Acoustic daylight imaging via spectral factorization: helioseismology and reservoir monitoring
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SUMMARY

Theacoustidime history of thesuns surfaceis a stochastiat, x, y)-
cubeof information. Helioseismologisteross-correlatéhesenoise
tracesto produceimpulseresponseeismogramsyroviding the proof
of conceptfor a long-standinggeophysicatonjecture. We packthe
(X, y)-meshof time seriesinto a single supeflong one-dimensional
time series.We applyKolmogorof spectrafactorizatiorto the super
trace unpackandfind themultidimensionahcoustidmpulseresponse
of the sun. State-of-the-arseismicexplorationrecordingequipment
offerstensof thousandsf channelsandpermanentecordingnstalla-
tionsarebecomingeconomicallyrealistic. Helioseismologytherefore,
providesaconceptuaprototypefor usingnaturalnoisesor continuous
reseroir monitoring.

INTRODUCTION

The earthandthe sunboth have a noisy surface. This acousticnoise
generatesonicwavesthatdive into the sphereandemepe at all dis-
tancesA procesghatwe call “acoustiodaylightimagingl" enablesis
to form variouspicturesof theinterior.

Acoustic daylight imaging: previouswork

At the StanfordExplorationProject,we beganour interestin acous-
tic daylightimagingmary yearsagowhentheory (Claerbout,1976)
shavedthatundercertainidealizedconditions the autocorrelatiorof

an earthqua& seismogranshouldmimic anechosoundinglike those
madewith explosiesfor petroleumprospecting.

Early attemptgto verify this theoryin practicequickly failed andwe
cameto realizethatthe essentiaphysicalfeatureis real-world three
dimensionalitywhile both our dataandour mathematicatheorywere
merelyonedimensional.We didn't have a three-dimensionaheory
but we did have a conjecture:

By cross-correlatingioisetracesrecordedat two
locationson the surface,we canconstructhe wave-
field thatwould berecordedat oneof thelocationsif
therewasa sourceattheother

Cole (Cole, 1995, 1988)initially tried to verify this conjectureon a
passie 3-D suney recordedvith anarrayof 4056geophonesovering
more than a half kilometer squareon the Stanfordcampus. Unfor-
tunately however, only twenty minutesof passie seismicdatawas
recordedandbeamsteeringshavedambientoisewaspredominately
incidentfrom only onedirection. His cross-correlatioresultsverenot
conclusie. Theproximity of the SanAndreagaultmakesthe Stanford
areadifficult to analyze,andwe werealsotroubledby poor coupling
betweerthegeophoneandthedry summersoil.

Nobodyexpectedthe geophoneso recordplungingwavesfrom great
distancesut thatis exactly whathappened.We sav seismicwaves
apparentlycomingfrom the USA Midwest. Earthquak seismologists
weresurprisedo learnthatwe couldreceve seismiovavesfrom sofar
atsuch”high frequeng" (10 Hz) becausevith their smallnumbersof
seismometerthey cannot.Unfortunatelywe werenotableto obsere
whatwe soughtthe muchsmallerscalereflectedvavesthatwe would
crosscorrelatevithin ourarray Suchwaveswouldilluminatethearea
within drilling distan@soproof of conceptwould interestoursporsors.

Modeling studies(Rickett and Claerbout 1996) shaved that longer
time-series,and a white spatialdistribution of randomnoise events
would benecessarjor the conjectureo work in practice.

1Theterm “acousticdaylightimaging” is known in oceanographwheremeasuremenere
notmadeat thefree surface.This differencdeadsocearacousticsway from seismology

Helioseismology

In 1995, solarphysicistsdevelopeda new instrumentfor studyingthe
sun. The MichelsonDopplerimager(MDI) instrumentmeasureshe
Dopplershift of solarabsorptiorlinesformedin the lower partof the
solaratmosphere This providesline-of-sightvelocity measurements
for pointson the sun’s surfacethatcanbe usedto studysolaroscilla-
tions. This amountgo having amillion (1024 x 1024 seismometers
uniformly distributed on the surfaceof the sun. Furthermorethe so-
lar seismologistareableto zoomtheirlensto repositiontheir million
virtual seismometerso give them a magnifiedview anywherethey
choose.

Most helioseismologye.g. Koswriches, 1999)hasbeendonein the
frequeng domainwith sphericalharmonicfunctions. Sphericalhar
monicspravideanexcellenttool for studyingthewholesunatonetime.
However, small-scaleventsareonly describedy harmonicmodesof
very high-order Sphericaharmonidunctionsarethereforanefficient
for studyingsmall,localizedareas of the suns surface.

Solarseismologist§Duvall etal., 1993)hadalsocomeupwith theidea
of creating ‘time-distance’seismogram®y crosscorrelatingurface
noiseobserationsto mimic impulsive sourceson the solar surface.
They weresuccessfulvith real datain threedimensionson the sun,
beforewe coulddoit on earth.

Convectie flow in the outerthird of the sun,leadsto a breakden in
reciprocityof time-distanceseismogramderivedby cross-correlation.
Helioseismologisthave usedthisbreakdan in reciprocityto estimate
the three-dimensiondlow velocity structurein the outerthird of the
sun.

Per manent recording installations

Ebrometal. (1998)discussheeconomiqgustfication forinstdlingper
manentecordinginstallationsn marineervironmentsover producing
hydrocarborfields. The incrementalcostof additional3-D seismic
suneys is muchlessfor permanenmonitoringsystemghanfor con-
ventionakepeate®-D. Thequalityof ocearbottomcabledatahasalso
increaseddramaticallyin recentyears,and so permanentnonitoring
systemsalsoprovide a higherlevel of repeatability

Fortheseeasonspermanerninstallationsrealreadyinstdledinbasins
worldwide. In the future, explorationistsmay take adwantageof con-
tinualrecordingsandacoustiaaylightimagingto continuallymonitor
reseroir production.

RAW DATA

The Solar Oscillations Investigationproject (http://soi.stanford.edu)
provided us with a cubeof datarecordedby their MDI instrument.
They transformedhe coordinatesystemto Cartesiarcoordinatesy
projectinghigh-resolutiordatafrom anareaapproximately1 8° square
ontoatangentplane.

Figurel shaws atime slicethrougha cubeof raw velocity datafrom
the MDI. Theobjectin the centerof the panelis a sun-spot.Figure2
shaws a time-distancesectionthroughthe samecube. The sampling
spacingis 1 minuteon the time-axisandapproximately68 km on the
two spatialaxes.

Eventson Figure 2 fall into two distinct spectralwindows. The low

temporalfrequeng events(<1.25Hz) arerelatedto solarconvection
(supergranulation),while the higherfrequeng eventsarerelatedto

acousticwave propagation.We wereinterestedn studyingacoustic
wave phenomenaso asa preprocessingtep,we removed the lower

frequenyg spectralwindow by applyinga 117;/)22 low-cut filter to the
data.



distance (Mm)
0 40 80 120 160 200
o 1 1 1 1 1

08 0074
|

(W) soue)sIp
021
|

097
|

00¢
|

Figurel: Time-slicethroughtheraw data. Theobjectin thecenteris a
sun-spot Distancesarein Megametergthousandsf kilometers)and
time unitsarekiloseconds.
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Figure2: Time-spacesectionthrougha subsetf theraw data.

3-D KOLMOGOROFF SPECTRAL FACTORIZATION

A simplelinearmodelfor the obsered solaroscillationsconsistof a

convolutionof asourceunctionwith theimpulseresponsef thesuns

surface. Thesourcdunctionis stochastién nature andmaybecharac-
terizedasbeingspectrallywhite in time andspacewith randomphase.
Theimpulseresponse&ontainsthe spectralcolor, andis commonlya

minimum-phaséunction.

If this modelholdstrue, thenestimatingthe sourcefunction reduces
to estimatinga minimum-phasefunction with the same( , kx, ky)
spectrunastheoriginaldata: multi-dimensionaspectrafactorization.

Helical boundaryconditions(Claerbout 1998) provide a framevork
for corvertingamulti-dimensionaprobleminto anequialentproblem
in only onedimension,andallow us to solve the three-dimensional
spectrafactorizationproblemefficiently.

We performthe spectrafactorizatiorrapidly in thefrequeng domain
in threesteps.Firstly, we transformthe multi-dimensionakignalto an
equivalentone-dimensionasignalusinghelical boundaryconditions.
Secondlyweperformone-dimensionapectrafactorizatiorwith Kol-
mogorof’s (1939)algorithm.Finally, we remaptheimpulseresponse
backto three-dimensionapace. We reducewrap-arounceffects by
paddingthe spatialaxes.

Figure3 shawvs theimpulseresponselerived from Kolmogorof spec-
tral factorizationasa function of radial distancefrom the impulse. It
looks very similar to the cross-correlatiotime-distanceseismogram
shavn in Figure4, andthosedisplayedby (Kosavichey, 1999). How-
ever, for thedatasetlescribed@bore, this operationwasapproximately
twentytimesfasterthancross-correlatingverytracein either( , x) or
(t, X). The speed-upecomespparentvhenyou considerthatcross-
correlatingevery tracewith every othertracerequiresO( Nf N§ Nt)
operations whereasone-dimensionakpectralfactorizationrequires
only O(N log N) operationsvhereN Ny Ny Nt.
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Figure3: Impulseresponseéerivedby Kolmogorof spectrafactoriza-
tion binnedasa functionof radialdistancefrom theimpulse.
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Figure5: A shotgatherfrom the Gulf of Mexico before(left) andafter(right) linearmoveoutwith thewatervelocity.
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Figure6: Thesolarimpulseresponsédefore(left) andafter (right) linearmoveoutat 10 km/s.
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Figure4: Impulseresponsealerived by cross-correlatiominnedasa
function of radial distancefrom the impulse. More noiseis present
in this Figurecomparedo Figure3 becauséessdatawasusedin the
calculation.

INTERPRETATION

Thelackof sharprelodty contrassmeantherearenoclealy obsenable
reflectionsn theimpulseresponseThevisibleeventsarediving waves
(refractions)of increasingorder Thefirst arrival is thethedirectwave

thatwould becharacterizedsthe ‘P’ arrival in terrestrialgeophysics.

Thesecondarrival is equivalentto a ‘PP’ event(or first ordermultiple)
having bouncedonceon the solarsurface. About six distinctarrivals
arevisiblein Figure3, correspondingo multiplesup to fifth-order

Sincethereare no distinct velocity interfaces,only a smoothveloc-
ity gradient,the headwaves continuallycurve upward. The contrast
betweerthis behaior andheadwaveson terrestrialexplorationseis-
mogramss illustratedin Figuress and6.

Radial trace analysis

The radial tracedomainprovides a naturalway to view the seismo-
grams.Sincemultiplesarrive atintegermultiplesof primarytraveltime
anddistance.Theradialtracedomainbecomegeriodic. Ratherthan
preservingtraveltimesin the radial tracetransform,and stackingall

azimuthgogetherwe presere x andy coordinates.

Figure7 shavs a constanwelocity slice throughthe Kolmogorof im-
pulseresponse. Multiple bouncesproducethe seriesof concentric
circles. Breakdavn in reciprocitydueto corvective flow in the body
of thesun,will manifestitself asazimuthalanisotroy in thisdomain.

CONCLUSIONS

Helioseismologyalidatesalong-standingyeophysicatonjecturehat
thecross-correlatioaf noisetracesmayprovideimpulseresponseeis-
mograms.

Additionally, we have shavn that combining one-dimensionaKol-
mogorof spectrafactorizationalgorithmswith helicalboundarycon-
ditionsallows usto calculatetheacoustiampulseresponsanorderof
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Figure7: Constanwvelocity slicethroughradialtransform.

magnitudeasterthancross-correlatiom either(t, x, y) or ( , X, y).

This is all very interesting,but our sponsordrust that we are look-

ing towards mattersthat can have significantpracticaland financial
implications. Not long agothatwould have seemedar fetched. But

electronicandcommunicationsevolutionshave beenrevolutionizing
seismologyor decadesMary oil fieldsarealreadyinstrumenteavith

multiple hundredsof geophones.We are now preparedio evaluate
the prospectgor the multiple tensof thousand®f geophonethatare
alreadypractical.
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