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MULTI PLE SUPPRESSI ON FOR OCEAN BOTTOM SEI SM C DATA This application clains
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25, 2001. BACKGROUND OF THE | NVENTI ON Marine seism c exploration usually

i nvol ves acquiring seismc data using a seismc acquisition system whose
source initiates a down-going seismc wavefield. A portion of the
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depends on whether the direction of ]
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 5 or subsea impedance
discontinuity. The up-going wavefield 4u then travels toward the sensors 6 and is

detected.

The sensors 6 used in 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 a vector

response measurement whose polarity depends on whether the direction of
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interface at the surface of the ocean or water colum. The follow ng

di scussi on 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 (such as 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 the ocean surface 3 and

are typically referred to as “streamers”) is not practical.

The collection of data with OBC during seismic data acquisition is
complicated by secondary wavefields, also known as “multiples.” Multiples comprise
trapped water bottom multiples, source side peg-leg multiples, and receiver side peg-
leg multiples. Multiples can mask the seismic data of interest, and they amplify and
attenuate certain frequencies, thereby complicating the analysis of the recorded
signals. The “multiple problem” is caused by, among other factors, the air-water
interface at the surface of the ocean or water column. The following discussion
provides a more detailed description while implicitly assuming one dimensional

geometry.



provides a nore detailed description while inplicitly assum ng one

di nensi onal geonetry. WD 02/097472 PCT/ US02/ 16196 -3 Wen the seismc
sour ce i swbioeme472 he direct arriving down-going wavefi el dPCrmsazi@as he
seafl oor. A portion of the down-going wavefield travels into the

subsurface and provides the prinary seisnmic data by reflecting off of
subsurface formations. Another portion-&-the same down-going wavefield is
reflected back into the water colum. This up-going wavefield travels back

to the ocean surf%f;@ | ect ion, A
dovvn-goi ng wavef| e a&?lge% lc % rgggfﬂret%hgﬂ%o@g%{% surlP%cgwﬁ'%? #tgqued to
as a "ghost. impadané sgﬁhﬁ)@quﬂn;}bbﬁohn@ﬁ@ié dbWa-gosipaWa0eficldhedvels ﬁﬁo fige the
di rect arr|V| ng down-goi ng wavefield, a portion travels into the

subsur f ace aﬁ@bselffp@ﬁr tm(b rprcr\sdqsefﬂm quinedry lﬁ&tﬁl‘@l? ety bhaellectiog ofblofirmbsusface

t t t f t fi t ed
Dotk Thto EhSTAIERS. ARRRE oriil e SREE aPSh sl heRsRia renccta b &6 ©
formng the ftﬁeawefdcmﬁar _mg LEEbinEUNAVeRER) thdVelsSBARR 861 R S ce i kliftle g e st

arrivals), while the renainder propagates into the subsurface, leading to
t he formati omeftectedchanky anl aaimwlegxahgdlre@mnesAcﬁong wasefield seflestedooft mf a

(referred to _as source side pe rrultl“p es) the el aye down
Whver | el d r offSRESh ST Sl P 4se Bop %% PRty VBRAEHSBE ds

from the subsurdRFahERSM for HEOMdDERAT do% él n%w%v%é porflb 'tr\-!@é(js hﬂ@t

initially travels into the subsurface ry re |on
subsequent sther sbssifele pehalgtionist rqﬂeetsdtljraak mmsmet\hateugd)iuhimetosgafelrﬂer.

The up-going wavefi eEds wi]l be recorded at the seafl oor. However, after
bei ng recor d&ebseqyRat gRosty o Fisacenaeme ipartipd o ehefids teblrated bask inde thetyatent | v

I npact the aiprwat &f dlﬂeﬂ}aﬁ{]ft?ag)ﬁed ﬁ{‘&efw er’ IS tf%ﬂ-gfn@ tie ﬂgﬁ%}:dg\%t botfom

direction. AS & resu I mary an SOUrc€ s I'ples form

down- goi ng ghastisle (dhabvajuerit thultipleghopoirtivalss vﬂﬁletthe&enalmvem;ﬁlgﬁtss aite
call ed the receiver S|dew§)eg-leg mul tiples, and the portion of these

wavefi el ds t M subparjase, le lagttmélesfaae@rrqna@fedeéay@duagﬂ@w@ld eeiies ¢fethg pripeses of

this discussi.on.b th contain subsurf,ac ef | ections
than are rel SOSHjC P84 t"reFerred % oS D& flae pe%hl%g 19 ﬁes) asth?e delaye% ({own- going

wavefield reflects off of the subsurface formations.

Up-going wavefields from the subsurface result from the portion of the direct
arrival that initially travels into the subsurface (the primary reflection) and the
subsequent source side peg-leg multiples that pass through the seafloor. The up-going
wavefields will be recorded at the seafloor. However, after being recorded, the up-
going wavefields continue upward and subsequently impact the air-water interface
and are reflected in a down-going direction. As a result, the primary and source side
peg-leg multiples form down-going ghosts. The water trapped portions of these
wavefields are called the receiver side peg-leg multiples, and the portion of these
wavefields that travel into the subsurface are ignored for the purposes of this
discussion because they contain higher order subsurface reflections than are relevant

for the analysis presented herein.

Figure 2 shows two-dimensional examples of wavefields that are produced by
a source 10 and are detected by a sensor pair 11. The source 10 is typically located
proximate the ocean surface 12. A direct arrival 18 is a wavefield that travels directly

from the source 10 to the sensor pair 11. A receiver-side peg-leg 13, which may also
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corrupted by the multiples that may also be detected by the sensor pair 11.

The elimination of multiples can be an important part of obtaining good OBC
data because, unlike a towed streamer where surface multiples produce notches in the
frequency spectrum that lie beyond the usable bandwidth of the seismic energy,
multiples in the OBC data produce notches within the usable bandwidth. The
effectiveness of the removal of the multiples is dependent upon how well the pressure
and velocity data are matched, so that up-going radiation is identically recorded by the
hydrophone and geophone, and on how well the water bottom reflection coefficient (a
coefficient representing how well wavefields are reflected by the seafloor) is

estimated.

Prior attempts have been made to remove notches in the frequency spectrum.
Barr and Sanders, in “Attenuation of water-column reverberations using pressure and
velocity detectors in a water bottom cable,” Expanded Abstracts of the 59th Annual
SEG Meeting (1989, vol. 1), disclose a theory that assumes that the pressure and
velocity transduction coefficients are known and are used to match the amplitude and

phase response of the hydrophone and geophone. Calibration shooting is used to
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U.S. Patent No. 5,365,492 issued to Dragoset, Jr., discloses a method wherein
geophone noise is adaptively estimated from velocity and pressure. The polarity of
the noise is then reversed, and the noise is added to the velocity to form a clean,
refined velocity signal. A scale factor is then applied to the refined velocity signal
and the pressure is summed with the scaled refined velocity signal. The summed
signal is auto-correlated, and a “varimax” function is computed. The procedure is
repeated by incrementing the scale factor until the varimax function most closely
approaches unity. This algorithm was developed to determine optimum geophone

scalars and reflection data.

U.S. Patent No. 5,621,700 issued to Moldoveanu discloses a method that
involves adding the product of the pressure times the absolute value of velocity with
the product of the velocity times the absolute value of the pressure. The method relies

on a polarity flip in the velocity between up-going and down-going wavefields.

U.S. Patent No. 5,835,451 issued to Soubaras discloses a method that
combines hydrophone and calibrated geophone signals to eliminate a water trapped
multiple. A calibration function is determined by selecting a time window beyond the
duration of the direct arrival (e.g., where a source pulse is zero) and minimizing a
“cross-ghosted” difference between the hydrophone and calibrated geophone

recording. Multiples are then attenuated from the combined signal using predictive
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where polarity reversals exist and applying a scaling factor to the result. An

attenuated up-going pressure wavefield is then determined by combining the

estimated down-going wavefield and the pressure signal.

In another aspect, the invention is a method for removing trapped water
bottom multiples, receiver side peg-leg multiples, and source side peg-leg multiples
from dual sensor OBC data that includes a pressure signal and a velocity signal. The
pressure and velocity signals are compared to determine if polarity reversals exist
between them. Polarity reversals are used to identify and separate up-going
wavefields from down-going wavefields in the pressure and velocity signals. A
matching filter is applied to a portion of the pressure signal where polarity reversals
exist. The down-going wavefield is then estimated by determining a difference
between the portion of the pressure signal where polarity reversals exist and a portion
of the velocity signal where polarity reversals exist and applying a scaling factor to
the result. An attenuated up-going velocity wavefield is then determined by

combining the estimated down-going wavefield and the velocity signal.



from dual sensor OBC data that includes a pressure signal and a velocity
signal. The pressure and velocity signals are conpared to determne if
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identify and separate up-going wavefields from down-going wavefields in
the pressure and velocity signals. A matching filter is applied to a
portion of the pressure signal where pol-afity reversals exist. The

down- goi ng wavefield is then estimated by determining a difference between
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a scaling fatfctlwwmg)destchptldsreatd the aﬁﬁbn&éd elawat ed up-goi ng velocity wavefield
is then determ ned by conbining the estimted down-goi ng wavefield and the
velocity signal. WD 02/097472 PCT/US02/ 16196 -7 O her aspects and

advant ages of the invent BRIEWMDESCREPERDR'OPITHE DRANEINGS! | owi ng
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Figure 1 shows a prior art marine seismc acquisition system Figure 2
shows a sinplifi efligliradshowod praeneef madinkssesinic atqpistdn systeean  enbodi nent  of
the invention. Figure 3 shows a flowhart of an enbodi nent of the
invention. FigureFfusdasshoakchi sigplifikd ediaglesi o wavefigldshef Uptegat M@ an
wavefields in an_enbodi nent of the invention. Figure 5 shows a result of
an esti mati osmbpdipeat glothp inysntien.wavefi el d in an enbodi ment of the
invention. Figure 6 shows a result where first order receiver side and
source side peg-| Egurerdishovd @Howehaet dfearendiotlmmna bEthe Fivgutien.7A shows a
nodel ed shot record of pressure and velocity. Figure 7B shows an expanded

view of a primry €l glotisShgeking; Milfer @kien uéihg the APt SinEwakeNsldam an
expanded view of polarity and anplitude conparisons
embodiment of the invention.

Figure 5 shows a result of an estimation of the down-going wavefield in an

embodiment of the invention.

Figure 6 shows a result where first order receiver side and source side peg-leg

multiples have been attenuated
Figure 7A shows a modeled shot record of pressure and velocity.

Figure 7B shows an expanded view of a primary wavefield shown in Figure

TA.

Figure 7C shows an expanded view of polarity and amplitude comparisons

between velocity and pressure signals shown in Figure 7A.

Figure 8 shows a comparison between the down-going wavefield (or noise)

and the pressure signal in the modeled example.

Figure 9 shows a comparison between the down-going wavefield (or noise)

and the velocity signal in the modeled example.

Figure 10 shows a comparison between the pressure signal and the processed

pressure signal (where P = A - (1+R*)D) in an embodiment of the invention.

Figure 11 shows a comparison between the velocity signal and the processed

velocity signal (where V = A + (1-R*)D) in an embodiment of the invention.



bet ween vel ocity and pressure signals shown in Figure 7A. Figure 8 shows a
conpari son between the down-goi ng wavefield (or noise) and the pressure

si gnal i rwOhe/osmadel ed exanple. Figure 9 shows a conpari SoRCraSOB 94 he
down- goi ng wavefield (or noise) and the velocity signal in the nodel ed
exanple. Figure 10 shows a conpari son between the pressure signal and the
processed pressure signal (where P = A-8{1+R*)D) in an enbodi nent of the
invention. Figure 11 shows a conparison between the velocity signal and the

processed vel oci I .= * - i e i t he
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pressure si gsihals thag haexiaep ipeocs§sed withcmambodinarof thiglievensibot record. Figure
14B shows a velocity signal in an exanple of an ocean bottom cable shot

record. Figure l4GigaheWsAashpveegsedste xalpl &n vhansle ®8GH oéedrObdtiom sakleal i s
matched to a correspondi ng pressure signal in an exanple of an ocean
bot t om cabl e sketgecord.ecord, wherein the processing is perfornmed with an
enbodi ment of the invention. Figure 15A shows pressure signals in an

exanpl e of an oced&igot #Brshowblaevelxitytsignet or ah efingple of hbBcsdmobsttonekatsde t y
signals in an exanple of an ocean bottom cable shot record. Figure 15C
shows a proc&BYiP&xanpl e where each pressure signal is matched to a
correspondi ng velocity signal in an exanple of an ocean bottom cable shot
record, wherein tKeguse bteskowiya procersingsramplewwhere easharlosily signal ipmatohed

to a corresponding pressure signal in an example of an ocean bottom cable shot

record, wherein the processing is performed with an embodiment of the invention.

Figure 15A shows pressure signals in an example of an ocean bottom cable

shot record.

Figure 15B shows velocity signals in an example of an ocean bottom cable

shot record.

Figure 15C shows a processing example where each pressure signal is
matched to a corresponding velocity signal in an example of an ocean bottom cable
shot record, wherein the processing is performed with an embodiment of the

invention.

Figure 16A shows pressure signals in an example of an ocean bottom cable

shot record.

Figure 16B shows velocity signals in an example of an ocean bottom cable

shot record.

Figure 16C shows a processing example where polarity reversals were set to

zero values in a velocity signal with a processing embodiment of the invention.

Figure 17 shows a stacked view of pressure signals in an example of an ocean

bottom cable shot record.



i nvention. Figure 16A shows pressure signals in an exanple of an ocean
bottom cable shot record. Figure 16B shows velocity signals in an exanple
of an ocewp oRo9M1oIN cabl e shot record. Figure 16C shows aPprasSeysilng
exanpl e where polarity reversals were set to =zero values in a velocity
signal with a processing enbodi nent of the invention. Figure 17 shows a
stacked view of pressure signals in an efmple of an ocean bottom cable
shot record. WO 02/097472 PCT/US02/16196 -9 Figure 18 shows a stacked view
of velocity signa j (el f: e r d.

Fi gure 19 shows all:z%déé;ll(ggh Vi ew %‘?(egrvé%ggggﬁgé\}gl %gé#ims@g%éamﬁeh earne&%o arity
reversal s webettsicable si&recordl ues with a processi ng enbodi nent of the
invention. Figure 20 shows a stack of attenuated velocity signals where
processing was perf@raed subw a amcRAD ARG e D
DESCRI PTI ON The enb%fdri ments of the inventi o%w;ssee{dgfeéd%%%ﬂta%gm?igﬂr%

att enuat i ng meMetsialslvesre séiyo ¢érp vahies hithg prewssiveembodissot of thaohvergionci t y
signals and (ii) processing the matched signals so as to renove water
trapped nul tipl esFigiee 0 hows b dtack@F-attetharad! el dvit§ Ssignaldwh&® PreRssing fras
peg-leg multiples fromthe pressure signal or the velocity signal. In one
enbodi ment, @piferaredrwith pr ersbedimentrafdke wventioa. vel ocity trace is selected for
processing (see block 20 in Figure 3). Polarity differences between
recorded pressure and velocity neasurenents (see block 21 in Figure 3) are
used to identify and separate RETAAELEDADBESERIPTEON de peg-leg nul tipl es
from down-goi ng wavefields (see block 22 in Figure 3). After nmatching the

ded si I | ock 24 in Fi 3), ' nbodi t, f th
Pvent | on,  baced e STRASHEMETYICRT MERI SR ORGHS fonHGUaRE BRAKBRS dual
sensor probl %W(i) ?ﬁa@c}ﬁﬂé)}e'cgﬁe& Bretsgﬁ'e R 9&8&%5&&%‘8 (ﬂ?grocessing the matched

signals so as to remove water trapped multiples, receiver side peg-leg multiples, and

source side peg-leg multiples from the pressure signal or the velocity signal. In one
embodiment, either the pressure trace or the velocity trace is selected for processing
(see block 20 in Figure 3). Polarity differences between recorded pressure and
velocity measurements (see block 21 in Figure 3) are used to identify and separate
primary and source side peg-leg multiples from down-going wavefields (see block 22
in Figure 3). After matching the recorded signals (see block 24 in Figure 3),
processing embodiments of the invention, based on a mathematical reformulation of
the ocean bottom dual sensor problem, are applied to the matched pressure and
velocity data. The down-going wavefield is estimated (see block 26 in Figure 3) by
subtracting the velocity from the pressure and dividing by two. The down-going
wavefield is multiplied by a factor that includes an estimate R* (which may be an
estimate for the water bottom reflection coefficient, R) and subtracted (or added) to
the pressure (or velocity). In this way the down-going wavefield can be used to
eliminate the trapped water bottom multiples, receiver side peg-leg multiples, and
source side peg-leg multiples (see block 28 in Figure 3). Other embodiments are
described below.

9% «K. 9% ¢<

In seismic exploration, the terms “signal,” “data trace,” “trace,” “shot record,”

“recorded data,” and “measured data” refer to data recorded by a sensor pair after the



vel ocity data. The down-going wavefield is estimated (see block 26 in
Figure 3) by subtracting the velocity fromthe pressure and dividing by
two. The wownagmairng wavefield is multiplied by a factor thatusonodisdes an
estimate R* (which may be an estinmate for the water bottomreflection
coefficient, R) and subtracted (or added) to the pressure (or velocity).
In this way the down-going wavefield canlBe used to elinmnate the trapped
wat er bottom nultiples, receiver side peg-leg nultiples, and source side
peg-leg mul ti [ [Fol¥lg her._.enbaodi »
descri bed belsg\%v&l?ﬁ S(r?%gcgi}g%ngg&eégfl g@%@flg&r\é ae\{v%)éef%egr. rr‘g slggfg%nsg%)%%rga?%fgﬁsrt%ce, "
"trace,"” "shdutarecarded ‘after & 8aideshrelatitation gsuchegsusiagledimg of &h @irgh® dat a
recorded by a sensor pair after the WO 02/097472 PCT/US02/ 16196 -10

sei sm ¢ sour é&apas The skptuseasd ttppiptlbdemsertisendotefreedrded A eashmfl aeplrality ofcor d"
refers to data._r r.d af.t 1hal e urce excigatjon (such as single
firing of an SarY %%&Ugﬁ?é’ff&h %ﬁg Sgﬁsoté'r efés:"gr%i‘af“y%‘r & eh}h%g Fslésﬂﬁgtatge
recorded at earbfidlll i sghpledlat yseRbtedSSdRpRAY 6 Toi 9 PredstcRifeBGinse naeval For
exanple, after the source is fired the wavefield is sanpled at a sel ected
sanpl i ng r at dhegecordgsk date fenms adetatsignel farteaely a¢nsor IKicationec dr simamatiamaof ar ns a

data signal for each. sensor, | ocation. A su ti of a .pluraljty o

si gnal s havi ﬂ?ﬁ“ﬁl&h‘%n%ﬁ%% dey %ec%‘?l%ét‘ﬁ%‘ﬁgg%?%fe?%fOB& d‘féagdt"f d5°Gdferate
a "stack" of odadiate A BiRElr MBY. LAGRCRSdythEl BE BltErdi&d todﬁeﬁﬁ#{vyanar@asgifﬁsa fy
"events." Events may conprise, for exanple, direct arrivals that travel
directly froffeventse” Shentsendyocdnymissefos oxanplpy dinmt aeivalshhat trevekedireetlly dedned of f
of subsea formations (such as a subsea salt str%g%ure, a subsea

or
hydr ocar bon- BT 1 Shesarpesy) primgries dhat days tsflscted it offsubiea dermations fsuch
boundary (e. g, I Vi Il | i h Dat a
S gnat s’ Enbods e hEah Pyl or 33ubta BYLldcBiOGR bearfl S Atrd 12 BBRLES, 20
di scussed fi w$ftof aRroeéar-aibbyundulye(epr,@bssts givapdisead anildipleddr e recorded t hr ough
receiving systens with substantially identical electronic inpulse
responses. Pressure and velocity signals nust be adjusted so that a

polarity check betygenidsBnSainReIDENSignals

Embodiments of the invention related to matching techniques will be
discussed first. Preferably, the pressure and velocity are recorded through receiving
systems with substantially identical electronic impulse responses. Pressure and
velocity signals must be adjusted so that a polarity check between them at a given
time will provide a meaningful indication as to whether the recorded values

correspond to an up-going or a down-going wavefield.

One of the embodiments of the invention is a method that accounts for a
“mismatch” in pressure and velocity signals by deconvolving the electronic impulse
responses from the pressure and velocity signals. Another embodiment of the
invention is a method whose goal is to deconvolve one of the signals (e.g., the
pressure signal) with its impulse response and then to convolve the resulting output

with the impulse response of the other signal (e.g., the velocity signal).

Finally, there may be a relatively small time shift (generally a shift of less than

one sampling interval) remaining between the pressure and velocity signals. It may be



time will provide a neaningful indication as to whether the recorded val ues
correspond to an up-going or a down-going wavefield. One of the enbodi nents
of the irwentign7i s a method that accounts for a "m snat ®oT/USn2/priessur e
and velocity signals by deconvolving the electronic inpulse responses from
the pressure and velocity signals. Another enbodiment of the inventionis
a nmet hod whose goal is to deconvol ve oneldt the signals (e.g., the

pressure signal) with its inpul se response and then to convol ve the
resulting ou j i | I t t he
vei oci ty-si grafebleftr Beffifle (P MpRfs LERARS SoRllah )il oA Rk fipe

(general |y ashifii thity B¢ dis@s@rddhaith the kevss-aomélatigh dndttBére®y ¢orioieated.ng bet ween
the pressure and velocity signals. It may be WO 02/097472 PCT/ US02/ 16196
-11 desirable to resanple the signals and cross-correlate them so that any

residual tine 5hvﬂbc&ﬁﬁﬁggeQMQQBMES%%mﬂtf1the cross-correl ation and
t her eby conpensat ed: i cthed Signals After the pressure and

vel ocity signals have been matched, the data nmay be processed to renove
trapped water bot tAdter dmdppegué egd melotitpkigsals Ihave)heenematatiédmm datafmayh ke

i nventi on, olarity conparison is n|t|al made tween t he essure and
vel ocity si gﬁ%l‘?sseﬁ)f“i/f RAEBPS W?tﬁ’e 41%/6@316%8% Fs- tlﬁé’nﬁreég‘é’d}néﬁnénd

velocity sigpalsifRYHAE o Uﬁ&lgmgpar HE&J ¥s f?ﬁ)t %h&wb g% i gf%ssJé‘%nd

conparison also permts I on of 0|ng an

wavefi el ds i relooith s(g‘natshel)aﬁemnaiedndtaé @olﬁltgl&ie&veehnther]ﬁeﬁni‘wdmdrﬁfﬁlocﬂfl t he
invention, a matching filter is_ formed by usi the portion of the signals
that have t hé&igsalengyoeaises {0 idopihy dote- &%%W@M%lqﬁat@mca@pmom@ﬂso pegmits

appl i ed, t hetﬁ ?Luta'tlglg 0?8%540%%5 rﬂihi &rngls\g%{eﬁv\ﬁg ‘65{1110&111}‘ rad d&f dati havi ng

t he sane polar| y are s e polar reversed
portions of &fpealsi gnals can be used to find the down-goi ng mavefleld by
subtracting and dividing by two. In practice, it is typically only

necessary to appl y, bhe eiBb&HeRGof the tn?\renﬁﬁh tahxﬂaﬂeﬁm LRy N fotrtlﬁg? bg'dr%afh%l:tﬁ ere

the polarities are reversed. An exanple of e application o I ng
portion of the signals that have the same polarlty When the resulting matching filter

is applied, the resulting portions of the pressure and velocity signals having the same
polarity are substantially identical while the polarity reversed portions of the signals
can be used to find the down-going wavefield by subtracting and dividing by two. In
practice, it is typically only necessary to apply the matching filter to the portion of the
signal where the polarities are reversed. An example of the application of a matching
filter is shown in Figure 4. Figure 4 shows recorded pressure (“P,”) and velocity
(“V,”) signals in a system with a water bottom reflection coefficient (“R”) of 0.333.
Pulses 30 and 34 are primary pulses and have the same polarity. Pulses 32 and 36
have opposite polarities and contain superimposed receiver and source side peg-leg
multiples. No trapped water bottom multiple is shown in this example, but the
matching filter application procedure would be identical if a trapped water bottom

multiple were present.

After a polarity comparison, P, and V, are identified as the portions of the
signals having identical polarities and pulses 32 and 36, which have opposite
polarities, are removed from the signals. The matching filter in the embodiment is

designed using P, and V|, and if applied to V, produces pulse 38 in the V, signal. In



filter is shown in Figure 4. Figure 4 shows recorded pressure ("Po") and
velocity ("Vo") signals in a systemwith a water bottomreflection

coef fici ewD 0@/oR4y2 of 0.333. Pulses 30 and 34 are primaryPpultsexyi@ne have
the sane polarity. Pulses 32 and 36 have opposite polarities and contain
superi nposed receiver and source side pe?-l eg multiples. No trapped water
bottomnultiple is shown in this exanplel2but the wmatching filter
application procedure would be identical if a trapped water bottom

mul tiple wer ﬁmi?re&%‘c?@irmene‘ftﬁ@gﬁ@ﬁ:thﬁ%l ﬂgc%rg% si ’Eﬁérs££9?acgl?hotf?b‘g§q.\ﬁo r

identified as the portidns a avi ng 1dentical po a{[ﬁ?ttllfgé and

pul ses 32 anavedéto Whsededhimve Voppo satchingpfilta@rwonlé be Ascld Lty of 2 r amthibe
signals. The matching filter in the enbodiment is designed using P, and
V,, and if appint.dbe resulyof feguaielisg Hlipseprigation is Hat vignals Fnand Vi ulses

02/ 097472 P 9 - hi o4&l the matching frlten ds
sinply a scglg 2 L‘{?ggsiggeoglbf)@ é%utyl\}g? rg%gﬁa?h?%g@mgv@}% 0 Sé)gbsec%ﬁrggdiﬂh% V,
t he mat chi ngufinp ey povEithofiBe SigaslaMhefetht PbladitieareAbversde. IgQQJuIS’és 32 ARd
result of the matching filter applicationis that signals P, and V2 (and

pul ses 30 ad6)-3Bpware, thesswiing Sltens imparsei responseTfiachen ohishbe $daledeto than

| be derived f ' h t of the si | s, wh t
Dol ar i1 es abEe 0B asiie FhyisE s M ufh fetied wg pdises 30 ond Fos The i ng
filter's i f ' b t. | th
| pul e r eaparaer FERETED (LURSIL AT Tifen el S80S 10 hifhed Mpre@Hf cB 1N

factor is (11 B)H)g(ll R Rwheh e ;Ex@?sui/eeih ngdtélﬁédité lv@i%}:&;h eHeAQ, BA ESFHE fH the (1 +

R/(1 - R) when the pressure i's matched to velocity. Hence, an estimate for
the water beodatedmotteil reflédtion coefficientiRerRbn bRderivasd fem deanticoy eflthe rpeakscoffthéi 0 of
t he peaks of .the inpulse response functions. After a matching filter has
been est abl i ¥RBYse fesPonsy fusstianspl i ed to the portion of the signal where the
polarities are reversed (e.g., pulse 36), such as signal V3 shown in

Figure 5. V3 is tKAdtepomatdnngfiltertas bednozsiablishsidgh aaywieeippli¢dite thopartion pf of

(e vel oo 1Y gt Yol L9, Bel DS, ERE 22 L0 R0l 8L Bl BSUBLESELT
produces dat gigig82al v Vi the pBrtionP tBE velocity signal where the polarity of the velocity
signal (V) is not the same as the polarity of the pressure signal (P,). Applying the
matching filter of the present embodiment to V, produces data signal V, (e.g., pulse
37), where V, =V, + V, is the velocity after matching to the pressure, P,. The down-

going wavefield, D (e.g., pulse 39), can then be found because D = (P, - V,)/2. The

same result is obtained by simply subtracting V, from the pulse 32. After matching,

pressure and velocity may be described by the following expressions:

P=A+(+R)Dand | (1)
V=dA-(1-R)D. @)

Equations (1) and (2) describe P and V in terms of the water bottom reflection
coefficient R, an up-going wavefield A that comprises the primary reflections and the
source side peg-leg multiples, and the down-going wavefield D. The down-going
wavefield D comprises the sum of any direct arrival wave, trapped water bottom
multiples, and receiver side peg-leg multiples. Equations (1) and (2) are produced by
a one dimensional derivation based on fundamental relationships between pressure

and velocity. The derivation of equation (1) and (2) is shown below. First,



37), where V5 = V2 + V4 is the velocity after matching to the pressure, PO.
The down- going wavefield, D (e.g., pulse 39), can then be found because D
= (Po - Wp/02/09Tine same result is obtained by sinply subcaatSongi1¥ from
the pul se 32. After matching, pressure and velocity may be descri bed by
the foll ow ng expressions: P=A+(1+R)Dand gl) V=A-(1- RD (2
Equations (1) and (2) describe P and V rA3terns of the water bottom
reflection coefficient R, an up-going wavefield A that conprises the
primary reflections and e urce side peg-leg nultiples, and the

down- goi ng wavefield Dp eﬁmngloi ng wavefield D conprises the syBjof
any direct arrival vvave,attrapﬁ?ed wat er bottom multiples, and receiver side
peg-leg multiples. Equgééilons é(vl) and (2) are produced by a one dinensional
derivation based on fundasental rel ationships between pressure and (4)

vel ocity. The derivatioff of equation (1) and (2) is shown below First, WO

02/ 097472 P 0 - i, & ) . = ; r
equation (S)C%hsgél\é/‘\ijag#?@ )_Slesco%‘gto_ asWS'eac%@ gg%a%lﬁoerﬁlu?ﬁ n g@ﬁﬁg%({?ie&ss %. %?n
equations (3kq@iné 43) all (D, eRehity, K 1sSbllk! KodEWItUS tinke,| Sist Héﬁl (égS
depth (e.g., “distance along a vertical axis), P Is pressure, and v Ts
particl e vel dotange alode atvegail avas)eP iepassirepasd ganpdracldeciovityl Identidal avadev by
usi ng equations (3) an 4) to.generate the expressions; alp 1 ape and (5)
az2 c2 at?2 asquailga% Qarcg% %yrlwsie#oé?’c@c& pSINgRAUIS{d) arb(4ttP gRnsrateddtiat i on
(5) is gi vene;gé(regsﬂﬁlsexpression: P=Puf (z - ct) + PDf (z + ct) (7) where
f is an arbitrary function and Pu and PD are arbitrary constants. From

Newt on’ s 8’P 1 P
o2F & o and ©)
v _ 1 ov?
e ©)

where ¢* = x/p. The general solution to equation (5) is given by the expression:

P =P,f(z-ct)+P,f(z +ct) @)
where f is an arbitrary function and Py, and P, are arbitrary constants. From Newton’s
Second Law it can be determined that:

¥ Py Popgren ®)
ot p p

where f is the derivative of arbitrary function f with respect to the argument of f. By
integrating equation (8) and evaluating the constant of integration the following
expression is obtained: |
V=P—Uf(z—ct)—P—Df(z+ct). 9
pc pc
Specifying the positive z-direction as vertically upward, the following

expressions may be written for P and V:
P=U+D and (10)
V=pcv=U-D (11)

where U and D are up-going and down-going wavefields, respectively. Equations

(10) and (11) show that a combination of P and V may estimate the down-going



Second Law it can be determned that: av = - PUf'(z - ct) - PDf'(z + ct)
(8 P P where f is the derivative of arbitrary function f with respect to
t he ar gunwoto2o$7472 By integrating equation (8) and eval uCirrpor/h@9€onst ant
of integration the following expressionis obtained: v = Puf (Z - ct) -
PDf (Z + ct). (9) PC PC Specifying the positive z-direction as vertically
upward, the followi ng expressions may bédwitten for Pand V: P=U+ D
and (10) V—pcv U-D (11) where U and D are up-goi ng and down-goi ng

of P and v my kR é’ﬁaﬁﬁﬁ’e"% 5 (109 037 b3 bl 5B B80T "

wavefield. For exarrpl e, uat i ons (10) and (11) may be conbined to show
that D=p2V. (12) Thi q) UM is consistent with equations (1) anq Q)’Z),
and U=A+RD, where RD is the2 up- going reflection of D. A nore detalle

anal ysi s of up-going and down-goi ng wavefields in a water colum may be

per forned by Tagsuesilng ddnsisteanwithedhstona (1) MeS(29¢ addnE=A6RD), aifers\RENis theO.
The down-goi ng and uH goi n% portions of the trapped water bottom multiples
may be expre¥pegdingsetlgptionptb.y Rs R'8(t - nT,,,) and (13) n=0 U,,, 1
=RERSR'8(t-nTw) (14) n=0 where Ris again the water bottomreflection
coefficient, Rs i%\ awrodeaied mahisis of up-going and down-going wavefields in a water

column may be performed by assuming that an impulse arrives at the seafloor when
t=0. The down-going and up-going portions of the trapped water bottom multiples

may be expressed as:

=Y RIR"§(t-nt,) and (13)
n=0
U, =R> RIR"3(t-nrt,) (14)
n=0

where R is again the water bottom reflection coefficient, R, is an ocean to air

reflection coefficient, T, is a two-way travel time in water, and the direct arrival §(t) is
included in the summation. The primary wavefield is generated by that portion of the
direct arrival (e.g., n=0) that travels into the subsurface and subsequently reflects off
of the subsurface formation boundary and is then detected by sensors.

Mathematically, the primary wavefield may be expressed as:

Uy =(1_R2)2Rk6(t_tk) (15)

where each iteration of summation index k corresponds to a different subsurface
interface (e.g., an interface may be a top of a formation, a bottom of a formation, or
any acoustic impedance discontinuity), R, is a reflection coefficient associated with
the k-th reflection in the subsea geology, t, is an associated two-way travel time for
the k-th reflection of the wavefield, and (1-R?) is a two-way transmission coefficient
through the water bottom (e.g., the seafloor). A portion of each down-going impulse
included in equation (13) gives rise to an impulse that is reflected by the subsurface

interfaces.



reflection coefficient, ' , is a tw-way travel tinme in water, and the
direct arrival 8(t) is included in the summation. The prinmary wavefield is
gener at edwby2odmar2 porti on of the direct arrival (e.g., neQx/ushaieivé avel s
into the subsurface and subsequently reflects off of the subsurface
formati on boundary and is then detected by sensors. Mathematically, the
primary wavefield may be expressed as: WlS=(1-R2)>Rk8(t-tk) (15) k=1 where
each iteration of summation index k corresponds to a different subsurface
interface (e.g., i nter fi. a farmtion bojt om of a
formation, or anf/f'E g(‘gxgétn{gg\% ?Vﬁp%gggﬁgee&éafygg5eﬁ1hlc%u?tﬁg}3 ?rlﬁﬁryi aél%aar? g’relsggﬁcfon

coef ficient grI8BOsdgalegdmuitiples. t dEiek tialedsii] @16t duBBurftet 4 BeiRS GBcH@sd, 0y, tK
is an associated two-way travel tinme for the k-th reflection of the

wavefiel d, afdmary R sowce sidapegdse muliipdes epstione twodfefdiciveter intetfacsuyhere he

ter bott Qe £l . A.portion.of. down- goi ng_i npul
et uded i n USRS SR Pa/BEby cfheRBhb BRle S eizhRs Wk bR AR ¢ e
subsurface ipgg. e%rﬁﬁl@i%les)l@h_@%%%71%7;?0@&2"611@5&%@@@@@1& may Be ERfretild 401 N9

wavefiel ds are del ayed replicas of the primary and are the source side

pe_g-l eg rru:jti pl es. Aftj rptiavgggﬂ&#gﬁn@wsﬁ[ggcég_Ellggpﬁgi E_g rec?r dﬁg) t he
primary and source side peg:le _ €s ‘to n wai r-wat er
interface where they are reflect'd@Back, thereby establishing periodic
reverberations (the receiver side peg-|eg | tiples). The up-going portion
of these wavePmEMaYONFAYCEHEN A% Frbéeé’éedef‘i§].‘le Qﬁ{_gng HergPprae ORI RERRYFT Pisfer Dagk
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of the source-anhd receiver s g specti ve

wavefiel d, a eqprios €¢h)eshémn-ans@t Wiren (4, equationn@buoels dekdribes s@irc©pidé 16)
when n--me0. When m=0, equati on (lga only describes source side peg-Ieg
mul tipl es, wiegdeameliplesowhidgwhet o0 caeation 1§ ey descrbes regeinenside pagdes

peg-1eg  mul bfphifes ARs BREGESK f§ IR LS BSH MdeR repReERtingC RIRES A lG g UbS ea

reflective
interfaces.

The reverberations leading to the formation of equation (16) also have down-

going wavefields that may be expressed as:

D, =(1-R?) > RR™R™™§t-t, —~(n+m)r,]. (17)

n=0;m k=1

Subsurface reflections are generated by these down-going wavefields in a
manner similar to that expressed in equation (13), but these higher order terms (e.g.,

second order wavefield terms and above) will be ignored in the present embodiments.

By combining up-going (equations (13) and (16)) and down-going (equations
(14) and (17)) wavefield expressions as indicated in equations (10) and (11), P and V

may be expressed in the following form:

n,k=1

P=(1- R)2[2Rk6(t—tk)+ > R,RIR"5(t-t, —mw)] (18)

+(1+ R)[a(t) + > RIR"S(t-n7,)+(1-R?) D RR™R™™S[t—t, —(n+ m)rw]]

n=1 n=0;m,k=1

and



interfaces. The reverberations leading to the formation of equation (16)

al so have down- going wavefields that may be expressed as: DPL =(1-R2)

] RKRs+mRrwvonr02@91472 k - (n+m)'r ] (17) n=0 m k=1 Subsur f acePcafuseridions are
generated by these down-going wavefields in a manner simlar to that
expressed in equation (13), but these higher order terns (e.g., second
order wavefield terns and above) w |l be fpgnored in the present

enbodi ments. By conbi ni ng up-goi ng (equations (13) and (16)) and down-goi ng
(equations (14) and (17)) wavefield expressions as indicatedqin equations
(10) and (11), P and Vvyory_ha: ed i erfh@lkgw g {-OF P=( )
JRKB(t -t k) +j RkRsRnS(t-tYoaﬁ%lw) (n8 “k§1QI ),+nkn-’,(_b\-¥%{i$ij 8(%‘)&&4‘7 oyt
"R'8(t-nz,~)+(1-R2) ZRkR<+n'R'+n,-ls[t-tk -(n+mMz",] n=1 n=0O'm k=1 and WO
02/ 097472 PCT/ US02/ 16196 _-16 V =(1-R)2 ERK5(t-tk)+ YRKRSR 8(t-tk - RAtiw)
(19) k=1 n, k=1(— RLS(Ry BRR'S( ~nR,)+ IRBOt > RRE "R " Ho{t 11, R2r>+m)rw]]
RKR , +"R'+,n-"'8[t -Ltk - =in + Mzw~ . n=1 n=@h, k=1 A direct arriva
wavefield term 8(t), has been explicitly shown in equations (18) and (19)
while it was enbedded as- the n=0 termin equation (13). Equations (

18)

d (19 b iyRlified P = A d Q V=A-(1-R) D (21
%ert(a eéug? iyong ?IZAOH?HI%ICT%G %vag;@elp&gﬁ,i]ﬁé@ @%’%ﬁf&%ﬁ%ﬁ% spqyn g’?}&q%%ogls :
respectivel Y(lﬁ?hﬂr(m)%ﬂe% WheeRbQRRS 8 18 reohad] MRS (18NeELAYiBAS (1)

once the matché
and (19) may be simplified to

P=A+(1+R)D and (20)
V=A-(1-R)D 21
where equations (20) and (21) are identical to equations (1) and (2), respectively.

Returning to the processing embodiments of the invention, once the matched
filter is generated, it is applied to the portion of the signal where the polarities of P
and V are reversed so that the matched filter scales that portion of the signal into
(1+R)D or —(1-R)D, depending on whether P is being scaled into V or vice versa,

respectively.

In the processing embodiment shown, the derivation of equations (1) and (2) is
performed for a one dimensional system, and a convolution model that only accounts
for first order reflections from subsea geology is used for the up-going wavefields
(e.g., for up-going wavefields that are reflections from the subsea geology rather than
from the seafloor). The one-dimensional and first order assumptions mean that only
one reflection is considered from each layer below the seafloor. In addition, equations
(1) and (2) ignore random noise by assuming that A and D are significantly larger
than any random noise that is present. Further, the derivation assumes that the
velocity is matched with the pressure, but a specific matching process is not specified
and any of the aforementioned matching embodiments described herein will function

with the invention.

Equations (20) and (21) may be solved for D so that



filter is generated, it is applied to the portion of the signal where the
polarities of P and V are reversed so that the matched filter scal es that
portion oWothemignal into (1 + RD or - (1- R D, dependipag/usn2/vies her P
is being scaled into V or vice versa, respectively. In the processing
enbodi nent shown, the derivation of equations (1) and (2) is perfornmed for
a one di mensi onal system and a convol utildn nodel that only accounts for
first order reflections fromsubsea geology is used for the up-going
wavefields (e.g., for up-goijng wavefields that are reflections fromthe
subsea geol ogy rather than—fromthe seafloor). The one-di nensi onal(2and
first order assunptions nmea” that only one reflection is considered from
each | ayer below the seafloor. In addition, equations (1) and (2) ignore
random noi se ah§ Dhissalso shpwnhiatFigurardd 1D panctics, after frécoaded| sygrady @€ pressuramndiny
random noi se that .is present. . Further, the derivatio ssunmes that, the
velocity is %ﬁ@ﬁﬁ@oﬂr%ﬁ%ﬁ’r@ bsreég%}eg:byﬁaglyépgseﬂ@ﬁti‘% @2i@ttg?lfeﬁ@rdﬁaéﬁ@ss is
not specified and any of the aforenentioned matchi ng enbodi ments descri bed
herein will functi®SnPrexioauslyt Aescribsde it hydrorkepsaticases s@araprgssuel Whikgya be
solved for D_s@: Ihat 0 2 7 P-2V (22 nd Dis
al so shown i r\{gr%lcéltge op g&el rﬁé%r&;egt% %@Egé?&gé{ﬁ%%%?ég%ﬁﬁ%ﬂﬁ hs‘?ls oY r‘%@%gr e
and vel oci t Vippende offahe igsttioP of pro@a%dtmt&%ebmmmdwm@ﬁemua& p&tarity2eheck 0 t he
recorded data. As previously described, a hydrophone neasures scal ar
pressure whi betweenfepnd Yamayddgstidn apreeaguiwk dewpgeing cwvavefields di twavefieldsr and

therefore ha n_ oMt Qut .t hat . ,,depends on the direction of, opagat i an of
the measur ed Va7t ilécﬁﬁt. dﬂ”bv(?}sagf'gy“_' Iecthe terﬁletlﬁ%lgtﬁ& lgrrévr?gs \ﬁ%_ﬁ{ﬁoi sPg y

up- goi ng and af@Wewa Yol Wavafel Rl Wst 4rd noRY@Ietiglpdsed)! NRthed R goihs @hatdd -
arrivals" (e.g., where the term"isolated arrivals" refers to up-going and
down- goi ng wgvaiivelvdecldhate sapaimpised,ibesituatios sdhorelchbmiphieatedh - TypicadlyaifdA down-

goi ng wavefi el are superinposed, the situation is re conpl | cat.ed.
doprcalty. 1 AndD S 5 R wORaY D o Ty Aot hertuesal B e
reversal between P and V when

%<(1—R).

This means that

PR
1- &

Similarly, if A and D have opposite polarities, then there is a polarity reversal between

P and V when
—>-1-R.
Therefore,

|D|>—|—A|—.
|1+R|

Hence, as long as

ol
-4



<(1-R). This means that D> A 1-R Simlarly, if A and D have opposite
polarities, then there is a polarity reversal between P and V when A
>-1-R DvOhewefsoze, D> |A 1+R Hence, as long as AL | PcCDiUse2/i6isR WO
02/ 097472 PCT/ US02/ 16196 - 18 there should be a polarity reversal between
P and V regardless of the polarity relationship between A and D. Figure 6
illustrates a nethod for eliminating D ad8i-a source side peg-leg multiple.
Po, V5, and D are repeated fromFigure 5. Up-going wavefield A (i.e., the

Y el R RGNtk S0HIEESIAE ROl Et TUbhd B S3arGRN: bRARe Wlariry

determ ned by tracting ( rom PO. This
w th pul se S&IMmmmpl&ubﬁnamamcaDl y identical to puI se 30 of Po. Pulse 52
represents the source side peg leg multiples, which can be renoved by

subtracting RD frgmguie I@awsmgeptal MetﬁB’d fbhehmnfanﬂgrty aH@ -0 S Re: &\ﬂ\éeﬁégqleg
Mat hemati cal |y, equati ons él) and (2) may be solved for A so that

down- goi ng wawéiﬂplel oy abe Debrerrpprated drdm digre¢ 6hdip-goiog wavefield A (i.es, tRE) DA
and (23) V+&)1 D, g 2:
rim réﬂechons and sourCe side peg-leg multiples) can then be determined by
subtracting (1+R)D from P,. This yields pulses 50 and 52, with pulse 50 being
substantially identical to-pulse 30 of P,. Pulse 52 represents the source side peg leg
multiples, which can be removed by subtracting RD from A leaving only A, the
primary up-going wavefield. Mathematically, equations (1) and (2) may be solved for

A so that the down-going wavefield may be eliminated from either P or V:
P-(1+R*)D~A and (23)
V+(1-R¥D=~A4 . ' (24)

Therefore, D as determined in equation (22) is scaled by either (1+R*) or (1-R*) and
combined with P or V, respectively, to produce data signal A, where A contains the
primary and the source side peg-leg multiples. Note that R* is an estimate that may

be the water bottom reflection coefficient, R.

An important feature of the processing approach of this embodiment is that the
pressure and velocity are not combined to form a single output signal. Instead, only

one of the signals (either pressure or particle velocity) is processed at a time.

The above suggests an alternate processing embodiment wherein the source
side peg-leg multiple is eliminated along with D. This embodiment may be further
explained by using equations (18) and (19) to develop a sum of the source and
receiver side multiples for the pressure and velocity, respectively. The result shows
that:

PEG(P)=(1-R*) > R, RIR"3(t—t, — mw)[(—n—*%giﬂ} (25)

PEG(V)=(1-R*) > R, RIR"3(t—t, — mw)[%'—n] (26)



Therefore, D as determned in equation (22) is scaled by either (1+R*) or
(1-R*) and conbined with P or V, respectively, to produce data signal A
where A cwotoaiosm7i he primary and the source side peg-| egPpamlusopi@ase Note
that R* is an estimate that may be the water bottomrefl ection
coefficient, R An inportant feature of the processing approach of this
embodi nent is that the pressure and vetd2ity are not conbined to forma

si ngl e .out put signal Instead, only one of the signals (either pressure or

particle vel qailopuée) V\g@?ﬁléﬁ??%@tsmﬁn{ehggurcg b5 RAYE SUIAESES pfl Al £ "2 ©

processi ng enbodi ere e source

el i m nated alPamg Wrteipe&weTﬁl sdenioakt onedeat (erga,ythbaumbértcbﬁwm waspiravel €iched\in USi ng
equati ons (18) and (19) to develop a sum of the source and receiver side
mul tipl es fofhe Wateprcaksuy ofathg m%lf“B]@r t Ps shewpepreyipusly, RTisethe axaiert beftasms

that: PEQP) (n

PEG( V) =( 1- Rz)“gf&ﬁ@g%f&‘ﬁ Eskt 50 it re@é‘% r'L"O(egfs‘g‘?_ntRR's/\BltB‘if%;&b"“fﬂ‘?’é
PCT/ US02/ 161 36efficitfk m@a@tea’li@&ﬂheamdl Pirdad) iRrte SWH¥IEECES RUk GRe 8RHmaA6RT Ver
side peg-leg nultiples for P and V, respectively, and n is the order

(e.g., the nindssrthascavars- slhyubsiefoes intarfages, itris time tynést the twiorwiaph frawdl tithe
mul tiple. As shown pr.ev h I?lsthe wat er bOt\@ﬁ) reflectloirg
coefficient, aggocipted t"ﬁ‘g‘ %‘Egé ‘Etﬁr e Ty S o WAy Wl fime;in the wWalgr, OQ) isthe
reflection HHSthdxﬁbeﬁ”Ln@ 2RY §ttﬁ9n§%m tPsKridsion' &Efﬁcfl@nb Pl’i'&% water
subsurface, k I's the su Index that covers surta

interfaces, boitamtime, tk |s the two-way travel tine associated with the
k-th interface, ti, is the two-way travel tine in the water, S(t) is the

direct arrival, aEQua(ti’ohB@) dnd (@%‘@ntb‘éﬁewﬁﬁ{erhhﬁﬂt%‘ﬁ%ﬁv@ﬂ fqef ficient through
t he water bottom Equat i ons ( can be revvrlt%en into the

followng form P = AP];=(A1; ++(15)£DYW+]SEBI(:‘95 Pa)mdand (27) 27

V=4,+(R-1)D,, +PEG(Y). (28)

wt

In equations (27) and (28) A, is the primary wavefield. The water trapped multiple
can be eliminated just as before, but at other times it is possible to eliminate the
superimposed source and receiver side peg-leg multiples for equation (27) and (28) by

selecting an estimate, R*:

R*=(1+1)R (29)
n

where n is the order of the peg-leg multiple. This estimate would be valid in
equations (23) and (24) and would be applied at the time of the n-th peg-leg multiple.
For the first order peg-leg multiple, n=1 and R*=2R. For higher order multiples,
R*<2R . This estimate can be obtained by solving the following equation when the

pressure data are being processed:

P
1+ R*=—. 30
R = (30)

However, when the velocity data are being processed the following equation is

appropriate:



V=AP+ (R-1)D,, + PEQV). (28) In equations (27) and (28) AP is the
primary wavefield. The water trapped nultiple can be elimnated just as
before, bwDoawImrher tines it is possible to elimnate theCTdisprrdiaposed
source and receiver side peg-leg multiples for equation (27) and (28) by
selecting an estimte, R*: R (1 + )R 629) n where n is the order of
the peg-leg multiple. This estimte wutd0be valid in equations (23) and
(24) and would be applied at the tinme of the n-th peg-leg nultiple. For
the first order peg-leg nmulti;ple, n=1 and R*=2R For higher order

mul tiples, R*<2R . Thilk*ebtinate can be obtai ned by solving the fqBlpw ng
equation when the pressure data are being processed: 1 + R* = D . (30)
However, when the velocity data are being processed the follow ng equation
is appropri Eg@atlcm@(@@)/ VYA TR CcPOR WRY2p Hetegsine-RO farpraesssing 34 yemdsgutzath ons

30 d (31 t bot h
Coot cand, SoH ol il RF Vel Rusto Ut el eds PR 4135 Biet Bpn el St Bt

bottom nult I n
bottom mul gﬁgtﬁﬁ%sh aI? o@&&%&orapé%uoﬁg@ mﬁglégﬁ»l&%ﬁ eé%ifat;m&gg)u[c)ﬂg@( 33)

for the trapped water t r superi nposed source and r ver
side peg- leg nmultipl eg@ %lhgzigﬂo V4 61 s determned in equation (22()CSS S
scaled by either (1+R*) or (1-R*), dependi ng on whether the pressure or
vel ocity data are bei ng/p(pcmsgegA R* shoul d be estinated differentBg)when
attenpting to renove only the recéiver side peg-leg multiples and the

vt er Ur appeg ML LBl iardl bt SATRRE of St Sed b et NS: 00 g

leg multiples. Therefore, D as determined in equation (22) is scaled by either (1+R*)

or (1-R*), depending on whether the pressure or velocity data are being processed.

R* should be estimated differently when attempting to remove only the
receiver side peg-leg multiples and the water trapped multiples. This estimate is given

within the following equation:

P 1+R*

V 1-R*’

(34

When R* is determined using equation (34) and multiple attenuation is performed, the
results will be consistent with equations (23) and (24). The important point here is
that, with an embodiment of the invention, it is possible to process OBC data in a way
that not only eliminates the water trapped and receiver side peg-leg multiples, but also
indicates how to attenuate the superimposed source and receiver side peg-leg

multiples.

When the receiver side peg-leg multiple is eliminated from a pressure signal, a
residual up-going wavefield amplitude is typically less than its original amplitude.
However, this is not always the result when processing a velocity signal for the
removal of only the receiver side peg-leg multiples. The reason for this phenomenon
on a velocity signal is that a sum of a source side peg-leg multiple and a receiver side

peg-leg multiple can be less than the source side peg-leg multiple by itself. This



P 1+R* (34) V 1- R* Wen R* is determ ned using equation (34) and
multiple attenuation is perforned, the results wll be consistent with
equat i onswQ2a3)p9am (24). The inportant point here is thaPCTWiSOh1@Ene

enbodi ment of the invention, it is possible to process OBC data in a way
that not only elimnates the water trapped and receiver side peg-leg
multiples, but also indicates how to atfknuate the superinposed source and
recei ver side peg-leg multiples. Wen the receiver side peg-leg multiple

is elimnatedfrom, tF{E, ?3%%1@%&' tﬂ@?}oceﬁed Q%FW%PMQO%%ngﬁgﬁXﬁfl v@iogmfs s

anplitude is typica ess than 1ts origina
not al ways tbmph&l‘dahﬁatmefgepflﬁﬁéts%rlgglahvel@h’@(}irﬁphtﬁdegnal for the renoval of
only the receiver side peg-leg multiples. The reason for this phenonenon

on a velocity sigNalocit§ }t)ﬂfb@éssﬁ‘lgsﬂﬁyozﬁls@ ps@wcéearﬁm? RRGesting st 'b%ﬁls@nd a
receiver side peg-leg nmultiple can be I'ess than the source side peg-1leg

mul ti pl e by poleatyf of thtiesidng ‘@205@1975@121 may bwﬁ&mpbem%of a-m):lantgaﬂﬁletdngunalt is
possi bl e for tlheig)PmC Ssﬁ(ﬂj vel 00|t igﬂa have a.residual vel oci

anpl i tude t h3¢'°FY Figh %srpf?megﬂ rRrgY} s@hs@mcw'gp 15 fofgRrocessingd
processing 0dpGE, ty of
the resi dualmglglaclt)}i%t ;H/élsl gnae)é?r‘g)wq{é O{ngtgﬁ{)bg’ggg%?ghg‘%%éhagﬁg??t%%ng?%ﬁéh
original velmput vglositygsighal nidyelsesyniogbaintd disided bylacbealalfacQOMts/oerfﬂﬁdstﬁnt s
for processing the_ velaqcity S|?nal For .exanp in one enbodi ment_ an

out put vel oci3y &S fHlowednly 8rnonfingsccopprpan bet‘é’PEjhalfe%t}ﬂgoémﬁhm‘i"écP fthe
di vi ded by agfo%éésgd fv@f&"c R& ah ‘Agmt %_Bk)ﬁ%lgé ?t}%e@oé?& \Lﬁérélﬂ‘(’jh%“@}’véiug%ﬂb' near

conpari son between a res t|n processed veloclity and an

i nput anpl i tueleela‘edq)blanv;ezlueeekmemrfenmr@rbmgng.v@hm padt@ssing §te15991|na§1 bel
polarity are selected for further processin These processing steps nmay be
advant ageous 2aIPEEPECER RGCBOS gnserdafl. Further, there are other
enbodi ments that include alternate mnethods of

Further, there are other embodiments that include alternate methods of

estimating the water bottom reflection coefficient, R. One embodiment includes
assuming that subsurface layering is essentially horizontal. A “tau-p” transformation
may then be applied to data. The tau-p transform is described in Bale, “Plane Wave
Deghosting of Hydrophone and Geophone OBC Data,” Expanded Abstracts of the
68th Annual Society of Exploration Geophysicists Meeting (1998). After the tau-p
transform is applied, one of the previously described embodiments may be used to

estimate the water bottom reflection coefficient (R) for each “p” value determined in

the tau-p transform.

Another embodiment includes beginning at an early time interval and
searching over a specified range of water bottom reflection coefficient (R) values to
determine which value of an estimate R* minimizes the energy of the pressure or
velocity signal. A next step includes moving to a next time sample and using the
previously determined value of R* as an expected value while allowing for some
variation of R* about a mean value. This embodiment permits an entire signal to have
water bottom reflection coefficients (R*) that are calculated at each time sample using
the previously calculated value of R* as an estimated value to guide the search and
reduce the number of iterations required in the calculations. If this approach is

applied to data collected at a selected sensor pair, then each subsequent signal



estimating the water bottomreflection coefficient, R One enbodi nent

i ncludes assum ng that subsurface layering is essentially horizontal. A
"tau-p" twengfeonnmati on rmay then be applied to data. The PamASYvIAPGf ormi s
described in Bale, "Plane Wave Deghosting of Hydrophone and Geophone OBC
Dat a, " Expanded Abstracts of the 68th Annual Society of Exploration
Geophysicists Meeting (1998). After the-24o-p transformis applied, one of
the previously described enbodi mrents nay be used to estimate the water
bottom refl egty { Ll ; g det: ] b e
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i nterval andbosearefldctign ovefficiantspeaiifipue dorrcalegktiofs.wat er bottom refl ecti on
coefficient (R) values to determ ne which value of an estimte R*

m nimzes the energy of the pressure or velocity signal. A next step

i ncludes noving to a next tinme sanple and using the previously determ ned
val ue of R* as an expected value while allow ng for sonme variation of R
about a nean val ugy, kg refhadi ment permits an entire signal to have water
bottomreflecti on—coettrcrents (R*) that are calcul ated at each tine sanple
using the previously cal culated value of R* as an estimated val ue to guide
t he search and r @dwmodeltdsysranirbas defeloped t@tvabnse areeibodithentoftthe€invention.
calculations, If this approach.is applied to data collected at a selected
sensor pai r, Prosessingagsthads dsed émthes prghedimpgs ars/ iptynded tpetprifistie ingenten. - 22
(correspondi . ad] 1) I W .acent
signal's wat gfﬂ © teglgg @lg%%rt gﬁ?@%#%ﬁ%%&’?{? fleg ieé%ﬁbllggs gzr)f'] lirl{r%g?(ﬁ&ol?lglégﬁec%og?i ons.
Mbdel ed Resubf theAnventished system was devel oped to eval uate an enbodi nent of
the invention. Processing nmethods used in the enbodi nent are intended to
clarify the inveni Qealled*:yerRd? BRI ndiaqHRSEM FRyLGKEPARLEH, foadele i s
not intended to limt the sCope of the invention. %\ so-called "l ayer cake"
eart h nodel gedlegitdayers thayae soake'to takesria atcakeratbivhose lgpmatiaripis ard asgemsed t hat

are simlar to layers in a cahke and whos? boundg,ri es are assuned.
to be horizontal planes that are substantially perpendicular to a source direction) was

generated to produce modeled pressure and velocity signals. The model signals were
processed to evaluate the theory presented in the preceding sections. The layer cake

model is summarized in Table 1.

Layer # Density (g/cc)  Thickness (ft) V, (ft/sec) V, (ft/sec)

1 0.003 Semi-infinite 1100 0.000
2 1.000 4000 4920 0.000
3 1.980 1778 5826 2589
4 2.060 2000 6511 3339
5 2.140 © 3333 7594 4219
6 2.250 Semi-infinite 9224 5425

Table 1: Layer Cake Earth Model

The model of Table 1 was used in a wave equation modeling program and the
pressure (P) and velocity (V) signals were output. These data were used to test
equations (23) and (24) with the assumption of a zero offset water bottom reflection
coefficient estimate R* = 0.402 (where “zero offset” indicates that the sensor pair

recording the data is at the same horizontal position as, but below, the source). Figure



to be horizontal planes that are substantially perpendicular to a source
direction) was generated to produce nodel ed pressure and velocity signals.
The nodelweioghgd432 were processed to eval uate the theory pcegsnr/edss n the
precedi ng sections. The | ayer cake nodel is sunmarized in Table 1. Layer #
Density (g/cc) Thickness (ft) VP (ft/sec) VS (ft/sec). 1 0.003

Sem -infinite 1100 0.000 2 1.000 4000 4436 0.000 3 1.980 1778 5826 2589

4 2.060 2000 6511 3339 5 2.140 3333 7594 4219 6 2.250 Sem-infinite 9224

5425 Table b hawehrdsalie aFaNtRMPLEha T RE RS E S gh'ﬂ a
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si gnal s wer erefatsputa. sifigle setiviioa ofer sounsgd The veethial axigudtHigurs 7@2Rpreaemts ( 24)
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vel ocity si gratiend spacad SONgkRrsshwit withothe rewhetatord hadihfGefo 8Hedt "frohethers to
a single activation of a_source). The vertical axis of Figure 7A represents
time (in secePsy). digsaaxes labels apnly &0 Figwres 8r20 aselbf f set (or station) nunber
(e.g., sensor pairs are spaced along an OBC at specific stations, and in

t he exanpl e t her eImdiigiré 7A, SDitecBnindsptas @ddib@t natvat st dpasdafloon, land {®rhBar

station having zero pffset fromth sour . These axis | abels apply to
Fi gures 8- 20 & waHd B3 BRPE7RTIcotihs ok fops Rhfaseed 5 i dectraiiedal at
the seaf | oor syafith 5 lswWB2® P2 frs@ B " REGhd. HaBod¥ WIRKY bo(Ech bk tops
of layers 4, 5, ang 6, respeét [ \I/rgfy. "eV\lSl" ag%egi %"b%re ?ﬁ{r@?&g’n acéecond
trapped wat ef'PHetWBI mMiPLHWRE, amil “PrRrWBABLare "fRst2 oW, pegieg "rhlil@pMBl"
are first order peg-leg multjples | . . .
(representing source side plus receiver side multiples) for the first, second, and third
primary reflections, respectively. A second order peg-leg multiple, “Pr1+WB2,” is
also shown. Note that in Figure 7A the pressure peg-leg multiples are much stronger

than the velocity peg-leg multiples.

Figure 7B shows an expanded portion of the shot record of Figure 7A. Note
that the primary reflections of both the pressure and velocity signals are substantially

identical.

Figure 7C is also an expanded view of Figure 7A, and it also shows that the
primary reflections are substantially identical. However, when comparing the
pressure and velocity signals it is evident that there are polarity reversals and
amplitude differences between water bottom multiple WB1 and peg-leg multiple
Pr1+WB1. The reason for the differences in polarity and amplitude is the fact that the
down-going wavefield, D, is scaled by (1+R) or -(1-R) for the pressure or velocity,
respectively (refer to equations (20) and (21)). Next, equation (12) is used to estimate
noise (D), and the results are shown in Figures 8 (pressure signal) and 9 (velocity
signal). Equations (23) and (24) are then used as a processing algorithm. Figures 10
and 11 show the results for pressure and velocity, respectively. An examination of
Figures 10 and 11 shows that the data signals near zero offset for both pressure and
velocity are substantially identical. This is the expected result because after the down-

going wavefield (D) is removed, P=V=A.



(representing source side plus receiver side nultiples) for the first,
second, and third primary reflections, respectively. A second order

peg- | eg mabtoepday2 "Prl+WB2," is also shown. Note that i nPETrgsnz16ige t he
pressure peg-leg nmultiples are nuch stronger than the velocity peg-Ieg

mul tiples. Figure 7B shows an expanded portlon of the shot record of Figure
7A. Note that the primary reflections oB4both the pressure and velocity
signals are substantially identical. Figure 7Cis also an expanded view of

Figure 7A, and it saks@es Q%\éxﬁ t C F
substantially i dentl ca wle}g\‘/tgjr?1 0%' Lrllreggb ggqu?drll fatas &h?@gﬁrlza%n vaéfoci ty
signal s it i sustituehin échﬁtloﬂish(QB}B ad €24{)0lhaltﬂapyed @m@f Bétlté‘m andtiplesWB1 uté

di fferences between water bottomnultiple WB 1 and lpe -leg multiple
Pr1+WBl. The WRA&ihsubstantiflly ¢fjmipated rf@é% thershgbregpid y r.athp dire¢tcrerival is he

fact that the, do é@ﬂg%nqgve\ﬁea\f%feére%egd offeetd ST Cgljr cq a &agan? Oﬂtez‘bf(tﬁgﬁhl po!

the pressure or v respective (re o eq e(21))'

Next, equati efuliples, ak Svely esindtattaﬁiatdaeisevellruﬂsse@mﬁ@)hat arbfsBefurdetirb® e e
shovvn in Figures 8 (pressure signal) and 9 (velocity signal). Equations

(23) and (24po¥f®e then used as a processing algorithm Figures 10 and 11
show the results for pressure and velocity, respectively. An exam nation of
Fi gures 10 and 11Fiduoess1® haad thdsdahwsthgnahplitndﬂrofzﬂ’reOp&g‘l‘egeﬁthprestméh
pressure and vel ogqrty are substanti ?Ily identical. This is the expect ed

r e}sul t becau&slugsd By HressUigRMS -Solpsicrd fratpiacity d”’(‘ﬂes}“éflsr Bipdyesd, baoange ghe o
02/ 097472 P
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the trapped vekrer biae triuiaiptes, tihjlk E5zuB 10 aadd 1 JABRstmeths wéssdwal) o 8burye side

elimnated fromthe shot record. Further, the direct arrival is
subst anti al | }n %v@l%ﬁ’lﬁé&w%@r@“bﬂf saminedrhy ugng eguatians (@8 anda@é) ore of
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are offset fUrther “Fromt source gres’
anpl i tudes oftespb@iveRg-1eg nultiples are

When the receiver side multiple is eliminated, PEG(P) is attenuated by

R
(n+DR+n

and PEG(V) is attenuated by

__ R
(n+DR-n|

Tables 2 and 3 provide numerical examples of the removal of a first order

receiver side peg-leg multiple from PEG(P) and PEG(V), respectively.

Reflection Coefficient (R) Attenuation (dB)
0.20 -16.90
0.40 -13.06
0.60 -11.29
0.80 -10.24

Table 2: Attenuation of First Order Receiver Side



reduced for pressure but enhanced for velocity. This result is produced
because the peg-leg multiples shown in Figure 7A are actually the sum of
bot h t he wouwrwogr4and receiver side nultiples, while Fi gur®TAGIANI941 only
show the residual, or source side nultiple. This point may be further
exam ned by using equations (25) and (26) to exam ne a sum of the source
and receiver side nultiples for the presgbre and velocity, respectively.
When the receiver side nmultiple is elimnated, PEGP) is attenuated by R
(n+l)R-+n and PEH V) is atte R (At Tabl es 2 and 3 provide
nunerical exanples of the rem%%'ﬁggkémp %GS@O%Q@{}(P% ecei ver side peg-leg
multiple fromPEG P) and PEH V), respectively. Reflection Coefficient (R)
Attenuation (dB) TEbR® shbbvs%Bat EEG@) isldtdbate® f&GI ValuedDf 10 afP thal thelfeg- Tabl e
2: Attenuation of First Order Receiver Side WD 02/097472 PCT/US02/ 16196
-25 Peg- Leg Mag's apphtufle ssreBPmoTabhen R shuwall. t Hat erbgfle) when RefdAuthe ed

for all values, of. R and.that. the peg- leg, s applitude is reduced re when
RS smal |, Fopelobinre s s Ry d%s b B wiFtE st gane © Ge
appr oxi mat el Hat%@i@/’\%ﬁ PEPWBIUPSU- A 1, ahd PrFOVBESRONGH Figuleh®. data signals
of Pri1+WB 1, Pr2+ 1, and Pr3+WB 1 shown in Figure 10. "Reflection
Coefficient ( At-t-erroatt T tB)—Potar evet-Sa °r O—4—Yes

0.20 ‘ -9.54 Yes
0.33 0.00 Yes
0.40 +6.02 Yes
0.50 No First Order Peg-Leg

Multiples
0.60 +9.54 No
0.80 +2.50 No

Table 3: Attenuation of First Order Receiver Side
Peg-Leg Multiple from PEG(V)

Table 3 shows that PEG(V)=0 when R=0.50. This result may be discerned
from equation (26) for first order peg-leg multiples. When the receiver side peg-leg
multiple is removed from PEG(V) and R>0.50, there is no polarity reversal.
However, if R<0.50 (as in the modeled example) there is a polarity reversal. Also,
when R=0.33 the only effect is a reversal of polarity. When R=0.40 (as in the
modeled example), the peg-leg amplitude increases and there is a polarity reversal

(see Figure 11).

Note that Tables 2 and 3 only apply to first order peg-leg multiples. Tables 4
and 5 provide numerical examples for the removal of second order receiver side peg-

leg multiples from PEG(P) and PEG(V), respectively.



0.33 0.00 Yes 0.40 +6.02 Yes 0.50 No First Order Peg-Leg Multiples 0.60
+9.54 No 0.80 +2.50 No Table 3: Attenuation of First O der Receiver Side
Peg- Leg Mubtoppm7i rom PEG V) Table 3 shows that PEGE V)=0 wa@rusRrt:i13©. This
result nmay be discerned fromequation (26) for first order peg-Ieg

mul tiples. When the receiver side peg-| eg multiple is renoved from PEE V)
and R>0.50, there is no polarity reversa However, if R<0.50 (as in the
nodel ed exanple) there is a polarity reversal. Also, when R=0.33 the only

ffect d | ,
tehee|(c:)egI Feg grerglelrfudeiﬁgefggge@eamﬁ'epﬁéﬁg is a %iﬁ%’#‘?i‘?“&gﬁr sal (e)s(ggp )

Figure 11). Note that—Tabtes ‘639(5]0 3 onty apptyto '22?8 order—peg-| eg
multiples. Tables 4 and 5 provide nunerical exanples'for the renoval of
second order receiver side peg4¢eg nultiples fromBg#é) and PEE V),
respectively. WO 02/097472 PCT/ US02/ 16196 -26 Reflection Coefficient (R
Attenuation (dB) 0.30 -22.280.8040 -18.06 0.80 -16.4)@3 0.90 -14.81 Table
4. Attenuation of Second Order Receiver Side Peg-Leg Miltiple from PEE P)
Tabl e 4 shows that second ordéx9Gultiples are attenukk & nore than first

or der eg-leg mul tiplesin-the pressureoutput  This result may be
exam neg gy C(g)n'par i ng Table 4: Attenuation of Second Order Receiver Side

Peg-Leg Multiple from PEG(P)

Table 4 shows that second order multiples are attenuated more than first order
peg-leg multiples in the pressure output. This result may be examined by comparing
Figures 5 and 10. The second order peg-leg multiple, Pr1+WB?2, appears to conform

to the numerical results presented in Table 4.

Reflection Coefficient (R) Attenuation (dB) Polarity Reversal
0.20 -16.90 Yes
0.30 -11.29 Yes
0.40 -6.02 Yes
0.50 0.00 | Yes
0.67 No Second Order Peg-Leg
Multiples
0.80 +6.02 No

Table 5: Attenuation of Second Order Receiver Side
Peg-Leg Multiple from PEG(V)

Table 5 shows similar results to those presented in Table 3. There are polarity
reversals when R<0.67. When R=0.40 (as in the modeled example), there is an

approximately 50% reduction in amplitude and a polarity reversal.

Because PEG(V) can exhibit an increase in amplitude during processing, a
nonlinear analysis may be performed by simply comparing amplitudes of the original

and processed velocity signals of Figure 11 and retaining the lower amplitude value



Figures 5 and 10. The second order peg-leg nmultiple, Prl+WB2, appears to
conform to the nunerical results presented in Table 4. Reflection

Coef fici ewD 0g®74AL t enuati on (dB) Polarity Reversal 0.20 PCé/1$02/Mas6 0. 30
-11.29 Yes 0.40 -6.02 Yes 0.50 0.00 Yes 0.67 No Second Order Peg-Leg
Multiples 0.80 +6.02 No Table 5: Attenuation of Second O der Receiver

Si de Peg-Leg Miultiple from PEV) Tabl e-87shows simlar results to those
presented in Table 3. There are polarity reversals when R<0.67. Wen

R=0.40 (as i 1718, af"@% I LR
reducti on |nggigsfgﬁggbgﬁgggﬁggF%%H?%“ﬁgsgéggﬂﬁwBe aggghggé?b¥ngg%q%xﬁlblt
an increase iR dhphotluder plocdssigg pepeesins Hg, atienuation|of teawatenedppsd multiple be

performed by sinply conparing anplitudes of the original and processed

vel ocity si gﬁafﬁ éheoﬁecp%@riﬁr PEARH TRHRIE TR TR I@Hﬁplptatreagtbdp Ot o
02/ 097472 PCE{H%Q&{16196 -27 and its corresponding sign. The result of the
nonl i near procedure is shown in Figure 12. The nonlinear processing step
retains the attenyation er tr. ed lti.ple and t second order
boc-| 69 mirt ol o e IR it 5 hE poltiBERS s et oo Sigcat of RePeu oq.
The fact thatuddaskehdanines: Iﬂ@&e%gmgmebeﬂ@rms%ﬁdwaﬂwe@bﬁeﬁﬁﬁm&lgpgicahbﬂ
velocity suggests that a l'inear processing step nmay be useful applied
prior to theohphsl mcuémﬁ@rprocﬁssmgestetpcﬂelsmt@drabpve)cé‘élmnrig=&4@psudmg|tbteﬁw01bove

Unen R0 40, ST TR0 L 9oL 'l 95 S0 O e g s andr
order peg-| egmphiddePbheMith Ol &LEREIHEY pdi8leg multiples without affecting the
primaries. For example, assuming that the primary is +1, a summation followed by a
division by two leaves the primary level unchanged (because the polarity' of the
primaries is the same on the right and left side of Figure 11). However, if the peg-leg
level is +1, then after processing the level would be -0.50. A summation and division
by two would produce a result of -0.25, which is a 12 dB reduction in the peg-leg
level and a 6 dB reduction below the original peg-leg level. A second order peg-leg
multiple with the same output level of +1 would have an input level of -2. So, a
summation and division by 2 would produce a final level of -0.50, a 6 dB decrease in

amplitude and a 12 dB reduction below the original level.

The summation process may be followed by another nonlinear step of
comparing the summed output with the original (e.g., pre-summation) input, and
Figure 13 shows the result of this process. The left side of Figure 13 shows the best
processed result for velocity. In practice, it may be desirable to perform two nonlinear
steps after completing the summation. A first comparison may be made between the
original data and the processed data. A second comparison may then be performed

between the original data and the summed data.

Ocean Bottom Cable (OBC) Data

In addition to the modeled data contained in the previous section, actual OBC

data were analyzed with an embodiment of the invention. The data analyzed in the



primaries. For exanple, assumng that the primary is +1, a summation
followed by a division by two | eaves the primary | evel unchanged (because
t he pol arwoy20974the primaries is the same on the right amdTiushr/ia@pee of
Figure 11). However, if the peg-leg level is +1, then after processing the
| evel woul d be -0.50. A summation and divi sion by two woul d produce a
result of -0.25, which is a 12 dB reduct®®n in the peg-leg level and a 6
dB reduction below the original peg-leg | evel. A second order peg-leg

multiple wt ggerlrg : I -2
So, a sunmatg f%r?fﬁgn dfr\%?gstﬁ%gnutg%g V\g\%téjr gfn h@%hgdélﬁ@ﬂﬁsgglfb?gﬂ\x}g?és@%eéf(}%o,

6 dB decr eas ©BGdatarpinténded tcﬁbﬁiar&e)ﬂaﬁllﬂBtd’ elattifyt the op&refien\of the imengomalhe evel .
The sunmation process may be fol | owed by. anot her nonI i near step of

conpari ng thBa@GHﬁéﬁan‘éﬂlﬁlﬁﬂt isnehinteRdedyiojlgnih e scepepf theinvertigpnat i on) i nput ,
and Figure 13 shows the result of this process. The | eft side of Figure 13
shows the best pfég‘)l@@sédArkﬁsMandf dABvisBoshoy. hydrophaet iave, gdo’phtrmwy dota,
desirable to Egserfor WO noa Bear at ﬁgshafter compl et | n %tl on
first - conpar FOBREHHED: BE hagRe B ees: HB b ireefd v ateh ot R e hEds oo
data. A secopghGOEPar iReNnfRM] %@%B;é%gmg@célgﬁ 58 dec MRl WeRAtel MR8 Hu le dat a

and the summed data. Ocean Bottom C) Data In addition to t
nodel ed dat apolantyaismexctrsed betveeep rtlm/h)@iusphs»ec amcbgﬁophm’leuabordB@nd dabatra\evemt
anal yzed with_an enbodi.nent of th imj( tion anal yzed in the WO

dat
02/ 097472 PCPF UBEZ)"E 298N CosBrsed! S S 8 e deBp PRkFiSY onthe
enbodi ment uflgr Io H&nepérﬁc%t%?h&g &a %@f{?}s OBe %@Efﬁs 'bétvéﬁelﬁ Q%egldt 3B Sehds

exanple to ¢ the o ation o e invention particul ar
enbodi ment i arevabstilikelgndéd. to limt the scope of the i nvent| on. Figures
14A- 16A and 14B-16B show hydr ophone and geophone data, respectively, for a

si ngl e shot recor ¢igurd 14O ShSROL {nro@é%@fn@reﬁltv\@ﬁ&é v&@%/\gﬂﬂhmhﬁchéﬁ ® ﬂréssm%h own

it
at atinme interval of approxi mately 2.55 seconds ter bottomnultiple
polarity is Fesuee $5dshersweproctsingiguitopitonpressude gemnhtahedtoewmws Fagwgle an

g);nraa e?/en_t 98% nslflolp(ygomel?)&lt sﬂgnglc gfu rrsze;i}cg V%R%gtwere use %c(): C%Qp gceaga%lp gss tl}attle
pol arit
showed polarity reversal when compared to the pressure signal. Figure 16C shows the
least amount of noise when compared to Figures 14C and 15C. However, all of the
processed results showed significant improvement when compared to the input signal

(e.g., the original unprocessed shot record). Again note that the event at 3.34 seconds

is retained in all three Figures (14C-16C).

In Figures 14 and 15, the noise (D) is estimated using equation (12) and the
estimated water bottom reflection coefficient (R*) is estimated using equations (23)
and (24). After the initial estimate of R*, each time sample was evaluated with a 10%

variation about the mean of the previous value of R*.

Figures 17 and 18 show stacked pressure (P) and velocity (V), respectively
(where, as discussed previously, the term ‘“stacked” refers to the compilation of
successively sampled data signals). Figure 17 shows a trapped water bottom multiple
100, a peg-leg multiple 102 that was generated by a reflection off of a salt structure,
an upcoming “interbed” multiple 104 (typically produced by a reflection off of a
boundary between geologic formations), and a peg-leg multiple 106 generated by a

reflection off of a bottom of the salt structure.



hydr ophone and geophone data signals. The events between 2.55 and 3. 34
seconds are nost likely noise. Figure 14C shows a processing result where
vel oci ty weo2me4ched to pressure. Figure 15C shows a pro®ezdisnylaiesul t
where pressure was matched to velocity. Figure 16C shows a velocity signa
after zero values were used to replace sanples that showed polarity
reversal when conpared to the pressure si§nal. Figure 16C shows the | east
anount of noi se when conpared to Figures 14C and 15C. However, all of the

processed resul t spghpyes vﬁii&{‘.élfdv%aa@taék@@(fﬁ\fﬁm%c ‘?igta?g’rmrae\gattﬂobchg)?n I nput

signal (e.g., the original unprocessed shot record). Again note t t he
event at 3. 3mudigerid8 ardspeglegi melfipias HI0 atchd#4 thatghave Sorpbdi€s polayitied of
Figures 14 and 15, the noise gD) is estimated using_equation (12) and the
esti mat ed waf@TCHBRYIBACVERT b topreetiss sighileliee FBure 1) 4w infarierd uitinde
equations (2 ; ) -ni tdal I . ) ; t

sanpl e was e aﬂzulggpg%&%mﬁ%g%hgg %8%%1 ¢ @glra %@HS&# é@%ﬁ%gﬁﬁgl%éﬁ%{ﬁ?gee&r Vi ous
val ue of R*. tHd gegsat sighabnd 18 show st acked pressure (P) and velocity (V),
respectively (where, as discussed previously, the term"stacked"” refers to

the conpilation ofFjg$aic¢esmiiVed ¥heRNRAKEd dRkGortl SNILRLity rsegwerﬁhow a
trapped water bottomnmultiple 100, a peg-leg multiple 102 that was
gener at ed by velorigy kigoali was pfocesséd avithadiffessnt embodieyentsaof thpdoventign "andttbe bed"

multiple 104 (typically, produced by a reflection off of boundary bet ween
geol ogi ¢ for ﬁee?P?{gn‘é’)?r,e 4h a“if%ﬁg’l e%‘:l?‘ru}E BUR eregr@genggg\eaatdgfgerw PTOGEEFNGct i on
off of a bot e B I PAS
Figure 18, V\%ﬁ%&gﬁ% < glﬁlsl%ea?kg ﬁé@e&%\é%gf%%??ﬁy}‘?ﬁ‘gt g,z éd; oméégé\;(%/g%he?g
bottom nul t eplbediki¥dt afithepmgeitem. nin Figptees9, Igblaritied of 1He wElatityhsigaalogdosi t e

pol arities of corresponding events in the@gressure signal (see Figure 17).
An interbed ROIESPPPENE PISEIWE $ignaliices QuyPers aad ZaipevaBFsayvpieyinsgsted ja the
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Figure 19 reveals that the trapped water bottom multiple (108 in Figure 18) and the
peg-leg multiples from the top and bottom of the salt structure (110 and 114,
respectively, in Figure 18) have been substantially removed from the velocity signal.
The interbed multiple (112 in Figure 18) is still present in the processed signal and, in
fact, appears to have an increased magnitude when compared with Figure 18.
Moreover, additional up-going energy (116 in Figures 19 and 20) that is present below
the former location of the trapped water bottom multiple event was not removed. This

follows from the fact that the processing of this embodiment, as shown in Figure 19,

does not remove source side peg-leg multiples.

Figure 20 also shows a stack view of processed velocity data. However,
Figure 20 shows a result where equation (24) is used to estimate a water bottom
reflection coefficient (R) and to process velocity with equation (22). Visual
examination of Figures 19 and 20 reveals that the processing embodiment of Figure

19 produces slightly better attenuation than the processing embodiment of Figure 20.

The embodiments described and as applied in the modeled and processed
results are intended to clarify the application of the invention to both modeled and real
world data. Those skilled in the art will appreciate that other embodiments of the

invention can be devised which do not depart from the spirit of the invention as



vel ocity signal was processed with different enbodi nents of the invention
and the results were then stacked, each Figure representing a different
processi O oetopadi nent). Figure 19 shows a vel ocity si gnalPCrhesn2/bass been
processed with an enbodi nent of the invention. In Figure 19, polarities of
the velocity signal and a corresponding pressure signal were conpared, and
zero values were inserted in the velocrﬁg-signal when the polarities of
the two signals did not match. An analysis of Figure 19 reveals that the

trapped wat efy; | tal : ' Loure, : d = i ples
fromthe t opaggg%cg?%r%ﬁ %qfcp(%lﬁg%g}g?ltlé gthE E%? G%eﬁl(%)ﬂtg&asnhﬁn%l%e?ﬁ&#gg%g% %el Y,
i n Fi gure 18}hehatrsehddedaimsubst antially renoved fromthe velocity signal

The interbed multiple (112 in Figure 18) is still present in the processed
signal and, in fact, appears to have an increased magni tude when conpared
with Figure 18. Moreover, additional up-going energy (116 in Figures 19
and 20) that is present below the forner |ocation of the trapped water
bottomnnultiple event was not renoved. This follows fromthe fact that the
processi ng of this enbodi nent, as shown in Figure 19, does not renobve
source side peg-leg multiples. Figure 20 al so shows a stack view of
processed velocity data. However, Figure 20 shows a result where equation
(24) is used to estinate a water bottom reflection coefficient (R and to
process velocity with equation (22). Visual exam nation of Figures 19 and
20 reveal s that the processing enbodi nent of Figure 19 produces slightly
better attenuation than the processing enbodi nent of Figure 20. The

enbodi ments described and as applied in the nodel ed and processed results
are intended to clarify the application of the invention to both nodel ed
and real world data. Those skilled in the art will appreciate that other
enbodi nents of the invention can be devised which do not depart fromthe
spirit of the invention as WO 02/097472 PCT/ US02/ 16196 -30 di scl osed
herein. Accordingly, the scope of the invention should be limted only by
the attached clains. WO 02/097472 PCT/ US02/ 16196



-31 CLAIMS What is clained is: 1. A nethod for renoving trapped water
bottomnultiples, receiver side peg-leg nmultiples, and source side peg-Ileg
mul ti pl eswbDroomydanl sensor OBC data conprising a pressur@c3igzaleland a
velocity signal, the nethod conprising: determning polarity reversals

bet ween the pressure signal and the velocity signal in the sensor data;
separating up-goi ng wavefiel ds from down3§oi ng wavefields in the pressure
and velocity signals using the polarity reversals; estimating the

down-goi ng wavefield by determ ning a @jhfgikence between a portion of the
pressure signal where polarity reversats—exrst and the portion of the

vel ocity signal where polarity reversals exist and applying a scaling
factor thereto; aWdhaiétdaimediisig an attenuated up-goi ng pressure wavefield
by conbining the estimated down-goi ng wavefield and the pressure signal.

2. The nethod of ¢l ai e further conpri fllterln rtion
of the velocity sﬁgﬂ]ﬁfp \]ﬁlﬁ‘f&%enk%’f% Pye?&?éﬁfg’a tgme%rﬁgples TECeIY§ M%&Ggof
claim 2, whehﬁﬂfpl&b%&%&h@ﬁidé b&g Riol SIPREBohS &l B2tlsbi észmacwﬁnﬁ hion
of the veI ocity signal where polarity reversals exist by a sca |ng ctor.
4. The net hoqirasﬁurcb@nahmdavwwcaymgaplpﬂ;clmgh@me)mpmhngng factor conprises one

of dividing by 2 and multi (ing by 0.5, 5. The nethod of clajm1l y\,hereln
the estimating théleﬁgml%lj&@}l %é‘?’%/%lﬁ(?ewqﬁ‘t%%rpr??éﬁ'ﬁrq‘%"@i @54’? alocky
wat er bott Omsirgﬁﬁﬂl‘ﬁ%é Ms&eff icient; and scaling the estimated down-goi ng
wavefield by the estimate water bottom reflection coefficient. 6. The
met hod of cl ai m 5 sepunatingi up-géieg esivefielts fignf dowirgbingowgveliskls 'in R PRsORE472
PCT/ US02/ 16196 -32 | ) )
and velocity signals using the polarity reversals;
estimating the down-going wavefield by determining a difference between a
portion of the pressure signal where polarity reversals exist and the portion of the
velocity signal where polarity reversals exist and applying a scaling factor thereto; and
determining an attenuated up-going pressure wavefield by combining the

estimated down-going wavefield and the pressure signal.

2. The method of claim 1, further comprising:

matched filtering a portion of the velocity signal where polarity reversals exist.

3. The method of claim 2, wherein the matched filtering comprises multiplying

the portion of the velocity signal where polarity reversals exist by a scaling factor.

4. The method of claim 1, wherein applying the scaling factor comprises one of

dividing by 2 and multiplying by 0.5.

5. The method of claim 1, wherein the estimating the down-going wavefield
further comprises:

estimating a water bottom reflection coefficient; and

scaling the estimated down-going wavefield by the estimated water bottom

reflection coefficient.

6. The method of claim 5, wherein the estimating further comprises:



calculating the water bottomreflection coefficient by evaluating the
equation 1 + R = P, where R* is the estimated water bottomrefl ection
coeffici ewD, 0297432t he pressure signal, D is the estinateaCadamz/gadeag
wavefield, and the evaluating is perfornmed for each of a plurality of

ti me-spaced sanples in the portion of the pressure signal where polarity
reversals exist. 7. The method of claint82-wherein the estimating further
conprises: calculating the water bottomreflection coefficient so as to
determ ne a scali s ty] e

si de peg-leg mul t?%f%lg b ﬂ{gv‘g téjralt?cer(l)gﬂ]H%’iilltetb tﬂ% eqégf;%nﬂy-p&%ﬁ{aﬂég?%e@%%her e
R* is the estimated water bottomreflection V 1-R* coefficient, P is the
pressure si ghdiR* w1 s e Keipiersptignigdavater:beftony eeflogion, seqifigients P isethe or ned
for each of a plurality of time-spaced sanples in the portion of the
pressure si greasursvségnal, pDl &r tht yestiemeds ddven-gaing t wa:field) eandethb asahfatifig dkm 2,
further conprising: deconvolvinqﬁinpulse responses of the pressure and

vel ocity si gReffaned foreashioda phurglity of mgsspacedsamples i thernogtion ofithe pregswre. The

net hod of cl gi H%l%vhefréjf)(t)lgﬁ{ £oNphd ;09 matching the portion of the velocity
si gnal where &o arity ' reversals exist to the portion of the pressure

signal where polarity reversals exist and nmultiplying the result by a
filter scalifig fathemetlwdpfelige, awhtieirt e estiratingrfuithe coripeibead fil tering.
10. The nmethod of claim9, wherein the filter scaling factor is determ ned
by the lequation Sal¢ulptingdeavater bofomrelegtioppeldicigat & avietdetamming 3 sealingn

coefficient. et 0, im further conprising.. .deconvol ving
t he pressur efasclg%rnfgﬁ Qgﬁng%ti%ng} %ﬁﬁ)@% FE 638%%% Sﬁetpﬁ%'l rélglsn ?ees bys?"&ﬂuﬁﬁn%nd
convol ving the deconvol vied jprgssure signal with an inpul se response of the
vel ocity si gl cquatignovide ﬂ'r;i,t@heras Y i rthe rrstippatedhwater j bogtem meflectign

02/ 097472 PCT/ US02/ 16196

coefficient, P is the pressure signal, V is the velocity signal, and the evaluating is
performed for each of a plurality of time-spaced samples in the portion of the pressure

signal where polarity reversals exist.

8. The method of claim 2, further comprising:
deconvolving impulse responses of the pressure and velocity signals to

provide a filter used in the matched filtering.

9. The method of claim 2, further comprising:
matching the portion of the velocity signal where polarity reversals exist to the
portion of the pressure signal where polarity reversals exist and multiplying the result

by a filter scaling factor to provide a filter used in the matched filtering.

10.  The method of claim 9, wherein the filter scaling factor is determined by the

*

where R* is an estimated water bottom reflection coefficient.

equation ,
1+R*
11.  The method of claim 2, further comprising:
deconvolving the pressure signal with an impulse response of the pressure
signal and convolving the deconvolved pressure signal with an impulse response of

the velocity signal to provide a filter used in the matched filtering.



-33 12. The nethod of claim 2, further conprising: deconvolving the

vel ocity signal wth an inpul se response of the velocity signal and

convol vi gotopederonvol ved vel ocity signal wth an inpul secraspondes of the
pressure signal to provide a filter used in the matched filtering. 13. The

met hod of claim1, further conprising: renoving an unmatched time shift in

the pressure and velocity signals by redanpling the pressure and velocity

signals, cross-correlating the resanpled pressure and velocity signals to

determ ne thgsyti myyshiditod @hite RuBRPLYhAGsite determined tine shift to
the pressure signal. 14. The nethod of claim1, wherein the determning an

att enuat ed up- goi dgcongobasutle veodfyl sbohlfwith eringuiger tesgaise il the pelocitg t he
esti mated down-goi ng wavefield by (1+R*), where R* is an,  estinmated water
bot t om r ef | egignenndoeqnyplingnthe degonvplvednelardy signak withnansimpule fegponse of

conpri si ng: (| 1.0kt L al i.iion - t | ogic | ayers are
substanti al | ?/ﬁe %érglgrzeﬁ%dép ?O %rg!r”fi grgnq?{ﬁgh%ﬁtngggﬁn %#%???B%gti on on the
pressure and velocity signals; and determning a water bottomrefl ection
coefficient 8r afThkeasiiodufelgmvalureher d@hprisimgied in the tau-p
transformation. 16. The nethod of claimb, further conprising: iteratively
searching a sel ectf@ROViERE uatehedeting shifedn fhe pressuse @sd lﬁe@cgﬁcﬁlg% BEity

signals to d }: tion. 1 Ci LN, zes
R L e R L S T L e
bott om ref | eahd eBloeiRefsfdnaisedt debgmade expeaé erifivahe therPSpl Ny rké dewthed
coefficient when processing a selected tinme sanple in the pressure signal.

17. The met htmeshife foetherpressure sighdler conpri si ng: WO 02/ 097472 PCT/ US02/ 16196
14.  The method of claim 1, wherein the determining an attenuated up-going
pressure wavefield further comprises:

multiplying the estimated down-going wavefield by (1+R*), where R* is an

estimated water bottom reflection coefficient.

15.  The method of claim 5, further comprising:
setting an initial condition that subsea geologic layers are substantially
horizontal;
performing a tau-p transformation on the pressure and velocity signals; and
determining a water bottom reflection coefficient for at least one p value

determined in the tau-p transformation.

16.  The method of claim 5, further comprising:

iteratively searching a selected number of time samples in the pressure and
velocity signals to determine a water bottom reflection coefficient that minimizes
energy in the pressure and velocity signals; and

using the determined water bottom reflection coefficient as an expected water
bottom reflection coefficient when processing a selected time sample in the pressure

signal.

17.  The method of claim 16, further comprising:



-34 varying the expected water bottomreflection coefficient about the
determ ned val ue when processing a subsequent tine sanple in the pressure
si gnal towpedien7t he nunber of iterative searches requir@dTiusodeties m ne a
next water bottomreflection coefficient. 18. A nethod for renoving
trapped water bottomnultiples, receiver side peg-leg nmnultiples, and
source side peg-leg nmultiples fromdual -3énsor OBC data conprising a
pressure signal and a velocity signal, the nmethod conprising: determning
polarity reversal i i : i | in
t he sensor data; ?é a#%??gﬁbﬁﬁ?%g?ﬁgbﬂ%§§¥le?%%ﬁgggﬁggg&%sggﬁégeﬁgég@?eIds
in the presswalee vdred predessing y ssbgnadis tinsd saghpidin the Ipagskiiry sighvbtosielisce the
estimating the down-goi ng wavefi el d by determ ning a difference between a
portion of tREMPE] BEIIEIRUYE SRUrheiEABIghioadsteRming denaxh | vatey battony yeflechan
portion of tggﬁﬁgkﬁgsure signal where polarity reversals exist and applying
a scaling factor thereto; and determ ning an attenuated up-going velocity
wavefield by conbining the estimted down-goi ng wavefield and the velocity
signal . 19. TBe met hethodfforteaiavinkSrafpad tWaetr botomrmeltiptys, reedicdraide pdgtlegi ng a
portion of the pressure signal where polarity reversals_exist. 20. The

met hod of cl ZYHIRIGS, aRA PWF St BegrREdRWHPIES 0By dusd sensanPBSedata tempiiging ag

t he portion SSur i i.Ly:keversals exist by a
scal gt act areshf sRhRER Ao HDSlent ety BRb LR L YL 2 F e scal fng
factor conprises dseriningdpyladiyn@veald brtitkefittht ivelotitpGidhal Gnd the? Presdire
met hod of claim 18, wherein the estimating the down-going wavefield

further conpsigaalsin teessenpertdaty a water bottomreflection coefficient; and WO

02/097472 PCT/ USO%éplaErse;tlgnGg up-going wavefields from down-going wavefields in the pressure

and velocity signals using the polarity reversals;

estimating the down-going wavefield by determining a difference between a
portion of the velocity signal where polarity reversals exist and the portion of the
pressure signal where polarity reversals exist and applying a scaling factor thereto;
and

determining an attenuated up-going velocity wavefield by combining the

estimated down-going wavefield and the velocity signal.

19.  The method of claim 18, further comprising:
matched filtering a portion of the pressure signal where polarity reversals

exist.

20.  The method of claim 19, wherein the matched filtering comprises multiplying

the portion of the pressure signal where polarity reversals exist by a scaling factor.

21.  The method of claim 18, wherein applying the scaling factor comprises one of

dividing by 2 and multiplying by 0.5.

22.  The method of claim 18, wherein the estimating the down-going wavefield
further comprises:

estimating a water bottom reflection coefficient; and



-35 scaling the estimated down-goi ng wavefield by the estinmated water
bottom reflection coefficient. 23. The nethod of claim 22, wherein the

esti mat i rwofoanetaer conprises: cal culating the water bottorcrafSopodipe©n
coefficient by evaluating the equation R * -1= D, where R* is the
estimated water bottomreflection coefficient, Vis the velocity signal, D
is the estimated down-goi ng wavefield, add-the evaluating is perforned for
each of a plurality of tine-spaced sanples in the portion of the velocity

[ | wh I t [
The astimat i ng furthEe SsoRadd il acife walBho T B8 Blipkled MReee ppllit O

coefficient sefl&siohoefitentri ne a scaling factor for attenuating all
mul ti pl es except source side peg leg multiples by evaluating * the
equation - P - = is the estimted water bottomreflection
V 1-R* coef f % entTheIm‘FtEOq ‘Pfél*}éﬁ’e%?s Wéfeﬁq s aptimafingsfurther cpmpisssty si gnal , and

e peat uali 00 oRRE TR F pSRAR SfcchoR ALY P Ly 3RESGTh AT es

in the portion of ¢ e ve st gnal ere polari Fever oal's: &

The net hod of cl ai ny19, further conpri sing: deconvol ving inpul se responses
of the pressuRéd *éﬁd];vé?}’h%q Ry isithpestisnated walenbotiun aeﬂqcn@reuco gignt, 1V ishihe

mat ched filtering 6. The nethod of claim 19, further conprising: matching

the portion afeldchg §0$SDr i thegemtimatdde dewp@biigi WiivdfRIE &l theeavatdatihg ishe
portion of the velocity signal where polarity reversals exist and

mul ti plying méforr@%for caqhyola mlpatigrofdtag-sneged seemmes indhppertiva ef thervelacty used
in the matched fL h %‘f 27. Tr]%a rretthod of claim 26, wherein the filter
scal ing fact SRS W %rgglp Wergv%rﬁ fe's equation 1 + R, where R* is an
estimted water bottomreflection coefficient. 1-R* 28. The nethod of
claim 19, furgher TRMEth& flaim 22, wherein the estimating further comprises:

calculating the water bottom reflection coefficient so as to determine a scaling
factor for attenuating all multiples except source side peg-leg multiples by evaluating

: P 1+R* . . .
the equation “V=ﬁz—*’ where R* is the estimated water bottom reflection

coefficient, P is the pressure signal, V is the velocity signal, and the evaluating is
performed for each of a plurality of time-spaced samples in the portion of the velocity

signal where polarity reversals exist.

25.  The method of claim 19, further comprising:
deconvolving impulse responses of the pressure and velocity signals to

provide a filter used in the matched filtering.

26.  The method of claim 19, further comprising:
matching the portion of the pressure signal where polarity reversals exist to the
portion of the velocity signal where polarity reversals exist and multiplying the result

by a filter scaling factor to provide a filter used in the matched filtering.

27.  The method of claim 26, wherein the filter scaling factor is determined by the

R* . . . .
o’ where R* is an estimated water bottom reflection coefficient.

equation

28.  The method of claim 19, further comprising:



WO 02/ 097472 PCT/ USO02/ 16196 -36 deconvol ving the pressure signal with an

i npul se response of the pressure signal and convol ving the deconvol ved
pressure wWognad74nt t h an i npul se response of the vel ocityPsirgrsat/14186 pr ovi de
a filter used in the matched filtering. 29. The nmethod of claim 19, further
conpri sing: deconvolving the velocity signal wi th an inpul se response of
the velocity signal and convol ving the-déconvol ved vel ocity signal with an
i mpul se response of the pressure signal to provide a filter used in the

mat ched filtering t .l al : £i 1] an
att enuat ed up- goi rﬁ‘S‘}’Q‘\YS% {53 ‘\%gvélﬁ:lf Selglégf‘dnrﬂt}%grl ?grsgrlgas eogge (rég}dt?elr eg%dr%g t he
esti mat ed dowigngloarmigcorauiinigethd deyor{vbiviel)presstir ol with @nimmde Bpcte vt er
bottomreflection coefficient. 31. The nmethod of claim 18, further

conpri sing: &snyeedigignabloinreidde a fitex yied imthe meadched fidering. si gnal and the
up-goi ng wavefield; and determ ning an attenuated up-going velocity

wavefield byzysi Ner,@ %%rﬂf%ﬂing nhtepgofﬁ%ed anplitudes and a

correspondi ng"sign o ower ‘val ue. met hod of claim 22, further
conprising: iteradexdivplvigathiehvdlgeisr sighdt ol af lirijRilse Odesdnd® of ah@hvekciti t he
pressure and velocity signals to determ ne a water bottomreflection

coef ficient sigagl ad¢anvelieng digaegynviolvedheelqeity signab wathdan, snpiset sespange &f s ;

and using the determ ned ter. bottom ref.l ecti ficient as an expected
nater bot ofirareR T KORPTeE R R i R R aRe gL et e i me canpl e
in the velocity signal. 33. The method of claim 32, further conprising:

varying the ggpectradd methed ofQidigm 8.evheein o drehfihiapeft addibfed tWiPgoing
determ ned value when processing a subsequent tinme sanple in the pressure
si gnal to redeloeity wevefipldiethengomprisesit i ve searches required to determine a

next water bott oM 1y 'Iillal%%tgl R estimated down-going wavefield by (1-R*), where R* is an

estimated water bottom reflection coefficient.

31.  The method of claim 18, further comprising:

comparing amplitudes of the matched velocity signal and the up-going
wavefield; and

determining an attenuated up-going velocity wavefield by using a lower value

of the compared amplitudes and a corresponding sign of the lower value.

32.  The method of claim 22, further comprising: -

iteratively searching a selected number of time samples in the pressure and
velocity signals to determine a water bottom reflection coefficient that minimizes
energy in the pressure and velocity signals; and

using the determined water bottom reflection coefficient as an expected water
bottom reflection coefficient when processing a selected time sample in the velocity

signal.

33.  The method of claim 32, further comprising:

varying the expected water bottom reflection coefficient about the determined
value when processing a subsequent time sample in the pressure signal to reduce the
number of iterative searches required to determine a next water bottom reflection

coefficient.



coefficient. WD 02/097472 PCT/US02/ 16196 -37 34. The nethod of claim 18,
further conprising: renoving an unmatched tine shift in the pressure and
vel oci ty wognadm7by resanpling the pressure and vel ocity PSirgrsal/sq196
cross-correlating the resanpled pressure and velocity signals to determ ne
the tine shift, and then applying the determned tinme shift to the
vel ocity signal. -37-

34.  The method of claim 18, further comprising:

removing an unmatched time shift in the pressure and velocity signals by
resampling the pressure and velocity signals, cross-correlating the resampled pressure
and velocity signals to determine the time shift, and then applying the determined

time shift to the velocity signal.



