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Abstract

During the pastdecade,Space-borneInterferometricSyntheticApertureRadar(InSAR)

hasbeensuccessfullyusedto measuremillimeter- to meter-level deformationon the sur-

facedueto physicalprocessat depthincludingmagmaaccumulationandmigration,pres-

surization,andcrystallization.TheInSAR dataof deformationhave beenexplainedusing

varioussourcemodelsof simplegeometry.

The InSAR datacontainthe effectsof baseline,topography, deformation,andatmo-

sphere. The topographyeffect is removed using a Digital Elevation Model (DEM). At

SierraNegra volcanoin IsabelaIsland,Gaĺapagos,both high- andlow-resolutionDEMs

areavailable,andtheir meritsanddemeritsarecomplementaryto eachother. We develop

an optimal algorithmto merge the two DEMs to producea new DEM that is superiorto

bothof theoriginalDEMs. ThisDEM is usedfor InSARprocessingthroughoutthiswork.

Themagmachamberat SierraNegra is believedto bea sill at a shallow depth. In or-

der to solve for the detailedgeometryof the sill, we developa new modelingtechnique.

Themethodusesauniformly pressurizedcrackasa forwardfunctionin astochasticinver-

sionschemeof simulatedannealing.Binary parametersthatrepresentthelocationsof the

crackelementsareoptimizedin thesimulatedannealing.Thismodelingapproachprovides

physicallymoreplausibleandinternallymoreconsistentmodelthankinematicmodels.

2005eruptionatSierraNegraposesagreatchallengein forming interferogramsinside

thecalderaof thevolcano. An earthquake of Mw 5.4 occurred3 hoursprior to theonset

of the eruption,and the maximumsubsidenceduring the eruptionis about5.4 m at the

centerof the caldera. Due to this large andcomplex deformation,we were not able to

form anintra-calderainterferogramusingstandardInSAR processingsoftware. Thus,we

develop a new interferogramformationalgorithmthat involvesmore robust SAR image
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coregistrationandrangeoffset imagesubtraction.Theresultinginterferogramis usedfor

modelingthe2005eruptionatSierraNegra.

The2005eruptionatSierraNegrawasmodeledusingInSARandGPSdata.Themodel

consistsof threemainparts:trapdoorfaulting,dikeintrusion,andopening-closingof asill.

Thedepthandthedetailedgeometryof thesill wasestimatedfrom anascendingandde-

scendinginterferogrampair beforethe eruption. The estimateddepthis 1.86km � 0.13

km. TheGPSdatawereusedto estimatepre-andpost-eruptive in�ation, andthedeforma-

tion dueto the in�ation wasremovedfrom the InSAR datain orderto effectively reduce

the temporalbaselineof the InSAR data. In the trapdoorfaulting model, the estimated

maximumslip ( 1.8 m) is at thebottomof thewesternendof the fault system,andabout

1.5 m toward the surface,which matchesthe �eld observationvery well. The equivalent

momentmagnitudeof the total slip wasestimatedto be Mw 5.7 when the shearmodu-

lus is 30 GPa. For shearmodulusof 10 GPa, it becomesMw 5.4, which is the moment

magnitudeof theearthquake thatoccurred3 hoursprior to theonsetof theeruption.The

dikemodelshowedaverageopeningof 1.7m and“reversefaulting” averagedip slip of 1.6

m. The large dip slip is dueto the interactionwith the sill andthe free surface. The the

sill modelis thesumof two components:interactionwith thetrapdoorfaultingeventand

uniformly depressurizedclosingduringtheeruption.Theinteractioncomponentshoweda

wedge-likeopeningdistributioncloseto thefault system,andtheuniformly depressurized

sill accountedfor theco-eruptivesubsidence.Therepeatingcycleof trapdoorfaultingand

eruptioncanproduceanaccumulatedwedge-like structureat depthaswell ason thesur-

face.We believe thatthesurfaceexpressionof this structureis shown asthecharacteristic

C-shapedsinuousridgeinsidethecalderaof SierraNegra.Theestimatedvolumedecrease

at thesill was0.124km3, andtheestimatedextrudedvolume(denserock equivalent)was

about0.120km3. Thissimilarity suggeststhattheremaynothavebeensubstantialamount

of volatilesin themagmabeforetheeruption.
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(insetfor location).Thepixel spacingof theimageis 10 m. Theboxedar-

easareusedfor illustrationlaterin thispaper. Notethatthereareanumber

of regionsof missingdatawith variousshapesandsizes.Artif actsarenot

identi�able dueto thevariationin topography. . . . . . . . . . . . . . . . . 22

3.2 (a)TOPSARDEM and(b) SRTM DEM. Thetick labelsarepixel numbers.

Notethedifferencein pixel spacingbetweenthetwo DEMs. (c) Artif acts

obtainedby subtractingthe SRTM DEM from the TOPSARDEM. The

�ight directionandtheradarlook directionof theaircraftassociatedwith

the swath with the artifact areindicatedwith a long andshortarrows re-

spectively. Note that the artifactsappearin one entire TOPSARswath,

while it is notasseriousin otherswaths. . . . . . . . . . . . . . . . . . . 25

3.3 The�o w diagramof theartifactelimination. . . . . . . . . . . . . . . . . . 26

3.4 Theeffect of a PE�lter . (a) original DEM, (b) a 2-D PE�lter foundfrom

theDEM, (c) DEM �ltered with thePE�lter (d), (e),and(f) arethespectra

of (a),(b), and(c) respectively plottedin dB. (a)and(c) aredrawn with the

samecolorscale.Notethatin (c) thevariationof image(a)waseffectively

suppressedby the�lter . Thestandarddeviationsof (a) and(c) are27.6m

and2.5m respectively. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

3.5 Conceptof PE�lter . ThePE�lter is estimatedby solvinganinverseprob-

lem constrainedwith theremainingpart,andthemissingpart is estimated

by solvinganotherinverseproblemconstrainedwith the�lter . Thee1 and

e2 arewhite noisewith smallamplitude. . . . . . . . . . . . . . . . . . . . 30

3.6 Examplesubimagesof (a)TOPSARDEM showing regionsof missingdata

(black),and(b) SRTM DEM of the samearea. Thesesubimagesareen-

gagedin oneimplementationof theinterpolation.Thegrayscaleis altitude

in meters. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

3.7 Cross-validationsumof squares.Theminimumoccurswhenl = 0:16. . . 33

3.8 The resultsof interpolationappliedto DEMs in Fig. 3.6, with various

weights.(a) l ! ¥ , (b) l = 0:16, and(c) l = 0. Pro�les alongA-A' are

shown in theplot (d). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

xiv



3.9 Thequalityof theCVSS,(a) asampleimagethatdoesnothaveahole,(b)

aholewasmade,(c) interpolatedimagewith anoptimalweight,(d) CVSS

asa functionof l . TheCVSShasa minimumwhenl = 0:062. (e) RMS

errorbetweentrueimage(a)andtheinterpolatedimage(c). Theminimum

occurswhenl = 0:065.. . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

3.10 The original TOPSARDEM (a) andthe reconstructedDEM (b) after in-

terpolationwith PE �lter andSRTM DEM constraints.The gray scaleis

altitudein meters,andthespatialextentis about12km acrosstheimage. . 38

3.11 Simulatedinterferogramsfrom (a) theoriginal registeredTOPSARDEM,

(b) theDEM aftertheartifactwasremoved,and(c) theDEM interpolated

with PE�lter andtheSRTM DEM. All theinterferogramsweresimulated

with theC-bandwavelength(5.6 cm) anda perpendicularbaselineof 452

m. Thus,onecolor cycle represents20 m heightdifference.. . . . . . . . . 40

4.1 Shadedrelief topographicmapof GaĺapagosIslands.Thestudyareais in-
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Chapter 1

Intr oduction

During the pastdecade,Space-borneInterferometricSyntheticApertureRadar(InSAR)

hasbeensuccessfullyusedto measuremillimeter- to meter-level deformationon the sur-

facedueto physicalprocessat depthincludingmagmaaccumulationandmigration,pres-

surization,andcrystallization(Massonnetetal., 1995;Lu etal., 1997;Jonssonetal., 1999;

Pritchard andSimons, 2002;Wrightetal., 2006;Wicksetal., 2006).

InSAR datahasbeenexplainedby varioussourcemodelsof simplegeometrysuchas

centerof dilation(Mogi, 1958),�nite sphere(McTigue, 1987),prolatespheroid(Yangetal.,

1988), rectangulardislocation(Okada, 1992),angulardislocation(Yoffe, 1960;Thomas,

1993),or horizontalcircularcrack(Fialko et al., 2001a).In somecases,simplegeometry

wasnot suf�cient to �t the data,anda combinationof the modelswasused(Fialko and

Simons, 2000;Lundgrenet al., 2003). In someothercases,distributedsourceis used,as

sourceparametersneededvary within a sill (Amelunget al., 2000)or a dike (Fukushima

etal., 2005;Walter andAmelung, 2006).

In this thesis,we demonstratea new methodto estimatea detailedgeometryof uni-

formly pressurized(or depressurized)crack in a mechanicallyconsistentway. The new

methodinvolvesbinaryparametersthatrepresentthelocationsof crackelementsandglobal

optimizationscheme.This methodis appliedto modelthe2005eruptionat SierraNegra

volcanoin IsabelaIsland,Gaĺapagos.

The 2005eruptionat SierraNegra volcanoimposea challengein dataprocessing,as

the 8-day co-eruptive subsidenceinside the calderawas about5.4 m across4 km, too

1



2 CHAPTER1. INTRODUCTION

large to be imagedusing conventionalInSAR processing. Moreover, the eruptionwas

precededby a Mw 5.4 earthquake, which causeda complex deformationpattern,whose

spatialvariationwastoo large to beproperlycapturedby standardInSAR software. This

thesisdescribesa new algorithmto form interferogramsin thepresenceof suchlargeand

complex deformation.

In order to produceinterferogramsof deformation,topographysignal hasto be re-

moved. This is usuallydoneusinga Digital Elevation Model (DEM). At SierraNegra,

both TopographicSyntheticApertureRadar(TOPSAR)DEM andShuttleRadarTopog-

raphyMission (SRTM) DEM areavailableandtheir featuresarecomplementaryto each

other. Wemergethetwo DEMsusingaPrediction-ErrorFilter (PEF)to createanew DEM

that is superiorto eitherof the original DEMs. The mergedDEM is usedfor the 2005

eruptionmodeling.

This DEM merging algorithmis describedat thebeginningof thethesis,for theDEM

effect (i.e. the simulatedinterferogramof topography)is removed from the InSAR data

andemphasisis placedon deformationthroughthe restof the thesis.The new modeling

techniqueis explainedin thefollowing chapterto provide thedetailsof themodelingpro-

cessbeforeweapplyit to the2005eruptionatSierraNegravolcano.Thenin thefollowing

chapterwe demonstratethe new interferogramformation technique,as the result of the

chapterconstitutesa partof thedatasectionof thefollowing chapter, wherewe modelthe

eruption.

1.1 Contrib utions

1. Wedevelopanoptimalwaytomergehigh-andlow-resolutiondigital elevationmodel

(DEM) to producea DEM that is bothhigh resolutionandcomprehensive in cover-

age. Using this approachwe merge TOPSARand SRTM DEMs of SierraNegra

volcano.

2. We developa new inversionalgorithmto estimatethedetailedgeometryof a pres-

surizedcrack.Thismethodwasthenappliedto SierraNegravolcanoto constrainthe

geometryof themagmachamberof thevolcano.
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3. We developa new algorithmto form interferogramsover regionsof very large and

complex deformationpatterns.Usingthisnew algorithm,weform the�rst two inter-

ferogramsof theareainsidethecalderaof SierraNegra.

4. We estimatethe depthandthe geometryof a sill at SierraNegra rigorouslyusing

both the ascendinganddescendinginterferograms.We �nd that the sill geometry

hassustainedits shapefor overadecade.

5. We estimatetheexcessmagmapressurechangesof pre- andpost-eruptive uplift at

SierraNegra and remove the deformationbeforeand after the eruptionfrom the

InSARdata.

6. Wederivetheslip distributionof thetrapdoorfaultingeventthatoccurredthreehours

prior to the2005eruptionatSierraNegravolcano.

7. We estimatethe openingand the slip of a dike planeat SierraNegra prior to and

duringthe2005eruption.

8. We modelinteractionbetweenthetrapdoorfaultingandthesill at SierraNegra. We

�nd that InSAR datafavors wedge-like openingdistribution of the sill, wherethe

maximumopeningof thesill is at thebottomof thewesternpartof thefault system.

9. We estimatethe volumedecreaseat the magmachamberandthe extrudedvolume

duringtheeruption.

1.2 ThesisRoadmap

Therearefour mainchaptersin thisthesis.Two of themareaboutdataprocessing(Chapter

3 andChapter5) andtwo of themareaboutmodeling(Chapter4 andChapter6). Chapter

3 throughChapter5 aresupportingChapter6, wheredataandmodelsarederived from

algorithmsandresultsfrom previouschapters.

Chapter3 describesawayto mergehigh-andlow-resolutionDEMs. Whenanindepen-

dentlower-resolutionversionof theDEM is available,theperformanceof theinterpolation

canbe improved. As a result,we canmerge the two DEMs andproduceanoutputDEM
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that is betterthan the two input DEMs. The merged DEM is optimal in least-square's

with two constraintsof 1) valid areaof thehigh-resolutionDEM andprediction-error�l-

ter calculatedfrom thehigh resolutionDEM, and2) thelow-resolutionDEM. Therelative

weightbetweenthe two input DEMs canoptimally bedeterminedusingcross-validation.

Thechaptershowsapplicationto adigital elevationmodel(DEM) of SierraNegravolcano.

The outputDEM wasusedin Chapter5 andin Chapter6. The work of this chapterwas

publishedin theIEEETransactionsonGeoscienceandRemoteSensingin 2005(Yunetal.,

2005).

Chapter4 describessolutionsfor magmachambergeometry. In particularwe develop

a new inversionalgorithmto estimatetheperipheryof any planarmagmabodyunderthe

assumptionof constanthydrostaticpressure.The algorithmusesthesimulatedannealing

optimizationandrequirea boundaryelementcalculationat eachiteration. Thenew algo-

rithm doesnot requireasmoothingconstraint.Ratherweuseacrackmodelwith auniform

pressureboundaryconditionto estimatethegeometryof a sill or dike. We apply thenew

methodto InSARdataacquiredoverSierraNegravolcanoandcomparedoursolutionwith

publishedmodelingresults.Thenew inversionmethodintroducedin this chapterwassub-

sequentlyusedto modelthe2005eruptionat SierraNegravolcano(i.e. Chapter6). The

work of thischapterwaspublishedin theJournalof VolcanologyandGeothermalResearch

in 2006(Yun etal., 2006).

Chapter5 introducesa new methodthat can form interferogramsin regionsof very

large andcomplex deformation.As a result,we wereableto describethe 2005eruption

at SierraNegra usingInSAR data. Our solutionyields the internallyconsistentmodelas

describedin Chapter6, which otherwisewould not possibleto bedone.Thework of this

chapteris in review for publicationin theGeophysicalResearchLettersin 2007(Yunetal.,

in review).

In Chapter6 we estimategeophysicalparametersof i) the trapdoorfaultingevent that

occurred3 hoursprior to the2005eruptionat SierraNegra, ii) dike intrusionthat fed the

eruption,iii) sill closingduring theeruption,andiv) the interactionbetweenthe trapdoor

faulting and the sill. For all of thesewe usedInSAR dataderived using the algorithm

describedin Chapter5. In orderto make the InSAR data,we usedthe TOPSAR-SRTM

merged DEM producedusing the methoddescribedin Chapter3. Modeling was done



1.2. THESISROADMAP 5

usingthealgorithmdescribedin Chapter4. Thework of this chapterwill besubmittedto

theJournalof GeophysicalResearchin 2007.

Chapter7 providesthe�ndings from thiswork andsummaryof this thesis.



Chapter 2

InSAR Background

In this chapterwe discussbrief backgroundinformation on SyntheticAperture Radar

(SAR)andInterferometricSAR(InSAR).SinceInSARemergedin 1970s(Richman; Zisk,

1972), the technologyhasbeenevolved. Zebker and Goldstein(1986) producedtopo-

graphicmappingusing a radarsystemmountedon an aircraft. SinceEuropeanSpace

Agency (ESA) launchedERS-1satellitein 1991,InSARapplicationshavebeenexpanded.

It was�rst successfullyusedto studygrounddeformationdueto earthquake (Massonnet

etal., 1993)andvolcanicprocess(Massonnetetal., 1995).Glaciermovementhasbecome

anotherinterestingapplicationof InSAR (Goldsteinet al., 1993). Hanssenet al. (1999)

producedhigh-resolutionmapsof integratedatmosphericwater vapor using spaceborne

radarinterferometricdelaymeasurements.InSAR is even capableof capturingdynamic

water level topographyin wetland(Wdowinskiet al., 2004). Using InSAR Dixon et al.

(2006)constructeda subsidencemap of New Orleansand relatedthe subsidenceto the

catastrophic�ooding by HurricaneKatrina.

2.1 SAR

Antennatheorytellsusthattheantennaradiationpattern(i.e. agraphicalrepresentationof

the intensityof the radiationasa functionof theanglefrom theperpendicularline to the

antennaplane)in the far �eld canbeapproximatedto a Fourier transformof thephysical

shapeof theantennaitself. Figure2.1ashows anexampleof a rectangularantenna,which

6
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is acommonshapeof a SARantenna,andits radiationpattern.

The 3-D shapeof the radiationpatternis shown in Figure 2.1b, which illustratesa

typical imaginggeometryof aside-lookingimagingradar. TherectangularSARantennais

loadedeitheronanaircraftor onasatellite.As theplatformmovesalongwith theantenna,

a streamof radarpulsesare transmittedfrom the antenna. The width of the mainlobe

of the radiationpatternde�nes the beamwidthand the beamwidthde�nes the footprint

(illuminatedareaontheground).Theplatform's�ight directionis calledazimuthdirection,

andthe transmissiondirectionof radiatedpulsesin themainlobeis calledrange(or slant

range)direction.Thelengthof thefootprintperpendicularto theazimuthdirectionis called

swath,andtheangleof rangefrom verticalis calledlook angle.

Figure2.2 shows the schematicimaginggeometryof a real anda syntheticaperture

radar, viewed in the directionof the large arrow at the lower right cornerof Figure2.1b.

Considertwo treeson the groundslightly separatedin azimuthdirection. The resolution

in rangedirectionis determinedby thebandwidthof thetransmittedpulse.In caseof real

apertureradar, theresolutionin azimuthdirectionis controlledby thesizeof thefootprint

in azimuthdirection.Whatever two objectson thegroundcloseenoughto beincludedin a

footprintarenotdistinguishablefrom eachother.

Thesizeof thefootprint in azimuthdirectionis a functionof thelengthof theantenna

(the dimensionof the antennain azimuthdirection). Accordingto the Fourier transform

properties,the beamwidthin azimuthdirection is inverselyproportionalto the antenna

length. Thus, if onewish to acquirenarrower beamwidthto increasethe resolution,the

lengthof theantennashouldbeincreased.However, thereis a physicallimit on thelength

of theantenna.

SAR is analternative solutionvia signalprocessingto increasetheazimuthresolution

without increasingthelengthof theantenna.In Figure2.2bthetwo treesarewell included

in onebeamwidth,andbothtreesareilluminatedby many pulsesastheplatform�ies by.

However, the treeon the left alwayshave smallerDopplershift thanthetreeon theright.

Becauseof this property, whenwe deconvolve thephasehistoryof a point targetfrom the

data,we canacquire�ne azimuthresolutionandresolve the two trees.The longerphase

historywehave,thebettertheazimuthresolutionbecomes.Thedataincludeapointtarget's

phasehistory aslong asthe point target is illuminated. Thus,wider beamwidth(i.e. the
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Figure2.1: (a) thephysicalshapeof aSARantennaandits radiationpatternin thefar �eld,
(b) commonimaginggeometryof aside-lookingimagingradar
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shorterantenna)will cause�ner resolution. Onecanimaginean imaginaryreal aperture

antenna(Figure2.2c) that is equivalentto this synthesizedantenna.Theword “synthetic

aperture”camefrom thisproperty.

Oncethe SAR processingis implementeda SAR image,or a Single-LookComplex

(SLC), is produced.SAR imagesare2-D complex numberarrays.Thus,they have both

amplitudeandphasevaluesfor eachpixel. In Figure2.3,(b) is anexampleof anamplitude

imageof an SLC asa resultof SAR processingappliedto the raw data(a). The image

coversapartof IsabelaIslandin Gaĺapagos,andtheblow-upimageof theblackboxshows

thecalderaof SierraNegravolcano(c). All imagesarein radarcoordinatesystemin Figure

2.3.

2.2 InSAR

InSAR involvestwo or moreSAR imagesof thesameareaacquiredeithersimultaneously

or separatelyin time. All deformationstudiesusethe latter case,which is calledrepeat

orbit interferometryfor space-borneInSAR.Thesatellitepassesby oneplaceonEarthand

acquiresthe�rst scene.After multipleof 35days(Envisat,ERS-1/2)or 24days(Radarsat),

the satelliterevisits the sameareaandacquiresthe secondscene.ThenSAR processing

producestwo SLCs. Figure2.4ais the amplitudeimagepreviously shown, andthe two

SLCsof theareaindicatedwith theblackbox areshown in (b). By multiplying a complex

conjugateof SLC2to SLC1pixel by pixel, we geta new complex image,which is called

interferogram.Thephaseof theinterferogramis thephasedifferenceof thetwo SLCs.

In this examplethe �rst SAR scenewasacquiredbeforethe 2005eruptionof Sierra

Negra,andthesecondSAR scenewasacquiredafter theeruption.Thenoisy�o w pattern

going from upperleft cornerto lower right is the lava �o w during theeruption.Thearea

coveredwith lava completelychangedthebackscatteringsignalkeepsthecorresponding

pixelsof thetwo SLCsfrom being“coherent”.In this case,theareais calleddecorrelated.

Thecoherenceof thetwo SLCs,which is calledinterferometriccoherence,is a crucial

factor that determinesthe quality of interferograms.The degradein coherenceis cause

not only by thesurfacedisturbingeventssuchaslava �o w, but alsoby pixel misalignment

betweenthe two SLCs. The pixel misalignmentis often due to the changeof imaging
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(a)  Real Aperture Radar (b)  Synthetic Aperture Radar…

Synthetic Aperture Radar(c)  Equivalent Real Aperture Radar

Figure2.2: (a) Realapertureantenna,(b) syntheticapertureantenna,and(c) animaginary
realapertureantennathatis equivalentto thesyntheticapertureantenna
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Figure2.3: (a) raw datafrom Envisatsatellite,(b) amplitudeimageof aSLC,theoutputof
SARprocessing,(c) SierraNegravolcanoshown in theamplitudeimage
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Figure2.4: (a) SAR amplitudeimageof SierraNegravolcano,(b) SLC pairandthecorre-
spondinginterogram.
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geometry, topography, deformation,andatmosphericdistortion.This misalignmenthasto

be�x edbeforethetwo SLCsare“interfered”,andin factFigure2.4bwasthecase.

The processof �xing the misalignmentis calledSAR imagecoregistration,andis il-

lustratedin Figure2.5. Considera pair of SAR amplitudeimages.Thesecondoneshows

distortionfrom the�rst onefor somereason(a). Threetie pointsin both imagesareindi-

catedwith color dots. How muchthesecondimagehasdeformedfrom the �rst imageis

usuallycalculatedusingcross-correlationof two subimagesof similar area.For example,

we slide thewhite box from the �rst imageon thewhite box from thesecondimage. As

a resultwe get thea offsetvector. Repeatedat many locationsdistributedthroughoutthe

entireimage,thesetof cross-correlationsproducesa vector�led. Therangeandazimuth

componentsof thevector�eld arecalledrangeoffsetandazimuthoffsetimagerespectively

(b).

Usually the rangeand azimuthoffset estimatesare sparserthan the two amplitude

images,and interpolatingsparseimageyields the offset �elds at all locations. The full-

resolutionoffset�elds arethenusedto resamplethesecondSLC,sothateachpixel in the

secondSLCmatchesthecorrespondingpixel in the�rst SLC(c).

Figure2.6showstheeffectof thecoregistration.Theregisteredandnon-registeredsec-

ondSLCsmaylook similar. Whenthey areusedto form interferogram,however, thenoise

levels of eachindividual phasedifferenceestimatein both casesarequite different. The

interferogramfrom non-coregisteredpair shows a little hint of fringe pattern,but fringes

aremuchclearerin theinterferogramfrom coregisteredpair.

Thephasedifferencemapshown in Figure2.6ccanbedecomposedinto thefollowing

components.

Df = Df base+ Df topo+ Df deform+ Df atm+ Df noise (2.1)

whereDf base is the phasedifferencedue to the baselinebetweentwo satellitepositions

whenthedataareacquired,Df topo is dueto topography, Df deform is dueto grounddefor-

mation,Df atm is dueto atmosphericdelay, andDf noise is dueto othersourcesof decorrela-

tion, in�uence of ionosphere,andsystemnoise. In fact,which onesaresignalandwhich

onesarenoisedependsonapplications.For crustaldeformationstudy, only theDf def orm is
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Figure2.5: InSAR coregistrationprocess.(a) SAR amplitudeimagepair, (b) sparseoffset
vector�eld, (c) resamplingof thesecondimageto registerit to the�rst image.Therange
andazimuthoffset imagesareinterpolated,so the resamplingcanbe donefor the dense
grid of theentireimage.
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Figure2.6: Theeffectof coregistration.(a)SLCsfor interferograms,(b) aninterferometric
phasemapfrom SLC1andSLC2thatis notregisteredto SLC1,(c) aninterferometricphase
mapfrom SLC1andSLC2thatis registeredto SLC1.
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consideredasignalandtheothercomponentsaretreatedasnoise.

Whenasatelliterevisits thesameareato acquirethesecondscene,it is notpossiblefor

it to follow exactly thesameorbit asthe �rst pass.Thus,therealwaysis a �nite baseline

betweenthe two satellitepositions. Looking from a slightly differentpositionsnot only

causesthe two scenesslightly differentin shape,but alsocausesthemto have systematic

phasedifference.Thiseffect is illustratedin Figure2.7a,aschematicimaginggeometryof

space-bornerepeatorbit interferometry. Thesatelliteis �ying into the �gure andlooking

down to theright. Thenominaldimensionsaregivenfor currentlyoperatingC-bandsatel-

lites. Eachsolid blackarcsrepresentswavefrontat an interval of half-wavelength. If the

two satellitepositionsareexactly the same,therewill be no fringesin the interferogram

dueto the imaginggeometry. As the baseline(particularlythe baselineperpendicularto

therange)increases,moreinterferometricfringesappearin theinterferogram.A schematic

versionof the interferogramis shown at thebottomof the �gure. As we follow from one

interferenceline to another, we accumulate2p of phasedifference.The baselineeffect,

Df base, canberemovedusingpreciseorbit information.

If theareahasamountain(Figure2.7b),theintervalsof thefringeschangeaccordingto

thetopography. Topographyaffectstheinterferogramin thisway. Notethatthetopography

effect doesnot appearif thebaselineis zero. Thesensitivity of fringesto the topography

increaseswith increasingbaseline.Thetopographyeffect,Df topo, canberemovedusinga

DEM.

Supposethatthebaselineis zero,or thebaselineandtopographyeffectsareall removed.

Thenconsidersubsidenceof thegroundsurfacecausinga constantslope(Figure2.7c). If

this event occursbetweenthe two momentsof dataacquisition,the interferogramwill

reveal thedeformationasa constantphaseramp. Whenthedeformationcausestherange

to increasewith half the wavelengthof the transmittedsignal,the wave from the second

acquisitionhasto travel onewavelengthfarther, resultingin 2p delayin phase.Therefore,

Df = �
4p
l

Dr (2.2)

whereDf = f 2 � f 1 is phasechangeandDr = r2 � r1 is rangechange.Notethatwhenthere

is a phasedelaythequantityf 2 � f 1 is alwaysnegative. For example,thephasedelayof
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Df meansthatwhentherecordedsignalin the �rst imageis exp[iwt], therecordedsignal

in the secondimageis exp[i(wt � Df )]. Also note that Equation2.2 holdsnot only for

deformationbut alsofor the�rst two termsin Equation2.1.

The radarwave from satellitehasto propagatethroughthe atmosphereof the Earth.

Thespatialvariationof watervaporcontentin theatmosphere(predominantlyin the tro-

posphere)causesthespatialvariationof phasedelay(Figure2.7d).Theatmosphericeffect

canbe suppressedby stackingmany interferograms,multiple acquisitionInSAR suchas

PS-InSAR(Ferretti et al., 2001;Hooperet al., 2004)or small-baselineInSAR(Berardino

etal., 2002;SchmidtandBurgmann, 2003),modelingfrom independentobservationssuch

asGlobal PositioningSystem(GPS)data(Onn and Zebker, 2006),or ignoredwhenthe

studyareais dry or whenthesignal-to-noiseratio is high.

An examplephasedifferencemapdueto deformationis shown in Figure2.8a,which

wasprocessedusingROI PAC software(Rosenet al., 2004).Thefringe patternshows the

subsidenceduring the2005eruption.Onecolor cycle representsa half-wavelengthrange

change,and for C-banddatait is about2.8 cm. Inside the calderais severely decorre-

lateddueto poorcoregistrationandseverelyaliaseddueto largedeformation.A common

measureof the degreeof statisticalsimilarity of two SAR imagesis the interferometric

coherence(or correlation)de�ned as

r =
j < c1c�

2 > j
p

< c1c�
1 >< c2c�

2 >
�

j å n
k= 1c1;kc�

2;kjq
å n

k= 1c1;kc�
1;k å n

k= 1c2;kc�
2;k

(2.3)

wherer is theinterferometriccoherence,andc1 andc2 arethetwo SLCswith * meaning

thecomplex conjugate,andthesubscriptk denotesthekth pixel of n neighboringpixelsav-

eraged.Notethattheensembleaveragesareapproximatedwith spatialaverages,obtained

overa limited areasurroundingthepixel of interest.Figure2.8bshowsthecoherencemap,

whichshowstheseveredecorrelationinsidethecaldera.By theway, dueto thelargedefor-

mationtheestimateof coherenceis biasedandunderestimatedinsidethecaldera.A better

estimateof the coherenceinsidethe calderais about0.3 on average. A methodto form

interferogramsinsidethecalderaandto getthecoherenceestimateis describedin Chapter

5 in this thesis.

In theinterferogramshown in Figure2.8a,thephasedifferencecanonly bedetermined
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Figure 2.7: Schematicimaging geometryfor space-bornerepeatorbit interferometryto
demonstratetheeffectof (a)baseline,(b) topography, (c) deformation,and(d) atmosphere.
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(a) (b)

1

0

Figure2.8: (a) interferogramdueto deformation,(b) interferometriccoherencemap.Once
colorcyclerepresents2.83cmof rangechange,whichis thesurfacedisplacementprojected
ontothesatellite's line-of-sightvector.

modulo2p. In orderto obtaina continuousphasedifferencemap,the differentialphase

betweenall neighboringpixelsis integratedover theinterferogram.This processis called

phaseunwrapping.Oncephaseunwrappingis done,the unwrappedinterferogramneeds

be transformedfrom radarcoordinatesystem(i.e. range/azimuth)into georeferencedco-

ordinatesystem(i.e. either latitude/longitudeor UTM). This is the �nal stepof InSAR

processingin mostcases.



Chapter 3

Merging Digital Elevation Models

As mentionedin Chapter1, topographycomponentneedsberemovedfrom interferograms

in orderto obtainsurfacedeformationmaps.Most commonway to remove topographyis

to useDigital ElevationModel (DEM). Thus,having a reliableDEM is crucial for crustal

deformationstudy. For our studyarea,SierraNegra volcanolocatedat the southernend

of IsabelaIsland in the Gaĺapagosarchipelago,two differentDEMs are available. One

is TopographicSyntheticApertureRadar(TOPSAR)DEM andtheotheris ShuttleRadar

TopographyMission(SRTM) DEM. Theirmeritsanddemeritsarecomplementaryto each

other. Henceweprovideanoptimalmethodto mergethetwo DEM to produceanew DEM

thatis superiorto bothDEMs.

In practice,high resolutionDEMs areoften limited in spatialcoverage;they alsomay

possessothersystematicartifactswhencomparedto comprehensive low-resolutionmaps.

Herewe correctartifactsandinterpolateregionsof missingdatain TOPSARDEMs using

a low-resolutionSRTM DEM. We usePE�lters to interpolateand�ll missingdatasothat

theinterpolatedregionshavethesamespectralcontentasthevalid regionsof theTOPSAR

DEM. In addition, the SRTM DEM is usedas a constraintin the interpolation. Using

cross-validationmethodsweobtaintheoptimalweightingfor thePE�lter andSRTM DEM

constraints.

19



20 CHAPTER3. MERGINGDIGITAL ELEVATION MODELS

Table3.1: TOPSARmissionvs. SRTM mission

Mission TOPSAR SRTM

Platform DC-8aircraft Spaceshuttle

Nominalaltitude 9 km 233km

Swathwidth 10km 225km

Baseline 2.583m 60 m

DEM resolution 10m 90 m

DEM coord.system none Lat/Lon

3.1 ImageDescriptions

InSAR is a powerful tool for generatingdigital elevation models(DEMs) (Zebker and

Goldstein, 1986).TheTOPSARandSRTM sensorsareprimarysourcesfor theacademic

communityfor DEMsderivedfrom single-passinterferometricdata.Dif ferencesin system

parameterssuchas altitudeand swath width (Table 3.1) result in very different proper-

tiesfor derivedDEMs. Speci�cally, TOPSARDEMs have betterresolution,while SRTM

DEMs havebetteraccuracy over largerareas.TOPSARcoverageis oftenspatiallyincom-

plete.

3.1.1 TOPSARDEM

TOPSARDEMsareproducedfrom cross-trackinterferometricdataacquiredwith NASA's

AIRSAR systemmountedonaDC-8aircraft.AlthoughtheTOPSARDEMshaveahigher

resolutionthanotherexisting data,they sometimessuffer from artifactsandmissingdata

dueto roll of theaircraft,layover, and�ight planninglimitations.TheDEMsderivedfrom

SRTM have lower resolution,but fewer artifactsandmissingdatathanTOPSARDEMs.

Thus,theformeroftenprovidesinformationin themissingregionsof thelatter.

We illustratejoint useof thesedatasetsusingDEMs acquiredover theGaĺapagosIs-

lands.Fig. 3.1showstheTOPSARDEM usedin thisstudy. TheDEM coversSierraNegra
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volcanoon the islandof Isabela.RecentInSAR observationsreveal that the volcanohas

beendeformingrelatively rapidly (Amelunget al., 2000;Yun et al., 2006). InSAR analy-

sis often requiresuseof a DEM to producea simulatedinterferogramrequiredto isolate

grounddeformation.The effect of artifact eliminationandinterpolationfor deformation

studieswill bediscussedlaterin this chapter.

TheTOPSARDEMs have a pixel spacingof about10 m, suf�cient for mostgeodetic

applications.However, regionsof missingdataareoftenencountered(Fig. 3.1),andsignif-

icantresidualartifactsarefound(Fig. 3.2). Theregionsof missingdataarecausedby lay-

overof thesteepvolcanoesandby �ight planninglimitations.Artif actsarelarge-scaleand

systematicandmostlikely dueto uncompensatedroll of theDC-8 aircraft (Zebker et al.,

1992). Attemptsto compensatethis motion includemodelsof piecewise linear imaging

geometry(Madsenet al., 1993)andestimatingimagingparametersthatminimizethedif-

ferencebetweentheTOPSARDEM andanindependentreferenceDEM (Kobayashietal.,

2000).We usea non-parameterizeddirectapproachby subtractingthedifferencebetween

theTOPSARandSRTM DEMs.

3.1.2 SRTM DEM

TherecentSRTM missionproducednearlyworldwide topographicdataat 90-mposting.

SRTM topographicdataarein factproducedat30-mposting(1 arcsecond),however, high

resolutiondatasetsfor areasoutsideof theUnitedStatesarenot availableto thepublic at

this time. Only DEMsat90-mposting(3 arcsecond)areavailablefor download.

For many analyses,�ner-scaleelevationdataarerequired.For example,a typicalpixel

spacingin a spaceborneSAR imageis 20 m. If theSRTM DEMs areusedfor topography

removal in spaceborneinterferometry, thepixel spacingof the �nal interferogramswould

belimited by thetopographydatato atbest90m. Despitethelower resolution,theSRTM

DEM is usefulbecauseit hasfewer motion-inducedartifactsthanthe TOPSARDEM. It

alsohasfewerdataholes.

The meritsanddemeritsof the two DEMs arein many wayscomplementaryto each

other. Thus, a properdatafusion methodcan overcomethe shortcomingsof eachand

producea new DEM that combinesthe strengthsof the two datasets: a DEM that has
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Figure 3.1: The original TOPSARDEM of SierraNegra volcanoin GaĺapagosIslands
(insetfor location).Thepixel spacingof the imageis 10 m. Theboxedareasareusedfor
illustrationlaterin thispaper. Notethatthereareanumberof regionsof missingdatawith
variousshapesandsizes.Artif actsarenot identi�able dueto thevariationin topography.



3.2. IMAGEREGISTRATION 23

a resolutionof the TOPSARDEM andlarge-scalereliability of the SRTM DEM. In this

paper, we presentan interpolationmethodthat usesboth TOPSARandSRTM DEMs as

constraints.

3.2 ImageRegistration

The original TOPSARDEM, while in ground-rangecoordinates,is not georeferenced.

Thus,we register the TOPSARDEM to the SRTM DEM, which is alreadyregisteredin

a latitude/longitudecoordinatesystem.The imageregistrationis carriedout betweenthe

DEM datasetsusinganaf�ne transformation.Sscalingandrotationarethetwo mostim-

portantcomponents.We �nd that the skew componentis negligible in thesedata. Any

higherordertransformationbetweenthetwo DEMs would alsobeof negligible improve-

ment.Theaf�ne transformationweusedis asfollows,

"
xS

yS

#

=

"
a b

c d

# "
xT

yT

#

+

"
e

f

#

(3.1)

where
h

xS
yS

i
and

h
xT
yT

i
aretie pointsin theSRTM andTOPSARDEM coordinatesystems

respectively. Since[a b e] and [c d f] are estimatedseparately, at least3 tie points are

requiredto uniquelydeterminethem. We picked 10 tie pointsfrom eachDEM basedon

topographicfeaturesandsolvedfor thesix unknownsin a least-squaressense.

Giventhesix unknowns,we choosenew georeferencedsamplelocationsthatareuni-

formly spaced;every 9th samplelocation correspondsto the samplelocation of SRTM

DEM. Thosesamplelocationsform
h

xS
yS

i
, and

h
xT
yT

i
is calculated.Then,thenearestTOP-

SAR DEM valueis selectedandis put into thecorrespondingnew georeferencedsample

location.Theintermediatevaluesare�lled in from theTOPSARmapto producethegeo-

referenced10-mdataset.

It shouldbe notedthat it is not easyto determinethe tie points in DEM datasets.

Enhancingthe contrastof the DEMs facilitatedthe process.In general,�ne registration

is importantfor correctlymerging differentdatasets. The two DEMs in this studyhave

differentpixel spacings.It is dif�cult to pick tie pointswith higherprecisionthanthepixel



24 CHAPTER3. MERGINGDIGITAL ELEVATION MODELS

spacingof thecoarserimage.In ourmethod,however, theSRTM DEM, thecoarserimage,

is treatedasan averagedimageof theTOPSARDEM, the �ner image. In our inversion,

only the9-by-9averagedvaluesof theTOPSARDEM arecomparedwith thepixel values

of theSRTM DEM. Thus,the �ne registrationis lesscritical in this approachthanin the

casewhereaone-to-onematchis required.

3.3 Artifact Elimination

Examinationof thegeoreferencedTOPSARDEM (Fig. 3.2a)showsmotionartifactswhen

comparedto the SRTM DEM (Fig. 3.2b). The artifactsare not clearly discerniblein

Fig. 3.2abecausetheir magnitudeis small in comparisonto theoverall datavalues.The

artifactsareidenti�ed by downsamplingtheregisteredTOPSARDEM andsubtractingthe

SRTM DEM. Large scaleanomaliesthat periodically �uctuate over an entireswath are

visible in Fig. 3.2c. Theperiodicpatternis mostlikely dueto uncompensatedroll of the

DC-8 aircraft. Thespacebornedataarelesslikely to exhibit similar artifacts,becausethe

spacecraftis not greatlyaffectedby theatmosphere.Notethat thewidth of theanomalies

correspondto the width of a TOPSARswath. Becausethe SRTM swath is muchlarger

than that of the TOPSARsystem(Table 3.1), a larger areais coveredunderconsistent

conditions,reducingthenumberof paralleltracksrequiredto form anSRTM DEM.

Themaximumamplitudeof themotionartifactsin our studyareais about20 meters.

This would resultin substantialerrorsin many analysesif not properlycorrected.For ex-

ample,if thisTOPSARDEM is usedfor topographyreductionin repeat-passInSARusing

ERS-2datawith a perpendicularbaselineof about400meters,the resultingdeformation

interferogramwouldcontainonefringe(= 2.8cm)of spurioussignal.

To remove theseartifactsfrom theTOPSARDEM, we upsamplethedifferenceimage

with bilinear interpolationby a factorof nine so that its pixel spacingmatchesthe TOP-

SAR DEM. Thedifferenceimageis subtractedfrom theTOPSARDEM. This processis

describedwith a �o w diagramin Fig. 3.3. Notethatthelowerbranchundergoestwo low-

pass�lter operationswhenaveragingandbilinearinterpolationareimplemented,while the

upperbranchpreservesthehigh frequency contentsof theTOPSARDEM. In this way we

caneliminatethelarge-scaleartifactswhile retainingdetailsin theTOPSARDEM.
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Figure3.2: (a) TOPSARDEM and(b) SRTM DEM. The tick labelsarepixel numbers.
Note the differencein pixel spacingbetweenthe two DEMs. (c) Artif actsobtainedby
subtractingthe SRTM DEM from the TOPSARDEM. The �ight directionandthe radar
look directionof theaircraftassociatedwith theswathwith theartifactareindicatedwith
a long andshortarrows respectively. Notethat theartifactsappearin oneentireTOPSAR
swath,while it is notasseriousin otherswaths.
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Figure3.3: The�o w diagramof theartifactelimination.

3.4 Prediction-Err or (PE) Filter

The next stepin the DEM processis to �ll in missingdata. We usea predictionerror

(PE) �lter operatingon the TOPSARDEM to �ll thesegaps. The basicideaof the PE

�lter constraint(Claerbout, 1992;ClaerboutandFomel, 2002)is thatmissingdatacanbe

estimatedso that the restoreddatayield minimum energy when the PE �lter is applied.

The PE �lter is derived from training data,which is normally valid datasurroundingthe

missingregion. ThePE�lter is selectedso that themissingdataandthevalid datashare

approximatelythe samespectralcontent. Hence,we assumethat the spectralcontentof

the missingdatain the TOPSARDEM is similar to that of the regions with valid data

surroundingthemissingregions.

3.4.1 Designingthe �lter

We generatea PE�lter suchthatit rejectsdatawith statisticsfoundin thevalid regionsof

theTOPSARDEM. GiventhisPE�lter , we solve for datain themissingregionssuchthat

theinterpolateddatais alsobeennulli�ed by thePE�lter . Thisconceptis illustratedin Fig.

3.5.

ThePE�lter , fPE, is foundby minimizing thefollowing objective function,

kfPE � xek2 (3.2)

wherexe is theexisting datafrom theTOPSARDEM, and� representsconvolution. This
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expressioncanberewrittenin a linearalgebraicform usingthefollowing matrixoperation,

kFPExek2; (3.3)

or equivalently

kXefPEk2 (3.4)

whereFPE andXe arethematrix representationsof fPE andxe for convolution operation.

Thesematrixandvectorexpressionsareusedto indicatetheir linearrelationship.

3.4.2 1-D example

Theprocedureof acquiringthePE�lter canbeexplainedwith 1-D example.Supposethat

a dataset,x = [x1; : : : ;xn] (wheren � 3) is given,andwe want to computea PE�lter of

length3, fPE = [1 f1 f2]. Thenwe form asystemof linearequationsasfollows.
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The�rst elementof thePE�lter shouldbeequalto oneto avoid thetrivial solution,fPE= 0.

Note that (3.5) is the convolution of the dataandthe PE �lter . After simplealgebraand
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andits normalequationbecomes
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Note that (3.7) minimizes(3.2) in a least-squaressense.This procedurecanbe extended

to 2-D problems,andmoredetailsaredescribedin Claerbout(1992)andClaerboutand

Fomel(2002).

3.4.3 The effectof the �lter

Fig. 3.4 shows thecharacteristicsof thePE�lter in thespatialandFourierdomains.Fig.

3.4ais the sampleDEM chosenfrom Fig. 3.1 (numberedbox 1) for demonstration.It

containsvarioustopographicfeatures,andhasawide rangeof spectralcontent(Fig. 3.4d).

Fig. 3.4bis the5-by-5PE�lter derivedfrom 3.4aby solvingtheinverseproblemin (3.3).

Note that the �rst threeelementsin the �rst column of the �lter coef�cients are 0 0 1.

This is the PE �lter' s uniqueconstraintthat ensuresthe �ltered outputto be white noise

(Claerbout, 1992). In the �ltered output(Fig. 3.4c) all the variationsin the DEM were

effectively suppressed.Thesize(order)of thePE�lter is basedon thecomplexity of the

spectrumof the DEM. In general,asthe spectrumbecomesmorecomplex, a larger size

�lter is required.After testingvarioussizesof the�lter , wefounda5-by-5sizeappropriate

for the DEM usedin our study. Fig. 3.4d andFig. 3.4eshow the spectraof the DEM

andthe PE �lter respectively. Theseillustratethe inverserelationshipof the PE �lter to

thecorrespondingDEM in theFourierdomain,suchthat their productis minimized(Fig.

3.4f). ThisPE�lter constrainstheinterpolateddatain theDEM to similar spectralcontent

to theexistingdata.

All inverseproblemsin this studywerederivedusingthe conjugategradientmethod,

whereforward and adjoint functional operatorsare usedinsteadof the explicit inverse

operators(Claerbout, 1992),saving computermemoryspace.

3.5 Inter polation

3.5.1 PE �lter constraint

OncethePE�lter is determined,we next estimatethemissingpartsof the image.As de-

picted in Fig. 3.5, interpolationusingthe PE �lter requiresthat the norm of the �ltered
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Figure3.4: Theeffect of a PE�lter . (a) original DEM, (b) a 2-D PE�lter foundfrom the
DEM, (c) DEM �ltered with thePE�lter (d), (e),and(f) arethespectraof (a), (b), and(c)
respectively plottedin dB. (a) and(c) aredrawn with thesamecolor scale.Notethatin (c)
thevariationof image(a) waseffectively suppressedby the�lter . Thestandarddeviations
of (a)and(c) are27.6m and2.5m respectively.
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Figure3.5: Conceptof PE�lter . ThePE�lter is estimatedby solvinganinverseproblem
constrainedwith theremainingpart,andthemissingpart is estimatedby solvinganother
inverseproblemconstrainedwith the �lter . Thee1 ande2 arewhite noisewith smallam-
plitude.

outputbe minimized. This procedurecanbe formulatedasan inversecomputationmini-

mizing thefollowing objective function:

kFPExk2 (3.8)

whereFPE is thematrixrepresentationof thePE�lter convolution,andx representstheen-

tire datasetincludingtheknown andthemissingregions.In theinversionprocessweonly

updatethemissingregion, without changingtheknown region. This guaranteesseamless

interpolationacrosstheboundariesbetweentheknown andmissingregions.

3.5.2 SRTM DEM constraint

As previously stated,90-mpostingSRTM DEMs weregeneratedfrom 30-mpostingdata.

This downsamplingwasdoneby calculating3 “looks” in both the eastingandnorthing

directions. In order to usethe SRTM DEM asa constraintto interpolatethe TOPSAR

DEM, we posit the following relationshipbetweenthe two DEMs: eachpixel valuein a

90-mpostingSRTM DEM canbeconsideredequivalentto theaveragedvalueof a 9-by-9

pixel window in a10-mpostingTOPSARDEM centeredat thecorrespondingpixel in the
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SRTM DEM.

Solutionusingtheconstraintof theSRTM DEM to �nd themissingdatapointsin the

TOPSARDEM canbeexpressedasminimizing thefollowing objective function:

ky � A xmk2 (3.9)

wherey is an SRTM DEM expressedasa vector that covers the missingregionsof the

TOPSARDEM, andA is anaveragingoperatorgenerating9 looks,andxm representsthe

missingregionsof theTOPSARDEM.

3.5.3 Inversionwith two constraints

By combiningtwo constraints,onederivedfrom thestatisticsof thePE�lter andonefrom

theSRTM DEM, wecaninterpolatethemissingdataoptimallywith respectto bothcriteria.

ThePE�lter guaranteesthattheinterpolateddatawill have thesamespectralpropertiesas

theknown data.At thesametimetheSRTM constraintforcestheinterpolateddatato have

averageheightnearthecorrespondingSRTM DEM. We formulatethe inverseproblemas

aminimizationof thefollowing objective function:

l 2kFPExmk2 + ky � A xmk2 (3.10)

wherel settherelative effect of eachcriterion. Herexm hasthedimensionsof theTOP-

SAR DEM, while y hasthedimensionsof theSRTM DEM. If regionsof missingdataare

localizedin animage,entireimagedoesnot have to beusedfor generatinga PE�lter . We

implementinterpolationin subimagesto savetimeandcomputermemoryspace.An exam-

ple of thesuchsubimageis shown in Fig. 3.6. Theimageis a partof Fig. 3.1 (numbered

box2). Fig. 3.6aand3.6bareexamplesof xe in (3.3)andy respectively.

Themultiplier l determinestherelative weightof thetwo termsin theobjective func-

tion. As l ! ¥ , thesolutionsatis�es the �rst constraintonly, andif l = 0, the solution

satis�esthesecondconstraintonly.
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Figure3.6: Examplesubimagesof (a) TOPSARDEM showing regionsof missingdata
(black),and(b) SRTM DEM of thesamearea.Thesesubimagesareengagedin oneimple-
mentationof theinterpolation.Thegrayscaleis altitudein meters.
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Figure3.7: Cross-validationsumof squares.Theminimumoccurswhenl = 0:16.

3.5.4 Optimal weighting

We usedcross-validationsumof squares(CVSS)(Wahba, 1990)to determinetheoptimal

weightsfor the two termsin (3.10). Considera modelxm that minimizesthe following

quantity

l 2kFPExmk2 + ky(k) � A(k) xmk2 (k = 1; :::;N) (3.11)

wherey(k) andA(k) arethe y andthe A in (3.10)with the k-th elementandthe k-th row

omittedrespectively, andN is thenumberof elementsin y thatfall into themissingregion.

Denotethismodelx(k)
m (l ). ThenwecomputetheCVSSde�ned asfollows,

CVSS(l ) =
1
N

N

å
k= 1

�
yk � Ak x(k)

m (l )
� 2

(3.12)

whereyk is theomittedelementfrom the vectory andAk is theomittedrow vectorfrom

thematrix A whenthex(k)
m (l ) wasestimated.Thus,Ak x(k)

m (l ) is thepredictionbasedon

theotherN � 1 observations.Finally, we minimizeCVSS(l ) with respectto l to obtain

theoptimalweight(Fig. 3.7).

In the caseof the exampleshown in Fig. 3.6, the minimum CVSSwasobtainedfor
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l = 0:16 (Fig. 3.7). Theeffect of varyingl is shown in Fig. 3.8. It is apparent(seeFig.

3.8) that the optimal weight is a more“plausible” result thaneitherof the endmembers,

preservingaspectsof bothconstraints.

In Fig. 3.8atheinterpolationusesonly thePE�lter constraint.This interpolationdoes

not recover the continuity of the ridge runningacrossthe DEM in north-southdirection,

which is observedin theSRTM DEM (Fig. 3.6b). This follows from a PE�lter obtained

suchthat it eliminatestheoverall variationsin the image.Thevariationsincludenot only

theridgebut alsotheaccuratetopographyin theDEM.

Theotherendmember, Fig. 3.8c,shows theresultfor applyingzeroweight to thePE

�lter constraint.SincetheaveragingoperatorA in (3.10)is appliedindependentlyfor each

9 by 9 pixel group,it is equivalentto simply �lling theregionsof missingdatawith 9 by 9

identicalvaluesthatarethesameasthecorrespondingSRTM DEM (3.8aand3.8c).

3.5.5 Simulation of the interpolation

The quality of cross-validationin this studyis itself validatedby simulatingthe interpo-

lation processwith known subimagesthatdo not containmissingdata. For example,if a

known subimageis selectedfrom Fig. 3.1 (numberedbox 3), we canremove somedata

andapplyour recovery algorithm. Thesubimageis similar in topographicfeaturesto the

areashown in Fig. 3.6. The processis illustratedin Fig. 3.9. We introducea hole in

3.9bandcalculatetheCVSS(Fig. 3.9d)for eachl rangingfrom 0 to 2. Thenwe usethe

estimatedl , which minimizestheCVSS,for theinterpolationprocessto obtaintheimage

in 3.9c. For eachvalueof l we alsocalculatetheRMS errorbetweentheknown andthe

interpolatedimages.TheRMS error is plottedagainstl in Fig. 3.9e.TheCVSSis mini-

mizedfor l = 0:062,while theRMS errorhasa minimumat l = 0:065. This agreement

suggeststhat minimizing the CVSSis a usefulmethodto balancethe constraints.Note

thattheminimumRMS errorin Fig. 3.9eis about5 meters.This valueis smallerthanthe

relativeverticalheightaccuracy of theSRTM DEM, which is about10 meters.
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Figure3.8: Theresultsof interpolationappliedto DEMs in Fig. 3.6,with variousweights.
(a) l ! ¥ , (b) l = 0:16,and(c) l = 0. Pro�les alongA-A' areshown in theplot (d).
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Figure3.9: Thequality of theCVSS,(a) a sampleimagethatdoesnot have a hole, (b) a
holewasmade,(c) interpolatedimagewith anoptimalweight,(d) CVSSasa functionof
l . TheCVSShasaminimumwhenl = 0:062.(e)RMS errorbetweentrueimage(a)and
theinterpolatedimage(c). Theminimumoccurswhenl = 0:065.
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3.6 Inter polation Results

Themethodpresentedin theprevioussectionwasappliedto theentireimageof Fig. 3.1.

The registeredTOPSARDEM containsmissingdatain regionsof varioussizes. Small

subimageswereextractedfrom the DEM. Eachsubimageis interpolated,andthe results

arereinsertedinto the largeDEM. The locationsandsizesof thesubimagesareindicated

with white boxes in Fig. 3.10a. Note the largestregion of missingdatain the middle

of the caldera. This region is not only a simple large gap but also a gap betweentwo

swaths.Theinterpolationis aniterativeprocessand�lls upregionsof missingdatastarting

from theboundary. If valid dataalongtheboundary(boundariesof a swath for example)

containedgeeffects,error tendsto propagatethroughthe interpolationprocess. In this

case,expandingthe region of missingdataby a few pixelsbeforeinterpolationproduces

betterresults. If thereis a large region of missingdata,the spectralcontentinformation

of valid datacanfadeout as the interpolationproceedstoward the centerof the gap. In

this case,sequentiallyapplyingtheinterpolationto partsof thegapis onesolution.Dueto

edgeeffectsalongtheboundaryof thelargegap,theinterpolationresultdoesnot produce

topographythat matchesthe surroundingterrain well. Hence,we expandthe gapby 3

pixels to eliminateedgeeffects. We divided the gap into multiple subimages,andeach

subimagewasinterpolatedindividually.

3.7 Effect on InSAR

Finally, we can investigatethe effect of the artifact eliminationand the interpolationon

simulatedinterferograms. It is often easierto seedifferencesin elevation in simulated

interferogramsthanin conventionalcontourplots. In addition,simulatedinterferograms

provideameasureof how sensitivetheinterferogramis to thetopography. Fig. 3.11shows

georeferencedsimulatedinterferogramsfrom threeDEMs; theregisteredTOPSARDEM,

the TOPSARDEM after the artifact elimination,andthe TOPSARDEM after the inter-

polation. In all interferograms,a C-bandwavelengthis used,and we assumea 452 m

perpendicularbaselinebetweentwo satellitepositions.Thisperpendicularbaselineis real-

istic (Amelungetal., 2000).Thefringelinesin theinterferogramsareapproximatelyheight
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Figure3.10:TheoriginalTOPSARDEM (a)andthereconstructedDEM (b) afterinterpo-
lation with PE�lter andSRTM DEM constraints.Thegrayscaleis altitudein meters,and
thespatialextentis about12 km acrosstheimage.
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contourlines.Theinterval of thefringe linesis inverselyproportionalto theperpendicular

baseline(Zebker et al., 1997),and in this caseonecolor cycle of the fringes represents

about20 meters.Notein Fig. 3.11athat thefringe linesarediscontinuousacrossthelong

region of missingdatainsidethecaldera.This is dueto artifactsin theoriginal TOPSAR

DEM. After eliminatingtheseartifactsthe discontinuitydisappears(Fig. 3.11b). Finally

themissingdataregionsareinterpolatedin aseamlessmanner(Fig. 3.11c).

3.8 Conclusion

Theaircraft roll artifactsin theTOPSARDEM wereeliminatedby subtractingthediffer-

encebetweentheTOPSARandSRTM DEMs. A 2-D PE�lter derived from theexisting

dataandthe SRTM DEM for the sameregion arethenusedasinterpolationconstraints.

Solvingthe inverseproblemconstrainedwith boththePE�lter andtheSRTM DEM pro-

ducesa high-qualityinterpolatedmapof elevation. Cross-validationworkswell to select

optimalconstraintweightingin theinversion.Thisobjectivecriterionresultsin lessbiased

interpolationandguaranteesthe best�t to the SRTM DEM. The quality of many other

TOPSARDEMs canbeimprovedsimilarly. Thenew DEM createdin this chapteris used

in Chapter5 andChapter6 of this dissertation.In Chapter4 we provide a new inversion

methodto modelthedetailedgeometryof uniformly pressurizedcrackconstrainedby In-

SAR observations. The SRTM DEM is usedin the chapterfor simplicity, asthe chapter

concernsmoreaboutmodelingalgorithm.
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Figure3.11:Simulatedinterferogramsfrom (a) theoriginal registeredTOPSARDEM, (b)
theDEM after theartifactwasremoved,and(c) theDEM interpolatedwith PE �lter and
theSRTM DEM. All the interferogramsweresimulatedwith theC-bandwavelength(5.6
cm) anda perpendicularbaselineof 452m. Thus,onecolor cycle represents20 m height
difference.



Chapter 4

Constraints on Magma Chamber

Geometryat Sierra NegraVolcano,

Galápagos

The previous chapterprovided an algorithmto improve the quality of data(i.e. InSAR

data). This chapterdescribesa new algoritm to explain the datain a mechanicallycon-

sistentway. In this chapterwe investigatethe problemof estimatingmagmachamber

geometryusingInSAR observationsof SierraNegravolcano,Gaĺapagos.Ascendingand

descendinginterferogramsarecombinedto determineverticalandonehorizontalcompo-

nentof displacement.Theratioof maximumhorizontalto verticaldisplacementsuggestsa

sill-lik e source.Sphericalor stock-like bodiesareinconsistentwith thedata.We estimate

thegeometryof thesill assuminga horizontal,uniformly pressurizedcrackwith unknown

peripheryanddepth. The sill is discretizedinto small elementsthat eitheropen,andare

subjectedto thepressureboundarycondition,or remainclosed.We�nd thebest-�tting sill

to belocatedbeneathSierraNegra's innercalderaat a depthof about2 km. Usingbound-

ary elementcalculationswe show thatany magmachamberwith a �at top coincidentwith

thesill model�ts thedataequallywell. Thedataareinsensitive to thesidesandbottomof

themagmachamber.

41
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Figure4.1: Shadedrelief topographicmapof GaĺapagosIslands.The studyareais indi-
catedwith ablackbox,which includesthecalderaof SierraNegravolcano.

4.1 Intr oduction

Six volcanoesin thewesternGaĺapagosislandsof FernandinaandIsabela(Fig. 4.1)have

beenactively deformingsince1992(Amelunget al., 2000). Among theseSierraNegra

is by far the mostvoluminousandhasbeenoneof the mostactive. It hasexperienced

11 historical eruptions,including most recentlythe 0.9 km3 eruptionon the north �ank

of the volcanoin 1979(Reynoldset al., 1995). SierraNegra's shallow caldera(110 m in

maximumdepth)is the largestby areain the westernGaĺapagos(59.8km2) (Munro and

Rowland, 1996).Thecalderais characterizedby a C-shapedsinuousridge,composedof a

complex setof normallyfaultedblockswith steep(60� - 90� ) outwarddippingfault scarps

(Reynoldsetal., 1995).

Thecenterof SierraNegra'scalderaupliftedfrom 1992to 1997,causinganear-vertical

line-of-sight (LOS) displacementof about1.6 metersin InSAR observations(Amelung
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et al., 2000). The rapid in�ation was followed by trapdoorfaulting sometimein 1997-

1998, which occurredalong the pre-existing fault systeminside the southmoat of the

caldera.This eventwasdiscoveredusingInSAR observations(Amelungetal., 2000).The

faultingwasalsocon�rmed by �eld studyandrangeoffsetmeasurementswith maximum

observedslip of about1.5meters(Jónssonet al., 2005).After thetrapdoorfaultingevent,

SierraNegra resumeduplift from September1998to March 1999with a maximumLOS

displacementof 30 cm. This uplift eventwassuccessfullymodeledasa sill with spatially

varying openingdistribution by Amelunget al. (2000). A GPSnetwork on SierraNegra

showedthatsubsidenceinitiatedsometimebetweenlate2000andearly2001,at ratesof up

to 9 cm/yr (Geistetal., in review 2004).

In this chapter, we analyzeInSAR dataacquiredover SierraNegra, incorporatinga

rigorousinvestigationof thegeometryof theputativemagmabody. While we refer to the

deformationsourceasamagmabody, it mayincludeahydrothermalcomponent.Although

thesill modelof Amelungetal. (2000)�ts theobservationswell, it is non-uniqueprimarily

becauseof thenearverticalone-dimensionalsensitivity of thedata(Dieterich andDecker,

1975;Fialko et al., 2001c). Givenverticalandhorizontaldisplacementdata,however, it

is possibleto distinguishsills from sphericalchambersor stocks(Fialko et al., 2001a).

Herewe �rst constrainthe shapeof the magmachamberby reconstructingvertical and

horizontalcomponentsof thesurfacedisplacementusingtwo interferograms,onefrom an

ascendingorbit andtheotherfrom a descendingorbit. This approachis similar to thatof

Fialko et al. (2001b)but doesnot requirecalculationof azimuthoffsetsbecausewe need

only two componentsto constraintheshape.

Amelunget al. (2000)allow the sill openingto vary spatiallyto �t the data,but they

did not imposeany additionalphysicalconstraintson theshape.We explorebelow a new

inversionapproach,in which thedeformationsourceis restrictedto be a uniformly pres-

surizedsill whoseplanoutline is unknown, appropriatefor a magmaticintrusion. In this

casethegeometryof thesill andthemagmapressurearetheunknowns. Comparedto the

previouskinematicmodel(Amelungetal., 2000),in whichsill openingis constrainedonly

by a Laplaciansmoothingconstraint,our new approachdramaticallyreducesthenumber

of degreesof freedomin theinversion.

An approachwith a pressureboundaryconditionis advantageousbecausethemagma
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pressureis directly relevant to �uid processesin the magmachamber. In particular, the

total magmapressurepm is the sumof theexcessmagmapressureDp andthe lithostatic

pressurepL,

pm = Dp+ pL: (4.1)

We estimateDp from the InSAR data.However, it shouldbenotedthat theestimatedDp

representsonly thechangein pressureduring the time periodof the InSAR observations.

Assumingalithostaticstressstate,pL = r gd, wherer is thedensityof overlyingrock,d is

thedepthof themagmabody, measuredfromthecaldera�oor . Sincethemagmachamberis

known to belocatedinsidethe�at calderaof SierraNegraatshallow depth(Amelungetal.,

2000),wesimplify theproblemandassumeanelastichalf-space,ignoringtopographically

inducedstresses(Pinel and Jaupart, 2003). Given the excessmagmapressure,we can

calculatethestressin theneighborhoodof thesill usingthepressureasboundarycondition.

Knowledgeof thestress�eld allowsusto considercrackinitiation andpropagationcriteria,

sincecracksmaypropagateat roughlyconstantpressure.Moreover, by calculatingstress

�elds aroundthemagmachambercausedby magmapressurization,we shouldbeableto

predictthe directionof crackpropagation,andthustheevolution of thesystem.Overall,

thenew methodrelatesto physicalpropertiesof themagmaitself, andwill betterdescribe

themechanicalinteractionof themagmaintrusionwith thesurroundingrock.

Later in this paperwe �nd that even with both vertical andhorizontaldisplacement

dataat theEarth'ssurfacewe cannotuniquelydeterminetheshapeof thelowerpartof the

magmachamber. We usetheboundaryelementtechniqueto explore therangeof models

consistentwith theInSARdata,providingclearerconstraintsonmagmachambergeometry.

4.2 Shapeof the Magma Chamber

Non-uniquenessof theshapeof subsurfacemagmachambers(e.g. Dieterich andDecker,

1975;Fialko et al., 2001c)is greatlyreducedif both verticalandhorizontaldeformation

dataareavailable(Fialko et al., 2001a). Sills producelittle horizontaldisplacementrel-

ative to the peakuplift, ascomparedto equi-dimensionalmagmabodieswhich generate
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morehorizontaldeformation. Sinceimaging radarsatellitesareside-looking,interfero-

gramsrecordhorizontaldeformationaswell asverticaldeformation.Usingdatafrom both

ascendinganddescendingorbits, it is possibleto determinetheverticaldisplacementand

onecomponentof horizontaldisplacement.

Satellitescanacquiredatawhenthey passfrom southto north (ascending)andfrom

north to south(descending).Data from ascendinganddescendingorbits have different

imaging geometry(look direction), providing two linearly independentLOS measure-

ments. In principle, we can calculatethe 3-D displacement�eld, usingdatafrom both

ascendingand descendingorbits (Fialko et al., 2001b),by solving for threeorthogonal

componentsof the surfacedisplacement�eld from the two LOS displacementsandalso

the interferogramazimuth offsets, which are acquiredby cross-correlatingtwo ampli-

tudeimages.However, in the caseof SierraNegra for the time periodwhenthe ascend-

ing/descendingpair is available,themaximumhorizontalsurfacedisplacementis lessthan

10 cm. The accuracy of the azimuthoffsetsis about12.5cm, if we assumethat we can

measurepixel offsetslocally betweentwo imagesto 1/32of a pixel (Jónssonet al., 2002).

Hence,thesignal-to-noiseratio is not suf�cient for theazimuthoffsetsto bemeaningful,

and we cannotfully reconstructthe 3-D displacement�eld. Consequently, the vertical

componentandonly onehorizontalcomponentcanbedetermined.In thecaseof volcano

deformation,assumingnear-circular symmetryallows the one componentof horizontal

displacementto beconsideredasa radialcomponent.This is adequatesincewe only need

verticalandradialcomponentsto reducethenon-uniquenessof theshapeof magmacham-

bers.

The ERS-2datawe usedareshown in Table4.1. Fig. 4.2 shows a mapview of the

ascendingand descendingorbits and the idealizedsurfacedisplacementvectorsdue to

volcanodeformation.UsingthesamenotationasFialko etal. (2001b),theLOSvectorcan

beexpressedin termsof displacements,Ui, as:

dlos = [Un sin f � Ue cosf ] sin l + Uu cosl ; (4.2)

wheref is theazimuthof thesatelliteheadingvector(positiveclockwisefrom theNorth),

andl is theradarincidenceangle.Sincetheorbit inclinationof theERS-2satelliteis 98.5� ,
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Table4.1: InterferogramsUsedin ThisStudy

Orbit direction Scene1 Scene2 T? B?

Ascending 1998/10/31 1999/02/13 3.5months 152m

Descending 1998/11/05 1999/02/18 3.5months 448m

Ascending 1998/09/26 1999/03/20 6 months 50 m

which is the anglebetweenthe headingvectorof the ascendingsatelliteandthe easting

vectorat theequator, theLOS displacement�elds containhorizontalcomponentsthatare

off by 8.5� from eastingor westingvectors.Thus,the f 's for ascendinganddescending

orbitsare-8.5� and188.5� respectively. Weapproximatethesevaluesto 0� and180� . With

thisapproximation,Eq. 4.2reducesto,

dlos = � Ue sin l + Uu cosl ; (4.3)

wherethe minussign is for datafrom ascendingorbit andthe plus sign is for datafrom

descendingorbit. Sincetherearetwo unknownsandtwo equationswecansolvefor Uu and

Ue. We verify theaccuracy of this approximationby reconstructingtheverticalandradial

componentsfrom a well known circularly symmetricdeformationsource.Fig. 4.3shows

the true vertical and radial componentsdue to the Mogi point source(Mogi, 1958)and

thereconstructedcomponents,derivedfrom simulatedinterferogramsfrom ascendingand

descendingorbits usingtheERS-2satellite's actualorbit inclination. The interferograms

weretransformedinto verticalandeastingcomponents.Theapproximation-inducederror

is about1%in this case.

Theactualascendinganddescendinginterferogramsandthereconstructedverticaland

horizontalcomponentsareshown in Fig. 4.4.Theinterferogramswereprocessedusingthe

Jet PropulsionLaboratory/Caltechrepeatorbit interferometrypackageROI PAC. A 90-

meterpostingDigital ElevationModel(DEM) from theShuttleRadarTopographyMission

(SRTM) wasusedto subtractthetopographicsignal.

Fig. 4.5showsthepro�les of verticalandeastcomponentsalongA-A' in Fig. 4.4d.The

line A-A' waschosensothat it is parallelto E-W axisandincludesthemaximumvertical
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ground deformation

Figure4.2: Map view of ascendinganddescendingorbit imaginggeometryandidealized
surfacedisplacementof volcanodeformation.Theopentriangleindicatesthecenterof the
volcano

Figure4.3: Circularlysymmetricdeformationsourcewasusedtoestimatethesatelliteorbit
inclinationinducederror. Theverticalandradialcomponentarereconstructedin thesame
way asthe datawasanalyzed.The x-axis is the distancenormalizedby the depthof the
source,andthey-axisis displacementnormalizedby themaximumverticaldisplacement.
In thecaseof circularsymmetry, themaximumerrordueto theorbit inclinationnot being
90� is about1%.
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Figure 4.4: Interferogramsfrom ascending(a) and descending(b) orbits with temporal
baselinesof 1998/10/31- 1999/02/13and1998/11/05- 1999/02/18respectively. Onecolor
cycle represents5 cm changeof rangein LOS directionof satellite. Interferometricdis-
placementscanbeseparatedinto vertical(c) andhorizontal(d) componentsusingtheimag-
ing geometriesof thetwo orbits.
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Figure4.5: Pro�les of verticalandeastcomponentof surfacedeformationalongA-A' in
Fig. 4.4d. Five linesareaveragedto producea smoothplot, andvaluesarenormalizedby
themaximumverticalcomponent.

displacement.Theratio of themaximumhorizontalto maximumverticaldisplacementis

about0.3,consistentwith a sill, but inconsistentwith a spherical(Mogi) sourcefor which

theratio is about0.4(Fialko etal., 2001a).Thus,thisobservationsupportstheideathatthe

magmareservoir beneathSierraNegrais asill, or asill-lik ebody.

4.3 Estimation of Best-�tting Sill Geometry

We determinedthesill geometryusinga 3-D boundaryelementmethodplusa non-linear

inversionscheme.In thisapproach,thegeometryof thesill is describedby its peripheryor

fracturetip-line andits depth.WeusedthesameSARscenes(1998/09/26and1999/03/20)

that Amelunget al. (2000)usedto form an interferogram,ratherthanthe ascendingand

descendingpair usedin the previous section(Table4.1), to facilitatecomparisonof our

resultswith thekinematicmodelof Amelunget al. (2000).Thedeformationpatternin the
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previoussection(Fig. 4.4a)is similar in shapeto theinterferogramusedfor modeling(Fig.

4.4b)but smallerin amplitude. We comparedthe two interferogramsby scalingthe one

for inversion(s1) to �t theonein theprevioussection(s2). To do this we estimatea scale

factora andphaseoffsetb minimizing,

min
a;b

jj y � (ax + b)jj 2; (4.4)

Fig. 4.6 shows that thesurfacedeformationis nearlyidenticalandimplies that thedefor-

mationsourcesin thetwo timeperiodssharethesamegeometry. Thus,theonly difference

betweenthetwo time periodsshouldbethemagnitudeof theexcessmagmapressure.For

this reason,wecannow modelthedeformationsourceusingthethird interferogram(Table

4.1),startingfrom theresultof theprevioussection;thatis, thedeformationsourceis asill.

4.3.1 Forward Modeling

We assumethatuniform pressureactseverywhereon thesurfaceof thesill, with no shear

traction. A uniform pressureboundarycondition is physically more reasonablethan a

kinematicdisplacementboundarycondition,becauseSierraNegra commonlyeruptslow

viscositybasalticmagmawhichshouldbecloseto hydrostaticpressureequilibrium.

We divide the crack into elementsthat eitheropenedor remainedclosedin order to

determinethe sill geometry. The uniform pressureboundaryconditionis enforcedon all

openelements.Variouscombinationsof openandclosedelementsareselectedto form a

sill. Oncea candidatesill periphery, depth,anduniform pressureareselected,theopening

distribution of the entiresill is uniquelydeterminedby a boundaryelementcalculation.

This reducesthenumberof degreesof freedomof theboundaryvalueproblemrelative to

thekinematicinversion.

In orderto usetheboundaryvalueproblemastheforwardfunctionin aninversion,we

introducea setof binaryparametersthatdescribewhethereachelementin a grid is open

or closed.Fig. 4.7shows a simpleexampleof a modelgrid. A valueof zeroat a grid cell

meansthat thesill elementis closed(i.e. not a partof thesill) anda “one” meansthatthe

sill elementis open. Only the openelementsaresubjectto theuniform internalpressure

condition.Determiningthegeometryof thesill is equivalentto determiningtheappropriate
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Figure4.6:Least-squares�tting results.(a)Interferogramfor thetimeperiodof 1998/10/31
- 1999/02/13.(b) Scaledversionof thetheinterferogramfor 1998/09/26- 1999/03/20.(c)
Residual.(d) Pro�les through(a) and(b). Thebluesolid line is theS-N pro�le of (a),and
the red solid line is the W-E pro�le of (a). The blackdashedlines arethe corresponding
pro�les of (b). Onecolor cycle in theinterferogramsandresidualrepresents5 cm of LOS
displacement.
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Figure4.7: Simpleexampleof modelgrid thatshows four opensill elements.Theupper
right cornersill elementwill openwidestunderuniformpressure.

combinationof zerosandones.

We choosedepth,excessmagmapressure,andonecombinationof thebinaryparame-

ters.Thesesuf�ce to determinetheopeningdistribution in theentiremodelgrid uniquely,

usinga 3-D boundaryelementcalculation.Surfacedeformationis thenderived from the

sill openingusingGreen's functionsintegratedover a rectangularelementin an isotropic

homogeneouslinearelastichalf-space(e.g.Okada, 1992).Theshearmodulusof theelastic

half-spacewasassumedto be30GPa,and0.25wasassumedfor Poisson's ratio. Sincethe

InSAR dataaresensitiveonly to theratio of theexcessmagmapressureto theshearmod-

ulus,decreasingtheshearmodulusby a factorof 3, would decreasetheestimatedexcess

magmapressureby thesamefactor.

4.3.2 Nonlinear Inversion

Oncethe forward methodologyis de�ned, we can proceedto selectthe best-�t model

throughinversion.Thegoalhereis to estimatethebest-�tting sill geometry, excessmagma

pressure,anddepth. The binary natureof the crackopeningmakes the problemhighly

nonlinear. In thiscase,themis�t or objectivefunctionis notquadratic,thusconvergenceto

theglobalminimumis not guaranteed.Moreover, binaryparametersarediscreteandthus

not differentiable. Thereforea gradient-basedinversionschemeis not possible. As our

modelgrid sizeis 16 by 18, thenumberof possiblecombinationof thebinaryparameters

is 2288. Becauseit is not feasibleto testall possibilities,weemployedsimulatedannealing,
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astochasticnonlinearinversionscheme(Metropolisetal., 1953).

Simulatedannealingwasproven to converge with an in�nite numberof iterationsat

a constant(metaphorical)temperatureparameter(Rothman, 1986). Thecoolingschedule

is importantasit determineswhetherthe global minimum canbe achieved or not, andit

alsoaffectsthespeedof convergence.We usea simulatedannealingcode(Cervelli et al.,

2001)thatappliesBasuandFrazertyperapiddeterminationof critical temperature(Basu

and Frazer, 1990). For samplingat eachtemperaturewe usethe heatbath algorithm,

whereoneparameteris perturbedat oneiterationwhile theothersare�x ed.Thecodewas

modi�ed to accommodatethebinaryparameters.

The datavector in our inversionis the observed LOS displacementsdlos. The size

of the original InSAR dataset (16384pixels) wasreducedto 674 pointsusingquadtree

partitioning(Jónssonet al., 2002)to make theproblemmanageable.Themodelvectorm

containsthesetof binaryparametersandtheexcessmagmapressureDp. Thus,

dlos = g(m) + e; (4.5)

wheree is dataerror plus errorsin the forward model, and the function g includesthe

dislocationmodelandthe LOS projectionof the surfacedisplacement.We adoptan L2

objective function,

F = jj d � g(m) jj 2: (4.6)

Theotherdislocationmodelparameterswere�x ed in thesill plane. Thedepthof thesill

wasestimatedby examiningtheresidualpatternaswell astheL2-normof theresidualat

depthsrangingfrom 1 km to 3 km in 100m depthincrements.

Solutionswith isolatedindividualopenelementsrequirephysicallyunrealisticmagma

pressure(hundredsof MPa). In orderto precludethis from our models,we put an upper

boundon the excessmagmapressure.If a certainchoiceof geometryyields a magma

pressurethatis greaterthantheupperbound,thenthecandidategeometryis rejected.

Weusedphysicalreasoningto deriveaninitial valuefor theupperboundon melt pres-

sure. Fig. 4.8 shows a simpli�ed vertical cross-sectioncontainingthe magmachamber.

Assumingthe magmapressureis at equilibrium at depthD, the pressurein the magma



54 CHAPTER4. MAGMA CHAMBER GEOMETRY AT SIERRANEGRA

chamberpm propagatedthroughthemelt columncanbewrittenas,

pm = r sgD � r mg(h + D � d) (4.7)

wherer s is thedensityof solidrock,andr m is themeltdensity. Theexcessmagmapressure

canthenbecalculatedby subtractingthelithostaticpressuredueto theoverloadingrock:

Dp = pm � r sgd: (4.8)

For example,if we taker s = 2:9gcm� 3 (Hill andZucca, 1987),r m = 2:6gcm� 3 (Savage,

1984),h = 2.4 km, D = 37 km, andd = 2 km, we computeanexcessmagmapressureof

7.6MPa. Heretheh wasderivedfrom thedifferencebetweenthealtitudeof SierraNegra's

calderaandthe averagealtitudeof a circular region about100 km in radius,centeredat

SierraNegra.Thethicknessof thelithosphereD wascalculatedusingthethermaldiffusiv-

ity k = 1mm2s� 1 (TurcotteandSchubert, 2002)andtheageof the lithospheret = 8 Myr

(SallaresandCharvis, 2003)in thefollowing equation(TurcotteandSchubert, 2002),

D = 2:32
p

k t: (4.9)

Startingfromtheinitial valueof excessmagmapressure,severalchoicesof theupperbound

on excessmagmapressureweretestedfor eachdepth,andwe selectedthe onethat pro-

ducedreasonableconnectivity andthebest�t.

Fig. 4.9 shows the interferogramusedfor modelingin this part of the studyandthe

best-�t modelderivedfrom simulatedannealing.An upperboundof 5 MPawasplacedon

theexcessmagmapressure.

Althoughdisconnectedandisolatedopenelementswereeffectively suppressedby the

upperbound,a few isolatedsegmentsremained.Eliminating thesedid not changethe �t

to thedatasigni�cantly becausetheisolatedsegmentsopenvery little giventheestimated

excessmagmapressure.The best-�tting modelafter removing the isolatedsegmentsis

shown in Fig. 4.10b,in comparisonto Amelunget al.'s best-�tting kinematicmodel(Fig.

4.10a).Notethattheestimatedsill is restrictedto theinnercalderaandis boundedby the

sinuousridge.Thedepthandexcessmagmapressureareestimatedas1.9km and4.5MPa
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Figure4.8: Schematicverticalsectionof thelithosphere.

respectively. The colorsof the sill elementsrepresentthe inferredopeningdistribution,

with themaximumbeing0.5m. Thetotalvolumechangeis calculatedas6.7million cubic

meters.If weattributethisvolumechangeto magmain�ux, theaveragemagma�lling rate

is about1.1million cubicmeterspermonthfor thetime period1998/09/26to 1999/03/20.

The overall distribution of estimatedsill openingis in goodagreementwith Amelunget

al.'s kinematicmodelasexpected.

Using the best-�t model the effect of asymmetricdeformationsourceon the method

describedin section2 is simulated.Note in Fig. 4.4 thatneithertheverticalnor theeast-

ing componentareperfectlysymmetric,implying a lack of symmetryin the deformation

source.In orderto checktheeffectof thisasymmetry, we implementedasimulationwhich

reconstructedtheeastcomponentof displacementfor differentorientationsof thedeforma-

tion source(Fig. 4.11).Werotatedthebest-�t model,andreconstructedtheeastcomponent

from therotatedmodels.This �gure shows how far themodelis from circularsymmetry.

Speci�cally, eachsub�guredemonstratesthesymmetryaboutN-S axisthroughthecenter

of theimage.Notethata60� modelrotationshowsthebestsymmetryaboutN-S axis,im-

plying thatthedeformationsourcehasanaxisof symmetrywhosestrike is about60� from

thenorth.Thisaxisof symmetrycanalsobeseenin theverticalcomponent(Fig. 4.4c).
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Figure4.9: Observed interferogram(a) andsimulatedinterferogram(b) from the best-�t
model(d). Theresidual(c) betweenthedataandthemodelshowsdifferencessmallerthan
2.5cm,half themagnitudeof onecolorcycle in (a) and(b).



4.4. DISCUSSION 57

Figure4.10: (a) Best-�t modelof Amelunget al. usinga sill modelwith spatiallyvarying
openingdistribution. (b) Best-�t modelwith uniform pressureboundarycondition.Depth
wasestimatedas1.9km in bothcases.

4.4 Discussion

In this sectionwe furtherexplorethenon-uniquenessof theshapeof themagmachamber.

Althoughanequi-dimensionalmagmachamberor stockwasrejectedpreviously, ouranal-

ysisdoesnot prove that thesourceof deformationis a thin sill. If the radiusof thesill is

largecomparedto thedepth,thesurfacedeformationis dominatedby displacementof the

sill' s uppersurface.We thussuspectthatsurfacedeformationwould be insensitive to the

sidesandbottomof thechamber.

We test this using a boundaryelementcode,Poly3D (Thomas, 1993). The Poly3D

superposesthe solutionfor an angulardislocation(Yoffe, 1960;Comninouand Dundurs,

1975) to calculatethe displacements,strains,and stressesinducedin an elasticwhole-

or half-spaceby planarpolygonalelementsof displacementdiscontinuityandboundary

elementmethod. Fig. 4.12 shows the geometryof a �at-topped diapir usedin this test.

Thedepthto thetop is 1.9km, andtheradiusof thetop is 3 km, resemblingtheestimated

geometryof thesill atSierraNegra.Thesidesof thediapir aredippinginwardat anangle

of 45� . Thelowerpartof thediapirhasahole,whoseradiusis 600m. This is doneto avoid

numericalinstability dueto rotationof the inner region with respectto the outerregion.
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Figure4.11:Asymmetrytestusingthebest-�t modelin Fig. 4.10b. Thecontourlinesshow
theexpectedobservableeastwarddeformation.Thecontourlabelsrepresentits magnitude
normalizedby the maximumvertical deformation. The best-�t modelwasrotatedfrom
0� to 150� in 30� increments.q is theangleof counterclockwiserotation. At eachangle
two interferogramsfrom ascendinganddescendingorbit weresimulated,andthey were
transformedinto eastcomponentasdescribedin section2.
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Figure4.12: (a) A �at-toppeddiapirwith its sidesdipping45� . Thedepthto thetop of the
diapir is 1.9 km, andthe radiusof the top of the diapir is 3 km. (b) Surfacedeformation
dueto thediapir anda sill whosegeometryis thesameasthetop of thediapir. Theline of
observationpointsis locatedon thesurfaceof thehalf-spacestartingfrom directly above
thecenterof thediapir. Thex-axis is thedistancenormalizedby thedepth,andthey-axis
is displacementnormalizedby themaximumverticaldisplacement.

Thesurfacedeformationis comparedto thesurfacedeformationdueto acirculardiskor a

sill. Thegeometryof thesill is simply thetop partof thediapir. FromFig. 4.12it is clear

that�at-toppeddiapirsproducealmostidenticalsurfacedeformationto sills, aslongasthe

depthis small comparedto the radius. Thus,while we have greatlynarrowed the class

of viablemagmachambershapes,thedeformationdataalonecannotuniquelyresolve this

question.

Todifferentiatebetweenthetwomodels,weconsiderthermalinteractionof theintruded

magmabodywith thehostrock. If we considera singleintrusionevent,thetime required

for completesolidi�cation of thesill canbeeasilycalculated(TurcotteandSchubert, 2002).

For example,a newly intrudedsill that hasa uniform thicknessof 0.5 m andan initial

temperaturedifferenceof 1000K betweenthemagmaandthehostrockwouldcompletely

solidify in about8 hours.Thesamesill thatintrudesinto alreadyheatedhostrock,having

an initial temperaturedifferenceof 500 K, would requireabout16 hoursto completely

solidify.

Theuplift observedat SierraNegraby InSAR datasince1992hasshown a consistent

spatialpatternfor severalyearsexceptwhentherewastrapdoorfaulting. In particular, the
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patternprior to andafter the trapdoorfaulting was very similar (Amelunget al., 2000).

Therefore,it is unlikely thatnumerousthin sills intrudedandsolidi�ed duringthis timepe-

riod. If separatesills intrudedandsolidi�ed, therewould beno particularreasonthatthey

would eachproducethe samesurfacedeformationpattern. Instead,it is morelikely that

a thicker continuouslyliquid magmachamberexperiencedpressureincreases,or equiva-

lently volumeincreases,which in turn producedthe surfacedeformation.If this wasthe

case,we canconverselycalculatetheminimumthicknessof themagmachamberfor it to

have remainedliquid over the time periodof observation. Taking the observationperiod

equalto 7 years,the thicknessof the sill at the beginningof theobservationperiodmust

havebeenat leastabout40 m.

Anotherway to distinguishbetweendifferentmagmachambergeometries,is to con-

sidertheperturbationin thestress�eld dueto magmaticintrusions.Althoughthesurface

displacement�elds dueto asill andadiapirarenotdistinguishable,thestress�elds gener-

atedby thetwo differentmagmabodiesaredifferent.Thestressstateis dif�cult to measure

directly. However, theorientationof �ssure eruptionsonthe�ank of SierraNegrais anim-

portantclue to thestress�eld, sincedikesandsills areknown to propagateperpendicular

to the leastcompressionalprincipal stress.InterestinglyChadwick and Dieterich (1995),

whocomparedstressdirectionswith theorientationsof dikeson SierraNegra,favor a �at-

toppeddiapir, equivalent to oneof the modelswe �nd to be consistentwith the InSAR

data.

4.5 Conclusions

We have narrowed theclassof candidatemodelsconsistentwith the InSAR observations

of SierraNegra. We have shown the datarequirea �at-topped magmabody at a depth

of about2 km restrictedto the inner caldera. Deformationdataalone,however, cannot

uniquelydeterminethe geometryof the sidesor feederconduit– both a diapir anda sill

with uniform internal pressureprovide reasonable�ts to the data. The InSAR datado

constrainthelateralgeometryof themagmachamberto ahigh resolution.

Wesolvedfor theshapeof thesill, or equivalentlythe�at topof thediapir. A physically

reasonableuniform pressureboundaryconditionwasusedin theinversion.Theestimated
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sill openingwassimilar to thatestimatedby Amelungetal. (2000).Fitting thedataequally

well with reducednumberof degreesof freedomsuggeststhatthephysicalconstraintused

in this study was reasonable.It gives physical insight to conditionsin and aroundthe

magmachamber. Theestimatedexcessmagmapressurecanbeusedto infer thestress�eld

in the surroundingrock. This will be usefulfor estimatingthecrackpropagationcriteria

andpredictingthedirectionof crackpropagation,whichmayleadto aneruption.

Thetechniquethatusesdatafrom ascendinganddescendingorbitsto resolvetheshape

of magmachamberscanbe appliedto any type of deformationsourceparticularlythose

with radialsymmetry. Thebinary-parameterinversionschemeusedto resolve thedetailed

geometryof the sill canbe appliedto any type of uniform pressureplanardeformation

source.

Thisnew algorithmexplainedin this chapteris appliedin Chapter6 to modelthe2005

eruptionat SierraNegra volcano. The eruptioncausedhugesubsidencethat is predom-

inantly due to a uniformly depressurizedmagmachamber. Our new modelingmethod

successfullyaccountfor the detailedgeometrythat involved the eruptionandthe excess

pressurechangeat themagmachamber. By theway, thehugesubsidenceduringtheerup-

tion imposedagreatchallengein forminganinterferogramof theevent.We werenot able

to form an interferogramthat spansthe eruptionusingstandardInSAR software. Hence

wedeveolpedanew interferogramformingalgorithmin thepresenceof largedeformation,

whichwill bediscussedin thenext chapter.



Chapter 5

Interfer ogram Formation in the

Presenceof Lar geDeformation

In this chapterwe provide a new interferogramforming algorithmwhenthe groundde-

formationis large andcomplex. The resultsof this chapterbecomethe startingpoint of

Chapter6. SierraNegravolcanoeruptedfrom October22 to October30 in 2005. During

the9 daysof eruption,thecenterof SierraNegra'scalderasubsidedabout5.4meters.Three

hoursprior to theonsetof theeruption,anearthquake(Mw 5.4)occurred,nearthecaldera.

Becauseof thelargeandcomplex phasegradientdueto thehugesubsidenceandtheearth-

quake,it is dif�cult to form aninterferograminsidethecalderathatspanstheeruption.The

deformationis so largeandspatiallyvariablethat theapproximationsusedin existing In-

SAR software(ROI, ROI PAC, DORIS,GAMMA) cannotproperlycoregisterSAR image

pairsspanningthe eruption. We have developedherea two-stepalgorithmthat canform

intra-calderainterferogramsfrom thesedata. The �rst stepinvolvesa “rubber-sheeting”

SAR imagecoregistration.In thesecondstepweuserangeoffsetestimatesto mitigatethe

steepphasegradient.Usingthis new algorithm,we retrieveaninterferogramwith thebest

coverageto dateinsidethecalderaof SierraNegra.

62
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5.1 Intr oduction

The phasedifferencebetweentwo SAR imagesis directly proportionalto rangechange,

andit dependson imaginggeometry, topography, deformation,andatmosphericdelay. A

critical stepin InSAR processingis SAR imagecoregistration. In orderto form a high-

quality interferogram,SAR imagecoregistrationis requiredto sub-pixel accuracy. This is

usuallyimplementedby cross-correlatingsmallblocksof oneSARimage(heredenotedthe

“slave” image)with the otherSAR image(“master” image). Repeatedat many locations

distributedthroughouttheentireimage,thesetof cross-correlationsproducesarangeoffset

andanazimuthoffsetimage.Interpolatingsparseimageusingapolynomialsurfacemodel

(Equation5.1)yieldstheregistrationparametersatall locations.

p(x;y) = å
i+ j � n

ckx
iy j (5.1)

Here x andy are the locationsof eachpixel, i and j arenon-negative integer expo-

nents,andck is a constantfor eachxi andy j combination.For example,ROI PAC uses

a quadraticpolynomial(i.e. n = 2), while DORISandGAMMA canaccomodateup to a

4th orderpolynomial.Oncethebest-�t polynomialsurfaceis determined,theslave image

is coregisteredby resamplingit to themasterimagecoordinates.However, for theSierra

Negradatathe4thorderpolynomialis notsuf�ciently spatiallyvariableto properlyregister

theimages,andthustheoffset�elds of SARimagesthatspantheeruptioncouldnot �t by

asimplepolynomial.

This is due to complex deformation. The eruptionwas precededby an earthquake

somewherenearits caldera.Themagnitudeof theearthquake wasMw 5.4, largeenough

to producesigni�cant amountof surfacedeformationassumingthatthedepthof theearth-

quake is similar to thatof thepreviousearthquakes(Amelungetal., 2000;Chadwick etal.,

2006),whereabout0.8to 1.2m of line-of-sightdisplacementwasmeasuredby examining

therangeoffset. Moreover, theeruptionoccurredthrougha �ssure alongthenorthernrim

of caldera.Thus,therewasalsodeformationassociatedwith thedike intrusion. Thetotal

deformationis thesumof all theseevents.

Without exception,all the interferogramsthatspantheeruptionfailedto show fringes
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insidethecaldera,whenprocessedwith polynomialregistrationalgorithms.A typical in-

terferogrambeforeunwrappingis shown in Figure5.1,producedusingGAMMA software.

Hencewe developeda new approachto achieve InSAR coregistrationthat is morerobust

than the conventionalmethodsfor large andcomplex deformation. This new algorithm

consistsof two distinctsteps:1) rubber-sheetingcoregistration,and2) rangeoffset fringe

subtraction.The �rst stepis to coregistera slave single-lookcomplex (SLC) imageto a

masterSLC,andthesecondstepis for mitigatingthesteepphasegradientdueto thelarge

deformation.

5.2 Rangeand Azimuth Offset

Rubber-sheetingcoregistrationis a non-parameterizedmethodasopposedto the polyno-

mial �t of standardInSAR software, wherehandful numberof polynomial coef�cients

explain entireoffset�eld. Considera slave imageprintedon a rubbersheet,andoverlayit

with a masterimage.Thendistort theslave imageto matchthefeaturesin themasterim-

age.This is theconceptof rubbersheeting.In our application,we userangeandazimuth

offsetsto getthedistortioninformation.

We usesquaresubimageblocksto cross-correlatetwo single-lookSAR amplitudeim-

ages.Thesizeof theblocksaffectstheaccuracy andtheresolutionof thecross-correlation

results.Increasingtheblock sizeincreasestheaccuracy while reducingtheresolution.We

�nd that32-by-32pixel blocksproducea goodresult. For this studywe form thedensest

possibleoffset vector�eld by implementingthe cross-correlationat every singlepixel in

theimage,aswewantto seetheeffectof smoothing.For practicalpurposeonecanproduce

asparseroffset�eld by evaluatingevery8 pixelsor every16 pixels.

Figure5.2shows a singlelook rangeandazimuthoffset imagein theradarcoordinate

system.We work with singlelook imagesin radarcoordinatesthroughthephaseunwrap-

pingstep,in orderto minimizetherisk of spatialaliasingdueto thelargedeformation.The

elongatedcircularmapcompassin Figure5.2agivesasenseof whattransformationwould

maptheimagesontothegeoreferencedframe.

Therangeandazimuthoffsetimagesarenoisy, andthey show acharacteristiccross-hair

artifactpattern(Figure5.2). Bright scattererstendto dominatetheoffsetresultsfor every
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2 km

Figure5.1: Co-eruptive interferogramprocessedby GAMMA softwareusingEnvisatdata
(beamIS 5, track376,051016- 051120).



66 CHAPTER5. INTERFEROGRAM FORLARGE DEFORMATION

�\�W �X�W�W �X�\�W �Y�W�W �\�W �X�W�W �X�\�W �Y�W�W�\�W �X�W�W�X�\�W �Y�W�W

�\�W

�X�W�W

�X�\�W

�Y�W�W

�Z�W�W�]�W�W �`�W�W

�\�W�W

�X�W�W�W

�X�\�W�W

�Y�W�W�W

�Y�\�W�W

�Z�W�W�W

�Z�\�W�W

�Z�W�W �]�W�W �`�W�W �Z�W�W�]�W�W �`�W�W

�ð�W�U�Y �W �W�U�Y �ð�X�U�\�ð�X�ð�W�U�\ �W
�O�—�•�Ÿ�Œ�“�š�P

�G�O�ˆ�P �G�O�‰�P �G�O�Š�P

�G�O�•�P�G�O�Œ�P�G�O�‹�P

N

Azimuth

Range

Figure5.2: (a)Amplitude,(b) Rangeoffset,(c) Azimuthoffsetin radarcoordinatesystem.
Notethat theletterN is upsidedown andthecircularmapcompassis enlongatedto show
how featureslook differentcomparedtogeoreferencedframe.Theblow-upsof blackboxed
portionin (a)-(c)areshown in (d)-(f). Thesmallportionof thebrightsinuousridgeof Sierra
Negrais shown in (d), andits effectonoffsetimagesareshown in (e)and(f), in which the
color-saturatedboxesare32-pixel wide, thesizeof thecross-correlationblock
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Figure5.3: Cumulative historgramof (a) rangeand(b) azimuthoffset valuesinside the
caldera

block in which they areincluded. In Figure5.2eandf, thesizeof thecross-hairpatterns

is aboutthe sizeof the cross-correlationblock. We apply a Gaussiansmoothing�lter to

suppressthehigh-frequency noise,whichwill bedescribedlaterin thispaper.

5.3 UnbiasedMasking of Noise

Beforesmoothingtheoffsetimages,wemaskoutnoise-dominantareas,whereoffsetvalues

areunrealisticallysmall or large. Determiningthe boundaryof the maskis not a trivial

task,becausecoherenceinformationis not readilyavailabledueto the largeandcomplex

deformation.We�nd thatthecumulativedistributionfunction(cdf) of offsetvaluesprovide

aclearguidefor masking.Figure5.3showsthecumulativehistogramsof (a) rangeand(b)

azimuthoffset insidethecaldera.Theslopeof thecdf in thenoisyareasis muchsmaller

thanthatfor valid areas.Weusepiecewiselinear�tting (redlines)to thecdf; thethresholds

for maskingaregivenby theintersectionsof the�tting lines.
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5.4 Smoothingfor Resampling

Oncethe noisy areasare masked, we smooththe offset �elds by �ltering. We testeda

moving average�lter , a median�lter , and a Gaussiansmoothing�lter . We found that

a Gaussiansmoothing�lter producedinterferogramswith the highestcorrelation. Our

Gaussiansmoothing�lter is circularandwith width s . Theradiusof the�lter wasalways

setas2:634s , wheretheelevationof thekernelat its edgebecomessmallerthan1/32,the

nominaltheoreticalaccuracy of cross-correlationwith 32x 32pixel block.

In orderto determinetheoptimalsizeof the �lter (or interpolationkernel),we calcu-

late the meanof the interferometriccoherenceafter resampling.Estimatingthe accurate

coherenceis challengingwhensteepandcomplex phasegradientsarepresent.

Whencalculatingcoherence,we correctthe deformationphase(becausewe consider

this assignal,not noise)with a low-passversionof our �nal unwrappedinterferogramas

follows.

r =
j å n

k= 1c1;kc�
2;ke

� if j
q

å n
k= 1c1;kc�

1;k å n
k= 1c2;kc�

2;k

(5.2)

wherer is theinterferometriccoherence,andc1 andc2 arethetwo SLCswith * meaning

the complex conjugate,andthe subscriptk denotesthe kth pixel of n neighboringpixels

averaged,andf is the smoothedunwrappedinterferogramphase.We smooththe inter-

ferogramby applyinga circularGaussian�lter , whoses andmaximumradiusareboth4

pixelsto roughlymatchthesizeof thesubimage(8 x 8 pixels)overwhichwecalculatethe

coherence.Thismethodof calculatingthecoherenceis similar to Zebker andChen(2005)

in that it correctsthephaseby subtractingthe low frequency component.Note,however,

thatthismethoddoesnotoverestimatethetruecoherence.

Figure5.4showsthemeancoherenceplotsasafunctionof thesmoothingparameters .

Wecalculatethemeancoherencefor apoorlycoherentarea(caldera)andahighly coherent

area(north �ank). We �nd that the coregistrationbasedon rubber-sheetinginterpolation

is robust for a wide rangeof s . As s variesfrom 0 to 10 pixels, the meancoherence

increasesrapidly from 0.329to 0.454for calderaandfrom 0.555to 0.809for north �ank.

After hitting themaxima(s = 10 pixels for calderaands = 7 pixelsfor north �ank), the
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Figure5.4: Meancoherenceatcalderaandnorth�ank asafunctionof Gaussiansmoothing
parameter, s . Note that the rangeof coherencevariation is very small. The maximum
occursat (a) s = 10pixelsand(b) s = 7 pixels.

meancoherencedoesnot varysigni�cantly. NotethattheGaussiansmoothingkernelwith

s = 10pixelsandradius= 26.34pixelsis anef�cient �lter sizethatreducesthecross-hair

artifactsof 32 x 32 pixels. Usinga circularmedian�lter , themaximummeancoherence

occurswhentheradiusis 16pixels,which is againof comparablesizeto a32 x 32block.

5.5 Resampling

Most SAR dataarenear-critically sampledin both the rangeandazimuthdirections. In

otherwords,thesamplingfrequenciesareslightly greaterthantwice thesignalbandwidth

in bothdirections.Thus,sinc-typeinterpolationis usefulfor SAR imageregistration.We

usea raisedcosine(RC) interpolationkernelsuggestedby Cho et al. (2005),which is a

sinc-typeinterpolationbut hassmallerphaseerror dueto resamplingthanthe plain sinc

interpolation.They combineda sincwith a raisedcosinefunctionusedin digital commu-

nications,the2-D versionimpulseresponsei(x;y) of which is writtenas

i(x;y) = sinc(x;y)
cos(a px)cos(bpy)

(1� 4a 2x2)(1� 4b2y2)
rect(

x
L

;
y
L

) (5.3)
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Figure5.5: Coherencehistogramfor (a),(c)calderabeforeandaftercoregistrationrespec-
tively, and(b),(d) north �ank beforeandafter coregistrationrespectively. (b) and(d) are
for s = 10pixels.
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wheresinc(x;y) meanssinc(x)sinc(y), L is thekernelsize,anda andb areroll-off factors

with a valuebetween0 and1. Whena andb = 0, Equation(5.3) becomesa 2-D sinc

interpolator. As a andb grow larger, the interferometricphaseerrorbecomeslarger, but

the sidelobesof i(x;y) are suppressed,relaxing the effect of the �nite kernel size. The

optimumvaluesof a andb thatsatisfytheNyquistcriterioncanbecalculatedasfollows

(Choetal., 2005).

a = 1�
Br

fsr
= 1�

1
cr

(5.4)

b = 1�
Ba

fsa
= 1�

1
ca

(5.5)

wherecr andca areoversamplingfactors(i.e. samplingfrequency dividedby bandwidth)

in rangeandazimuthrespectively. In this studyc r = 1:2005andca = 1:1588wereused.

Prior to the resampling,we estimateandsubtractthe carrierphaseboth in rangeandaz-

imuthdirection.Thisis to ensurethatdominantenergy is not lostduringresampling,which

is a low-pass�lter . After resampling,weaddtheestimatedcarrierphasebackto thedata.

This step�nishes therubber-sheetingcoregistration.Theresultof thecoregistrationis

shown in Figure5.4. Coherenceis improvedwithin thecoregisteredimagebothin poorly

cohrerentarea(caldera)andhighly coherentareas(north�ank).

5.6 RangeOffset asa Proxy for Interfer ogram Phase

All phaseunwrappingalgorithmsarebasedon theassumptionthattheinput interferogram

phaseis not aliasedmostof the time. This assumptiondoesnot hold in regionsof large

deformation.Aliasingcanbereducedby subtractinganestimateof theinterferogramphase

beforeunwrapping.Whenthereis no independentinformationon theroughshapeof the

deformation,therangeoffsetimagecanbeusedto constructtheestimatedinterferogram.

A rangeoffset�eld includesthesameinformationasaninterferogram(Amelungetal.,

2000;Jónssonet al., 2005),exceptthat it hasa differentnoisecharacterandmagnitude.

Bamler(2000)derivedthestandarddeviation of theestimatedamplitudeoffsetasfollows
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for homogeneous(i.e. featureless)imagepatches.

sampoffset =

r
3

2N

p
1� r 2

pr
c 3=2 (5.6)

wherer is thecoherenceof theinterferometricdatapair, andN is thenumberof samples

in the cross-correlationblock, and c is the oversamplingfactor of the data. Using the

oversamplingfactorsusedfor resamplingandthepixel spacings(range= 7.8m, azimuth=

3.23m) in ourstudy, weplot therangeandazimuthoffseterrorin Figure5.6.

Note that theplot shows the lower bound,asin reality featuressuchastopographyin

imageswill causemorenoise(Figure5.2e,f). Nevertheless,this analysisshows that the

rangeoffset is usefulfor mitigatingthesteepphasegradient.Within thecoherencerange

of ourstudy(around0.4)thelevel of noisefrom therangeoffsetis smallenoughto beused

asaproxy for interferogramphase.

We smooththerangeoffset imagewith a Gaussiansmoothingkernelof s = 50 pixels

andr = 132pixels.Thesmoothedrangeoffset is subtractedfrom theinterferogrambefore

phaseunwrappingand later addedback, after unwrapping. When smoothingthe range

offset, oneshouldkeeptwo things in mind. First, all the naturalfeaturesincluding de-

formationin a single-lookinterferogramareelongatedin theazimuthdirection.Thus,the

shapeof theinterpolationkernelshouldalsobeelongatedby thesamefactor. Alternatively,

onecantake looks in azimuthto make square-pixel image,andapplyanequidimensional

smoothingkernel,andthenstretchthe resultbackto thesingle-lookcoordinate.Usually,

thelatterapproachwill bemoreef�cient.

Second,deformationsignalsin interferogramsareprojectionsof 3-D surfacedisplace-

mentvector �eld onto a slant line of sight. Therefore,the fringe patternsare in general

slightly skewed to one side, dependingon the look angleof the radar. Convolving the

skewedsignalwith a largesymmetricsmoothingkernelcanmodify theoverall skewness,

andthis canresultin a poor �t of the rangeoffset to the interferogram.Thedistortionin

theskewnesscanalsobecausedby errorsin therangeoffsetthatwerenotproperlymasked

out in the �rst step. In this studywe wereableto identify a small faint concentricpeak

signalat thecenterof calderain theinterferogrambeforesubtractingtherangeoffset,and

wesimply shift (about40 pixelstowardanincreasingrangedirection)thesmoothedrange
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offsetto matchthepeakof therangeoffsetwith theobservedpeak.

Figure5.6 shows theeffect of rangeoffsetsubtraction.Thesingle-lookinterferogram

of deformation(Figure5.6a) is the result of rubber-sheetingcoregistration. Despitethe

improvedcoherence,thefringesarestill not visible dueto thelargephasegradient.In the

blow-upof thewhitebox(Figure5.6b)themaximumsubsidenceis shown in theupperright

corner. The fringe ratebecomeshigherandhigher, gettingcloseto the critical sampling

ratein azimuthdirection. This problemis moreseverein rangedirectionandthe fringes

becomequickly aliasedtowardtheleft. Whentherangeoffsetwassubtracted(Figure5.6c)

theobservedfringe ratewasmuchlower.

Theoverall improvementduringtheprocessof thenew algorithmis illustratedin Fig-

ure 5.6. The theoreticallimit on the maximumdetectabledisplacementgradientcanbe

expressedasfollowing (MassonnetandFeigl, 1998).

dx =
l

2D
(5.7)

wheredx is the maximumdetectabledisplacementgradient,and l is the wavelengthof

radarpulse,andD is the pixel spacing. For Envisat ASAR (C-band)strip modeimage

with nominalpixel spacingof 20 m, dx is about1:4� 10� 3. For realdatathatsuffer from

decorrelation(Zebker andVillasenor, 1992)dx becomessmallerasa funcitonof interfero-

metriccoherence.Basedon simulatedandrealdata,Baran et al. (2005)deriveda bound

on whetheror not an interferogramcanbe formed(seeFigure5.6). The 2005eruption

at SierraNegra falls into the �lled dot indicatedin the �gure. Therubber-sheetingcoreg-

istration increasesthe coherence(A) andthe rangeoffst subtractiondecreasesthe phase

gradient(B), shifting the2005eruptionat SierraNegrainto thehollow dot,wherewe can

applyphaseunwrappingandsuccessfullyform aninterferogram.

SNAPHU (ChenandZebker, 2001)wasusedfor phaseunwrapping.Figure5.6shows

the �nal interferogramwith fairly goodcoverageinsidethe caldera. The easternpart of

thecalderawascompletelydecorrelateddueto the lava �o w during theeruption,andthe

westernpart of the calderawas decorrelatedpossiblydue to the earthquake occurred3

hoursprior to theeruption.
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a

b c

Azimuth

Range

Figure5.6: (a) Deformationinterferogramafter the rubber-sheetingSAR coregistration.
(b) Blow-up of thewhite box in (a). Fringeratebecomeshighercloseto critical sampling
ratein azimuthdirection.In rangedirectionthefringe ratequickly becomesaliased.After
subtractingtherangeoffsetfrom theinterferogram,thefringeratebecomesmuchlower(c)
, andphaseunwrappingbecomespossiblefor muchlargerarea.
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Sierra Negra
2005 Eruption

A

B

Figure5.7: Maximumdetectabledisplacementgradientasa functionof coherence(Baran
etal., 2005).Thu rubber-sheetingcoregistrationincreasesthecoherence(A) andtherange
offst subtractiondecreasesthephasegradient(B)

�W�U�Y�W�U�[�W�U�]�W�U�_
�W

�W�U�\

�X

�X�U�\
�y�ˆ�•�Ž�Œ�G�–�•�•�š�Œ�›�G�Œ�™�™�–�™

�j�–�•�Œ�™�Œ�•�Š�Œ

�z
�›

�ˆ
�•

�‹
�ˆ

�™
�‹

�G
�‹

�Œ
�•

�•
�ˆ

�›
�•

�–
�•

�G
�O

�”
�P

�G

�G

�X�]�G�Ÿ�G�X�]
�Z�Y�G�Ÿ�G�Z�Y
�]�[�G�Ÿ�G�]�[

�W�U�Y�W�U�[�W�U�]�W�U�_
�W

�W�U�Y

�W�U�[

�h�¡�•�”�œ�›�•�G�–�•�•�š�Œ�›�G�Œ�™�™�–�™

�j�–�•�Œ�™�Œ�•�Š�Œ

�z
�›

�ˆ
�•

�‹
�ˆ

�™
�‹

�G
�‹

�Œ
�•

�•
�ˆ

�›
�•

�–
�•

�G
�O

�”
�P

�G

�G

�X�]�G�Ÿ�G�X�]
�Z�Y�G�Ÿ�G�Z�Y
�]�[�G�Ÿ�G�]�[

(a) (b)

Figure5.8: Uncertaintyof amplitudeoffsetfor (a) rangeand(b) azimuth
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2 km

Figure5.9: Final resultinterferogramfrom thesameSAR imagesusedto produceFigure
5.1.Onecolor fringe represents15 cm of rangechange.
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5.7 Conclusion

Usinga rubber-sheetingcoregistrationscheme,we wereableto improve theinterferomet-

ric coherenceinsidethecalderafor InSARdatathatspanthe2005eruptionatSierraNegra

Volcano,Galapagos.Basedon the smoothedrangeand azimuthoffset images,resam-

pling wasdonewith araisedcosineinterpolationkernel.Wesubtractedevensmootherand

slightly shiftedversionof therangeoffset from the interferogramof thecoregisteredpair.

Thesestepsenabledusto form ausefulinterferograminsidethecalderaof thevolcano(see

Figure5.6. The fringe on the south�ank is from separateregular process.The interfer-

ogramforming algorithmdevelopedin this chapteris usedin the nex chapterto produce

moreinterferogramsandbetterconstraintheeruptionevent.



Chapter 6

2005Eruption at Sierra NegraVolcano

Unveiledby InSAR Observations

All thepreviouschapterssupportthis �nal chapter. Chapter3 producesaDEM thatis used

to removetopographyfrom theinterferogramsspanningthe2005eruption.Weproducethe

interferogramsusinganew algorithmintroducedin Chapter5. Thenwe modeltheInSAR

datausingour new algorithmdescribedin Chapter4. Thus, this chapterappliesall the

novel techniquesto explain theeruptioneventatSierraNegra.

SierraNegra volcanoeruptedfrom October22 to October30 in 2005. During the 9

daysof theeruption,thecenterof SierraNegra's calderasubsidedabout5.4meters.Three

hoursprior to theonsetof theeruption,anearthquake(Mw 5.4)occurred,somewherenear

the caldera. We analyzeherea pair of interferometricsyntheticapertureradar(InSAR)

imagesfrom ascendinganddescendingorbitsof theEnvisatsatelitethat temporallyspan

theeruption.Theinterferogramsplustheazimuthoffsetimagefrom theascendingpairare

usedto modeltheeuption.Thedatadisplayseveraldifferenteventsoverlappedin timeand

space;pre-eruptivedeformation,trapdoorfaulting,dike intrusionanderuption,co-eruptive

subsidence,andpost-eruptive uplift. The pre- andpost-eruptive uplift is modeledusing

the InSAR dataplus GPSobservations. The faulting, dike intrusion,andsubsidenceare

modeledusinga combinationof displacementanduniform pressureboundaryconditions.

We estimatethat the pre- andpost-eruptive pressurizationrateof a sill-lik e magmabody

are29MPa/year(23daysaverage)and79 MPa/year(21daysaverage)respectively.

78
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In the trapdoorfaulting model,theestimatedmaximumslip ( 1.8 m) is at thebottom

of thewesternendof thefault system,andabout1.5m towardthesurface,which matches

the �eld observation very well. The equivalentmomentmagnitudeof the total slip was

estimatedto beMw 5.7whentheshearmodulusis 30 GPa. For shearmodulusof 10 GPa,

it becomesMw 5.4,whichis themomentmagnitudeof theearthquakethatoccurred3hours

prior to theonsetof theeruption. Thedike modelshowedaverageopeningof 1.7 m and

“reversefaulting” averagedip slip of 1.6m. Thelargedip slip is dueto theinteractionwith

thesill andthefreesurface.Thethesill modelis thesumof two components:interaction

with the trapdoorfaultingeventanduniformly depressurizedclosingduring theeruption.

The interactioncomponentshowed a wedge-like openingdistribution closeto the fault

system,andtheuniformly depressurizedsill accountedfor theco-eruptivesubsidence.We

�nd signi�cant interactionbetweenthe trapdoorfaulting and the sill; Whenthe faulting

occurred,thesill underwentasuddenstressperturbation,whichcausedanunevenopening

andclosingof thesill accompaniedby horizontalmagmatransport.This effect combined

with theco-eruptiveuniformdepressurizationprovidesanopening-closingmapwith about

-8.8m of maximumsill closing.

The repeatingcycle of trapdoorfaulting and eruptioncan producean accumulated

wedge-like structureat depthaswell ason the surface. We believe that the surfaceex-

pressionof this structureis shown asthecharacteristicC-shapedsinuousridge insidethe

calderaof SierraNegra.Theestimatedvolumedecreaseof thesill was0.124km3, andthe

estimatedextrudedvolume(denserock equivalent)wasabout0.120km3. This similarity

suggeststhattheremaynothavebeensubstantialamountof volatilesin themagmabefore

theeruption.

6.1 Intr oduction

SierraNegra is an active basalticshield volcanolocatedat the southernend of Isabela

Islandin theGaĺapagosarchipelago(Figure4.1).Thevolcanohasexperienced12historical

eruptions;themostrecentoneoccurredin 2005. The penultimateeruptionprior to 2005

occurredin 1979.Thateruptionproducedlava through�ssureson thenorthern�ank close

to the caldera,with an eruptedlava volume of almost0.9 km3 (Reynoldset al., 1995).
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SinceInSAR observationsbeganin 1992,thecenterof thevolcanohaduplifted nearly5

m precedingthe 2005eruption. The sourceof uplift hasbeensuccessfullymodeledasa

sill locatedat a depthof about2 km (Amelunget al., 2000;Yun et al., 2006). The uplift

wasaccompaniedby trapdoorfaultingevents,two of which wereobservedin InSAR data

andmodeledby Amelunget al. (2000)andChadwick et al. (2006). Thetrapdoorfaulting

is believedto benearverticaldip-slip inducedby pressurizationof theunderlyingmagma

body. Theexcesspressureat themagmabodycausestheoverlying crustto hingeupward

likea trapdoor.

Figure6.1showsthelavacoverage(displayedthroughsurfacetemperature)of theerup-

tion asmeasuredby theASTER(AdvancedSpaceborneThermalEmissionandRe�ection

Radiometer)sensor�ying onboardNASA'sTerrasatelliteonNovember2,2005,threedays

after theeruptionended.The image,drapedon anSRTM DEM, clearlyshows theextent

of theeruptedlava �o w, which �lled thelowest,easternpartof thecaldera.Theextentof

initial �ssure is indicatedin redsubparallelto thenorthernrim of caldera(Geistet al., in

press).

SierraNegra'swide(7� 10:5km) andshallow (100m in depth)calderacontainsachar-

acteristicC-shapedsinuousridge,composedof a complex setof normally faultedblocks

with steep(60� - 90� ) outwarddipping fault scarps(Reynoldset al., 1995). This sinuous

ridge is believed to have formed by repeatedtrapdoorfaulting events. Recenttrapdoor

faultingoccurredalongthesouthernpartof thescarpssometimein 1997-1998(Amelung

et al., 2000)andon 16 April 2005(Chadwick et al., 2006). ChadwickandGeistfounda

freshfault scarp(delineatedwith redcurvesif Figure6.1) alongthesouthwesternpartof

thesinuousridgeduringtheir �eld trip in June2006,andthemeasuredslip at SpotA was

from 1.4 to 1.5m. Geistandothershadanother�eld trip in January2007andmeasureda

slip of 1.5m atSpotB (Geist,pers.comm.).

TheInSAR datausedin this studyspanthe2005eruption,includingdeformationdue

to pre-eruptive uplift, trapdoorfaulting, dike intrusion that fed the eruption,co-eruptive

subsidence,andpost-eruptive uplift. Theseseriesof eventsare illustratedin Figure6.2,

whereschematicverticalsectionsareshown in chronologicalorder. Laterin thispaper, the

deformationdueto pre-eruptiveuplift (a)andthepost-eruptiveuplift (d) is eliminatedfrom

InSARdatausingGPSdata.
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Figure6.1: SurfacetemperatureimagetakenatnightonNovember2,2005by ASTERsen-
soronboardNASA'sTerrasatellite.Theimageis georeferencedanddrapedon theshaded
relief imagefrom theSRTM DEM (Farr andKobrick, 2000).Six continuousGPSstations
weredeployedinsidethecalderaat thetimeof theeruption.GV04,GV05,andGV06were
usedfor InSARdataadjustment.TheC-shapedsinuousridgeinsidethewesternsideof the
calderais clearly shown. The outersidesof the ridge arecomposedof fault scarps.The
southernpartof thescarps,whicharelessclear, extendjustbelow theGV06station.
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Figure6.2: Schematicvertical crosssectionalong the line C-C' in Figure6.1. (a) pre-
eruptivein�ation, (b) trapdoorfaulting,(c) dike intrusionandthe�ssure eruption,(d) post-
eruptive in�ation.

6.2 Data

For thisstudyweusebothInSARandGPSdatafor modeling.TheInSARdataarederived

from the EuropeansatelliteEnvisat; detailson the scenesare summarizedin Table6.1,

whereDT is temporalbaselineor time span,andB? is perpendicularbaseline.The �rst

two interferogramsprecedetheeruptionandyield a modelof thedetailedgeometryof the

pressurizedmagmachamber. The last two interferogramsspantheeruptionandareused

to modelthefaultingandco-eruptiveevents.

Due to the complex and large deformationof the faulting and the eruption, it was

dif�cult to form the co-eruptive interferograms.Using existing standardsoftware(ROI,

ROI PAC, DORIS, andGAMMA) we werenot able to obtain interferometricfringes in

thecaldera,wheredisplacementgradientsweremostsevere.Instead,we developeda new

algorithm,asdescribedin Chapter5, to form the interferograms.The new algorithmap-

pliesrubber-sheetingimagecoregistrationto improve interferometriccoherenceandrange

offsetsubtractionto mitigatethesteepphasegradient.

Six continuousGPSstationsoperatedat the time of the earthquake anderuption(see

Figure6.1).Unfortunately, however, severalhoursprior to theearthquaketheGPSnetwork

faileddueto the lossof the maincomputercollectingtheGPSdataandwasnot restored

until 24October2005(Geistetal., in press).Thus,it is notpossibleto retrievethetemporal

evolution of thedeformationandto separatetheeffectsof faulting,dike intrusion,andco-

eruptive subsidence.Although theGPSdataarenot availableduring the faultingandthe

initial stageof theeruption,they do yield thepre-andpost-eruptive uplift, which we can

eliminatefrom theinterferogramobservations.
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Table6.1: InterferogramsUsedin ThisStudy

Beam Orbit direction TrackNo. Scene1 Scene2 DT B?

IS2 Ascending 61 2005/05/07 2005/07/16 70 days 118m

IS2 Descending 140 2005/05/12 2005/07/21 70 days -76m

IS5 Ascending 376 2005/10/16 2005/11/20 35 days 100m

IS2 Descending 140 2005/09/29 2005/11/03 35 days 433m

6.3 Magma Chamber Geometry

Oneremarkablefeatureof the uplift at SierraNegra is that the extent andpatternof de-

formationhasbeensurprisinglyconsistentfor a long periodof time. Figure6.3 demon-

stratesthis consistency as shown in several interferogramsacquiredbetween1992 and

2006. Given that the uplift at SierraNegra hasbeensuccessfullyexplainedwith a sill

model,it is likely thatthesill atSierraNegrais reasonablythick andthermallystable.The

patternof uplift remainedmainlyunchangedevenafterthe2005eruption.

Basedonthisobservation,weassumethatthemagmachambergeometrydidnotchange

prior to or during theeruption.We furtherassumethat thehostrock canbemodeledasa

homogeneouslinear elastichalf space,andwalls of the magmachambersubjectto uni-

form magmapressure.Weuseapairof ascendinganddescendinginterferogramsacquired

beforetheeruption(Figure6.3e,f)to solve for themagmachambergeometry. Thesetwo

interferogramswereformedusingROI PAC software(Rosenet al., 2004). Topographic

phasewasremovedusingadigital elevationmodel(DEM) createdby mergingTopographic

SyntheticApertureRadar(TOPSAR,Zebker andGoldstein(1986))DEM andSRTM DEM

(Yun etal., 2005),asdescribedin Chapter3.

6.3.1 Depth

In orderto describethegeometryof themagmachamberonemustspecifylocation,depth,

shape,size,andexcesspressure.Sincetherearestrongtrade-offs betweendepth,size,and

theexcesspressure,we �rst estimatethea posterioridistributionsof thehighly correlated
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Figure6.3: Interferogramsfrom1992to 2006(a-d).TheletterA andD representascending
anddescendingorbit. Notethata-carebeforetheeruptionandd is aftertheeruption.For
modelingthepressuresourcegeometryapair of ascendinganddescendinginterferograms
(e,f) areused.Onecolor cycle represents5 cm of LOS displacementin a,b, e, andf, and
2.83cm of LOSdisplacementin c andd.
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parameterswith a simplemodel. For this purpose,we usea pressurizedhorizontalcircu-

lar crack(Fialko et al., 2001a)to producesimulatedsurfacedisplacement�elds. In the

inversionwe form thefollowing quadraticform:

Q = (d̂ � dLOS)
T � � 1(d̂ � dLOS) (6.1)

whered̂ is the computedand vectorizedLOS displacement,and dLOS is the vectorized

observedLOS displacement,and� is thedatavariance-covariancematrix, andthescalar

Q is theL-2 normof themis�t weightedby theinverseof thevariance-covariancematrix.

The variance-covariancematrix is de�ned usingan exponential1-D covariancefunction

with a varianceof 40 mm2 andfalls to 1/eof thevarianceat a distanceof 2 km (Jónsson,

2002;Wrightetal., 2004).

Ratherthanminimizing Q to get the best-�t model,we adoptMarkov ChainMonte

Carlo sampling,wherecurrentsampling(and associatednorm Qi) dependsonly on the

previoussample(andassociatednormQi� 1), with theMetropolisrule (Metropoliset al.,

1953; Tarantola, 2004; Hooper, 2006). Figure 6.4 shows the reduceddataset and its

variance-covariancematrix. VariousInSAR datareductionschemeshave beenproposed

for geophysicalinversion(Jónsson, 2002;Simonsetal., 2002;LohmanandSimons, 2005),

all of whichareadaptiveto data.Consideringthegeometryof thehorizontalcircularcrack,

thereduceddatashown in Figure6.4mimic thedataresolution-basedapproachof Lohman

andSimons(2005),which is anoptimalschemefor linear leastsquaresproblems.When

multiple interferogramsareusedfor inversion,�xing thedatapoint locationsfor all inter-

ferogramsmakestheinversionrun faster.

Theresultingposteriordistributionsfor thecircularcrackparametersareshown in Fig-

ure6.5. Althoughdepth,radius,excesspressurearehighly correlatedto oneanother, the

depthis relatively well de�ned at 1.86km � 0.13km, which is the maximumlikelihood

solution.Thisdepthwill be�x edin thefollowing step,whereweestimatetheshapeof the

sill.
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Figure6.4: (a) Reduceddatapoints and (b) Datavariance-covariancematrix. The �rst
block in thematrix is for theascendinginterferogramandthesecondblock is for thede-
scendinginterferogram.

6.3.2 Sill Geometry

Fromthe fringe patternof the interferogramsat SierraNegra,we know that thesill is not

circularly symmetric.For this reasonwe solve for thedetailedgeometryof thesill using

thebinaryparameterinversionintroducedby Yun et al. (2006). Thebinaryparameterin-

versionassumesauniformpressureinsidethecrackandestimatesthebest-�t combination

of thebinaryparametersthatrepresent“on/off” crackelements.“on” or “1” meansthatthe

elementis open(i.e. partof thecrack)andis subjectto theuniform pressure,and“off” or

“0” meansthat theelementremainsclosedandnot a partof thecrack. Thebest-�t com-

binationof thebinaryparametersis searchedwith simulatedannealingmethods(Cervelli

et al., 2001)thatappliesBasuandFrazertype rapiddeterminationof thecritical temper-

ature(Basuand Frazer, 1990). The elementsthat areopende�ne the shapeof the sill.

Figure6.6 shows the best-�t model. Note that the boundaryof the sill is surroundedby

theC-shapedsinuousridgeon thewestandsouth.Fit to theInSAR datafor this modelis

shown in Figure6.7. Figure6.7a,barethesameasFigure6.3e,fbut in unwrappedform.

Thebest-�t sill modelexplainsabout99%of datavariance.We �x this sill geometryfor

thesubsequentmodelingprocedure.
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Figure6.6: Best-�t sill geometry. Note that the sill is boundedby the C-shapedsinuous
ridge.

6.4 Data for Eruption Modeling

As mentionedpreviously, forming an interferogramthatspanstheeruptionwaschalleng-

ing becauseof thecomplex andlargedeformationcausedby thefaultingandtheeruption.

Usingournew algorithmexplainedin Chapter5,weform two interferogramsfrom ascend-

ing anddescendingorbits. In Chapter5, phaseunwrappingwasdoneusingan algorithm

calledSNAPHU, a maximuma posterioriprobabilityestimationapproach(ChenandZe-

bker, 2001).

SNAPHU caneasilybecustomizedwith anumberof controllingparameters.Its mask-

ing functionautomaticallycreatesa numberof separatebut internallyconsistentcoherent

patches.This is usefulfor noisydata,wherecoherentpatchesarefoundasisolatedislands

in a ”seaof decorrelation”. However, oneshouldbe carefulwith the maskingfunction,

asthe shapeanddistribution of the resultingmaskcanlook quitedifferentdependingon

one's choiceof maskingparameters.Becauseof this feature,SNAPHU's result can be

subjectiveto user'spreference,especiallywhenthedatais noisyandtheshape,extent,and

connectivity of coherentpatchesarecritical.

Thisis thecasein the2005eruptionatSierraNegra: thedatais noisyinsidethecaldera,
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!4 .9 3.9m
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Figure 6.8: (a) Ascendinginterferogramfrom beamIS5 (incidenseangle= 37.6� ), (b)
Descendinginterferogramfrom beamIS2 (incidenceangle= 23.0� ), (c) Azimuth offset
from theascendingSAR imagepair. Onecolor cycle in bothinterferogramsrepresents20
cm of LOS displacement.Theinterferogramsarecomposedof severalisolatedpatches,in
eachof which phaseis internallyconsistentandcontinuous.

andwe wantto becarefulwith any discontinuityin theregion,aswe do not know theex-

tent of surface-breakingfaulting beforewe processthe data. For this reason,we usea

residue-cutphase-unwrappingalgorithm (Goldsteinet al., 1988). The residue-cutalgo-

rithm requiresmultiple runsfor noisydata,aswe have to manuallyprovide seedlocation

for eachcoherentpatch. Figure6.8 shows the resultinginterferograms.The ascending

interferogram(a) is composedof 22separatepatchesandthedescendinginterferogram(b)

has7 separatepatches.

Thefringeson thesouthern�ank in theinterferogramsarefrom independentdatapro-

cessing.SierraNegra'ssouthern�ank is heavily vegetatedandusuallyheavily decorrelated

aswell. However, thehugesubsidencecausedby the2005eruptionincreasedthesignal-

to-noiseratioonthesouthern�ank andprovidedahint of fringesin theinterfergrambefore

unwrapping(seeFigure5.1).WeuseROI PAC software,applyinganadaptivepowerspec-

trum�lter (GoldsteinandWerner, 1998)twice to enhancethenarrow-bandsignal(thehint

of fringes)againstthebroad-bandnoise(vegetation-induceddecorrelation).Theazimuth

offset (Figure6.8) is from anascendingSAR imagepair thatwasusedto produceFigure

6.8a.
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6.4.1 Data Weights

We calculateuncertaintiesof the interferogramsandazimuthoffset in orderto determine

theweightson eachdatatypefor inversion.Assumingthatwe canusespatialaveragesas

a proxy for ensembleaverages,we take a squaresub-imageof eachdataandcalculatethe

standarddeviation of thepixel valuesin thesub-images.Figure6.9 shows theprocedure

to calculatetheuncertainties.There(a)and(d) arethewrappedinterferogramandazimuth

offsetimagein radarcoordinates.Thedatauncertaintyshouldbecalculatedin radarcoor-

dinatesbecausegeocodinginvolvesinterpolationwhich is a low-pass�lter thatsuppresses

thedatanoise.For thesamereason,theuncertaintyshouldbecalculatedbeforeapplying

any �lter suchaspower-spectrum�lter (Goldsteinetal., 1988),acommonlyused�lter be-

forephaseunwrappingin InSARdataprocessing,whichenhancesthedominantfrequency

content,therebybiasingtheuncertainty.

For noisy data,for exampleinsidethe calderaof SierraNegra, phaseunwrappingis

dif�cult without applyingsucha �lter . Thus,we calculatethe uncertaintyfrom wrapped

interferograms.Thechallengenow is to avoid crossing2p jumps,asthephaseof wrapped

interferogramsis the 2p moduloof the continuousphase.If the jump is includedin the

sub-imageover which we calculatethe standarddeviation, thestandarddeviation will be

overestimated.Unfortunately, inside the calderathe wrappedinterferogramis saturated

with fringes. Onecansubtracta smoothedversionof rangeoffset to mitigatethe phase

gradientin the wrappedinterferogramasin Chapter5. However, the problemis that the

smoothedrangeoffsetsubtractionproducesanunwrappableinterferogram,whichstill con-

tainsmany fringes.

To better�atten thewrappedinterferogram,we usea two-stepkinematicinversionto

producea modelthat �ts the dataextremelywell, althoughthe modeldoesnot have any

physicalmeaning.Usingtheinterferogramproducedwith amethoddescribedin Chapter5,

we�rst estimatethebest-�t distributedsill modelatadepthof 2 km andauniformgrid size

of 500m. Theassociatedmodelpredictionis thentransformedontoradarcoordinateand

subtractedfrom the interferogramto form residual.Thenwe �t theresidualwith another

sill modelat a depthof 300m andwith a �ner grid sizeof 300m. Theresidualsfrom the

secondstepareshown in (c) and(d) of Figure6.9.Notethatonecolorcyclerepresents2.83
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cm in all theinterferogramsin Figure6.9. With this �attened interferogram(Figure6.9c),

it is now possibleto avoid the2p jumpsandestimatetheuncertaintyof theinterferogram.

Weappliedthesame�attening to theazimuthoffsetimagein orderto estimatetherelative

weightcorrectly.

We take sub-imagesof 1) insidethecaldera,2) lessnoisynorthern�ank, and3) com-

pletelynoisyareafrom Figure6.9c. Thelocationsof thesub-imagesarecarefullychosen

sothey do not containthe2p jump fringe. Thesizeof thesub-imageis increasedfrom 2

to 100pixels,andfor eachstepweremoveany remainingphasegradientandcalculatethe

standarddeviation of the pixel valuesof the sub-image.The resultsareshown in Figure

6.9e,wherestandarddeviationsof Box 1 (insidethe caldera)andBox 2 (northern�ank)

convergeto 0.65cm and0.15cm respectively. Theincreasein Box 1 plot around70 to 80

pixels is dueto the inclusionof a 2p jump that is shown in Figure6.9c. Theblackboxes

shown in theimageare100� 100pixelsbig,andtheboxeswasenlargedstartingfrom their

upperleft corner.

Box 3 is chosenin a completelydecorrelated(or random)area,wherewe know what

valuethe standarddeviation shouldconverge to. For a completelydecorrelatedarea,the

phasebehaves like a randomvariablewith a uniform distribution. The varianceof the

randomvariableX that is uniformly distributedin the interval [a;b] canbe calculatedas

follows.

Sincethemeanof X is (a+ b)=2,

VAR[X] =
1

b� a

Z b

a

�
x�

a+ b
2

� 2

dx

Let y = x� (a+ b)=2,

VAR[X] =
1

b� a

Z (b� a)=2

� (b� a)=2
y2dy =

(b� a)2

12

Thephasein Box 3 is uniformly distributedin the interval [-f , f ]. Thus,its standard

deviationof thephases f becomes

s f =
p � (� p)

p
12

(6.2)
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Convertingthis to rangechange,weget

s r =
2p

p
12

l
4p

=
l

4
p

3
(6.3)

wheres r is theuncertaintyin rangechange(or line-of-sightdisplacement)l is thewave-

lengthof the radarsignal. SubstitutingEnvisat's wavelength,s r becomesabout0.8 cm.

Therefore,Figure6.9esuggeststhatsub-imageof at least20� 20 to 30� 30pixelsshould

beusedto estimatetheuncertaintyof interferograms.

Thesamelocationsarechosenin azimuthoffsetandtheir standarddeviationsarecal-

culated(Figure6.9). By comparingFigure6.9eandFigure6.9f,we geta constantrelative

weightof 35(35for interferogramsand1 for azimuthoffset),which is usedfor thefollow-

ing eruptionmodeling.We �nd thatbothinsidethecalderaandthenorthern�ank give the

similar ratio.

6.4.2 Removing Pre-and Post-eruptiveDeformation

Theearthquakeandtheeruptionoccurredwithin an8 daytimewindow, whereastheshort-

esttemporalbaselineof theinterferogramfrom EnvisatASAR stripmodeis 35days.Since

thetimespanof thedatais muchlargerthantheeventperiod,weneedto removethedefor-

mationbeforeandaftertheeruptionfrom theInSARdata,sothey containonly deformation

dueto theeventsduringthese8 days.To do this, we utilize continuousGPSdatathatare

availableuntil severalhoursbeforetheearthquake andfrom a few daysafter theonsetof

theeruption.

Figure6.10 shows a schematicplot of the uplift andsubsidenceof the centerof the

caldera.Exceptfor theeightdaysof theeruption,thecaldera�oor uplifted monotonically

duringthis period.Notethatbothascendinganddescendinginterferogramsspannot only

theeruptionbut alsoincludedeformationoccurringbeforeandaftertheeruption.

In a linearelasticproblem,themagnitudeof surfacedisplacementdueto a pressurized

crackis proportionalto theexcesspressurein thecrack.Usingthisproperty, weconstructa

linearsetof equationsto solvefor theexcesspressureincreasebeforeandaftertheeruption.

First, we de�ne a compositebaselinevector d in Equation6.4, which consistsof east,

north, andup componentsof the baselineGV04-GV05,GV04-GV06,andGV05-GV06
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Figure6.10:Schematicplot of uplift andsubsidenceof thecenterof SierraNegra'scaldera.

(seeFigure 6.1). Thenwe constructthe G matrix that mapsthe excesspressureto the

displacementsatGV04,GV05,andGV06 asin thefollowing equation,

d =

2

6
6
4

x4 � x5

x4 � x6

x5 � x6

3

7
7
5 ;

2

6
6
4

u4

u5

u6

3

7
7
5 = GDp (6.4)

wherexi andui arethepositionandthedisplacementvectorsrespectively at stationi. The

G matrix is constructedby applyinga unit excesspressureandby solvingfor theopening

distribution in the best-�t crackmodel(i.e. Figure6.6) usingboundaryelementmethod,

andby calculatingthesurfacedisplacementwith Green'sfunctionfor elastichalf-spacedue

to rectangulardislocation(Okada, 1992)of all theelementsshown in Figure6.6.Usingthe

following differencingoperator, D, we relatethecompositebaselinevectorto thesurface

displacement.Finally, if we know thecompositebaselinevectorat time t1 andt2, we can

estimatetheexcesspressurechangeduringthetimet2 � t1 (Equation6.7).
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D =

2

6
6
4

I � I O

I O � I

O I � I

3

7
7
5 (6.5)

dt2 � dt1 = DG(Dpt2� t1) (6.6)

whereI andO are3-by-3 identity matrix andzeromatrix respectively, andDpt2� t1 is the

excesspressurechangeduring the time t2 � t1. In this study, we want to estimateand

subtractthe effect of pre- andpost-eruptive excesspressurechangefrom both ascending

anddescendinginterferograms.In particular, weusethefollowing formulae,

d295� d289+ d324� d303 = DG(Dp295� 289+ Dp324� 303) (6.7)

d295� d272+ d307� d303 = DG(Dp295� 272+ Dp307� 303) (6.8)

wherethe �rst expressionis for ascendinginterferogramandthe secondfor descending

interferogram,andsubscriptsrepresentdaysof the yearindicatedin the GPStime series

(Figure 6.11). The left-handsidesare readily available from GPSdata. Oncewe esti-

mateDp in theright-handside,we imposetheexcesspressurechangeon thesill geometry

estimatedin Section6.3.2 and calculatethe predictedsurfacedeformationin an elastic

half-space.Then,thedisplacement�eld is projectedontotheLOS directionsof ascending

anddescendingbeamsandalongtrackdirectionof theascendingorbit. Finally, thesepro-

jectionsaresubtractedfrom ascendinganddescendinginterferogramsandfrom azimuth

offset. After this adjustmentthe interferogramsandazimuthdatarepresentthe narrower

timespanof from 10/22to 10/30.

Theexcesspressureincreasethataccountsfor thepre-andpost-eruptive uplift during

thetimespanof theascendinginterferogramis estimatedas4.31MPa,andfor descending

interferogramas3.06MPa. Theeffectof theseexcesspressureincreaseis shown in Figure

6.12,wheresignis �ipped for easierperceptionof theamountof displacementthatshould

beadded.Thesesimulatedinterferogramsandazimuthoffsetareaddedto theoriginaldata
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Figure6.12: Simulated(a) ascendinginterferogramand(b) descendinginterferogramand
(c) azimuthoffset,whicharetobeaddedto theoriginaldata(Figure6.8)in ordertoaccount
for pre-andpost-eruptive in�ation.

(Figure6.8).

6.5 Eruption Modeling

Theadjustedinterferogramsandazimuthoffsetcontainsthreemajorevents:trapdoorfault-

ing, dike intrusion, and co-eruptive subsidencedue to closing of the sill. The trapdoor

faulting may have triggeredthe dike intrusion(Geistet al., in press),which thenfed the

eruption.All theseeventsarecon�ned within thecalderaandwithin the�rst severalhours

of thetimespanof theadjusteddata.Wedonothavethetemporalresolutionof theevents.

However, with their separationin spaceandsimpleboundaryconditions,we constructa

physicallyplausiblemodelof theeventsthat�ts thedata.

6.5.1 Prior Inf ormation

Two surfaceconstraintsareusedfor this study. The eruptionstartedasa curtainof �re

througha 2 km-long �ssure insidethe northernrim of thecaldera(Geistet al., in press).

This observation, indicatedwith a red line in Figure6.13, constrainsthe locationof the

dike on thefreesurfaceof anelastichalf-spacein our model.We assumethat thefaulting

occurredsomewherealongthe C-shapedsinuousridge. The sinuousridge is composed
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Figure6.13: Prior informationfor eruptionmodeling. (a) Map view of the surfacecon-
straint,whereeruption�ssure is indicatedwith a red line and the the fault traceon the
surface,drawn in black,goesalongtheC-shapedsinuousridge. (b) 3-D perspective view
of themodelgeometry.

of a complex setof normally faultedblockswith steep(60� - 90� ) outward dipping fault

scarps(Reynoldset al., 1995). This characteristictopographysuggeststhat the ridge has

formedby repeatedfaultingevents,two of which werediscoveredby InSAR observations

(Amelungetal., 2000;Jónssonetal., 2005;Chadwick etal., 2006).

6.5.2 Wedge-like Sill

Surfacedeformationdue to the faulting and the dike intrusion is swampedby the large

co-eruptivesubsidence.Thus,it is worth lookingat theresidualaftersubtractingtheeffect

of thebest-�t subsidence-onlymodel. Giventhatwe �x thegeometryof thesill, this is a

linear inverseproblemwith only oneparameter, theexcesspressure,to beestimated.The

best-�t subsidence-onlymodel(Figure6.14) requiresan excesspressurechangeof -41.7

MPa. As we includefaulting anddike intrusion in the following sections,the estimated

excesspressurechangeat the sill will change.At this stage,we inspectin the patternof

the residual,which is shown in Figure6.15. The residualsfor the interferogramsshow

near-constant-slopephaserampover largeareainsidethecaldera.This suggeststhatthere
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Figure 6.14: Best-�t sill-only model for the adjusteddata. Associatedexcesspressure
changeis -41.7MPa,with hostrock's shearmodulusof 30GPa.

maybea wedge-like structureat depthperhapswherethesill is located.Thus,we intro-

duceanadditionalcomponentof deformationnot modeledby uniform pressuredrop. The

interpretationof thisadditionalcomponentwill bediscussedlaterin this chapter.

6.5.3 Trapdoor Faulting

Trapdoorfaultingeventsat SierraNegrahave beenpreviously modeledoncewith anout-

ward dipping high-anglenormal fault (Amelunget al., 2000) and oncewith an inward

dippinghigh-anglereversefault (Chadwick et al., 2006).Thenear-vertical fault geometry

is alsosupportedby theestimatedsill peripherythatis collocatedwith thesinuousridgein

a mapview (Figure6.6). In this study, for simplicity, we assumevertical fault planesand

allow only dip-sliponeachelement.At thenorthernandsouthernedgeof thefaultsystem,

theslip is constrainedto bezero.Along thetop edgeof thefault planes,wherethey break

the surface,zerodisplacementgradientboundaryconditionis appliedto accommodatea

stress-freeinterface. Inner fault elementsaresubjectto Laplaciansmoothing.At thebot-

tom of the fault planes,thedip-slipsarematchedto theopeningat the tip of thesill (see

Figure6.2b).Thisconditionis furtherexplainedlaterin this chapter.
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Figure6.15:Residualsbetweendataandmodelpredictionfor (a)ascendinginterferogram,
(b) descendinginterferogram,and (c) azimuthoffset due to the best-�t sill-only model
(Figure6.14). Onecolor fringe represents20 cm LOS displacementin (a) and(b). The
near-constant-slopephaseramp over large areainside the calderasuggestsa ramp-like
featureatdepth.

Ourbest-�t faultslip modelis shown in Figure6.16.Themodelis estimatedsimultane-

ouslywith dike intrusionandsill closing.Previoustrapdoorfaultinghasbeenconcentrated

alongthesouthernpartof thefault system,whereasthis eventis moreconcentratedalong

the westernpart of the fault system.The maximumslip of about1.8 m is locatedat the

bottomof thewestern-mostfault planesandtheamountof slip becomesgraduallysmaller

alongthebottomof thefault planestowardsthenorth. Theestimatedslip towardthesur-

faceat thewesternendof thefault systemis about1.5m. Thismatchesverywell with the

�eld measurementat SpotB (1.5m) by Geistandothers(Geist,pers.comm.).At SpotA

themodelslightly underestimatesthe�eld measurement(1.4- 1.5m).

Theseismicmomentof this fault modelis about4:32� 1024 dyne-cm,which is equiv-

alentto momentmagnitudeMw 5.7. Accordingto theHarvardCMT catalog,themoment

magnitudeof theearthquake severalhoursprior to the onsetof the eruptionwasMw 5.4

(equivalentto seismicmomentof 1:41� 1024 dyne-cm). This may suggestthat substan-

tial amountof theslip occurredaseismically. Note,however, thatweassumethattheshear

modulusof thehostrockis 30GPa. If theshearmodulusis 10GPa,themomentmagnitude

of themodelbecomesMw 5.4andmatchestheobservation.
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Figure6.16: Best-�t fault modelestimatedsimultaneouslywith dike andsill models,(a)
with thesameview asin the inset,and(b) whenthemodelis rotated130� counterclock-
wise.Theinsetshows thelocationof thefault.
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6.5.4 Dike Intrusion

We assumethat the dike propagationinitiated closeto the northernedgeof the sill and

daylightedwherethe�ssure wasobserved. As in thecaseof faultingwe take thesimplest

planarpathbetweenthe startingandthe endingpositions. Unlike faulting, however, we

estimateall threecomponentsof displacementdiscontinuityin eachelement. This is to

accommodateslips that releaseany pre-existing ambientshearstresses,pressurizedsill-

inducedshearstresses,shearstressesdueto an interactionbetweenthe dike andthe free

surface,and�nally shearstressesdueto theslip on theneighboringfault system.

Figure6.18shows thebest-�t dike modelestimatedsimultaneouslywith faulting and

sill closing.Thecolor indicatestheamountof openingandthearrowsshow themagnitude

anddirectionof theslip alongthedike planeon eachelement.Easternandwesternedges

of thedike areclampedandalongthe top edgedisplacementgradientsareencouragedto

bezero.Innerdikeelementsaresubjectto Laplaciansmoothing.At thebottomedgeof the

dike we try two differentboundaryconditions:(a) zerodisplacementgradient,and(b) an

adaptiveboundaryconditionthatmatchestheverticalcomponentsof theslip vectorswith

theopeningsat thenorthernedgeof thesill.

A possiblescenariothat may explain the two best-�t modelsis illustratedin Figure

6.17. Thescenariostartswith a pressurizedsill that inducesa dike propagation(Johnson

and Pollard, 1973;Pollard and Johnson, 1973). Oncethe dike opensup, the interaction

betweenthe sill andthe dike may favor a “reversefaulting” alongthe dike plane,given

thehigh-angledikegeometry(b). As thedikegetscloserto thesurfaceit startsfeelingthe

existenceof the freesurface,creatingshearstress.This shearstressfavorsmore“reverse

faulting” on thedike plane.Oncethedike leadsto aneruption,thesill getsdepressurized

andstartsclosing,resultingin “normal faulting”. Accordingly, theamountof slip becomes

smallerat the bottom of the dike, as the sill closesand pulls down the bottom edgeof

the dike (c). In other words, the “reversefaulting” is partially negatedby the “normal

faulting”. Note that the faultingat thedike is reversibleprocessaslong asthemagmain

thedike remainsliquid.

Geodeticdataaresensitive only to the �nal stateof the dike at the momentit solidi-

�es. Thus,dependingon how quickly thedike solidi�es, oneshouldcarefullychoosethe
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(a) (b) (c)

Figure6.17:Schematicverticalcrosssectionasin Figure6.2. (a) pressurizedsill afterthe
trapdoorfaulting, (b) dike intrusionaccompaniedwith “reversefaulting”, (c) co-eruptive
subsidenceaccompaniedwith “normal faulting”.

boundaryconditionsin themodel.Up until theonsetof theeruptionthedike experiences

the “reversefaulting”. Oncethe eruptioninitiatesandthe sill startsto close,a “normal

faulting” begins on the dike plane,reducingthe amountof slip dueto the “reversefault-

ing”.

Oncethe dike startssolidifying, the wall of the frozenpart of the dike doesnot slip

any more. If the dike freezesquickly andcoalescesinto a few conduitsearly during the

eruption,onecanconsiderthe dike andthe sill decoupledwhenmodeling(Delaney and

Pollard, 1981). If thedike solidi�es slowly andthesill pulls thehangingwall down until

theendof theeruption,thedikeandthesill arefully coupledandshouldbetreatedsoin a

model.Figure6.18aandFigure6.18brepresentthesedecoupledandcoupledendmember

modelsrespectively. Geistet al. (in press)observedthat thecurtain-of-�re coalescedinto

a singleventby day4, andon day6 of theeruptiontheeasternmostventreopened.When

the�ssure becameasinglevent,at leastpartof thedikesolidi�ed.

TheRMSerrorsfor eachdatain thetwo casesaresummarizedin Table6.2.Thedecou-

pled modelhasa slightly better�t to the descendinginterferogram,whereasthe coupled

model�ts the azimuthoffset slightly better. Given that theuncertaintiesin the interfero-

gramsandazimuthoffset areabout0.65cm and22 cm respectively, we cannotsayone

modelis favoredagainsttheotherbasedon thedata�tting. Theaforementioned�eld ob-

servationsby Geistet al. (in press)suggestthat themodelshouldbesomewherebetween

the two endmembers.Especiallyat the bottomof the dike, however, it is likely that the

openingwassustainedfor a long time,perhapscloseto theendtheeruption.Thus,model

(b) seemsto bephysicallymoreplausiblethanmodel(a). In model(b), themaximumdike

openingis about3.6m andtheaverageopeningis about1.7m.
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Table6.2: RMSerrorsof two casesin Figure6.18

Data Dike-sill decoupled Dike-sill coupled

Ascendinginterferogram 5.15cm 5.17cm

Descendinginterferogram 4.58cm 4.68cm

Azimuthoffset 81.69cm 81.40cm

Thus,if thedike solidi�ed quickly after theonsetof theeruption,it musthave frozen

with substantialdip-slip at the bottomof the dike (Figure6.18a),dueto the shearstress

release.In thiscasethesill doesnotmechanicallyinteractdirectlywith thedikeany more,

andbasicallythey aredecoupled.However, if thelava in thedikesustainedits liquid phase

for alongerperiodof time,it mayhavebeensubjectto thesill closingperhapslargeenough

to negatethe initial slip andevenreversethe senseof motion. Whenthe shallow part of

thedike solidi�es �rst, theeffect of thesill at the initial stage(i.e. thereversefaulting) is

recordedandfrozenalongwith theshallow part of thedike. By the time thedeeperpart

of thedike solidi�es thesill hasclosedsubstantially, pulling thehangingwall of thedike

backtoward thesill andclosingthedike at thebottom(Figure6.18b). Theslight closing

at thebottomof thedike in Figure6.18bmaybedueto thepoorresolutionof themodelat

theboundaryof thedikeandthesill. For example,eachelementof thesill hasadimension

of 500 m by 500 m, and its displacementdiscontinuityis calculatedat the centerof the

element,wheretheamountof closingis alreadya few meters.Thisvalueis matchedto the

displacementdiscontinuityat thedike.

6.5.5 Fault-Sill Interaction

As previously mentioned,thedatahint at a rampor wedge-like structureat depth. Thus,

we separatethesill modelinto two components:a uniformly depressurizedsill (i.e. crack

solution)andasill thatcanfreelyopenor closewith asmoothingconstraint(i.e. kinematic

solution).Thesetwo sill modelssharethesamedepthandthesamedetailedgeometry(i.e.

Figure6.14). Openingdistributionsof the two modelsaresimultaneouslyestimatedwith

faultinganddike intrusionmodels,andthesumof theopenings(or closings)from thetwo
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Figure6.18: Best-�t dike modelsestimatedsimultaneouslywith fault andsill models,(a)
whendisplacementsof dike andsill arenot coupledand(b) they arecoupled. The inset
showsthelocationof thedike.
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modelsconstitutethe �nal openingdistribution of the sill. Here we discussthe second

component,thekinematicsolution.

TheLaplaciansmoothingis appliedto innerelementsof thesill andthezerodisplace-

mentdiscontinuitygradientconditionis appliedattheedgeelements.In addition,weapply

a physicalboundaryconditionalongtheedgeof thesill thatis closeto thebottomedgeof

thefault. Weassumethatthebottomof thefaultsystemis just touchingtheedgeof thesill,

which is plausiblefor a pressure-inducedtrapdoorfaulting. Whenthe faulting happens,

theshearstressdropon the fault planeinducesnormalstressdropon thewall of thesill,

redistributing the openingsat the sill. In orderto avoid large singularitiesat the edgeof

thesill, or equivalentlyto avoid materialgapatdepth,theslip distributionat thebottomof

the fault systemis matchedwith theopeningsalongthecorrespondingedgeof thesill as

illustratedin Figure6.2b.

The inversionresultsareshown in Figure6.19. There,(a) is theuniformly depressur-

ized sill model,and(b) is the kinematicmodelof the sill coupledwith the fault andthe

dike. Thekinematicmodelsuggeststheinteractionbetweenthefaultandthesill. Theeast-

ernpartof thesill showsastrongcontractionor closing,whereasthewesternpartshowsan

openingalongtheedge.Webelievethatthisanomalyshowstheeffectof magmatransport

towardthefaultplanewhenasuddenopeningwasforcedonthewesternendof thesill due

to thefaultingevent. Thetrapdoorfaultingoccursnearlyinstantaneouslycomparedto the

magmain�ux. Hence,theexisting magmain thechamberhasto move in responseto the

pressuregradientcausedby thefaultingevent(Figure6.20).By superposingtheuniformly

depressurizedmodelandthekinematicmodelof thesill, we cancreatea compositeopen-

ing/closingsill model(Figure6.21). Themaximumclosingof thecompositesill modelis

about8.9m, andthetotal volumedecreaseat thesill is about0.124km3.

The residualsbetweenthe best-�t modelpredictionandthe dataareshown in Figure

6.22. The modelis composedof the trapdoorfaulting,dike intrusion,andthe composite

sill, all of which arecoupledandsimultaneouslyestimated.A few fringesshown in (a)

maybedueto thesimpli�ed fault anddikegeometryor dippingof thefault planes.About

94%of datavarianceis explainedby thebest-�t model.
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Figure6.19: (a) Best-�t uniformly depressurizedsill model,and(b) best-�t kinematicsill
model(opening),which is theeffet of interactionof sill with faultinganddike intrusion.
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Figure6.20: (a)pressurizedsill (b) magmatransportin thesill dueto thetrapdoorfaulting
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Figure6.21:Best-�t compositesill model(uniformly depressurizedsill + kinematicopen-
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Figure6.22: Residualbetweenthe best-�t modelpredictionandthe datafor (a) ascend-
ing interferogram,(b) descendinginterferogram,and(c) azimuthoffset. Onecolor fringe
represents20 cm of LOSdisplacementin (a)and(b).
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6.6 Extruded Volume

The estimatedvolumedecreaseat the sill during the eruptionwasabout0.124km3. We

comparethis with extrudedvolume estimatedby simulating the lava coverageusing a

TOPSAR-SRTM mergedDEM. We pour lava inside the calderaand let it �o w to reach

the lowestelevation. Practicallythis wasdonesimply by subtractinga presetelevation

from theDEM andde�ne thenegativeareaas”�ooded”. Thenwe calculatethevolumeof

the�ooded area.

We choose15 elevationsfrom 900 m to 950 m with a uniform interval. For each

elevation of the �at lava surface, the �ooded areaand the associatedvolume is plotted

(Figure 6.23). This �ood chart was comparedwith the real lava coverageobserved by

ASTERsensormountedon NASA's Terrasatellite(Figure6.1), which shows thesurface

temperature.Note that the mostsimilar patternof the �ooded areacanbe found around

0.141km3. Assuminganaverageporosityof lavapile of 15%,we estimatethedenserock

equivalent volume of extrudedlava as 0.120km3. This roughly matchesthe estimated

volumedecreaseof thesill (0.124km3), implying thattheremaynothavebeensubstantial

amountof volatilesin themagmachamberbeforetheeruption,but enoughto make 15%

porosity. The estimatedvolumeincreaseof the dike intrusionis about7.8 million cubic

meters,negligible comparedto thevolumelossof thesill andtheextrudedvolume.In case

of the�ood modelwith 0.141km3 of extrudedvolume,theaveragelavadepthis about11.4

m andthemaximumdepthis about44.9m.

This simpli�ed �ood modeldoesnot considerthestrengthof lava thatresists�o wing.

For example,theextentof real lava �o w alongthesouthernmoat(thevalley betweenthe

southernpart of the fault scarpandthe southerncalderarim) is about1 km shorterthan

the extent of the simulatedlava coverage. Anothersourceof error is the subsidenceof

the caldera�oor , which is not includedin the DEM. Nevertheless,the overall similarity

betweentheobservedandsimulated�ood patternsindicatesthat this simple�ood model

mayprovidea �rst-order estimateontheextrudedvolume,especiallywhenthelava �o w is

restrictedby acon�ning topographysuchasthecalderarim.
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0.009 km3 0.020 km3 0.039 km3 0.065 km3 0.100 km3

0.141 km3 0.189 km3 0.243 km3 0.302 km3 0.364 km3

0.430 km3 0.499 km3 0.572 km3 0.648 km3 0.728 km3

Figure6.23:LavacoveragesimulationusingDEM.



112 CHAPTER6. 2005ERUPTIONAT SIERRANEGRA

6.7 Conclusions

2005eruptionasSierraNegra volcanounderwentcomplex andlarge deformationdueto

a trapdoorfaultingeventthatprecededtheeruptionby 3 hours,dike intrusionthat fed the

eruption,andthehugeco-eruptivesubsidence.By usinga newly developedalgorithm,we

wereableto form oneascendinginterferogramandonedescendinginterferogramthatspan

the eruption. Azimuth offset imagewasformedfrom ascendingSAR imagepair. These

datawereadjustedusingGPSdata,so the dataspanonly the eruptionperiodbut not the

pre-andpost-eruptiveuplifting period.Thentheadjusteddatawereusedfor modelingthe

faultingevent,dike intrusion,andthesill closingsimultaneously.

The trapdoorfaulting event andthe dike intrusionweremodeledwith kinematicdis-

tributeddislocationmodels.Theestimatedseismicmomentof thefaultingevent(Mw 5.7)

suggeststhat a substantialamountof slip occurredaseismically. Most of the slips were

concentratedalong the westernpart of the fault system. The averagedike openingwas

estimatedasabout1.7 m. The dike musthave undergonelarge dip-slip dueto the pres-

surizedsill andthe interactionwith the free surface. However, while the dike contained

liquid magma,theinitial slip seemedto benegatedmostlyatdepthby theclosingsill. This

suggeststhatlowerpartof thedikemusthave remainedliquid at leastduringthe8 daysof

theeruption.

The peripheryof the sill wasestimatedindependentlyusinga pre-eruptive uplift in-

teferograms.The depthof the sill wasestimatedas1.86km � 0.13km, andthe best-�t

sill peripherymodelexplainedabout99%of thedatavarianceof interferogramsbeforethe

eruption.The �x edgeometryof thesill enabledus to parameterizethesill with only one

parameterof excessmagmapressure.We estimategeophysicalparametersof threema-

jor events: faulting,dike intrusion,andsill closing. A kinematicsill modelis usedalong

with auniformly depressurizedsill. Thekinematicsill modelwasmechanicallycoupledat

its edgewith the fault systemandthedike plane. We believe that theestimatedopening-

closingdistributionof thekinematicsill modelshow thechangein openingdistributionof

thesill dueto thetrapdoorfaulting.

By superposingthekinematicsill modelandtheuniformly depressurizedsill, we pro-

duceda compositesill model,whosevolumedecreasewasestimatedasabout0.124km3.
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This volumeloss roughly matchesour estimateof the extrudedvolume,which wascal-

cultedby DEM analysis.The best-�t modelof trapdoorfaulting, dike intrusion,andsill

opening-closingexplainabout94%of thegeodeticdata.



Chapter 7

ThesisFindings and Conclusions

In this work we usedSpace-borneInterferometricSyntheticApertureRadar(InSAR) to

estimategeophysicalparametersof the 2005eruptionat SierraNegra volcanoin Isabela

Island,Gaĺapagos.In orderto achievethisgoal,wedevelopedthreemainnovel algorithms

to implementdataprocessingandmodeling.

First, we producedthebestquality DEM to dateof SierraNegra volcanoby merging

a high-resolutionTOPSARDEM and a low-resolutionSRTM DEM. The pixel spacing

of TOPSARDEM is 10 m, but it hassomeartifactsandmany “data holes”. The pixel

spacingof the SRTM DEM is 90 m, but it hasfewer holesandhasmorecomprehensive

coverageandreliabledatavalues.We mergedthetwo DEMs by solvinganinverseprob-

lem constrainedwith a Prediction-Error�lter andthe SRTM DEM. The pixel spacingof

the mergedDEM is 10 m, it doesnot have a hole, andits datavalueshave reliability of

SRTM DEM (Yun et al., 2005). We usedthis DEM to subtracttopographyeffect from

interferogramsthatspanthe2005eruptionatSierraNEgra.

Second,wedevelopedanew inversionalgorithmto solvefor thedetailedgeometryof a

uniformly pressurizedcrack.Usingthis inversionwecanproduceamechanicallyplausible

andinternally consistentcrackmodel that �ts InSAR observations. We alsoconstrained

thegeometryof themagmachamberat SierraNegra. Usinga ascendinganddescending

interferogrampair, we showed that the magmachamberat SierraNegra had a �at top.

However, theverticalextentof themagmachambercannotbewell constrainedby surface

displacement.Thermalanalysissuggestedthat the thicknessof themagmachamberis at

114
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least40 m (Yun etal., 2006).

Third, we developedanew interferogramforming algorithm,which is usefulwhenthe

deformationis large andcomplex. Using the algorithm we were able to produceintra-

calderainterferogramsthatspanthe2005eruptionatSierraNegra,whichwasnotpossible

with existingstandardInSARsoftware.The2005eruptionatSierraNegracausedabout5.4

metersubsideceandwasprecededby aMw 5.4earthquake. Thesetwo eventscausedcom-

plex andsteepdisplacementgradients,which madeSAR imagecoregistrationandphase

unwrappingvery dif�cult. The new algorithm involvesa rubber-sheetingcoregistration

andrangeoffsetimagesubtractionto solve thisproblem(Yun etal., in review). Theoutput

interferogramswereusedto modelSierraNegra's 2055eruption.

The 2005 eruptionat SierraNegra was modeledusing InSAR and GPSdata. The

modelconsistsof threemainparts: trapdoorfaulting,dike intrusion,andopening-closing

of a sill. Thedepthandthedetailedgeometryof thesill wasestimatedfrom anascending

anddescendinginterferogrampair beforetheeruption.Theestimateddepthwas1.86km

� 0.13km. TheGPSdatawereusedto estimatepre-andpost-eruptive in�ation, andthe

deformationdueto the in�ation wassubtractedfrom InSAR datain order to effectively

reducethetemporalbaselineof theInSARdata.

In thetrapdoorfaultingmodel,themaximumslip ( 1.8 m) occurredalongthewestern

andbottomendof thefaultsystem.Theslipbecomesabout1.5mtowardthesurface,which

matchesthe�eld observationverywell. Theequivalentmomentmagnitudeof thetotalslip

wasestimatedto beMw 5.7whentheshearmodulusis 30 GPa. For shearmodulusof 10

GPa, it becomesMw 5.4,which is themomentmagnitudeof theearthquake thatoccurred

3 hoursprior to theonsetof theeruption.Thedikemodelshowedaverageopeningof 1.7m

and“reversefaulting” averagedip slip of 1.6m. Thelargedip slip is dueto theinteraction

with thesill andthefreesurface.

Thethesill modelis thesumof two components:a uniformly depressurizedsill anda

kinematicsolutionof openingsat thesill. Theuniformly depressurizedsill accountedfor

theco-eruptive subsidence.The kinematicmodelshoweda wedge-like openingdistribu-

tion, andthis suggestedthe interactionof thetrapdoorfaultingandthesill. Therepeating

cycle of trapdoorfaulting anderuptioncanproducean accumulatedwedge-like structure

atdepthaswell asonthesurface.Webelievethatthesurfaceexpressionof thisstructureis
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shown asthecharacteristicC-shapedsinuousridgeinsidethecalderaof SierraNegra.The

estimatedvolumedecreaseat thesill was0.124km3, andtheestimatedextrudedvolume

(denserock equivalent)wasabout0.120km3. This similarity suggeststhat theremaynot

havebeensubstantialamountof volatilesin themagmabeforetheeruption.
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