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DATA CROSS REFERENCE TO RELATED APPLI CATI ONS [0001] This application clainms

t he benefw0 20fo/0d984 Provi si onal application 6U087, 938 wrcrhuse@s/ofisobed on

August 11, 2008. 5FIELD OF THE | NVENTI ON [ 0002] This invention rel ates

generally to the field of seismc prospecting and, nore particularly to

seism c data processi ecificall the invention is a nethod for using
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coismic data to pREMOVAILDKSURFHGR W oY EsYOISEINSEISMES DATAG t hen

subtracting themfromthe seismc data where they overlie the deep
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waves that, .travel. al ong the rth's surface or along the ocean 15 bottom
These hidwpgﬁﬁp§ﬁﬁgé) ?%@E}ﬁggb'ed surface waves, gui ded waves, or ground
roll, must be renoved so that the weaker reflections can be inaged or used
to intserpret physical structurggeb oranesr iNesNgfoikhe earth. The
conventional approach is to design and apply digital signal-processing
filters with the goal of reducing the noise but retaining the signal. There
are many [00@4 fi| t eFhys inyentoraredatey grjiceallyrtgdle fipldrafrssisgnel pespectiagand, more
multi-trace.filters, .but the 20.al | «expkoit difference in_ the.diqgital

r ecor di ng}’s'f‘“f%lrarfs"u{of %%Se@\%/a‘%aéa Rkt SP%ﬁh?aélfYr B Iny ATy Rat giteholfor! ing
Unf or t unakihiic dithes Bredict BRtwa cSdriBlfer GRACEGIOE insisk Gnd thdh sUbtApdaL Yhem from

di stingui shes surface waves and refl ections, and such filters renove sone
refl ecti dhe s¢igfnigl dasd wheraihehovaibic thsi desp refleciaibiicturanand penspitd aeisanden dgic

Si gnaj,- proeegsl ’llgohcfekéeﬁe of, J8gr %%Sg fben. Lng Behayl.ons aowsﬁ‘%l 5‘%{31# Coyayes
are conplex and‘change ateral1y ver € survey area a Whert the

di st ancesubsurface earth region.

BACKGROUND OF THE INVENTION

[0003] Seismic data recorded for the purpose of imaging subsurface reflections are
contaminated by seismic waves that travel along the earth’s surface or along the ocean
15  bottom. These high-amplitude noises, called surface waves, guided waves, or ground roll,
must be removed so that the weaker reflections can be imaged or used to interpret physical
structure or properties of the earth. The conventional approach is to design and apply digital
signal-processing filters with the goal of reducing the noise but retaining the signal. There
are many such filters, some are single-trace filters and some are multi-trace filters, but they
20  all exploit a difference in the digital recordings for surface-wave noise and for reflection
signals. Unfortunately, there is not a single characteristic that uniquely distinguishes surface
waves and reflections, and such filters remove some reflection signal along with the noise. In
addition, the performance of signal-processing filters degrades when the behaviors of the
surface-waves are complex and change laterally over the survey area and when the distances

25  between receivers are too long or too irregular as is typically found with 3D seismic surveys.

[0004] The effect of removing part of the reflections or leaving residual noise is to
limit the ability to use the seismic data for determining the detailed physical structure and
properties of a subsurface earth region. In particular, the ability to use the data for assessing

the hydrocarbon potential of a prospective reservoir and for optimizing the well placement
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25bet ween receivers are too long or too irregular as is typically found
with 3D seismc surveys. [0004] The effect of renoving part of the

refl ecti ome 20r0/diexvi ng residual noise is to limt the alpCriusgomwo4sese t he
seismc data for determning the detail ed physical structure and properties
of a subsurface earth region. In particular, the ability to use the data
for assessg} Bardchen By HeasarRaPoRIsENhitd]. Ohe 8f e RORBIN HELIERS FFoviPidad@fifdtd or
optim zing the well placenent WD 2010/ 019314PCT/ US2009/ 048003 f or

ext ract i onrfa¢e-whee tgpairat &y therleck ef goad aeplitdde fidelityhd tho prasessed obisens diteom
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used to siEwWusdBE bRPEMREAES td RaSUlSKck agR &Eé&pﬂﬁtﬂ(ﬁeé@ranﬁrtﬁ@?fésbﬁ% sfugndio
varying rock type or bed thickness and the presence of snal 5 channel s or
fault$. |charmpds e fonlts. t headddionedicireftectioplamplitislss asa durictine pf mileofion afdleean on
angl e can_be to determ ne reservoir properties, suc S rosit shal e
content - OB TRR o PR gRaT PFRALE Sk s REMGaR ks & &
(anplitudgsversss @Ehe&d IncdR! XVG (@Rglitudy RlcBiudbofsel) AaB5tsagkd dversion for
limted-of fset stack data. Such nmethods are typlcallﬁ nore successful fro
]

dat a acquireséarki or lameed-aHpdt seackrdates | Sugtemethods recepigalle st sacqessfhlefig dofa a
pr obl em athai? flor dat a in10a,raacqu'grred on | and or. in 1shalfla%)w rtr)?ri ng,areas,. For
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affecting the integrity of anplitudes of the reflections. Sophisticated AVO
i nver si orfcheation denpfligides @sé comyohtiprad pegacysies mcthets esnnof remyictthe npise witheed

hi gh-integri I fr n refl ecti npl.; tud . different. r ce~and
receiverzgyléé? %?%Fgﬁgﬁg %¥%¥L%é?i%%&%g%%g Eé@a3%3%29%&pg§gﬁgﬁf§§?y&909

af f ect ed ibyerpioR mhathdtst fod aése el oXUpopEy VRIRatIIA HE parGOMME NHeb® Math-idghiey idvg-

Met hods [ 0005] The sinplest‘sfﬁg?eﬂtrace filter used to mtigate ground rol
or sur f adecanaiasreflsctipn gwplitydess #tedjlfersal squrre-and rpevan aEseyrdtignses dreflegtion
typically, | i r it r ved by filtering
out the TBREYF s B EEnT bl ol B0 B B BRI T o

| ow f requency conponents of the reflections are al so renpved, and al ong
wi t h t henGorvaeriahil \RiltaringoMetirdp | magi ng and for sophisticated reservoir
property anal yses. Mire recently, polarization filters have been devel oped
usi ng ear ake-sej snol o met hods. _Pol arization filters (Pinnegar, PCT
Pat ent Aﬂb& R T I BoBH 8 Faud fod Og-suré%ﬁp%%ms
receiver L.t f L@t i V; i d
e R e b A S R S R S
waves (thecdnimdamentdby fitterivebwahe loven ffeguencimave Jheteegrdings. Defdrambicbnshe
However, the. success of polarjizatign filteri for s isgi i magin

app! i Dat (IBNSTEe nFoeerisaisatls B alociopt st bl vemart gpdiens Hop Bems i of
only si ”Dibﬁitlj_z%ll ﬁéeﬂ)hin‘{%'r%gartHJForrs%PHi‘é‘ﬁca@ecme%e&Bir'%?‘%ﬂ&!ﬂ&ha%‘é@s h@&@_r@éeﬂﬁ&,

hi gher-order; faster nodes of surface waves that do not have distinctive
pol ar i zatpotarizaher fltmrhiase bos donjoacddsing carthquake-seismology methods. Polarization

filters (Pinnegar, PCT Patent Application Publication No. WO 2007/006145) require 3-
component receivers and exploit the fact that the relationship between vertical and horizontal
25  components, or the polarization, is different for Rayleigh waves (the fundamental low-
velocity surface wave) than for reflections. However, the success of polarization filtering for
seismic imaging applications is limited because the surface-wave energy does not consist of
only simple Rayleigh waves but rather a mix of Rayleigh waves and other higher-order, faster
modes of surface waves that do not have distinctive polarization characteristics compared to
30 signal. Unlike earthquake seismology, the source and receiver distances are too short for the
wave types to separate in time. The ground-roll waveforms consist of the interference of

several different types of surface waves along with converted waves and reflections. Such
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30 signal. Unlike earthquake seisnol ogy, the source and receiver distances
are too short for the wave types to separate in tine. The ground-roll

wavef or mrewoensv@E3ief the interference of several differeotr/usy@esn439h3 surf ace
waves al ong with converted waves and refl ections. Such WO

2010/ 019314PCT/ US2009/ 048003 i nterference nakes the conputation of

pol ari zatihRpfcRNbE GhRES tROGohiptatidn tdtep@Riitdtiod 4rRbiEEIRYnd UhfiRChe IR BN
retain reflections. [0006] The majority of ground-roll mtigation methods
are mul t ircmpacsurfack waves ardactagxisflottionsel ocity di fferences; surface waves
are typically nmuch slower in velocity than P-wave reflections, and they

have nor i nove-,out fromtrace to.trace.. Different nethods exploit this
i 17 er eond8008J% e ooh Ry Ml of Syt (G wiag oy isemp P TR gheboam
form ng (s@mit eldcitgxifticesibur@ce Rat@ire Bipddally Mchtstovdbgklocity agPLeaem t h
such nethods is that they require a sufficiently short distance between

each df traBeqtionsiapdtleysinve are time mecord dipnyiranere tiage | Differpfimethodssaglol | e.
so that t ol I i. atel : .| ISt LS 0

S0 LraL ROl RSOy bR L AL 0 o

f requencigsmpRNd).bOt Patgitoslo8l 0071 ko @rek)ef laeptoblcen avith E@iomethods is that they

[ 0007] Addi ti onal Fr‘obl ens arise with nulti-trace velocity filters because
of the cdrfHEsd suffigigetly sharedptangobesyeanrach ebhegesd weesuhat ha recqeded gagend
behavi or s, e nhear f i h apd dlvi-with - th,
the- or ounal Fonnt FEbE g 55 Loy e R Re BOR T A AT SO0 LR HYitie? i RR,
changes Miigh, theggtengparching@ddad-tolbRelobigy tid phdigiode st edmé Heqgemivsdandbbth

exi st each with different velocity and dispersion characteristics. Velocity
filters raigendyeHdnd reflockyyarcdemoeddoci ties or be run nultiple tinmes with
different velocities. Wth broader filters or multiple passes, nore

reflecti gp?@gergy ¢ if?@nag 1 0810ms FHIE NG HTOR & il ?achc@uée?o {Prﬁh&gnﬂr&taﬁs%nof tie
ground-r nplitude I's creasing rapidly with |larger source to receiver
20 di st anoep|lexdtycint] erighilityi oftthcwerkutficerang suffarcramaeb chsvivbsd Bre ause Fog near-
exanple, with phase-match filtering (U S, Paten , 781,503 to Kim, the

gr ound- r ofagfoprogettisy chinge dppidbt \gltﬁéieaqhi awegiowﬁwl‘?lavgwébﬁ i sPeE e ppg) the

di spef.si _atl i ragl g fJ T \ct
the oFound" 51 ko el 85 arlR WA hoREL ROLRRdr, riplL B Brift. BEbna
anpl i t udeoll atxést @hdhy withodiffateht etlotie and dispeesionl ¢hargteisticsac Vetbehry fdteey agstng a
group of traces. Finally, .the properties of 25 the _near-surface _and thus
the vel odlPfies Bret AevgPOUiftoT & TundaMtiplzages Yk B}féﬂrw et it gfmg?rng
fiter PatpiebehR@id phisll LhBS LNl SRILYENPeS nafmdd1eFhild bR bGR of

vel ocity changes can be difficult to estifate, because two-di nensional

t ransf or métensuioh, g froknd-radhsiptitele os deadasing repidl§ owiths lareéif eatdevel secaver age

Il of th i ver .t in the gather | Met hods 30[ 0 00 8]
Cvo. piol | Eretspalaer 6° eltbo g feronmafiog Ayt Foh CHBIS JuThab gk |

Acoust. SQerinfts. PaBnt 1981389 I%Q‘%pr)die S%Bﬁ’nc'i'-ﬁﬁf‘i?d{?é foPhill DERLE & 8By WG,
waves from sersmc WO 2010/ 019314PCT/ US2009/ 048003

specific velocity dispersion relation, and a horizontal averaging filter is used to extract the

ground roll and leave reflections. Because the ground-roll changes amplitude laterally, not
all of the ground-roll is extracted by averaging a group of traces. Finally, the properties of
25  the near-surface and thus the velocities of the ground roll can change laterally requiring
changing filter parameters and limiting the effectiveness of the filters. Such velocity changes
can be difficult to estimate, because two-dimensional transforms, such as f-k transforms or

radon transforms, effectively average over all of the receiver traces in the gather.
Inverse Methods

30  [0008] In two published papers, Ernst et al. (“Tomography of dispersive media” J.
Acoust. Soc. Am. 108, 105-116 (2000); and “Removal of scattered guided waves from seismic
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data," Geophysics 67, 1240-1248 (2002)) nodel and then predict both direct
and scattered surface waves using inversion. The surface-waves arc

subt r act edof2zomipdie data. They make a nunber of approxi rariuse@amdos hus
vari ous corrections are needed. In addition, the surface-wave is renoved by
adaptive subtraction with a final trace-by-trace phase and 5 anplitude

adj ust merdass,” EgpheRY¢7s 10401244 gzo@%})amad& AQithSHPRURNbbA HiYedP@hd BEatichan
standardck filtering (see the 2002 Ernst et al. paper). The prediction is
done in tswfagt epees WSingsinversivonddic aptics-wamcs resd subtiasted $eah the datay eFhey make

generalized traveltines.tq. obtain,a | aterally-varying phase-vyelagcity field.
Then a sébBRADFOBARPORIMUiogs 104, U3 VRHONS SRRTHRES G SReilor L addifel. the
i nver si ongrfaCwaoNgs e8thyvddoby kidapiivd isebtRlcfis tpith la- BnalaGa4ObHa&C PHEL] £nd
vel ocities, and 10anplitudes” (dynam c effects) are not directly included
wi t hi it t renplidwdegpdaysimentsre T ho thsull oo St Ifivatare mat subawsiistht badier thad standandsth on

in the Ernst. to aphi thod js that j.t nust .use tinme wndow wi.th only
one. gr ourdIrBE CHode 206k ERRCRG] debiiha e BispEds Bbe FEb WS it o
suf fi ci enbmygfaphicaRddrbion @s hitdttotiRgerTBERSaIREE MRt S RADBRTa 1dlerhily®aryidy S
condition is net in earthquake seisnology, but is not the case for seismc
i magi ng ph8scappd¢itvatitldnsThenive sgsoad envsesion 1odonsr toefphtosatiensodf wetiaetyerThe
surface- vave in}l)dea§ d}Ninl Ionqi sftogrlg. theti hgget-vclal ocist iESti rrwsls#'con.1 Aljaost hgnrd
simpli fi CRYTERM &7¢ HE Es¥ b OheHBYATTZ U Y Pavél FTHBLNS RPN hYBF ey
conpufyi NGrifRudS (dpakiiv eff&dts)lafenfi@eet Pincliagd dathan @B RS aRIBETMMIdn phase
unw appi ng. The solution is nonuni que and needs nore a priori information.
Their nethod to obtain the a priori information is to obtain a phase .
correcti dAO®R] back Bropagati sgumption ped lipntatiae dp yeg Ems teraegraphis deethod is
posi tion,, Sst. I iigjzj- r .0 i . I
coupling tg%dﬁgg%tgg E?QI\%A@W@I I onsl?lgﬂéelg'?) n? %@“@gﬁg?‘}d& ;}?lﬁlslelgglgae‘rgggét\\/{\g{/se Y0 m by
back propagdatedigeralbk suffid@siyt far tabart Souhatethamib Ry @F@ictisepiratciriaa@ne. This
ignoring varjable attenuation. Finally for field data, they estimate a

i
si ngl e atBAGAR| Bnmghdni edjthuydcoscismp9epebdbrit ot theetpsentoy wHENIF JmagHg

posi tj.on. . t he I nv 1.0l f t y e

Do sul rPhacdiont I8 Pe b UOSAS! Sy Shih AR GBHLe A MRS Ml S

data. Assh&phgeorlocitorstimagen. Mnethes snpdifichiadd i @8 uséraf geidigliZed taweltiates, f or

| aterally varying propagation velocities, a source-phase correction, source

wavel et Speh payolves sompang thenderyptigs ghtheorags af theydats and probiemsswih tfdpseng

| ocation e t - YA NTRE: d

that 1t ar e e o e AR k¥ A maBET RO RS o

of the suofohtsn avepamd isfobhatigt isitd obtadon pkiss oarecttnaby( bhc. préjedeetitig all the

Application Publication No. 2007/0104028 by. Van Manen et al.; and Xue et

al ., 20SyrfeRETING S 1:015E PRIAPTTH RIS YOIGHOEZRE RS sambiiess, IROIERE receiver

interfer : i tih | i oc i M lvad p Hhs t

2620- 2624 %‘}@7\)%13 L 'K?lgﬁoélé‘orr%lterx |{ ctllé DePhe; Eﬁs@a%r g&g?érirpl e {f%rﬁgct)ﬁpﬁ%é(

They i nvglrygagatins sll eacesetoathe nguichend averagingntha tjaedst igioring cativlde sittamchtion.

st acki ng qve | I _sources, The action of cross correlation is equivalent to

convol ut ITgAE 141 fildy flatgy they nestingte praingleyaiicgratyn gpadityragine indepangeny) af

Theor et i SR NG leyer i '

obt ai ned,cf?étqtlknléncé %gnl%ﬁﬁﬁoﬁlgtwbg\iégg?ﬁg& gy\%g?lss %r%\gbr %%S%f%ﬁﬁlog&%@% tog@ lﬁﬂﬁist’ iﬂ})en as

t he swur cesudtingstattakd tweses predictelr anstt alapiividy siowetedrfron e ddi@oAysunsingohly f or

a |l ossless earth &no attenuation), and for sources that con&l. etely surround

the obj ecto( B¢ ey sqquentiallgepdimate it g dPrEPdre oy Bergll; endréuEeititto

f] IO?naI " vERitRadl 9rEAGRs2R0rrdQR%A; 1082 (RARRY ) speMBe MnihE$8n G2 ddnRRtForar ©
quality factor and scattering locations.

Interferometry Methods

30 [0010] Recently it has been postulated that interferometric methods might be used to
estimate the full wavefield of the surface-wave and subtract it from seismic data (U.S. Patent

Application Publication No. 2007/0104028 by Van Manen et al.; and Xue et al., “Surface
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10 net, the anplitude (dynamc) part of the vv-avefield will not be
correct. Another part of the limtation are the requirenents for source
| ocat i onsweuetv/|g3len a perinmeter of the survey or so tha&CTiusegooansdoxnt
poi nts of stationary phase for the surface waves but not for reflectors.
The latter is required for distinguishing surface-waves and reflections.

There ar Gy cnuikgdtiddl by BE¥RSoMbthNwitRindn iRlah tal KR, "WE MplnRRESbshes9hEed,
particularly with 3D data. 15[ 0 '011] Thus there renains a need to correct

t he sei sra6@0dal4 (BYO7D). edihetinterfcrmetinebperagensnge simplade-aayaise. oThgy davedver ol |
f ismc data .wth i flecti d wit hout (o i
and un 1 v SpReRBE B bla PR B Gesshoi SRR e ROA ettt Reciphes

the full SeERbEXIati¥n (YUilRHAd cohRIGTA érYﬁIVe%fdﬁé\Wth tHRttfnd rQkrss Wrfoas @f v es
and both kinematic (veIOC|t§ﬁ‘and dynanm c (anplitude) effects. It is also

desi r @bl esigrakst Phesittenatly, badbreeP’d farctioostvean breateceiveiesigiiang, is obtained, the
non-1lineakity, hnon-unjqgueness and non-physical. approxi mati ons associ at.ed
wth sol g P dhnior bMER SRbtan REP 3T GREPh G IR et dorteal e
correct edeéhtict stdub.d Hoaxeed eRdthbbelsidnyy Faw fosaeisenem (hehatt@@tation), and for
anplitudes and be suitable to be used for determ ning thehghy5|cal

st r uct ur esourcep Hys cermbpleto parqund sho pbjactsGlystis ftade “PagnisnnEhierqmayentturning

i nvention sat.i sfi.es t.hese need 2 I NVENTI ON [0012] 1 n_one
enbod oo R HE S0bnd oS et Aaa (ar 098 Rihi DERRYST carddh s B7E or
a phygi cahetPtRRSFINuERS (dFnSHRT Bhit JE ehE ROV TR iiIP Aof BOBIERL. S Mn6theH h¥i@ Y f dat a
by renovi ng surface-wave noise fromseismc data traces, said data traces

cor r esporitnitggionarathelregyrements fopsaures oodttnms suchagscbnaa pirumetpy efythopurveced sper

Iocatlon§8aqba sei snm ¢ .su of urface re

3 b i id h
borort o ity 3R RS iF o Rhy PG JOR HROEREF Rt ETh & hor TELAEEH AR The: o
one or NMOL®erGelrbuiredPor Qistih Qdidih 4 RGFL4ISNAR/ HA8RAStIAY S TR aReoUshBer of

solving for at |east two types of surface-consistent conponents of the
sei sm ¢ tipaeewithyhe methodghafihe e et kegn s¢setverit pasiisnbarheith éE’éi’dé?st eri zes
filtering effects either of propagation of a seismc surface wave node

of pr op: u .
aner oy at08 our cb TeanPin i friosd by (et DOFHSHE bOT L pRibio ot

surface wavRa@ingrsgyfadd-wavdsestgirv@id todiCRbmaRishic deaaviteiut hadnigg yeflaatiohsMdirl ei n
a "type" of surface-consistent conmponent is one of (i) a propagation fjlter
for one sHithouteqyaries Mpaemndewniforay gucing of] Jouses| o 1KEgEged BYE Bisthogs shogld

the- sei srreonpisehs MRS, bl Bbet NEEL Ao, o oML F A (P BRE,
| ocat i onsifi@naticheclseityrind dynaaramalithde) effects. It is also desirable that problems, such
20  as computational intensity, non-linearity, non-uniqueness and non-physical approximations
associated with solving for a full earth model as function of depth, be avoided. The corrected
data should have good fidelity low frequency reflection amplitudes and be suitable to be used

for determining the physical structure or physical properties of a subsurface region. The

present invention satisfies these needs.
25 SUMMARY OF THE INVENTION

[0012] In one embodiment, the invention is a method for determining physical
structure or a physical property of a subsurface earth region from seismic survey data by
removing surface-wave noise from seismic data traces, said data traces corresponding to at
least one source location and a plurality of receiver locations in a seismic survey of the

30  subsurface region, said method comprising:
(a) dividing a near-surface part of the subsurface region into one or more cells;
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to(c)conmputing a surface-wave waveform usi ng said surface-consi stent
conponents; (d)transform ng the seismc data by subtracting or adaptively
subt ract iwQ 20r0/aeipt i vel y subtracting the conput ed surf &CeAS2000/0¥&008T Or m
fromthe seismc data traces; and 15(0)using the seismc data after
surface-wave noi se renoval to determ ne physical structure or a physical

property of gﬁ}l{bs WihaeseB@1 BoltBgif8NatQbast Rfo 8BS fupaBe-8&sidhont @8inPHenBRI EF
DESCRI PTI ON HE DRAW NGS 10013 The present “invention and its advant ages

wi || be b¥tthescismietrasesodhdiginrasustaceegntisentironfrontrgvahagcigeizes filkering effects
description and the attached. drawings in which: 20[0014JFig. 1.is_.an

11 st r at R PERGEBRD & dar v SuREEePRAro G 1ost A v PP ETE race
waves prqRRgst @nbfeth FSAHREE whe nE@G 8it UEE MO RBaliBie (5 Y6fraC Eilted) drhducery th;
[0015]Fig. 2 is a diagramof a small part of a seismc survey in map view

show Ag trheciviog atfisonfaed wageircoergy sk raseieiy &cstiemda révsivgr Vilishoand ntereingi ons

or cells,.,and show ng ex | e raypat.hs fr sources. t ecei vers across
di 1 1 or ent g PORG SR BTERrog OB S pE{T) RGPS N UL fotE s SR
enbodi menthod cvNeatbd SsgNdells MR BearlYRSMBE seistM traces; (ii) a source filter, evaluated
2010/ 019314PCT/ US2009/ 048003

at all source locations for the seismic traces, or (iii) a receiver filter, evaluated at all receiver

locations for the seismic traces; and

10 () computing a surface-wave waveform wusing said surface-consistent

components;

(d) transforming the seismic data by subtracting or adaptively subtracting or
adaptively subtracting the computed surface-wave waveform from the seismic data traces;

and

15 (e) using the seismic data after surface-wave noise removal to determine physical

structure or a physical property of a subsurface earth region of the subsurface earth region.
BRIEF DESCRIPTION OF THE DRAWINGS

[0013] The present invention and its advantages will be better understood by referring

to the following detailed description and the attached drawings in which:

20 [0014] Fig. 1 is an illustration of the physical processes that affect the waveform as

surface waves propagate from a source to a receiver along the surface of the earth;

[0015] Fig. 2 is a diagram of a small part of a seismic survey in map view showing
the location of sources and receivers and the division into regions or cells, and showing

example raypaths from sources to receivers across different regions;

25 [0016] Fig. 3 is a flow chart of basic steps in one embodiment of the present inventive

method;



[0017]Fig 4 is a flow chart of steps for perform ng the nodel optim zation
part of Fig. 3 in one enbodi nent of the invention, wherein surface

consi st erwOcompapiant s (transfer functions) governing SuPCRAS2002/0¢8003
propagation are generated; [0018]Fig. 5 is a flow chart show ng basic steps
in an enbodi nent of the invention wherein scattered surface waves arc

treated gpoy®l | as mhruesta ALKIRHGR MAYGS:fol BOFShith® thBmsBaVEtinLtioh! REESH
each corresponding to a different source-to-receiver distance (offset), for
a full wdig-®euend enbebmouni ¢ the inmention, orheaséin surfeccedniateat cdnapongntsi (frghsett hi n

earth Iayfer ova a half s ace; 0020£Fi %s. 7A- Dt%{]ow the result of nodel
opti mi zat MBS EPRERS HHHCE WEY© PR8N GBIt he wavef or m changes have

been deconposed into conplex (anplitude and phase) source and propagati on

conponent[gofs a furmgi o HHohr @@LeR6Wing BHRR1dtEsOn a8 EiRIEMENSfRIiemivehtasth

wavef or m out put conputed fromthe con(*i)onents of Figs 7A-D, which can be

conpaed Whareinsprteest yusbpowdysgre Hptied sewvelipediset surdfce Mayes;6; [ 0022] Fi gs.
9A-B show the trace data (9A) and f-k spectrum (9B) for a full wave-

15equat i gp?fﬁ nput erli,%gi URLd Ry ?%ce%ugicﬁcc% po%tﬁglfggtro a%%ﬂ%%{n? gﬁﬁEé—%-Je@&@&s

over a h pace, erein Interference o groun nodes can be
seen; [ 0QRIjtdecqsifsdt), @by BAghawac@latish cbmgateh sifnypdtint FdusBcawandsUbea single
anplitude ijn dB for a full wave-equation conputer sinulation of a

20- | ayer eBinfREP 3G PuE e MboWRCcSH| us deeper reflectors, wherein 10A shows
data froma receiver line inline with the shot, and 10B 20represents a

recei ver (g Of f SqkigW At s BRtros IPORALEL O ik kR PO LR bgi@ls t he
seismc Jat%‘ﬂi n Fi gslg "10A- Bgﬁ)y a crgsnventﬁl]gnagépn%at %@gﬁ anigh i
10  wherein the waveform changes have been decomposed into complex (amplitude and phase)

source and propagation components as a function of frequency;

[0021] Fig. 8 shows the predicted waveform output computed from the components

of Figs 7A-D, which can be compared with the corresponding input seismic data of Fig. 6;

[0022] Figs. 9A-B show the trace data (9A) and f-k spectrum (9B) for a full wave-
15  equation computer simulation of surface waves for 20 thin earth layers over a half space,

wherein interference of up to 6 ground-roll modes can be seen;

[0023] Figs. 10A-B show a 3D shot gather plotted as absolute amplitude in dB for a
full wave-equation computer simulation of a 20-layered near-surface model plus deeper
reflectors, wherein 10A shows data from a receiver line inline with the shot, and 10B

20  represents a receiver line offset with the shot;

[0024] Figs. 11A-B show filtering of the seismic data in Figs. 10A-B by a

conventional method;

[0025] Fig. 12 shows five sample traces from Fig. 11A, each trace at different source-
to-receiver distance (offset) -- because up to 6 ground-roll modes are present, the waveforms

25  are complicated;

[0026] Fig. 13 shows the predicted waveform output for the five sample traces in Fig.
12;



[ 0025] Fig. 12 shows five sanple traces fromFig. 11A, each trace at

di fferent source- to-receiver distance (offset) -- because up to 6
ground- r oWbD 20das31ar e present, the waveforns 25arc conplPCtaiSe@y/opd0R26] Fi g.
13 shows the predicted waveform output for the five sanple traces in Fig.
12; WD 2010/ 019314PCT/ US2009/ 048003 [ 0027] Fi gs. 14A-F show one actual data
trace (1ﬁ6h27gr0m Filgs. 1A -RNHoGOSRUA @Gk RfaHiredd 0RA)Aforh 8L, 17,36@ dompiiich
the predicted waveform output has been Iimted to one (14B), two (140,

t hree (14Dydictiangrof(thatEyacenah which(thd Pyedsfted ervaiotimsqutpuichal JB28]limitpsl. to1&x%- B

di splay the_data Fi. gs. - r enoyal_. 0 redj cted surface-wave
maveforn§1§9% W8(§&QSQ%F<ﬂ%@§ﬁgwﬁﬁaﬁi?ﬁﬁﬁ¥Y?%%?Eﬂ%ﬁ%“#ﬁﬁgﬁtion will be
described in connection with its preferred enbodi nents. However, to the
extent tirgo2glhe folHigw N BeaRpiapt ihenddts oFPRigh f I CAID aftePa@éthbedll @ predicted
enbodi nent or a particular use of the invention, this is intended to be

i || ustr atsuviaconrye wayrdoinss hothe peespt ievméive osthods 1imiting the scope of the
i nvention. On the contrary, it is intended to cover all 10alternatives,

o caoogy and ol LT, LGB 0L S

EXAVPLE HMBRIcWEDTR: cxtent that the following description is specific to a particular embodiment

or a particular use of the invention, this is intended to be illustrative only, and is not to be
construed as limiting the scope of the invention. On the contrary, it is intended to cover all
10 alternatives, modifications and equivalents that may be included within the scope of the

invention, as defined by the appended claims.
DETAILED DESCRIPTION OF EXAMPLE EMBODIMENTS

[0030] The invention is a method to predict surface-wave waveforms and subtract
them from the seismic data. Prediction is done by estimating a set of surface-consistent
15  transfer functions in the frequency domain (or impulse responses in time domain) that best
represent changes in the waveforms for propagation along the surface from source to
receiver. There are no reflections in the estimate, and thus they are not damaged. The
method avoids problems with conventional methods, which require fine spatial sampling and

which assume simple ground-roll behavior without lateral changes.

20 [0031] The prediction uses a mathematical expression or model, which is based on
the physics of surface-wave propagation but does not include the full Green’s function
solution. The model is not an earth model of seismic properties as a function of depth;
instead it is a model of the earth filtering effects, both amplitude and phase, as a function of
frequency. Model optimization is used to solve for the surface-consistent model parameters

25  that best represent the recorded seismic data waveforms and changes in the waveform as the
surface waves propagate along the earth’s surface from the sources to the receivers. The
parameters relate to individual components; alternatively called filter transfer functions, for
cach source location, each receiver location, and propagation through each region of the
surface. The model parameters may include multiple modes of the surface-wave and surface-

30  consistent lateral variations.



[ 0030] The invention is a nethod to predict surface-wave waveforns and
subtract themfromthe seismc data. Prediction is done by estimating a set
of surfacwocormiisiient 15 transfer functions in the freqeemas2aomegons (or
i mpul se responses in tinme domain) that best represent changes in the
waveforns for propagation along the surface fromsource to receiver. There
arc no rqppeAti ons o thaaashdtiabesideNehyt Pid difRYendES thAt diRIRUNEs shitce
nmet hod avoi ds problens with conventional” nmethods, which requirte fine
spati al swawsh iffegn athdr shinie waws fsuchiasploanggangdared thabestiget lemvintchaeds) is
| at eral changes. . 20[0031] Th redictjion uses a he i cal expression or
rodel - wiNEh NSeBABba BTy & Sugr T al MR ETrsE alsat BRIy Hsks
not i ncl ydeilbigs.f Od tHe &BE Baddymied EQRcS YaVélbOR: typlelyadgbhifeqh@icy Puleast h
model of seismc properties as a function of depth; instead it iS a nodel
of thé eavaveldt of shari duyaiedif. eEhasphyssehpraagsses fod thinelhngh s waveigrna afeutestiaged of
frequency, del imzation is.used to solve.for the surf.ace-cansistent
model - pariibers SEh et ub8ite; 3 Acbired Figh 0o ad Sefd el dhE SEERSaT R or s
and Chan@ﬁ%dgﬂte& Ny &fupédNRatcl N tBAIKHALR MAWRH POIORAGaLE M roB6attdQt the

r

earth's surface fromthe sources to the receivers. The paraneters relate to
i ndi vi duasurfeenpesitéan £02 albte theasurfaet pf dhl ¢asth (raypaty 103) arishdergpemennisisiagablef or

each source. | pcation, each receiver |ocatjon, and opagat i t hrough each
ogi on ofit el i chaEHig TGS phptndiaid e ol sasolies A B5deercor
the surf agei MRYE l@ﬂ@reéﬁ@ﬁcé%e%%@ S@hcel AR RS, VEKd irfRBSvav¥® delayed

2010/ 019314PCT/'US2009//048003 [ 0032] One characteristic, besides ray path
di f f er enced attthsateddi Bid fnghérsthe dissance at propagetonfliid ihogiveter sehe phangaawasen

(such as down-goi ng, ,waves that reflect frominterfaces), s t.hejr waveform
The waverBrrinBe SUMFawbsravetrary 1Y gnd dhbreepting, SUe vise s shyretisan o€
osci | | at i u@ntif§X thEopliRly Hddfer TSR YSCRMNRYEEL. €Thik SndyWRi @8bd Yhedotal trace

hi gh-frequency pul se or § wavel et of short duration. The physical processes

for this tomafegurictioneandfibelmragterizeb thestorehcatth fiemgythat reswitd intthe hlonge af pheece
of a |ayered.earth 110. As a e of the,surface e propagates froma
Sour o | GRS ETTH o g ala S sbirgh R E EHAES B WRF PR at ed at the
surface position 102 along the surface of the earth (raypath 103), it
under goeq0638]si der ahlters @ay édrhonhll @hhrateri SQARSHhBEY tiahSdt funetiGhidrithdknaglen
pul se of the source 104 to the nore 10 oscillatory |ow frequency waveform
of the suefreagcswallee trasieriacting i alefingd ¢ thosdigisioayiadhe Apquerce rioatase of e
further th [ f ' 03.t reater i.s .the a j an
csti mat e B4 REURTER BV BC BRER B SR e REGRh el Sublfh FIGEAR: pie"
change can@®ngupnti fied by conputing a transfer function for each trace.
This nmay be called the total trace transfer function, and it characterizes
the total earth filtering that results in the change of the 15waveform from
that generated at the source to that,_re@st(ddd Bt/ 1 he receiver. (1
[0033]Filters are commonly characteri zedudyy)t h&if) transfer functions or
their inpul se responses. The transfer function is defined as the division

in the frequegg%‘donain of the output of the filter by the input of the
filter: rorere R dethsiqurige fansdon ehthicdafy tgace 1105tand S ande dioufighEansérmrek )

IS the source wavelet 104. Equivalently, the transfer function can be obtained by cross

correlating the wavelet and the data trace and dividing by the autocorrelation of the source

wavelet.

S'(/ID(S) ®

» =5 rscr)

where the asterisk indicates the complex conjugate. The transfer function is complex; it must
include both amplitude and phase or real and imaginary parts to fully characterize the

filtering effects. Computing the inverse Fourier transform yields the impulse response of the



output( f )- D f ) input(f) f )8( f ) (1) where DOis the Fourier
transformof the data trace 105 and SO is the Fourier transform of the
sour ce waweol2eto/a®4 Equi val ently, the transfer functionPcamush@oosoas ned by
cross correlating the wavel et and the data trace and dividing by the
autocorrel ation of the source wavelet. T(J) f )b f) , S((f)S(f)

wher e t helgst ght $HndBdimati&s akd e Q&@Bis@%es%@ﬁ‘de%@%@uwér B& dhhaRketieatididng thon
is conplex; it must include both anplitude and phase or real and inaginary

parts toiﬁmmﬁmﬁyﬁmdﬁumiémn%esﬁﬁ@eﬂnmberlng ef fects. Conputing the inverse
Fourier transformyields the inpul se response of the WO

2010/0193[2{6 ‘ﬁIT/ Uszq@%%ﬁ%g%g%{t gtelr %Vl althrnagrsiﬁr f| tlnc??gw% 8d ?%hem(vul se

response e‘equl va C erlz

donai ns, m@agﬁ@d fogethyr in[tROBdUdncy domeinh tdionn ctdﬂadmémfdmetl diuchn HelsbB@ai Fig.
filters can be convol ved together (or nultiplied together in the frequency
domai ) tlo thait ¢hel oxereB neffase @nf ﬁhpt\éawefqrm ehhdeudacsrivavie i gpmposehaf different

overal | effeeh LIS, el ool LHE SULEASCIIRNS h5-coNPOted k! hr ent

physi cal pyoces aseci%ated a surrace Ion or Teg

exanpl e, dobplisOuPtHen@uede dnResySRI & GréRRI@Y MOIOaBpEHINTAT, qud)pargeﬂ&h aéross
posi tion 101, propagation across region 106, propagation across region 107,
and couplregign df06t heopegatonvagrossoregion Hlownd cauplieset fhsnreegiver oythe Hespwsh et

the filterin at ross regi on 106 shoul d be a t on
o he orteelin i@ LRG3 e HIEARP Aof nidhsh Mond M el e g

pr opagat i fafctamr ete /@GR ki élcahmsl zﬂsr@s@ 8gibk NO6I M 1@k ﬂlﬂéﬁnglfﬁir@:pﬁgaa bhteorel ed
109 across region 107. The filtering for propagation effect inc es the

ef fect ofacesh ageion 146 Islmld 96 asfuactmm;ftth@ ﬁlstﬁ‘ﬁC‘P ﬁréml@chéw getospeginol)’. ab

| d
rode. |t ndIBTREYR Trolei AR OinclHRTIRD By ootk or sl Cusch pign S ©

i ndi vi dU&qulléﬁd’ifa@ﬁécp@fsufd) %ﬁlamﬂn@de fidday ks fiREti@AEN fiQ uénb aml\sefopmesmmal
processes and di stances, or = 7101 If gl 06dl og AOQ7 i n(f) (3?

Usi ng Equatieenwate made.3hc avarglisncedyamsios ﬁln@ﬁo ean byedqggmpq@ qquandwldua

repré e n tt%a?%f%? _fﬁ%ggé q‘&%% P g%ghoéflthé/\@ov ve %El%lcalyga{rc}cesse?gnc} él)st]aglées) Trl 06(

cll

T(f):TIOI(f)TIO6(f’d108)T107(f’d109)TIOZ(f)' (3)

Using Equations 1 and 3, a model expression M(f) can be derived that represents the recorded

ground-roll waveform:

M(f):S(f)TIOI(f)Tl%(f’dIOS)T107(f’d109)T102(f)' (4)

20 Equation 4 is a model of the waveform for a single ground-roll mode. It is further assumed
that the data are composed of a linear superposition of multiple modes. Also, it is assumed
initially that the individual modes do not interact or are coupled. Therefore for N modes, a

model of the complex ground-roll waveform can be represented as
N
M(f)=S(S )Y Ton;( S Mo ;( f+iog o ; (S @100 ) Tuon (S ) &)
IE
25  where the sum is over all different modes j = 1 to N. The number of modes N within the

seismic frequency band is typically small, on the order of 2-6.

[0035] In Equation 5, the individual physical processes are represented as transfer
functions or filters in the frequency domain. They are complex, and include both amplitude

-10-



20 Equation 4 is a nodel of the waveformfor a single ground-roll node. It
is further assunmed that the data are conposed of a |linear superposition of
mul ti pl e wodew/o1gd18o, it is assumed initially that the ipagivseaaksonbdes do
not interact or arc coupled. Therefore for N nodes, a nodel of the conpl ex
ground-roll waveformcan be represented as M f ), S( f )1_1"1ot j( )Tio6(f
, dtos ) 1-ah@ 7pHabe for redt! dn@inlaginakP Dafts Jas (fRhctRn YNBEGuBE SAMunfoeP eI diférent
different nodes j =1 to M The nhunber of nbdes Nwthin the seismc

f r equencyproemsksi eant hpinsdudey ignaminhodebxprissiar. ddomsf oR2thgse pG0BBIWM OEqaatticon

5, the individyal. physical processes, a represented as.transfer functions
o 11t erteln gl B ERcoRUSTETS B AL el Eimy S8 S ARGt ol
anpl i t udehe ré&rding@fv&@ﬂqoéﬁllaé ARG YIR009 QiBOP3In and arhag@oder haght Behe
imagi nary parts as function of frequency. A nunber of different processes
can bé i no$todeht respensewdéic srprasehioghcardmmebtaihed fremghamankipoimerar Adhid re
nmeasur ed.,, For mpl e, .one filter.is.that o he recording.system The
Mol so. rbs AEATRNERuSR Butchah o] of ikl BE FveBERl LaPTySERS B e
the art. HpOSMAE tathidurdaotrb@ived dighsict YoE&ich tRSPONSAaPbe LfGuSBNERAPSevarl Ch
can be obtained fromthe manufacturers. Athird is the anplitude spreading
f unct i on,relatpdcprosessqsnisinoncotea. | owexgmple. pr tbpisris iaowedivercartaye theqareyectfastt  of

the total s ce to receiver distance for egach trace. |t be yseful to
urp sevePR Perunled B L Eems o P realy b 00 gt oY 1Y FPEY i %
receiner spesifly reddiver auffade Rich@st. s AG@ultdnde bt weBRH tMidciudd &R 1irh Qhat! @@ eV er
coupling. In both cases, they arc related to a 10 specific receiver
surface laeae¢dote. bokaevi,t angaifich daye afsgrondovdriableyesresien taspm Feraexagame,
assumed 1,006 KNOWD, 204, éo%?&‘bé‘gé’t%aa’ceé a5a VAL ARk &?ﬂlﬁ@‘;ﬁ%@? o tlﬁrn%lud:eor
exanpl e, ‘an ‘average sourcé wave et coul'd be esFlnateﬁ, an en’the sdur ce
coupl i ng Boe Bduplitl dnd Bt uslshalaklatteidpIfitgwangetshot - t o- shot vari ati ons of
the wavelet. [0036]It is inportant to note that the filters that
characterize the indivjidual physical 15 processes do not explicitly need a

term rel dP83Flt o t hdt Heipneright toote it hediitary thap sharpglpige he adividhploohysical
propey.ti tion T L nte L.Qn e emth
Phe eart Maean oy M Bty wEBE trm Rt LS Teb o fOhe i SHIC BRSO
filters. seBmiepmppites at héuptiopadatpthn Ttherin®racaom df theclutfde-aavelithithie/earth
paranmeter. It is _known that high-frequency conponents_of the surface waves

have shorRfORERY éhgeparedndn dhe eideder@dents ehahe diltcpar t Foragxapplenéhe
earth. nggo@%gaitiﬁrg Igh‘g@rr@ RDAVE WSy amséfef%c'ﬂ 'iﬁm?@ﬁdtham@hgép@queww_

vel oci ti equency conponents of the surface-wav res
On t he otdearpoharslof thh autfaseravics daueshoyt veorfraptintsd haventioahtowhy shatlogt ust and

sanpl e deeper parts, of the earth. These deeper parts are typically faster
| ayer®, d&idh¢ ﬁ?@‘-t ):C |SB%\P0N@éb FEV2KS RO ¥elagities agg ﬁh%éﬁ%lagl@cww ghe

i ncr easi | i 1 , € Vv i i

e, 55 ARG e bl LR RATEES RAF T A SbIt: MAPTHE W Eer
present ifmaatdyoconpvabntis thaives laigh %ol @rgthst amdchaapéc d@pez partshef thh @adglkes Thesce.
vel ocity changes, with frequency and that the nedia property values as a
function ‘%Fpﬁelﬁﬁfﬁ F ARy g@cﬂﬁrrlézse.rs,l #hdathye ey leydrrgrencyi FOHRONGRIS 47k Hethn

t hat the = | o : i i i e;
deepl y anl%lerctg a'(tjo %%Il??%é%é g %% lﬁi%é@ﬁ?j dlz’r%llrtfabéann“glggg gl(r%cﬁai%lﬁ?i gﬁ?&%ﬂ/ b

r esomancebeivwtlotity tiragbaweh fstqueatyurle is30odsstipti@act the present inventionvibart ik on,

e LN UL EELRT 5o 1 SO R ETRE YA
media property values as a function of depth are not required. In another example, it is well
known that the ground-roll amplitude decreases if the source is buried more deeply and that
amplitudes of the ground-roll modes are controlled by resonances within the layer structure

30  of the carth. For this invention, it is sufficient to characterize how the source terms change

with frequency, and the detailed layering and source depth are not required.
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WO 2010/ 019314PCT/ US2009/ 048003 [0037] For a 2-D or 3-D seism c survey, this
i nvention uses the redundancy of data traces, which have different raypaths
and sour cworendilyan di st ances, to deconpose overal |l chamgeaSeevogusvonhd-r ol |
waveforminto the individual surface-consistent conponents or filters that
represent the individual physical processes. This use of data redundancy is

|11 ustratigesz]> W t Frdria®-DPof 91D %i%@%%ey’r:ittgs ikefifieVised tRERddundgfel Aa0f @

possible 3-D'seismic survey in map view. 'In the section shown, there is a
source, WWesse which heec ddtueitonypathy amkBeuwc@Greivehdistimaess o rdggorapasgaiveyallbe

| ocated bel ow t.h f i hot. hole.. In the di th 4 h
sour ces, DARHIY REOYZER Vb Pl T ot b e AR B corg S a iy gfer
mar ked bytha depR@s ehd ind@sﬂ@ué?%h?ﬁbﬂ%fb@es&@behﬁﬂ udd3f de FHainAendyPatillustrated

recordings are nmade for each 10 receiver each tine a source i's fired, then
24 x 49 orith ¥z 2diar 3- datwesFigr @ sheres hablad. sefgen ofhi possible At opismihsursey ey

area is divided up jnto regi,ons or cells. In this case, ,dashed |ine ow
ect angul o B sl CRATIEe e & Ypuist whO SR ARG R kbERE AT
recei ver i dout® MANRQGIIBAbOIocatel BERAE the Mbfagin0R shdtHdle. aRPIE didfRith OfhefeAN
be considered a straight line. Only a few raypaths are shown, such as 204,
205, 206,araAd st¢fesmscasheast sgadhlisuhpite arsegiburst.2berrsirgiatsh 491 eeayapmarkesy el
di st ances, sum ng we have onl n de, of surface-wave. then at.eac

fr equency Wi tabroue el WieR ™ PedRE 29 ThSbe i baNE i HO TR upC B,

t he upkngwsei¢NRONEMe aSivutRCS TR hat BNk 40r@N3 6 dataifebd SR S%vaildblé NEST this
exanpl e for one node, the unknowns include the 24 source coupli ng terms, 49
recei ver pumponnge servas arcansl dyidedoypagin iceions r aells( tlhshipicas, dished &nes oM s)

or 82 unknowns. Since have, 1176 piece f,,20 data and 82 unknowns, the
o obi om 1 B0 yar IR ot i Wit Bre P ST a0 o LRI s, 79 A i e
164 unknafsectdd by §r%vp5@ﬁ/wlﬁ@htonoﬁrs‘@ dPpPoimuBed tabd dvabideRd oditfafg@k 6R¢. Only

unknowns related to different physical processes arc determ ned

si mul t aneolest rypatheeee shoang Suahr asc20d, 2858+ 206 vad ithsey thaed eashasieopic ragwnsYiy ce
at 201]5, thi rg.fgeret%fl tr&lcescth:;xs have in orerraltli oneabodcllt0 ec Lver Zotﬁ I{amtd

t here’arc’ RSP 2%61 g‘ﬁ%aeish Elo ek aYoﬂ lﬁd? TBACHO o RAT RV % T Be
wei ght ed dayh frd§uacfivid @naRt tiaddia trer@tin tRcHQfsné L@ d4In 28 Jolvd F¥SBe unknown
experienced in the art wll recognize this problemas a 2D straight-ray

t onogr appnposdite pirfase-copusterfr frapsdernifanetions  abidithis oprasiple dar cwcomodecéiover
terms. 100351 The ;pssent. inventiyve Mphhod uses,? odel exprassion. wiid o
par anmet ers tRar® charact ey ize tTHE  ef T 8cts of 't he irrporet ah ppﬁ%m car

pr ocesseSrafutator s f(thaalih® Bist et cdIRPbE 82 @fknodthst NSingORANRSS 1076 bickes of
between the data and the nodel expression. It is helpful to include as nmany
knowrPlef fdstr and §2 wnknpwas, teepioblenyisionst dajerenned: d6 pisrivas e medes thsndhe Serre
conponent dulltite et ur{?ﬁow&oﬁtﬁk Bt 3¢ REY %n'v&%ﬁo%rth%ctgé‘ Wi tr% O BRGy GOWl g e
negl ect ed“For exanple, 1T si ng% feCelvers are used and I’hey are generally
wel | coupb eléFférontt phe sigAalopoekssdsQd dtogniney sipltMerodQn 0/ Thks 14 POTH 1452 AP hHAS003
negl ected or replaced with a sinple scalar. At a mninmumthe paraneters

shoul d benfrmpiéepsebaupihe seurrgrab P, theie as dtpiaecsahetdiaye Aifpriprtinaabapt waciver

t hr ough regi on._an e rm.for ener ticti i a .
ground-r 84?’? arlrlggfée.re egcl%“sS f Q%ﬁagp igtg%a r8?5 raeaogas 2 g%ﬁé’rf g&?%pW?%Q%gF }ggﬁed(]%yor
exanpise) d giffchdt puii N @h dchRs REFIBER0D! Thode e ctibndddain SR aftewidlf rebdidize this

di fference between the 5 actual data and the nodel expression for each
trace. THwoklamdss Y siraightrray femeigraphyt prablean {os dlep suifage Withrife péditiemef source
paraneters. The ¢ost function can be expressed in the frequency domain, in
the tinme dofmain, or in some transformdonain, include fk, radon, wavelet,
Gabor, conplex trace, Hilbert, and others that skilled practitioners wll
know of Abe28]a fi | tHfe wasenbénvapfivd adtivdcibena moddl @Ipreson litht papamétetst Bkt t O
both the data and the node]. |In additjion, the seismc

e ! ! . g
characterize the effects of the important physical processes and a cost function that indicates
30 the goodness of fit between the data and the model expression. It is helpful to include as
many known effects, i.e. the recording instrument response, as possible. Some components

may not be important for a particular acquisition and could be neglected. For example, if

single receivers are used and they are generally well coupled to the ground, coupling may be
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10 recordings can be processed with interferonetric nmethods from either
active or passive sources. Preferably, the frequency donmain is used and the
cost funcwDaniiE93iel ated to the difference between bot hpcealS2e@ad4$onmngi nary
representations, i.e. the anplitude and phase representations of the data
and nodel expression. An exanple cost function using real and inmagi nary

parts is peglektédan cEB1ecdSwith ¥ ¥PRAE kbdldd At $¥uSidhunt the ga¥arh&@rs\WHEHIE behe 1@yTbol
f' is a vector conposed of all the individual conponent transfer functions

(TI O T2( ftyvoT8 (iunbertfer. gxaniphea tast for propkgaton|thiogph ese regiarhandnpsteircplarmiet er s

d det I ned by mnim zi t f the.diff bet t h
model ¢ r RN HOEHLP S8 ERE DAPEr 208 (RGBT GJEP SRE LB TR

traces AlforRWdaple) KHHAhRRvEr HE @EmBelTWRICeOIf tBe bqtfard b¥ahd tfffcRsRB GeSveckiMCh
is a | east squares optim zation problem but other powers, called nornmns,

may bé ugethabdeh and the podw cxpiession fofeathi tragsy MiheTey © caccalhtheydagh fréces epad

hods, .cal | ed | i mi i hod | f del

that bostin e Eie Hams paaPredls e he oo ATie" cinheedres fbndpe BB IR, & °

met hod. 3fe Match@finsh RSin[BnR3rBkitha RAsdis, BLRBS {1& Radhe warbledicmbt, @hpldxe
0

present inventive method are indicated in the flow chart of Fig. 3. The
met hod r depgir HBbeskiasariotheanthat skiledepragtitepnerrew Bolirope ohndilsp eclelitar ean be @apliashs

;8;_ O/eg‘ig ﬁ}élg(éﬁe./augggoé)}%ﬁag%agﬁ}/er btg bsoithn g{lee(-iayca? Ghe s QTRgNent additio! ltflé Seismic O
10  recordings can be processed with interferometric methods from either active or passive
sources. Preferably, the frequency domain is used and the cost function is related to the
difference between both real and imaginary representations, i.e. the amplitude and phase
representations of the data and model expression. An example cost function using real and
imaginary parts is

Ntrace

15 min = Z Ureal(Dl- (f,sx, sy, rx,ry))— real(Ml. (f,sx, Sy, X, ,y’f)f} +

i=1

Nti:acehimag(Di (f.sx,xy)) ~ imag (M, (£ sx.5y.7x, Wj)f} ©

i=1
where the symbol 7 is a vector composed of all the individual component transfer functions
(T1(), To(H, Ts(), etc.). The vector values T represent the model parameters and are
determined by minimizing the square of the differences between the model trace M;(f, T ) and
20  the data trace D;(f) summed over the number of traces Nyquces. Equation 5 uses a power of 2
for the differences, which is a least squares optimization problem, but other powers, called
norms, may be used such as a power of 1, the L1 norm. There are many different methods,

called model optimization methods, to solve for model parameters that best match data. All

are within the scope of the present inventive method.
25  Method steps

[0039] The basic steps in one embodiment of the present inventive method are
indicated in the flow chart of Fig. 3. The method requires seismic data traces and the source

and receiver locations for each trace. The traces may be single-vector component or multi-
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vect or conponent traces, where here the words vector conponent refer to
detector directionality. In step 301, the surface |locations for the

pr opagat iwo 20svarg3lar ¢ defined. This can be done by divi @cmgseéie/ogsenyey area
into one or nore regions such as the cells like 203 in Fig. 2. It may be
useful to start with big regions, and then subdivide themwth |ater

i terationgcfo enpdiRnBdakes, THBerb AL NtheC Jdrfle We8OH| @mphehs FEBUIET dotEQbr
regular grids, it may be based on the 3D seismic processing grid.

Al t er nat idrscionalilie by step 3@ theswios dovafiomnioo theerropagatiomridringare defoiedadhis

| ogi cal t .sai |t . elevati l.oci t f .
anal yses WGP PERENSG PR i G e Mot req i owranoe riany sypar ecelt Theatd i o
conput ed @I 9SSteALN begeRN th Wtareath blARRIARI afd A& sEMivillH e WSE latéFor

practical applications, many or all 10 of the nethod steps are perforned on
a conput eferathvay i(yeg sttat385%t bhicargegions ceobpregelar pewmgylaor Faueglhagydss ttongges

devi ces.), I't, shoul d be sufficient t t rai ght t d
oce ver 1ot ST QD BT PErSte g nadeRafY IR Rerertiindt franTSPLdRohs
are avai liaRr@afid:DNuBR QX1 Rufoglida®rfedti@RSsoil BPRs,aclBMon! 8Y Selodily REd ciéyt h

the trajectory determned by Snell's Law. "Any ray tracing tool nmay be used
t o conputamalyhes efathp ardmd-roHemedoppdnistad 302atleeraypath bstasgs staemepwtdagosshe
surface of the.earth and could incar ate elevatio hanges. of the

U f ace. PBBIGHTHI e S5 i orgy TyRhe e o of Riref SRPETe R helior ot ¢
used {0 S hRURAUNNY 30 pMEorhRH d?3d BEMpRES hhPhg ldWR Rbraf®computer memory
surface-consi stent components or transfer functions. The sol ution

r epr esentas aaxidietosipoge tieaeesof lttsheulddeasuffrient thasedi $tfaaghdnay bowgementres arach
conponent__shoul i

oo e dPe A BR cRDE I SR torR ST g (RS ihs s, TR B,

recei ver gigtiegd it@atigfsf ensSa BEntRaPPaGALE Qled WItRUBK trajct P8y AbteAhinki ®ySSHcllace.
The source receiver effects are primarily due to the degree of variable

coupl i ng lofw.t Aoy eyaisaratoas map be sisedototdempEter th rayipathsi AbE ge@atindistendeap the
ffect iated with t t he.sei sni : dit
par 165 onl et el PTG of e (B P shl® IBFERTHE 4B HH G PRCsct B vt

the signal fromthe ground by the receiver if such 25 effects alter the

sei sm c veosdlet . A IRisgh JSgileer pdrtiviy dRAhEQURI tiarg dofa asOwWcdes sandtahengiyver s
to the ground is always sought, but can never be perfectly achi eved. The
par anet erselvsf for paragigtera der B eF srasp suideseponsisicst s9rBPSRtSHdirEnsHarfipetasss
such as t i ensi . i Bdi Vi dept re sent
or the pHysrauf bRl fRRbkebhn o e Wak{Ahuer BB Gl BHEL Sppdtithys” CBLSE

f r equenci@smpoAtntahoild irdpteden OpteysfaliproCcss A RRE a didrioner Pandplagaing @ifeSn
conponent or two propagation conponents would be included, For exanple, a
sour 8- t Ipe seisMiGe WagGafUGht A dSOR CCaBENCERIgRCY Teseixel defsctionr cifers ebipERagatignaces
bei ng us . icon- t i . 1 f

sur f ace. aatsuEhd o8B BPRISLIAY HBRolick b B b S pB DB ' e degrec of
traces beiafigblesesiplivptdtethosd rippaauexaiipl & mhegMhrthe btio indhgdeuaey totker effects
propagati on- WO 2010/ 019314PCT/ US2009/ 048003 type filters each

cor r esporfdfasiptech wathg Retcastiont Oﬁrﬁzfeseém@uwea&‘/em%o@ PATBERaE iipR. @ graund roll
component g, L& RESHBDGH vihh 3R BERE ehd LiaPRUHEETc BEuRHE] REVAYS if such
wavefornms 1 n the ta and that predicted %y a nodel~expression (i.e., a

mat hexsat i effebtsrmbtebethe seikmidweavedate fAohigh idegres of fisif@meupiing bf erur@s apadgatkivers

froma specjfied source |ocatign to a specified receiver 5 |ocation

t hrough t!Adh8IouNg a5 fvaus sonsdt. byt spepevsd by peifastbhashiryedgdde igeameters of the
above- de i be 19 S ly.def.i :

Functi on Basaq saRLREREponte hbt RN R EROISEYy B Bahiy for

met hod, gudikidasl depali tdyxrs, buerepradt footjcuggkrealgp@dissnhe clsingepasthedesefdrm or
Levenbergf-Naéjg)fguar d%, can, be uysed to solve for the nodel paraneters. It is
hel pful t8F FreRt IPRengigta o2 KNSR r O%p prU%s r?ﬁ’fn@an%yaé]idcalile PFOREss or
to inglu i.f.hi . i r )

st rene"PRRa of I b I TRl RS H I SORRRRLs bagyecves

sol uti on fifey evelgatcd at thaomice kodagond foanhé siismal treet bahg meete lanp ar@opigatien- and

any a priori _jnformation can he ysed to determne the initial values. It
may al so e Hegrgpii cergp gwﬁ,b SyrfeSE PRAE PERPRERIBY A bR 30 cfhrinsed oy he
Furt her : f n : S hRas) fit
bet veen The My B e e i L G P TRl D160 e
frequency domain). It may al so be useful ,to provide weights for different
of fsets. For exanple, the higher-frequencies will be missing or attenuating
at the longer offsets, and so these offsets m ght be weighted down in their
contribution to the cost function. Depending on the specific optimzation

. oS o o o o o o, -, . o e



25 be further subdivided. Mdre conponents can be included, and/or nore
nodes for the surface-waves. Corrections can be nade for higher-order

ef fects swohlossibiant rays or anplitude focusing, defocuCmgiS2amamdns ssi on
| oses, and scattering. When step 303 is repeated, the nodel paraneters for
previ ous solutions can be used as initial values for the next optim zation

step. 30[10042ifets barhSt&PesBOing e dMRtEdchtSmeY&ldfafueflcd-Vabe eRdatibhenTirt ep

306 is perforned. in step 306, the surface-wave waveform for ‘each trace is
conput ed agegipegenth ercagnieroprddabye thedreanbt betweetetherswifaeawiane waretbrss in therdatd on

of step 303. te.th ste 03 may. be. perforped .

2010/ 010N RSB A e b SRS PR P B R it mofiph fog ths, watforny for
per f or mediuffake QMOEY attér@pRphihtiofeirs@i & @%@cjﬁ’é& Bour8d 1dALIBR Mt oS SpdetTRdusetivid | |
have only a partially corrected dataset in the next step). In step 307, the

conmputied lgeatioactbrovghethpasedf grdrelefined sulstapadldlod whidhmnchules dhe wbeve-deserised

Aot £ S e d e i A ety AoaRiPRL b o m R s o Pt oyt =S Bt
suppr essi®evef AR rdtcl-ap@mparen Whdthod UREh agt indfrix AGRREibY € cSliRtAAGkiddht Y

i ncl ude conputing and applying a match filter to the conputed wavef or ns.
Al t er nat eltggpesidgcant.roe Lcrenbigest Vet quapdti ¢api begusedhto sodveion thesneds! phrametaieylt is

better t the actual surface-wave recordin can, be used. .St.e 0

o1 00437 Nl OBt B Bk OB E LR R ORGP e PR
in mope deitidhlthd @lodanegradiRing BHDOINMPRA thefindtfehdnhY@PbhseNor Hie Hbut Ribrator
preferred paraneterization of the individual surface-consistent conponents
or transfwgvetalmen ibgrigcludediedbe ispltion opay eyrire dhepnpicking afr apc mitpdltsst ebmodel
surface coordi.nates, gi ven .by .(sx.Vv) and .the recei.ver. surf.ace,coordi pates
oS TS S AR itBiintlarf8 d el 85 SLtind e R SARES' PAG2,

across eagdy beipml jo WarIad, flagerd, sadelor Hoghaiz6 ehd dutd.egu@iermotd tshsfotiefan t he
nodel expression for the vertical conponent 34,:(f, sx,, rx,ry, 1) is

1 Sl )
gi ven by ke wed fepthe Juta—qnddhe seadpl andthgfityiriween)the fieznd(mode] cgmpgred in the
J' 1 SX,S; )& - ty ] . Nz . : .
(" na e B eohueib e T g dgmeids e el bR e PRIy eight o
gi ven by Q28&khf ScBY, FéXexanipld,aBe hib)-fr¥queaeids wibbef msRof or httehfatiheh the
L IEX, T 1P"(T) x
y) lonéer )offsets, and so these offsets might be weighted down in their contribution to the cost
function. Depending on the specific optimization method, step 303 can be a one step solution

or an iterative optimization process although no loop such as 305 is shown in Fig. 3.

20 [0041] In step 304, the goodness of fit is evaluated. Preferably this evaluation is
performed in the time domain instead of the frequency domain or other alternative domain
used in step 303. If the match to the data is not sufficient, then the process can be repeated
(branch 305) with different parameterization starting at step 301. For example, the goodness
of fit may indicate lateral variability, and the regions initially defined in step 301 may need to

25  be further subdivided. More components can be included, and/or more modes for the
surface-waves. Corrections can be made for higher-order effects such as bent rays or
amplitude focusing, defocusing, transmission loses, and scattering. When step 303 is
repeated, the model parameters for previous solutions can be used as initial values for the

next optimization step.

30 [0042] If in step 304, the match is evaluated to be good, then step 306 is performed.
In step 306, the surface-wave waveform for each trace is computed using the appropriate

parameters determined in the last iteration of step 303. Note that step 303 may be performed
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(8) The precedi ng expressions are for geophones; it is possible to derive
simlar expressions for other sensors such as accel eroneters or

hydr ophorwe.20iomi1Eyuat i ons 7 and 8, sonme conponents are ®ETAISAINNI0$800E, | . e.
t hey can be nmeasured or approxi mated. The ot her 25 paraneters arc unknown

and will be obtained by the nodel optim zation of step 303. In the above

expressi Qfisa shbRt o¥ MROHath, bt fep’ 866 W p&AsRRAE:r @lcrd thackNB thOdbivintUddta sct
conponent transfer functions, for exanple the conponents C P",,,sn, in

equat i on (theBeise thei weswilthawmpdne pagially wWOr@@dd 49488 IMRCTEUSRAD 910480097,
[0044] (aq| I ktfl' - Anplitude Spreadi ng Factor, .or divergence correction for
 sur T acahSVEPYFL SBTRSG G Pl o B AL T ARPK TSI Ers D 7Sl 1800 Y v
Theory, EL8gyd ghy SFicesCRIapHB kodiichon Pn wifch (B AnblituliBean@Usnabd tNarpel hiet

is the absolute value of the total source to receiver distance given by

i (sx 5 rxh@&letto( theywaveljroB4®] Sy )a betBounperewivepethd surface quasiecyithl onbtirastioThi s
an averagg,or. characteristic vel et f.or the entire survey. hods t
meacur e PR GRUERYBR e MY oGl Re e o BB § s & R aomuted &
frequencyyfemaii: AlidrBateNale ot AolRd Jff rﬁmn_f;hgg MRWhAFbMMElo thht tHeGeRSENt S
t he average response of fhe 'sensors, but if individual sensitivity curves

have beermatelathgragtiial surkage-oane iksordiegh cande[usahi7] - Recor di ng System | nmpul se
Response in frequency donmain. This can

Step 303

10  [0043] Next, some of the features of the present invention are described in more
detail for an example embodiment of the invention. First, a preferred parameterization of the
individual surface-consistent components or transfer functions is described. One starts with a
trace with source surface coordinates given by (sx,sy) and the receiver surface coordinates
(rx,ry). The raypath between (sx,sy) and (rx,ry) is determined to travel across each region j

15 and the travel distance in region j is x;. Then, the model expression for the vertical

component M,(f,sx,sy,rx,ry, T ) is given by

raypath
—i27f D s, (),

M. (f x5, 5y,m579,T ) = (aoffset) S/ JR(f)I( £ )C,(f.1x,79)Y P, ([ sx,59)e
(7

and the corresponding horizontal component My (f:sx,sy,rx,ry, T ) is given by

raypath

—i2af s, (S )%,

20 Mh(f,sx,sy,rx,ry,f)=(aoﬁser)*/zel‘”/ZS(f)R(f)I(f)ch(f,rx,ry)ﬁPn,h(f,sx,sy)e 7
7 (8)

The preceding expressions are for geophones; it is possible to derive similar expressions for
other sensors such as accelerometers or hydrophones. In Equations 7 and 8, some
components are deterministic, i.e. they can be measured or approximated. The other
25  parameters are unknown and will be obtained by the model optimization of step 303. In the
above expressions, the symbol 7 is a vector composed of all the individual component

transfer functions, for example the components C,, P,,,s,; In equation 7.

Deterministic components:
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be obtained fromthe manufacturer or nmeasured by injecting a spike voltage
into the input of the recording system [0048]et 900 phase rotation for
hori zont awvocormpasant . Unknown Conponents: 15[ 0049] C, . (f PXTIUSR000/048B0E f r X, 1))
-- Receiver Coupling for vertical or horizontal sensor, respectively at
receiver surface position (rx,ry). This termrepresents both the variation
i n sensorppeefsi ti Vikyrenpd 2t hehFi@ide Sprefdink | FuttéiO of AR BIRUAdoAbctloACRE 10N
(ric,Ty). The receivér or geophone coupling can be described as a conpl ex
transf er sitfact weve (faredihg alohGachswrdacer BarkdioCodygl/ied ejsmBe By dhemy ABlsevier

722-731(1984)) . . .can al I de,an array 0 effect, which c d

Coaui re. St 2abbaGE ver I (DR ufawaiTontdt b ShmittnaRe diibh vl i o
assunmed tg be independent of nodes; b “ef ver coupling termthat
varies wiPHHSUEEH YSBBULES O 0650) PA(T (¥x,74y) or Pn, h(f.sx,.sp -
Source Coupling and Partition into Mode n for vertical and horizontal
Sensors, ectiv - NS I; e el .

i ncl udes [ggﬁfﬁce to%s(%ur%-@r\é%y?%@lﬁé ﬁgﬂg{l}%&g%&{ﬁégﬁ c gruhgﬁlﬁgg%gfgrel Oggg%ﬁaétﬁmm
(sx, sy). wdvesdt $@ theeiltirdesrveneMetilds taucheaguad it htd decribedttebwaour ce energy into
each node. Each node can be thought of as an interference of plane-waves

traveling wthin a | ayered structure formng a vegui de. The | ayering wl|
sel ect i vgpgﬁfﬂropagaﬁ:@ di Reestesst I‘f‘PBHEe\?&?ﬁp@Q,ge A dTEyTRC Homade  viinig Cﬁ’&aﬁ’ a

di f1erentyanpld FHfen3 ARG RrcF UTE ROFIBAE thd B6erh Lalr Pdenhd, lhubtart
at zero VMIO?&QSMPCT/%%%OQIIOE%O% ?r equeeﬁc%/k{]q%g?&t her e vvlgﬁlsl %eu

i ncr easi nodigidualbsenfitiedy emvesels vk deers tosaged fdteyrmanlbs usqdAki and Ri char ds,
Quantitative Seisnology: Theory and Methods Volume I, W H Freenan and

Co., 259- 1980  f f for horizontal and vertical conpgnent
gi v i SUIORIG 1ol lhc BTG STSHA GTDMERRIRNES i WERC SO 60SIeT P 1 )

-- Conpl &% sHANRLRSmIRE nBHARBGRL R MAGHRE By REIERIY a §fike MOERC Mnto TREIPANDE X
slowness is nultiplied by the raypath distance xj across the cell j In this

i npl enentth¢ rwnrdinghgysehowness i s nade i ndependent of azinuth or direction of
propagation. If there is sufficient anisotropy at the site, then an azinuth
dependence coul d be ;i ppl enent ed. gg 2] The exFonenti al termin equations 7

and 8 is [8948lhe forfn of P dhass8 TO5BaYAL $URPBWEMahere k is the conpl ex
wavenunber (Aid and Richards, op. cit., 173.). The 2Rf wavenunber k can be

written as,ionn CMofedks=1t -1 and Qis the effective

15  [0049] Cu(t,rx,ry) or Cu(f,rx,ry) -- Receiver Coupling for vertical or horizontal
sensor, respectively at receiver surface position (rx,ry). This term represents both the
variation in sensor sensitivity and the receiver coupling to the ground at location (7x,7y). The
receiver or geophone coupling can be described as a complex transfer function (Krohn,
“Geophone Ground Coupling”, Geophysics 49, 722-731 (1984)). It can also include an array

20  effect, which could require a source-receiver azimuth dependence. In this implementation it
is assumed to be independent of modes, but a receiver coupling term that varies with mode

could be used.

[0050] P,(f,5x,5v) or Py u(f-sx,sy) — Source Coupling and Partition into Mode » for
vertical and horizontal sensors, respectively. This is an important lumped parameter. It
25  includes source to source variations and source coupling at location (sx,sy). It also includes
the amplitude partition of the source energy into each mode. Each mode can be thought of as
an interference of plane-waves traveling within a layered structure forming a waveguide.
The layering will selectively propagate different frequencies, and so each mode will have a

different amplitude spectrum. Furthermore, the fundamental mode will start at zero
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v'v' v 2vQ attenuation quality factor. For each region j, a slowness
terms"( j ) is defined, which includes a real part, the inverse of the
phase velwoizbw/o9igf) for surface node n, and an i magi n&Cy/ysasoo/onsbat ed to
t he frequency dependent quality factor The conpl ex slowness is thus a
paranmeter for each propagati on conponents for each region./ in Equations 7
and 8. [ Q@e‘élé’a]:ﬂ'é}e bEUTHRMvill BY BtréRM oSQ-VR Srdg@Endidefor 80bsRBude RIS N{ARBAHN
filter. To fully account for the earth filtering effects on the
sur f ace- itivkardm\(&fasritativb Sehimeblgoc T haprandd Methads dfabiate 6rWphk Enesrmansind (.,
pr ef er abl )., incl as..a. function of freguency. .Furthernore, for e than
he. modo. 20rE 81950 AT {56 BoBortir RN e e £ g o BEITEsH g
for i ndepgRngeatiby forthy/@FfeicatmoRéQf il e of the earth velocity or attenuation
is not required nor is it estimated at this stage. Instead, only the
frequency dependence of both velocity and attenuation is found. Once it is
foundS t HBBS1lt can be(isedCpmpiexesiomuess for Beapagatior Acress Rugiomcior Meggir.
attenuation profile, [0054] The ability to approxi mate the source wavel et
S(1) in Bjgateropiex slownessis muifidicd tyathenigipat istaisgel; aspass the gelldn lot &
nore robust, In th iterature, author i S obl .an ifficulties
o knowt ISR, bR LS R GRS S pRUCH S P Sippdeh! 1
2010/ 019384RGTHIS20RAMINNGEOPB atvth D Eidd, Bl QI E@E degémabk@vdkid be' WierBigiied. we
measure seismc signatures,” CGeophysics 56, 190-201 (1991); and G bson and
Laner, "Predictive dcconvolution and the, zero-phase source," Geophysics 49,
379-397 (199%4)) BecHigsexnopchtddambdp capstidsdi rpd Ll pedhe Hrapaf planeey#ichas
not been included j.n ground-roll vel ocit sti gt .probl ens .and_t.h
rranafer Dranaelfigt ron BbRoR b oSy ik nrfigt BB B R P Buhia-F oThe
mtigation. For exanple, in both prewpusly cited Erpnst et al. papers, a
source t er#HcNYmAt Ki ¢ helewritten taﬁekFi—gst Wé‘élleut;i:ﬁrvr*f% aash &k as it @éfcetve
field.

attenuation quality factor. For each region j, a slowness terms, (/) is defined, which

includes a real part, the inverse of the phase velocity v,(f) for surface mode #, and an

imaginary part related to the frequency dependent quality factor O, :

1

1
- 20,(f vo(f)°

ok imag(s,;(f))=

15 real(s, (/)

©)

The complex slowness is thus a parameter for each propagation components for each region j

in Equations 7 and 8.

[0053] The current invention solves for the region-dependent earth filter. To fully
account for the carth filtering effects on the surface-wave waveform, both velocity and
20  attenuation parameters are preferably included as a function of frequency. Furthermore, for
more than one mode, the phase and amplitude effects are coupled and cannot be solved for
independently. A vertical profile of the earth velocity or attenuation is not required nor is it
estimated at this stage. Instead, only the frequency dependence of both velocity and
attenuation is found. Once it is found, then it can be used in step 308 to determine the

25  velocity and attenuation profile.

[0054] The ability to approximate the source wavelet S(f) in Equations 1, 4, 5, 7 and 8
can make the model optimization step more robust. In the literature, authors discuss

problems and difficulties in knowing the phase of the source wavelet, particularly for
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[ 0055] These difficulties may be handled in the present invention by nethods
to approximate a source wavel et, and by the source coupling and partition

t erm descwOhketh/aiive. 10 The source coupling term corr @Crastaw/ osdees

i nadequaci es in the approxi mation of the source wavel et. Trant ham

("Control |l ed-phase acquisition and processing," Soc. Esplor. Geophy.
Expanded ABgtoragbisrcds3ZiSROW K I hy dohAWRImbidte sdienidGeHatirsd 0¥ BI-8E6CaN
be controlled.” Furthernore, Krohn  (U. S. Patent 7,436, 734) teaches a nethod
to procesi90A0r G991 ); dartda Galysod ewwLoingt,n(Progicavey idoectvoution garalt theezdragddscon

measur enent on t.he vibrato [ t he 5 data to, a.desired i npul se
eaponse B ETEIES The Tr BP0 SRR, BEuusF g Mhet erde B AP TESG 1o
met hod ofiely 9RE no vRePhRIGIHEH WAURI-8311 HOloERE kitmhtidrS ptdWER hRd thOkransfer

vibroseis data. Alternately, the autocorrel ation of tﬁe sweep can be used.

For dat a fgestemaappchagh (IBq.dn has notdgan asadafpr grouadfrelt nfifigdtions Fgnexammde,af bothe
air gun can .be used, _The far-field signature can. b asyre r it can be
model ed fIPOYPEYRE CHie FBRESLToPaRdte 4 S WU 4Pt inged Teiecfind Solptin fol g
dynam t e fhatavciQigd. data without a source signature, a source wavel et
can be constructed using near-offset traces by conputing the cross-power
spectrum or aut o-power spectrumfor a tinme wi ndow around the first breaks.
The squarl809¥ot of These gofferltispeesyr benhiandlad dn the presentamyritiandby ghetheds to
wavel et. Th h trum i yal.ent m ni num.,phase. f.or that. | i tude
epect r um BRGNS E A MG ol R AL B R RARAG Pl PRhB AR e
25 phase The wafRUdupEng emtdriartst fob tiah sfaaédiatrt Mo thOdpprmafgabr thyrdircd he
wavel et anplitude spectrum [0056] The above unknown conponents are

repr esentveayels. flraethpons Contreliasopiase weqursiion and ésoespsingie s c.c ENYonemead/sr ¢
estimated.for ;e fr K Lt fre i [ n . the

ground-r gbf)ﬁp. " |aﬁ%28tqaﬁgsq5$§g§é?%(ol)} gll%gve%ath%t t{ﬂlg%c@%%'dgﬁgvaﬁglve\} arneg%é%‘%:t?o,”e?he
f r equencyFu3efmadtg eKidhat (NeS dmtdn® 7B 6cUe tRdhdsSa sivldd, tof oc8x aitiRhtdr Haarey3 to
25 Hz. One way to solve for the unknown conponents is to solve for the

i ndi vi dualecomiodiiog by avabratos sighaapebrseshpn yncapurgmentethe vigaterscapdphaping ithee

in thi di . | TS | ;
2010/ 0103 AReT Gstb ISP hT vkl R bR o SEHMEN Lot Bhygffred
anpl i t udebyathd EBSE of Krehit &CLipyEtrreduplelogtcangel int thikeinaadiophs eibrasds tive.

phase sl owness real and ina inar%éparts. A problemw th this approach is
that the Algrpatelynthegptaspecipfionnbine pwisely caiebaeseq. Hpf dalp 8pCrted e aesyn

frequency, pagtd fyleagd ¥i§§%tﬁ¥er‘§f ‘ﬁ%%% gglfn é@f%éﬁ?}@%h"‘ﬁ‘ﬁg fﬁﬁﬁelﬂ”ﬁ%ﬂa HEEEn AL

smal | . A preferred appr on e optrmzation steps so
t hat the maRpedertis cal Be ancigledt fiorh URE tdsponse$ of tiegindihdyual @regumdy Rigaldo féhi s
is to solve not for the individual frequency values but for the

coef fi0ci elPamye data s afisHatn WEhOW ) SOHECCIBRABITE R tOU eIV A At @ N s ecopdstitent s

(see the Vi.Qu . rtj LS

i nver si ondgl{n? ﬂg%#?%%’e&%ﬂg&%?oﬁo@%g é ycrgveﬁrd“gér(rggérfggh{;?}%ﬁlrmzaﬁ‘g%ﬁsfp gésthﬁlﬁ%t%er
way to reatneeiidoey moohe theofirstibicaksmnThd squace tdonkf fHRviewae ispyctand isadscé asidid on
paranmeters by usi tha causality constraint. [0057]A preferred way t

(6]
per f or m SAEPitaEe3of $hey3avalks cr e @hasdsneetram) edyalent; tg. mmimum phase for that

amplitude spectrum can be computed by standard methods. One method is to obtain the

25  phase by computing the Hilbert transform method of the logarithm of the wavelet amplitude

Spectrum.

[0056] The above unknown components are represented as functions of frequency.
The values of these components are estimated for each frequency over the all the frequencies
in the ground-roll. Since the ground-roll is band limited and low frequency, the frequency
30  range that needs to be covered is small, for example from 3 to 25 Hz. One way to solve for
the unknown components is to solve for the individual frequency values independently, i.e.,

one frequency at a time. In this embodiment of the invention, the individual parameters for
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In this inplenentation, the inputs to the solution step 303 are the seismc
traces wth source and receiver |ocations and the path | engths across each
regi on f owoeaminipzlace. I n addition, as part of step 303PCEASIWOOMINE S Or
approxi mati ons of the recording system the sensor, and 15 the source

i mpul se responses (wavel et) are obtained. The nethod nay be used for only

vertical dERe8§ucnkhrmb ¥olleé b&@fbAhmliAkie and PhadeOthe RO OSSR amMNiude
expression may al so be derived for pressure sensors or accel eroneters, as

wel | . [ 06®8]phascs bepthe Phassfslsieess #eal amdingagifany paava prebiemivat thisegptopchist i me

i ndow. The rpose is.to lipmit the interferen fr ot her event.s such as
Ferroeti ORE B BRRGen ot st Bedugnlly ity Sl SEGT PR SRINER B B hRalutl o
be used GaRid@rly dith@edgEhor HRNGAH viHchIBE BmPRYIdBLarBsHSIINA Bﬂe%efdra%?ttﬁel@ ies
and tests may reveal that they are |l ess useful. Also, the snmall offsets may

be notS udef ednsteipathseoptieizatiere siops t d9e thae dhe fGosdnerts tdre s smooth fadtien of

nmet hods i sol ating or . enhgnci the surfagce-waves . can be used suc S
(11 Cor; ngreabiul QBPWEY (ERABRSI I hRE b RufCTUER TRy SRR BT TR
oper at i on@efciditPDF-£ PolydlogtialNgr APAnStcaslel Bt ©pesentd(the QoBpbAcris §Rect &
the data and the supplied inpul se responses are Fourier transformed into

t he frequeadgusdofigdhEmal etad.pati¢los) yn thih easgathg ievassipe 19 parforinad siyeultapeqaisly
domai n or transferrg? int0-80q§ q%her d nai&. ﬁ r ex%npl§,u | k do iqi
wavel et doivai'n " EaBor ORI, O HABH dDARTHT F%é%‘ﬁ‘] FhoSHaiays >t Re Hat a
traces i ncldegyfan@aueiedos paambtebbyaiendlh viudgitty Ryndthent30det erm ni stic
conponents ((aolfiet)-1/2,S(1), 1(), and R(j,r2) and stored as 6(4 This is
WO 2010/ 019314PCT/ US2009/ 048003 optional; the purpose is to avoid

nul ti pl yilA§ By t hesh preferined way ko pehernt sfep #B3éy new sewcsibed andy dgtadedsr Fig. 4y e

oar et <78 PRIL R RR 2 Biouls BWe SoGfB By koMbl Bipes Witigprec,
)€ n 00) and receiver locations and the path lengths across each region for cach trace. In addition, as
part of step 303, measurements or approximations of the recording system, the sensor, and
15  the source impulse responses (wavelet) are obtained. The method may be used for only
vertical traces, for only horizontal traces, or for both together. An expression may also be

derived for pressure sensors or accelerometers, as well.

[0058] In step 401 of Fig. 4, the surface-waves are isolated by a time window. The
purpose is to limit the interference from other events such as reflections or first arrivals. Also
20  the offset range or the traces to be used can be limited. The longer offsets may be missing
high frequencies and tests may reveal that they are less useful. Also, the small offsets may be
not useful because they are in the near field of the source. Other methods of isolating or
enhancing the surface-waves can be used such as filtering, cross-correlating with a reference

trace, interferometric operations of cross-correlating and stacking, etc.

25  [0059] In step 402, the data and the supplied impulse responses are Fourier
transformed into the frequency domain. Alternatively, the data can be left in the time domain
or transferred into some other domain. For example, f-k domain, wavelet domain, Gabor

domain, or radon domain.

[0060] In step 403, the data traces in the frequency domain D(f) are divided by the
30  deterministic components ((aoffsety"%.S(f), I(f), and R(f),e™?) and stored as D(f). This is
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5 and [0062]In step 404, it is helpful to further condition the data and
the paraneters. It is useful to flatten the data using a single value of

t he aver ayo 2groaupsi4r ol | sl owness so or inverse vel ocityPCThS2adai088083 e
multiplied by the phase terme'27"11-3n)s to flatten the data, and 10 al

sl owness paraneters are adjusted appropriately. Furthernore it is hel pful

to use digpiBRACHHubosefis bOvbm AMiphans 6AkRsE RmaRRH e @R Abddl hacdat@ 70

that all the unknown paranmeters have simlar nunerical values, i.e. in the
range of ahdXy), 8gtr edmtuteche nodel optinmization step can better update each
one. O her ways of data regularization may be advant ageous. [0063] Wien

there is node, themdel opti,m zation.step . s lLinear; when there is 15
more. thadORl o Y4 FACHE PRbT A eRBERA fekhOG phrofli 108
optim zation know, a nonlinear optimzation may need constraints or danping

ternms (Step 405) and an initial set of paraneters (§$§§§4?§). It is useful
to constrain the gpo geelv ipn it udés”to 'be positi
nunbers. Al so, to nggggﬁggg%s? FGﬁEFﬁ@E?;W@%(%gﬁhg too smal | initiafrg, it

is helpful to normalize the cost function at each frequency by dividing it
by the average tins 20 anplitude of the data traces. Furthernore, as

di scudsedindbove it may be preferable to apply danping or to re-paraneterize
t he conponents as splines so that the conponents are snoothly varying with
frequency. Weights for the different offsets or trace anplitude
normal i zation may al so be useful . |t nayﬁfe pr ef er abPe 2i*o/fake t he Ion%er
of fsets more i npoleeht™ By ™ Pok) ekedpl e/ i Vi g st e cost - functions BYDt he
square root of offset. The 25 hi gher-ordé&t nodes arc nore dom nant on

| onger offsets, so a node-dependent offset weighting could be useful. If

the anplifpoes of tinetdprAASH it Relphe tc HIrMRY caMdetidh @B lddta\dt itRdpBambRRes. CIOSE
functions can be nornalized using the trace anplitudes to nmake all traces

cont ri butuseful ywo fRoen/tha I3tR4raTy BS20L0/\eh8003theprveragguzioiyd-radl slewngssl ut ¢ton.
The initial val yes (sfep, 406) can be set using neasurenents made on the
data usi ri_averrweiﬁ%yy sffge_ e G O s RS ie_n?( oF et BAen e dfje. and
opt i Mgz at ) OfloWh&R phnREdrf gre RARMEHprd BRI NBURAGMPUR i ALYAS (£ AL BSah&ed-
units of 10 km and to scale the amplitudes of the data so that all the unknown parameters
have similar numerical values, i.e. in the range of 1-10, so that the model optimization step

can better update each one. Other ways of data regularization may be advantageous.

[0063] When there is one mode, the model optimization step is linear; when there is
15 more than one mode it is nonlinear. As those familiar with model optimization know, a
nonlinear optimization may need constraints or damping terms (Step 405) and an initial set of
parameters (Step 406). It is useful to constrain the source and receiver coupling amplitudes
to be positive numbers. Also, to keep the cost function from being too small initially, it is
helpful to normalize the cost function at each frequency by dividing it by the average rms
20  amplitude of the data traces. Furthermore, as discussed above it may be preferable to apply
damping or to re-parameterize the components as splines so that the components are
smoothly varying with frequency. Weights for the different offsets or trace amplitude
normalization may also be useful. It may be preferable to make the longer offsets more
important by, for example, dividing the cost-functions by the square root of offset. The
25  higher-order modes are more dominant on longer offsets, so a mode-dependent offset
weighting could be useful. If the amplitudes of the traces in the survey are highly variable,

the cost functions can be normalized using the trace amplitudes to make all traces contribute
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[ 0064] The optim zation step 407 is done one frequency at a tinme or one
group of 5 frequencies at a tine. Specific nethods of inplenenting step
407 are dwecoidmasBibel ow. At the end of each group, the SCTASRH0IBOS Ot al
residue (the value of the cost function) is evaluated to determ ne whet her
or not there has been a convergence to a solution (Step 408). If not then

new val uggoidBqubi®y R BleedidtRin. OffSRiitidl ARARs (SERUIETcan B SR lUsARL hORurdichts | f
a good sol ution has been obtai ned, then the optlnlzatlon is done for nore

fr equenc;mgieo apsthésd@p UsQa0 Gk, a&ll&ﬁls 4Q7 othen efnmsd@nmtwtor on®ringies] Wie the
there is o roung L?I} adeter inati at the skilled
e

o LT oRRtioR sER IS R rpnacusarelien e wed o the

optim zation problemis linear with respect to the paranmeters, and the

anpl i tudqoeéw] phaserizosmPReNich Gam 402 iddokepR abgebna3Pdt S0UMEdr ©AE group of
i ndependently. Even when there is nore than one node, it may be useful to

try tHhe Jdspupmides sdl impo @p@@ﬁhémqﬁh@btoftlmelqnmntlnastepaﬂ:ﬂam émrlbghb@lpwmfétr |y

at the | enlesbfore e c onfr f th

modes. vitb LR E0R e gl ROt KRR BINRR s Bl ddFplb RS Qhfiled
simlar ay Rfe%‘i@[&nwﬁ@eﬂerb& AR NBGra g bh& a tcbﬁv&géaﬁé ty Q%Mtlo@qm@nﬁm%s If hot€-
hori zontal wave notion. Because there is no sum over the nodes

anpl i tudeth@m@ewhwéwcmn@&ﬁemﬂsedcﬁﬁ Qfésesémgeatswmgnaomﬂl%@pm aitc.  If a good

d d d d..t aki gt ith
ampi | ¢ udog i Dt O ABfﬁ 4R PR £ B RE e PR b Ter
follolwngmg;SIog 411 fosx,sy,rx,ty, T))=1log AC O ( f ,rx,ty))+ log A(
Pr( f ,sx,sy ))+ 1\ a17 a|I 21 Yirnag( s (f ()x ; i1;

Step 407: One mode solutions

[0065] When there is only one mode of ground roll, a determination that the skilled
practitioner will be able to make from the seismic data, then the optimization problem is
linear with respect to the parameters, and the amplitude and phase components can be
15  separated and solved for independently. Even when there is more than one mode, it may be
useful to try the one-mode solution to help set the initial parameters, particularly at the low-
frequencies before the cut-on frequency of the higher order modes. When there is only one

mode, then Equation 8 becomes

raypath

- 12 Y s ()%
M (f,sx,sy,rx,1v,T)=C,( f,rx,rv)P,( f,sx,5y )e / . (12)

20 A similar expression can be generated for the other vector components, i.e. horizontal wave
motion. Because there is no sum over the modes, the amplitude and phase components can
be separated and solved for independently. Using A for amplitude and taking the logarithm
of the amplitudes and @ for phase and unwrapping the phase, one gets the following:

log AWM ([ sx.5y,%.19.T))=log A(C,( f.rx.1y ))+log A(P,( [ 5x, sy)){zfyf”yif”’h imag(s, (f))ij
25 (13)

@(M;(f,sx,sy,rx,ry,f))=cD(cv(f,rx,ry))+®(Pv(f,sx,sy))—(2ff”§’h reaZ(sj(f))xjj (14)
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(13) WO 2010/ 019314PCT/ US2009/ 048003 The cost term for the anplitude and
phase terns becones: ntraces IIl1g(A(D (f , sy, tyD- /04411 V, 8.. Sy, ,
ty, ,1)12weiiigglaces\ 2 Esx"sy, rx, ry)) - (14, 111(f PCITAIS2G09/048003 1y, =
m n The sol ution can be obtai ned using standard |inear techniques, such as
matrix inversion, 5 conjugate gradient nethods, or singular value

deconposiftrcidst ¥nh FordRd ¥mpPREJE 88 Pihs@REMBBE¢Edst NG the receiver coupling
ternms, then |inear regression can be used to solve for the anplitude and

phase parameters of the source and the one region. Step 407: Milti- node

e non1inear . 10 S0k 1 b ) brasS LT o Ayt bl eana cannolbe

separated. In this case, one may assume a particul ar nunber of nodes (two
or nore) and use the full cost function based on the real and inmagi nary

parts of the data gi Equation.6. The goal is t@ solve for the ful

mul ti rode conponent @@@f(ﬁw@rx’a)k@%wKéswbm@n? s=#éh-1inear, a(lo)
non-1inear optinzation code such as Levenberg Marquardt, steepest decent
or a Newon nethod, is 15 required. The Levenberg- Marquardt nethod may be

preferredphd §olitfor§ 8t b@MWtathc@lfng ktanlsrd PRdat edehaiguys, RAtPTaY | m4tAx SHRRLMN,
anal ytical forns of the derivatives of the cost function or the Jacobi an.

These Snetdeopigater gradicetr mcthpds, atheygulequilne dagpmpusitionl Wothepnlyaong telgon and
solution iteratively updates,the nodel to inprove. the tch with t at a.
AL ot °t HisSEEMb I 1A TR, o S ich e T Gibchapbdfr Ry
6. 1t mayanhgiteEeindlphb® Ser@hdétemiol thekotrRland MEdiRregidR. of nmpdes, sol ve the
solution for the smaller nunber of nobdes, then to branch (306) back to the

begi nning, use the paraneters previously determ ned and add new paraneters
for the MGNéIZoMadi- medresolttignst he next sol ution of step 303. The whol e
process can be repeated as nmany tines as needed to obtain a best match to

251 0067] TS hove: deaa TstaEme PR e op o R A N R e e
10 The amplitude and phase terms are coupled and cannot be separated. In this case, one may
assume a particular number of modes (two or more) and use the full cost function based on
the real and imaginary parts of the data given by Equation 6. The goal is to solve for the full
multimode component vector 7 (f). Since the problem is non-linecar, a non-linear
optimization code such as Levenberg Marquardt, steepest decent or a Newton method, is
15 required. The Levenberg-Marquardt method may be preferred; it is fast and stable. It is
particularly helpful to supply analytical forms of the derivatives of the cost function or the
Jacobian. These methods are iterative. They require an initial model, and the solution
iteratively updates the model to improve the match with the data. All of these iterations are
within the step 303 in the flow chart of Fig. 6. It may be useful to start with a small number
20 of modes, solve the solution for the smaller number of modes, then to branch (306) back to
the beginning, use the parameters previously determined and add new parameters for the

higher-order modes for the next solution of step 303. The whole process can be repeated as

many times as needed to obtain a best match to all modes of the surface wave.
Step 406: Scattered surface waves

25  [0067] The above-described embodiment of the present invention allows the
prediction (Step 306) and removal (307) of the direct ground roll with a straight-line path

from source to receiver. In addition, it will determine at each frequency the source and
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prediction (Step 306) and renoval (307) of the direct ground roll with a
straight-line path fromsource to receiver. In addition, it wll determ ne
at each fwequswvmy3ithe source and WO 2010/ 019314PCT/ US2000r0%3@984808E i ver
coupling paraneters and the propagation (velocity and attenuation)
paranmeters for each region. These paraneters can be used to estinmate and

renove S%éeti@err%uﬁm%pﬂaﬁl@ieks hittl BheSREMNELbE BYASdIQNar atiinbidYich) Paeeter§Eshod.
Such a second nethod can be a migration or inmaging approach in which the
dat a mi nusch regiaurThrse pavamsteraean b wed tedstimathandesnpiva seattebedvarbwred-tofl hiael d

to i th tt . T th t fi d i dj ct ed. d
S movad® shiohal FERHSH Praiel st e ERE" R Hebd Rl FUhS 2B R e ve
for the sgakin@rhrorN ehivelich tier &84 hinud Ok @xRIPWAved e MRkhed wahh e Phhse et

al. (op. cit. (2002)) could be used to image the scatterers in the near

sur f ade uslasgytiivdd fonmagedhic pragises. vBicodhe yeagindswamctiel df ig meedided afid tomep vied.
this nmethpd., Preferabl howeyer ,, t.he, process .described i Fi q. is

wth o ares b EhEhEUREIS PR Bhmot IS I pRRES BRI 0108 For e Sbdrerd bR
supsequenﬁmkﬂﬁraéﬂ&@@qﬂi@&ﬁ@&ﬂ@dbhEﬁmﬂ%@ﬁﬁ(@ﬁ@nm%bb cmﬂh@mﬁﬁ&h@dnﬁ%eﬁkgure
3 is used to solve for the initial paraneters t (f) for the direct

gr ound- r dichttarerdén thptnenr rae hsig® dhei impueved phascpetdcdy mnfvewce functiensoieund ihhi s

time to lve fo ters, The difications.for scatters are .illustrated
g SRhal SRk Chal e BF b Stiar bl FEE A Gsfaul p iR
Equatioon franldierizaevh fadBE schiterkd sffhce Waves Yor subsequént.itbrationd ) trace is the
sumof the direct ground roll f1,1(f) described in Equation 8 and a

scattered wavefield. In step 501, the surface |ocations of the scatters g
arc defi f8068lThey darhiperefprecdwpihed. the methqdmf Figyrg 396 useddprsebierdgr thedaitirbons

or they can be |0 d .at known topogra hanges ,0 urface features. In
Thi s oxpriaBeras o TR TPl TR npore) TS et Briscafy B frifetiore
contrast iRbatldds, thkatrh€fd fdvofodkeattbhy STHRAMSIBESRTons 28 Jch@t 8% Ml1AsttR&Q medigt i ve
anplitude of the surface-waves scattered at a particular |ocation conpared

to the incolNPwg eiw espressaarefor lafmededtrace & deycloped frant Equation 8. t Hee mavd medels
honogenous .t hen there.is no scattering.ﬁghbigger difference in nedia

propert i e¥ 64t tePs inbrd Set ¢y htehm ofdhe dCHograd vily i o/ oy 7)
ol R SAOLHTER B L0, PR, 2 L et g

G scatters g are defined. They can be the center of a fine grid of scattering locations or they can

be located at known topography changes or surface features. In this expression, an unknown

term is a new model parameter called the contrast of the scattering y(f,g). This parameter

20  relates to the relative amplitude of the surface-waves scattered at a particular location

compared to the incoming direct wave. If there is no contrast — i.e. the media is homogenous

then there is no scattering. A bigger difference in media properties scatters more energy.

Here, we are not solving for the particular media contrast but the effect -- how much is

scattered. The new model trace is then given by

25 M:(f,Sx,Sy,rx,;’yf,l):Ml(f,Sx’Sy’}"x’W’f)‘f'

raypath _G

-2 Y s, ()%

Col forxry)D | D P (fosxsy)y( f.8 )e g (17)

g=1| n=l

where, the raypath_G is a raypath for each scatter g. In step 502, the raypath distance across
each region is computed for each trace and each point g. In this case the raypath is from

source to scattering point g to receiver. Given an expectation for the traveltime for scattering
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C'(f .rx,r.12)EE P'" g-1 n-1 where, the raypath_ Gis a raypath for each
scatter g. In step 502, the raypath distance across each region is conputed
for each woasew/mamlseach point g. In this case the raypaPhTius26000u808Durce to
scattering point g to receiver. Gven an expectation for the traveltine for
scattering WO 2010/ 019314PCT/ US2009/ 048003 arrivals, then scatters too far

from the $6WI6ahaNsatbl H8TE! H8MStheQomet aRE ekt t@cRers REhARLA 3b MeandifEN
will arrive too late. Note in Equation 12, the vector values | arc known.

In step e theyswilutnrion toslagougbit ifi (E}quathm EX; alidt erckargyabentlt ast kno@g)In stépt h
|terat|ve Qptim zatian repreganted by steps 504 and 505. It may be
i rrpor t ant>08o arra@éétl?rhés cBRElakY Bof WAtETRh CORrash xletlr Suith dtefaéw& QUEMIZFRyt h.

e ”%]% g%leﬁ §§6‘1 taﬁ& %Ps.arit Rl %reri Qnt%rrf}él?et t‘ﬁ%'c%ﬁ%rés% ﬁﬁal&e Psed

in WhIChS dat es t ocatl o e scatters and corrects th
r aypatshs saﬁrcmerec&sves akinash.f Gor hmmaﬂanirmt&s tof stdtread, lay ailtarnaﬁeappﬁﬁﬁwtehlzmdmt al
direct ground roll and scattered %round roll are conputed and suybtracted

from t he @atbs used & wpichoter W3undets tli@t)lowmmt%ifﬁtt@s 3nd eQupss B 18ypatie
estimatiq \9& g5q R% 5 10} hBy Rl g”%@%% w S%ﬁ; 508" fhe thRESErY gr&fﬁa%he d or

conput er si rru ate ata using a l"'astic wave-equation sol ution
for flat scaygedgroiherdl aralcampoted was syierated fiman tictdataan 2@pl307Ri cker source
wavel et. Because the nodel is of flat layers, there is no lateral variation
in soil types, so there is only one region. Also, there are no receiver
coupl i ng ﬁvl’ﬁﬂ”fl’éf‘i ons. In these sinple 15exanples, the paraneterization
reduces to two conponents: the source and propagation terns for each node.

[ 0070, Theopégist exanrbepik %f%xéfhﬂgé 8f Broestifiafoh BY §foA¥&bI & Rafdms Q?&ﬁlow-ﬁher e
is only one surface-wave node, which is dispersive, as shown in Fig. for
four sourheee.t Fhesscak warmlics tfamc,@spl(tcif $igwiddted datgivsgefa eutl 3DOvisoeBtiic M@VQ-, 000
m (62) | neqlljlarlltliofnosrorl]?lﬁorrllcfrm(ra ik fa?erg.f T?lg()sinqgllation was performed with a 20-Hz Ricker source
wavelet. Because the model is of flat layers, there is no lateral variation in soil types, so
there is only one region. Also, there are no receiver coupling variations. In these simple

15  examples, the parameterization reduces to two components: the source and propagation terms

for each mode.

[0070] The first example is a single 5-m thin layer over a half space. There is only
one surface-wave mode, which is dispersive, as shown in Fig. 6 for four source to receiver
distances (offset) ranging from 500 m (61) to 2,000 m (62) in uniform increments of 500 m.
20  These represent a few traces from the seismic data input for step 301. The outputs of the
model optimization step 303 are shown in Figs. 7A-D. These include the source partition
amplitude (7A) and phase (7B) and the real (7C) and imaginary (7D) parts of the slowness.
Each of these parameters is a function of frequency. It may be noted also that the source
partition parameter is not the 20-Hz Ricker wavelet, but is the correction for partition into the
25  ground-roll mode. From these parameters, the predicted ground-roll (step 306) is shown in
Fig. 8 for the same four offsets as in Fig. 6. They are a perfect match to the surface-wave

part of the data shown in Fig. 6.

[0071] The second example is a simulation from a complex near-surface with a large
velocity gradient composed of 20 layers. The waveforms (Fig. 9A) show complex
30 interference of multiple modes and the f-k spectra (Fig. 9B) indicate the presence of up to 6

modes with their own velocity dispersion and amplitude behavior. The slowest mode or
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20 These represent a few traces fromthe seismc data input for step 301.
The outputs of the nodel optim zation step 303 arc shown in Figs. 7A-D.
These i ncwodelwtigsigour ce partition anplitude (7A) and pirazas¢iBp4snsl t he
real (7C) and imaginary (7D) parts of the slowness. Each of these
paranmeters is a function of frequency. It may be noted also that the source

partiti oryup@nieilehols S1At stahte 200 @z,%&%@ﬁbs\é@y&k &hoddUhaveS ifch@sm@r E@Cn On
for partition into the 25 ground-roll npde. Fromthese paraneters, the

pr edi ct edraguonmes r Bh¢ ctsarefic@@Byy ifer thhGhnmpde i markdd fasr802h T eanaodites and
offsets as in Fig. 6..Th re..a perfect match, ta the syrface-wave rt, of
the dat a HYUHS Fagr ket oy BT eREra ST ekt e e madg ml Ra IR ki o
conpl ex Near sy ffrakefik hidda dndtBéh subsd¢RbRAGbliods SR frREP RSRAnOhodMcar

| ayers. The waveforms (Fig. 9A) show conplex 30interference of nmultiple
nodes Sandn¢thed pddingpyermpdes(dFiadgimedB) i ndi cate the presence of up to 6 nodes
with their own velocity dispersion and anplitude behavior. The sl owest node

or WO 20 9314PGT/ US2009/ 048003 f und nt a de 801 starts_ at . but
oubsequelP0fldes ndVe™ oy Batt Rt SmDRT PPey R AlRescomiusd R Gl b s e,
for the F100mmee suffad@ivked Q00802 100W. VEIcOLkHor @scladd 2rsbivEUGIRSinl¥aE vith

pi cked on the f-k spectra and were used as i1 nitial nodels. The |inear

met hod wdbe sbeldHigrGAeard p seconvsedincagffset hiom sebswguBise 18B).utThepss dygaviegs

f d,wi.th th I .h di .t fi
Po0r] o quttidall, G A8R RER 3R JRHOSE AR oyl MRS RS Hisd Bp Ty are tess
refl egti anscdsddDior)ofBRe cg81ES RCERhIBUEBS oldddZoB NG pdA29 ) perbbiee Qﬂlﬂb??.r Theatided

a receiver line inline with the shot (Fig. 10A) and a receiver |ine offset
from t he tssotsppEng is 10B). amhdéke seifaogi Waeesi arp dinsedt ePrippart @aults floP. Betept 301

of Fig. entjonal multi-trace fjlters tvpically.are |ess. 10

Successt o TorSapralD e it in FRRTLI-Phel i biRabRany 1 s8sfae i Bvsss e
(1003) . ThReda farldr e azRaMb e (1&01511@7111@@)(11164%6\”_ Bl ffeaG BuVBNEIS AMoe ndd dIBsCd.
Prior art results ((i.S. Patent 5,781,503 to Kimj are shown in Figs. |

1A- B. Théhe gmpadsplatsiragorel pasbcdady aidhe emplt offeats (1183).ref | ectors, and they
are renoved (1101 and 1102) along with the ground roll. Al so, not all of

th at-al i - Lcul t I f 110
157 0079] ROY 1, sndu€ Ty oo PE BRI beflod' RS JORIREEEE D oy (o
of f set s rramgh@dgroni 000 HQtop) (¢ SPY rh Go&teEn yMin( bitk troMkrdniendD OF Putd1¢3 8HBWE She

Figure 13 shows the predicted waveforns (step 30%% for the sane five
traces. THedictad avaypfosns é1tered@6)fat B samedivgeiiasenr ey prepgtaxgeléent match. The

conpl exi t\k{av%gor}ngeﬂl aﬁga ﬁpggcio;ﬁ{}ﬁri%{gtggoii} 'E}{ee(wfa%fgﬂﬁf aﬁ!i t Heﬁﬁrgen?% ;%'?Smuﬂ-lBFe

l.
1
nodel expression w S abl'e to reproduce

conpl exi tijodik. 2ABetrhwicWaxatBiomBwith bl tsbk@sd& iBubleitplreprodee thofull campltdty of
accurateIK represent the waveforms. Figures 14B-F respectively show_the
i ncl Wi orfhefvagaermpwdt takes @emultiplyy madel selutondiascyrpehheeresapubatyvRfBmsst ep
306 whi chy: | gi.nal fa L: i . .
el udi ng By PR RRASRR N RIbAIL Ao T A e, RUTUN LR dfpdts it B
wav ef or mcohputation dfstdpl3fE watch @a@dodomphel,toahd osipmangsiesracd Ahpwimihdrigvery

well. i nl%llAl.yIncﬁlid?nsg onllg 'g;leB mode (14B) matches the back, slower part of the waveform. Four
modes (14E) are a good match, and six modes (14F) match very well. Finally, Figs. 15A-B

25  show the output of step 307, after subtraction of the estimated waveforms from the data in

Figs. 10A-B. The ground-roll has been attenuated by approximately 30 dB, and the

reflections are unharmed.

[0074] The foregoing application is directed to particular embodiments of the present
invention for the purpose of illustrating it. It will be apparent, however, to one skilled in the
30 art, that many modifications and variations to the embodiments described herein are possible.
All such modifications and variations are intended to be within the scope of the present

invention, as defined in the appended claims.
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25 show the output of step 307, after subtraction of the estinated
wavefornms fromthe data in Figs. 10A-B. The ground-roll has been attenuated
by approxwoab®o9B8d dB, and the refl ections are unhar ne@CT[U30M02j074ve3
foregoing application is directed to particul ar enbodi nents of the present
invention for the purpose of illustrating it. It will be apparent, however,
to one skilled in the 30 art, that many nodifications and variations to the
enbodi ments descri bed herein are poss€ MSAI| such nodifications and
variations arc intended to be within the scope of the present invention, as
defined in the, JRRROARA dchétling PhosidlP RAMAIDLOF APKT) UR008/ QB0 RA V5
1. A nethod for determ ning phys% aY structure or a physical "property of a
subsur f acerth regiantflom egisonc furooy defashy consavive yurkaeavdyy noeseofrpmgseismic data

surface-wave nokgg{fron1seisnic gata tra&gs, sai d data Lracea co re1&oq?ing
to at | ed¥CHn¥'SHERCEIHCRITFHPIANE @ Bl (Rsh PRS SBHCBREPY | YU TP ENSO n a

sel smisC SUL@y 1atibALInSHRRNAL A5Gy GOIORubsaAth L TBIROL £ Aol ToAGrising: (a)
dividing a near-surface part of the subsurface region into one or fore
cells; (b) sinultaneously solving for at |east two types of

sur f ace- consi deknt dodpgreressoface pertoéiterubsurfage esgiomingy eiqoranore cells;
surface-consi stent conponent characterizes filtering effects either of
propagati on of sei.sm.c surface. wave de. across cell (a.propagatio
Pirrery or 1 quen O eRiys SFgar B hAR o SnbRag oo B EB AR

| ocat i on dfahé QiE@R tridet, B Neroih Hugfice copggénmi ddehpohegWhbAcRVAVEIENR! &fecti a
recei ver |ocation (a receiver filter), and wherein a "

type" of
sur f ace- catheli et BRpagasinp Oh érfeisinic éwéaq@fwe(we)m@depar%wégﬂactqlloépﬁrpmgéﬁorf fitcgner
surf al%e N m)e%gfatigr\l/ %lff.u %Efgge Qvtavé1 lelner%el Its £ ??es Fo%at%/n ?’a[ngou(%fe tﬁlﬂ%lr)soer' m&
Feoure i &d" at " E FOrthe

traces; (11) e er, evalua sourcel ocati ons

sei sm C tre@g@sg d@rsutthtd wade le@6@lyVira fdckiver locatiad vatediat fitlel), heg eiheedin a
islocations for the seismc traces; and ) (c) poqputing a surface-wave
wavef or m"tigiengf safascsansisieel @omonentdn pneohpbherpagation filter for qngjsurface wave

X : . h o . i \ .‘ .
adapt | vely o &bl O Costmati UM ARE Sl PR L i Fem S B ¢
dat a tracesall sg@rcamstations for tHeejeisndt M@cdsher &) § MceiveatiRebiAiatsdiaf ACRcHRWE

noi se renoval to determ ne physical structure or a physical property of a
subsuf adacasigps frikeciimisfragsseandbsur f ace earth region.

(©) computing a surface-wave waveform wusing said surface-consistent

components;

(d) transforming the seismic data by subtracting or adaptively subtracting or
adaptively subtracting the computed surface-wave waveform from the seismic data traces;

20 and

() using the seismic data after surface-wave noise removal to determine physical

structure or a physical property of a subsurface earth region of the subsurface earth region.

2. The method of claim 1, further comprising using the determined physical structure or
physical property for hydrocarbon assessment of, or extraction from, the subsurface earth

25  region.

3. The method of claim 1, further comprising in (b), for some or all of the traces and
corresponding seismic source and receiver locations, computing the raypath distance across
cach intervening cell from the source location to the receiver location, and wherein the
solution for surface-consistent components optimizes said components by a single
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2. The method of claiml, further conprising using the determ ned physical
structure or physi cal property for hydrocarbon assessnent of, or
extracti omofzommi193the subsurface earth 25regi on. 3. The meChas2@b/oedoas m |,
further conprising in (b), for sonme or all of the traces and correspondi ng
seism c source and receiver |ocations, conputing the raypath distance

across eagthpal& Yeiiritgd e6mbarfido@ ot Afta $AVELCRoh ARAL QilictsArich @ntl 86BN K ave
| ocation, and wherein the solution for surface-consistent Conponents

opt i m zesrediftibnsoenromeed sising asssinpdlae it@TtivelNOpAaEd/ @PIRNARCTZIUE2 G0 018003
conmpari son_or itera@gg.coqﬁarisons of data traces fromthe seismc survey
and sur f OBRHEIFARMAUTISERGHs comput ed usi ng assumed or iteratively updated
conponents along with the conputed raypath di stances. 4. The nethod of

claim 1, 4whererte teehodusf alatn CQNSh&t@RNthcCARCHLHhSsté@t Ecomiitb@y dréinohipixs of
frequency, i.e. functions having a real part and an inmaginary part. 5. The
met hod offuestinsof frequraesiin. fncliensdiavinga: iilsnartend adeeginayepardent i fied in
the seismic data, and the surface-consistent conponents include paraneters

for multisnod r t] sunf.ace- - . i m
5. wher ei i thel T BTG O aaaL 15 8o HARE g disinef mollaf aPELAIRHQY, o
dat a are sefsanisfdatayeadi the osuafat E-ecpiiviay chaippnentorinaluli¢ e@ri@mtsts Way enultibasde
domain. 7. The nethod of claim1l, wherein the surface-consistent
conponentoRaALation lsusfaee@l$on of azinuth or propagation direction. 8. The
met hod of claim 1, wherein the surface-consistent conmponents include

par anet erg forTh\éqlertﬁB& Yof PlafR S JIHQR; Fhﬁa(%i%@gﬂ{ddepareﬂié&tma 5th mRdafl agbal m

1, wherein the solution is obtfaine y mnimzing a cost function

i nvol Mi nght Heta arenrams firmad grtoa preqiicricy aloemimdr 4 fiequdhéyf-enestmenbioetiovwan. a nodel
expression, which is a function of said surface-consistent conponents, and
the sur Ve% dat"lah'e method of claim 1, wherein the surface-consistent components are also a function

of azimuth or propagation direction.

8. The method of claim 1, wherein the surface-consistent components include

parameters for velocity dispersion or attenuation.

15 9. The method of claim 1, wherein the solution is obtained in (c¢) by minimizing a cost
function involving the sum over a group of traces of the difference between a model

expression, which is a function of said surface-consistent components, and the survey data.

10.  The method of claim 1, wherein a model optimization algorithm is used in solving for
said surface-consistent components, wherein the model is a model of a waveform for either a

20  single ground roll mode or for multiple modes.

11.  The method of claim 1, wherein solving for said surface-consistent components
involves using one or more of constraints, damping, normalization, weights, and

regularization.

12.  The method of claim 1, wherein the seismic data are conditioned by windowing, by
25  filtering, by cross-correlation filtering, or by cross-correlation, then followed by stacking or
by transforming the data into a domain other than the space-time domain in which the data

were recorded.
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10. The nethod of claim1, wherein a nodel optimzation algorithmis

used in solving for sai d surface-consi stent conponents, wherein
the nodel is a nodel of a waveformfor either a 20single ground rol
node or for nmultiple nodes. I1.The nethod of claiml| , wherein

solving for said surface-consistent conponents involves using one or
nore of constraints, danping, normalization, weights, and
regul ari zat in. Th2 mEhed o€ thhiad4 ofheedimtbmncbmpleabref et condisient :eezhpcmiems thak.de

i Ttoring, Shhybied SREPEh ¥ on o SR B SR ety B 5

t r ansf or m ngypdteand @braathidround-roidiBdebeftigh@ited. Nnan t he space-tinme dOITB.I n
in which the data were recorded 13.The nethod of claim4, wherein
the conpl ex;surf t ent.s i ncl ude source anplitude
and phase, éﬁd j%gﬁmﬁ@8§fa%§ahg§§g$%%'eaé% cell crossed by the trace
raypath and for each ground-roll node being treated. 14. The net hod of
claim1, further®conpfigsthngplution for the purfagesgongjsterth compainerts orimpgs ortte vert

surface- C0n§k§%ﬁa£d§£gagaﬁ?§8 to image or to invert for scattered
surface waves or each trace, conputing scattered

surface-wave maveforns and (i11) subtracting or adaptively
subtracting the (@} at fos pesh tiees PorpRtingGraiersd saipce rreve WS gat a.  15. The
met hod of claim1, further conprising: (i) defining surface

| ocations for sqiht enenactaf o wibatelyWakesing the scatleted )suffide waeh fibmake
and correspondi.ng seismc source and receiver |ocations, conputing

t he raypath*?ﬁ@?%ﬁ%e across each intervening cell fromthe source

| ocation to one or nore scatterer |ocations and then to the receiver
| ocation; 15  Theimejhod of slaingl, fiothesaonfeigez: consi st ent scatterer
conponents for the scatterers that predict waveforns for scattered

surface waves | n(i} he d&ﬁﬁ%ﬁ‘ac@%c@ﬁor@ %1’ scatterers of surface waves;

(i)  for each trace and corresponding seismic source and receiver locations,
computing the raypath distance across each intervening cell from the source location to one

or more scatterer locations and then to the recetver location;

(iii)  solving for surface-consistent scatterer components for the scatterers that

predict waveforms for scattered surface waves in the seismic data; and

(iv) using in (d) said surface-consistent scatterer components together with the
surface-consistent components from (c), thereby computing surface-wave waveforms that

include both direct and scattered waves.

16.  The method of claim 3, further comprising repeating steps (a)-(b) at least once,
wherein the cell division in (a) is changed to improve consistency between predicted and

survey data waveforms.

17.  The method of claim 1, wherein the components for each trace consist of a source
component, a receiver component, and a component for each cell crossed in the raypath from

the source to the recelver.
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(iv) using in (d) said surface-consistent scatterer conponents
together with the surface-consistent conponents from(c), thereby
conputi ng surface-wave waveforns that include both direct and
scattered waves. 16. The nmethod of claim3, further conprising
repeating steps (a)-(b) at |east once, wherein the cell division in

(a) is changed to_inprove consistency between predicted and survey
dat a wavef ogfs}s. ‘%?‘:‘%%%ﬁé’f(ﬁg"dﬂg&w@f’?ﬁ{ S P%@Psgﬁﬁef?%o“cmﬁﬁéﬁts for

each trace consist of a source conponent, a receiver conponent, and a
conponent for edaéh cebkinggedssd! stmctiuteer paypathprbpeomndttaenisd droaedatzofrdrn e
receiver. 18 cing hydrocarbgns frama subsurface
regi on, conpgflérﬁggg%dog fat f’%&%g? Iéaﬁ%ln r%m%ﬁ)?%ﬁtheglas g?SP’E}]c?fifﬂ‘ ém“g’r ﬂd"hm% 8
physi cal pr gepopied beremivy mefeterfoe;omidat a from a seisnmic survey of the
subsurface region using a nethod as described in claim1, which is

i ncorporated hergin By%et LN - L0 L1 i nt

t he subsurface r(gzgi on‘baged eat f“ggg'gbg_?rﬁac%geﬁogg%seggﬁI%Fseﬁﬁgasr?%tgﬁlép hysma?
structure ofTYSHYPGAYSIgH pppartyyand aredupndidduicaryortsfidrmabavdions from t he
well. 19. A nethod for renoving surface-wave noise from seisnc data,
conprising esti nRiedd Qorﬁérh't_fv@rlg'shﬁfac@fweﬁyﬁéi%n?%ﬁﬁé&aﬁﬂ%arﬁﬁr@ﬁ%feﬁfmaﬁng
functions in frequency domain, or inpulse responses in tinme donain,
that repr es®RUARgEEE HorsisientFaasipmiiactifgy affsairscdomalneyr ippupaigsioases

from sour ceid §iné 86N Qhat réRdedi Thiied RSB WBL %ﬁvetf&'mg 13 g'je%tpro agate from
surface-wave waveforns, and then subtracting the predicte Surface
waves from PHEFESIQ| ISeer, fael gising the estimates to predict surface-wave waveforms, and then

subtracting the predicted surface waves from the seismic data.
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