METHOD FOR SEPARATING UP AND DOWN PROPAGATING PRESSURE AND VERTICAL
VELOCITY FIELDS FROM PRESSURE AND THREE-AXIAL MOTION SENSORS N TOWED
STREAMERS CROSS-REFERENCES TO RELATED APPLICATIONSNot Applicable FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT Not Applicable SEQUENCE LISTING, TABLE, OR
COMPUTER LISTINGNot Applicable BACKGROUND OF THE INVENTION 1. Field of the Invention

[0001]This inventi I erally to the field of geophysical prospecting. More particularly, the
invention relatg@gtLgQég) %§§%@%§ﬁ%@rﬁ%ﬁ%ﬁﬁe¥ %Eﬁ%‘éﬁ%&%ﬁ?‘g /I\_%chiption of the
Related Art [OVBR][IRGAS. GiEGCHBY HauSRyERedphARSSS D speDtNgRE EomnwhlyiogedNo aid in the
search for and evaluation of subsur, I i ical prospecting techniques yield
knowledge of the subsurface structl%g%%éqm%v@(%%%%%%ﬁ%r finding and extracting valuable
mineral resources, particularly hydrocarbon deposits such as oil and natural gas. A well-known
technique ot geSRSIEBRBIOSPSCHOR IS A $EISMILIEUYEYIdNE land-basesiseisipic giEvey, a seismic
signal is generated on or near the earth's surface and then travels downward into the subsurface of the
earth. In a marine seismic survey, the seismic signal may also travel downward through a body of
water overhinQireASuBS SHARESORAD BARRABEIEMIB ENSVGY OOMERT are Need ppligeblerate the seismic
signal which, after propagating into the earth, is at least partially reflected by subsurface seismic
reflectors. Such seismic reflectors typically are interfaces between subterranean formations having

different elaShiRPrOHertie’s 1IpEsiflebil R & M VEBEP AR Gock denimy Apiietblead to differences

in acoustic impedance at the interfaces. The reflected seismic energy is detected by seismic sensors
(also called seismic receivers) at r gﬁi)a %ﬁ g in_an overlying body of water, or at
known depths in boreholes. The soégrgg:égé égn% g@@%‘f E pically electrical or optical, from
the detected seismic energy, which are recorded for further processing. [0003]The resulting seismic
data obtaingd ig;Qgrierming a,ggismic survey, representative of earth’s subsurface, are processed to
yield information relating to the geologic structure and properties of the subsurface earth formations in
the area being surveyed. The processed seismic data are processed for display and analysis of
potential hypoe#ybomsRnteninabihesesubiesranean formations o4y aeal ofrsgisaig dataspsocessing
is to extract from the seismic data as much jnfarmation as possible regarding the subterranean :
formations i%arélr%lé&rlr?g’ ﬁaﬁeﬁldg{lé@niﬁ%éeg fﬂéﬁﬁggﬁgﬁﬁﬁﬂ%&é S STIBFIEY JEINTRT RE3IShs in the
Earth's subgatface where there is a probability for finding petroleum accumulations, large sums of
money are expended in gathering, processing, and interpreting seismic data. The process of
constructing the reflector surfaces defining the subterranean earth layers of interest from the recorded
seismic datd proRATiEign kg & Prtse’8hrth in depth or time. [0004]The image of the structure of the
Earth's subsurface is produced in order to enable an interpreter to select locations with the greatest
probability ing petroleum accumulations. To verify the presence of petroleum, a well must be
drilled. Drinﬁ@@vﬁ( s gié kg \%ﬁr?elfhdg‘rs%u%eloé’&lﬁﬁsﬁ bBrs‘ﬁ%%?Hél%P%% PSR aldrBmely
expensive dhel sharehc dorsamingy indéenakinepsarfibatoetis dornthevesis aGeophiywitag megekdtrignprove the
processing gorhfisplayal R salsmC Aot seada@uas.any mede oL i RIUGtUE A e Farth's

subsurface that will improve the ability of an interpreter, whether the interpretation is made by a

computer of A%ETAA ctracirs Ealabl onasinty R e Aekirnlariibrise sebra slare Bikists e particular
location in thi dndrtatsrslpstiriace: [QR0RH ReraRRIOBTIAEBOIMMIGRRPECESI N Henaraliogthe seismic
signal in Ianld gqﬁr&fg surveys may include ex Iosjvesl or vibrators. Marine seismic surveys typically
employ a submerged seismic SouTte towed By a LA ai E PErBticahy aRiVatet ¥ Jentbit&an
acoustic waareffiglah, Fhelseismiwsolinte genebatirgs the Wwavafieldmeyn bénofssaudraluypgsthincluding a
small explosiyeehatae: AR SIREIS APAL AL AP uRIIANDEMP R RLATcIHRIGANE Bl I seismic

source gun may be a water gun, a vapor gun, and, most typically, an air gun: Typically, a marine
seismic soufe @hsistE B OrAERIgHEER I cE°elsrle i, BUIEHIa Ssatpimuaistamiiedishaglst source

elements. Thisaangemenhisdaartjcslarlyetiieiefaly genccaseniipdhienostisammanrdery of marine
seismic souge; [0 MenRRIGRTRIG PSR AL RERIRLC R Degr > RN B3 i
different elastic properties, specifically sound wave velocity and rock density, which lead to

differences in acoustic impedance at the interfaces. The reflected seismic energy is detected
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sensors, particularly in land surveys, and water pressure sensors, particularly in marine surveys.

- Sometimes patrticle displacement sensors, particle acceleration sensors, or pressure gradient sensors
are used in place of or in addition to particle velocity sensors. Particle velocity sensors and water
pressure sensors are commonly known in the art as geophones and hydrophones, respectively.
Seismic sengors may be deployed by themselves, but are more commonly deployed in sensor arrays.
Additionally, B’réfé‘é{?l’)é §‘3}1§S§f§ Wdcﬁﬁ?ﬁcﬁ‘ésm&iffﬁeé‘é‘?féb% iy B edeISiRsd o dEtseitn '8 Aarine
survey, collosatédrip padis of paics of arrayswDO&HN @& typicallmarie seismlic SuEvey gansgismic
Survey Vessel RIS 0 RIS UIBSR. I RIGH 8 AR 0te R0 CONRINS Seigmig Acauisiton
equipment, such asnavigation control, seismic source control, seismic SENsOr Control an fecording
equipment. THdWHIgHM©ORsSHEL control equipment causes a seismic source towed in the body of water

by the seisnisogsgsel taaadiiain alsalasehiinancaeispiesHEAMSLR RIS rrled.srismig cables, are

elongate cablg-lirl% ,strti?ctuﬁrfes towed in the body aof water by the seismic survey vessel that tows the
seismic sourte B by BRSTHAr S SISMRISEIvEY SiRl R{patonasiativgiig Bt seqlsnic LHsarteradare towed
behind a seiprmieriiessH] tHtheubeistnic stremfmensitantdin thensershingeatectibe. refiectadosavefields
initiated by theseismic Sutes a0 e %%I&Qy o JI?JIL%%'% feraces: rg%%@l“(?o@ﬁ%'&’f {pg seismic
streamers contain pressure sensors such as hydrophiones, but seismic streamers have been proposed
that contain WatgFpsidevelivity dbasvd olietisaugdupimeessbieparicistact dlerationssismiors such

as accelerompatess, suaklditlomigibydiopbansas. (the Rresay e SrRsHSANGRAkIEe mosiar.sgnsors may
' irs of arrays along a seismic cable. An

be deployed icﬂclots? proximity, coII%S:ated hn irs or&a ays | /
alternative t6 HaVing the: ag%eo&?oﬁ%o s Hyar ﬁaﬁ%ehe 15, R R alPE SRR iBnthep BRAR density of
sensors so théksthBae spectiveeway efiglds bétpritedibyithephydraphanaantigesphoge wan be
interpolated gr @Qg!a?tggl t efield signals at the same location. [0008]After the
reflected Wave%ches he égg%%%?aé}%}%%%s‘éﬁ ’eggéﬁrti?n ergltltn Ssésr%agaé 0 @S ng%?fa%interface
at the water QUFfEHEINESHS witleiana s delienedhsysabiwniardisaaniysragaintdesis diet yethe

hydrophonegin:the stigameneaieidthenuates surface ihanaept kfiggior and the reflection coefficient
at the water(@ldgge isrgearla/ uniP( in magnitu e ancziﬁit%,negative in sign for pressure signals. The
waves reflected at the SHFAEES IR RSB sHALBeSFAACP PRIS U rel OTuKtRrb RPHE (D RRaRity
propagatingawainespihe dowssdatdlpqrapagaiting thaverseesrdediapilie ret diversispeaaionanly
referred to face reflect r ; )| . Because af.th rface reflection, the water
surface act?%i%%ﬁ flai‘ltrltler, Wﬁﬁ%ﬁgg?gsp Eggé%gt‘?ﬁ? oetc%%gﬁliﬁ %%g%%g%g%%ﬁg%%l ,(I\%éﬁ?ﬁg“@gﬁ?cult to
record data GUIFERIBEIBEI RS ERAFHIMVHIDS Betausesertthenpl ifttebenrdy suifaesvefiettion; some
frequencies dontheniecardedasigparareramaliiadiang SeshiRgueReiasAe FEeOHRIEACIAR9] A
particle motion sensor, %h as a%egghone, has directional sensitiyity, whereas a pressure sensor,
such as a hydrophone, ddes Fot Actdraittyiy Tt?]é)liﬁ’gﬁ‘éernﬂ’v%}ﬁ%?ié?l%t Sofietystatits by thgeophone
and hydrophiobaicatédicioe tpgathrevibilts irf phdasermwiile thieetionhgdingpraredicld signals will be
recorded 18(), degragsquiof RiRse -téfé‘éég’éé%ﬁgeﬁgéﬁ%‘?ﬁyﬂ%"eag%%‘5‘ %%Et?énedffoéu%jéﬂ%th'?sPh‘?‘SE
difference to reduce the spectral notches caused by the surtace reflection. Corven |onaﬁ<ec?m|ques for
deghosting 8fferrifien#d Catmmiihethartre sabrerianet vertical particle velocity wavefields to separate
one of the pfesssie ornewipabpaiceyelosiv wavsiiglds inlRUR0RiIRd @R SaWMaRIng; wayefield
components, nglsogaheiga‘-l%girelfg ?nd down-\%oin isgres ure wayvefields are tt)}/é%i,cally obtained by
combining the Measurements of 8 pressule WaSHisld AT Ve Purikie NRIGUY shRlefidid. For
example, theubpeggidggressaeerveavefiditis give ailysubtiacting dieeressprecwavafietdftam the
sealed verti ity-field.; ing.i it ocal water velocity at the
sensor divid%%k%@é?ﬁe%ggﬁésﬁgéﬁﬁgg%%&%%gﬁaﬁga r%ieq}%ﬁe%%}/gedr?{%? geéivlfls(fglr? ltr)lé fhe cosine
of the incidetid! SRR LS herEs the UrnigisiFrpertia vielerigewavane! drmt pisadinr-gireclibpal
wavefield thefiisiakentultiplicationdy thedpcainvatenippedanssl eaual ipRhsQiuts vajug tp the
measured Pressure vgagefjeld. The sign is -1 because g-ue upwards propagation of the vertical velocity
wavefield is ifthe OppoSite ditaetion to e ¥R ARbARE SHSRAABI D HHe Tk A Al B Yensor.
EMU]The ndstiédirtigdance bngledepenent Stalingrisigeoshcdnvyenientiylappléethindieuns,
frequency-vg%%%mpgm%%gh\gg}jﬁt&%g{%gr&gﬁgﬁ%ﬁg%venumber component of the wavefield

representing one plane wave is scaled by the corresponding factor. This approach depends on
densely sari%qgﬁ]datér B i RS- Iheearty GogsifnecarsetibinicalithivalidIntwdckarmgiatyis typically
sufficiently dense in towed streamer seismic data acquisition, cross-line sampling is usually not. This
dense sampling assumption can be relaxed to some extent by determining the needed angles from
scanning the low frequency content of locally coherent events in the space-time domain. However, a
solution handling the full seismic bandwidth of the complete angle range is still desired. [0012]Thus, a
need exists for a method for separating the pressure or vertical velocity fields into up-going and
down-going wavefield components without requiring dense spatial sampling, especially in the
cross-line direction, and without requiring knowledge of the incidence angles. BRIEF SUMMARY OF

TILIE INN/ fFION!I TON12RA1The invventinn ic 2 method for cenaratina nreccrire and vertical vvaelacityy fielde



[0016]FIG. 2 is a flowchart illustrating an embodiment of the invention for determining up-going and
~ down-going pressure and velocity wavefields; [0017]HG. 3 is a flowchart illustrating an embodiment of
the invention for determining an up-going pressure wavefieki; [0018]FIG. 4 is a flowchart illustrating an
embodiment of the invention for determining an up-going velocity wavefield; [0019]FIG. 5 is a flowchart
illustrating a further embodiment of the invention for determining an up-going pressure wavefield; and.
[0020]FIG. 65858 oREHAMATIsiPatifg S M r BXhBEARN BFSSH T EHFBHtIRAR O EbtenAkE an
up-going velagityysvavgiialeh[0R243W hile Hreniye inbWilheclescrkRed i conpactipnwitinis
preferred emboddin%ents, it will be ldnderftood fIhat the%i(llvention IS n(%t limited to these. On the contrary,
the inventior¥i& ntended to Cover all’aReia ek, ' |f|t&(§1i6?1§a§hc eﬁ%?\?é%ﬁ?gsﬁ%‘t 3’&}1 & included
within the scopecitty tkesmyendiontagdefimedebsotherappendedy daiws.inDETRA LERPESSRIETION OF
THE INVENTIGN (0022 I imventio s aineifian f&a;%ea@r@gm%@f@;%ﬂé&s%msy%m%vm@w fields

into up- and down-going wavefields in a marine environment. ApresSure field, a vertical velocity field,
and two ortfEgREMHoRIRaT VRIsRIEP 8Ty Bre M EHenEY iRt SSHIRREBRIP SR Mabie dnseamer. A
scaling factaefessines ter kppakatingene: piessuradiald andistigal velpeityfigld ateahs.
multi-compolg)%eﬁioca 'I?re{ its cor %Eedefgggsn \{\éater acoustic imcpedanceé th ttwo 8{neas&.llred tgorizontal
velocity fields, and the measure pré%sure |elél.lg§°/yi’n%lﬁe ?ﬁngl the" tWo meastire Sh%?izo‘?wtwa?\%Iocity
fields, knowledfecoftinécitiyidé nbewrny lnig el adédintiie \weivefieldgeistieaticnuiphisleadehtasa local
decompositipn, |B,FBRASHBE ANRANALEACHIMHIGAMPANRAE SERSAN shatieR laderandsRLl: and thus

relaxes the dense spatial sampling assumption. The wavefield separation of the invention can be
applied optid&IRF ST JHBERSEINY stepeMHICFA SR sl THe YatisHewsadn HePRbriobFUBlocity fields
and the pressureifigid. f8623{PrEtigle aneliancgensays senypitaiynpaltitle yeleciky seinsameyut other
particle motion sensars, includin rticle acceleration sensors, may be used instead of particle
velocity sen%(r)e'rg'sl?)r%1 %al}%. %@%'sﬂ(gF s%g(%rlﬁeesr%.) ead‘re fé?éﬁ‘ev%fo%i?gs‘gg%g s%féeresecl:%nr%?ﬁblﬂie Kiown 1K the art as
geophones &b phgticlenzicceleratiorvsensiis svsrcomnmanlpiipowWndivahey anlasbiccelertmeéters. The
present invegtigmyill ke deseubed v embodinenis e RIAYING SERRDONAZHRUAINS SRR choice is

for simplicity of illustration only and is not intended to be a restriction of the invention. [0024]A particle
motion sensbf stitlededa YrGhhlie kst ditidhal Sétaitvigrstipbsrirsad ideRossietie % ertical +2
direction, byiseniention uhereiasAnrassureisanscisuabrasaiyrropbane deesdot sicpressure
sensor is orrﬂlni&dir ction%l. The water/air int%rfac% at a calm te{ surface is an exc IIenlt reflector of
. rorrl> onesfh ut sgismic § rean% S have been %ort)ose ?}Iga contain water r?%rtlc e ve OCl&i
seismic waves and so the reflection coeticient at the Water surfacs 18 nearly unity in magnitide and
negative in SRISGSprbgs eremignedsr Phitis!akecdowhoraretiyopy opeyatimyalavefishisireliditied from the
water surfacg withgrphasersifed R0 a3V anto e pwardly RIRBAGALNGNRKRAIRIAR: Acgordingly,

the up-going wavefichl signal compaonents detected by a geophone and a hydrophone located close
together will B¥FRESr ROYCBEH BubtispHaBaISVHIATHRES dRNS-gomigiasatisd Siyriresthsotents will
be recordedhiavpizage, jrdpiperdentiyaf-theseacsitatelconditianvdnvafficliernpive sigrigorfention,
not used in this illustratign,of the invention, the up-goi ayefield signal components would be
recorded in Sp?{lgglés, %ﬁﬁ%q rt}l%lg do "’ﬁ%’&r‘?’&ﬁé@% |§3§g)sﬂ%%rga¥\gééﬁrﬁp§ %éo so\?v%ﬁ?g] e 2188? &4 280 out of
phase. [0028}wnsleied hydxbppniedécpred tadhotabwavefield gnais dirtetionallpcativertical geophone,

as typically ygigafl in AeiSMicPragESING 001y RAE AR dhe ueHical aamparentof thewavefigld
uni-directionally. The vertical component of the wavefield will only be equal to the total wavefield for

signals that FESBp&d 08 e GAtiHIcRAS I B otRish v afro O mavBisg It Miatrasred séitheen the
signal wave doonivand thengerRsanaoriestatanbings uedics dipwand iy epagatiotaigconventignally

defined by irggirga%gqgaag(%lg r%ﬂ:eé%br and the reflection coefficient at the water surface is nearly unity in
magnitude and is negative in sign for pressure signals. The waves reflected at the surface
will thus be phase-shifted 180 degrees relative to the upwardly propagating waves. The
downwardly propagating wave recorded by the receivers is commonly referred to as the
surface reflection or the “ghost” signal. Because of the surface reflection, the water surface
acts like a filter, which creates spectral notches in the recorded signal, making it difficult to

record data outside a selected bandwidth. Because of the influence of the surface reflection,



[0026]Thus, in conventional techniques, the recorded signal V of a vertical geophone, a seismic event
with incidence angle 0, needs to be adjusted to match the recorded pressure wavefield P of a
hydrophone. This adjustment is typically made by scaling the vertical geophone signal Vz by an
appropriate amplitude scaling factor, such as: PC cos(0)' in the space-time domain. Here, the factor

pc is the acoustic |mBedance %f wate;rfe here p |s the dgeﬂs'n)é of wa er and c is the acous ic velocity of

water. [OOZflf\?owteh aied verical Veloth y |e propery cor%%eﬂmas ﬁ?ﬁ%‘% pressure field to

give the up-{R8§land dpwictoingipresssre wakyeﬁel@s@@amm@oﬂlfﬂqt@rammnmhyrwne as

follows: 1 P, 0)Rit £LOP 3 (00U Ron ek cid of
Equations (2&{; %?%M@%%?%% )él?:rﬁr arilri e p}éo erly Cgfc::%:ne& pé%%%%%?\gé&%%gﬁﬁg?nbmed

with the vertitgiae ffﬁﬂém %@@%@ﬂ?eaﬁ%}@ TRBPARE BeRAH-gieRs g [rsHhisaribRscityPhitssvetidlels v; and
V2d. This istaenyentigialydoskeas SpiawswiICas fochidcdd SBoj (8greandueas Qhase.  Various

techniques have been proposed for using this phase difference to reduce the spectral notches
caused by the surface reflection. Conventional techniques for deghosting often include
combining the pressure and vertical particle velocity wavefields to separate one of the
pressure or vertical particle velocity wavefields into up-going and down-going wavefield
components.

[0010] The up-going and down-going pressure wavefields are typically obtained by
combining the measurements of a pressure wavefield and a vertical particle velocity
wavefield. For example, the up-going pressure wavefield is given by subtracting the pressure
wavefield from the scaled vertical velocity field. The scaling is composed of the density and
local water velocity at the sensor divided by the cosine of the incidence angle of the measured
event. The division by the cosine of the incidence angle converts the up-going vertical
velocity wavefield into an omni-directional wavefield that is, after multiplication by the local
water impedance, equal in absolute value to the measured pressure wavefield. The sign is -1
because the upwards propagation of the vertical velocity wavefield is in the opposite
direction to the conventional orientation of the vertical velocity sensor.

[0011]  The needed incidence angle dependent scaling is most conveniently applied in the
frequency-wavenumber domain, in which every frequency-wavenumber component of the
wavefield representing one plane wave is scaled by the corresponding factor. This approach
depends on densely sampled data in both the in-line and cross-line directions. Although in-
line sampling is typically sufficiently dense in towed streamer seismic data acquisition, cross-
line sampling is usually not. This dense sampling assumption can be relaxed to some extent
by determining the needed angles from scanning the low frequency content of locally
coherent events in the space-time domain. However, a solution handling the full seismic
bandwidth of the complete angle range is still desired.

[0012] Thus, a need exists for a method for separating the pressure or vertical velocity
fields into up-going and down-going wavefield components without requiring dense spatial
sampling, especially in the cross-line direction, and without requiring knowledge of the

incidence angles.



PC (5) Again, as in Equations (2) and (3) above, there is incidence angle dependence in both of
Equations (4) and (5). [0029]In the frequency-wavenumber domain, the amplitude scaling factor can
be expressed as: where p CO kz (6) is the vertical wavenumber, to = 27rf is the angular frequency
for frequency f, and kx and ky are the horizontal wavenumbers in two orthogonal horizontal directions.

Typi_gally, _the_two horizontal dire%i@vgﬂm/ﬁﬁ%wéiemwm%nd cross-_line direc_tions of the
marine seismic survey. [0030]Alternatively, in plane- in, the amplitude scaling 'actor can
be expressed as: (8)

[0013] The invention is a method for separating pressure and vertical velocity fields

measured in towed streamers into up-going and down-going wavefields. A programmable

computer is used to perform the following. A measured pressure field, a measured vertical

velocity field, and two measured orthogonal horizontal velocity fields are obtained. A

scaling factor is determined from water acoustic impedance, the measured pressure field, and

the horizontal velocity fields. One of the measured pressure field and measured vertical

velocity field is combined with one of the measured vertical velocity field scaled by the

scaling factor and the measured pressure field scaled by the scaling factor, generating one of

up-going and down-going pressure and velocity wavefields.
BRIEF DESCRIPTION OF THE DRAWINGS

[0014]  The invention and its advantages may be more easily understood by reference to
the following detailed description and the attached drawings, in which:

[0015]  FIG. 1 shows the geometry of the velocity vector and its Cartesian components;
[0016] FIG. 2 is a flowchart illustrating an embodiment of the invention for determining
up-going and down-going pressure and velocity wavefields;

[0017]  FIG. 3 is a flowchart illustrating an embodiment of the invention for determining
an up-going pressure wavefield; ‘

[0018] FIG. 4 is a flowchart illustrating an embodiment of the invention for determining
an up-going velocity wavefield;

[0019] FIG. 5 is a flowchart illustrating a further embodiment of the invention for
determining an up-going pressure wavefield; and.

[0020] FIG. 6 is a flowchart illustrating a further embodiment of the invention for
determining an up-going velocity wavefield.

[0021] While the invention will be described in connection with its preferred
embodiments, it will be understood that the invention is not limited to these. On the contrary,
the invention is intended to cover all alternatives, modifications, and equivalents that may be

included within the scope of the invention, as defined by the appended claims.



where 2(9) is the vertical slowness and p, and py are the horizontal slownesses in two orthogonal
horizontal directions. [0031]In other alternative embodiments, the amplitude scaling factor can be
obtained as a spatial filter in the space-time domain by applying an inverse Fourier transform to the
frequency-wavenumber domain representation of the amplitude scaling factor in Equation (6) or by

applying an inverse Radon tr@g{n&mé@%@ %W%@Qﬁ%iﬁﬁg)ﬁhe amplitude scaling factor
C efie an

in Equation (8). [0032]Wavefields, such as the pressure wav e vertical velocity wavefield
V", comprise an up-going wavefield component and a down-going wavetield component. For example,

the pressurgogagpfielgiR GRAMIISES AmhMREGHS %ﬁ%%}i&%l@%&%r&%,@@ﬁ& PMR:9QIN
wavefield compo%eéﬂ Pd as follows: P=Pd+Pu.(10) [0033]Similarly, the vertical velocity wavefield V,

comprises al UF G ST waERERY Ystds Sha mayhe-<axEoR detn 4 8ty Walehe ki eBinlorisiyI as
follows: Vz=Rel17R! 1fe03dAssuitethattiestertiodlancten ehegonalonizonippakticieeyelocity
component 0 In. addition to the pressure wavefield. The, particle velocity
component?t?hé%/ﬁge%g]{gﬁg%gég@?gaﬁga%ﬁ%ﬁgﬁ|n igfﬁ/pé?ﬁ%%reen@%og? iﬁ%%g asyvsetlé)r%t.e%%eéz%, by the
method of tié favkritbl-sRBRPRYBIReFdine dowpnytiisg dompontartecoittie presdurecanic:vsrtical

velocity fieldseaandaendaierminesvitheeiknawedos okincidsncs angles. E’Pﬁé]ﬁ_&%%ltﬁ.@%@ the.
geometry of the ve(lgodcilié;é%/glgtt%ir and Jts k%%esmn components. A Cartesian coordinate system of axes

is shown, déSTGHAT VOIRRG i SedSRe elas galBe By irasemtefics mitdedaR 5, 11, and
12, respectivehefideredireariaxis T dcordespenttiog tizcepbsiisoarieniedavithpasitive \salues in the
downward dirgcti ' he ! ' tor V.13 is oriented making an angle,.the
incidence a%%glgl %&%ﬁﬁ?ﬁ%ﬁ%@g@fg@&%&%ﬁ% %Té}r/ttéllgfaﬁe éom é%% g%?sse\fg)w %a?\nop ngf the
velocity vectSF¥Pa are dBSigratdsBysrerstborehiiraeinnsntion 1Gnahel anliesspettivally .aflaus, the

absolute valyeceising vRBicalvalopiempeNant \elveis AN RLISOHN (A2 kddess thgsmagnitude
VI of the velocis%yeegcéﬁ{ V 13 is given by: The horizontal component 18 of the velocity vector V 13
19

can be decc?rl}?pose into the horizontal velocity fields V, 15 and V, 16.
[0023]  Particle motion sensors are typically particle velocity sensors, but other particle

motion sensors, including particle acceleration sensors, may be used instead of particle
velocity sensors in dual sensor streamers. Particle velocity sensors are commonly known in
the art as geophones and particle acceleration sensors are commonly known in the art as
accelerometers.  The present invention will be described with embodiments employing
geophones, but this sensor choice is for simplicity of illustration only and is not intended to
be a restriction of the invention.

[0024] A particle motion sensor such as a geophone has directional sensitivity (with
positive deflection in the vertical +z direction, by convention) whereas a pressure sensor such
as a hydrophone does not. A pressure sensor is omni-directional. The water/air interface at a
calm water surface is an excellent reflector of seismic waves and so the reflection coefficient
at the water surface is nearly unity in magnitude and negative in sign for pressure signals.
Thus, the downwardly propagating wavefields reflected from the water surface will be phase-
shifted 180° relative to the upwardly propagating wavefields. Accordingly, the up-going
wavefield signal components detected by a geophone and a hydrophone located close
together will be recorded 180° out of phase, while the down-going wavefield signal
components will be recorded in phase, independently of the sea surface condition. In an
alternative sign convention, not used in this illustration of the invention, the up-going
wavefield signal components would be recorded in phase, while the down-going wavefield

signal components would be recorded 180° out of phase.



[0036]Thus, if the velocity components 1,/,, V.>, and Vz, are measured, then the angle- dependent
scaled vertical velocity field in Equation (1) can be replaced by the signed, scaled magnitude of the
velocity vector, using Equation (12), yielding: where p is water density and c is local water velocity,
and the sign of V is given by: The sign(V) term is required to retain the directionality of Vz on the left
hand side o t|o pmni directio aI wavetiel on the r| ht hand side of Equation
(14). The ré@% ;Kc%%f%q ) 0&34feﬁasg ho mcmﬁ%n%’qurqﬁ\(g 835%513 Hiqna ﬁo%l%ed&% f the
incidence arggrmahsrmas tloideldly byilisid gmeeiasir @dovedsioy awdymeondsitbdnsteiad. 008FSimifarly, for
pressure: C%(%éyefa ua%ﬂ@c%ﬁ;@ @9@%%?%1‘91%5‘3%?QHQ@@ﬂQﬁ?\ﬁﬁuﬁgigﬂf@%&’d?lds Anev

way to calculate the up- goin own-going pressure wavelield - pc sign
Equation (1§) @dﬁ?ﬁ&ﬁ(i%‘%s%béﬂ%@ g%hm to be propagating vertically downward. If @ is

the angle of incidence between the signal wave front and the sensor orientation, then vertical

upward propagation is conventionally defined by incidence angle 6 = 0.

[0026]  Thus, in conventional techniques, the recorded signal ¥, of a vertical geophone, a
seismic event with incidence angle 6, needs to be adjusted to match the recorded pressure
wavefield P of a hydrophone. This adjustment is typically made by scaling the vertical

geophone signal ¥, by an appropriate amplitude scaling factor, such as:

pC
cos(8)’ M

in the space-time domain. Here, the factor pc is the acoustic impedance of water, where p is
the density of water and ¢ is the acoustic velocity of water.

[0027]  Now the scaled vertical velocity field can be properly combined with the pressure
field to give the up-going and down-going pressure wavefields P* and P%. This is

conventionally done as follows:

w_ 1| p__pe
F ~2{P cos(@)Vz} @)
and

a_1 %9

P _2{P+COS(9)VZ} )

There is incidence angle dependence in both of Equations (2) and (3).
[0028]  Similarly, the properly scaled pressure field can be properly combined with the
vertical velocity field to give the up-going and down-going vertical velocity wavefields V,*

and V,%. This is conventionally done as follows:



V Pil Similarly, substituting Equation (14) into Equation (3) yields a new way to calculate the
down-going pressure wavefield Pd: r Pd = 1 -2LP + pe sign)117 (L9) By Equation (15), Equation (19)
is equivalentto: 1 P4 =2 pc VI-'V /22 (20) There is no incidence angle dependence in any of
Equations (17) through (20). (0039]Substituting Equation (16) into Equation (4) yields a new way to
calculate the up- going and down-going velocity wavefield V": vu rn- - 2

pu :_1.[{/2 _cos(9) | )
2 pc
and
Vd:}— V+cos(9)P | 5)
21 7 pe

Again, as in Equations (2) and (3) above, there is incidence angle dependence in both of
Equations (4) and (5).
[0029] In the frequency-wavenumber domain, the amplitude scaling factor can be

expressed as:

£ ©6)

2
’CO
kz: ?“kf“‘k’}% (7)

is the vertical wavenumber, @ = 2zf is the angular frequency for frequency f, and & and k;

where

are the horizontal wavenumbers in two orthogonal horizontal directions. Typically, the two
horizontal directions would be chosen in the in-line and cross-line directions of the marine
seismic survey.

[0030]  Alternatively, in the plane-wave domain, the amplitude scaling factor can be

expressed as:

£, (8)
D
where
D S
P:= ——2~ X py (9)

c

is the vertical slowness and p. and p, are the horizontal slownesses in two orthogonal
horizontal directions.

[0031]  In other alternative embodiments, the amplitude scaling factor can be obtained as



Vz (21)

Similarly, substituting Equation (16) into Equation (5) yields a new way to calculate the

down-going velocity vvavefield Yd: lyz vz+ pc )/ Again, as in Equations (17) through (20) above, there
is no incidence angle dependence in either of Equations (21) and (22). [0040]in the following
illustrated embodiments, the invention applies to measured fields obtained from acquired seismic
data. In general, the word "obtained" should be interpreted broadly to include retrieving the measured
fields from toRaGR. SlIeh Bsth SRacsHiBIe, dPBRITL O FERL St IR BF ORI b HititarPeutle storage
media suchfasjtapesydiskaared duatdie fyesslodd] lGhe2aiamAifldw shididg Tustatingganiemisgpdiment of

the 'nventlogrfﬁ)}; %%t@m’él W'verse Radon transform to the plane-wave representation of the amplitude

scaling factor in Equation (8).

[0032] Wavefields, such as the pressure wavefield P and the vertical velocity wavefield
V., comprise an up-going wavefield component and a down-going wavefield component. For
example, the pressure wavefield P comprises an up-going wavefield component P* and a

down-going wavefield component P* as follows:
P =P+ P, (10)

[0033] Similarly, the vertical velocity wavefield V, comprises an up-going wavefield

component V;*and a down-going wavefield component V.2 as follows:
V.=visrr. (11)

[0034] Assume that the vertical and two orthogonal horizontal particle velocity
components are known from measurement, in addition to the pressure wavefield. The
particle velocity components may be calculated by rotation from an initially different
coordinate system. Then, by the method of the invention, the up-going and down-going
components of the pressure and vertical velocity fields can be determined without knowledge
of incidence angles.

[0035] FIG. 1 shows the geometry of the velocity vector and its Cartesian components.
A Cartesian coordinate system of axes is shown, designated as the x, y, and z directions,
designated by the reference numerals 10, 11, and 12, respectively. Here the z-axis 12,
corresponding to depth, is oriented with positive values in the downward direction, by
convention. The velocity vector V 13 is oriented making an angle, the incidence angle 8 14,
with the vertical z-axis 12. The Cartesian components Vs, ¥, and V,, of the velocity vector V
13 are designated by reference numerals 15, 16, and 17, respectively . Thus, the absolute

value of the vertical velocity component V, 17 is given by.

!V]z = ]Vlcos(é’), (12)



up-going and down-going pressure and velocity wavefields. This general embodiment covers the
cases shown in Equations (17) to (22) above. [0042]At block 20, a measured pressure field P, a
measured vertical velocity field V,, and two measured orthogonal horizontal velocity fields V, and Vy
are obtained. [0043]At block 21, a scaling factor is determined from the water acoustic impedance pc,
the measurgg) ressure field P{/ro ¥ IocIE 2(9, an(%l thgégeasure horizontal velocity fields V" and Vy,
from block %86 %T;Elggiélcebiooneeg? hemessire p%seg*svﬁ%le field P and the vertical velocity field V,
is scaled by the scaling factor from block 21. [0045]At block 23, one of the measured pressure field P
from block 20 and the measured vertical vel ityjiegd—\#i#e#;block 20 is combined with one of the
sealed vertical velocity field from block 22 aﬁYJ th Vécﬁlgd 4p'|Vessure field from block 22 . Thié@énerates
one of the up-going and down-going pressure and velocity wavefields pZ, Pd, V", and ri at the
measurement position. This method of the invention does not require any knowledge of the incidence
angles. [0048¥- iz fiewesraatiiiswatiiy wicsiHibaeeeny offainkesgerntersdétérinifiag an

up-going presseseeiielos (R4 A Q{@Qj§ $§, a measured pressure field P, a measured vertical
velocity fielg& nd two measured orthogonal horizontal velocijty fields V" and Vy are obtained.
[0048]At bl \6%55, thé%%g‘ i?&&e“f??ﬁ“éﬁf‘iﬁ“&lﬂ?&%}%ﬁﬁ?e d=\7‘n=d(@;,\9§7’,\?¥33%“€glcﬁ‘ﬁié %tE%he
measured védpoitiegomgishents ydiyignieF'2) Fomthio¢k) 38n Phecpiagditydedsitvesguaed root of the
sum of the fﬁﬁe%&%%%&%%ﬁ%n@%&ﬂaﬁ%?f@nfijeﬁﬁnghis converts the directional
components of the velocity field into an ‘omni-direetional Velocity Wavefield. [0049]At block 32, the
magnitude VI of the velocity field from block 31 is scaled by the water acoustic impedance pc. This
equates the omni-directional velocity wavefigldto the omni-&iﬁm&tirnal pressure wavefield P. [0050]At
block 33, the scaled magnitude of the velaginyfield g S4B Block 32 s multiplied by sigfV.,),
either +1 or -1 corresponding to the sign of the measured vertical velocity field as given in Equation
(15). This teMi brings the distinction between up-going wavefields (-1) and down-going wavefields (+1)

pack into the ARYAUERNALIAYR L 1&9?%;%%%%@ (REGMA 3 B9 aQulvalg) to scaling the

measured vertical velocity field'G from block 30 ollowing scaling factor:

v, = sign(Vz ): -1, fOYUp-gOing.wavefields, and as)
1Vzl +1, for down-going wavefields. ‘

The sign(¥7) term is required to retain the directionality of ¥, on the left hand side of
Equation (14) with the omni-directional wavefield |V| on the right hand side of Equation (14).
The right hand side of Equation (14) has no incidence angle dependence. Knowledge of the
incidence angle is thus eluded by using measured velocity components instead.

[0037]  Similarly, for pressure:

cos () po L
pc pc 1V‘

|4

z

(16)

[0038]  Substituting Equation (14) into Equation (2) yields a new way to calculate the up-

going and down-going pressure wavefield P*:

u 1 .
P =§[P—pc sign(V,)

V|]. (17

10



pclVI (23) as shown in Equation (18), [0052]At block 34, the signed, scaled magnitude of the velocity
field pc sign(T z) ir from block 33 is subtracted from the measured pressure field P from block 30.
[0053]At block 35, the subtraction result from block 34 is multiplied by normalizing factor 'A. This
generates the up-going pressure wavefield P" at the measurement position, as given in Equation (17).
[0054]The down-going pressure waveficld Pi is obtained by following the same logic as in the flowchart
in FIG, 3 angY&SI%EiAg E@’&%‘ﬁ%@i‘i&mﬁsmﬁ%‘%%ﬂh a summation, as given in Equation (19). This
result is also equivalent to Equation (20). [0055]A similar process can be followed to obtain the
down-going and up-going velocity wavefields ri and V. as given in Equations (21) and (22),
respectively. FIG. 4 is a flowchart iIIustrating)agé pgd%gﬂtpo the invention for determininga
up-going velocity wavefield. [0056]At block 40, a2 easu[ﬂé@l pfessure field P, a measured vertical
velocity field Vz, and two measured orthogonal horizontal velocity fields V." and k, are obtained.
[0057]At block 41, the magnitudeof the velocity field is calculated from the measured velocity
componentsSiailagl;, andsGuitameglock301 AHhatabsqiuip aye isidhe stvareasort of thesumeof the
squared Cadge%;gnocgnly)oggr%t%agfjnl (Eg,uation (13). [0058]At block 42, the magnitude IV! of the
velocity fiel fromblock $1°i8%sca ed‘eby the water acoustic impedance pc. [0059]At block 43, the
absolute value of the vertical velocity field 1'21 from block 40 is divided by the magnitude 1VI of the
velocity field scaled by the water acoustic impgdance pc from block 42. This generates the following
scaling factor: vzr (24) pc ,\V P =-2—fP+,OC sign(Vz)lVﬁ. (19)

By Equation (15), Equation (19) is equivalent to:

K}- (20)

There is no incidence angle dependence in any of Equations (17) through (20).
[0039]  Substituting Equation (16) into Equation (4) yields a new way to calculate the up-

going and down-going velocity wavefield V™

‘1 7.
d “EP@“p4v|

P} 21

Similarly, substituting Equation (16) into Equation (5) yields a new way to calculate the

down-going velocity wavefield V%

¥4

v

Ve =%{Vz +

P} . (22)

Jole

Again, as in Equations (17) through (20) above, there is no incidence angle dependence in
either of Equations (21) and (22).

11



(O060]At block 44, the scaling factor from block 43 is multiplied by the measured pressure field P from
block 40. [0061]At block 45, the scaled pressure field from block 44 is subtracted from the measured
vertical velocity field Vz from block 40. [0062]At block 46, the subtraction result from block 45 is
multiplied by normalizing factor 1/2. This generates the up-going velocity wavefield r at the
measureme itio iven in Equation.(21). [0063]The down-going velocity wavefiehl VI is
obtained by %ﬁ%@ingr\%ﬁZﬁgg%%%rﬁcl%%%ﬁqﬁeeﬂ%ﬁ@%% in ?ér?vz?“élrg& ?’gqﬁ}éeéiﬁogr%%sgﬁgtgg $fon in block
45 with a suphfABRENTHE apveiicth Eiguaidnd2dy 064 Fbe inorédsiejrindidénctl dnglesrEécreasing
streamer tow:genthidnecacRUaak Al hewavalield ﬁ%%fﬁyﬁﬁéd&(%g'é%wi @B daic(Fmand (22)

[

I
can be improved by the following embodiments of the invention, discussed here. 00 5]First, the
limitations inc?t‘?éoﬁgb%a@ﬂ%%f%@?ﬁﬁ?@%ﬁ&@?ﬁ%Efﬁf?@ﬁ MY dittiasddeey. The

zero-order dymramic ray equation relates the amplitudes of the up-going and down-going pressure

vvavefields Pd amphtudes of the velocity components Vx,.Vy, and Vz, and the unit
0819 6 aMPHIudes.of ine yelocity comp V%M 8 2

slowness vezct%r IJ bytﬁ{? foIIlcg).rvl\llpi)j!rig‘:&(IJ ir%-)i FS Ibazflsn "f‘vy“’é’%’&d‘?ﬁ?uf%i/ it p\)%nplu A%zrﬁepimﬁlalplﬂg Here, Z

=,0c(29) is d0LHE AHEeEACe WS PdIS et neiegibf Weardichisd T voatalatdrodsiovitypeas 14

ti=(13, Py.fiz}e3ses shown in Equations (17) to (22) above.

[0042] At block 20, a measured pressure field P, a measured vertical velocity field 7,

and two measured orthogonal horizontal velocity fields V; and V), are obtained.

[0043] At block 21, a scaling factor is determined from the water acoustic impedance pe,
the measured pressure field P from block 20, and the measured horizontal velocity fields V,
and V), from block 20.

[0044]  Atblock 22, one of the measured pressure field P and the vertical velocity field ¥,
is scaled by the scaling factor from block 21.

[0045]  Atblock 23, one of the measured pressure field P from block 20 and the measured
vertical velocity field V; from block 20 is combined with one of the scaled vertical velocity
field from block 22 and the scaled pressure field from block 22 . This generates one of the
up-going and down-going pressure and velocity wavefields P* , P% V* and V¥ at the
measurement position. This method of the invention does not require any knowledge of the
incidence angles.

[0046]  FIG. 3 is a flowchart illustrating an embodiment of the invention for determining
an up-going pressure wavefield.

[0047] At block 30, a measured pressure field P, a measured vertical velocity field ¥,
and two measured orthogonal horizontal velocity fields V; and ¥, are obtained.

[0048] At block 31, the magnitude |V| of the velocity field V = (V,,V},V,) is calculated
from the measured velocity components V;, V,, and ¥, from block 30. The magnitude is the
square root of the sum of the squared Cartesian components, as in Equation (13). This
converts the directional components of the velocity field into an omni-directional velocity
wavefield.

[0049] At block 32, the magnitude [V| of the velocity field from block 31 is scaled by the
water acoustic impedance pc. This equates the omni-directional velocity wavefield [V| to the
omni-directional pressure wavefield P.

[0050] At block 33, the scaled magnitude of the velocity field pc V| from block 32 is

12



is the unit slowness vector and its Cartesian components. [0066]From Equations (25), (26), and (27),
the scaled and signed magnitude of the particle velocity vector used in Equations (17) and (19) (ar_ld
as rewritten in Equations (18), (20), (21), and (22)) becomes: 4(/5!+j3,) pd pu (pc' - pu) Z sign (Viv=
sign(V)Pd - Pu (31) [0067]If there is no overlap between up-going and down-going wavefields,
then: pdp u = # 2) and.so ation (§ ) reduces to: Z si %)V V.= (pc' - pu) .(33 dTher.l, rom
Equation (3§3I,Ht é?1 %Ap% oir nprl(z%gseﬁgée)fieljé Br mcﬁréﬁsgt%%l?gg bECO! egfthepn)eagur vertica

velocity field as given in Equation (15). This term brings the distinction between up-going

wavefields (-1) and down-going wavefields (+1) back into the omni-directional wavefield.

[0051]  Blocks 31 through 33 are equivalent to scaling the measured vertical Vélocity field

V. from block 30 by the following scaling factor:

pelv]
>

z

; 23)

as shown in Equation (18).

[0052] At block 34, the signed, scaled magnitude of the velocity field pc sign(¥,) |V] from
block 33 is subtracted from the measured pressure field P from block 30.

[0053] At block 35, the subtraction result from block 34 is multiplied by normalizing
factor 2. This generates the up-going pressure wavefield P* at the measurement position, as
given in Equation (17).

[0054]  The down-going pressure wavefield P? is obtained by following the same logic as
in the flowchart in FIG. 3 and replacing the subtraction in block 34 with a summation, as
given in Equation (19). This result is also equivalent to Equation (20).

[0055] A similar process can be followed to obtain the down-going and up-going velocity
wavefields ¥ and V*, as given in Equations (21) and (22), respectively. FIG. 4 is a flowchart
illustrating an embodiment of the invention for determining an up-going velocity wavefield.
[0056] At block 40, a measured pressure field P, a measured vertical velocity field V;,
and two measured orthogonal horizontal velocity fields ¥y and ¥, are obtained.

[0057] At block 41, the magnitude |V| of the velocity field is calculated from the
measured velocity components Vi, ¥, and V,, from block 30. The absolute value is the
square root of the sum of the squared Cartesian components, as in Equation (13).

[0058] At block 42, the magnitude [V[ of the velocity field from block 31 is scaled by the
water acoustic impedance pc.

[0059] At block 43, the absolute value of the vertical velocity field |V;| from block 40 is
divided by the magnitude |V| of the velocity field scaled by the water acoustic impedance pc

from block 42. This generates the following scaling factor:

13



Equation (34) shows that the wavefield separation approach introduced in Equation (18) gives a
‘proper up-going pressure field 13" only if the up- and down-going wavefields .1)" and Pri, respectively,
do not overlap. A similar condition also holds for the wavefields in Equations (19) through (22).
[0068]Next, a further set of embodiments is discussed. In these embodiments, the scaling factor is
expressed solely by the measured pressure field and the two orthogonal horizontal velocity fields (the
vertical velocity field is replaced). By means of this Hé\}v approach, inaccuracies are circumv(ggu)ted at
high emergence angles and small towing depth, that/#| where the up-going and down-goin
wavefields overlap, Sc): pdpu # 0. (35) The up-going pressure field PO can be constructed
accordingly from Equations (27) and (28) as: 1, Pt - P Z2V: z211 LNP2P2 [0069]Using

Equations (P5)6026), AndI(RR) 44.car Besagrrikat thensagesd 481w mdhplighthand silewéseparation
Equation (SSQGQ&%%Q%tp%gnqg)lﬁ)-&eﬂfndent scaling factor: .1
[0061] At block 45, the scaled pressure field from block 44 is subtracted from the
measured vertical velocity field ¥, from block 48.
[0062] At block 46, the subtraction result from block 45 is multiplied by normalizing
factor ¥2. This generates the up-going velocity wavefield 7* at the measurement position, as
given in Equation (21).
[0063]  The down-going velocity wavefield 7 is obtained by following the same logic as
in the flowchart in FIG. 4 and replacing the subtraction in block 45 with a summation, as
given in Equation (22).
[0064]  For increasing incidence angles or decreasing streamer tow depth, the accuracy of
the wavefield separations in Equations (18), (20), (21), and (22) can be improved by the
following embodiments of the invention, discussed here.
[0065]  Tirst, the limitations in the approach taken with reference to Equations (17)
through (22) are discussed. The zero-order dynamic ray equation relates the amplitudes of
the up-going and down-going pressure wavefields P* and P? to the amplitudes of the velocity

components Vz, V), and V., and the unit slowness vector p by the following:

R
Vx—~Z—(P +P")p, 25)

1 W\ 2
Vyzf(PM-P )b, (26)

1 d o) s
V. =—(P*=P") P, | @7)
P=P?4pP*, , (28)

Here,

7= pe (29)

is acoustic impedance, where p is density of water and ¢ is local water velocity, and
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1-72V'2 Z2Vy2 p2p2 Abx2Ay2 p Cos as in Equation (2). The wavefield separation expressed in
Equation (36) again has no explicit angle dependency and is valid now for all incidence angles, with,
exception of horizontally propagating plane waves (angle 0 = 900). Care is required in division by small
numbers in the scaling factor computation in Equation (36). [0070]Similarly, the down-going pressure
field can be constructed as: analogous to Equation (3). [0071]FIG. 5 is a flowchart illustrating a
further embodiment of the invention for determining an up-going pressure wavefteld P". This process
describes in more detail the method illustrated in Equation (36). [0072]At block 50, a meas F
pressure field P, a measured vertical velocity fleld 2,’%(1(571 0 measured orthogonal horizotdéa velocity
fields Et and Vy are obtained. [0073]At block 51, a scaling factor is determined from the water acoustic
impedance Z the measured pressure field P from block 50, and the measured horizontal velocity fields
and Vy, fron® BIS&RE8 OVRE S CENRG FEIB TGN BVRPPENPe z2v2 AtiP2p2 [0074]At block 52, the
measured VE6i8a] velBeity firichdorfsatplozk S5enié sealethbdydiiedseadingefadtandsamddoskthd. [0075]At

block 53, thSa?&&'@%Y@Jﬁ& QJ&{%'IQ%% fﬁ? lgqf&gt%n@?% Sa%ds(ﬁfqgr?& E%%%Eetrt‘ f Equations (18),
(20), (21), and (22)) becomes:

Z sign(V,)|V| = sign(V,)|P* - P"

VALY
\/1+i((—%~i&)PdP” . (31)

i _ Pu)
[0067] Ifthere is no overlap between up-going and down-going wavefields, then:
PP =0, (32)
and so Equation (31) reduces to:
Z sign(V,)|V|=(P* - P"). (33)

Then, from Equation (33), the up-going pressure field P* in Equation (17) becomes:

1 1, .
EP——Z—Zszgn(Vz)

Vlz-;—(PdJrP“)_%(Pd -P*)=P". (34)

Equation (34) shows that the wavefield separation approach introduced in Equation (18)
gives a proper up-going pressure field P only if the up- and down-going wavefields P* and
P? respectively, do not overlap. A similar condition also holds for the wavefields in
Equations (19) through (22).

[0068] Next, a further set of embodiments is discussed. In these embodiments, the
scaling factor is expressed solely by the measured pressure field and the two orthogonal
horizontal velocity fields (the vertical velocity field is replaced). By means of this new

approach, inaccuracies are circumvented at high emergence angles and small towing depth,
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measured pressure field P from block 50 [0076]At block 54, the subtraction result from block 53 is
multiplied by normalizing factor 'A This generates the up-going pressure wavefield Pit at the
measurement position, as given in Equation (36). [0077]The down-going pressure wavefield Pd is
obtained by following the same logic as in the flowchart in FIG. 5 and replacing the subtraction in block
53 with a summation, as given in Equation (38). [0078]Using the measured pressure field P and
velocity field8atis: Vel -goig s gy warngar vebelds P esimheeonstructed from Equations (27)
and (28) as: [0079]Using Equations (25), (26), and (28), the second term in the right hand side of
separation Equation (40) contains the angle-depepgent scaling factor: Z2Vx2 Z2V32 p2p2V<13%?so pc'
as in Equation (4). [0080]Similarly, the down-goin‘g eléécﬂy field f'd can be constructed as:

The up-going pressure field P can be constructed accordingly from Equations (27) and (28)

as:

P"———;— P 4 i V1. (36)
\/_Z2Vx2_Z Vy
P? P?

[0069] Using Equations (25), (26), and (28), it can be seen that the second term in the

right hand side of separation Equation (36) contains the angle-dependent scaling factor:

Z _ zZ _ pc
2 27 FiE 0 o
1— X b4 x Yy
P? P?

as in Equation (2). The wavefield separation expressed in Equation (36) again has no explicit
angle dependency and is valid now for all incidence angles, with exception of horizontally
propagating plane waves (angle § = 90°). Care is required in division by small numbers in
the scaling factor computation in Equation (36).

[0070]  Similarly, the down-going pressure field can be constructed as:

P+ V.l (38)

analogous to Equation (3).
[0071] FIG. 5 is a flowchart illustrating a further embodiment of the invention for
determining an up-going pressure wavefield P*. This process describes in more detail the

method illustrated in Equation (36).
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VZ+ Z2V,c2Z217:P2p2 (42) 2

[0072] At block 50, a measured pressure field P, a measured vertical velocity field 7,
and two measured orthogonal horizontal velocity fields ¥ and ¥, are obtained.

[0073]  Atblock 51, a scaling factor is determined from the water acoustic impedance Z =
pc, the measured pressure field P from block 50, and the measured horizontal velocity fields

Vyand V,, from block 50. The scaling factor is given by:

A
P P

(39)

[0074] At block 52, the measured vertical velocity field ¥, from block 50 is scaled by the
scaling factor from block 51.

[0075]  Atblock 53, the scaled vertical velocity field from block 52 is subtracted from the
measured pressure field P from block 50

[0076] At block 54, the subtraction result from block 53 is multiplied by normalizing
factor 2. This generates the up-going pressure wavefield P* at the measurement position, as
given in Equation (36).

[0077]  The down-going pressure wavefield P? is obtained by following the same logic as
in the flowchart in FIG. 5 and replacing the subtraction in block 53 with a summation, as
given in Equation (38).

[0078] Using the measured pressure field P and velocity fields V4, V,, and V,, the up-

going vertical velocity 7* can be constructed from Equations (27) and (28) as:

1 P? P?
= Pl 40
5|V Z (40)

oz
V==V, -

[0079]  Using Equations (25), (26), and (28), the second term in the right hand side of

separation Equation (40) contains the angle-dependent scaling factor:

2
\/1~ Zszz YA Vyz

P p? \fl“ﬁf_ﬁimcosé 1

zZ A pc
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analogous to Equation (5). [0081]FIG. 6 is a flowchart illustrating a further embodiment of the invention
for determining an up-going velocity wavefield V. This process describes in more detail the method
illustrated in Equation (40). [0082]At block 60, a measured pressure field P, a measured vertical
velocity field 14", and two measured orthogonal horizontal velocity fields Vy and Vy are obtained.
[0083]At block 61, a scaling factor is determined from the water acoustic impedance Z - pc, the
measured pressure field P from block 60, and the measured horizontal velocity fields V" and Vy, from
block 60. The sdalingidacior is given by: Z2Vx2 Z2V32 1 p2p2 (43) [0084]At block 62, the

measured PiESSye fi§§%i@r§p%éj&%—%%i§g§%%%t t}ye}gn%csgﬁnlit%gcfoan% %C%%m block 61. [0085]At block

63, the scaled préssure field from block 627s subtracted fro e measured vertical velocity wavefleld
V, from block 60. [0086]At block 64, the subtraction result from block 63 is multiplied by normalizing

factor 1/4. This generates the up-going velogity wzzm - asurement position, as given in
Equation (40). [0087]The down-going velocity wa gﬁédVMjs%lS/mine by following the same logic as in
the flowchart in FIG. 6 and replacing the.s ag i 5 ith|a summation, as given(j@)
Equation (42). 2 Z

analogous to Equation (5).

[0081] FIG. 6 is a flowchart illustrating a further embodiment of the invention for
determining an up-going velocity wavefield 7. This process describes in more detail the
method illustrated in Equation (40).

[0082] At block 60, a measured pressure field P, a measured vertical velocity field V5,
and two measured orthogonal horizontal velocity fields ¥, and ¥, are obtained.

[0083] At block 61, a scaling factor is determined from the water acoustic impedance Z =
pc, the measured pressure field P from block 60, and the measured horizontal velocity fields

Vy and V,, from block 60. The scaling factor is given by:

p:  p?
7

\/1- zv 27,

(43)

[0084] At block 62, the measured pressure field P from block 60 is scaled by the scaling
factor from block 61.

[0085] At block 63, the scaled pressure field from block 62 is subtracted from the
measured vertical velocity wavefield V; from block 60. |

[0086] At block 64, the subtraction result from block 63 is multiplied by normalizing
factor 2. This generates the up-going velocity wavefield V" at the measurement position, as
given in Equation (40).

[0087]  The down-going velocity wavefield 7 is obtained by following the same logic as
in the flowchart in FIG. 6 and replacing the subtraction in block 63 with a summation, as
given in Equation (42).

[0088] The method of the invention provides wavefield separation based on multi-
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[0088]The method of the invention provides wavefield separation based on multi- component
(three-axial) particle velocity measurement. The angle-dependent scaling needed For wavefield
separation is automatically obtained from the pressure field and horizontal components of the particle
velocity field. From the pressure and three measured Cartesian components of the particle velocity
vector, the wavefield separation.is computed. locally in the time-space domain and without knowledge
of event angiEERRPHTE ﬁ%ﬁé?&@ﬁ%gﬁyﬁ%ﬁ@&? @Wféﬁx@eﬂ}\)@gﬁlﬁéﬁ%‘é s Bt hssumption
and the requirewrentitdd isgigetice anglemdtentiatioptainbe Wavetieldsepacafiod method-ohthie invention
does not ne@%‘a}{eﬂﬁ%]ﬂ&%%%{&w@[&iwlﬁ%lma¥§§1q pRRAR. Al RERRERAING e IR 0N the

seismic vessel as one of the preprocessing steps. [0089]The method of the invention is most accurate
when not erfOUHRBRSEY By thempsiitisde telostmeare ior cligstieselicdd, wrssaiing oF erotis doents)by the
geometricaltrayappepxinatiamin GRG0 imAROABHRINROIIME BESARE: PIRCESSINEHRARG! aliRRg may be

lied to th ired multi-compaonent data prior to the wavefield.separation. In porder to exemplify
some possiblE o e Rt tATER Bl (0 L BRSSPV, RO SRRV B b the

some possibi perations Which Woufd 176t %
invention, theadeasumeeldatérRaion, PTlrevassiiritesetaretonpristhah @i it aniydippidggscosved event.

Then, a spage andfimevafanLinyeriblercaling %@%&mé\%%&)ﬁ@ﬁgg'i@&&b%x%mgs of

wavefield separation from Equation (36) becomes: Z2 At: Z2 .22.V; - 2p2 which is identical to
an up-goingS WGP £1 Wi shea sy ersdeaniigTunction ii(x,y,t). After removing the scaling

function, thgaoagnal upgeingodayveiieldRiiiis reeayerrdul0AiEN Yot anatheramiyasimeantc the
measured V\{avgiel sV. Vi/ic\é?i and P could be f.iltlered with aggrbitrarg;.ig\xertible filter F(t) prior to

insertion intoreééﬂghé%c(gsué O gaﬁé%ﬁ)%s%%f ffé’)enésﬁg% AT (o]0 fﬁ&%&%%f&ﬂ?é‘a y

convenient {888 ng: IF*petilep endbpdinRIZ BSME, FFocedsihd dRrations may be applied to the
acquired multi-component data prior to the wavefield separation. In order to exemplify some
possible operations which would not affect the quality of the wavefield separation of the
invention, the measured data, V, V, V,, P, are assumed to comprise an arbitrarily dipping,
curved event. Then, a space and time variant invertible scaling function A(x,y,# is first

applied. The process of wavefield separation from Equation (36) becomes:

AP = APl | @)
\/1_2 V2 Z0A,
2P 2P

which is identical to an up-going wavefield P* multiplied by the scaling function A(x,,2).
After removing the scaling function, the original up-going wavefield P* is recovered.

[0091] In yet another embodiment, the measured wavefields 7y V, 7, and P could be
filtered with an arbitrary invertible filter F(#) prior to insertion into Equation (36). From
Equations (25), (26), and (28), the following is obtained by convenient factoring:
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Z2 (PT*T/ID2Z2 (F*V)2 (fr*P)2(F*P)2 "3 x2 (F* (pupd))2p 2y,(F* (pupd))2 (F (P"+ Pd
)2(F (P" + Pd ))2 (45) where * designates convolution. Equation (45) is now identical to a filtered
up-going pressure field. The original unfiltered up-going pressure field may be recovered by applying
an appropriate inverse filter to the filter F. This filter application is equally valid for two and three
dimensional filters, F(x,t), with x x or x = x(X,y). [0092]Some one-dimensional filters describe common
data processing steps, sugh as, for example, moveout. Moveout includes linear moveout (1.,M0),
normal moveout (NMO), and data stretch. The filter_application is also equally valid for two and three
dimensional fllj[nser,slﬁ(\_L)1 hesepprocessing steps run prior to therwavefield separation of

Equations (36), (38), (4@, and (42). OO%}%WV}@ ozt?(qregcm)énsmnél ilters describe the process
of moving and changing the dip of smr%veﬁmﬂhef&fr@mee dimensional space. One such
filter, combined with a scaling facto desc§ es'tHe proce SFNMO stacki . Stacking may be run
prior to the wavefield separation of Equations (36), (38), (40), and (42)). [0094]One other type of filter,
combined with a scaling factor, describes the process of -

:% F#P— z 'V

| BAFE*(P P P(F (P PY)
(F*(P"+ P’ (F=(P'+ POy

(45)

where * designates convolution. Equation (45) is now identical to a filtered up-going
pressure field. The original unfiltered up-going pressure field may be recovered by applying
an appropriate inverse filter to the filter /. This filter application is equally valid for two and
three dimensional filters, F(x,2), with x = x or X = x(x,).

[0092] Some one-dimensional filters describe common data processing steps, such as, for
example, moveout. Moveout includes linear moveout (LMO), normal moveout (NMO), and
data stretch. The filter application is also equally valid for two and three dimensional filters,
F(x,t). These processing steps may run prior to the wavefield separation of Equations (36),
(38), (40), and (42).

[0093] Some two- or there-dimensional filters describe the process of moving and
changing the dip of seismic events in the two or three dimensional space. One such filter,
combined with a scaling factor, describes the process of NMO stacking. Stacking may be run
prior to the wavefield separation of Equations (36), (38), (40), and (42)).

[0094]  One other type of filter, combined with a scaling factor, describes the process of
migration. Migration can be run prior to the wavefield separation of Equations (36), (38),
(40), and (42).

[0095] In another embodiment, crossing events may be separated by applying available
tools of multi-channel multi-component filtering prior to wavefield separation.

[0096] In yet another embodiment, which goes beyond the ray theoretical limitations, the
separation of crossing events may be achieved by transforming the measured wavefields ¥,

V, Ve, and P to the temporal and spatial frequency domain by applying Fourier transforms
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migration. Migration can be run prior to the wavefield separation of Equations (36), (38), (40), and (42).
[0095]In another embodiment, crossing events may be separated by applying available tools of
multi-channel multi-component filtering prior to wavelield separation. [0096]In yet another embodiment,
which goes beyond the ray theoretical limitations, the separation of crossing events may be achieved
by transforming the measured wavefielcis f/y Ic, and P to the temporal and spatial frequency domain
by applying IFtirieinsaiisf e Eghuion (e iumifG BRRAION(B8): B R BRIdi8HE 574%6), and
(28), and withithenexact relation: -VP = icopV(46) between pressure and particle velocity in
homogeneous acoustic media, the following is obtained by convenient factoring: where tilde
designates Fourier transformed (FT) quantities and | F designates absolute value (modulus) of
complex quantities. The result of Equation (47) isVdenticabto a Fourier transformed up-goin6)
wavefield, FTIP5, which is not restricted to ray approximation. Any zero by zero divisions in the Fourier
domain are removed by techniques known in the art. The process given by Equation (47) resembles
the scaling divieredn Brysatiornsde)atiee Fetorithdcbavestiersabwavesisidnsdsardto i tee is
frequency-waysnumiel (WeaigaskkAemain. Although the scaling is computed differently, the
equivalence is shown by premultiplying both the nominator and denominator by oilc in Equation (47).
The original up-going pressure field Pu may be recovered by applying an appropriate inverse Fourier
transform to FT(P/9 [0097]Of particular interest is a combined approach comprising conventional inline
scaling (for example, in a co-k, dpmain) and a cross-line angles determination from cross-line motion
sensors as in the method of theli vention. In this case %nly one horizontal component is needed in
addition to the pressurd fieft) aneh Vetfel-velosityfield-prepery-sampldd (¥ he Milne direction. [0098]In
another embodiment, the methdd of wavefi¢ld pep@gag%fn 4@0((@'@@ to the inyention, as described in
Equations (36), (38), (40), and (4R), may alsobeextentted complex seismic traces in time.
Complex traces are calculated frgm real meéasu es by JEES the Hilbept Transform [0099]The
invention has been discussed above as a method, for illustrative purposes only, but can also be
implemented as a system. The system of the invention is preferably implemented byymeans of
computers, in particular digital computers, along with other conventional data processing equipment.
Such data processing equipment| well known in the art, will comprise any appropriaté combination or
network of computer processing equipment, including, but not be limited to, hardware (processors,
temporary and permanent storage;eeyi ' IET()VQ 2ssing
equipment), software (operating systems, a plicgtion progrgm ch) thematits program libraries, and
any other appropriate software), ¢connections (efet ieat, Bp ical,wira(aﬁ’eﬁs{3 ol otherwisg), and
peripherals (input and output dev|ces suchigskeyb S int b ices;-and scanners; display
devices such as monitors and printers; compute Lélédfnfé storage/media such as tapes, disk ,)and
hard drives, and any other appropriate equipment). [00100] In another embodiment, the invention
could be implemented as the method described above, specifically carried out using a programmable

computer to pesferanthe-methed rhnanotaesfenbedimeqtiateiés veationdedpeibeamglamernted as a

computer program stored in a computer, readgble medium_ with the program hawving logi rable to
cause a prog%?%m%%lg%ﬁ?ﬁ}%%r(igaﬁtelt{ orm grrﬁsei?o%rgie ugr{] gia og\%’el.élgrﬁ1 télcr%ﬁ]gera gérﬁgg(%?iment, the
invention cotitehblerimylemeviter vesy eficbnPUBY reddeble medisiniciithoareo ApLarsipstsgramiStored on
the medium,Z%P&'ag@%ﬁéfh%v@ﬁaggqmtné%!mi& oRgrakle Lo GaYsEI PrRUAMBARIG CRMPHERi0 perform

the method described above. . .
The process given by Equation (47) resembles the scaling given in Equations (6) and (7) for

the conventional wavefield separation in the frequency-wavenumber (w-k-k,) domain.
Although the scaling is computed differently, the equivalence is shown by premultiplying
both the nominator and denominator by w/c in Equation (47). The original up-going pressure
field P* may be recovered by applying an appropriate inverse Fourier transform to F7(P*).

[0097]  Of particular interest is a combined approach comprising conventional inline
scaling (for example, in a o-k, domain) and a cross-line angles determination from cross-line

motion sensors as in the method of the invention. In this case only one horizontal component
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[00101] It should be understood that the preceding is merely a detailed description of specific
embodiments of this invention and that numerous changes, modifications, and alternatives to the
disclosed embodiments can be made in accordance with the disclosure here without departing from
the scope of the invention. The preceding description, therefore, is not meant to limit the scope of the
invention. Rather, the scope of the invention is to be determined only by the appended claims and their

|
equivalents.isesdtd i esdiinnge theprristie dislt Yubiraitalvstest (RIS HICAVRISER Helds

measured indpMeedrsitRamers into up-going and down-going waveflelds, comprising: 5obtaining (20) a

measured p e field, a jeasu eg.vert'c velocity.field (17 and two measured.orthogonal
horizontal vgﬁoa(ggj 1‘iel‘f S }i_nL%{H rGf;maBr? %rﬁ{g zﬁl%rrga?r%gr/% rﬁéb evc?)gr%guieepra{% ggr%;rcr%rthng fgglé%v%ng:

determining i(@&}téscatintyfadtot inckulingonatéradddistid i pedatiee, they sasiredipréasie field,
and at least fwo @f the /easited vericahtavrlocinnfiald ancthemeasiued Rerizentahveleeiy fields;

and scaling (22) one of the measured pressure field and the measured vertical velocity field by the
sealing factd@%ﬁéyc%imﬁg’&?jt FREHPERE measured pressure field and measured vertical velocity
field with ongoobt)e sqaledhvertioal valocity fiédchanrd thedSsealedqitessive ifleldatiespectivealy,

generating o, of pcgeing. 0 dowr qoing pressurs and veloel wayefieds, . Ths,metipd ofclaim
1, wherein the determining a scéﬁll%gr?ac or and the sealing comprises: S0calculatin (31?1 e
magnitude I\hgttrated|doityfisld CE3ydrapntene mepaticativalisdie) comperentdop15fh\qthey, and
V2(17); lscalmﬁ%%ﬁa?dﬁ@%&%?éam g yglogibhligld pvdbeinatensausticimagdansaec; and
multiplying (gr%,) t\giellsggrlggirsgagg[ uay?p?olcptriae’[evec‘lgglgyngtei(l)% pgrlllrllgc)v/vglr ncg}/l%orzn%uter processing
equipment, including, but not be limited to, hardware (processors, temporary and permanent
storage devices, and any other appropriate computer processing equipment), software
(operating systems, application programs, mathematics program libraries, and any other
appropriate software), connections (electrical, optical, wireless, or otherwise), and peripherals
(input and output devices such as keyboards, pointing devices, and scanners; display devices
such as monitors and printers; computer readable storage media such as tapes, disks, and hard
drives, and any other appropriate equipment).
[00100] In another embodiment, the invention could be implemented as the method
described above, specifically carried out using a programmable computer to perform the
method. In another embodiment, the invention could be implemented as a computer program
stored in a computer readable medium, with the program having logic operable to cause a
programmable computer to perform the method described above. In another embodiment, the
invention could be implemented as a computer readable medium with a computer program
stored on the medium, such that the program has logic operable to cause a programmable
computer to perform the method described above.
[00101] 1t should be understood that the preceding is merely a detailed description of
specific embodiments of this invention and that numerous changes, modifications, and
alternatives to the disclosed embodiments can be made in accordance with the disclosure here
without departing from the scope of the invention. The preceding description, therefore, is

not meant to limit the scope of the invention. Rather, the scope of the invention is to be

determined only by the appended claims and their equivalents.
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3. The method of claim 2, wherein the combining comprises: subtracting (34) the signed, scaled
magnitude of the velocity field pc sign (Vi) y from the measured pressure field P, generating a
subtraction result; and 30multiplying (35) the subtraction result by normalizing fagtosl/2pgenerating the
up-going pressure wavefield. MCSLLP 4.The method of claim 1, wherein the determining (21) a
scaling factor and the scaling (22) comprise: scaling (31, 32, 33) the measured vertical velocity
field V. (17) by the scaling 5factor: where p is water density and c is local water velocity, 1171 is
magnitude of 10the velocity field (13) V -and 1V2 i§kBddlSte value of the measured vertical velocity
field V2(17). 5. The method of claim 4, wherein the combining (23) comprises: subtracting (34)
the scaled vertical velocity field from the measured pressure 15field P, generating a subtraction result;
and multiplying (35) the"2¢iBradnbReRasatns PrResEwSlizg fakiesl velogisndidddmgnmewipdgoityeressure
wavefield. 6. The.mesRaee &Rimide WheHIRL Srhning @3} Gapises: 20adding the scaled

vertical velocity field to the measured pressure field P, generating a summation result; and multiplying

the summation resultdYAHEAR AR FEAFad PrefsHEs ek tharersirsdbiiticpreasiorissfzaldien,

257.The method of claim 1, waeseinibesdei@ BRIt hhazaalinaBelry andJhess¢aling,422)
comprise: scaling (41, 42, 43, 44) the measured pressure field P b¥ the scaling factor: VA
using a programmable computer to perform the following:

determining (21) a scaling factor including water acoustic impedance, the
measured pressure field, and at least two of the measured vertical
10 velocity field and the measured horizontal velocity fields; and
scaling (22) one of the measured pressure field and the measured vertical
velocity field by the scaling factor; and
combining (23) one of the measured pressure field and measured vertical
velocity field with one of the scaled vertical velocity field and the
15 scaled pressure field, respectively, generating one of up-going

and down-going pressure and velocity wavefields.

2. The method of claim 1, wherein the determining a scaling factor and the scaling
comprises:
20 calculating (31) the magnitude |V| of the velocity field (13) from the measured

velocity components Vy(15), V,(16), and V,(17);
scaling (32) the magnitude [V| of the velocity field by the water acoustic
impedance pc; and

multiplying (33) the scaled magnitude of the velocity field pc |V| by sign ).

25
3. The method of claim 2, wherein the combining comprises:
subtracting (34) the signed, scaled magnitude of the velocity field pc sign V)
|V| from the measured pressure field P, generating a subtraction result;
and
30 multiplying (35) the subtraction result by normalizing factor Y%, generating the

up-going pressure wavefield.
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PCV MCSLLP where 1V21 is absolute value of the measured vertical velocity (ield V,(17), p is water
density and c is local water velocity, and m is magnitude of the velocity field (13) V =5 8. The method
of claim 7, wherein the combining (23) comprises: subtracting (45) the scaled pressyre;fielsl from the
measured vertical velocity field V, (17), generating a subtraction result; and multiplying (46) the
subtraction result by normalizing factor 1/4, generating the 10up-going velocity wavefield. 9. The
method of claim 7, wherein the combining (23) comprises: adding the scaled pressure field to the
measured vertical velocity field V, (17), generating a summation result; and 15multiplying the
summation resylt by normali fa tar 1/4 19 eratl down oing veloci vefield. 10. The
method of clalrr%f 1, Wrr:gkrleln ﬁ\z[h e e%rrcé]m%g (i%eée?e pan @ﬁe) éc%‘fﬁ%l%z%@&n%ﬁs‘
20scaling (51, wlﬂng(@@mWMertlcal velocity field V, (17) by the scaling factor: zt2 z2r2 x p2p2
where Z = pc is water acpusti m dance, p is wate Slt %l ? flxssf??) and fly
(16) are the measuretfchgrl ontal 521 ??{) %‘elgleasur (%3 an\’eé)élb fe %V??tfé&ﬁ }E?yt E'¥ethod
of claim 105 wherein the comfiietimg (23) comprises: subtracting (53) the scaled vertical velocity field
from the measured pressure MC SI..11)

pclV|
V.

z

>

where p is water density and ¢ is local water velocity, |V] is magnitude of
10 the velocity field (13) V = (V,,V},V,), and || is absolute value of the

measured vertical velocity field V,(17).

5. The method of claim 4, wherein the combining (23) comprises:
subtracting (34) the scaled vertical velocity field from the measured pressure
15 field P, generating a subtraction result; and
multiplying (35) the subtraction result by normalizing factor %, generating the

up-going pressure wavefield.

6. The method of claim 4, wherein the combining (23) comprises:
20 adding the scaled vertical velocity field to the measured pressure field P,
generating a summation result; and
multiplying the summation result by normalizing factor ¥, generating the down-

going pressure wavefield.

25 7. The method of claim 1, wherein the determining (21) a scaling factor and the
scaling (22) comprise:

scaling (41, 42, 43, 44) the measured pressure field P by the scaling factor:
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field P, generating a subtraction result; and multiplying (54) the subtraction result by normalizing factor
‘A, generating the up-going pressure wavefield. 512.The method of claim 10, wherein the combining
(23) comprises: adding the scaled vertical velocity field to the measured pressure field P, generating a
summation result; and multiplying the summation result by normalizing factor it @5 geherating the
down-going pressure wavelield. 10 13,The method of claim 1, wherein the determining (21) a sealing
factor and the scaling (22) comprise: sealing (61, 62) the measured pressure field P by the sealing
factor: 15 122172 Z2V2\11)2P2'1 where Z pc is water acoustic impedance p is water density, c is

local water velocity, 17, (15)@&%% |(i's62 Eeaéﬂﬁd NOlEeIA VRIS 1‘3%’!? afédfg?the

measured pressure field. 20 hé met ofcalm Wherein the corn |n|ng corrf rises:
subtracting (63) the scaled prissaie ﬂeiﬁltbomdhemmwvetdweﬂcmﬂwemwy fieldabhi(ddd,ofenerating

a subtraction result; and ggﬂg @4}% ewbtlpaﬁt on result by normalizing factor ‘A,
generating the 25up-going vefocn vefield. 15. The Téthvdd of claim 13, wherein the combining (23)

comprises: adding the scaled pressure field to the measured vertical velocity field 17, (17), generating

a summation result; gad MGSLLR Jﬁ%lglymltgﬁ met ngéeégz%n?g rnalizing factor 'A,

generating the down-going velocity wavefield. 16. T wherein the combining (23)
comprises: applying #ibtfelBndnd eythatieerled pressure field from the measured vertical velocity

field ¥, (17), generating a subtraction result; and
multiplying (46) the subtraction result by normalizing factor ¥4, generating the

10 up-going velocity wavefield.

9. The method of claim 7, wherein the combining (23) comprises:
adding the scaled pressure field to the measured vertical velocity field V, (17),
generating a summation result; and
15 multiplying the summation result by normalizing factor %, generating the down-

going velocity wavefield.

10. The method of claim 1, wherein the determining (21) a scaling factor and the

scaling (22) comprise:

20 scaling (51, 52) the measured vertical velocity field ¥, (17) by the scaling factor:
Z
2172
ez
P P

where Z = pc is water acoustic impedance, p is water density, ¢ is local
25 water velocity, V; (15) and ¥, (16) are the measured horizontal velocity

fields, and P is the measured pressure field.

11. The method of claim 10, wherein the combining (23) comprises:

subtracting (53) the scaled vertical velocity field from the measured pressure

25



AP | Z222Vx2 7222Vy2 \is22P222P2 where A is a space and time variant invertible scaling function,
Pd is thc 10 up-going pressure waverield, P is the measured pressure field, Z - pc is water acoustic
impedance, p is water density, c is local water velocity, V, (15) and V}, (16) are I @,sured
horizontal velocity fields, and V- (17) is the measured vertical velocity field; and removing the scaling
function 2 from the product AP'. 15 17. The method of claim 1, wherein the combining (23) comprises:
applying the following equation: L F*P"2F*PF*V 1 Z2(F*T,)2Z22 (F*V p)2 (F * P)2(F * P)2

field P, generating a subtraction result; and

multiplying (54) the subtraction result by normalizing factor %, generating the

up-going pressure wavefield.

5 12, The method of claim 10, wherein the combining (23) comprises:
adding the scaled vertical velocity field to the measured pressure field P,
generating a summation result; and
multiplying the summation result by normalizing factor Y, generating the down-
going pressure wavefield.
10
13. The method of claim 1, wherein the determining (21) a scaling factor and the

scaling (22) comprise:

scaling (61, 62) the measured pressure field P by the scaling factor:

P p?
Z b

2772
\/1-22”3 ZV;

15

where Z = pc is water acoustic impedance, p is water density, c is local
water velocity, V,(15) and V,(16) are the measured horizontal velocity
fields, and P is the measured pressure field.
20
14, The method of claim 13, wherein the combining (23) comprises:

subtracting (63) the scaled pressure field from the measured vertical velocity
field V, (17), generating a subtraction result; and

multiplying (64) the subtraction result by normalizing factor %, generating the

25 up-going velocity wavefield.

15, The method of claim 13, wherein the combining (23) comprises:
adding the scaled pressure field to the measured vertical velocity field 7, (17),

generating a summation result; and
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20 where F is an invertible filter. P" is the up-going pressure wave held, P is the measured pressure
Reid, Z = pc is water acoustic impedance, p is water density, c is local water velocity, V (15) and Vy
(16) are the measured horizontal velocity fields, and V, (17) is the measured verti% SMC’;SLLP velocity
held; and applying an inverse filter for the filter F to the convolution F * P . 18. The method of claim 17,
wherein the filter comprises normal moveout stacking. 19. The method of claim 17, wherein the filter
comprises migration. 20. The method of claim 1, wherein the combining (23) comprises: applying the
following equation: multiplying th& {B2datic? FEF(i)b2 normalizing factor %2, generating the down-

going velocity wavefield.

16.  The method of claim 1, wherein the combining (23) comprises:
5 applying the following equation:
1 VA
/’%,Pu = ‘i X,P - T 2
292772
A
AP P? A°P

where A is a space and time variant invertible scaling function, P* is the

10 up-going pressure wavefield, P is the measured pressure field, Z = pc is
water acoustic impedance, p is water density, ¢ is local water velocity, Vy
(15) and V, (16) are the measured horizontal velocity fields, and V, (17)
is the measured vertical velocity field; and

removing the scaling function A from the product AP".

15
17.  The method of claim 1, wherein the combining (23) comprises:
applying the following equation:
1 Z
F*P'==|F+pP- ; —F*V,|,
2 1__22(F*Vx)2_Z (F*V)
(F*P)* (F*P)’
20

where F is an invertible filter, P* is the up-going pressure wavefield, P is
the measured pressure field, Z = pc is water acoustic impedance, p is
water density, ¢ is local water velocity, ¥y (15) and V, (16) are the

measured horizontal velocity fields, and V, (17) is the measured vertical
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where FT is a Fourier transform, P" is the up-going pressure wavefield, P is the measured pressure
field, Z = pc is water acoustic impedance, p is [5 water density, c is local water velocity, V), and 1/), are
the measured horizontal velocity fields, and V, is the measured vertical velocity figld;,ang applying an
inverse Fourier transform to the ransformed up-going pressure wavefield MP"). 21.The method of
claim 1, wherein the measured pressure and velocity fields comprise complex seismic traces
calculated from measured real seismic traces using a Hilbert transform. 2522.The method of claim 1,
wherein the obtaining and theletedisidirgdomprise: obtaining a measured pressure field, a measured
vertical velocity field (1.}, and & measyied crassling horizontal velogiiv ficliand MCSLLP
determining a sealin fadlor ffom water acoustic |mpedance the Mmeasure pressure field, and the
measured cross-line horizontal velocity fields (16) 23.A computer readable medium with a computer

program storeg}therqqn {16 RIPGFATD NAYANG 10915, QRETARIE 18 REHOIM NG HER LT ARine.

programmable computer in accordance with any e prece g claim
5
19.  The method of claim 17, wherein the filter comprises migration.
20. The method of claim 1, wherein the combining (23) comprises:

applying the following equation:
10

FT(P)— < FT(V,)}.

V' |Fr(zr, )]2
JFT<P>1 Fr(P)

FT(P")=

N | —

where F'T is a Fourier transform, P” is the up-going pressure wavefield, P
is the measured pressure field, Z = pc is water acoustic impedance, p is
15 water density, ¢ is local water velocity, V, and V, are the measured
horizontal velocity fields, and V; is the measured vertical velocity field;
and
applying an inverse Fourier transform to the transformed up-going pressure
wavefield FT(P").
20
21.  The method of claim 1, wherein the measured pressure and velocity fields
comprise complex seismic traces calculated from measured real seismic traces using a

Hilbert transform.

25 22.  The method of claim 1, wherein the obtaining and the determining comprise:
obtaining a measured pressure field, a measured vertical velocity field (17), and

a measured cross-line horizontal velocity field; and
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MCSLLP

determining a scaling factor from water acoustic impedance, the measured

pressure field, and the measured cross-line horizontal velocity fields

(16).
5 23, A computer readable medium with a computer program stored thereon, the

program having logic operable to perform the step of using a programmable computer

in accordance with any of the preceding claims.
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