WO 2009/ 120430PCT/ US2009/ 034390 METHOD FOR PERFORM NG CONSTRAI NED

POLARI ZATI ON FI LTERI NG CROSS- REFERENCE TO RELATED APPLI CATI ON [ 0001] Thi s
appl i cat iwo 200%i20a30t he benefit of U.S. Provisional PateRrCTASpéoooatsp@ON NO.
61/ 072,319, filed March 28, 2008. 5FI ELD OF THE | NVENTI ON [ 0002] The present
invention relates to inproving the effectiveness of seismc prospecting. In
particul ar, an exenplary enbodi nent of th esent _invention relates to a
met hod f cMEJH OB FORPEREORMINGCONSTRALNED RLIZAJAON FUSTERING 51 5
BACKGROUND OF THE | NVENTI ON 10 000%1 An i nportant goal of seismc
prospecting is to i mkROSYRAFERENGETORE .EEéﬁil’gfﬁ]@l‘pT&lﬂssi ng is

typically performed on raw seism c data obtained by a seismc survey.

During a p S C sufVv.e sej.sm c. ener i rated. at. gr. _near .groun

Cevel ot orDPOAG SurvEYS St hinnPeBépeh 3T SEoThida) Bl Khn S o
sources, #190726x@AlR M¥icBn8t Zyost rucks or air guns. The seism c energy
results in ground notion, which is detected by seismc receivers, 15 for
exanpl e, geophones or accel eroneters. Such receivers can include sensors
that detect single or nultipl FIEbPGREHE INVENEIQNCct or ground notion, for
exanple notion along the vertical and one or nore horizontal directions. In
t he | at er[0063e, fThe steseey invented | ethta noll improoimgonientcfiidtivayss Tdte stiginént
of both single. and multj-conponent surveys.is tothgceive.reflecte waves

from undeMgHRSENEE I BERITHEE ToSNIRbHY N EtTeid thayppisAY 'Brortiea reigtps to a
under or ouRnEA Y RANRRg bRGHHLINLASR kGl deRMiogrLYI cal formalions

that may contai n hydrocarbons. Seismc energy that 1s transmtted into the

earth as propagating maveﬁigégﬁﬁﬁéﬁﬁﬁD %ﬁ]?ﬂ@?ﬁﬂﬁQEﬁ@ structure and

returned to the surface to be neasured by seismc recelvers provides

meani,ngf paformati.on about subsurface structur.es. .Such ener pr ated
T ard’r ool oG TRb bRk d-8° WiiRET uPbiethibe i do EHED SRSEY H-RE3ES
waves" orsadmic§hrb®edih® nstypReleh&-forBrd bonWawesisiiy die oBtailtbyCoRBR SubRy .
(P-waves) or shear waves (S- waves). [00041Unfortunately, a Iargg anount of
the sei sPERMRPYYNGSHBICHL FIPTHY CBARE i gonsiiped a9 ingargspunchloyeldor Bnehseverody
waves. | nst S} | e ravel i . e .
shal T ow righiane naR R I PuBRSE Y, SRS Byt B BhBhotk LR AT Rr air
are recorgled 30bycishéc ety vsubls ih@ibuad enoties] whithyis Hetbend &g stiomicnetivers,
reflected waves indicative of a property of an _underground structure. The
st roﬂ§ hofor £a#PRle] 9@(1939@ Ppcelgramate s walrsl reeiyEh C%ywlﬂvb sensors that detect

2009/ 1204&1@&% ‘A%HQ&%/ cgﬁl%%gglts of the vector ground motion, for example motion along the

vertical and one or more horizontal directions. In the later case, the survey is called a multi-

eda a -t as

component survey. The intent of both single and multi-component surveys is to receive
reflected waves from underground structures to allow an accurate mapping of the
20  underground environment, including identification of geological formations that may contain
hydrocarbons. Seismic energy that is transmitted into the earth as propagating waves,
reflected by an underground structure and returned to the surface to be measured by seismic
receivers provides meaningful information about subsurface structures. Such energy
propagated to and reflected from subsurface structures may be referred to as “body waves” or
25  “reflections” herein. Body waves may be cither compression (P-waves) or shear waves (S-

waves).

[0004] Unfortunately, a large amount of the seismic energy generated by seismic sources
is not in the form of body waves. Instead, considerable energy travels horizontally through
the shallow region near the surface of the carth or along the ocean bottom and are recorded
30 Dby the receivers that are desirably intended to receive reflected waves indicative of a property

of an underground structure. The strong horizontally traveling surface waves, which may
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al so be referred to as ground roll, can undesirably mask the weaker

refl ected body waves. Accordingly, it is desirable to filter the seismc
data to rwdue®/hsosurface wave anplitudes in order to @emarsatg/oasoaccur at e
i mage of subsurface formations. These filters treat the body waves as
signals to be retained and the surface waves as noise to be renoved.
510005] G gunge t@biredto 8¢ Flfoﬁﬁ@ r¥RV&n T irdeQFIbRE nfaBt AROY AP kS dctdl BIdT RIS
bet ween the properties of surface waves (ground roll noise) and body waves
(refl ect iderosdigglal if is @ywakdg soplter the S@ismi%%tmw@mﬂertge surfaca otae iagplitides it hat
surface wayves typically have lL.ower frequency.content fhan baody S.. fhis
ai st ngui Sy SRR e e R of MSILE HERNST | BRRL RO IRT podV

el i m nat ewihg asfikeat tobe @rMmuAchnddhd surfdoé anleatmisg o bbedfoved. Nnot a single
10 characteristic that clearly distinguishes surface waves from body waves.
As a rBesulphesia PERELRIMN b shfRicCRhvAOR AN hRtodI &KpBat HioRrdFBENBdS cbiS thdat
reflector anplitudes are often filtered and reduced along with the surface
wave anpliroprities ofFeurfacki wavesdgmmundirhl nesss) @hd bodpwaves (fatleriéon signal). One

arbitrarily reduce sgism c, anpl,tudes. .bel o certain speci.fi.ed. frequency
voul o andedrPEoRS % SRR RET MRy Cahotel GRS RE R RE S0 FREY as
wel | ThifequiBcyceunkdsht BRheRdUY Aavys. I BB dBtihR@siEhg thdryctéistid Geodl @b@lgesti uhge
deep reflectors_or to perform sophisticated reservoir property anal yses.
100061As lawoeuidiltastarghnenaty rtheséfeetor gioppd dalll yWnagusatehic harowerotvelstela v
t han 4body - Ther.e . j veout

tr acd O o Rk R BB K ORE RGRHRGL Rulraly BAE ibol Ba RSeLP RO bt
this diffeoeloeewil tepiphlogtomd-tdl hiifiguties m@&Bodsushthatsreflettor ainplifudes erd ofgen FK
filtering, adaptive fi]Jtering eamformng or the |ike. A problemwth
such met HERCY ang Fducealgng agih the surfage wpw @HPWQ%OFW Hissicaie et saed
each of t I 0. L e.J:.ecar : Il eali f
The. di st ange e Bl B e ot 2 T, S GiRY RRn
anbi guouswaild sodesifabboedna lesv &ngudnoy hmgtiowas of aldideantodye Maeet oy weld.ahioe

renoved. 25100071F a mul ti-conmponent survey, nmeasurenents of two or. nore
vectdp o RRBhaRIETEly FHESYr diinaPROt oree R Dok QoS HFRGt 1o o B TaifG
verti cal _%E%Q%@ker{}&ypﬁ{p@ﬁi,6§al§l§w_i tional data that can be used to

di stingui sh between surfacé waves and body waves to facilitate renoval of

surface and .r i : (o} k
pol ari za}tr@gﬁélfi I % Srﬁ?g{%} \%ﬁ?ﬂ%ﬂfe’eg‘gﬁ%ﬁi }[P@Yt eca???;{a%[& hﬁg@cfg@\g/&\;\a‘g\i}gg@ﬁg@ebow

pol ari zatwowes. 30habfaracgrenid rolt Sypitwly bannivec unsedottofrdinstracegtn $dace. hefonfier om
surface waves., Polari.zatjon characteristics relate the anplitude and phase
di 1 or oncBETR o TR AReCBRERETCTPt BplolL il dEes by aniedns [RiTBalFy e
of dijf er@ph AdeMgodityPBReridg) HRIlicEiHL AhdaptiVe Ifftckil@WIcAnM @brmhilg dryfbadde. A

surface wave (sonetinmes referred to as a Rayl ei gi wave) has a distinctive

anpl i t udeprobleme0e suchonghpdsTisUsHCheY BuRee safftiqulasbort districe hshigenisecwelen

the vertigal and horizontal c onent s., -Specifical Ray| el ves .are
Vi pe1 oo BBy LA ReofRIRRRER B SRECHUART ol s TR R EFES B
anal yzi nght Bpps@itpidnddatiacloand if ambighgustat tsbfme $hlichdidyaind bost grdghd sd1psnd
elliptically polarized Rayl eigh waves fromlinearly polarized reflected
body wavesflagierscaehe Feeeing the 5anplitude of those events that are above
the polarization threshold. [0008]U. S. Patent No. 3,858,168 to Barr et al.,
t he @ont ddf87lof Whi &mAicompprd siveprpoFsateattntsyofitaoerrenets westor compphgnts et

forth herei di scl | f a k t t hat .
bol ari v errpgrmnge BOEFRRTE: SufieRer iR B GirlRd conmpay ey pimvide
sur f ace- wad@ionel §&a thiAVRYEie udelbo SHERRERh HetwwetahsupRb@fazad bd bbdy ekt

nmethods is |imted 10 because the surface wave energy does not consist of
onl y Raylfefiljitoesreayabaf swidadsewaves mind refent@iy pebedy wavess Qnel keewarappwests iof

surface hat ot +have sinnpl e, di st i ol ari QN o
char act e\rlfo\s{%r?zgé&?oﬁpﬂgﬁr{%% %V(%ltl]%l geﬁiyorﬁ?bghy 1\%/%{\/2%1] @gmﬁggggﬁd@ hé)SOIear% \er

t ypesOof @urdcacictiovaas danchidecd ayelissiageash thethefroiny p@sacef wawtdsde Polsmizeison and
scattered surface-wayes and the Iikg:. In dition, in%erference bet ween,
for exanpih@rackrisiciaireiafe smplgudpgad phasccdiHeronprsaen diifargntiOmPonsthatlhess

gi ving t NaRrlcPRrQUs! HBGHN B aifAln0pRR 8leNalinGRtAUEE! HERPARMS il he
surface wave nol se. Furthernore, because s ace waves tend to trave

t hr ough aypicglhduyfacanhvero enetiuss rgfooed Yo aonBoylicthted e bid a dasyiectjvet dmgplitude

pol ari zati on properties can change and becone distorted. Finally, the very
interference of several different types of surface waves, and surface waves
interfering with reflected and converted body-waves at the



20sanme tinme and offset in a seismc record, nmakes the conputation of

pol ari zati on anbi guous. [0009] The use of many known pol arization filtering
t echni quewoi2namoi2vss t he sel ection of an optimal tine w rcowstaassbyze t he
pol ari zation and to apply the filter. Since ground-roll has a |ow velocity,
reflection energy arrives much earlier than the first ground-roll energy,
and this angpmee@![dﬁoﬁghi% hedtwédie tid Kektical QHAdidrBbhtaf BRP¥N&AN bSp&XEdanged
so that these portions 25 arc not harned by the filter or distort the

anal ysi s.Raleigh twivss dird fellipgicellyt polapeédyi Zldheapropess | ofvpaleriagtion flterngeinciuded at e
the ground roll given the dis si,ve nature o rf.ace waves.. Low frequency
conpanentLabpine B sEhmicid) FREBRUNE 4 B et HORGE S Pty PRk or s
the surf aggiygl ewsel Oftbiny linarfyaporitized@ndiltdiets toldgywavdsi wied kRO reducing the

hi gh-frequency conﬁonents of the ground roll, which sanple the shall ow,

sl oneP parepliide efdhesgrovpnts it sregibgprethsipekirizpicabizesbeld. 30 the ground rol |
and a large tine window is needed to capture it. Such known nethods may be
used to sli@pe8lat e is®i Batcet dat 23.33% $8dmt Baabeurl.l iheeaentyntpaifawhichdarsi pneltys

P-waves .and. 5-waves nd el |i.pticall l.ari.zed signals (Rayleigh waves).
Yo 5006/ 190 BGRS CRbuBe eSaneh M 601 RR AREAR CHTLRE S, LERPLS P AU
rel ati velpethedv thategyes Varaniparmedrih tbadienpaweparatiéiVos &ighai ¢helnt wat@yarke
bandpass filtered or frequency wi ndowed to isolate or _predomnantly isol ate
t hose wavidsfapg-pgre peise.hEloayrs dka susessfol suriapplraeation. filgimgenathpdeisdimited s
t echninqua. | I . . I .
cont 001 s o SREEE vl ety B8 Dltabr bR LR WU Shehgr {ix of,
fort h herRaiybeighutoms kind ditbal fosms dfharfase vafves timal hayphet heequeidy didtintgve or

a conb filter and perform ng polarization filtering_in each_ frequenc
regi on. TMI¥IREeKRhGHECTHSIS Fearashte Hendl{kodi yaves) efuanelys phthsss %fgéfn Bes

However, cghs%'fﬁcé 294 inlclugig r]?ov‘e%Je% e&H&{‘@ﬁ& &f gﬁﬁ&? vaGRELGY sWiddiddsdrRe-

wi ndow and 1 nterference between reflecti ohs and surface-wave nol se can
still be wawesabll é¢m likal do,addiive, ihGwferdnve bstweknclor weanasic.ar B-waye @nd en-exveand

do n have sinple elliptical behavior,. [0011]U.S. Paten . 6,961,2 to
<appiigs, e bR &Htpgicgs 1 Qa@é”%e?@b%“?‘?f@li? da}pa%Sélanb@a{\b gpef o 46 ¢
fully setcohREfdhdoaseuffacd acBaRiiche FesBePforadbRhbsesirtdct 8hanRg ttRd teRYel t he
surface wave conponent which exhibits an elliptical retrograde particle

nmot i on ( ghewsghl arlophly . inkyneseacoushipgone corsdliddes seiblayen itby poletibasiont yrppesties

surface-wave,noi se such 5.as gui.d ves that. do n exhi bit el ]liptigal
o ol o BT G drs SB ERgnd 0B MR s ad ST i SlivhBbR ng

and band-g@fase valdsehndgirfade wWaObdinridhifg SatisiEflectd@bad eaiveabdbody-gaessnd thicol |
prior_to polarization filtering. Since the nethod relies on the phase

di f f @Pencemsdingyand fést ing e greees ke thesomppEon shPYrrigition smbigious.
occurrence of random noise and interference between different wave types
woul d gr 8008 af Tbeus¢ eismeriy kiedvenpeglarizgioo i R]imaégcbnigres invaives thegetepigon of

bili i solate th f i ' f
i ndows. om D WReRH e RS A S PP B bbb Pl ot Bt

f r equencyhagi anm%elbeigu, rélEHbK @nérEy S eRMn@dtesarBd thhil BGUERE bRfindSoMchadghy, a
narrow frequency window results 1n data spread over tinme. A different
appr oach 4nd thig regiam sardeiham ghesfissgroandteal benepgyocan Yegixgtuded pothaf Bigsroprifions

dormai. S«Iré‘%ﬁhgmﬁtﬂpﬂr% fiferd® &bt the %Hélgzg{ﬁmﬁlﬂq{ W& O to optimize a small

window to further isolate the ground roll given the dispersive nature of surface waves. Low-
frequency components of the ground roll penetrate more deeply below the surface where the
surface-wave velocity is faster, and thus they arrive before high-frequency components of the
ground roll, which sample the shallow, slower part of the earth. This dispersion spreads out
30  the ground roll and a large time window is needed to capture it. Such known methods may
be used to separate seismic data into data about linearly polarized signals (P-waves and S-

waves) and elliptically polarized signals (Rayleigh waves).



25 Wavel et Transform and the S-transform These nethods arc reversible. It
is possible to transformtinme domain data to the wavel et domain, for

exanpl e, wenb@vrsn operation such as a filter, and themrcrrmse@bosssvback to
the time domain. The advantage to working in the tinme-frequency domain for
pol arization filtering is that the surface waves are nore isolated. This
can nake [pheojanaBysdiSec TRFEcPMAGESRNANE BeeRMtivelyNlody fickhhi&@icy tddaipaddd REbSdyoN! Y
a small region of the 30data and protects nore of the ref‘?,ectors.'

[ 0013] Exawigieesrayf seigingnidataamay psi kandpass heltaredror firaggermaycyindlomsil e iseleteset
forth in the foll ow n blications: .I). D allo., M.S.,, .Kules M.,

Hol schneifdef™ i ,thsléﬂgFeEtglﬁFﬁ WRYeS DIHE5° )“i‘eh%Rpélﬁ%%%ne%%%"%%agl??-z g?l}eo?%‘ample of

At tri but efisitéchinhific Té 82 férEteUeISC PatbRiTed. 1t 27ch 04y €fut@l ki, th¥\Edntents of which are
2009/ 120430PCT/ US2009/ 034390 Separ ati on, Ceophys. Prosp. 53(5), 723-731
("t he 9Di diardyloonpeyiad; kyatcfesency :as 26 fubly sp1 forthiacrem.  Gutgveskhdisgjpses the use of a

Hol schnei . r . d , : i t.on. of

Pol ari zatrﬁlgl&llpge%?ﬂ%&? zs ge?naéefgscr%n@ ﬁt\r?resa we%%%gglﬁtcpﬁl%%%%%@ﬁég%ﬁe@n i each

Tr ansf or nrcquenphysdios., This3)echMGue \fémo(est hembi afl ke RQM6 fipgidrice aintafeigriceand
3) International Patent Publi cafi OP No. 5 V\Q 2007; 006145 by Pi nnegar ("& he
Pi nnegar PeBFiCathin 1y . sithao®Rt IorsTegiient STFOb £0REYF WhEs dhg friggow an
publ i cat i s} b BEGRYN HIRRFBN MeirB¥e WAl EhERE faStill befa rBMeél.etAfs?,r AN

herein. The feor mer two publications disclose the continuous wavel e

t r andOor nof(tiRYiirfarm ovat breark atdre complhae and de ndtriege smpte Siptieal btlavior. These

nmet hods provi de anal ytical expressions that relate the analyzed signal to
its pol arfioast]i onUa$t Pafeut @do. &b RE3 net Kagpiukhaic confentseopoltdch zat i loorethO

ttributes in the ti d i , th t hod i i bl
oL UL e LS 1T oML L), et ML hod, e LIVECIL e o
Pol ari Zatﬂeﬁllavé 'tléﬁ)ﬁfrfa@g wave tcBﬁi)SfléHt %vlﬁ@ﬂ" Eﬁﬁﬁ"lﬁs By eﬁ%lﬁbzﬂ‘ I%fr@%'ag{?arﬁcle motion

ti me-frequency mal n of the signal using the polarizatio ri butes
f ol | oned (gyouad rolhy di swecvter dns frethndt dwes botaiemot b ethict hypes eflswsfagnatave nOBE4Jdht i s

not ed .t hat t he .Pi nneqgar blicat.i di scl oses a.nethod o o] ari ion 15
e Ja D R aS AR AR ! Sl e R SR i e metnaf ShS s ok i
identify gdid §RE8Bth AMPSEnRIwifip hh@eendipxe AMRARS td LM thRA¥sRiORatHRYRGindtg t he
i ke). The Pinnegar publication does not, however, disclose the

det er m nagrowend ofll pien fobpetlarezatipmtiiligrihgw Soptei thaimategshredics on thé pbascfdafercnesves

and body wave ref]egti,ons. [f0015]U. S. Patent 1 2,781, 502.t 0 Becque he
cont ent 5 BTGHPE, oErL YB3 HoteSioncragair bt SpdPinde oL bMaPRr HR end.
forth herigichferches bétivees didfed@it Ratle fypes %hﬁrgiédﬂeff‘ﬂfeh s efpioeasent of the
surface wave with retrograde particle notion (i.e. ground roll) using a
cont ipguougoYBVel gheder A0 KA T tHIWERS to isolee MRIDAEC N SEASRY separBRGAMEYndoes
not constrain the'%ppllcat‘l on of the nethod to mnimze the effect on the
si gnal . Figquleeyhpimlowshelt e tirdldkmern fhet ehndrrpvBdogueinddweeorrasponds| tatae widse t he
renoval oﬁre ot hcer tgygges.gf S rfacee voeen%ﬁrg tehat r2T§doﬂr11rt exhi biftr .

el li ptical “Poiar VZabloht LU0 T6 T OBER °8%t he PHpT 6VansHt 4R § JPFaTe "WaVR™Y

at t enuat i windbWaksBMNn kRtOkraideetr Winkd) POdidfctohdbpMoadNB! t4Stfhsfofmt the scismic

ti me-frequency donmain, known nethods all have limtations. Because of noise

i nt er f er ediéeingg ahoi8t Hratreqyengyrdomaier Stpdaangibeds ©otethimiransire nglyds tha
SONe H=egi |, e f 1 i ripzat L on:

attr PBut ceare/ey TS 5 e R ARt E T ke RRADEL IR RroRIE 1 R baRil o

sur f ace- waarefonmi tiee ddrmiaiviadhs tatie whsdit\dethaink Gor dkb@prapaforeagosperaioa soelyasal so
observe po pical of signal in regions o

rization patterns t . the .
time-fr e@%ﬁ@y a%%%n ﬁraeﬁle@?&aclqu the Smne danpgip o dBe Revantsi te é?*éo.rLfPHéP hotige-

surface- V@éfq%gﬂai &StndTh Ff&@ﬁ&lé%ti@ﬁ‘%?t?riﬂ% i {8 ORI ZALLRN A fibibNEIER aleRe
may not yield the desired result o 2009/ 120430PCT/ US2009/ 034390
renovi ng dahenakeitbeanshysissmpregeerisd angl rehat igiaglédr thafeffeets bylypr snsadk regiodatf ghe

corresponding to reflecto requires conprom sing on the filtering of

sur f @e v&%&dmﬂ{efﬁﬁ%985§]§ﬁﬂ%r§nd met hod for performing accurate
filtering on seismc data to mnimze the jnfluence of undesirable surface
waves or g@Pbﬂnd ESPIPles of seimihpielySESUMRRYN O CayGRCY NOBRIRS &R PO AR, the

exenpl ar Y, AgRAR JiBNEatRhst DEDRIBSENS ., KINGR! VOHEIS ARRS:, VD, SciERb A H 00005,

Instantancous Polarization Attributes in the Time-Frequency Domain and Wavefield-
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filtering multi-conponent seism c data. The exenplary nmethod conpri ses
identifying a plurality of characteristics of the seismc data, the

pl ural i t ywof2o@nzo4set eri stics corresponding to a rel ati veCras2doo®s4bé on of
surface wave noi se on the different conponents. The exenplary 10 nethod
further conprises identifying a tinme-frequency boundary in the seismc
data, thesdphiioh! €E4IHEYPROMNIAEY, HBlT et D iMerions Q}%_bﬁéatffoﬁg); SeIRMS; Mat a
estimated to contain Surface wave noise and creating filtered seismc data
by renovihg Kpdeshi ds olsehmeidsni Mhwi Sclbabann,hBs Ader dsp @t t Ghataetepragioal of y

f ch i St.i d that.. it N h | mes f
poundar v T8 OUAE Rt b S St e T Rgb B R f bRl IS TP

accor dance @)t Vi6BNaY iethe @XM EGYpUBIBAMENTE Mhd G IithiRafiées Phfend PHtgRLIGNNo.
conprises estimati naﬁan earliest arrival time of surface-wave noises for a

porti &n ofVQ RN AP byrkirweded the Panpgaimabli¢afiog?). | Beaentsp sontsnty gf cach of
S i t & iy USTH(

Char act or Ta e JABARL RS AT eOnbbRAPLPottBhec & PRIBATARRLG. The

exenpl ar yformethed publititéms disejase sesconfiBu@stwavatat mgnsoinh (EBNY| aald ftine lagtac heof

the plurality of polarization _characteristic¢cs of the seism.c data, .the

t hr eshol dIEEHAAMTIHG HE BT s APESREYOPEP ATy PRyt LEXPIEQnSORat Tekate jthe
estimat ed,, fl 163 Y f RAGTABYE e - angh fat I8 Mri i's
not esti I’Yélt glczigétpg gglontt(gi I’Sl IZkﬁrfacée‘- v?/avgﬁt%%i 2[25.11% ﬁl%g%gigtti on,@"”?‘ﬁ{éé gge;rlp?%?ny
met hd@ c atppibue sn ¢he titendpnidih belye theseinmthalsdae anveytible fioy igngnptbe tpobmigatadn t he
sei sm c dat hat .corr ond to the.first data portion and that 25occur
After ¢ helEhplebis BT Rap TEraer O as o s@uRRALCAEs Behortis o RO Gt or
syst em t hlinlign@aRAeE feQuddey Homainf df theGighal @fngMb hblasieamanambukgifsidwedat a
in accordance with an exenplary enbodi nent of the present invention

conpri sesbynainserboiransdernt fofoptaig the fitaieddignal. of characteristics of the
seismc data, the plurality of characteristics corresponding to a relative
mani f est JODbH of ltsur hated thaty ¢henBimeganptlileaton diifcleee nt megdmdone pokirizdtve

exenpl.ary c ut system al so. conpri ses, neans. for identifyi .

i menIP; eciaiey QSGURERPPPRC e SEFRH It Ao ravencyaoma furEy T iffespy
del i neat i PRI Jut-fABS wale MddeS AT RaFlalch wats BRIRAIKY qRBtPMftesuffcsiogye
noi se. Finhally, the exenplary conmputer system conprises nmeans for creating
filtered dosh st dovkgver, disclosenthe dajerponationrn astribwes that allow optimal separation of
2009/ 12041{}19 g:eT/ gsezooglbg 4:%%% %e?l% t§ei smc data that correspond to the

pl uralityS OF“CTHEY R PSY EE° 6f €U Pace waves and that are within the

time-fre b dary. 02 | ary enbodi nents of the present
i nventi oﬁ“ﬁ@ype?ﬁgr %F%P‘T t][\gor'i gégﬁﬁ%t ?é-ecoé]ﬁ??pél?‘Fer?Pnth‘iSs HPCW@% #irpyhereby
enpl @pi NGnBRhératcady Rferddderdseh@s SYEYIREcRIN, ISR riBBOA Snctid foR WBERRLRG the

ellipticity ratio, "a polarization direction or the like to identify
porti ons @mpoarringicthdatuafach atave rvathe setiogeadedbaracle amtainn(idageouodriods peindiang

t o undesirabl e surface-wavwe noj,ses. ta filtering,my be cqnstrained to
parti cul s apdos W S{eR i oR TERvstDe Msthind dtislotg I Beriugy dhsy et cliistrain
ti me- f r equeappidatomdait, méthed td MbrimiRAHE BEYCtRAURE sipiald Ghirtheahdrd gthp @dthans
of the multi-conponent seismc data estimated to contain surface-wave

noi ses. Asbfdtr indiecapeedess net 1date do dieriamevali of athradgpasid s ntinycappes Ak

vel 0?5[%/i(%bfnc}tQthﬁH%ﬁﬁ)ﬁﬁ%%Yﬁizﬁﬁ%@es of the seism c data, which may be used

to iden y a range i'mes t are estimated to contain data

correspondi tof hese.naoises. |n, addition, an. exenpl enbodi nent , of...t he
o esent OB § oRen wharBemichs BNt Mo RSB S RE0 S5 itncy

Ij or each gflariZagoP Qhalykiz ahi@e tiRafrdgicaty o, Anothemdttotl atoRE@N@MLtatisdlsSM C
at a.

Because of noise interference with signal, or interference between coherent-wave types in
some regions of the time-frequency domain, patterns of polarization attributes typical of
30  surface-wave noises may appear where no actual surface-wave noise arrivals are observed.
For the same reason, one may also observe polarization patterns typical of signal in regions of
the time-frequency domain covered with only surface-wave noises. Therefore, surface-wave

noise mitigation based on the polarization attributes alone may not yield the desired result of
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15 [0021] An exenpl ary enbodi nent of the present invention may include
performng a forward and/or inverse tinme-frequency transformon the seismc
dat a. An wowveorsreo4snnme- frequency transform may be perf or mea/useoobiob43e6 ed dat a
to allow the creation of a visual representation of an underground

envi ronment based on the seismc data. [0022]In one exenplary enbodi nent of

the presegmol et ifdibe WHIFC BR{EN g ih%rﬁgﬂa@nmpfulgop&%% lHaian&fr R RIiNZ & | ON
filtering are performed on seisnic data to renpve additional data

correspo rr@ﬂfr@onmecwres ao@prEvsing @nsﬂ@@ filtameg efisehiaexeapdsarAn entyodédemtem and
conpri ses | t a second of. chay, cterlstlcs f the filtered
el o o carHe ke Rl oROP bRk o, Mol I8E B LhBuF R, s lifglaentf
surf ace- V\ﬁid%sffliblcﬁsﬁﬁfab@wh{?@ drigkdi@idadll sedessirhisiedat a. An exenpl ary enbodi ment
may additionally conprise identifying a second boundary in the 25 filtered

sei smsc data, the second bogpddmAR® dPadiE ISVENTIgS of the filtered
seismc data estimated to contain surface-wave noi ses, and creating second

filtered [ﬁﬁi'gg‘dc A‘iﬁ%ﬁe sellé,on BbdltheROLF AN r&ﬁmt Iﬁf‘veﬁﬁéﬁ LiGRs S6! # &h@d"tf@r

that corres to t plurality o aracteristics and that are
wi t hin triéltesrmsgmrmdltbcnmptmeyt s@EﬁﬁRﬂm'l Cl"\hfﬂéxélfhjﬂa@RﬁMﬂN@Scﬁﬁ)ﬁrﬂﬁQ&]léﬂméymg a

dvant t t be. b tt nder stood b
o o T OTPBHDIRY HBTSIE Bt AL 1t Harie PB4 PREHBE e ARREePP R DRI,
WO 2009/ Q%@B%Aﬂr&%@t@ﬁ@d 88439R e WRZ Mol ®n the 'd%fféerﬁf&%%%ﬁeﬁtk owhdieaghaiah! hat

shows a known net hod processing seismc data; 10025 Tg 2 is a diagram
of a1Pol an¢thed iferthas| qqnpm@es hentifdngi sefime-ficquencpl buniery inh@e seismic data, the

cor dancini ERvansy SRR PG BRORTTRATT Bt S ha SRt UERr gl e

[ 0026] Fi gwawd hdiscard @6Qsty fil@vd déiagicadntd batembaws partivat beehd seigsie Qraﬁhamae
wi th an exenpl ary enbodi nent of the present invention; t&nﬁ(l)OZ? ]Fig is a

process floswsRindgpahs phualits lobwbaractersties olisHriaeccwrersrind thut arc éZﬁthéB( éh?p‘lllaﬁy

enbodi ne f 1€;h|§ ent invention; 10[0028]Fig. 5 is a graph that shows a
rel ations qule% \/\é@%g]}g vertical conponent of seismc data and a radi al

SRR IS SRR ok AT AT
t r ansf or naxiempg ¢ embadieRny\bf the PresemECifiPétioy EFPRIFEI @ inabhg b Gaie@S@AYal time
' nvent! Onof surface-wave noises for a portion of the seismic recorded at a plurality of locations using
multi-component sensors and identifying a plurality of polarization characteristics of the
seismic data in a time-frequency domain. The exemplary method further comprises
20  estimating a threshold for each of the plurality of polarization characteristics of the seismic
data, the threshold separating the seismic data into a first data portion that is estimated to
contain surface-wave noises and a second data portion that is not estimated to contain
surface-wave noises. In addition, the exemplary method comprises creating filtered seismic

data by removing portions of the seismic data that correspond to the first data portion and that

25  occur after the earliest arrival time of the surface-wave noise.

[0019] A computer system that is adapted to perform filtering of multi-component
seismic data in accordance with an exemplary embodiment of the present invention
comprises means for identifying a plurality of characteristics of the seismic data, the plurality
of characteristics corresponding to a relative manifestation of surface wave noise on the
30 different components. The exemplary computer system also comprises means for identifying
a time-frequency boundary in the seismic data, the time-frequency boundary delineating
portions of the seismic data estimated to contain surface wave noise. Finally, the exemplary

computer system comprises means for creating filtered seismic data by removing portions of
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15[ 0030]Fig. 7 is a graph show ng an instantaneous frequency plot that is
useful in explaining the detection of a ridge based on a instantaneous

f requencywono@ciecesddance with an exenpl ary enbodi ment of PCmaSpeoesa43v0
invention; [0031]Fig. 8 is a seismc plot showng a raw shot record that is
useful in explaining a filtering technique in accordance with an exenpl ary

enbodi menhe Qfistledds aneRbrrédpysMtd M ple@lBO0datdterRtitSoRsudfa@PMaCd and that
representati on showi ng absolute val ues of polarization attributes derived

from t he aewstircthp tiote-E¢anancy boumdery. 8: 100331Fig. 10 is a seismc plot
showi ng data based on the raw shot data shown in Fig. 8 that has undergone
pol ari zat[i0620]f i | Eeemplgriacobodimentstod tlae puesann invehtiod may tphdfotm didtastg an mulon

t he space-tine-fre uenéﬁagomai n; . 034 lis sei sm c pl ot .show n

: .25[ 0 Fi g.
data basdd BRTEHSSRIF oy aiouReRp g i 3ehies Gcidiona vere

pol ar iszatd|@hidity! b€, DI ALAREHHREHOR oR NP0 TRIFGH WO sciAS BRIt aRN
the space-tine-frequency domain; 100351Fig. 12 is a seismc plot show ng
dat a basestioatediie acawisHae cdaespostiogrioiundpsigpblegsurface-wavhapishas DatrdBlegoree

pol ari zation, filtering .according to nown pet hod without .constraint on 30
Phe-spacendl ho e EBAD T 2o P A5HRES HbiBoluia 30 Totin i o
13 i s a s@hefcualcptboah@viyNhet idcdidghergnssundetnedimchig; paiiosiof thahailshown
in Fig. 8 and the filtered data shown in Fig. 12; 100371Fig. 14 is a

sei sm ¢ plostPospwicHEnie det erdiswicdote eabain Hrfaerovaranaisehownother Franplg of a

t hat ,as - ' ' ' i ' [ B an
exormiar y BISECRREARE LU AR HIORR drihé SR oiaRe AERELHPRE Scithid”

ti me- f r eqlaeg)oyhiandnanpt iseteo cdonsity ai mhge af einesetlatt are ndstimatedetodesmige dae
valid data; [0038]Fig. 15 is a graphical representati og how ng bsol ute
val ues ofSOFicsRONGH & thate RASSpt ieiadgition: APLheteaW ey PRRRAMERPE HRC JEFSH ¢

pl ot showhydioh! Say 1dnpIbPOSArELB1d Wit GariRs SGHIS Trke Bl OhegRBRW f th
di fferenceV%etoweeﬁyhep rgw girot diata s 6VM§1 101?n Fﬁi g. 8eq§n§é%l§% %‘Pcﬁtgrede
dat a shovpwlarizafidgchatdterishiogt0f e guultl-Fompomens e¢ismicalapd. ot showi ng data shown
in Fig. 14 that has further undergone

15 [0021] An exemplary embodiment of the present invention may include performing a
forward and/or inverse time-frequency transform on the seismic data. An inverse time-
frequency transform may be performed on filtered data to allow the creation of a visual

representation of an underground environment based on the seismic data.

[0022] In one exemplary embodiment of the present invention, successive iterations of
20  constrained polarization filtering are performed on seismic data to remove additional data
corresponding to surface-wave noises. One such exemplary embodiment comprises
identifying a second plurality of characteristics of the filtered seismic data, the second
plurality of characteristics corresponding to surface-wave noises in the filtered seismic data.
An exemplary embodiment may additionally comprise identifying a second boundary in the
25 filtered seismic data, the second boundary delineating portions of the filtered seismic data
estimated to contain surface-wave noises, and creating second filtered seismic data by
removing portions of the filtered seismic data that correspond to the second plurality of

characteristics and that are within the second boundary.
DESCRIPTION OF THE DRAWINGS

30 [0023] The advantages of the present invention will be better understood by referring to

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



a second pass of constrained polarization filtering in accordance with an
exenpl ary enbodi nent of the present invention; and [0041]Fig. 18 is a

sei sm c pvotomhiawnisng t he di fference between the raw shotcaatsarmsiswno 15i n
Fig. 8 and the filtered data shown in Fig. 17. DETAILED DESCRI PTI ON OF THE
| NVENTI ON [0042]In the follow ng detailed description section, the specific
embodi rregmzqf U gy 0188 BRiced RN HIa@RnRihet SRWG A 8RNl MetEONPESTbEQBinWstBmic
preferred enbodi nents. wever, to the extent that the follow ng
descriptidiri s specific to a particular enbodinent or a particular use 20
of the present invention, this is intended to be for exenplary purposes
only and [§D2§]l y proV2 des diagescof pt polarizdtionhdlipseetipt as wsefnb odienplatrsng the
Accordinglyy,.the inyention is not limted.ta t specj fic enbodi ment

fescr | boddHBIMSATOBY PFRAHON ROPSEET AECTI ot PHETAI S SCrRBaTF ORIC ot

and egui V@('@ﬁlgla?feﬁ%béﬁﬂ&n%ﬁthéBrets&ﬁiﬁxfe'ﬂﬁoﬁ;pi rit and scope of the appended
clainms. 100431Fig. | is a process flow diagramthat shows a known net hod of

pr ocessi i sm - dat i i j LLterhng.: T ogd.: WN
AP P S i b S U L L R
under st andiempldrin embpdnent ofthoprestre ikveation;met hod 100 of processing seisnic
data, the discussion of an exenpl ary enbodi nent of the present invention

set forthobztlow Fay 46 beirbeks Wode dBieod that QA4#1 BhactidthiadactOflabegivith s t h
raw seismc data, as shown_ at bl ock 101. The raw 30seisnm c data 101

conpr i sesSXaMplaAry PBedBSHER the AtcAYEINENFRR®t | v obt ai ned by recording seisnic
waves using nulti conponent sensors placed at several |ocations. At bl ock
102, 10ne [0828IMO femg; 1P @4F8piCTayShony/ D 3d30mskip betivecni at werticalf qampongef of t h

a bandpass.fi.lter retain from a. frequency range typically dom nated
by surfaé%“ﬁ%%é%?a%@ﬁﬂg&%épﬁggfﬁgogueﬁgsn% @%ﬁned fromthe bandpass

filterin ration (bl ock 102), ti W ndpws ar.c | ected. for the

corput at HBED ¢ K& ok F38R 15 i SE RS Siroic GEn ! e Riesbigd on o
Addi ti onahbduluPet afiheatd@Bndt tddskIthein ARESdERIRMUEEEh EQMRAGTE it odBn WMt RF Y
sel ected and pol arization attributes are interpolated to Cover each tine

poi nt of nragnhumveRtiawonponent dat asets. 100461At bl ock 104, threshol d val ues
for the polarization attributes that best distinguish the surface wave

noi sd5f r d@03¢e r &fd. ettis angmipyndibwange ad ehtagtdncoBur frapensyapbt nbiatses sefolhen 10
estimated by.setting to zero any.ti point of the record obtained f.rom

bl ook 10 XIATHNB ISR Gh o AOES CH AL PTG ECP TRESTY P A6 TS WiHlorn
defined byehbeur) BRBsEchchNbRabBldei@hvi@adn; The result is an estimate of the
contribution of surface waves to the dataset. [0047] The esti nated

sur f ace- Vg1 oI $§, (ORLAIAGH FQTLSHER 204) sher 068 AMBLRSLLH cxplaining a

filtering technique in accordance with an exemplary embodiment of the present invention;

20 [0032] Fig. 9 is a graphical representation showing absolute values of polarization

attributes derived from the seismic plot shown in Fig. &;

[0033] Fig. 10 is a seismic plot showing data based on the raw shot data shown in Fig. 8
that has undergone polarization filtering according to a known method without constraint on

the space-time-frequency domain;

25 [0034] Fig. 11 is a seismic plot showing data based on the raw shot data shown in Fig. 8
that has undergone polarization filtering according to a known method without constraint on

the space-time-frequency domain;

[0035] Fig. 12 is a seismic plot showing data based on the raw shot data shown in Fig. 8
that has undergone polarization filtering according to a known method without constraint on

30 the space-time-frequency domain;



fromthe original datasets, as shown at block 105 The result yields the
filtered multi-15 conponent signal, as shown at bl ock 106. [0048]In the
field of wanvéwuedse sei snol ogy, nethods have been devel epedist@oosisput e
I nst ant aneous pol arization attributes using conplex traces. These nethods
arc used to analyze surface waves to infer the deep earth properties. They

provi de frgp3d)i neFlga'lg 1TRIsEisARLE Fbt §fdva g‘%iﬁé&ﬁﬁeﬂeﬁ%‘b&@@etpﬁ&%%h&%té%ﬁdﬂvﬂ he

nore traditional w ndow ng approach. 100491The following is a brief
descri be mfFlg Reanddhafiltorad det shewn ibbiiges2;:conput ed from a conpl ex trace,

whi ch serves as the basis for the devel opnent of an exenpl ary enbodi nent of
t he presdff37Invehid. da.is Eecismtbeplot\/shoa«rimg ¥ata bheedrandhalravasibt\vdara shoain in Fig. 8

conponents from It|- recordin These two co nts are
Combined T8 BonpiEeis, CRTAIGY. BYIFTaen adl Bl ThecC R WHBr & T aP e

squar g r aghbdimerk- of QQ@OﬂrE&ngeiﬁ%rﬁﬂont i Swisk ;L?hcé Stimelfrcdialcyt bid %h%litﬂ&b’s it

has a progradc part r(t) and a retrograde pa such that +
C-(0(2) oNOstEO0EA1204E CPTIIUS20D91aQ8 48 9didita; e C— (t)- -1(1 |H)C(t) and H
is the Hilbert transform Locally around t, we may 2 wite O(arg(C (t))
wi t h cot)[0888]i ngFighd 5iinst gmapland aaprefengdioanshovsngdibschutt yaludhef efoneglewracan

"ot at | ng SPTHRETPBiSEATEY R A ishlis HPAMAYH & 1561 G 2t i on el | pse that

is useful in explaining the
[0039] Fig. 16 1§ a seismic plot showing the difference between the raw shot data shown

10  in Fig. 8 and the filtered data shown in Fig. 14;

[0040] Fig. 17 is a seismic plot showing data shown in Fig. 14 that has further undergone
a second pass of constrained polarization filtering in accordance with an exemplary

embodiment of the present invention; and

[0041] Fig. 18 is a seismic plot showing the difference between the raw shot data shown

15  in Fig. 8 and the filtered data shown in Fig. 17.
DETAILED DESCRIPTION OF THE INVENTION

[0042] In the following detailed description section, the specific embodiments of the
present invention are described in connection with preferred embodiments. However, to the
extent that the following description is specific to a particular embodiment or a particular use
20  of the present invention, this is intended to be for exemplary purposes only and simply
provides a description of the exemplary embodiments. Accordingly, the invention is not
limited to the specific embodiments described below, but rather, it includes all alternatives,

modifications, and equivalents falling within the true spirit and scope of the appended claims.

[0043] Fig. 1 is a process flow diagram that shows a known method of processing seismic
25  data using polarization filtering. The method shown in Fig. 1 is generally referred to by the
reference number 100. By first understanding the operation of the known method 100 of
processing seismic data, the discussion of an exemplary embodiment of the present invention

set forth below may be better understood.

[0044] The method 100 begins with raw seismic data, as shown at block 101. The raw
30  secismic data 101 comprises a multi-component dataset directly obtained by recording seismic

waves using multicomponent sensors placed at several locations. At block 102, the raw
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I dentification of polarization properties of seismc data signals in
accordance with an 10 exenpl ary enbodi nent of the present invention. The

di agr am iwogeoseinedsby referred to by the reference nunbePC2032009/084390
attributes of an ellipse 201 shown in Fig. 2 are defined as follows in
Table I (the horizontal bars on the expression of 40(0 indicate the conpl ex

conj ugat ekisaé data8s filtbiatwidt £Bahdpabd Hiterdo rSMHOIa NOREa @é@t’ie%@? rgyeRGpikally
| nst ant aneous sem -mgj or axis of ‘ellipse Ch (t)+ G (t) r(t)
| nst ant ardeouigatse by swifaserwaags.s of ellipse | CO- C(t) | el(t) R se angle
O(t) =-12arg(C1l (t)C (t))) 2 nod
[0045] Using the output obtained from the bandpass filtering operation (block 102), time
windows are selected for the computation of the polarization attributes, as shown at block
5 103. Additionally, polarization attributes are computed for each time window selected and
polarization attributes are interpolated to cover each time point of the multi-component

datasets.

[0046] At block 104, threshold values for the polarization attributes that best distinguish
the surface wave noise from the reflection signal are defined. Surface wave noise is then
10  estimated by setting to zero any time point of the record obtained from block 102 with
polarization not characteristic of the surface wave (as defined by the imposed threshold

values). The result is an estimate of the contribution of surface waves to the dataset.

[0047] The estimated surface-wave noise (obtained from step 104) is then subtracted
from the original datasets, as shown at block 105. The result yields the filtered multi-

15  component signal, as shown at block 106.

[0048] In the field of earthquake seismology, methods have been developed to compute
instantancous polarization attributes using complex traces. These methods are used to
analyze surface waves to infer the deep earth properties. They provide for finer and more

detailed analyses than can be obtained with the more traditional windowing approach.

20 [0049] The following is a brief describe of the polarization attributes computed from a
complex trace, which serves as the basis for the development of an exemplary embodiment of

the present invention. Consider ¥, and ¥, the radial and vertical components from multi-

component recording. These two components are combined to construct a complex ellipse as

follows:
25 Ct)=V_(t)+iV.(1) (1)
where i is the square root of -1.

[0050] In general this signal is not analytic and thus it has a prograde part C*(¢) and a

retrograde part C(¢) such that

CH=C'(H+C () 2)

-10 -



Z10(t) I nstantaneous phase difference between V, (t) and V (t) arg R + 2
(Ch (O)+ G (0 (Cl-(t)- G (0) DO Angular frequency inside the
pol ari zatwono@/12b4g38e SAO = (aifr (0 + co- (0)1 2 PCT/US2009/034390

where C (1) :%(liz’H)C(t) and H is the Hilbert transform. Locally around ¢, we may
write

C*(t+7)=2C (1) @,

+ *
with o' (¢) = w being the instantaneous frequencies of C*(¢). Therefore we can

5  write locally
Clt+7)2C (D) " +C (e ™ 7. (3)
This equation describes a rotating ellipse.

[0051] Fig. 2 is a diagram of a polarization ellipse that is useful in explaining the
identification of polarization propertics of seismic data signals in accordance with an
10  exemplary embodiment of the present invention. The diagram is generally referred to by the
reference number 200. The attributes of an ellipse 201 shown in Fig. 2 are defined as follows

in Table 1 (the horizontal bars on the expression of Ag@(¢) indicate the complex conjugate)

and are illustrated in Fig. 2.

Symbol Name Expression
R(t) Instantancous sgml-major axis of |C * O+C ()]
ellipse
r(®) Instantancous sgrm-rmnor axis of I Cct O-1C @]
ellipse
1
o(1) Rise angle 0(t) = 5 arg(C*(1)C*(t))) mod =
AQ(0) Instantaneous phase difference between ar (C(H)+C (1) g
V.(¢) and V. (?) (C()-C (1)) 2
Q1) Angular frequenczliir;ssige the polarization Q) =(w )+ (1)/2
) Rotation frequenzzics)f the semi-major =@ - ()2
L . r(?)
p(t) Inverse ellipticity ratio p(t)= %

Table 1: Instantaneous Polarization Attributes

15 [0052] Those of ordinary skill in the art will appreciate that p(¢) varies between 0 and 1.
Note that for a rotating ellipse the rise angle 6(¢) and instantaneous phase difference Ag(¢)

are not intrinsically defined. In order for 8(¢) and A¢(z) to be meaningful they must be
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1(t) Rotation frequency of the sem-major axis [(t) = ((al (t)- (1) (t)) 1
2 p(t) Inverse ellipticity ratio r(t) - ,o(t) R(t) Tabl e |

| nst ant arwousodAabani zati on Attri butes 15[ 0052] Those of ecwiusasop/034spd| in
the art will appreciate that p(t) varies between 0 and 1. Note that for a
rotating ellipse the rise angle 0(t) and instantaneous phase difference

. 6.0(t) ahalard fo?tF{tE§iOQa|FoY Lahifatbnalsh tRds6 Sfardidtcid0dre aRchnifRI( bihed ehde
meani ngful they nmust be WD 2009/ 120430PCT/ USZ009/ 034390

relation I'(z) << Q(¢) is always valid.

[0053] With some algebraic manipulation, one can express C'(¢) and C (¢) in terms of

R(?), r(¢t) (hence p(¢) ) and 6(t) as follows:
5 C* (1) =| R(t) £ r(1) | 1700 (4)

where  6,(¢) =arg(C (t)C (¢))/2 and the algebraic expression of r(¢) is considered
(r(t) =C"@®)|-|C (2) |) Equation 4 yields the invertible relationship between the

geometrical attributes (7(¢), R(¢) and 8(¢)) of the instantancous ellipse and C*(¢) from

which ¥ and V, can be recovered.

10  [0054] In an exemplary embodiment of the present invention, complex trace analysis is
enhanced by employing a time-frequency transform such as a transform into the wavelet

domain. Such a transform allows the analyses to be localized both in time and in frequency.

[0055] To express the attributes defined in Table 1 and equation 4 in the time-frequency
domain, and hence be able to analyze the time-frequency dependence of polarization

15  attributes, we use the continuous wavelet transform (CWT) of C(¢) with respect to a wavelet
g(t) as

WgC(b,a):T%g*(ﬂJC(t)dt, 5)

a

where g((t—b)/a) is a family of wavelet functions generated from a mother wavelet g(¢)

(where * indicates the complex conjugate) through dilation a € R and translation be R. If
20 one uses a wavelet with a unit central frequency, the scale @ can be directly related to the

frequency f as f =1/a. Given the wavelet coefficients W, (b,a), it is possible to recover

C(t),and hence V_and V.

[0056] Using a wavelet with unit central frequency, equations 1 through 4 can be

expressed in terms of the time parameter b and the frequency . Equation 4 is then written

25 as

W, (b, f) =\ R(b, ) £ (b, )| 7O 0ED, (6)
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evaluated for F(t) = 0. For seismc signals, these paraneters are

meani ngful since the relation F(t) " 52(t) is always valid. [0053]Wth sone
al gebr ai cwoanégpab4vi on, one can express C(t) and C(t) i RCrarsp®InB43R(t), (t)
(hence p(t) ) and O(t) as follows: 5C (t) =1 R(t) r(t)l ei[o(o-froo(oi(4)
where 00(t) = arg(C(t)Cr0)/2 and the al gebraic expression of r(t) is

conetder LS TG P, TR Lo LRl SIS et i

e et e 0208 1 B B, G I YL AR oS RIS,
eral Yo % SOORDOSC, Y, SPLEANG Bl TR LPNSIOL L mE L sVt ao B
R L R &

hencesbe pbieaq) oviddtal e eridchangle Mef F poarinede %mdem@aci%@py?rhmt v 8l0es
15attri butés, we use the continuous wavel et transform ( ) of C(t) with

respect tdhatacwaived of saffide waves. 1ftic Dialliof 303, Md=2H06) sliblicat@shs, héwever WIE h6t
g((t - b) I a) is afamly of wavelet functions generated froma nother
wavel et cfisolose lipnyfier dilteripg dp cattesefsausrpbasdaynfoudater) Proechutgnadi Whitd on
ac Ran r lation.-h ¢ R |If 200ne uses a wavelet with a unit central
frequencﬁ?ﬁpﬁgﬁgggkggggban be directly related to the frequency f as f =

1/a . Gy, he vel et coefficients Wa(b,a it ossi ble to recover
oD ancdilstine VRIS o 985 Sl bbbt i Rbarate meleoR iR Eahik, ROk
f r equencyoxcB@lay eMBSdimdnhbPHgHréseaRitvBRion. The method is generally referred to by the

reference number 300.

[0058] As fully set forth below, the exemplary method 300 relates to the improved
processing and removal of seismic data corresponding to surface waves in cases where
neither frequency filtering alone nor polarization filtering alone, nor a simple combination of
15  the two, is adequate by itself to attenuate surface wave noise without damaging the signal.
Moreover, exemplary embodiments of the invention set forth herein illustrate an
improvement in surface wave mitigation that better protects signal relative to surface-wave
filtering methods that only employ polarization attributes determined in the time-frequency
domain. Exemplary embodiments of the present invention employ additional characteristics

20  to facilitate optimal separation of surface wave noise from body wave reflections.

[0059] Exemplary embodiments of the present invention simultancously apply
polarization and time-frequency criteria to identify and remove surface waves, where
polarization characteristics may include any of a variety of characteristics that relate the
amplitude and phase behavior of surface-wave signals on the different components. More
25  generally, exemplary embodiments of the present invention relate to the application of
several criteria that characterize surface waves (polarization, direction of the polarization
ellipse/ellipsoid, frequency, velocity, velocity dispersion, azimuth or the like) simultaneously
in a process that distinguishes them from signal in any particular dataset. It has been
discovered that such use of simultaneous attributes constrains the filters optimally to protect
30  signal data while removing data corresponding to noise. As will be appreciated by those of

ordinary skill in the art, the specific criteria that are the most descriptive, as well as what the
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expressed in terns of the time parameter b and the frequency f . Equation 4
is then witten 25 as W(b, f ) = R(b, f ) r(b, f) 40(b, f)I 9 (h, 1)j(6)
WO 2009/ N048®ACT43WS2009/ 034390 where 0(b, )= arg(Whb, . PCIMsedm9/0843p) / 2 and
the al gebraic expression of r(b, 1) is considered kb, f ). Inthe Dallo

2005 publication, it is disclosed to use 0(1), f) and p(b, f) to
separat e fidhGHERhoM@VR (¢BERr tIROLPFALTIGE S WRKE BALSE Whll {zeﬁ?tﬂr&ﬁ,da&ﬁ;@t to
Diall o 2006 publication discloses It)o set to zero the wavel et coefficients

5Wy( b, a) deitesele andshouidtbersieyt de detyed fromtlt datewithpbyses-edsed gridenaeyp(bJ) have
val ues characteristic of surface waves. The Diallo 2005 and 2006
publ i cat i[0060] hoWbverof adimot skdll St ltlos et IviHiappregiatd thaethengxetnplaay method 300

ti me-frequency bqundary to petter protect.signal while renovin e noi se.
100571F1 03 AP BBy s G, ST VAL BR SR Ao PO oo SR Bla At e
Wi th an 1ReYRMRhEqeHRY HaABBimObr &y SBMdncl BB, lidludihe wiBbROBmitstion
generally referred to by the reference nunber 300. [0058]As frilly set

forth beltby, Gativs teasfiysinar Wupplohsatigg knosinatsthods wite 4 wprsiewdparizesndi iy
and renoval @f sei str}Tli ¢ data ;orrestggindi ng tt;(;L)hsurfacte.wavtes in casi(f wher e
nei t her fIEYTEREY "1 £orT NG Pa one  not "pol ar i Fat i on'  ITTerThg™ai oS Mot a
si npl e codiidritBink 0Br @firfackSwiendi¥® mitigatRAedutBd @ dyering Sk fsidnal. atAeRuahplary
surface wave noi se without damagi ng the signal. Mreover, exenplar

enbodi merfmebasimeneof; hgebiescah Rentiphroph Usersiiriol yicldsmos effterent xﬂén% der i n
surf age 1 100 - t r :S] | (o)

ur f 206 vl Beq b ERERid by 354 BEn B PU I TOABBho LA bl ommoneny
det er m nedcértdinighe ti me-frequency domain. Exenpl ary enbodi ments of the
present invention enploy additional characteristics 20to facilitate opti nmal

separ ati opoef] sumhaeeeipe Meihse 300 GEEIRY dithwawasclsafid skl 4hown at block 301.
10059] Exenpl ary enbodi nents of the present invention sinultaneously apply
The raw seismic data 301 comprises a multi-component dataset directly obtained by

recording seismic waves at a particular geographic location with multi-component sensors.

15 [0062] At block 302, the multi-component seismic data 301 is analyzed to determine a)
its polarization attributes, and b) constraining boundaries within which to filter. Based on the
graphical analysis of these attributes, threshold values that best distinguish the surface wave
noise from the signal in the particular seismic data 301 are selected. The carliest onset time
of surface waves at each station is determined based on the maximum apparent velocity of

20  the surface wave. From a time-frequency transform of the seismic data 301, the boundaries
of the region mostly dominated by surface waves are determined. The amplitude in the time-
frequency domain is analyzed to obtain threshold values that best distinguish surface waves
from reflection events. The information gathered in this step, which helps to identify data
corresponding to surface waves, constitutes the attributes and boundaries referred to as SET1

25  inFig. 3.

[0063] At block 303, all wavelet coefficients that match the attributes in SET1 within the
time-frequency and time-space boundaries dominated by surface waves are removed or
attenuated. The output from block 303 is used as input to a new analysis at block 304, which
is similar to block 302. Morecover, block 304 results in a second set of attributes and
30  boundaries corresponding to surface wave noise characteristics. The second set of attributes
and boundaries is referred to as SET2 in Fig. 3. The attributes and boundaries of SET2 are
intended to remove residual surface wave noise from the output that remains after processing

at block 303. The cascaded iteration of surface wave removal with different sets of attributes
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pol ari zation and time-frequency criteria to identify and renove surface
waves, where pol arization characteristics may include any of a variety of
char act erwetznesi2o43at rel ate the anplitude and phase beha&eirars2ab/034390
surface-wave signals on the different conponents. Mire 25 generally,
exenpl ary enbodi nents of the present invention relate to the application of
several cdidt 8biRiatiBatis Chabacl8édeeos Yhd aRQuURNL Acpddablel &RtthO Mattrlbufc@Chdon
of the polarization ellipse/ellipsoid, frequency, velocity, velocity

di sper si dmundariosutMultiplet ifpsatiank enaysimpodvcathe eeirgeyi of ftoprdodass beaahse noise that

di stingui shes them from.,signal in any particular. dataset..lt.. heen

di scover Y st et B aOluE ol JLab et HeBlioBhEs T et d% thser
opti mal | yddn@inpitobietdaidQs tgmaleddat a whil e renovi ng data corresponding to
noi se. As will be appreciated by those of ordinary skill in the art, the
speci &i ¢ mnmgrl Attadk 808 AINGyRBRE cHEFielchRl IYE madh WRI hevAnitt¥Baks ASEMO
2009/ 120430PCT/ US2009/ 034390 t hreshol ds shoul d be used for the application
of those weithinetheatimpiftequenyyafd dimeadsrags doundariat dareinatednly shideded wabey efor e

be derived fromt dat it h ysi cs- based ,qui.d e. 10060Q1Those

ordi nary Rer TP FRERsR, i Py RlGT rER SRS f AP A B e PEPO AT R d it can
be appl i efhtd, Casafibvaiiaf ACRLWIIE DS Qolititatit FiGBret egdinizpgembiiaic USRISin the
invertible, non- 5 dyadic time-frequency transforns of the type nentioned
above, i reonstacignwil e veyal tepiepenaationrpfap endeypetund eavisssnent. Suppl enent i ng
known met hods with a constrai ned approach in accordance with an exenplary
enbodOment0063] t hdhpscesfeordinary gntl it thanaty wiil @pprebietet that edegulary lembofligrents of

surface- -e noise mti ion wthout alterjng t signal . An exempl ar
rbod et sresefen e iol ARk Gt ABe® So ki fof? Ao iR M
al gor i t higok@r apbPoasHidf A RgWRYSlaiitide ek o Hah@ MimitedNabi Sh@dsc@bdiedbove with
mul ti-conmponent (two or nore conponents) recording. 100611The exenpl ary

met hod 30BfaRgFie Fig-thh Inasensrests hiccexgaplery ambedtigwnt af ths| ipesation Hescried maih
seismc [ - - y
Fecor i ngrdy it SEDS SR} ISR TPREAG, 4R B8 aflibREL PRl O RtaP
mul t i156c onisuetpt argle tigotempoid [ORG)sAlp blithik a3@20rdy el tauéther GooPONAITIcdSHIISIT C
data 301 ia anal yzed to determne a) its po%ogq;i zation attributes, and b?
const r ai ACAYHSBERGIRS: SRPYIRR A W TBPpt 2engrl fogm, anpatiEmte; AYREHDS HiiF signa

anal ysi s gfi fohese,ald Lk 8Smpfctigshol d val ues that best distinguish the

surface wave nois %’romthe ngna in the particular seismc data 301 are

sel ect ed. K@éj earl"lhi) ets(%feo?ﬁ'iﬁglly stkhpﬁl tﬂg afstﬁ{ih\%@?rg\glﬁfe;tﬁ%t]%nz%%ﬁﬁlea% %1}!]%)8&1116%‘[ of

determ ne[g sed on maxi’mum appar e ace wave.
From a tithepfasagueviayion rydedmpledientddensikd fomincofdaiompalt sydtte haoingdiomedss of
the region nostly dom pated by surface waves are determ ned. The anplitude
in t Kt i HREAPEYESHE pOllBAR nl Heshasdhuirs AAmengs BIBY SPHPEIRG SEHIINY O HiUgs ¢

best di sty i £r0 ect | T inf.ar i
gat hered %oﬁ%hﬁsg 1%%%%?%\/\% c}?ﬁﬁé %SJthﬁc}ﬁ F%g%{“%ap {/é El\és?[g%%%nrsr g@ ;r)%iné)?nga %aggme
surface waydspe-codat¢ nuddasn tdneh asta icompetsr amsindrpun¥lanows fumefienal edodudesasm

SET1 25in Fig. 3 0%63 At bllock 303,. al |l vel et coefficients that. ng)t}chh
the attridsGPeansenhvy FRGPRIATYE FROGIpEDY Pﬁtﬁ’eﬁ&?%rﬂ&v?ﬁt%-@%%m@&% i es

dom nat echa Py sl LhASSTWRY CRNRNE, B§TRNRE o%rindibfd‘ﬁﬁllusg&t%ﬂr delipa BHiBMhtiddsom bl ock
303 is used as input to a new analysis at bl ock 304, which

25  [0067] Fig. 4 is a process flow diagram that shows a method in accordance with an
exemplary embodiment of the present invention. The method is generally referred to by the
reference number 400. The method 400 shows an exemplary embodiment of the present
invention in which a subset of the attributes as defined by a “ridge” in the wavelet transform
domain is employed to perform constrained polarization filtering. The ridge is one or more

30 time-frequency boundary used to delineate and constrain the filtering of surface-waves. In
one exemplary embodiment, the wavelet-transformed seismic data are used to define a ridge,
as set forth in greater detail below, and the ridge, in combination with the attributes of inverse

ellipticity and direction of polarization, and suitable thresholds of each, is used to filter the
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is simlar to block 302. Mreover, block 304 results in a second set of
attributes and 30 boundaries corresponding to surface wave noi se

char act erwet2n@s12048he second set of attributes and boundaciras2e09/08sberred to
as SET2 in Fig. 3. The attributes and boundaries of SET2 are intended to
remove residual surface wave noise fromthe output that remains after
DFOCGSSIﬂﬂmﬁtT%EQﬁ&h&PQOOT@%ﬁ&ﬁ&ﬁ&gqgﬁiB@Jﬁﬁﬁ@&w@%e%Bﬁ%ﬁ%ﬁﬂ%@ﬂ&mﬁ%ﬂmyﬂk
with different sets of attributes WO 2009/ 120430PCT/ US2009/ 034390 and
boundar i e®dysvayesorfydyemrrsporshs to bigndlr equency dependence of the attributes
and boundaries. Multiple iterations may inprove the accuracy of filtered
dat a becdl68]noi Jbe chatplapymbiboddd@ ddgiby withmawatsmmodste, asrshawnedbldckrd01.
iteration_.may be identifiaple after the dom nant noise dat.a i.s renoved.

5 0004] ALT BEk SHSTC ot (il eFaDRTar 1 oG TSR HAEeh SN eUPaney Bt es
in SER2 WetdtugtRBnlit WRrvES 0MPBAXuRRGe dgrﬁﬁri@ PGB oR QAN R SorfHcARL@ToRY
surface waves are renoved or attenuated. The result of processing at bl ock
305 is a lngiallyf a pogtesi zgtaran veldcitenedbfdatface asive mowwe fatm Bho dkta3i@6:stiffhed.

pol ari zation filtered data 306 may be used in the construction of a visual

r epr esentbinothisdhfoamatiord ehigeanlioyd aieival timn e pirfact Ofa30 GbIsthrgse cath watibnasing
skill in the art will appreciate that exenplary enbodi nents of the present

i nventi onv diahli ef , tho disemyc feapaetspufce amnthenewveivér fot erat pgtiappragachempusdchs as
t he known approach of using a polarization filter on band limted data as
descri bedhabvawveblock H02.ef erence to Fig. |. In contrast, the exenplary

enbodi nent of the invention described with reference to Fig. 3 enpl oys

pol artiozat[i0069] fr equesuky4030d @hdEleqadncy ithint B8m (TURH ras stiimid @aal C(11%t cach
velocity and the tenporal relationship within a record) all together in one
uni fi ed necaecrraiivotis enmputedor caapby henyrding it squatish IgeAe bhick fA@dnredgvant
attribute hyper.cube .wher i gnal angd noi se separate alnost c letely..
100661 T FaIeY AT Bel b B REI R KRB gspE R PRAToc EEelitr y
enbodi Mendre @bmpied Pof SRMple, BRI o BN atRfs UNdS BRI Ed 1h PartiB@laf, Yol Rhtich
conput er system having elements 20 of hardware and software. The hardware
el enent s ataiputssripay de computsdt nytime, thee dtideeh timpefre@feneiameing| @neht ssingayhe
conpr,ise computer-readabl e instructions stored on a tangjble .

machi'Re- rHBAANE SHRIGHSIAN S diFsasauptiopruthe imisHeIENCX/APMalls Fhsrttribyifamay
modul es i feAGE UnGRDGE tdL AR SNEEP LAEY hADRd] YBNbarRind REIBEARRA Vs i on
may conprise both hardware and software el enents, dependi ng on I ndi vi dual
syst em desgmgh aodneifaeratvoneises2 590I6] Rayjeigh waes whiobess cflippwaltli aglhaned hat

shows a nethod in accaordance wi.th an exenplary, enbodi nent. of the present
hvent L oromtheBi gt (G EFL 5 Peb e S rbeEgog s TotaErE AL HBor 00
The method 400 shows an exenplary enbodi nent of the present invention in
whi ch a samlg?eqlowfto?@ndmlaﬁlm bsgcabsaletd vadurstof the iny¢rageltipiigitt taiowavel et
transform domai n i s“enployed to perform constrai ned polarization filtering.
The ridge is one or nore 30 tine-frequency boundary used to delineate and
constZai n0PAY fi Framithgyaralysiuipf Heeatibytes ploty thypeold ¥atesafoy therpiseirnglatdu t he
wavel et -transformed seismc data are used to define a rjdge, as set farth
in great énddBe HIErsSIBHcIt A Re HabBest differensiats hacienal FPRRutiaes WRYS PR es
of inverse ellipticity and. direction of polarization, and suitable

hr eshol dd St arp SefBainctony siavdt % Hack dBr5dda Babaicrs ke bsressao
data. Thegyrf g%nt‘hﬁ@ &yl RiEned (he Md (9ai&csUr ARGR AR, I SRR-HJubRMt
damagi ng the body waves; whi ch corresponds to signal. 100681The exenpl ary
met hod 400givagidominitech by wfeed saive ndise are alslightodnisang ook throtidgerdeteetam

seismgc data 401 conprises a mylti-conponent dataset di.rectly obtained by
5 re rdirﬁaﬁ%ﬁ wﬁtawav@sﬂ%esaf?plémrc6| w,fﬁeewapcm they gageghengyt ganstorm

mul ti-conpornent . sensqr lni-tially,. a hi.ghest apparent yelocity vg, of

Surf ace W BTHE Beoipromdy HHtulPssds Solimt B AR SRR nf or mat fon,  t he

earliest arrjval tinme of syrface wave noi se at each_ station using vgp and

d, the dillpiHce Mastmumanyiiy o o e TUREE B Theg AL ABHER e n&} By

comput ed’staﬁlsonsh%\%\gmatthe balln%fyléisdfgfz the modulus of the time-frequency domain, a threshold
amplitude that is a fractional value of A, is determined at block 407. In an exemplary

30 embodiment of the present invention, the threshold amplitude is determined such that, at any
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10[ 0069] At bl ock 403, a tine-frequency transformof the raw seismc data
C(t) at each receiver station is conputed, for exanple, according to

equat i on WO 20a9/abesok 404, rel evant polarization attri butres/ushab/ossyo be used
to renove data corresponding to surface wave noi se are conputed, for
exanpl e, according to equations 4 and 5 above. In particular, polarization

attri but agmemy c§ Yot @dr) nif tthdBmplih@R iflr@ae hdd MRt HHEHeRNCNuP OB thd )
f), using the %5 equi val ent” ‘expressions of these equations in the

ti me- f r equenrsyondogaiavelctbecféiticnt B uimslikay aisbeiatcddevidnairfaizedvavondigéser m ne
whi ch ones have the best patterns to discrimnate between signal and

sur f ace- yayg2|noi 3@plicativni Fahe Bask@ing poRYRStion\hireMeterseis ettbihddCal Blyck 408
pol ari zed along the vertical (depth direction z) axis, are characterized by

absol ut e paddgquastlyithreshaldiag 2H veavgleecagfbgients ¢ ,C thet he imtbinythe dimyts of the
absol ute values of the inverse ellipticity ratio. 2 20100701From t he

anal y$i s tihe-filequaticy riobndaeies plkfihed bynriestidied Ral(nres: foor RYetff;se rangl Within "
and the inverse ellipticity ratio oti" that best differentiate the si gnal

from sur f g QonBMEIRhi | ); trl r epermmed M hBIdi k
405. Thesesﬁﬁreshg?d %ﬁh%%gﬁtﬁgﬁéglJgg§égr?éqpo%é§y?§lﬁ?ﬁ€§$§ 3§%ﬁk%o ﬁp

tinme and {§f GAYERE yoefﬁ%ielgtgqu ﬁ]er?'@?edt\ﬂ?ent diffRz %eelﬁéga{h%}'e dggﬂ%gﬁ?gdthQB@éils@y

surface wave noi se are usi ng one o t1ron 25met hods

to obtai %lf&@rﬁcfi%irrgrr%g%éﬁ égf&oﬁ%g Bﬁ%ﬁilﬁlisdep{s()é shas ?? 8ot %mttihg'ééﬁsrﬁﬁﬂllt'%?%’eir

transform ce§s’is explained In greater

det ai | bq£%%%§$$&] ﬁMﬁxkg#gpgngit dq4vzlues are conputed for the wavel et

transform or “each ion’Fr'om” hie anal ysis of the nodulus of the

ti me-frequency domain, a threshold anplitude that is a fractional val ue of
L4, 40 s 19873r i Addlogk 40P gurinygye timg-Trquencaipnaioym3ppefasBgH werike eitpytiata

present | DueMALuos e LOE AL AR EHAGlS FR'SIMARGh AHERa Hlaks sRhwRNY

at block 410 in Fig. 4.

[0074] The following discussion relates to the identification of a constrained region in the
time-frequency domain that corresponds to a ridge having characteristics of a surface wave in
15  accordance with an exemplary embodiment of the present invention. Moreover, the term
“ridge” in this context refers to curves that delineate the time-frequency portion dominated by
surface waves. Detection of a ridge serves to delimit the parts of the time-frequency (T-F)

domain where the polarization filter is to be applied.

[0075] Fig. 5 is a graph that shows a relationship between a vertical component of
20  scismic data and a radial component of the seismic data. The graph is generally referred to
by the reference number 500. The graph 500 includes a top panel 501, a middle panel 503
and a lower panel 505. The top panel 501 shows a seismic trace 502 corresponding to a
vertical component of seismic data. The middle panel 503 shows a seismic trace 504
corresponding to a radial component of seismic data. The lower panel 505 shows an overlay

25 506 of the seismic trace 502 with the seismic trace 504.

[0076] Two exemplary approaches for detecting a ridge in the time-frequency domain are
described below with respect to Fig. 5. Both are performed in the T-F domain using the
continuous wavelet transform domain. The first method relates to ridge detection based on
instantaneous amplitude and the second method relates to ridge detection based on

30 instantancous frequency.
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ti me-frequency point (t, fl, if the anplitude is greater than that
threshol d val ue, then the correspondi ng wavel et coefficient is nost |ikely
associ at esownadi2e4snf ace- wave noi ses. [0072] Appl i cati on @®CTiuseow0Bsb0 ai ned
pol ari zati on parameters is performed at bl ock 408 by adequately
thresholding all wavelet coefficients Wf(t, f) that lie within the limts
of the 5tigney|f r eqUigNRYpROWHEI RSectiBh bARE dAYindthiRakdot98spRubié tonclcart idendifyOr
R2- (t, f;t >tw). Wt]ID*nn the domain delimted by the ridges ( RLI(t,t ">
tg,.) or tReportionfofttheTiE demain thasorrhspesdolodiunigcovarhearrivalsdlam theowpdules et s
i s performned en _either e rise angle el (t ".I),0r the .inverse.

ei 1 Pot or 05 WG fat oy € g 3t sk al formlatg ot et endhe
const rai Nerthi (Bfpbndite $PGA h¥AichT SN AAAIES thd oferla)" S0 f: Fig, 51OHAOTS] A
bl ock 409, an inverse time-frequency transformis performed on the output
dat a Hr omdstiblekbet @8 ¢ suefsed whvey usnalpohaici math bighén drheitedt that acfléEhien arrivals
polarization filtered da IS .sho at block 410.i.n Fig.. 4. 100741The .
ol 1ot ngiiee osP s fo bl g Ee ot Rrs s A7 BHRE I it JHSFTh HEdORed on
in the tifR-daseostBhes doMBing thd &leqeAcy @RRABASachQiven i8I € RAY H¥Ymaximum of
characteristics of a surface wave in 15 accordance with an exenplary
enmbodi nerthe sfavelpietrgsésanmoduve nthotresuliibg eoves that dedineanrimitie] ddgs arg funchpes
context refers to curves that delineate th i me-frequency poytion .
domi nat edsbg% SAPFHORTEIRLIC BRRBEY o MhicT it‘ﬁadaocﬁ%ww@%? SEIct HARSTORR is
partsof the tine-fr ncy . T--F). domai n where, th | ar.,zation fikter is
o baOapaniaat B sAFAEDTE thi ShsP R B ARSI Po PR BReAs S Eleflen”
verti cal onent of. 20 seism.c data and, a.radial c onent. of th

col sm ¢ BT T Bl i el i S ke e SR o i b s
500. The @rantk 0D iRt dEeScy3rdRRbrRaNtcGBanceavitl SdbemAns! cnitR3iRad o thover
panel 505. The top panel 501 shows a seismc trace 502 cofresponding to a
vertical wosepbioentiof. Jbicgriph gagacratiyerchirgd| te patiel refgsnoshomben 698i shic
trace 504 corresponding to a radial conponent of_ seism c data. The | ower
panel 5052rapfb R0 showy arquaye 98E0whigh coresnopilsia @ fupgiion Bot)widpd & FEVE&ni ¢
trace 504. [0076] Two exenpl ary approaches for detecting a ridge in the

t i me-10r equitisl yodespands @r & fwsser ibed) b tdw-aifsdis, vepe suriacs vEvgs a8 ek lihaar e
performed in the T-F donmain usj ng t he conti nuous wavel et transform domai n.
The fi rstCueshBd(?) anat Bdstakenhy logk oni edlertéen maiyaly ot nGes ofsetanwbers surface
anplitude and the second nethod relates to ridge detection based on

30i nst ant AREEYUS Prdegiramyihe gynveR d)125a SsPreguerpoefdhe susgoup eopiiugetah the
respect toﬁtri dge det.e taiton based on instantaneous anplitude, one can

i denti fy YHEHBFYS BRVEF A YO dommin that corresponds to surface wave

arrival e VR LG oshi s o, Lhte weelel, Luanstormel, |08 SoTPL e SEMG ©

20  transform modulus, we can adjust the curves R'(#) and R (¢) to serve as boundaries
between the T-F domain dominated by signal on the one hand and surface wave noise on the
other. These new boundary curves R, (¢) and R (f) may be defined as follows. First,

define a threshold frequency f,, above which all arrivals are considered to be signal and
apply the following approach to determine R*i(¢). At any time ¢ and frequency f in the T-
25 F domain, if R'(¢) is greater than f, then set R'1(¢) to a very small value R"1(¢) =
otherwise set R'1(z) =R (¢)+¢f,. Likewise, at any time ¢ and frequency f in the T-F
domain, if R (¢) is smaller than — f, then set R 1(¢) to a larger value (small absolute
value) R71(¢) = —of,; otherwise set R 1(¢) = R (¢) —of,. The frequency df, is a small value
and serves to set the ridges R"1(¢) to a small frequency value if R*(¢) are mainly associated

30  with reflection arrivals. The frequency ¢f, is a small value and serves to shift the ridges

- 18 -



vertical conponent as in equation 1, as represented by the overlay 506 in
Fig. 5. This is 5 possible because surface waves usually have much hi gher
anpl i t udewohaoy/nefsbecti on arrivals and are nostly confi reu/useomassbower
frequency range. An initial step in detecting the ridge in this case
conpri ses scanning the frequency axis for each given tinme to find the

maxi mum of ke byNELEL rLARRSS NI TRUYSne Tt SSULELDONBHTNAR DAL Gl ne

an initi arc fu (t) orrespo Ing to t requency

whi ch t hearﬂpﬂk“ MsthefT thFng@M edo%mété@ "P@f QUL SvalOITB% MUMsEP o %ﬁﬁﬁlyts‘h@ the
This is discussed in greater detail bélow wth reféfence to Fig. 6.

[0078] Fi Qbosﬁm'n%f@hegﬂid’%QQ th?s ih Srdé RS dtbatt B sEXRILATE! BiAdtaBEV IR eerebea ridfed o

ri dge based on a nodul us o a time-frequency transformin accordance W t
an exenpl enbadi nt esent tion..Th h.is ral
referred DRMy ¢ RE Fap&reil angéo%?conrﬁStrategygroarﬁg%&s*%g%w fit

601, hi cletscdibh anpanes 1ﬁ§@a1ﬂa1fe@ﬁ§tﬁieg ey, Int %amcu'ﬂﬁlﬂ BgCUrnya loCdh
corresponds to a function R (t t far-offsets, where sur ace maves are

weak, t heng@ptgeepurireqpgneigjo @11 wieaity I gelaipies Akernacicrkqug i acspelangy
near off e Nty, .t C

t he freqigﬁgﬁngggﬁﬁl n%ﬁ?%ﬁ%%%(qu?ggmgﬁqggﬁhﬁgugjaégﬁﬂlg g??ﬁ%g%%ngﬁeach

tinme. [OG%B%KHQ&Mﬂ@ehhﬂméﬂEmmembygﬁ@hqmﬂoﬁdh&szSRﬂﬁﬁ@El%ﬁNﬁuﬁﬁﬁ@hQﬁ@mgof

anal ysis of the wavel et 20 tran fornrnndulus, we can adju t the curves le
-(t) and tRpeyrefeensy dote 792 2pd angat pas! pRi shosrng peropppf eflugBoH ¢t é0 by

signal on the one hand and surface wave noi se on the other. These new

bound®ry [808Ues Rissctfprthraiow, thq inytapiagedys figanensy apropd) sléawes theidetsetiongeffa ne
a thresh q a h a S

i gnat aniu I BERE slieace RAVE W SEnBion SR, T B FnbRIR AL douRE |
and freq u@@mach id that the d'EﬁnRﬁmE)fthTﬁdg’c d(befs st (retq)m*eexglﬁaahﬁrwlbdt@bff amphttld[‘tﬁn
set 1?" t(t) to a very small value fri( ﬁ ot herwi. se set 12- t(t)=17?"
(0+ cy- 2. mp¥ipgnpndshenge maght bejfprnd aua?raatfcla yodtheyt delermining aympny grRgmsiors §s

R(t) is r value (small absolute
ngLe) R?H?ﬂ%§£@%%?§n&q g?§%§§92é§A%§hﬁb%£&€? (0- 61, ? The frequency (K is

2 s ;@hk@m i, SET YESILOAGELL NG TLAgS (RLLA Lo AcSTRLL (i SEURIELONR! ue

y ‘associ at e ion Ve requency
is a smalg g’?QﬁW6§o®Q shlft the rldges WO
2009/120430 CT/USZO 9/034390 R-t(t) by a small frequency value if R (t)
are mainly associated with surface mave n0|s arrivals. In the T-F regions
domi nated by surface waves i y(%ﬁ' t the position og t he
ridges RL (t) in order to éfqgte ag&nal ZP Br . bapy ) above the detect 3
ridges. 100801Fig. 7 is useful in explalnlng a second strategy for ridge

detection, nanely ri 5 detect] on b sed i nst.ant aneous frequency. In
parti cul a\rhern% @4 >§n<§ YEapK v ngfarm ﬁ’ Andgigerect iy €§ %rwrtlr%at
is useful in explaining a filt rlng nique in accordance wi th an

exenpl ar yonH@Qr@dl walelLhg( Z‘Pr 5%'(10@ ind{Besh@RMadiarg BaR"r al f)lﬁt of
referred to by t eference er The graph 700 includes a left

panel 701 shomnng a group of tlne frequency data 702 and a right panel 703
showi2fg aFp, pupisofeatly nesnstaetjabmgythdatime 734, and monotonically increasing along the

frequency axis. It shows little variation (nearly constant) along the time axis except where a

sudden change in the frequency content of seismic traces occurs (due to interference). To
determine the ridges, R*2(, 1), simply compare the F*(¢, /) to the threshold frequencies

+ 1, above which all arrivals are considered to be signal. The ridge is the frequency f at

25  which F (¢, f)=+I, , as shown in Fig. 7.

thr >

[0083] The instantaneous frequencies are only computed at points on the T-F domain
where the amplitude is above a certain threshold. Points where the amplitude is below this

threshold are set to a default high value outside the frequency range of the signal. The reason
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10[ 0081] As set forth above, the instantaneous frequency approach allows the
detection of a boundary between surface waves and reflection arrivals. An

i mpor t antwap@ci2043d t hi s approach is that the definiti omrcofuskéve/osiddge does
not require explicit know edge of anplitude nmaxi ma, and hence m ght be
found automatically w thout determ ning as nmany paraneters as in the

| nst ant an@eUuglj@iRk | thedensiRkhReud erglbR§d napove . subhl 9082hdd? 1sheo WeniBlcelhe
domain, it is possible to analytically conpute the instantaneous frequency,
Fr (f ,t)differchbtiomwbetwetn thy ssanalvandt surfapg-waye /mpiseg( t Suffyceavayeonoisgthbaes W

t f) indicates the wavelet t f fO(L) with t to the first
der  vat § v 0 NG o’ BERERERT RSttt BgtFEE " a0rce, 1) s

I t al the.tj ' d tonjcally i ' th
T quancyl O, 1t Pengue i laTgiiieRss BRNEREGPK) TR EP Oy RRB 1 e
axi s excenbidei %@ri%l%%%@l PR thitshdlg ValRIUENCY 6@ ENe Vbsibé BT Gnly

traces occurs (due tO interference). To deterni"fie the ridges, R +2 (t, 'I),

si mply cogpaftgnddas ficquddcies Wit £bsbhee V&8 tHarf 1RANREIEII®ST 30 Hz are Shown in
above which all arrivals arc considered to be signal. The ridge is the

f r equencythe geupa tigkd-Ghquency dataf7P4ashich earespandy tg. thy T-F do®ginTiveupied by the

I nst ant anequs_frequencies. are .only, .computed at point.s .on aﬂe - F dopaiqn
wher e t he apr P llde o Babe A CaVbER i iirlieRls) GRS Sl ST
anpl i t udeinitantb@dodw fidyudney method, it is possible to delimit the contour of the T-F domain

10  occupied by predominant surface-wave noise by specifying only one parameter, which is

I,... The contour lines where F* (¢, /) = =1, , define the ridges R™2(z, ) .

[0085] Surface-wave attenuation can be achieved by using ridges determined by either
one of the above methods. While using ridge R™2(z, /) obtained by the instantancous

frequency method appears much more appealing because of its simplicity, it requires
15  computing the wavelet transform two times (with respect to the wavelet and its derivative as
in equation 9). With either of these definitions of a ridge, surface wave attenuation can be
achieved by applying the polarization filtering constrained to be within the limit of the ridges.
With either of the two approaches of detecting the ridge, an adaptive bandpass filtering can
be performed (without polarization filtering) by appropriate thresholding (tapering or setting
20 to zero) of the wavelet coefficients within the limit of the selected ridge, followed by an
inverse wavelet transform to recover the filtered signal. This adaptive bandpass filtering is an
improvement over simple bandpass filtering (where the filter threshold is constant for all
time). This type of adaptive filtering would allow attenuation of surface waves on each
component of the data separately, and in particular would be an alternative to current

25 methods when only one component of the wavefield (e.g. Vz) is available.

[0086] Fig. 8 is a seismic plot showing a raw shot record that is useful in explaining a
filtering technique in accordance with an exemplary embodiment of the present invention.
The seismic plot is generally referred to by the reference number 800. The seismic record
800 shows radial (Vx) geophone components in a left panel 801 and vertical (Vz) geophone
30 components in a right panel 802, containing signal (body waves) and ground roll noise
(surface waves). The body waves appear as a plurality of relatively flat reflectors 803 and the

surface waves appear as a strong, dipping noise signal 804. As set forth above, an objective
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threshold are set to a default high value outside the frequency range of
the signal. The reason WD 2009/ 120430PCT/ US2009/ 034390 for adjusting the
i nst ant angousoYregaency map i n such a manner i s to enablPeTiUse009/034390
differentiation between the signal and surface-wave noi ses. Surface-wave
noi ses have rel atively | ower instantaneous frequencies than the signal in

general . JOA&43hPlafy 8mbddimch€of the bic@bntiiadnBbh RYSQUiSHiAALE BHEEITRXt Of BE djipayn on
the left panel 701 1s re- 5plotted on the right panel 703 with threshold

val ues' | hidise=sigoiHB04 uyiag alrvestyanedpalamzatipn ifisting eppreaehsdiringgibe pedcsssing oh

absol ute val ues |l ess than the threshold of 30 Hz are shown in the group of

ti rre-freqsﬁésnmclf/a%fgta 704, which corresponds to the T-F domai n occupi ed by

t he predoninant surface-waye hoi se which is.desirable.to nmtigate. .
her of or SO BSOS S ethEADonES e Eimep AR Yl Rty s
del i mist t&é@iv@@@fe@r&”ﬁh&ieﬁnﬁﬁ%_pTot_Fs%%iain”Fi%Q@.CCl’l{E gﬁ%ﬂg%{s gé&%h[? ifbg&irled to b

the
surface-wave noi se by specifying only oOne parane , Whic 4,4 . %’he
cont our |ticfregncainambeir0(( tThefdraphi909 shode tharbselute valehges aRsk 21gle irf 3 left panel

100851Surface-wave, attenuati op can be achi eved. by usi ri s gdeterm ned
by o t hero B adRY Fr@niE SHRL P e RS REuRRNY Filis Mt by 87 ) G RPHES
t he i nst apfaRePus discefdRNGY iR QORI aLEo AeWAsdDdetha PR AhiaRPoRe G fRe 8 Of
its sinplicity, it requires 15 conputing the wavelet transformtwo tines

(with respuse of erdingryvidailb e theaaitl Wik gpprseipteathpt,/ e ganph 9@ isathiosm i9)blagy ardd
eith of {-he f L0 Lol . rj - '

achi a0ed BHERE pOPCLS AT ey sBa bR R ARG YEKE, ALL SEHARL SBuRER, B,
the |im tdaef mhhée Modgasurdt¥ly degictchen a oblot hprdsamatiapr oaches of detecting the
ridge, an adaptive bandpass filtering can be perforned (w thout

pol ari zat[ipogs]f i | tTaeidigoh Y0 apHERR ik eutfBse Kot Gionds (CoaRBT KW@ @din S§pdsi 8O
20 to zero) of the wavelet coefficients within the limt of the selected

ri dge, foitfivaledapiyvaksrihatrpgepelarigeg/gtiein thedwsirentph egegien 802 in thedeft ppacd 984)
ooe T . . g ! e
bandpass P10 ARAR SRR ARADR ob i e Oty O B BUEVE YFcic IR oy

Thi s 16y peshofvndnl atpt digte phhdlt992] agypielkasial bOhwghivhimauaf ¢ltpticfy @tio { foe exaaples on
each conponent of the data seﬁar ately, and in Eﬁrti cul ar woul d be an
al t er nat 1 /&2t Wiy indhe right paachddd AR Brsrycdndhe sapsenanding region Y0k orthcel d

(e.9. Vz); b PG L G s i SEHSAL FisPhiRbic $AOW B9 531 TRV, shot

record t hrzlatesdlng}éﬂése?ﬁ{gﬁltﬁ exp?a?i':rlﬁ F\VS zli‘(ﬂﬁld[ﬂ}tle‘ra(l5 ng t échn age %@n a'ccorogance’

wi th an ewkenblisavortieygeiarend). cFhesh errpubsantbe iimepndtedas the gpisdiRaylotghpivete | s

generally referred to b he reference nunber, 800. The.seism c record 800

shows radiHY e \AR)CaEEIAN ﬁf@ﬂ@%_ﬁﬁ%&ﬁf S¢ ROk qngftpe mhl%_ta lgagéfl%ﬁlaf R4t ol vz)

geophpgne {0 sGPRANFRIDideMoRs hbHUve @l@@ﬁh#&%ﬁ wiyRth#aBlARicS AP &hdé RPBY moRy es)

and ground roll noise (surface waves). The body waves appear as a plurality

of rel at i lnehsly pokrizedMitbdroorentddiratidn tfierrsat faeet Wanéscdapptharcgionaf84 mong,

di ppi ng NRe Tk 52‘111%[1 %1 gl?(fl fhepﬁsgh% %atmefl gbi)h ﬁ?ecs)g %bse%‘aﬂ%gg ?nqlglgl\lcﬁat the actual surface
wave noise is not only comprised of the typical Rayleigh waves but may contain additional
types of arrivals such as guided waves, scattered ground roll or the like. Also, it is noted that

25 high inverse ellipticity ratio and rise angle are not exclusive to the surface wave. Because

different types of interferences - with P-waves that are normally vertically and linearly
polarized or with S-waves that are normally linearly polarized in the horizontal direction -

may result in high values of inverse ellipticity ratio, it is difficult to distinguish them from the

surface wave based on the polarization attributes alone.

30 [0089] Fig. 10 is a seismic plot showing data based on the raw shot data shown in Fig. 8
that has undergone polarization filtering according to a known method without constraint on

the space-time-frequency domain. The seismic plot is generally referred to by the reference
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WO 2009/ 120430PCT/ US2009/ 034390 of an exenpl ary enbodi nent of the present
invention is to elimnate the effect of the dipping noise signal 804 using
a constr avoedoypiabsni zation filtering approach during thecprusc@s®s43go of
seismic data. [0087]Fig. 9 is a graphical representati on show ng absol ute
values of ellipticity attributes 5 derived fromthe seismc plot shown in
Fig. 8. Thgnutka060.i shognekiahédord AR et stitcRM il (e elksMtcRompBRendOR-a The
graph 900 shows the absolute values of a rise angle in a |eft panel 901 and
t he absollatt@anel(108k and filigred mudicald Ve) Beqphpas egmpanch© in A right pagist 1nel  902.
The absol ute values of the rise angle and inverse ellipticity ratio are
based on [0820]r awTdat Bltshdwanta rshbivg. iB.Fighd8ewad deridedary adlkividg iall thegclar t

wi Il appreciate that the graph 900 is shown in _black and 10 white for
pur poses WEITEGHs icETESPORNALCONPHIPG ks viesshthagc 4P (5aR-8hk Tedndo dre Atignyated.

countii e y, ' ' col.: : :
opr e gent ARG iet wFIE BRGR P e B e, CPhR kering wep i
contai n tiwendal © fuppess bbrizmtdlyatrs/cliag sufaleswikatl 003.e Asalaarbiczeedn hoFig. i10, t he
horizontal (a region 903 in the |eft panel 901) and vertical directions (a
regi on 93}9%*{% AR Hleting sfreevas Gome I@lﬁﬁﬁ% 52y ploBe &9 foper éieyereymoseptist

L5 shown dofsdsfigncl it a0k AR (R WALERL 00 TRE dBhafl BNy SlHA%ARe scon
ellipticity ratio (for exanplw@e, region 905°in the rTght panel 902) can be
obser ved. frathehe drff@spendi angpliteds ohtheOdrigals tirven 10i el aryl eompasing(the gy dagnel
901) ,sho hi gh _values of the rjse angl.e (close to 1.571 or Tr | 2, which
is vé]?)t i \gglpqu%gfgalgi"%@ﬁf;ﬁ? ﬁﬁtﬁgeéiéiagquhpygpg Fi%ﬂ(abe interpreted as the typical
Rayl ei gh wave arrivals. A careful correlation between these plots and the
raw dat a [OR9Hi g. Fg dAdne seignicRipt SW%%%@%@G&H&@E i vRetslgrashoygda Figis
have the [ 1St | ; '

pol ar i Zed 1 oy PO PR TIeER: BFodkifhe (0 Kokl rAhGIE R QSRR on
regi ons 986 spavetthee-frequenppdema®0 ITienstisniie platghenzaalbl reSOR). to Dyabe reference

observati ons i hat .t he act syrfa ve  npj is not only c ri sed
or the s vamer TRAY | LRSei e s 2o oo el R GaBr b esprirs smpin Sy Pk s
such 1&s %ft%ﬁ@lwfwﬁﬁmd fikakd %x@i_@alqu?&)ﬁhehé c&ﬁp&d@ﬁts'iﬁ K@ighﬁ&a%@l 1i02.is not ed
that 25 high inverse ellipticity ratio and rise angle are not exclusive to

the surf ver,Beg icf T tid ¥Res 19f wht &k Eflowint¥ L Br\0ayes
that ar qug?zr,‘r}ﬁl |y gerl?#%gl (Fuy asﬁlg@lpi hear?y poT7vl3$i({z%(E,\1 9%?6}5“ t ﬁwé%ve§at gt
ar e nor nadoeffidi¢me anthyampollipticite dationgtchter hieami @.dAttal bedattepodticdn Subsequenégudt i n

hi gh val ues of inverse lipticity ratio, it ,is diffi.cul.t to distjingujsh
t hem f r on'YH&® SVFlaL &aﬁw H@ée@résmﬁﬁt#@np@?acﬁtaz aﬁihb% lieiing §Gpes MicEM
30[ 0089] Fgugpregghitgﬁlyap&@ﬁfem forfbRtofSOWLTRLORER PASER B8 ridded hAvrEhatlidat a

shown in Fig. at” has undergone pol arization filtering according to a
knowZ0nmetdiodalponlydbedycwastsr Hi0d). 6m cathbe sgpace Hig. nd, hewesenticridgroabad orthes

i i | .is. [ly. f d b h WO . .
3600/ 1300 micH 505G iishah e o gt B hEhFL ARGt ney Boire, sy

filtered goai @¢dmdgéxb Beaphane TheraTROEBA Shé Bigdal &t bP el frdM0the afifeibhéd a1 ed
vertical (Vz) (?qeo hone conponents in a right panel 1002. 100901The filtered
dat a shoviinpliud ¢f the signalsardedls fiem Gio by boopmparaig thosave dete shown 1 EigeRtvgth

correspongi [ ss than 50(,t- 0.871 rad) to be attenuated.
5 Subseq&ggpﬁggeagﬁ{&?sﬁegﬁg%?%a@g‘l et transformwas perforned on the data.

woveo100B312 CERP 2 s adr SR el hoRiRE SR RoRR o B By b P gordiiniit Come
noi se butthheayesdabenepsliezdtionwdTiteting Ab@irgig 1Ok XRowa ifctEeH B oS UMRstEtamBge t 0

t he signal (body waves 1004). The damage to the si%nal can be seen fromthe
di f f er enciBe spacariimng-fragueney demeingr Fhoysgissni phrhipgensrallysrefgyreddamparthesetensaca aw

data 10s n&%eir 'iZEd.gTheSSG:\{\gntliQ réc%?d iﬁdﬂt s%rogg fﬁf%%e% rﬁ@ﬁy\(\fb %eg{)l%ne jcgfnponents ina

left panel 1201 and filtered vertical (Vz) geophone components in a right panel 1202.

30  [0094] The filtered data shown in Fig. 12 was derived by allowing all wavelet

coefficients with either an ellipticity ratio greater than 0.15 or a rise angle less than

50°(~0.871 rad) to be attenuated. Subsequently, an inverse wavelet transform was
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[0091]Fig. 11 is a seismc plot show ng data based on the raw shot data
shown in Fig. 8 that has undergone polarization filtering according to a
known netwocdoswizMsat constrai nt on the space-tinme-frequentyusdanms4390 The
seismic plot is generally referred to by the reference nunber 1100. The
seismc record 1100 shows filtered radial (Vx) geophone conponents in a

15l ef t pg:mon%é@ on Adddth | trafecbnihdd GRdridg\édp QQ%H@&?toC@@’EQ:@@B&ﬁ th&highly ght
panel 0092] The filtered data shown in Fig. was derived by

al | owi ng mlarlmé\l?elw@tlglwevef st hatlinequlyt polanzes) hqugpnt@lly yrayelingoutfpearere, thiotn

per for med B oTiar b felerepy SAANTT20N in i o FUTE EKGEE Al 0BT EEL Mo
pol ari zedi2ear tAOes B sdehéin Fig. flazq@lega\fﬁeﬂa&ﬁngsrprbhﬁe rbeﬁ@rﬂb@heénfo%lathan lthenear
20 arrivals only (body waves 11 rf?“[ As can be seen in Fi 11, however,

A4

filtedi ngseﬁwgééem%em@ﬁsbydh? fidteredriatagpomasingtigi Hhand Egntl Labrsomith F ncesassd and
hi gher f
of foct orHERSY doLRfy @R AR 10d)? FRTLEAMAMRG R, hOS BB Sy

si gnal ardisooatisudus0MhO cffoction thysigmipan baigechfeont dw difftranshdvniniRig.Ai3g. 8 with
the filtered data shown in Fig. 11. 25[0093]Fig. 12 is a seismc plot

showi ng dabgsibased. an it hecik@w @b@éhﬁ&ﬁ%t@@ﬂﬂeﬁ& Idt@ecrBthk haw shasdagnsiergone
pol arization filterin éﬁ according to a known net hod wi thout constraint on

t he spacenthiged prkdigdiieyedidriabiowimineligel Znilbe prignici Hotgis weppily refetred tody t o
by t 0. |
() Deoph BT MGG FS60° ThELEREC AEbf, LRRSHE AR HTRRARS bioloEh p G35 °
geophone radiap 6vientsophona comgbtienpasietwnl 20 Fig. F0pOD 8] fihered |rhc1he1r éﬂx)dgéo@hﬁﬂ[ﬁ)vm

in Fig. 12 was derjved. by allow ng all vel et coeffici with ther an
el i pti ci9OPRORERty Sk whireigt ¢ hadn 8. 95 Dgiel 4301 58 rigfypangldS02 7 shap %@of% BreaseL
rad) to r te L&

20001 1204 30T U000 U350 pa e B R e g
step i s i(Vzgdetghono cemppnass sheetrhint Fig. h2.gAlhy c#nﬁéranaezlmﬂwsaythelsgffamwev@nd

the Li I ol ari . horizontally.traveli.n

Fopr dGantbn TR tes dhise TLARRH R e gn 158 oy i B X Rvictigregiie by
desired hef¥e@@mbirP303. ABhLAMfcRAcS B&N ek tifel tg)dylvzavetlﬂe&eﬁlftérba aataqefgt iimgs
provi de better noise renoval than the 5 settings represented by t

filtered adtthe bodwmaverinFhgrawldutatidg. /) ¢ referrediytrefoirariee anmbeict¥ds ed damage to
the signal (body waves 1204). The residual noise is nore patchy and
| ateral | y[()ﬂ%]conf['lhnwoufsordi'ﬂaey akflleot therart kel sapglrwiatecmat be seeplds offittétrng

difference Fi 9 13 is g.seism.c plot Wi

i 11 or enceiBut fabrstond sl eobh i TeidRare i TP, OglSaRy it ROMbG e Bt o
showpoi n ki &se %ﬁlptla_gera‘%ﬁ)' S GsPhle WethegNaT f/aildcﬁ(tldrﬁf €6ﬂsﬁ‘amtt(?m YoveE® thehoise

ref erence nunb he seismic record 1300 shows the difference between
the r aw riaigation (Rypugheid ph stile fardngra methtfactatypbnt has fgrjficant siatiinedngal fimpeetray
radi al E% ‘.%e%phone conmponents shown in Fig. 12 in a left panel 1301. A

ri ght pan 382 shows the difference between the raw vertical (Vz)

geophone one hown in. Fi 8 and .t filtered verti

donponent W08HounFieh g Saibmicrhift siomris SHe Sl Foanet bRk i £
the filteapgdhslataddbbie cdihraded poISriMbhaGRMRY & alcdrBshct aWitdad ek &hfla 88)
is referred to by réeference nunber 1303. The difference between the bo
wave Zon tdmebddithensr el tHat pregemt gnvarRipnaind wiieh bopdse, wame-froqueryy  pady mnlauq@ﬂ g.

8) isr efceoqlgt%gnts Yird Sgegrtg int o rrE)amage?’to valid data. The seismic plot is generally referred

one

to by the reference number 1400. The seismic record 1400 shows filtered radial (Vx)
geophone components in a left panel 1401 and filtered vertical (Vz) geophone components in
a right panel 1402. Residual surface wave noise, which is desirably removed by a filtering
30  technique in accordance with an exemplary embodiment of the present invention, is referred
to in Fig. 14 by reference number 1403. Body wave signals, which are desirably preserved in
a filtering technique in accordance with an exemplary embodiment of the present invention,

are referred to by the reference number 1404.
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10096] Those of ordinary skill in the art will appreciate that the exanples
of filtering seismc data shown and described with reference to Figs. 10-13
show t hatwoaniynno4sg the 20 inverse ellipticity ratio amrdTniSs@9as3be

wi t hout any additional constraint inproves the noise mtigation (though it
is still far fromsatisfactory) but has significant detrinmental inpact on
the si gnglgo9gi009Td Biddbr td4ctfora %}%U%Bl@riﬁ%@ﬁ fAReW: Rehifadidl Batedingighe 4Aw
shot data shown in Fig. t hat has ‘undergone constrained polarization
filteringxemptey entwdecnii afhtharprescepivanyon 28atgsrivo dherenplicstion nd g detsetan
invention in i space, .tine:fr.e nc d amplitude constraints are.used
o mni sk el Qe RRRGS: 1t o MG o I ARt WAL gAY SR MBS 48T
by the refxplanaeabonahieith 140RnccTeridgd d8lectidrecaf dddidon & bonsrafrt |bassdesh tiadi al
(Wx) %eophone conponents in a |left panel 1401 and filtered verti cal sz)
geophéne ByaparaNs samplitadg jaghdesgabrd abaon withe spfgigare dar Fige e Wblpek rl73e is
which is i |y, Y. i i chni i i th
an oxerpl S0 g AOREPRKC o (ehothEd bty BRERRLAMTL DB TROTSARRRAH 1
by ref er ewile timerdnerfrakd B3ce Bowyceynappdicsti@natl glaridation fiftexdngl @sthrtadekyol gy fos eliev ed

inafiltering technique [n accordance with an exenpl ary enbodi prent. of the
present | AVEM ?IBH?CIWEUMF%PF%@&I%%ﬁﬂmﬁr&u%%@rae%@-sawﬁgﬁ@ageww the
2009/ 1204&9835@9% ggﬁﬁggigig@%i;DQ%MbdorG%g Qe RSl HATTLOARE: i P 2 %ﬁé&&%ﬂgﬁ;@

filtering wh ecti'ng signal, anexenplary enbodi nent of

presdft invrentbamd nel ety onttbe tdhgreamplpotaizaton bfit alse®newilarontiee Wevetidnhatd

determ nes the, predom nant band of the sur -wave noi ses. This technhi que
o expl ai AR GDEEOWMAR be B Bequsney il ARRR GefoRR Serglivg 40 SGtake
const r ai naRagRAuAdNt MGy b8 iinPRived AR Pistcat éi%ﬁuie TR Hestld bainRbaue tw t h
reference to Fig. 4 (bl'ock 407), is established. Once this band and

anpl i t udeaneplitede witintis 4hat wishiarthe gelrentnwischgqueneghbandarthe winphtude ed sgrfded r om

trace to trace, a ication of ,polarizati filtering with thresholds for
tlp l11?/,[51 n%fg aing%/ le{%%eere%ﬁan R é%g)'

the i nver &R §PEie ri'se angl’e? t'he anpl i tude and a

ti me-.spac i.ndo nl ithin the nd, defined by.the rid may be . appli ed.
Usi g 3 ned@8Yar 1h ety shout s ToRat ket Suseiion et betdptetiy RUBREH §
on the degreg.ok. pgl arszagi,ongbuty aljso on_ROl A% i 2aidOfhdidhRCtiaed @diraint
anplitude ratio witfin the nhoiSe frequehcy band, filtering performnce

rel ative {0 _sifRCGMaVQ BtdveNURLLIRAg TBY sRBal MRRMeed N theh PHAEEdéREncd
signal. Thé rational e behind using t%e anplitude ratio is that wthin the

coherent yioihie dd@guantlec RARG-schit AIMdet WiRhiAfthS b BRQu¥RY R niadn gansHA | Y
significantly largér than that of body waves. 15[0099]In the exanple shown
in Fig. 1oy thei ddgs et adthiohevprrtipasédho medone delomitedvbsithp dmamenaee sondtraimnt, =
25 4' .=.0.Hz . CY. = 6. Hz. For the tine-space.constralnt = Q.. was
dsed 2o AeSHESE Sttt iy TulsiTEp "Shei oAy - L RERTFER MO Rl P e
by this Vﬁ{i&%‘réa}(er%ﬂ% bNne GowE Siss GRSIeg 1db $HANSE( zW.é’h'er)t Sewtth ré‘ﬁ'afrﬁﬁﬁﬂ@é‘cy
dormain delimted by the ridge and wthin the portion of the record

del i m t edaby gtdagertthane0 $ phodlewed byt anainmerse wadelpotrarsiarat. | Bimoskidftoedinmy skab in
applied tp reno al | .wavel e efficients, wwth either an ellipticity ratio
areator taATov Sagresitte i b TARECS TR ol Sor Bies Tt R e G
anpl i t udenfpRéictncaf BAheTilttAAR oPuddesfrdlé SWRRe R¥avBRolsBYERSR tHaNEkIw fiRGSHOr m
Those of ordinary skill in the art will appreciate that the filtered

sei s@Oc dacthodshdpserihed abpee. 14 represent significant inprovenent in the
filtering of undesirable surface wave noise relative to the known filtering
25 net hod918scr Figpd Sabavgaphical representation showing absolute values of rise angles and

ellipticity attributes derived from the seismic plot shown in Fig. 14.

[0101] The graph is generally referred to by the reference number 1500. The graph 1500
shows the absolute values of rise angles of the seismic data shown in Fig. 8 in a left panel
30 1501 and the absolute values of the inverse ellipticity ratio of the seismic data shown in Fig. 8

in a right panel 1502. Those of ordinary skill in the art will appreciate that the graph 1500 is
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10100] Fig. 15 is a graphical representation showi ng absol ute val ues of rise
angles and ellipticity attributes derived fromthe seismc plot shown in
Fig. 14. wORowjiemsogr aph is generally referred to by thecrafSesensssnunber
1500. The graph 1500 shows the absolute values of rise angles of the
seismc data shown in Fig. 8 in a |left panel 301501 and the absol ute val ues
of the i nywehHHgn Bladck Rhd Gihit¥ fE33urosel of /pAsikyS M Ccoh@s I AnSNOWA 16da1 Fitent 18wd Bf @
ri ght panel 1502. Those of ordinary skllp i'n the art will appreciate that

t he graphmaBo@ungies)\idt 206INAABABORATL WERHOGNIBABB0: erhviapicseniitmok and whi te
for purposes of sinplicity and conpliance with | ocal patent |aws of many
countri es[()lthzjt dﬂespitmyhdaeimpm\edasignlerletbelloj/sedeqmiocMé‘dh icnmalemolstgnal protection

1 t 021De h 1 t it h.
o o o iR v iR S aRnsE APl Ty Bl Tast B oRers Someadrartfar el hhises
Fig. 4 Sit'rleﬂatﬁé'l?"fﬁglﬁﬁ@?% @ﬁ?éﬁ%mﬁeﬁ@d dale ﬂ%ﬁio%@@ noéeﬁt Th@éeaéo‘h&%hy ré@i(ﬂﬁl

frequency (as conpared e renoved noi se). These coherent resid
noi ses carisse ceh é)&rdlf\;ﬂﬂi}’dlémtlﬁqde@l th@ Etttlié)umtplmblmtlﬁs b} wtithi sm@tl yse 1@1061 arrd

or i nar y GRTE FRe S G iBE AR b arce b B S RE Bl R

i denti fyithg it 15 biay @ wéful Hﬁld@ﬁﬂl@’ﬁlg@iﬂbﬁl&@@f@l@b hélsd het r%mbséd PaGs foft pass
constrained polarization filtering, the result of which is shown in Flg
14. To atefesonsigancd polangdion fdicsiag, the rsadionldwhigdss showelimFig ddi oho Biterusid ng

may  Be aHHEéeﬁ%m‘é?' c&}]d %ﬁﬁ 89 S 2o fﬁit%#lﬁ%ﬁg n ?ghé:df i %ﬁlt@r@d 'sélE’fH o gl 2.

Due to the relative requency 0 'S second pass
of pol arishatvindn Hig. |It4eetsl mguttdm degeo detretatuvelry higlser Sieljeaice dfhias aisgrfoi thes
fol | owi ng pararreters =30 = 6 Hz. For the tine-space
const r ai nccond B5H ofp Ol\ﬂﬁéatl%le@ter%gtth? ﬁdg‘ﬁéet?‘r‘tk%l VietriRsich bagehan shallPitged

by the r'r}%gﬁnﬂ&g t h 15§ n?fzSpgce o eﬁkogéyje%'ﬁg te?opyh{e NEmY&HoG tc%ﬂ straint,

constr ai epoI fization frttering nmay be applie o renbve all wavel et

coeffici e Z&)%%'s 2;;'38 gkéod pg\hﬁhﬁ Ynd @b G @l érec[orﬁa{fff“aegmgtéd ‘B& tﬂ\%]trilag%'.aﬁ& yngl e

greater t rad) or anplitude ratio greate

fol I qued tﬂ% g1|5‘af lT:r!r\é {oﬁedébm‘/ iRldehy ttl?]@%lfo%&“co[lgﬁl%] lﬁieggol%ﬁzdtﬁ)naﬁﬁ&i%y%é)t

ShOWI ng t nce tween the raw shot data sh in Fig. and
the filtepplicdl&t eensdvovail wmvd&tg:oeﬂflblen'fshmth&imsaﬁlmmnjya’atw grapemehal 0.y5 roefvatlr ed
to by the reference nunber 1600. The seisnic record 1600 shows the

di f f er endéscraeliegisatehehanadd (ad)-29 radv/ey apebipdeneic gepisn dns0-shishavich bri g 8

and the f X) geophone conponents shown in Fig. 14 in a left
panel d&lzér%é%ﬁv{}?ﬂ%a%%fg 1602 shovvs the difference between the raw

Z?Eivi? ' NG e PRD TR R TRRRTRGR SRR e Tt s So R Fork 1 sl sh G MR

surf 20e Wwawe lgﬁaﬁdﬂmefﬂuet@ir@da g!ﬁival {nFFig. 1414Th@@éisﬂ1f&231§tuﬂ’s fi&al@¥Ferrétl fohg, raw
data (Fig. 8) is referred to by reference nunber he difference

bet ween tthe rfegpcqvanabsrnl60fe Tfhlelsmrr@dr%ratdaquﬂu sows dhe diffgrange b%@yn\ﬂ@@w n
5 a oo adudt (7kPucibhoh® ARG bl B BLE Gl M Blordd ol (D% Hlons T

30 a secogthpasss ofioven ﬁSngallmetda peft painct 60 DNAFdight @lanerlgam sh@\cz@ﬂﬂahfferentet h

an exenpl ary enbodi nent of the present invention. The seismc IS
gener al | YSEeE he gy gesigal (Ye) g%‘?@Péﬁ&‘é‘“ﬂ%@rShW’@On Figh & andithefi erreécysmaluoo

showgsf i l(t\QS %goﬂlﬁ)‘% %Bm%yfféntgmpﬂleﬁg. 14. The difference between the surface wave in

the filtered data (Fig. 14) and the surface wave in the raw data (Fig. 8) is referred to by
reference number 1603. The difference between the body wave in the filtered data (Fig. 14)
and the body wave in the raw data (Fig. 8) is referred by reference number 1604.

[0104] Fig. 17 is a seismic plot showing data shown in Fig. 14 that has further undergone
30 a second pass of constrained polarization filtering in accordance with an exemplary
embodiment of the present invention. The seismic plot is generally referred to by the

reference number 1700. The seismic record 1700 shows filtered radial (Vx) geophone

_25.-



WO 2009/ 120430PCT/ 1JS2009/ 034390 conponents in a |left panel
filtered vertical (Vz) geophone conponents in a right panel 1702. Resi dual
sur f ace- vaoeoowi2ess, whi ch are desirably renoved by a fipcrarseeng/ossehni que
in accordance with an exenpl ary enbodi nent of the present invention, are

referred to in Fig. 17 by reference nunber 1703. Body wave signals, which

are desi r@lponBht§$eaMeH pafelD 71 fanli I QOvERENTVEY 8ebphodE %Qﬁlgéi%@s W 4 bighn
exenpl ary enbodi nent of the present invention, are referred to by the

refer encepanalrr%QZ 1 Rsiduph seidacsrwiaec rOwgS: hwhaeh @Rﬁédpﬁl@biy cmodidnenta Giteninge
present i n ent constral nts OI‘ t SeC ol.ari zati-on

P Pt ort ng el pecafint? St Okl b b S AREC bR Hip BB A8 HEh
ordi nary tskn Flg. i17 bl hefetdnte Wahbera0B € Body &ak b ailgni®,Swhioh alteh;(%sﬂ’rz&ﬁy gtedbrved in
coherent noises initially present in the data shown in Fig. 1014 have been
si gni Pi canfiltgring teehiatcen acRondaeccawith a8 sswRPkY Fnpodiment afohoHigsee. iny@Itios, a
seismc p t I g.
5 ana. ¢ nat 1 ParLls e G B ohL PR 1161 THE B Eb e AN xR ng Bt
referred dfahbyrédent meteticenciee numharntsl&ﬁ&he 'Ehm)nslqmsnof pbmmambnlﬂﬁm@m t he

and Che. FHEH QP 468 ST {oGeDipHOn® T8 dSmpbieR (e gy il ghe g7 Vil o

left pang] 83%%% ﬂﬁt FloGthds tﬂ@%ldu&ﬁ&%e&apﬂ&séshﬁltﬂngfp%s@ms tp@a%@%&rhﬁl FigW
verti cal P geophone conponents shown 1 n Fi and the filtered verti cal
(VZ)1@eophUmeebeﬂpmgmﬁtaubhanumﬂiﬁnged&ESM$WEHdE@fE1ence bet ween t he
surface wave in the filtered data (Fig. 17) and the surface wave in the raw
data (Fi g01@j] i sFigefleris edeibmidpylor ﬂfo&nﬁgld& diffateatce BBR3en fﬁbea‘dishcf)tedmsiﬁ)wn

bet ween t he body ve.in the filtered d Fig. 17) 20 and the bo

in the r alﬁle%t%lalqu:\%ﬁ filigyed; datg ghowy wdFigy Pl E? éﬂ%lcrﬁl%lérge&@é 7 1qf oTob

2. el oW SHEREEIAES ndEr g0 PN kMl b BRIRAD AU CEFrHREL b o A the
filtered data in t e exanpl es set rth above wt erence to Figs. 10,
11, 12, Irddiah{V4) geophbgeiicempOndaitgysirosvrl in Figyr endl ﬂleFﬁUameé rddialF{(\§ur geoplioa -

15  components shown in Fig. 17 in a left panel 1801. A right panel 1802 shows the difference

1701 and

between the raw vertical (Vz) geophone components shown in Fig. 8 and the filtered vertical

(Vz) geophone components shown in Fig. 17. The difference between the surface wave in

the filtered data (Fig. 17) and the surface wave in the raw data (Fig. 8) is referred to by

reference number 1803. The difference between the body wave in the filtered data (Fig. 17)
20  and the body wave in the raw data (Fig. 8) is referred by reference number 1804.

[0106] Table 2 below summarizes the ellipticity and ridge parameters used to produce the

filtered data in the examples set forth above with reference to Figs. 10, 11, 12, 14 and 17.

Figure 10 | Figure 11 | Figure 12 | Figure 14 | Figure 17
£ - - - 25 Hz 30 Hz
of, - - - 0 Hz 0 Hz
o, - - 6 Hz 6 Hz

S 300 Hz 300 Hz 300 Hz 300 Hz 300 Hz

£ - 0.15 0.15 0.15 0.15

04, 50° - 50° 50° 34°
A oo - - - 0.1 0.1

Table 2: Polarization and Ridge Parameters Used to Produce

Filtered Data According to An Exemplary Embodiment of the Present Invention
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25 Hz 30 Hz Sf - - - OH OHz Q. - - 6 HZ 6 HZz 300 Hz 300 Hz 300 Hz 300

Hz 300 Hz P thy -
WO 2009/120430 PCT/US2009/034390

[0107] While the present invention may be susceptible to various modifications and
alternative forms, the exemplary embodiments discussed above have been shown only by
way of example. However, it should again be understood that the invention is not intended to
be limited to the particular embodiments disclosed herein. Indeed, the present invention
5 includes all alternatives, modifications, and equivalents falling within the true spirit and

scope of the appended claims.
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0.15 0.15 0.15 0.15 O hr 500 - 50 50 340 A atio thr - - - 0.1 0.1
Tabl e 2: Polarization and Ri dge Paranmeters Used to Produce Filtered
Data According to An Exenpl ary Enbodi nent of the Present Invention
WO 2009/ 120430PCT/ US2009/ 034390 [ 0107]Whil e the present invention may
be susceptible to various nodifications and alternative forns, the
exenpl ary enbodi nents di scussed above have been shown only by

CLAIMS
1. A method for filtering multi-component seismic data, comprising:

identifying a plurality of characteristics of the seismic data, the plurality of
characteristics corresponding to a relative manifestation of surface wave noise on the
different components;

identifying boundary curves in the seismic data in a time-frequency domain, the time-
frequency boundary curves forming a curved boundary delineating portions of the seismic

data estimated to contain surface wave noise; and

creating filtered seismic data by removing portions of the seismic data that correspond
" to the plurality of characteristics of surface waves and that are within the time-frequency
boundary curves.

2. The method recited in claim 1, wherein at least one of the plurality of characteristics

comprises a polarization attribute.

3. The method recited in claim 2, wherein the polarization attribute comprises a rise
angle.

4, The method recited in claim 2, wherein the polarization attribute compriscs an inverse
ellipticity ratio.

5. The method recited in claim 2, wherein the polarization attribute comprises a
direction of polarization.

6. The method recited in claim 1, wherein the curved boundary is identified in part by

employing the maximum apparent velocity of surface-wave noises from the seismic data.

7. The method recited in claim 1, comprising performing a forward and/or inverse time-
frequency transform on the seismic data.

8. The method recited in olaim 1, comprising creating a visual representation of an

underground environment basced on the filtered seismic data.

9. The method recited in claim 1, comprising:

-8 -



way of exanple. However, it should again be understood that the
invention is not intended to be limted to the particul ar enbodi nents
di scl osed herein. |Indeed, the present invention 5includes all
alternatives, nodifications, and equivalents falling within the true
spirit and scope of the appended clainms. CLAIMS 1. A nethod for
filtering rruliﬁénttfyiug)memn@eﬂtswﬁtﬂ: afattaractedaivprofsthagseismic dats, the second

i dentifyi LA of .t.he. sei s

pl ural i tbﬁ%%’ a‘#’ae 1!eﬁléli%lsa i'Cs gor r e@%éﬁ%ﬂe&gv I“aé{ﬁrs taﬁar% O&urfa%%g’c mﬁ(gs
mani f est &t thofltokd saismiiadatayvave noi se on the different corrponents;

i dentifying boundary curves in the seismc data in a tinme-frequency
domai n, the iBRITREALEARH RRURIREKy UFE ol Al MENATRAEY SnOUREARY
delineating portions of the seisnc data estinmated to contain surface
wave noi §&ondgne-frequencyr eryadnbpunrary cielierasiag paitiony af sha filtersdseismiy data

PO ti ONS @fmddito SBtERIsGrrElRMAVE Ratle; 684 T espond to the plurality of
characteristics of surface vvaves and that are within the

time-frequency boundar nmet.hod r.ecite

wherei n ot 1 CETRBIEGE THed S AP GPRTIES BEFBR e ks ety
pol ar i zatha0Borgdsperdootire scdondlplaralint sfokn¢-frequene ¢haraetesibiios 2nd e el withihe
pol ari zati on attrlbte CO rise angle. 4. The nethod recited
in clai mSeeRpdimestr ?‘W&“"B’gp Pﬁgglﬂadeﬁ attribute conprises an inverse
ellipticity ratio. 5. The nethod recited in claim2, wherein the

pol ari zatlbon Atmethdslifoe fibeimgmudesompaieneetisiraondatd, cpmbtésiitgati on. 6. The
nmethod recited in claiml, wherein the curved boundary is identified

in part by enpiaatiAgad bﬁne@sanwmr@aowﬁme WAl Q6istyoph pg%;l%g&téﬂﬁy@ata
noi ses fromthe seismc data. 7. The nethod recited in claim]1,

conpri si ﬁgcoﬁf&ﬁliﬂb? PR eflenalipnss il MWHi-COMBBRE'SERIORS - f r equency
transformon the seismc data. S. The nethod recited in claiml1,

conpri sing cr erhiifythg ﬁm&ugﬂ ofl Ridr R8teoH EtfatoRristics df thendeltigioayosknt seismic
envi ronnment _based on t he flltered seismc data. 9, The nethod recited
in cl ai mopta i gppErEgangpey domains i qentifying a second plurality of
characteristics of the seismc data, the second plurality of
characteri sti egingating esthesigild forteach h’éthleqiha‘ality@f walarifaon ahimetentics of the
surface vaye n I ses, | e e i ; Ny I a
second ¢ IMAePERERs b ald RSO, Rl Aol compd R ek} U
t he secondtota fist ﬁmmnoyhat Gy muhatndLmd:amymdmtfam‘aﬂmgn%;@ phd ersecondl detae

filtered S%osn%a !Sdnao %‘st?séemtogﬁa&%ur?&c%lvgn§'9£sfQi'ﬁie wave noi SE€, and

creating filtered seismic data by removing portions of the multi-component seismic
data that cotrespond to the first data portion and that occur after the earliest arrival time of the

surface-wave noise,

11, The method recited in claim 10 wherein the thresholds of the plurality of

characteristics are functions of time, frequency and space.

12.  The method recited in claim 10, wherein at least one of the pIuraiity of polatization

characteristics comprises a rise angle.

13.  The method recited in claim 10, wherein at least one of the plurality of polarization

characteristics comprises an inverse ¢llipticity ratio.
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creating second filtered seismc data by renoving portions of the
filtered seismc data that correspond to the second plurality of

ti me-frequency characteristics and that are within the second

ti me-frequency curved boundary. 10. A nethod for filtering

mul ti - conmponent seism c data, conprising: estimting an

ear | i est l4r r i el mbiho refites u feludre- M \comprisise perfamimg p doivwaad and/osiivand c

data recorded at a pluralit | ocat i.o usi ng mul ti-conponent
sensors; gme”%equﬁn%ﬁ%sg‘i"fnno@ ﬁéle ﬁ{t‘ﬂ?‘%feilwc gaf%a'pol ari zation

characteristics of the nulti-conponent seismic data in a

ti me- f r elienclhedonthpd recited in claim | 18acémprisingt detisEl Wisdad rerresshtatign: ohan
pluralit . '-ﬁﬁ.};ﬁ' bosili LG fi.d,he mul ti-conponent
seismc gﬁ&?&gﬁ%ﬁ% res gwﬁ@%@g@%gﬂ(ﬁ%ﬁgké{iﬁg@gﬁ ti-conponent seisnic
data into a first data portion that is estimated to contain

sur f ace- Wave Hesiraghodyseited ia glagm 40, F9MRIHBF L i on that is not esti mated
to contain surface-wave noi ses; and creating filtered seismc
dat a by renovidagifpag tad gasndoplutatiey oflpslesization oenteritcss of thedffiteded fedsknic
correspogc{?to the fdrst d?ta gprti on and that occur after the

ear | i est 9% M VRPTETHREUGKFY FRE¥Bur f ace- wave noise. 11. The net hod
recited in claim10 wherein the thresholds of the plurality of

char act eri st i etimatieg & threshellrfor efchtafifas sekoralplenality ofirelasizativen chatpteristice
met hod r egixt.efhd [ Jrﬁﬂ%t Dl it

pol ari zat(3 ?clt)ﬁr‘f g%%&agélgﬁﬁmsﬁ%égggﬁn%? ?lgg%pa ri s%lggﬁtgf%i. §c&§39 d%hgmr?e%lﬁ%g
recited ififtersd ditmpogionhas isedstimated kecontainpefaed waveanoiednd piseqpnd filtered data
pol ari zat,| LSt SRR L lanerse ellipticity ratio.
14. The %@ﬁg&ﬁ?%@ﬁ%ﬁhﬁ%ﬁg aim 1%@%?@%%&%{:}&%ﬂform ng a forward

and/or inverse ti rre-fre%uency transformon the filtered seism c data.
15. The mnet hoereptingseeapdititcred eipmicciataymsmpyipg goipasdt the filergd sqisgpic data

r epr esentygdk icOResphnfifd HBIREOKIRMROERY bé:aBARAd tHARaRMviglin tah@ndd it BE @klicst

seismc data, . 16. The nmethod recited in claim110, conprising:
i dent i f yiaFdyahti®&cond plurality of polarization characteristics of the
filtered seismc data in the tinme-frequency domain; estimating

a threshahld f orconglerafystétahas ds adubted| tt rpatforny fibéringodfaniltiscdohponent seismic
characterjstjics of the filtered seismc data, the threshold

separ at i rﬁ;ﬁt"’t‘hﬁc?’?’]"ft‘érrséﬁe’géf’?m‘%‘"%iata into a first filtered data
portion that is estimated to contain surface wave noi se and a second
filtered datanpensfooidentifaingiaplerotityes chavectasigtiesoof dlomesisimic datnftherlumtityeof
noi se; a ey . e : : 20
porti onsrkg?mftﬁrésufclglct% %&%gg%%?g?nr% r(téi!étyg %ﬁﬂ{é%gwggp%%&t ?A ﬁ]g@g(‘\! rdglt the
filtered dii¢rantgomppmgntsand that arc within a range of the earliest
arrival tinme. 17. A conputer systemthat is adapted to perform
filtering of ngehd fGOMRRNISRE BiindsFy Coutith din thb GelRREP UL@T inSY Sin@frequency
conpri si nqg: ] means for identifying a plurality of L.

char act erdoging stheftimerireauensnibouriang cupvRe dslnpetng pyrtions Qfaths ctelmis s
cor r espongdiifgell & @ntadl flfa¥ewividi@sinat i on of surface wave noi se on
the different conponents; means for identifying boundary curves

in the seismc datg in a tipe-frequency,.domain, the tinpe-freque
boundary curv égea%%r ﬁ?é‘t‘“f&]ﬁ‘g% Tei‘sgrﬂcé H# bY FrnQuiERAIony é‘?g‘cesg F%Wa{a%th?to
contai N SedifegioRd WOWR plreBiy; of afskacteristics SRaRfacE Oavarandthngrd withig riedtime-
seismc data b rerg)vi Qg‘é‘%orti ons of the seismc data that correspond
to the pl ?%F?%’J’DB teristics of surface waves and that are

within the tinme-frequency boundary curves. 18. The conputer system
recited iI8.cl &tmcemputgheseimrecitedlipalgtm bhavhefein ddeast encall fheypluplity of time-

time- 1 eapeneNcy AALACHEIL Sihfifies BRRAARS Aurfiledr | 2alion attribute.
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19. The conputer systemrecited in claim 18, wherein the polarization
attribute conprises a rise angle. 20. The conputer systemrecited in
claim 18, wherein the polarization attribute conprises an inverse
ellipticity ratio. 21. The conputer systemrecited in claim18,
wherein the polarization attribute conprises a direction of

pol ar i zat9.on. TheXdmphlsyeremetiesd i ghine 13, a@dire the ipdlagik @ioMakrbute comprises
conpri si ng means for performng a forward and/ or inverse
time-frefl&™ Transformon the filtered seismc data. 23. The
conputer systemrecited in claim17, conprising neans for creating a
vi sual r2pr esBrtcapiporr siisteanreciteddn glaoni g, vérwdin tepehtizitaaatiribne tdeprises

filtered Lsm g.data. .. 24. The nmethod of claim 1, wherein the curved
boundar yﬁ%b%ée}lgﬁg?imﬁ% he time-frequency donmain data either based

on instantaneous anplitude or based on_instantaneous frequency.
2]1.  The computer system recited in claim 18, wherein the polarization attribute comprises

a direction of polarization.

22.  The computer system recited in claim )7, comprising means for performing a forward

and/or inverse time-frequency transform on the filtered seismic data.

23.  The computer system recited in claim 17, comprising means for creating a visual

representation of an underground environment based on the filtered seismic data,

24,  The method of claim 1, wherein the curved boundary is detected in the time-
frequency domain data either based on instantaneous amplitude or based on instantaneous
frequency,
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