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Summary

Wepresenta newmethodfor constructingreceiverfunctionsandtheimpulse

responsefunctionsthattheyarebasedupon. Themethoddiffers from othersin

commonusein specificallyseekingreceiverfunctionswith theminimalnumberof

pulsesthatcansatisfythedataup to its noiselevel,andis meantto becomplementary

to � ascontrastedto areplacementfor �  them. No preconceptionsaboutthe

underlyingearthmodelarebuilt into theprocedure,otherthantheassumptionthatthe

pulsescorrespondto bodywavearrivals,andthuscausein−phasemotionon all

seismogramcomponents.By examininga sequenceof receiverfunctions,with

increasingnumberof pulses,we caninvestigatetheiroverallinformationcontentand

therobustnessof their features.We applythemethodto crustalstructureat station

PAL (Palisades,NY), anduseit to constrainthedepth anddip of theMohobeneath

thatstationto 33±1 (1σ) km and8°±2º (1σ), strikingN22ºE ± 20º(1σ), respectively

Introduction

ReceiverFunction(RF) analysis(Phinney1964,Burdick andLangston1977,Owens

& Crosson1988) has becomea very popular and effective tool for investigating

crustalanduppermantlestructure. Its popularity is partly dueto its beinga passive

methodthat requiresonly onereceiverthathasrecordedteleseismicP waves.It can

thereforebe usedto study structurein placeswhere active−source(i.e. refraction)
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experimentsare impractical,and to depthsbelow thosethat canbe easily insonified

throughconventionactivesources(e.g.chemicalexplosives).

RF analysishas beenvery successfullyapplied to many aspectsof near−receiver

structure– too many to review fully here. But a representativesamplingwould

includestudiesof thecrust(e.g.Sheehanet al. 1995,Sandvolet al. 1998),subducting

slabs(Regnier1988,Li & Nabelek1996),transitionzonetopography(e.g.Shenet al.

1996,Dueker& Sheehan1997, Li et al. 1998), and magmachambers(Sheetzand

Schlue,1992).

The RF method relies upon the cascadeof converted and multiply reflected

compressionaland shearwavesthat a teleseismexcitesin the structurebeneaththe

receiver,and that samplethe elastic propertiesof that part of the earth. Both the

vertical and horizontalcomponentsof the seismogramcontain thesephases,which

arrivesecondsto tensof secondsaftertheP wave(Fig. 1). However,thesesecondary

arrivals are usually difficult to discern in the raw seismograms,becauseof the

typically long durationof theearthquakesourcetime function. RF analysisis a way

of removingtheeffectof thesourcetime function,sothat thesecondaryarrivalsstand

out.

Most commonly, receiverfunctions are interpretedin the context of an isotropic,

plane−layeredearthstructure,althoughtheeffectof layerdip andvelocity anisotropy

(Levin & Park 1997) are sometimesmodeled. We will refer to the convertedand

multiply−reflected phases in a plane−layered earth structure, generically, as
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“reverberations”,in order to distinguishthemfrom the moredisorganizedwavefield

producedby “scattering”from three−dimensionalheterogeneities.Both reverberations

andscatteringmayoccurbeneatha station,with thelaterbecomingmoreimportantat

higher frequencies(>1 Hz) (Abers 1998). Part of the emphasisof this paperis to

develop RF interpretation methods that are not locked into any particular

preconceptionabouttheearthstructure,but ratherwhich providesomeinsighton the

data'sability to discriminatebetweenthem.

TheReceiverFunction

Supposethata seismicstationdetectsteleseismicPphasesfrom a varietyof sources

with differentepicentraldistancesandazimuths.Let theverticalandradial−

horizontalseismogramsbedenoted,V iobs(t), and,Riobs(t), respectively.Herethe

subscript,i, indexestheN phasesandthesuperscript“obs” denotes“observed”. We

assumethattheseseismogramshavebeenwindowedto isolatetheP wave. Wecan

representeachseismogramastheconvolutionof a “source”wavelet,si(t), with the

verticalandradial−horizontalimpulseresponsefunctions,vi(t) andri(t), respectively.

Theseresponsefunctionsquantifytheeffectof near−receiverstructureon thephase:

V iobs(t) = sitrue(t) * vitrue(t) (Eqn.1)
Riobs(t) = sitrue(t) * ritrue(t) (Eqn.2)

Weusethesuperscript“true” to indicatethatin theabsenceof noisetheobserved

seismogramsarerelatedto the actualsourcewaveletandimpulseresponses.The

term,si(t), is a “source”waveletin thesensethatit characterizesthewaveformof the

phasebeforeit interactswith thenear−receiverstructure.It describesboththeeffects
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of theearthquakesourceitself andsubsequentmodificationby structurefar from the

receiver.An importantaspectof theseequationsis thatthesamesourcewavelet

appearsin bothequations.

TheRFmethod(Phinney1964,Burdick andLangston1977,Owens& Crosson1988)

is a strategyfor removingthesourcewaveletfrom theseequations,creatingan

observablequantity− thereceiverfunction,F(t) − thatdependsexclusivelyon the

near−receiverstructure.Eqns.1 is solvedfor thesourcewavelet:

sitrue(t) = V iobs(t) * vi−1true(t) (Eqn.3)

Herev−1itrue(t) is theinversefunctionto vitrue(t), in thesensethatv−1itrue(t)*v itrue(t)

=δ(t), whereδ(t) is theDiracdeltafunction. Eqn.3 is theninsertedinto Eqn.2,

yielding:

Riobs(t) = [r itrue(t) * vi−1true(t)] * V iobs(t) * = Fitrue(t) * V iobs(t) (Eqn.4)

Notethatthe“receiverfunction”, Fitrue(t) = ritrue(t)* vi−1true(t), involvesonly the

responseof theearth,andnot thesourcewavelet. Finally, an“observed”receiver

function,Fobs(t), canbeconstructedby solvingEqn.4 for F:

Fobs(t) = Riobs(t) * V i−1obs(t) ≈ ritrue(t) * vi−
1true(t) = Ftrue(t) (Eqn.5)

Theobservedreceiverfunction,Fiobs(t), is constructedby deconvolvingtheobserved

verticalcomponentseismogramfrom radial−horizontalcomponent.Notethatit

containsinformationaboutthenear−receiverstructure,butnot aboutthesource
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wavelet.

Informationaboutthenear−receiverstructurecanbegainedby comparingthe

observedreceiverfunctionwith areceiverfunction,Fipre(m,t)=hipre(m,t)*v−1ipre(m,t),

predictedfrom someearthmodel,m (see,for instance,Ammonet al. 1990). Herethe

vector,m, representswhateverparametersarenecessaryto describethestructureof

theearthnearthereceiver(e.g.thicknessandvelocitiesin a planelayeredmodel,

propertiesof discretescatteresin heterogeneousmodels).Least� squarescanbeusedto

selecta best−fitting model:

find themestthatminimizes
Ei(m) = || Fiobs(t) − Fipre(m,t) ||2

with respectto m (Eqn.6)

Herethesuperscript,“est”, denotes“estimated”and||.||2 denotessomemeasureof the

differencebetweentwo timeseries,sayx(t)=Fiobs(t) andy(t)=Fipre(m,t). Onepossible

choiceis:

||x(t)−y(t)||2 =
�

[x(t)−y(t)]2 dt / [
�
x2(t)dt+

�
y2(t)dt] (Eqn.7)

Eqn.7 is basedon thecommonly−usedL2 norm,andhasbeennormalizedsothatthe

misfit, Ei(m), doesnot dependupontheoverallamplitudeof theseismograms.The

misfit is zeroif all thereceiverfunctionsareexactlymatchedandis of orderunity if

all thefits arepoor.

Oneundesirablefeatureof this fitting procedurearisesfrom theneedto perform

deconvolutionsof boththeobservedseismogramsandthepredictedresponses.This
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processoftensuffersfrom instability,especiallywhentheobservedtimeseriesare

band−limited, or whenthepredictedverticalresponsehasa spectralzeroin the

frequencybandof interest(e.g.Clayton& Wiggins1976,Ammon1991). While this

instability to somedegreecanbeeliminatedby usingadvancedsignalprocessing

techniques(e.g.Park& Levin, 2000),we suggestanalternatestrategythatcompletely

avoidstheneedto performanydeconvolutions.We first notethatEqn.5 canbe

manipulatedinto theform:

Riobs(t) * vitrue(t) ≈ V iobs(t) * ritrue(t) (Eqn.7)

Thepredictedresponses,vipre(m,t) andripre(m,t), will satisfyEqn.7 whentheyare

equalto thetrueones.A estimateof themodelis thusgivenby least−squares:

find themestthatminimizes
Ei(m) = || ripre(m,t) * Viobs(t) − vipre(m,t) * Riobs(t) ||2

with respectto m (Eqn.8)

Notethatthisprocedurecontainsonly convolutionsof known(observedand

modeled)quantities.An advantageof this procedureis thatit avoidsbiasassociated

with smoothing(i.e. low passfiltering) thatoccursduringthecomputationof the

receiverfunction,andthereforeallowstestingwhetherthedataarecompatiblewith

theassumptionof sharplayerinterfacesor compactthree−dimensionalscatterers.

Structuralinversionsthatproceedfrom a smoothedestimateof thereceiverfunction

will of coursebemostcompatiblewith asmoothvelocity structure.But ruling out

sharpinterfacesor compactscattererson thatbasiswould bea fallacy.
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Minimalist ReceiverFunctions

Normalpracticeis to usea deconvolutiontechniqueto estimatethereceiverfunction

from theobservedseismograms.Thereceiverfunctionobtainedin this way is a

timeseriesof thesamelengthandsamplingintervalastheinputseismograms.A

preliminaryinterpretationcanthenbeperformedby finding pulsesin thesereceiver

functionsthatcorrespondto secondaryarrivalsassociatedwith thecompressionaland

shearwavesscatteredfrom heterogeneitiesat depth(e.g.theshearwavefrom the

Mohointerface). Thispreliminaryinterpretationcanbeusedto developastarting

modelthatcansubsequentlyimprovedby theleast−squaresmethodof Eqn.6.

Thereareseveralunsatisfactoryaspectsto thisapproach.

First, thereis amismatchbetweenthelargenumberof parametersin thereceiver

function(equalto thenumberof samples,M, in theobservedseismograms)andits

actualinformationcontent,which is almostcertainlymuchsmaller. This low

informationcontentis dueto boththeinsensitivityof low−frequency(typically <1

Hz) teleseismicwavesto smalldetailsin structure,andto our inability to modelhigh

frequenciesevenwhentheyareavailable,owing to thelargecontributionfrom

scattering(Abers1998).We would like wayof estimatinghow muchinformationis

actuallyavailable,in orderto avoidoverinterpretingthedata.

Second,if thereceiverfunctionis likely, at leastto first order,to containaseriesof

discretepulses,thenits representationasa long timeseriesonly servesto complicate
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detectingthemanddeterminingtheirarrival timesandamplitudes.

Weimplementanalternaterepresentationof thereceiverfunctionthatassumesthatit

consistsof asmallnumber,sayL, of discretepulses:

Fiest(t) = Σj=1L cj δ(t−Tj) (Eqn.9)

Herethecj aretheamplitudesof thepulsesandTj is their timeof occurrence.(Note

T1 canbetakento bezero).Theseparametersconstituteunknownparameters,andare

estimatedusingtheleast−squaresproceduredefinedin Eqn.6. Notethatthecj are

not “velocity model”parameters,sincetheydonot parameterizeanyparticularnear−

receivervelocity model. This approachplacesnopreconceptionson theprocesses

thatproducescatteredcompressionalandshearwaves. It worksequallywell for

layeredearthmodelsandmodelswith discrete,threedimensionalheterogeneities.For

this reasonit is conceptuallydifferentfrom (ancomplementaryto) methods,suchas

Sandvolet al.'s(1998),thatfit thereceiverfunctionwith anearthmodelcontaining

only a few parameters.

Weuseagrid searchto find thereceiverfunctionparametersthatminimizethemisfit

betweentheobservedandpredictedradial−horizontalseismogram:

find themestthatminimizes
Ei(m) = || Riobs(t) � Fest(m,t)*Z iobs(t) ||2

with respectto m
(Eqn.10)

While thenumberof parametersis 2L−1 (L amplitudesandL−1 pulsetimes),thegrid
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searchneedbeperformedonly overtheL−1 pulsetimes,sincetheproblemof

determiningthecoefficientsis completelylinearwhenthepulsetimesarefixed. Eqn.

9 is insertedinto Eqn.4., yielding:

Riobs(t) = Fiest(t) * V iobs(t) = Σj=1L cj V iobs(t−Tj) (Eqn.11)

This is asystemof M linearalgebraicequationsfor theL unknownamplitudes,cj, and

canbereadilysolvedby least−squares(e.g.Menke1989,Abersetal. 1995,Gurrola

andMinster1995). Our experienceis thatthegrid searchis aneffectivesolution

methodwhenthenumberof pulsesis lessthanabout6. Shouldreceiverfunctions

with morepulsesbeof interest,thennon−linearminimizationprocedures,suchas

simulatedannealing(Velis 2001)or geneticalgorithms(Koperetal. 1999,Floyd

2001)needbeappliedto minimizetheerror,E, with respectto Tj.

A analogousmethodcanbeusedto find spiky versionsof theimpulseresponse

functions. We startwith a spiky representationanalogousto Eqn.9:

viest(t) = Σj=1L aj δ(t−Tj)
riest(t) = Σj=1L bj δ(t−Tj) (Eqn.12)

Hereaj andbj aretheamplitudesof thepulsesandTj is their timeof occurrence.Note

thatpulsesareassumedto arriveat thesametimesonbothcomponents,aswould be

expectedif theycorrespondedto seismicbodywaves,andthat T1 canbetakento be

zero.Theminimizationprincipledefinedin Eqn.8 canthenbeusedasthebasisfor

determiningtheunknownparameters.However,Eqn.7 indicatesthattheimpulse
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responsescanonly bedeterminedup to anarbitrarymultiplicativeconstant,sosome

furtherconstraintmustbeaddedto theminimizationprocess.We usea0=1. As in the

receiverfunctioncase,thegrid searchneedbeperformedonly overtheL−1 pulse

times,sincefor fixed pulsetimestheequationfor theamplitudesis linear. Inserting

Eqn.12 into Eqn.7 yields:

Σj=2L aj Riobs(t−Tj) − Σj=1L bj V iobs(t−Tj) = − R1obs(t−T1)

(Eqn.13)

This is asystemof M linearalgebraicequationsfor the2L−1 unknownamplitudes,ai

andci.

Eqn.7, which formsthebasisof theminimization,would besatisfiedevenif viest(t)

andriest(t) werebothconvolvedby somearbitraryoperator,sayO(t). Onemight

supposethenthattheestimatedoperatorsresultingfrom thegrid searchsufferedfrom

thissamenonuniqueness.However,theconditionthattheresponsescontainexactly

L pulsesis verystringent. In general,if viest(t) containsL pulses,thenO(t)*v iest(t) will

containmorethanL pulses,sothis nonuniquessis usuallynot aproblem. An

exceptionis thedegeneratecasewhensomeof theL pulseshavezeroamplitude.

Thusfor example,if theminimal−errorthree−pulseoperators,viest(t) andriest(t), in

facthaveonly two non−zeropulses,separated,say,by a time interval,∆t, thenO(t)

*v iest(t) andO(t)*r iest(t) will beminimalerrorwith 3 pulses,for anytwo−pulse

operator,O(t), with a pulseseparationof ∆t.

An estimateof thereceiverfunctioncanbeformedby deconvolvingtheL−pulse
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verticaloperatorfrom theradial−horizontaloperator,F'est(t)=riest(t)*z i−1est(t). Herewe

usetheprimeto distinguishthis estimatefrom thepreviousestimate,Fest(t), that is

basedonEqn.10.Thetwo estimateswill, in general,bedifferent,andindeedF'est(t)

will, in general,haveaninfinite numberof pulses.Onemightarguethatfor anyfixed

L, Fest'(t) is a betterestimateof thereceiverfunctionthanis Fest(t), sinceF'est(t) is

basedon3L−2 parameterswhile Fest(t) is basedon only 2L−1. Indeed,F'est(t) will

typically havesmallererrorthanFest(t), asquantifiedby Eqn.10. However,the

processof deconvolutionis non−trivial, andowing to spectralzeroesin ziest(t) can

easilyleadto anF'est(t) that is ringy or otherwiseunaesthetic.

Applicationto thePAL (Palisades,NY) SeismicStation

Weselected29high quality teleseismicseismogramsrecordedby a broadband

seismometeratstationPAL, locatedabout20 km northof New York City in

Palisades,NY. All earthquakeshavemagnitudes,mb≥6, andepicentraldistances

between30°−90°. A 40ssegmentof theP wavewasextracted,low−passfiltered

below1 Hz, cosinetapered,andresampledwith a intervalof 0.2s.Themediansignal

to noiseratioof thesedata,basedon acomparisonwith thesignalimmediately

precedingthePwave,is about7:1 for theverticalcomponentandabout5:1 for the

radial−horizontalcomponent.Theactual“signal” relevantto estimatesof thereceiver

function,however,is themismatchbetweentheradial−horizontalcomponentandthe

verticalcomponent,afteranoverallscalefactorhasbeenaccountedfor. (This is to

saythatnear−receiverstructurecanonly bedetectedinsofarasthemotionon the
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radial−horizontalcomponentis differentthanon theverticalcomponent).The

mediansignalto noiseratioof thesedatais considerablyworse,about2:1. Thebest

ratio,12:1, wasfor amb=7.8earthquakeoccurringonly 31° away. Nevertheless,

PAL hasa fairly averagenoiselevel,whencomparedto otherbroadbandstations

operatingin NorthAmerica.(It is anintermediatenoisestation,whenjudgedagainst

Peterson's(1993)Low NoiseModel (LNM), with anoiselevel that is about5 dB

higherthantheLNM ata periodof 10s).

A sequenceof impulseresponses,riest(t) andziest(t) andthereceiverfunction,Fest(t)

wereestimatedfor eachP wave,for L=1 throughL=5. Thegrid searchallowed

pulsesto occurin thefirst 15sof theoperators,with a timeresolutionequalto the0.2s

samplingintervalof theseismograms.This time windowis sufficientto includeshear

phasedscatteredfrom crustanduppermostmantleheterogeneity,butexcludesshear

wavesscatteredfrom thetransitionzone.Thealternatereceiverfunction,F'est(t), was

alsoestimatedfrom riest(t) andviest(t) usinga standarddeconvolutionalgorithm.

However,it neededto below−passfilter below1 Hz to suppresshigh−frequency

ringing.

Theestimatedimpulseresponsesandreceiverfunctions(Fig. 2) evolvein anorderly

wayasthenumberof pulsesin their representationsincrease(i.e.asL increases).A

pulsewith anarrival timeof about4−5sis presentin nearlyall cases,andis presumed

to representtheMoho−convertedshearwave,Ps. In all casesthelogarithmof the

misfit decreasesmonotonicallyandapproximatelylinearlywith L (Fig. 4). As

expected,themisfit associatedwith theimpulseresponses,riest(t) andziest(t),
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decreasesfasterwith L thandoesthemisfit associatedwith thereceiverfunction,

Fest(t). Themisfit is reduced,onaverage,by a factorof about6 for theL=5 impulse

responsesandabout3 for theL=5 receiverfunctions. Since,asdiscussedabove,the

actualsignalto noiseratio is only about2:1,correspondingto amisfit of 4:1, theL=5

impulseresponsesareprobablyslightly overfitting thedata,while theL=5 receiver

functionsareslightly underfittingit.

TheFest(t) andF'est(t) receiverfunctions(Figs.4 and5) bothindicatethatthearrival

timeof Psvariessystematicallywith thearrival direction(i.e.backazimuth,φ) of the

Pwave.Psarrivesabout4safterP for southerlybackazimuths,increasingto about5s

for northerlyazimuths.We haveinvertedthethree−pulse(L=3) Psarrival times(Fig.

6) for crustalthickness,assumingaplane−layeredstructureandmeancrustal

compressionalandshearwavevelocitiesof 6.50and3.69km/s,respectively(Levin et

al. 1995).Themeancrustalthicknessof 33±1 km is consistentwith whatis known

aboutthegeneralthinningof thecontinentalcrustof thenorthernAppalachians,from

45−50km at thecenterof thecraton,to about35km at thecoast,to 15−20km on the

continentalshelf(HughesandLuegert,1992;Hennetet al., 1991;KeenandBarrett,

1981).Theapparentdip of theMohoat Palisades,of about10° downwardin the

directionN292°E is abouttwice aslargeasmightbeexpectedfrom this regional

crustalthinning,presumingit to beuniform.StationPAL is sitedin thenortheastern

cornerof theNewarkbasin,ahalf−grabenboundedon its westernmarginby a

steeply−dippingnormalfault. TheNewarkbasinis oneof theMesozoicrift basins

associatedwith theopeningof theAtlantic ocean.TheinferredN22°E ± 20º(1σ)
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strikeof theMoho is differentthantheN60°E strikeof sedimentswithin thebasin(P.

Olsen,personalcommunication,2002),butbotharegenerallyconsistentwith the

notionthatthecrustthickenstowardsthenorthwesternsideof thebasin.Otherlocal

irregularitiesin crustalthicknessof similar magnitudeshavebeenobserved~300km

awayin New Hampshire(Shalevet al. 1991).

Additionalsupportfor thedippingMohocanbeobtainedby examiningtheapparent

angleof incidence,θ, of theP wave,asinferredfrom thedirectionof particlemotion

of theleadingpulsein theL=3 impulseresponses(i.e. tan(θ)=b1/a1). We first

considerthecaseof ahorizontalMoho.Ignoring,for a moment,theperturbingeffect

of thefreesurfaceon particlemotions,we would expectfrom Snell'slaw thatthe

apparentangleof incidenceis a functionof theslowness,p, of theteleseism(as,

inferred,sayfrom theIASPEI tables(Kennett,1991))andthenear−surfacevelocity,

α, of thecrust:sin(θ)=αp. Numericalcalculations(not shown),basedonAki and

Richard's(1991,p. 190)free−surfacecorrectionformula,indicatethatevenwhenthe

freesurfaceis takeninto account,sin(θ) still variesapproximatelylinearly with p,

althoughtheproportionallyconstantis biasedto valueslargerthanα. Theapparent

angleof incidencedata(Fig. 7, top)do follow this rule,andscatterabouta bestfit

line of slope,6.03±0.7(1σ) km/s.Thisslopeimpliesa near−surfacevelocity of

α=5.69±0.6(1σ) km/s,afterthefreesurfacecorrectionis applied.If theMoho is

dipping,we would expectit to havea perturbingeffecton theapparentangleof

incidence,biasingit towardslower valueswhenthePwaveis propagatingin the

updipdirection,andto highervalueswhenit is propagatingin thedowndipdirection.
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Thispatternis indeeddetectedin thedata(Fig. 7, bottom).Theoverallamplitudeof

thesinusoidalvariationis about∆ sin(θ) = 0.04±0.01(1σ), which is consistentwith a

dip of about8º±2º(1σ). Thefact thatthePwavesamplesa largerpatchof Moho

(radiusof about15km) thandoesthePsphase(Fig. 1, inset),yet bothdetectsimilar

dip, indicatesthattheMoho topographyhaswavelengthgreaterthanthis dimension.

Conclusions

Theanalysismethodthatwe presenthereenablestheconstructionof a receiver

functioncontainingtheminimalnumberof pulsesneededto fit theobservationsto

anydesiredlevel of accuracy.Themethodologythereforeallowsoneto assessthe

degreeto which thedataarecompatiblewith theideathatthenear−receiverresponse

is dominatedby theeffectof justa few discreteinterfacesor scatterers.Themethod

is complimentaryto deconvolution−basedmethodsthatproducereceiverfunction

estimateswith manymoredegreesof freedom.

Whenappliedto seismicdatafrom stationPAL (Palisades,NY), themethodproduces

receiverfunctionsthatcontaina clearPsphasefrom a 33±1(1σ) km deepMoho that

appearsto dip 8°±2º (1σ) downwardto thenorthwest(strikeN22ºE±20º(1σ)).

Surprisinglyfew discretepulses,usuallynomorethan4 or 5, areneededto matchthe

dataup to its noiselevel.
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Fig. 1. Syntheticvertical,v(t), andradial−horizontal,r(t), impulseresponsesand
receiverfunction,F(t), for a simplemodelwith a 30km thick crust.Inset:Schematic
of selectedraypaths,with shearraypathsin gray.This examplewascomputedusing
Menke's(2000)SPLITTING_MODELLERsoftware.
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Fig. 2. Sample impulse responses, riest(t), viest(t) and the receiver functions, Fest(t) for
an earthquake in El Salvador (range = 30.7°) observed at PAL. A) Broadband vertical,
V(t), and radial−horizontal, R(t), components. B) Sequence of viest(t) for L increasing
from 1 to 5. C) Sequence of riest(t). D) Sequence of Fiest(t). E) Sequence of observed
(bold) and predicted (solid) radial−horizontal seismograms, R(t). The misfit, as
defined by Eqn. 8, decreases from 0.034 for L=1 to 0.003 for L=5, about an order of
magnitude improvement.
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Fig. 3. A) Error, as defined by equation 8, of impulse response function
determinations, as a function of the number of pulses, L. B) Error, as defined by
equation 10, of receiver function determinations, as a function of the number of
pulses, L.
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Fig. 4. Estimated receiver function, Fest(t), plotted by backazimuth of the earthquake.
A) L=2. B) L=3. C) L=4. D) L=5.
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Fig 5. Estimatedreceiverfunction,F'est(t), plottedby backazimuthof theearthquake.
A) L=2. B) L=3. C) L=4. D) L=5.
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Fig. 6. Apparent Moho depth, plotted as a function of backazimuth, φ. Circles: Depth
estimates based on Ps arrivals from three−pulse calculation, calculated for a nominal
mean crustal compressional and shear velocities of of 6.50 and 3.69 km/s,
respectively. (Solid line) Best fit sinusoid, 32.62+6.93cos(φ−292°), indicating that the
Moho dips down towards the northwest.
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Fig. 7. (Top) Sine of the apparent angle of incidence, θ, inferred from the amplitude
of the P−wave pulse on the L=3 vertical and radial−horizontal impulse response
functions, as a function of the slowness, p, of the teleseism as inferred from the
IASPEI Tables (Kennett 1991). The data (circles) are compared with a best fit straight
line with slope of 6.03 km/s (solid curve). (Bottom) Deviations of the sin(θ) data
(circles) from the straight line fit as function of the backazimuth of the teleseism.
Solid curve: best fit cosine.
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