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Abstract

We derive a theoretical parameter for threseismic scattering regimes where seismic
wavelengths are either much shorter, simjlar much longer than the correlation length of smsdiale
Earth heterogeneitiesWe focusour analysison the power spectral density of the von Karman
autocorrelation functionused to characterize the spatial heterogeneity of smeadlle variations of elastic
rock parameters that cause elastic seismic wave scattefing. theoretical findings are verified by
numericalsimulations We discover 1) that seismic scattering is proportional to the standard deviation of
velocity variations in athree regimes, 2) that scattering is inversely proportional to the correlation length
for the regime where seismic wavelengths an@iger than correlation length, but directly proportional
to the correlation length in the other two regimes, and 3) that scattering effects are weak due to
heterogeneities characterized laygentle decay othe von Karmarautocorrelation functiorfor regimes

where seismic wavelengths are similar or much longer than the correlation length.
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Introduction

Heterogeneities ithe9 I NIi KQa ONXzA G |y R dzLJJISNJ Yy it S OIF dza S

in socalled seismic coda waves that trail the main seismic phases. Often, coda waves are prominent
features of seismic recordisgthey decay slowly with time, whereby the statistiaf the temporal decay
provide information about the scattering process and the medium through which the waves trajeetied
Aki 1969; Ritter et al., 1997; Sato and Fehler, 1998; Sato et al., 2012; Imperatori and MaR@A®&)3

I FGSNJ ! | Aefpietatiorvisatcdoa wavas iare baskattered energy from uniformly distributed
heterogeneities in the Earth, several theoretical models were presetateatplain seismic scatterintike
the single scattering model, the multiple scattering model, théudibn model, or the energffux model
(Aki and Chouet, 1975; Sato, 1977; Gao et al., 1983; Frankel and Wennerberg At@&inally,the
coda envelope broadens with increasing travel distance due to wavefield scatt®&ataf016), a process
that canbe modelledemploying aMarkov approximatioras stochastic treatment othe wave equation
in random medigSato et al., 201;,2Sato2016). In contrast,Swave codaexcitation is mainly dominated
by scattering of direct-®aves fronrandomheterogeneitiesn the Earthwhich can be modeledpplying
the Born approximatior{(Sato et al., 201;2Satoand Emoto, 201) In summary, coda waves are seismic

wave energy trapped in the Earth due to the snsalile heterogeneities in the Earth.

Smaliscale heterogeneitiem the Earth can be described by a random spatial field superimposed
onto a background homogeneous medium. For this purpose, several rafidmhmodels have been
proposed these areconveniently characterized by an autocorrelation function (AE&).exanple, von
Karman, Gaussian, exponentild Henyey GreensteinACF oa fractal distribution are used to describe
random fields of seismic wave velocity variations in the Earth (e.g. Frankel and Clayton, 1986; Holliger and

Levander, 1992Sato and Fehler, B8; Sato, 2019)Most commonly the von KarmarACHs used(e.g.
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Hartzell et al. 2010; Imperatori and Mai, 2013; Bydlon and Dunham, 20&&power spectral density

(PSD) of the von Karman AFC in thd@eension (3Djs given by

. » N ®@0 pd .
0 ‘"CI/I @ p A
0 p Qb 8

wherea, H, " andware correlation length, Hst exponent, standard deviation alde Gamma functin,
respectively We denotethe wavenumberd H - Kk ¢ | @ 8ffim8djuim heketogeneityy kn , and of the

seismic wavefield blg, andwrite wavenumberkin casekn, andky can be usedhterchangeably

Several studies examined the rand@r correlation lengtls, standard deviation and Hurst
exponentin the Earth, bothin observationalstudiesand numerical simulations. Frankel and Clayton
(1986) reported thatelocity fuctuations with standard deviation of 5% and correlation lengths of 10 km
(or greater) for 2Dandom media explain coda waves from micro earthquakes and travel time anomalies
across seismic arrays. Holliger (1996) obtained correlation lengths of 10 to 100 meters and Hurst exponent
in the range of 0.%, 0.2 by analyzing sonic logs. Ritter et a098) estimated wawelocity perturbations
of 3¢ 7% and correlation length ofd16 km for the lithosphere in central France. Recently, Sato (2019)
reported that velocity perturbations arg¢m /2’2 Ay GKS 9F NI KQa ONX¥zad | yR dzLJ
exponent typically falls in the range @;®.5, while correlation lengths vary widely depending on sample
size or dimension of the measurement system. Overall, standard deviation, Hurst expamnent

correlation lengtls are found to be in the range of@10%, 0.G; 0.5, and 1¢ 15 km, respectively.

Seismic wave scattering occurs as the elastic waves encounter spatial variations of elastic medium
properties.Whilst even the deterministic reflection of a seismic wave at an internal interface of a seismic
@St 20A08 O2yUiN}rad O2dAR 0S OflFaaATASR a adaSaayvYac
scattering is due to elastiwave interactions with a spatiallyeterogeneous medium. In this context, the

(statistical) characteristics of the scattered wavefield depend on the stochastic properties of the medium.
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This concept is conveniently described considering the wavelengtbs\Wavenumbersd,) of the elast

wave, and characteristic scales (wavelengths) of the random media.

Based on wavelengtk or wavenumbelk, of the seismic wave, and the correlation lengttof
the random media, seismic wave scattering can be classified into three redinesa/ 1 (<L a); (i)
ka® | (F wmF, (iiifkw.a L 1(</ a) (Sato and Fehler, 1998; Sato et al., 201Zheregimeky.a/ 1
characterizes higfrequency scattering in which seismic wavelengths are much shorter than correlation
lengths. This regime is important for tlearthquakeengineering communityn the context ofhigh
frequency (1@; 20 Hz) grounghaking estimation, becse seismic scattering redistributesismic wave
energy (i.e. grounainotion amplitudes) in space and time. Tiegimeky.af 1 represents the diffraction
condition, the most fundamental type of scattering. Finally, the redima L 1 denotes lowfrequency
scattering for which seismic wavelengths are much longer than the correlation length caridem
medium. This regime is important for global seismology which uses primarily long wavelengths0(®.01
Hz) to invert for the determmistic velocity structure of the Earth or earthquake source parameters (e.g.

centroid moment tensors).

Numericaland theoreticalstudiesinvestigatingthe effects of seismic scattering on earthquake
ground-shaking suggestrong attenuation of groundmotion due to wavefieldscattering Shapiro and
Kneib, 1993Mai, 2009; Hartzell et al., 2010; Imperatori and Mai, 202013;Yoshimotcet al., 2015Vyas
et al., 2018). Bydlon and Dunham (2015) explained theoretically how the pteesdescribing thevon
Karman ACF control wavefield scattering in 2D. Using numerical simulations, they verified that
parameterpo ' ™ determinesthe nature of scattering in th&,.a/ 1 limit, regardless of the specific
values of anda. However,how the other parameters of the von Karman A@F (and H) affect 3D

seismic scattering has not been explored yet in detail.



89 Here we investigate seismic wave scattering in 3D and verifyrmaretical resultdy numerical

90 simulations. First, we examirthe mathematical expression for the power spectral density (PSD) of the
91 von Karman AFC (Eq. 1) to identify parameters that represent scattering behaviour in 3D for the three
92 different regimes,kw.a/ 1,kw.aF mandky.aL 1. Then we test our theoreticdindings through numerical

93 simulations that cover the parameter space of these three regimes and allow us to examine how

94  scattering manifests itself in seismic waveforms and gremnodion amplitudes.

95

96 Theory

97 Bydlon and Dunham (2015) investigated kigdgquency scattering (f = ¢ 30 Hz) by considering

98 a 2D problem and the regin.a/ 1. To analyze scattering under these assumptions, they simplified

99 the PSD of the von Karman ACF to obtain the-meansquare (RMS) fluctuations of normalized seismic
100 wavevelocity (wave speedlandthen derived which parameters (i.ea, H and/or ") control wavefield

101  scattering. Here, we extend their approach to@ronsidemgthree different ky.a regimes.

102 Wavefield scattering is strongest if the wavenumber of sgésmic wave is comparable to the

103  wavenumber of heterogeneities in the medium. Hence, we simplify the PSD for the three reginaes (

104 / 1,ke.af nandky.a Ll 1) under the diffraction condition to obtain RMS of fluctuations of normalized
105 wave velocity(computed as the square root of the mean powdenoted as Pay). By assuming the

106  diffraction condition, we derivaheoreticaly the parameterPry, Whichin fact dictates the wavefield

107  scattering in 3DSeismic scattering associated with a particusgismic wavelength will depend on the

108 amplitudes of velocity variations corresponding to that wavelengtbweverwe aimto understandthe

109 overall wavefield scattering behaviour for a range of seismic wavelengths and heterogeneity scales in the
110  medium Therefore,our Prm derivations are nobnly applicablgor a monochromatic source or a single

111  wavelength medium but instead capture the broadband nature of scatterimfdpte that we only
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summarize thdinal equationsfor Psm for each regimeén the main text; further details of the derivations

are provide in the Ectronic supplement

Regime I: k.a/ 1

Our Prm derivation forthis regime assumes that the source exciteavesof equal amplitudga
flat source spectrumyith wavenumbers fronkmin to infinity, all of which interact witliheterogeneities in
the mediumwithi KS al YS NI y3aS 2F g @Sydzyo SNE 0 IN6tedtlak G
this assumptionis notcompletelysatisfiedin nature as earthqualetypicallyexcite onlya limited range
of frequenciesand not allof thesefrequencies will interact witithe generally scaldimited medium
heterogeneities. However, the assumptionallows us to calculatehe overall wavefield scattering
behaviourfor the regimeky.a/ 1, for whichseismic wavelengths amauchshorter than the correlation
length of smalkscale Earth heterogeneitieShen, he RMS fluctuations of normalized wave velodiy)

can be approximatetly

4] — nQQQQ w 00 W0 ——+— C
@

-

Therefore, thePrmdependency is given by,

o 8 ® OO0 00 w—v o

wherewe approximatethe term depending orfOby a quadratic functionwith coefficientsto= 0.89,60=
0.53, andow= -0.08 see Fig. Sla and derivatidm electronic supplement for detailsNote that we
characterizehe scattering behavior for the entineegimeks.a/ 1, rather thanfor a particular wavelength
in this regimeby using integration limitsn Eqg. 2from kmin to infinity, and not over any arbitrary

wavenumberrange Therefore, the parameter Prm (EQq. 3)becomes independent of wavenumber.

6
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Conparing Eq. 3vith parameterpo = */a" (Bydlon and Dunhan2015)revealsthat even in the regime
kw.a/ 1, scattering in 3D is more complex than in 2D hustrates that in the higffrequency scattering
regime, (a) scattering is proportional to the standard deviation of the velocity fluctuations, (b) scattering
is inversely proportional to the correlation lengéh and c) the Hurst exponeifasa strongly nonlinear
effect on scattering.Interestingly, fi the Hurst exponent approachets theoretical lower limit ofzero

Ol ThioX 9l o OFyto6S FdzNIKSNI aAYLIX AFASR

indicating that scattering is controlled by the standard deviation of the velocity variatiahss case.

Regime llky.afF ™

We assumethat the source excitesaveshaving a flat source spectrumith wavenumbers from
ki to ko, all of which interact withmedium heterogeneitiesof the same wavenumberange If seismic
wavelengths arecomparableto the correlation length of heterogeneitieshe RMS fluctuations of

normalized wave velocitgan be approximatetly

~ o~ ~ 7 _ T e ~ ~
0 — A0 — &7, ®0 o0 0 0 v

Therefore, thePrmdependency is given by,

ed o o

0O 8 OO0 0 &7, ,h 0

Where coefficients are given ab= 0.93, andd=-0.27 &ee Fig. S1bpnalyzing Eq.6 fdtwreveals that
a) scattering is proportional to, similarto the regimeky.a/ 1, b) scattering is proportional to correlation
lengtha, in contrast to regiméy.a/ 1 (compare Eq. 6 with Eq. 3), and c) scattering is correlated with the

Hurst exponeh(asH approaches zero, scattering effects weaken and become eventually negligible
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Regime lllky.al 1

Here, we assumethat the source excitesavesof equal amplitudga flat source spectrumyith
wavenumbers fronzeroto ki, all of which interact withmediumheterogeneities|f seismic wavelengths
are much longer tharthe correlation length of the heterogeneitiethe RMS fluctuations of normalized

wave velocitycan be approximatedy

5 P A SR 5 T o, T T~ o~ v~
0 —  fQ7q0 — oOFf, o0 w0 1 X
Therefore, thePrmdependency is given by
0 ® ®O0 w©o &7,h W

where coefficientsco= 0.93, andb= 0.40 ¢ee Fig. Slc). Note that only constants different between
Eqg. 8 and Eq., 6herefore,Prmfor the regimeky.a L 1is similar to that fork,.aF , sxcept that the effect

of Hon scatterings strongerfor ky.a L 1than for ke.af bscauses,> O(compare Eqg. 6 and Eq. 8).

Verification of Theory by Simulations

In this section, we verify our findings (B34, 6, 8) by conductingeismic wavefieldimulations
in random mediaSinceour simulations do not strictly satisfy the assumptions used fordéevations of
Prv, We validate only proportionality or inverggoportionality of Prm with correlation length, standard
deviation and Hurst exponent, rather thailhe complete expressions (E8}.4, 6, 8) To numerically test
our resultsfor the three scattering regimes, evfix the correlation lengtra and modify the source
frequency to radiate seismic waves with different frequencies (i.e., we are altering the wavenkghber

For computing synthetic seismograms, we use a generalized 3Ddifigeence method with second
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order accuracy in space and time (SORD code by Ely et al., 2008imulatiors consider several
discretized Earth models, a poisburce earthquake model, and receiver locations at which greund
motions are stored. We then analyze waveforms and peakrgt@cceleration (PGAand confront the

numerical resultsvith our theoretical analysis.

Set up for Numerical Modeling

We consider a point sourcgnoment magnitudeMw ~2.89 at a depth of 7.5 km, with strike, dip,
and rake of 22.5°, 90°, and 0°, respectivélyesourcetime function (STF) is a Gaussisve define STFs
to radiate frequencies required to properly sample the three reginies £ 5.0 Hz foky.a/ 1, fmax=0.5
Hz forky.aF mandfmax= 0.03 Hz foky.a L 1, see Fig SZmaxis thehigh frequency limit of thélat portion
of the slip velocityspectrun). For example, a point source radiating frequencies of 5.0 Hz, 0.5 Hz and 0.03
Hz in a heterogeneous medium with background sheave velocity 3.464 km/s and stochastic

perturbations with correlation length of 1 km yieldsaf d®dns noddp +tegyR ndnp s NBAELIS

Tocreate a velocity model with sma#icale heterogeneitiesve add randomfield variations of
seismic wave velocitiesharacterized by an isotropic von Karman AGkhe uniform background Earth
model (with Swave velocity3464 m/s Pwave velocity6000 m/s and density2700 kg/n¥). In total, we
generate twelve 3D computational models (M1 to MT2ble 1), considering three correlation lengths
(2.0 km, 5.0 km, 10.0 km), two values of standard deviation (5%, 10%), and two Hurst exponents (0.1, 0.5).
For each combination of medium parameters, we create @aization of random inhomogeneity in S
wave speed Pwave speed and density. Svave velocity distributions at the surface ashownfor all
twelve computational models (Figs 1a, 1®)eoretical LD power spectra for seven selected modais

plotted to illustrate effects of correlation lengths, standard deviatiand Hurst exponent on the spectral
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shape (Fig 1c). Power spectra for two specific models, M2 and M11, are examined for the thra@ngcatte

regimes considering the three STFs used in this study (Fig. 1d).

The size of the computational domain must be chosen such that seismic waves propdgede-to
enough distances that ensure sufficient wave interaction with medium heterogeneitiesleteelop
scattering. At the same time, the domain should be as small as possible to minimize computational cost.
Given these constraints, we define different computational domain sizes and grid spatdpgading on
scattering regimeFor the regimey.a/ 1, we use grid spacing h=25m (dt=0.0015 s) on a domain of
60x60x15 km, allowing travel distance of ~40 wavelength§£a6.0 Hz). Combining these models with
STF1 (Fig. S2a) yieldsa in the range of 9 to 90. Fdw.aF we use h=75m (dt=0.0045 s)ca larger
domain, 355x355x30 km, corresponding to travel distance of ~50 wavelengths (a6 Hz). The eight
O2NNBALRYRAY3 Y2RSta{KEND aBSy 2t SR mo & yRKEA&AIA PHE | ¥ R
(Fig. S2b), they result ka.a -valuesbetween 0.9 and 4.5. Fég.a L 1, we use h=1000m (dt=0.055 s) and
an extralarge domain, 2000x2000x60 Kignoringthe spherical nature oEarth), denoted by the suffix
G9[ ¢ 6a4SS ¢l6 M YR CA3I {n0d 2KSy ORavavesf8IRtheé A 1K { ¢
range 0.27o 0.5. Owing to the very long wavelengths in this regime (~115kn &03 Hz), the domain
allows travel distances of only ~15 wavelengths, significantly lower than those in the two previous
regimes. However, the cost for computational models allowing travel distances €50-d&avelengths
would be exorbitant. In total, & use 28 computational models with random inhomogeneities, twelve of
which are folkw.a/ 1, eight forky.af nand eight forkw.a L 1regimes. Our simulations consumed nearly
four million core-hours of computational resourcem aCray XC48upercomputer.To establish a base

case for comparison, we also conduct simulations in a homogeneous medium for each regime.

We store synthetic seismograms at receivers placed in a concentric ringsddr 1, but forky.a
f landky.a L 1we consider only ane quadrantto save computational costs (Fig 1a, Fig S3a, Fig S4a).

The epicenter iplacedin the center of the simulation domain fég.a/ 1, but forky.aflandky.a L 1

10
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it is in the lower leftcorner. Receiver geometry and epicenter location are designed to obtain the best
possible azimuthal coverage of stations and to allow for sufficiently large travel distances for seismic
waves to develop scattering, at the same time also minimizing computatiostd. drtual stations are
distributed along rings with radial spacing@fL, 0.2 and 3.5 knfor kp.a/ 1, ke.a¥ Mandkea L 1
regimes respectively Therefore, eaclring (arc) of stations contaire different number of stations at
different azimuthsThe smallest ringa¢c) used for PGA statistics has 3iad{us5km), 196 (adius25 km)

and 134 (adius300 km) stationdor the three regimegkw.a/ 1; kw.af mkwy.a L 1). Therefore, our
receiver geometry istatistically independent and PGA statistaze robust. All waveforms ardow-pass
filtered using a fourtkorder Butterworth filter with cutoff frequencies of 5 Hz, 0.5 Hz and 0.0®Hthe

three scattering regimes, respectively

Quantifying Seismic Scattering in Numerical Results

Seismic scattering redistributes energy in space and time from directdPSwaves into the late
arriving coda waves. Consequently, peak ground acceleration (PGA) in a homogeneous medium will be,
on awerage, higher than in a scattering medium. Therefore, we examine ratios e/&8G&s to quantify
a0 GOSNRAY 3 aaidNBy 3l Karizohtal coyfmérg dAcclerbtiorard modity usellin 2 y & @
earthquakeengineering applicationge.g., Boore anditkinson, 2008; Chiou and Youngs, 2008), because
wave amplitudes on theertical componentare usually smaller tharon the horizontal components.
Therefore, weanalyzehorizontal PGA(computedas maximum magnitude of acceleratifnom the two
horizontal canponents) We illustrate scattering effects and resulting PGA values by comparing

waveforms for selected receivers sl1, s2 andsg&Fig ldor their locations)

In Fig 2 we compareohnizontatcomponent grouneacceleration waveforms at selected stations

fortheregimeky.a/ 1. Fig 2aomparesvaveformsand PGA valudsr two values of standard deviation

11
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(models M3 and M6) with those for the homogeneous medium PGA valigesonsistent with our
expectation that stronger scattering leads to lower PGA. In this particular tesscattering for model

M3 is weaker than for model M6 (sesso acceleration snapshots in Fig SByditionally, ground
acceleration comparisofor M6 at three stationgFigS9 shows prominent codavolutionand reduced
maximum acceleratiorvalues as epicentral distanceincreases(from s4 to s6). Fig 2b reveals that
waveforms for two models with different correlation lengths (M1 and M3) are alnaesttical with only

small time shiftsThis indicates that the two models yield almost identical levels of scatté@odirmed
alsoby comparingacceleration snapshots for M1 and M3 Fig S5)Correspondingly, PGA values are
comparable. In addition, #sse comparisons (Figs 2a and 2b) suggest that scattering is primarily controlled
by the standard deviation of the medium heterogeneities, whereas the correlation length has a negligible
effect for a smalHvalue H= 0.1), consistent with our theoreticahalysis in Eq..4owever, we note that

PGA only works well in such comparisons because we computed a reference solution for the
homogeneous medium. Withowguch a reference casinterpreting PGA values directly iaslicator for

G & Ol Gsiréngttiwomld be misleading.

Statistical Analysis of Scattering

Next, we calculate the mean and standard deviation of PGA values for all stations at a given
epicentral distance and for avgin computational modelsgeFig. Sfor a comparative summargf all
computational models). To estimate the average scattergigted PGA reduction at a given epicentral
RAaAUGlIyOS: 6S RSTAYS it Sarticudrepiogntral distanckidthé vatd betweent w 0
the mean PGA values from any heterogeneous Eadbel tothe mean PGAvalues from the reference
homogeneous Earth model. As epicentral distance increases, the MPR is expected to decrease because

the redistributionof seismicenergy due to scattering cumulative with propagation distance.

12
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Figure 3 sumarizes our results fot.a/ 1. ForH=0.1we findi KS at wa F2NJ Y2RSf &
ME: OanX apX ac0 FNB 2SN GKIy TFT2N) Y2RSfta 6A0K
of both groups are very similar, supporting our theoretical conclusiat thr small H the correlation
length has insignificant effegbn scatteringwhich in this regime is controlled by standard deviation (Eqg.
4). The apparent plateau in MPRs for distand@sto 20 km isa consequence o$ource effectdbeing
masked by wavefield scattering effects due to Hypocenterlocation(see Fig. SB®r more details on the
effects of hypocentral depths on MPRd}ig 3b compares solutions féi=0.5,for whichwe expect a
significant effect of both correlation length asthndard deviation. Forfixe® ¢S 20 a SNBSS G K
for models with shorter correlation length are lower than those with longer correlation leid 0 'V <
00V <00V similarlyd 0V <0 0V <0 0 'V ). Thisfinding isonsistent with our conclusion
GKIFIG aO0FGOSNAY3I Aa AYOSNEStEE@ LINBLRNIA2YlFf (G2 O2NN
GAGK - T MmE:> FNB 2SN Ky GKOOY FHOV,O0Y BaLRyRA
0D0'V,00'vV <00 V) demonstrating that scattering is proportional to the standard deviation of

velocity variations for large H. Thus, these observations validate our theoretical conclusions for the regime

kw.a/ 1.

z

The MPRanalysis for regimé&,.aF iswummarizedn Figure 4. For both valuesdE 1 KS at wQa

F2NJ Y2RSfa gAGK AK2NISNI O2NNBflFGA2y fSy3adK I NBE KA:

3}

®@ov >00Vv ,00VvV >00VvV ,00VvV >00V ,00'V >00'V ),

revealingli KI ¢ aOF GGSNAY3I A& LINRPLRNIAZYLE (G2 O2NNBf I (A:
Y2RSft&a 6A0GK ~ T p2 FNB KAIKDHOY H00Y 200V "2NJ Y2RS

00 >00Vv 00V >00'v ), indicating that scattering is proportional to

c2
<

5
GKS adlFryRIFENR RSOAIGAZ2Y 2F @St 2 Gh=0DA arFlargeQtiiadzhdse\ 2 y & ©

for models withH=0500"Y >00vY ,00Vv >00Vv ,00Vv >00V |

13
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00V >0 0'v ), therefore, scattering is proportional to the Hurst exponefi. These

observations are also consistent with our theoretical findingkfcaf (32e Eqg. 6).

Finally, we show MPR statistics for the regikwea L 1 (Figure 5). First, recall that due to

prohibitively large computational costs we used a smaller computational dorse@BectionSet up for

Numerical Modeling Consequently, scattering is less well developedkfa L 1, and hence effects on

atwQa NB y2i0 & LINRy2dzyOSR & Ay G(GKS 2&up®NI G2 N
our theoretical derivatiorfsee waveform comparison in Fig.&88l station locations in Fig. 8% ¢ KS at wQa
for models with 10 km correlation length are lower than those for 5 km correlation lei) 0 'V <
b0V 00V <po'v ,00'V <po'v ,00'V <00V ), showing
GKFG aOFdGSNAY3 A& LINPLRNIAZ2YIE (2 O2NNBfliGAz2zy S

ikK2asS FO00VvV I<00VvV 00V <h 0V

), suggesting that scattering is also

proportional to the standard deviation of velocity variations. These observations agree well with our

theoretical considerations fdtw.a L 1 (see Eq. 8).

In summarypur results fromnmumericalsimulatiors are consistent with our conclusions based on

theoretical derivation for all three considered scattering regimes.

Discussion and Conclusions

We derive a new parametdtkmto quantify 3D seismic wavefield scatterifgmis based on the

assumption that smakcale heterogeneities in seismic velocity are characterized by the von Ka@Gtan

Prmhelps to understand the influence of the parametef the von Karman ACF on seismic scattering for

three considered regime&f.a/ 1, ky.af amdky.al 1). We test our theoretical consideration through

14
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statistical analysis of a suite of numerical simulations that capture seismic scattering in different scattering

regimes.

We find that the strength of waefield scattering in althree regimes is proportional to the
standard deviation of heterogeneities. Seismic scattering is also proportional to the correlation length in
the regimesky.af amdky.a L 1, butfor the regimeky.a/ 1the scattering is inversely proportional to
correlation length. Foregimeky.a / 1, we also find that if the Hurst exponent H approaches zero,
scattering will be controlled solely by standard deviation. Howeverkf@f amdky.a L 1, scattering

is weakly impactedor smallvalues ofH, with scattering vanishing ithe limit of | M ¢

To further explain these findings, we integrate the PSD for the 3D problem (Eqg. 1) with respect to

wavenumberk,

naQ da ™ ®w, O w

Eq. 9represents thearea under the power spectrurfor a three dimensionalsotropic PSD alon@ne
wavenumberaxis it reveals that thearea under the power spectruaiepends ora, Hand™ Bnplyingalso

that the area under thepower spectrumwill be zeroif any ofa or Hor ° is zero Forexample, M2 has
larger area under the power spectrum than M1 due to larger correlation lengths of M2, although standard
deviation and Hurst exponent are identical gkl and M2(see Fig. 1¢) The area under the power
spectum can be linked to wavefield scattering as it represents the total scattering powdhneof
heterogeneous mediurm terms ofthe sum of amplitude squares of seisavielocities Correspondingly,

in the limit of any of the von Karman parameteagproachingzero, wavefield scattering will become

negligible.

Quantitative analysis of power speciraFig 1delps to interpret the implications of Eqf@ the
three scatteringregimes. Thereforegur theoretical findings, confirmed by numerical simulations, loan
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333  explained by the amplitude and shape of the P$be standard deviation scales the power spectra
334  without changing the shape of the power spectra (herexea under the power spectyaresulting in
335  scattering proportional to for all three regimesi,.a/ 1,kv.aF amdky.al 1). The tails of the power
336  spectra (decaying part) show inverse proportionality with correlation lelagg. compare tails of M7,
337 M8 and M9 in Fig 1c), thus resulting in scattering being inversely proportioadbtahe regimeky.a /

338 1. However, the plateau and corners (corner wavenumber* £ap of the power spectra scale with
339 correlation length, leading to scattering being proportional to correlation lengttkfa L 1 andks.af
340 1, respectively (e.g. compare plateau asatners of M7, M8 and M9 in Fig 1c). Furthermore, the plateau
341  and corner of power spectra grow hkincreasestherefore, scatteringis proportional toH for ky.a L 1
342 andky.af . Mg 1c also shows that the tails of the power spectra tend to merge for drifsde M1, M2
343 and M3) and diverge ddincreases (compare M7, M8 and M9), implying a more complex dependency
344  Hfor scatteringin the regimeky.a/ 1. Hence, our findings cdre explained by the shape and amplitude

345 of the PSD function dhe von Karman ACF.

346 Comparing our results fdg.a/ 1 for the 3D problem (E®) with the 2D results byydlon and
347  Dunham (2015)pp = " /a") reveals that the effect of standard deviation and correlation length remains
348 the same, but the effect of the Hurst exponeHitis stronger in 3DHowever if the Hurst exponent
349  approaches zero, scattering effects are dominatedstandard deviation, both in 2D and 3D. This is an
350 important finding, since values &f smaller than 0.5 have been reported by Sato (2019) for the Earth's

351 crust and mantle.

352 Here we propose to quantify the overall wavefield scattering directly via an irtegthe PSD
353 function of the random media. We note that Sato et al. (2012) analyzed a plane wave scattered by a
354 localized inhomogeneity using the wave equation. They solved the wave equation utilizing Born

355  approximation, i.e., they assumed that the ampiieuof velocity variations is negligibly small compared
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356 to background velocity, that the amplitude of the scattered wavefield is negligibly small compared to the

357 amplitude of incident wavefield, and that the scattered wavefield has only a small phase dhifterge

358 passing through the heterogeneity. Therefore, derivations by Sato et al.,, (2012) are valid for high
359 frequency scattering, when seismic wavelengths are very short compared to the length scales of medium
360 heterogeneity. They found that the scatteringafficient depends on the PSD function of the random

361 media as follows (Eqg. 4.25 from Sato et al., 2012),
o Q.
362 Q-h —0 Qi Q¢ p T
363 In Eq. 104s the anglébetween incident and scattered waves;andk, are angular frequency

364 and wavenumber of the incident wavefield, respectively. The scattering coefficient reveals that a wave

365  with wavenumbelk, interacts with medium heterogeneities with wavenumbey, leadingto

~
g

366 Q Qi Qtci Q8@ 67 [l

367 The scaling factoCis a function of the scattering angteand ranges from 0 to 2, for forware~

368 =0)andbackwardd "0 &OF GGSNAYy3IZ NBaLEEDErA Bidicatésthe overdll || @S NI
369 interaction betweenrky andky, averaged over all directions. The average valugisfl.27, thereforekn

370 ~ kw. This is consistent with our assumption for the derivatanPsv , although we apply an ideal

371  diffraction condition kn = ky). Note that ourPsm results will not change even if we use a more relaxed

372  diffraction condition (i.ekn ~ky). Hence, our theory complies with Sato et al. (2012), but taking a different

373  perspective on evaluating the wavefield scattering. Note that the detailed theoretical analysis to fully

374  describe the wavefield scattering in 3D requires considering the 3D elastic wave equation with complex

375 earthquake source characteristics (radiated wasld) in 3D random media with anisotropic wave

376  propagation. This derivation is beyond the scope of the present study.
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377 In summary, our theoretical analysis of the von Karman PSD, used to represent random spatial
378  variation in seismic wave velocities and kaitensity, helps to develop a physlwased understanding of

379 how standard deviation, correlation length, and Hurst exponent govern thieensional seismic

380 wauvefield scattering for three scattering regimés.&/ 1, kv.af amdky.a L 1). This will helstudies

381 on groundmotion simulations for earthquake shaking as well as research on global seismic wave

382  propagation in 3D Earth models to properly simulate elastic wavefield scattering.

383

384 Data and Resources

385 Ground-motions simulations carried out to verifyhé outcomes of theoreticaberivation

386 generatednearly 2.5 TB of data which can be providégpersonalcommunication This manuscript has

387  anelectronic supplemenivhichcomprises thecomplete derivation othe root-meansquarefluctuations

388 of normalized wave velocitysingpower spectral densitgf the von Karman autocorrelation functidior

389  three scattering regimew.a/ 1, kw.aF amdky.al 1). Theelectronic supplemenglso contains figures

390 ofthe quadratic fit to ratios of gamma functions, three Gaussian source time functions, simulations setup
391  depicting receiver geometry andvgave speed variationgcceleration waveforms comparison from few
392 receivers,snapshots of groundcceleration wavefield aEarth surface and peak ground acceleration

393 statistics.
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Table 1: Parameterdor the 28 computational3D Earth modelgyenerated for this study

List of Figure Captions

Figure 1: (a,b): Swave speed distribution at the free surface for twelve 3D computational models for the
regimeky.a / 1, generated using three correlation lengths (1.0 km, 5.0 km, 10.0 km), two standard
deviations (5%, 10%) ardlo Hurst exponents (0.1, 0.5). The black star marks the epicenter. The sites
used for waveform comparison (black triangles, s1s82s4, s5 and y&nd groundmotion analysis (black

dots in circular rings) are also showte beach ball shows the foeaéchanism of the earthquake source.
Panelgqa) ard (b) depict random media withutist exponent 0.1 and 0,Bespectively.(c): Theoretical 1

D power spectra (PSD) for 3D Earth structure for seven selected models. Correlation length and Hurst
exponentalter the shape othe power spectra (solid lines), whereas standard deviation only scales the
PSD (mark dashed lineotice the scaling of M4 compared to M1, but their identicdlape).(d): The
theoretical power spectra ahe random mediaare constrainedoy the dimensions of the computational
model and the spatial grid size. The dashed and solid lines are spectra related to models M2 and M11,

whereas three different colors depict power spectra sampled according to the three scattering regimes.

Figure 2: Horizontal components (EasVest, EW, and Nort&outh, NS) of ground acceleration (R)/at
sites s1, s2, s3 (Fig 1a). Black dotted lines indicate theoreti@atiFwave arrival times ithe considered
homogeneous mediumColor-coded numbers indicate PGA&lues at individual sites. Waveforms are

normalized bytheir PGAvaluein the homogeneousnedium simulationsfor a given site. (a) Illustration
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of scattering controlled by for ky.a/ 1 and smalH; (b) lllustration of negligible effects of correlation

length on scattering foks.a/ 1and smalH.

Figure 3: Mean PGA ratios (MPR) for all twelve numerical simulations as a function of distance, depicting
the effects of wavefield scattering on grownabtions in the regiméy.a/ 1. Panelsa) and (b) depict

MPR for media with H=0.1 and H=r&spectively.Grey dashed lines are plotted to facilitate the MPR
comparison in two nearby panels. Wavefield scattering is proportional tosthadard deviation of
medium heterogeneities, and inversely proportional to correlation length for l&tgest exponeniH=

0.5), but remains nearly unaffected by variations in correlation length for smadt ldxponent(H= 0.1).

Theky.a maximafor correlation lengths of 1, 5 and 10 kame 9.07, 45.36 and 90.72espectively.

Figure 4. Mean PGA ratios (MPR) for eight numerical simulations as a function of distance, depicting the
effects of wavefield scattering on growmdotions in the regimé,.af . Ranelga) and (b) depict MPR

for media with H=0.1 and H=Q.Bespectively.Grey dashed lines are plotted to facilitate the MPR
comparison in two nearby panels. Wavefield scattering is proportionataioelation length, Hurst
exponent and standard deviation of medium heterogeneitidfiehighest values df,.a for correlation

lengths of 1 and 5 krare 0.90 and 4.53espectively.

Figure 5: Mean PGA ratios (MPR) for all eight numerical simulations as a function of distance, depicting
the effects of wavefield scattering on grownabtions in the regimeky.a << 1 Panelg(a) and (b) depict
MPR for media with H=0.1 and H=(r&spectively.Grey dashed lines are plotted to facilitate the MPR

comparison in two nearby panels. Wavefield scattering is proportionataioelation length, Hurst
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555 exponent and the standard deviation of medium heterogeneitiéghe highest values dfy.a for

556  correlation lengths of 5 and 10 kare 0.27 and 0.54espectively.
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List of Tables

Table 1: Parameterdor the 28 computational3D Earth models generated for this study.

Model Reference Correlation length | Standard deviation Hurstexponent
a (km) (%) H
M1, M1-L 1.0 5 0.1
M2, M2-L, M2EL 5.0 5 0.1
M3, M3-EL 10.0 5 0.1
M4, M4-L 1.0 10 0.1
M5, M5L, M5EL 5.0 10 0.1
M6, MG6-EL 10.0 10 0.1
M7, M7-L 1.0 5 0.5
M8, M&L, MBEL 5.0 5 0.5
M9, MS-EL 10.0 5 0.5
M10, M10OL 1.0 10 0.5
M11, M12L,M11-EL 5.0 10 0.5
M12, M12EL 10.0 10 0.5

Parameters of28 computational 3D models generated using random fields characterized by von Ka
autocorrelation functions (parametrized by correlation length, standard deviation and Hurst exponent
sufit $4 ¢d& MY[RE &A Y RA Ol (i Sarge modBEISredpatiivelyS E (i NI
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Figure 1: (a,b): Swave speed distribution at the free surface for twelve 3D computational models for
the regimeky.a/ 1, generated using threeorrelation lengths (1.0 km, 5.0 km, 10.0 km), two standard
deviations (5%, 10%) and two Hurst exponents (0.1, 0.5). The black star marks the epicenter. The sites
used for waveform comparison (black triangles, s1,582 s4, s5 and y&nd grounemotion analysis

(black dots in circular rings) are also showihe beach ball shows the focal mechanism of the
earthquake sourcePanels (a) and (b) depict random media with Hurst exponent 0.1 and 0.5,
respectively. (c): Theoretical ID power spectra (PSD) for Iarth structure for seven selected
models. Correlation length and Hurst exponeiiter the shape ofthe power spectra (solid lines),
whereas standard deviation only scales the PSD (mark dasheddiieethe scaling of M4 compared

to M1, but their idenical shape).(d): The theoretical power spectra dhe random mediaare
constrained by the dimensions of the computational model and the spatial grid size. The dashed and
solid lines are spectra related to models M2 and M11, whereas three different aépist power
spectra sampled according to the three scattering regimes.
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Figure 2: Horizontal components (EagYest, EW, and NortSouth, NS) of ground acceleration (#)/s
at sites sl, s2, s3 (Fig 1a). Black dotted lines indicate theoretiealdPSwave arrival times in the
considered homogeneous medium. Cetmded numbers indicate PGA values at individual sites.
Waveforms are normalized by their P@&ue in the homogeeousmedium simulations for a given
site. (a) lllustration of scattering controlled byor ky.a/ 1and smalH; (b) lllustration of negligible

effects of correlation length on scattering fior.a/ 1and smalH.
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Figure 3: Mean P@ ratios (MPR) for all twelve numerical simulations as a function of distance,
depicting the effects of wavefield scattering on groemdtions in the regiméw.a/ 1. Panels (a) and

(b) depict MPR for media with H=0.1 and H=0.5, respectively. Grey dastedre plotted to facilitate

the MPR comparison in two nearby panels. Wavefield scattering is proportional to the standard
deviation of medium heterogeneities, and inversely proportional to correlation length for large Hurst
exponent (H= 0.5), but remamearly unaffected by variations in correlation length for small Hurst
exponent (H= 0.1). Thie,.a maxima forcorrelation lengths of 1, 5 and 10 km are 9.07, 45.36 and

90.72, respectively.
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Figure 5: Mean PGA ratios (MPR) for all eight numerical simulations as a function of distance, depicting
the effects of wavefield scattering on grounabtions in the regimés,.a << 1 Panels (a) and (b) depict

MPR for media with H=0.1 and H=0.5, respectively. Grey dashed lines are plotted to facilitate the MPR
comparison in two nearby panels. Wavefield scattering is proportional to correlation length, Hurst
exponent, and the standardeviation of medium heterogeneities. The highest valuesk.od for
correlation lengths of 5 and 10 kare 0.27 and 0.54, respectively.
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