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the Inventio 01] This.invention relates generally to the field of
geophysi caIMEF&%&G}%&’BE&?‘A‘M@N{%&H@E@%@W 939%‘49 ¢ iPBESPERESPt 0 t he
field of i naERMOASUALGEISONENBKIFROM SRESEORE NI TRIREEAL RIAZM SRS | PLi on
of the Related Art [0002]In the oil and gas industry, geophysical
.prospecting i s commonly us8ENSGRAIN TOWERSTREAMERS or and eval uation of
subsurface earth formations. Geophysical prospecting techniques yield

know edge of the subsurface structure of the earth, which is useful for
findi ng aAROSKREEERENGEPAIQBELATHDHEIPAICAEEMNS ces, paidt dpbbeable hydr ocar bon
deposits such as oil and natural gas. A well-known techni que of geophysical
prospecting is a seismc survey. In a |land-based seismc survey, a seismc
si gnal i sFigepieilal € SPONSORALRESEARCEB LR REYESOPMIDET andNdt Applidabrvel s
downward into the subsurface of the earth. In a marine seisnmc survey, the
seismc signal may al so travel downward through a body of water overlying

t he subsufEQICENGE L4 HiENea TABLESORGHOMPERIERGYSENG ces aNet Apmidalile gener at e
the seismc signal which, after propagating into the earth, is at |east
partially reflected by subsurface seismc reflectors. Such seismc
reflectors typically are BAGGROESDIBF HEETNMEHNMONanean formati ons havi ng
different elastic properties, specifically sound wave velocity and rock
density, which lead to differences i-n acoustic inpedance at the interfaces.
The refl ect Bdldsditlsnineengioer gy i s detected by seismc sensors (also called
seismc receivers) at or near the surface of the earth, in an overlying
body of water, or at known depths in boreholes. The seismc sensors

gener at e [90Q1Jal SThi} Yief@nl y1a6)s @ehdrhibato B RN bf Bdophfdi@MptdiseclRs eRl&E
seismc ener%é, whi ch are recorded for further ProcessLng. .[0_0733] The

resul ti ngaEEnRY the Hvantsprelpiset thafigd of snagngsiual-seasas masing sgisneg streamer
representgid ve of earth's subsurface, are processed to yield infornmation
relating to the geologic structure and properties of the subsurface earth
formations in the area being surveyed. The processed seism c data are

processed f pescHpsiH GneRadalkysi s of potential hydrocarbon content of

t hese subterranean formations. The goal of seismc data processing is to :
extract fromthe seismc data as nuch information as possible regarding the
subterra f or ' b ., O t I eol oqgi :
subsurfagg.@ml]n or Eér Q{P%néll gzésn%l?ﬁ/ry 1 %g@%?%ﬁgfﬂ?%ﬁ%ﬂgp@ﬂ%ggfsﬁg@8'} ?‘gcﬂé wher e
there is the peavtialbir] andyevabratién ofisnpupgater edrbuformacnsul Gedpbysical Ipagsgectiagns  of
noney ar i ri r.ocessin and interpretjng seispc data.
The pr ocgg@g}ﬁ&ggg\g ?‘b‘%\qi&%g Cifﬁge P 'gqfsﬁre%ct% osrtrugfﬁfef %fgtehg eﬁg i ”H.E‘ﬁ% 1? H@e%ul £or

subt er r arfgsimgemd teRtréciye vsluaifle miteenl esburces purtibdantyelyair dbacbos @esarite sudataa

provi des i;mage .of the earth in depth or tine. [0.004] The. inage of the
struct ur e q‘ndﬁﬁgraﬂ—_’&?ﬁ' Hké"'eg%ﬂ%? f%&‘@q‘%s‘bf&%ﬂ%‘ga NOPPETER LS @ WIBHAPHEYan

i nter pr etlara land-bakE edisthio GatveR RSseRtiidsifie iQg@etaestontsrafeabink ichiyh’kurhavi ng

petrol eum accunul ations. To verify the sence of petroleum a well nust
e ari 11 eid o iave gotE e e e b CLREEAEE [BechoineaheBE e e o
present eisid signabmapaleX riveNBIwhveXPBASgH @ bBBHof W4TB-¢verEsEIhe QuBsidRilorki ng.
For -t hat reason, there is a continuing need to inprove the processing and
di spl ay Of¢ EHE s SPSMIC CRRAEY SOUsess 8¢ mgPdnicp aeistate fhej seisguc signalhwhish.rafisrur e of
the Eart hy§paghthgUiniaaR dahRl isWitlitast PREOKEBGRBY |slbdirle @nliDLEIRISL €

whet her the Interpretation is made by a conputer or a human, to assess the
pr obabi | i Yugh tsRigRicaFFilsgletniypigelio Arcomicplaeasobastieanestibsrranesn farmations daviag

| ocation j; | St e _ Ihe.. i Lsm ur ces
for generari s Fha: Bopury SEcaRPrauh PINe: LIRAARRA IR hint EhRMERTE,

expl osi vedfferenogs by agppitic impedanseent dhei isiifeces uTheyeflettypsedatit ynagpisalgteated

subner ged seisnmic source towed by a ship and periodically activated to
generate an acoustic wavefield. The sei sm c source generating the wavefield
may be of several types, including a small expl osive tharge, ‘an electric
spark or arc, a marine vibrator, and, typically, a gun. LS e source
gun may be a water gun, a vapor gun, and, nost typical IWW@”@@W%”n
Typically, a marine seismc source consists not of a si el enent
but of a spatially-distributed array of source el enents. TFHE®OEY r angenment
is particularly true for air guns, currently the nost common form of marine
sei smic source. [0006] The appropriate types of seisnic sensors, typically



sensors, particularly in |and surveys, and water pressure sensors,

- particularly in marine surveys. Sonetines particle displacenent sensors,
particle accel eration sensors, or pressure gradient sensors are used in

pl ace of or in addition to particle velocity sensors. Particle velocity
sensors and wat.er pressure nsors are commonly known in the art as
geophones yahedsnﬂﬁd?rgﬁﬁcfﬁlé% Cal'ﬁ’géﬁlé‘etcl FGEALVETS) 880 H’r’aé theieBes ohlly epeh.degnoyed by

t hensel vesyerlpuk b%ﬂ? offQfaker C&rﬁmdﬂb\)&n depho YL dorkhbiSe n?l%r se@srn{té‘)é IAC!;‘éhérth nal ly,
pressure Sensors a article notion sensors rmy ep Oye toget er in a

mari ne suf"%*é’ys ty@éﬂallbégt@ﬂalloﬁ Ob%ﬁa’r drogy ﬂtsatete@teéﬁelamﬁ@@gy,[wﬁudvglrp recgrdeg pi cal
mari ne sefoemrgle,sl%yegyma seism c survey vessel travels on the water

sur f ace, 0ygl cal Ige at about 5 knots, and contains seisnic acqui sition
equi prent [0088kh BBe weafiingaseisayic dagebtained lsepp@mngewmec SNy cﬂpresemtszm c
sensor Coptdah’s sAdrARCAE Hlolgs&AY i\ RIER mlpcﬁhéﬁh§%zo(th$§e%fo%ﬁ% sqrgatl ad
.equi pment causes a sel sm € source tovve the sei snic
vessel t oprapartieht @f the sybsudaceetdrth | faweatioseins the carest bﬂwse;yedtl s"ﬁleqabdee@dsel sm ¢
cables, agg; 6l 889%%%&%&%&&11 d'i%%tag%&'%ﬁ] I ESor ONE ) drtoQaerbanOdo%ten{ ?’Yﬁésgr by
the seismc survey vessel g sel S C source or anot

seisnic stﬂbtf-‘eyn@mfgmamyxm Clalelgpal of spismicadaita proodfssisgissmiestrat tﬁemrthe Seuame t ovved
behi nd a stre contai p sensor.s t

the refl e@aﬁ%gmmngl&}éﬁ ;ﬁ% églolyrnlal%t&)%%lglg] %%/ ‘thhl% L6’ sr%‘?rﬁangaélufo Gy lPétf‘i?eé f’ed from

reflecti ngieqlmt@y fua@Bsth@cgwbgh ohairfays. ttherdeits rilentidf e@aoms Sin A Eas

pressure hon m c streapers. have been

pr oposed %ﬁﬂﬁ OrV]Vt% grféﬁh% prog&t’[lltéﬁsf g]e‘ty'&%f’%ﬂp?eélgh@?}’@u ¥ BeEequBiSibnes or
Ea(rjt i Clhe mom[raﬁdf atpemch:dseQ&bér&gsm&s&gg,%hdteﬂlta]bwﬁﬂg t@é@mcldﬂtaad@b tpt&@sstcﬁ’

ydr ophones e ure sensors. and particle notjon sensors nay

depl oyed TS5 8% 1S BT5CHY £V acﬁsocﬁq%(‘}tf‘étta sybierisnaganceagh Iaygrs of l%?re%rf‘fogy@eal ong a
sei sm ¢ cabdréed sbizmad daermatmesenﬁmageaﬂmahhm gpephiene. and hydr ophone

co- | ocat e@“&éﬁ have éfﬂt&f' ci ent Sﬁf‘eEl al density of sensors so that the
respecti v ef léq 8T idBs HegumOhitheEaiidy %‘}?P}Bfi‘ée Biedyeshin oFisT aamable
i nt er pol arednterprefort foARALAL Reatlods PLRHURE dérgh@est VRoMBUES | &1 gav?ﬁogréb@ﬂrélelﬂﬁ the

same | ocation. [0008] After the refl ected wave reaches the streamer cable,
the wave ¥6HPHIATRS: €8 VERly thepiessncel prolgwt.ar el must e driflede Orfting wellsiat er
surface, ddt@minetitethel oM lehssits ﬁxfelp‘?@sh?t%r qgmvﬂﬁreﬁé rétmel??yg;ehseiveazgﬂ'tf?n detected
by the hydrophones in the streanmer cab hé water su ce 1's a good
r ef | ect orcoapHning Bndegplfing t fop thag tsagonj tbm@nt aettntmtmeg neetddo ispro¥eatbe piosessiagr | y
Sunity in JRApihHAss @0deiks; a f i.9 he waves
reflected at tpttII% surfaf(::le W ﬁ E%Xsetdbg'omh(%gkg gh ‘? 31%%§8(:t§reeg&§ées Era;e[ ative to
t he upwardbsureopayatll nprovavesabilitief domtmremﬁrywmthqnalyemwngemmrﬂs mexclerded by
the recei t 1€ surfac l.ecti.on or. th
“ghost - ooyt QPR R SERSEE B a8 B3t 5k R R oI FEr e PHih "act s
i ke a f|dtta@artlcutmlotatxoneaﬂneﬁarﬁﬁemfostafacaotches |n t he recorded signal,
making it |t _to recor.d data ou si de ect ed bandw dt Because of
the 1ot 1 JOBRST o PHiq arbRphRERGSpERbEefl oh ereung ettt rBL i Hd B Plcor ded
si gnal ar&ur\&yplma&neductend(pmm bir eigtiedre.i e\sarafeeseatntcemuadyedyplce{tlg)%ﬂiloy%
particle tion,sensor, such C?Ey 1;x;eoEtf:one h dj rectional sensitivity,
wher eas & BPEEEYPASUE fAgEe OWgd Ry gsftip a H?rt?ﬂt?& ac“dét@ IheRneralgAdGcaisHyl v, t he
upgoi ng Wﬁblﬁ] Thé bt Sodet @eéRehde ¥08RRNARELAN YA ARBARGudiRE &t ed
cl ose toget will be in ghase whi | e the downgoi ng wavefield signals wll .

be recor d&f Bloar@*gf}@é%e FUECDHC TRESY AT/ 1He thé%PFn P%@@lqﬁavé‘ Peerdbpr oposed
for usi ngetshiis sphas gurflnfal) een GRiter GuhedUaBort B8, %H@Cﬁﬁ)ﬁl ;ﬂ@él?hﬁﬁ aq.[aulﬁpd by
the surface reflection. Conventional techniques I ng of

i ncl ude cbmifcHY-FgNAHE SpisBissqpIse gontgisisatot ptmmgiamur@d @em@t it ofa detVr elds to
separ at € Qagvatd bh& B 6P 8eREntd € TintsCatanBahdd: QL gaPﬁF gﬁy tfe MRV EE T ghds 1 nto
up- goi ng and down-goi ng wavefiel d conponents. The up- goi ng fand

down- 90|ﬁ@“ﬁW@@@ﬁﬂ@ﬁmﬁveﬁmé@ﬁBMEWem@y@ﬂnabbwtﬁbtalned by conblnlng t he
measur e of fice e I cnty
mavefieraﬁbggr eggﬁéﬁﬁaﬁh'e%ﬁ%g(%l%gnﬁ$g?§8¥eﬁ&agﬁ l&ﬁdflgm§93e S
subtracting the pressure wavefield fromthe scaled vertical velocity field.
The scaling is conposed of the density,and |ocal water velocity at the
sensor divided by the cosine of the incidence angle of the neasured event.
The division by the cosine of the incidence angle converts the up-going
vertical velocity wavefield into an omi-directional wavefield that is,
after multiplication by the |ocal water inpedance, equal in absolute val ue
to the nmeasured pressure wavefield. The sign is -1 because the upwards
propagatlon of the vertlcal veI00|ty mavefleld |s |n the opp05|te di reotion

o - . Y o o NN A AT =



[0017]FIG 3 is a flowhart illustrating an enbodi mrent of the invention for
- determ ning an up-going pressure wavefield; [0018]FIG 4 is a flowhart
|IIustrat|ng an enbodi ment of the invention for determ ning an up-going
velocity wavefield; [0019]FIG 5 is a flowchart illustrating a further
enbodi nent of the invention for determ ning an up-going pressure wavefield,
and. [ 0028AnEe, pastiquiarly in) B0 Isuveys [apd Stateat RIRgUIS Seosorh dertistledyliimerarinef t he

i nvent i ongfradys d8b@EiTheY ﬂ&ﬁlc@é"dlbtﬂacﬂ&'eﬂgex\(ﬁksoSéﬁlyle\ﬁ@éé?efrét%#-‘QCnsBIgogr#%y% hic® the
invention wi|l be described in connection wWwth its preferre I ments,

it will beradisefescssasoarctused in plecs alenin addition tnmartllqlmwledtyt snsonesBartih t he
contrary, [ t r lves
nDdlflcatY%ﬁgwsg%gﬁéhgﬁegf n%%ﬁnﬁggﬁﬁgeg nggkhd%l&qh E?ﬂ%mg%ﬁﬁg of the
i nvent i onhydiepheedsi Wéldi‘cbyell héciapisexdeds mhjabmdeploﬁa'lbed thﬁﬁ);eDESCERt BYEl e OF THE

vertical Senagrt yeRokE hRR ol ARG ol RERETheT S BAFR AR e

envi ronne sﬁtnsorAmpy bsdaptayed togkttler ia aweriné aabeyy edllmeatécymfpaei 6k, paB R gf dria®s.

ort hogonalgyg |z n |Q fi.el ds are measured i onponent

t owed st rL %‘ Jiggfci\éﬁg 'gac SR STy 8dOPEC Sur‘beé(r eﬁeﬁga‘febf Onp&‘gé’?lﬁr e field

and verti slafacue’bplcalb'yatfabewds dinosaeil paridins sdsmiorreqtisitioc agiimnerit,ssuehmgut ed

from wat errlava%1 st | rrg ancel, th 1ivvo measuredﬁlgorl zQq ntal .velocity fields,

“and the red pres surBirse gcﬁcorgv’isﬁléﬁnlfdﬁeﬂﬁ’rtc rOtl’v@cS‘ RERIRERUIRGIS, ont al
vel ocity Th@iemtﬁl,lc kdmmMceﬁigﬂ eqiiipinbiet chupes 8ledigRic sangteroved @l el Byl IT Wt by

wavefield segarat on cal . deconposjtion in space tine

donai n at PESERMRIFEFL t8&ﬁ$?§ﬁ§ﬁiege§@ﬂ§15‘ress gEPiGraRED el spltadyeigny cehgs

rel axes t e etb@paecabpalileatrugarptowry ks YoBL dfofhter b ehorRRlid &hdy $@£artﬁ4t' on of -
the invention can he applied optionally after processing steps which

preserve M8 ﬂi‘ea%eisﬁ”cb&”\r/ﬁ?éﬁ 5y RBOHYTSE BB B Vey shigei Tpicpile lachuraliiy of BRisiEessur e

field. [O0&Z3hERktd Blved FaMHd e RBRAS sl AT Re §eYsHh@ﬁl‘elabﬁeﬂa‘:%thﬁls@ns&%'t@ﬁét&
sensors, but other particle npotion sensors, including particle acceleration

sensors, MayreRerteds agveficidseinifiagnd purths spiemicerse 9“%6#%%@ frem cuglectivens or

st r eaner SintdP@kdsi Cl@on\é@r{t%ﬁéﬂ BENSAUTe AiBark QS RRlaYn ?{?T%g\(?} %ngoli]se s a%
geophones and particle acce eration sensors are co y known I'n the art
as accel ehysiierhenas; bufseisipicestiepmers heverieen proposed thes cdatsiorwaterdatictevedrritpdi ment s
enpl oyi N9, HERPRRAES peolBbtinet B SarE S A

illust ratfon only a%eogl snengl!t I nté;értlc &8’998{ %ng§§sru§fs?tasr ?('l((:: gkn%]f)egsyfnhaddftlr?\r}entl on.
[ 0024] A plarhyidiaponept Twprg@n@@pnsgrﬁcamd@grtlalege@pm@morsasasdben@ptoycﬂml close
sensitivi t e he vertical ctl on,

convent i o%smm? g(gg)g%%r egeg%r(% ‘%grtrslsogg ”%}GS ﬂo%a a nydr %aBFOng" ggat%tto
pressur e bamgothe i ggomhone -add mgd:bplmmalco IEFdsa&dyvaet er hzmersulfﬂim:mtfspaﬁl dénsay @il m

wat er sur n.excel l.ent r sei sm c waves, an oth

reflecti olne%gogse% Eh%i tg%\tesg?c“v% AN feLCIreS rch?que & tﬁ% ﬁ%&?}]"?e ard g‘i}’pb(ﬂlerféﬁﬁf:t ude
and negat mwepdlatecsorgmrép@tatqdrte@mdn& thé graksefidli uignalt Behdowewedadby, propagati ng
wavefi el dﬁ) lbﬁ]l e% ed fro wat er ﬁurface Wi | | %ﬁ phase-shifted 1800
relative 18 b%a};hﬁl FHRHEH AGNE iTPRIRatier THePRIET cRle olheli WRYE ycontimies Up- goi ng
wavef i el dpepapael o QW@t@ﬁzﬂf stetelceat 8d vierdufiBQp h@ﬁhewﬁl'aﬁj 1R WMAroRdReR ! ocat ed
cl ose toggther he recorded 180 out of phase, while the down-going

wavef i el diQTyHsdY> caélfjrﬂf)ﬁ%ad"t‘ detgpteq by dhe EY?(S‘PR?@HGSNH th seamer feRiperdtientty of the
sea surf agefa6oRdigbbdiledtdr M 1R leBEMBA LNEHSEM A HOMAERLHPRe iR thn this
illustration of the invention, the up-going wavefield signal conpdnents
woul d be PagvbdRend is negaie in sign ifer RrRSUGEIEMaloi Ty Waveerdfletied e @naurface
conponent dr hone
ocor da B A e e e e PloP e B 182

typi cal | ydQrwarde drapagasiap syave rpeasdadstyi thg, reemiteys iseemrrdenly heferves t0| wsathe
conponent l.g e r 0 N1 of the
wavefi el dsu\?mfafékgﬁ%g}{%gh% ﬁg tSlgAaE]eE%dgtg agflv%ﬁ/%i‘[ }t/f?lF ‘E’)drogg!lhe% F&D%fr at happen
to be pr ogaglae anllterewhicle alebtys shovmalaodhes| ifi tige nesortld:tbs@mglreak@fo it dicficétnee

bet ween t [ sensar, ori-ent at then ver.tical
upwar d pr%g%{gg?tg g)tﬁtsiﬁg\égglﬁétgﬂk?n?naqt{l %e??en%&h%lnﬂu?\%ce(ﬁﬁ‘féurﬁfﬁl )

[ 0026] Thus, in conventional techniques, the recorded signal V, of a

verti cal geophone, a seismc event with incidence angle 0, needs to be
adjusted to match the recorded pressure wavefield P of a hydrophone. This
adjustnment is typically made by scaling the vertical geophone signal V, by
an appropriate anplitude scaling factor, such as: PC cos(8)'



in the space-tinme domain. Here, the factor pc is the acoustic inpedance of

- water, where p is the density of water and c is the acoustic velocity of

Wat er .

combined with the pressure field to give the up-going and down-goi ng
pressure maxﬁglelds 13% and Pd. ZJ IS i conventlonally done as follows:
thg arg amplified gid sge diggyepios are atigngpted.j 5

i nci dencefooog] e dgpapeenston RndBtshclPds FeHdphdreMNas GFbctRRA séRltivity, whereas

Pu=-[P
[ 0028] Si

m |l arl t he praperl
conbi neld Wpqurs"{"?lée‘\?%rr £ PS %@%@P?Veﬁ Hesp diot- o Agerdinglye thfpu@@lnﬂgw?&ﬁﬁeld

down- go
done as

[ 0027] Now t he scal ed vertical velocity field can be properly

reé]eggzlee @) Irﬁforded ﬁgn

cal ed pressure field can be properly

1

| NGy dekeGRU by %'cfé@;ih'foﬂe M\ﬁi\’rﬁ‘yﬁfo%h&% 1384 teANEhsY ZfLethdW Bl HeSn FIRRY Rfilonal 'y

foll ows: r cos

the downgom0 waveﬁeld sxcrnals will be recorded 180 degrees out of phase. Various
techniques have been proposed for using this phase difference to reduce the spectral notches
caused by the surface reﬂeétion. 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 measurementé 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 thé 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 multiplicati.on by the local
water impedancé, 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.



2[zpc and I-cos (0) Vd =-VP PC Again, as in Equations (2) and (3)

- above, there is incidence angl e dependence in both of Equations (4) and
(5). [0029]In the frequency-wavenunber domain, the anplitude scaling factor
can be expressed as: where Pco | , (6) is the vertical wavenunber,

ori zonial vavenunbers | PG SPLTRBOnGE THr OB HPNAr T ect] ons. Typi cal |y,
the two horizontal directions would be chosen in the in-line and cross-line
ol - viav O 8hai K¢ FHEmGR 4 Da0oLda1 Farirohe PO A baeBr BB 665 vher e

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 componénts;
[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] TFIG. 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.



is the vertical slowness and px and py are the horizontal slownesses in two
- Qrt.hogonal horizontal directions. [0031]In other alternative enbodi nents,
t'he arrplltude scaling factor can be obtained as a spatial filter in the
space-tinme domai n by appl ying an inverse Fourier transformto the

frequency- wavenunber d tude scaling factor
in qEquatl on (6) or by gg@ %%%Bgﬁéﬁm@gf%gﬁgﬁﬂ%ﬁgﬂﬁ%rm to the pl ane-wave
representation of the anpl | tude scal i ng factorI |dn Equatl (ﬁn (8) I

0032] Vv such as sure wavefie P a i ca
\[/el ocity E@\?gil el Bem\filtlogésr‘r%m @8(? N SERY B RESHAS 819 ‘éqnéca 8 ‘BW fetdsdrig a
down- goi ngp-wmit dbwekeing wamiaf Ri@}inda iﬁ@ﬁneeehaﬁmrgelm th@éd@mg SiblE S VRcaf vedd .
conpri ses oin i,el d conponent ' and_a down-goi ng wave |e
cogonent ﬁ%ﬁ aé@ t‘?%PWt \{g QIEPRIBY v ?‘1%‘}’ fetty 3t ropasined i §/multi@mpangnf goajed

vel ocity viedeki.eA ecaldg ROBPRl SRS f&r\seyﬁatﬁl@tl’i&pr’é@s‘d@fﬂeﬂ £haGRARANRRLitVELdand a
down- goi ngt wavefield conponent Vzd as follows: Vz Vzd Vzit [0034] Assune
e

that the GefdchdafliAEPEHE! SERHBgBrRAmPHEH] FeRtHterpagonstic] Ennpdineei thy two
conponent meafdKidAYEhidl VOIRLFEASI, %H@%’méa@ur@&igfegéu?éqﬁélg tB@/%[l&[lﬁﬁ% leQwo
wavefield. The particle velocity conponents nmay be cal cul at y rotation
froman i WF%%“%?IdI Rorigpitple yedonity clord diknaviedgy sf éfrﬁ Hﬂﬁlélf*?e Wlet iseelpdedhivdthef t he

inventi Onwai?efi'@lduﬂpﬂ*@ﬂld?xg 09 18Q¥Rs 9aboY d@ ﬁﬁ % 9 ac& epcﬁoeﬁ‘?‘a%r? LeeRRd
vertical velocity fields can be determ n ou edge of 1 ncidence

angl es. [ WoBBomAEnent sgseEatidreindersndantly and thUheelvedsctbcr tlslnsvspat@t samdingt S
Cart esi anas@&}m%entfﬁe w’%vgﬁ’eﬁ& g@gﬁiﬂoﬁt Q)?rtgé @%ﬁtl(ﬁ’ly z?&ne[]% %Egl%egptfoﬁz%@ hgf{gp

designated as the x, vy, Irections esi gnat ed rence
numer al s Ooessing sipg W_bB?h Wre@p@cfthﬁ \Ieﬂlwbefwemethekﬂ@rzmaxh welddty fGaddsr @slpthadi ng t o
depth, is,oriefed Wth positive values in the downward direction, by
convent i oh. Ef%e vel oci ty vector V 13 is oriented making an angle, the
i nci dencel0828] e Bartide nwitioh s¢rtsers\aey typeally pardixle selbRity Fnsor€alit egicapartclaponent s

nurrer o s a0 erirs PR 3Gl KEERGion srte® ek B B0, Geeatlel BBRE e

vertical vebagistisosdndodaatsoVdredmerss PgmMEnzelbyhty sédlsorﬁ@ﬁe c(oQ);TBQZn( @bwgvmig ;a EI' Ee
tude,l VIl of t t iven +V+i C e
noct zont alte b Borarints gt bk G Bty Seiofe vonm b e BB B0 e8d 1 nt o

t he hori zantladoméetoCi lee ﬁte@éndﬁn%nhd;ﬁwﬂﬂ@e \¢sckbed [Ma3&hIdMURentd Emplaginyel oci ty
conmponent s V e neasured, .then the angl e- dependent scal ed

verti cal PRdet: ﬁ’“’f %ésl H¥n3oh ¢ St i greipRciRy ilpstratiop %(%%Pdtﬁ/ n?“rféteg‘ik&r’f@d

scal ed nﬁmiebtdendhfof&]{bﬂn%ﬂh@pl ty vector, using Equation (12), yielding: PC
V = pc Sifb %X]z )1VI, .cos 8) wher e g is water density and c is local water
vel ocity, Q t hd gfo IQN SEISOIy PRFB S 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 ata
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
togethér 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.



V' IE sign (Vz ) = -1, for up-going wavefields, and 11721+1, for down-goi ng
- wavefields. The sign(V2) termis required to retain the directionality of
V, on the left hand side of Equation (14) with the omi-directional
wavefield IVl on the right hand side of Equation (14). The right hand side

6f Equati g §14) wikas a”@d%@&égeg&%&dggiﬂé ‘?otﬁe&%%‘ﬁ%@c ?1*8“8‘%0%9 . O]:/er%%a?

i nci dence"angle is thu ng neasur e ponent s
i nst ead. g@@@aﬁ]s&srtyplaaﬂlyyl,tilii@rin peiesBpracessigs ol recotds| th(zvqmq:md: todhponent of

0038] Sub ut quati o uat i
E:al cu} at eﬁl%hevﬁﬂewu Oi hrec“oﬁ%h}; c];flv\l/?1e 'S icﬁlgcQg'Ppé’E%rﬁrpg l\f)‘é%/ygf?lglwdl?mﬂ be ﬁqa{*’i
si gn(Vz) 1 tRe (oﬂaT),vavﬁyslcEﬁpuangnamtmﬂ&bpemmtprmgétgn%veh&alsﬂukbg\:tadra?d]t Iﬂeols) pu 1

clVvV 2(18 substituting Equati Into uat i on

JPelds o NEASEy o Ty BeFATLine HEHOME SE M b SO oyt Db VP P —1
pc sign (Mavardprédabbd®)is B(anEﬁt‘}tﬁlhll}Odibf(n%@l)y mEﬁl%lﬁJe'aﬁQIe@LgO is equivalent to:
There is cidence angl e dependence i n any of Equations (17) through
(20). [Oog’gfg}bsp?ulsu‘fllcﬁbveﬁai’}&ﬂ FB'FI“‘%‘T@)“‘? FPFBrdEﬁﬂé?ql nof #yerijsabpepphencnaw way
to cal cul &listi¢ Bentith gRidtgca Bkl OV @O0 ¥Rl foymmay akiredotieY p 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(6) v

in the space-time domain. Here, the factor pc is the acoustic impedance of water, where p is
the density of water and c 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__pc
Pr= 2 [P cos(6) Vz} @)
and
a_1 pe .
d _2{P+cos(¢9)Vz} G)

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:



Simlarly, substituting Equation (16) into Equation (5) yields a new way to
- cal,cul ate the down-going velocity wavefield Vd: Again, as in Equations
(17) through (20) above, there is no incidence angle dependence in either
of Equations (21) and (22). [0040]In the followng illustrated

enbodi nents, the invention applies to neasured-fields obtained from
acquired seismc data. In gener%hh_ﬂ19 WeR eﬁgaéained" shoul d be

interpreted broadly to include retrpevi ng ghe asured fields fron1s@%rage,
such as, for exanple, fromconputer menory or other conputer readable
storage mmdi a such as tapes, disks, and hard drives. [0041]FIG 2 is a
flowchart illustrating an enbodi nent _of the inyention for determ ning
up-goi ng and down- goi ng pressurjﬁgpd elamﬂﬁy vefields. This general
enbodi ment covers the cases shown Th 'Uat(png (17) to (22) above. [@®4Z]At
bl ock 20, a measured pressure field P, a neasured vertical velocity field
Vz, and two neasured orthogonal horizontal velocity fields V, and VW are
obt ai ned. [0043] At bl ock 21, a scaling factor is determ ned fromthe water
acoust i ¢ MERjedant Edpriions kb ad {3Liakeye.pherg gs incidened enge deperdenteoinkbadd of and t he
measur ed ﬁm&ﬁg@g@q&d(g!ocity fields V, and Vy, from block 20. [0044] At

bl ock 22, one of 'the neasured pressure field P and the vertical velocity
field Vv, [0929calladthpyfrequencycuavierynties ctontairt, r Hen anmditude 2scalifen Gy Aganbbock 23,
one of thg neasyred pressure field P fromblock 20 and the neasured
vertical velocity field V, fromblock 20 is conbined with one of the scal ed
vertical velocity field fromblock 22 and the scal ed pressure field from

bl ock 22 . This generates one of the u &going and down- goi ng pressure and
vel ocity wavefields pU Pd, Vn, and VI=at, the nmeasurenent position. (®his
met hod of the invention does not requike any know edge of the incidence
angles. [QO46]FIG 3 is a flowchart illustrating an enbodi nent of the

i nvention tor determ ning an up-going pressure wavefield. [0047] At bl ock
30, a neasured pressure field P, a T%Esured vertical velocity field V." and
two neasured orthogonal horizont &, =v. (Hkﬁkkﬁelds V, and Wy are abt@ijned.

[ 0048] At bl ock 31, the nmagnitude IVIYEf the velocity field V= (V," W,V,)
is calculated fromthe neasured velocity conponents Vx, VW, and V, from

bl ock 30. The magnitude is the square root of the sumof the squared

Car t esi an's &snisoisahnvavengmbirno Edafits the angdyr frathiereycdfon frequescit fhenddkraedth onal

wever i ol e 8aaRAEE RSk tpstsSh fud BhiboBR Bl SRR TR@EM g 4 1 om
bl ock 31 liosizental|dardetipps tweld be chosen in the in-line and cross-line directions of the marine

seismic survey.

U

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

expressed as:

P .
_— 8
D, 8)
where
N S
P-= ? Px py . ®

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



wat er acoustic inpedance pc. This equates the omi-directional velocity
. wavefield 1Vl to the omi-directional pressure wavefield P. [0050] At bl ock
33, the scal ed magnitude of the velocity field pc VI fromblock 32 is :
multiplied by sign (V,), either +1 or -1 corresponding to the sign of the
measured verti c?h velocity field as gi ven in Equation (15). This terin
brings t hd SeAtiat filiert indhe sedccatiers domago Py gpmaing fan dpyesse Fauyien frandeowntogdi ng
vavef i el dgedutddy-Raekurh B Qorhfif rrakats St litﬁ’c\ig\égjlihg !fzgt(ir [lrpgﬁlldllﬁi &ﬁks 31
re velocity

%
t hrough 33 are equivalent to scaling the neasu vertical vi field
V, from bPdwierBlyingyantimerse fapernirangiosm 4 fheplanaotaye repprsaniation (o2 B avipitude as

shown i n Gauat habr ihFhatioch@§52] At bl ock 34, the signed, scaled magnitude of
the velocity Tield pc sign(C VDIV fromblock 33 is subtracted fromthe

nmeasur ed 9083k ur Wapefields, such s etiressiee 3Guveficdd B3hdthebyeniddel 8Focityheavefitit r act i on

result frp LS il 4 I.Z1 factor, . A, _Thi ener at es

t he up-goi z%%@%ééﬁ?%h%@%?éﬁ gf nglp g%{en?%ga@n%dg@ ué}gnr%ﬁ%‘}eg%lg iP ling?ﬂengg%éi ven in

Equat i on ¢xemple, lOF4sTieevaleficld gocammgprizee 8s upeoingwedvefitld cBaipbienolpt andied by

fol |l ow ”%th&o?x%’@axjeﬂgli %O@IE x{.eﬁtﬁd%f&[@%"s‘@ha” in FIG 3 and replacing the
ock 3 W th a i

“subtraction in summat1 on, as given in Equation (19). This
result is also equivalent to Equation (20). [OO055]A simlar process can be
followed to obtain the down-going apd up- gjg,; ng velocity wavefields Vvd and
Vu, as given in Equations (21) and 2‘2;5 frlespectively. FIG 4 is a (10)
flowchart illustrating an enbodi mrent of the invention for determning an
up- goi ng_mﬁé city. V\{aéeftil;el d. [0056] At bl ock 40, a nmeasured pressure field
P, a meas veriiady. Yevaricelyvelqedy gvavebield o eompeiseredis up-geing rvavefidhal

hori zont %omb@hé?ﬁ'ﬂ”)ﬁndh@é\ﬂﬁg&ﬂg(wé’%ﬁemo%‘p&eﬂplt’zabé‘t%ﬁows[;0057] At bl ock 41, the

magni tude 'Vl of the velocity field is calculated fromthe nmeasured

vel ocity conponents Vx, Vy, and Vz, from block 30.. The absolute value is

t he square root of the sum of the qﬂl@f/eq_.lgz‘,artesi an conponents, as iﬂ19
Equation (13). [0058] At bl ock 42, the nagni‘tude 1\ 71 of the vel oci t)(/ ield
fromblock 31 is scaled by the

[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 6 14,
with the vertical z-axis 12. The Cartesian components ¥, V), 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 ¥, 17 is given by:

V], =|V|cos(6). (12)



wat er acoustic i npedance pc. [0059] At bl ock 43, the absolute value of the
-vertical velocity field 1V21 from bl ock 40 is divided by the magnitude 'V
 of the velocity field scaled by the water acoustic inpedance pc from bl ock
42. This generates the following scaling factor: [0060] At bl ock 44, the
scal i ng fgﬁg bl Wlﬁf%‘jefﬁ? WL%&I\; Ffis%%eﬁg  measured pressure field P
from bl oc% ng [rfé)a%g]i AL ol 6CK § the scal éd pressure field from bl ock 44
is subtracted fromthe neasured vertical velocity fi-eld V, from bl ock 40.
[0062] At bl ock 46, the subtraction re At fror block 45 is nultiplied by
normal i zing factor 1/4. This gendVatg&, tHé tliZ goi ng vel ocity wavefi ély V'

at the neasurenent position, as given in Equation (21). [0063] The

down-goi ng velocity wavefield Vd is obtained by following the sanme |ogic as
in the fl -t o] I i tracti ' .0 with a
sunmmat i on?MgE@rggio\l}gg c%&gg]ﬁtaﬁgg t?‘a%?\fi&?%b%gf F\ztﬁi 5na%r %éag%%ﬁglgf%gi lgéntf:ﬁg angl es
or decr eabiriggnigk vebosive fieldp it egndiy 16.he accuracy of the wavefiel d separations
in Equati 18 ( . ﬁ@Q can i y f oW ng
errbogi ment s 8¥ t?éusi ﬁ&)eler:ltv %l(g)%?ycl cﬂé@%%’h@? g&erﬁgg%ﬁéﬁarse? ) th%ﬂghﬁ {lglr%!let ations
in the apg@rondsht scaké reripal Weloeifyelidh oeEquatidiy(latinbesrepaddd Hyhthosigied( 3kdar e

di scussed - ): - i .relates the anplitudes of

t he up-golinﬁ%h%ﬁigjgﬂ&g%\%l%ﬁr‘{géé%?{egsng%]?@éag@g?i’gﬁeﬁ]slﬁﬁ?u and Pd to the anplitudes
of the velocity conponents Vx, Vy, and Vz, and the unit slowness vector |
by the followng: (25) vy 1 (pd u)i)y(26) pu) z(27) P=Pd+Pu.(28) Here, Z
= pc(29) is acoustic irrpedance,-J?%erezgydssgqupﬁVF,y of water’ and c i g14)ocal
water velocity, and 14 cos(& :

where p is water density and c¢ is local water velocity, and the sign of V; is given by:

V, _ sign (V ) _ {—l, for up-going wavefields, and (15)

+1, for down-going wavefields.

The sign(V) 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:

P (16)

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

going and down-going pressure wavefield P*:

v 1 .
P ——2—[P—pc51gn(Vz)

VU. : . (17)

10



is the unit slowness vector and its Cartesian conponents. [0066] From

. Rquations '(25), (26), and (27), the scaled and signed magni tude of the
particle velocity vector used in Equations (17) and (19) (and as rewitten
in Equations (18), (20), (21), and (22)) becones: [0067]1f there is no

everlap b n up-gei ng. and..down- goi ng wavefiel ds, then: pdp" = o ,(32)
and so qugpﬁoaﬁlor?@fg%rqg hoé‘gg”t‘%?quzggﬁngﬁ(v) 1V1=(Pd -Pu).(33) Then, from
Equation (33), the up-going pressure field Pu in Equation (17) becones: -1P
--1Z sign(17z) 1V1=-1(Pd +Pu)--1 (Pd -Pu)= Pi|l 2'222 (34) Equation (34)
shows that the wavefield separatjpnl r@abHI) troduced in Equation (18)

gi ves a proper up-going pressure fiel 'Pult nfyiif the up- and down-é )ng
wavefields Pu and Pd, respectively, not “'ovetl ap. A sinmilar condition

al so holds for the wavefields in Equations (19) through (22). [0068] Next, a
further set of enbodi nents i s discussed. |In these enbodi nents, the scaling
factor isSEWgHesybyitepedidpation {4 ine Aiguptin @) aiskdsransw avay tarvdlculats theo

or t hogonakoigdittRhre BV OEId y2.fi el ds (the vertical velocity field is

repl aced). By neans of this new approach, inaccuracies are circunvented at
hi gh emergence angles and small tow ng depth, that is, where the up-going
and down-goi ng wavefiel ds overl ap,; so: pdPu(35) The up-going pressure field
P" can be constructed accordi n@‘fyif[n"dﬂpéqgaém()ﬁw](ﬂ) and (28) as: (19)

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

d_l pc|V|'
P —2[P+ |V| V,|. (20)

z

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 7*:

P}. @D

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

down-going velocity wavefield V*:

v =1{VZ +

z

vi

: P} . (22)

pc

Again, as in Equations (17) through (20) above, there is no incidence angle dependence in

either of Equations (21) and (22).

11



[0069] Usi ng Equations (25), (26), and (28), it can be seen that the second
-{ermin the right hand side of separation Equation (36) contains the

angl e-dependent scaling factor: Zpc 1- z2v2 z2v2frx2 _ i3; cos' p2xp2Y as
in Equation (2). The wavefield separation expressed in Equation (36) again

Ras no exglaxsfi t nd i.s valid. now for .all incid angl es,
w th excoped]' o RLERRIHRA%K SRR BE Y uiea S kypPEn2eGo)
Care is reganedefiomncdiint stismichijtas malgknaralrhe veord Nobitdigeds cirduldBe fodsgpreted
conput at i Lhh, Equation .(36 [0070] Si.m.| ar | t he down-goin ressure
fi glp d canggé%dl%éong}c;&tﬁl%tr%aévég the meﬁﬁué%dggglﬂﬁrf)gyﬁfﬁ% iS‘bc(r?i‘_ 3(58?01 e_f‘%ﬁgli’] B 5is
a fl owchacdmpukdr msdnicay bnother doutputee Feadatho shormaincdifa sublead AYRNHIsKY) afi®hard

determ ni ng an up- goi ng pressure wavefield Pu This process describes in -
more detal T %the method illustrated in Equation (36). [0072] At bl ock 50, a

measur ed [00d$pur BIG.i 2lsd BwcharBiastitiag ay eibbdimbnr @ tHRGhiektibl ) de@tdnipo
measured orthogonal horizontal velocity fields and VW are obtained.
f

v, | :
[0073] At H-8RE &l downzgoing preysyre andyelqedty avavefieldsn dbisteersiecnbodiaeat coxgrsust i ¢
| npedancethéeaspEshotvilén ARAGUEQU7)RG EBFHERef i el d P from bl ock 50, and the
measur ed R) rizontal velocity fields V, and VW, from block 50. The scaling
factor is éf‘éﬁn By blogk 28\pmpasyked pressure SiejdoBrumagsudoiericabyeledie fikh&ur ed |

¥er ti (l;lal ééﬂ'St(]Q_'G nfeXsurd Rdrhodonafl KRB RAIRLIROfiLEs ﬁxca"illh@(yj ald¥%blafteqscal ing factor
rom (0] .
[0043] At block 21, a scaling factor is determined from the water acoustic impedance pc,

the measured pressure field P from block 20, and the measured horizontal velocity fields ¥
and V), from block 20.

[0044] At block 22, one of the measured pressure 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 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? 7* 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 wayeﬁeld.

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

[0048] At block 31, the magnitude [V| of the velocity field V = (V,,,,V,) is calculated
from the measured velocity components Vs, V), and V,, 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



[ 0075] At bl ock 53, the scaled vertical velocity field fromblock 52 is

- subtracted fromthe nmeasured pressure field P from bl ock 50 [0076] At bl ock
54, the subtraction result fromblock 53 is nultiplied by nornmalizing
factor 1/2. This generates the up-going pressure wavefielhd gi at the
neasur ement .NOS §d 07 The do g
pressure’ I&gl&l ? iédef)}ag}]grcli “?ZZ %?Ig}nlnglg -1 g&%tsh%vmg%@ﬂ%eh satrYreblelnéeaF%r aé’gl%p’aqt he

f 1 owchar t veleritFIfEld & gveh in djglhatonr(s)t h"Ehls teloh r’oangs the dlsnndnioncblet“&sn wpighing

summtion Equat i on 7 measu red essure
field P anﬁve% @og??zi/ndfdf“év &gln%"v,avé;zeﬂasa(%‘)q?‘?? ,nyswggﬁ]ﬁl‘ H6HAY W@Yeffﬂfjal
velocity [005¢}an Bickod1sthiought #aré equivabens &t scang tﬁQr?x):as;&ﬂ:g veRiBA v;%bbmtyh field )
[0079]USI t] 2 2 28), the second termin the right
hand si de g%&f%f’yt&l lox DOS)ﬁéltnﬁgﬁa ontains the angl e-dependent scaling
factor: \1 1 Z2Vx2 Z2 P2p2 \11 1,x2 fiy2 cos Zpc as in Equation (4).
[0080] Similarly, the down-going vel oci t)(vf ield VI can be constructed as:

| p; |, (23)

z

as shown in Equation (18).

[0052] At block 34, the signed, scaled magnitude of the velocity field pc sign(V,) |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 ¥, and V, are obtained.

[0057] At block 41, the magnitude [V| of the velocity field is calculated from the
measured velocity components Vi, V), and V,, from block 30. The absolute value is the
square root of the sum of the squared Cartesian component.s, 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:
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vd = 2 + 1- Z2V2 Z2V2 p2xn2Y P (42) anal ogous to Equation (5).
-[0Q81]FIG 6 is a flowchart illustrating a further enbodi nent of the
fnvention for deternini ng an up-going velocity wavefield V. This process
“describes in nore detail the nethod illustrated in Equation (40). [0082] At
Bl ock 60, a measured pressure field P, a neasured vertical velocity field
Vz, and two neasured orthogonal horizo tzbl velocity fields Vx and Vizﬁkrie
obt ai ned. [0083] At bl ock 61, a scali ng;d]\a|c'tor is determned fromth ter
acoustic inpedance Z = pc, the measured pressure field P from bl ock 60, and
t he measured hori.zontal velocity fields V), and VW, from bl ock 60. The

scaling f ﬁﬁ)%@f | 8¢ gio\él@ Ql4,b tre scalirlzgz}‘é%to;%% bl]b-ck Q&Xills) ZmSlﬁg'ﬁed 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 ¥, from block 40.

[0062] At block 46, the subtraction result from block 45 is multiplied by normalizing
factor 2. This generates the up-going velocity wavefield V* at the measurement positior, 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]  First, 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 V;, Vy, and V,, and the unit slowness vector p by the following:

_ 1 d u\ n .
'V"_'E(P +P )px | (25)
1 2\ a
V,=—(P"+P")p, (26)
IR
Vo=—(P/-P")p, | @7)
P=pP%4+p. - . (28)
Here,
Z=pc (29)

is acoustic impedance, where p is density of water and c is local water velocity, and
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[ 0084] At bl ock 62, the neasured pressure field P fromblock 60 is scal ed by
. the scaling factor fromblock 61. [0085] At block 63, the scaled pressure
field fromblock 62 is subtracted fromthe neasured vertical velocity
wavefield V, fromblock 60. [0086] At block 64, the subtraction result from
bl ock 63'is multiplied by normalizing factor 'A. This generates the
up-going velocity wavefield V' at the neasurenent position, as given in
Equation (40).. [0087] The down-goi ng vel pci,ty wavefield VI is obtained by
following the same logic as in thePAi(@wchaft) in FIG 6 and repl aci n§&® he
subtraction in block 63 with a summation, as given in Equation (42).

[ 0088] The net hod of the invention provides wavefield separation based on
mul ti- cioreangelbwhéd veromrant ak CafaianicomBonealsoci ty nmeasurement. The

angl e- de nt scaling .needed for wavefield separation is automati cal
ob?ainedqﬁﬂg tH%Oﬁrgﬁgﬂwg 'éﬂagbﬁﬂdﬁgpi§8n$ékgéﬁﬁﬁ&ﬁ@hﬂ@g@ﬂmFH€‘bartiZIe

velocity fart@idveldoitd Meétbieuso @5 Byia8omd 7] kMdE@9)RAS We RMridf tEBlARo&QTRENENt S
of the p%hblﬁ%e viégclty vector, the wavefield separation is conputed
local Iy i@ k) ePdE2dsedndonai n and wi t hout knowl edge of event angles in
t he common source vvavefields. This relaxes the dense spatial sanpling
assunption and the requirenent for incidence angle information. The
wavefield separation nethod of the invention da¢s2noe)need any user

i ntervention and thuﬁk@aﬂ?@ﬁVhpp@h@d)Wﬁ-dBﬂ lppggésgiLgépbnters or g)the
seism c vessel as one of the preprocessing tedéﬁ-ﬂ@@89]The met hod of the
invention is nost accurate when, not encunbered by anplitude treatnent in
caustics (i.e., crossing of multiple events) by the geonetrical ray

appr oxi h&A- r..enbodi nent. sone. processi ng operations nmay
be applrggb?g tﬁ£9§%§£Pé239%§F$@?%%y- %&ﬁ1ngggwggﬁwﬁgpvﬂ%i#h@eﬁavefieId
separation. In order to exenplify sonme possible operations which woul d not
affect the quality of the wavefield gg gr%tion of the invention, the
‘neasured data, V, W V, P, are assu toVconprise an arbitrarily di3ping,
curved event. Then, a space and tine variant invertible scaling function
A(x,y,t) is first applied. The process of wavefield separation from
Equation‘P§®§Eﬁé@ﬁﬁég?“ﬁu“ﬁﬁ¥ch is identical to an up-going Iwavefield Pu
multiplied by the scaling function A(x,y,t). After renoving the scaling
function, the original up-going wavefield Pu is recovered. [0091]In yet
anot her enbodi ment, the neasur@ﬁquygﬂVFkgsfvru,: V,and P could be tﬁ?tered
with an arbitrary invertible filter t rior to insertion into Equation
(36). From Equations (25), (26), and (28), the follow ng is obtained by

conveni e factoring: FErpU= 1 F* P F*V
) nIthen,afrcom Equaﬂon (33),Qhe up-go%ng pressure t{gld };" in Equation (17) becomes:

%P—%Zsign(lfz)|V| :%(Pd +P“)—%(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—goiﬁg 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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\11- Z2 (F*Vx)2 22 (F* Vy)2 (F* P)2 (F* P)2 F*p F*T7,
-2 .

that is, where the up-going and down-going wavefields overlap, so:
- PPt 20. (35)
The up-going pressure field P* can be constructed accordingly from Equations (27) and (28)

-as:

p=lipo z V| (36)

22 2
R

[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:

4 _ Z _ pc 37)
\/1 7v: ZV; [I-pi-p: cosO | ‘
R

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 8 = 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:

pi_Llpy 4 V.|, (38)
. 2 Z2Vx2 Z2Vy2
=5

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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1p2(F*(pu+tPd))2 Py2 * (PUPd 2 X (F* (pu pcl))2(F* (pu pd ))2

. (45) where * designates convol ution. Equation (45) is now identical to a
filtered up-going pressure field. The original unfiltered up-going pressure
field nay be recovered by applying an appropriate inverse filter to the

fiilter Bg fil %C p||%§tl rlgﬁg } a¥%|ld f%altmp apd h ?f

di mensi on | ¢ &f & Peasiee pree guged, Merticpy yrdenitss

one- di rrenﬁid&{aaIm&sdr@&drmog@ﬁpmdra@mslwmﬂy ﬂéle?‘VPcan@e&%lnglm%Heps such as, for
exanpl e, out. Moyveout includes_ |jnear npveout ( MO), normal noveout

(NMO) an@°a§1 a At Pleplc . aprading factos js defromined frogths watgy asgussigdmpedpnseed Td f or-

two and thyr e HiABes F@ﬁ&%l’e fidld P&Fotn bIGER< 50, )and TRESGSREPEGSBhABVIIRPFicBY TUN
prior to the wavefield separation of Equatlons (36), (38), (40), and (42).
V. and V,, from block 50. The scaling factor is given by:

z
2 2P 2
-2 0 2y
\/ PP

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

[0075] At block 53, the scaled vertical velocity field from biock 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 tﬁe 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 7, V,, and V,, the up-

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

2772
\/I—Zszz_Z Vy
V —

2 2
Ly PP p| (40)
2 Z |

[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:

72 22
\/_ P p? lel_ﬁf—ﬁi_cose 1)

A Z pc’
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[ 0093] Some two- or there-dinensional filters describe the process of noving
-and changing the dip of seismc events in the two or three di nensional
space. One such filter, conbined with a scaling factor, describes the
process of NMO stacking. Stacking may be run prior to the wavefield
geparation of Equations (36), (38), (40), and (42)). [0094] One ot her type
of filter, conbined with a scaling factor, describes the process of

m gr at i onas iVEguagibn G). can be run prior to the wavefield separation of

cvent s el ORD S SRR ar g BiA R PR Ao r e SRR RE T channel

mul ti-conponent filtering prlor to wavefield separation. [0096]1In yet

anot her enbodi nent, whi ch goes beyond the ray theoretical limtations, the
separation of crossing events may be jachizpv ¥ tnansform ng the neasured
wavefields Vz, and P to the tenp i frequency domai n by

appl yi ng Fouri er transforns Vpr - i tAt.o Equation (36). (42)om
Equations (25), (26), and (28), “and with the exact {relation: -VP =

i copV(46) between pressure and particle velocity in honbgeneous acoustic
media, the follow ng is obtained by convenient factoring: FT ( vz 1 1FT
(202 1FT(zvy )12 (P) 2FT (P)

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 V;,
and two measured orthogohal horizontal velocity fields V; and 7, afe obtained.

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

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

\/1_ vy 27,
P2 PZ
YA

(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 ¥, 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 ¥ 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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FT (P) FT (112

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 sepafation is computed locally in
the time-space domain and without knowledge of event angles in the common source
wavefields. This relaxes the dense spatial sampling assumption and the requirement for
incidence angle information. The wavefield separation method of the invention does not
need any user intervention and thus may be applied in data processing centers or on the
seismic vessel as one of the preprocessing steps.

[0089] The method of the invention is most accurate when:not encumbered by amplitude
treatment in caustics (i.e., crossing of multiple events) by the geometrical ray approximation.
[0090] In another embodiment some processing operations 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
invenﬁon, 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,2) is first

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

APt =L 1p_ Z .|, (44)
2 Zzlexz Zzleyz
1- 22p2 - 22p?

which is identical to an up-going wavefield P* multiplied by the scaling function A(x,,1).
After removing the scaling function, the original up-going wavefield P* is recovered.

[0091] In yet another embodiment, the measured wavefields Vs V, V., and P could be
filtered with an arbitrary invertible filter F(z) prior to insertion into Equation (36). From

Equations (25), (26), and (28), the following is obtained by convenient factoring:
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Fepi =1 Fap- _Z FV,
2 \/1_ ZXF*V,} ZXF*V,)

(F*P)* (F*P)’

F=pP— Z F*V

l_ﬁi(F*(Pu+Pd))z _ﬁi(F*(Pu+Pd))2 z s
(F *(P* + P%))? (F*(P" 1 P7))

(45)

N =

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 éteps, 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 Vs

V, V,, and P to the temporal and spatial frequency domain by applying Fourier transforms
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2 Ck (pu + pd CO

prior to insertion into Equation (36). From Equations (25), (26), and (28), and with the exact

relation:

-VP =iwpV (46)

between pressure and particle velocity in homogeneous acoustic media, the following is

obtained by convenient factoring:

FT(pu)Z% FT(P)- Z2 —FT(V,);

_|Fr@n ) _|Fr(zn)

Fr (P |FT(P)f
1 z
=51FT(P)- — _FT (V).

he(pabt) (PP

1-12 -

L |+ B[ prapef @47

where tilde designates Fourier transformed (FT) quantities and | | designates absolute value
(modulus) of complex quantities. The result of Equation (47) is identical to a Fourier
transformed up-going wavefield, FT(P*), which is not restricted to ray approximation. Ahy
zéro by zero divisions in the Fourier domain are removed by techniques known in the art.
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
bdth 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 FT(P").
[0097] Of particular interest is a combined approach comprising conventional inline
scaling (for example, in a w-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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(47)

is needed in addition to the pressure field and vertical velocity field properly sampled in the
- inline direction.

[0098] In another embodiment, the method of wavefield separation according to the
invention, as described in Equations (36), (38), (40), and (42), may also be extended to
handle complex seismic traces in time. Complex traces are calculated from real measured
traces by using the Hilbert 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 By means of computers, in particular digital computers, along with other
conventional data processing equipment. Such data processing ecjuipment, well known in the
art, will comprise any appropriate combination or network of computer 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] 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.
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where til de designates Fourier transfornmed (FT) quantities and | |

- desi gnat es absol ute val ue (nodul us) of conplex quantities. The result of
Equation (47) is identical to a Fourier transformed up-going wavefield,
FT(Pu), which is not restricted to ray approxi mati on. Any zero by zero
divisions in the Fourier domain are renoved by techni qgues known in the art.
The process given by Equation (47) E<EM es the scaling given in Equations
(6) and (7) for the conventional wavefield separation in the -
frequency-wavenunper (co-k-k) domain. Al though the scaling is conputed
differently, tWecltRiival ence is shown by prenultiplying both the noninator
and denom nator by co/c in Equation (47). The original up-going pressure
field Pu may be recovered by applying an appropriate inverse Fourier

transf or MGld Fremghed fopcomratie presswe culdarertioat splegity” figlda measidhiadtosyspr oach

COMPI | ST NGreGAMN S LORGh b 4 sl | ASrllQlof¥AGRLE, TN @ Wk domain) and a
cross-line angl es deferm nation fromcross-Iihe notion sensors as in the
met hod of t he obipirdrg 2 onecaspigd tngssure dpdd, onmgasnesl eti¢at onloaity delip @nériwo

measured orthogonal horizontal velocity fields; and
using a programmable computer to perform t}.le- following:

determining a scaling factor from water acoustic impedance, the measured
pressure field, and the measured horizontal velocity fields; and

scaling one of the measured pressure field and the measured vertical velocity
field by the scaling factor; and

combining one of the measured pressure field and measured vertical velocity
field with one of the scaled vertical velocity field and the scaled

pressure field, generating one of up-going and down-going pressure

and velocity wavefields.

. [C2] The method of claim 1, wherein the determining a scaling factor and the scaling
comprises: | |
calculating the magnitude |V| of the velocity field from the measured velocity
components V;, ¥, and V;
scaling the magnitude |V| of the velocity field by the water acoustic impedance pc;

and

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

[C3] The method of claim 2, wherein the combining comprises:
subtracting the signed, scaled magnitude of the velocity field pc sign(¥;) |V| from the
measured pressure'ﬁeld P, generating a subtraction result; and
multiplying the subtraction result by normalizing factor %%, generating the up-going

pressure wavefield.

[C4] The method of claim 1, wherein the determining a scaling factor and the scaling

comprise:



is needed in addition to the pressure field and vertical velocity field

- praperly sanpled in the inline direction. [0098]1n another enbodi nent, the
nmet hod of wavefield separation according to the invention, as described in
Equations (36), (38), (40); and (42), may al so be extended to handl e

' I i sm ' e, | cul ated f I
reacur od 1 acce b ERe Tl e BRPPLESR LG he SBuEBrSHie ™ rvent on nas

been di scussed above as a method, for illustrative purposes only, but can
al so be inplenented as a system The systemof the invention is preferably
i npl enented by nmeans of conputers, infﬁ%y icular digital conputers, along
wi th ot her conventional data processing@pquipnent. Such data processing
equi prent, well known in the art, will conprise any appropriate conbination
or network of conputer processing equi pnent, including, but not be [imted
to, harduare (procesanssis whEIRALA i IRE!VROSRIC ! HA0R. AL Sy, and any
ot her appropriate conputer processing equl pnent), sof t'ware>(opera ?ng

syst ens, appl i cati onlopitolieldVes (Vad, Herdi| Kbis ppsobtavalle ditler mesyredndtiany ot her
appropriate sof twarg) igpﬁ){lgp@ctions (el ectrical, optical, wreless, or

ot herwi se), and peripﬁ ral's {input and output devices such as keyboards,

poi nting devices, and scanners; display devices such as nonitors and

printers; ter re le, stora nedi a.such as tapes, disks, and hard
drives, aﬁgﬁgﬁguﬁ?%@¥ﬁgggﬁ3ér|%¥%9§56PB%EW¥¥meB§TOO] I n anot her
- enbodi nent, t heabiraviegttho scadulettidak velopitye eldt fash ake hiesuf®lt pesugesaai ped
above, specifically carried out .using a programmable conputer to perform
the method. In anoﬁﬁ@?mgﬁﬁ3HWﬁ§H?1m?ﬂ%aWﬁvention coul d be inplenented as a
conput er pr ogrranitiplytigete subt@ctDanpiltely hamdrithe fAeRe A Bendthiidy thb@pRoRgr am
having | ogi c operable to cayse a programmuabl e conputer to performthe
met hod descri bed aﬁﬁV@?eVﬂW%ﬁ@ther enbodi ment, the invention could be
i npl enented as a conputer readable mediumw th a conputer program stored on
the nediu such that the program has |ogic operable to cause a :
progr arrmagfl% chtepgtd ‘{félaﬁ’éf‘f‘%?%“ﬁ fhe crRBPREE QBBEfShed above. [00101] It
should be undefiaiast ed yilie REBGEA the IRARIM pResit Bl oARRARLRT T ON OF
specific enbodi ments of this.invention and that numerous chaﬁges,
nmodi fi cations, and SEhmetemEsWieand o t he di scl osed embodi ments can be nade in
accordance wt e dinse : | : i I of the
hvent on. The g SRRt WEhEo horRBltp RERt 14 BRCRELL Sy RSPRE, ¢ 1o
"scope of the inventprassire Ratdlield, the scOpe of the invention is to be
determ ned only by the appended clains and their equivalents. CLAI M5 W
claim [d] A nethod for separating pressure and vertical velocity fields
measur ed [GV]t dlbedmsthpd afrelasn ilntwhegpr gei degeraimthgdo weeliggifagomandethe etk
conprisin%mdqggaining a nmeasured pressure field, a nmeasured verti cal
vel ocity el , and two measured orthogonal horizontal velocity fields; and
usi ng a progr awalalyltee weasprat presduce fixdd Phynhe doslidedhdt@wi ng: determ ning a
scaling factor fromwater acoustic inpedance, the neasured pressure field,
and the neasured horizontal velocity fields; and scaling one of the
measured pressure field and the neasurﬁ%lvertical velocity field by the
scaling factor; and conbi ni ng one of asured pressure field and
measured vertical velocity field withAnél of,the scal ed vertical velocity
field and the scal ed pressure field, generating one of up-going and
“down- goi ng pressure and velocity wavefields. [C2] The method of claiml,
wher ei n the det er mwhierg? Aissbalitagulficactthe measdret Rertisd aklodigy GOAPY, pSES:
calculating the magnitude.lVj. of the velocity figld fromthe neasured
vel ocity conponent g” t)El,deIW/, allédncdls\lfzc;a F@?:tgrl Y9 Oﬁlt%ﬁl@d ﬁé&f??%&aﬁ Yt eo‘fe?‘fcﬁé .
velocity field by tfiekl Wat(E;VdGpustic i npedance pc; and nultiplying the
scal ed magnitude of the velocity field pc IVl by sign (Vi). [C3] The
nmet hod of claim 2, wherein the conbining conprises: subtracting the signed,
scal ed maprs]t ube mdthddd clagh OCkereih tRlcdmBhirk @Rpridg) VI from the neasured
pressure field P, generating a subtraction result; and nultiplying the
subtraction result by normalizing factor 'A, generating the up-going
pressure wavefi el d.
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[C4] The nethod of claim1, wherein the determ ning a scaling factor and
.the scaling conprise: scaling the neasured vertical velocity field V, by
t'the scaling factor: where p is water density and c is |ocal water
velocity,.IVlI is magnitude of the velocity field V= (W, W, Vz), and IV,
s absol ute va e S verti el ocj i.el | The
nmet hod of cIai%#ﬁ?gﬁﬁg@%F%£$H§£§gﬁb@%é%gﬁig%ﬂbgggég‘%ﬁ%??%%%?%g§$%é%scaled
vertical velocity fgesdratifgracobttdedomeadtjaadl pressure field P, generating a
subtraction result: .a L tiplying the subtraction result by normalizing
factor 1/2, gerrqg(ng{ymg&g? E%Ltﬁﬁt?oé‘oﬁeﬁgt B BYTEn %?éqfiq/éfl FFPCPE %?H‘B'gr?ﬂ‘@hod of
cl ai m4, wherein thelociopbaveifiald. conpri ses: addi ng the scal ed vertica
velocity field to the nmeasured pressure field P, generating a sumation
result; and multiplying the summation result by normalizing factor 1/2,

~ gener at i ngcyheTROMBh@ RGP 7ESBHER toaibi@idbompkiel] The method of claim 1,
wherein the determ nin scal i q factor and the scaljng conprise; scaling
t he measur ed p?déiggdg%scg'?gl’ﬁssﬁmoé} ¢ e matsteg verictlgielocy Psifl Vaggneratipg apher e
111,1 i s absol ute wahbRti&f retll€afeasured vertical velocity field V,, pis
wat er density and c.is |local water velocity, and IVI is magnitude of the
vel ocity fi el amyltilymeke sugpsmatign yesult py-gormpHaingfacios o §$neE3ting FEAOWRESIEI n t he
combi ni ng conpri sesglocpRbiveficld Ng the scal ed pressure field fromthe '
measured vertical -velocity field generating a subtraction result; and
mul tiplying the subtraction result by normalizing factor 1/2, generating

the up- goidfy)VehOrkthyd \g@\é?airiq g, dwhere[irl%le JREnIBE N9 Ac QfneCla@ibMufs tWNRLIRLN t he

conbi ni ng conpri ses: adding the scal ed pressure field to the neasuréd
vertical venpexty field V, generating a summation result; and nultiplying

t he sunmati on 1.z : () e i.ng the down-going
vel ocity mavef%gﬁghhe?%%@%ﬁgﬁécééggg%ﬁgégg}%fﬁ$i%ﬁﬁhggg?h the determning a
scaling factor and the scaling conprise: scaling the nmeasured vertica
velocity field V, by the scaling factorZ

\/ Zsz ZZVZ ?
1_ X Y

P? P?

where Z = pc is water acoustic impedance, p is water density, ¢ is local water
velocity, V; and V), are the measured horizontal velocity fields, and P is the

measured pressure field.

[C11] The method of claim 10, wherein the combining comprises:
subtracting the scaled vertical velocity field from the measured pressure field P,
generating a subtraction result; and
multiplying the subtraction result by normalizing factor Y2, generating the up-going

pressure wavefield.

[C12] The method of claim 10, wherein the combining 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 %, generating the down-going.

pressure wavefield.
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1- Z2Vx2 Z2V P2p2 where Z = pc is water acoustic inpedance, p is water
-density, c is local water velocity, Vx and VW are the neasured hori zont al
velocity fields, and P is the neasured pressure field. [Cl1l] The nethod of
cl aim 10, wherein the conbining conprises: subtracting the scal ed vertical
velocity field fromthe neasured pressure field P, generating a subtraction
result; and multiplying the subtraction result by normalizing factor 'A,
gener at i NgCINEThepmethdbd1gf pladh Sy Fneheir eel @htddminidgCl 2talihb eradi®it fadihefscllngi m 10,
wherein the conbining conprises: adding the scaled vertical velocity field
to the me&YUPEH pressure field P, generating a sunmation result; and

mul tiplying IMalﬁigWH@xhédBﬂreﬂ?&ﬁiuTre hd PoyRd dealilpdradtact or '/ 2, generating the
down- goi ng pressure wavefield. [Cl3] The method of claiml, wherein the
determ ning a scaling factor and.the scaling conprise: scaling the neasured
pressure field P by the scaling fagfef%;iigif? Z211 x P2p2 where Z= pc is
wat er acousti c .i npedance, p i s wat ngghsj c is local water velocity, VX
and VW are the nmeasured horizontall velRcityP¥ields, and P is the measured
pressure field. [Cl4] The nmethod of clagm 13, Wwherein the conbining
conprises: subtracting the scaled pressure field fromthe neasured vertica
velocity field Vz, generating a subtraction result; and nultiplying the
suFtraction rssu:éwmwenb#paﬁh@ﬁﬂgmiﬁﬁd?mm?émggﬁmahaz&mgnﬁba#u&dgﬁ%ﬁg

vel ocity wavefield. [Cl5] The nethod of clai.m 13, erein the conbini ng
conprises: adding tvﬁlgc‘%%f‘ %r&]e If)’r"é%@ﬁf“@a%”feé'i}lﬂ’r‘tz@t%]I’{@loﬁﬁ/a@‘?ﬁﬁlseépd\fé?stﬂi‘ecal
velocity field V2, ngaageddrefRgredieimmat i on result; and nultiplying the
sumation result by normalizing factor 'A, generating the down-going

vel ocity wavefield. [Cl6] The method of claim1l, wherein the comnbining

conpr i ses[CEipPIHE Rdhdd clafth 19 WiHRE:i LA bHBRing comprises:

subtracting the scaled pressure field from the measured vertical velocity field 7,

generating a subtraction result; and
multiplying the subtraction result by normalizing factor Y%, generating the up-going

velocity wavefield.

[C15] The method of claim 13, wherein the combining comprises:
adding the scaled pressure field to the measured vertical velocity field ¥,, generating a
summation result; and '
multiplying the summation result by normalizing factor ¥, generating the down-going

velocity wavefield.

[C16] The method of claim 1, wherein the combining comprises:

applying the following equation:

/1P“=% y R —a)
LA LA
I 2P 2P
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where A is a space and tinme variant invertible scaling function, Pi~ is the
- up-.goi ng pressure wavefield, P is the nmeasured pressure field. Z = pc is
wat er acoustic inpedance, p is water density, c is local water velocity, VX
and VW are the neasured horizontal velocity fields, and V, is the neasured
verti cal veI00|tyf|eId and re t he sca functlon fromthe
product 1P". [C17] “HNE Histh¥acssn tfr%qgmrfnt W%ﬁ‘b?ﬁcﬁlﬁé fenshignf g theokhor i ses:
appl ying the fol | owbidg @ewat iveReridrt, U isthd ntealii& pressurk: fZéI&FZ*FgE i “l%te\/ Z2(F
*\Vy) 2 (F* P2 (F* %2 where F is anlnvertlﬁ | ter uis the

up- goi ng pressure WAHSHS BRRFdanee,iasis ket Aemilired I%P]e‘%@ﬂrvéloﬂtﬁéllﬂ angVeage i s
water acoustic i mpedancesrd hardakendeRsikits, tnd % 0GR niahed Vekieai ty. V.
and Wy are the nmeasured horizontal velocity fiel ds, and V, is the neasured
vertical velocity FFeFEfidddndppl ying an inverse filter for the filter F to
the convol uti ofem!%vmgthk%gfﬁ@tmﬂ?&gt&fprgdteimﬂ? wherein the filter
conpri ses normal noveout stacking C19] The nmethod of claim 17, wherein
the filter conprises migration. [0201 The met hod of claim1, wherein the

conbi ni NY[ECONPrHe$EShodMTR]a¥h B GvitdiEn iR lcbﬂ‘ﬂnﬂ% c%glﬂﬁgeiszon: FT Pu
applying the following equation:

FePi=l Fap_ Z
2 | ZAF RV ZEA)
(F*P?  (FxPy

F*V

z |°

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, ¥, and V, are the measured horizontal

velocity fields, and 7 is the measured vertical velocity field; and
applying an inverse filter for the filter F to the convolution F * P*.
[C18] The method of claim 17, wherein the filter comprises normal moveout stacking.

[C19] The method of claim 17, wherein the filter comprises migration.

[C20] The method of claim 1, wherein the combining comprises:

applying the following equation:
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F-T‘(P) FT (vz ) , / 1 FT (ZVx)2 FT (ZV y)2 FT (P)2FT (P)2

FT(P) = FI(7,)

|Fr@n); |Fr(zv,)
[FT(P)  |FT(P)

FT(P')=

v
-

N |

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 water
density, ¢ is local water velocity, ¥, and V), are the measured horizontal
velocity fields, and 7, is the measured vertical velocity field; and

applying an inverse Fourier transform to the transformed up-going pressure wavefield
FT(P").

- [C21] 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.

[C22] The method of claim 1, wherein the obtaining and the determining comprise:
obtaining a measured pressure field, a measured vertical velocity field, and a
measured cross-line horizontal velocity field; and
determining a scaling factor from water acoustic impedance, the measured pressure

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

[C23] A computer readable medium with a computer program stored thereon, the program
having logic operable to perform steps comprising:
retrieving a measured pressure field, a measured vertical velocity field, and two
measured orthogonal horizontal velocity fields from computer readable
storage;
determining a scaling factor from water acoustic impedance, the measured pressure
field, and the measured horizontal velocity fields; and
scaling one of the measured pressure field and the measured vertical velocity field by
the scaling factor; and

combining one of the measured pressure field and measured vertical velocity field .
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where FT is a Fourier transform Pu is the up-going pressure wavefield, P
. s .the peasured pressure field. Z = pc is water acoustic i.npedance, pis
wat er density, c is local water velocity, V, and VW are the neasured

hori zontal velocity fields, and V, is the neasured vertical velocity field;

dand applying an inverse Faurier .tyansform:t he transfornmed up-gping
pressure wavefield V\L—I{F(‘ﬁf)&ut%f Csfzaﬁd’ ﬁ{icaiéﬁ%@y gfﬁcﬁﬂgﬁﬁ? f‘falf{ﬁh‘érF%ﬁW {‘)Ellu‘g

measur ed pressure aptkratdlgoaé bfup-gehdimdaomardotg oot axd GeRiciimavdiledizes

cal cul ated fromneasured real seismc traces using a Hilbert transform
[C22] The method of claim1, wherein the obtaining and the determ ning
conpri se: [@bf] allei mediem rof @i @3, phesmuhe dbiehidinga WREGUf6@r YRT theGodlingel oci ty
field, and a measured cross-line horizontal velocity field;, and determ ning
a scal i ng®"&t6Y from wat er acoustic inpedance, the neasured pressure
field, and thecataasHs ekt &ia@6iadei Ve iGhe 2RNLA) MRl Ght Yhef hRhdRd vdIGdg] A
conputer readable nediumw th a caonputer program stored thereon, the
program havi ng | ogiC_EmBWPTéB/F’eVyt%ldd/e?rfor m steps conprising: retrieving a
measur ed pressydkgngf thehflgnitidB RSB vMBEiLy S8l bY ShOFhEY adduGlcGmpddficd Yo

measur ed orthogonal horizontal velocity fieldS from conputer readable
storage; determni ﬁgda scaling factor fromwater acoustic inpedance, the
neasur ed pressyfi@plyinghih scABEmb HBAESSHE edoaﬁ'rﬂ&d)&tﬁl bﬁ’s‘?érp(%? y fields; and
scaling one of the neasured pressure field and t'he measured verti cal
velocity field by the scaling factor; and combining one of the nmeasured
pressure f(':ﬁ] drianfedBastIaR 2Mehhi gl @hfslil e rﬁ];?ﬂs . With one of the scal ed
vertical velocity field and t he scal ed pressure field, generating one of
up- goi ng and dvhmacgos Hy siened sealed maghitved oftthe yelogityefidldpdsgn(V) OA4tonTte medi um
of claim 23, wherei 3.4 i r.and. the scaling
conprises: cal cul at@ﬁ%&ﬁéggﬁ%ﬁe%@%ei \/rl thfa spﬁtégcggrf lgets:lfl?f}gc%i eld fromthe
measur ed vel ochtlyiplymgphn eubtractign, redwit, byametmelizing €astdr g geherativegthé upgeingVl  of
the velocity field the water acoustic inpedance pc; and nultiplying the
scal ed magni tude opp%ﬁuéeggﬁgigﬁty field pc I'VI by sign (V2). [C25] The

medi um of claim 24, wherein the conbi ni ng conprises:

[C26] The medium of claim 23, wherein the determining a scaling factor and the scaling
comprise:

scaling the measured vertical velocity field V; by the scaling factor:

pclV|
v,

z

2

where p is water density and c is local water velocity, |V| is magnitude of the
velocity field V = (V,,V},V,), and | V] is absolute value of the measured vertical
velocity field V..
[C27} The medium of claim 26, wherein the combining comprises:
subtracting the scaled vertical velocity field from the measured pressure field P,
generating a subtraction result; and _
multiplying the subtraction result by normalizing factor %%, generating the up-going

pressure wavefield.
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subtracting the signed, scal ed magnitude of the velocity field pc sign( Vz)
. LV.fromthe neasured pressure field P, generating a subtraction result; and
mul tiplying the subtraction result by normalizing factor Yz, generating the
;p-going pressure wavefield. [C26] The nedium of claim 23, wherein the
eterm ni cal ing fact.or, and the scaling conprise: scaling the neasured
verti cal @%E’ic e)fn‘?cé?lg?agic}?l ezégg‘frf“ﬂ ef%?gibﬂ)l}l.g?/ﬁ’?ﬁ‘éesp is water density and c
is local wateraddingaied doyled bafticdl Selodignfidld ebethe inebdueedvedsoat FiyldfA, @bikrating a( VX,
Vy, Vz), and | Vzi is absolute value of the neasured vertical velocity
field V. [C27] Thé"HBGIYNMCHE 81%i m 26, wherein the conbini ng conpri ses:
subtracting thgulsig@ingdhe/@idni£ish reé@t BEhdnhafikig thelok ONpdRA AR BR WoRH-RMgSSUr e
field P, generating a subtraction result; and nultiplying the subtraction
result by normal i zIPFGSWa¥eGlelty 2, generating the up-going pressure
wavefi el d. [ C28] The nmedi um of cl aim 26, wherein the conbining conprises:
adding the scal ed vertical velocity field to the measured pressure field P,
gener at i niCR] stitnedign of ciime23, ahercimibe idpteymingstansakingniveior arf thesatlingby
nor mal i zi pgnfraet or ' A generating the down-going pressure wavefield. [C29]
The medi um of claim 23, wherein the determ ning a scaling factor and the
scal i ng conpr i $alinggbempasyred Reessinlicld Bdyphessalinedadiprel d P by the scaling
factor: Pc M' where | V, is absolute value of the neasured vertical
velocity field V,, pis water density and c is |ocal water velocity, and
IV is magnitude of the velocity field{y|= (17, , VW, [C30] The nedium of
claim 29, wherein the conbining conpri » subtracting the scal ed pressure
field fromthe neasured vertical velocity'field Vz, generating a
subtraction result; and nultiplying the subtraction result by normalizing
factor 'A, generating the up-going velocity wavefield. [C311 The medi um of
claim 29, wherein t¥EredBarsi Vﬁ@e& Wt themeasyrsd ivagicalyalogigafidd Vpréssure fiel d
to the nmeasured verdh&GabnGh@fd kYodhl ®hitr WocitISRE AL N8 fudUMRE V@Rt esul t;
and nmultiplying the summation result by nornalizing factor 1/2, generating
t he down- goi ng vel d&ldY ~WKvBsHz&l d. [C32] The medi um of clai m 23, wherein
the determning a scaling factor and the scaling conprise: scaling the

nmeasured vertical velocity field V, by the scaling factor
[C30] The medium of claim 29, wherein the combining comprises:

subtracting the scaled pressure field from the measured vertical velocity field 75,
generating a subtraction result; and
multiplying the subtraction result by normalizing factor %, generating the up-going

velocity wavefield.

[C31] The medium of claim 29, wherein the combining comprises:
adding the scaled pressure field to the measured vertical velocity field V,, generating a
summation result; and |
multiplying the summation result by normalizing factor %2, generating the down-going

velocity wavefield.
[C32] The medium of claim 23, wherein the determining a scaling factor and the scaling

comprise:

scaling the measured vertical velocity field ¥, by the scaling factor:
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1-Z2Vx2 Z2V2 P2p2 where Z = pc is-water acoustic inpedance, p is water
.density, c is local water velocity, V, and W are the neasured horizontal _
velocity fields, and P is the neasured pressure field. [C33] The nedi um of
claim 32, wherein the conbining conprises: subtracting the scal ed vertical
velocity field fromthe neasured pressure field P, generating a subtraction
result; and nultiplying the subt ractionfresul t by normalizing factor 'A
generatrng t he up-goi ng pressure vgﬁpe dzi§C34] The nedi um of cl ai m 32,
wherein the conbi ni ng conpri ses: hdrzg—- al ed vertical velocity field
to the nmeasured pressure field P, 'gen ratrd% a sunnatron result; and

mul tiplying the sunmation result by normalizing factor 'A, generating t he
down- goi ng pressure wavefie| d. £C35 The medium of claim 23, wherein the

deternini ng a scal i FacPor " 24l SEpefsnge- edmpyriesdensise 415 lagp! MEET neasur ed
pressure field P byelobigy, 3¢ ald Mard 86 eksurdd hbrifehal 2e16&NZidddDgndop Wiy € Z = pc

is water acoustic inpedapce, p is water density, c isS |local water velocity,
V, and Wy are the R ERICHEF D2kt al velocity fields, and P is the
measured pressure field. [C36] The nedium of claim 35, wherein the

conbi ni ng mprises; suptracting the scaled pressure field fromthe -
measur ed (Fg‘(r%i |%Im"rfié1%8f°tli}mf312e‘1" rejg the cogbyERSIOPGiSE: subt racti on result; and

nul tiplying th@anssahs Qlﬂét bc@f&dr\f[%ﬁ%lai vabfmﬂpﬁgﬁtfrrn&% ][%Hecfrfé%%& mﬁe}?aﬁ% ing the

up-goi ng velocity wavefi el erern the
conbi ni ng conprrse§ﬂ“ﬁﬁ@8myﬁﬁww@&%ﬁ@mamressure field to the neasured

vertical 'vel oGhiMp in%ltﬁ'e %tra&%ﬂqgﬁit'%%(?rg Hﬂ%ﬁcfgp A ﬁgrgtmgatﬁg %W%ri]llopl yi ng

t he summati on resu} nor nal 1 zi ng genératin
vel ocity mavefleldP“FGQSWMEﬁ@dnedrunrof clai m 23, wherein the conbrnrng
conprises: applying the follow ng equation:

[C34] The medium of claim 32, wherein the combining 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 ¥4, generating the down-goihg

pressure wavefield.

[C35] The medium of claim 23, wherein the determining a scaling factor and the scaling
comprise:

scaling the measured pressure field P by the scaling factor:

\/1 7272 22
P
Z 2

where Z = pc is water acoustic impedance, p is water density, ¢ is local water
velocity, V;and V), are the measured horizontal velocity fields, and P is the

measured pressure field.

[C36] The medium of claim 35, wherein the combining comprises:

subtracting the scaled pressure field from the measured vertical velocity field 7, -
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where ), is a space and tine variant invertible scaling function, Pu is the
. up-.goi ng pressure wavefield, P is the neasured pressure field. Z = pc is

wat er acoustic inpedance, p is water density, c is local water velocity, V
and VW are the neasured horizontal vel OCIty fields, and V. is the neasured

vertical velocity f| el dti and regov n@ scal i ng funct ion), fromthe
product )33". [C391EHHENEFHDIFACHPM tepu ﬁ{‘ 3, wherein the conbining

conprises: appmyitipyidghite babtlacinngsidpsahordalizing faclor B4, paeneradmg® the up-géigF* V) 2
22(Fvy) 2 (F * P)2( I:locny w?iveﬁ'glti z

" [C37] The mediuml of claim 35, wherein the combining comprises:
adding the scaled pressure field to the measured vertical velocity field V,, generatiﬁg a
summation result; and
multiplying the summation result by normalizing factor %, generating the down-going

velocity wavefield.

[C38] The medium of claim 23, wherein the combining comprises:

applying the following equation:

APu=% AP— > 2Z2 ) z |®
\/l_z,ﬂfx_ZﬁVy
A*P? A’ P?

where 4 is a space and time variant invertible scaling function, P* is the up-
going pressure wavefield, P is the measured pressure field. Z = pc is water
acoustic impedance, p is water density, c is local water velocity, V; and V,, are
the measured horizontal velocity fields, and ¥, is the measured vertical
velocity field; and

removing the scaling function 4 from the product AP

[C39] The medium of claim 23, wherein the combining comprises:

applying the following equation:

FeP=l pap_ Z : :
? | ZFrV)_ZF*Y)
(FxPy  (F*P)

F*V

z |®
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where F is an invertible filter, Pu is the up-going pressure Ivavefield, P
.1sthe peasured pressure field. Z = pc. is water acoustic inpedance, p is
~water density, c is local water vel ocity. V, and Vy are the neasured

hori zontal velocity fields, and V, is the neasured vertical velocity field;
and appl ying an inverse f||ter for the filter F to the convolution F * pl1l
. [CA0] The medium of claim39, wherein the filter conprises normal noveout
stacki ng. [CA1] - ThevhgrdF llmlpfnv@xluﬁlb'ﬂlt@l&P“‘M"@lE%b%otn@%résbdr@ Qav@RIPP S8R
mgration. [C42] The mediumof claim 23, wherein the conbini ng conpri ses:
appl yi ng the fol | oWPS3gHredRErssR field. AfFieh% ISFVaies agousey inpadancea A ovaisr Pl - i S
the up-going preSSLHeﬁsﬁ&a\éefs'l@&a‘ﬂ waler! \%l&ﬂ? 'Ve§§dJrVedar<F)'i}?eS§19£sﬁreﬁ' l?drf}onté

is water. acoustic inpedance, p is water density,’c Is |ocal ter veIOC|ty,
V and W are the né& Fﬁeﬂelﬁ%ﬂﬂi&wwe%m@dveﬁlﬂ edlosty fighidand |s t he
measured verti _an. er.se Fourier transform
to the transfogp%\eyély%?nqgve&% ﬁl{ﬁflggghﬁggteﬁgggkxe?rgoﬁ'f r%/ P ‘[ C43] The medi um of
claim 23, wherei n the rreasured pressure and velocity fields conprise

conpl ex s measured real .seismc traces using a
Hi | bert t‘fbf@f o}}errrln ﬁg}ﬁlﬁle erel ‘%?h‘é‘irﬁf"ﬁ?%s OIS BPYFOHhRaq S)B’lgal ni ng and
the determ ning conprise: obtai n| ng a measured pressure field, a neasured
verti cal slocity field, .an neas d cross-line horl zontal vel oci ty
field; anéé%@tt@%ﬂ“ﬁl%Ogdglggl?ggwaerF%?&Feoﬁlt?rrcS‘ﬁP’i}\ﬁf BYEByst i ¢ i npedance, the
nmeasured pressure field, and the neasured cross-line horizontal velocity
fields. [C42] The medium of claim 23, wherein the combining comprises:

applying the following equation:

FT(P"):1<FT(P)— z FT(V,)¢,

|FT zv, ) |FT (zv,) z
[Fr (P |Fr(P)

where KT 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 water
density, ¢ is local water velocity, ¥y and V), are the measured horizontal
velocity fields, and 7 is the measured vertical velocity field; and

applying an inverse Fourier transform to the transformed up-going pressure wavefield

FT(P").
[C43] The medium of claim 23, wherein the measured pressure and velocity fields comprise
complex seismic traces calculated from measured real seismic traces using a Hilbert

-transform.

[C44] The medium of claim 23, wherein the obtaining and the determining comprise:

obtaining a measured pressure field, a measured vertical velocity field, and a
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measured cross-line horizontal velocity field; and
determining a scaling factor from water acoustic impedance, the measured pressure

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