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6.1 Introduction

In thelastfew years,anewtypeof seismicdataacquisitionis growingin popularity, beingthe
acquisitionat theoceanbottom.In this typeof acquisition,(multi-component)geophonesare
put at theoceanbottomanda vesselwith anairgunarray, similar asin conventionalmarine
acquisition,is movingacrossthisoceanbottomcable(seeFigure6.1).

Theadvantagesof this typeof acquisitionare:� Multi-componentmeasurementsatthebottomprovidemoreinformationontheS-waves
belowtheoceanbottom.In thiswayconvertedmodesandanisotropymightbetakeninto
account.� Oceanbottomdatais lesssensitivetooceanwavemotionandothernoisesourcesrelated
to hydrophonespositionedneartheoceansurface.� Oceanbottomdatais verywell suitedfor 4-D seismicssincethegeophonescanbekept
in positionfor a longerperiodof time.� In certainsituationstheareacannotbefully coveredwith conventionalacquisition,due
to obstacles(i.e. oil producingplatforms).� Oceanbottomacquisitionprovidesuswith actuallymeasuredCommonFocusPoint(CFP)
gathers,with thefocusingpointspositionedat thebottom.�
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Fig. 6.1 Oceanbottomseismicacquisition.

In thischapterweproposeaprocessingschemefor oceanbottomdata.Wewill assumethatat
leasttwo-componentdatais available[acousticpressure���	��
��	
���
�� � 
���� andtheverticalcom-
ponentof theparticlevelocity �����	��
��	
���
�� � 
���� , where � � is thedepthlevel of theoceanbot-
tom], but we will alsoconsiderthecaseof three-(andfour-) componentdata[including the
horizontalcomponent(s)of theparticlevelocity �����	��
��	
���
�� � 
���� (and ��������
���
 ��
!� � 
��"� )]. The
processingschemefor two-componentdatais basedon theacousticwaveequation,whereas
wewill makeuseof theelasticwaveequationfor theprocessingschemeof three-(andfour-)
componentdata.

Theprocessingstepsthatwe proposeare:� Transformationof 3-D to 2-D amplitudes(optional).� Decompositioninto downgoingandupgoing(P-andS-)waves.� Multiple eliminationat thesurfaceandat theoceanbottom.� Prestackmigration.� AVA analysis.

Thelattertwo stepsarenotdifferentfrom thosefor surfacemarineor landdataandwill there-
forenot bediscussedin thischapter.
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6.2 Transformation of 3-D to 2-D amplitudes (optional)

Thecurrentpracticeof oceanbottomseismicsis often restrictedto acquisitionalongcables
(pseudo2-D data).For this situationonecouldeitherfollow the # �� -D approach,asproposed
by Bleisteinet al. (1987),or onecouldtransformthe‘3-D amplitudes’into ‘2-D amplitudes’
andproceedwith 2-D processing(Wapenaaret al. 1992). We proposethe latterprocedure,
becauseit alsoaccountsfor multiple reflections(whereasthe # �� -D approachdoesnot).

Thetransformationalgorithmsfor the acousticpressureandthe in-planecomponentsof the
particlevelocity read� ��$ ����
�� � 
��"�&%'#)(+*, � , �.- $ ����/0
�
1%32.
�� � 
���� � /4 � / �65 � � 7 ��/�
 (6.1)

� ��$� ����
�� � 
��"�&%'# ( *, � , �8- $� ���./9
!
1%'2.
!� � 
���� �4 � / � 5 � � 7 �./�
 (6.2)

� ��$� ����
�� � 
��"�&%'# ( *, � , � - $� ��� / 
!
1%'2.
!� � 
���� � /4 � / � 5 � � 7 � / 
 (6.3)

respectively(notethesubtledifferencebetween� and � / in thenumeratorsof thekernelsin
equations6.2and6.3). Thesuperscripts#;: and <;: referto thedimensionalityof thegeomet-
rical spreadingof thewavefields. Hence,thewavefieldson theleft- andright-handsidesof
equations6.1,6.2and6.3maybeseenasline sourceandpointsourceresponses,respectively.
For horizontallylayeredmediathesetransformationsareexact;for laterally inhomogeneous
mediatheyarepreferablyappliedto CMPgathers,where� and � / shouldbeinterpretedasthe
offset.Formoredetails,in particularaboutthenumericalimplementationof theintegrals,we
referto theabovementionedpaperin Geophysics.In thischapterwediscuss# 5 : aswell as< 5 : processingschemes.For the # 5 : schemeweassumethattheabovediscussedtrans-
formationhasbeenapplied.In bothcasesweomit thesuperscripts#;: and <;: for notational
convenience.

6.3 Decomposition into downgoing and upgoing (P- and S-) waves

In this sectionwe discussa modificationof theDELPHI decompositionapproach(Wapenaar
etal., 1990).A similarapproachhasbeenproposedby AmundsenandReitan(1995).

6.3.1 Introduction of two-way and one-way wave vectors

After aFouriertransformationfrom thetime to thefrequencydomain,thedataarestored(per
angularfrequencycomponent= ) in vectors >? ��� � � , >@ �;��� � � and,whenapplicable, >@ �A��� � � and>@ ����� � � . This is doneaccordingto theusualDELPHI approach,hence,eachelementin avector
representsalateral� (and
 ) position.Wedefineatwo-waywavefieldvector >B �	� � � , according
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to >B ��� � �C%ED 5 >F � ��� � �>@ ��� � �1G 
 (6.4)

wherethetractionvector >F � andthevelocityvector >@ aredefinedasfollows:� for two-componentdata(acousticapproach)>F ���	� � �&% 5 >? ��� � � and >@ ��� � �&% >@ �H�	� � ��
 (6.5)� for three-or four-componentdata(elasticapproach)

>F ����� � �C%JIKL >2� >2;�5 >? ��� � � M�NO and >@ ��� � �&%JIKL >@ �A��� � �� >@ ����� � ���>@ � ��� � � M�NOP
 (6.6)

wherethenull-vectors( >2 ) accountfor theabsenceof shearstressesat theoceanbottom.

Analogousto equation(6.4)wedefineaone-waywavefield vector >:Q��� � � , accordingto>:R��� � �C% D >:TSU��� � �>:+VW��� � � G 
 (6.7)

wherethedowngoingwavefieldvector >: S andtheupgoingwavefield vector >: V aredefined
asfollows:� for two-componentdata(acousticapproach)>: S ��� � �&% >? S ��� � � and >: V �	� � �&% >? V ��� � ��
 (6.8)

wherevectors >? S and >? V containtheflux-normalized- downgoingandupgoingwaves,
respectively,� for three-or four-componentdata(elasticapproach)>: S ��� � �C% IKL >X S ��� � �>Y SW��� � �� >Z S ��� � ��� M�NO and >: V �	� � �&% IKL >X V �	� � �>Y VW��� � �� >Z V ��� � ��� M�NO[
 (6.9)

wherevector >XU\ containstheflux-normalizeddown-or upgoingpotentialfor
?

-waves,>Y \ for ] @ -wavesand >Z \ for ]C^ -waves._
Flux-normalizationmeansthat theamplitudesarenormalizedin sucha way that at eachdepthlevel ` they

areproportionalto thesquare-rootof theenergy flux. Theadvantageof flux normalizationis thatthedecomposed
wavefieldsobeyourone-wayreciprocitytheorems(for 1-D aswell as2-D and3-D configurations;Wapenaarand
Grimbergen,1995).
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6.3.2 General relation between two-way and one-way wave vectors

Forarbitrarydepth� thegeneralrelationsbetweenthetwo-wayandone-waywavefieldvectors
read:� for composition >B ���;�&%3ab���;�6>:R���;��
 (6.10)

or D 5 >F �����;�>@ ���;�cG %ED a S � ���;�da V� �	�;�a S� ���;�da V� �	�;� G D >: S �	�;�>: V �	�;� G 
 (6.11)� for decomposition >:R���;�&%3a V � �	�;� >B �	�;��
 (6.12)

or D >: S ���;�>: V ���;� G % D 5be a V� ���8��f�g e a V� ���;�hf�ge a S� �	�;��f g 5be a S � ���;��f g G D 5 >F �����;�>@ ���;� G 
 (6.13)

whereg denotestransposition.

Notethatfor theacousticsituationin a laterallyinvariantmedium,equations(6.11) and(6.13)
mayberewrittenin therayparameterdomainasDji? ���;�i@ �;���;�kG % DUil S � �	�;� il V� �	�;�il S� �	�;� il V� �	�;��G Dmi? S ���8�i? V ���8��G (6.14)

and D i? SU���;�i? V ���;� G % D 5 il V� ���;� il V� ���;�il S� ���;� 5 il S � ���;� G D i? ���8�i@ �H���8� G 
 (6.15)

with il \ � ���;�&%on p ���;�#;q.���8� and il \� ���8�&%3rmn q.���8�# p �	�;� 
 (6.16)

wherep �	�;� is themassdensityandwheretheverticalslownessq.���;� is relatedto therayparam-
eter(s)�.� (and�.� ), accordingtoq.���8�&%os t V � �	�;� 5 � �� 5 �u� �� �v
 (6.17)

where t;���;� is theacousticpropagationvelocity. For similar relationsfor theelasticsituation,
seeAppendix6A.
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Fig. 6.2 One-waywavesat thefreesurface
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Fig. 6.3 One-waywavesat theoceanbottom

6.3.3 Decomposition at the free surface

Beforewediscussdecompositionat theoceanbottom,webriefly reviewouralgorithmfor de-
compositionat the free surface.At the freesurface�¬%­��® we have >F �R% >2 (exceptat the
source).Hence,applyingequation(6.13)for �¯%3�v® wesimplyobtain>: \ ����®��&%3r e a)°� ���v®���f g >@ ���v®���± (6.18)

Thisequationstatesthatthedown/upgoingwavevector >: \
at thefreesurface(seeFigure6.2

for theelasticapproach)canbeuniquelyobtainedfromtheparticlevelocitymeasurements>@ at
thefreesurface.Note,however, that >: S hererepresentsonly thedowngoingreflectedwaves;
thedowngoingsourcewavesareignoredin equation(6.18),sincewe assumed>F �U% >2 .
6.3.4 Decomposition at the ocean bottom

The decompositionat the oceanbottomis againdirectly obtainedfrom equation(6.13)and
consistsof onedecompositionjustaboveandonejustbelowtheoceanbottom(seeFigure6.3
for theelasticapproach):
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Fig. 6.4 Velocityanddensityprofileusedfor modelingnumericaldata� Decompositionjustabovetheoceanbottomat �1%'� V� %3� � 5³²
, with

²)´ 2¶µ>: \ ��� V� �&%3r e a)°� ��� V� �hf g >F � ��� � ��r e aC° � ��� V� ��f g >@ ��� � ��
 (6.19)

or, sincethemediumabovetheoceanbottomis anacousticmedium,>? \ ��� V� �C%3· e a)°� �	� V� �hf g >? ��� � ��r e a)° � ��� V� ��f g >@ � ��� � ��
 (6.20)

or, in therayparameterdomain(assumingno lateralvariationsat � V� ),i? \ ��� V� �&% n q.��� V� �# p ��� V� � i? ��� � ��r n p �	� V� �#8q��	� V� � i@ �;��� � ��± (6.21)� Decompositionjustbelowtheoceanbottomat �1%3� S� %[� ��¸ ²
, with

²)´ 2>: \ ��� S� �&%3r e a)°� ��� S� �hf g >F �H��� � ��r e aC° � ��� S� ��f g >@ ��� � ��± (6.22)

In theelasticapproach>F � and >@ aredefinedasin equation(6.6).

In theacousticapproachequation(6.22)canbewritten as>? \ ��� S� �C%3· e a °� �	� S� �hf g >? ��� � ��r e a ° � ��� S� ��f g >@ ����� � ��
 (6.23)

or, in therayparameterdomain(assumingno lateralvariationsat � S� ),i? \ ��� S� �&% n q.��� S� �# p ��� S� � i? ��� � ��r n p �	� S� �#8q��	� S� � i@ �;��� � ��± (6.24)

Unlike in section6.3.3,here >: S (or >? S ) representsthe total downgoingwavefield,
including the transmitteddowngoingsourcewaves.This is madepossibleby the fact
that >F � ��� � � canbemeasuredrelativelyeasyby thehydrophonesat theoceanbottom(see
equations6.5 and6.6),whereasthesourceinduced >F �H���v®�� at the freesurfaceis not so
easilymeasured.In section6.5we proposeanalternativemultiple eliminationscheme
thatmakesadvantageof thefactthatboththetotal >? S and >? V wavefieldsareavailable
justbelowtheoceanbottom.¹

Weusethenotatioǹ»º� only for quantitiesthatarediscontinuousattheoceanbottom.Forcontinuousquantities
wesimply usè � .
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Fig. 6.5 Numericalsimulationof the total pressure and vertical velocitycomponentat the surface
level- a) andb) - andat theoceanbottomlevel- c) andd).
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6.3.5 Numerical example

To showtheapplicationof decompositiononoceanbottomdata,wegivehereanumericalex-
ample.Weconsideralateralhomogeneoussubsurfacemodelasgivenby theprofilesin Figure
6.4. In thismodelwesimulateseismicdataat thesurfaceandat theoceanbottom.Figure6.5
showsthepressureandverticalvelocitycomponentof thedataasit wouldhavebeenmeasured
at thewatersurface(Figure6.5aandb) andat thewaterbottom(Figure6.5candd).
Notethatthefreesurfaceconditionshavebeentakeninto account,resultingin thegeneration
of all surface-relatedmultiples(internalmultiplesarealsoincluded)andin the fact that the
totalpressureat thesurface(Figure6.5a)is zero.

Decomposition

With theaid of equations(6.21)and(6.24)thedecompositioninto (flux-normalized)up- and
downgoingwavefieldscanbeappliedfor thesituationjustaboveor justbelowtheoceanbot-
tom(indicatedby � V� and � S� respectively).This is shownin Figure6.6.
Thesituationwehavehereis differentfrom normalsurfacedata:at theoceanbottomwehave
boththedowngoingaswell astheupgoingwavefield.
Note that the downgoingwavefield just abovethe bottom(Figure6.6a)containsthe direct
wavefield from thesource(first event)andall the downgoingsurface-relatedmultiples;no
primaryreflectionsarepresenthere.Thismeansthatif we isolatethefirst eventfrom thedata
wehavetwo importantwavefields: thedowngoingsourcewavefield,with all its temporaland
spatialcharacteristics,andall downgoingsurface-relatedmultiples! Theabsenceof anypri-
maryreflectioneventin thedowngoingwavefield abovethebottomcanbeusedascriterion
for agooddecomposition.
Notealsothatfor theupgoingwavefield just belowthebottom(Figure6.6d)theprimaryre-
flectionof thebottomis notpresent.Thismightbeusedasacriterionwhetherthedecomposi-
tion wassuccessful(i.e. whetherthecorrectvelocityanddensityof thesecondlayerhasbeen
used).

”Poor man’s” multipleelimination

As notedthedowngoingwavefield justabovethebottomcontainsthedirectsourcewavefield
andthedowngoingsurface-relatedmultiples,but no primaryreflectionevents(which areall
upgoing).Figure6.8showstheseparationof this wavefield into thetwo components,being
thedirectsourcewavefield in Figure6.8aandthemultiplesin Figure6.8b.Thissplittinghas
beendoneby a simple“cutting” procedure.

Thedirectsourcewavefield canbeusedto deconvolvethedatafor the temporalandspatial
sourcearray, in orderto convertthedatainto pointsourceresponses.Forthis, thepropagation
throughthewaterlayershouldberemovedfromthedirectsourcewavefield (whichisasimple
phaseshift operatorfor a flat waterbottom). On theotherhand,thepropagationthroughthe
waterlayermightbeleft in: adeconvolutionfor thisdowngoingsourcewavefieldcorresponds
to a redatumingat thesourcesideof thesourceto thebottomlevel.
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Fig. 6.6 Decompositionof thetotal pressureandverticalvelocitycomponentinto down-andupgoing
wavesjustabovethebottom- a) andb) - andjustbelowthebottom- c) andd).
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1

2

Fig. 6.7 Two typesof water layer reverberationsrecordedby the oceanbottomgeophonesandhy-
drophones.

Thedowngoingmultiplescanbeusedfor a simplemultiple subtractionprocedure,by multi-
plying themwith thebottomreflectivityoperatorandsubtractingthis resultfrom theupgoing
wavefield justabovethebottom.However, doingthiswill notremoveall surface-relatedmul-
tiples,but only thosemultipleswith a reverberationin thewater-layerasthelastwavepath.
In Figure6.7 two multiple pathsareindicated;thefirst oneis presentin both thedowngoing
and(afterreflection)upgoingwavefield, thesecondis only present(aftertransmission)in the
upgoingwavefield andwill not beremovedby thissubtractionprocedure.

Althoughthedowngoingmultiplefield is not complete,it canbeusedin a subtractionproce-
durefrom theupgoingwavefield. For this, thedowngoingmultiplesaremultipliedwith the
bottomreflectivity operator(andthereforeconvertedinto upgoingmultiples)andsubtracted
from theupgoingwavefield ( ¼ V ��� V� � ). Theresultof this subtractionis displayedin Figure
6.8c.Clearly, severalmultiples(amongwhich all themultiplesthatarecapturedin thewater
layer)havebeenremoved.Furthermore,somereverberationshavebeenreduced.In practice,
the subtractionwould be appliedadaptively: the predictedmultiplesarefitted with the true
multiplesin theupgoingwavefield in local spaceandtimewindows.Figure6.8dshowsthis
resultfor overlappingwindowsof 400msand40 traces.In thedeeperpartof thedata,more
multiplescouldbeadaptedandanimprovedmultiplesubtractionresultis achieved.Notethat
theprimaryeventsareunharmedby theadaptivesubtractionmethod.

In thenextsectiona propermultiple removalprocedureis discussed.
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Fig. 6.8 Downgoingwavefield justabovethebottomsplit bymutinginto a) thesourcewavefieldand
b)themultiples.c) Plain subtractionof themultiplesof b) fromtheupgoingwavefield just
abovethebottom.d) Adaptivesubtractionof themultiplesof b).
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6.4 Elimination of surface-related and bottom-related multiples: the Delphi ap-
proach

Theoceanbottomdatacanbeconsideredasdownwardextrapolatedsurfacedata,or Common
FocusPointgathers(asdefinedin thelastDELPHI volumes)with receiversat thebottom.The
surface-relatedandoceanbottom-relatedmultipleeliminationproceduresthatarenormallyap-
pliedonsurfacedatacanberewrittenfor oceanbottomdataaswell. It turnsoutthatto dothis
for botheliminationproceduresknowledgeof thewaterlayerhasto beincluded.An alterna-
tive methodthatdoesnot strictly requirethis knowledge,is discussedin section6.5. In both
sectionswe restrictourselvesto theacousticapproach,leavingtheelasticextensionfor later
research.

6.4.1 Theory for surface-related multiple elimination

For surfacedata,the surface-relatedmultiple eliminationschemecanbe written asfollows
(Verschuuret al. 1992):¼ V® ���v®��&%3¼ V ���v®�� 5 ¼ V ����®��¾½ V ���v®h�¾¼ V ����®�� ¸ ¼ V �	��®���¿À½ V ����®���¼ V ���v®��ÂÁ � 5 ±Ã±Ã±Ä


(6.25)

wherethesurfaceoperator, in thecaseof upgoing,flux-normalizedwavefields,reads:Å½ V �	��®��&%3a S � ����®���Æ V ����®���] V � �Ä=W�v± (6.26)

In equation(6.25),¼ V® �	��®�� denotesthesurfacedatawithoutsurface-relatedmultiplesand¼ V �	��®��
thedatawith multiples.

As hasbeenpointedout in previousDELPHI reports,themultiple eliminationcanbewritten
asanadaptive,iterativeprocedure:e ¼ V® ���v®h�hf;ÇÉÈ S �"Ê %'¼ V ����®�� 5 ¼ V �	��®���½ V �	��®�� e ¼ V® ���v®���f;ÇuÈ Ê 
 (6.27)

in which for eachiterationthe surfaceoperator½ V ��� ® � canbe estimatedby a linear least-
squaresprocedure.In practice,assumingthatthefreesurfacecharacteristicsareknown,only
theinversesourcesignature] V � �Ä=W� needbeestimated,which simplifiestheadaptiveproce-
dureconsiderable.

In thesituationof oceanbottomdata,theaboveequationshaveto bemodifiedusingthefol-
lowingrelationbetweentheupgoingwavefieldatthesurfaceandthewavefield justabovethe
oceanbottom: ¼ V ����®��&%[Ë V ���v®;
!� � ��¼ V ��� V� 
���®���± (6.28)Ì

It is assumedthat ÍCÎAÏÃ`�Ð�Ñ representsthedataafterdecompositionat thereceiverside. Hence,it is theflux-
normalizedupgoingresponseof thephysicalsourcesat thesurfacè�Ð . Thematrix ÒÔÓ � ÏÃ`�Ð�Ñ in equation(6.26)ac-
countsfor thefact thatnodecompositionhastakenplaceat thesourceside.Whennoflux normalizationwouldbe
considered,thismatrixwouldbetheidentitymatrixandthereforeit is generallyabsentin ourmultipleelimination
schemes.Wehaveincludedit here,becausein thischapterweconsiderflux normalizedwaves.
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Here ¼ V ��� V� 
�� ® � denotestheupgoingwavefieldsat � V� just abovetheoceanbottom,dueto
sourcesat thesurface�v® . Usingthis,equation(6.27)canberewritteninto:e ¼ V® �	� V� 
!�v®h��f ÇÉÈ S �"Ê %3¼ V �	� V� 
���®�� 5 ¼ V ��� V� 
���®���½ V ����®»
!� � � e ¼ V® ��� V� 
!��®���f ÇuÈ Ê 


(6.29)

in which the”surface”operatoris nowdefinedas:½ V ���v®;
!� � �&%3a S � ����®���Æ V ����®���Ë V ����®;
�� � ��] V � �Ä=W��± (6.30)

For oceanbottomdatato beusedassurfacemultiple predictionoperator, we needto addthe
propagationfrom theoceanbottomupto thesurfacelevel,asindicatedin equations(6.29)and
(6.30).Therefore,knowledgeonwaterdepthandvelocity, in ordertoconstructthepropagation
operatorË­VW����®»
!� � � , is required.

After enoughiterations,equation(6.29)will convergeto thefollowing implicit relation:¼ V® ��� V� 
�� ® �)%3¼ V ��� V� 
�� ® � 5 ¼ V ��� V� 
�� ® ��½ V �	� ® 
!� � �¾¼ V® ��� V� 
!� ® ��
 (6.31)

or ¼ V® �	� V� 
���®��&%3¼ V �	� V� 
���®���ÕÖ����®���
 (6.32)

with the“multiple predictionoperator” ÕÖ��� ® � definedin termsof thedatawithout multiples¼ V® ��� V� 
!�v®h� as: Õ×�	��®��)%3Ø 5 ½ V ����®;
�� � ��¼ V® ��� V� 
!�v®h�v
 (6.33)

or in termsof thedatawith multiples ¼ V ��� V� 
�� ® � (which bringsusbackto a similar relation
asequation(6.25)): Õ×���v®��&%3Ø ¸ *Ù ÈÃÚ � ¿ 5 ½ V ���v®�
�� � ��¼ V ��� V� 
���®��ÂÁ È ± (6.34)

NotethatasthemultiplepredictionoperatorÕÖ����®�� actsasasourceoperatorat thesurface,we
canalsoapplyit to otherwavefields:

¼ \® ��� V� 
!�v®h�C%3¼ \ ��� V� 
!�v®h��ÕÖ���v®�� (6.35)

and ¼ \® �	� S� 
���®��&%3¼ \ �	� S� 
���®���ÕÖ����®���± (6.36)

Eachof theserelationsremovesthe effect of surface-relatedmultiplesto that specificwave
field.
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Fig. 6.9 Surface-relatedmultipleeliminationresultof thedown-andupgoingwavesjust abovethe
bottom- a) andb) - andjustbelowthebottom- c) andd).
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6.4.2 Numerical example

The surface-relatedmultiple eliminationmethod,describedby equations(6.29), (6.35) and
(6.36),hasbeenappliedto the exampledataunderconsideration.The resultsfor the wave
fieldsjust aboveandbelowtheoceanbottomhavebeendisplayedin Figure6.9. Clearly, the
effectof multipleremovalcanbeobserved,yieldingthedowngoingsourcewavefield in Figure
6.9a(similartoFigure6.8a,butwithoutusingamutingprocess)andtheprimaryreflectonsand
internalmultiplesin Figure6.9b,candd. Again theenormouseffect of surface-relatedmul-
tiplesonseismicdatahasbeendemonstrated:themajorpartof theenergy hasbeenremoved
from thedata!
Notethedifferencebetweenthe”poor man’s” result(Figure6.8d)andtheexactmultipleelim-
inationresult(Figure6.9b)for theupgoingwavefield justabovetheoceanbottom.

6.4.3 Theory for ocean bottom-related multiple elimination

Thesurface-relatedmultipleelimination,asdescribedabove,canbeseenasthefirst multiple
eliminationstep.Next, we wantto removethe internalmultiples,startingwith themultiples
relatedto the oceanbottom. To do this, we considerthe upgoingwavefield just below the
oceanbottomaftersurface-relatedmultiple elimination, ¼ V® �	� S� 
�� ® � , beingthe resultof ap-
plying equation(6.36).

Theimplicit relationfor multipleeliminationreadsin theory(seeVerschuuretal, 1992):Û ®H��� � 
!� � �&% Û �	� � 
!� � � 5 Û ��� � 
�� � ��Æ V ��� � � Û ®;��� � 
�� � ��
 (6.37)

where
Û ��� � 
!� � � describestheimpulseresponseof thesubsurfacebelowtheoceanbottom(i.e.

assuminga homogeneoushalf-spacefor �3ÜÝ� � , with thevelocity of water)with all ocean
bottomrelatedmultiplesincluded,and

Û ®���� � 
!� � � theimpulseresponsewithoutoceanbottom
relatedmultiples.Of course,wewantto replace

Û �	� � 
!� � � and
Û ®��	� � 
!� � � in thisequationby

oneof theknownordesiredwavefields.Thiscanbedonebyapplyinganinverseextrapolation
to theseismicdataat thesourcesidefrom thesurfaceto theoceanbottomlevel followedby a
sourcewavefield deconvolution:Û ��� � 
�� � �&%3¼ V ��� S� 
�� ® ��a S � ��� ® � e�Þ S ��� � �kË S ��� � 
�� ® ��f V � ] V � �Ä=W� (6.38)

and Û ® ��� � 
!� � �&%3¼ V® �	� S� 
!� ® ��a S � �	� ® � e�Þ S �	� � ��Ë S ��� � 
!� ® �hf V � ] V � �0=W��
 (6.39)

with
Þ S �	� � � accountingfor the transmissionthroughtheoceanbottomand Ë S ��� � 
!� ® � de-

scribingpropagationfrom thesurfaceto theoceanbottom.With this, equation(6.37)canbe
rewrittenas: ¼ V® ��� S� 
���®��)%3¼ V ��� S� 
���®�� 5 ¼ V ��� S� 
���®���½ V �	��®;
!� � �¾¼ V® ��� S� 
!��®���
 (6.40)

or asaniterativescheme:e ¼ V® �	� S� 
!�v®h�¾f ÇuÈ S ��Ê %3¼ V �	� S� 
���®�� 5 ¼ V ��� S� 
���®���½ V ����®»
!� � � e ¼ V® ��� S� 
!��®���f ÇuÈ Ê 

(6.41)
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Fig. 6.10 a) Downgoingwavefield just belowthe bottom,after removingthe surface-and ocean
bottom-relatedmultiples.b) Upgoingwavefield just belowthebottom,after removingthe
surface-andoceanbottom-relatedmultiples.

with thebottomoperator½ V ���v®�
�� � � nowdefinedas:½ V ���v®�
�� � �)%3a S � �	��®�� e�Þ S �	� � ��Ë S ��� � 
!�v®h�hf V � Æ V ��� � �¾] V � �Ä=W��± (6.42)

Similar to thesituationwith surface-relatedmultiples,wecandefineamultiplepredictionop-
erator Õ / ���v®h� suchthat: ¼ V® �	� S� 
���®��)%3¼ V �	� S� 
���®���Õm/	�	��®�� (6.43)

with themultiplepredictionoperatorÕ / ���v®�� nowdefinedas:Õ / ��� ® �&%3Ø 5 a S � ��� ® � e�Þ S ��� � �kË S ��� � 
�� ® ��f V � Æ V ��� � ��] V � �Ä=W��¼ V® ��� S� 
�� ® ��±
(6.44)

6.4.4 Numerical example

Themethodasdescribedaboveis appliedto thedataaftersurface-relatedmultipleelimination
of Figure6.9candd, i.e. the downgoingandupgoingwavefield just below the oceanbot-
tom. In Figure6.10theresultfor theinternalmultipleeliminationhasbeendisplayed.Figure
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Fig. 6.11 Wavefieldsafterdecompositionat theoceanbottom.

6.10ashowsthat,similarto thesurfacesituation,thedowngoingwavefield,afteroceanbottom
multipleelimination,onlyconsistof thedirectsourcewavefieldaftertransmissionthroughthe
oceanbottom.Theupgoingwavefield, asdisplayedin Figure6.10b,consistsof theprimaries
of thesecondandthird reflectorand(althoughhardlyvisible) their internalmultiplesin the
third layer.
To applythis method,we needknowledgeof thewaterlayerdepthandvelocity andalsothe
reflectivityof thewaterbottom.Theinversesourcesignaturehasbeenputin asaknownquan-
tity in all theseexamples;in practicethis is notknownandthemultipleeliminationschemeis
thenappliedadaptively, estimatingtheinversesourcesignatureby minimizing theenergy in
themultipleeliminationresult(seeVerschuuret al, 1992).

6.5 Elimination of surface-related and bottom related multiples: alternative ap-
proach

In thissectionwepresentanalternativeapproachto theeliminationof surface-relatedandbot-
tomrelatedmultiples.We makeuseof thefact thatafterdecompositionat theoceanbottom,
thetotal� >? S and >? V wavefieldsjustbelowtheoceanbottomareavailable.

6.5.1 Basic principle of ocean bottom multiple elimination

In thissubsectionwediscussmultipleeliminationattheoceanbottom.Againweonlyconsider
theacousticapproach.Figure6.11 givesanoverviewof thewavefieldsthatareavailableafter
acousticdecompositionof a singleshotrecordat theoceanbottom.

In accordancewith theusualDELPHI approachwe storethe resultsof thedecompositionof
all shotrecordsin matrices¼ \ ��� V� 
!�v®h� and ¼ \ ��� S� 
!�v®h� . Thewavefieldsjustbelowtheocean

�
Thismeansthat �� Ó containsalsothe(transmitted)downgoingsourcewavefield.
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bottomarerelatedto eachother, accordingto¼ V ��� S� 
!�v®h�C% Û ®;��� � 
�� � ��¼ S ��� S� 
!�v®h��
 (6.45)

where
Û ®H��� � 
�� � � is the multiple-freeimpulseresponsematrix of the inhomogeneoushalf-

spacebelow �3% � � . Hence,in principle multiple eliminationinvolvesnothingmorethan
invertingequation(6.45),accordingtoÛ ®H��� � 
�� � �)%3¼ V �	� S� 
���®�� e ¼ S ��� S� 
���®���f V � ± (6.46)

Notethatwith thissimplealgorithmthemultiplesrelatedto theoceanbottomaswell asthose
relatedto the ocean-surfaceareeliminated. In otherwords,thewaterlayer is replacedby a
homogeneousupperhalf-spacewith thewatervelocity. Also notethatno knowledgeof the
thicknessof the waterlayer is required.Of coursein practicemultiple eliminationis not as
simpleassuggestedby equation(6.46). In thefollowing we showstepby stephow to arrive
at a morepracticalschemethatavoidsmatrix inversionandhow knowledgeof thethickness
of thewaterlayercanbeusedto stabilizetheprocess.

6.5.2 Ocean bottom multiple elimination in terms of a series expansion

In orderto rewriteequation(6.46)asaseriesexpansion,weintroducethefollowing additional
expressionfor ¼ S ��� S� 
!�v®h�¼ S ��� S� 
!� ® �C% Þ S ��� � ��¼ S ��� V� 
!� ® � ¸ Æ V ��� � ��¼ V ��� S� 
!� ® ��
 (6.47)

where
Þ S �	� � � is thetransmissionmatrixof theoceanbottomfor downgoingwavesandÆ V ��� � �

thereflectionmatrix for upgoingwaves.Now equation(6.46)canberewrittenasÛ ®;��� � 
�� � �&%3¼ V ��� S� 
���®�� e�Þ S ��� � ��¼ S ��� V� 
!�v®h� ¸ Æ V ��� � ��¼ V �	� S� 
!�v®h��f V � 

(6.48)

or Û ®H�	� � 
!� � �d% ¼ V ��� S� 
���®�� e�Þ S ��� � ��¼ S �	� V� 
!�v®h��f V �
	
(6.49)¿ÀØ ¸ Æ V ��� � ��¼ V ��� S� 
���®�� e�Þ S ��� � ��¼ S ��� V� 
!�v®h�hf V � Á V � 


or Û ®��	� � 
!� � �d% ¼ V �	� S� 
!�v®h� e»Þ S ��� � ��¼ S �	� V� 
���®���f V � 	
(6.50)� Ø ¸ *Ù ÈÃÚ � ¿ 5 Æ V ��� � ��¼ V ��� S� 
!� ® � e�Þ S ��� � �¾¼ S ��� V� 
!� ® ��f V � Á0È
��±

The latter equationhasthe usualform of the DELPHI multiple eliminationalgorithm(Ver-
schuuretal. 1992).Themaincomplicationhereis theinversematrix � Þ SU��� � ��¼cSW�	� V� 
!�v®h���hV � ,
which replacestheinversesourcesignature] V � �Ä=W� in theusualscheme.Whereastheinver-
sionof ] �Ä=W� canbecarriedout in astablesensebetweentheminimumandmaximumfrequen-
cies=�� È�� and=������ , theinversionof

Þ SU�	� � ��¼cSW��� V� 
���®�� isunstableduetonotchesin thespec-
trum of the“illuminating wavefield” ¼ S ��� V� 
!��®�� , which is contaminatedby thewater-layer
reverberations.This is illustratedin Figures6.12aand6.13b.
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Fig. 6.12 a) Estimatedbandlimitedsubsurfaceimpulseresponseat theoceanbottom,usingthedata
with all multiples,according to equation(6.50).b) Estimatedsubsurfaceimpulseresponse
at theoceanbottom,usingthedatawithoutsurface-relatedmultiples,accordingtoequation
(6.56).

6.5.3 Stabilization by incorporating knowledge of the water layer

Forthestabilizationof themultipleeliminationprocess,describedby equation(6.50),wefirst
eliminatetheocean-surfacerelatedmultiplesfrom thedatamatrix ¼ V ��� V� 
���®�� , accordingto¼ V® ��� V� 
!��®��)%'¼ V ��� V� 
!��®�� e Ø ¸ a S � ����®���Æ V ����®���Ë V ����®;
�� � ��¼ V ��� V� 
!�v®h�¾] V � �Ä=W�¾f V � 


(6.51)

or

¼ V® ��� V� 
!� ® �&%'¼ V ��� V� 
!� ® � � Ç � Ð Ê� ��� �� Ø ¸ *Ù ÈÃÚ � ¿ 5 a S � ��� ® ��Æ V ��� ® ��Ë V ��� ® 
!� � ��¼ V ��� V� 
�� ® ��] V � �Ä=W�ÂÁ9È�� 

(6.52)

seeequations(6.32)and(6.34).

Whenwe applythe“multiple predictionoperator” Õ×�	��®�� to all one-waywavefield matrices
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at theoceanbottom,accordingto¼ \® ��� V� 
!� ® �C%3¼ \ ��� V� 
!� ® �hÕ×��� ® � and ¼ \® �	� S� 
!� ® �&%3¼ \ �	� S� 
�� ® ��ÕÖ��� ® ��

(6.53)

then,in analogywith equations(6.45)and(6.47), the following relationshold at the ocean
bottom ¼ V® ��� S� 
!�v®h�C% Û ®;��� � 
�� � ��¼ S® ��� S� 
!�v®h��
 (6.54)¼ S® ��� S� 
!�v®h�C% Þ S ��� � ��¼ S® ��� V� 
!�v®h� ¸ Æ V ��� � ��¼ V® ��� S� 
!�v®h��± (6.55)

Hence,in analogywith equation(6.50),multiple eliminationat theoceanbottomis now ac-
complishedbyÛ ®��	� � 
!� � �d% ¼ V® �	� S� 
!�v®h��� Þ S ��� � ��¼ S® �	� V� 
���®���� V � 	

(6.56)� Ø ¸ *Ù ÈÃÚ � ¿ 5 Æ V ��� � ��¼ V® ��� S� 
!�v®h��� Þ S ��� � �¾¼ S® ��� V� 
!��®���� V � Á0È
��±
Notethat theinversionof thematrix

Þ SU�	� � ��¼ S® ��� V� 
!�v®h� is a muchmorestableprocessthan
theinversionof thematrix

Þ SU��� � ��¼1S6��� V� 
���®�� in equation(6.50),becausethespectrumof the
illuminatingwavefield ¼ S® ��� V� 
!�v®�� doesnotcontainnotchesduetowater-layerreverberations.
Thisis illustratedin Figures6.12band6.34c.Theinversionof

Þ S ��� � �¾¼ S® ��� V� 
!� ® � canbefur-
thersimplifiedby rewriting it ase�Þ S ��� � �¾¼ S® ��� V� 
!��®���f V � %
� S �	��®»
!� � � e�Þ S ��� � ��¼ S® ��� V� 
���®���� S ���v®�
�� � ��f V � 


(6.57)

with

� S ����®;
�� � �&% e Ë S ��� � 
���®���f V � � e Ë S ��� � 
!�v®���f"!1
 (6.58)

where! denotestranspositionandcomplexconjugation.Since�US6����®;
�� � � removesthedown-
wardpropagationeffectsin thewaterlayer, thematrix to beinverted(i.e.,

Þ S �	� � ��¼ S® ��� V� 
!�v®h�� S ����®;
�� � � ), is nownearlya diagonalmatrix.

Summarizing,in thissectionweproposedatwo-stepprocedurein whichthemultiplesrelated
to the ocean-surfaceareremovedprior to the multiplesrelatedto the oceanbottom. Since
thefirst stepis not strictly necessary(seetheprevioussub-section)it canbeseenasa “data-
preconditioning” thatstabilizesthesecondstep.

It canbeshownthat
Û ®���� � 
�� � � , obtainedwith equation(6.56),is relatedto themultiple free

data ¼ V® ��� S� 
!��®�� , obtainedwith themethodin section6.4.3,accordingto¼ V® ��� S� 
���®��&% Û ®H�	� � 
!� � � Þ S ��� � ��Ë S ��� � 
!��®���]b�Ä=W��
 (6.59)

undertheconditionthattheexactoperatorË S ��� � 
���®�� is usedin section6.4.3.
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Fig. 6.13 Reflectivityof thesecondinterfaceasa functionof ray-parameter:a) theoreticalvalues;b)
resultextractedfromFigure 6.12aandc) fromFigure 6.12b.
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6.6 Conclusions� Decomposition
It hasbeenshownthat thedatameasuredby hydrophonesandgeophonesat theocean
bottomprovidessufficientinformationfor afull decompositioninto downgoingandup-
goingwavesaboveaswell asbelowtheoceanbottom,assumingthemediumparameters
just aboveandbelowthebottomareknown. Acousticdecompositionrequires

?
- and@ � -measurementsandyields

? \
aboveandbelowthebottom;elasticdecompositionre-

quiresin additionmeasurementsof
@ � and

@ � andyields
? \

abovethebottomandthe?
- and ] -wavepotentials

X \
,
Y \

and
Z \

belowthebottom.� Multiple elimination
We haverestrictedourselvesto acousticmultiple eliminationschemes.First we have
shownthat the usualDELPHI approachto multiple eliminationcanbe extendedin a
straightforwardway to thesituationfor oceanbottomdata,by includingknowledgeof
the extrapolationoperatorË S �	� � 
!�v®h� for the waterlayer. This appliesto surface-as
well asbottom-relatedmultipleelimination.Nextwehaveproposedanalternativescheme
thatmakesuseof theinformationaboutthedowngoingsourcewavefield in thedecom-
posedwavefieldsattheoceanbottomandthusavoidsthat Ë S ��� � 
!�v®h� shouldbeknown.
Wehaveshownthatapproximateknowledgeof Ë S ��� � 
���®�� canbeadvantageousto sta-
bilize theprocess.Theprosandconsof bothmethodswill befurtherinvestigated.Also
theextensionto elasticmultipleeliminationwill getampleattention.
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