DEVICE AND METHOD FOR DEGHOSTING VARIABLE DEPTH STREAMER DATA
CROSS-REFERENCE TO RELATED APPLICATIONS [0001]The present application claims the
benefit of priority under 35 U.S.C. 119(e) to U.S. Provisional Application No. 61/635,489 filed on April
19, 2012. The entire content of the above document is hereby incorporated by reference into the
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disclosed herein generally re ethods and systems icularly, to mechanisms and

techniques for deghosting seis%ﬁﬁﬁglﬁé%wi@%m&r%ﬁﬁmers having variable depths.

DISCUSSION OF THE BACKG

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] The present application claims the benefit of priority under 35 U.S.C.
§ 119(e) to U.S. Provisional Application No. 61/635,489 filed on April 19, 2012. The
entire content of the above document is hereby incorporated by reference into the

present application.

BACKGROUND

TECHNICAL FIELD

[0002] 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] Recently, 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).
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[0003]Recently, 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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and is de implicity, gure 1 shows o o paths orresponding to the

acoustc WavgHoWsYel ihe asuslsas emilied o tf%%%%%&gg )¢ sufspantply a spherical

wave, e.g., it propagates In all directions starting fr source cted acoustic
wave 220 Wé%ﬂ%@ﬁﬁ'n z4 relative to the surface 18 of the ocean. Also, the plural streamers

II“‘

16 may form a constant angle (i.e., the streamers may be slanted) with respect to the
surface of the ocean as disclosed in U.S. Patent No. 4,992,092, 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 may tow a sound source 20
configured to generate an acoustic wave 22a. The acoustic wave 22a propagates
downward and penetrates the seafloor 24, eventuaily 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

starting from the source 20. Parts of the reflected acoustic wave 22b (primary) are
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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., the water surface acts
as a mirror for the acoustic waves), the reflected wave 22c is reflected back toward the detector 12 as

shown by wav ure 1. ave mal refe ed to ve because this wave
s due to FERT XRES AT R DY HE e PSR Treverse
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are seismic proces INg proceaures in one nsion an nsions prdce ures,
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sensors i the thir nsion’is given separati een reamers, on the order of 150

™, which o G JFREL RPN BRUTHDG BHGTSTHALBR SEASRIS ARG LIRRRSETIHGR s on the

order of 12.
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 slanted at an angle (on the order of 2 degrees) to the
surface of the water (slanted streamer).

[0009] The methods described in U.S. Patent Nos. 4,353,121 and 4,992,992
are seismic processing procedures in one dimension and in two dimensions. Such

procedures, however, cannot be generalized to three dimensions. This is so
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[0010]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, zo, so and hc. It is noted that not the entire
streamer has to have the curved profile. The first parameter z0 indicates the depth of the first detector

54a relatiye to tgle as%rafacgi 58 .%f th\?aYVgttikrf TS%% geig:ondﬂ;:])art?{trrlﬁtglr n”?é)nigi r%I?tecllvté)nthe ﬁ%%pe of the
initial parP R }efg 2 3 & Rorizontal ine '64- The exampPe SRS inq*‘yigure 3 has the

n
n
initial slope so egual, to substantially 3 percent. |t is noted t Hue prafile of the streamer 52 in Figure 3
is not drawi %as{?:oa ebﬁg"ggﬁgsh s (%g @F Crsspgrr%:én %r%}erre allt:ii‘/%e y%m%'%é%{i‘%ﬁ“%h%rﬁm‘ﬁ %pag}ameter hc

indicates,a horizontal length idi nce along the X axis in Figure 3 measured from the first detector
) of 110 ST s P S B e e R R et e o
thousand§2|;)gmeters. [0011]For such streamers, a deghosting process has been disclosed in U.S.

Patent App idation Serial No. 13/272,428 (herein '428) authored by R Soubaras, the entire content of
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deghoste aset. The migration data may be in the time or omain, with pre-stack dimension

offset or angie & HeikliRa PO IRRIIL AN RSIdISR B'R5'S! HaRLJRtAIGR s el Ing A equation d=Lm

example 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
detector 54a) of the curved portion of the streamer. This parameter may be in the
range of hundreds to thousands of meters.

[6O11] For such streamers, a deghosting process has been disclosed in U.S.
Patent Application Serial No. 13/272,428 (herein ‘428) authored by R Soubaras, the
entire content of which is incorporated herein. According o ‘428, a method for
deghosting uses joint deconvolution for migration and mirror migration images for
generating a final image of a subsurface. The deghosting is performed at the end of
the processing (during an imaging phase) and not at the beginning as with traditional

methods. Further, ‘428 discloses that no datuming step is performed on the data.
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for m, where L is a linear operator that incorporates a first ghost lag model (Thu) corresponding to the
migration data (du) and a second ghost lag model (tgd) corresponding to the mirror migration data
(dd), m is a ghost free model of the seismic data, and d contains data from the migration data (du) and
the mirror migration data (dd). The model (m) may be in the parabolic Radon domain, the linear Radon

domain, t eeslilgggl ma{ijgi.tth%ﬂ%%egrolico%adnqgt %msaig %th(g Iikle é(tgrm Aﬁc?rﬂ utin dev\éi e that
incorporates metiod Tor e-g os?tgng Y éiafa Is als %fégEri e e?e%ﬁ@dq%]m addition to the
foregoing, a methofd L()E%pirocie55|ngi8e=ga |cs;t(rjl§1t?uFelated to a subsurface of a body of water includes

receiving migta ich da AR TG mlgractloneaata (dd) generated from time-domain seismic data

recorded by seismic receivers, deriving a first ghost lag model (Thu) corresponding to the migration
data (du) that estimates a first ghost lag to a seismic source as a function of an offset h of each

seismic receiver, deriving a second ghost lag ﬁﬁﬁﬁh%ﬂ@ corresponding to the mirrored migration
data (dd) that estimates a second ghost lag t source as a function of an offset h of each

e o R U G R R e g e

methods MBERTARCH S SSNFEHR IR NG HRERS SLADIRIHET #R FUSH S data
recorded by seismic receivers that are located at different depths (z;), generating
migration data (du) and mirror migration data {(dd) from the seismic data, deriving a
ghost free model (m) based on simuitaneously using the migration data (du) and
mirror migration data (dd), using the ghost free model to generate a deghosted
dataset, and generating a final image (f) of the subsurface using the deghosted
dataset. The migration data may be in the time or depth domain, with pre-stack
dimension offsef or angle, or the like.
[0013] Deriving the ghost free model may include solving an equation d=Lm
for m, where L is a linear operator that incorporates a first ghost lag model (tg,)
corresponding to the migration data (du} and a second ghost lag model (14q)
corresponding to the mirror migration data (dd), m is a ghost free model of the
seismic data, and d contains data from the migration data (du) and the mirror
migration data (dd). The model (m) may be in the parabolic Radon domain, the
linear Radon domain, the FK domain, the hyperbolic Radon domain or the like.
[0014] A computing device that incorporates the method for de-ghosting
seismic data is also described herein.
[0015] In addition to the foregoing, a method for processing seismic data
related to a subsurface of a body of water includes receiving migration data (du) and
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BRIEF DESCRIPTION OF THE DRAWINGS [0017]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: [0018]Figure 1 is a
schematic diagram of a conventional seismic data acquisition system having a horizontal streamer;

(0020l G T R EHEE S e LD e R TaI Ly e LS R Bed profie
St R s i 8 i S ag o S s T Fo the

migration data (du) that estimates a first ghost lag to a seismic source as a function

of an offset h of each seismic receiver, deriving a second ghost lag model (tgq4)

corresponding to the mirrored migration data (dd) that estimates a second ghost lag

to the seismic source as a function of an offset h of each seismic receivér and

processing the migration data (du) using the first and second ghost lag models to

provide a final image (f) of the subsurface.

[0016] As described herein, the above apparatus and methods may be used

to generate improved images of underwater geological structures.

BRIEF DESCRIPTION OF THE DRAWINGS

[0017] The accompanying drawings, which are incorporated in and constituie
a part of the specification, illustrate one or more embodiments and, together with the
description, explain these embodiments. In the drawings:

[00181 Figure 1 is a schematic diagram of a conventional seismic data
acquisition system having a horizontal streamer;

10019] Figure 2 is a schematic diagram of a seismic data acquisition system
having a slanted streamer;

[0020] Figure 3 is a schematic diagram of a seismic data acquisition system
having a curved profile streamer;

[0021} Figure 4 is a flowchart of a method for deghosting seismic data
according to one embodiment;

[0022] Figure 5 is a flowchart of a method for ghost lag modeling of migration
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according to one embodiment; [0022]Figure 5 is a flowchart of a method for ghost lag modeling of
migration 6 data and mirror migration data according to one embodiment; [0023]Figures 6A to 6E are
graphs illustrating synthetic migration and mirror migration data processed according to the methods of
Figures 4 and 5; [0024]Figure 7 is a schematic diagram of a computing device configured to implement

2 deghosfigg, MRIAASRHGIHIR A3 EXSEIBIRMS TRSHIER TG ED DESCRIPTION
[0023] Figures 6A to 6k are graphs illustrating synthetic migration and mirror
migration data processed according to the methods of Figures 4 and 5;

[0024] Figure 7 is a schematic diagram of a computing device configured to

implement a deghosting method according to an exemplary embodiment.

DETAILED DESCRIPTION

[0025] The following description of the exemplary embodiments refers to the
accompanying drawings. The same reference numbers in different drawings identify
the same or 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.

[0026] Reference throughout the specification to “one embodiment” or “an
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 same embodiment. Further, the particular features, structures or characteristics
may be combined in any suitable manner in one or more embodiments.

[0027] According to an embodiment, a novel method performs receiver
deghosting by use of migrated common image gathers (migration and mirror

migration). This is achieved by deriving a ghost free model of the data which when
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[0025]The following description of the exemplary embodiments refers to the accompanying drawings.
The same reference numbers in different drawings identify the same or 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
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which may be combined by averaging.

[0028] The method is now discussed in more detail. An operator L links data

d to a model m of deghosted data as noted in the equation & = L7 (1). More
specifically, considering that d is a concatenation of migration data du and mirror
migration data dd for a common image gather of nmax traces for one frequency
slice, and m is the model domain containing kmax parabolic traces, , equation (1)
can be rewritten in matrix form as:

A0 Gduy0 13 2@ i @ Lud jromeve - @ LY p@ Tadd 28 1@ Tdd} vmmas@) = fafwle’(2mifrr K 10, V- €20 £ o Tin B o 4 i D0 )08 8- -%- 8- 8-
(2)

[0029] The time-shift Ter[ X1 represents the lag associated with the primary
events of the n” common image gather trace and k" model parameter while the time
shift (Torbn kRl + tgulnks Y or (Tprln kl + 15000k ) represents the total lag
associated with ghost reflections in the n” detector and k" model parameter in the

migration data du and mirror migration dd respectively. Therefore d and L



d to a model m of deghosted data as noted in the equation d = Lm (1 ). More specifically, considering
that d is a concatenation of migration data du and mirror migration data dd for a common image gather
of nmax traces for one frequency slice, and m is the model domain containing kmax parabolic traces"
equation (1) can be rewritten in matrix form as: ligthooldul 11@ @ [(du] Jima@ - @ELIA wKddl

apipKddl max@ Br (*1el(270tpr [n, ) - ?lag.,or fp,kl frinu 11111))& - - - &-&-P- 029]The time-shift-
epresenty T PP RSBt SRR, BRI B BT TR e B A i
model parameter while the time shift (r rim) or, ([n, ff, + rgd) represents the total lag associated with
ghost reflﬁﬁ‘&?ﬁi"ﬂl{‘iﬂ%fﬁ{%"aﬁ%& [3 }ﬁ'g}#%ggelfl\'ﬁ%rﬁﬁégeﬁiﬁ%ﬁj‘%igraﬂon data du and mirror
migration dd respectively. Thereforﬁq dan *ni' simultaneausly provide a solution for the migration data
(via the ubjftHalf of d%m‘ﬁrﬁﬁ‘ frraFmigra@od o%ig' vidnRY RS INgs el 3n830]The time
shifts Tgurand radinij may be defined by a first and a seﬁgr;%é%host lag model that are derived from the
i

migrationSSA S AR GG MR YAse depueq Lpmt e %éWeWﬁBF gHardti®lecond

ghost lag model
data respectively. The first ghost lag model (14,) and the second ghost lag model

(tgq) may estimate a ghost lag to the seismic source as a function of an offset h of
each seismic receiver n. For example, in certain embodiments the ghost lag models
are defined by a second order polynomial equation such as 7= [Bl = 7, + p - &ln]
+ g - ’InF* (3) where kInl™ s the horizontal offset between the source and the 1th
common image gather trace (corresponding to the B2k column of data) and where

Ts, P and & are the zeroth, first (linear} and second (parabolic) order lag
coefficients respectively.

[0031] According to an embodiment, the above equations are used to achieve
a ghost-free model (m) at sea surface datum based on the parabolic wave
propagation properties of the primary and ghost components. Deriving ghost lag
models for both the migration data and mirror migration data and generating a ghost
free model (m) may improve the deghosting process and provide a better final image
(f) of the subsurface.

[0032] Assuming 3D migration algorithms have been used to generate the
migration and mirror migration datasets, the algorithm is capable of correctly
deghosting correctly according to 3D ghost propagation. For 2D datasets where only
2D migration is possible, the algorithm is still effective but 3D ghost propagation will

not be optimally handled.



(cgd) may estimate a ghost lag to the seismic source as a function of an offset h of each seismic
receiver n. For example, in certain embodiments the ghost lag models are defined by a second order
polynomial equation such as Th[n] + g hEnr (3) where KIA-- is the horizontal offset between the source
and the nth common image gather trace (corresponding to the nth column of data) and where To , P

1003 AcBHEIRD to an SIRBAIRFE 0 AL SRR e et B R VB Bhoetfree mocdel (m)
e A 0 ARl Bnon pperign o e many and s
e R B B S S o e
mcoording G A0 G GoT HSHHRECT. B 3D ANErd o o A0 A AL e BOGURTES the aigerithm
s still effegthye DUt SR A A PRI WA LRS QRTINS Shon data (dd), deriving

(430) a ghost lag model for the migration and mirror migration data, deriving (440) a

ghost free model (m) of the migration data, generating (450) primary (p), migration

ghost {(gm) and mirror migration ghost {gmn) dataset portions of the migration data,

adaptively subtracting (460a) the primary (p) and migration ghost (g,,) datasets from

the migration data (du) to obtain a first adapted primary (p”') datatset and a first

adapted residual {r") dataset, adaptively subtracting (460b) the primary (p) and

mirror migration ghost (gmm) datasets from the mirror migration data (dd) to obtain a

second adapted primary dataset (p*) and a second adapted residual dataset (r’2)

and generating (470) a final image of the subsurface based on the adapted primary

datasets (p”' and p*?) and the adapted residual datasets (r” and r?). The method

400 may be applied to a variety of streamer configurations such as those shown in

Figures 1-3.

[0034] Receiving {410) seismic data may include receiving input seismic data

recorded by a set of seismic receivers that are towed by a vessel. The input seismic

data may recorded in a time-space domain and the seismic receivers may be located

at different depths (z,) in the body of water. For example, the seismic receivers may

be arranged in a sloped formation as shown in Figure 2 or a curved formation as

shown in Figure 3.

[0035] Generating (420) migration data (du) and mirror migration data (dd)
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[0033]One or more of the embodiments discussed above may be implemented in a method for
de-ghosting seismic data. According to one embodiment illustrated in Figure 4, a method 400 for
de-ghosting seismic data related to a subsurface of a body of water includes receiving (410) input
seismic data, generating (420) migration data (du) and mirror migration data (dd), deriving (430) a

ghost lag_model far the migration and mirror migration data, deriving (440) a ghost free model (m) of
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(p'2) and a secpnd adapted residual dataset (r' d.generating (47 final image, pf the subsurface
basidgﬁoeeaggg?ga nﬁﬁ%d??yugsaetaas¢ts ?p:r'gn%%%@?%f%ﬂﬁga&;‘i‘étga"b%}iaﬁghﬂ%a?ﬁ%ﬁsezﬁtﬁaan ), 1o
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wo (dat . ) " 97 ) . i

the migraon g e e O e A e At S AR duiegeneraine

pomelFRLERE LR IRHORE R fESR AR B 00KS IarLgredaes) (o generare
Hataset. For the migration dat mcf

the mirror migration a the primary event uced by the source) of the

upward wayes are ﬁ!@ﬂﬁ#&ﬂﬂ@%ﬁ%g&gﬁ%@ﬂg@j He ﬁﬁﬁ?zﬁ%@ﬂ%’ﬂ@ \gnesh FQ/efyirror migrattion

data, the ghost reflections pres travelirig wave are aligned and the primary events

are cons isali rit lreQr.mi i I : ndo the
Pty o B o e B e e

example of agrion, iy AR MFRTBGRIAN SR JRARAARLIRE Giels s pgodiments
regarding the operation o
present in the downward traveling wave are aligned and the primary events are
consequently misaligned. The polarity of the mirror migration data may be reversed
to undo the polarity reversal that occurs at the water/air interface. See Figures 6A
and 6B for a synthesized example of migration data and mirror migration data.
(0037} Additional details and embodiments regarding the operation of
generating (420) migration data (du) and mirror migration data (dd) may be found in

commonly assigned US Patent Application No. 13/464,109 (Pat. Pub. US

2012/0218859) and commonly assigned US Patent Application No. 13/464,126 (Pat.
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generating (420) migration data (du) and mirror migration data (dd) may be found in commonly
assigned US Patent Application No. 13/464,109 (Pat. Pub. US 2012/0218859) and commonly
assigned US Patent Application No. 13/464,126 (Pat. Pub. US 2012/0213033) each of which is
incorporated herein by reference. [0038]Deriving (430) a ghost lag model for the migration and mirror

() and @%ﬁ%ﬂ?ﬁé%%ﬁ%““”@y?‘%ﬁ@%ﬂi%ﬁ%?ojé%?é e §16 BB (o, frstorder
host | ith th I S ki h
cvents U Rhrror midtd ﬁ*?ﬁ%ta%;?@?ﬁﬁ??? B IR Wi Shon W1 PSS o

h I li f d d th
ghot 1ol e e e ARG e TG et AT TG e B EHEuA Teions of

iall
iéfﬁ;&'t?né%%@eéc?@%”ﬁsgé%%ﬁé‘i%ﬁ P RS A G MR Mifition daca
(dd) fora\far|£ f lr%]ve E%ﬁf) rl Iect}i}gim?hc% perzoasng tprec rres)??I plgher order
W |g ma

ghost Iagsterm LOHEIALON CO8 urve stac ign the

primary #F?ntf thelc_i1 Sé‘taﬁ%ﬂet%%(:@shn%g%;ggé’g?ﬁgml gtlg@(&iﬁ] rg:% m|r Hﬁlgratlon data)

particularly 10 fiaces hat ar ?mlgalon data. See

mi
Figure 5 %nd the assoe |SaI %W%er%?é'xp ?or}]ﬁatadfjlt' na k tGasll Sl pl?e\r%/mg g4399}, ta gglqr(i)gtale}gﬁjmodels for
the migrafion ana mirror migratio 10 ero Brterms may be added as et ssary 6 lly define

E e Do L PR AT R o
model (M) MU9ralanJaLe Fagi S KRS SREVIENY MSUTIgERoL AT AIALI9A gpta to
regions of essentially linear iag.
[0039] Returning to Figure 4, deriving (430a and 430b) may also include
computing a curved stacked autocorrelation for the migration data (du) and the
mirror migration data (dd) for a variety of curve shapes and selecting the curve
shape (and the carresponding higher order ghost lag terms) with the highest auto-
correlation coefficient. Curve stacking may help align the primary events with the
ghost reflections {within either the migration data or the mirror migration data)
particularly for traces that are not in the linear region of the migration and mirror
migration data. See Figure 5 and the associated description for additional details on
deriving (430) the ghost lag models for the migration and mirror migration data.
Higher order terms may be added as necessary to fully define the ghost lags. The
migration and mirror migration ghost lags are non-stationary, and thus must be
evaluated in different time windows.
[0040] Returning again to Figure 4, deriving (440) a ghost free model (m) of

the migration data may include converting the migration and mirror migration data to
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the frequency domain and solving for the ghost free model (m) that generates the migration and mirror
migration frequency domain data (d) when multiplied by a linear operator L that incorporates a first
ghost lag model (Tgu) corresponding to the migration data (du) and a second ghost lag model (cgd)
corresponding to the mirror migration data (dd). [0041]The first and second ghost lag models (Tgti and

o g4 et r o DA A e e RS AR G St heere o= T

migration and mirror migration frequency domain data (d) when muitiplied by a linear

operator L that incorporates a first ghost lag model (tg,) corresponding to the

migration data (du) and a second ghost lag model (1g4y) corresponding to the mirror
migration data (dd).
[0041] The first and second ghost lag models (zg, and 144) may be

incorporated into the linear operator L via a ghost reflection term g7 -3+ %s)

where or Tg = Tgu or Ted according the form:

(E:ﬂif’rp,,_.m,k]; _ 3 [Tl [k Teulnls) _\

L=

LT Tpplnid, _ 2wifl () palnidet Tgalnl::) . l

\ - - 3)

which is also shown in equation (2} introduced above.

[0042] in one embodiment, the primary lag term is defined by the equation
TprlL &1 = & - R[MIF:- (4) where RInI™ = the offset relating to the common image trace
being constructed ¥ is a second order lag coefficient that corresponds to - In one
embodiment the ghost lag terms Taul®l = and Tgalil = are defined by the equation
tglnl = .+ p* hlnl + g = kIl (5) where 7o is the zero offset lag and ? and ¢
are the first and second order lag coefficients as defined by the ghost lag model.
tprlna k] defines the reverse parabolic Radon travel times to transform the primary
data refiectivity from model to data space {(as per the equation in paragraph 24).
The ghost models are a copy of this primary reflectivity with a time shift and a

reverse in polarity. The time shift to make the migration ghost model is given by tg,,
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- which is also shown in equation (2) introduced above. [0042]In one embodiment, the primary lag term
is defined by the equation TpAlt,k hEnlz (4) where gni the offset relating to the common image trace
being constructed k is a second order lag coefficient that corresponds to nn.one embodiment the ghost
lag terms zallEnl -- and Tgd[ra - are defined by the equation r9 n] = top * h[n]q 41- hfrd2 (5) where

To is the zerp offset lag and P and g are the first and second order lag coefficients as defined by the
ghost lag MG T S W B S FCUATE PASERUNE RGN v b rainstol et rimary

data reflectivity f_rom model to data space (as per the equation in paragraph .24_%‘. The ghost models are
a copy of¥hifSrimanfreacin/ Ao NReY RYimOIaMaIRIS frecdridifiiverhinyhe HatirhecaIRiIEd make the
migration ghost model is given by 'Ego,

phase of the algorithm in the form of a zero offset shift (15), linear term (p) and

parabolic term (q). Although the above ghost lag terms (i.e., models) are defined by

a second order polynomial equation, a second order polynomial equation is not

required by the method 400 and any appropriate lag model may be used. For

example, a third or fourth order ghost lag model may be fit to the migration and

mirror migration data.

{0043} Image resolution may be improved by varying the ghost lag models

with time (or depth in the case that depth migration has been used). This may be

implemented with a time domain version algorithm which has ghost lags that vary as

a function of time, or by processing the data in overlapping temporal windows. Each

temporal window will have it's own ghost lag functions relating to the migration and

mirror migration and will be modeled independently after a Fourier transform

operation to the frequency domain.

[0044] One of skill in the art will appreciate that multiplying by the primary

s and e W %0} \yithin the matrix L

event and ghost reflection terms ¢
effectively performs a series of phase shift operations on the frequency domain
model m and that phase shifting in the frequency domain is equivalent to time
shifting (i.e. applying a time lag) in the time domain. One of skill in the art will also
appreciate that phase shifting in the frequency domain, which uses complex

numbers, is not restricted to discrete phase shift values, while time shifting in the

time domain, which uses real numbers, is typically restricted fo discrete time shift
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and the time shift to make the mirror migration ghost model is given by -cgd. The time shifts 'Ego and
Tgd are defined by a parameteric model derived in the initial scanning phase of the algorithm in the
form of a zero offset shift (TO), linear term (p) and parabolic term (q). Although the above ghost lag
terms (i.e., models) are defined by a second order polynomial equation, a second order polynomial

tion is pot ired by th d 40 d iat del b d F le,
2 rcor VAHGE o REL  PhARE T B Ao DB e RSk loh e+
0043]1 luti be improved b ing t host | dels with ti depth in th
case that DAL FPALE RS HLER (LGE e aS B iplemented wih & tme domain version
Igorith ich h lags, that ti f i b ing.the data i lappi
Cemporal WBlve. EadpSBAARR READ G A0 MR N A AR LD e

1 th e HLAED O OIS DPREIFH MG AR S ERe B ROHSSIA o Webrimary

event an ? ost reflection terms esgnfTP' andif7.92)(\évghin the matrix L effectively performs a series of

phase shift o%@#a‘%%%ﬁ"t%%%%%r rﬁj&m c;grsn'é’]ﬁymodeF(raﬁjand that phase shifting in the frequency

domain i lvalent to time shifti é . applyi ime.lag) in the time domain. One of skill in the art
il 50 S00ERE e that BHEKE ARG 1o R L Bl A R T RO, s mor
restricted to ﬁis rete phase, shift,values, while time shifting in the time domain, which uses. real
ambers, 1 GO LaralR (e R R e B S A s B e

e mo
frequencx{hdomaln may.r sult |nt%ebetter model m an(gla?ap er final image %f a subsy{(gace. [0045]1t

?a and mifror m 0 r exam sequen

should alsoeo@'ﬁgf‘ga?ha% any approprla e m(')%fgltlgomam such asa H%Pat%lc radon domain, a linear

radon dotgaiiy & WRS PRl AL RSN A HY e ASUEE N ASRIHILE) demaitygy be used.
(450) primary (p) and ghost (g) dataset portions of the migration data. In one

embodiment, the primary (p) and ghost (g) dataset portions (see Figures 6C and 6D

for a synthesized example) are generated according to the matrix equations:

Py
] o mifrpfd)., - - _— iy
pz = ( —_ — —_ — ) m‘ﬂ.
D e Tl max (6)
Gty
o |_ (“”” ) - - - )( sy )
: - - - - ity :. .
g uﬂ‘?‘]’%ﬂ:ﬂi’ kmax ( 7 )
[0047] Similarly, the ghost dataset portion of the mirror migration data may be
generated using the matrix equation:
g4,
ad, _ (“E,:rzaﬂ[*q;;r[qﬁi,k]{g 'rgﬂ[n]ﬁ) - - - ) ( ';2: )
: o -7 m&r’.:nax
gd, ..
ALK (8)
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[0046]Having a ghost free model (m) that is derived using ghost lag models for both the migration data
and the mirror migration data facilitates processing both the migration data and the mirror migration
data. For example, subsequent to deriving 440 a ghost free model (m), the method 400 may continue
by generating (450) primary (p) and ghost (g) dataset portions of the migration data. In one

S S O e T e
i T e
e A D B R et o
o R T S R D s 2o 0
o e e T R SRR B RB oy

multiple attenuatjon. re information on,adaptive subtraction see, for example, ;'Seismic multiple
removal AR A B T A R e BB S PR L 9ol B nevein

by refereré%ed generating (470) a final image (f) of the subsurface based on the adapted

primary (p’) and the adapted residual () datasets may improve the quality of the
final image (). Adaptive subtraction is a routine algorithm used in demultiple, for
example, surface related muitiple attenuation. For more information on adaptive
subtraction see, for example, “Seismic multiple removal techniques past, present
and future,” D.J. Verschuur, page 45, which is incorporated herein by reference.
[0048] Figure 5 is a flowchart of a method 500 for generating a ghost lag
model for migration data and mirror migration data. As depicted, the method 500
includes receiving (510) migration and mirror migration data, computing (520) slant
stacked correlations of migration and mirror migration data, finding (530) a cross
correlation peak, computing (540) a curved stacked autocorrelation of the migration
and mirror migration data, and refining (550) the ghost lag model for the migration
and mirror migration data. The ghost lag models for the migration data and the
mirror migration data may be concurrently (or sequentially) generated by the method
500 and used in executing the method 400.

[0050] Receiving (510} may include receiving (510a) migration data (du) and
receiving (510b) mirror migration data (dd) generated (420) from input seismic data

recorded by a set of seismic receivers that are towed by a vessel. The input seismic
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[0049]Figure 5 is a flowchart of a method 500 for generating a ghost lag model for migration data and
mirror migration data. As depicted, the method 500 includes receiving (510) migration and mirror
migration data, computing (520) slant stacked correlations of migration and mirror migration data,
finding (530) a cross correlation peak, computing (540) a curved stacked autocorrelation of the

igrati dmi igrati ,.and refini 0).th I del far the migrati dmi
miration S NG SR LR R RSP TB I AR AR ST SRPAR O O may b

concurrently (or s tially), geperated by the methpd 500 and used in executing the method 400.
[0050]ReIcoecvi\?gltr(i}éj éﬁ%ﬁ%ﬁgﬁ%es ?é@éi&ﬁ‘& %’1 ?ﬁ%a?tgtribn data (du) and receiving (510b) mirror

migrationq) dd) generated (42 input seismic data recorded by a set of seismic receivers that
are towec} %/?:a essel. rgPr%ﬁgqusqe)?ggﬁg%ﬁ‘ias%(é(fr%ec%reg? &' ?n%dfp r?sic())ancgn omain and the

Seisic e e (A0 I9chIsf AL dleront AontIs (e lnhe o of watsy Jaoadicamputing (620)
slant stacked correlati m a may Inciuae correlatl € migration

I6ns 0 migra o And mirror migration da
data and Hé amv{/ri r}/@' rati Rdat? Wlthr\ll r%oouesksvl\l%ggrtﬁgﬁ] isg?rlg |09’rﬁ5‘%’%aen ggqhnélﬂir@grn data and the
a e, In one embodiment the®time shift betweéen columins of the

ust near 1me s

mirror migration data. For examp nee

migration data an migror migration.data conforms t inear tim ift. equation such asgn] p *
MRl e i R A RREE A T R

and Wherﬁﬁg%aag%tion data and the mirror migration data conforms to a linear time shift
equation such as 7= [nl == 1, + p * &n] (9) where &1~ is the horizontal offset
between the source and the #&% receiver (or #t% column of data) and where T2 and

B are the zeroth and first order lag (or slowness) coefficients. The linear time shift
equation may be restricted to columns of data corresponding to receivers that are
close to the source. See the linear regions 612 and 622 in Figures 6A and 6B for an
example of such columns of data.

[0052] Finding (530) a cross correlation peak may include determining the

slant stacked correlation for various values of 7o and » to determine the Ta and P
values which result in the peak slant stacked cross correlation value. In some
embodiments, interpolation is used to improve the resolution of the peak finding
process. Also the times may be spatially averaged or constrained in other ways to
ensure stability.

[0053] Similarly, computing (540) a curve stacked autocorrelation of the
migration and mirror migration data may include auto-correlating (via 540a) the
migration data and auto-correlating (via 540b) the mirror migration data with various

time shift curves between columns in the original data and columns the time-shifted
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P are the zeroth and first order lag (or slowness) coefficients. The linear time shift equation may be
restricted to columns of data corresponding to receivers that are close to the source. See the linear
regions 612 and 622 in Figures 6A and 6B for an example of such columns of data. [0052]Finding
(530) a cross correlation peak may include determining the slant stacked correlation for various values
of To and P to determine nan ues which.result in the peak s nt stacked cross correlation
Value. 1 SO B Ater b A S RBR o ES A Ve SUROH A BEAR Aicing
process. Also the times may be spatially avera d or constramid n other ways tq ensure stability.
[0053]Siff&AP ARIABLEISy 54 ﬁt@Bl‘\?éns%R% QRHEB RS Iatio (if “the Thigr |orei1?£(jld “mirror migration
data may includg auto-correlating.(via 540a) the migration data and auto-correlating (via 540b) the
mirror migratftliﬁ da@wmwmg tinfretbrifieuroatabefivee hebraendia ssvmeganal thad*dhd columns

the time-shifted copy of the original data. In certain embodiments, the time shift curves conform to a
second ordeeifiea. (curve:sasket) ofjdatmnesucWiasiy tls-2- griaril (303 witeredafih], firis (hedplizontal
offset between the source and the nth receiver (or nth, column of data) and where M. , P and g are the
zeroth, firstfliseeshdrigsetatid)(patabligcoudficibgcoefficienisirespectiectmbodineeamitogiment, the
linear coefficients TO and P that are determined when finding (530) the cross correlation peak are

used as ifiiad iR RMEIUS S HYQAURED D Ad Gt AR & KR finding (530) the cross
correlation peak are used as initial Te and P values in equation (10) to find an initial

value for & .

[0054] Subsequently, the method 500 may proceed by refining (550) the ghost
lag model for the migration data (via 550a) and mirror migration data (via 550b). In
one embodiment, refining (550) is accomplished by optimizing the coefficients of
equation (10) according to a one or more conventional methods such as Gauss-
Seidal, simulated annealing, Gauss-Newton or other optimization techniques. The
initial values used in the optimization process may be provided from the resuits of
steps 530 and 540.

[0055] In summary, the method 500 may be used to derive a first ghost lag

model (14,) corresponding to the migration data (du) and a second ghost lag model

(tga) corresponding to the mirrored migration data (dd). Furthermore, the method
500 may be used as the deriving operation 430 within the method 400 previous to
processing (440-470) the migration data (du) (or the mirror migration data (dd)) using
the first and second ghost lag models to provide an improved final image () of the
subsurface.

[0056] Figures 6A to B6E are time domain graphs illustrating synthetic
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value for g . [0054]Subsequently, the method 500 may proceed by refining (550) the ghost lag model
for the migration data (via 550a) and mirror migration data (via 550b). In one embodiment, refining
(550) is accomplished by optimizing the coefficients of equation (10) according to a one or more
conventional methods such as GaussSeidal, simulated annealing, Gauss-Newton or other optimization

Siops 530S 430 VKT e IRHRAR H RGeS0t @mﬁﬁﬁma&%@“’“ AR, mode

e iR B g‘ﬁ"g‘gé%a%%%%é‘%a Er R e éﬁﬁﬁéﬁe@ pemation
1%3@“:}25%2@ ANy oG ﬁ“z%g%,a%a % as@%%% %??n%%&zoyﬁﬁaame o
O S e R BT SR Bafechls o Ly pigation an
Bii?ﬁifiig@”ﬁ“a AR AR sl et 6%%&“ R fgﬁgs?%%%%éf:eiﬁgm

data 640 (or ' antlgla fln% e 65 rt AIt h the depicted data is synthetic, the principle of
ghost removal it r’ﬂ]f(ﬁ ficn aaEas c trated
[0057] The above-discussed procedures and methods may be implemented in

a computing device illustrated in Figure 7. Hardware, firmware, software or a
combination thereof may be used to perform the various steps and operations
described herein. The computing device 700 of Figure 7 is an exemplary computing
structure that may be used in connection with such a system.

[0058] The exemplary computing device 700 suitable for performing the
activities described in the exemplary embodiments may include a server 701. Such
a server 701 may include a central processor (CPU) 702 coupled to a random
access memory {RAM) 704 and to a read only memory (ROM) 706. The ROM 706
may also be other types of storage media to store programs, such as programmable
ROM {PROM), erasable PROM (EPROM}, etc. The processor 702 may
communicate with other internal and external components through input/output (1/O)
circuitry 708 and bussing 710, to provide control signals and the like. The processor
702 carries out a variety of functions as are known in the art, as dictated by software
and/or firmware instructions.

[0059] The server 701 may also include one or more data storage devices,
including hard drives 712, CDDROM drives 714, and other hardware capable of

reading and/or storing information such as DVD, etc. In one embodiment, software
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[0057]The above-discussed procedures and methods may be implemented in a computing device
illustrated in Figure 7. Hardware, firmware, software or a combination thereof may be used to perform
the various steps and operations described herein. The computing device 700 of Figure 7 is an
exemplary computing structure that may be used in connection with such a system. [0058]The
exemplary computing device 700 suitable for performing the activities described in the exemplary

em bodiméﬂ@?ﬁéﬂﬂﬁnﬂub@a 8bAMe-FiSCUSTRG HersvaRY BE mEyeacRdedisténttaipbcessor (CPU)
702 coupled to a random access memory (RAM) 704 and to a read only memory (ROM) 706. The
ROM 706443 pe lBiariiPed biSdiortajadrairyies stoteqsrotiraniersurhnirditogiaaimesdie ROM
(PROM), erasable PROM (EPROM), etc. The processor 702 may communicate with other internal and
external dffis&hentariRtiPrmplivputbietFoITRaseR BIRY beskisey erbinte provideasbntrol
signals and the like. The processor 702 carries out a variety of functions as are known in the art, as

dictated BYsERX&RS SHEbARHARSEHRENEGSS [ddsderaigeider012nale aitberdiver dRd or more

data storage devices, including hard drives 712, CDDROM drives 714, and other hardware capable of
reading aEBRSSHYG RIOAREEPRYCHEs BVD) S1aYIRDRE L ABEdTEIftWELHiRBlY 1Y for carrying out
the above-discussed steps may be stored and distributed on a CDDROM or DVD 716, a USB storage
device 710 SPIHRLGDBREEMNS AP A BBl SIS AR Heskvataihadresaysiha§e media may
be inserted into, and read by, devices such as the CDDROM drive 714, the disk drive 712, etc. The
server 706-RAy: K8 obpiga & RUiEpRIJaES0! rhit PFRYIFBE, ARG FHRdA A QM BISHHERET presentation
screen, such as LCD displays, plasma display, cathode ray tubes (CRT), etc. A user input interface
722 is préVigEach ARHRE B DENHr 8 LRSPRHEFraLRYRRRAh MYRTe RiRAcadN theask REGBoard,
microphone, touchpad, touch screen, voice-recognition system, etc. [0060]The server 701 may be

coupled tSBRRI FOGsECR@N RN s, etc.

[0060] The server 701 may be coupled to other devices, such as sources,
detectors, etc. The server may be part of a larger network configuration as in a
global area network (GAN) such as the Internet 728, which allows ultimate
connection fo the various landline and/or mobile computing devices.

[0061] The disclosed exemplary embodiments provide a computing device
and a method for seismic data processing. it should be understood that this
description is not intended to limit the invention. On the contrary, the exemplary
embodiments are intended {o 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
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detectors, etc. The server may be part of a larger network configuration as in a global area network
(GAN) such as the Internet 728, which allows ultimate connection to the various landline and/or mobile
computing devices. [0061]The disclosed exemplary embodiments provide a computing device and a
method for seismic data processing. It should be understood that this description is not intended to

limit the invention. On the ¢ ntraa/, he ﬁﬁgﬁéa% embodimen %e\re inter%jed,to cover alternatives,
r

modificatNE SHAEQIH AR ARSSHRRHA ! RAMSRE LhpREcHREGRRBAIOIR &R as defined by

th ded claims. Further, in the detajled descripti f th I bodi ts,
specifc ASEINGR SARSNGAORSEVT6 DARRTAT B SPEH RS E RSN A TRl

invention. However, one skilled, in the art would unﬂ rstand that varioys embodiments may be
oracticod WMAGSIMETAS Spub YR Rus R A BUGIo e ot ABes TRa PR SRS AlSsent
exemplarcgd %gabogg%ems are described in the embodiments in particular combinations, each feature or
element A es% Kbhe without the other features and elements of the embodiments or in various

binatj ith i t feat del ts disclpsed herein. [0063]T.hi it
coaeriniJUREL mmmB B Rt o SR AB00RIS Bl S P B IPCOREIPRAN art t
tice th includi king and usi devj tems. and performi
incorporatAMEAERCRY SRISHADLEhE B AL G S Adp S G YR AOHRIS and may
include other examples that occur tq those skilled in the art. S{J%P ottt'\%aréex les ?reti%tFnded to be
within e LIRS e T A PECET R/ [eorborated methiods: [ He patetable
scope of the subject matter is defined by the claims, and may include other examples

that occur fo those skilled in the art. Such other examples are intended to be within the

scope of the claims.
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1. A method for de-ghosting seismic data related to a subsurface of a body of water, the method
comprising: receiving input seismic data recorded by a plurality of seismic receivers, wherein the
input seismic data is recorded in a time-space domain and the seismic receivers are located at
different depths (Zr) in the body of water; generating migration data (du) and mirror migration data (dd)

from the sei miig ta; féariv_ing a ghost free model (m) based on simultaneously using the
migrationvﬁgé'r( )%aiﬁ%ﬁ' |]$nigration data (dd); using the ghost free model to generate a deghosted

dataset; and generating a final image (f) of the subsurface using the deghosted datasef. 2. The
method of claim 1. OHBRIP ORI RS S A BRI TR AORARESY 3 The

method of claim 1 \%gere t:Hecllnc;(gration, data is in the offset domain or the angle domain. 4. The
method dF'af§tBhd 8t BIEIRCLBMP U Yein deriving the ghost free model comprises solving an

tion d=Lm for m, wh Lisali tor that i f hosti ] tion, mi
ahost e moddPoF MU BRE GHA EETEIRG A4S FRAE PGP dacs it and the miror

migration data (dd). . . , L
g W ere&u q%e input seismic data is recorded in a time-space domain and the seismic

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

generating migration data (du) and mirror migration data (dd) from the seismic
data,

deriving a ghost free model (m) based on simultaneously using the migration
data (du) and mirror migration data (dd);

using the ghost free model to generate a deghosted dataset; and

generating a final image (f) of the subsurface using the deghosted dataset.

2. The method of claim 1, wherein the migration data is in the time domain or

the depth domain.

3. The method of claim 1 where the migration data is in the offset domain or

the angle domain.

4. The method of any one of claims 1 {o 3, wherein deriving the ghost free
model comprises solving an equation d=Lm for m, where L is a linear operator that
incorporates a reghosting operation, m is a ghost free model of the seismic data, and

d contains data from the migration data (du) and the mirror migration data (dd).
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5. The method of claim 4 where the reghosting operation uses a first ghost lag model (Tgg)
corresponding to the migration data (du) and a second ghost lag model (igd) corresponding to the
mirror migration data (dd). 6. The method of claim 4 or 5, wherein L is defined such that the
resulting model (m) is in a domain selected from the group including, but not limited to, the parabolic
Radon domain, the |inear Radon domain, the FK domajn, and the hyperbolic Radon domain. 7.
e method of cadhiS BIFE a6 Ber BB AR Ae I MG e S A5 6861 (o) BB decond
ghost lag model (Tgd) by computing a cross-correlation between the migration data (du) and the mirror
migration"BaEe| de): b ERBUSHE A HACBIHRIAMLANG (e rarfAiSRPd Eesblagdefiebr migration

data (dd). 8. The method of any one of claims 4 to 7, where the equation d=Lm is solved in the
temporal fegguesreyspamdincg s dheiveirimaigiatiowdatd(dt)e method of any one of claims 4 to 8,
wherein each element of the operator L comprises a primary event term e-rnfrPr and a ghost reflection
term rOlpwhere T9is equal to the first or the second ghost lag models. 10. The method of any one
of claims 1 to 9, where the ghost free model (m) is used to calculate primary and ghost models for the

migration and myTahRigkaHeR SIEERRRISE or 5, WMhefeRPIRHRECRY ISEFOMES Yhad &3 Hlarghost seismic

data related to a subsurface of a body of water, the computing device comprising:
model {m)} is in a domain selected from the group including, but not limited to, the

parabolic Radon domain, the linear Radon domain, the FK domain, and the

hyperbolic Radon domain.

7. The method of claim 5 or 6, further comprising deriving the first ghost lag
model (1g,) or the second ghost lag model (t4q) by computing a cross-correlation

between the migration data (du) and the mirror migration data (dd) and computing an

autocorrelation for the migration data (du) or the mirror migration data (dd).

8. The method of any one of claims 4 to 7, where the equation d=Lm is

solved in the temporal frequency domain for a given time window.

9. The method of any one of claims 4 to 8, wherein each element of the

~ENif Tmr

operator L. comprises a primary event term € and a ghost reflection term

e T WTor+ 7o} bore Tais equal to the first or the second ghost lag models.

10. The method of any one of claims 1 to 9, where the ghost free model (m)

is used to calculate primary and ghost models for the migration and mirror migration
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an interface configured to receive seismic data recorded by a plurality of 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 processor configured to
generate migration data (du) and mirror migration data (dd) from the seismic data; the processor
further configured to derive a ghost free model (m) based on simultaneously using the migration data
(du) and igration data (dd); the processor further configured to generate a deghosted
dataset based on the ghost free model (m); and the processor further configured to use the
deghosted dataset to generate a final image (f) of the subsurface. 12. The computing device of
claim 11, wherein the processor is configured.to derive the ghost free model by solving an equation
oL for . whdrb LSO TR GHAFAIER PO I ERna S SISO RGO RATB R Oife ghost free
model of the seismic data, and ({/containfédata from the migration data (du) and the mirror migration

data (dd)S¥3SYHR R FUBRGYRVIBIEE TP PRIt Y pﬁ%’ggé%p% configured to derive a first
igraton data (A0 R 66 AL AR GRS (b oIRGB 57 B BOHEG for e
migrations%?é%ﬂg %géiyéersr?ri{é%@ (g%&ieodn t%? gav@gg'el, 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 processor configured to generate migration data (du) and mirror migration
data (dd) from the seismic data;
the processor further configured to derive a ghost free model (m) based on
simultaneously using the migration data (du) and mirror migration data (dd);
the processor further configured to generate a deghosted dataset based on
the ghost free model (m); and

the processor further configured to use the deghosted dataset to generate a

final image (f) of the subsurface.

12. The computing device of claim 11, wherein the processor is configured fo
derive the ghost free model by solving an equation d=Lm for m, where L is a linear
operator that incorporates a reghosting operation, m is the ghost free model of the
seismic data, and d contains data from the migration data (du) and the mirror

migration data (dd).

13. The computing device of claim 12, wherein the processor is configured to
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14. The computing device of claim 12 or 13, wherein each element of the operator L comprises a
primary event term CamtrPr and a ghost reflection term where T9is equal to the first or the second
ghost lag models. 15. A method for processing seismic data related to a subsurface of a body of
water, the method comprising: receiving migration data (du) and mirror migration data (dd)
generated from input seismic data recorded by a plurality of seismic receivers that are towed by a
vessel, wHerdifl thBrsbighaR! tRaaMedetbigd @ rsarmne gitest raanrdatitae) Suigiampatiswers are
located at different depths (Zr) in the body of water; deriving a first ghost lag model (tgg)
correspornudogsiodirelatignaltietwdatat{duirigas Bstiate dufishg hbstriagdo migesinre datarGidas a
function of an offset h of each seismic receiver of the plurality of seismic receivers; deriving a second
ghost laganddaritpd)icgreespaiodmgdiative foirtbes chigigtatod atatéd(dd)rthzet estimatergeaiecond ghost
lag to the seismic source as a function of an offset h of each seismic receiver of the plurality of seismic
receiversgatal {gidcessing the migration data (du) using the first and second ghost lag models to
provide a final image (f) of the subsurface.

14. The computing device of claim 12 or 13, wherein each element of the

~ ST gy

operator L comprises a primary event term # and a ghost reflection term

e F W T0) \here Tais equal to the first or the second ghost lag models.

15. A method for processing seismic data related to a subsurface of a body
of water, the method comprising:

receiving migration data (du} and mirror migration data (dd) generated from
input seismic data recorded by a plurality of 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;
deriving a first ghost lag model (1y,) corresponding to the migration data (du)

that estimates a first ghost lag to a seismic source as a function of an offset h of
each seismic receiver of the plurality of seismic receivers;

deriving a second ghost lag model (t4q) corresponding to the mirrored
migration data (dd) that estimates a second ghost lag to the seismic source as a
function of an offset h of each seismic receiver of the plurality of seismic receivers;
and

processing the migration data (du) using the first and second ghost lag
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16. The method of claim 15, wherein deriving the first ghost lag model (-cgu) or the second ghost lag
model (cgd) comprises computing a cross-correlation between the migration data (du) and the mirror
migration data (dd) and computing an autocorrelation for the migration data (du) or the mirror migration
data (dd). 17. The method of claim 15 or 16, further comprising deriving a ghost free model (m)

based on si ugtaneouséla/ usinﬁ t%e migr?%&%d&gtagb%), the mirror migration data (dd), the first ghost
lag modelMRYEISA0PHY SE_HIYHBEIS =8, The method of claim 17, wherein
deriving the ghost free model comprises solving an equation d=Lm for m, where L is a linear operator

that incorporates the first ghost lag model (rgu) and the second ghost lag model (igd), Il is a ghost free
model of the seismic_data, and d is a frequency slice from the migration data (du) and the mirror
migration data (d§). The 1eethrd Rictisdn dPcaieres) WREVENS the e RedePda) Gond¥ponds to
a second domain selected from the group including a parabolic radon domain, a linear radon domain,
a hyperbalie stomdaghasniaantadef-lo{fecprapcipaavemimiiery dorees-correlation between

the migration data {du) and the mirror migration data (dd) and computing an

autocorrelation for the migration data (du) or the mirror migration data (dd).

17. The method of claim 15 or 16, further comprising deriving a ghost free

model (m) based on simuitanecusly using the migration data (du), the mirror

migration data (dd), the first ghost lag model (tg,) and the second ghost lag model

(ng)-

18. The method of claim 17, wherein deriving the ghost free model comprises

solving an equation d=Lm for m, where L is a linear aoperator that incorporates the
first ghost lag model (zg,) and the second ghost lag model (t4q4), m is a ghost free

model of the seismic data, and d is a frequency slice from the migration data (du)

and the mirror migration data (dd).

19. The method of claim 18, wherein the ghost free model (m) corresponds to
a second domain selected from the group including a parabolic radon domain, a
linear radon domain, a hyperbolic radon domaim, and an f-k (frequency-

wavenumber) domain.
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20. The method of claim 18 or 19, wherein each element of the operator L comprises a primary event
term e-nrufrl'r and a ghost reflection term Tut Mir+ rg) where T9 is equal to the first or the second
ghost lag models.

20. The method of claim 18 or 19, wherein each element of the operator L

—2mi jff.%,.r

comprises a primary event term £ and a ghost reflection term

e T UTr T} \ihere 7o is equal to the first or the second ghost lag models.
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