1 DEVICE AND METHOD FOR DEGHOSTING VARIABLE DEPTH STREAMER DATA
CROSS-REFERENCE TO RELATED APPLICATIONS [0001]The present application is related to and
claims the benefit of priority of U.S. Provisional Application 61/578,777, having the title "Device and
Method for Deghosting Variable Depth Streamer Data," and being authored by G. Poole, the entire
content of which is incorporated herein by reference, BACKGROUND TECHNICAL FIELD
[0002]EmbodfefE & M@J&EPR%%&?&%Q&%%B&%%&%@W%@%Rsystems
and, more particularly, to mechanisms and technjgues for deghosting seismic data collected with one
or more streamers having variable depths. DIscBAEfON OF THE BACKGROUND

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] The present application is related to and claims the benefit of priority of
U.S. Provisional Application 61/5678,777, having the title “Device and Method for
Deghosting Variable Depth Streamer Data,” and being authored by G. Poole, the

entire content of which is incorporated herein by reference.

BACKGROUND

TECHNICAL FIELD

[06002] Embodiments of the subject matter disclosed herein generally relate to
methods and systems and, more particularly, to mechanisms and techniques for
deghosting seismic data collected with one or more streamers having variable

depths.

DISCUSSION OF THE BACKGROUND

[0003] During the past years, interest in developing new oil and gas
production fields has dramatically increased. However, the availability of land-based
production fields is limited. Thus, the industry has now extended drilling to offshore
locations, which appear to hold a vast amount of fossil fuel. Offshore drilling is an
expensive process. Thus, those engaged in such a costly undertaking invest
substantially in geophysical surveys in order to more accurately decide Where to drill

or not (to avoid a dry well).



[0003]During the past years, interest in developing new oil and gas production fields has dramatically
increased. However, the availability of land-based production fields is limited. Thus, the industry has
now extended drilling to offshore locations, which appear to hold a vast amount of fossil fuel. Offshore
drilling is an expensive process. Thus, those engaged in such a costly undertaking invest substantially
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reflected acoustic wave 22b propagates upward and is detected by detector 12. For simplicity, Figure
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by the source 20 may be substantially a spherical wave, e.g., it propagates'in all directions
16 at the same time. The streamers may be disposed horizontally, i.e., lying at a

constant depth z; relative to the surface 18 of the ocean. Also, the plural streamers
16 may form a constant angle (i.e., the streamers may be slanted) with respect fo the
surface of the ocean as disclosed in U.S. Patent No. 4,992,992, the entire content of
which is incorporated herein by reference. Figure 2 shows such a configuration in
which all the detectors 12 are distributed along a slanted straight line 14 that makes
a constant angle a with a reference horizontal line 30.

[0006] With reference to Figure 1, the vessel 10 also tows a sound source 20
configured to generate an acoustic wave 22a. The acoustic wave 22a propagates
downward and penetrates the seafloor 24, eventually being reflected by a reflecting
structure 26 (reflector R). The reflected acoustic wave 22b propagates upward and
is detected by detector 12. For simplicity, Figure 1 shows only two paths 22a
corresponding to the acoustic wave. However, the acoustic wave emitted by the

source 20 may be substantially a spherical wave, e.g., it propagates in all directions



3 starting from the source 20. Parts of the reflected acoustic wave 22b (primary) are recorded by the
various detectors 12 (the recorded signals are called traces) while parts of the reflected wave 22c pass
the detectors 12 and arrive at the water surface 18. Since the interface between the water and air is
well approximated as a quasi-perfect reflector (i.e., 3he water surface acts as a mirror for the acoustic
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with a reverse polarity and a time lag relative to the primary wave 22b. The
degenerative effect that the ghost arrival has on seismic bandwidth and resolution is
known. In essence, interference between primary and ghost arrivals causes
notches, or gaps, in the frequency content recorded by the detectors.

[0007] The traces may be used to determine the subsurface (i.e., earth
structure below surface 24) and to determine the position and presence of reflectors
26. However, the ghosts disturb the accuracy of the final image of the subsurface
and, for at least this reason, various methods exist for removing the ghosts, i.e.,
deghosting, from the results of a seismic analysis.

[0008] U.S. Patent Nos. 4,353,121 and 4,992,992, the entire contents of which
are incorporated herein by reference, describe processing procedures that allow
ghosts to be removed from recorded seismic data by using an acquisition device that
includes a seismic streamer sianted at an angle (on the order of 2 degrees) to the
surface of the water (slanted streamer).

[0009] Using slanted streamers, it is possible to achieve ghost suppression

during the data summation operation (during pre-stack operations). In fact, the



acquired data is redundant, and the processing procedure includes a summation step or "stacking" for
obtaining the final image of the subsurface structure from the redundant data. Ghost suppression is
performed in the art during the stacking step because the recordings that contribute to the stack,
having been recorded by different receivers, have rfotches at different frequencies, such that the
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recorded%\ﬁm 3%?5ﬂ?é&e€a?6Y§%eismic data as would have been recorded by a horizontal cable.

However,[bJO%fatent Ilggfti?er, U.S. Patent No. 4,353,121 describes a seismic data
processing procedure based on the following known steps: (1) common depth point
collection, (2) one-dimensional (1D) extrapolation onto a horizontal surface, or
“‘datuming,” (3) Nomal MoveOut (NMO) correction, and (4) summation or stack.
[0011] Datuming is a processing procedure in which data from N seismic
detectors D, (with positions (x,, z,}, where n=1,... N and N is a natural number, x; =
x; but z; is different from z; with i and j taking values between 1 and N), is used to
synthesize data corresponding to seismic detectors that have the same horizontal
positions x, and the same constant reference depth z; for all the seismic detectors.
[0012] Datuming is called 1D if it is assumed that the seismic waves
propagate vertically. In that case, the procedure includes applying to each time-
domain recording acquired by a given seismic detector a delay or a static shift
corresponding to the vertical propagation time between the true depth z, of a
detector D, and the reference depth z;.

[0013] Similar to U.S. Patent No. 4,353,121, U.S. Patent No. 4,992,992
proposes to reconstitute from seismic data recorded with a slanted cable seismic

data as would have been recorded by a horizontal cable. However, U.S. Patent No.



4,992,992 takes into account the non-vertical propagation of the seismic waves by replacing the 1D
datuming step of U.S. Patent No. 4,353,121 with a 2D datuming step. The 2D datuming step takes into
account the fact that the propagation of the waves is not necessarily vertical, unlike what is assumed
to be the case in the 1D datuming step proposed by U.S. Patent No. 4,353,121. [0014]The methods
described in U.S. Patent Nos. 4,353,121 and 4,992,992 are seismic processing procedures in one
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the processing, which is not always very efficient.

[0015] Thus, the above-discussed methods are not appropriate for seismic

data collected with streamers having a curved profile as illustrated in Figure 3. Such

configuration has a streamer 52 with a curved profile defined by three parametric

quantities, zg, sg and he. 1t is noted that not the entire streamer has to have the

curved profite. The first parameter z; indicates the depth of the first detector 54a

relative o the surface 58 of the water. The second parameter s; is related to the

slope of the initial part of the streamer 52 relative to a horizontal line 64. The

exampie shown in Figure 3 has the initial slope sy equal to substantially 3 percent. It

is noted that the profile of the streamer 52 in Figure 3 is not drawn to scale because

a slope of 3 percent is a relatively small quantity. The third parameter h, indicates a

horizontal length (distance along the X axis in Figure 3 measured from the first



the deghosting. Thus, if there is a case in which the velocity field is not available, there is a need for a
method that is capable, particularly for pre-processing steps such as velocity picking or demultiple, to
deghost the data without knowledge of the velocity field. Accordingly, it would be desirable to provide
systems and methods that have such capabilities. SUMMARY [0018]According to an exemplary
embodiment, there is a method for receiver d$ hosting seismic data related to a subsurface of a body
of water, SRETHRIRSE MRS GEPOFIEBA G SRR SBatd N5 ERRT B SEIGH RS dadNers (12) that

are towed b a\é ?sel, wherein the seismic_data is recorded in a time-space domain and the seismic
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the deghosting. Thus, if there is a case in which the velocity field is not available,

there is a need for a method that is capable, particularly for pre-processing steps

such as velocity picking or demultiple, to deghost the data without knowledge of the

velocity field. Accordingly, it would be desirable to provide systems and methods

that have such capabilities.

SUMMARY
[06018] According to an exemplary embodiment, there is a method for receiver
deghosting seismic data related to a subsurface of a body of water. The method
includes a step of receiving seismic data recorded by seismic receivers (12) that are
towed by a vessel, wherein the seismic data is recorded in a time-space domain and
the seismic receivers (12) are located at different depths (z;) in the body of water; a
step of modeling the seismic data in a shot or common midpoint domain as a

function of linear operators that re-ghost the receiver to derive a model; a step of



BRIEF DESCRIPTION OF THE DRAWINGS [0021]The accompanying drawings, which are
incorporated in and constitute a part of the specification, illustrate one or more embodiments and,
together with the description, explain these embodiments. In the drawings: S [0022]Figure 1 is a
schematic diagram of a conventional seismic data a?cquisition system having a horizontal streamer;

sinted SHBAADSOSNGHRod LETArA L APk OF G LRI ot SEHG e SN having 2

curved prgfgég%gg’?em%ri;smic data; and a step of generating a final image of the subsurface
based on the deghosted seismic data.
[0019] According to another exemplary embodiment, there is a computing
device configured to deghost seismic data related to a subsurface of a body of water.
The computing device includes an interface configured to receive seismic data
recorded by seismic receivers that are towed by a vessel, wherein the seismic data
is recorded in a time-space domain and the seismic receivers are located at different
depths (z;) in the body of water; and a processor connected to the interface. The
processor is configured to model the seismic data in a shot or common midpoint
domain as a function of linear operators that re-ghost the receiver to derive a model;
use the derived model to remove the receiver ghost from the seismic data to obtain
deghosted seismic data; and generate a final image of the subsurface based on the
deghosted seismic data.
[0020] According to still another exemplary embodiment, there is a computer
readable medium including computer executable instructions, wherein the

instructions, when executed by a processor, implement a method as noted in the

above paragraph.

BRIEF DESCRIPTION OF THE DRAWINGS

[06021] The accompanying drawings, which are incorporated in and constitute
a part of the specification, illustrate one or more embodiments and, together with the

description, explain these embodiments. In the drawings:



[0025]Figure 4 is a schematic diagram of a seismic receiver and associated primary and ghost
components according to an exemplary embodiment; [0026]Figure 5 is a flowchart of a method for
deghosting seismic data according to an exemplary,embodiment; [0027]Figure 6 is a graph illustrating
synthetic raw data recorded by seismic receivers; [8028]Figure 7 is a graph illustrating synthetic ghost

data detegéyg by 2 ﬁ@? ??&%fgg}%ma% %’%Pé’u'ﬁré{f“gi‘r@%‘y&%'&'ﬁé?gé%llﬁii%gtg 'S a graph

illustratin ghosted etermined by a method according to an exemplary embodiment;

[0030]Figyee AdfiaIVGEAT g atRBH SR Ap diesling seismic data

[0023] Figure 2 is a schematic diagram of a conventional seismic data
acquisition system having a slanted streamer;

[0024] Figure 3 is a schematic diagram of a seismic data acquisition system
having a curved profile streamer;

[0025] Figure 4 is a schematic diagram of a seismic receiver and associated
ptimary and ghost components according to an exemplary embodiment;

[0026] Figure 5 is a flowchart of a method for deghosting seismic data

according to an exemplary embodiment;

[0027] Figure 6 is a graph illustrating synthetic raw data recorded by seismic
receivers;
[0028] Figure 7 is a graph illustrating synthetic ghost data determined by a

method according to an exemplary embodiment;

[0029] Figure 8 is a graph illustrating deghosted data determined by a method
according to an exemplary embodiment;

[0030] Figure 9 is a flowchart of a method for deghosting seismic data
according to an exemplary embodiment;

[0031] Figure 10 is a flowchart of another method for deghosting seismic data
according to an exemplary embodiment; and

[0032] Figure 11 is a schematic diagram of a computing device configured to

implement a deghosting method according to an exemplary embodiment.



according to an exemplary embodiment; [0031]Figure 10 is a flowchart of another method for
deghosting seismic data according to an exemplary embodiment; and [0032]Figure 11 is a schematic
diagram of a computing device configured to implement a deghosting method according to an
exemplary embodiment. 9 DETAILED DESCRIPTION [0033]The following description of the

exemplary embodiments refers to the g gsﬂ @ﬂ;he same reference numbers in
different drawings identify the same o BETAICEDBE . By wing detailed description does not
limit the i ion. Instead, scope of the invention is defined by the appended claims. The following
embodedre cisco ol L E P o 1S L e e Rl e
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embodimﬁ]rét"sgl[n'g Br similar elements. The following detailed description does not limit the
invention. Instead, the scope of the invention is defined by the appended claims. The
following embodiments are discussed, for simplicity, with regard to a two-dimensional
{2D) wave-field propagation. However, the embodiments to be discussed next are not
limited to 2D wave-fields, but may be also applied to 3D wave-fields.
[0034] Reference throughout the specification to “one embodiment” or “an
embodiment” means that a patrticular feature, structure or characteristic described in
connection with an embodiment is included in at least one embaodiment of the subject
matter disclosed. Thus, the appearance of the phrases “in one embodiment” or “in an
embodiment” in various places throughout the specification is not necessarily referring
to the same embodiment. Further, the particular features, structures or characteristics
may be combined in any suitable manner in one or more embodiments.
[0035] According to an exemplary embodiment, a modified representation of a
linear least squares Radon algorithm is used to simultaneously model primary and
ghost receiver wave-fields as well as re-datum the wave-fields from the streamer
(receiver) to the sea surface or other desired surface. The method assumes that the
primary and ghost components are well described by plane waves and uses a tau-p
transform to transform seismic data collected with a variable depth (e.g., curved
profile) streamer. The recorded seismic data includes amplitudes of plural wavelets

and associated times for a given frequency spectrum. The tau-p transform is a

special case of a Radon transform where input data is decomposed as a series of



embodiment” means that a particular feature, structure or characteristic described in connection with
an embodiment is included in at least one embodiment of the subject matter disclosed. Thus, the
appearance of the phrases "in one embodiment” or "in an embodiment" in various places throughout
the specification is not necessarily referring to the d8me embodiment. Further, the particular features,
structures or characteristics may be combined in any suitable manner in one or more embodiments.
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equation (1) can be rewritten in matrix form as: (dddi-27nfTTE,M ) /1,912
data for a 2D shot-point gather of n traces for one frequency slide, p is the tau-p

domain containing m slowness traces, and L is the reverse slant stack, equation (1)

can be rewritten in matrix form as:

(di ) (g 2T T )C1 )

d 1= z

2 P

dy ml . (2)

[6037] A time-shift 7 of each matrix element depends on the offset of each
trace in meters (x,) and the slowness of the p-trace in seconds/meter (s,,) and for
this reason only one generic (n,m) matrix element is shown in the matrix L above.
The offset of a trace is given by a distance between a seismic source that shoots
seismic waves and a receiver that records the trace, while the slowness is defined as
the sine of an incidence angle divided by a speed of the wave fields in water. Thus,
the time-shift may be written as Tnm = Xnfm,

[0038] According to an exemplary embodiment, the above equations are
modified to achieve a ghost-free tau-p transform at sea surface datum based on the
plane wave propagation properties of the primary and ghost components. In this

regard, Figure 4 shows the ray propagation of primary and ghost components for a



m . (2) [0037]A time-shift | of each matrix element depends on the offset of each trace in meters (xn)
and the slowness of the p-trace in seconds/meter (sni) and for this reason only one generic (n,m)
matrix element is shown in the matrix L above. The offset of a trace is given by a distance between a
seismic source that shoots seismic waves and a retkiver that records the trace, while the slowness is
defined as the sine of an incidence angle divided by a speed of the wave fields in water. Thus, the
time-shiftRAHFHERNS I RMISES RN DO F0D AR AEES SR PR SeidbIdfent, the above
equations are modified to achieve a ghost-free tau-p transform at sea surface datum based on the
plane wal@BFETAEtio B IIEHIdEsEH @ PRMIRNSHIGh B SRRRIAAR ARG SR Stigure 4
shows the ray propagation of primary and ghost components for a 11 particular slowness and how
this ghosCREWPEIRAE datum data is reverse-transformed, the output traces being generated from
separate frimary and ghost components.%OOSQ]Fi ure 4 shows a recejver 12 having a depth Zr (and

other recéffEtgh 2 havihl§ WiReteMNEL T FEINE1d 40" iNS%8 daRtLe-{187ehathRrdRSEING S ditive to a

source 20. The primary component P is shown arriving at the receiver 12 from the subsurface being

investigated (A% %ﬁ@@hﬁ%ﬂ%ﬁ%bﬂﬁ@ﬁ?@%é@%ﬁﬂﬁé?&iﬁ/@ﬁfﬂ e dlalivRieas. If these

two components are re-datum to the sea surface 18, then the primary component arrives at a surface
&t e :
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surface 18, then the primary component arrives at a surface datum with an offset

longer (with Ah in Figure 4, i.e., X, + Ah) than that of the receiver, and the ghost

component arrives at the same surface datum with a shorter offset (also Ah in Figure

4,i.e., X, - Ah). In addition, the primary component is time advanced by ¥+ &T

relative o the surface datum, while the ghost component experiences a time delay of

vwdT | where v, is the velocity of sound in water.

[0040] Using frigonomeiry and the two triangles shown in Figure 4, the
incidence angle 6 (relative to vertical) is given by sinf = 5,,v, . The offset (for both

the primary and the ghost) is given by &k = z,tanf where z, is the receiver depth,

which may be different for each receiver of a streamer. Finally, the delay time &% is

given by:
!E‘.;‘Z + Aa3
Ar=1
T T (3).
[0041] Based on the above equations, the reverse slant stack L is modified to

=TT

contain primary and ghost components Lram = ¢ 277" + Re “* where R is the

reflection coefficient at the sea surface (usually -1) and 1, and 14, are the time



[0040]Using trigonometry and the two triangles shown in Figure 4, the incidence angle 0O (relative to
vertical) is given by sinb = syrivw. . The offset (for both the primary and the ghost) is given by ah =
zrtalle where Zr is the receiver depth, which may be different for each receiver of a streamer. Finally,
the delay time At- is given by: AT- vvy(3) [0041]Ba%%d on the above equations, the reverse slant stack
L is modified to contain nma ost com onents Ln,in =.6-27ritcr + Re- |s the 12
delays of e Hrlmoﬁy aHD ?cgnq g specFVe%? hﬁ% i\( SJ P&Ptf%'%% omponent
IS given bgmt%gr POSNI AT,(\ } . i

y componentis given by:

Tpr = (g + ARJsy, — AT (4)
while the time delay for the ghost is given by:

Ton = (n — Al)s,, + AT (5).
[0042] At certain frequencies, the above equations may become unstable
when the primary and ghost components are -approximateiy equal. For this reason,
in one exemplary embodiment, the diagonal of L"L (where L" is the hermittian
(conjugate and transpose) of L} is damped or the component of L can be replaced
with only the primary component. Alternatively, a limit in amplitude boosting may be
imposed whilst still applying full phase deghosting.
[0043] Having measured d, the tau-p transform p may be calculated using the
novel transform L. In one application, equation (2) may be solved using least
squares inversion, e.g., Choletsky factorization, LU decomposition, conjugate
gradients, etc. The resulting tau-p fransform p can then be reverse-transformed to
the frequency domain to generate the shot gather. In one exemplary embodiment,

g ~Eif Ty

the tau-p transform p is reverse-transformed with Ln.m = to remove the

ghost and leave data at original datum. In another exemplary embodiment, the tau-p
transform p is reverse-transformed with Lrm = € *7**7 4 remove the ghost and
output the data at zero datum. In still another exemplary embodiment, the tau-p

transform p is reverse-transformed to re-datum with or without re-ghost to a user-
defined datum. In this case, the time delays z,: and g4, are recalculated based on the

user-defined datum.



while the time delay for the ghost is given by: Igh = 0:71 - Aids(5)- [0042]At certain frequencies, the
above equations may become unstable when the primary and ghost components are approximately
equal. For this reason, in one exemplary embodiment, the diagonal of LHL (whereis the hermittian
(conjugate and transpose) of L) is damped or the c?ﬁ'nponent of L can be replaced with only the
primary compaonent. Alternatively, a limit in amplitude hoosting may be imposed whilst still applying full
phase de Bs‘%g [OOj;ﬁ]Pi‘?ﬁ/i‘f’\@;prlhct%’iﬁf‘haﬁl'J UAEIRQ 1% BHSIER SRS B dregidhe R WisiHfthe novel
transform L. In one application, equation (2). may be solved using least squares inversion, e.g.,
Choletok TRk B BREE O DB DR, (ORGSR fadiENe B AL ARG S Bancform p

can then be revgﬁe-transforme%&o th%%e%uency domai

to generate the shot gather. In one
exemplar§ &b rﬂ@?ﬁ',Qﬁ@%ﬁ}- FANYSY %C%Sr%v@\%@ﬁ%{’ﬁ' Yﬁg’tﬂ'ﬂh@ﬁtﬁ?ﬂd@%‘?i&p to remove the

ghost and legve data at original datum. In gnother exemplary embodiment, the tau-p transform p is
reverse-tt’gﬁgfgﬁaé’cﬂﬁfﬂpﬁ? Fﬁgf‘?(ﬁwvfﬁ"m W&O@Wﬁ%’r &gﬁﬁésf?ﬁﬁdﬁﬁg'data at zero datum. In still

ot VR to 5 UdLP NG AP 2 R S e b T g h ) R AP B Rutrec

based Ont %evslilas\%:ﬂg@s%(%hdeagﬁnl}étions can be extended to 3D where the slowness in the
offset-x and offset-y directions are used. The 3D implementation works on all
streamers from a full 3D shot (or 'super-shot’ in the case of wide-azimuth data) so
that it has access to offsets in the x- and y-directions.
[0046] Where the offset-y sampling is deemed too coarse for a full 3D
implementation, an extension of the 2D algorithm which makes use of a slowness
estimate in the offset-y direction can be utilized. Such an estimate could come from
the RMS velocity field (the derivatives of the moveout curve in the offset-y direction
would be used as slowness in this case), or from dip measurements in the crossline
direction.
[06047] A further extension beyond linear Radon could be to use parabolic or
hyperbolic Radon domains. In the hyperbolic Radon case, a single point in the tau-p
domain would map to separate upgoing and downgoing events in the shot domain
based on receivers with varying datum.
[0048] The above-discussed embodiments have one thing in common: they all
model the input data through linear equations which are designed to apply re-
datuming as well as re-ghosting as a reverse fransform from model to data space.

Once the equations have been solved, it is assumed the transform domain makes a

representation of ghost-free input data.



13 [0044]In one application, subtracting the primary estimate from the input data can be used to find
an estimate of the ghost. A similar method can be used to re-ghost the data generated by this process.
An alternative formulation using a modified version of the wave-number transform may also be used.
[0045]While the above-discussed embodiments as&fime a 2D propagation of the wave-fields, the
equations ¢ n#ie extemd to 3D where the slowness in the offset-x and offset-y directions are used.
The 3D ifldentatior RS SR SIS SR FTIR 3B BRB S oG5 eP LA RAARE of

wide-azimut datag sqQ that it has gccess to offsets in the x- and y-directions. [0046]Where the offset-y
sampling ISRISERBIFRL coIIEINRS 1OF TS TR SRRECAGE AEREURPIPEAR SEPERRARAM which

k fagsl timate In the offset-y directi tilized. Such timat Id
come AT AR AEH R HE WA DS df -6 FIBGEUTRLLNOE R HaURS cection wold

extensior EBVBRDITAY Ffil B SHIE i LS ST, Ul hypEbeTE AT o I e

Sl A e B R g e i o o soheiale oot

above-ding:éJlﬁ %%tﬁrgrb%cijign %]rgag %}I%B%%tsfgpsg i?ﬁ:e? g‘gg ?ﬁém%/egl‘lwaveiet amplitudes
recorded at given times (t) and offsets (x). This data in the time-space domain is
transformed in step 502 by a Fourier transform (FFT) into the frequency-space
domain. In this step, each trace of the input data may be FFT transformed. Then,
the data in the frequency-space domain is divided into frequency slices.
[0050] In step 504, the equation d=Lp is solved for each slice using the
conjugate gradients algorithm, which is known in the art as discussed above. Thus,
step 504 requires the application of L followed by the application of L" for
determining p. The method iterates through each slice until the last slice is
considered. When the last slice is solved, it is detected in step 506 that the method
can advance fo step 508. In step 508, the tau-p transform p is obtained by
assembling its components iteratively calculated in steps 504 and 506.
[0051] In step 510 the tau-p transform p is reverse-transformed to one of the
configurations discussed above, i.e., remove ghost and leave data at original datum,
or remove ghost and output data at zero datum, or re-datum with or without re-ghost.
Alternatively, the primary estimate may be removed from the input data to find an
estimate of the ghost.

[0052] Irrespective of the transformation used in step 510, the primary and/or

ghost data is used in step 512, in a processor or other dedicated computing device,



model the input data through linear equations which are designed to apply redatuming as well as
re-ghosting as a reverse transform from model to data space. Once the equations have been solved, it
is assumed the transform domain makes a representation of ghost-free input data. 14 [0049]One or
more of the exemplary embodiments discussed abbve may be implemented in a method for

processing seismic data, According to an exemplary embodiment illustrated in Figure 5, there is a
method tiAEHBRE 6B NAHEo 1R GHBS LR AR S JHR ARS8 AR A8 amer
having varying receiver depths, The method includes, a step 500, of receiving input data for one shot
point gatiER Yo TG 051 2b RIS EP MBS AVaUBre BB R RELaRIEH 2 Ghven tmes ()
and offsets (x). This data jn the time-space domain is transformed in step 502 by a Fourier transform
(T in AT A A DI T RIE SRAROEa 0N B A ut cate raay. bo T

f . , th in the. f - d in is divided into fre. lices. [0050]I
Siop 504 {7 Shuion 1S L5 VG P SN SHeE LNG S EHJRIE GaiaHiE BBATAR, which is
k in the art as di d above. Thus, 504 ' licati L foll h
ponicaion ST BB P L CORORL e L U P e s

id . When the | lice is spl it di 6, that th hod d
Ciop 505 P4 M5t FRYRLCH Db D UG ) ALBar BRI RS LA eratvely

Iculated in st 0 506. [0051]l 510 th - ' - f d
of the CoRfTATA R ALECECBAUHQURST L FahBUE GBS ARUEE I A 02 NET OB remove
h d , - m wjth ' - (Al ively, the pri
catimate IAPOE TERTSIBA AR T a0 S AL GHIT MRS TDDS b HHAS ectve of the
ransformaop usB 10 SeR 210, e IR HURI PSSR B AIERR il 2 processor o

other de

recorded by a single seismic receiver, e.g., a hydrophone or a geophone. The trace
604 includes both the primary component 604a (black wavelet) and the ghaost
component 804b (white wavelet). Applying the process illustrated in Figure 5, the
ghost component may be separated as shown in Figure 7, and the deghosted data is
obtained as shown in Figure 8. The image of the feature R may be determined from
the ghost data shown in Figure 7 or from the deghosted data shown in Figure 8 or
from both of them. It is noted that the model may either estimate the ghost and this
estimate is subtracted from the input data (recorded data) or the model outputs the
primary estimate rather than making an estimate of the ghost energy and subtracting
it from the input. By doing the latter it is possible to ocutput the primary at surface
datum, at the original depths on the cable, or any other datum.

[0054] As the method discussed above works on pre-stack data, the method
can advantageously be used to deghost and/or re-datum seismic data with a varying

receiver datum pre-stack without any need for knowledge of a velocity field. This



15 to generate an image of the surveyed subsurface. It is noted that the above method may be
implemented in a dedicated computing device (to be discussed later) and may not be mentally used to
generate images of the subsurface. [0053]To exemplify the advantages of the present method, Figure
6 shows synthetic raw data generated by computellgmd simulating the input data recorded by the
receivers and provide 0 ure 6 shows ave rded at offsets x and
fimes ¢ FOVEATHIESL e BBt b é@%%% St TR o RGH SERdE0 Seand & refiecton
from the feature R as hown | el ‘& ach,of thes cur\gg s includes parts of plural traces. A trace
hiiass

604 is th@ﬁ%‘tgsf%'ggra &’%f‘é" @Fe‘%@ﬁlgF drophone or a geophone. The trace
604 incl h th 604 bl d 604b (whi
wavelet) H0Bbing the BIOERL IR A A B e O O IONSRE M e Sapa S B e
h Fi d h dd b h T f the f
R may b dBETAHEY ﬁ%ﬁ% SR R Fgre T é?n%s%o RO shown
FlgureSC}rfromB%) It is no(t§ th the model may. &g estlmgt t@t host and this

e 0

t
S a ste ece VIRY S I
estimate is'su rac?ed ?rom ein UP C rded %ata)c’or he mo el outp e prlmary estimate

rather than making.an es t the host [ay.an ubtractln rom the | oing the
latter it is poss 1e tto ou? ee;% #\Xaary &t surfavc qh, e oc’rggan{al %%%ch”e%gﬁte or any

other datum, éO %44]A nt d th%%lidhstcu?gg& 2 rov %(aagn §{% ack ggt tF}he eth&d can
advantage%us?y i o A 8remic data with avarrgllng dtéiver datum

pre-stackyihouf e eedfor KBaedas 8 okl et'r' g R et

advantages ST 6 S, par I préproces |ng steps such as velod p|c ing or
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modified Radon transformation L to determine a tau-p transform p based on the
seismic data d in the frequency-space domain; a step 9086 of reverse-transforming
the tau-p transform p to obtain deghosted data with a given datum; and a step 908 of
generating a final image of the subsurface based on the deghosted data with the
given datum. The modified Radon transformation L. includes a first term for a
primary component (P} and a second term for a ghost component (G).

[06056] According to another exemplary embodiment, there is a method for
receiver deghosting seismic data related to a subsurface of a body of water. The
method includes a step 1000 of receiving seismic data recorded by seismic receivers
that are towed by a vessel, wherein the seismic data is recorded in a time-space
domain and the seismic receivers are located at different depths (z;) in the body of
water; a step 1002 of modeling the seismic data in a shot or common midpoint
domain as a function of linear operators that re-ghost the receiver to derive a model;

a step 1004 of using the derived model tc remove the receiver ghost from the



a method for deghosting seismic data related to a subsurface of a body of water. The method includes
a step 900 of receiving seismic data recorded by seismic receivers that are towed by a vessel, wherein
the seismic data is recorded in a time-space domain and the seismic receivers are located at different
depths (Zr) in the body of water; a step 902 of applfl?ng a Fourier transformation to the seismic data to

ranorm AR o R B e 50 LA AT bt O e R BB TP AL ALy space
f f nsf degh dd h
ghven 'Sa?ﬁeéi%é*q@?e% R ?\ SRR S5 <RlEee based on the deghosied

data Wlth $q|§; en dat . The mo |f|ed Radon transformati n L includes a first term for a(grlmary
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embodiment thefﬁ[ metho (1 C iverdegh h s,'tln sasmlc d ta relatedt(ﬁasubsurface of a body
of water. ?he MBS %%Yu%ee 5 dB0 et |\/|ngg1 LGSR JHLYELG 8 B’?@e?grﬁlc receivers

that are towe b sel herein the se mlcd tal recorded in a time-space domain and the
qmr}/aﬁ' \g‘n} d’fPerenSth tﬁs @r I"elevﬁl 839%15\%&%{3% ?88 65% modeling the

seismic récenvers are [0 a?e
seismic data.in. Slesépg r.common mldﬁplnt o Ian %80¥c§n§tlon mearo erators that re-ghost the

receiver tg detive & 8'] a st 501'8 1S ipﬁ derived model to'?eﬁ?ovéetﬁ]é) fideiver ghost from
the 17 seéiméﬁgﬁé ruct rlg ost 'Serﬂ ic t; TSéﬁj‘??]r?\t’ 188@ of %eperatlng a final image of

the subsurfac e ge mic ove iSLnSLey procedures and
methods EB gf |mpIe t el £om H’% Ig‘ Vi e% i Ig tﬁiﬁ 11. Hardwarg} firmware,
software ora’c mblnatlo Rereo eYbee lised to e e varlous s?er?s aﬁom)pgr ions described
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performlng éle?ver 1101 may include a central processor (CPU) 1102 coupled to a random
access memory (RAM) 1104 and to a read-only memory (ROM) 1106. The ROM
1106 may also be other types of storage media to store programs, such as
programmable ROM (PROM), erasable PROM (EPROM), etc. The processor 1102
may communicate with other internal and external components through input/output
(1/O) circuitry 1108 and bussing 1110, to provide control signals and the like. The
processor 1102 carries out a variety of functions as are known in the art, as dictated
by software and/or firmware instructions.
[6059] The server 1101 may also include one or more data storage devices,
including hard drives 1112, CD-ROM drives 1114, and other hardware capable of
reading and/or storing information such as DVD, etc. in one embodiment, software
for carrying out the above-discussed steps may be stored and distributed on a CD-
ROM or DVD 1116, a USB storage device 1118 or other form of media capable of

portably storing information. These storage media may be inserted into, and read

by, devices such as the CD-ROM drive 1114, the disk drive 1112, etc. The server



activities described in the exemplary embodiments may include a server 1101. Such a server 1101
may include a central processor (CPU) 1102 coupled to a random access memory (RAM) 1104 and to
a read-only memory (ROM) 1106. The ROM 1106 may also be other types of storage media to store
programs, such as programmable ROM (PROM), erhsable PROM (EPROM), etc. The processor 1102

may com jcate with other in ernaﬁ. nd external components throughinp (t)@ut ut (1/Q) circuitry 1108
i buss IO RO e Gl LA e T B BN P o e B oty o

functions as are known in the art As giﬁﬁgd%itgﬁsoftwqre r:?\]rgﬂdépsr F:f\irmwart(?] irgtructig& 0059]The
a

server 118r1efc’ne§3;aa} 86 meltde S’Hg bf Tore ra eaaewceES, w?é[lu%?ng%é?réla drives 112, CD-ROM

drives 11 deqtchekhu%rgvggr% tcﬁ?é”‘#éec 0f{?§%{§3;?8ﬂ{% tl%riQ diigfo%rﬂgtiorn rﬁugh assePVD, etc. In
one embodimenit, software tor Carrying BUt theAbove-discussed s epg may BE"SredHid distributed
ona CE.)'{%%% Oc{eDn\{]%%é—%&mas‘é%&%gf%@#ﬁodu%vé?ﬁel@%%%{ thelionm.af media capable of portably
storing information. These storage media may

D

€ inserted into, an fead by,ué;e‘{/)lces such as the

CD'ROMS%E(\—,(Snl A}Céhl%fgésﬁm%esﬁg&he&me server 18 1101 may be coupled to a display 1120,
0

which may be any type o wn display or presentation screen, such as LCD displays, plasma

display, ligge 12y s (GRE, Pl ASTHIRLBISIReSALPRIS RIavideghingludng gne or more

i Wrees
user interfa echanisms such as a mouse, key , microphone, touchpad, touch scréen,
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sources, detectors, etc. The server may be part of a larger network c lon as in a global area

network (Gahl) stiel ﬁ%t’iﬂc?rlﬂé?f ﬁ‘&éﬁﬁ%&hﬂﬁg m&%\agsev%%tweﬂ%ﬁfé%ta&nsa@ious landiine

and/or maobile computing devices. e disclosed exemplary embodiments provide a computing

device and (el {of e IRl 49 AFACSSAING: I SRAUE G RAerIoggbat this descripton is no
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intended to limit the invention. e contrary, the exemplary 'em S are intended to cover
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exemplar
embodiments are intended to cover alternatives, modifications and equivalents,

which are included in the spirit and scope of the invention as defined by the
appended claims. Further, in the detailed description of the exemplary
embodiments, numerous specific details are set forth in order to provide a
comprehensive understanding of the claimed invention. However, one skilled in the
art would understand that various embodiments may be practiced without such
specific details.

[0062] Although the features and elements of the present exemplary
embodiments are described in the embodiments in particular combinations, each
feature or element can be used alone without the other features and elements of the
embodiments or in various combinations with or without other features and elements

disclosed herein.



embodiments are described in the embodiments in particular combinations, each feature or element
can be used alone without the other features and elements of the embodiments or in various
combinations with or without other features and elements disclosed herein. 19 [0063]This written
description uses examples of the subject matter disflosed to enable any person skilled in the art to

practice the same, inclyding making and using any devices or systems and performing an
é%? ﬁw‘?ft%l “&S)é %ﬁsﬁg ©nd may

incorporat®B8ibthods. THE WAGRAIREERYRE IRk SRR HAHER SRR RIS

include other examples that occur to those skilled in th%art. Such other examples are intended to be

within the"5@khe FHREEAMRIISE WK PISTRRRIEDTS. Same; NCHRIALRFENE A0 hosting

seismic data related to a subsurface of g body of water, the method comprising: receiving seismic
data recorucIBY CER A XUEER e O Rty 5 IREEEI SR R dhe LBRARERERIR recorded in

a time-space don{)ﬂiarétan .the seismic receivers are Io?ated at djfferent depths (Zr) in the Pody of
TerrUER e TRk felaFop d

water; SYMYH8 METRS e d Y06 B Al mydaﬁ%%ﬂ?é’éﬂ’%f JHEABR Y linear

operators that re-ghost the receiver tq derive odel; , o
P tha ocm?r to tﬁﬁose skiﬁec? 1rn ?he ar}/. §urcr:}1 o‘faher examples are intended to be within the

scope of the claims.



using the derived model to remove the receiver ghost from the seismic data to obtain deghosted
seismic data; and generating a final image of the subsurface based on the deghosted seismic data.
2. The method of Claim 1, wherein the linear operators relate to a modified reverse tau-p
transformation that includes a first term that takes itflo account a first delay time () for a primary
component P)T and a second term that takes into account a second delay time Tot for a ghost
componew ). 15 CEAME R\ Shod of Claim 2, wherein the first delay time (rPr) is related to a time
necessary for the primary component (P) to travel from a seismic receiver to the sea surface and the
second delay time YO RNRAIBHRPE YR & RBRasUnH SEPME Rl eSO IR AT RLEe kD m the
sea surface to g}e seismic recejver, 21 4. The method of any one of Claims 1 to 3, wherein the
seismic d%‘t"ﬁ}}’s e‘é’@?ﬁé&‘ﬁ? etk AR RSN s provided on a variable depth streamer. 5. The
method of any one of Claims 1 to 4, further com risingﬁ: . applying least squares inversion to solve
SRR 5

an equation d=L$ 6V PP ARERM LT RTESPHRIASSH { AL IR Y fhe seismic

data, and d is the recorded data itself. , , ) ) .
vessel, wherein t?!e sg‘lsm?c data is recorded in a time-space domain and the seismic

receivers are located at different depths (z,) in the body of water;

modeling the seismic data in a shot or common midpoint domain as a function
of linear operators that re-ghost the receiver to derive a model;

using the derived model to remove the receiver ghost from the seismic data to
obtain deghosted seismic data; and

generating a final image of the subsurface based on the deghosted seismic

data.

2. The method of Claim 1, wherein the linear operators relate to a modified

reverse tau-p transformation that includes a first term that takes into account a first
delay time (*#r) for a primary component (P), and a second term that takes into

account a second delay time Tsn for a ghost component (G).

3. The method of Claim 2, wherein the first delay time (%pr) is related to a time
necessary for the primary component (P) to fravel from a seismic receiver to the sea
surface and the second delay time %g» is related to a time necessary for the ghost

component (G) to travel from the sea surface to the seismic receiver.



6. The method of any one of Claims 1 to 5, wherein the derived model is used to estimate a primary
component or to estimate a ghost component and to subtract the ghost component from the received
seismic data. 7. The method of any one of Claims 1 to 6, further comprising: simultaneously modeling
primary and ghost components with a linear operal%]r 8. The method of any one of Claims 1 to 7,

further comprising: lying an operator Lnan.=?" to remgve a ghost component and maintain the
sueism_ic data flﬂlé gﬁg‘%}%lﬁﬁ]ﬂg ? ay e ﬁ&m@%f{aﬁ‘?ﬁgﬁ(&ﬁ&gr ?ﬁbiﬁ%ﬁ%@?fﬁﬂ‘?eﬁcolmprlising:
oo dat HCBSed Ve BB £ ERy En LT IR A 8 R AP SN GE o ctuming e~

model with or without re-ghost to another datum.

5. The method of any one of Claims 1 to 4, further comprising:
applying least squares inversion to solve an equation d=Lp for p, where L is a
linear operator, p is a receiver ghost free model of the seismic data, and d is the

recorded data itself.

6. The method of any one of Claims 1 to 5, wherein the derived model is used
to estimate a primary component or to estimate a ghost component and to subtract

the ghost component from the received seismic data.

7. The method of any one of Claims 1 to 6, further comprising:

simultaneously modeling primary and ghost compenents with a linear operator

8. The method of any one of Claims 1 to 7, further comprising:

2R if Ty

applying an operator Lnm = € to remove a ghost component and

maintain the seismic data at a given datum.

9. The method of any one of Claims 1 to 7, further comprising:

applying an operator Laam = e ™™ 4 remove a ghost component and

change a given datum to a zero datum.



11. A computing device configured to deghost seismic data related to a subsurface of a body of water,
the computing device comprising: an interface configured to receive seismic data recorded by
seismic receivers that are towed by a vessel, wherein the seismic data is recorded in a time-space
domain and the seismic receivers are located at different depths (Zr) in the body of water; and a
processor connected to the jnterface and configured to, model the seismic data in a shot or
common midpoiﬁ@dgﬁ?am%{g%dfﬁﬁ@l‘Wnoé‘ﬂiﬂ%ﬁ?%%‘é‘rét@@tﬁ&ﬂ'@@%&?ﬂé‘P@éeiver to derive a model;
use the derived model to remove the recejver ghost from the seismic data to obtain deghosted seismic

data; and generBE AN RS RPa%: Wb QI taonh seBRTHE ARYHBSIPLERmMIC data. 12. The

computing device of Claim 11, wherein the linear operators relate to a modified reverse tau-p
transformation that includes a first term that takes into account a first delay time (rpr) for a primary
component (P), and a second term that takes into accfggnt a second dela time,‘rgph for a ghost

component (G). 1 1- AP RELIG S MiInG SRVIBM GRS IO RIS IheFrIaIE] iR (Pr) is related

to a time necessary for the primary component (P) to travel from a seismic 23
subsu?fac% o{ ahbo%y o?\%ater, ?he com(pL)jt}ng c?evice compr?s?ng:

an interface configured to receive seismic data recorded by seismic receivers
that are towed by a vessel, wherein the seismic data is recorded in a time-space
domain and the seismic receivers are located at different depths (z;) in the body of
water; and

a processor connected to the interface and configured to,

model the seismic data in a shot or common midpoint domain as a function of
linear operators that re-ghost the receiver to derive a model,

use the derived model to remove the receiver ghost from the seismic data to
obtain deghosted seismic data; and

generate a final image of the subsurface based on the deghosted seismic

data.

12. The computing device of Claim 11, wherein the linear operators relate fo a
modified reverse tau-p transformation that includes a first term that takes into
account a first delay time (%»r) for a primary component (P), and a second term that

takes into account a second delay time Ten for a ghost component (G).

13. The computing device of Claim 12, wherein the first delay time (Ter) is

related to a time necessary for the primary component (P) to travel from a seismic



receiver to the sea surface and the second delay time Tgh is related to a time necessary for the ghost
component (G) to travel from the sea surface to the seismic receiver. 14. The computing device
of any one of Claims 11 to 13, wherein the seismic data is recorded by the seismic receivers provided
on a variable depth streamer. 15. The computfdg device of any one of Claims 11 to 14, wherein
the processor is configured to: apply least squares inversion to solve an equation d=Lp for p,
where L isegtiveatofhenon pidacecead trghesonedermutingg fue iershteddmadinded is the recorded
data itself. 16. The computing device of any one of Claims 11 to 15, wherein the derived model is
used to eSfeRBsADINNEY gbaa cosnponesidsaatsayghovertimpmrraudadadstittreaesthis ghost
component from the received seismic data. 17. The computing device of any one of Claims 11 to
16, wherdRCgiEgsrocessor is further configured to: simultaneously model primary and ghost
components with a linear operator L. 18. The computing device of any one of Claims 11 to 17,
wherein the processor is further configured to: 24 apply an operator Lnan= 6-27zzlin to remove a

ghost component and maintain the seismic data at a given datum; or
14. The computing device of any one of Claims 11 to 13, wherein the seismic

data is recorded by the seismic receivers provided on a variable depth streamer.

15. The computing device of any one of Claims 11 to 14, wherein the
processor is configured to:

apply least squares inversion to solve an equation d=Lp for p, where L is a
linear operator, p is a receiver ghost free model of the seismic data, and d is the

recorded data itself.

16. The computing device of any one of Claims 11 to 15, wherein the derived
model is used to estimate a primary component or to estimate a ghost component

and to subtract the ghost component from the received seismic data.

17. The computing device of any one of Claims 11 to 16, wherein the
processor is further configured to:

simultaneously model primary and ghost components with a linear operator L.

18. The computing device of any one of Claims 11 to 17, wherein the

processor is further configured to:



apply an operator 111,711-21111X"Sm to remove a ghost component and change a given datum to a
zero datum. 19. The computing device of any one of Claims 11 to 18, wherein the processor is
configured to: re-datum the model with or without re-ghost to another datum. 20. A computer
readable medium including computer executable irkétructions, wherein the instructions, when executed
by a processor, implement a method for degh tlng seismic data related to a subsurface of a body of
water, the instrustiphs aoopsisiog: L n.m reéelvnfgf’ Sdismin dutaaetorslecbbypseisntiandceivers that are
towed by a vessel, wherein the seismic data is recorded in a time-space domain and the seismic
receiversrageritainttivk stedferena deptissgizéniaabenhoely of water; modeling the seismic data in a
shot or common midpoint domain as a function of linear operators that re-ghost the receiver to derive a

model;  usingppg dervpermenehia remTve theragaiyriceosighost hermsisie gaih to obtain
deghosted seismic data; and generating a final image of the subsurface based on the deghosted

seismic dgtange a given datum to a zero datum.

19. The computing device of any one of Claims 11 to 18, wherein the
processor is configured to:

re-datum the model with or without re-ghost to another datum.

20. A computer readable medium including computer executable instructions,
wherein the instructions, when executed by a processor, implement a method for
deghosting seismic data related to a subsurface of a body of water, the instructions
comprising:

receiving seismic data recorded by seismic receivers that are towed by a
vessel, wherein the seismic data is recorded in a time-space domain and the seismic
receivers are located at different depths (z;) in the body of water;

modeling the seismic data in a shot or common midpoint domain as a function
of linear operators that re-ghost the receiver to derive a model;

using the derived model to remove the receiver ghost from the seismic data to
obtain deghosted seismic data; and

generating a final image of the subsurface based on the deghosted seismic

data.



