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This application clainms the benefit of U S. Provisional Application No.

60/ 322, 50wofasloesb2Sept enber 14, 2001. FI ELD OF | NVENTI ON THHCI/uS0w/e2s609 on
generally relates to the field of seism c prospecting. Mdxre particularly,
this invention relates to a nethod for attenuating noise from seismc data.
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hydr ophones neasure a scal ar pressure and are not sensitive to t

propagat i on portion of the down-going wavefield travels into the underlying earth w ere it
illuminates subsea geologic formations. As it illuminates the interfaces or boundaries
between the formations, part of the wavefield is returned (or reflected) back through
the earth (propagating in the up-going direction). Part of the reflected wavefield is
received by the seismic acquisition system, converted into electrical signals, and
recorded for subsequent processing. An analysis of these recorded signals makes it
possible to estimate the structure, position, and lithology of subsea geologic
formations, thereby completing an important step in the exploration process.

Figure 1 shows a simplified example of a typical marine seismic acquisition
system. A first ship 1 tows a seismic source 2 several feet below the surface 3 of the
ocean. The seismic source 2 is activated to produce a down-going wavefield 4d that is
at least partially reflected by a subsea formation boundary (i.e., an impedance
discontinuity) 5. The up-going wavefield 4u then travels toward the sensors 6 and 1s
detected.

The sensors 6 used in typical marine seismic exploration include pressure
sensors and velocity (also referred to as “particle velocity”) sensors. Typically, the
pressure sensors are hydrophones and the velocity sensors are geophones. The
hydrophones measure a scalar pressure and are not sensitive to the propagation

direction of the wavefield. The geophones, which may be vertical geophones, provide



direction of the wavefield. The geophones, which may be vertical geophones,
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bottom technique. This invention attenuates noise that is normally present during data
acquisition and has been found to be an important processing step before the
combination.

In one type of marine seismic surveying, the sensors 6 are located at regular
intervals in one or more ocean bottom cables (OBC) 7 that are arranged on the
seafloor 9. When necessary, a second ship 8 is used to move the OBC 7 to a new
position on the seafloor 9. Several miles of OBC 7 are typically deployed along the
seafloor 9, and several OBCs are typically deployed in parallel arrangements. OBC 7
arrangements are particularly well suited for use in certain zones (i.e., zones cluttered
with platforms or where the water is very shallow) where the use of ship-towed
hydrophone arrays (not shown) (which are located proximate to the ocean surface 3
and are typically referred to as “streamers”) is not practical. In another type of
seismic surveying, the hydrophones and geophones are deployed on the ocean bottom
as separate ocean bottom stations (OBS). A combination of separate OBS and OBC

can be deployed. The geophone and hydrophone must be connected to a recording

instrument typically on a vessel.



as separate ocean bottom stations (OBS). A conbination of separate OBS and
OBC can be depl oyed. The geophone and hydrophone nust be connected to a
recor di ngwoimsessedrent typically on a vessel. WO 03/ 025623 PRT/SUSLE802 8609
-3 As shown in figure 2, in another type of marine seismc surveying, a
marine cable or streaner 21 incorporating pressure hydrophones are
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Claerbout has disclosed that there is "crosstalk" between vertical and

horizontal geophones due to non-vertical incidence of P and S reflected waves at the
water bottom (Claerbout, J., The Leading Edge, v. 9, No. 4, pp. 38-40, April 1990).
Crosstalk occurs when the vertical geophone records at least part of the S-wave
energy. This energy becomes noise because the combination processing step assumes
only P-waves.  Other researchers have attributed this noise to non-perfect coupling
and orientation of OBC geophones (Li, X.Y. and Yuan, J., Geophysical Prospecting v
47, No. 6, pp 995-1013, November 1999). It has also been suggested that this noise
will be eliminated when the vector fidelity problem for OBC geophones is solved with
the next generation of OBC hardware (Reid, F. and Macbeth, C. 70th Annual SEG.
Int. Mtg. Expanded Abstr. Biogr. v. 1, pp 1213-1216, 2000). In addition, all the prior
art methods attribute the "leakage noise" in the vertical geophone to shear waves, thus
they do not consider other possible sources of the coherent noise (e.g., surface related
waves).

In general, the industry recognizes that OBC vertical geophone data is

typically noisy. Figure 3(a) shows seismic data traces collected using a hydrophone
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SUMMARY OF THE INVENTION

One aspect of the invention is a method for attenuating noise in seismic data
traces, at least a portion of the noise is noncoherent in the common-shot domain but
coherent in the common-receiver domain. The coherent noise has a move-out velocity
different from the move-out velocity of the data signal in the seismic data traces. The
method comprises (a) sorting the seismic data traces into common-receiver order; and
(b) using the difference in move-out velocities to separate the coherent noise from the
data signal.

In another aspect, the invention is a method for attenuating noise in two-
component or multi-component ocean bottom cable (OBC) seismic data traces. The
OBC seismic data traces comprises hydrophone data traces and vertical geophone data
traces, at least a portion of the noise in the data traces being noncoherent in the
common-shot domain but coherent in the common-receiver domain. The coherent
noise has a move-out velocity different from the move-out velocity of the data signal

in the seismic data traces. The method comprises: (a) sorting the data traces into



data signal. In another aspect, the invention is a nethod for attenuating
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prior art oce treaner cable marirne seismc acquisition system Figure
3(a) shows swisdyusétbinastdp@y.es col | ected using a hydrophone on a 2C OBC.
Figure 3(b) shows seisnm c data traces collected using a vertical geophone

on a 2C OBC. Figure 4 shows a flowchart of a first _ enbodi mrent of the
pr esent i nvention for BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 shows a prior art ocean bottom cable (OBC) marine seismic
acquisition system.

Figure 2 shows a prior art ocean streamer cable marine seismic acquisition
system.

Figure 3(a) shows seismic data traces collected using a hydrophone on a 2C
OBC.

Figure 3(b) shows seismic data traces collected using a vertical geophone on a
2C OBC.

Figure 4 shows a flowchart of a first embodiment of the present invention for
attenuating noise in seismic data traces.

Figure 5(a) shows the hydrophone seismic data traces from Figure 3(a) after
processing using an embodiment of this invention.

Figure 5(b) shows the geophone seismic data traces from Figure 3(b) after
processing using an embodiment of this invention.

Figure 6 shows a flowchart of a second embodiment of the present invention
for attenuating noise in seismic data traces.

Figure 7(a) through 7(e) schematically illustrate a preferred embodiment of the

present invention.



attenuating noise in seismc data traces. Figure 5(a) shows the hydrophone
seismc data traces fromFigure 3(a) after processing using an enbodi nent
of this iwoaatwessr3 Fi gure 5(b) shows the geophone sei sm c pdatisor/essoes from
Figure 3(b) after processing using an enbodi nent of this invention. Figure
6 shows a flowchart of a second enbodi nent of the present invention for
attenuating noise in seismc data traces6-Figure 7(a) through 7(e)
schematically illustrate a preferred enbodi nent of the present invention.
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noncoher ent drer, cOMmon-shot order but coherent in conmon-receiver order.
This coherency represents a major property allow ng separation of the
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comon-recei ver order has not been noticed by sone major seismc
contractors.”fHose who recogni ze coherency of the noise have suggested a
nunber of theori egigrePl(BiHIWAdoPBonRNefifi® da@i thace\Frofti HEMSIKB) B @mALE! Y,
nost of the theoriés define the observed noise as being related to shear
wave ener gy receiver order after processing using the steps outlined in the flowchart of figure 6.

DETAILED DESCRIPTION

We have discovered that at least part of the geophone noise is noncoherent in
common-shot order but coherent in common-receiver order. This coherency
represents a major property allowing separation of the noise and the signal. Coherent
properties of the noise in the common-receiver order has not been noticed by some
major seismic contractors.  Those who recognize coherency of the noise have
suggested a number of theories explaining the noise origin. As discussed previously,
most of the theories define the observed noise as being related to shear wave energy
recorded on vertical geophone.

The embodiments of the invention relate to methods for attenuating noise in
seismic data traces, at least a portion of the noise being noncoherent in the common-
shot domain but coherent in the common-receiver domain. The coherent noise has a
move-out velocity different from the move-out velocity of the data signal in the
seismic data traces. As shown in Figure 4, the method comprises two basic steps of
sorting the seismic noise into common-receiver order 32 and using the difference in
move-out velocities to separate coherent noise from the data signal 33.

2 ¢¢

In seismic exploration, the terms “signal,” “data trace,” “seismic data trace,”
“trace,” “shot record,” “recorded data,” and “measured data” refer to data recorded by

a sensor pair after the seismic source has been used to produce a wavefield. A “single



recorded on vertical geophone. The enbodi nents of the invention relate to
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noise exhibits noncoherent or random properties in the original acquisition shot order
or common-shot order but exhibits coherent properties in the common-receiver order.
In common-shot order all the traces recorded for a single shot are plotted in a two-
dimensional fashion with a trace's location from the shot location being the shot-to-
geophone distance (for all the receivers) and with time being the other dimension.
Whereas, in common-receiver order all the traces recorded at one particular receiver
location are typically organized in a two-dimensional fashion with a trace's location
from the receiver location being shot-to-geophone distance (for all shots recorded) and
time being the other dimension. Therefore, the original common-shot order needs to
be sorted into a common-receiver order.

Sorting from original common-shot order to common-receiver order involves
separating the data based on the receiver location. Once separated or sorted into
common-receiver data at least a portion of the noise and signal are coherent in the

common-receiver order.

Separating the coherent noise from the data signals
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fact allows use of filters (e.g., multi-channel filters) to separate the

converted shwygringai.ed he sbscsi@yingiion is asnally e thophagisfsfrequireys ahaiehchsionent
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of frequencygitigh ANt RiRahay BafiREred butt Whikeigdrigds Ruelllmoeauh terodiet v,
coherence, or anplitude) nay be used. Either signal or noise may be

filtered outdisametyethsti geophonegdatangied is dehergnt inrthe hemmon-re¢rsver @rdes GUengt t hat
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noi se cannot eQﬁ:eﬁ%l?%ﬁtkr‘é@!iﬂ(tﬁééohﬁﬁ&psﬂof‘ofdlaﬁ‘ conmon-shot order. A preferred

enbodi ment of the present invention is to correct the seismc data after

the traces are soAtpedferred embaiimmontofehepresent anveatiomis tpeofrectrthaspisninalatmal -
after the traces are sorted into common-receiver order by performing a normal-
moveout correction and then separating the coherent noise from the data signal. A
normal moveout is the variation of reflection arrival time because of the source-to-
geophone distance (offset). Therefore, the normal-moveout correction is a time
correction applied at an arrival at some distance between the source-to-receiver
location that makes the arrival appear to have been recorded at a zero distance source-
to-receiver location.

As stated above the noise is characterized by substantially lower moveout
velocity than the signal. This fact enables use of multidimensional filters for their
separation. A moveout correction before multichannel filtering is not a required step
but it may significantly simplify the filter design.

We have discovered that the velocity for the hyperbolic moveout
approximation of the PS-waves rarely exceeds 1500 meters/second (m/sec).
However, primary reflected PP-waves in the OBC environment have moveout
velocities higher than 1500 m/sec. The velocity of sound in water is defined at
approximately 1500 m/sec and does not significantly change due to the usual

variations in water depth and sediment velocities. Therefore, the hyperbolic moveout



noveout correction and then separating the coherent noise fromthe data
signal. A normal noveout is the variation of reflection arrival tine
because oWotoh®2meuir ce-t o- geophone di stance (offset). Therefrarsez/286he

nor mal - noveout correction is a tine correction applied at an arrival at
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arrival appear to have been recorded at-fa-zero di stance source- to-receiver
| ocation. As stated above the noise is characterized by substantially | ower
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transformation is the conversion fromone representation éo anot her .,
map the data into a different two-dimensional space in which the data and the noise

are separated. Different transformations may be used by using different filters (i.e., f-
k, tau-p, radon etc). One two-dimensional transform is the Fourier transform, which
converts a time-function seismic data trace into a frequency-domain representation.
The tau-p transformation is a conversion of x to p (where p is the reciprocal of the
apparent velocity and is also called apparent slowness) and tau is the intercept time at
x =0. The tau-p transform is also called tau-p mapping and a radon transform. Those
skilled in the art will recognize other domains suitable for this technique.

The preferred approach is to use the Fourier or f-k transform. After the f-k
transform, energy from the undercorrected noise is localized in the half plane of
negative spatial frequency (negative k-parameter). Whereas, overcorrected signal
energy is localized in the positive k half plane. However, if the data has not been
corrected (e.g., using a normal moveout of the velocity of sound in water) a velocity
separation line will need to be defined that separates the noise from the signal. Once
the velocity line is defined, the noise or signal can be removed by removing data

above or below the line.



For this data we take data traces in the x-t two-di nensional space or where
X is the source-geophone distance (offset) and t is the arrival tinme or

t wo- way twawmsloeienes and map the data into a different twecdiusezzsconal
space in which the data and the noise are separated. Different
transformati ons may be used by using different filters (i.e., f- k, tau-p,
radon etc). One two-di mensional transforlf®-is the Fourier transform which
converts a tinme-function seismc data trace into a frequency-domain
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transform was used then an inverse tau-p transform should be performed. If a normal
moveout was performed and the data needs to be in the original format, an inverse
normal moveout can be performed to keep the seismic traces in original format with
the noise suppressed. Furthermore, the data may be left in common-receiver domain
or sorted back to common-shot domain. Figures 5(a) and 5(b) respectively show the
hydrophone and geophone seismic data traces from Figures 3(a) and 3(b) after the
noise is separated from the data. The geophone data as shown in Figure 5(b)
illustrates that the noise is significantly attenuated when compared to the original data
as shown in Figure 3(b).

While most of the observed noise is in the geophone data, this technique can
be applied to hydrophone data. Therefore, this method works for geophone and
hydrophone data. Preferably, if the geophone and hydrophone data are to be summed,
during subsequent processing, the same technique would be applied to both the
geophone and hydrophone data.

An improved summation process is disclosed in co-pending US application

60/293,716. The summation process requires selection of either the pressure trace or



An inverse nmulti-channel transformation nmay be perfornmed if the data was
previously transforned and there is a need for the data to be in

convent i owel03%23623 wo- di mensi onal space. This step shoul dPo@/usonssess ent
with the previous transformation perfornmed before the filtering. For
exanple, if the forward f-k transformwas previously used then an inverse
f-k transform should be used and if a f-dilward tau-p transformwas used
then an inverse tau-p transform should be perforned If a normal noveout

was performed and the dafa needs t e or nal fo erse
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by subtracting the velocity fromthe
claimed that converfed waves or shear waves can be obtained from processing

conventional streamer data (The Diamond Companies Announce Two More
Breakthrough 3-D Technologies, The Leading Edge, v. 20, No. 1, pp. 22-23, January
2001). Accordingly, this technique can be used to attenuate noise from conventional

streamer data.

Example

Figure 6 is a flow chart of a preferred embodiment of the present invention for
attenuating noise in two-component ocean bottom cable data using an f-k domain
filter. Figures 7(a)-(e) are graphs of the data illustrating the processing steps. As
shown in Figure 6, the seismic traces are sorted from common-shot domain to
common-receiver domain 51. Then a normal-moveout correction is performed using
the velocity of water so that the signal is overcorrected and the noise is undercorrected
53. A forward f-k transform is performed on the normal-moveout corrected seismic
traces 55. The transformed data traces are filtered to remove the noise by rejecting the
undercorrected events 57. Finally, an inverse f-k transform is performed to transform
the data into the original x-t two-dimensional space 59 and an inverse moveout

correction may be applied 60.



pressure and dividing by two. The down-goi ng wavefield is multiplied by a
factor that includes an estinmate R* (which nay be an estimate for the

wat er botworms/oezsks ecti on coefficient, R) and subtracted (@CTAttdzeR6020 the
pressure (or velocity). In this way the down-goi ng wavefield can be used
to elimnate the trapped water bottom nultiples, receiver side peg-I|eg
mul tipl es, and source side peg-leg nultil2l-es. The noi se attenuation
technique is suitable for elimnating noise fromshear waves. Shear waves

are conventional ly. col l.ected. usi eophones. Lt .h b | ai at
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Br eakt hrough 3-D Téchnol ogi'es, The Leadi ng Edge, v. 20, No. 1, pp. 22-23,

January 200ieivehatomraii. iEHeyfigur iltstrates tat bethcthe nbise wod dignel atctavhersnleinnoi se
from conventional streaner data. Exanple. Figure.6 is a flow chart of a
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common-recei ver domain 51. Then a_nornal - noveout correctjon is perforned
using the V&l saindgrearrecied while thersignal phds ayggerarecied- Wi dhe nemaldnoysaut he

noi se is undercorrected .53 A f f- I (o) i f t he
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57. Finally, an inverse f-k transformis perforned to transform the data

into the origideedorzeted cokerelitmoirsi6nialcongsatrated 9n srriloaver ihalf allae ofpiseefije
7oy (o) 11 IWERSEBNER O ARBUES REFARCFIaTFe Teay Trmss feld I B
iITustratingotlifed 8l @eipb¥itidh k herpnae, bet ween the signal 61 and noise 63 in
comon- receiver donali r? The figure illustrates that both the noise and
si gnal are coher ewhilehe seismic data traces are in the two-dimensional domain, the noise or

signal may be filtered. In this example, filtering involves zeroing of the negative half

plane of the initial f-k spectrum or suppression of the coherent noise. Figure 7(d)

illustrates the results of zeroing the negative half plane to suppress the noise but not

the signal 71. The filter design or definition of the area of suppression is very simple

and would have a universal character if a normal moveout with a velocity of 1500

m/sec is performed. Therefore, using a normal moveout correction of approximately

1500 m/sec would enable a specifically designed filter and filtering procedure to be

utilized worldwide. An inverse multitrace transform is performed which in this

example is an inverse f-k transform which yields common-receiver gather with noise

significantly reduced as shown in Figure 7(e). Figure 7(e) illustrates the signal 75

sorted back to common-receiver domain without the noise.

Figures 8-10 illustrate application of the proposed method to a dataset. The

initial common-shot data are shown in figures 8(a) and 8(b). The hydrophone data, in

figure 8(a), exhibits more random noise compared to the geophone data in figure 8(b).

Figures 9(a) and 9(b) respectively, illustrate the same data from figures 8(a) and 8(b)

after the data is sorted to common-receiver order. The behavior of the hydrophone

signal in figure 9(a) is similar to the hydrophone data in common-shot trace order



the common-receiver order. It is the separation in velocities that enables
the noise or signal to be filtered. A normal -noveout correction is applied
to the dawe osm23se3mon- receiver order. Figure 7(b) shows tpeatusat/essn9t he

nor mal - noveout correction the noise 67 is undercorrected while the signal
65 is overcorrected. After the nornal -noveout correction the nulti-trace
transformation of the seismc data tracel84s perforned. In this exanple, a
f-k transformfilter is used. As shown in Figure 7(c), energy of the
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8(b). Figures 9(a) and 9(b) spectively, illustrate the same data from
figures 8(a)warld dafab) Thattskilletihe thate widl appreceate ttimt csimmombrodoaénte of theder .

The behavi or, of the hydrgophone  signal in figure a).l.s simlar to the
hydr ophone d#Fention ¢a@ndoAcasrsk Whichcde BPHg?paW#B@/ %%5%’2‘3‘ ?’é‘ﬁe@?}t%’% -
13 disclosed herein. Accordingly, the scope of the invention should be limited only by

the following claims.



illustrated in figure 8(a). However, the geophone data exhibits a coherent
noi se pattern in figure 9(b) that is different than the common-shot order

i n Fi gur ewB(Bp25623rher ef ore, application of the proposed meChasopesend t s
separation of at |east part of the noise on the geophone. Figure 10 shows
geophone seismc data traces that have been sorted into comon-shot order
from common-recei ver order as shown in flidgure 9(b) after processing using
the inventive noi se separation technique explained in the exanple. Figure
10 illustrates significantly |ess noié he vertical geophone data than
before the noi se separation technique—iﬁgggéplied on the vertical geophone
data as shown in figure 9(b). Therefore, application of the proposed

met hod Sign'%hﬁﬁQEl duces the noise on the geophone. The enbodi nments
descri bed and as app "in the nodel ed and processed results are intended
to clarify the appllcatlon of the invention to both nodeled and real world
data. Those kki | | &dndthod foe atlmmwmg howqaprselsnm data frages pitheast emmqn péthes of

the invention can be deV|sed rit of the

I Rvelnfjl gn ?Snm%ﬁ wmom?%llﬁ 55‘1‘% %@F 9%%) 4 CQE%rﬁ’ét igft ei Menti on
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s cl A'nmet hod for attenuating
noi se in seigpveostatetocity AE €, dadd sigred i said mmbdataofacééglealdmmﬂmd bei ng
noncoherent in the common-shot order but coherent in the common- receiver
order, said OHEISHIZ noi se haV|ng a nove-out velocity different fromthe

nove- out vel oci ty of the data S aces, said
met hod conpri si né’m%?atld elsnélgl gg%f}esgnllﬂt@ cg)nﬁn&ﬁegg?éfgr I n%‘ga%%mmn receiver

order; and using gsgsaid aﬂ‘f@f&m@ﬁl TBvaBUEreliiticy &) Sphtatest 1643t SpREADALE at
l east a portion of 'said coherent noise fromsaid data signal. 2. The

met hod of clsiidweohefant hoiee fromrspid datangigedr rect i ng sai d seisnic data traces
2. The method of claim 1 further comprising correcting said seismic data traces
after sorting said seismic data traces into common-receiver order by performing a
normal moveout of said data with a velocity chosen to overcorrect the signal and

undercorrect at least a portion of the noise.

3. The method of claim 2 wherein said normal move out correction of said
seismic data traces is performed using a move-out velocity approximately equal to the

velocity of sound in water.

4. The method of claim 2 said method further comprising applying an inverse of
said normal-moveout correction to said seismic traces after separating at least a

portion of said coherent noise.

5. The method of claim 1 wherein said seismic data traces comprise geophone

seismic data traces.

6. The method of claim 1 wherein said seismic data traces comprise hydrophone

seismic data traces.

7. The method of claim 1 wherein said seismic data traces comprise both

geophone and hydrophone seismic data traces.



after sorting said seismc data traces into common-receiver order by
performng a normal noveout of said data with a velocity chosen to

over corr ewbD w3hesees gnal and undercorrect at | east a porti ecTafSor/kssonoi se.
3. The method of claim2 wherein said normal nove out correction of said
seismc data traces is perfornmed using a nove-out velocity approxinmtely
equal to the wvelocity of sound in waterl54. The nmethod of claim2 said
met hod further conprising applying an inverse of said normal - noveout

correction to saigd sei ,c.traces .after .separati | X ortion of
sai d coherent noiﬂ?ee.m t?lg#ﬂgdﬁlérf ﬁ&d’ebefn %ﬁlif%@c\ﬁ;ﬁ%&eﬁ%&\s %Oa%{lii%iss?glotsﬂraﬁ c data

Lraces conpri@gngiRonk MropREhcicnidaii tab ARt mGhod edRPtragtisiy ol al m 1
wherein said selsmc data traces conprise hydrophone seismc data traces.

7. The met hosbnfiniaf aEophibnekard bydroptaind seiemsrdata tiacea afierscparatinggiéasea bot h
geophone and hydrophope seism c data traces. ,\WO 03/ %’562 . PCT/ USQ2/ 28609
15 8. The nrarAeRobRIdsokiernt noise fremsadseymiedUp{races by 2PP VNG SUIRMIs e hot h

geophone an%ﬂﬁ%%@ﬁﬁ@;@é@%ﬁ@g&ﬁ@ggg 28 d method further conprising

conbi ni ng geop ne seismc data traces after separating at
| east a portion of said coherent noise fromsaid seismc data traces by
appl yi ng a s@nmmat Tlenmethbd bfidame d ptherein saidi sdismlicaltaareees aicsollectethtseng  aces.
9. The nethod of claim1l wherein said seisnmc data traces are collected
using a twotNOosRTRRIBARt GSERRPOLOM EAMS-cabl e, 10. The method of claim 1
wherein said seismc data traces are collected using a four-conponent

ocean bott onloq:abl e d\%%rhol BEcIR 1 thein Qi@géﬁrﬁic"&%gart?d;lgﬁs S3ic8168 ity gat a

traces are col'lected using an ocean streaner. e method of claiml
wher ei n sai dfost-egmpdnertodegn daitendablé.er ence i n nove- out

11.  The method of claim 1 wherein said seismic data traces are collected using an

ocean streamer.

12.  The method of claim 1 wherein said step of using said difference in move-out
velocities to separate at least a portion of said coherent noise from said data signal
further comprises:

applying a move-out correction to said seismic data traces using a move-out
velocity chosen to overcorrect said data signal and undercorrect said coherent noise;

transforming said move-out corrected seismic data traces from the x-t domain
to a two-dimensional domain in which said data signal and said coherent noise are
separated;

removing at least a portion of said coherent noise from said transformed
seismic data traces; and

inverse transforming said seismic data traces from said two-dimensional

domain back to the x-t domain.

13.  The method of claim 12 wherein said moveout correction of said seismic data
traces is performed using a move-out velocity approximately equal to the velocity of

sound in water.



velocities to separate at |east a portion of said coherent noise fromsaid
data signal further conprises: applying a nove-out correction to said

sei sm c dwDa3wemees usi ng a nove-out velocity chosen to @CenusSoresses said
data signal and undercorrect said coherent noise; transformng said
nove-out corrected seismc data traces fromthe x-t domain to a

t wo- di nensi onal domain in which said datl®-signal and said coherent noise
are separated; renoving at |east a portion of said coherent noise from

said transfo d..seism ta traces; angd inpver ransform ng. sai.d
sei sni ¢ dat a{‘{'TEacgée W@H‘?ggaa{“t %Wﬁ?%%h%’%’ﬁ’%‘?‘?gg%ﬁh#ﬁ IB%%T?S%& ? H%%}l[(lt
domai n. 13. Fh&sdBt AR GathdlEBul 2ordtabe hilerSalddMDNERY hakcdeiCt i on of said
seismic data traces is perfornmed using a nove-out velocity approxinmately

equal to t heramsfopmied froof saidtumdinensinpal domainboB o iBa3ImEIN.US02/ 28609 - 16
14. The method of claim 12 wherein said nethod further conprises applying

an inverse saj,d no I veout .correction .after said data have

been transformed kfer‘Bﬁtﬁlggpﬁag%%?”H%rﬁ?i BILTCIRY R tﬁﬁ%ﬁ(copéquﬁééép-%ﬁg%onai n.

15. The met heeh0f 45hHafRs12 wherein said seisnmic data traces conprise

geophone selsmc data traces. 16. The nethod of claim 12 wherein said

seism c data traces conprise hydrophone seisnic data traces. 17. The

met hod of clHi.m 1Phesnethed nf glaimi 1 2 whensincsaithsezsmic datedragesgompsise bpdmaphej€ophone

and hydrophone seism c data traces. 18. The nmethod of claim 12 wherein

sei smic dat SS{UE 23R i se both geophone and hydrophone seisnic data

traces said nethod further conprising conbining said geophone and

hydr ophone sgj smi ghdatol bAOS ¥ WRErelEIRY flisnfiE dafa HaB@&SdondprREbbION of  sai d

coherent noise fromsaid seismc data traces by applying a summti on of the
geophone and hydrophone seismic data traces.

18.  The method of claim 12 wherein seismic data traces comprise both geophone
and hydrophone seismic data traces said method further comprising combining said
geophone and hydrophone seismic data traces after removal of at least a portion of
said coherent noise from said seismic data traces by applying a summation of the

geophone and hydrophone seismic data traces.

19.  The method of claim 12 wherein said seismic data traces are collected using a

two-component ocean bottom cable.

20.  The method of claim 12 wherein said seismic data traces are collected using a

four-component ocean bottom cable.

21.  The method of claim 12 wherein said seismic data traces are collected using an

ocean streamer.

22.  The method of claim 12 wherein said two-dimensional domain is selected by
choosing at least one filter from the group consisting of the f-k filter, the tau-p filter,

and the radon filter.

23.  The method of claim 2 wherein said step of using said difference in move-out

velocities to separate said coherent noise from said data signal further comprises:



geophone and hydrophone seismc data traces. 19. The nethod of claim 12
wherein said seismc data traces are collected using a two-conponent ocean
bot t om calwbD®3/02%23 The nmet hod of claim 12 wherein said sei PEITASAALEH04 r aces
are collected using a four-conponent ocean bottom cable. 21. The method of
claim12 wherein said seismc data traces are collected using an ocean
streaner. 22. The nmethod of claim 12 whdf7ei n sai d two-di nensional domain is
selected by choosing at |east one filter fromthe group consisting of the
f-k filter, the tau-p filter and the radon filter. 23. T t.hod. of

cl ai m 2 wherein stéarnﬁpoé"ﬂlé‘}ﬁ wid ’E?gY‘?iﬁutscgfr&Ctﬁ??eﬁsé?lgﬁiéga tlr%e%g%flg%?-‘? delglglcr)lci ties
to separate C@FA t@«oﬁﬁﬂl%ﬁs%&ﬁal Q9IS B ih WHRhSAldhtadigna la8d 8did tokdréf mofse Ry | ses: WO
03/ 025623 PCT/ US02/ 28609 -17 transform ng sard nove-out corrected seisnc
data traces depametlhe x-t domain to a two-di mensional domain in which said

data signal and said. coherent noise are separated; defini .a velocit
separation |ine DiREEs €Aty Fepaaly be %nssé}dtfijaéaoﬂ%?aéﬁflé]ga}’@%}?,re“&en%vi ng
at |l east a pﬁ)(;igg.on of said coherent noise fromsaid transforned seismc
data traces; and inverse transformng said seismc data traces fromsaid
two- di mensi onal @eseing dbdakt 4 gortibieofksald ahemhinoidAfrorhlseiditenbiodned cl ai m 23

wherein said seisnmic data traces conprise geophone seismc data traces.
25. The net hesisnye detpdiaggspandvher ei n sai d seismc data traces conprise

hydr ophone seismc data traces, .26. T | qi m - in said
seismc data tr aclé‘¥er5%%%l}sltf°s%m§%%g§eésel%1gﬁg%§}ag§%ﬁ§@5§lgp oncgl%gfg@{rﬁ? c data
traces. domain back to the x-t domain.

24.  The method of claim 23 wherein said seismic data traces comprise geophone

seismic data traces.

25.  The method of claim 23 wherein said seismic data traces comprise hydrophone

seismic data traces.

26.  The method of claim 23 wherein said seismic data traces comprise both

geophone and hydrophone seismic data traces.

27.  The method of claim 23 wherein said seismic data traces comprise both
geophone and hydrophone seismic data traces and said method further comprising
combining geophone and hydrophone seismic data traces after removal of at least a
portion of said coherent noise from said seismic data traces by applying a summation

of said geophone and hydrophone seismic data traces.

28.  The method of claim 23 wherein said seismic data traces are collected using a

two-component ocean bottom cable.

29.  The method of claim 23 wherein said seismic data traces are collected using a

four-component ocean bottom cable.

30.  The method of claim 23 wherein said seismic data traces are collected using an

ocean streamer.



27. The nmethod of claim 23 wherein said seismc data traces conprise both
geophone and hydrophone seismc data traces and said nethod further
conpri si gO osopseNi ng geophone and hydr ophone sei sm ¢ dat Crrsorssead t er
removal of at |least a portion of said coherent noise fromsaid seismc
data traces by applying a summati on of said geophone and hydrophone
seism c data traces. 28. The nethod of -di8ai m 23 wherein said seismc data
traces are collected using a two-conponent ocean bottom cable. 29. The

met hod of claim wher ei n.sai d,sejsn C I r | . ing a
f our - corrponeﬂt‘ o?@é?rfnﬁtb?‘# 8%?8181%?%‘.”&1%5 - ?ﬂ%@lwgﬁgg?ﬁgﬁ a %53&\%\7{%‘; el n said
sei sm c_dat %h‘bbﬁﬁ%ﬁt 1B ofOfilt& R tHéSIroeh @hsisARESNthS FkERMER] the WR-PBIE25623
PCT/ US02/ 28609 -18 31. The nethod of claim 23 wherein said two-di mensi onal

domai n i s sednddherhdby filtehoosi ng at | east one filter fromthe group
consisting of the f-k filter, the tau-p filter, and the radon filter. 32.

A met hod for_attepuat| noi se . n an acean bot,t om cabl e C). sej 1c data
traces, sai ds%_%c gé‘?eé]?ﬂ oagtgeglu tr‘%éoéseclf}ﬁﬂrof%al ﬁ?tgpiagksgcﬁr%}sgléé aégﬁé_ophone
data traces,,@l sh@aSBC iRl dpirRhs EORPIIAS S 1bddt $ﬁii@al‘%&1ﬁlotné A6QIrab&y, NY
noncoherent 1 n the comon- shot order but coherent in the conmmbn-receiver

order, said atddwer epértionbfthe maisk iysaad date treceas eingaloncotteyendirf the cemmoir om t he
nove-out velogcity of the data signal in said  sei s(gi dat a _trsces, sai d

met hod conprshef erger ‘%‘BFPF‘H@“@%F}W ng’c‘%f?"c"fc&%‘&r qrelgros 5H BRiSF YRY T der ;
applying a ngyes tvei:o(?:ft& Aftfdrat floth ﬁlg'ngt)\g-a&u@y&lﬁé‘i?}egf tHe Bﬁ'tg s ni¥&aiaut

vel ocity chosen to overcorrect sail ata signal” an correct said
coher ent noi se%siic dita dnsdspsaid ngthodeonprisingut corrected data traces fromthe
x-t domain to a two _di nensi onal domain in which said nove-out corrected
data signal and sriingmiddasytraces HHp cemMBYNHEGEAET SF€Tisepar at ed; renovi ng at

least a portion O:Ippfy"%rilgd a %%Qg-ro%p éon%gf-ignetofs%%rﬂﬁaa{rgceg Eﬁﬂéta%&%-%ug %l@city

chosen to overcorrect said data signal and undercorrect said coherent noises;

transforming the move-out corrected data traces from the x-t domain to a two-
dimensional domain in which said move-out corrected data signal and said move-out
corrected noise are separated,

removing at least a portion of said coherent noise from said transformed data
traces; and

inverse transforming said data traces from said two-dimensional domain back

to the x-t domain.

33. The method of claim 32 wherein said move out correction of said data traces is
performed using a move-out velocity approximately equal to the velocity of sound in

water.

34.  The method of claim 32 said method further comprising combining geophone
and hydrophone seismic data traces after removal of at least a portion of said coherent
noise from said seismic data traces by applying a summation of the geophone and

hydrophone seismic data traces.



traces; and inverse transform ng said data traces from said two-di nensi ona
domain back to the x-t domain. 33. The method of claim32 wherein said
nove out wormsmeezisedn of said data traces is performed usi RGTAISIDWSODUL

vel ocity approximately equal to the velocity of sound in water. 34. The
met hod of claim 32 said nethod further conprising conbining geophone and
hydr ophone seism c data traces after rert9val of at |east a portion of said
coher ent noise fromsaid seismc data traces by applying a sumation of

th h d h sejsmc data t 02562
PCT/ 8001 28660 - PO AESABE FoBGETC oD R RS G foGRS SR Fensi onal
domain is s #%S%EQ?tqéasft 5?93&&{&&%& ﬁas%; cdh@f%nﬁg bt @k ffwm@rtﬂa@tﬁtpﬂmr

consisting o ter I'ter- and the radon filter.
and the radon filter.



