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METHOD FOR PERFORM NG CONSTRAI NED POLARI ZATI ON
FI LTERI NG CROSS- REFERENCE TO RELATED APPLI CATI ON
WO 2®91204Fhi s application clainms the benefit ofPI/B8S2009/034390
Provi sional Patent Application No. 61/072,319, filed
March 28, 2008. FIELD OF THE | NVENTI ON [ 0002] The
nt invention relates to inproving the
E "! ":_r'r_ ._'.‘J_be_.ﬂ, B0 AN & R\ A "\—f'fi "Pe F :TERING
an exenpl ary enbodi nent of the present invention
rel ates t cCRORSREFERENGE FQRERATEMAPPLIGATION
pol ari zation filtering of seismc data. BACKGROUND OF

00T pect i 100 redted b RTILAL U Aredighd PHuf pplication No.

6179Ge8 sfiled M clt Ypi2oekl y performed on raw seisnmc data
obt ai ned by a seismc survey. During a seisnmc survey,

seism c energy is generated at or near ground |evel
for |and surveys orFIELD Y REKERINYENTHN ne surveys by
seism c sources, for exanple, vibrator trucks or air
[0@N2hs. The meicam avemt@ngyelhesuld sinipioynguthd wrffectoreness of seismic
whi ch i s _detected by seismc receivers, for exanple,
PrejesHienel Rirtichite 28 ﬁéﬁ%‘?%ﬁé ?mgﬂg‘ﬂ"elnéegit%l’@s%ﬁmemon relates to a

mdtd 188 BePERIRE SordsheinedBbBALatRHInTHBing of SihicRiat:.

conponents of the vector ground notiron, for exanple

notion along th ﬁg@WéFWEQNWTIGQH zont al

directions. In case, e survey is called a

tic onen urvey. The.intent of both.single a
00 “CORIBRN Ty o Pt Pl W BTl refocton
SefshrdpoeRirg 10 U ky péefouh s oh @avlsbiowicadut26K:HIal By a seismic survey.
mappl ng of the underground environnent, including
Dyriggrit SefSnua gAY SEISHéoFIsERe B 2cneyrtedtat ehaear ggaungdgyel for land surveys
or P LUTPAS FEREER oyl SOLGIEREEN, Kbl yiror ks or i
gunef The b@sityenarpyuesidtsgn @uochdsmotiat, uwrleclaisddatetad neskismic receivers,

the syrface to be neasured by _seismc receivers
forp%m@%sgeﬁg%ﬁﬂeﬁ@r GeCslefPBcHEY | SHOMBEEY CSuBEURFEER sensors that detect
. e . .
Sl ACLALSR, UG SR ORRARLER Ay ELLAR Sy s
vertavkesld @re ormedik dotizarnial"ditvetiensn . In Bodlatarass thresprizgy is called a multi-

ei t her conpression (P-waves r shear, .waves ves) .. .
COFBB URFSr ¢ DALTGTY, oot PE S ABL AL GF OPRE S GRS i to roceive
refRREIII Yy L6 efréth € dn ¥ g28h$ NitfucRRY GESallcw NG dcButhite mippMg of the

of body waves. Instead, considerable energy travels '
unfggefopod cayirgnnadnt.dnglhding adentifichiton ofegsolngiab dyrmatiens that may contain
hySkhBGss, Ofscidte CRLEN, Bl 3L NG hR4OFRR MORLHOM and, Ah8no waves

YHe&Eraty by YHe Y& vér s that arg 3esira8?y itienefed e ’
reflietddeeany endeafrbesd selicomy @ad irditinedtd W sutfase W BPBkixired 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
“reflections” herein. Body waves may be either 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
by 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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of an underground structure. The strong horizontally
traveling surface waves, which mayal so be referred to

wa@goognasd roll, can undesirably mask the weakBCT/US2009/034390
refl ected body waves. Accordingly, it is desirable to
filter the seismc data to reduce the surface wave

alsBNRR! dcbdied@Stol | QHART rdI0 cHENBARIBLBMAKCHE Al QkbMRIR Rl body waves.
subsurface formations. These filfers treat the body

Acgerdinglngt sidgpiaibie todfilbes theescainme datarid redvee gherfusleec waveamplitudes in
or(\f;\‘é &g%ﬁﬁrfltteoanbe%c{u% % &gasgeexp ugg’l%rfag rg?aetlﬁglse ls T%re%esf’l fterg(fli,]eat the body
waREORESi §riaBSto bk rsturn%a@ﬁd e adcow a9 ds hoist toisy eapovadd

body waves (reflection signal). One exanple of a

[06D53t | NGEHuBRi Bl &harfet QFdvetfilering HBRbS Uk f16% &1iM&¥ESs between the
typical ly have | ower frequency content than body

prapeviess . of Thir&cel |vgitvr:$1@grpgmﬂ el @hm)a@mcbbp@st m@vew (fefiection signal).  One

exarialglgr%un dalrsg 19$ulshdlng I‘aﬁ{e{létlce fis & ﬁ r?%eﬁggvetgh Syplca}illg have lower
freghi@icg@beichsSthhe bb&yaivaﬁése ﬂfhhsydlﬁﬂnﬁgullslhgigl ahestesdfié #08ld suggest using a
waves from body waves. As a result problemw th

low yeut dikier & sliminatothe pifeqt @étgrewmlhoa@f@%uqaﬁéx there is not a single
0 I f r r ed

TRl TR ISR B O LS ST AT RAUREAs o et «

protéas onith typécall peownid-ralll mitigatibn iidlicels it charrbil¢at@r athplitudes are often

reduce seis anpl j t udes _bel ow a ¢ rt in specified
fil ngq@érr@ %g]m‘f%lguwabéh? SHApe ey§aEn siglopr qidpig yeason, the use of a
lovA TR i E"qtgfj?osal‘?)fltrdrﬂg Q(ﬁ% s@%ﬂﬂc WRYGEdES bRl 2 cy%uﬁ eUKEd frequency

potentially reno e ability to accurately i e
wodlhiapndesfrhlﬂytred@e dowtfoequemcfyoatmplstopbd:ﬂ oft mcmitmdbcrdeysxeamias well. This
As an ther exa

rt
o RS BRI R e LS B e Bt SRR MEGRG Or (o perform

soplaMRSted TRRIWIOFBperd MaRded ol | typically has nore
nmoveout fron1trace to trace. Sone nethods of seisnc

[O(fh%ﬁ a aﬂ?'aﬂ&hér ald tgr&ﬁldeml @gfcaﬂ@ has 'rﬁlic%rl%%ﬁ V@MClty than body

enpl oyi ng technig s such as velocity filtering,
waived. t effiengforeagaptnidvellf tyipicatly s he@mubeeanrit rfgom rtretcheto trace Some

mehaiorioeRafk 157 ahth i Al SPaB e BN B BRERSOFY pgEyIng techniques

sudle GE V¥RCE %tehlﬂgt FKNEItEQEOT ABFHIE AU, W forRg or the like. A
al i ased ¥ di stance 1s t oo | arge, then the

(d}i@‘arveﬂt sugh @@mblodsoas thay éheacrpwra %S@ﬁmegﬂno alsprhdlst@m@between cach of
the]c rree gegrg %Io Slﬁdreg%tlde%%r ou rgl(ﬁ: gslnr_lbod‘. r%lgl%erd?:}? \ﬁlthﬁgtgnc%alQ toboelarge, then

themq;@ﬁwhe pRih8 rélf vElveitols aMbiguaue at (me aER@neRt andbothifound roll and
i%@ound notion (for exanple, both horizontal and

refiestars e becismesebnt s) may provi de additional data that
can be used to distinguish between surface waves and

[0MTdy V\Eﬂreesnmbl-c@nmnenmtévm maspsurements @f e o wepre seeipricomponents
retenti

b
of 4 ERbEtreBione o FIRES ol B BNt SPESBRET pisBponcpiy ma provide
ad di6ieyal VERV:E thab @¥ie bpQlséd | i@ aisti@Puish between surface waves and body waves to

facilitate removal of surface waves and retention of body waves. One known approach is
polarization filtering, which exploits the fact that body waves have polarization
characteristics that can be used to distinguish them from surface waves. Polarization
characteristics relate the amplitude and phase differences on different components. These
characteristics are indicative of different wave types. In particular, it is known that the

typical surface wave (sometimes referred to as a Rayleigh wave) has a distinctive amplitude

.



10

15

20

25

30

characteristics that can be used to distinguish them
fromsurface waves. Pol arization characteristics
wo edoatizo4sthe anpl i tude and phase differences onPCT/US2009/034390
di fferent conponents. These characteristics are
indicative of different wave types. In particular, it
andl SpHABOWRlatiGishig MetvicéR! Gl vaHEd asRl WM ortSIoB®hpoRSts.  Specifically,
referred to as a Rayleigh wave) has a distinctive
Raglegh wigdesan ghaserllyepaletizeds hilpe nsecsse of thedarizatien didering includes
anﬁnginhCEﬁel %eolg] t al at%a 2&%@?@1{]&65 g?ﬁtgeg%oflh %ﬁalltlcﬁstlngu}/shgs gltﬁptlcally polarized
Rap&hg’h’ lvzaate@, oﬂfbrﬁl lifi@flly nfolaigddu @lﬁlsecwaabwy Nehvicheange i €cducing the
data, and finding a threshold that distinguishes
an@ﬂlmdstoif &hase 9Vt Bpt are abegyhe pelArigaipa shieshodd.| i near | y
ari zed refl ected body waves and then reducing the
[Olﬁl’%l i tUde Rsftent Hdee3 8081468 tphB@rraﬁrtealabfdiVecmtﬁ@ts of which are hereby
1m:~D?oI ar (ig)tg If]elrt 1 resg% fgly[ ge %ho# 1nn[ F()Fsc CfOSes on% exarnple of a known
mdﬂl&rdemét IuREPD p@lraﬁaattﬁﬁh Bterigf e %ﬂ@lﬁpﬁSGpafatfoh| by sighil (b@ﬁgz hwave) and
herei n, discloses one exanple of a known net hod t hat
SUIAGESW NS IS, aHPWAVET] Theaupenss 06 stght m{mzaﬁepéﬂf@f% negiods is limited
v
b O e LRI W S HbL A6 Sy TR Ria U B0t rshor a mis of
Ralylefight edvése aadiehck fferrﬁsu of aaﬁamwev@nﬁnagynaj'omt ot 51rnple distinctive

onsi st of only Rayleig but rat
POEQHW@“QW%%@%/ TP TR tOfSeWi (boady varve ceE’WH%Pé%g qffﬁg?se other types
of @ﬁﬁfad@o&za\t@\ﬁﬁclﬁ&mb% Wa% Rt \fgpe@ ‘Hfa%ﬁ%"ﬂt AR, and scattered surface-
characteristics conpare ‘to signal waves)
wazaapl ths list. iheddtion, heterftrgpesbaivesy rﬁﬁla@@nm e<-ivaué adban S-wave

Love waves, other types .of guided waves, and s

e Pt onotie gt el R SRR AbreRteh AR chaR Signal dut

coR&pOR@N to fs@ITaRX AW Qois. PFWYAKEmMORY RBauSe VAYRcE hves tend to travel
appear elliptical in nature, giving the erroneous

thronglr @ dighdn lnh‘»moggws$p<?gxﬁbn cqmafolaiamﬁir joglslaperd ghet pplarization properties

cad ¢h f ace \e/ceo nem Steorted 1naﬁ n@ Ve Fe"fl $5hc? OF fseav%?al &ant types of
e &1 rave ?%rough anignhty ph onvgeneocud’’ poorty P

suﬁ&d&&@é\ied ainddused whayanterfthigy pothatflcotdd Ol d@hOResd bdﬂ% -waves at the
can chan e and becone distorted. Finally, the veré ,

samﬁflmefa@fi@ﬁ%@t 1B Seisipig rotd; mpkesdhe corppriaiios ofqpldrigation ambiguous.
waves, and surface waves interfering with reflected

[O(Hl%l c oRhewsced e kngavneno larizatiore fierng tGPIN‘BQdeYﬁlf’@ESethG selection of

an 88 1%1F1ft§rléls Irv%rlc,l:]doa oognqﬂ ff{“ %ﬂ%ﬁb%ﬁ%ﬁ ggﬁ ?y the ﬁltelg glnce ground-roll

ha@@“&bh&ﬁicht?ﬂrefﬂlebtﬁ(ﬁf étﬂs@%ﬁ e6hal aues elaﬂib@hNeﬁlSth% ff&st %round -roll energy,
sel ection of an timal tinme w ndow to_ana

an(é, s ok saglier dhan %6 ﬁéﬁ Fgr(g/uqdﬁgllfepp%rcan & ﬁé@uded so that these portions

I f |
O T PYGLEL Ly 51 S RIAARTW o s
wirdwev gyfurthndisblatesthe ggivnd reldglvieathd dlla}ﬁbrilhe néituresdf surface waves. Low-

round-roll ene can be excluded so . that these
fre Bffw&ﬁglpap@tmf t%ﬁa%r%a* 18Y) DERRITAS MOgT d?ﬁp?YdP%l%rtbe pyyEace where the

sudital Nﬂe%elc%ﬁ’t& 1é Fasted, aﬁilﬂftlflds(%%}; atriQc ‘BQfo'rérhléﬁ ff"eqﬁ&?éyl cornponents of the
w ndow to fufther i1'solate th egroun r ol glven't

gralindpell swhieh nampiceho thadlomt, aloevenpurt ©f tlLeowrtthedliJ&mdlypersmn spreads out

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).
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conponents of the ground roll penetrate nore deeply
bel ow t he surface where the surface-wave velocity is
wo a®vaeo43@nd t hus they arrive before high-fregeenty2009/034390
conmponents of the ground roll, which sanple the
shal I ow, slower part of the earth. This dispersion
[0610] eadScQUte LiteacerRMRY tEﬁ)d ko BB ‘%F&tl{l@g aewt fr&ﬁe‘ﬂé}n demMiphiRd to body
needed to capture it. Such known nethods nmay be used
wayes, sr@ryamsrelcS@tas miay Batbandnaso fillgred eib&agqudncy eginflgwed to isolate or
lari ed P- way a d es
é%iﬁrmna*n%l F?%yt% g@ SE Waves Pl rlgfc’ to a?& 10219@ pv?éa\}‘lezasl?m*[. Og)ila]exarnple of
thlB%ﬁnI@ﬁe Bkl Rl inays: SPatteﬁﬂi N ot 0, 7563 4B@kAGURIsYi, kieontents of which are
frequency conpared to bo ffy waves, raw seism c data ma ¥
hegsby praoapsaaisd by refarcage ay if Ky bréiesh Birtistovieeforskii deleser the use of a
s I .
P GERRREPRAY of P00, h1A° R YL HopdrPahP filering in cach
fretjeateni cpgeon. s Bles tbdmidue nerhbvss Rﬂ]heemif tNo . hidh 7&dque86y tioterference.
GQut owski, the contents é% which are herebg o .
Hawryeh pets: &y sHY sere 8leaensy ¢ HQf SRARY oyitin the window and
intBgERh&: b%&&%lfl'ect%tﬁ%lne%ﬁ?faéeh@a%sﬁolg cdh ﬁfﬂ pd Q??oblern. Also, some
frequency filter or a conb filter and perform
of ful sarfaeawvings afd mbl@rqong)lermamiaiﬂndt heuampic elle@mahbehﬁhios.
t echni que renoves sone of the high frequency
[0011] er fErenRPacntHveVEDG],288ene Ksprsid, | thesosments of which are hereby
. lowfrequen refle r energy w.thin the w ndow and
incoptasr e DR REEIPEE we dr U F ol T By gctor flaec@ev%f\ﬁéiaptwe filtering to
reN S GAFa&! Whie p&nﬂ@o&ﬁp%ﬁ@ ex'ﬁhﬁ% anS&HEtlc%i rdtRfrade artlcle motion
surface waves are nore conplex and do not have si
(grelihd pili)c ﬁov@ehlaﬂniimeth[)d)mds] ndfrSnoRattbert typics. of@uﬁéd_e;-ﬁfaﬁe noise such
t 0. ,Kappi us e _con ts,.of I C
as gwgsﬁ? S\gl?/%st tgat nqt é‘fiéﬁﬁ ilg)%ggil\hqailgﬁ i logetﬁﬁ)élllettﬁpd shown in Kappius
alsBeIs8) Foth HRACRERIoWNE; MtELAAM- IﬁgﬁﬁttéM%jtfol 1&61@‘(@"{1@@ sdiéhic data containing
renove the surface wave conponent ich exhibits an
grayindi rptli peir te @plﬂ@gatameﬁb@tmg cBmcehqg mtl(ogrrglyfrsdorr dhel I)hase difference
bein Vﬁvs%rtot I Fooll® nel 19 th%o e’?’ecﬂon S Srouhd hoe [ ut {\é o ra dom noise and
JarTace  wave thor s suc | det maves N St
intexférehdd be@dnpdiffe@ht wavd ﬂypém@m& igfatly E%ctﬁﬁtdﬂﬁdeﬁd?ovm
i n Kappius also uses both time w ndowi ng and band-pass
[0012] t er TRGe bR 1imRd R Be LBRItPR Bokk tHab@ LM AN UfBg separate time and
ground roll prior to polarization filterin Since the
fremmmdwmébvvés Tois whb kprwoethdl 4 frerrewcémpevindow |comesnands to a wide
e SRR B ML, R HRLR bl arow freavency

wiflddw egsant inawe spydagovepthd. oA erffbri¢ndfpesdchiit $o transforrn the seismic
efficiency, [Q012] There are limts to the abjility

dafagplogt WintHEMS fiiefupey Wavey. ustpdprd spsahogs do @pﬁ@smasforlg include the
W{il\\{e?eg UGB AHP WS s! t}an'sﬁ)rﬁpfel '!l"l?é%@ %h&ﬁa‘lme 89&515%\’\/ ft! 1%0551ble to

OwW corresponds a wde requency
trasgfoke tll’IE Mmdat@%ﬁe atdvelet egrugingioe Sxar@lm peafokyt ,an@peration such as

arro wi ndow results in data, spread over
a queﬁ’ean P@?@%} bagsdp dhe Hme dopin. ¢ ﬁkﬁ% %Vramagﬁéo ¥eridpg @ the time-
freﬂﬁ&ﬁy'J&hfélr?fdr%[htrlzﬁﬁ(;@ﬁft&ﬁ%@ et tﬁj@m?'fa% wavBD8Rfbre isolated. This

hods to do this transforminclude
can rnake the analysis more precise and result in a filter that affects only a small region of the

data and protects more of the reflectors.

[0013] Examples of seismic analysis in the time-frequency domains are set forth in the
following publications: 1) Diallo, M. S., Kulesh, M., Holschneider, M., Scherbaum, F., 2005,

Instantancous Polarization Attributes in the Time-Frequency Domain and Wavefield-
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Wavel et Transform and the S-transform These net hods

are reversible. It is possible to transformtine
waeleovaiizn4sat a t o t he wavel et domai n, for exanpl BCT/US2009/034390

perform an operation such as a filter, and then

transform back to the tinme domain. The advantage to

Se?‘é%ﬁﬂfétﬂ qd Bh}sh @rwtwsfs [(SUeBRCH | deiRIBafl®LoPP b@blicaBéh’9N2) Diallo, M
[terin he surface waves are nore isol ate

S., TKukssk.a nﬁ]@éﬁchh@d%rné‘ﬂyﬁ@efb@h@, rﬁeéldéfé &nd20Qss Tharjaterization of
Po%n%latllotne%ttr l%u"f‘es o&ffge?s%#l% Vﬁav 5 4 ﬁll‘& ontlnum%og/%ﬁa 'fra%sfgram Geophysics,

ects’nmore o
71 QB) SRWSW'D( anaD}Elo 0068 publcatibe); ﬁﬁ(ﬁ@]ﬁﬁtﬂiﬂatﬁﬁﬁm’eﬂ&tEPfuthatlon No.
forth in the foll ow ng publlcatlons D allo,

W@ 2OOR&OQH§ bjfvll)mnpgqrs(cﬂﬁé)lg@qgar W hcg‘g%r)b élﬁ]ﬁ] enpre ccg@eggs of each of
thel.?lg %_@%i}@ﬂ%gﬂgnsp%gl%fébﬁq 38?@{/ tdrH %)génc% s tﬂhﬁllly set forth herein. The

equency ef rel dSepar at |
forGen iy publratisps disAofShhe cd2iBruddd v&(avtlh‘etrﬁlsﬁith(CZW 0% and the latter, the

tinfqgf !g(i.}%ﬁt@% gg‘q:e?n’sfﬂ%)n ggﬁ%lp %g?}%dsgpfovgg: %}%I}’tlﬁg{l é%@éions that relate the
an§ATRGLRII ®adi %Bla?ifzat%?ll iiRALd. OAE hOUb &S unt c§ﬁip§f@ Polarization
ves I ng continuous Wavel et Transform Ceophysics,

attﬁiblltes( B theetnnNdbm@M trdy.Dihasd meh006 awuhlvcm;lhta (5 gwemmh;b polarization
| nt.er nat i Pat en Publ i cat . 2007 006145
ot g SR e &R B AT B b P LR BT 51T dhr Pl achicved by
deB@RNRThS tiffe-Rafubn&f ddrﬂeﬁﬁ O f tHy sﬁ%aﬂ) ubﬂng Glad p(qal@zalusn hefiBiX¥s followed
i ncorporated by reference as i set forth
by e ieyesse tRmeformrigebtainibe @lﬂ@tqdémabns d| scl ose the
conti nuous wavel et transform (CM) and the latter, the
[0QTidire- f It eiguericd/ tiRit thanBihoegar pﬂbésaiqmedmolosespaanbtdied of polarization
i.cal expressions that I he anal,yzed si
anflyh BE G o R ore o it b e Yo FRE<BEr AYGE ety differen
ty e P Whifa ROV Afel BaddsQN o, tRAyRUEIE Svab s e tikBE WRdRinAegar publication
only, these nethods are invertible (i.e. given the
dogronety hewievasndiaelesd thatdeterminatips op ggbire thap allew @ptimat peparation of

Su%c%nalv)esa @%g&})\ﬁg&elrgﬂecftffol tering is therefore achieved
1 ng t trme- requency dorral n of the signal

[O(ﬁﬁ/er sg%? gfﬁ%‘% ?@bfdgnt Eﬁét eteC%?l?}F? eﬁo‘g?”&% ‘?aanthh are hereby

indoBSbk4bd by rbferdned QQ 1ft il sehRrfdi pa8adesBsi LAk for attenuating the
di'scl oses a nethod of polarization analysis of

compprast ©6 o ﬁelif@ceswawgthaﬁﬁrﬁogmd@ rpéﬂmﬂm@wtlpec{u@n@ryund roll) using a

corgtlndlgggl (Vtﬁg?}gt ?a%tg )ﬂ f ! %\%g % i X&Hé d scwgelj'l 1fn ecqbefynﬁ;e] élPt constrain

thaPappllicgradnl ethel ﬁ%ﬂlddeb mif(RY eiic, cffics 6h BResifhe. Furtherrnore the method
determ nation of attributes that allqw opti nal

setsfeph in Besticyfdoss petaekatein B8 remevah od pthra et ef peéace gypye noise that
do ngp%,mm?lpel Ugﬁﬁ)gﬁhz 5,781,502 to Becquey, the

conten ereby incorporated by reference
o S BT W e SRS B v v
polagizAtagr asigyRaid it em¥tfdq@Bndyl démai@l QHO rMakthddsusil M@ve limitations.
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
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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conti nuous wavel et transform However, the nethod
di scl osed i n Becquey does not constrain the
wa@ppbitzesd on of the nethod to mnimze the effBCT/USN09/034390
the signal. Furthernore, the nmethod set forth in
Becquey does not relate to the renoval of other types
rerRbvifd ﬁﬁ@ﬁ@lsM@Mﬁlegﬁb&@Vﬁlg ahe dRnAOt TEXMIIPI freRie @dth GBtresponding to
1§mlar|zat|on 6] Despite the inprovenent in
re tcfrarﬁélum@ormrpémm P10 ﬁletﬁiéﬂrlngaxﬁ spidaggbvariche dnviinproved system and
e‘ElQ lda N %r OrgllI?élaalF %g\%/eﬁﬁ: i a%'sglﬁggflcr: éﬁgaggogémgi%rl%le r][he influence of
undéstxebtéeﬁﬂmawwdq br giogndkoll Brdesirdbiy.f er ence bet ween
coherent-wave types in sone regions of the

time-frequency dogeMMARSY 0A' THECINWRNGTOARL i ON
attributes typical of surface-wave noises may appear

re g Séfﬁﬁo@l?fﬁer‘ﬁ’aéﬁe tl{éo fegerﬂrﬁl'vé/ 10?1 f‘]éieﬁes to a method for

7 bR,
serve he sane reason, one may al so observe
ﬁltpnhgrrmzlatqompopattt eisnsc tdapi. ca‘ﬂheoéxemp(jﬁmlmethod eginpniscsofdentifying a

frequency domai n vered with I . .

Py S Ehara NG SLue STRiaFoR-dhe Burt b el ihetsristigneomesponding t

a 1Blatil @ ﬁiahﬁ‘é‘steﬁﬁ)%e&f Qb & aPOhGIKE éﬁttheoalf@tént 'cQMP&%n@sJ O exemplary
may not yield the desired result ofrenovin he noi se

mafid &irfieesempiisy tdh@tlfyl@naltlmﬁfrediu@mw bpu@@ey ve thiaseismic data, the
Of I €5 qef ectors requi res conprom s
inf Rl R G Bk P M B i DA PR I Bppin sutuce
waetnaRd aha rergeihf; a1k dd0scdpEid ldatacyf telnicﬁiliﬁgngorﬁﬁn§6ﬂ‘ h\iseismic data that
data to mnim ze the influence of undesirable surface

coigespesd & ther RJursdity of Pharacterissicy appefacsiraRmthatjgee within the time-

NVE 017] An exenpl ary enbodi nent of the
ﬁegresgw%&@%%gntion relates to a nethod for filtering

108 8hr  SSERRERY RFRG SoBRoPinore§ SEFRaRadn FFiclffheg with another

ex@hplaRecribd it 6t cfah@prebéif idlcrtion tévp@des hanaeiedn &lrli®s arrival time
corresponding to a relative manifestation of surface

of w\f@eﬁw@él%ws fiorea BPHipB O e sehvip6 egerded afteplusabiplalogations using
%gmftéﬁt sla or$ QNP rl&&l?l?}al gedn£ u%éﬂt? Q)ngaoflér%tlgﬁ CHYG e Yistics of the
a, e tine-frequency

e seism¢c
selbmu;ﬂ dlafay idel Itlﬁ&aﬁrd:qt@nQO rdoiraits 0Thd heemplasyrimaettad afurther comprises
est i mat ed togdfﬁont ai.n urf ace wave 0EOI Se an creat] ng

estpating & threwpkdhdog cach %}9‘ HwiRbv| %matl%g %?PCtFlﬁ%thS 3 the scismic
dat%e't@mh‘fesgéihase%!ﬂ%ﬁné: ﬁ{er GQiata intd1§ tﬁktuﬁaﬁé gBﬁlo‘ﬂfthat is estimated to

characteristics of sur ce waves and that are wit
cotthm Burfmét\maellmgesbandndaﬂeyond[ 04xa jordomreht oid r[otbrestlrnated to contain

f||ter| nt seismcC a in_.accor
SulfpeEr o kG DB EIOP BB ERPHROGQHIRE fitered seismic
daﬂa'b“fl%ﬁlboﬁig ORIk D€ ﬁlees%fshf@&itﬁ] ¢ha®Bore&pbhERL the ﬁf&it Mata portion and that
tinme of surface-wave noises for a portion of the

ocgwiastaf e cadissichedval tine ofithe surfacy-vafve noseat i ons usi ng
mul ti - component sensors and identifying a plurality of
[0Q9] ar | Aatamoputerhaysaab ethitsis edappdd tdeperform 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
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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seismc data in a tinme-frequency domain. The exenplary
met hod further conprises estimating a threshold for
we@2wb/1zf43¢ he plurality of polarization charactPCT/E51005034390
of the seismic data, the threshold separating the
seismc data into a first data portion that is
theeShidniBidach thet SRRLFIIY SUhE PRAAINR\GE cABaSREstRR G &uFR&OREves and that
data portion that is not estinmated to contain
areswithiaclee Wagdroquensgdoungaraddi ti on, the exenpl ary met hod
conprises creating filtered seism c data by renoving
(0026 t i oEzserxqﬂanyl"eenlmdimmts: ofithicgpre¢sent ingentioaspanperfant fikering on multi-

comppRpL st by Hen Byl PR ABTLEEs 5B A7 e Thkle, an inverse

ellﬁ)@i@'ﬁj&ﬂ?ﬁfo 8 yolafimtidhadirdcBorERMmt &ille t@iRAtifyPomidds! rREMEL data that are
|ti-conponent seismc data in accordance with an

estem@nfé) It egnteirhdnt aermesponding éo pn@@@nbleusmfem waye noises. Data filtering

ans far dent| ad | ural
R T L BBl ARG LN B B B ping: o ename.
tinGhREAChEY bl dasy, CihE rtﬁﬁ@ﬁf@@ldﬂ@y thuaddrel dlihdRing portions of the multi-
mani f estation of surface wave noi se on the different
CoORpARIIh SAIPEIIC FHa cetimAisH 4P ycoB i SETEIce YRl s gAnother example of a
cmg 11§cq§de'§?ﬁeﬂr§la£1%urﬁ éIItX/]eBg o% {HEESu{{fﬁgeq{*JgQé:Mmses of the seismic
oun ary 1n the selsm data reqguency
datap wider yhaglehd nedt fongleprifiyt a (imgeocﬁf tulmes sleit sind estitadtad to contain data

est i tedt contain surface wave nois Fi nal | th
CORGPRPIAR y* g‘rﬁ"ﬁ%tn@?e%ysfneﬁﬁ?‘glg%r ?%é'é‘elﬁlﬁgﬁé eFlg’PdH%{?—:nét ‘?feﬁle present
invehlib® rrﬁ ﬁ?w G GALRoBYHaE g‘aﬁé@ gv1ﬂ)i°ﬁhfe°5‘13 ﬁ%@héh%y for cach of the

sel smc dat that correspond to the pluralit
pokhiaatapt driasterisgcsaff thamfiliceomponest wmohit date. are wi t hin

the tine-frequency boundary. [0020] Exenplary

[0021hodi Arnrixsmpfary Renbpdi@se@ntof | tlw rdsetninm@tiopembyprimlude performing a

filtering.on multiconmponent ismc data, by errploy ng
forsgrd ARg/at iIBYFrSst Wliethﬂqégncé’uEﬁn %OPltg% sgisglie dalgn An inverse time-

frepﬁééﬁpst?anﬁdrfnpﬁf 'Heyglerrﬁatrh@d dh ﬁR%r%&'d%%t ’coOQll&Uz rtﬁ&tcfe%ﬂoﬁ’ of a visual

ike to idenhtify portions of seismc data that are

repestenmtbe df troundengraimd catimnoent Espbodilegesmiuddesi r abl e

surface-wave noises. Data filtering nmay be constrained
[0022] parltni oid eengll@asentfodirhenttafrige fpf@éltuaﬁee;htﬂ)ﬁﬁaiddesswe iterations of

usi ng, r.exa . a tinme-frequency boundary, th
CO@%W%EIGM&Z{% WEJ%@HH%W BRAQTAA S FIpBict Jath &0 affmweaddltwnal data
cotft Ip%héﬁﬁgp%” QiGN SvE 910%%13 RSl @ﬁfhe%x%ﬁg& A @htbdiment comprises

ace-wave noi ses. Another exanple o constral nt
idannliogl es s¢ched l]ﬂmah’tynoﬁpba‘aefnmtwel afciheyfiltdred hveismic data, the second
sur f ace-wave .noi ses of the sei c data, whi e. .
ey G R TRy S Siogting 0 STy i naies Ta s FRtred Seismic data
Art &M chidainiert MdyesRanmang cb@ Pﬁgbeﬁi%nﬂi‘@i@e@ secbfid boundary in the

addi tioh, an exenpl ary enbodi nen present

ﬁlﬁemlemsnuﬁ deriay tlmmlcglyd bourma@s Helinpatingypotians @f the fikereil meismic data

esBhur PTG SR ol - DB BN BB nfilerd sgismic data by
rerh&dRd IpoAfbre XETPL afilyer@iTheih TR fdta Qﬁatt Kerepp@RieRdt the second plurality of

i nvention may include performng a
characteristics and that are within the second boundary.

DESCRIPTION OF THE DRAWINGS

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

the following detailed description and the attached drawings, in which:
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forward and/or inverse time-frequency transformon the
seism c data. An inverse tinmefrequency transform may
wheoopaedser med on filtered data to all ow t he creet/Usw0w634390
a visual representation of an underground environnent
based on the seismc data. [0022] In one exenplary
[02podi PRNT iOf prbb&s PoRSEMramMARhb R a kAGEE BRI processing seismic
iterations of constrained polarization filtering are
datger f or med on seisnic data to renove additional data
corresponding to surface-wave noi ses. One such
[0626¢ np| Bigy 2ersbadiiagan coapalaestiodetliist ythatgisaus@domdexplaining the
it Tion B QabBians SraITS 8F SERBFacel FEpRsgn setrdince with an
ex&RplaBSRREYHiRentoT tRUsERaEIMBY R0 ses in the filtered
seismc data. An exenplary enbodi nent nay additionally
rig g S [ £ :
O B3 s, ¥ pot-0anGn FEaRm R SR e i st e with an
exghplhhecribddimemadf sled mosont that@iest i mated to contain
surface-wave noi ses, and creating second filtered
[0627i] s Eigdatia dyrocessofibwodipgain has siifwd henéthdd éfi @dcordance with an
seism c data that correspond.to the second plurality
exgpplafyaprakademeaat i RrpYnt HAENGA%e within the second
boundary. DESCRI PTI ON OF THE DRAW NGS [ 0023] The.
[0R$ ant Eiges bfa wmphpthat shews mpyestatioashipi hetwesa pearertéqal component of
seigrggce([a% n(%fja g&ia’i gérﬁééﬂae??%% g gggx}lfco(iakaow ng detail ed

scription and aw ngs, in which:[0024]
o9 1ed | ' t hat  shows .a k
106288 hoc st 6 BBGE Ry isaiefil 37 a3 et Rrigh 5% g bascd o a

mdduB8I AN the-FeRAIRY itAlfoAR i€ hédoRGBct Rath dnSex¥ER{a chBodiment of the
expl ai ning the identification of polarization

presefpeYanties; of seismic data signals in accordance with
an exenpl ary enbodi mrent of the present invention;
[0030026] Figi ¢. 1s3ai@aph photegsarf limmndiregusa et hetcy splotvghad 1s useful in

e~ b BrBERAL AT b4 G0 39 TR ORb s PRSP TBoke Plasgpe withun
ex&thparAmbdidhe PR Sredt MQentidh; accordance with an

exenpl ary enbodi nent of the present invention; [0028]

[Od’_jlql' _SFipSgds 9r@Rthid Efﬁ)‘f sﬁé\%ﬁ Lrab LIk r Qe 'tfpdé 9§qunaexplaining a

verti calF conponent seismc data and a radia

filteongp iebmtjuoin dcherdgedeswitlc adateaplir® @2®pdiEnant obthieprasent invention;
graph that is useful in explaining the detection of a

[0032¢lge Bigs@dison grapmidall tepraybntatidri RRewingqalsotye tvalurs f @ polarization
i.n accordance with an exenpl ary enbodi nent of the

attﬁglétg% rl"lea\?@lﬁ }h@ﬁ,elsrmc 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;

[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

the space-time-frequency domain;
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[0030] Fig. 7 is a graph show ng an instantaneous

frequency plot that is useful in explaining the
waledoearisen of a ridge based on a instantaneousPCT/US2009/034390

frequency in accordance with an exenplary enbodi nent

of the present invention; [0031] Fig. 8 is a seism¢c

[0086pt SR NG Asdi@Mic PIRshb AR tHe UTRred® vebipder!thé Faw shot data shown
explaining a filtering technique in accordance with an

in Bige fphdthe fdrsestidateshovarinttie 13¢ esent i nvention; [0032]
Fig. 9 is a graphical representation show ng absol ute
[0034] uesFigf 1$ ol asdisaicipbot showmighdateelsasde on viedrafw ghot tite shown in Fig. 8

ismc, plot shown in Fig. 8, [Q033] Fig. 10 is a
g il SHStn! adiptin dTBRtEne fieg bt it an cxemplary
cdB@WRnk NofFhig piesbh@tintagot NdenBRme spRleartigait@itncy and amplitude
filtering according to a known nethod w t hout
cogshragty aicniscdio mingnigpdemagd iweatiddgisency donmai n; [ 0034]
Fig. 11 is a seismc plot showi ng data based on the
[0038)v shibi. datisa pnapincal mepfesgntagon kbewingsabsolder gdms of rise angles and

| ar i tion, fil ring according.to a kno nmet hod
el i A TS P OB e RESBIsREC P RB IR i Bney domai n;
({0035] Fig, 12 iis a seism ¢ plot show ng data based on
[063% r afigs Hots aispisnis miRfrshpying e diftarenge byleecniberayopot data shown

in PRl ahd fld AlL{d ddieUidieh @G5QNAL NG L0 a known nethod
wt hout constraint on the Space-tine-frequency domai n;
36] ki gy 13 1S . ismc plot,show ng t

0080 ot R £ st ei® pRE PP p R M 1 " o furr undergone
a 8ddnd heas§ i dft esetrathatl apslexmsioh nfifkérthg 12; accOfdddde Fiith af4exemplary

is a seismc plot. show ng data based on the raw shot
empgdimenh giihe ipFesetgnvantiohgindhas under gone constrai ned

(g&lﬂ)ari zation filtering in accordance wth an exenplary
[004Hbodi Fent8 &fa sawmigméesshowingtbadifémicnog bapwaesh tBp e shot data shown

.t ne- n [t onstraints are used to
in Fl R g B A A0 B e T o058) TF g 15 s a
raphical r [ i of
?i sg angl esﬁgﬁﬁaﬁ?bﬁ&@o@g}?p@ﬁﬁ?@\&ﬁsﬁs om
the seismc_plot shown jn Fig. 14; [0039] Fi 16.is a
[0 s i ko eoﬁoﬁgw&& H@t_altl?de deseripiors ﬁ%fél_[oseflw]ear?cg‘yfeemé%ﬁmems of the
prc%@ﬁtingéﬁi%n% W ctiPedinSonfe@fod &iﬁ?g{e%r{e@r%ﬂﬁhﬁéhPI\Wever, to the
In Fig. 14; [0040] Fig. 17 1s a seismc plot show ng
exctat thasthovwllawingidgscripdon saspedifis td apattienlaupdbodjoret ar a particular use
cond pass aof const.raine olari.zation filtering i .
of JBE BFasHoB VRN Ah1S dx AHETGECY e b dol FSTPIEY RURO%S @bpand simply
provid&Nd dediipasd OEQ%&GIE%QW d8bédim@n el ﬁE@o@diﬁ%@E the invention is not

showi ng the di fference between the raw shot data shown
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
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
seismic 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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in Fig. 8 and the filtered data shown in Fig. 17.
DETAI LED DESCRI PTI ON OF THE | NVENTI ON [ 0042] In the
wo edobogi4pg det ai | ed description section, the speriU$1009/034390
enbodi nents of the present invention are described in
connection with preferred enbodi ments. However, to the
sci€iceiita tsh@ltertd &/ithal bawhig RS & tdedih QAtal ﬁorﬁ&e@é u'eﬁC}I Rnge typically
particul ar enbodi ment or a particul ar use of
dopninageshlty sufpepviawes;, this is intended to be for
exenpl ary purposes only and sinply provides a
[0(H1é$ crilgsing lﬂlmutplh@bmimtbﬂ‘ranyh@hhml@hssdﬁtsingmnpemidh 1Glglbyk 102), time
i nventio s not limted the specifjc
witdhertoiog Rt AR, oot Teekaron i Thyies. gaslown at block
103! |Acﬁi|1t‘i&1raﬂ?t hESzatiBR AttFibGRE bRNGOmARY fAILLMALBRRWindow selected and
falling w hin the true spirit and scope of the
poaptp@tmdttr@mere [roondpteri tg. caver sagh pinisc peigt foff e multi-component
gran1that shows a known net hod of processing
mc data using polarization filtering. The nethod

MR b BTRSHL Yol L SHES g bt i

theoﬁﬁffa%E 'v@ﬁleq{oﬁehﬁo&ﬁﬁ@\@eﬂ&ht}l@qlg%@loa@fde@ﬁl@@ e$akAg wave noise is then
seism c data, the discussion of an exenplary

estimsodiibyesettingf ta Aeropmyseme fomieolt thenreserd cﬂmmhd thesinolock 102 with

poﬂa?%%tlorna et t earre},ﬁ er}gsgrgt tgot%d Lf%g?ﬂs\]ag? B} 85 gﬁE{’( he%SRy qg% ﬁ%%% threshold

valied)s mhe ré’s@lt&s d0dstiePof the Solributidn ofRARENR B csda tiRsRtaset.
directly obtained by recording seismc waves using

[O(WV'] ti coRpeasiited @ﬁ‘ﬁ@creswmeaﬁﬁge %btﬁﬁé’& fm |sfé5 31049 Ng -thé subtracted
bl ock 102, the rawseismc data is [tered wt

fronaml@qoassmﬁl Hatesets, gisr ominnatdelpek flﬂém Bhe r@qheﬁ@lﬁs rﬂaﬁn didtered multi-
typic dom nat e face waves. [0045] Using the
CO%%F% “@ﬁ?a?ﬁ%&“Prghﬁ¥h§H )andpass fllterlng operatlon
0 1 ows ar e sel ected for
l“‘@@ip s Dokt of W&%&% SeisHales - Ao RS be%d%wq&md to compute
insBintdHeB6K pdABzathAdbiiARA Lying RYNHIEZ %b&n qthtegé PAEIRRIs are used to

are conputed for each tinme W ndow sel ected and
an@imfaﬁurﬁa@f: ivaveata mifputhe slegp eaithh peapgdicat elchey prevde forefamdy and more
nt of th Iti-co nent da 0046] At
de ST PR 1P et e Pyt ST PoporsBRiPa P TEHE bpprbach.
ri byt t hat bes tln surface
106 e fleeofﬂ”%n% Bre bett g @ng*eav angpfip QriDegy poppputed from a
coMBMR tRARE, Sv@hlbl§ sérb@srhsgﬁ hATRS BF (RS 8bhin PG &f%n %@Erﬁ%@@’ embodiment of
time point of the record obtained from bl ock 102 with
theppdesamit z@tenoon.n§lonsilar Hctaed i/5t the radialt dnel warri¢ad companents from multi-
(as defined by the inposed threshold val ues). The
compengnt r¢cgrdame. eShdseriive conpervatsowarebined gncastrecirafowlex ellipse as
rolyaves to the dataset. [0047] The estimated
O'§UY¥ ace- wave noi se (obtained fromstep 104) is then

subtracted
CO=V.()+iV.(r) (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"()+C (1) )

-10 -
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fromthe original datasets, as shown at block 105. The
result yields the filtered nmulticonponent signal, as
W@ baon2@s0 bl ock 106. [0048] In the field of earPehyszke034390
sei snol ogy, nethods have been devel oped to conpute
i nst ant aneous pol arization attributes using conpl ex
traces. These nethods are used to anal yze surface
whgeys €s (D EﬁﬁeH)Cﬁé dule bl eaﬁhmwb@péms%gn- Thespllp rasounge?, we may
for finer“and nore detail ed anal yses than can be
wriabtained with the nore traditional w ndow ng approach.
[0049] The following is a brief describe of the
pol ari zation attributes c Led .f:r,om a conpl ex trace,
whi ch serves as the 6§Z?§?£gﬁﬁﬁﬂé ggvelopnent of an
exenpl ary enbodi nent of the present invention.
.Consj der+ A¥rgg0d(s he radi al and vertical c onen
Wl?%?@nﬁ Pml‘t‘?%n{’el%g@rlaﬁtﬁ@meﬂ% YRS VIR hentl erefore we can
are conbined to construct a conplex ellipse as
wrftoldcalg: C(O = Wx (t) +iVz (t) (1) where i is the
square root of -1. [0050] In general this signal is

not anal ytic an u J - has- @ adenpart C+(t) and
a retrograde pa?d% S)_ ¢h thggo%??)— C+( + C( 3)

(2)where C+(t) =-(I FDCXt) and His the Hubert
Thf&%ﬁ@ﬁ!@wﬁscm‘eﬁéaqrpgﬂtlagéumet we may wite C+ (t + T)
=C- (iw (t) t with w(t) =--- - - being the

[005$t ankign&oissa fdizgjamnefi @spabdrizgti¢O cllipphethatf or ese\fuel imapxplaining the

odt..write t w .
achigiphilont of Fofheichiot svishiciett oSttt pikpingh focBamee with an
ex{Rplady] citb@limént o the Picadht acafiod WhE alapdad is(grén@ﬂally @&Erred to by the
that is useful in explaining the identification
refigeongg nyraber 20 Thp atttibuies of ansedlipggi291 éb@\an # Higal a1 ¢¢ﬁned as follows
rd e I P

o TSRS ol CUPIRLA TR, TRDE el g o
andl 8fc8l16R&EdTH ‘Q‘ZOO The attrlbutes of an elllpse 201

shown in Fig. are defined as follows in Table 1 (the
S rt)blz ntal oars. Oﬁaﬁliihe EXPr eSS om of () | ' Eidn.
R'E:’) v "p'll'fs)‘éan‘féjﬂeljousgﬁlrrlﬁ)major axis of ' oot et | 'C'*' (t 'Jr%‘* (f)|
ellipse
(t) Instantaneous sgrni-rninor axis of |C ()| -1C @)
ellipse
1
o(1) Rise angle 0(t) =— arg(C “(1)C* (1)) mod 7
AQ(0) Instantaneous phase difference between (C H+C" (t))
V_(¢t) and V_(?) (C (t)—C (1)) 2
Q1) Angular frequency inside the polarization Q) =(w )+ (1)/2
cllipse
) Rotation frequency of the semi-major =@ - ()2
axis
o (1)
p(t) Inverse ellipticity ratio p(t)= %

Table 1: Instantaneous Polarization Attributes

[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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Tabl e 1: Instantaneous Pol arization Attributes [0052]
Those of ordinary skill in the art will appreciate
wao bav/1pisd varies between 0 and 1. Note that fRECT/EHS2009/034390
rotating ellipse the rise angle gq(t) and instantaneous
phase difference D (0 are not intrinsically defined.
evalated GBF If(g)" alt Foﬁ@gs@lc{ Qighfls DahebE pRiaR@tdt atd@ealtsul since the
beeval uat for T(t) =0 Eor seism c signals, these
rdp@maﬁeoeksuar&zmwmm¢MMnn since the relation T(t)
VV(t) Is always valid. [0053] Wth sone algebraic

[06%? R(t thI some)a(f%eh é&ﬁlga: gnamlfu)laﬁ on o%é %}%T)gessg:f oI( )oiu{]d t‘efz‘ )m terms of
R(z ))&)t@heﬁc(et b(l‘i) ﬁé‘ )els fofldwither e go(t) =arg(C+(t) c

) /2 and bralc expreSS|on of r(t) is
considered (r(t) —|C s ﬁz%mLhn Equation 4
yiel ds the |nvertld?éf¥éﬁ%®kdﬁ@ bet ween t he 4)

geonetrical attributes (r(t) , R(t) and g(t) ) of the
wheRSt &) angeus (? ’2‘?’5/@ and @ higebRm WRbeRsidX @Md(M G@Nconsidered

be recover ed. In an exenpl ary enbodi nent of the

(@f%@@iﬂ%@%}l on, EcﬁﬁﬁBﬂl ex {fRRe (RNah¥sHisle! ?elzﬁﬂﬁ@lﬂﬁe%tween the
ng a tinme-frequency transformsuch as a

geérh@tﬁ%ﬁloétﬁlﬁu%scﬁﬁ(ﬁ)e R@Y eh&to(BorsHi the imlisarRohs anpbo ’éﬁ'd C*(t) from
al l ows the anal yses to be Iocallzed both in tinme and

whi¢h 7'r egienesyn b R060dredlo express the attributes defined
in Table 1 and equation 4 in the tinme-frequency

[O(ﬁglmjgl Pl’rne%lﬂgxﬁlgéj) peen %@nt 0, tf’i‘é1 e\égn? ﬁve%tlon %orn%e)i trace analysis is

Nnce o arlza I on

enhvihceid &yt digploping i efltiﬂlHSfrdqavﬁyetraﬁsf(&ﬁﬁ fwohnmay Qf?éhsi@fmﬁ(ﬁd the wavelet
with respect to a _wavel et t) as where g((t - b) la)

domging Sruamaﬂsﬂnéfpﬂw&UeWéfhef%ﬁ@ﬁWﬁ be deaabired adh 1y tiwe and in frequency.
not her wavel et g(t) (where indicates the conpl ex '

[0(b5<5ﬂ1j ughe expressribe @ﬁrlbntbed@fmd an Rabledl @Irdamlaa@m 6 nn heetirRe-frequency

doglﬁm DACLHURESHE AR anall%lmlzé r{h@ HOL %eﬁ&e@{c{ag gpen hEALE o(‘fyy)olarization

v
scal e"a ‘canh be %?rec rela equency

attéButbs, %¥e hs@ the EInti@0oRsGa Bt @ﬂaﬁifoﬁ@ eChDIENT@) Wihlredect to a wavelet
it is possible to recover C(t) , and hence Vx and V .

g({O®56] Using a wavelet with unit central frequency,
equations 1 through 4 can be expressed in ternms of the

time paraneter b and the ﬁ&eq . Equation 4 is
then witten as WBJY¥ (54 :R bgfcg?ﬁ (dhdx, 1 e [q(bJd)+q (5)

(bJ)] , (6)where qgo(b, f) =atig( (b, f)W(b,f))/2 and
t he al gebraic expression of r(b,f) is

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
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

as

W, (0. = RB.S) £ (b, f)] 000, ©)
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considered (r(b,f) =\Wy +(b,f) \- \Wy (bJ) |). In the
Diallo 2005 publication, it is disclosed to use q(b,f)
wanwIptda3d) to separate different wave types. OF/US2009/034390
surface wave noise nmtigation, the Diallo 2006
publication discloses to set to zero the wavel et

ef ficient ¢ er, h i T . an .
RSB Pl DR TS 08 BIPE L biardr 1) i
char a istic o rface waves, The . Dia 2005 and. . ..
conse b/ datl o de. HouBlan PHE hohe il el Hw%ﬁf%twﬁglt is disclosed
filteri tq a tie-frequency . boundary to better .
o mt%@t? i ) 0 ﬁ%}?f’ﬁ%}ﬁ HIRBHE WSt datesy o%@rr]swr-fﬂ@e. wave noise
miflgdtfon? (R %ﬁ?sﬁbb@ ‘%ugli@aqroﬁn&igﬁ%s §Bo§’x¥f" t8 c% I?l?ed walelet coefficients
accordance wih an exenpﬁary enpodi nent o he preséent
Wi(pNANEIRI tHNeiseeimed Ji(5, jg)eraﬁﬂaﬂhbyinweﬁserémgidi@ A, thehave values
ref erence nunmber 300. [0058] As fully set forth bel ow,
chirb&estrRnet anfacowidies 3I0O Miallat2ees taad 12066 ipiplien@ds, however, do not
_processing and renoval of seism ¢ data corresponding . )
disclose Jppising {IHgrEe it ac Hewsirogyerey heprdsy tor befige nergtect signal while

il ' ne nor polarization filtering al one, nor
rmgééﬁggtggggg'ination of the two, is adequate by itself

odhy et PR AR B B ) RBRA0 el Blance vt
exériplent érBbod@knt STthd pheEmiifvdnkibhlS thhatn:tis is A& By edTFtrred to by the
in surface wave mtigation that better protects signa
refeeengg nyabard08ur f ace- wave filtering nethods that only
enpl oy polarization attributes determned in the
[0G58ire- f Aeduneyt duthabalowbxtberskemplasnvediodedd® rdates He the improved
rc?cr essi’ent . ngenteillo SGenpl i2y ?gdi 1t*ri o%ali Chtarsa% %ri SJ iecsntc%ses here
PSR #AY 4O il SLES HT SRTSPOLLiPE A e kTR WioeEd W
neitlic@ frda0eheyViareing @fdne Glot poRarizdt S erims @GHeandt a simple combination of
enbodi ments of the present invention sinmultaneously. )
theapyyst, yis pédcapicAat itephl @rattonpafe spracpusmed/neips wathpyt dagnaging the signal.
Md)r%%,' féﬁeﬁ??«m} e%ﬁ@di&%ﬁ{sag? WRY & Suenfibe getp?(grﬁ{ | #@Lih ORlustrate  an
characteristits may I nclude any of a variety of
imploat@aciiteini sirfiacs wahamitigdtmhehathiet@nptotéatideigaaidelaliias @ surface-wave
behavi or of surface-wave signals on the different |
fillepg grahrds  thajndy ﬁ@ﬁg?yaml@r}m@% RETIRYGS ErfSBRIMAS M Ehegme-frequency
[ ' t j [ : "
ot PR SRR R et RG] 42818Ral characteristics
to {aoditate iopamhlovepamdiior of sunfaco vavdieroipoframi ody ivarve reflections.
el lipsel/ellipsoid, frequency, velocity, velocity
[0089% per Bxgnplagz | smbiddiraénts hef | thse)pradenul inaere s | symultar@ously  apply

rocess that distinguishes themfromsjignal in any
pofgaiettiaeL, PR fae-Asaycncy  crHgEa e ewelaﬁlfgcenf_ierr@ao‘(% Apriagrcpvaves, where
polggﬁatﬁ{ T AREY H‘I‘f‘alyaﬁlt:fu'dg Lﬁtn?SofCQ %ﬁé‘@' Sl tdrisiEEHat relate the

timal [y to protec
amplitude and phase behavior of surface-wave signals on the different components. More

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
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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signal data while renoving data corresponding to
noi se. As will be appreciated by those of ordinary
W@ Riobl12G480 t he art, the specific criteria that BCEUS1989/034390
nost descriptive, as well as what thethreshol ds should
be used for the application of those criteria, wll

thrégHoydsf MO8t aged f&oth‘élaép?ﬁeétlona@ﬂﬂfbg@ glitbrlah @R f\AKE flddh dataset to
derived fromthe data with physics-based gui dance.

dafagnisold siiheldéhasefoss bk dravgd diloim theidatapnigh plisiaaitaped guidance.
appreci ate that the exenplary nethod 300 can be
[0G69p] | ebhaso oérwdiawyfﬁdb imdeearnwilt eppritingahitahe eeahplaguaethod 300

that uses inverti nondyadi freque : :
cu DEAPPBRILO G HERES Bavraer dnbig i ysh SRHE A yage invertible, non-
dyuulé tﬂ@d&frédh EPrhRPorh R AP Bfpeth@Dhed Abovel BRI itASut limitation
known nethods with a constrained approach in
theg Eber draogfonit h Sanplememgakyowm@mhﬁémmdf at ﬁélsm@s‘é rapproach in
accoré{ en% lﬁg?tl o Ie%% i d]{yﬁ%h %gn? lergloﬁig{ @rege%rt f?l%ént%ﬁem% yield better
alg@(lﬁﬁ‘m &ty s\efioeakave noiwf mithetiph esigivut ialte@iy it sigasl. b&n exemplary
used to yield nore_efficient aI gorlthrrs for surface
em]ggd@qa%,@ éhqanp[rq:s§1att jnygntign; parh pgHsed ¢¢ gépld more efficient algorithms for

su(F%Jg 6\*11\%% o #ptlc(%n\rl\gqtrﬁ;gltl %Ef 81&%8 ﬂﬁ@t{] g&lhﬁgnetﬁlﬁ Etgfg)s(\}r Nore components)

recoedisgi ¢ data, as shown at bl ock 301 The raw seismc
data 301 conprises a nulti-conponent dataset directly

[0081] ai MEEE SenipRGOmEktRe SE0 BdPifs WAN @Sy séisdich@itd, a6 yhéwn at block 301.
geographic location with nulti-conponent sensors.
The op@2sciamio|dgtak 38b 2commiseimy muldeaponemt ddisshidireaiéy sobtained by

recg)?c% é % i%lvya?v%g t{)e?pgﬁ&ﬁ J%e!agraﬁiuc 16t gﬁ Sl rﬁﬁ‘fn-ﬁ% onent Sensors.

and cons boundari es w t

o 3y o398 R R R B8 ik SBE) YEAScR coermine

its @bﬁthhﬂﬂiﬂ Shibuls, Sdrt)aesstm@itg BeuRrits @thinRehish @&ler Based on the
t he Fartl cular seisnmc data 301 are selected. The

gr@arqa arplysihefethesq atiibytessihrgsheld edues shajtbegadistinguishithe surface wave
V C

? fi eﬁ%urgrléhac é&@%&ﬂﬁﬁ%}% %&Sﬁ?gaaﬂyﬂ)ggﬁéﬁ?@{/&eﬁ Z’J!hh%féah}/est onset time

of efirfideew svek sureachdgthtton3 Idetdringn ddariRethon else obixinhen apgiredt velocity of

nosily dom nated by surface waves are determ ned, The )
thea%fap? e Freme ttm?férﬁﬂ%lﬁzé feysTaBrel fhq 1smis dpreidly qu boundaries

of 9@1@%1'& tnliUsﬁ? Ia? e %ﬁﬁrfaia@t)va@@ssére db@ihROH $he S E)fﬂ%ﬁ@ in the time-

waves from ectli events he i nformation gathered
freqnertclii donwire B, anahized thebtpm thoesholdntaluey tldatbast distinguish surface waves

correspondi ng t ace. waves, constitutes t : :
frogt {4 RTREV el QB AUGRT o S rvEh T HED SR Dot identify data
coBespbR@BSlo MrfRlb el R3nstltbs WRELBhteS 8fd bbiideAtsSrekdAl to as SET1
match tRe attributes in SETl within the tine-frequency
in Bigd3t i me- space boundari es doni nated by surface waves
are renoved or attenuated. The output from bl ock 303
[0063] us et Bleck Afditalltwavelat evefinehissha radtclbithecitriBOus imBET h 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
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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is simlar to block 302. Mreover, block 304 results

in a second set of attributes and boundari es
w@oreespandi ng to surface wave noi se charact erPGI/USRN9/034390

The second set of attributes and boundaries is

referred to as SET2 in Fig. 3. The attri butes and

an®OBNABEH@S i0h SFakeqnee i dTt aRrd ﬁ@qﬁéﬁc? e&@b\éﬁdén@és' Slude attributes and
surface wave noi se fromthe output remai ns after

bom@@ésSl\h@tud@ ithtagioks RO Impigee é@ﬁswu@dy |0f &ttared slatagfecause noise that
rnaa/t E)“a a%#e‘é\@ éﬁ dd%gll?ll\rg lalrl‘\')l\in%és I?1|1 galn]c g:aer 1§rs§eter3ng éﬁc' n?ag/f ? identifiable after the
dofmieauemnsy dsde pasaense of the attrlbutes and boundarles.
Miul tiple iterations may inprove the accuracy of
[0d64] t er gA bRk B GAURBVAS &R Hid1adts TRY A8tcHBEKdwdYttributes in SET2
dom nant noise in an earlier iteration my be
withgierth¢ ftinadsfrequehee randhemgopierahouniarise deatinat¢d byesurfasd. waves are
re n%\{eg tm?alé%f: :{' Bosegulggs %’%gs%lg%%lt\%?qc%fjﬂgl 1% gts‘g’t (gfh polarization filtered
dafial rE- sfhbezﬂuanbmclarﬁbal megm@@zala@unﬂﬂlwrw&ia&ommh@d bbYyused in the
surface waves are renoved or attenuated. The result of
comitiye b Py vigyal pensesentatign o aqurdorgrgindIvaionmgas. on
filtered data, as shown at bl ock 306. The pol ari zation
[0G65] t er Elapsdax’ @rtacﬁ'yrsé&}ll rethg getdwilhaprieciato it reu@mpbny ofbediments of

theE/ IB%%%}}’[ i e%ﬁgn gr}tf atrlalc%%agly reg@(ecifj lng q{rﬁgvrﬁdfﬁlt erlngl a}pproacfles such as the
kn@RRrgpicatieof hdhg @Wiz@ﬁdﬂ alrposh bait Bmatd Hixe aRrees@Med above with
i nvention dlffer in many respects fromknown filtering

refgispeotechigs 1. Juchntstithe ekﬁgmﬁrya%bqﬁa@hmdff theiimgntion dzscrlbed with
refg I(I)lgcre 'tc\%vI @{ %1%102? i)gﬁﬁg!&%ﬂg fJe%H(]:r{ ﬁdaélga(%tr ag%[trﬂ)%ﬁ %r('s{?c% as the local

veleggymahartiic eﬂ’ﬁp@i‘aheaiitmmﬁh@hmthmV@ ntdood) alésegathine dnwrichunified noise
ef.erence to F’ . 3. enpl oys pouﬁéjzatlon frequenCﬁ .
redyGHOR HEMea CEPI e {5 MOt e dormp @R atiibpiGchPyTeyRg Where signal

an&ﬁ@isé Eégﬁf’a&é‘bln{oﬁi&ﬁﬁﬁ AsRi p within a record) all

t oget I N one uni noi se reduction schene,

! oer of(fn’?‘a il 19%@&?{)&/11& Imaé’wte att h%%rﬁ lary embodiment of
st

ercu ere st gnal and noi se 'separa
tha:@ﬁ@n&tr@byﬂor{ 8% 6¢ 1rf[1!511681€nt©ﬂ i thai foa ysf s lebllrlbuﬂeﬂsﬁshﬁl h#iting clements
appreci ate that an exenpl ary enbodi nent of  the
of yﬁr@gvérﬁ arr%wmqr%n ?fﬁ}la{?évar’f CEIGBIBY FHMRINE GisHHEYer the like. The

soﬁ@ﬁ'ﬂéu%f%fneﬁbéshﬁ v\gln& eh ﬁgﬂ& Sea@hbiPafdMR @ "ored on a tangible

sof tware. re elefrents nmay conprise circuitry
machmtheadableemeiﬁlum suofht warecahmrientismoey  C\Garpuis sfenctional modules in
ut er -readabl e i nstr.u tlons %}red

RO GV T A RS OO R caf B 4V RBRE iy comprise both

had@Vak OMR] JofGkd &Qﬁkn@t&?bﬁﬁng On KA HARERMdbN g Bonsiderations.
exenplary enbodi nent the present invention may

1:115‘ gggolgha' Egicgygaﬂ W3 g@gﬁov@é &ROKSd in accordance with an

on | V|du syst em desi gn consi der ati ons.
ex@rﬁﬁlﬁﬁﬁ erib@liménti &f the preseessventionv dhagreimd lagenshlbyvsefarred to by the
re eretngé) (Ijlurln erag(‘l: P gcneletillvci)& qﬂ& nshows 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
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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exenpl ary enbodi nent of the present invention. The

method is generally referred to by the reference
woeoobaro4d®0. The met hod 400 shows an exenpl ar yPCT/US2009/034390

enbodi nent of the present invention in which a subset

of the attributes as defined by a "ridge" in the

datt@Veh&nctHRANSE0O IsMinBAABd o InfitiSArP |seek- v dPRSEQN Without damaging the
constrai ned polarization filtering. The ridge is one

bogy wigpese whideofresnpndnysigiglindary used to del i neate and
constrain the filtering of surface-waves. In one

[0068¢: np| Blneycxeenmdpdatiy meathod 40kbagansetvish 14w acishor dat) as shewm at block 401.
data are used t efine.a ridge, as set forth in .

Th ke ar et e B0F G (hesgarORn cHiibh gy obained by

redddiflg KEBSmat vhlRudtaspfiicil By Sécpaphid i0ehtidi ithaRElti-component sensors.
direction of polarization, and suitable threshol ds of

Inigalth,a hghad egppewnt vélpaty vheldatdaceThevareoihodrod0the data is estimated.
intended to mtigate surface-wave noi ses w t hout

Frataniag infgrdienbthd ycalavestivaltiinnhofCairfaes pendsoiso 7 s iag erch station using
[ 0068] The exenpl ary nethod 400 begins with raw

v, Seidm, chddisancafositbasowte tl the keekDikr fahbatr aationansyrbe computed, as
data 401 conprises a nulti-conponent dataset directly

shobt ai tleck 402.r ecor di ng sei sm c waves at a particul ar
geographic location with nulti-conponent sensors.

[0069] t i akt Ylock 408 ghéisic-REARNENtraNEbIOC of YhevBkv Sisrbidl fa®C € (¢) at each
wave noise fromthe data is estimated. Fromthis

redenfeostativn ongompged dot Bxesplaradcomling foneuefiors Uir fAicklolad@d, relevant

ol se t a statjon using vgr.and d , the distance .
oo BB b hetdbidar ™ i Frseropdie i SBEHS Svave noise
ardd@nRARY fQbxad DS Revdiak b le?&ilﬁoﬂzpz and 8Q68Ye. Aln flr@&Har, polarization

403, a tine-frequency transformof the raw seismc '
attejbitas @faty) barompethd rie dane ethers phaehdntims-feasrpasyepoinf b, /), using the
ex | e, according to equatiop 1. bl ock 404, :
cayig Yo PrH0at Pﬁ@g%?ﬂuaﬁ?% IBL}F%EHF%%%V fmiiged e gttributes may
thenCHDYal PAk8 o CRAEBIRO QR Mol 1BVE TRC BedtiBertQi 18 §li@Fi®ninate between
conput ed, for exanple, according to equations 4 and 5

sigabowel surfcpavavieodises, Tiglicul iRegtdign vaves; ivduttesrenellipbelly polarized
ot Ty el e il /Al e e PEERFBARG B Sbaphle Value of the rise

equations, in the tinme-frequency domain. The attributes
anglgglash én—pendreddtiveldates abiealeterviahies ahihe invsheslidicey t#feo.
best pat@erns to discrimnate between signal and
surface-wave noi ses. Typical Rayleigh waves, which are
[0570] ; pt remn the g98lyalsi oAb aftehtes ﬁét,vfélfftshelél valygs dop the rise angle 6, ,
irection z) .axis, are characterized by absol ute val ue )
angfhet HECTPY %@‘P‘éﬁgﬂ BUQ| Bs etﬁ? est (ilgtlérqngptgtt e;,@gg,ahfg)[n@ éur%ace Wave noise

solute val yes .of , the_ inver [lipticity rati
ot PO PBPh AR B PRttt BhesinfbelS values themseives
coﬁlﬂrﬁﬁaﬁiag?\/\ﬂlw &t 86tht e dnderdBh& . dtAt bloclaRde! e time-frequency
inverse ellipticity ratio p thr that best ' '
regiprist eorampicdt ey stréacsi yaed néisorre delimided weing angi fethatridge detection

me?-lp%l | Zttota (%ﬁl%lgﬁtg? (rfled‘ggﬁse t é?z:b Eg ﬁl%ié ?ti éi ht?a\ggd %El t leotfnll(e- (e)gliency transform

performed at block 403. This process is explained in greater detail below.

[0071] Maximum amplitude values are computed for the wavelet transform 4, for each

station. From the analysis of 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

embodiment of the present invention, the threshold amplitude is determined such that, at any
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could potentially vary with both tinme and frequency.

At bl ock 406, the tine-frequency regions dom nated by
wa@enobaz@3mave noi se are delimted using one of PETIES2009/034390

ridge detection nethods to obtain the ridges R{t) or

2( ,/) based on the time-frequency transform perfornmed
tmﬁ:tfr@ﬂ&ﬁgy ?Ql%t (;rgg 11pﬂfé%ﬁ§§hthc$e X@latln 8fini tAatItheBh8I value, then the

det ai | OW. 71] Maxi num anplitude val ues are
coﬁesppucﬂlag whaotlet cttefﬁmmﬁhemottrlﬁaegf az;lsasmd%ecﬂ otitheadhcestvatd mriscs.

From the anal ysis of the nodul us of the tinme-frequency

[06R2rai nAp@lidatibe ohelcdeoaspdihédIp6latifdion iparandiéraed p@fded at block 408
val ue o? Amax is determ ned at bl ock 407. In an

by edeqptcdy threshbllingalhwavdletdoeffimianseft, Glhye rthatdie, withie the limits of the
threshol d anplitude is determ ned such that, at

tineAfréquarey bewnderiey d¢faiedtby(the ridgps A jf(zttla»e‘grz;urml Rf'd¢;ist,). Within
greater than that threshold value, then the

hC@6rhARRRNA el R4 £ 8Ny of Sk 13 K8lyYthe threshol f
' egg(gom ?t%edlt\?\ngt ?atsﬁrr?taggipv\a\t/epn%}so Hgbgt sz)))’t ¢ thresholding o

thd“&%@bél&%‘eﬁfhé%ﬁs Is[}%rﬁ)%é& "w?HeH %‘E{h&oﬂh@rrisé %h%l@ Now @rta”?z ®rhe inverse

I's perforned ock by adequate y Threshof¢

ellﬁj:tﬂ%t%'ga\fo ’ { >CPeT/fI)[E&'tﬁ@£rﬁ L 1A( f>) 1 Elo bbtemggttctjﬁ@b{/bn%ﬁgnt on their

he t requ ncy bound% ef 1 ne

' 0 (t t >t ) . Wthl n the
resgg%agﬁ%ﬁh%gﬁlcrlnk%lgécf (b'e' P’Hé ‘i‘””él@e)s (R (t,t >tgr ) or R
the t hreshal ding of the wavel et

(t,.f;t >tar )‘3
(0§73 £ i A1 blRels 49% apdvesvertspe-iRateney freyomn s NerfgEmehen the output data

fro?li g)log% 4?41 eI%Séll(’Prt%}gl[ ?3}8 X?ﬁ&??ﬁerla& % lag'(l;il% 8{)1@1%%% o?lltfﬁ]lteg&g&ata is shown

at blocls#t@inrfigoh their respective threshold values (i.e
qthr ,pthr ,Athr ) . [0073] At block 409, an inverse

[00747e- le%de)ﬂBGf)/ngt digquséion ralitss Rahé lehBdc@idntofe condtRited region in the
data from bl ock 408, resulting in polarization

tinfe-freqaicaey dRmain thes sopeIPaRTsar refigefhawtnercéaraeféflath8§f ghgiface wave in
ac%&dﬂcg%th‘lgnq ?(g?gfa%{ el%b &19[1(% { Tl?; ](3: énlt Qﬁ‘é;ef%‘éion Morcover, the term

sScussion re 1 on
“ridgg¥sih ik lﬁdeit&gﬁeﬁﬁolcﬂr\teh ¢hatt detenchteaheemeyfredoamiyporti@t dominated by

Sugiie GG ek e A 4 o ETEEDe HOBF TR BPy e Amé-frequency (1-F)

doﬁﬁﬁlqghé}@ﬂ{ eﬁbflarizlaﬁ PHASER o bd @%hon Moreover, the

term™ in t i s cont ext fers to curves that

[0 @%b I nel-al e 5t He t htan.e QH&Q%: % r%?artlé)haﬂg do%[[uv&%t S %’cal .c%)mponent of

face®waves. Ion O erves to
seibing s tsd @fradﬂi]lecdrmpmleﬁtrcﬁ”qhe B@ym(chalFa) Z[fbeﬂgralph\lldﬂ geeerdlhereferred to
by%’é ?Jfér%ﬁéé I?J]m‘tf)erlgﬂ?)r "ll"hse ggrgl)phbg()(fjl Pn%lludegI 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

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

instantancous frequency.
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[0075] Fig. 5 is a graph that shows a rel ationship
bet ween a vertical conponent of seismc data and a
w0 2@vato4snponent of the seisnmic data. The gr aptir/is2009/034390
generally referred to by the reference nunber 500. The
graph 500 includes a top panel 501, a m ddle panel 503
[0y 2 Wewaespeanslrideldetediiéh bLBd BRNRtanAboE MSitAde, one can identify

seismc trace 502 corresponding to a vertica

thecparpom ehthedlf-F stomsn thatiearsespanls terisuidics pryeed1ig08 frohoihs modulus of
a selsmc trace 504 correspondin r adi al . .

oy FRT OB IAEE R onE SMREPE D RuhlFbBambipgugcre racial and

veARaO¥EhP P IS iPE qlaiBn 9€1aS TiftedchRAS OB Wekihy 506 in Fig. 5. This is
seismc trace 504. [0076] Two exenpl’ary approaches for

poshéltle btcauge aunfacd greavien usimdlythiame nfuch dughne pngpbitmicrthar eeflection arrivals

escri bed bel o ith respect to Fig., 5 .Both ar . . .
and it cronAnble the {viE R itnk Fager e Toil b Bl Gtocting the ridee n
thiveyRl @npriseNschRkiny dRMBédiendyaki fdrsdaciBiveR dinfcelodt RSthe Saximum of

ri dge detection based on instantaneous anplitude and

the Wavodet densforr misiyluse | Theaesulting quavgs thittdeting am inyiaa) etigegre functions

i nstant anegus frequency.[0077] . Wth respect .to ridge :
R de eatspen %%%thﬁg#?%%/%tfaﬁte%w éﬁiﬁ m@ﬁﬁ%,of SR WaRglct transform is
maxl 'fzny cak H%’tﬂ%ozr !t 41“?1@ iso(fiiséugged-rihl:reqa? 'e@iltb%ﬁ}wlwith r%fe ence to Fig. 6.

0 sur v 5 s & modal Us

corresponds ace wave arrilva rom

t he_wayel et transform pf .t he conpl ex ismc.trace

088 "TEEREG ByertbRh g fidd FopiR R GERPhr o Y based on a

mERMRITIEmEFrel iR ¥ahiBin 1n a@drd8RE RBMnEH cRldr8@mbodiment of the
overlay 506 in Fig. 5. This is possible because

presgmtf iagentigay eShastrahl iy deasrellyuefarrad ghéy theptfctande numder 600. The
reflection arrivals and are nost]y confined to the

2r3pgvRll0 shoxeu susyer el g avhic corggsppngs” tor  funchoy efied i A 2 curve 602,
the ridge in this case conprises scanning the

whichegpreqspondsp & fupetiaia&h (G- v Ak farraffsctse wheigpurfgee Haxesngimweak, the
of the wavel et transform noduyl us. The resulting_curves

cupetR &k My mistakanlyilagk pntageflegtiontairivals-odd ek 9ffsets, where surface
correspondjng to the frequency / at which the nodul us.

CNEIRY ihFcqRIpipRt theranemsdr () ivaiagfisghency ot Siccmatipygn gmplitude of the

}his IS di.sGu segtjn greater detail below with
suf aécfeé?'aé’r?cag“fagai‘?aé. %°[0078] Fig. 6 is a graph that is
ful in exp]laLning the defecti of a ridge based
W@Eoduﬁ%w‘é‘g “I%F o -%T’BF @&ﬁ%ﬁﬁ@‘eﬂi ASTBHR T &@P@éﬁ@g%e wavelet
i r [ he, pr.as I v L Qn. .
oty SRR ok SERE A o & O JEERR"frr By EREL - boundarics

bethdRetic PA0donldie dgml?e(ﬁﬂgsi%ﬁ?% tBe 61 NSO su¥BéCRave noise on the

corresponds to a function t) , and a curve 602,

othshii dthegohéve DpONdISY tcarnas T BIQE) afd R~ (/) )may B¢ defined as follows. First,
far-of fsets, where surface waves are weak, the curves

defRi¢ » thmyhakil Steghenlyy /) ogdhoventloch efllaectdlo arcacaonisidatesl. toAte signal and
near offsets, where surface energy is predom nant, the

applyrtveoligiing aipveachhe détcegine ity (rdf Athey mid mamd frequency £ in the T-
anplitude of the surface wave arrival at each tine.

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

with reflection arrivals. The frequency ¢f, is a small value and serves to shift the ridges
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[0079] Know ng the frequency range of the surface wave
fromthe analysis of the wavel et transform nodul us, we
w@amoanj4est the curves R+(t) and R (t) to ser vRCHES2009/034390
boundari es between the T-F domai n dom nated by signa
on the one hand and surface wave noi se on the other.

£ V&Spd .+ . Ri . . .
R 075 SRR S Eor A bR BPrtce e noe
arfiVa@IUBNRY TEF trBEioAP Q¥RIMRICBy Alitfar WhV@| S ai€ used to simply shift the

considered to be signal and apply the follow ng

po@inek 8AGE rfd%eéj &t {HMNRdER thlereate ANmaANYuffdrHBnd alBR the detected ridges.
frequency in the TF domain, if R+(t) is greater than

R S A N T M IE——
defebtigh babtord (RGMemeyuy frequehbe Tn pagesidrn Fid. f7 B § tgrapghSshowing an
~smaller than -f thr then set. Ri(t) to a larger value

instgigIePusa Be@icaee Pipalthpd is peqfgk i explning adilipsingjteginigare iR accordance

i ( = - dfs : i
wilt b SRk o, of AR BESRRARRcH, Khe B bedlifreterred o
byfthe ggfereage mahbe 100. Rlc) grapte 70@imlydeaadeoft ipahd d70M shbwing a group of
.reflection arrivals. The frequency df 2 is_a snall
tmiﬁantr%lea%d% / %%nc{ sighitepcl 0 Sﬁmaﬂgsa greyp §f Gimg figapency data 704,

frequency value if éﬁ) are mainly associated with )
[00]11 f acds teivierthabays, Be ipsiaitancopnireqrengy mprredsihahlews the detection of a

oY HeRteel ifhes AR sl ARt RpgPLl sspect of i

appivat ishbitftee db@midom@bbue rdpe dbet act equitd¢ egerit KnoG8&lge of amplitude
Fig. 7 is useful in explaining a second strategy for

iy e GERRETUSHL D VA U IOTEa i RB9Y! GRIHALIRR Gyfnany parameters as

in 1HASh M ANSAYSmPIBAYERMOI delorRRELbGK ar, Fig. 7 is a
graph show ng an 1 nstantaneous frequency plot that is
ful i Lnjng.a fi | i ' -
108528 or it R TP s PLIB S FRIRIANT s ieppramancons

fro RURYL FOQ7, g fslldh i s general Iy referred to by the
reference nunber 700. The graph 700 includes a left

panel 701 showing a group of time-frequency data 702

and a right papegf;p§f%%oﬁhﬁ@:giﬁfdﬁgg@if) ©)
ti me-frequency dat’a 704. ¢ 0081] wetforrh above,

t he i nstantaneous frequency approach allows the

detection of .a boundary between surface waves and .
whers Pecif-dn lnéillqaitq?éﬁg wapglet %\é\?qrgh%)fu Qgée\ytth &¢spest; te the first derivative

approach is that thE defigiiifn of the ridge does not

of FIRMHA[yS i@ PVt to(knOWl (BAgESO1 | gAPII thHRG I ifBgidRApart. A plot of
hence "m ght be found autonéiically w thout detéerm™ning
as many paraneters as in the instantaneous anplitude

F (et hosl ndedy rdobgsantaidong .th§ 0082 pxis nandh eonatpeicetly doeraiasing along the
it is possible to analytically conpute the . )

freppncy ficin db shovys 8 éfﬁfé%ﬁ}onF(PFa}f¥>§ coistanp|alQigsthe Hinge axis exggpt 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

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

[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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dt t f ) (9) where Wg (t, / ) indicates the wavel et
transformof C(t) with respect to the first derivative
wo@Roovhzo4amal yzi ng wavel et g(t) g (t) = and i ndPCHUSR09/034390
the imaginary part. A plot of dt J F(t,f) is nearly
constant along the time axis and nonotonically
for RA[BASE NHe ainGMBtahbsT FEGURBEYmaY! & shéh ShAMnkt tik! & enable the
vartation (nearly constant) along the tinme axis except
diffgrentiatian sheteem thranigoali and Boerfiecegaenm agiseont Brnfacefwave noises have
i sm c tra CUF S u Lnterferen To
rolf 37 osb PR RS iy W E ARG e e
,f), tot threshold fre ncies .lthr aboy i ch .
00+ 7 i 5 o D oGS Er0RTS: iptaton T8 Fs ligeang 701 is re
pldife@ dn’ & Q%@éaﬁel%3mitﬁ bhrE{Hold Valtibs UNT = +337S N obdarve that only
Fig. 7. [0083] The instantaneous fyeﬁhen0|es are only
inseaHebefréduchBicf tvethABsIhR vhtues UQE BN thE Efréshblieof 30 Hz are shown in
anplitude 1s above a certain threshold. Points where
tha greup aptimedirsurecysdtoid4, hihick erreashends taithe Bdt darapia occupied by the
pre%%in%‘ﬂe{n% %1%'86-\/ alue,Qut %vg&'& el A9eR Shif A Pherlfife, with the
signal . & Feasontor a J ust’ ng The” iMstamt aneous
inskdn@idene YreBddicl Mmabied) i@ isrpostsic its debintnélel entdie of the T-F domain
differentiation between the signal and surface-wave o
octiadeRy PegfomtBYt T aCHYA SR BORGPY SPEFIAYING My PRGwpRrameter, which is

L BoLRTRRERE: RSECEL £ 1o kB IR ARt

| ot shown on the left panel 701 is replotted on the '
[0085hht Prarfrsk-v08 afichimtionraas Hisl abhicvkddy Usinghtidges3tgrmined by cither
W observe that only instantaneous.frequencjes with .
On%lbgotgataéow Peosiikatitnadenr Bswblid piangd iy deeinstantancous
hown in.the aroup of tine-fre n data 704, .whi.ch . -
fre %?Ilrcgsrélgtrl]l d %I%)e? Sem}lcih: moie a egg%g%ég%ls%yoft ﬁse s1rnpf1c1py, it requires
cofbegamheanive By trhadermave tifek swithidspbctits titewhveidla@d i@ derivative as

. mtigate. Therefore, with the instantaneous frequency .
in geaien 9)i tWith epbarsofsheserdsfigsiansiof agidegee yHTasarvaE aftgauation can be

T- iR i ed: ' . -. j s .
s AR o RN AR R ARSI B W e s
Witlonitlorroflthe ego wheoaches f détpetingl tht hidgeedn avaptihe bardpgesfiltering can
O T T e T T A ——
to %&%2 PWE WIRLIROES- VA Gvittih N8 TihHO8F Ae seldotPLidkdIg8llowed by an

y the instantaneous
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

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
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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frequency net hod appears nmuch nore appeal i ng because
of its sinplicity, it requires conputing the wavel et
WO e@pst@sm two tinmes (Wth respect to the waveP@r/uszud9/034390
its derivative as in equation 9). Wth either of these
definitions of a ridge, surface wave attenuati on can
of BE cRGHpIENAG I iRSRI oY Rk fat RRLAIZRL ORmidatd @E ieffBct of the dipping
constrained to be within the limt of the ridges. Wth
n0§¢ tStg@al 314 usieg & wonsippicd pokeaiin Hhereng anpgoachaluring dles processing of
aptlve bandpass filtering can be performed
jout pol arization filtering) by approprl ate

l“‘i@i P oot B (o RE O RS RO ink SRy Bles b Qliptigty atiributes

deﬁ{réiﬁﬁomf k! eMBfCc Piot 3RolvAvE rfﬁg yvavigle&rapt ansdnefallyt @ferred to by the
recover the filtered si ggm Thi s adaptive bandpass
W

refﬁtem@fenmm@eru%ﬂaff h gppb V8 therab@lwp Ivelumﬂﬂ@a%angle in a left panel

90;:31' ¢ rraer@ l{%valu%syor}ganoPver%ﬁaﬁlﬁ.lh{lm a]tIP enrl Ia Al %\/\ét ?eébgfz.l gvl\lle absolute

val@bi efmatris@ Bn@é asdiffvase cpvieRy edtioeae Bak@BRARERlw @fta biGvn in Fig. 8.
data separately, and in_particular would be an

Thgpa ef arginage skiy g the et willeamserdatomiens thh yapb 00cis whowe A black and

I
I PG BLEDT S 5y g o DL BuchGRPEM L i,
daﬂas&fwlbe moreaxphraichy depi@cd inl 4 @lomgpiesainatiogue i n
accordance with an exenpl ary enbodi nent of the present
[0088Y ent TIgN grapRe9e irkiidatespihet sifacgeneveahbiyed ecﬁrﬂéﬂheﬂvd hain types of
by the re#er ence nunber 800. The seisnmic record 80

arrédsnsarrisglp fat papaolyesp heteindbaperienta (3 Fegion WX mﬁhﬁ kft panel 901)
and %m?ﬁgjdl%gﬁ%ﬂgg Ireé(}% %ﬂgﬁgﬁg %ﬁgggglmsgéﬁhéaﬁg&% E%ﬂgcny ratio plot
shcmlh in hoirlht paiel DoZ.en wpmebﬁegmﬁhﬁ“ hiygityalnavwsl lgpieasratis (far example,

plural ity of relatlvel efl ectors 803 and the,
a 16gipp 305 ihéhredehiggagl 902 i E? PEW@Vedd. Bsi FRgreRRaniingstegiom 904 on the
f h

o Pt B o NG, LS Rt A EIRLESNS71 or 12

whidteisetfteelly pblatihel)diThpseragringds s&n bé glmapre&(d&suhe tygplcal Rayle1gh wave

arrbvragsitéﬁg?:trggﬁia r?!g.‘lgtirlétﬁli?%\lvg%{ Tyeéet ét!g-?lﬁd epr 0 arasm ig. rg%gshow that part of

thfuRRbE Gale heRE ﬁ@@s"ﬁ(ﬁthh‘@@th%h@éﬁﬁlé"% @Q§@El&§r@cté&%‘t1@§§ut%nds to be more
ellipticity attributes derivéd fromthe seismc plot

hngarbv\pplmzqdu with 8orixingal ghingpthor ef greimelr (givény identidicd dx the régyons 906 in

58 e B BRR R0 B R o R Bl G st surfce

wadBGholsB&s AOSEHIY Bmpakddest @BE tficdl RESTSEn fhldshit Qhaty)/contam additional
ratio in a right panel 902. The absol ute val ues of

tynes obarglssughas gyided wavas sqapercd igrgpnd aoll or tedikisaLdep, e»tnls noted that
h I a
h1éhnﬁtv%r§¥\' gﬁ@tn\%tf Fﬁwaﬂrd;%%:éa egle? ﬁre ﬂ%?%%el%@w@ t(gl Ogu?fgaéé h'\%l\'}\fﬁ. Because
diffarert| gpks af dnt\ﬁffeﬁeﬁcefsoir withr Posags Oﬁatsarﬂ‘pidrmlally waftitally and linearly
conpliance with | ocal patent | aws of many countries
polstizeey gt afl m&ew@ba@c%maﬂzéﬂgm%ppeha@aeq f the hgrigental direction -

mdng&ﬁtsﬁrht@[{ {8k of inverse ellipticity ratio, it is difficult to distinguish them from the

sei rmc

surface wave based on the polarization attributes alone.

[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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[0088] The graph 900 indicates that surface wave
noi ses contain two main types of arrivals: arrivals

wWaQ b@v/12480 pol ari zed both in the horizontal (a PEHUSIN09/034390
903 in the left panel 901) and vertical directions (a
region 904 in the left panel 901). On the inverse

nufibkt FE00C I Mh seRbdiOrdRbRl 1090 QWG ﬂlt&l@@ rz[duﬂ"(Vx?) a8sphoR®omponents in a
typical region of high values of lipticity ratio

left pasrel EQMngatddiltesed esyiienh (@@)&mphqm@ompgh@nt@ aretiglggaycldAn2.
be observed. The correspondi ng region 904 on the rise

[0099¢1 e Photfil{erddghiatap aimein 9@1)71@ hm/vszvah»l ghriveal llv@fs albdwingeall wavelet
rise angle (clgse to. 1.571 or

cogffictentsaferyesponding Zadyse pdee 1%&8 r‘ih?ﬂél %Owga& Sié rad) to be attenuated.
Sub&:tqﬁ% [ye L gm%? atv?%ﬁie% Bjaﬁﬁi)nmg ?Eﬁ&d&v& Ak r(ih’ﬁ\éalTsflis fAltermg step is

care corre etween the ['ot's and t
intchiaded to rsupprgss rizbowlly htﬁt/elmg’ gurfate tvxfaﬁeS 11003aCAs way be scen in Fig. 10,
noi se do 5 not have the Ra wav cter%stlcs
hopygyery g‘r‘ﬁjg RINEGHEMAFS SPNHEY F)?/’ g a5 ﬁwer requency noise, and
callﬂs‘ég k@rﬁ@ﬁ%aé@ ‘&)Qﬁé blgﬂal‘{f)oda}r hval 10()@)’ eﬁﬁe él ih 'tl%‘%l%’ri/al can be seen
the regions 906 inthe | €ft panel e righ

froparthel digoRnce Tﬂn @H@hutdse]fvtht |aumsglls ﬁpinyO ttcbl dt s bh eompuupg the raw data
surf ace v o]! co rised of the
sh@yhIEEE. PRI PRt BaBhoo ai n addi tional

es of rlvalss S gui edvvaes scatter -
l‘“&?1 andFiol | isg Seiie m&rééﬁowng latg baspd op Shcaivt Hhat Sﬁﬁ@hown in Fig. 8
thdt RYE LS RrSdde! drfz'a{léfn Eﬁ@ﬂlﬂ%\g&gﬂﬁﬁ & ARG RlefhodQFithout constraint on
exclusive to the surface ecause different types
theofpacertisretferquoesdomaint ThP-swamesplohstgcacellpoeioatd j;o by the reference

nufBet HiBredie iy Yo abeya fltFsd byt Sy pibRe cotfbonents in a

lefHpdRE 11 (ANarrd fTRYced Rt (VH) dtofhonéal &fts iTwesIs 11102.
© ?I ipticity rat? o, it |(s£1)dg&)?| cul tOHtﬁ%ndl Sstl ng%l g)ﬁm? hem

[Oég ?m T Sﬂlfe@érﬁc %laf’é(a\éﬁovp@slﬁdF@ {1h&yRO ld@lrl{lgdatbéro glll%vtvmg all wavelet

ri butes alone. [0089] Fig.” 10 is a selsm
cosﬂﬁowntsgwdhtaa d:ihptecdtyomtlb rg-rea”ta\/\Ihsh di 1% m &e sittommatédy  Bubsequently, an

in\iseasteh\%éﬁ%ﬁ trans (ﬁ‘]ralg\%\%ﬁe tp%%a ﬁélt ﬁnidlfa] ﬁfl h@l earﬁl%osrtgﬂ intended to
suﬁﬁé‘ﬁ%%ﬁl%oﬂrf‘z@&’ PBfNnS I ANsurflRe walk AT08 iRhIR! rdeSrd and retain linear
enerally referred to by the referencenunber 1000. The

arrs&@llwly: (baslyoraves G@Qﬂ)s Howeanfid scen edFigadll.dioweysy, filtering based on this
cri élr()F 1%12(?61’6% Oggné é%a 61H1é)u18t ﬂﬁLOﬁAé 19 taélg %glie%”fr%ﬂ?ncgghc&?e and results in
sorh®Rma @Q&Qﬂle :ﬂgﬁalf | Theeedctdad eheSEigM dah Hel @en Htbriake difference in
derived by allowi ng all wavel et coefficients
51

amplifude 9 dratigip! eeivelssiEon ey byeosnarag theorapy drtashpwisig)Fig. 8 with
thgﬁmgg%ahggﬂgaggqﬁgSHbsequentIy, an i nverse wavel et

transt orm was perforrned on the data. This fllterlng

TP Bl B4 S0P B LRSI b i i

thdd @wu@dexgddél@lafrizlaﬁ@d FiNerifE ARVRENS D kAGWS ﬁletwd W€ Sonstraint on
al one the | ower frequency noi se, and causes sone

thedw@gme(frchgnc‘gf ‘é‘ﬁ%ﬂm( E@gyekﬁmglog(&(gﬁ}leraﬂﬁ éeféﬁﬁﬁ@ebl’ ¢he reference
nufn%g ﬁf unqlhe%@?ﬁl*g@g??tﬁi\?lazlﬂh %ﬁ?}\k?ﬁggﬂeafr% %3%% H%bé)hone c?rﬁ%onents in a

de of rom ring
left paMeﬁ 82(H and filtered vertical (Vz) geophone components in a right panel 1202.

[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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shown in Fig. 8 wwth the filtered data shown in Fig.

10. [0091] Fig. 11 is a seismc plot show ng data
whamed2w@so t he raw shot data shown in Fig. 8 thetT/msz09/034390

under gone pol arization filtering according to a known

met hod wi thout constraint on the space-tinme-frequency

peﬁ@ﬂi@édrbn tHaelagei PRk ‘éoﬁ'bﬁfed'fﬁteﬁﬁ@ %fe@' ik Yntéﬁfe@ft() %Qpﬁr@ssbdbth the highly
the reference nunber 1100. The seismc record 110

pObhl@@Q:,RﬁylmgérVé@er@dltbﬁr liveggly ngéwsizhéd ﬂi@rlwmibhféfmebng ﬁuréace wave, both
reﬂrgsehtee A Sefe]r'é'rg)clc' n%rr]n e{ lggﬁ rel}e Ellglgzt {Vﬁ@% Q% %{h%eﬁggh em?ed body waves

IZGéﬂt &xss‘dﬂﬁ\m debn i Elg 12, Wa&: flegr seathgbyralid ©vétrg nalse rernoval than the
wavel et coefficients with an elliptici ty ratio greater
sctfiggnropresente by ghaafikterpd dptashowpps Eégideang Fignl §, pygptd an increased

dar\fﬁlﬁgete { et sﬁ@ﬂﬁ g&;@ W@? p?ﬂé? rRd Q8 %oﬂs gﬁl“n)l/o-w \pdtchy and laterally

ering t o suppress
disoohtaruone dT ipoeffacoas thafsignakcard sace fraambe difBBerica pldien Fig. 13.
record and retain linear arrivals only (body waves

[008504) . FiBS 1% & fisraie @iloti sRoWwirg: thd Hiffdr@wewetwechithé ev Elg)t data shown
. based on this criterion ignores a significant anoun
in §ig. Bondrtha Alensd gatsrshopadn &gyl 2n of heeseisaig p}%sﬁg@@ralh referred to by

thesr%@%rgc%%%# 936616‘;&1: geﬂgjprc r-gp(ﬁd qf}h& %ﬁo&@th%gﬁfféﬂfeg%itl)etween the raw

can be seen from't erence in anplit
radialghial) geophotel &)rﬁpscmﬁnt@ shown ia My. 8cmyathe rfgtetdieraddal (Vx) geophone

data sh Fig th th | t dat
CO@%@I?GH?_S]_S V(\)n’][“éll()‘g.’ﬁﬁlé F ng % gangle Ils n“’? (r{f% f B%leiﬂ,g& \#&V@;ﬂlg difference
betﬁﬁ%ﬁ G ORwt J;@tléaﬁ‘ RH@&@C WBnts Bhdsh ¥ in }31 tRahg 'ﬂ%sﬁltered vertical

ergone pol ari zat | tering according %0 a known
(Vzr)egdwhow tcbmpunentsrﬁbbwalthlgant h&he geeeerick fretvacedbe moyace wave in

tng ARl daoffid |, s StypCer RV af il o A1 Gty 38 Yeforred to by

refeRA¥S i bdrer39d. rmadidatfortnoe) bBRERNAR Bo&P FRONANMNS filRrd data (Fig. 12)
| eft panel 1201 and filtered vertical (Vz) geophone

an¢ repwdentayciimthg raw ghta (Fené) isxodpred ppogaiengheurnbdrildféd
data shown in Fig. 12 was derived by allow ng all
[088%Y el eThasoefffardinent skilkiihHheiattherll appredibte Fthéltcﬂhb)pxamples of filtering

sifafy ot e Rera et SRSR0IT 1o Py Peiol it Bmbining e

1n\)“@@§éeélﬁ1§tlct1ﬂf'ya("€lﬁf) %hmr%%ﬁgref@ftﬁ@ﬁ aﬁ? aﬁaﬁloﬁﬁt éi)nst]:zlﬂhﬁlmproves the noise
nbi ned terln step Is i nt ended uppress

mitigation; (@ugh prSa&tullz@d ﬁrQay Beéiswtqm)/@tdw@l stgmefidanh é@trltnﬁntal impact on
theool aﬁl zed horizontally traveling surface wave, both
repiesent ed by reference nunber 1203 in Fig. 12, while

(0T 2 e 51 e Rl RO R e ol Bashf Bt e oL i ghegn in Fig. &

thdt %V%deifélﬁ‘l@ E(ﬁﬁtr&ﬁ&d 'ﬂ@)ﬂlﬁmﬁﬁ&{ Qﬁéﬂﬁl% dlnbycctoﬁﬁmﬁé lWWief &H exemplary
data shown in Fig. 10 ut with an

embadineens eef da:mg@emo lmW@tlgtit glnaIWh(Cﬂio dpacWa\ié@e frequpncy Tangl amplitude
co%s%rglglg%%re ﬁlﬁ% 0 mi]tﬁléllzgf gfga g%h}!eflﬁp &ja% ain‘lgef se&s ic l%ot 45 %%nerally referred
to foyomct feeerehickf aIrete e14000t Tha sEisthic 1&ord 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
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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[0095] Fig. 13 is a seismc plot show ng the
di fference between the raw shot data shown in Fig. 8
w@eaotibe3di | tered data shown in Fig. 12. The sPCBEDE09/034390
plot is generally referred to by the reference nunber
1300. The seism c record 1300 shows the difference
[0098) veem bilasr E@P’ eifded @bod Wangmhﬁnen&g)mgeesﬁnsprét&mg signal, an
in Fig. 8 and the filtered radial (Vx) geophone
exemp,}p@h embgdlgh:gt,\pf ithe Pragent1ipveniion foddtes prathsl aprdgationpof a detection
sche thatD er%e?rl{}llsle%qgeé %‘A%n%ag?b%n({e Lf & erefac%e\%léA\@eg]o& & Trhzf‘V\{echnlque 18

exlblbmeﬁlalbb% adthvlefdre@alto(r\tzg)e eadion N elnCatpune at c‘onsﬂasmnbased on the
in Fig. 12. The difference between the surface wave in

instaqgancpys apdituggt as (depgibed 23boyadwithercdtencgc & Wige 4i (plock 407),

w f.e y n
estggl hEé’F (g%%qm%’:ﬂagcé ??e@rl]%gi bJeotElgt\gaé%toatlrE dete %Icrrﬁ{ \%a% they might vary
Wlthhmé lahdl éoedtraatta tfabe, gippllt%)tloardxﬂ pbhﬂzhmﬂyﬁl\tmu% with ﬂh&holds for the

iangs(?r aW@ ?tttaygé; éﬁttgo}-ﬁ%résleglpgg re:eegmd !,1? Iral‘[ell;i %rtlr%?e? ?@ggyvfnc{}aw pnly within the

baﬁp REGGd@bE tdalgd Hﬁy%@%ﬂﬂh@& Qsidd teS& 'a@&tléﬁellséﬂté‘ﬂadﬁ‘)t @haracterlze
shown and described"wth reference to Figs. 10-13

notshabascd mi nnlrygorc e dewrer sk pelatizgtonchutyalsoaon @omaatlorlsélrectlon and

amll?glﬂxsdg \l%‘t) ﬁl_l]il gﬂé’ (1?)1%% :f%e:qgfr:]l}aclyl lgao S&]ﬁt?rugéup ; OV%e rela‘[e ive to surface

waSalatteheibe rnYa)y 15311 e ivalE %f&@dﬁﬁlg@@éﬂal MgRE @éndnﬂlé%hmd using the
on the signal. 97] Fig. 14 is a seismc plot

am@hmerfgtleia% ﬁlabag@m &ﬁ: eeranawoishdteqdency amdwthei ampplityde of surface
n € ation
Wa?]? G%Pnggﬁﬁl nggﬁ%ﬁp la&é(e%pal %a§§92§8 aerzsy enbodi nment
nvent ion._i n

10Q0he S AT ST F Lol OHeE RRTEEn aFi sed opghe following

parihlkdi.Z€f da%gqiioé{ al pd HiAat@ —T 5e 18L1 SELE Mé 0ﬁrn|e%pace constraint
generall)f referréd to by the reference nunber 14

v, Th808 fisSMAsCuse® G9 atoid 408 hehONsy §ilshdl %‘%ﬁ(;in% agilRl t}(a}'fxa) time determined

geophone conponents in a left panel 1401 and filtered

by‘ﬂ%& fvbl%@ity 6V Ihc3BRRBAABEE ARABE nV&ﬁtHthh% trrhehte RABE homam delimited
402. Resi dual surface wave noi se, which is %esn rably

byrtémiiﬁ@a anyl withip| the morigpnt e s @gerda el maiadr bbatiece timietshagmconstraint,
Iearl ag‘zforn: é%erﬁl%bvggsl’:ar{)g)ﬂeq_% énbo&g?ailfvzaﬁ\%eet 'ﬁgé’ men% 4\61§h eléhe& an ellipticity

raﬂ’é’ia Rafet 404 @15 WhivGth ﬁ§eear%%°s' 1e&Pih¥n pj()@EB 0484 rdd) cfil with an amplitude
teri ng t echni que 1 n accor dance wt an exen‘p ary

ratemgnadnewdml Oof, folewpd by entinvenscewavedet, traasformeflhosedf polinary skill in

ool PO GG DALt HRFSH oTEORF RGOGNP I 15 |4 represen signfican

impfoREMGAH iR hSHiBRRg ofaMdEAHRBRI Rk hc&WRANhITEN el Afve k& the known filtering
present invention relates to the application of a

me(ﬂleldééiﬁiccm’@eééme t hat determ nes the predoni nant band
of the surface-wave noises. This technique is
[0 ai Figd 1 aboveraphidal refresceraten showinggdsoleteectliasof rise angles and

onstr.ai ntthebased q

elhp%clty hidtibutSs detived from the Sersmic plot sthown 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
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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i nst ant aneous anplitude as descri bed above with
reference to Fig. 4 (block 407), is established. Once
wao kiog/1asd and anplitude constraint are deter nPCEUS20891084390
they mght vary with tinme and fromtrace to trace
application of polarization filtering with threshol ds
sh&wh i Bgck ek Bige R pliob&! 3M%ihAidie, ant REmpligicana] Bealtfagent laws of
anplitude and a tinme-space wi ndow only within the band
magigiconeiticn put dasa nagige nhary apruraiplyldepigtedun iasglor iepsesentation.
additional criteria to characterize noise, based not
[0d2]y oRedpite t]egireproméd pigrat-teaciso rabot wih soompiete signal protection

obfie ri‘?‘?&'ii??gﬁ Igeg{;%lerfsf"i“{“&raﬁ%g {)é&féﬁ%@%%ﬁﬁ%@%ﬂwal noiscs

at tQatBlelyf AR MERNCnAL {8 MHeRTPaRA 1FBMe REMbYIN RN&Y. WHds€ coherent residual
protectin gnal. The ratl onal e behind using the

nomfp kant bel @T%ﬂldy udﬁmhﬁecl Iq)atthwatthbweﬁ hiot dofiég. et wrbisgall rise angles and
.ace

loca[1zcgfr'I 11 ﬁ)é:ll éj%lcq}/ frat1o ?Ip%reiog? geros? I’(l)g ﬁ)ri 4y s\gﬁ}/Bl 1('.:}116 art will appreciate

that@Ve sl.5 thﬁB&hsdﬂ’ﬂl 1hh&etﬁ?fﬁﬁ@|a&r15ﬁt@%f ih rolisg- nol‘ﬂern(b’\}edgﬁ the first pass
detecti on was based on the followi ng paranmeters: f thr
of comstygined polar@gatipn filfpripg, thegesuptpf "Ylh‘gh i ﬁ@y\g}p@c@g 14. To attenuate

the%Q ﬂglts%sa L cohd IPag’socg” arl¥ae ﬂjﬁﬁgrn{%om%yg gpeﬂrlﬁldqg él@%l%?%d seismic data

arrivi lert an a t m ne
sh(weﬂl acFigy 1dnd utpm dsauride eths o¢latiicdy hipher fr¥iuchen of the noise, for this

f dommi n del i m by. the rid d
seqiRY SeBEEPORTST Fle r?iéeic?eaec o ety T on th fllowing
pafahfé‘?er?pacjehr QOﬂ)StI[IEN P? @°| Plzf' llt"@rr 1o tﬁﬁez l%aﬁe constraint,

applied td”renove ’al1’ wave ét Icients wt

3@b hsREACHEY. "With &gqgﬁ@-fre Lgi?@y gmlnél GeWhitdy lF}% #ife dr1dge and the

ang es less than 50 871 r or wth an anpli

tln{ea%yage 95%31{ Rlclifiad bq/ ‘&r &é?b&@/\@&s%m@nthb w&ﬁﬁﬁtlw\‘fﬁ{eﬁhg may be

nsf or hose of i nary “ski | he art
apapqoir tocicabee nlaravelee cb@ﬂﬁbenmdwﬁle 2} wlhptldmy aatslhgmter than 0.15 or with

Fig. 14 represent si %gl ficant inprovenent in
risg |an1§ rarerierothan Rde 6 PaXfired)serr snaplgudg adiongpater ﬂlénéﬂ gllowed by an

in 9se\J&1£z E@&\Q@S dijtering methods described above. [0100]
I—E 15 a gr aph| cal representation show ng absol ute
[010@:1 i vedlgf r O:%Sate %eallsn% lpi?.n Sﬂgg/%l(gtthgﬁi Vﬁl%&ycﬁ%ﬁ %eenut g %a[vbil@hdata shown

in Fhye 8amaphe fise@eriafaadhbynrigfres riad Tie Rksnibldted B&RARGE referred to by
nunber 1500. The graph 1500 shows the absol ute val ues

thegpefqrprce nawfice 4608 The sejanisceord 4680 shywimtherfliffprgneegbgtyyeen the raw
I 1 t Yt I .

0 B SO UGB 8 9 MERI! B (v ssotons
coﬁpgnen& showa mlfgglt lépﬂlrkelefﬂ;ﬁaﬁiﬁl 16MMosk right pardil hed/sigkisl the difference
inthe art wll rec ate that the g rahlSOisshtovvn i
befvirep ittt (€ %%@%@e@fs showp I it % agghéhe filtered vertical

teent4 a r
AP bt 1, O i e
the ﬁbcreé ehtaa(tign]4)[ OUORE sDefspi heve Imethmplw\odetd (Fig. 8) is referred to by

refsere%ce numl(o)ernl%lﬁe Tha at I1§erencehbegwgg%1 tﬁt %oay %ﬁ% irf {h%tfﬁ‘&:trédoé]ata (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
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.-



10

15

20

obtained with the constrained filter setting,

still

noi se).

ratios.

tec?glqél%: 11 cco af}fg

Mor eover,

t hese noi ses,

a fiieying dechipfslue det ageqrARfic i ithesreer csenlanyi cenbed
are’: ﬂe@erre%i"to %

freqguency

R

shows sone coherent
wOo edoatizo4gd y hi gh frequency (as conpared to thePCEDB089034390
noi ses can be clearly
15 with

%éo@hb&' Ed&nponents in a right
in the art

These coherent
identified on the attributes pl ot

coPBhdnty irSE IFNPARS 1200 ah @ EiRtkica a0 (v 8

those of ordinary sKi
pangl| 1703pij@@1delesqrfﬁg@-wawg noiws nﬁ@;nqbear@g,@q‘suablynremoved by a filtering

fr??en? 1nventt1 h%re referred
to fresig 17 Di rd&t‘eﬁd@: fiuEnlh 0708 | Bodyi Waveldgnals) walidhedid atzsi‘rably preserved in

L hRYb
cons

ra n

r esi dual

resi dual

no

in

e]él éfhefem‘tpoodn% nt o?tt

arl za

IO

i ses at

Fi g.

n

Fig. 14

a second pass of polarlzatlon filtering

ref&lRm

€ nol se,

@*?764’

& bRhAL

hi's seco

{rBCTY
Y8k ¥

nd pass

9 wke prgsent invention,

Q%éﬂﬁﬁﬁry embodiment

of plod pres@atinoentioh) ther dongtrdihs for cﬂlgaesezi:eh@@msonf plaisrlzatlon filtering were
delislgelde r%%dmgaq?g%u%] detg!a? %éf)\g&lig \lf_l\% £ ar’@p et eé ngléary hslidll_?no the art will
apﬁl‘é&%{ertﬁét%a)st Wf The3RQdIE RS MR es WitiMypdel&it in the data shown in Fig.
frequency donmain delimted by the ridge and the
l4thavebepacmii@yilpattdelaiadiin dt dua shoevnvielFogilf7y
constraint, the polarization filtering may be applied
[0L05] r enﬁ\gel&[sl a mlcqﬂotcshe'fvfﬂgcthe diferavicetbearmcealthd pivi shidt Ylata shown

. ratio ater than ri se.an reat er
the éﬁfsr@drda@) %awnalmﬁlg tlade hﬂa%eisang Pgﬁ%geqerﬁéw referred to by

n Figaf a3,
theore%ereﬁc%lﬂu%g 1800.2ithé %%ﬁ%&% CTT sﬁéx@@ﬁlfe%ffére{l%%een the raw
16 pl ot show ng t I fference

I's a seismic
rad)dt@éérgebpboneawmpmtnidaﬁlhawshovﬁgl R dnidgthe Siltenedl tddeal (Vx) geophone

co%!galtée?%qegvd al a g e N I?aﬂgllf@[lﬂ;g ﬁ%ﬁjt S%rﬂ?g é?(llfit%lﬁ%x?’s the difference

vg' 1&9
betitRn $& S Ferfi@d ?V SO onBts dhdve eRiges RRY WREMItered vertical
the raw radial (W eo hone conponents shown in Fig.

(Ve mhomﬁeccfmmr@n@oshp‘afaualFlg W) § éﬁ&ﬁ@ce deporarihe surface wave in

e anel 01, Arl ne
0 BYRB e h drR el SRR AT B Gl 8l BRI referred 10 by

refeMae GEABHOSO3C mmmm@mmesﬁww&m the body wvandtht ffﬂtered data (Fig. 17)
flltered vertical (Vz) QGOf one conponents shown in

angtfhe bogly waygén Hllieff?‘é ﬁéﬁdﬁ%& inaelsrredh By sefereaeenyiakes 18p4.
the filtered data (Fig. 14) and the surface wave in

(006 r awwga &clom spmrgyrizes theedllbpticaly ang rigge p@lfameaﬁtwed to produce the

gLy ip

raw da
1604.
shown
pass of
accord
i nvent
by the
shows
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Table 2: Polarization and Ridge Parameters Used to Produce

Filtered Data According to An Exemplary Embodiment of the Present Invention

- 26 -



panel 1702. Residual surface-wave noi ses, which are

desirably renoved by a filtering technique in
wa@ewoneigace Wi th an exenpl ary enbodi ment of theCPUSEN034390

invention, are referred to in Fig. 17 by reference

nunber 1703. Body wave signals, which are desirably
[01U7¢ser waglel te drédchi @veRBor @8RNbEUBsdeptilIe Bl dams Mbdiflcations and

an exenpl ary enbodi nent of the present invention, are
alterapléya Eamsothsyexemplarg fearbodinecntu isewssady elovel have been shown only by
Waynvengm;gl%e F%I(\)nh eer\]fgrg ﬁs rlgl:('{%l gm)f)e u?l?% ggosrrg nﬁat gw: ) Vent SS S&tmtended to
be Afhiasd fcﬂtheophrfltdlﬁleémﬂ@ilﬂﬁﬁt@ @i%@s\ee oheffea@m Ihh@edattmer pRydérR invention

data shown in Fig. 15. Those of ordinary skill in the .
inchydes il| pltcipyivesi modificriensmaad cgpivelsatsy @ilil%wlt hipo Hisr Bpg spirit and

[ I resent in the data shown in Fig. 14

Saﬂ%&E%%é%ﬁké%%“#¥F§antly attenuated in the data shown

in Fig. 17. [0105] Fig. 18 is a seismc plot show ng

the difference between the raw shot data shown in Fig.

8 and the filtered data shown in Fig. 17. The seism¢c¢

plot is generally referred to by the reference nunber

1800. The seismic record 1800 shows the difference

bet ween the raw radi al (Vx) geophone conmponents shown

in Fig. 8 and the filtered radial (Vx) geophone

conmponents shown in Fig. 17 in a left panel 1801. A

ri ght panel 1802 shows the difference between the raw

vertical (Vz) geophone conmponents shown in Fig. 8 and

the filtered vertical (Vz) geophone conponents 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

nunber 1803. The difference between the body wave in

the filtered data (Fig. 17) and the body wave in the

raw data (Fig. 8) is referred by reference nunber

1804. [0106] Table 2 bel ow summarizes the ellipticity

and ridge paraneters used to produce the filtered data

in the exanples set forth above with reference to

Figs. 10, 11, 12, 14 and 17. Table 2 : Pol ari zation

and R dge Paraneters Used to Produce Filtered Data

According to An Exenpl ary Enbodi nent of the Present

I nvention[ 0107] While the present invention may be

susceptible to various nodifications and alternative

fornms, the exenplary enbodi nents di scussed above have

been shown only by way of exanple. However, it shoul d

agai n be understood that the invention is not intended

to be limted to the particul ar enbodi nents di scl osed

herein. I ndeed, the present invention includes all

al ternatives, nodifications, and equivalents falling

within the true spirit and scope of the appended

clainms. CLAIMS What is clainmed is:
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1. Anethod for filtering multi-conponent seisnmc
data, conprising: identifying a plurality of
W@ b@pazt4er i stics of the seismc data, the plurkdT/U§2009/034390
characteristics corresponding to a relative
mani festati on of surface wave noi se on the different
conponents; identifying a tdmemisequency boundary in
the seismc data, the tine-frequency boundary
wheglhd 98@tdqng portions of the seismc data estinmated to
contaln surface wave noise; and creating filtered
sei s\ i ' f l.sm.C data
L £ R EHE 8 e RO SIS e BaRBHELT, C2' Oy
surface.waves and..t ha re within the tinme-fregue :
poutar I -y RE bl orchs) e, el Y pturatity of
char@@stistRBecRfespditiny W al rdIMtiRf nfahaeasi®r bStdutfice wave noise on the
_conprises a polarization attribute. 3. The nethod
diffesenticemppacré:ai m 2, wherein the polarization attribute
conprises a rise angle. 4. The nmethod recited in claim
2, whatibiing tahéinpoeirequcneay i tonnddry r inb thee sciompr idetss the time-frequency

inverse.ell.ipticity ratio. 5. The nethod recited i :
boleFY, ISP b floph o B S Bne SRR B ppirdisgmave noise
an@ direction of polarization. 6. The nmethod recited in
claiml1l, wherein the boundary is identified in part by
enplulifgfifthed FB%h IR APP A ind §dr86hd of (RE scismic data that correspond
surface-wave noi ses fromthe seismc data. 7. The
to mhet plochlite ©ff tebarattaristicai of sirfaco mpves amd) thee rf o mathmg the time-frequency
b forward and/or inverse tinmefrequency transformon the
OWKI%¥ri ¢ data. 8. The method recited in claim i1,
conmprising creatjng a visual representatjon of an .
2. unggfhemw BAUT Brifem |BEEREMGH 1EREOTS 9 BF alirdily gfickaracteristics
Cogﬁﬁgﬂa%xmgﬁgﬁgygﬁggnéec|ted.|n claim1, conprising:
i dentifying a second plurality of characteristics of
3.t heﬂgltﬁéﬁl(‘)‘q gé’ac'it@d ih h:‘l}aiﬁlef O&Het@{nu{ht%#(}lz}/riﬁ%{i n attribute comprises a rise
characteristics corresponding to e relati ve
angtani f estati on of surface wave noises in the filtered
seism c data;identifying a second tine-frequency
4. boundametiod rebiged' inlcl@ied waRteMie fdddrBatidh@uSREOSSMpriscs an inverse
time-frequency boundary delineating portions of the
cllfpticteFai@. sei snmic data estimated to contain

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 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 claim 1, comprising creating a visual representation of an

underground environment based on the filtered seismic data.
9. The method recited in claim 1, comprising:

identifying a second plurality of characteristics of the seismic data, the second
plurality of characteristics corresponding to the relative manifestation of surface wave noises

in the filtered seismic data;
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surface wave noi se; and creating second filtered

seism c data by renoving portions of the filtered
w@eiogte@3dat a t hat correspond to the second plRCHUE1099/034390

of time-frequency characteristics and that are within

the second tine-frequency boundary. 10. A nethod for

fi | §RntiREngH lsédond ARORENIenSE beiH darydat e fiteFIANeRh@data, the second

estimating an earliest arrival tine of surface-wave
timgofre@enéoboradpiyrdclioeatioR posiawiof thidilteredssninde datatestimated to contain
sul a!l%r aelwi tn\()iS%faAdocati ons using nulti-conponent sensors;

i dent feyl ng’a plurality of polarization

charact.eri sti of the multi-;conmponent seisn tain. .
o ARy Mhan By i aRnt bt PRATRGTAPpRRuS by s Sdismic data
tha®@6fePond BE R decand pdurdfty BOkitHel FfueREy SALRGIsBEL 8id B8t are within
of the multi-conmponent seismc data, the threshold
thessependatimerdgrethencpbovdagpponent seisnmic data into a
first data portion that is estimated to contain
10sur fAanethpd Ve fiGirmgsmdndomperavndsuat datgpeomposnghat i s
not estimated to contain surface-wave noi ses; and
cr eattimginfg dnt carledt seivaintirac dasafdoy-waeabeisagfparjortdssofdeismic data
the nulti-conmpagnent. seism c data that correspond to
reqofdedrat p plurglaty F lsptiorsrsEgdMulHagonoagHt s§RY0EY: t he
earliest arrival time of the surface-wave noise. 11. o
The idpatifoee padirekly ofrpadariation oharheieisties of éha mubsp@npnent seismic
f. . . characteristics are functions of
da illﬁé?ﬁ?e?%g{lugﬁgg%tﬁ%mwace. 12. The method recited in
claim 10, wherein | east .gne of .the.plur.ality . of .
ot Sniainggh i o B ot SRCe L 8t Patfuiontsigragteristics of the
mul@-cohpEndietsBRehi¢ AGtal &R ihfeshbRIl BpdftindBE @hulti@bmbEAS scismic data
one of the plurality of polarization characteristics

inte gnfiist Sets namtiomiher Secséimaiqst focjaniain guifesc-wave mhessmad Hogrcond data
poftio, Lh 695 hat e%ln%'at{é‘ldJc@g?n%’l%{lﬁﬁéeﬂxga\%ex{ LQLmng a forward

and/or 1nverse ne-frequency transtormon the

filtered seisnic.data. 15. The.nethod ited j | ai o
10, CEare TUFRY ot dAE BY (HuARE PRy Shis mpli-gimagpent scismic

datd QIO d B TRRRM pRASESh PRat dt@uf dftdr eiechris@t $Mval time of the
data. 16. The nmethod recited in claim210,

sugenepFasinegsci denti fying a second plurality of
pol ari zati on characteristics of the filtered seismc
l1dat dhe nmethedt revged r mquemoy 10omwhierein ebet i thatsholgs aof the plurality of
ol d for t he second Slurality of

! hrtesh[ I teach ?f h
ChBFIEPIES AN NEHRLP RE PRI Hpquegey and space.
12.  The method recited in claim 10, wherein at least one of the plurality of polarization

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 ellipticity ratio.

14.  The method recited in claim 10, comprising performing a forward and/or inverse

time-frequency transform on the filtered seismic data.

15.  The method recited in claim 10, comprising creating a visual representation of an

underground environment based on the filtered seismic data.

16. The method recited in claim 10, comprising:
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of the filtered seismc data, the threshold separating
the filtered seismc data into a first filtered data
w@erbilza3d hat is estimated to contain surface ReWES2009/034390
noi se and a second filtered data portion that is not
estimated to contain surface wave noi se; and creating
secanltifyihd ar Rdoie pRifd1fy AR RYzati@NRMABEte RIS | ANEe Hltered seismic
the filtered seismc data that correspond to the first
datajip thertede-fiagwenspdomeim; and that are within a range of
the earliest arrival tinme. 17. A conputer systemthat
i s astapatag ¢ thresboldofomeficH ofthiersgcafd phutality cOpglamztion characteristics

ismc data,. t C ut er stem conpri.sing: .nean :
of 7 AL Rt Phin et gRE ey S echiaoih difer saTER g into o fis
filSRIdIALp bR that RecsBhbfcaltd tont@h selfaé@&hR! hdidd £ a second filtered data
corresponding to a relative mani festation of surface
porindhaios set cshmeted telpdritein sntfacsorperericsandreans f or
identifying a tine-frequency boundary in the seismc
dat ageatihg sdcone fittegd snisyiddaia iprgmaolehg pedionn gt therfilicorisseismic data

f the seismc_.datg estinated.to contain surface wav .
the SPESPOR O 1A AL IOy LAt 1P TR TaH Pen L ERaER Qpyhe carlcst
arf@MMMeNg portions of the seismc data that correspond

to the plurality of characteristics of surface waves

and xt 4 L0 : j r C : : i
e A el U o TP S Rt Cfpponent scismic
dafagths tcompetcobystdme cphpriahg:t y of ti mef requency

characteristics conprises a polarization attribute.

19. mkhes foogdati€ying ¥ plendityetichadcteristids aif thel&ismibda®l the plurality of

the polarization attribute conprises. a rise angle. 20.
charpgieigiep gBresRYsingmte ecirelaéveg magifastarons of imEpes vavpenoise on the

difP rofbhis:attri bute conprises an inverse _ _
léﬁkﬁgtl Ity %atlo. 21. The conputer systemrecited in

cl ain{ya% .’fofl\'ii]c?e]&l 15/&1%%%1&%'—@&({&@ B%‘Jﬁg{a ] iit? l{tﬁg s&%ﬁrﬁ){ Ie(%]%? the time-

a direc$|on 0 rization. onput er "sys

fref@gicy esbuntarg| &lifcdtihg potiphd 6f Mg BRanis dad cpirhited M YnAin surface
forward and/or inverse tinme-frequency transformon the
wanp ppiseigdldsei sni ¢ data. 23. The conputer systemrecited
in claim17, conprising means for creating a visua
r epiegenfacretingfiltaredsageigddahs remoying marions loh dhedsemic data that
co}rgs%ogcli lt(g ﬁlreeﬁursa?ﬂ}/s St cC:ha?aiacttéaristics of surface waves and that are within the time-

frequency boundary.

18.  The computer system recited in claim 17, wherein at least one of the plurality of time-

frequency characteristics comprises a polarization attribute.

19.  The computer system recited in claim 18, wherein the polarization attribute comprises

a rise angle.

20.  The computer system recited in claim 18, wherein the polarization attribute comprises

an inverse ellipticity ratio.

21.  The computer system recited in claim 18, wherein the polarization attribute comprises

a direction of polarization.

22.  The computer system recited in claim 17, comprising means for performing a forward

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