) at
or near the surface of the earth, in an overlying body
of water, or at known depths  in boreholes and
recorded. [0003] The resulting seismic data obtained
in performing a seismic survey is processed to  yield
information relating to the geologic structure and
properties of the subterranean  formations in the area
being surveyed. The processed seismic data is
processed for display and  analysis of potential
hydrocarbon content of these subterranean formations.
The goal of  seismic data processing is to extract
from the seismic data as much information as possible
regarding the subterranean formations in order to
adequately image the geologic subsurface. In  order to
identify locations in the Earth's subsurface where
there is a probability for finding  1 



petroleum accumulations, large sums of money are
expended in gathering, processing, and  interpreting
seismic data. The process of constructing the
reflector surfaces defining the  subterranean earth
layers of interest from the recorded seismic data
provides an image of the  earth in depth or time.
[0004] The image of the structure of the Earth's
subsurface is produced in order to enable  an
interpreter to select locations with the greatest
probability of having petroleum  accumulations. To
verify the presence of petroleum, a well must be
drilled. Drilling wells to  determine whether
petroleum deposits are present or not, is an extremely
expensive and time- consuming undertaking. For that
reason, there is a continuing need to improve the
processing  and display of the seismic data, so as to
produce an image of the structure of the Earth's
subsurface that will improve the ability of an
interpreter, whether the interpretation is made by  a
computer or a human, to assess the probability that an
accumulation of petroleum exists at a  particular
location in the Earth's subsurface. [0005] The
appropriate seismic sources for generating the seismic
signal in land seismic  surveys may include explosives
or vibrators. Marine seismic surveys typically employ
a  submerged seismic source towed by a ship and
periodically activated to generate an acoustic
wavefield. The seismic source generating the wavefield
may be of several types, including a  small explosive
charge, an electric spark or arc, a marine vibrator,
and, typically, a gun. The  seismic source gun may be
a water gun, a vapor gun, and, most typically, an air
gun.  Typically, a marine seismic source consists not
of a single source element, but of a spatially-
distributed array of source elements. This arrangement
is particularly true for air guns,  currently the most
common form of marine seismic source. [0006] The
appropriate types of seismic sensors typically include
particle velocity sensors,  particularly in land
surveys, and water pressure sensors, particularly in
marine surveys.  Sometimes particle displacement
sensors, particle acceleration sensors, or pressure
gradient  sensors are used in place of or in addition
to particle velocity sensors. Particle velocity
sensors  and water pressure sensors are commonly known
in the art as geophones and hydrophones,
respectively. Seismic sensors may be deployed by
themselves, but are more commonly  deployed in sensor
arrays. Additionally, pressure sensors and particle
velocity sensors may be  



deployed together in a marine survey, collocated in
pairs or pairs of arrays. [0007] In a typical marine
seismic survey, a seismic survey vessel travels on the
water  surface, typically at about 5 knots, and
contains seismic acquisition equipment, such as
navigation control, seismic source control, seismic
sensor control, and recording equipment.  The seismic
source control equipment causes a seismic source towed
in the body of water by  2 the seismic vessel to
actuate at selected times. Seismic streamers, also
called seismic cables,  are elongate cable-like
structures towed in the body of water by the seismic
survey vessel that  tows the seismic source or by
another seismic survey ship. Typically, a plurality of
seismic  streamers are towed behind a seismic vessel.
The seismic streamers contain sensors to detect  the
reflected wavefields initiated by the seismic source
and reflected from reflecting interfaces.
Conventionally, the seismic streamers contain pressure
sensors such as hydrophones, but  seismic streamers
have been proposed that contain water particle
velocity sensors such as  geophones or particle
acceleration sensors such as accelerometers, in
addition to hydrophones.  The pressure sensors and
particle motion sensors may be deployed in close
proximity,  collocated in pairs or pairs of arrays
along a seismic cable. [0008] After the reflected wave
reaches the streamer cable, the wave continues to
propagate to the water/air interface at the water
surface, from which the wave is reflected  downwardly,
and is again detected by the hydrophones in the
streamer cable. The water  surface is a good reflector
and the reflection coefficient at the water surface is
nearly unity in  magnitude and is negative in sign for
pressure signals. The waves reflected at the surface
will  thus be phase-shifted 180 degrees relative to
the upwardly propagating waves. The  downwardly
propagating wave recorded by the receivers is commonly
referred to as the  surface reflection or the "ghost"
signal. Because of the surface reflection, the water
surface  acts like a filter, which creates spectral
notches in the recorded signal, making it difficult to
record data outside a selected bandwidth. Because of
the influence of the surface reflection,  some
frequencies in the recorded signal are amplified and
some frequencies are attenuated.  [0009] Maximum
attenuation will occur at frequencies for which the
propagation distance  between the detecting hydrophone
and the water surface is equal to one-half wavelength.
Maximum amplification will occur at frequencies for
which the propagation distance between  



the detecting hydrophone and the water surface is
one-quarter wavelength. The wavelength of  the
acoustic wave is equal to the velocity divided by the
frequency, and the velocity of an  acoustic wave in
water is about 1500 meters/second. Accordingly, the
location in the  frequency spectrum of the resulting
spectral notch is readily determinable. For example,
for a  seismic streamer at a depth of 7 meters, and
waves with vertical incidence, maximum  attenuation
will occur at a frequency of about 107 Hz and maximum
amplification will occur at  a frequency of about 54
Hz. [0010] A particle motion sensor, such as a
geophone, has directional sensitivity, whereas a
pressure sensor, such as a hydrophone, does not.
Accordingly, the upgoing wavefield signals  detected
by a geophone and hydrophone located close together
will be in phase, while the  3 downgoing wavefield
signals will be recorded 180 degrees out of phase.
Various techniques  have been proposed for using this
phase difference to reduce the spectral notches caused
by the  surface reflection and, if the recordings are
made on the seafloor, to attenuate water borne
multiples. It should be noted that an alternative to
having the geophone and hydrophone co- located, is to
have sufficient spatial density of sensors so that the
respective wavefields  recorded by the hydrophone and
geophone can be interpolated or extrapolated to
produce the  two wavefields at the same location.
[0011] Currently in the art of geophysical marine
seismic prospecting, a vessel tows very  long
streamers which have many seismic receivers, typically
hydrophones, attached. These  receivers register a
portion of a scattered acoustic wavefield originated
from the sounding of a  seismic source. The acoustic
wavefield generated by the seismic source is scattered
by  reflections and refractions in the Earth. Because
these streamers are very long, have many  receivers,
and are towed behind a moving vessel, the coverage in
the sail, or inline, direction is  very large. [0012]
In conventional marine seismic acquisition, the
receivers of the streamer are located  in so-called
array configurations at a particular depth position
below the sea surface. This  enforcement at a fixed
horizontal level is achieved by standard methods.
Because of this  arrangement, the so-called primary
reflection, the direct response from source to
subsurface  and subsequently to the receivers, is
clouded by the so-called ghost reflection, from the
wave  



that travels from source to subsurface and
subsequently via the sea surface to the receivers.
[0013] Removing the ghost reflection from marine
seismic data is the first stage in pre- processing the
data to increase the resolving power. This procedure
is known as "deghosting".  In present-day marine
seismic acquisitions, the positions of the receivers
are recorded. For  receivers in a streamer parallel to
the water surface, deghosting can be carried out by a
relatively simple algebraic operation carried out in
the spectral domain representation of the  recorded
data. Here, the depth of the receivers in the seismic
streamer is the only physical  input parameter. [0014]
The standard deghosting procedure is conditioned on
the receivers being positioned  on a horizontal level
parallel to the sea surface. In practice, it is
difficult to keep a long  streamer with receivers on a
constant vertical depth level. Further, an example of
a  purposefully non-horizontal streamer is the
so-called slant streamer. However, when the  receivers
are irregularly positioned both in the horizontal
direction and vertical direction, the  standard
processing fails or at best gives an approximate
solution. [0015] Thus, a need exists for a method for
deghosting marine seismic data recorded at  4
arbitrary vertical and horizontal receiver positions.
Preferably, the method should operate  without any
prior knowledge of the subsurface. BRIEF SUMMARY OF
THE INVENTION [0016] The invention is a method for
deghosting seismic data recorded from marine
streamers with irregular receiver positions. Seismic
data are obtained for each seismic source  activation
in the marine streamer and for each frequency, after
being transformed to a spectral  domain. An iterative
conjugate gradient scheme, using a physically-based
preconditioner, is  applied to the transformed seismic
data, to provide a least squares solution to a normal
set of  equations for a deghosting system of
equations. The solution is inverse-transformed back to
a  space-time domain to provide deghosted seismic
data. BRIEF DESCRIPTION OF THE DRAWINGS [0017] The
invention and its advantages may be more easily
understood by reference to the  following detailed
description and the attached drawings, in which:
[0018] FIG. 1 is a flowchart illustrating a first
embodiment of the invention for deghosting  



marine seismic streamer data recorded at arbitrary
receiver positions; [0019] FIG. 2 is a flowchart
illustrating an initial portion of a second embodiment
of the  invention for deghosting marine seismic
streamer data recorded at arbitrary receiver
positions;  [0020] FIG. 3 is a flowchart illustrating
a final portion of a second embodiment of the
invention for deghosting marine seismic streamer data
recorded at arbitrary receiver positions,  begun in
FIG. 2; and [0021] FIG. 4 is a flowchart illustrating
an embodiment of the invention for an iterative
preconditioned conjugate gradient scheme. [0022] While
the invention will be described in connection with its
preferred embodiments,  it will be understood that the
invention is not limited to these. On the contrary,
the invention is  intended to cover all alternatives,
modifications, and equivalents that may be included
within  the scope of the invention, as defined by the
appended claims. DETAILED DESCRIPTION OF THE INVENTION
[0023] The invention is a method for deghosting marine
seismic streamer data recorded at  5 arbitrary
receiver positions, with the provision that the depth
coordinates are uniquely related  to the horizontal
coordinates. This provision precludes vertical
receiver cables. In modern  marine acquisition system,
this receiver position information is recorded.
Considering the  deghosting procedure as the solution
of a Fourier-type system of equations shows that the
solution derives from an inversion of a system of
equations with a well-defined Fourier kernel.  Indeed
for the case of the horizontal cable the system of
equations reduces to the simple case of  an algebraic
operator. On the other hand, for the case of a
streamer with varying depth levels  (single valued at
each horizontal position), deghosting can be achieved
with a robust least- squares solution of the system of
equations, where now all the receiver depths serve as
physical  input parameters to build the kernel of the
system. [0024] The invention operates without any a
priori knowledge of the subsurface. The  deghosting
operation is performed on the recorded data for every
shot separately. For every  frequency it comprises of
a method for solving a system of equations. Solution
of the system  of equations is obtained using a
preconditioned conjugate gradient iterative method.
The  preconditioner is based on the physics of the
problem at hand, rather than the mathematics, as  



conventional. As an efficient preconditioner, the
inverse of the horizontal streamer is  employed, since
an irregular non-horizontal streamer can be treated as
a perturbation of the  regular horizontal streamer. A
feature of an irregular streamer is lower
insensitivity of the  deghosting procedure to
fundamental zero information at the notches in the
frequency domain.  [0025] FIG. 1 is a flowchart
illustrating a first embodiment of the invention for
deghosting  marine seismic streamer data recorded at
arbitrary receiver positions. [0026] In block 11,
seismic data are obtained for each seismic source
activation and for  each frequency after being
transformed to a spectral domain. [0027] In block 12,
an iterative conjugate gradient scheme, using a
physically-based  preconditioner, is applied to the
transformed seismic data, to provide a least squares
solution to  a normal set of equations for a
deghosting system of equations. [0028] In block 13,
the seismic data are inverse-transformed back to a
space-time domain  to provide deghosted seismic data.
[0029] FIG. 2 is a flowchart illustrating an initial
portion of a second embodiment of the  invention for
deghosting marine seismic streamer data recorded at
arbitrary receiver positions.  The final portion will
be discussed below with reference to the flowchart in
FIG. 3. [0030] In block 21, seismic data recorded with
a marine streamer are obtained. The  receiver data for
each shot (seismic source activation) position, and
for all recorded times t, is  taken as input seismic
data. The spatial position of the receivers in a
Cartesian coordinate  6 frame is given by XR = (xR, x2
, x3). In the invention, the receiver depth X3 = X3
(xR, Xz) is a  single-valued function of the
horizontal coordinates xR and x3 . Thus, the streamers
are not  vertical, but not necessarily horizontal.
Further, in the invention, the horizontal coordinates
XI and XR can be irregularly-positioned. Thus, the
horizontal positions of the receivers in the streamers
are not necessarily in a regular grid pattern. [0031]
In block 22, recorded seismic data for a shot are
obtained from the seismic data  obtained in block 21.
[0032] In block 23, the recorded seismic data for a
shot from block 22 are temporally  transformed from
the space-time domain to the space-frequency domain.
In an embodiment of  the invention, the scattered wave
field ps`t at the receiver locations is transformed
from the  space-time (xR, xz , x3 , t) domain to the
space-frequency (xR, x3 , x3t, s) domain, so: 



Sc! sct R R R R. p = P ~Xi,9,X2,r1X3 ,S  where s =
jca= j21rf , and p'`( is the scattered acoustic
wavefield in the space-frequency domain, x; a is an
in-line  receiver coordinate, q is an in-line receiver
number, Xz r is a cross-line receiver coordinate, r is
a cross-line receiver number, x3 is receiver depth as
a function of X R and xz r, s is the  complex Laplace
transform parameter, j is the imaginary unit , w is
circular frequency,  and f is frequency. [0033] This
transform of the scattered wave field ps"( at the
receiver locations is done for  each shot position and
can be accomplished by applying well-known transforms,
such as  standard Fourier transforms. [0034] In block
24, transformed seismic data from block 23 are
obtained for a frequency f  [0035] In block 25, the
transformed seismic data for a frequency from block 24
are  transformed from the space-frequency domain to
the spectral domain. In an embodiment of the
invention, the scattered wave field ps`t is
transformed from the space-frequency domain  7 (X
,x2,x3,s) to the spectral domain (san,s/3m,X3 ,s) by:
ZN zM Pn dx; x exp (jsanxRq + js/3 xa ) pt (2) m 2,r
q=-ZN+I r=-zM+l where: san = nL(sa), s/m = MA (S,8),
(3)  and: 0(sa)= Nix , 0(s/3) _ MAR . (4) 1 2 Here,
P"m is the scattered acoustic wavefield in the
spectral domain, n is an in-line spectral  number, m
is a cross-line spectral number, Ax; is in-line
receiver sampling distance. Axe is  cross-line
receiver sampling distance, jsan is an in-line
spectral Fourier parameter, 0(sa) is  



in-line spectral sampling distance. js/3m is a
cross-line spectral Fourier parameter, 0(s/3) is
cross-line spectral sampling distance, N is total
number of in-line receivers, and M is total  number of
cross-line receivers. [0036] In block 26, a system of
equations is determined for deghosting the transformed
seismic data for a frequency from block 25. Since the
receiver locations are located arbitrarily,  the
wavefield in the spectral domain cannot be determined
explicitly. Therefore, the  deghosting procedure of
the invention comprises solving a system of equations.
For the  arbitrary receiver positions xR = (x q, x2,r,
X3q r) in the spectral domain, the depths of the
receivers on a non-horizontal streamer are given by a
single-valued function of the horizontal  receiver
coordinates. Specifically, the receiver depth is
written as X q r = x3 (Xq, X2,) . In  modern marine
acquisition systems, this receiver position
information is recorded. The  deghosting operation can
then be compactly written as the solution of a system
of equations: 8 TN ZM K Pdgh __ scr q,r;n,m nm Py,r' q
= - iN+1,..., iN, r iM , (5)  n=-'N+1 m=-1M+I z in
which the system matrix K9 r;n,n, is given by
A(sa)A(sl) 2N 2M r /~ 7~ l Kq,r;n,m - 2 1 E expl
-JSanxl,q-Js/-'mX2 r1 12sinh(sl n mXjt 1 . (6)  4Ir
n=-ZN+I m=-ZM+I \ / Here, the unknown vector Pdmh is
the deghosted acoustic wavefield at zero depth and is
given  in the spectral domain as: dgh dgh //~~ Pn,m =
Pn,m (San,S1 m,0;S), (7) the known vector py`r is the
recorded seismic data in the space-frequency domain,
given as: scr _ sct r R R R 3,9,r' S ' (8)  P9.r - P
\X1,9' X2.r' X (  



and the vertical propagation coefficient SFn m is: z
SFnm =J r2cf 1 _(San)2 _(Sfm)2 (9)  I` C J where c is
acoustic wave speed in water. [0037] In block 27, the
process continues on to block 31 of FIG. 3 to solve
the system of  equations determined in block 26.
[0038] FIG. 3 is a flowchart illustrating a final
portion of a second embodiment of the  invention for
deghosting marine seismic streamer data recorded at
arbitrary receiver positions.  The final portion
continues the initial process discussed above with
reference to the flowchart  in FIG. 2. [0039] In block
31, a normal set of equations is determined from the
set of deghosting  equations in block 26 of FIG. 2.
Since the known vector p9`; is defined in the space- 9
frequency domain and the unknown vector Pdnh is
defined in the spectral domain, a least- squares
solution in the space-frequency domain is employed in
the embodiment of the  invention. Both sides of
Equation (5) are multiplied by the complex conjugate
of the system  matrix Kq r m. and the results are
summed over all values of the in-line and cross-line
receiver  numbers q and r, respectively. After
interchanging the latter summation over q and r and
the  summation over n and m, a system of normal
equations is obtained, as follows: N M Pdgh  ,m (10)
"n.,m.;n,m `n n=-2 - 'N+1 m=-'M+I Here, the matrix An'
m;n,m is given by N ZM An',m';n,m - I I Kq,r;n',m'
Kq,r;n,m ' (11)  q=-zN+1 r=-zM+I and the known vector
Bn, m, is given by 



ZN zM sc  Bt n, m, _ Kq r;n, m' p, (12) q=-'N+1
r=-'M+1 where n and n' are in-line spectral numbers. m
and m' are cross-line spectral numbers, and the
overline above the system matrix Kq r;n',m' designates
complex conjugation. [0040] The main processing in the
invention comprises the solution of this linear set of
normal equations in Equation (10). The solution is of
a general nature for existing streamer
configurations, but can accommodate new streamer
configurations, such as slant streamers.  [0041] Note
that a conventional marine streamer, a strictly
horizontal streamer  configuration, is just a special
case of the general case handled by the invention. In
this  conventional (horizontal) case, the receiver
depth position x3 is constant and the inversion of
the system of equations reduces to the standard
deghosting procedure. The system of equations  can be
solved by an inverse discrete Fourier transform.
Equations (5) and (6) become the  system of equations:
10 A(sa')A(s,3) ZN ZM 2 exp(-7SanXRy
7S~mx2~r)2sinh(SrnmX32)pdmh  47r n= _1N+1 m=-ZM+I (13)
=psct(xRy,X r,x3R ;sq=-ZN+1,...,ZN, r=-ZM+1,...I'M. R
The deghosting for constant x3? can be carried out
explicitly in the spectral domain. The dgh m as
defined in Equation (7), can  deghosted field in the
spectral domain at zero depth level, pn, be obtained
directly as: pscm  Pdmh = n,m (14)  2 sinh (sI'n,m X3
) [0042] For the solution of the general set of linear
equations in Equation (10), many  efficient solvers
are available, such as direct solvers and iterative
solvers. A very efficient  



iterative solver is a preconditioned conjugate
gradient iterative method based on the  minimization
of the discrepancies between the measured data and the
modelled response. In a  further embodiment of the
invention, Equation (5) is considered and a solution
to the spectral  deghosted wavefield Pdmh is developed
employing a conjugate gradient iterative scheme, such
that the error ERR given by: ZN N =N M 2 (15)  ERR=
P-t - Kyr;nmPndgm h yr y=-zN+l r=-2N+I n=-zN+l m=-ZM+I
is minimized. [0043] Returning to FIG. 3, in block 32,
the normal equations from block 31 are  preconditioned
with a physically-based preconditioner. A
preconditioner is often used in  conjugate gradient
iterative methods to make the equations
well-conditioned. Standard  preconditioners, such as
multi-level ILU types, for example, are usually based
on the  mathematical structure of the system matrix.
Unfortunately, for the present problem, these
mathematics-based preconditioners are inefficient. In
an embodiment of the invention, a  preconditioner is
used which is based on the physics of the problem
being solved, a non- 11 horizontal streamer. [0044]
Since an irregular non-horizontal streamer can be
considered as a perturbation of a  regular horizontal
streamer, the inverse of the system matrix of an
irregular streamer is  approximated by the inverse of
the system matrix of a horizontal streamer. Hence, the
inverse  of the system matrix of an equivalent
horizontal streamer is taken as preconditioner. Note
that  if the streamer is horizontal, then the
conjugate gradient iterative scheme terminates within
a  single iteration with this preconditioner. For a
horizontal streamer, the system of normal  equations
of Equation (10) is diagonal and the solution is
directly obtained as: Pn mh = LAn,m;n,m~-I Bn,m (16)
[0045] In an embodiment of the invention, the
preconditioner Pn m employed is: zN ZM Z 



(17)  Pnm [A,,m;nm] - IKgr;nml q=-=N+1 r=-'A4+1 For
convenience, Equation (5) can be written in the
compact form: I K9nPdgh __ pqa, (18)  n where n stands
for (n, m) and q stands for (q, r) now. [0046] In bock
33, a preconditioned conjugate gradient iterative
scheme is applied to solve  the system of equations in
Equation (18), the preconditioned normal set of
equations from  block 32. In each iteration,
designated with number k, an approximate value of the
spectral  deghosted wavefield Pdgh(k) is obtained with
a residual error Thus, at the k`'' iteration, the
lilh residual error is given by: r(k) _ sir _ Ky,n
Pndgh(k) pq (19) n 12 A particular embodiment of the
invention for a preconditioned conjugate gradient
iterative  scheme is described below with reference to
the discussion of the flowchart in FIG. 4. [0047] In
block 34, it is determined if any frequencies selected
in block 24 of FIG. 2  remain. If frequencies remain,
the process returns to block 24 of FIG. 2. If no
frequencies  remain, then the process continues on to
step 35. Hence, the solution by conjugate gradient
iterations is repeated for each frequency f. [0048] In
block 35, it is determined if any shots selected in
block 22 of FIG. 2 remain. If  shots remain, the
process returns to block 22 of FIG. 2. If no shots
remain, then the process  continues on to step 36.
Hence, the solution by conjugate gradient iterations
is repeated for  each shot. [0049] In block 36, the
deghosted solutions from block 33 are transformed from
the  spectral domain back to the space-time domain.
After obtaining the deghosted wavefield in the
spectral domain, the deghosted wavefield, pdgh = pdgh
(XRq, XZ q0; s) , at zero level in the space- time
domain is obtained as: (sa)O(sQ) =N zM pdgh =A z exp(
jsanx q_jslmX2,r)Pdmh. (20)  



4~r n=-ZN+I m=-ZM+I [0050] FIG. 4 is a flowchart
illustrating an embodiment of the invention for an
iterative  preconditioned conjugate gradient scheme.
This is the scheme referred to in block 33 of FIG.  3,
above. [0051] In block 41, a zero initial estimate for
iteration counter k = 0 is selected. In one
embodiment, this estimate is: Pdgh(O) = 0, y(0) = pSCI
(21)  In other embodiments, different choices for the
initial estimate of the conjugate gradient  scheme may
be used. For example, the different choices can
include, but are not limited to, the  solution
obtained for a previous frequency or the solution for
a different shot position. [0052] In block 42, an
estimate for iteration counter k = 1 is calculated. In
one  embodiment, these estimates are: 13 1 I g(') =
P,, K n  r(0)q V. (') = Pn g(u  n q,,, q (1)I2  KV(')n
K v(') a(')- L"g" (22)  qn n n , IKV(')I2 n  Pdgh(') =
Pdgh(0) +a(')v(') Y') = r ) -a(')Kv(').  n n n y q n
[0053] In block 43, the iteration counter k is
increased by 1. Thus, k = k + 1, yielding k =  2, 3,
..., sequentially. [0054] In block 44, an estimate for
iteration counter k is calculated, using estimates for
iteration counter k-1. In one embodiment, this
estimate is: 2  (k) = (k-I) k) (k) n gn(k) 1(k)  



gn Pn Kg,n rg vn Pngn + g(k-1) I2 Vn q n n  (k) 2
Kv(k)n =>Kyn V(k)n a(k)= In g " (23) n I KV(k) 2 9 n
Pn = Pn +a (k)V(k) r(k) = Y(k-') - a(k)KV(k)  n n n q
y n' [0055] In block 45, an error criterion is
calculated for the current k`h iteration estimate of
the residual q(k) from block 44. In one embodiment,
this error criterion is: IIr(k) z ql pscr 12 < 10 -3 .
(24)  4 q [0056] In block 46, it is determined if the
error criterion in block 45 is satisfied. If the error
criterion is not satisfied, then the iterative process
returns to block 43 to continue with another  set of
estimates. If the error criterion is satisfied, then
the iterative process ends. [0057] It should be
understood that the preceding is merely a detailed
description of  specific embodiments of this invention
and that numerous changes, modifications, and
alternatives to the disclosed embodiments can be made
in accordance with the disclosure here  without
departing from the scope of the invention. The
preceding description, therefore, is not  meant to
limit the scope of the invention. Rather, the scope of
the invention is to be  14 determined only by the
appended claims and their equivalents.  15 is CLAIMS
I claim: [C1] A method for deghosting seismic data
recorded from marine streamers with irregular
receiver positions, comprising: obtaining seismic data
for each seismic source activation and for each
frequency after  being transformed to a spectral
domain; 



applying an iterative conjugate gradient scheme, using
a physically-based  preconditioner, to the transformed
seismic data, to provide a least squares  solution to
a normal set of equations for a deghosting system of
equations; and inverse-transforming the solution back
to a space-time domain to provide deghosted  seismic
data. [C2] The method of claim 1, wherein the
obtaining seismic data comprises:  obtaining seismic
data recorded with a marine streamer; obtaining
recorded seismic data for a seismic source activation;
transforming the recorded seismic data for a seismic
source activation from the space- time domain to the
space-frequency domain; obtaining transformed seismic
data for a frequency; and transforming the transformed
seismic data for a frequency from the space-frequency
domain to the spectral domain. [C3] The method of
claim 2, wherein the transforming the recorded seismic
data comprises:  transforming the scattered acoustic
wavefield from the space-time (x; ,x2t,x3t,t)  domain
to the space-frequency (xR,x2t,x3 ,s) domain using a
Fourier transform,  so: scr _ scr R R R  P P
(XI.9'X2rIX3;S  where s=jw=j2rf,  16 t and ps" is the
scattered acoustic wavefield in the space-frequency
domain, X R is an  in-line receiver coordinate, q is
an in-line receiver number, x2 , is a cross-line
receiver coordinate, r is a cross-line receiver
number, x3 is receiver depth as a  function of X R and
xZ r , s is a complex Laplace transform parameter, j
is  imaginary unit Ji, w is circular frequency, and f
is frequency. [C4] The method of claim 3, wherein the
transforming the transformed seismic data  comprises: 



transforming the scattered wave field p"` from the
space-frequency domain  (xR,xZ ,x3 ,s) to the spectral
domain (san,s/3m,x3~,s) by: zN Al zPn m Ox~Ox2 exp
(Jsanx ,q + .~s/-'mx2,r) pSCI  q=-zN+1 r=-iM+1 where:
san =n0(sa), s,3m =m0(sf),  and: A (Sa)= NAXR , A
(sa)= MdxR ,  1 2 and 1 is the scattered acoustic
wavefield in the spectral domain, n is an in-line
spectral number, m is a cross-line spectral number,
AxIR is in-line receiver  sampling distance. Ax" Z is
cross-line receiver sampling distance, jsa" is an in-
line spectral Fourier parameter, 0(sa) is in-line
spectral sampling distance.  js,3 is a cross-line
spectral Fourier parameter, A(s,Q) is cross-line
spectral  sampling distance, N is total number of
in-line receivers, and M is total number  17 is . of
cross-line receivers. [C5] The method of claim 4,
further comprising: determining a system of equations
for deghosting the transformed seismic data for a
frequency; determining a normal set of equations for
the deghosting system of equations; and  applying a
physically-based preconditioner to the normal set of
equations. [C6] The method of claim 5, wherein the
determining a system of equations for deghosting
comprises applying the following equation: zN 2M Kq.
Pdg`' Pgcr, 9 = - 2N+1,..., 2N, Y = - zM+1,..., zM  r;
n,m n,m n=-!N+I m= 'A4+1 



in which the system matrix Kq r;n,m is given by  0(sa)
0(s,6) =N zM K = 2 E E exp ~-jsa xI,q s xR~ 2 Binh (sI
xR l . q,r;n,m n I, q F'm 2,r n,m 3  41r n=-zN+l
m=-ZM+I [C7] . The method of claim 6, wherein the
determining a normal set of equations comprises
applying the following equation: N zM All Pdg" =B
n'_-=N+1, =N m'_-=M+1 =M  ',m';n,m nm n',." =- ! N+l
m=- ! M+l  n z z where, the matrix An',m;n,m is given
by N zM An'.m,;n,m E l Kq,r;n',m' Kq,r;n m  q=-zN+I
r=-zM+I the known vector Bn, m' is given by 18 N M  z
i _ sct  Kq,r;n',m' Pq,r ,  q=-2N+1 r=-2M+I and n and
n' are in-line spectral numbers. m and m' are
cross-line spectral numbers, and the  overline
designates complex conjugation. [C8] The method of
claim 6, wherein the preconditioner comprises an
inverse of the system  matrix for a horizontal
streamer. [C9] The method of claim 8, wherein the
applying a preconditioner comprises applying the
following equation: ~N !M 2  



i 2 2  pnm = [Anm;nm] = IKgr;nml q=-2.N+I r=-2M+I
[C101 The method of claim 1, wherein the applying an
iterative conjugate gradient scheme  comprises:
selecting an initial estimate for iteration counter k
= 0, as follows: Pdgh(O) = 0, (0) rct  n , q = Pq .
calculating estimates for iteration counter k = 1, as
follows: gnl) = fin E Kq n y(0) vnI) = Pngnl) 9  q ~I)
2  Kv(') _ K v(') a~')= gn n qn n E  n n gJKO)IZ
pdgh(l) = pdgh(0) +a(1)vnl), r(') = r(0) -a(')Kv(').
g - q n performing the following until an error
criterion is met:  19 ! i increasing the iteration
counter by k = k + 1; and calculating estimates for
iteration counter k, using previous estimates
calculated  for k - 1, as follows: (k)I2  gnk) - Pn j
Kq.n y(k-I)' Vnk) Pk+ gn V(k)  2 n (n III  q n  



(k) 2 Kv(k)n K9.n V(k)n a(k) = In l gn n IgIKv(k)nI2
pdgh(k) = pdgh(k-1) + a(k)V(k) Yk) = Yk-1) - a(k)Kv(k)
n n n 9 9 n [C11] The method of claim 5, wherein the
error criterion is given by: IqI v(k)I2 3 Z<10 .
9Ip9sc! 12 [C12] The method of claim 4, wherein the
inverse-transforming the solution comprises  applying
the following equation: i (Sa)A(Sfl) ZM /~ pdgh z E
exp(-jSanXRq-.IslmX2,r)Pdmh  42r n= -=N+1 m=-ZM+I 20 


