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6.1 Introduction

In thelastfew years,anewtypeof seismicdataacquisitionis growingin popularity beingthe
acquisitionatthe ocearbottom. In this type of acquisition(multi-componentyeophonesre
put at the oceanbottomanda vesselwith anairgunarray similar asin conventionamarine
acquisitionjs movingacrosghis ocearbottomcable(seeFigure6.1).

Theadvantagesf this type of acquisitionare:

e Multi-componentmeasurementthebottomprovidemoreinformationontheS-waves
belowtheocearbottom. In thiswayconvertednodesandanisotropymightbetakeninto
account.

o Ocearbottomdatais lesssensitiveo ocearwavemotionandothernoisesourceselated
to hydrophonegpositionedhearthe oceansurface.

e Ocearbottomdatais verywell suitedfor 4-D seismicssincethegeophonesanbekept
in positionfor alongerperiodof time.

e In certainsituationgheareacannotbefully coveredwith conventionahcquisitiondue
to obstaclegi.e. oil producingplatforms).

e Ocearbottomacquisitiorprovidesuswith actuallymeasure€€commonFocusPoint(CFP)
gatherswith thefocusingpointspositionedat the bottom.

'E-mail: C.PA.Wapenaar@CTG.TUDelft.NL
2E-mail: D.J.\erschuur@CTG.TUDelft.NL
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Fig.6.1 Oceanbottomseismicacquisition.

In this chaptemwe proposea processingchemdor ocearbottomdata. We will assumehatat
leasttwo-componentiatais available[acousticpressure(z, (y), z1, t) andtheverticalcom-
ponentof the particlevelocity v, (z, (y), z1,t), wherez, is the depthlevel of the oceanbot-
tom], but we will alsoconsiderthe caseof three-(andfour-) componendata[including the
horizontalcomponent(spf the particlevelocity v, (z, (y), z1,t) (@andv,(z, (y), z1,))]. The
processingchemdor two-componentlatais basedon the acousticvaveequationwhereas
we will makeuseof the elasticwaveequatiorfor theprocessingchemeof three-(andfour-)
componentiata.

Theprocessingtepsthatwe proposeare:

e Transformatiorof 3-D to 2-D amplitudegoptional).

Decompositiorinto downgoingandupgoing(P- andS-) waves.

Multiple eliminationat the surfaceandat the oceanbottom.

Prestackmigration.

AVA analysis.

Thelattertwo stepsarenotdifferentfrom thosefor surfacemarineor landdataandwill there-
fore notbediscussedh this chapter
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6.2 Transformation of 3-D to 2-D amplitudes (optional)

The currentpracticeof oceanbottomseismicds often restrictedto acquisitionalongcables
(pseud®-D data). For this situationonecould eitherfollow the23-D approachasproposed
by Bleisteinetal. (1987),or onecouldtransformthe ‘3-D amplitudes’into ‘2-D amplitudes’
andproceedwith 2-D processingWapenaaet al. 1992). We proposethe latter procedure,
becausét alsoaccountsor multiple reflectiongwhereashe 23-D approactdoesnot).

The transformatioralgorithmsfor the acousticpressureandthe in-planecomponent®f the
particlevelocity read

o0 m/
pQD(‘erht) =2 p3n($/7y: O7zl7t) ) d.’f,, (61)
|r| e — $2
2D, o [T 8D r !
vit(z,z,t) =2 ve (2" y =0, 2,1) da’, (6.2)
|| $/2 — z2
w2 (2, 21,1) = 2 - 3P (2 y=0,2,1) v da’ (6.3)
z My <yt 2] z Y y “1, m/2 -2 oy .

respectively(notethe subtledifferencebetweenz andz’ in the numeratorof the kernelsin
equation$.2and6.3). Thesuperscript2 D and3 D referto thedimensionalityof thegeomet-
rical spreadingf the wavefields. Hence the wavefields on theleft- andright-handsidesof
equation$.1,6.2and6.3maybeseenasline sourceandpointsourceresponsesgspectively
For horizontallylayeredmediathesetransformationsre exact;for laterallyinhomogeneous
mediatheyarepreferablyappliedto CMP gatherswherez andz’ shouldbeinterpretechsthe
offset. For moredetails,in particularaboutthe numericaimplementatiorof theintegralswe
referto theabovementionedpapelin Geophysicsin this chaptemwe discus — D aswell as
3 — D processingchemesForthe2 — D schemeave assumehatthe abovediscussedrans-
formationhasbeenapplied.In bothcasesve omit the superscript® ) and3 D for notational
convenience.

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

In this sectionwe discussa modificationof the DELPHI decompositiorapproach\Wapenaar
etal.,1990).A similarapproachasbeenproposedy AmundserandReitan(1995).

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

After aFouriertransformatiorfrom thetime to thefrequencydomain the dataarestored(per
angularfrequencycomponentv) in vectorsP(z,), V.(z) and,whenapplicableV, (z) and
f’y(zl). Thisis doneaccordingo theusualDELPHI approachhencegachelemenin avector
representalateralz (andy) position.We defineatwo-waywavefield vector@ (z1),according
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to
Q=) = (_?(Zl)) , (6.4)

wherethetractionvectorr, andtheveIocityvectorL7 aredefinedasfollows:

e for two-componentiata(acousticapproach)

—

7z) = —P(z) and V(z)=V.(z), (6.5)

o for three-or four-componentiata(elasticapproach)

0 V(21)
“(a)=| (0) and V(z1)= | (V,(z1)) |, (6.6)
—P(Zl) VZ(Z1)

wherethenull-vectors(0) accounfor theabsencef shearstresseattheocearbottom.

Analogougo equation(6.4) we definea one-waywavefield vectorﬁ(zl) , accordingo

D(z) = (gfg;) , 6.7)

wherethe downgoingwavefield vectorD* andthe upgoingwavefield vectorD~ aredefined
asfollows:

o for two-componentiata(acousticapproach)

— —

D¥(z) = P*(z) and D7 (z)= P (), (6.8)

wherevectorsP* and P~ containtheflux-normalized downgoingandupgoingwaves,
respectively

e for three-or four-componentiata(elasticapproach)

) ¢ (1) ) ¢ (=1)
Dt (z) = \I_{+(z1) and D™ (z) = U= (z1) |, (6.9)
(Y* (1)) (Y= (1))

wherevectord* containgheflux-normalizecdown-or upgoingpotentialfor P-waves,
U for SV -wavesand T+ for S H-waves.

Flux-normalizatiormeansthat the amplitudesare normalizedin sucha way that at eachdepthlevel = they
areproportionako thesquare-roobf the enegy flux. Theadvantagef flux normalizationis thatthedecomposed
wavefieldsobeyour one-wayreciprocitytheoremgfor 1-D aswell as2-D and3-D configurationsWapenaaand
Grimbegen,1995).
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6.3.2 General relation between two-way and one-way wave vectors

Forarbitrarydepthz thegeneratelationsbetweerthetwo-wayandone-waywavefield vectors
read:

e for composition

Q(z) = L(z)D(z), (6.10)
or
~%(2)\ _ (L) Li(2)\ (D*(2)
(75)= (5 ) (70). o
e for decomposition
D(z) = L7 (2)Q(2), (6.12)
or
D¥(z)\ _ ({17 (2))7 {Lf(z)}T)(—fz(Z))
(ﬁvg‘<uaaﬂ —arent) \ v ) O

where” denotegransposition.

Notethatfor theacousticsituationin alaterallyinvariantmedium,equationg6.11) and(6.13)
may berewrittenin therayparametedomainas

P(2) :éﬂa@uﬂ(@@g
(v (z)) (L;f(z) L37(z)) \P(2) (6.14)
and

PHz)\ _ (-L17(2) I7(2) )\ [ P(2)

(15_(2)>_(L§r(2) -Lf z)) (VZ(Z)>7 (6.15)
with

P = 2941((22)) and L7(s) == Qq;(zz)’ (6.16)

wherep(z) isthemasdensityandwheretheverticalslownesg(z) isrelatedto therayparam-
eter(s)p. (andp,), accordingo

4(2) = /e (2) = P2 — (), (6.17)

wherec(z) is theacoustigpropagatiorvelocity. For similar relationsfor the elasticsituation,
seeAppendix6A.
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Fig.6.3 One-waywavesatthe oceanbottom

6.3.3 Decomposition at the free surface

Beforewe discussdlecompositiomttheocearbottom,we briefly reviewour algorithmfor de-
compositionat the free surface. At the freesurfacez = z, we have?, = 0 (exceptatthe
source).Hence applyingequation(6.13)for z = z; we simply obtain

D* (20) = £{LF (20)}V (20)- (6.18)

This equatiorstateghatthe down/upgoingvavevector D* atthefreesurface(seeFigure6.2
fortheelasticapproach):anbeuniquelyobtained‘romtheparticlevelocitymeasuremenﬁ§ at
thefreesurface Note,howeverthat D+ hererepresentsnly thedowngoingreflectedvaves;
thedowngoingsourcewavesareignoredin equation(6.18),sincewe assumed’, = 0.

6.3.4 Decomposition at the ocean bottom

The decompositiorat the oceanbottomis againdirectly obtainedfrom equation(6.13) and
consistof onedecompositiofustaboveandonejustbelowthe ocearbottom(seeFigure6.3
for the elasticapproach):
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Fig. 6.4 \elocityanddensityprofile usedfor modelingnumericaldata

e Decompositiofjustabovetheocearbottomatz = 27 = 21 — ¢, Withe — 04

D*(z7) = H{LF (z7)} 7. (1) £ {LT (7)Y V (20), (6.19)
or, sincethe mediumabovethe ocearbottomis anacousticnedium,
PE(z7) = F{LI (7))} Pa1) £{LF (7))} Va(2), (6.20)

or, in therayparametedomain(assumingno lateralvariationsat z7"),
) = [P ey Y ACDRVINY (6.21)
20(z27) 2q(27)

¢ Decompositiorjustbelowtheocearbottomat z = 2" = z; + ¢, with ¢ — 0

D* (=) = H{LT (1)) 7(21) £LT (1)) V(=) (6.22)

In the elasticapproact®, andV aredefinedasin equation(6.6).
In theacousticapproactequation(6.22)canbewritten as

PE() = F{LI (1)} Plz1) £{LT (1)} Vi), (6.23)

or, in therayparametedomain(assumingno lateralvariationsat z;),

+
V) p(s 2) (=
29(2f’)P( )& 2q(2f’)‘z( 2 (624

Unlike in section6.3.3,here D+ (or ]3+) representshe total downgoingwavefield,

including the transmitteddowngoingsourcewaves. This is madepossibleby the fact

that7, (z1) canbemeasuredelativelyeasyby thehydrophonesttheocearbottom(see
equations.5and6.6), whereaghe sourceinducedr. (z,) atthefree surfaceis not so

easilymeasuredln section6.5we proposean alternativemultiple eliminationscheme
thatmakesadvantagef thefactthatboththetotal P+ and P~ wavefieldsareavailable
justbelowthe ocearbottom.

We usethenotationzli only for quantitieghatarediscontinuousittheocearbottom.Forcontinuougjuantities
we simply usez .
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Fig. 6.5 Numericalsimulationof thetotal pressue and vertical velocity componenat the surface
level- a) andb) - andat the oceanbottomlevel- ¢) andd).
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6.3.5 Numerical example

To showtheapplicationof decompositioton ocearbottomdata,we give hereanumericalex-
ample.We consideialateralhomogeneousubsurfacenodelasgivenby the profilesin Figure
6.4. In thismodelwe simulateseismicdataat the surfaceandat the ocearnbottom. Figure6.5
showshepressurandverticalvelocitycomponenbf thedataasit wouldhavebeermeasured
atthewatersurface(Figure6.5aandb) andat thewaterbottom(Figure6.5candd).
Notethatthefree surfaceconditionshavebeentakeninto accountyesultingin the generation
of all surface-relatednultiples(internalmultiplesarealsoincluded)andin the fact that the
total pressuratthe surface(Figure6.5a)is zero.

Decomposition

With theaid of equationg6.21)and(6.24)the decompositionnto (flux-normalizedup- and
downgoingwavefieldscanbeappliedfor thesituationjustaboveor justbelowthe ocearbot-
tom (indicatedby z;” andz;" respectively) Thisis shownin Figure6.6.

Thesituationwe havehereis differentfrom normalsurfacedata: attheocearbottomwe have
boththe downgoingaswell asthe upgoingwavefield.

Note that the downgoingwavefield just abovethe bottom (Figure 6.6a)containsthe direct
wavefield from the source(first event)andall the downgoingsurface-relatednultiples; no
primaryreflectionsarepresentere.This meanghatif we isolatethefirst eventfrom the data
we havetwo importantwavefields: thedowngoingsourcewavefield with all its temporaland
spatialcharacteristicsandall downgoingsurface-relatednultiples! The absencef any pri-
maryreflectioneventin the downgoingwavefield abovethe bottomcanbe usedascriterion
for agooddecomposition.

Notealsothatfor the upgoingwavefield just belowthe bottom(Figure6.6d)the primaryre-
flectionof the bottomis notpresentThis mightbeusedasa criterionwhethethedecomposi-
tion wassuccessfufi.e. whetherthe correctvelocity anddensityof thesecondayerhasbeen
used).

"Poor mans” multipleelimination

As notedthedowngoingwavefield justabovethebottomcontainghedirectsourcenvavefield

andthe downgoingsurface-relatednultiples,but no primaryreflectionevents(which areall

upgoing). Figure 6.8 showsthe separatiorof this wavefield into thetwo componentsheing
thedirectsourcewavefield in Figure6.8aandthe multiplesin Figure6.8b. This splitting has
beendoneby a simple“cutting” procedure.

Thedirectsourcewavefield canbe usedto deconvolvethe datafor the temporalandspatial
sourcearray in orderto convertthedatainto pointsourceresponsed-orthis, thepropagation
throughthewaterlayershouldoeremovedrom thedirectsourcevavefield (whichis asimple
phaseshift operatorfor a flat waterbottom). On the otherhand,the propagatiorthroughthe
waterlayermightbeleft in: adeconvolutiorfor thisdowngoingsourcenavefield corresponds
to aredatumingatthe sourcesideof the sourceto the bottomlevel.



6-10

Chaptei6: Processin@f oceanbottomdata

time (s)

time (s)

0-1500 -1000 -500

offset (m)
9

0.5+

1547

2.0

Iil||||||il| i
= =T I|||||||]jjjj !! l'i

111111111111]1111 ua,

M ] i !
= ]j f"ir 5

‘iiii i <
gll!l i i!ilif

ii
i‘] =

11‘ 31

~

z"

]!l

0-1500 -lQOO -500

a) Pt justabovebottom

offset (m)
Q 500 lOOO 1500

0.5+

1.5*

2.0

_= .i!!!!!ljllis
ill‘;i]i]' ll lj]jjj

l
A 5;
1 :

ii zzi "j;j
(ii;z *‘;gllllllllll
Zézi iﬁ ﬁjﬁ

ﬁ;}i!

;!l

.
55 !ii

!!! " ’11
]];;!ii ﬁ

i!g

]iiii

c) PT justbelowbottom

500 1000 1500

time (s)

time (s)

0-1500 -1000 -500

offset (m)
Q 500 1000 1500

0.5+

1.5+

2.0

—g!!!lljﬁiiip
5 7 illl!!!llll JJJ e |
- ;zazililliilllllilil!Iii =

]15 1;!3 i !!ii@ﬁ;ﬁ
f i

”‘!i

0-1500 -1000 -590

b) P~ justabovebottom

offset (m)
Q 590 1000 1500

0.5

1.5+

2.0

| }l:illli%iilﬂ

J My i

1’%

iii

!

d) P~ justbelowbottom

Fig.6.6 Decompositiomfthetotal pressue andverticalvelocitycomponeninto down-andupgoing
wavegustabovethe bottom- a) andb) - andjust belowthe bottom- ¢) andd).
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Fig. 6.7 Two typesof waterlayer reverberationgecoded by the oceanbottomgeophonesind hy-
drophones.

The downgoingmultiplescanbe usedfor a simplemultiple subtractiorprocedureby multi-

plying themwith the bottomreflectivity operatorandsubtractinghis resultfrom theupgoing
wavefield justabovethebottom.However doingthiswill notremoveall surface-relatechul-

tiples, but only thosemultipleswith areverberationn the waterlayer asthe lastwavepath.
In Figure6.7 two multiple pathsareindicated;thefirst oneis presenin both the downgoing
and(afterreflection)upgoingwavefield, the seconds only presen{aftertransmissionjn the
upgoingwavefield andwill notberemovedby this subtractiorprocedure.

Althoughthedowngoingmultiple field is not completejt canbe usedin a subtractiorproce-
durefrom theupgoingwavefield. For this, the downgoingmultiplesaremultiplied with the
bottomreflectivity operator(andthereforeconvertednto upgoingmultiples)andsubtracted
from the upgoingwavefield (P~ (z;)). Theresultof this subtractionis displayedn Figure
6.8c. Clearly severaimultiples(amongwhich all the multiplesthatarecapturedn the water
layer) havebeenremoved.FurthermoresomereverberationsavebeenreducedIn practice,
the subtractionwould be appliedadaptively: the predictedmultiplesarefitted with the true
multiplesin the upgoingwavefield in local spaceandtime windows. Figure6.8dshowsthis
resultfor overlappingwindowsof 400msand40 traces.In the deepeipartof the data,more
multiplescouldbe adaptedandanimprovedmultiple subtractiorresultis achieved Notethat
theprimary eventsareunharmedy the adaptivesubtractiormethod.

In the nextsectiona propermultiple removalprocedures discussed.
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abovethe bottom.d) Adaptivesubtractionof the multiplesof b).
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6.4 Elimination of surface-related and bottom-related multiples: the Delphi ap-
proach

Theocearbottomdatacanbe consideredsdownwardextrapolatedurfacedata,or Common
FocusPointgatherqasdefinedin thelastDELPHI volumes)with receiversatthebottom.The
surface-relatedndocearbottom-relatedanultiple eliminationprocedurethatarenormallyap-
plied onsurfacedatacanberewrittenfor ocearbottomdataaswell. It turnsoutthatto dothis
for botheliminationprocedure&nowledgeof thewaterlayerhasto beincluded.An alterna-
tive methodthatdoesnot strictly requirethis knowledge js discussedh section6.5. In both
sectionswve restrictourselvego the acousticapproachleavingthe elasticextensiorfor later
research.

6.4.1 Theory for surface-related multiple elimination

For surfacedata, the surface-relatednultiple eliminationschemecan be written asfollows
(Verschuuetal. 1992):

Pj (20) = P7(20) — P (20) A7 (20) P~ (20) + P (20)[A7 (20)P 7 (20)]* — ...,
(6.25)

wherethe surfaceoperatoyin the caseof upgoing flux-normalizedvavefields,reads:
A~ (20) = L (20)R™(20)S ™ (w). (6.26)
In equation(6.25),P (zy) denoteshesurfacedatawithoutsurface-relatethultiplesandP ~ ( z)
thedatawith multiples.
As hasbeenpointedoutin previousDELPHI reports,the multiple eliminationcanbe written
asanadaptivejterativeprocedure:
{P5 (200} = P~ (20) — P™(20) A™ (20){P7 (20)}"", (6.27)

in which for eachiterationthe surfaceoperatorA~(z) canbe estimatedby a linear least-
squareprocedureln practice assuminghatthefree surfacecharacteristicareknown,only
theinversesourcesignatureS—! (w) needbe estimatedywhich simplifiesthe adaptiveproce-
dureconsiderable.

In the situationof oceanbottomdata,the aboveequationhaveto be modifiedusingthe fol-
lowing relationbetweertheupgoingwavefield atthesurfaceandthewavefield justabovethe
ocearbottom:

P~ (z9) = W™ (29, 21)P7 (27, 20)- (6.28)

°It is assumedhat P~ (z,) representshe dataafter decompositiorat the receiverside. Hence,it is the flux-
normalizedupgoingresponsef the physicalsourcesat the surfacez,. Thematrix LT (o) in equation(6.26)ac-
countsfor thefactthatno decompositiorastakenplaceatthesourceside. Whenno flux normalizationwould be
consideredthis matrixwould betheidentity matrixandthereforeit is generallyabsentn our multiple elimination
schemesWe haveincludedit here,becausén this chaptemve considerflux normalizedvaves.
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HereP~ (27, z0) denotesheupgoingwavefieldsat z; just abovethe ocearbottom,dueto
sourcestthesurfacezy. Usingthis, equation(6.27)canberewritteninto:

{Py (2, 20) ) = P~ (27, 20) — P~ (21, 20)A™ (20, 20){PG (o7, 20) 1),
(6.29)

in which the"surface” operatoiis now definedas:

A7 (z0,21) = LT(ZO)R_(ZO)W_(ZO, zl)S_l(w). (6.30)
For ocearbottomdatato be usedassurfacemultiple predictionoperatoywe needto addthe
propagatiorirom theocearbottomupto thesurfacdevel, asindicatedn equationg6.29)and

(6.30). Thereforeknowledgeonwaterdepthandvelocity, in orderto constructhepropagation
operatofW ~ (z, z1), is required.

After enoughiterations equation(6.29)will convegeto thefollowing implicit relation:
Py (21, 20) = P7 (21, 20) = P7 (21, 20) A7 (20, 21) P (31, 20), (6.31)
or
Py (21, 20) = P7 (27, 20)Q(20), (6.32)

with the “multiple predictionoperatof Q(zo) definedin termsof the datawithout multiples
Py (21, 2) as:

Q(z0) =T — A7 (20, 21)Pg (27 20), (6.33)

or in termsof the datawith multiplesP~ (z1, zo) (which bringsusbackto a similar relation
asequation(6.25)):

Q(z) =1+ Z[—A_(zo, z) P~ (27, zo)]i. (6.34)

Notethatasthemultiple predictionoperatorQ(z,) actsasasourceoperatomtthesurfacewe
canalsoapplyit to otherwavefields:

Pg:(zl_, z9) = Pi(zl_, 20)Q(20) (6.35)
and

Poi(zi", zp) = Pi(zf', 20) Q(z0). (6.36)

Eachof theserelationsremovesthe effect of surface-relatednultiplesto that specificwave
field.



Chaptei6: Processingf oceanbottomdata

offset (m) offset (m)
0-1500-1000 -500 Q 590 1000 1500 0-1500-1000 -590 Q 590 1000 1500
0.5 0.5
i
0 0 i
o 1.0 o 1.0
£ =
1.5+ 1.5+
2.0 2.0

a) Pt justabovebottom b) P~ justabovebottom

offset (m) offset (m)
0-1500-1QOO -500 Q 590 10‘00 1500 0-1500-1000 -590 0 590 1000 1500

"E‘ 0.5 "4?’&(%_%-”
3 ~ Ill 455l ‘i»
- . | ‘iﬂlﬂ 1]’]]]]]] “!!!!!!! ’!!u
é 3 él 0-
15- 1.57
2.0 2.0

c) PT justbelowbottom d) P~ justbelowbottom

Fig. 6.9 Surface-elatedmultiple eliminationresultof the down-and upgoingwavesjust abovethe
bottom- a) andb) - andjust belowthe bottom- ¢) andd).
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6.4.2 Numerical example

The surface-relatednultiple elimination method,describedby equationg6.29), (6.35) and
(6.36), hasbeenappliedto the exampledataunderconsideration.The resultsfor the wave
fieldsjust aboveandbelowthe oceanbottomhavebeendisplayedn Figure6.9. Clearly, the
effectof multipleremovalcanbeobservedyieldingthedowngoingsourcevavefieldin Figure
6.9a(similarto Figure6.8a,butwithoutusingamutingprocessandtheprimaryreflectonsand
internalmultiplesin Figure6.9b,candd. Againthe enormouseffect of surface-relatedul-

tipleson seismicdatahasbheendemonstratedthe majorpart of the enegy hasbeenremoved
from the data!

Notethedifferencebetweerthe’poor man’s” result(Figure6.8d)andtheexactmultiple elim-

inationresult(Figure6.9b)for the upgoingwavefield just abovethe ocearbottom.

6.4.3 Theory for ocean bottom-related multiple elimination

Thesurface-relatedhultiple elimination,asdescribedabove canbe seenasthefirst multiple
eliminationstep. Next, we wantto removethe internalmultiples,startingwith the multiples
relatedto the oceanbottom. To do this, we considerthe upgoingwavefield just below the
oceanbottomafter surface-relatednultiple elimination, Py (i, 20), beingthe resultof ap-
plying equation(6.36).

Theimplicit relationfor multiple eliminationreadsin theory(seeVerschuusetal, 1992):
Xo(z1,21) = X(21,21) — X(21, 21)R7 (21)Xo (21, 21), (6.37)

whereX (z, z1) describesheimpulseresponsef thesubsurfacéelowtheocearbottom(i.e.

assuminga homogeneoubalf-spacdor z < z;, with the velocity of water)with all ocean
bottomrelatedmultiplesincluded,andXq(z, z1) theimpulseresponsevithoutocearbottom
relatedmultiples. Of coursewe wantto replaceX (z1, z1) andXq(z1, z1) in thisequationby

oneof theknownor desiredvavefields. Thiscanbedoneby applyinganinverseextrapolation
to theseismicdataat the sourcesidefrom the surfaceto the ocearbottomlevel followed by a

sourcewavefield deconvolution:

X(z1,21) = P (21, 20) LT (20){TT (21)WT (21, 20)} 'S 7" (w) (6.38)
and
Xo(z1,21) = Py (21, 20) LT (20){TT (20 )W (21, 20)} 'S (w), (6.39)

with T*(z1) accountingor the transmissiorthroughthe oceanbottomand W (z1, zq) de-
scribingpropagatiorfrom the surfaceto the oceanbottom. With this, equation(6.37)canbe
rewrittenas:

Py (2, 20) = P7 (2, 20) = P (2, 20) A7 (20, 21) Py (2, 20), (6.40)
or asaniterativescheme:

{P5 (21,20} = P (=, 20) — P (27, 20) A7 (20, 20){ P (21, 20)}7,
(6.41)
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Fig.6.10 a) Downgoingwavefield just belowthe bottom, after removingthe surface-and ocean
bottom-elatedmultiples.b) Upgoingwavefield just belowthe bottom,after removingthe
surface-and oceanbottom-elatedmultiples.

with thebottomoperatorA = (zg, z;) now definedas:
A~ (20, 21) = LT (20){TT(20)WT (21, 20) IR (21) 57 (w). (6.42)

Similarto thesituationwith surface-relatechultiples,we candefinea multiple predictionop-
eratorQ’(zp) suchthat:

PE(ZT, 20) = P7( il_7 20)Q’ (20) (6.43)
with themultiple predictionoperatorQ’(z,) nowdefinedas:

Q(20) = I = L (20){T* (21) W (21, 20)} R (21)5™ (@) P5 (57, 20)-
(6.44)

6.4.4 Numerical example

Themethodasdescribediboveis appliedto thedataaftersurface-relatethultiple elimination
of Figure6.9candd, i.e. the downgoingand upgoingwavefield just below the oceanbot-
tom. In Figure6.10theresultfor theinternalmultiple eliminationhasbeendisplayed.Figure
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Fig.6.11 Wavefieldsafter decompositiomt the oceanbottom.

6.10ashowsghat,similarto thesurfacesituation thedowngoingwavefield, afterocearbottom
multipleelimination,only consistof thedirectsourcevavefield aftertransmissiorthroughthe
ocearbottom. Theupgoingwavefield, asdisplayedn Figure6.10b,consistof theprimaries
of the secondandthird reflectorand (althoughhardly visible) their internalmultiplesin the
third layer.

To applythis method,we needknowledgeof the waterlayer depthandvelocity andalsothe
reflectivity of thewaterbottom. Theinversesourcesignaturenasbeenputin asaknownquan-
tity in all theseexamplesin practicethis is notknownandthemultiple eliminationschemas

thenappliedadaptively estimatingthe inversesourcesignatureby minimizing the enegy in

themultiple eliminationresult(seeVerschuuetal, 1992).

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

In thissectionwe presentinalternativeapproacho theeliminationof surface-relateendbot-
tom relatedmultiples. We makeuseof thefact thatafterdecompositiorat the oceanbottom,
thetotal® P* and P~ wavefieldsjust belowthe ocearbottomareavailable.

6.5.1 Basic principle of ocean bottom multiple elimination

Inthissubsectionve discusgnultiple eliminationattheocearbottom. Againweonly consider
theacoustiapproachFigure6.11 givesanoverviewof thewavefieldsthatareavailableafter
acoustiddecompositiorof a singleshotrecordatthe oceanbottom.

In accordancavith the usualDELPHI approachwe storethe resultsof the decompositiorof
all shotrecordsin matricesP* (27, z9) andP* (2", z,). Thewavefieldsjustbelowtheocean

¢This meanghat 2+ containsalsothe (transmitteddowngoingsourcewavefield.
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bottomarerelatedto eachother accordingo
P~ (2], 20) = Xo(z1, 21)PH (2], 20), (6.45)

whereX(z, z1) is the multiple-freeimpulseresponsematrix of the inhomogeneousalf-
spacebelow z = z;. Hence,in principle multiple eliminationinvolvesnothingmorethan
invertingequation(6.45),accordingo

Xo(z1,21) = P_(zf', zo){P‘*'(zf', ZO)}_I. (6.46)

Notethatwith this simplealgorithmthe multiplesrelatedto theocearbottomaswell asthose
relatedto the ocean-surfacareeliminated. In otherwords,the waterlayeris replacedoy a

homogeneouspperhalf-spacewith the watervelocity. Also notethat no knowledgeof the

thicknessof the waterlayeris required. Of coursein practicemultiple eliminationis not as

simpleassuggestetby equation(6.46). In thefollowing we showstepby stephow to arrive

ata morepracticalschemehatavoidsmatrix inversionandhow knowledgeof the thickness
of thewaterlayercanbeusedto stabilizethe process.

6.5.2 Ocean bottom multiple elimination in terms of a series expansion

In orderto rewriteequation6.46)asaseriesexpansionye introducethefollowing additional
expressiorior P+ (27, 2o)

P+(Zil-7 ZO) =T (Zl)P-I-(Zl_v ZO) + R™ (Zl)P_(Zil-v ZO), (647)

whereT* (z) isthetransmissiomatrixof theocearbottomfor downgoingvavesandR ™ (z1 )
thereflectionmatrix for upgoingwaves.Now equation(6.46)canberewrittenas

Xo(z1,21) = P7 (2, 20){TH (21) P (27, 20) + R™ (21)P ™ (21, 20)} 7,

(6.48)
or
Xo(z1,21) = P7(zf, 20){TT(21)PT (2], 20)} 7" x (6.49)
[T+ R (20)P~ (2], 20 {TH (21) P (27, 20)} 717,
or
Xo(z1,21) = P (2, 20){TT(21)PT(27,20)} 7" X (6.50)

(T+ fj[—R- (21)P (s, 20) {TF (21) P+ (27, 20)}7'T').

The latter equationhasthe usualform of the DELPHI multiple eliminationalgorithm (Ver

schuuretal. 1992). Themaincomplicatiorhereis theinversematrix (T (z1)P T (2, z0)) 71,

which replacesheinversesourcesignatures —! (w) in the usualschemeWhereagheinver-

sionof S(w) canbecarriedoutin astablesensédetweertheminimumandmaximumfrequen-
Ci€Swynin aNdwy, ., theinversionof T+ (z;)P T (27, zo) is unstablelueto notchesn thespec-
trum of the “illuminating wavefield” P+ (z;, z), which is contaminatedby the waterlayer
reverberationsThisis illustratedin Figures6.12aand6.13b.
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Fig.6.12 a) Estimatedbandlimitedsubsurfacémpulseresponsat the oceanbottom,usingthe data
with all multiples,accoding to equation(6.50). b) Estimatedsubsurfacémpulseresponse
attheocearbottom usingthedatawithoutsurface-elatedmultiples,accodingto equation
(6.56).

6.5.3 Stabilization by incorporating knowledge of the water layer

Forthestabilizationof themultiple eliminationprocessgescribedy equation6.50),wefirst
eliminatethe ocean-surfaceelatedmultiplesfrom the datamatrix P~ (z;, z¢), accordingto

P (27, 20) = P (27, 20) {1+ L (20)R™ (20) W™ (20, 21) P (27, 20) S ™' (w)} ',
(6.51)

or

Q(Zo)

PG (27, 20) = P (27, 20) (T+ Y_[-Lf (20)R™ (20) W™ (20, 21) P~ (27, 20)S ™ ()]'),
i=1 (6.52)

seeequationg6.32)and(6.34).

Whenwe apply the “multiple predictionoperatof Q(z) to all one-waywavefield matrices
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atthe ocearbottom,accordingo

Pa:(zl_v ZO) = Pi(zl_v ZO)Q(ZO) and P(:)t(zil-v ZO) = Pi(zil-v ZO)Q(ZO)v
(6.53)

then,in analogywith equationg6.45)and(6.47),the following relationshold at the ocean
bottom

P; (27, 20) = Xo(21, 21)Pg (2], 20), (6.54)

P (21, 20) = TF (1) P (27, 20) + R™(21) Py (7, 20). (6.55)

Hence,in analogywith equation(6.50), multiple eliminationat the oceanbottomis now ac-
complishedoy

Xo(z1,21) = Pa(zi", zo)(T+(zl)PE|)'(zl_, zo))_l X (6.56)

o
(14 Y[R (21)Pg (=, 20) (T (21) P (=7, 20) T,

i=1
Notethattheinversionof the matrix T+ (z;)P{ (27, z0) is amuchmorestableprocesghan
theinversionof thematrix T+ (2, )P* (27, 29) in equation(6.50),becaus¢he spectrunof the
illuminatingwavefield P} (27, zo) doesnotcontainnotcheslueto waterlayerreverberations.
Thisis illustratedin Figures6.12band6.34c. Theinversionof T+ (z1)P{ (21, z0) canbefur-
thersimplifiedby rewritingit as

{TH(20)P{ (27, 20)} 7" = FT (20, 20){T (20) P (27, 20) FF (20, 21)} 7,
(6.57)

with
F-I-(ZJ()7 Zl) = {W+(21, Z())}_1 ~ {W+(21, Zo)}H, (658)

where” denotesranspositiorandcomplexconjugation.SinceF * (zq, z;) removeshedown-
wardpropagatioreffectsin thewaterlayer, thematrixto beinverted(i.e., Tt (21)P{ (27, 20)
F* (29, 21)), is nownearlya diagonalmatrix.

Summarizingin this sectionwe proposed two-stepproceduren whichthemultiplesrelated
to the ocean-surfacareremovedprior to the multiplesrelatedto the oceanbottom. Since
thefirst stepis not strictly necessaryseethe previoussub-section)t canbe seenasa “data-
preconditioning thatstabilizeshe secondstep.

It canbe shownthatX(zy, 1), obtainedwith equation(6.56),is relatedto the multiple free
dataPj (2", 29), obtainedwith themethodin section6.4.3,accordingo

PE(ZT, 20) = Xo(21, 21)T+(31)W+(31, 20) S (w), (6.59)

underthe conditionthatthe exactoperatorW * (21, zq) is usedin section6.4.3.
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Fig. 6.13 Reflectivityofthesecondnterfaceasa functionof ray-parameter:a) theoeetical values;b)
resultextractedromFigure 6.12aandc) fromFigure 6.12b.
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6.6 Conclusions

e Decomposition

It hasbeenshownthatthe datameasuredby hydrophonesndgeophonest the ocean
bottomprovidessufiicientinformationfor afull decompositioiinto downgoingandup-
goingwavesaboveaswell asbelowtheocearbottom,assuminghemediumparameters
just aboveandbelowthe bottomareknown. AcousticdecompositiomequiresP- and
V.-measurementndyields P+ aboveandbelowthebottom;elasticdecompositiome-
quiresin additionmeasurementsf V,, andV, andyields ’* abovethe bottomandthe
P- andS-wavepotentialsb*, U+ andY* belowthe bottom.

e Multiple elimination

We haverestrictedourselvego acousticmultiple eliminationschemes First we have
shownthat the usualDELPHI approachto multiple elimination canbe extendedn a
straightforwardwvay to the situationfor oceanbottomdata,by including knowledgeof
the extrapolationoperatorW * (2, zy) for the waterlayer This appliesto surface-as
well asbottom-relatednultipleelimination.Nextwe haveproposednalternativescheme
thatmakesuseof theinformationaboutthe downgoingsourcewavefield in thedecom-
posedvavefieldsattheocearbottomandthusavoidsthatW (z1, 29) shouldbeknown.
We haveshownthatapproximaté&nowledgeof W (zy, 29) canbeadvantageous sta-
bilize the processTheprosandconsof bothmethodswill befurtherinvestigatedAlso
the extensiorto elasticmultiple eliminationwill getampleattention.
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