METHOD FOR WAVE DECOMPOSITION USING MULTI-COMPONENT MOTION SENSORS
CROSS-REFERENCES TO RELATED APPLICATIONSNot Applicable FEDERALLY SPONSORED
RESEARCH OR DEVELOPMENT Not Applicable SEQUENCE LISTING, TABLE, OR COMPUTER
LISTINGNot Applicable BACKGROUND OF THE INVENTION 1. Field of the Invention [0001]This

invention relates generally to thefigtsdrof grophysicalgrospeciruiddors pasticularly, the invention
relates to the field of imaging dual- 0 i Ismj el 2. Description of the Related
Art (0002]In the oil and gas indu&@iﬁ’g&)@@ﬁ%ﬁ&g@cﬁ%@i corgénigsnly used to aid in the search
for and evaluation of subsurface earth formations. Geophysical prospecting technigues yield

knowledge qifhr subsirieer shideter g of the patthewhighigusgefitl for finding apdiexyiacting 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 genegrpied an or sEanEEreti sssuiace ard tirsreraristawnwed itplitwisubsurface 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 whichSBREENICPAdatinytnbARe vt (e MiPleasiRohitaliy feflectedNsy ubkicatdte 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 interf&gggﬁ%)w&%ggig C Ws 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 depttls |gigﬁrgp,%lgfﬁvzge seismic sensors generate signals, typically electrical or optical, from

the detected seismic energy, Which are recorded for further processing.
[0001] This invention relates generally to the field of geophysical prospecting. More
particularly, the invention 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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[0003]The appropriate seismic sources for generating the seismic signal in land seismic surveys may
include explosives or vibrators. Marine seismic surveys typically employ a submerged seismic source
towed by a ship and periodically activated to generate an acoustic wavefield. The seismic source
generating the wavefield may be of several types, Mcluding small explosive charge, an electric spark
or arc, a magjpe, WbiaiRhi B WRlEE@YBr 8RR RN detBRS! yRisallynabyainBidn. afy Riaitikda marine
seismic source consists not of a single source element, but of a spatially-distributed array of source
elements. THS HFAAJERTERE particularly true for air guns, currently the most common form of marine
seismic soufo680R1004Trhempppaptiate typesoofceeifmigesensogstiypidathicintgudepautitksvelocity
SEnsors, pa@ﬁ&%‘égpﬁ%‘aﬁ‘cqu%fé%%%s%@? Wa&?Jerro §SULR, SRR Sn RAHAHIANY, IR MR/ IBE SHIVEYS.
Sometimes particle di pfacement sensors, particle acceleration sensors, or pressure gradient sensors

are used in PIABEERS SHSEIRIMBI td PErt e veldr ity S apdetis APy AR RS S By SEHE SR 2t Water

pressure sepsQEgiaike aomseaMKkbewe dBthead & geophanes.and byctaphionsss, espectyely.
Seismic sensg}%slsma be degjloyed kggthemsel es, but are more epl%yed in sensor arrays.

commonly d
Additionally BFSHS SEAEHFB ST SO SndoTE Sy D Mhploy B e ACE R oiarine
survey, collotalteddst paiisby pairsio§an-aysi{e0053 mariyp rcalmasine seisnsists noieyf, assegimic
survey vessgl fravels on, the waters H{fﬁﬁﬁdf%ﬂm@}{ akLab gt UKNOLR. AN CORIRINS SRISAUGacquisition

equipment, such as navigation control, seismic source control, seismic sensor control, and recording

equipment. PREGHRHBUSIGFEE CIRBGLEGTBHSTROSLEUIR B ERIMiAILBHIER TOWRE TS body of water

by the seisngoassel @ acibpsalselppieddimes SRSt egpeay dsagilledteisnideables, are
elongate cable-like structﬁ%re towefd Hw the body oJ water by the seiés,moigssug\égy Ve s%lltglnagmtr?ews the
seismic sourc8 by ANGtHE s & MR STVEY sHIBC T/pically” 3 prurslity of Seismic streamers are towed
behind a seismieysesSahcTheseistivic sitphinersnteatamssensols toadbativthecreflsctedissvedields
initiated by tQ&cﬁ%%ﬁ”é‘é%&?W&% aad reflected from feflegting, injesfacas- Capvantianally, the-ggismic

streamers contain pressure sensors such as hydrophones, but seismic streamers have been proposed

that contain VWAREISpEFRIE FRIOERIPERISSBIS SERIESHespHBARY bRt iahartarrafBrPEEHEYEs such
as accelerorpetesshinadditipniodydaphienasnidie REssYresRIsaI5aMdmalticle tuotinmseasors may

be deployed in clos? Criox{mi%; collocated in gaitgdoc{.@air of arra sealé)]@S a g,e'sr%%&%bled i.lI<1n.
alternative t& %%?1% he 83% On&ERd r?;r/r&?ophone cgﬂ%gatgﬁﬁ,sls 1o Have sdfticken spaltjllaf 8ensity of
sensors so thatsthe mespectortonaiefielts feeordad suthiey hydlopitshie it geophbakanalisbe
interpolated pyosyapalated lo.aroduce Listino wansfieldsignals.aldhe sanedosationO0RRIAfter the

reflected wave reaches the streamer cable, the wave continues to propagate to the water/air interface

at the water SUfsEe YROSAIWHIER RAY walieors: rafd GRBaBi MR AT Lo RN B EEGE By the
hydrophones,iithe sireamel; selbigc Fbewalai s fagenisageodaefietianancthénelqutiomenoefficient
at the water surface is nearly unity in magnitude and is negative in sign for pressure signals, The
waves reflec? 5?1%365813)%%@%%{?[}18%“8%“5#a%ael{sseﬁiﬁes lﬁ%ﬁ %%“5?825?8% |\F}éet88€iﬁ%ol?§vz\?§erﬁ?§
propagating thaveisnilhecsiohioeenaiie propadatingnway 8 giendr dedanethalrecuiVet sisoaheaidisly
referred to ag the surfaceefliaction oribe.dhash #ignakBecarseofile surfecarelaction dhe water

surface acts like a filter, which creates spectral notches in the recorded signal limiting the bandwidth of
the recorded'eftah BEtiaRI BRI GRPB BrHE GRS Yo tidn PG frabitaiias S recorded
signal are argplifiaerand somee fepaueneiasms e abanuptiedef00 dApactictermatiomsensotdesuch as a
geophone, h%feaSﬁ“e%‘%ého%al\!eefsﬁ?”%ﬁn}’g@%r o B e sgnsar. Such.ge 2 bydrophone. does not.
Accordingly, the Iilngelng wavetield S|gnatls détectéd ?Jy a geophonean %y rop'none ocated tlose
together will beeifaptsase Catrikntiveadiowrigpingwavefitidsign abonidin 1 vivl eS80 daipleess out of

phase. VarioysqschnigiasnavghesnRronesadferusing fhisPhasesiiarenss aredece igspectral

notches caused by the surface reflection. Conventional techniques for deghosting often include
combining th¥piEgstra aneroRRIRs papatie's arseif WAl eRuIas R Lepuretd SHR ST thd grtbtRe or
vertical partiglealegitynavavetielgsdnie a&ﬁe@st&ﬂ%@ﬁmg@ﬁgmmagcﬂagwmyeﬁ éitkclose
components. [0008The feazysments mads bymotion sensorsindped sreanereaklen e
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



measuring the particle motion associated with pressure waves are vector measurements. Therefore,
unlike pressure measurements, the recorded amplitudes are dependent upon the incidence angle
relative to the vector measurement direction. If the vertical velocity field is being measured, then the
recorded amplitudes are proportional to the cosine of the incidence angle relative to the vertical. With

single compenent moion senars. s anale dspendency fias tne.coreder orbetare the velocity

field can be combined with the tota pressure field to separate up-going and down-going wave-fields.

One way of ERAR§this Afiefletre peitratad aisittrRiehes BBt e debEmPSsevaie (1R48UFed'Yata into

plane-waves, g e diddeathe.amplitndessbythe sesinefeédheanglaioh epclvplarie waveedt a zero
degree emission angé@, the measure(inentg ection isr%n the same direction as the p icI%vg%&tion, and
i

no correctio EHERdy 1B BHPITETES S G dbr Streanier o8

10 go es in t
P8 G into plane=Waves. 10009] There are
several limitaticiase\with ¢ghis eciveentimdahmethotion heaiieibgcdrdeuivets: dattieh it eaeldendslipsampled

spatilly, in bolf fginaline g froess e disctians,dn it ool llaingiie Rieagaave

decomposition. In addition, the signal to hoise ratio tends to decrease with increasing incidence

angles. The igh#lgsobiibrsssBiierbds iFeareqifeaaiVAthinks cHig h SO RAeHlE B4 abBbe,

whereas noiggwaldedipreghanicalvibiationsinthelsireasiess doesnalialionithedsams ahgle
dependency as the signal because the noise propagate with a slower velocity along the streamer
compared to XEBtRHE SHERYY" é%jd 8 |%Sstinfﬁ%#ds}%g%%%eu?tla?’ree%{l\?g?yr\eoﬁv?/cﬁ%}({jﬁé%é%%%se.r §%u¥§1%loise

tends to be sptedideovEittherdntirerarigieperiye nftititerasthplesor]ahsisighhmaig thelkavévtisithe noise

level tends to decreasevith ncreasing angle {[BALOIThES. A nerd existsitor, aimethas dasisenarating

the pressure or vertical velocity fields into at least one of up-going and down-going wavefield

components heFrsardekigabeeerer <sa farsamp iR sepst AR HHE Yoss-line direction, and
without requiing Knowledge of thetincidense anples a BRIFHorS  HMARY Al ks NN
[0011]The invention is a method for imagi e earth's subsurface,.Three;axis veloci btained
along with pr%s%ﬁsrseur&a%nlsr? a ?H%.}}il’%% %ggélg@tgﬂ?\e/ééogﬁen?gta e&c%dé“gi’/ &ﬁec‘%%r%%l%aeg Qvi\r}g{ffe)
decompositicigislappl@ttirbthe gapirecticrsithehrotatechizdlotsity taeiharhalbhessuestatahiad the
velocity datagre combined I QaRRrale Rideash ane RibR:acng and dewpgaingriave figldsudhe at

least one of up-going and down-going wave fields are used in a time-space domain to ima%g the
e

earth's subsUiPRISETBRIEY PESTRIPSEAON OREHE TR0 e R RS H ARG RS
advantages maydaevnare eagilyeunrderstood bysefaranae tethefeloindcdrtaiied déscriptiodeand the

attached drawings, Ifp e B IIE it oo dustiatng et podinsak ol metpod o
pressure or vertical particle velocity wavefields into at least one of up-going and down-going
wavefield components.

[0008] The measurements made by motion sensors in towed streamer cables for
measuring the particle motion associated with pressure waves are vector measurements.
Therefore, unlike pressure measurements, the recorded amplitudes are dependent upon the
incidence angle relative to the vector measurement direction. If the vertical velocity field is
being measured, then the recorded amplitudes are proportional to the cosine of the incidence
angle relative to the vertical. With single component motion sensors, this angle dependency
has to be corrected for before the velocity field can be combined with the total pressure field
to separate up-going and down-going wave-fields. One way of doing this angle dependent
amiplitude correction is to decompose the measured data into plane-waves, and then divide
the amplitudes by the cosine of the angle of each plane wave. At a zero degree emission
angle, the measurement direction is in the same direction as the particle motion, and no

- correction is needed to the amplitudes after decomposing into plane-waves.

[0009]  There are several limitations with this conventional method. The method requires



for imaging the earth's subsurface; [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;
a?d [0016]FIG. 4 is a flowchart illustrating a final portion of an alternative embodiment of the method
of the invention begun in FIG. 2. [0017]While the invention will be described in connection with its
preferred eﬁ?&%&ﬁ%é?ﬁéi,eﬁ%ﬁ}m BeBdeRbHE it Eh%lh%&ﬁ iy 89%3{8% LS, BiFHHE contrary,
the inventiondgsioieadedhtoicoveplaleatteraakivespmatificdticdsjtamd theuiyede it s thatrataytddsincluded
within the scope of the inyention, as defined bX tr]

a | T SGRIBTION OF
THE INVENTION 801 8] The thvent oﬁl%dgnr%eetﬁ%gsfo?%%;%l%r%%?e%%rﬁ% gﬁgﬁ?gge us_inltgft least

one of up-gokig émded%i%ﬂg@iﬁgspﬁ*@%%ih@%Wemww%ﬁé%?%tﬁé?ﬁ%’gﬁ%@q%@?ﬁdﬁ is a
method for ysing tHiRE-AXIR MAVIGBIRANSRE RABRSMERQR}R ARG (I eS UL SBNS O MIRASHE MENts
obtained during a marine seismic surveg ener%te the at least one f%JOp-a%oirslgcand down;%oing

pressure and"9BIS&ity W E-fIdE N8 ft RO Re COSeAY

to
. PivERESA: ReceSsAN 1o use the Incidente angle to
account for tidirecticlhab vetocity raledseheimeritsqinstéed, Suehveidsitipndessbremiendsoars Histated to

match the ray, fiteqlian .o Ian e, WRNeS sRARAIRY pHIBRIPIRGWaYeeROmPRIIAN A ST The

seismic data obtained in performing a seismic survey, representative o

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 subsurface;

[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
ofthe invention begun in FIG. 2; and



earth's subsurface, are processed to yield information relating to the geologic structure and properties
of the subsurface earth formations in the area being surveyed. The processed seismic data are
processed for display and analysis of potential hydrocarbon content of these subterranean formations.
The goal of seismic data processing is to extract from the seismic data as much information as

possible regadid hersubleraneap aMAlonsI oARk g AdSAUAIEINANR NG Bealamlk: bsurtace.

In order to identify locations in the Earth's subsurface where there is a probability for finding petroleum
accumulaticha meihpd stihe By ansine P éxBeaded in gathering, processing, and interpreting seismic
data. The proeess of panrirustingnthadeflector surfasesidedining taenstiierranganeatorayers of
interest from the recorded sgjsmic data provides an image.of the earth in depth.or time. [0020]The
image of th@‘g?ﬂ?&’ﬁﬁ%tsofttﬁvé?@?t\‘?‘g%@%F%/ﬁég‘?s“ﬁggb ed thtoilglétre o Oen[r}llg éqgﬁ ?}ﬁ?ecr%nr%%é}f"to select
locations with-thegreatéstipeobabilitycvthaVigrpefrals une dicativnkationsq Tivalerifyithieprebence of
petroleum, M&&%Wﬁm‘ﬂt% 'é'@&-%&ﬁﬁ&@%%%%%ﬁ?_@%%@d ingwhetherReirolamm 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 subsurfata thabwitk soprevedecabitieafareN@gveter, whether the
interpretation is made by a computer or a human, to assess the probability that an accumulation of
petroleum exists at a particular location in the earth's subsurface. The processing and display of
acquired se[§8i8ldatd facilitate®misre mebofaie deeiisnsorawhethibsuhdovkme Aol el candithereby

reduces theJﬂS%&fgdﬂHra%\gﬁy e Q02 IRAISIR AHONRN SENSOr AFe-ivRisa M PRKigieovelosity

sensors, but other particle motion'sensors, including particle acceleration sensors, may be used
instead of pAYEBRS VeI dEi R SRS IR S B RS R P AR I FUTS ST QB B S B S mmonly

known in theilRe geephenesasdaaticke ascelesationsahsarsake aenmgnpyiigoawd ivthe art as
accelerometers. Theg)resen invention will {)elcges?ik%gd with mbogli.ments emsplo ing geo hones, but
1elds 11 essary . t Sethe

this sensor eR8ied BFesﬁ%pli%? §C6%|m%¥?é ion only and 180t m elnd%él% )€ a restriction of the
invention. [(@22whileghidropharicretordsatiotelal shaiefisleronamniaire dtisnedlyihg velaial

geophonc, a5 typically Mtilized inseismicprogessing: Bl fecardstheMerticabaampansibaf the

wavefield uni-directionally. The vertical component of the wavefield will only he equal to the total
wavefield foP R5EIENEE HAPPEHCRD be propagating vertically downward. If 8 is the angle of incidence
between the[egoal wave frortandithe sensed aniedabianithen veastidal upwaydqpropagetion i§

?T}( 4 E%?@érl'afﬁt@ner%?af%%?tkoaﬂ%t 8 thagaualbgrizontal

conventionallé/ gefin%d bﬁéincidence angl
. € tﬁ S Subsur cff are processed t .
particle velocity components are ‘known from measurement, in addition to ressure wavefield, then

the particle vedpeitizcomivenerisirfrey betbafomationbyrdbativisdrbpiparsymazty differarpessedinate
system. The,; by theumethod ok tbe pvestiap am%ﬁ&g\%@ébp &P 13QI0e A doNEgeiNGese
SC

components of the pressure and vertical velocity fiel an be determined withgut knowledge of the
incidence aryRs&T{ORPATRIRRUONS o HfWRIRh AL IISTH G AR A PR ve R BFHTE HoBtnBE SFEHESinvention
for imaging the:earthsciubsurfiaaen 02 AtdNoalcAQitbree-axististeloeity fiataytoitainedrdéorig with
pressure da%%égu%tely imége the geologic subsurface. In order to identify locations in the Earth’s
subsurface where there is a probability for finding petroleum accumulations, large sums of
money are expended in gathering, processing, and.interpreting seismic data. The process of
constructing the reflector surfaces defining the subterranean earth layers of interest from the
recorded seismic data provides an image of the earth in depth or time.
[0020] The image of the structure of the earth’s subsurface is produced in order to enable
an interpreter to select locations with the greatest probability of having petroleum
accumulations. To verify the presence of petroleum, a well must be drilled. Drilling wells to
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



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 sed |n th tJme -space ¢ ntho |ma e the earth’ fac L00291]ﬂFI S.2t04
illustrate in n% e?%u é‘ﬁ? TOIARS Hyg% B afiA F&’r % 0] Fdn FHShEh B Mustrating
an initial portipa o@rapmtﬂelramnmdnmwm‘%rth@pmh@ﬁw thg mvmomf@mnﬂ"gm‘g@heneamhfs

subsurface. [0G31iALblack20idnaing. eisiplc,data are obtainsd using tigersis metiRg segsors and

a pressure sensor. If the motion sensors are accelerometers instead o geog)aones then the
acceleromet&iieadaiefelisredgforserinte dratean Stdutlbsbdeitie thatsih the BFFRbST velocity
data. This integradianccask be aacampishes by computatlonal methods well-known in the art. Then, the

three axis m ensor ener te directional artl &% ity d ta and the p e sensor
generates or&l)t %fec’?gr% press%)rnesaaiorséﬁeta 117G thé Sersmic 8%1% mcrzllsoésés%retr%éw f)gr%wously
acquired datadfom stoserge,istiohing B@m@@t@mm@ﬁﬁm}/ pmettiermgyekeofsperinsisadtofagerddvices or

media. [0032]AIockR L OHeniatiens Otk ieeraXiz I Lion$eRsS HRMIAKGRO@A®RM in

the art as geophones and particle acceleration sensors are commonly known in the art as
accelerometers.  The present invention will be described with embodiments employing
geophones, but this sensor choice is for simplicity of illustration only and is not intended to
be a restriction of the invention. ‘

[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 & 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.



determined. These orientations determine a Cartesian coordinate system for the velocity data from
block 20, oriented in the directions of the three motion sensors. Typically, the three motion sensors
comprise a vertical sensor and two orthogonal horizontal sensors. Typically, the two horizontal sensors
are oriented in the inline and cross-line directions. These conventional orientations are convenient and

may aid in ¢ atio é‘ fficiency, but are not tq he.considered a limitation of [ ion. In one
em bodimenfdta%%{a m(?lill § 'éeﬁs%%uég?ﬁ%}?s@%ﬁ?n%gg gégaé%vﬁ 8%%5118?[ acce g%rr%?e%e?gé%‘e gimbal
mechanismgGAa0MatiFally biing floe Semsdhsstortngpecifisidlareticatiohamsiber a5 ediBaMRjoRal vertical

and horizontal diractians described abave, J0033]1nanesherembodiment, the motion sensors are

accelerometers that are not gimbaled, so that the orientation of the sensors is nat already known. In
this case, thEP8Adhtatién @P?%@%éﬁ%féﬂ% HEBHESIHR YRR RREd S HithEr SFoM tHE B &8k f’)ﬁréén)ts of the
measured agcglesationseefromtirclinasieter senses sokrmynether appedpsiatecpensorshin dadition,

gyro measurements may be used to determine variation, in orientation, {00 ray
directi'on of the’ %ﬁgl%%v%easégg%eﬁ%sg ?8?51?% een%g g?gréé is ggt%#%?ge(f . ﬁ)%%%%%%ﬁﬁr%%@fme
coordinate systesitofittee thhiscinsdsativotion denswaentrbishasi elcompsriastanabinis Bed ot the ray

direction of the plane waye decampasitian deteiminedinblackidmens.amkaditentidhesatation is

done as vector rotation through the use of rotation matrices. [OO%?JIWiglbthree-axis motion sensors,
such as veIp@ﬁyl?{éﬁ%ﬁ?ssfﬁ%p%?&ﬁ]é%‘ﬁso?r&%é%?ﬁﬂﬂ?é|%r,e§ﬁu\li\‘7h he-SHERESRISH oF tha Sefikbrs and
each of theirnertical madvherizentalsbomponenttis konwnribe codrdinatmsystensoary beatbtated to
any orientation. Therefore with three-axis motign sensors, the velocity field in any direction can be
deriv&_ad throu.%%e%gctrgs?lgtxgt%oﬁé ggy]c&ts Bforgl%%é%!, plane wave decomposition is applied to the velocity
data in the rd@8@lcoordirvaeksbtemicisiicblock 23 ithiready aRSCToRCHHTT Hoek POk R8 @Bordinate

system of thg three:axis MelQCiYMaasHIeMSents is.rotaiashalongavitictheelaner waveldasonaposition
such that one of the axes is pointing in the same directio%as the.ray directionrof.th M%Qe%h\{ye%ve being

decomposediffalPssth soehiEha T ugrdiony elolity VER B HOhSH TREd to B he Blans Wwave
decompositionoie038fEhe ueineity ¥eetdtalisedstarjplaneovsavesioddmpositidndssoow Thtelsame

the two horizontal sensors are oriented in the inline and cross-line directions. These
conventional orientations are convenient and may aid in computational efficiency, but are not
to be considered a limitation of the invention. In one embodiment, these motion sensors
comprise gimbaled geophones or accelerometers. The gimbal mechanisms automatically
bring the sensors to a specified orientation, such as the orthogonal vertical and horizontal
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



direction as the direction of the particle motion associated with the plane wave representation of
pressure waves. Since the vector measurement is always pointing in the same direction as the particle
motion, there is no need for further angle dependent amplitude corrections, as would be necessary in
conventional processing. Also, since the velocity vectors are oriented in the same direction as the
particle motjon, the amplitudes of the signals in each plane-wave direction are maximized.through the
vector rotatisi 41817y iPERE  Talie i dUcEMBUBHIDSY TS FRAMIZIHT S SYhar 6™ ratio.
[0039]The plareiaaveiticbesapasitiaotcarbedanddhriogty dilhear Radordtiansforrhevdeeresignals
are summeqlgcl)gqg \Blcz%lgrer%t%gg‘own angles. The particl_e ve!ocity measurement; have already been
rotated such that the velocity vectors are in the same direction as the ray direction of the plane wave.

The rotatiod @7 sumiriadtiopkaldnpismesot Kaewirartinss iareprdise deodheveithbyafigfe Fafes of

interest. Thig,ga be-danacitheninthg inedemainorthaifedueneydoniaing [0P4OlAbLthispoINt, the
process proceeds to.either block 30 of FIG. 3 or block 40 of FIG'e;cll with the ,\/glo ity (iiata. The

flowcharts i EIES 23 Hifd At ste H06 AiterREHE B odimSRE 8 Bk G thd HrocBEsB&Gun in
FIG. 2. [004ddEd@pBiisa flewcharoikustratingea finalipdartion bt caaeditodimenthef thedmetiod of the

inventon begup, i 1. 2, (40421ALbIc 30, the velagih daia fomibiock 24 oL G2 spyerse

transformed from'the plane wave domain back to the time-space domain. After the data are
transformedFACKIALS ffi@caranspzre drecrerefitidnan omni-directional velocity field. In particular, no

further corrqoiaep foriReidaneeyangieAraREH Retbasast-siiesmothed fwheinvention, no
further corregtions are pecessary. In one empodiment, the, inverse transform is an inverse linear
Radon trandtBFRIOTa0 A5 APaC IR e B et SRS SF s T S Rl rciently
dense, and tiefomardaant ifirestplatenavedersmpo siticrcaritagondavithsulizatifastss the

inverse transform 6an b dlane gJacafipns.gther thanthe arioinal-seRsenagations Ihesefose, it is not

a requirement of the invention to have co-located pressure and motion sensors. [0044]At this point, the

process may PRSP s SEY d S0BNTBIARNENRS CEiB R Mifetiiare el Nere frrihatFated

embodiment; the precassHRcacts kiackn3lide, dengiaieratdeastenesahlyingaingyand-dawn-going
pressure fiel?%s. In the second embodiment thglfprocess proceeds t? block %?t genfrate at least one
h

of the up-go 16%1% d6Wwn® gi%l%fe odi yoﬁ%%lds. SREY errﬁ)l%%i |?neanﬁn§1e‘%sul ing Zileast'one of the

up-going andedowregjoingthvavesfisidseg ¢hatilized toimsgetthe earth's subsurface.
[0039] The plane-wave decomposition can be done through a linear Radon transform
where signals are summed along planes of known angles. The particle velocity
measurements have already been rotated such that the velocity vectors are in the same
direction as the ray direction of the plane wave. The rotation and summation along planes of
known angles are repeated over the angle ranges of interest. This can be done either in the
time domain or the frequency domain.
[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 inverse transformed
from the plane wave domain back to the time-space domain. After the data are transformed
back into time and spaée, 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 ﬁu’ther corrections are necessary. In one embodiment, the inverse transform is an inverse

linear Radon transform.



[0045]At block 31, the transformed omni-directional velocity field from block 30 is multiplied by acoustic
impedance of water and then combined with the total pressure field in the time-space domain. This
combination generates at least one of the up-going and down-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 uré‘-rab%ing and down-going pressure waveficlds

and Pd are §94alin tdimgdsritibanbssiRainfaBaling P L MRF thE Sh TR RETRSA JRISERPTBYY 1 - P =
rzlLF:j - pc 174209 pd he2mRare MiHeresdhafacierpalisdhe @atustisnipadanceholnatébowhere p is
the density of water and c is the acousti¢ velocity of . water, Note that in the me .Jnyvention, as
expressed, g é&‘éerrﬁﬁléﬁafﬁ%%a %lnge(l 03%(?0( %C%gles i(s)ﬂrl]eg ett%)lﬁc?tl?n%ﬁl é%ggegg&ﬁ%fg%gﬁé%\éénce.
[0047]At blotke8Zptheitais|eastonguktherupf ghing emddowresmg preysd i felde geharated 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 tH8A4BmbifedikRR e bhPHTe B HRAPGefdaR Sl embodiments, two SElikis

illustrated here. In the first embodiment, the process proceeds to block 31 to generate at least
one of up-going and down-going pressure fields. In the second embodiment, the process
proceeds to block 33 to generate at least one of the up-going and down-going velocity fields.
In either embodiment, the resulting at least one of the up-going and down-going wave-fields
are utilized to image the earth's subsurface.

[0045] At block 31, the transformed omni-directional velocity field from block 30 is
multiplied by acoustic impedance of water and then combined with the total pressure field in
the time-space domain. This combination generates at least one of the up-going and down-
going pressure wave-fields in the time space domain. The acoustic impedance of water isa
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¥ :%EP——pc V] (1)
and

Pd:—li[P+pcV]. )

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



in the time-space domain in order to derive the at least one of the up-going and down-going velocity
fields in the time-space domain. [0049]Iin one embodiment, the up-going and down-going velocity
wavetields r and id are given in terms of the measured pressure? and the omni-directional velocity kby:
vu Pc(3) and Again, in the method of the invention, as expressed, for example, in Equations (3) and
(4), Mere is no explicit incidence angle dependence. [0050]At block 34, the at least one of the up-going
and down-goiRgVRIdGHE ibids FBRTPItR%B%4ie used for imaging the earth's subsurface. The process

ends for this [@0¥R]dimantne embodiment, the up-going and down-going velocity wavefields 7* and V¥

are given in terms of the measured pressure P and the omni-directional velocity Vby:

rir-Le] 5
2 pc
and
v =1[V+—~1——P}. (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 is 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 FI1G. 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

10



[0051]FIG. 4 is 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 prﬁceteds t8 Igglé 41&36%(3191%@ e eIeast one
of the up-goitlgritPdevih-Guirks Pl PEHS s IR R e O RE EniBE difnent. the process%roceeds to
block 44 to generatenaideaist orelafthpoupigoingdaveldowhebingeldeitefietdse {0088 Wewlock 41,
the decompoged rotated velacity data from, hlogki24;af I Gr.2.areulliplisd by Aecustisiimagdance of
water and cgfr?ﬁb‘fﬁe‘if 1|Iﬁgtﬁré§p$8\r¥}e{ g\/%%e (?Of%%ll?] Wllth }[he d(eélc%r%posed pressure data from block 40.
This combin&ivatipanétanas &b laasraneystthe up-going and down-going pressure wave-fields in the

plane wave dgpain. InangRMbodinapa-Eayations bhend () areampiayethbasijAtblocky42, the at
least one of the up-going and down-goi ressyre fields from block 4.1 arg | se fr ned from
the plane wa@%%?ﬁ%iHVB%?&Q%‘%&’?%&&%&@S BL{ rrhea%e}vfog(?gal %%‘i‘ééﬁ?%g‘ %%%%gtﬁé&a%@ﬁggf the
up-going andudgwergoingapsessuod dietds! fromobid ch-42iagaubdefordimisgiatytie @dfth's subsurface.
The pfoceszrﬁpfgggio” @@8&1@%@@% (00571 Atblogk dminian@lismasiveismbedimenteshe

ie

decompose ure from "block 40 is be divided by the acoustic impedance of water gnd then

combined in W& planEelaEoRdNRsin Aitierecd o rmpEad T sl YIS #8a e JPREF 1o Wefive the at
least one of the wpraripgianddown-going velocity fields in the plane wave domain. In one

embodiment, Equations (3) and, (4) are employed. [0058]At. block 45 the separa e of the
up-going anoi%%/\() -gofﬁ@e%f%ﬁ% fgfgéoggg’ ﬁ'?\//%?gsé Pgﬁé%lfr%ggﬁ%%%ﬁﬁapﬁ%é%%\%égggn%%? back
into the time-spapslidorinadattogensiagecat teast onb i divesiadirectionaf ts: Jothyrarfdusi oing

velocity fields; %@%%é’ﬁ?&&é@f@%@&kﬁﬁﬁ%ﬁe of the omni-directional up-going and down-going

20 .
velocity fields from block 43 are used for |mag|ng the earth's subsurfac&a. The process ends for this
embodiment[0061]  The invention has been , for illustrative purposes

iscussed above as a metho
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 equipment, 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).

[0062] In another embodiment, the invention could be implemented as the method
described above, specifically carried out using a programmable computer 1o 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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[0060]The described methodology 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 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, ?f? ith other
conventiona‘iﬁf'&tgcp%‘&@fﬁ@néhG?Bﬁl?égnf?ﬁﬁ‘gﬁ’ﬁﬁég pl aée%usrﬁlﬁ%%élau%%é%nsf, el 1n%)kgvoﬁl\gi’n at%r?\{la art, will
comprise anyi@pRiBRiaieheatizbinatiombn dietvorkanf womplater grocdssing iSyiipfetsircisding, but

not be limited tp, hardwate (Proce; 203, JeTeLa and permanentsiosage.devisesnaahanysother
appropriate Computer processing equipment), software (operating systems, application programs,

mathematicsprogramtiibiarieicamdringolfe g st o re R Ah B BRE(EB Hika optical,
wireless, or 8@?&%&@@@9%?%&0&&@&@GQ%@MQMQL&GWE@&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]lt 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. CLAIMS 1.A method
for imaging the earth's subsurface using a programmable computer that is programmed to perform the
following: 5rotating three-axis velocity data, obtained along with pressure data in a marine



seismic survey, to a ray direction of a velocity direction associated with a plane wave domain
representation of the pressure data; applying plane wave decomposition in the faydirection to the
rotated velocity data; 10combining the pressure data and the decomposed and rotated velocity data to
generate at least one of up-going and down-going wave-fields; and using the at least one of
up-going and down-going wave-fields in a time-space domain to image the earth's subsurface.
152.The method of claim 1, wherein the rotating three-axis velocity data comprises: obtaining marine
seismic data using three-axis motion sensors andCd. pAid$Sure sensor; determining orientations of the
three-axis motion sensors; determining the ray direction of the plane wave decomposition to be
performed; 20 and rotating the coordinate system of the three-axis motion sensors to conform to
the ray direction of the plane wave decomposition.

1. A method for imaging the earth's subsurface using a programmable computer

that is programmed to perform the following:

5 rotating three-axis velocity data, obtained along with pressure data in a marine
seismic survey, to a ray direction of a velocity direction associated with a plane wave
domain representation of the pressure data;

applying plane wave decomposition in the ray direction to the rotated velocity
data;
10 combining the pressure data and the decomposed and rotated velocity data to
generate at least one of up-going and down-going wave-fields; and

using the at least one of up-going and down-going wave-fields in a time-space

domain to image the earth's subsurface.

15 2. 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,;
20 and
rotating the coordinate system of the three-axis motion sensors to conform to the

ray direction of the plane wave decomposition.
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MCSLIP 3.The method of claim 2, wherein the three-axis motion sensors comprise three- axis
geophones. 54.The method of claim 2, wherein the three-axis motion sensors comprise three- axis
accelerometers. 5. The method of claim 4, further comprising integrating accele%%été?data to
provide the three-axis velocity data. 10 6. 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. 157.The method of claim 1, wherein the applying plane wave decomposition further
comprises: inverse transforming the decomposed and rotated velocity data from the plane wave
domain back to the time-space domain to generate omni-directional velocity data. 208.The method of
claim 7, whefein thelbombitling tHecliasSurehgaindhel three-axis motion sensors comprise three-

axis geophones.

5 4 The method of claim 2, wherein the three-axis motion sensors comprise three-

axis accelerometers.

S. The method of claim 4, further comprising integrating accelerometer data to

provide the three-axis velocity data.

10
6. 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.

15 7. The method of claim 1, wherein the applying plane wave decomposition further
comprises: inverse transforming the decomposed and rotated velocity data from the
plane wave domain back to the time-space domain to generate omni-directional velocity
data.

20 8. The method of claim 7, wherein the combining the pressure data and

decomposed and rotated velocity data comprises:
multiplying the omni-directional velocity data by the acoustic impedance of

water to generate scaled velocity data; and

14



decomposed and rotated velocity data comprises: multiplying the omni-directional velocity data by
the acoustic impedance of water to generate scaled velocity data; and MCSLLP combining the
scaled velocity data with the pressure data in the time-space domain. 9. The m¥{hod-6f claim 7,
wherein the combining the pressure data and 5decomposed and rotated velocity data comprises:
dividing the pressure data by the 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. 10
10. The method of clainbininghéreinctiedapploiiiy plaite withvéhdeptsivositor furtitks compiiees:
applying plane wave decomposition in the ray direction to the pressure data. 1511,The method of
claim 7, wherdimgiie combining the pressure data and the decomposed and rotated velocity data
further comprises:

9. The method of claim 7, wherein the combining the pressure data and
5  decomposed and rotated velocity data comprises:
dividing the pressure data by the 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.

10
10.  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.
15 11.  The method of claim 7, wherein the combining the pressure data and the

decomposed and rotated velocity data further comprises:
multiplying the decomposed and rotated velocity data by the acoustic impedance
of water to generate scaled velocity data;
combining the scaled velocity data with the pressure data in a the plane wave
20  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.
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multiplying the decomposed and rotated velocity data by the acoustic impedance of water to generate
scaled velocity data; combining the scaled velocity data with the pressure data in a the plane wave 20
domain, generating the at least one of up-going and down-going wave-fields; and fivkse transforming
the at least one of up-going and down-going wave-fields from the plane wave domain back to the
time-space domain. MCSUP 12.The method of claim 7 Therein the combining the pressure data and
the decomposed and rotated velocity data further comprises: dividing the pressure data by the
acoustic impedance of water to generate scaled 5pressure data; combining the scaled pressure

data with the decomposed and rotated velocity data in the plane wave domain, generating the at least
one of up-goihg) andldewnagaidgdiasleifields;velirdein the iprmpsaingribomaehsptaedatdetid dhe of

up-going and down-going wave-fields 10 from the plane wave domain back to the time-space domain.
decomposed and rotated velocity data further comprises:

dividing the pressure data by the acoustic impedance of water to generate scaled
5  pressure data;
combining the scaled pressure data with the decomposed and rotated velocity
data in the 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

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

16



