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[0601] The inveniion relates generally to the field of setsmic data acquisition and

processing. More specifically, the invention relates to methods for processing seismic

signals to attenuate the effects of certain types of noise in the seismic signais.

Background Art

[0002] Seismic surveying is known in the art for determining structures of rock
formations below the Earth's surface. Seismic surveying generally includes deploying
an array of seismic sensors at the surface of the earth in a selected pattern, and
selectively actuating a seismic energy source positioned near the seismic sensors. The
energy source may be an explosive, a vibrator, or in the case of seismic surveying

performed In marine environments, one or Mmore air guns or water guns.

[0003] Seismic energy which emanates from the source travels through the subsurface
Earth formations until it reaches an acoustic impedance boundary in the formations.
Acoustic impedance boundaries typically occur where the composition and/or
mechanical properties of the earth formation change. Such boundaries are typically
referred to as “bed boundaries.” At a bed boundary, some of the seismic energy is
reflected back toward the Earth's surface. The reflected energy may be detected by
one or more of the seismic sensors deployed on the surface. Seismic signal processing

known in the art has as one of a number of objectives the determination of the depths



formations below the Earth's surface. Seismic surveying generally
includes deploying an array of seismic sensors at the surface of the earth
in a selected pattern, and selectively actuating a seismic energy source
positioned near the seismic sensors. The energy source may be an

exXRIOSvE, R WRFaI0r 950 the case piasismiciswveyingpedormed ihe depth and

marine environments, one or more air guns or water guns. [0003]Seismic
eneépgyivhichienisd s fomstreiabiree Hamaketiiss R e Shsstrifseis eneray to
Earth fonmadignsatiil reachesianaceumstic dmpedance boundary in the
formations. Acoustic impedance boundaries typically occur where the
[0oEMpositigpand/ ofmeghanicaberapertiesof the earth farmatian change of water
Such boundaries are typically referred to as "bed bo‘ugig%ie " At a bed N
Do AR oSS G SR e e e PIHE ERRpglow te
surfpger Dheoreflecied-enstgyonaybedetestesidyonednmererofibride a seismic
seismic sensors de Koyed on the surface. Seismic sggbg\al Processinq_
O 51t K 50 BFa R BEr S Bie eD the Feterinatigrpe o @
thedigpihs andgeegeptvic ibcatiansnef deaddoeundatiesrbéSucteceanta'srrays of
surface. .The devpth and location,.of thgdb d bOLEJLngag{gSﬁil% tir{f‘e%eds{quim ttlﬂg vessel
travel e ofthesei 1m?8“§ﬁ%srgy}sﬁ%oﬁ1e Bed boundaries and back to the '
serBgrr-dtthe suifade. {6004 ¥8Hisnvic syriveyiity is pedorsteahinrtherranged to be

Oces%na%gtg therS%?%%a ?’i{ ngt%rifqarl?caen 81:{? e'&?ﬁ ISt ﬁjrr,vi%yz{ gggetr% selected to enable
detérmine eySE%I'UC ure ot Earth formations pelow the water bottom.

Marifigtiselsmiosplveyingisysism®knodnsitbthelart irglodeia seisgtiges in  three
SUMENIRRSE, HNICHIOWRANEI RIS AR ERRION SRV SRR ddGrs (ocean
same or a different survey vessel which tows one or more™streamers. _
Stréaftrerscakdealyayeref Suismicydotiversiod sehsvrsadisposedadogigwurce m the
cabig, atisdpued rdhe uesselndunicaliy-2 SRIPIC YEREPLYM IOWR) just as in
pluraﬁty of such streamers arranged to be separated by a selécted lateral
distsirfeenfrioiine aEhVeeE; in a pattern selected to enable relatively

complete determination of subsurface geologic structures in three

[008Fhensiondt s kadPRABIES theERVIBSIAcEBHINsE: VIR P Edisnsierey from the
sengQz{"acean-Piiom cabigsai-aonadbe watenhotiam.and ackate dddition to

seismic energy source in the water. Typically, the seismic energy source

will B8 T6iR SeBY R /S8 Bt S FReEHR AIREF- b IBERYBI NG G 0B AL RR&resent in

bedhourgdariassaspreeviausly elainadnsome afitoe ener hBign Wescted by the
source is reflected and ultimately detected by the seismic sensors..In

addiBRE FEReEPdBTEMICTRETEY BofPEGHEFEh notse ARl IREofEBt; Sienals of
noisg:Bay. g praseria tradstentadsseisnicRReYo The presRiieeOteducing the

noise_in the energy detected hy the seismic sensors reduces the signal to :
noiLTFAHO O SRIPS B e 1M LG AL b RFESeT ORU SRR 1Y reducing
seismolagistssisidRereforentpeseakanethads et deducing the effects of
noise on the signals detected by the sensors without appreciably reducing
{00t true sepsivicasignaticempanental thecdetestddsignalks 1Q06HERsIarardise and
methods Whi%fjégrrl]ave been used to {%ducefthe efftect of n isefand "  includ
acq B R hiyNEr Gl A FEp LSRR orA PaPiCiiArSBSIHALS SHictire meiude
incluge g singtipletipteattuatidhhof iensei smicso uradt i tife Bitings"shots") to
Or "shots") to reg&r d gfpslu{;%g;[‘yrggasseg]eslogn‘se 1%ureg{11g§][%smflrﬁp the same subsurface
subg?g%lilaﬁyﬁ je'samé subsurface struc ure, and then summ ng or

"stamkhmgttrsuehdn@asummﬂtg tore'mmm%ig:ga]hsmemmhmdgﬂe to enhance signal
subgtantially (eAueng. e AITeCk QLRI M. O DF ARG L PR herent noise.

10007} U.S. Pat. No. 5,818,795 which 1s assigned to an affiliate of the assignee of the
present invention, and which provides a detailed summary of prior art methods and
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systems addressing the problem of noise suppression in seismic signals,
discloses a method of reducing the effect of "burst" noise in seismic signal
recordings without eliminating seismic signals of interest. [0008]U.S. Pat.
No. 5,761,152, which is assigned to an affiliate of the assignee of the
preseniRvenrtianideseribesrimethasand systanm . fon mauRecSaIsmie discloses a
surveying. The method disclosed in the '152 patent includes increasing .
the“?Sﬁ]O(%8%@?‘8?59@&8@8%%&?8@ R Bat e e SHIBH, Whirddy without
resgliidhessignalstarnsigearatioiatgekerent seismic signals, without
incurring the problems of drag, entanglement, complicated deck handling
[00ssociated Withaintieasedistiteamaldengibsinaieased MaMbendthe assignee of the
strea}mertsi andtincr ase distanc%bgtwge‘n streaFmers. Source and 1o Th
streAmar "Oifeie™ A time 61 fHhY Of fsaty S8 aiiNg Ve sSErEsh BT THIe: the
a timetldel aysskequencéaré Appumnize ditduitereaseathesfold Wi g ravobadingt recorded
subsianial influence by the seismic ianals resulfing from e Source.ofe . cren
onéVessel on the seismic S|gna]i resulting from the Sotirce of the'6ter
vesseinl063alls. S/FatentiNor6) 7510 8 idsuedhfodrap kesapizbdmevhiclisplicated
as3ig ?‘i!jlto ngff&s'%‘é%%%ﬁ“?w% signee.Ql ihe present iny -{‘“%E‘c%%sgé' DS nber of
a method for attenuating noise from marine seismic sigrals caused by a
noiseimters, \wadew cThisat attstd dn dhetiessd etecanining Sanvan ivadl titmenofea "offsets”,
no'ﬁﬁde%{ﬁ’f%t &t ﬁﬂﬁ@ 8% %QHJ E@H%I%ﬁﬁ%s%gééﬁe%%%gs ?&tmggd%l%? %Iééq_{%nce are
of the noise source from the arrival times, and attenuating the noisé event
frompthgisignials istestedl bycide BRIk HE Bdingors bOBL O] Tinlfereg ditigthe seismic

desgription.is, RoLMAeANtie be,an %thﬁfe%ie@%em'c}ﬂ@fgggrﬁféfg?g%@ﬁea(ﬁtmg from

noise and the methods for reducing the effects thereof in seismic signals.
Thébe srereaeltiscshst ieisel- however, that continue to present a need for
improved processing methods. One of these types of noise is generated

[004R] vesseldor Bgsmh te ViR 8f thsuwdidmiBarkesert(abrevtbiptets assigned to an

‘coRtiNAYS,SIHR RRISRIde DeRRERiRe Qlnaise i JEHIRGIedIMRHISING attenuating
noise which originates as a result of actuation of the seismic energy

soute ar SuBkEtTe it BHECHERDT the Slshiicieneity Walintriaterbity method
thropghdbeqaatenioa seflectern indheswatesisanddhen baak & haSeRSO8s seismic

on the array (here termed "back scattered noise"). There continues to be a

neddSHimSrovEE et 89S HFarbdnbkting Bacio Scardied rbfsedhg! fimes, and
conttrunusrshil: neise dNdnakine seismic.taiaeSamnaty f dheclreation
[00111A method for identifying a position of a source of noise in a marine

[60B8]smic reThedinsiudesddefinimonfor atleashoneshat reaidiiaseiination of the
postsible nPise source ositit ns, -difference between travel ti?e of noise
from Bach pEEEib i hiise BEURE SOStsHIE eARh B SISy rdRaitispuc signals.
positiencferctheatipast dneishitreeotd ivdeiaiminedo pigeals frasadtor improved
least a subset of thgﬁreg?ivgg Rlosigi?ns are time-aligned Wiﬁ%.l reSé)ect to the .

R e PR et taval ieaTs: dREh poseisIE ngéeéag% Ce pEKitioN ries in the

diffSrénce between
Thevtimetalif fed signals axeltfienstacket dinemaise Sopreg 0siiaa isher type of
det%ﬂ%‘é‘?@ 1%8(%1:%%61%3‘1%%96 %@géall '?c%d ({SFII%Q%! és[%%)l'zlEAsm? tgfo gwft?lgltion of the
marine seismic surveying according to ano raspec gf e
seismic energy source and subsequent reflection of the seismic energy traveling
laterally through the water to a reflector in the waier, and then back to the sensors on
the array (here termed “back scattered noise™). There continues to be a need for

improved methods for attenuating back scattered noise and continuous ship noise in

marine seismic data.
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invention includes towing a seismic energy source and a plurality of
seismic streamers in a body of water. At selected times the source is
actuated and signals detected by each of a plurality of receivers on each
streamer are recorded. For each actuation a geodetic position of the
source and a geodetic sfosition of each reieiver re determined. For each

source actuation a set %ﬁé’ il ﬂ?% HEE P Htions with respect to

the source position at each actuation is defined. A difference between o
[061¢hvel timé S5 BRE oHSEEEH O EIORIBIY EotEE BTG el dprine seismic
received pagities Rrieach shokreegrddscdeiermined, Sighals femteagbied source
a plurality 01;%%@ ts of the receiver positions with respectto the . .~ . o
difiSTERER D %%F?Fﬁ\?e e 137 CA oL R OISR SBERdE BRIt oR g ouTee
eaphsthet recaith ase deteiniimededdrectimesalignéet signalsitaseash shotrecord is

record are s ac§<1ed. The noigeie%cs) rce T%%shit?i&ggltfor each shot record is

defF RS rom i iRl Shals 1001 SION e B ahg > 4 tme-aligacd

advathtaggsaf thelinuéfitomulbberapparent|fromethéifadoivingssléBcriptsonsource

andotsqgo%{)p%%gedrr?el?zixﬁlsﬂe%ris%f I':l)a. S%ﬁ'g tingnnogttahc (5:%{ arﬂngnsolgg ]églllr:r!g i l}sition 18
shoWws an example seismic acq%lsﬁlon system as rela ed t0 a hoise solirce
codetinatecsyStentlacaorting tokheligrehtiona[0015]FIG. 2 shows two of

the streamers from the system of FIG. | in more detail to illustrate a noise

[0018&vel tima diffthedcoTaleulation ansorting 1o rre@xdmplecofminethgekct of the

accardi | fon. ) 3 I rt-of ple. ..
o A el S A P S B g scoamers
throug oAl shavblexarmphescofcseisngic Hatpprocessedaedondingamls detected by

each of a plurality of receivers on each streamer are recorded. For each actuation a
geodetic position of the source and a geodetic position of each receiver are
determined. For each source actuation a set of possible noise source positions with
respect to the source position at each actuation is defined. A difference between
travel time of noise from each possible noise source position to each receiver position
for each shot record is determined. Signals from each of a plurality of subsets of the
receiver positions with respect to the difference between travel times for each possible
noise source position for each shot record are determined. The time-aligned signals
for each shot record are stacked. The noise source position for each shot record is

determined from the stacked signals,

[6G13] Other aspects and advantages of the invention will be apparent from the

following description and the appended claims.

Brief Description of the Drawings

[6014] FIG. 1 shows an example seismic acquisition system as related to a noise

source coordinate system according to the invention.

[0015] FIG. 2 shows two of the streamers from the system of FIG. 1 in more detai] to
illustrate a noise travel time difference calculation according to one example of a

method according to the invention.



one embodiment of a method according to the invention. [0018]FIGS. SA

through SC show examples of seismic data processed according to one

embodiment of a method according to the invention. Detailed Description

[00191ANn example marine seismic acquisition system that can acquire
~_seismic data for use with methods according to the various aspects of the
[001%lventionisGhoigr skiestaticaliynir e nslsmeiaiessdiosgishargprding to

towingaHlukality of laterally spaced apart streamers Sl, S2, S3, 54

through a body of water 11 such as a lake or the ocean. The seismic

[eo1vessel 10ripoludes gaslipment dhareonsliown.generaly atlg-snddeferted ding to

to for convenience as a "recording system" that includes devices (none of

theF6IFIWRREISIBIAT 2aphatRYFREF &g St v&Bi & Hic energy source

control, timing and recording_of seismic signals detected by each of a .
[0015} rality d%fféggﬁédfhﬁfr}gg& ShNpATroETIe Stk a6 BiBFgeadpeording to

streameitokipd3f b4nctheirecniding systemdehatselected times causes

actuation of a seismic energy source 14, such as an air gun or array of

such air guns. The seismic energy source 14 is showed being towed by
the seismic vessel 10 but d3etilileel dprecigiéth by those skilled in the art,
the vessel that actually tows the seismic energy source may be a different

[0019¢ssel. Futhetathsiannber ofi such seuiermarsastaysitewal aaditbeeismic data

nuFber of strlgam_ rs and the('g. Iat%rals acing are not Iimiés on the scope b
Ris YRvetitt rfnfg% THESURMIC rete s o GRS § i&‘%%ié“é’ﬁ’é‘i’@is) 15 shown
reflebtechbyafigousHanipedanterboundaiies in thevormatons peliowitthel laterally
bottom qf the body of water, T%%S' nals generated by the receivers 16.i

roSHOrEL S BAbRlG 1 oo SO SACrSY SIeHE o af o ke o the
intecest.in TitespretingvstattUrermhdicomposition Gidkefchmatiqresdelimat 12 and

the wateh 8?8%};0%

QRakinsecording, such ?fs!fe”%fﬁ fignalk gééstﬁgéﬁégse Qbne of the
each actuation o € selismic energy sourc , the recor Ing system
initfatesvgeneratiorsafigativhe indesxed{typicsdlywitkerespestusdlrosordaning and
ac%@HPd}ﬂtg%%)s@%[g ng %%@édpﬁgfd&%%do?% plurality of longitudinally spaced

apart seismic receivers 16 along each streamer S1, S2, 83, S4. The recording systemn
12 at selected times causes actuation of a seismic energy source 14, such as an air gun
or array of such air guns. The seismic energy source 14 is showed being towed by the
seismic vessel 10 but as will be appreciated by those skilled in the art, the vessel that
actuaily tows the seismic energy source may be a different vessel. Further, the

number of such sources or arrays thereof and the number of streamers and their lateral

spacing are not limits on the scope of this inventiorn.

[0020] The seismic receivers 16 detect seismic energy reflected by acoustic
impedance boundaries m the formations below the bottom of the body of water. The
signals generated by the receivers 16 in response to detecting the reflected seismic
energy are the signals of interest in interprefing structure and composition of the

formations below the water bottom.

(6021} In recording such seismic signals, at the time of each actuation of the seismic
energy source 14, the recording system initiates generation of a time indexed

(typically with respect to the source actuation time) record of the signals produced by



each receiver 16. The geodetic position of the source 14 and each
receiver 16 at the time of each sow-ce actuation is also indexed to the
signal records. The foregoing information recorded for each individual
source actuation is known as a "shot record.” [0022]There may be one or

{ ise in the water 11, f le, oth s, oil
o BroHEINY T SAChERei BUURELE TR APt Lk b CRne Shehgy 1o o e

thatriscal$ e aletectedebycthairecaivedrs 16dSudninoisesipreViedshddentifiedregomg

as cantinuous ship.noise an?l badck.gcalttered noise, ma |1nterfere wifl "
1 ozrméJ[rx?H_ re&o?dei? ((j']f' cach Imalvl U.El SQUICS ac%ati HIPAS (118WI’1 ?S% shot record.
analysis of the detected seisSmic signals. In'a method according 10 the
invention,.such noise may be identified in the recorded seismic signals .-
0 o) LG By Ly BEROH S L& 1O, (D031 car o packls: oter
locationls, opipasitiogrfopthédnnimiselsolitce, fordeaidirshotiresottasipowdu@t acoustic
NI throu gl\ln in ElG.J.qan be predefined. | one exam le, the possible ..
| Iso detected by t : . ; S
o g s e PR CETE e s
circlnhaving ahseloctsd aadliossiy, Srotempredefinadvonigin@el witie praseintof the

eXﬁ@{gA?edﬂggiﬁﬁ?Qg{é%gg,Olﬂgi{‘;ﬂeﬁﬁ'@db&&%dg%o%eﬁ% %R%Hg n?fsm% noisg: may be

seismic energy source 14 at the time of actuation. The actual drigin use

in &RpeRatplalis srainst shivhoicedior shendystienmidesibner proddssnotrformed as
intengled.to limit the scope of the invention. [0024]An angle 0 which

defines the second coordinate of the predefined noise source positions

[0023'png a defined gircle may pRdefined WILIRSPeS! 1020 SEIGHIRY for cach shot

reference. In the present example, the selected reference R may be a
geelid rdferehak MUk uggBagiapitie Norhn frrapisdsiined. 0 k2 @nghexampie, the

NOiS&:SE G RREILAN ISt shdistantR [ IoM the, saisiGeRe gy SQUISe 14dh such

in a direction North of the position of thé seismic energy source 14 (and of
theEBFRGIRDF R Fhereiad v rhajoalss pedidimedampie Andysdugeent example,

dirgctign@édravebebine assel 41Q J-aavRiRsLRieENGe aLERARISSy source 14
azimuthal definition of possible noise source positions with respect to a

dir8GiisntiBsr E AcH ehot rett dC RSP B D SR SibTe IS S Bupdmatter of choice

POSilians {ghowidaienesr asinglecikgle, of dadius it as Nbiarorgh Nodsmay.
be defined along circles using a selected increment of the reference angle

[0020] for examplendive arien denieescandoaselrstaghiocremept-atihe dadies source
r. [0025 Refaﬁ EIG. Z,G%VO of the streamers S3 and 54 are shown in

ning t . |
R LR UHEOH 4 BFEH S AR (s ARIBSHONE SETR BohioRiERIS g+ erence.
ilusiraie gresloulationused irlackethasaceordingytedheineatoatd@ice, such as

eacggo%%;;%g 81$t 1i,bt ea‘p IOSIS‘%%% Eﬂer the noise source position is at a distance r from
the seismic energy source 14 in a direction North of the position of the seismic energy
source 14 (and of the origin O). The reference R may also be, for example, the
geodetic direction of travel of the vessel 10 or any other reference that enables
azimuthal definition of possible noise source positions with respect to a direction. For
each shot record, a set of such possible noise source positions (shown along a single
circle of radius r as N, through Nn) may be defined along circles using a selected

increment of the reference angle 8, for example, five or ten degrees, and a selected

merement of the radius 1.

[0025] Referring to FIG. 2, two of the streamers S3 and S4 are shown in more detail
with one of the defined possible noise source positions Nx to illustrate a calculation
used in a method according to the invention. For each defined possible noise source

6



position Nx, there is a particular distance between such defined noise
source position Nx and each seismic receiver 16. Such distances are
shown in FIG. 2 as di through clic,. An amount of time for noise to travel
from each possible defined noise source position Nx to each seismic

receiver 1 wiH be related.to t1he Cgi;tanc% égl throu gi bgtween each -
osition é, 'lelﬁt 18 agg)%{tlcu ar aisiaice WECTL S 1 Qe l}ﬁ NOISC SOUICe pOSlthﬂ
receiver and’each possible noise source position Nx an e seismic

velocitydethe moisec Thusyforléachudcdiviends itis shpossiblElfe defing: through

af?d?gp%%!%%gﬁ%gh@%' fime ;gz; %@@gﬁasé&he J&Qiisgo%?ﬂﬁ%edgﬁﬁgéfﬂo?%'source
It is'also possioie to define a d? erence between exp cted noise arriva
tinpesi avedthircweiverivity respaet i avigfbeantdcrbiseibed(graesy(otlibiough die)

re%@i\'\%@ﬁ I&E%ergmplgnﬁhgﬂﬂ %Eﬁ%’re%néflgp%cfgxfgé’ %%%i%%c?ﬂez%ﬁ F;]h.e seismic

shown at r5, then a distance d5 betweer] the re.fe.relnce repeiver and the
possitlinoishesatitee poBRIGAT NSCHEREHECE Al Ul 2 folle s dngmRr espected

XNYRYNYillL2 [0026lwbereinx.and ysapresart thegeadetic soardinatesssible to

for each of the reference receiver r5 and the possible noise source
podetit NSIHEEPEEtRAENSTH B CUTRSIHEIBTHIf a8y SleitrdfiFrdUcH it respect
respectierthe oreinQ iBFG- dhef Regeedetic erordinates aheach efthe. if the

receivers 16 and the source (14 in FIG. 1) if used as the origin O can ,
deteferinet By EER AT Rt MENt AR FIRBTEMPSPERSMItE 25 Ienss Tofarer and
eagh shelirecamkeTe0epdaticconrdinates o eashpassiblemoise

position Nx can be defined along circles, as previously explained. The
coordinat%s 21 ‘ach)hpgsgri le Qois? gsition are defined by coordinates (rx,

0") as previou ined A sithilar calculation for the distance between

v ex
the possible noise source position Nx and each of the other receivers 16

10026dn be maerTdh Sath shEtPEEERt Hnd R EacIPORHRIA pOSSIRE Aol Teference
sowesResitiondTie catesianceordinaiepwitiorespectipdbgverigimOoCartesian
each defined possible noise position (defined above usin &gr o
cOBRIARA THE B ARy THE s Hpr S F o Ry = Figpeodeti
61 {007jand the:foregbihg feasiesian €aardihatesufor ¢athnofthe tefinedd as the
nolse S0 Ceg? 8§itionﬁle Caget 'aen ~usf§dr}i%nqete{£gi9§;g%r? p%esscetfg tqu S ric 1)
ealhFELEIAF SESHION SR e aCh UefiHed possible Roise source position for -~
eacdbrshoh shoordcofd0ZB]H avidgtihusmtetermminddadiffeeblcenbstywerion Nx can
dIs{ﬁaengggngodea?grtlgpc%salegl,eag%rseeviously explained. The coordinates of each possible
noise position are defined by coordinates (ry, 6x) as previously explained. A similar
calculation for the distance between the possible noise source position Nx and each of
the other receivers 16 can be made for each shot record, and for each defined possible
noise source position. The Cartesian coordinates with respect to the origin O of each
defined possible noise position (defined above using polar coordinates) may be

calculated by the expression:

xy =rcosd

Yy =rsiné

[0027] and the foregoing Cartesian coordinates for each of the defined noise source
positions Nx can then used to determine distances between each receiver position and

cach defined possible noise source position for each shot record.



source position for each receiver with respect to a reference receiver, a
difference between noise travel times from each defined possible noise
source position Nx to each receiver 16 can be computed for each receiver
with respect to the reference receiver (which may be any selected receiver
in the acquisition.system) using the followi xpression: At =(dq -d,)l v .
00 G G L e IARCE DR REH oA HBA e pdsfifenble noie
noisarsoyrcetposifionchbh anckihe refdrenspere celvercfinehde repfiesentsdifference
the distance hetween e d-thiecelver and the defiped possiblenolse o, i 1o
source position NX. vu represents the seismic Yetoc y of the noise.Ngise
seismiicreetosity foramarinecseisntic surveyshwitctypicatiytegugldtietsglsmicference
velogit water 0 ise velocity may depend on the water
e B e T e L e e
seisiigwedoeiyastidie foimations proximate the water bottom. In some
examples, the noise velocity vo may be adjusted and the foregoing time
difference’¢atddlations/répeated for the adjusted velocity. The original set
of and the repeated time difference calculations, may be used as

[0029plainedWiriewn. {0G3PdRadorrgaingneisertiavetime:diftergpcasicaidibe source
used to, tir&}eg{gl%g he signals recorded from each of the receivers. The

timSih BEPRFRSIF RGBTl S FRESSHiHGE s PacE RFsgeen the ¢-th
sigralsieonn e deh defieddepautidhatstheonniseydfiti @riginates-fpomcdie the seismic

pred fln?do?%se sourcg, (gxosmon Nx, would P‘;i?h resent in the ssﬁlfg\als of all

the FREERErsTA BOBStantiAify THEUSHE Hiiee [FHBIEPSGSING & VEpestad tgppically

all eefin¢itt possilbter noistysditicenpositidtishbh [B03d]Fhe-timeyaligneehend on the
seismic signals {tor eachéle ined possipble noise source position can then

e SO A AR oy BE DI or IRC e Mghag ond e
sigratsifronelaliitheofebeifersatithe geisimittacou isition isystem, or suay iexamples,
SOQ]:%% %é%@n%?gcl{‘ge[ BE g%‘:?' eedaf L&8% ra‘tr(l)c{ ﬂigl %ﬁa“t&gf %%%Cé[ﬁ&esg&) See(tzgllglglations
all the receivers, although the reference receiver Sedto calcutate the
timespliffiererice slwilladentival sarpheityi onBhexampley thet tinde-aliyried sigaats] time
froﬁlf?&%&%%ﬁ%ﬂ&ﬁ‘@ hesHmmed, oL stagl g}g-bm%vfesuﬂ s a stacked

signal record for each streamer related to each predefined possible noise

[oofgurce poﬁ}é%%ﬁmwg%%l@%&@%%S@ﬁﬁ%l%&&a%ﬁﬁ%&%ﬁ&%ggo time align the

predefined noise Source position, for each streamer, may then

evalgadyresaaesrinme ehosttiRaBrtivse sburdepositomaabeande performed by
preqiefipgdnolse SAUECe PeSIRR AN Jhat most lkel:Lepresents hgatalise, i it

noise source position, a high signal‘ amplitude event may be observed in
the%&%ﬁ&ﬁté@@s%r%@%ﬁ%ﬁ g EhEPHIBStIRERCROIYE Shritik Yrosiweent in the

In ang sxampleqibestacked timaalioned sionals-aieevaluateddiing is repeated

scang%q with respect to the azimuthal angle O for each radius r of each
podéiit A &pareR sastisamcopptEsidBenefit of stacking time
[Gﬂﬁi(gned signals in subsets, such as all receivers on individual streamers as

lained SB0VEIS MR seiEfstAtes Moraathrisiecoresiblngigise source

souyeaasitionidl indicatenahigh-amplitude.evant iNhestRek§thed for the time:
time-aligned si%nals. If the stacked, time-aligned signals are processed in

SULSER A BRBIiIN ST R BOVES TS TGS Tkl (PREDH6HE Poasibe Bisel may in
sousadesiion foseachrasival Roisapaurcepwillindisate the-gamesighs all the
amplitude event in ai:h of aeplurality‘ of subsets of time-aligned, stacked ,

SigHeiE" €5 SYATHBIL e RIS AR CSHEHAD SHTLAC BB rences will be
strehmernprockssed asaxplaingd ahoveigay thendpe mediandfiltereshter can be
identi‘fh)( the sin Ieim sw{lk_el nPise source positi%%.v[OQB |FIG, 3 showsa

flowi ERARof 'ah SRS ple SRR 4 A AP ab by b cach streamer related to

each predefined possible noise source position Nx.
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each shot record, at 30, a set of possible noise source positions is

defined. A differential travel time of noise from each of the noise source

positions to each receiver is calculated, for each shot record, at 32. The

signals are time aligned at 34. The time-aligned signals are stacked for
[0038Rch posgiblenaise sourge pastionat,36.rheRessiRle REISe SAKEEosition, for

position N having the maximum energy is then selected for each subset of

reBRilers HIEE; THE aliVe ProREUtHES 39, ST ERqRaEark HishatBaifp source

egehiisinset Gf IRCAINEES (8 Unolar eathsieamenNT et esulisitom abthents the
streamers (subsets of receivers) may be aligned by common azi

imyth _
(ARG DS TS ot e b STIBn SR 6 FECTER B R 0 1 e
deiguminetthe:-oneeesponaingise sptreepositions aiidd 034 Twsition. M one

attenuate the effects of the rﬁ)ise n _th%ecorded si%n‘fﬁ, an ex qcteg -
VAT 6 GBSt PR St O YA R RHAHO M IR LB respet 1o
positiapanchthergeeiver pasitiarsdor eachcsheisesrrddor eanftegerivien Nx. A
is then determined, at 46. 'I;hte noiﬁe evc?nt IS lihen aqjafpgveIxcﬁuepstrﬁ?tl%dcivers on
frofRSHR BB P LIRS DERUR PESERE P S B i ReTs & aHvsT
timediatdB! Thearestiltds seigmiedatzohavinghseduced efiestaoteoherenthan one
noise from, for example, sources.in the water such as other seismic
R S PR At e 1O 0B S P Lty SEIame et ™ the stacked
processbgnas expldinedt abovedra shownmligGSeddls 48 ancbdGsd-IGsubsets as
4A shows signals from one streamer.in an array.of ame i
S e e B0 T L SRS S FRivon o
TheadisplaplimFie. searieelwdBsiadpleiality otsidels) sivhe|itide afigred, cach of a
stagkes LeaghAelingd.aaimuit direption.of te Rossible ARisk..aii
1 187 1 d,
soﬁ%%%%%ﬁ%%ﬁ)%ﬁne circl (d’efindeé ase plafined abo&g%. At 50, a crangne
higteelraglitimelevBntrcandbe shissarse doivthtstimes atighedicdtabkad, traggsthen be
T%ﬁe@ﬂﬂ‘ﬁﬁé@ﬁ%’%ﬁﬂ%ﬁﬁ{%ﬂg@% N5t hghampigygs syent 50
indicates some uncertainty in the calculation of azimuth of the noise
oo3squrce posiion. Asimilandisplay forthe seismic signals obtaingd MR ve. For
[ g(i?‘ferent streamer in the same acquisition s?gggam is shown i?_#ﬁ(;. 4B. A
highdnmipittdecesdentis30n thectirile figiidld, BRAskeaBinasinanfGisagefined. A
alsg ghews semeH @ﬁﬁét%@t}{cﬁ&t?r%n%'égﬁ Qiﬁﬁﬁe?ﬁéié@@&fr&@e J3R18Bns to each
source. FIG. 4C shows the time aligned, stacked signals from FIGS. 4A

4
antFoRBYShtEr BsHE e drinehfte fda! Restatnak nidihanipitidecciidstadigned at 34,
shaws gapsitierablyiess Azl uaceriaindhasiQipRSHINg: Afhegisfion at 36.
source. [0036]Similar displays of time aligned, stacked signals are shown
in ERS PSRTNRBRENT FOHENEBTIHE St AT iR BAary! SPAFSY Aighen selected for

amplitugie,eyent L6ds abservableaiangyve firstazimutin584and inha $8ee0ekpeated
high amplitude event 58 is observable along a second azimuth. The two

higha i858ttt B8 585 Sy re fre SBAT 1B SR polibiEHbigefrom all the
souteRResitiemh R B SRBEVESUMBIANCaN MQ] RS SHAMNQISE SRWMIC angle 0) of
positions will result in a high amplitude event in the time aligned, stacked
T A g 0 B 0T Ao e B i one o more
arrayiss showpimsfi&saB4wvhere high amplitude events 60, 62 are
observable along more than one azimuth. By median filtering the traces

[00Fddm FIG. TSAandbR, medidhcstackebk timgaligngd, siacked vaees wWilk expected
proEg u;%%?l%les %l)@fhtg %};PS%S Ol?ll rosn%cc:“%hﬂamé) ItitUde eé(ent 04 oS, it d ti
median fitering the traces om diferent SUDSETs of Fecalvers(E g, position and the
diffexentsteameons) rayddaditot assniguidselufioretoitiee positioriatihgned, at 46.
noise source. [0037]While the invention has been described with respect
to :? 1|(Fn|1%8%17’enthrvnef:?grJf:’)f ey gérﬁqéﬁ%t lE)It)s,re'g“é\Eaﬁler%)icfir%lti?%ealrfz,cﬁlété\ﬁCrlggskgé(’ﬁ'clefﬂf cach
of this:disclogbeesaldlllapgreciatenrrival time, at 48. The result is seismic data having
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that other embodiments can be devised which do not depart from the
scope of the invention as disclosed herein. Accordingly, the scope of the
invention should be limited only by the attached claims. MCSLLP Claims
What is claimed is: [d] A method for identifying a position of a source of

nojsgiinea iRBNGE SeiRHsesREdieRMpiisiRgnpie, dafivingfanatieastafitas other
shot record a set of p éﬁslble noise source posmons the at least one shot

re PRI R MY  eLaT s aHaEREd with respect to actuation time of a

ismic epergy sour e of s Is detected b eac é uralit elsmlc
003 o R o B G O BT S A MR DA 18 A iEt 5 FIGS.
thetactliation eﬂhe?géjsmlcsmggym@eommhﬁmdmgemy of streamers
beém{ieen travel tlm &n?ehrse fro ach 055| le qmse S urce smo
each'®

oW 111116 and stacke ats é) aawcp aﬁaove The
a plurall y recelv pOSI IOI‘] ort eas one s recor

tima&salignindf Kig ﬁalsrf«:bmeatal@M&Mﬁd@ﬁmd@cmm:p@ﬂmmmmces for
res‘PeFt &of eidlfferetﬁkm{e1 beglec\)/le% % avel t| es for each dEOSSIb e noi ise

dZ1ITILLN l‘ﬁf‘ﬁ OSC? ISG 50 OS51L1011 a Rng one circle
source positon; stac e time-a Ig S|gna s an rmlnln t

noisefsouree pqﬁﬁiocﬁfmﬂ)e dtadked éﬂgh&lelr{hﬂydmevmethmdw clairvdd in the
therrneema %%e%,ffgira%rﬂgﬁ Pr?x%’? ?Qrtraa%ﬁlﬁgae%iisadjacent defined azimuths. The high
amplitude event 50 indicates some uncertainty in the calculation of azimuth of the
noise source position. A similar display for the seismic signals obtained from a
different streamer in the same acquisition system is shown in FIG. 4B. A high
amplitade event 52 in the fime aligned, stacked signals in FIG. 4B also shows some
uncertainty as to azimuth of the position of the noise source. FIG. 4C shows the time
aligned, stacked signals from FIGS. 4A and 4B after being median filtered. Note that
a high amplitude event 54 shows considerably less azimuth uncertainty as to position

of the noise source.

10636] Similar displays of time aligned, stacked signals are shown in FIG. SA,
wherein for one of the streamers in an array, a first high amplitude event 36 is
observable along a first azimuth 56 and in a second high amplitude event 58 is
observable along a second azimuth. The two high amplitude events 56, 58 may
represent the same possible noise source position, but in some circamstances two
possible noise source positions will result in a high amplitude event in the time
aligned, stacked traces. A similar display for traces from another streamer in the same
array is shown in FIG. 5B, where high ampiitude events 60, 62 are observable along
more than one azimuth. By median filtering the traces from FIG. 5A and 5B, median
stacked, time aligned, stacked traces will produce a display that has only one high
amplitude event 64. Thus, median filtering the traces from different subsets of
receivers (e.g., different streamers) may lead to a unigue solution to the position of the

noise source.

{0037] While the invention has been described with respect to a limited number of

embodiments, those s_kﬂ}ed in the art, having benefit of this disclosure, will appreciate
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determined by calculating a distance between each possible noise source
position and each receiver in the at least one subset. [e31 The method of
claim 2 further comprising adjusting a velocity of noise and repeating the
calculating difference, time-aligning, stacking and determining noise

sopificoRRa leallie matadeledin AUnsrein e Set AROSELRope of e
noise source positions Is eflneé1 along at least oné cirdie having a
seleetativadiudifrdneh lovigin. [¢Stadephettibe sfalaint thehereirtitheshould be
orilglilqigédqﬁi{;gg as g{tggﬁgao%% a seismic energy source for the at least

one shot record. [co]The met o& of claim 1 wherein the at least one

subset comprises receivers along a first selected seismic streamer in a

seismic acquisition system having a plurality of streamers. [c7]The method

of claim 6 wherein the calculating difference, time-aligning, stacking and
determining noise source position is repeated for at least one additional

subset of receivers. [e8}The method of claim 7 wherein the at least one
additional subset comprises a second selected streamer in the seismic
acquisition system.

11



[c9]The method of claim 7 further comprising aligning the stacked signals

from the first streamer and the stacked signals from the second streamer

with respect to a common azimuth for each possible noise source position pos i

and median filtering the azimuthally aligned stacked signals to identify the

noise source position. [(JO] The method of claim 1 further comprising

determining an expected arrival time of a noise event in signals from each

receiver from the determined noise ?1%? p03|t|on and adaptively

subtracting ngise from signals from each seismic receiver based on the

WhbEEHHoEd¥ravel time to each receiver. [ell] A method for marine

seismic surveying, comprising: towing a seismic energy source and a

[plurality efsgismicrsideaifesssin pbadyrobivates aiesefestéd timasmarine seismic

r@g&y@t% fipurce and recording signals detected by each of a plurality

of rec%ggrs on-eac strFamerh (gterteegcgngwl %for each ctua.tlon a d%eo e'%m15 the
[

pOSItIOﬂ 0] h% géuaﬁcgégngne SGOCIGtIC positon oPea recelver e?l%:\oqi

TolceH S PG SoAEHUASERPE B 6?%@%?@%‘&%@‘%‘6&%éeﬁéﬁ%%%%i%ﬁon time of
aesjpacttorthe seuncs: positiprlatdeashcdchyation; calcplatrgadifferencereceivers

&%HW@@QPIH@/%bﬁm%@fr\zﬁ&lﬁQE@Qﬂgﬂaﬁhdé%‘wa'@ﬂwéﬁﬁoi@élr@tﬁ@%ﬂ@ﬁd@n of the
Se% E%{}?AQO” for each shot record; time-aligning signals from
8‘%

Ity of subsets of the receiver positions Wg% respe t to th

differe LT8R H B ALK Plo KT8 s PRSP Bl noise
seurt® mttmméﬁdﬁaﬁ@@wéwm@cawﬁ@a%i@ﬂaﬁ@rf&e@éé‘?ﬂm@réb@fréﬁcord
and determifiingdfei poisefsaureel posiicniar edd-shotireserskitions thgh respect

ARKEFSIgRADetween travel times for each possible noise source position;
stacking the time-aligned signals and
determining the noise source position from the stacked signals.

[¢2] The method of claim 1 wherein the difference between travel times is
determined by calculating a distance between each possible noise source position and
each receiver in the at least one subset.

[¢3] The method of claim 2 further comprising adjusting a velocity of noise and
repeating the calculating difference, time-aligning, stacking and determining noise
source position.

[c4] The method of claim 1 wherein the set of possible noise source positions is
defined along at least one circle having a selected radius from an origin.

[e5] The method of claim 1 wherein the origin is defined as a position of a seismic
energy source for the at least one shot record.

[e6] The method of claim 1 wherein the at least one subset comprises receivers along
a first selected seismic sfreamer in a seismic acquisition system having a plurality of

sireamers.

[¢7] The method of claim 6 wherein the calculating difference, time-aligning,
stacking and determining noise source position is repeated for at least one additional
subset of receivers.
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[e12] The method of claim 11 wherein the difference between travel times

is determined by calculating a distance between each possible noise MCSLLP
source position and each receiver in each subset. M CULP [c131 The

method of claim 12 further comprising adjusting a velocity of noise and

repgating the, calculati ifference, time-aligning, stacking and : .

8] GRS ROILE EaLrE DAl 130 St SNof AT [ TR ==ond
of staartctilstndvereinithies setsofiposgibigtivnisgssource positions is defined
along at least one circle having a selected radius from an origin for each

[c9] Shateqardfelslifine methed offlaimLlyhereinbe.ougin g%ﬂﬁgnﬁ&?ﬁm first

the position of the seismic energy source for each shot record. 1¢161 The
methetsT dahihe S meaaleHsupdBe serapAsEsame T 8ERIVIERIRl 40 & common

selggtadiRnerafthesHeamarssdGhit-Lhe Mmethad ohelaim Eawhereid Benuthally

calculating difference, time-aligning, stacking and determining noise
sodrEE b Sifdir isSrepateddgiay IB5st Ui abtmtioAs i Sibset of receivers.
[c18] The method of claim 17 wherein the at least one additional subset

[c10torfipisesladedondane fofithe stteamens. Jeldliegneatbos:of-alaimvh8 time of a

further comB{.i%jln aligsn;l{jﬁqﬁx;[h(% 3tacked sigfnals tflrlgrgegche first,streamer and

noIse v 1 TeCEIVEr ITom rimmed noise source position
the s%ackea sigha rom the second streamer for eac SO% I’eCOI‘(qZFWI?H I

respectderai commbnaagiguth fofieachipogsibierneisd sosroe positienbard on the
me ?Q&@E?H&%Jﬂ%&?%&‘é@@'éxcﬁ"%%Sﬂzéﬁa‘:ked signals to identify the
S

noise source position for each shot record. jail] The method of claim 11
further comprising determining an expected arrival time of a noise event in
[c11§ighamR R P FBRSIvER oMY Bt SHARBE Mbise source position for

eaghyaiet secauehanshadantivabe subiractingnaiserftemsignals: fem eachhody of
seismic receiver based on the expected noise travel time to each receiver
for each sH8tfecord.

at selected times actuating the source and recording signals detected by each of a
plurality of receivers on each streamer;

determining for each actuation a geodetic position of the source and a geodetic
position of each receiver;

defining for each source actuation a set of possible noise source positions with respect
to the source position at each actuation;

calculating a difference between travel time of noise from each possible noise source
position to each receiver position for each shot record;

time-aligming signals from each of a plurality of subsets of the receiver positions with
respect to the difference between travel times for each possibie noise source
position for each shot record;

stacking the time-aligned signals for each shot record; and

determining the noise source position for each shot record from the stacked signals.

{c12] The method of claim 11 wherein the difference between travel times is determined by

calculating a distance between each possible noise source position and each receiver

in each subset,
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MCSLLP

[¢13] The method of claim 12 further comprising adjusting a velocity of noise and repeating
the calculating difference, time-aligning, stacking and determining noise source

position for each shot record.

[c14] The method of claim 11 wherein the set of possible noise source positions is defined

along at least one circle having a selected radius from an origin for each shot record.

[c15] The method of claim 11 wherein the origin is defined as the position of the seismic

energy source for each shot record.

fc16] The method of claim 11 wherein each subset comprises the receivers in a selected one

of the streamers.

{c17] The method of claim 16 wherein the calculating difference, time-aligning, stacking
and determining noise source position is repeated for at least one additional subset of

recelvers.

ic18] The method of claim 17 wherein the at least one additional subset comprises a second

one of the streamers.

{c19] The method of claim 18 further comprising aligning the stacked signais from the first
streamer and the stacked signals from the second streamer for each sot record with
respect to a common azimuth for each possibie noise source position, and median
fiitering the azimuthally aligned stacked signals to identify the noise source position

for each shot record.

{€20] The method of claim 11 further comprising determining an expected arrival time of a
noise event in signals from each receiver from the determined noise source position
for each shot record and adaptively subtracting noise from signals from each seismic

receiver based on the expected noise travel time to each receiver for each shot record.
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