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SUMMARY
Theacoustictime historyof thesun’s surfaceis a stochastic

�
t � x � y � -

cubeof information. Helioseismologistscross-correlatethesenoise
tracesto produceimpulseresponseseismograms,providing theproof
of conceptfor a long-standinggeophysicalconjecture.We packthe�
x � y � -meshof time seriesinto a singlesuper-long one-dimensional

timeseries.WeapplyKolmogoroff spectralfactorizationto thesuper-
trace,unpack,andfindthemultidimensionalacousticimpulseresponse
of the sun. State-of-the-artseismicexplorationrecordingequipment
offerstensof thousandsof channels,andpermanentrecordinginstalla-
tionsarebecomingeconomicallyrealistic.Helioseismology, therefore,
providesaconceptualprototypefor usingnaturalnoisesfor continuous
reservoir monitoring.

INTRODUCTION

Theearthandthesunbothhave a noisysurface. This acousticnoise
generatessonicwavesthatdive into thesphereandemergeat all dis-
tances.A processthatwecall "acousticdaylightimaging1" enablesus
to form variouspicturesof theinterior.

Acoustic daylight imaging: previous work
At the StanfordExplorationProject,we beganour interestin acous-
tic daylight imagingmany yearsagowhentheory(Claerbout,1976)
showedthatundercertainidealizedconditions,theautocorrelationof
anearthquake seismogramshouldmimic anechosoundinglike those
madewith explosivesfor petroleumprospecting.

Early attemptsto verify this theoryin practicequickly failedandwe
cameto realizethat the essentialphysicalfeatureis real-world three
dimensionalitywhile bothour dataandour mathematicaltheorywere
merelyonedimensional.We didn’t have a three-dimensionaltheory,
but wedid haveaconjecture:

By cross-correlatingnoisetracesrecordedat two
locationson thesurface,we canconstructthewave-
field thatwouldberecordedatoneof thelocationsif
therewasasourceat theother.

Cole (Cole, 1995, 1988)initially tried to verify this conjectureon a
passive3-D survey recordedwith anarrayof 4056geophonescovering
more thana half kilometersquareon the Stanfordcampus. Unfor-
tunately, however, only twenty minutesof passive seismicdatawas
recorded,andbeamsteeringshowedambientnoisewaspredominately
incidentfromonlyonedirection.Hiscross-correlationresultswerenot
conclusive. Theproximityof theSanAndreasfaultmakestheStanford
areadifficult to analyze,andwe werealsotroubledby poorcoupling
betweenthegeophonesandthedry summersoil.

Nobodyexpectedthegeophonesto recordplungingwavesfrom great
distancesbut that is exactly what happened.We saw seismicwaves
apparentlycomingfrom theUSA Midwest. Earthquake seismologists
weresurprisedto learnthatwecouldreceiveseismicwavesfrom sofar
at such"high frequency" (10 Hz) becausewith their smallnumbersof
seismometersthey cannot.Unfortunately, wewerenotableto observe
whatwesought,themuchsmallerscalereflectedwavesthatwewould
crosscorrelatewithin ourarray. Suchwaveswould illuminatethearea
withindrilling distancesoproof of conceptwouldinterestoursponsors.

Modeling studies(Rickett andClaerbout, 1996)showed that longer
time-series,and a white spatialdistribution of randomnoiseevents
wouldbenecessaryfor theconjectureto work in practice.

1Theterm “acousticdaylightimaging” is known in oceanographywheremeasurementsare
notmadeat thefreesurface.Thisdifferenceleadsoceanacousticsaway from seismology.

Helioseismology
In 1995,solarphysicistsdevelopeda new instrumentfor studyingthe
sun. TheMichelsonDopplerImager(MDI) instrumentmeasuresthe
Dopplershift of solarabsorptionlinesformedin thelower partof the
solaratmosphere.This providesline-of-sightvelocity measurements
for pointson thesun’s surfacethatcanbeusedto studysolaroscilla-
tions. This amountsto having a million

�
1024 � 1024� seismometers

uniformly distributedon thesurfaceof thesun. Furthermore,theso-
lar seismologistsareableto zoomtheir lensto repositiontheirmillion
virtual seismometersto give them a magnifiedview anywherethey
choose.

Most helioseismology(e.g. Kosovichev, 1999)hasbeendonein the
frequency domainwith sphericalharmonicfunctions. Sphericalhar-
monicsprovideanexcellenttool for studyingthewholesunatonetime.
However, small-scaleeventsareonly describedby harmonicmodesof
veryhigh-order. Sphericalharmonicfunctionsarethereforeinefficient
for studyingsmall,localizedarea’s of thesun’s surface.

Solarseismologists(Duvall etal., 1993)hadalsocomeupwith theidea
of creating ‘time-distance’seismogramsby crosscorrelatingsurface
noiseobservationsto mimic impulsive sourceson the solarsurface.
They weresuccessfulwith real datain threedimensionson the sun,
beforewecoulddo it onearth.

Convective flow in theouterthird of thesun,leadsto a breakdown in
reciprocityof time-distanceseismogramsderivedby cross-correlation.
Helioseismologistshaveusedthisbreakdown in reciprocityto estimate
the three-dimensionalflow velocity structurein the outerthird of the
sun.

Permanent recording installations
Ebrometal.(1998)discusstheeconomicjustificationfor installi ngper-
manentrecordinginstallationsin marineenvironmentsoverproducing
hydrocarbonfields. The incrementalcostof additional3-D seismic
surveys is muchlessfor permanentmonitoringsystemsthanfor con-
ventionalrepeated3-D.Thequalityof oceanbottomcabledatahasalso
increaseddramaticallyin recentyears,andso permanentmonitoring
systemsalsoprovide ahigherlevel of repeatability.

Forthesereasons,permanentinstallationsarealreadyinstalledinbasins
worldwide. In the future,explorationistsmaytake advantageof con-
tinualrecordingsandacousticdaylightimagingto continuallymonitor
reservoir production.

RAW DATA

The Solar OscillationsInvestigationproject (http://soi.stanford.edu)
provided us with a cubeof datarecordedby their MDI instrument.
They transformedthe coordinatesystemto Cartesiancoordinatesby
projectinghigh-resolutiondatafrom anareaapproximately18� square
ontoa tangentplane.

Figure1 shows a time slicethrougha cubeof raw velocity datafrom
theMDI. Theobjectin thecenterof thepanelis a sun-spot.Figure2
shows a time-distancesectionthroughthe samecube. Thesampling
spacingis 1 minuteon thetime-axisandapproximately68 km on the
two spatialaxes.

Eventson Figure2 fall into two distinct spectralwindows. The low
temporalfrequency events( � 1.25Hz) arerelatedto solarconvection
(super-granulation),while the higherfrequency eventsarerelatedto
acousticwave propagation.We were interestedin studyingacoustic
wave phenomena;so asa preprocessingstep,we removed the lower
frequency spectralwindow by applyinga 1� Z

1��� Z low-cut filter to the
data.



Figure1: Time-slicethroughtheraw data.Theobjectin thecenteris a
sun-spot.Distancesarein Megameters(thousandsof kilometers),and
timeunitsarekiloseconds.

Figure2: Time-spacesectionthroughasubsetof theraw data.

3-D KOLMOGOROFF SPECTRAL FACTORIZATION

A simplelinearmodelfor theobservedsolaroscillationsconsistsof a
convolutionof asourcefunctionwith theimpulseresponseof thesun’s
surface.Thesourcefunctionisstochasticin nature,andmaybecharac-
terizedasbeingspectrallywhitein timeandspacewith randomphase.
The impulseresponsecontainsthespectralcolor, andis commonlya
minimum-phasefunction.

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

Helical boundaryconditions(Claerbout, 1998)provide a framework
for convertingamulti-dimensionalproblemintoanequivalentproblem
in only onedimension,andallow us to solve the three-dimensional
spectralfactorizationproblemefficiently.

Weperformthespectralfactorizationrapidly in thefrequency domain
in threesteps.Firstly, wetransformthemulti-dimensionalsignalto an
equivalentone-dimensionalsignalusinghelicalboundaryconditions.
Secondly, weperformone-dimensionalspectralfactorizationwith Kol-
mogoroff ’s (1939)algorithm.Finally, we remaptheimpulseresponse
backto three-dimensionalspace.We reducewrap-aroundeffectsby
paddingthespatialaxes.

Figure3 shows theimpulseresponsederivedfrom Kolmogoroff spec-
tral factorizationasa functionof radialdistancefrom the impulse. It
looks very similar to the cross-correlationtime-distanceseismogram
shown in Figure4, andthosedisplayedby (Kosovichev, 1999).How-
ever, for thedatasetdescribedabove,thisoperationwasapproximately
twentytimesfasterthancross-correlatingeverytracein either(	
� x) or
(t � x). Thespeed-upbecomesapparentwhenyou considerthatcross-
correlatingevery tracewith every othertracerequiresO

�
N2

x N2
y Nt �

operations,whereasone-dimensionalspectralfactorizationrequires
only O

�
N log N � operationswhereN � Nx Ny Nt .

Figure3: Impulseresponsederivedby Kolmogoroff spectralfactoriza-
tion binnedasa functionof radialdistancefrom theimpulse.



Figure5: A shotgatherfrom theGulf of Mexico before(left) andafter(right) linearmoveoutwith thewatervelocity.

Figure6: Thesolarimpulseresponsebefore(left) andafter(right) linearmoveoutat 10km/s.



Figure4: Impulseresponsederived by cross-correlationbinnedasa
function of radial distancefrom the impulse. More noiseis present
in this Figurecomparedto Figure3 becauselessdatawasusedin the
calculation.

INTERPRETATION

Thelackofsharpvelocitycontrastsmeantherearenoclearlyobservable
reflectionsin theimpulseresponse.Thevisibleeventsaredivingwaves
(refractions)of increasingorder. Thefirst arrival is thethedirectwave
thatwould becharacterizedasthe ‘P’ arrival in terrestrialgeophysics.
Thesecondarrival is equivalentto a ‘PP’ event(or first ordermultiple)
having bouncedonceon thesolarsurface.About six distinctarrivals
arevisible in Figure3, correspondingto multiplesup to fifth-order.

Sincethereareno distinct velocity interfaces,only a smoothveloc-
ity gradient,the headwavescontinuallycurve upward. The contrast
betweenthis behavior andheadwaveson terrestrialexplorationseis-
mogramsis illustratedin Figures5 and6.

Radial trace analysis
The radial tracedomainprovidesa naturalway to view the seismo-
grams.Sincemultiplesarriveatintegermultiplesof primarytraveltime
anddistance.Theradial tracedomainbecomesperiodic. Ratherthan
preservingtraveltimesin the radial tracetransform,andstackingall
azimuthstogether, wepreserve x andy coordinates.

Figure7 shows a constantvelocity slicethroughtheKolmogoroff im-
pulseresponse. Multiple bouncesproducethe seriesof concentric
circles. Breakdown in reciprocitydueto convective flow in thebody
of thesun,will manifestitself asazimuthalanisotropy in thisdomain.

CONCLUSIONS

Helioseismologyvalidatesalong-standinggeophysicalconjecturethat
thecross-correlationof noisetracesmayprovideimpulseresponseseis-
mograms.

Additionally, we have shown that combiningone-dimensionalKol-
mogoroff spectralfactorizationalgorithmswith helicalboundarycon-
ditionsallowsusto calculatetheacousticimpulseresponseanorderof

Figure7: Constantvelocityslicethroughradialtransform.

magnitudefasterthancross-correlationin either
�
t � x � y � or

�
� � x � y � .
This is all very interesting,but our sponsorstrust that we are look-
ing towardsmattersthat can have significantpracticalandfinancial
implications. Not long agothatwould have seemedfar fetched.But
electronicsandcommunicationsrevolutionshavebeenrevolutionizing
seismologyfor decades.Many oil fieldsarealreadyinstrumentedwith
multiple hundredsof geophones.We are now preparedto evaluate
theprospectsfor themultiple tensof thousandsof geophonesthatare
alreadypractical.
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