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Summary

By performinga wavefield decompositionon multicomponent
seismicocean-bottomdata,theupgoingP-andS-wavesjustbe-
low theocean-bottomcanbeobtained.After this step,surface-
relatedmultiplesthatarrive at thereceiver from above will have
beenremovedfrom thedata.However, all surface-relatedmulti-
plesthatendwith a reflectionfrom a reflectorbelow theocean-
bottom will still be presentin the decomposedupgoingdata.
To remove theseremainingmultiples, the multiple elimination
methoddescribedby (Verschuur, 1991;Verschuuret al., 1992)
is used. To apply the multiple removal methodto the decom-
poseddataset,the methodis extendedto accomodateocean-
bottom acquisitiongeometry(Verschuurand Neumann,1999;
SoellnerandWidmaier, 2000). The multiple removal method
canbe usedon any ocean-bottomreceiver type (i.e. pressure,
velocity, P-waves,S-waves). The relative importanceof addi-
tional multiple eliminationwill be illustratedwith exampleson
a field dataset.

Intr oduction

One approachto the processingof multicomponentmeasure-
mentsof the total elasticwave field is to first decomposethe
wavefield into one-way P- andS-wave fields (Wapenaaret al.,
1990;AmundsenandReitan,1995). Application of wavefield
decompositionto field datawasshown by a.o.Osenetal. (1999)
and Schalkwijk et al. (1999). Becausein field data issuesof
imperfectmeasurementsandunknown mediumparametersjust
below theocean-bottomhave to bedealtwith, in Schalkwijket
al. (1998)an adaptive decompositionprocedurewasproposed,
whereany unknown quantitiesareestimatedfrom thedataitself.
This adaptive decompositionprocedurewassuccessfullytested
onseveralfield datasetswith ocean-bottomdepthsrangingfrom
120metersto 1300meters.

After wavefield decomposition,most surface-relatedmultiples
will have beenremoved from the upgoingwavefieldsjust be-
low the ocean-bottom.As the upgoingwavefield consistsof
all eventswith the last propagationpath coming up from be-
low, therearestill surface-relatedmultiplesleft which have re-
flectedat the surfacebeforereflectingfrom below (Figure 1).
Theeventsin Figure1aarealsocalledsource-sidepeg-legs. To
remove theseremainingsurface-relatedmultiplesfrom thedata,
the multiple eliminationmethoddevelopedby Verschuuret al.
(1992)is used.As this methodis designedfor dataacquisition
with both sourcesandreceiversat the watersurface(streamer
data),it hasto beadaptedto accomodateocean-bottomacquisi-
tion geometry. Multiple eliminationfor ocean-bottomdatahas

a) b)
Fig. 1: Examplesof eventsthat are “upgoing” at the receiver, but still
contain a surfacereflection,(a) source-sidepeg-leg multiple, and (b)
doublereflectedevent.

also beendiscussedin Ikelle (1999) and Verschuurand Neu-
mann(1999)for thesituationwherestreamerdataareavailable
alongsideOBC data. The procedurediscussedhereis similar,
except that in this casethe streamerdataare simulatedfrom
the OBC data. Field dataexamplesof multiple eliminationon
”undecomposed”OBC datahave beenshown in Soellnerand
Widmaier (2000). In this work, the importanceof additional
multipleeliminationonafield dataexample(afterwavefieldde-
compositionof thedatainto upgoingP- andS-wavesjustbelow
thebottom)will beinvestigated.

Wavefielddecompositionon ocean-bottomdata
The adaptive decompositionscheme,as describedby Schalk-
wijk et al. (1999), consistsof five stagesand is repeatedbe-
low for convenience(decompositionequationsarewritten in the
rayparameter-frequency domainfor the2-D situation):
Stage1. ‘Rotation’ of the velocity componentsIn this first
stagethe

���
measurementis correctedfor an imperfectionin

theacquisitionthat is not addressedin thepreprocessingnor in
thedecomposition:‘mechanicalcross-coupling’,visibleascon-
vertedwavesrecordedonthe

� �
componentthatcannotbefound

on the � component.
Stage2. Acoustic decompositionjust above the bottom The
acousticdecompositionis usedto resolve the calibrationfilter�����
	

betweenthe pressureand vertical velocity component,
causedby imperfect coupling of the geophoneto the ocean-
bottom: ��
��� �� ���� ������	������� � ������ (1)

where ��� and
� � � � �� "!�$#&% ! are the densityand vertical

slownessin thewater-layer, and% is thehorizontalrayparameter.
Toresolve

�����
	
, thecriterionthatthereshouldbenoprimaryre-
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flectionspresentin thedecomposeddowngoingwavefieldabove
thebottom( �
' ) is applied.
Stage3. Elastic decompositioninto ( ��)� just below thebottom
Thenext stageisanelasticdecompositionbelowthebottom,into
up-anddowngoingnormalstressfields:

# �* ��)� � �� ���� �����
	 �,+.-/+���1032 + �� � � (2)

where �,+ and
� 0�2 + � � �  4!032 + #5% ! are the densityand verti-

cal P-wave slownessof themediumjust below thebottom,and-/+ � �768 2 +19 : % ! � 032 + � 8 2 +�; � �  "!8 2 + # � % ! 	 !=< . Thistimetheunknown

factoris theoperatorin front of
����

, asit dependsonthemedium
parametersjust below thebottom. To find theoperator, theex-
pressionis replacedby a generalrayparameterdependentfilter�> � % 	 :

# �* ��)� � �� ���� ������	 �> � % 	 �����? (3)

Theconditionimposedon thedecompositionresultis thatthere
shouldbeno directwave andwaterbottommultiplesin theup-
goingnormalstressfieldbelowthebottom.
Stage4. Elasticdecompositioninto ( �@ � just below thebottom
Thefourth decompositionstageinvolvesthe � and

� @ compo-
nents,makingit possibleto resolve the calibrationfilter A ���
	
betweenthem:

# �* �@ � �B�DC + %�1� 8 2 + ��E�GF ���
	 �,+H-I+�1� 8 2 + �� @ ? (4)

where
� 8 2 + � � �  "!8 2 + #5% ! , C + �

� !8 2 + 9 ��� 032 + � 8 2 + # � �  "!8 2 + # � % ! 	 <
and -I+ asabove. First the decompositionoperatorsarecalcu-
latedwith themediumparametersjust below theocean-bottom,
before A ����	 canbe obtained.An estimateof the mediumpa-
rameterswasobtainedby inverting thefilter

�> � % 	 found in the
previous stage. The condition imposedon the decomposition
resultis thatthereshouldbeno directwave in theup- or down-
goingshearstressfieldbelowthebottom.
Stage5. Elastic decompositioninto J � and K � In the last
stagetheestimatedparametersjust below theocean-bottomand
theresultsof theelasticdecompositioninto up- anddowngoing
stressfieldsaresimply combinedto obtaintheup- anddowngo-
ing P-andS-waves:�L �M�

� !8 2 +- +ONQP � % �
8 2 + �* �@ � # � �  4!8 2 + # � % ! 	 �* ��=��R � (5)

�S ���
� !8 2 +-/+ N �

�  "!8 2 + # � % ! 	 �* �@ � P � % � 032 + �* ��=� R ? (6)

Thefirst threestagesof theadaptive decompositionschemeare
readilyapplicableto multicomponentocean-bottomdata.When
the water depthis not too shallow, the windows in which the
energy minimization is performedareeasierto determine.To
applystages4 and5, aninversionfor themediumparamersjust

below the ocean-bottomis necessary. The mediumparameters
areinvertedfrom theleast-squaresfilter

�> � % 	 obtainedin stage
3 (Schalkwijk et al., 2000). The result of the decomposition
procedurefor theMahogany datasetfor common-receivergather
1323is displayedin Figure3 (themiddlegather).
Theory of multiple elimination for OBSdata
After wavefield decompositionthe OBS dataconsistof upgo-
ing P- andS-wavefields.A lot of surface-relatedmultipleshave
beenremoved by the decomposition,but eventsasin Figure1
remain.Theiterative versionof themultiple eliminationproce-
dureconsistsof arepeatedapplicationof thefollowing two steps
(BerkhoutandVerschuur, 1997):T Predictionof the“unscaled”multiplesby auto-convolution

of thedata: U �WV � 	 �YX  � �WV � 	 X  �WV � 	 � (7)

where
V � denotesthewatersurface.T Adaptive subtractionof the predictedmultiples from the

inputdata:

X  � �WV � 	 �BX  �WV � 	 #�Z ���
	
U �WV � 	 ? (8)

The function Z ���
	 containstheaveragefree-surfacereflection
coefficient [ � andtheinversesourcesignature\  + ���
	 :

Z ���
	 �][ � \  + ����	 � (9)

The matrix X  �WV � 	 is the multiple prediction operatorand
contains the upgoing pressurewavefield at the free surface
(deghosteddata)for one frequency and all sources. The ma-
trix X  � �WV � 	 is theinputdata.In thefirst iteration X  � �WV � 	 is the
deghosteddataitself ( X  �WV � 	 ).
In BerkhoutandVerschuur(1997)it is alsoshown thatthesame
multiple elimation procedurecan be applied to a CFP gather
(on the sourceor receiver side),usingthe original surfaceshot
recordsasthemultiple predictionoperator. As thedecomposed
OBC data can be consideredas a CFP gather, using focus-
ing in detectionwith the focuspoint at the ocean-bottom,ap-
plication of multiple elimination when streamerdata is avail-
able is straightforward. Whenstreamerdataarenot available,
they can be simulatedfrom the OBC data. Using the output
of the acousticdecompositionof stage2 of the adaptive de-
compositionscheme(upgoingpressurewavefieldjust above the
ocean-bottom)andextrapolatingthis to the surface,simulated
“receiver-ghostfree” streamerdataareobtained.Thepropaga-
tion operatoris easilyconstructedusingthewaterdepthandve-
locity. Equation(7) modifiesto^U  4_ �WV '+ � V � 	 � ^X  "_� �WV '+ � V � 	.`  �WV � � V + 	 X  �WV  + � V � 	 � (10)

where
V + is the depthof the ocean-bottom,

V  + is just above
the ocean-bottomand

V '+ is just below the ocean-bottom.
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The multiple prediction operatoris
`  �WV � � V + 	 X  �WV  + � V � 	 ,^X  "_� �WV '+ � V � 	 containsthe input datafor onefrequency andall

shots,i.e. it correspondsto one(decomposed)common-receiver
gatherjust below the bottom. The multiple eliminationproce-
dureasit is appliedto OBC datais illustratedby Figure2. The
upgoingpressurewavefield just above the ocean-bottomis re-
sortedfrom common-receiver gathersto common-shotgathers
andthenextrapolatedto thesurface. One-commonshotgather
of the simulatedstreamerdatais shown in Figure 2. To pre-
dict the multiples this shotgatheris convolved with a decom-
posedcommon-receiver gather. This caneitherbe the upgoing
P-wavesor the upgoingS-wavesjust below the ocean-bottom.
The convolution resultsin curved events,with the apex at the
spatial position of the reflection point at the surface. These
multiplecontributioneventsaresummedin thehorizontaldirec-
tion to obtainthemultiplesfor onesource-receiver pair. If this
procedureis repeatedfor all common-shotrecordsof the sim-
ulatedstreamerdata,the multiple predictionfor onecomplete
common-receiver gatheris obtained.

+

+

+

Σ

common-receiver gather
(after decomposition)

simulated streamer data

convolution simulated streamer with common-receiver gather

go through all source positions

multiples for
the filled
source-receiver pair

Fig. 2: Multiple eliminationfor OBSdata: the decomposedcommon-
receivergatheris convolvedwith theacousticdecompositionresultafter
extrapolationto thewatersurfaceto simulatestreamerdata.

Field data example
The dataexampleshown hereto illustrate the multiple elimi-
nationprocedurecomesfrom theMahogany datasetwhich was
acquiredin theGulf of Mexico. Thewaterdepthat this partic-
ular locationis around120meters.A wavefielddecomposition
wasperformedon oneOBC receiver line consistingof 59 four
componentreceivers.Theshotline overlappedthereceiver line
on the surfaceand consistedof 401 shots. Both receiver and
shotinterval was25 meters.Thewavefielddecompositionwas
donepercommon-receivergather. To simulatestreamerdatathe
acousticdecompositionresult had to be sortedinto common-
shotgathers. Becauseof the limited numberof receivers, the
coveredaperturewaslimited.
In Figure3 thepressuredatafor common-receivergather1323is
displayedon the left, theupgoingP-wave potentialafter wave-
field decompositionjust below the bottom is displayedin the
middle,andthepredictedmultiplesfor theupgoingP-wavesare
displayedon the right. A strongprimaryreflectioncanbeseen
at about1.2s zero-offset, from which at leasttwo peg-leg mul-
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Fig. 3: Thefirst gatheris thepressure componentafter deconvolution,
thesecondgatheris theupoingP-wavepotentialjust belowtheocean-
bottomobtainedafter elasticdecomposition,and the third gathercon-
tains the predictedmultiplesfor the decomposedP-wavegather. The
arrowpointsat a remainingsource-sidepegleg multiple.
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tiplescanbeidentified.After decompositionthemultiplesaris-
ing from thisstrongprimaryarealreadystronglyattenuated,but
thesource-sidepeg-leg multiple canstill beseen.This peg-leg
multiple is also predictedin the right gather. Due to the lim-
ited aperturethemultiple cannotbepredictedcorrectlyover the
whole offset range. Especiallyon the right-handside thereis
almostnoenergy presentin thepredictedmultiples.To improve
theseresultsmoreOBC lines needto be taken into accountin
thepredictionprocess.
In Figure4 the predictedmultipleshave beensubtractedfrom
the decomposedupgoingP-wave gather. In the first gatherthe
data is displayedafter decompositiononly, the middle gather
displaysthedecomposeddataafteradditionalmultiple elimina-
tion. The gatheron the right containsthe predictedmultiples.
Someattenuationof the peg-leg multiple at about1.35 s zero-
offsetcanbeseen,thoughthestrongestpartof thepeg-leg is out
of rangeof theaperture.At 0.8s zero-offset is anothermultiple
thathasbeenremoved.
Conclusions
Multiple removal can be appliedto OBC datain combination
with wavefielddecomposition.Decompositionin its own needs
lessdataand removes the major part of surface-relatedmulti-
ple energy already. The extra valueof performinga wavefield
decompositionlies in theseparationof P-andS-waves.
As source-sidepegleg multiples are left in the decomposition
resultthatcanhave thesamestrengthasweaker primaries,mul-
tiple removal in combinationwith wavefielddecompositioncan
haveadditionalvaluefor furtherprocessing.WhentheS-velocity
just below theocean-bottomis very low (P andS alreadysepa-
ratedon thevertical resp. horizontalvelocity components)and
thereis enoughsourceandreceiver coverage,a multiple elimi-
nationin its own would besufficient.
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Fig. 4: Thefirst gather is the upoingP-wavepotential just belowthe
ocean-bottomobtainedafterelasticdecomposition,thesecondgatheris
the upgoingP-wavepotentialafter additional surfacerelatedmultiple
elimination,andthethird gathercontainsthepredictedmultiplesagain,
that were subtractedfromthefirst gather. Thearrowspoint at multiple
eventsthatwere removed.
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