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this invention relates to a nethod for attenuating noise from seismc o@’a&?m
BACKGROUND OF THE | NVENTI ON Marine seism c exploration usually involves
acquiring seisnic data using sMETHGDIRORAJHENVAFINGyst em whose source
initiates a down-goi ng seisnm ¢ WNOISEANSEISMIGIDATAN of the down-going
wavefield travels into the underlying earth where it illum nates subsea
geologic formations. As it illumnates the interfaces or boundaries
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back through the earth (propagating in the up-going direction). Part of

the refl ect ed 608322§504Ifded Septenber14,@080by t he sei smic acquisition system
converted into electrical signals, and recorded for subsequent processing.
An anal ysis of these recorded si gFEEED QHIRSVENTIONSSi ble to estinmate the
structure, position, and lithol ogy of subsea geologic fornmations, thereby

conpleting an inportant step in the | Qrati rocess, Figure 1 WS a
sinplified exanpl e Of H‘VFV]?BC%M Yirglég§3?3}?ﬁ @&32 et (9505%‘3%’%9m% first
ship 1 tows a meicilg, HRUAGRNS ftia 18l ricltid HElRN0AINS ndlse fRfrsenté ddte
ocean. The seismc soOurce 2 is activated to produce a down-goi ng wavefield
4d that is at least partially reflected by a subsea formation boundary
(i.e., an inpedance di sconBAGCKGROUNDIQE THE INVENTEINfi el d 4u t hen
travels toward the sensors 6 and is detected. The sensors 6 used in
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seismic acquisition system whose source initiates a down-going seismic wavefield. A

portion of the down-going wavefield travels into the underlying earth where 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 subsca formation boundary (i.c., an impedance
discontinuity) 5. The up-going wavefield 4u then travels toward the sensors 6 and is
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
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- pressure sensors are hydrophones and the velocity sensors are geophones.
The hydrophones neasure a scal ar pressure and are not sensitive to the
propagation direction of the wavefield. The geophones, which nay be
vertical g&UpPRse3 provide *1661 66* WO 03/ 025623 PCT/ USOPCTIE50Y28609 g
vect or response neasurenent whose polarity depends on whether the direction
of propagation of the wavefield is up-going or down-going. The anplitude
of the geophone response is also related®to an angle of the propagation
relative to the sensitive direction of the geophone. If a wavefield is
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acqui sition and has been found Fo be an inportant processing step before
the combi nat iand geophonesedisnosed aff theseaflpor gt Yypicallys usedeipi peirs Wice QEFLHEs 6
are |l ocated at _.r e&l;daglr intervals in one or nore ocean bottom cabl es (0BC
7 that are ar F%{ﬂ'B h the seafloor 9. Wien necessary, a second ship 8 is
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shi p-towed one or the other of these sensors can limit the effectiveness of the combination

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.



- hydrophone arrays (not shown) (which are Iocat ed proximte to the ocean
surface 3 and are typically referred to as "streamers”) is not practical .
I n anot her type of seism c surveying, the hydrophones and hones are
depl oyed oWQ #3028628an bottom as separate ocean bottom sté’f: 22868s) . A
conbi nati on of separate OBS and OBC can be depl oyed. The geophone and
hydr ophone nust be connected to a recording instrunent typically on a
vessel . WD 03/ 025623 PCT/ US02/ 28609 -3 AS Shown in figure 2, in another
type of narine seisnmic surveying, a narine cable or streaner 21
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the particle notion is perpendicular to the direction of propagation.
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geophones duecbm ﬁﬁﬁ’bﬂ&BWav&aﬂP-wms)dﬁmhar Wav& @rwlavBs). eP-waee¢scate elastessoditl t he
wat er bottom (C aerbout .,. The, Leadi ng
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conmbi nati on processing ste sumnes waves. er resear chers have
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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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suppress at least part of this noise from OBC data. The present invention satisfies this

need.

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



~different fromthe nove-out velocity of the data signal in the seismc data
traces. The nethod conprises (a) sorting the seismc data traces into
comon-recei ver order; and (b) using the difference in nove-out velocities
t 0 separ at Wa o028@2Ber ent noise fromthe data signal. |n XEEURY2848hect
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mul ti-conponent ocean bottom cable (OBC) seismc data traces. The OBC
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noncoherent i mgn_r&gmgpgfdgﬁ%) %9%8”41 RiBVe-6@t1tBfBdtonith thddats RF0E Dsingaei ver
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coherent noi s@yolintensio® donais bavknedhé Rt Aoimaie ERurtiRfitoreLin invese swoveout
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x-t domai n. Fumayhes penfermed nafien\the dracespare dtansforpgd backptor Xdy Iy ity thepe
traces are transf. rrrsgﬁl.b ck,to x-t domain with the velocity used in step
(b). BRI EF DE§@F‘B‘I’1' "tée DRAW NGS Figure 1 shows a prior art ocean
bottom cable (OBC) marine seismc acquisition system Figure 2 shows a
prior art ocean streamer cBRIEF DESCRIPRIONSOF THEORANVINGS system Figure
3(a) shows seismc data traces collected using a hydrophone on a 2C OBC.

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(€) schematically illustrate a preferred embodiment of the

present invention.



- Figure 3(b) shows seismc data traces collected using a vertical geophone
on a 2C OBC. Figure 4 shows a flowchart of a first enbodi nent of the
present invention for attenuating noise in seismc data traces. Figure
5(a) shows wones/irsesophone seismic data traces from Fi gur e PSTAIS0{2860%
processing using an enbodi ment of this invention. Figure 5(b) shows the
geophone seismc data traces fromFigure 3(b) after processing using an
enbodi nent of this invention. Figure 6 stfows a flowhart of a second
enbodi ment of the present invention for attenuating noise in seismc data
traces. Figure 7(ap; i c68nl donirhdrishot 8idRr SolRERE @EIhEQ
enbodi ment of t he Fgﬁﬁﬁﬁ?ﬁoﬁééﬁflﬁ%ﬁ%%% O o 56606 6oF, gure
8(a) shows sehgdrophahetoa at2CGOBE. i n common-shot order coll ected using a

hydr ophone on a 2C_OBC._Fiqure 8(b hows seismc data tra | .

common- shot or der Elﬁ“f%%(g)ag‘oﬁ@isﬁ‘é’“g as"\'fe'ﬁcfigll COSEB%}T%‘RZ%Jﬁr ggi%&iegﬁﬂ.tlglgi gur e
9(a) shows theg, '%’1%&&&@5&&2(:8@9@. fromfigure 8(a) in comon-receiver
order. Figure 9 b§ shows the seismc data traces fromfigure 8(b) in
conmon-r ecei ver or Bigure Ka)shows e ssisoigsdaiasnes fomsfiguseB(@) BqommMonseed Vet om
figure 9(b) ingfonnnn- recei ver order after processing using the steps
outlined in tR&| owchart of figure 6. DETAI LED DESCRI PTI ON W have

di scovered that at Figt%?e%(bps':}fokvsqie delRhi0@aptisues fo0i figuré S(b)n@atinsereteiver
common-shot order but coherent in common-receiver order. This coherency
represents a wejeor property allowi ng separation of the noise and the

signal . Coherent gé)xgeﬁgé LSswsleobhishe Wlsife il tAGes SRS HBufSS(6) HPlorth8f! has

not been noticed b
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.

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



" maj or seismc contractors. Those who recogni ze coherency of the noise have
suggested a nunber of theories explaining the noise origin. As discussed
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represents the shear waves converted from primary wave sources (PS-Waves). The

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




W& have discovered that the noise on the OBC vertical geophone data
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Ther ef or e, thégflfﬁeai OB r’-'g’%\‘éﬁsaﬁo‘?’ﬂ@? nﬁzg&gﬂ%&mﬁ%@%@?{elggi irqﬁpgé glﬂ
common-r ecei Vklogikide ! ThieTadtiaNews LembOfilkdd (¥d., MOANNEHAnA) dltefy) U kepatate the
comon-recei ver order involves separating the data based gn the receiver

| ocati on. Onceosvsped sheay waves dneise) ndt iefledterhABrivaves dtheesignplcomPOnee Lt 3

portion of the. ngLs d. s] - grggp | order.
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PCTI US02/ 28608ntefind\it. Sttt discridfigation it hisuallgioneathe basidief feqehcy althaigh other
represents shear waves converted fromprinmary wave souyC

PS-waves). P bases (is@n%ﬂl@%ﬁthﬂ%‘éﬁ%ﬁu@m“ﬁ@f Icé'_&rwe’n%é!f‘%@ %F’(F‘-%Ov%@&s?d'waves
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filters (e.g. ers separate converte ear
waves (noise) dagveiiHatgéoptomatbivsise i icbicerant gm e coampurecdivarordesibgnadt) . A
filter is part of a systemthat discrimnates agai ngﬁl s?rre of the

i nformation dénthecpmgontshotiarderermnits the RRiss 9rbeifdtered,, Jhetefore, thepoisecannot o¢

frequency, al %Q%H‘?g'vgl&hﬁ{eredt]ﬁﬁ?escoﬁ{m -sh f’@'ﬁ@rl ength, noveout velocity,
coherence, or “anp it ude may be used. %It er signal or noise may be
filtered out. Wil @ frefetred embodimentedfithdqresent inwerttion igitot copriect thelseismuiodlatz t hat

geophone data noise Is coherent in the comon-receiver order. but not
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



~in the comon-shot order permts the noise to be filtered. Therefore, the
noi se cannot be effectively filtered in the common-shot order. A preferred
enbodi ment of the present invention is to correct the seismc data after
the tracesW0es/@ssed i nto common-recei ver order by perf oPGTABIH286 nal -
noveout correction and then separating the coherent noise fromthe data
signal. A normal noveout is the variation of reflection arrival tine
because of the source-to- geophone distarte (offset). Therefore, the

nor mal - noveout correction is a tine correction applied at an arrival at
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arrival appear to have been recorded at a zero distance source- to-receiver
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iTter de ve
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hyper bol i ¢ nD¥iaeutThe aharacteristies oH RPoind RS-wages/permit separating the signgk andsthe

met ers/ second (i sec). . However ri.mar | ect,ed, PP- . C
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1500 m'sec the resulting PP events will be overcorrected and the rLOi se (PS
events) will et domehin.cdv ransfosmatign is the eenvarsiopdrgm opg feprgsepfationrigeanother.
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embodi ment i s source-geophone distance (offset) and t is the arrival time or two-way traveltimes and
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.



to use the velocity of sound in water any velocity can be chosen so | ong as
the velocity will overcorrect the signal and undercorrect at |east a
portion of the noise. Another preferred enbodi ment in separating the noise
fromthe swWMed025&@3to performa nulti-channel transfor matRCIAISI2/28602
common-recei ver data fromthe original x-t domain. A transformation is the
conversion fromone representation to another. For this data we take data
traces in the x-t two-dinmensional space'é?'mhere X is the source-geophone
di stance (offset) and t is the arrival tine or two-way traveltinmes and map

the data into a di frﬁ@&gﬁl o e alitdTRévas @168 sepmrated or Miltefedc Thehgpedod filtering t he
noi se are separated fferent transformati ons may be used by usin
dn
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data trace in resen

transfor mati oplang, WhieR éfresponds ﬁi‘ osltm P valoker e\l(emaavély,etheamdpr-anwlctedf t he
apparent velocity and is also caI?ed apparent slowness) and tau is the

i ntercept ti mpoise is jocated inTthe levwer-half; planes rdueh carresPwisclyl PegatiYekvAlUERppi ng
and a radon t ”stg}li“fiﬁﬂ QP ﬁf‘x‘e&ﬁﬁ%ﬁ‘aﬂtﬁk 3?1& d e'nhs 51'?9{% SonOdifoh

domai ns sui t aBP&%% n| qu proach s to use the

Fourier or f- Ksédrﬁﬂﬁfpﬁﬁmlla{\f leFanifblfm imﬂﬂeméﬂtamfmﬂrthereﬁoeaf gﬁym&y bmdvlatsed
undercorrected noise is localized in the half plane of aatl v tial

frequency (nedathisexampleatherolssmymovah ey 28 ac}tl%"ﬂ@drzte@é‘igeﬁf@ gy is
| ocalized in rhhﬁ Bﬁ%f‘t'h)é?k@lﬂ@lf pl ane. However, if the data has not been
corrected (e.d. ,pus rng a n moveout of the vel ocity of sound in water)
a velocity separ atAmomvérsenmuWi bﬂannﬂetchntbnhmodaﬁambd peiformegicif dheatlags wase
noi se fromthe signal e v ' fined, the no &.or

] ty li i
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or filtered erl utilized wll depend on the type of
transformati omeﬁmﬂleﬂobefbﬂeethelaﬂilaem@s Fmeaxample,l if the Herwarg fdom@hﬁoml Weas
overcorrected signal is Iocallzed t he Ian f t he

pl ane, whi ch ®svieuskdised they aBd§Y°ﬁ Ra'?ﬁa‘? ﬁ% gtap forfvf’iréi tau-p

under - cor r ect glnsform 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



noise is located in the |ower half plane, which corresponds to negative
k-val ues. Those skilled in the art will recognize that the k sign depends
on the sign convention wused for a particular f-k transforminplenentation
and t her ef 3¥@03/026623ny be reversed. In this exanple, the RETASPWHNal nay
be achi eved by zeroing or reducing the lower half plane of the f-k plane.
An inverse nulti-channel transformation nmay be perforned if the data was
previously transformed and there is a nedd-for the data to be in
conventional x-t two- dinensional space. This step should be consi stent

wWith the prev %&%&1&3&2?{???@%&9& DRty BEfRACE RtV EEn reédrd Y pregurelaad

exanple, if t or ranstormwas previously used then an inverse
f-k transfor mvelocity niessarensonts ansuseid fto alefitify\end deragate primanyzand Soureé fide Pedsed
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nor nal ”PVGOU@ JeeSingSedtidutl FPMe ivelifsn) bhde@ ofi @ sthéndticalforiblation of thal
format with he noi’se su pressed. Furthernore, the data may be left in
common-r ecei veceandwitom duat sensort problemcare applisdriadhe mawhediprossure andi YRRy 5( a)

and 5(b) respectively,show.t he oph &3 traces
from I(:i zgur espgf‘t&) ﬁ}%dogmﬁm% W@P’éﬁlﬁﬁlsp?\sgllﬂgteeairbg' %lz)%g‘tf}g@gggsf %ﬁtf ﬁgﬂfjgltea. The
geophone dat a passid @i dividifig 8Yitwo.5 (e doiwn!gdetrier wivesieldniatmultiplieddiys e facgor

significantly attenuated when corT‘pare.d to the ori %j nal data as %gown in
Fi gure 3(b). Viatliaclndest amfestimate db's évhicly mai be ans estimats, forg spWatE B9EPE  thi s

techni que can_be .applied to,hyd t f | odpwor ks
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hydr ophone daiygs 3/ tﬂéhma@mdveﬁemtfah b usedits elimérmie the aepediwager tottems ane
techni que woul d be applied to both the geophone and h droghqne data. An
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waves. Shear waves are conventionally collected using geophones. It has been

claimed that converted 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)-(¢) 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.



the velocity trace for processing. Polarity differences between recorded
pressure and velocity neasurenents are used to identify and separate
primary and source side peg- |leg multiples from down-going wavefi el ds.

After mat cNWQ\03/a25€@3r ecor ded signals, processing techni qudSTHS0/pRE09

I nvention, based on a mathenatical refornulation of the ocean bottom dual
sensor problem are applied to the matchﬁ pressure and velocity data. The
down- goi ng wavefield is estimted by subtfacting the velocity fromthe
pressure and dividing by two. The down-going wavefield is multiplied by a

factor that inclugRaradm(St) Ribatithe Wobesed Heshdde Pigursl(a)yitan t-opraphe

wat er bottom reflection coefficient, R) and subtracted (or_ added) to the

pressure (or vibistatingthe velocity differenss beteen honsighal R4 aRGVIOIsCh3inc o ysed
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mul £1 pl s andeieiyet AERE By Bl (R bR i noiteRil ey HckonAERr nc0
techni que i s i dofthéh-fe@éiver! ordérNtik K@ separstéon§in welosities that eeables theSiuiserorwav es

are conventionally coll ected using geophones. It has been _clainmed that
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January 2001)7 idGrdekddreeted whilb itk sigahes jumerattediad. UAGer the natrhamumeeutnoi se
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7(a)-(e) are gr ustrating the processing steps. /
shown in Fi gunadécortdtzdssohasmtmoise69eis camcentsated mithe dewerdwifipl oegdditai n t o
common-recei ver donmain 51. Then, a nhor nmal - noveout Eorrection is.g%ﬁr,)‘ or med
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using the velspatial Jregnengy as negafivierksparameter  hezgas the Qyereorzeated: i e
noi se is underlgc%me%%%opo!@t’ﬁveﬁ_hgﬁﬁmg_d f-k transformis perfornmed on the

nor nal - moveout Corrected seismc "traces 55. The transforned data traces
are filtered to remhik thigeismicsiatalisacesojre ot tha gwo-dimensiodelr dompaim dheupiga/emt s
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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(¢). 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



- correction may be applied 60. WD 03/025623 PCT/ US02/ 28609 -12 Fi gures
7(a)-(e) illustrate the proposed nethod. Figure 7(a) is an x-t graph
illustrating the velocity difference between the signal 61 and noise 63 in
common- red00#5@dnai n. The figure illustrates that both RCTAISAR8689 and
signal are coherent in the common-receiver order. It is the separation in
velocities that enables the noise or signal to be filtered. A

nor mal - noveout correction is applied to-tlAhe data in conmon- receiver order.
Figure 7(b) shows that after the normal -noveout correction the noise 67 is
under cor f et eqy Wb ih il 8! Hcwdvir, RUE geHoRE ldatd ohibir a lcbRerent noise

nor mal - noveout correction t mul ti-trace transformation of the seismc
data traces i patan fimifigeck 9(b) that s diffexentthan, the cpmmonrshat prlerir Figues 8(by used.

As shown in Figure 7(c),. ener of the, undercor p r i 69 is
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illustrates thkgamfsUFigu®lo naisehtedsiphibcaifigaeds\1oise dnfthe vatiealt geophumprdass t he
noi se but not the signal 71. The filter design or definition of the area
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a specifical | yefiRsd tHOR6sé b thelgesphdnd.i | teri ng procedure to be utilized
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dataset. The initial commpn-shot data arg shown in fi_gur?s 8 a% and 8(b).
The hydr ophoném(ffati@n cqny be devised which do not depart from the spifit o the mvention as

disclosed herein. Accordingly, the scope of the invention should be limited only by

the following claims.



figure 8(a), exhibits nore random noi se conpared to the geophone data in
figure 8(b). Figures 9(a) and 9(b) respectively, illustrate the sane data
fromfigures 8(a) and 8(b) after the data is sorted to common-receiver
order. TheWRd¥2F@3 of the hydrophone signal in figure 9P&J/US8228604 | ar to
t he hydrophone data in common-shot trace order WO 03/025623 PCT/ US02/ 28609
-13 illustrated in figure 8(a). However, .the geophone data exhibits a
coherent noise pattern in figure 9(b) th4&r is different than the
comon-shot order in Figure 8(b). Therefore, application of the proposed
met hod pernmits separation of at |east @gpAyMS the noise on the geophone.
Figure 10 shows geophone seism c data TTaces that have been sorted into
comon- shot order from conmon-receiver order as shown in figure 9(b) after
processi ng usiWigt istdaimedént i ve noi se separation technique explained in the
exanple. Figure 10 illustrates significantly |ess noise on the vertical
geophone data, than befo t he noi se. -2l nj : med on

t he verti cal deoph&f@ethg‘i gor aﬂgnugﬁ%ﬁmsl%ﬁg%ghfg gigg?%;é%’ L}tﬂg?r%te (?rgﬂﬂgt‘)gnl@l cation
of the proposegiseBiig HosdoBeredtiis Gelcomonativrardertbnecoherentinthe tdmemoeophone.
The enbodi nents described and as applied in the nodel e nd processed
results are i meosivererder said gohergnt pojse havHEg atBPYCR I ¥flopippd: ﬁV@h&?‘Bﬁhet o both
nodel ed and real rl,d.dat 0, [ iq! reci ate that
ot her enbodi rré‘?ﬂvg"’\gl?v%l & aqf%\l/eedrl% %ﬁmgglns Jt‘)igsgléig\l;}‘i i@r%i‘”gﬁmé}éﬂﬁﬁ) depart from
the spirit of cbigrisingention as disclosed herein. Accordingly, the scope of
the invention should be limted only by the follow n | ai ;8. WO 03/ 025623
PCT/ US02/ 28609 - 1801ting\saitseppmmic date tT@F%%i'WB&°’i“§‘.°“f?°eA"eﬁg{‘ﬁb&“$§r attenuating

noi se in seismc dglie LfidGffeendt id REwlort vBEILLOR seifaritb @ eAl0h pertioRLNg

noncoherent in the co rder but coherent in the comon- receiver
order, said cghdicehdrentaoise floavsaidylata signab- out vel ocity different fromthe
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.



nove-out velocity of the data signal in said seismc data traces, said
met hod conprising: sorting said seismc data traces into conmon-receiver
order; and using said difference in nove-out velocities to separate at

| east a poWO 03025623 sai d coherent noise fromsaid data si ¢drUS02286¢he

met hod of claim1 further conprising correcting said seismc data traces
after sorting said seismc data traces into common-receiver order by
perform ng a normal noveout of said datd>with a vel ocity chosen to
overcorrect the signal and undercorrect at |east a portion of the noise.

3. The methodgof Chag Mefhot3eEiGin1 SALRiNAIIERIsMIDIAa fades omprsetbotn of sai d
seismc data traces 1s perforned using a nove-out velocity approxi mately

equal to the geephoné and yidraphomeiseismindate traces said method dwrther 6pmpNsipg, 2 sai d

met hod further c risi ap i an_inver i - ut
correction tOcg@B@P@éegﬂ%@egﬁé&c@gpﬂ{PﬁFelsgrgﬁggtgt?lf f‘%eﬁ%g%ldﬁeggxé@aﬁ%\éﬁ)i on of
sai d coherent ,BRioA%f said cdHeentBéiBOHom said séibiic athiedces by spplyingesimmaticdat a

traces conprise geophone seismc data traces. 6. The method of claim1l
wherei n sai d séihergecphoat and hysdrephonoseismie datpFaeedphone sei smic data traces.
7. The nethod of claiml1 wherein said seismc data traces conprise both

geophone and lydr oplonee sgict Bt 3lBreld ARFRiemICABARI AR botidded using

PCTI US02/ 2860 clarm ereln sald seismc data traces

conpri se bot h twgeenpeitat édedn byttbnopdbbnie sei smic data traces said nethod
further conprising conbining geophone and hydrophone seism c data traces

f [ I [ f i d ' .sal d
Cei oo dat a tPacodneyiensgis G & SirROr it g A ane S BT ophone

seism c data tgge8snonent ocean bottom cable.

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.



+ 9. The nethod of claiml wherein said seismc data traces are collected
using a two-conponent ocean bottom cable. 10. The nethod of claiml
wherein said seisnmc data traces are collected using a four-conponent
ocean bott WO e¥Bs@3 11. The net hod of claim1 wherein sai ®#C3A[S8H8Mat a
traces are collected using an ocean streaner. 12. The nethod of claim!l
wherein said step of using said difference in nove-out velocities to
separate at |east a portion of said cohel®nt noise fromsaid data si gnal
further conprises: applying a nove-out correction to said seismc data

traces using §4M0VepOhtholl BF Qaini ¥2 WH&8i8Raild Ondtysd fiARdr@6inpfifdsApsiing afii gnal
and undercorrect said coherent noise; transform ng said nove-out corrected

sei smi ¢ data invarsesf aidnottabmoveouticaresction aftes saididatd fraeashipvmbgendonai n i n

whi ch said data signagl, and.sai d.cohere I r ed; renoving at
| east a porti Hﬁ"%‘?‘%éeaiff?"bEﬁ’l‘i%ﬁ?mﬁﬁ'g‘gﬁ]??%%?gﬁlﬁoﬁ?eaﬁgg%ﬁﬁéd seismc data
traces; and inverse transformng said seismc data traces from said

t wo- di mensi onab, dgh@inetHodokclaim 1 hwherein saidseismic dag trabkecomeprise geephont ai m 12
wherei n said noveout correction of said seismc data traces is perforned
usi ng a nove- éﬂﬁmlﬁéla@dfacc?s-appr oximately equal to the velocity of sound in
wat er. WD 03/ 025623 PCT/ US02/ 28609 -16 14. The nmethod of claim 12 wherein

sai d method f gt Nelre ool ¢S1aP B) YhilBindBid skiBME! G @locd SirtbrTte hy@opliEaEeOU!
correction after said data traces have been transforned from said

t wo- di nensi onatisdizrdatatrdeeck to the x-t domain. 15. The nethod of claim12
wherein said seismc data traces conprise geophone seismc data traces. 16.

The nethod of gl ai 12 WASTELRR 2 InseniBabeidRlCodd RRSSGRPMELSH hydr ophone

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:



- seismc data traces. 17. The nethod of claim 12 wherein said seismc data
traces conprise both geophone and hydrophone seismc data traces. 18. The
met hod of claim 12 wherein seismc data traces conprise both geophone and
hydr ophone ve@dx025@3dat a traces said nethod further conpri FCAFSOYi ng
said geophone and hydrophone seism c data traces after renoval of at |east
a portion of said coherent noise fromsaid seismc data traces by applying
a summation of the geophone and hydrophdhe seismic data traces. 19. The
met hod of claim 12 wherein said seismc data traces are collected using a
{ vo- component ocean gl CAPSve-6R corfiifed Rishiclaai widediitin'Be whapmii sai d
seismc data traces are c ected using a four-conponent ocean bottom
cabl e. 21. Theo werddithensiondl domaihin whishehid detaistgnekdandshid caherentmoise 8% ar e

col |l ected using an ocean streaner. 22. The nethod of claim 12 wherein said
t wo- di mensi on&fP¥AEAI n is selected by choosing at |east one filter from
the group consisti ' ' MNine bBEvebm bai® dath bilghil.and s4id céHegent adon
filter. 23. The m?ﬂé@'ﬁ%%bg?%fﬁeghé\%@rlg}en said step of using said
difference i nmoBwe-out velocities to separate said coherent noise from

idd [ | f ' ; . -
Cranst or mi g sai o HOVSIAA 1004 paneiosanpa e Apue b Glrrasies - 7,

domain to a tuemfh diBedceahd domain in which said data signal and said
coherent noise are separated; defining a velocity separation. |ine between
sai d data signal ainvesaitansfomingsaid seisnye datp Eaees ifiog spd odimedsiond t j on of
sai d coherent noise fr sai.d transformed seismc data traces; and inverse
transform ng sdgmm(é@ﬂg?ﬂntheﬁﬁggm?lrnaces from sai d two-di mensi onal

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.




- domain back to the x-t domain. 24. The nethod of claim 23 wherein said
seism c data traces conprise geophone seismc data traces. 25. The net hod
of claim 23 wherein said seismc data traces conprise hydrophone seisnic
data trace¥o @@n25e@de net hod of claim 23 wherein said sei sHCI/U$EVB68Y aces
conprise both geophone and hydrophone seismc data traces. 27. The net hod
of claim23 wherein said seismc data traces conprise both geophone and
hydr ophone seism c data traces and said nethod further conprising

conbi ni ng geophone and hydrophone seism c data traces after renoval of at
| east a portien Ofrhéﬁie@oﬁehasﬁms WRérsA shid @Wb-dahéhsiakisdontriridselettedbes by
applying a summation of sald geophone and hydrophone seismc data traces.
28. The net hodhadsinglahleast2Be fitterfoonm thegrenpsensisting of thef-i filkrethe tauep N ect ed
using a t\/\o-cocﬁwg%n%pt éﬁcean bottom cable. 29. The nethod of claim 23
wherein said &® 190841 r aces are col l ected usi ng a four-conponent
ocean bottom cable. 30. The nethod of claim 23 wherein said seismc data
traces are coB3hect admetbdfpr attermatixgymolderin amecean YEdtds LOPSEIBCREBRMUSERA 28609

-18 31. The nethod of claim 23 wherein sajd tw-dinensjonal d i,n
sel ected by daesssaifhOBC seisedq dabmfgaces ?‘{"&H“Sf'\g@l\{\rfe?ﬁé’ eﬁ‘rcg °ghﬂ?§%§”'t%:%§és§f t he
f-k filter, t ?lemﬂkgrtfo'nlotfﬂ{e’nog@ﬂ?sa‘i&"@atz[ ?M?b&g héHcoheiént ifiHERbRGbNL OF

ot pl e (OB

attenuating nolse in an ocean om ca seism¢c dajta traces, said
OBC sei sm ¢ dahet orded bascobereitrin thervgmmiontreceiver valet, isaid|cobgrensmoise hainga t r aces,

at least a portion of the naoise in said data traces bej .noncoherent in

t he common- seAvemulEglogitydiiferant fiom t H‘%Vﬁ‘@uwﬁi?@x-°?8{?ga§§?g“8f‘&éﬁ sai d

coherent noi sg.hawvi Deb @hce A{&hg%dﬁg}ngﬁgiﬁé/: different fromthe nove-out
Ie [ SIRG..

velocity of the data signadl In sai seism c data traces, said nethod
conpri si ng: sorting said data traces into common-receiver order;

applying a move-out correction to said data traces using a move-out velocity
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.



- sorting said data traces into common-receiver order; applying a nove-out
correction to said data traces using a nove-out velocity chosen to
overcorrect said data signal and undercorrect said coherent noises;

t ransf or m WP 03@S6dve- out corrected data traces fromthe XPCH/GHOHBI t 0 a
two di nensi onal domain in which said nove-out corrected data signal and
said nove-out corrected noise are separated; renoving at | east a portion
of said coherent noise fromsaid transfoldfed data traces; and inverse
transform ng said data traces from said two-di nensional domain back to the
x 1 domain. 33s ThendTeliBd oPliafh 32 Whetein AtRbAirhélsbnlitfnaiils CREEES | ON Of
said data tracCés is pertrorned using a nove-out velocity approxi mately
equal to the y¢rbdaimgtayleast onetilter from theakraup. coBsistingrod theetihfiderothe ¢duap filtd2 sai d
met hod further conprising conbi ni ng geophone and hydrophone seismc data
traces after BBHbhezadopiiler. | east a portion of said coherent noise from
said seismc data traces by applying a sunmati on of the geophone and

hydr ophone seism c data traces. WO 03/025623 PCT/ US02 28609 -19 35. The
met hod of claim 32 wherein said two-dinensional 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.



