111111111111111111111111 _ 59. 159* METHOD FOR WAVE DECOVPCSI TI ON USI NG -
MULTI - COMPONENT MOTI ON SENSORS CROSS- REFERENCES TO RELATED Al t
Appl i cabl e FEDERALLY SPONSORED RESEARCH OR DEVELOPMENT Not Ammm,m""mwo
SEQUENCE LI STING TABLE, OR COVPUTER LI STI NGNot Appl i cabl e BACKGRQUND O

THE INVENTION |. Field of the Invention [0001] This invention relates —
generally to the fiel defHoPHUR viAAl DRCTIVIROSITIQN UMING particul arly, the
invention relates to the field of inagin | -se r, marine seismc
streaner data. 2. Descrﬂﬂpﬂgﬁcgpﬂﬁngg%@gpgg%ﬂﬁgN?égé2]In the oil and gas

i ndustry, geophysical prospecting is commonly used to aid in the search for
and eval uation of subsurface earth formations. Gbophyshc?g ﬁr?) ecting

t echni queSRYPEREFRRENCESFO BELAREDARIUCAILENSt r uct ur NGFARP giigrth, whi ch
is useful for finding and extracting val uable m neral resources,

particul arly hydrocarbon deposits such as oil and natural gas. A well-known
t echni queFE?EIg@bbﬁ)S?pé\%ﬂO@IEBE@é@Rﬁﬁ QR DEGE QBN yr B9 ARPHCabl§ and- based
seismc survey, a seismic signal is generated on or near the earth's
surface and then travels downward into the subsurface of the earth. In a
mari ne seSEAVENEGMISTING, HARIE, I COMPEHHR MBI INGso t r ANasAPEEARlkar d t hr ough
a body of water overlying the subsurface of the earth. Seism c energy
sources are used to generate the seismc signal which, after propagating
into the earth, is at | easBAQRGROAND OFefHle &Y CENBION ubsur f ace sei snic
reflectors. Such seismic reflectors typically are interfaces between
subterranean formations having different elastic properties, specifically
sound wave VFalldefthyImattionock density, which lead to differences in acoustic
i npedance at the interfaces. The reflected seism c energy is detected by
seismc sensors (also called seismc receivers) at or near the surface of

t he earthjooon] anTaMaRVetiog réleely g@kralgtierthe Gieldadf genphysicaepbiscting. bifoehol es.
The seism c sensors . enerat? o : o
particularly, the ifivention relates to the field of imaging dual-sensor marine seismic streamer

data.
2. Description of the Related Art

[0002] In the oil and gas industry, geophysical prospecting is commonly used to aid in
the search for and evaluation of subsurface earth formations. Geophysical prospecting
techniques yield knowledge of the subsurface structure of the earth, which is useful for
finding and extracting valuable mineral resources, particularly hydrocarbon deposits such as
oil and natural gas. A well-known technique of geophysical prospecting is a seismic survey.
In a land-based seismic survey, a seismic signal is generated on or near the earth’s surface
and then travels downward into the subsurface of the earth. In a marine seismic survey, the
seismic signal may also travel downward through a body of water overlying the subsurface of
the earth. Seismic energy sources are used to generate the seismic signal which, after
propagating into the earth, is at least partially reflected by subsurface seismic reflectors.
Such seismic reflectors typically are interfaces between subterranean formations having
different elastic properties, specifically sound wave velocity and rock density, which lead to
differences in acoustic impedance at the interfaces. The reflected seismic energy is detected
by seismic sensors (also called seismic receivers) at or near the surface of the earth, in an

overlying body of water, or at known depths in boreholes. The seismic sensors generate
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1:1111111111111111111111111111111111 101 *@00002* signals, typically
electrical or optical, fromthe detected seisnic energy, which are recorded
for further processing. [0003] The appropriate seism c sources for
generating the seismc signal in |land seisnic surveys may include

expl osives or vibrators. Marine seismc surveys typically enploy a

hsS ?pfcaﬁ? E'lregtﬁc%l %\P%gtié?iy fon’ HeRicRIfd REEMRime Al Whidk kicvidtRded O
caou ield. T

submergedsi%ﬁ
generate an acoustitc wave he selsm c source genérating the wavefield

may be of fosévéemiroteppes, including a small explosive charge, an electric
spark or gjosy @ m%ﬁ%pﬁag.rs@fsfﬁﬁc sRrbBES okt ingBhY §RQhic 34al iAMhd BRSC
typically, an air gun. "Typically, a narine seism c source consists not of a
s: ngl e sosmvrf_as elgnpeltde btosbies ar gjfattdnl |1|yladn@serl$r?etselcvem yaipalhy e@lélﬁ’b’c?el )
el enent s. is arrangement. | rticul ar . i Amly the
e e U e DR T
sei sni ¢ seasdiekl. tTppiseisthicysoume berdetipg kitei wdvefield npyibeyof sersbrypes, petudingd ar | y
in land sur S, and water pressure sensors.. .cu of '

surveys. - SBHiETTeSR e an sRFERPAE oRaR: 2 blrind Pk GLh Bl gbe BB R,
tsensorts_, iﬁh’d, molesgpi:calygmdir@nh. g@p?@lﬂyls aaﬁz&}nﬂs_eif[émﬁmsopkca&enﬂit; oot dtfra g € on

o particle velocity sepsors. cl e vel ogi sensors and_water pressure
sensors ar @ EHHRTAPK Hg@\ﬂpai%lﬁlq'ﬁ{éﬁ%}ntegggab 8% }écr? e'fgerréler{1 & hy'ar %r;r)eﬁlg%nelesr{,% s

res peclt i vg&mcl.;uuﬁggam for SCFHOS rrdRYy tb&z[géﬁ[lﬂto_ﬂlﬁﬁﬂlflbm bheaielsviemic sbuke.ar e gnr e
comonly deployed in sensor arrays. Additionally, pressure sensors an
particle Eﬂfﬁ’ﬁﬂn SBHSBPOPHY %Besdé'f)lsﬁ‘f/‘@]& Rejosd ffé%c"i‘l glcﬁéFi%é“%i”"Sﬁé’&{t}’ .
col | ocat egnidts,PRirficulRly RAiah8 Afvedd, rAd SwatbOPREutd sénsbigpparabularyr imneagias sni ¢
survey, a seismc survey vessel travels on the water surface, typically at

about 5 kABYeYs: SAMeEDAY RTHde disPlarAmenh s SiNeItise WGPBHEhtensQYy OF PLssure

navi gat i 0p.,GRAE feRbors IR S9TH Gn PRME G of GlA@Lion ?@F&ﬁ&l@_\ﬁ:ﬁﬁﬁ?@er@@l@l r@dticl@nd
recordi ng equi prT'ent . The seismc source contro equl prT'ent causes a selsmd¢c

source t OWBECITyFeRIeEs 49g AIcH Preaerre penBYS pReomaToaly keoyadr e aftgs geaphiance 2ad
sel ected Ll iESonse refidively! i sen@orS ey Hel & Loyl P lfenaRLLSut ALt Ongat e

cabl e-1i ke  structure owed I n the body of wa y the seismc survey
vessel thatmmons dehlyskinssansorsatayse Astditippaliin greseyre Sensorpi dspaFticdsy MOHPD .
Typically I Li f hs01.C s 16 atWE dashReN el & as8isSM C
vessel . Tﬁ%n%glgflgé%%g dél%i?%gﬁégr% gﬁglélnatrg%r?\&gsgﬁlseg’rcg to e3et g?:lt tﬁe r efalﬁg%’:t ed
wavef i el d§0005]t i dt edypyel teeing epismmiccsusvweyy € ecisimid supky evesseldirdvelsonrthé Weter i ng

i nterfaces. Conventional | the seisn c streaner LAl N DE r sors
such as hyt a(gfmg/mecgl?yﬁ ?B/dsuéisgﬁ?ocs’satn eaners eés\rpécsﬁlg rlls%(irno%glgp%%%#h%fﬁ%gnt ain
wat er par hadpiovebmedlf yeissensare euobl, sdsmgiecpisonemtot, apdrdcbling egopeleat. at i on

sensors such as acceleroneters, in addition.to hydrophones. .Th ure
sensors a#g‘_e FAFPP P HENTS COUIEE CaUSENA %égmdcéfﬂufi‘%//ece{aw?ynmg Y yﬁr?&%{er?n% Y,
col | ocat edhd Rispik Veéisedo RAlKSatQtleted AMSs. beihic sr@gicssTalo callell eeisria cables,
alternative to having. the aeophone and hydr gphon o-located, is t ave
suffi ci entaresf‘d%‘tgﬁfélcalaéﬁgff F‘V‘C&resstéﬁg%%h"sbgdﬁ’l?g?" % Ey ﬁ@éﬁ‘é@fci S\I}B’CM?fé?l%éa}st
recorded hywd Mg sO¥AABMROSr BN EhHIRPRAGHR GARy Bisip. IMIHREIPYlaEElitPhf seismic
extrapol ated to produce the two wavefield signals at the sanme | ocation.
streamers are towed behind a seismic vessel. The seismic streamers contain sensors to detect
the reflected wavefields initiated by the seismic source and reflected from reflecting
interfaces. Conventionally, the seismic streamers contain pressure sensors such as
hydrophones, but seismic streamers have been proposed that contain water particle velocity
sensors such as geophones or particle acceleration sensors such as accelerometers, in addition
to hydrophones. The pressure sensors and particle motion sensors may be deployed in close
proximity, collocated in pairs or pairs of arrays along a seismic cable. An alternative to

having the geophone and hydrophone co-located, is to have sufficient spatial density of

sensors so that the respective wavefields recorded by the hydrophone. and geophone can be



[0006] After the reflected wave reaches the streaner cable, the wave
continues to propagate to the water/air interface at the water surface,
fromwhich the wave is reflected downwardly, and is again detected by the
hydrophones in the streaner cable. The water surface is a good reflector
and the reflection coefficient at the water surface is nearly unity in
magni t ude, @Qg g&ﬁé LANAIS samtb B ayes reflected
at the suf Olétgd%e&?#&ﬁ%dt%gﬁdggge%ﬁw Sr ees rsagfl:at |cve to the

upwar dl y [086hgatifing twaveiscted reavd ownrmay dhey siranisagablen henerpes P@@@lluéﬁeép by the
J .ecel vers II‘OSa a?en?‘cgotﬂ% ¥va{e‘f3'/£“? ﬁtgr(?acte%f% \R/Q[gr ﬁHfa]EI@ Cf?orﬁ Q\fh (.%Ctﬁrl% %VQ felﬁg te hOSt

si gnal . BRCRUS he sur face reflection € wat er surface acts e a
filter, wibwhwvadlgatreisisspaiatdeakcteddtycthe hydmophdnes ire dor deansi gibkl Thlemvaieng t he
bandvvidtho the re f . i nflue f ce
reflecti oﬁur B gorogaﬁgﬁtc? | %Iédttﬁe rf"t%%’(éuorn ec&%{;% : %pé;lt%envé%tgragrag&ée EP%} nlg sone
frequenci angaitude ahd tymeghted. in[sQN0B} Arepsard sighads. nbhé emavesenBared a;uhehsmﬁaca

geophone, s, a directio onse, ereas a ssure sensor

hydr ophon&’q?d%sb%%ase"%ggra Ona$ ees rﬁ@m %P‘Fa R)/\ga&;@ péf’]?tf’ggﬁ"b%ng%esdiﬁ%ct ed
by a geophewe~ade fryshzepzonevd acalied by‘|tB§®ecEﬂgxet1|§l&bm‘MO|nly heerted tphasie whi l e
t he downgoi vefield sj ls wi ll_ be recqgrded 180.d S_out o hase
Var i ous té‘tr%fi\é\%@%uqﬁ’ﬁéh%e%ﬁ S P igPYs dFCRUE Og&er‘w%ﬁ% rgﬂ?)cﬁgg’gtg% FPEEFRKE
reduce thgcgpREH Fiftbr, WAIcE BRS1S auesesl nbehédia thafct el sigfal efilifingnhe Bmdwedk | onal
techni ques for de host | ng often include conmbi ning the press:fre and vertical

particle véthsdapeoydeduipias |B§F%i’§e phoths apliengeert Shesupiect Eegions R IHRALS R c al

particle vglechda snavekd ﬁhﬂﬁieﬂ@ﬁ@scﬁ‘ﬁe fr@shcine: afenuu@ecgm ng and down- goi ng
wavefiel d conponents. [ 0008] The rreasurerrents made by notion sensors in

towed strd@QRF1 cdbpasticle gotipieesseti High eha spRphome: hes %@chaﬁnﬂégféwsaﬂwr?m h
Pressure Yoayes,arLndbechen ag";aalﬁldfcﬁ)ﬂgﬁbt oes R& ej\@cfo@dmglm {hk €upR5i8 8 SkHvefield
measur enent's, the recorded anplitudes are dependent upon the Tncidence
angl e r el atgnsle detectechley a/groplme padiBydrerhene loghted eloseoiagethar veil be nephapes ayhile
veI00|tyf|eI e a . r I

proporti ona g“n%%hn% %:vg%ﬁ%g %’?ﬂa{?ﬁ’ml}l %%I Iéér}g%d 3?169) dggré%sag?[l %/%H%gét ﬁzgr\l/oélrsti cal .
Wt h si ngltehoigmpdrenbeenproposedsionsongthist phiase diffgicacediopedvde fgysperirgl naichss

b essur o PO HonE gy Etm hor G Epr DA At il gh AP R
doi ng thi sombipirg ﬂhegﬁé‘sﬂﬁﬁtarﬂmzﬂrﬂldauq)ertmh:r Wemdmyowaveiﬁetds td eseparpo sanet dfethe

measured data into | vide the anmplif o

cosi ne of HFE"EAGY% &p ‘6‘? %P%ﬂ'e‘vwbggsﬂ? 0 gt loast Oneao OméLr%lgg?P‘g% éﬁ

t he rreasurvweﬁélddd;m@mbmtgn |s in the same direction as the particle rmtl on,
and no tign Is needed to the anpl.itudes after osin 0

pl ane- vvav(e)[ 00 tTQIOO Tﬁ’é?sé‘reé‘}eétssﬁ\?é‘? 211}' HE’HP‘? atPohs %?Wefrﬁ%g?%nv%’ﬁ f%cﬁal
met hod. Thﬁeagﬁjidgoﬁie Hﬂﬁiéler gStiofl atdcibRatwigd @re@ﬁﬂé@dayeésaﬂép%‘afbr Sﬁ)ﬁtslhrathbl’)ts in
both the in-line and cross-1line dlrectlonsrfiﬁg der to v0| liasing in

the pl ane- RstREoTEe ¥R HESTU S Ae2TURaG: Hheoiyco aIEPI&H%ﬁs o ?R‘PF eé’t PB?Y Bt ends

to decr easlﬁmmﬂc@ ahé]& FRASE MtHe%bt@?ﬁ@@su%%?&rer@ I8 ki@nakifcaPlel bdify ETeRB s
decrease in anplitude with increasing angle as described above, whereas

noi se rel aeing mepsyredHemi thareconded amplifndesiare prRROTEPRA ihibe sodieedf thoinckgheow t he
same angl e, g%ﬂ%ﬁgﬁ)‘rﬁ%?ﬁrﬂ&? Wn‘ﬂ@ﬂlgleb @ﬁ&t%}ﬁloﬂgérﬁgrsp{h%p&?‘lgﬁt&péﬁd%bya

sl ower vel 0 Ity Sstreamer —Cco to acoustic energy, and

al i asi ng tlendsbd cormctcdllforénbfqms‘lhatVﬁ}@elhyﬁfﬂdJ\ﬁﬂrf bfe@mmdé’glth tha sdtalipssswe fieldds t o
be spread over the enti n e S evel
relative t8 Sf%aéatﬁgf’%mfgg ? gn'%%mgt“gd%agglrdéase W th i ne e%nsslér;]& le deg%}gll.emj

[ 0010] Thusammitieedrectiontis td decomposet the chehiredsdga irad phge-tMaEGSp rrebthen divide
vertical velocity fiel S|nto east f U oi

wavefi el d t@%ﬁﬁltgh%'ﬂ?s oSN 18t ré%ﬁlapg g0 ens@agepgl ?eal Rgéf%g eeggéescq:](?lal ly
in the croggtd itiemdisaeaichtdireceio it the Lsame etjtectidnngs thncmﬁe:dtgmobén tdmé no

i nci dence an Rl .EF SUMVAR NVENTI ON [0011] The invention is a
met hod forcqr’%ﬁ%‘?nriﬁmieﬂ%‘ﬁ@%etW@lt%qugg?gﬁ%énpo‘mgérgo g%fl%“]\?eﬁ ocity dat a,

obt ai ned ajooog] W Therparesswet: lihatagorisiwith thfcbinentienas Method LMiemethad eequseat ed
to a ray direction. Plane wave deconposition is applied in the ray
direction to the rotated velocity data. The pressure data and the velocity
data are conbined to generate at | east &ne of up-going and down-goi ng wave
fields. The at |east one of up-going and down-going wave fields are used in
a tinme-space domain to image the earth's subsurface.



BRI EF. DESCRI PTI ON OF THE DRAW NGS [0012] The invention and its advant ages
may be nore easily understood by reference to the followi ng detailed
description and the attached drawi ngs, in which: [0013]FIG 1 is a
flowchart illustrating an enbodiment of the nethod of the invention for

| magi ng the earth's subsurface; [0014]FIG 2 is a flowhart illustrating an

initial of anther f for
i magi ng t @3{] 3R de dense amp%‘e %’“nglgg‘ﬁ_]gﬁ% t&% ﬂbm{égaﬂug%ﬁsg’ 1ne%ﬁf?ec't18 lli};Sé[nIragrftl ng a
1;: : gal 2porto|damdgﬂlamgmehé)pialnmme decfommeltmt homidiiont thesigmal émdisratiegods i n

an 6lFLG 4 i Ll of
al t er nat i {ed8 é%ﬂ%d‘iv | Hlél ﬁ%(ie Lrgl élng %%/8ﬁtrﬁlteg%t eJréaQé‘ Qrﬁ‘él&h&’é" o
[ 0017] Whi lvth titteeasing engle an dmhlbedtmo@te smerdae doikaretatadinte cchmmlwl wibrattoss in
preferred enbodi ne

i ted ¢ SRCRESET Gy TR f8@n%”t ha?P%e?mlétnaﬂglr S‘iﬁ?%?%teft‘cg’ﬁg‘su tsQeS‘nglPav %IJS? gheizg\’/ige?t al |
al ter nat i yepagatdiithi aC@IolvsKéﬂS'eloa@daIG%J it lsegtnger tchambaradyto heousncldnd!ggl wid hi n
the Scopeahasmtgqgndls rt]c\)/ gcncgllr gtnrelatlvely ﬁ)w P equenc}ies %cﬁggls n%ggs 10 be spread over the
entire angle range of interest. Hence, the signal level relative to the noise level tends to
decrease with increasing angle.
[0010]  Thus, a need exists for a method for separating the pressure or vertical velocity
fields into at least one of up-going and down-going wavefield components without requiring
dense spatial sampling, especially in the cross-line direction, and without requiring

knowledge of the incidence angles.
BRIEF SUMMARY OF THE INVENTION

[0011]  The invention is a method for imaging the earth's subsurface. Three-axis velocity
data, obtained along with pressure data in a marine seismic survey, are rotated to a ray
direction. Plane wave decomposition is applied in the ray direction to the rotated velocity
data. The pressure data and the velocity data are combined to generate at least one of up-
going and down-going wave fields. The at least one of up-going and down-going wave fields

are used in a time-space domain to image the earth's subsurface.

BRIEF DESCRIPTION OF THE DRAWINGS

[0012] The invention and its advantages may be more easily understood by reference to
the following detailed description and the attached drawings, in which:

[0013] FIG. 1 is a flowchart illustrating an embodiment of the method of the invention
for imaging the earth's subsurfaée;

[0014] FIG. 2 is a flowchart illustrating an initial portion of another embodiment of the
method of the invention for imaging the earth's subsurface;

[0015]  FIG. 3 is a flowchart illustrating a final portion of one embodiment of the method

of the invention begun in FIG. 2; and



DETAI LED DESCRI PTI ON OF THE | NVENTI ON [ 0018] The i nvention is a nethod for

i magi ng the earth's subsurface using at |east one of up-going and
down- goi ng pressure and velocity wave-fields. In particular, the invention
is a method for using three-axis notion sensor neasurenents and pressure
sensor measurenents obtained during a marine seismc survey to generate the
at | east f el ds
' the 1 iRnE ont o Hh A B B e M oo
for the dmaemmwdnémewehmmnﬂygmemﬁﬂﬂehents | nst ead, the veIOC|ty

d t t o|! t f
Cepar at ol ough ot MiTR Gl oR (RSB 57 bRl BUFE, BReERg

obt ai ned embqﬁﬁnérm mvhg ba uscmrssasndahzﬁme\,{ege,numeprresbmttai tovtesof Oretie thitsary,

St ot ur ok prBRrETRes bt Tl Raco ok apvanr bl RS 8 ca

bei ng sur weyed wilthie tHerseqrss e isehsdn, 6s ddinad by e ppeaeasedmt.or di splay and
anal ysis of potential hydrocarbon content of these subterranean fornations.
The goal of seismic data processing is to extract fromthe seismc data as
much i nformation as poBETAIEED BFICHIFTJONNEF THiBtBIVENTEAN f or mati ons in order
to adequately i mge the geologic subsurface. In order to identify |ocations
in the Earth's subsurface where there is a probability for finding

pet r ol eunfopagpNUITRY inQ&ktion! ik eRhSH Id: iRheiiP R eaRh'S sebspERdacting i 1gat bey Mg,
processing, and interpreting seismc data. The process of cqonstructing the

ref | ect or UREPPHEULITEr BHPHBEHE 28 Hf’l@?‘FVaW%‘ﬁ’nﬁeé%Sr t1A PREWRTs theANYeRHRM < ~f r om
the recor gegho§ &raRing tHas-axiPhRYibA &hséndadBeRe RS ahd frefafel BndoPmdeRtdinedts t i me.

[ 0020] The i nage of the structure of the earth's subsurface is produced in
order to ebtaibédeduimngamenins: SisBiC susvesdp generdtd gt at degst e tof upgeing padh dewp-

pr obabi I i ty, 0 B06htiof Ot ¥EhbT declifey RE GREREE Of
petr ol eum’:é(lg &eeg%\%ngg% 9%155@) prefgé NH{ Fnte 1 tlo sltt 0 dtet%rsﬁfhe whet her

pet r ol eunndislpessi angledp @ccpﬂuets@mtheahrenmnal v@ocatrx Ies@sur@memy &nsisath Shey welagity

ti me-consumin nde t n eed to
i nprove t gasﬁ%éngggs%r%?&wg Q m%lEﬁh tggl&?yr ‘?ﬁ"zgg%ﬁ %ér? I%d{g?\g? Sgp%&tztaésd {Eﬁ%&%r orbduce an
i mge of phee wiveulstemmeosoiont he earth s subsurface that will inprove the
ability o i nterpreter her the rpretatio nput er
or a humam(ﬁ? 1) atsrg%ssgl the dat Qbaaﬁ)nefjl'f1 pe{%é‘% fi n£ g%:%hlr‘r;u%ha%&b ?e’e&mf\% 1gum
exi sts at eathyasubsedcarart q)mtsselhtm vield mfoemtm)h relangoouhd g@@chsmelcmr@amssi ng

and di spl a of. ac r m faC| ljtates nore accur t e decisjons on
ahat ner © aateeGiies Tt PR fes ufh Foofioh T b BE iR Tl T PR ory
hol es. [ OeagduE’almtalaed @[omtddcmr ﬁlgms;om aﬂﬁl§51§ ypbaaltiayhypiascaioh eontcﬁit of iteye
sensors, t other_particl sens i ncludin article accel.eration
Soneor e, AierRORLRRR It o Tne Bt BhseRr 648 arasertne s Bt e e aERBiCtar
streaner s dafakthedheinV@hRbbd s $ERHN SepdideneC HIETEBIeYrakddf Brniafiohh B aider &
aeophones and particle acceleration sensors are commonly known in the art

as accel ergemgielysimagpdhe,gealegie subsyderei ol Midey thidegdlyclopdsions Wi ths B3BoYi nent s

enpl oyi ng S%Qﬂmrl%re Bl & p?obca%ﬂft’}ofor%@l %epehﬁleﬁﬂrac%rﬁm&bﬁk tlé/rgQ]csums of

illustration only and is not intended e arestriction of the invention.

[ 0022] Whi Ineongy wpctkpRsiderh gaélee@mg@r@q@entge@@d injgaRretingseirmaeita.dl peprorsnal |y, a

verti cal ¥ I

¥ ecor de.  ASYURREMARILUG, Sfler dihiint 48 ubPreE® T RIGEEERING) PR dr

verti cal cmwphﬂemmmfdaitafpeo“meﬁuedgd owhbleartﬂninyieb@ astjmal to the tot al

wavefield Si P woard. | f

0 is the &66?0(1 %?ﬁ@?%gﬁ&%y tgt\‘t:l%e ehegmgl %Hgﬁ%?ft\%/%é\}gp?rgg%%ﬁlg# rttgg sensor

orientati an, mtdmeatex/eot sederk lupnman&j vpmoniaag@taamat ipsotwbiieof | mwag| petdddiomed by
ng(rllt Idgrge \?g?uﬁwcui?e}tvn ng%Leﬁg}']ﬁ]e péesgnce 0 ;e)ert;[olle%?n a W mﬁ""i’ b& Erglke%g%n%1ngh»9élfs%8 ntal

determine whether petroleum deposits are present or not, is an extremely expensive and time-
consuming undertaking. For that reason, there is a continuing need to improve the processing

and display of the seismic data, so as to produce an image of the structure of the earth’s



known, from neasurenent, in addition to the pressure wavefield, then the
particle velocity conponents may be cal culated by rotation from an
initially different coordinate system Then, by the nmethod of the

i nvention, the at |east one of up-going and down-goi ng conponents of the
pressure and vertical velocity fields can be determ ned w t hout know edge

g:rbf)gsn{aﬂsf ﬂ?%thgml ﬁ‘?ﬁd)rcgngE lilﬂlt% of ]a 1§ter%¥eft4rowﬁaﬁlér thé [ Ité‘[’ﬁ"é(aﬁ‘ért}ﬁ%eﬂﬁ

I nven

subsur f acley. a {25 At a blunerk td@ssestshheemebnbnlw thet a)cmdcymdlatl«a; ofqi@tralemedxatsong
with pr ess

ure da mar.i ne els C..sur are. rot
di rection? %ﬁ%’;‘%&tloﬁl%k“ R}T eag ﬁl %E\ e¥§%8r0ﬁ%581§1igtqn§ Slpgav ngﬁcqm}c%dl n the
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the art as geophones and particle acceleration sensors are commonly known in the art as
accelerometers.  The present invention will be described with embodiments employing
geophones, but this sensor choice is for simplicity of illustration only and is not intended to
be a restriction of the invention.
[0022] While a hydrophone records the total wavefield omni-directionally, a vertical
geophone, as typically utilized in seismic processing, only records the vertical component of
the wavefield uni-directionally. The vertical component of the wavefield will only be equal
to the total wavefield for signals that happen to be propagating vertically downward. If 8 is
the angle of incidence between the signal wave front and the sensor orientation, then vertical
upward propagation is conventionally defined by incidence angle 8 = 0.
[0023] If the vertical and two orthogonal horizontal particle velocity components are
known from measurement, in addition to the pressure wavefield, then the particle velocity
components may be calculated by rotation from an initially different coordinate system.
Then, by the method of the invention, the at least one of up-going and down-going
components of the pressure and vertical velocity fields can be determined without knowledge
of the incidence angles. ‘
[0024] FIG. 1 is a flowchart illustrating an embodiment of the method of the invention
for imaging the earth's subsurface. '
[0025] At block 10, three-axis velocity data, obtained along with pressure data in a
marine seismic survey, are rotated to a ray direction.
[0026] At block 11, a plane wave decomposition is applied in the ray direction to the
rotated velocity data from block 10.
[0027] At block 12, the pressure data and the velocity data from block 11 are combined to
generate at least one of up-going and down-going wave fields.
[0028] At block 13, the at least one of up-going and down-going wave fields from block

12 are used in the time-space domain to image the earth's subsurface.



met hod of the invention for imaging the earth's subsurface. [0031] At bl ock
20, marine seismc data are obtained using three-axis notion sensors and a
" pressure sensor. |If the notion sensors are accel eroneters instead of
geophones, then the accel eroneter neasurenents need to be integrated in
order to provide the data in the formof velocity data. This integration
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directions described above.

[0033] In another embodiment, the motion sensors are accelerometers that are not
gimbaled, so that the orientation of the sensors is not already known. In this case, the
orientation of the sensors need to be determined, either from the DC components of the
measured accelerations or from inclinometer sensors or any other appropriate sensors. In
addition, gyro measurements may be used to determine variation in orientation.

[0034] At block 22, the ray direction of the plane wave decomposition to be performed is
determined.

[0035] At block 23, the coordinate system of the three-axis motion sensors from block 21
is rotated to conform to the ray direction of the plane wave decomposition determined in
block 22. In one embodiment, the rotation is done as vector rotation through the use of
rotation matrices.

[0036] With three-axis motion sensors, such as velocity sensors (geophones) or

accelerometers, in which the orientation of the sensors and each of their vertical and



hori zontal conponents is known, the coordinate system can be rotated to any
orientation. Therefore with three-axis notion sensors, the velocity field
in any direction can be derived through vector rotation. [0037] At bl ock 24,
pl ane wave deconposition is applied to the velocity data in the rotated
coordi nate systemfromblock 23 in the ray direction fromblock 22. The
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[0040] At this point, the process proceeds to either block 30 of FIG. 3 or block 40 of
FIG. 4 with the velocity data. The flowcharts in FIGS. 3 and 4 illustrate two alternative
embodiments for ending the process begun in FIG. 2.

[0041] FIG. 3 is a flowchart illustrating a final portion of one embodiment of the method
of the invention begun in FIG. 2.

[0042] At block 30, the velocity data from block 24 of FIG. 2 is inversé transformed
from the plane wave domain back to the time-space domain. After the data are transformed
back into time and space, the result is an omni-directional velocity field. In particular, no
further corrections for incidence angle are performed because, in the method of the invention,
no further corrections are necessary. In one embodiment, the inverse transform is an inverse

linear Radon transform.



[ 0043] Provi ded that the spatial sanpling of the sensor neasurenents is
sufficiently dense, and the forward and inverse pl ane-wave deconposition
can be done without artifacts, the inverse transformcan be done to

[ ocations other than the original sensor |ocations. Therefore, it is not a
requi renent of the invention to have co-located pressure and notion
sensors. £0044]At this point, the process may proceed as severa| .
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going pressure wave-fields in the time space domain. The acoustic impedance of water is a

product of the water velocity and density at the sensor location.

[0046] Thus, in one embodiment, the up-going and down-going pressure wavefields P*

and P? are given in terms of the measured pressure P and the omni-directional velocity ¥ by:

P =%I:P—pc V] (1)
and

P =%|:P+pc V] 2)

Here, the factor pc is the acoustic impedance of water, where p is the density of water and ¢ is
the acoustic velocity of water. Note that in the method of the invention, as expressed, for
example, in Equations (1) and (2), there is no explicit incidence angle dependence.

[0047] At block 32, the at least one of the up-going and down-going pressure fields
generated in block 31 are used for imaging the earth's subsurface. The process ends for this
embodiment.

[0048] At block 33, in an alternative embodiment, the total pressure field is be divided by
the acoustic impedance of water and then combined with the omni-directional velocity field

in the time-space domain in order to derive the at least one of the up-going and down-going



generated in block 31 are used for inmaging the earth's subsurface. The
process ends for this enbodi nent. [0048] At block 33, in an alternative

" enbodi ment, the total pressure field is be divided by the acoustic

i npedance of water and then conmbined with the omi-directional velocity
field in the tine-space domain in order to derive the at |east one Ff ng|
Uup- goi n . | V. Ity. fields in the tinme-space domain. [00 n
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explicit incidence angl e dependence. [0050] At bl ock 34, the at |east one of

t he up-goi ng and down-going velocity fields from
VuleV——LJﬂ (3)
2 pc
and
v =1{V+LP:|. (4)
2 pc

Again, in the method of the invention, as expressed, for example, in Equations (3) and (4),
there is no explicit incidence angle dependence.

[0050] At block 34, the at least one of the up-going and down-going velocity fields from
block 33 are used for imaging the earth's subsurface. The process ends for this embodiment.
[0051] FIG. 4 ié a flowchart illustrating a final portion of an alternative embodiment of
the method of the invention begun in FIG. 2.

[0052] At block 40, in another embodiment of the invention, plane-wave decomposition
is applied to the total pressure field over the same angle ranges as the velocity fields in block
24 of FIG. 2.

[0053] At this point, the process may proceed as several embodiments, two of which are
illustrated here. In the first embodiment, the process proceeds to block 41 to generate at least
one of the up-going and down-going pressure fields. In the second embodiment, the process
proceeds to Block 44 to generate at least one of the up-going and down-going velocity fields.
[0054] At block 41, the decomposed rotated velocity data from block 24 of FIG. 2 are
multiplied by acoustic impedance of water and combined in the plane wave domain with the
decomposed pressure data from block 40. This combination generates at least one of the up-
going and down-going pressure wave-fields in the plane wave domain. In one embodiment,
Equations (1) and (2) are employed.

[0055] At block 42, the at least one of the up-going and down-going pressure fields from
block 41 are inverse transformed from the plane wave domain back to the time-space domain.
[0056] At block 43, the at least one of the up-going and down-going pressure fields from
block 42 are used for imaging the earth's subsurface. The process ends for this embodiment.

[0057] At block 44, in an alternative embodiment, the decomposed pressure field from
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bl ock 33 are used for imaging the earth's subsurface. The process ends for
this enbodiment. [0051]FIG 4 is a flowhart illustrating a final portion
of an alternative enbodi nent of the nethod of the invention begun in FIG
2. [0052] At bl ock 40, in another enbodi ment of the invention, plane-wave
deconposition is applied to the total pressure field over the same angle
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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).

[0062] 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.

[0063] It should be understood that the preceding is merely a detailed description of
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velocity fields fromblock 43 are used for inmmging the earth's subsurface.
The process ends for this enbodinent. [006 0] The descri bed net hodol ogy does
not require any user interaction, and may as such be applied in data
processing centers or onboard vessels as one of the first processing steps,
or during the process of data acquisition. [0061] The invention has been

di spussed ab1g1veem %dg‘ner;q?st QP %i firWenfiArJ Yed & Iﬁﬁ%eﬁﬁ%p&ﬁﬁg%spﬁlomﬁcﬁwns,cﬁm al so
be |nplen§ﬁf as a system The system of the invention is preferably

i mpl ement gienbyivessans ddclaedhputadinents gan b meade i ascordange tath t eI ong
wi th ot her . conventional ta ] . equd : assd ng
equipnentW“WéFFq%Wgﬁhgﬁﬂqﬁ %m§§?Eg@ﬁ#ﬁﬁggﬂp??gég%ﬁgégggﬁgﬁéﬁéﬁg?%oﬁbination
or net wor KotQfiea@0 Bplih rthd s@pe 9§ itrginegptiopmRather.i the bepte 9f thebinvention e b§ ni t ed
to, hardware (processors, tenporary and .pern t storage devices, and any
ot her appP%ﬁFP%?'n38ﬁH&f@ﬂm 5&?%?%5”%88?%%@%%@% sof tware (operating
systens, application prograns, nmathematics programlibraries, and any ot her
appropriate software), connections (electrical, optical, wreless, or

ot herwi se), and peripherals (input and output devices such as keyboards,

poi nti ng devices, and scanners; display devices such as nonitors and
printers; conputer readable storage nedia such as tapes, disks, and hard
drives, and any other appropriate equipnent). [006 2]1n another enbodi nent,
the invention could be inplenented as the nethod described above,
specifically carried out using a programmabl e conputer to performthe

nmet hod. I n anot her enbodi nent, the invention could be inplenented as a
conput er program stored in a conmputer readable nedium w th the program
having | ogi ¢ operable to cause a programmuabl e conputer to performthe

met hod descri bed above. In another enbodinent, the invention could be

i npl emented as a conputer readable nmediumw th a conputer program stored on
the nedium such that the program has | ogic operable to cause a
programuabl e conmputer to performthe method descri bed above. [0 063] It
shoul d be understood that the preceding is nerely a detail ed description of
speci fic enbodi nents of this invention and that nunerous changes,

nodi fications, and alternatives to the disclosed enbodi nents can be nade in
accordance with the disclosure here without departing fromthe scope of the
i nvention. The preceding description, therefore, is not neant to limt the
scope of the invention. Rather, 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 imaging the earth's subsurface, conprising:
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rotating three-axis velocity data, obtained along with pressure data in a
marine seismc survey, to a ray direction; applying plane wave
~deconposition in the ray direction to the rotated velocity data; conbining
the pressure data and the velocity data to generate at |east one of

up- goi ng and down-goi ng wave-fields; and using the at |east one of up-going
and down-goi ng wave-fields in a tinﬁ?%ﬂﬁﬁi domain to image the earth's
subsurface. [C2] The net hod of cl ai ) erein the rotating three-axis

vel ocity data conprises: obtaining marine seismc data using three-axis
notion sensors ﬁg@“% pressure sensor; determning orientations of the

three-axis notion sensars;. determ ni he ray.direction of the plane wave
deconposi t¢dn éa’eﬁ’éﬁg@r@ﬁglﬁ%g’? eaTHYS ?Jggﬁ%af’?lﬁo‘i“ﬁréﬂ%or di nate system of the

t hree-axi s notoRns WMEQESs tvRl0eRY fdafaMob@inkd &ildnay with I B€ssin@ndaef if Remptigne wave
deconposition. [C3] The nethod of claim2, wherein the three-axis notion

sensors conprise t KeigBicEUTVEY.geayohiestion; [ c4] The method of claim 2, wherein

the three-axis,ppif SNSOLS: i Birédb tARS RIREPVES DY Hatal C5] The
met hod of cl ai aﬂ?d%n?her cor?pﬁfr%?%irl%rg{;ﬁﬂ?ér}{ag 1rratli né t he taccel edrﬁgrrgtta[er dat a

to provide vel weibinjingihe aressyroddta Myktheielpeity defa te|Zanerete at \npse pes of Whe Rt at i ng

the coordinate systgmQfnthife WlEEe18Ksq LI on sensors conprises: applying
vector rotation through uSe of rotation matrices. [C7] The method of claim

1, wherein t heusigpghs/dtiepsixngrod upvaviog detdnposding waveiigldhian timsmpriestogiain

i nverse transform q‘gintl&g YLl 0ft thsGidta i nverse from the plane wave donain
back to the tinme-space donmain to generate omi-directional velocity data.

[C2] The method of claim 1, wherein the rotating three-axis velocity data comprises:
obtaining marine seismic data using three-axis motion sensors and a pressure sensor;
determining orientations of the three-axis motion sensors;
determining the ray direction of the plane wave decomposition to be performed; and

rotating the coordinate system of the three-axis motion sensors to conform to the ray

direction of the plane wave decomposition.

[C3] The method of claim 2, wherein the three-axis motion sensors comprise three-axis

geophones.

[C4] The method of claim 2, wherein the three-axis motion sensors comprise three-axis

accelerometers.

[C5] The method of claim 4, further comprising;

integrating the accelerometer data to provide velocity data.
[C6] The method of claim 2, wherein the rotating the coordinate system of the three-axis
motion sensors comprises:

applying vector rotation through use of rotation matrices.

[C7] The method of claim 1, wherein the applying plane wave decomposition further

comprises:
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[ C8] .The nethod of claim4, wherein the conbining the pressure data and
velocity data conprises: multiplying the omi-directional velocity data by
"acoustic inpedance of water to generate scaled velocity data; and conbining
the scaled velocity data with the pressure data in a tine-space donain.

[ C] The nethod of claim4, wherein the conbining the pressure data and

vel ocity data conprjses: divjdi .th ressure ta, by acoysti.c.i dance
of water to gAYt EISOEPEE Wt %{chﬁ edeaﬁfg’t“ﬁ?rseaﬁamgg‘?’rﬁ‘aﬂ%/ ng H%m%lgelffi cré%)%
pressure data w th thdwn®spate dinifcid RAcrhte\vainddirécyionldvalotity datd. i me- space
domain. [Cl0] The nethod of claim1, wherein the applying plane wave
deconposi tion further conprises: applying plane wave deconposition in the
ray direcicgn iR hbBodbeslak &, WRdréin thd EdidinihBendTplehott @fta ehdidToclty duer ei n
t he conbi ning the pressure data and the velocity data further conprises:
mul ti plyi AYRRTHES:r ot at ed vel ocity data by acoustic inpedance of water to

generat e scal eduyiglyati thy FafidiretRAR Widtgytde BFat®eiy ahplatios sfatvaemid h t he
pressure data in a plane wave domain, generating the at |east one of
up- goi ng and down- gishaigie srales elositydatai#8d i nverse transforning the at | east

one of up-goi ng, ARG IAMC AU B WRYRA (it hikSHré @bl & PiRBRpWBSmEATRI N back
to the tinme-space donain. [Cl2]" The nethod of claim7, erein the

conbining the pressure data and the velocity data further conprises:
[C9] The method of claim 4, wherein the combining the pressure data and velocity data

comprises:
dividing the pressure data by acoustic impedance of water to generate scaled pressure
data; and
combining the scaled pressure data with the omni-directional velocity data in a time-

space domain.

[C10] The method of claim 1, wherein the applying plane wave decomposition further

comprises:

applying plane wave decomposition in the ray direction to the pressure data;

[C11] The method of claim 7, wherein the combining the pressure data and the velocity data
further comprises:
multiplying the rotated velocity data by acoustic impedance of water to generate
scaled velocity data;
combining the scaled velocity data with the pressure data in a plane wave domain,
generating the at least one of up-going and down-going wave-fields; and
inverse transforming the at least one of up-going and down-going wave-fields from
the plane wave domain back to the time-space domain.
[C12] The method of claim 7, wherein the combining the pressure data and the velocity data
further comprises:
dividing the pressure data by acoustic impedance of water to generate scaled pressure
data;
combining the scaled pressure data with the rotated velocity data in a plane wave

domain, generating the at least one of up-going and down-going wave-fields;
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di viding the pressure data by acoustic inpedance of water to generate

scal ed pressure data; conbining the scaled pressure data with the rotated
"velocity data in a plane wave donmai n, generating the at |east one of

up- goi ng and down-goi ng wave-fields; and inverse transform ng the at |east
one of up-going and down-goi ng wave-fields fromthe plane wave domai n back
to the tine-space quain. _

inverse transforming the at least one of up-going and down-going wave-fields from

the plane wave domain back to the time-space domain.
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