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Surface Wave Propagation in 3-D Anelastic Media
Youyi Ruan
(ABSTRACT)

Lateral perturbations in anelasticitg)) and wave speed together provide important constraints
on thermal and chemical structures in the mantle. In presaptomography studies of global wave
speed and anelasticity, the significance of 3-D wave spedddd () structures on surface wave
travel times and amplitudes has not been well understoothigrdissertation, the effects of lateral
perturbations in anelasticity)) and wave speed on surface wave observables are quantied ba

upon wave propagation simulations in 3-D earth models usiSgectral Element Method.

Comparison between phase delays caused by 3-D wave speadr&siand those caused by 3-D
@ variations show that anelastic dispersion due to lateraliggation in( is important in long-period
surface wave and can account for 15426bserved phase delays. For amplitude perturbationsicelast
focusing/defocusing effects associated with 3-D wave d@trictures are dominant while energy
dissipation is important in short-perioet 650 s) surface waves but decreases quickly with increasing
wave period. Anelastic focusing/defocusing associatéld 84D anelastic dispersion becomes more

important than wave attenuation in longer period surfaceesa

In tomography studies, ray theory breaks down and finiteukegy effects become important
when the length scale of heterogenities are smaller thamseiwavelength. Finite frequency ef-
fects in 3-D earth models are investigated by comparingréteal predictions of travel times and
amplitudes with “ground truth” measurements made on syiatiseismograms generated in SEM
simulations. The comparisons show that finite frequenagycesfare stronger in amplitudes than in

phases, especially at long periods.
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Chapter 1

Introduction

1.1 Anelasticity of the Earth

It's well known that earth materials are not purely elastiben an earthquake occurs, seismic waves
propagating in the earth’s mantle will quickly attenuate tluthe internal friction of the earth. Energy

dissipation of seismic waves is often measured by the gualitor(). The inverse of) is defined as

AFE

Q' = o (1.1)

where AFE is the energy loss per unit cycle ardis the total strain energy stored in unit volume
associated with seismic waves. In addition to amplitudenaihtion, anelasticity also causes velocity

dispersion of seismic waves — the speed of seismic wave dsganthe frequency of the wave.

Modern measurements of anelasticity using seismologits¢ivations date back to 1950s. The
early efforts were primarily based upon amplitude measeremof earth’s free oscillations (e.g.,
Anderson & Archambeau, 1964; Deschamps, 1977; Anderson i& BH878; Sailor & Dziewonski,

1978) and attenuation of long-period surface wave amm@gu@.g., Sato, 1958; Canas & Mitchell,

1
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1978, 1981; Dziewonski & Steim, 1982). With the developmanseismic observation techniques
and accumulation of modern seismic data, several early svankradiall) model of the earth were
published: SL8 (Anderson & Hart, 1978), PREM (Dziewonski &d&nson, 1981), QM1(Widmest

al., 1991), and QL6 (Durek & Ekstm, 1996). These pioneering studies identified several itapb
features of radial) structures: (1) shear quality factap () are orders of magnitude stronger than
bulk quality factor (0,) in the mantle; (2) beneath a highdithosphere, a low? zone exists in the
upper most mantle between 80 and 200 Kprvalues in lower mantle were less well resolved than in

the upper mantle.

In addition to the depth dependence&ffrequency dependence @fhas also been observed base
upon observations of free oscillations across a wide raffreguencies including Chandler wobble
(e.g., Smith & Dahlen, 1981), decay of normal mode peaks anmplitude attenuation of surface
waves and body waves. The frequency dependence coefficisrdonstrained to the range of 0.1 —
0.4, indicating@ only weakly depends on frequency in the frequency band shseiobservations
(e.g., Karato & Spetzler, 1990). An absorption band in thensie frequency range can be modeled
using standard linear solids, which represent solid-stegehanisms of relaxation with a spectrum
of relaxation times (Liuwet al., 1976; Anderson & Minster, 1979; Anderson & Given, 1982).eTh
associated microscopic mechanism of anelastic behaviarantle rocks and minerals have been
investigated in laboratory under high temperature andspres Experiments of mantle minerals
showed dislocation motion and grain boundary process, iwhave a wide range of characteristic

relaxation times, are dominant mechanisms for frequerpeddent anelasticity.

In the past decades, progresses in experiment techniguesatlewed mineralogists to investi-
gate the elastic and anelastic properties of materials atleneemperature and pressure. Laboratory
studies showed that seismic wave speed and anelasticimMeay different sensitivities to variations
in temperature, composition, and water content. Therelwae speed an@ model together can

provide good constraints on distinguishing between chahaied thermal origins of heterogneities in
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deep earth. However, seismic tomography of 8Btructure remains a challenging task due to dif-
ficulties in separating elastic focusing effects on seissmiplitudes from intrinsic attenuation. With
recent development in advanced numerical method for 3-Bevpawpagation and high-performance
parallel computing, now it is possible to investigate tHe@s of 3-D() on surface wave propagation
through numerical experiments. In following sections, wié lariefly review laboratory studies in
anelasticity of mantle materials, current 3-D global tomagdpy of @ models, as well as numerical

method used in this study to simulated wave propagation.

1.2 Laboratory studies of anelasticity

In mineral physics, anelasticity is due to irreversiblegasses including point defects, diffusion,
dislocations and grain boundary sliding in response t@sa®associated with seismic waves. These
microscopic processes are dependents on temperatursygegrain size and composition of earth
materials. Understanding the dependence of anelastinityh@se controlling factors therefore can

shed a light upon physical/chemical heterogeneities ip @agth interior.

Laboratory studies on high-temperature plasticity ofinvand olivine-rich rocks have been car-
ried out since the late 1960s. Experiments on olivine poystals showed that their response to an
applied stress is characterized by three distinct regimstantaneously elastic response, recoverably
anelastic response and permanent viscous deformationtimibedependent strain is accompanied
with relaxation of modulus. The characteristic relaxatione, 7, depends upon temperature and

grain size, and can be expressed as

E*+PV*

T(T,P,d)=Ad"™ e BT | (1.2)

where A is a constanty* is the activation energyy/* is activation volumepP is pressurepR is gas



Chapter 1. Introduction

constant,I" is absolute temperaturéd,is the grain size and. is the exponent. The dimensionless
quality factor associated with energy dissipation is a fimmcof frequency and relaxation time, and
can be written as
Qw, T, P.d) = A d" w* ™57, (1.3)

Early experimental studies of anelasticity of mantle roalese normally done at high tempera-
tures and ambient pressure due to limited laboratory teciasi. Berckhemet al. (1982) investigated
temperature dependence @fin polycrystalline rocks composed by forsterite and dyrated esti-
mated the activation energy in their experiment tafse= 700 kJ mol~!. The pressure dependence
was ignored due to difficulty in obtain high temperature aigh lpressure simultaneously in labora-
tory. One interesting result of their study is that when temagure crosses the solidus, the anelasticity
does not show a drastic change although modulus does, whiles that partially molten rock in
earth may result in very different behavior in seismic valoand anelasticity. Gueguest al. (1989)
also made pioneering experiments on anelasticity at seisagquency and high temperature, ambient
pressure. They measured shear modulus@md a single-crystal forsterite from room temperature
to 1400C. The activation energy* estimated in their experiment is approximatel) kJ mol,
and pressure dependence was not considered . In additoinetiuency dependence coefficientdf

was estimated to be = 0.2.

Jacksoret al. (1992) developed an apparatus which for the first time senelbus high temper-
ature (1000C) and high pressure (0.3 GPa) experiment was made possilabdratory, therefore
allowed experimental study of minerals at upper mantle tmmd Exponential temperature depen-
dence of@), which is comparable to the result in Guegweeal. (1989), was observed in their dunite
samples. Frequency dependent coefficiert measured to be 0.17. Jackssmal. (2002) have again
measured the shear modulus &@d at periods from 1 to 100 seconds for polycrystalline olivilme

their experiments, the behavior of specimens is essgng&lktic when the temperature is less than
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900°C. At higher temperature, the anelasticity increases, sigan absorption band behavior with
frequency exponent of 0.23 ~ 0.28. Activation energyF* is estimated to be in a range from 397 to

495 kJ mol!, depending on the temperature of measurements.

In addition to temperature, experimental studies showghait size, composition and wave con-
tent may also play important roles in anelasticity. Meaﬂy@;l as a function of grain size was first
done by Jacksost al. (2002). In their experiments, average grain size varies f20 um to 23.4
wm, the finer the grain size, the greatng1 at a given temperature and period. They estimate the
exponent of grain size dependenees about 0.28. Compared with shear wave speed, anelasticity
Is less sensitive to composition. In the experiments of Badhckson (2005), grain boundary in
sample minerals may contain different trace elements sactna Aland Tiin San Carlos olivine
or trace element free in Sol-Gel olivine, but no resolvabfteence of anelasticity is found. This
makes anelasticity a good measure of lateral temperatuigioas in the absence of melt. The ef-
fects of water on the anelasticity of olivine has not beemrstigated comprehensively in laboratory
experiments, buf) measurements from hydrous and dehydrated samples sulggitsiet influence is

possibly significant (Jacksaat al., 1992).

1.3 Seismic tomography of 3-D anelasticity

In order to understand physical and chemical states of &aehior, it is essential to combine both
wave speed model ang model because they have very different sensitivity to tawaipee, com-
positional, wave content variations. Over the past deca@i€swave speed structures of the earth
have been well constrained (e.g., Grand, 1987¢ial., 1994; Mastekt al., 1996; Ritsema & Van
Heijst, 2000; Zhouwet al., 2006), therefore well resolved 3-D structure is becoming particularly
important for better understanding of earth interior. Alilgh the depth profile of mantle anelasticity

is relatively well constrained and 1-© models agree reasonably well on gross features, mapping out
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3-D anelastic structures of the earth has been very chatigramd large discrepancies exist among

different 3-D global models (e.g., Dalt@hal., 2008).

The first attempts of mapping lateral variations of anetétgtat global scale were based upon a
small dataset of fundamental mode Rayleigh waves at perioti8lto 300 seconds (Romanowicz,
1995). The resulting model, QR19, imaged upper ma@flestructure down to the depth of 650 km
with a relatively low resolution at spherical harmonic deg6. One prominent feature of this model
is that it shows good agreement with surface tectonics {higkgions beneath continent and I@yv-
region beneath oceanic basins). However, focusing eféettsed by wave speed structures were not
explicitly considered which have been suggested to befgigni on amplitudes (e.g., Woodhouse
& Wong, 1986; Selby & Woodhouse, 2000). Differential amypdiés of body wave phases have also
been used to constrain gloligaimodels. Bhattacharyya al. (1996) measured differential attenuation
between SS and S phases to map global upper m@ptteodel. In Reidet al. (2001), more data set
including SS-S and SSS-SS differential attenuation weee tsobtain a higher resoluti@p, model
at harmonics degree 8. However, the amplitude ratio of tifergint phases may subject to strong
focusing effects and bias the resulting models (e.g., Rigsgtral., 2002). Warren & Shearer (2002)
studied upper mantl@,. using the spectra aP and PP waves. With a large fundamental Rayleigh
wave data set, Selby & Woodhouse (2002) improved the resolof upper mantle 3-0¥),, model
to degree 8. They inverted Rayleigh-wave amplitude data unedsat periods between 70 and 170
seconds for a set of 3-) models with and without correction of focusing effects. Tbeusing
corrections were based upon available phase velocity mapsa éinear approximation (Woodhouse

& Wong, 1986),
1 s e a2
InA = §Cose¢3 sin(A — ¢)c, " [sin 00; — cos 00y|oc de (1.4)
0

whereA is angular epicenter distanceis longitude ¢ is colatitude and is the phase velocity. Gung

& Romanowicz (2004) used three-component surface-wave faamedata constructed a degree-8

6
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upper mantlet), model, QRLWS8. The waveform data are at a broad period range &@mo 400
second including fundamental-mode and overtone surfagesvailthough() structures in QRLWS
agree with surface tectonics, lateral variations were nalt eonstrained due to a strong damping
applied in inversion. The focusing effects on amplitudesawmt corrected for as they argued that the
effects were probably small. A recently upper madljemodel QRFSI12 developed by Daltehal.
(2008), expanded the resolution of 3¢Dmodel to spherical harmonics degree 12 using amplitudes
of fundamental-mode Rayleigh waves measured at period af 26Q seconds. Focusing effects on
amplitudes were shown to be strong and were corrected basedrat theory (Dalton & Ekstm,

2006).

Although elastic focusing effects have received growirtgrdaton recently and have been ac-
counted for in some studies using a ray theory, the effecselasticity on surface wave travel times
and amplitudes have not been well understood. In additeynthreory used in current 3-D tomog-
raphy may no longer be valid when imaging heterogeneitidsragth scales smaller than seismic
wave lengths (Zhowet al., 2004). The effects of measurement techniques which mag imapor-
tant impacts on amplitude measurements can not be accdientedray theory tomography. It's not

surprising that current available 3@ models differ greatly from each other (Daltetnal., 2008).

1.4 Wave propagation in 3-D Earth models

In this thesis, | investigate surface wave propagation [ &ave speed models and 3-D anelastic
models based upon numerical simulations using a Spectah&tit Method (SEM). This is a well-
developed numerical method which was first introduced in efind fluid dynamics (Pateret al.,
1984). It's characterized by the flexibility of finite-elentanethod and accuracy of spectral method,
and has becoming widely used in seismology, especially Ih@ebal and regional seismic wave

propagation. The Spectral Element Method used in this gsheas first introduced in seismology
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by Komatitsch & Tromp (1999) in which the free surface andmaternal discontinuities of the
Earth have been honored. In order to investigate anelaftict® on seismic waves, Savageal.
(2010) incorporated 3-D anelasticity into SEM using a seoieStandard Linear Solids. The standard
linear solid is a physical model consists of a spring and alfgMaxwell solid (spring and dashpot
connected in series) to represent relaxation behavioresstnd strain in anelastic material. Each
standard solid has a characteristic relaxation time tbezed series of them can approximate the
absorption band of) in seismic frequency range. Using this numerical methodsweilate wave
propagations in earth models with and without 3-D wave spg#eottures to investigate their effects
on travel times and amplitudes of surface waves. Similaukitons will run for earth models with

and without 3-D() structures to quantify anelastic effects on surface waves.

1.5 Summary of thesis chapters

Lateral variations in anelasticity)) provide important constraints complementary to 3-D wpeesl
variations in mapping 3-D thermal and compositional sticeet in the mantle. In this thesis, effects
of lateral variations on wave speed and anelasticly ¢n seismic surface waves are investigated
quantitatively through wave propagation simulations. tasent-day joint tomographic inversions
of global velocity and anelasticity()) structure, 3-D anelastic dispersion effects on surfaceesia
have been ignored. In Chapter 2, we quantifed the effectsdiBstructure on surface-wave phase
delays by simulating wave propagation in 3-D wavespeed addBmodels using a spectral element
method (SEM). We compared phase delays caused by)3ucture and those caused by 3-D wave
speed structure. Our results showed that (1) roughly 15e20emt of the observed phase delays
(travel times) in long-period surface waves are due to @-Btructure; this implies that neglecting
3-D anelastic dispersion effects can lead to biased wavedspmdels in seismic tomography; (2)

the effects of) perturbations on surface-wave phase delays are frequaapsndent as a result of
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local S-wave anelastic dispersion, frequency-dependgthdsensitivity of surface waves as well as
the 3-D distribution of) anomalies. In my numerical experiments, the significanc&Dfanelastic
dispersion increases with wave period, and the frequenggraence is most apparent in the period
range between 60 — 150 seconds and becomes weaker at 150 ec0fls and (3) assuming a
thermal origin, anelastic delays caused by “hot” anomdbesdvances caused by “cold” anomalies)
are correlated with elastic delays (or advances), but tiedation is not linear: the ratio between
anelastic and elastic delays (or advances) becomes lagéndtter” anomalies than for “colder”

anomalies.

In Chapter 3, | investigate the effects of lateral pertudoeiin velocity and anelasticity)) on
surface-wave amplitudes based upon wave propagationaions in 3-D Earth models using a Spec-
tral Element Method (SEM). We constructed 3zDmodels based upon a wave speed model S20RTS
using a set of reasonable mineralogical parameters asguatagral variations in both wave speed
and anelasticity are due to temperature perturbations. B&sured and compared amplitude per-
turbations of surface waves caused by 3-D wave speed (glastictures and those caused by 3-D
anelastic ) structures at a period range of 50-200 s. The measurententged that the influence
of 3-D wave speed structures on amplitudes is comparablatwt 3-D() structures at short period,
but becomes dominant at long period. In ray-theoreticahéaork, surface wave amplitudes can
be decomposed into three terms, elastic focusing, anektstinuation, and anelastic focusing which
depends respectively upon the roughness of phase velaityrpations @5(5 In ¢), perturbations in
anelasticity §In Q1), and the roughness of perturbations in anelasti(ﬁgyﬂn Q~1). Theoretical
calculations confirmed the relative importance of 3land 3-D wave speed in perturbing surface-
wave amplitudes: (1) in short-perioée (50 s) surface waves, anelastic attenuation effects are com-
parable to elastic focusing effects caused by 3-D wave speadtures; and (2) in long-period-(
100 s) surface waves, elastic focusing effects are domis&oinger than anelastic attenuation as it

decreases rapidly with increasing wave period; and (3)atielfocusing effects, which have been ig-
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nored in present-day tomographic studies, have a morefisgmi effect than attenuation. Therefore,
the effects of 3-IX) structures can be “counter-intuitive” at long period forfane waves traveling

through a low&) region may experience amplitude increase.

Surface wave tomography inversions based upon ray theomy tesolution limits, when the
length scale of heterogeneities is less than seismic wagtidinite frequency effects become im-
portant and need to be considered. In Chapter 4, we investigmate frequency effects of surface
waves in 3-D wave speed and 3-D anelasticipy €arth models. We simulate wave propagation in
the models using a Spectral Element Method (SEM) and meé&suned time and amplitude perturba-
tions caused by lateral variations in wave speed and arctasor Rayleigh waves at period range of
50 s —200 s. Comparisons between the “ground truth” SEM measnts with those predicted using
ray theory and finite frequency theory show that finite fregpyeeffects are stronger in surface-wave

amplitudes than in travel times, especially at long periods
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Chapter 2

The effects of 3-D anelasticity )) structure

on surface wave phase delays

(An edited version of this chapter has published by RAS. Ruaan¥ Zhou Y., The effects of 3-D
anelasticity (Q) structure on surface wave phase delay<),Zeophys. J. Int., 181, 479-492.)

2.1 Introduction

In the past decades, lateral variations in seismic wavelspeehe mantle have been mapped out at
a global scale by seismic tomographic studies (e.g. Gre@®i7;1Suet al., 1994; Masteket al., 1996;
Ritsema & Van Heijst, 2000; Zhost al., 2006). It is known that using only wavespeed structure
in the upper mantle is not possible to distinguish betweenntlal and chemical origins of mantle
heterogeneities. The anelasticity)(structure of the Earth’s mantle is very sensitive to terapee
perturbations, therefore lateral variationgjrcan be applied as a valuable constraint complementary

to 3-D wavespeed structure to understand the thermal amdicalevariations as well as the dynamics
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of the Earth’s interior.

The effects of anelasticity on the Earth’s free oscillasias well as on propagating surface waves
and body waves have been documented in the 1970s (e.get Biy 1976; Kanamori & Anderson,
1977). Several one-dimensional (radi@)models have been developed (e.g., Dziewonski & Ander-
son, 1981) and widely used in today’s seismological studitesvever, compared to 3-D wavespeed
tomography, studies of 3-D anelasticity)(structure in the mantle have been lagging behind. In the
past two decades, efforts have been made to image the 3-Bstogy structure in the mantle us-
ing both surface waves (e.g., Romanowicz, 1995; Selby & Wouadé, 2002; Gung & Romanowicz,
2004; Daltonet al. , 2008) and body waves (e.g., Raadal., 2001; Warren & Shearer, 2002). In
the upper mantle, lateral variations@hdiffer considerably among those models (e.g., Dadioal. ,
2008). These discrepancies are partly due to the fact tish®eamplitudes can be affected by both
3-D anelastic structure as well as 3-D elastic wavespeedtate through wave focusing and defo-
cusing. It is difficult to separate the two contributing effeand different research groups often take
different approaches in handling the focusing and defogusifects in tomographic practices (e.g.,
Selby & Woodhouse, 2000; Daltahal. , 2008). The importance of a joint inversion of 3-D velocity
and @ using both amplitude and phase delay measurements has jpeetiated in several recent
surface-wave studies (e.g., Billi@hal., 2000; Daltonet al. , 2008), however, the effects of 3-0
structure on surface-wave phase delays have so far redéti@dttention. The focus of this chapter
is to quantify the effects of 3-D anelastic structures orieg@-wave phase delays, in particular, how
do phase delays caused by 3cDstructure compared with phase delays caused by 3-D wawkspee

structure.

It is known that lateral compositional heterogeneitieshia mmantle have only secondary effects
on seismic wavespeed and anelasticity (e.g. Faul & Jackfiy). In this study, we construct our
3-D @ models using a 3-D wavespeed model S20RTS of Ritsema & Vast{2(00), assuming that

both velocity and?) perturbations are due to temperature variations. We steutave propagation
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in 3-D global models using the Spectral Element Method (Kiaiseh & Tromp, 1999, 2002), and
we measure phase delays between fundamental-mode suidaes generated in earth models with
and without the presence of 3-Q structures. The same wave propagation experiments are done
for earth models with and without 3-D wavespeed structusase¢asure phase delays caused by 3-
D wavespeed structure. Comparisons between phase delagexdclay 3-D wavespeed and 3D
structure show that roughly 15-20of the observed phase delays (travel times) in long-pertiohse
waves are due to 3-D anelasticit@) structure. This result agrees with estimates made basad up
3-D sensitivity kernels (Zhou, 2009). We show that 3-D asiiteeffects are dependent upon miner-
alogical parameters applied in generating glaBahodels. We investigate 3-D anelastic dispersion
effects in continental and oceanic paths and the non-liredation between delay times caused by

“elastic” and “anelastic” mechanisms.

2.2 Quality factor  and Anelastic Dispersion

The effects of the anelasticity of Earth material on seiswages can be accounted for by considering
the relaxation of elastic moduli. The relaxation of elastieduli is associated with energy dissipation
(internal friction) of seismic waves and can be characterizy the quality factof) — energy loss per

cycle. It is known that anelasticity affects seismic waveswo aspects: amplitude attenuation and
anelastic dispersion; and the latter describes variabbmgave speed with frequency. These effects

can be accounted for by using complex and frequency dependetuli (Dahlen & Tromp, 1998):

Pl 2 @ () 4 Q) (2.1)
K — ko[l + 2 Q" ln(i) +iQ. ", (2.2)
™ wo
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where 1, and x, are the shear and bulk moduli at a reference frequenc¢yand@, and @), are
the corresponding quality factors. The imaginary part ef thodulus in equations (2.1) and (2.2)
represents amplitude attenuation, and the frequencyndiepéreal part describes velocity dispersion.
In this study, we shall focus on seismic wave propagatioedpe the presence of 3-D structure.
The effects of anelasticity on surface-wave amplitude$ vl discussed in chapter 3. To the first
order, the real part of the complex moduli in equations (21id (2.2) leads to dispersion of wave

speed/ (w) and can be written as (Dahlen & Tromp, 1998)

V(w) = V(wo) {1 + (i)} , (2.3)

e Wo
whereV (wy) is the wave speed at a reference frequengyand( is the quality factor.

The relaxation of stresses and strains in wave propagatianrésult of irreversible changes of
crystal defect structures and grain boundaries of Eartlemaht Assuming thermally activated pro-
cesses, the quality factdy is dependent upon rheology parameters of the material,leneamper-
ature and pressure as well as the frequency of the wave Jagkson & Anderson, 1970; Karato &
Spetzler, 1990),

E* +Pv*)]

Qw,T)=AwYexp [Oé ( BT (2.4)

whereE* andV* are the activation energy and activation volume of anelastaxation, respectively.

These rheology parameters can be measured in experimerdessfor upper mantle material (e.g.,
olivine), and they vary in a relatively wide range (e.géjiBaet al., 2003). Under upper mantle con-
dition, the activation energg™ of olivine varies from300 KJ/mol to 500 KJ/mol, and the activation
volumeV* ranges from 5 criimol to 30 cni/mol (Jacksoret al., 2002). A is a constant associated
with properties of the material such as the grain size (daoétsal., 2002; Faul & Jackson, 2005) and

R is the gas constant. From both mineral physics experingmseismological observatior3,ex-
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hibits only weak dependence upon frequency and the coeifficies roughly between 0.1-0.4 and it
does not vary significantly with temperature (e.g., Andei&Minster, 1979; Smith & Dahlen, 1981;
Karato & Spetzler, 1990; Jackson & Paterson, 1993; JackX0(); Shitoet al., 2004). In surface-
wave studies, resolving the frequency dependencag & still a challenging task and a constapt
absorption-band model (e.g., Latial., 1976; Kanamori & Anderson, 1977) has been widely used in
wave propagation simulations as well as in inversions aeigf and@ structures (e.g., Dziewonski

& Anderson, 1981; Komatitsch & Tromp, 1999; Daltenal. , 2008). In this study, we neglect the
weak frequency dependence®@fin wave propagating experiment and the temperature andymees

dependence a can be re-written as

M} , (2.5)

Q(w,T)=A exp [a BT

2.3 Wave propagation in 3-D¢) and 3-D velocity models

The focus of this chapter is to simulate wave propagatiorinv@avespeed earth models and 33D
models and compare the effects of 3-D wavespeed variatiwhshe effects of 3-00) perturbations
on surface-wave phase delays. In this study, we constru@-@utomographic-like) model using a
3-D wavespeed model S20RTS of Ritsema & Van Heijst (2000yrasg) that both velocity an@

perturbations are due to temperature variations.

2.3.1 1-D reference&) model

Model S20RTS describes S-wave velocity perturbationsemtantle with respect to the Preliminary
Reference Earth Model (PREM) (Dziewonski & Anderson, 1981)radial () structure has been

incorporated in the model. In this study, we assume a théyraativated) mechanism and con-
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struct self-consistent reference radial (1-@)profile and lateral (3-D) variations using eq. (2.5). In
constructing the reference radial (1-RQ)model, we use a reference geotherm in the upper mantle

assuming a half-space cooling mantle,

T(2) =T, + (T, — T,) exf (2 \/’%) , (2.6)

where the surface temperatufgis assumed to be°C and the mantle temperatu¥g, is assumed

to be 1300°C. We use a thermal diffusivity: of 1 x 107m?/s and a cooling age, of 60 Myr.

An adiabatic thermal gradient 05 °C/km is added throughout the mantle. The reference mantle
temperature profile is plotted in Fig. 2.1. Itis noteworthgttthese geothermal parameters are not well
constrained, and parameters are chosen based on curieratestto produce a reasonable globally-

averaged geotherm in the upper mantle (e.g., Shapiro & Rilzky@004; Faul & Jackson, 2005).

Based upon the 1-D background temperature model, we caaulaference 1-) model using
equation (2.5) with the following rheology parametersivation energyr* =470 KJ/mol, activation
volumeV* = 17 cm®/mol and« value of 0.1. We use the radial pressure profile in model PREM
in constructing our reference radidlstructure, and choose a constant 1.394 such that our 1-D
referencel) model is close to PREM. In Fig. 2.1, we plot our referezenodel together with the
1-D @ structure in PREM in the top 400 km. In the uppermost 80 km, PREMahconstan® value
of 600, while@ values in our reference model decrease from over 1000 to d&@ockthe exponential
temperature dependence. Considering that the lithosphemdd and mostly elastic, and anelasticity
is related tol /@ rather thany, it is safe to use higld) values in the lithosphere. Even though it is
reasonable to assume a mostly elastic lithosphere, efipecithe top 50 km, we discuss the effects
of low () values in the lithosphere in section 2.4. At the depth rarig® e 220 km, @) values in our
model are very close to PREM, except for that there are twgpgliacontinuities at depths of 80 km

and 220 km in model PREM. Between 220 km and 300 km, our@-model shows slightly lower
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Figure 2.1: (a) Reference geotherm assuming a half-space cooling model with mantleregopT,; =
1300 °C and cooling age. =60 Myr. An adiabatic thermal gradient5 °C'/km has been added throughout
the mantle. Only the uppermost 400 km of the profile is plotted. (b) Refer@medel () derived using
the temperature model and mineralogy parame&rs- 470 KJ/mol andV* = 17 cm?/mol. PREMQ,,
profile is plotted in dashed line for reference.

@ values than PREM. Overall, our reference IZDnodel constructed using eq. (2.5) is very close to

PREM(@ model.

2.3.2 3-DQ models

In this study, we construct a 3-D tomographic-ligemodel using a 3-D wavespeed model S20RTS.

Assuming thermally activated processes of velocity and Qupeations, wavespeed is dependent
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upon both temperature and wave frequency (Kanamori & Amaterk977; Karato, 1993),

1 E*+ PV* 1
i + —lnwm|, (2.7)

V(W>T) = VE)(T> 1+ @T O

wherer, is a constant in the order o~ to 10~!3 sec, approximately the period of the fundamental
thermal vibrations for atomic relaxation (Jackson & Anaers1970), and/ is the “anharmonic”
elastic velocity which corresponds to the seismic veloatt§) = co. Taking derivative of eq. (2.7),
to the first order, temperature perturbations can be catuifrom velocity perturbations using the

temperature partial derivativénl’/0T (Karato, 1993),

oV 9oV, 1 E*+PV*

oT o  Qr RI? (2.8)

Note that to the first order, the frequency-dependent temeléatic dispersion) in eq. (2.7) does
not contribute to the temperature partial derivative. Thetigl derivativedIn V,/0T ~ —0.76 x
10~* K~! for S waves (Isaak, 1992), and it is insensitive to crystalcstires (Duffy & Anderson,
1989). Taking temperature derivative of equation (2.2)tional perturbations i) can be calculated

from perturbations in temperaturéby

5Q E*+ PV*
o % R

oT. (2.9)
Like many other global velocity models, model S20RTS déswi3-D wavespeed variations in the
mantle but has assumed a radial structur® PREM Q) structure). This is not self consistent in the
sense that lateral variations in temperature should gbestai lateral variations in both velocity agd

In this study, we compute its corresponding 3zBstructure using equations (2.8) and (2.9) using an
iterative approach: (1) calculate 3-D temperature pedtiwhsi’7” from the 3-D velocity perturbations

in S20RTS using the temperature partial derivativeVs /0T assuming a 1-D initial temperature and

@ structure as described in sect. 2.3.1, (2) update the leogberature with perturbations obtained
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from step (1) and calculate the corresponding perturbstiorg) using equation (2.9), (3) update
0lnVs /0T in eq. (2.8) using the new temperature &pdalues and go back to step (1), iterate until

perturbations in temperature agdconverge.

Maps of the 3-D velocity model (S20RTS) and the correspan@ib Q model, Q3DM,,, at
100 km depth are shown in Fig. 2.2. The fractional pertudvatin1/¢) are with respect to our 1-D
reference) model. The resulting 3- model is highly correlated with the 3-D velocity model: mid-
ocean ridges are characterized by slow anomalies and khaaraveragé) values, stable continental
interiors show fast anomalies and higher-than-avetagalues. Compared with recent tomographic
3-D @ models (e.g., Daltoet al. , 2008), the strength (rms) @} perturbations in our 3-D model is
comparable to those tomographic studies. For exampleyrpattons in1/Q) at a depth of 100 km
are in the range of -0.01 — 0.011 in our model, comparable.@125 — 0.01 in the model of Dalton
et al. (2008); the corresponding fractional perturbations arthé@range of -99.9%— 107.5% in our
model, comparable to -100% — 80% in their model. Two-dimameli (2-D) Love-wave as well as
Rayleigh-wave) maps are plotted in Fig. 2.3, which are also comparable ente&:D surface-wave

(@ models (e.g., Dalton & Ekstm, 2006).

Itis important to point out that we have considered@h@ependence of temperature partial deriva-
tive 0In V/9T in constructing 3-D temperature agdvariations from 3-D velocity variations. The
resulting 3-D earth model are self-consistent in that lig#ind velocity are results of 3-D variations

in mantle temperature.

2.3.3 Wave propagation in 3-D earth models and phase delay measurements

The effects of lateral thermal anomalies in seismic obd#egacan be modeled by simulating wave
propagation in earth models with 3-D velocity (S20RTS) afid @ structures. In this study, we in-

vestigate the effects of 3-D wavespeed structure and thetefdf 3-D anelastic dispersion separately,
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Figure 2.2: (a) 3-D anelasticity model at a depth of 100 km. Fractional perturbation&rare in the range of
-99.9% — 107.5%, comparable to recent tomographic models (e.g., [@akibn 2008). (b) 3-D shear wave
velocity model S20RTS (Ritsema & Van Heijst, 2000) at a depth of 100 km. Tb&Bmodel and the 3-D
velocity model are correlated as we assume both of them are originatedengmerature variations.

and compare long-period surface-wave phase delays cay$e® g structure through 3-D anelastic
dispersion with phase delays caused by 3-D elastic wavdsgiagcture. We simulate wave propa-
gation in 3-D velocity and 3-[@) models using the Spectral Element Method (SEM) (Komati&ch
Tromp, 1999). The SEM incorporated anelasticity in waveppgation using three standard linear
solids assuming) is independent of frequency (absorption-band model). Jevehrthquake events

and 801 seismic stations around the world were chosen farwuerical experiments to provide good

path coverage.

We simulate wave propagation in four different Earth modsés Table 2.1) for each event. In
the case of examining the effects of 3-D wavespeed stru€t8+P elastic effects” hereinafter) on
surface-wave phase delays, we measure phase differerteesehbesynthetic seismograms generated
in model (I) — 1-D velocity and 1-03) and model (II) — 3-D velocity and 1-0). The (@ structures
in model (1) and (1) are identical, therefore, differendesurface-wave travel times are due to the
3-D velocity structures (elastic delayt;_pv —t1_pv). The 1-D velocity and 1-[0) models used in
this case are from PREM (Fig. 2.1) and the 3-D velocity mod828RTS. In the case of examining
the effects of 3-D anelastic dispersion (3¢Deffects), we measure phase differences between seis-

mograms generated in model (111) — 3-D velocity and X2iand model (IV) — 3-D velocity and 3-D
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(a) 2-D Love-wave) map (100s) (b) 2-D Rayleigh-wave) map (100s)
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Figure 2.3: Two-dimensional surface-waw@ maps calculated for our 3-D anelastic Earth model. (a) 2-D
Love-wave( map at 100 seconds for our 3-D anelastic Earth model (S20RTS@)3actional variations
in 1/@Q are with respect to Love-waw@ in the Earth model with 1-D referencg structure (S20RTS + 1D
Q). Fractional variations in Love-wavi/@ are in the range of-78.2% — 85.4%. (b) The same as (a) but
for 100-second Rayleigh waves, and the fractional variations areebetwr4.6% and72.6%.

Table 2.1: Models for 3-D wave propagation

Models Model No. Velocity Anelasticity (Q)
I 1D (PREM) 1D (PREM)
Il 3D (S20RTS) 1D (PREM)
11 3D (S20RTS) 1D (Q1DMyy)
\Y; 3D (S20RTS) 3D (Q3DMyy)

Elastic delay measurement

Anelastic delay measurement

@. In this case velocity structures are the same in the two fepdad differences in surface-wave
travel times are due to 3-D anelastic perturbations (aheldslay = ¢5_pq — ti_pg). The 1-DQ
and 3-D( models have been described in section 2.3.1 and 2.3.2, ahdlgions in the 3-00)

models are comparable to recent tomograghimodels (e.g., Daltoet al. , 2008).

Surface-wave phase delays are measured using a multitegterique (Laske & Masters, 1996;
Zhou et al., 2004). The tapers used in this chapter are fiver2frolate spheroidal eigen-tapers
(Slepian, 1978) with narrowly concentrated spectra. Mesaments made with this technique show
reduced bias in spectral estimates in surface-wave st(dieske & Masters, 1996). Phase delays
and associated errors are estimated by least-square bftimgasurements made with these five or-
thogonal tapers. We measure fundamental-mode surfacepvese delays at frequencies (periods)

from 5 mHz (200 s) to 20 mHz (50 s). Fundamental-mode surfaces; especially Love waves, can
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be contaminated by higher-mode surface waves at shortrem@telistances. We carefully choose
measurement windows that contain mostly fundamental-readace-wave energy to minimize con-
tamination of higher-mode surface waves. Because of theedism of surface waves, we filter
seismograms at two frequency bands, 50-100s and 100-2@dsshaose measurement windows
correspondingly. We examine every single measurement@meat/remove measurements with cy-

cle skip problems, this left- 7600 minor-arc Love waves and 8500 Rayleigh waves for this study.

For some event-station pairs, seismic waves travel alongremt-ocean boundaries where strong
velocity contrast can be expected. Surface waves along thaths sometimes show two separate
arrivals, one travels in the continental side where seissiacity is higher than the reference velocity
and the other one travels in the oceanic side where seisnucityeis relatively lower. An example
of seismogram with apparent multi-pathing signals is plbin Fig.2.4. In this study, we choose to
exclude those paths from our measurements.

(a) Example seismograms of multi-pathing (b) Ray path
UsC.t 1D Vel vs 3D Vel

25‘00‘ - ‘27‘50‘ - ‘30‘00‘ - ‘32‘50‘ - ‘35‘00 7 %6 5 4 -3 fjlr;i/so(%i) 2345 6 7
Figure 2.4: (a) Example multi-pathing seismograms. The seismograms are transverseremmgynthetic
seismograms at station USC for a ray path shown in (b). In this examplagcewiaves in the 3-D velocity
model (red trace) show an additional late arrival compared to the seiamagrl-D velocity model (black
trace). (b) Reference ray path along which multi-pathing arrivals asergbd.
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(a) Example seismograms (transverse) (b) Example seismograms (vertical)
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Figure 2.5: Example transverse (a) and vertical (b) synthetic seismograms at statid®Aband-pass filtered
between 6.7 mHz and 20 mHz. Top seismogram pairs show effects due tster@aturbations, black seis-
mograms are generated using model (IIl) — 3-D velocity and @;Ded seismograms are generated using
model (IV) — 3-D velocity and 3-00). Bottom seismogram pairs show differences due to elastic perturba-
tions: black traces are generated using model (I) — 1-D velocity andt-f2d traces are generated using
model (II) — 3-D velocity and 1-0@). Delay times measured at 100 seconds using multi-taper technique
are indicated below the traces. The ray path of the seismograms is showraimd(measured elastic and
anelastic delay times as a function of period are plotted in (d).

Examples of synthetic seismograms from numerical sinaiatare shown in Fig. 2.5. The trans-
verse and vertical component seismograms at station ANM@ haen band-pass filtered between
6.7 mHz and 20 mHz. The top two traces in (a) and (b) show @iffees in seismograms caused
by 3-D @ structure, and the bottom two traces show differences ddsamwaves caused by 3-D ve-
locity structure. Frequency-dependent delay-time messents are plotted in Fig. 2.5(d) for this
example path. At a period of 100 seconds, the 3-D velocitiatians delay the arrival time of the
fundamental-mode Love wave by65 seconds and Rayleigh wave kY3 seconds for this particular
path; delay times caused by 3-D anelastic dispersion-d seconds for the Love wave and1

seconds for the Rayleigh wave. The 3-D anelastic disperdieats (difference between 3-D and
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1-D @ models) on phase delays are about 1/4 of the phase delaysdday$-D velocity structure
(differences between 3-D velocity and 1-D velocity modeMbpre detailed analysis on the anelastic
dispersion effects will be be discussed in detail in secBi@gh It is also noteworthy that amplitudes
variations in this example show that the effects of 3-D vijostructure on surface-wave amplitudes
(focusing/defocusing) are more prominent than the effet&D () structure, this is consistent with
estimates made based upon 3-D sensitivity kernels (Zhd@8)2ihd amplitude measurements will be

discussed in chapter 3.

2.4 3-D anelastic effects on surface waves and frequency depen-

dence

In Fig. 2.6 we compare Love-wave phase delays caused by 3eDityestructure with those caused
by 3-D @ structure. Each dot in the scatterplot represents two plelag measurements made for the
same source-receiver pair; the horizontal axis is theieldstayt;_pv — t1_pv and the vertical axis

is the anelastic delat_p g — t1-p . Measurement errors estimated using the multi-taper tqabn
are indicated by black crosses. There are approximatef0&y@easurements in each scatterplot at
periods of 60 seconds, 100 seconds and 200 seconds. Asexptna elastic delays and anelastic

delays are highly correlated as the velocity @hdtructures are correlated.

The anelastic effects on surface-wave phase delays angefney dependent. This is due to local
S-wave anelastic dispersion, frequency-dependent depititvity of surface waves as well as the
3-D distribution of( anomalies. Generally speaking, anelastic delays become smgnificant in
long-period surface waves than in short-period surfaceesaor Love waves at 60 seconds, the
ratio between anelastic delays and elastic delays is rgughil7. For 100-second and 200-second

Love waves, the ratio of anelastic delays to elastic delagseases to 0.22 and 0.27, respectively.
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The depth sensitivity kernels of fundamental-mode suriaaees calculated for model PREM at
corresponding periods are plotted next to each scatteigioéference. The root-mean-square (rms)
values of the 3-D anelasticity model and 3-D velocity modefunction of depth are also plotted.
The depth sensitivity functions show that short-periodd.axaves are sensitive to shallow structures
where ) values are relatively high and variations bfQ) are relatively weak. Therefore weaker
anelastic effects on surface waves are expected. Longepeove waves are more sensitive to deeper
structures in our 3-) model, and)) variations are large in the lo® zone at depth of 80-200 km.
Therefore the contribution of anelastic dispersion to kpegod surface-wave phase delays becomes

more prominent.

Comparisons between anelastic delays and elastic delayafdeigh waves are shown in Fig.
2.7. The ratios of anelastic delays to elastic delays alsw strong frequency dependence. For 60-
second Rayleigh waves, this ratio is approximately 0.21 fantiD0-second and 200-second Rayleigh
waves, the ratio increases to roughly 0.24 and 0.27. Thigi&ecy dependence can be explained by
the depth sensitivity of Rayleigh waves and the rms of the nisodiethe uppermost 100 km, the ratio
between the rms of the 3-D velocity model and the rms of the @-odel is large. Therefore, for
short-period Rayleigh waves, which are more sensitive tbhashatructure, anelastic dispersions are
relatively weak compared with elastic delays. At depthewel00 km, the ratio between the rms of
the 3-D velocity model and the rms of the 3¢Dmodel becomes smaller. Therefore, Rayleigh waves
at 100 and 200 seconds, which are more sensitive to strgciiuithis depth range, show stronger
anelastic dispersion than short-period waves. In geneeslleigh waves are less sensitive to shallow
structures than Love waves, and they are more sensitiveuctstes in depth range of 80 — 300 km
(the low @ zone in our model), therefore, 3-D anelastic dispersioactff are more prominent in

Rayleigh waves than Love waves.

Based upon the comparisons, we can estimate the fractiontlmdion of anelastic dispersion to

the total surface-wave phase delays. At 100 seconds, the sfescatterplot is roughly 0.22 for Love

30



Chapter 2. The effects of 3-D anelasticity)(structure on surface wave phase delays

waves and 0.24 for Rayleigh waves, this indicates that asgpaihermal origin of mantle anomalies,
phase delays caused by 3¢Dstructure accounts for roughly 17-19% of the total obsemeldy
times. At 200 seconds, anelastic dispersion effects acdouapproximately 21% of the total delay
times for both Love waves and Rayleigh waves. At 60 secondspéincentage decreases to around
15-17%. However, it is important to note that short-periodace waves, especially Love waves,
are sensitive to shallow lithosphere structure, and aneldispersion of short-period surface waves
depends upory) structures at shallow depths. Because of the exponentigleieture dependence,
@ values in our reference models are much larger than PREM iuplpermost 50 km. Recent
studies (e.g., Durek & Ekgim, 1996) suggested@ value of 300 in the lithosphere. A decrease in
background? will result in an increase in the sensitivity of surface-eghase delays to fractional
perturbations inl/Q (Zhou, 2009). To estimate the effects of a lgwlithosphere, we generate
synthetic seismograms in our reference LYMnodel with/without the top 80 km layer replaced by a
constant) of 300 and compare surface-wave travel times. At an epiakdistance of 150 degree,
50-second Love waves are delayed by 5 seconds, 100- ance26fesLove waves are delayed by 3
seconds, Rayleigh waves at all periods are delayed by les®thaconds. Considering uncertainties
in our measurements, the effects of a IQwalue in the top 80 km are negligible in long-period Love
waves and Rayleigh waves. For short-period Love waves, lGvealues in the top 80 km can lead

to slightly stronger 3-D anelastic dispersion than seergnZ6.

Itis important to point out that while anelastic delays aladc delays are highly correlated, their
relation is not linear. Moreover, due to 3-D wave propagaéffects, elastic advances in surface-wave
travel times are not necessarily always associated witlasineadvances, sometimes they are accom-
panied with no advance or even weak anelastic delays. F@syawopagating through dominantly fast
anomalies, large elastic travel time advances (negatiagsleare observed, the anelastic advances do
not increase linearly with elastic advances but show a wedlefling pattern in the scatterplot. The

weakening of anelastic effects in seismically fast (“cdlegions becomes more apparent for purely
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continental paths, and the path dependence will be disdusseore detail in section 2.6.

It is worth noting that (1) the fact 15-20% of observed phaskays can be attributed to 3-Q
structure does not necessarily indicate current velooityagraphic models (e.g. S20RTS) have been
overestimated. This is because inaccuracy in tomograpeary will introduce internal inconsistency
in the inverse system, which often requires greater damjarige applied in the inversion; (2) the
relative contribution of 3-D elastic and 3-D anelastic effein surface-wave phase delays does not
depend on the rms of the “elastic” wavespeed model (S20R3&) un this chapter; and (3) we have
assumed a thermal origin of mantle wavespeed@rmshomalies, other effects such as water content
and partial melting can also be important but they have nehlveell constrained in mineral physics

and are beyond the scope of this study.
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Anelastic effects on Love-wave phase delays

(a) delay time measurements (60s)

(b) depth sensitivity (60s) and model rms
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Figure 2.6: Comparison of elastic delays and anelastic delays on Love waves atgefidd) 60 seconds
(c) 100 seconds and (e) 200 seconds. In the scatterplots, the halizoordinate of the scatterplots is
elastic phase delay{_pv —t1—pv) and the vertical coordinate is anelastic phase delay(q —t1-p q)-
Errors estimated using the multi-taper technique are indicated by black €rdssast-square-fitted slope
of each scatterplot (white line) shows the ratio between anelastic and eféstis.eThese ratios are 0.17
at 60 seconds, 0.22 at 100 seconds and 0.27 at 200 seconds, glaostiong frequency dependence of
anelastic effects. Radial sensitivi§d/93) of fundamental-mode Love waves at corresponding period and
root-mean-square (rms) of 3-Q (§ In(1/@Q)) and 3-D velocity § In Vs) models are plotted in (b), (d) and
(f) as functions of depth. Sensitivity of long-period Love waves shaat they are more sensitive to the
low Q zone (80-300 km) than short-period Love waves, therefore strargsastic dispersion effects are
expected at longer periods.
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Anelastic effects on Rayleigh-wave phase delays

(a) delay time measurements (60s) (b) depth sensitivity (60s) and model rms
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Figure 2.7: The same as Fig. 2.6 but for Rayleigh waves. Strong frequency depemdf anelastic effects is
also observed in Rayleigh-wave phase delays. The fitted ratios of anellays to elastic delays are 0.21
at 60 seconds, 0.24 at 100 seconds and 0.27 at 200 seconds. e3aBtiareffects on Rayleigh waves are
systematically more significant than Love waves because Rayleigh wavemee sensitive to structures in

the low (@ zone (80-300 km) in our model.
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2.5 The effects of mineralogical parameters

In this section we examine the dependence of 3-D anelastictefon mineralogical parameters that
control both the 1-D referena@ model and the conversion from 3-D velocity model to 3Dnodel.
We experiment with additional two sets of rheology paramsete investigate the effects of rheology
parameters on the resultiggmodels. The rheology parameters are listed in Table (2@)t@ncorre-
sponding 1-D models are labeled &1 DMy, Q1DMy; andQ1DMy;, where modefQ1 DMy,

is the 1-D@ model we used in section 2.3 and 2.4 and it is comparable to PEM2.1 and 2.8).

In generating modeQ1DM, we used a slightly smaller activation energy = 420 KJ/mol and

a relatively higher activation volumg* = 19 cm? /mol; and for modelQ1 DMy we used a larger
activation energye* =520 KJ/mol and a smaller activation volunmé& =15 cm?® /mol. We adjust the
mineralogical parameters accordingly such that the ovéralalues in the mantle are smaller than
PREM in modelQ1DMyp, and larger than PREM in mod€l1DMyg. (Fig. 2.8). The corresponding
3-D @ models,Q3DMy, andQ3DMy, are calculated from 3-D velocity model S20RTS for the ad-
ditional two sets of mineralogical parameteM{ andMy;) using the same algorithm that has been
discussed in section 2.3.2. Maps of the 3Dmodels at a depth of 100 km are plotted in Fig. 2.9.
We ran wave propagation experiments in the two additiortal&eglobal? models, and make phase

delay measurements following the same procedure as dedénisection 2.3.3.

Table 2.2: Rheology parameters for different anelasticity (Q) models

Parameter set £*(KJ/mol) | V* (cm®/mol) | A
My, 420 19 1.394
M 470 17 1.394
My 520 15 1.394
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Mineralogical parameter effects on 1¢pmodel
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Figure 2.8: Referenceal models constructed using three different mineralogical parameter set3gbée.
2.2). @ values inQ1DM), are moderate and comparable to PREM at depths between 80 — 220 km,
values are higher than PREM in modgil DMy and lower than PREM in mod€d1DMjy,. PREMQ
model is plotted in gray dashed line for reference.

Our measurements show that the effects of 3-D anelastiedigm are dependent upon miner-
alogical parameters used in the experiment. Scatterpld@®second Rayleigh-wave phase delays
are plotted in Fig. 2.9. The ratio of anelastic phase delaydastic phase delays depends upon min-
eralogical parameters: measurements made for@-4Dodel Q3DMy, show that the slope of the

scatterplot is roughly 0.28, and the ratio decreases@®4 in(Q modelQ3DM,; and it deceases

further to~0.21 for modelQ3DMy.

Least square fitted ratios of anelastic to elastic delaydifoeLove waves and Rayleigh waves for
the three sets of glob& models are shown in Fig. 2.9. The elastic delays are iddntidhe three
groups, while anelastic delays vary with mineralogicabpagters applied in generating the 1-D and

3-D (Q models. The gray bars are ratios at periods ranging from é&@nsis to 200 seconds. The fre-
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guency dependence of anelastic dispersion shows a siraif@rp in the three experiments: anelastic
dispersion is more significant at longer periods, and thguieacy dependence is most apparent in the
period range between 60—150 seconds and becomes weakegat fgeriods (150 — 200 seconds),

especially for Rayleigh waves.

In the case of using the mineralogical parameterldgf, the anelastic dispersion effects on
surface-wave phase delays are the largest at all periodsotbr Love waves and Rayleigh waves
in spite of the smallest fractional perturbationslift) among the three 3-I0) models (Fig. 2.9).

It is worth emphasizing that (1) both the referergenodels and perturbations @ are calculated
from mantle temperature using three different sets of nailogical parameters; (2) anelastic delay
times are introduced by perturbationsn while temperature partial derivatives are dependent also
upon the referenc€ values, and overall the 3-D anelastic dispersion effectsine stronger when
the mineralogical parameters used are associated withr l@ferencel) values, and (3) we shall
keep in mind that uncertainties in mineralogical paransatell lead to uncertainties in 3-D anelastic

dispersion effects as illustrated in Fig. 2.9.
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Mineralogical parameter effects on 3-D@) model and anelastic phase delays
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Figure 2.9: Delay-time measurements for three sets of gl@pahodels generated using mineralogical param-
etersMy,, My; andMy; (@), (b) and (c) are maps of fractional perturbations iy (5 In Q') at a depth
of 100 km. and corresponding reference (1éDnodels are plotted in Fig. 2.8; (d), (e) and (f) are scatter-
plots of elastic delays versus anelastic delays for 100-second Raylaigisythe ratio of anelastic delay to
elastic delay decreases fron®.28 (parameter séily,) to ~0.21 (parameter s@&ly). The best fitting line
in (e) is also plotted as green dashed lines in (d) and (f) for comparighnthj, and (i) are the ratios (gray
bars) of anelastic delay to elastic delay of Rayleigh waves at periodsspfle0s, 150s and 200s. These
ratios come from least-square fitting of measurements. The 3-D anelastitsadfe frequency-dependent
and the frequency dependence is most apparent in the period ramgebe0 — 150 seconds. Note frac-
tional perturbations in /@ are the smallest in mod€3DMy,, while the associated anelastic delay times
are largest due to the associated IQwalues in the reference mod@1 DMy, (Fig. 2.8).
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2.6 Path dependence of 3-D anelastic effects

Our measurements show that 3-D anelastic effects on sunface phase delays are path dependent.
We select measurements with their great-circle ray pathslynaaveling through oceanic regions as
well as those with their great-circle paths mainly in coetital regions. Phase-delay measurements
for 100-second Love waves and Rayleigh waves and assocatgxhths are plotted in Fig. 2.10 and

2.11 for comparison of oceanic paths and continental paths.

In the upper mantle, there is strong correlation betweeocitylmodel S20RTS and tectonic fea-
tures. The oceanic regions are underlain by slower (“hgtteantle material while stable continents
are associated with faster (“colder”) lithosphere and hearks expected, the scatterplot of elastic-
anelastic phase delays for oceanic paths is dominated litywpdgavel time delays and measurements
of continental paths are dominated by negative travel tielays. In Fig. 2.10, the ratio of anelas-
tic delays to elastic phase delays of 100 second Love wavesse to 0.2 for oceanic paths. For
continental paths, there is apparent “flattening” on thétegalot: waves traveling through “colder”
regions experience larger phase advances but not as sagnificrease in 3-D anelastic dispersion.
The “flattening” is unlikely due to Love-wave higher-modentamination because (1) we have ex-
cluded records contaminated by higher modes from our meants; (2) higher modes would affect
both the elastic and anelastic measurements and therefibreotwesult in “flattening” in anelastic
measurements and (3) the “flattening” is expected based tingomon-linear relation between “elas-

tic” and “anelastic” delays which will be discussed in sent?.7.

We calculate global phase-velocity maps of 100-second lveaees in the four models listed
in Table 2.1. The differences in phase velocities betweedenh@) and (Il) are due to 3-D elastic
structure {3_pv — ¢1_pv), and they are plotted in Fig. 2.10 (e). The fractional pddtionsdc/c
with respect t@:; _pv are in the range of4.1% — 4.7%. The differences in phase velocities between

model (l11) and (IV) are due to 3-D anelastic structutg ( — ci—pq) and the perturbations with
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respect tor;_p are plotted in Fig. 2.10 (f), and the perturbations are inrdregge of—0.89% —
0.86%. The amplitude of the fractional perturbations in local gdhaelocities due to 3-D velocity
structure is about 3-4 times stronger than that due to 3-[aatie structure (note the different color
scales in Fig. 2.10). The ratio between loéalc caused by 3-D velocity structure and those caused
by 3-D () structure are location dependent, and, they are generalijlex in continental areas than

in oceanic areas.

In Fig. 2.11, we compare measurements made for oceanic aathsontinental paths for 100-
second Rayleigh waves. Rayleigh-wave phase-delay measuiefoeoceanic paths are dominated
by travel time delays (slow anomalies), and the ratio of astét delays to elastic phase delays is close
to 0.25, and it is larger than the ratio for Love waves at theesperiod. For continental paths, the
flattening of the scatterplot is not as apparent as 100-sHoove waves, and the ratio is close to 0.24.
Overall, 3-D anelastic dispersion effects on phase delsyslaghtly stronger in oceanic paths than
in continental paths. We calculate maps of 100-second Rindeave phase velocity perturbations
due to 3-D(Q structure {;_pq — c1_pq), and the fractional perturbations are in the range @f79%

— 0.85% while the perturbations due to 3-D elastic structute (v — ¢;_pyv) vary from—3.5% to
3.9%, relatively weaker than those for 100-second Love wavesa Aesult, 3-D() structures have
more significant effects on Rayleigh waves than on Love wavidss-s consistent with the slope

variations in the measurement scatterplots.

We conclude that (1) the effects of 3-D anelasticity on pligdays are more significant in oceanic
paths than in continental paths, i.e., the effects of 3-Oamtie dispersion on phase advances are
less significant than that on phase delays. This is mainlytduée non-linear relation between
“elastic” and “anelastic” velocity perturbations in theseaof a common thermal origin, and (2) the
path dependence is more apparent for Love waves than foriBaylaves. In section 2.7, we verify

the non-linear relation for local S waves using a simple @ieal approach.
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(a) oceanic paths (b) continental paths
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Figure 2.10: Path dependence of anelastic effects on Love-wave phase delags. (aoand (b) are map
views of oceanic paths (1502 paths) and continental paths (2665 patgctively. Love-wave delay-time
scatterplots for the two groups of paths are plotted in (c) and (d), reeglgc The continental scatterplot
shows some “flattening” indicating that anelastic effects are weaker famemtal paths than for oceanic
paths. (e) and (f) are phase velocity maps of 100-second Love wamesponding to 3-D velocity and 3-D
Q structure, respectively. Fractional perturbations in phase velaxityd varies from -4.% to 4.7% in (e)
and from -0.8% to 0.86% in (f). Note different color scales have been used in (e) and (f).
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(a) oceanic paths (b) continental paths
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Figure 2.11: The same as Fig. 2.10 but for Rayleigh waves, there are 1,499 ocetits@pd 2,578 continental
paths. The slope of the scatterplots is 0.25 for oceanic paths and is 0.@dntorental paths. (e) and (f)
are phase-velocity maps of 100-second Rayleigh waves correspgandrD velocity and 3-00) structure,
respectively. Fractional variations in phase velocity range front%3&%3.9% in (e) and -0.7% to 0.82%
in (f). Note different color scales have been used in (e) and (f).
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2.7 Analytical verifications

Surface waves are mainly constructive interactions ofiplelteflected S waves. To the first order for
small perturbations i) in eq. (2.3), local perturbations in S-wave velocity duedtceal perturbations

inQ — @+ 6@ can be written as

Vs _ b (w) @
(Vs)m_ len(%) 2 (2.10)

whereQ = @), is the local quality factor for shear modulus. Assuming laggerturbations are due

to temperature perturbation&y) /@) can be related to perturbations in temperaiifein eq. (2.9),

oVs « w\ E*+ PV*
— =—In|— | —0T. 2.11
( Vs >3DQ Qm ! (WO) RT? ( )

The temperature partial derivative in eg. (2.8) can be usédd the associated velocity perturbations

yielding

at the referencé value,

5VS) a (w) E* + PV* (alnvs>‘1 (5\/5)
-8 — — (= s . 2.12
( Vs /3 pq Qm Wo RT? oT Vs )3 pv ( )

To the first order assuming thermal anomalies, fractionalupeations in anelastic dispersion in-

troduced by local variations in anelasticityVs/Vs)s_pq are related to fractional perturbations in
S-wave velocity(6Vs/Vs)s_py at the referencé). This relation is not linear but dependent upon
the background) value as well as temperaturé In Fig. 2.12, we calculate local 3-D anelastic dis-
persions(0Vs/Vs)s—p q associated with velocity variatiorigVs/Vs)s—pv in the range of -% — 3%

for reference) and temperature values at depths of 100 km, 150 km, 200 kmki30&nd 400 km.
We use an iterative approach and update temperafuesd the partial derivativé In V5 /0T in the
calculations of0Vs/Vs)s_p g until eq. (2.12) converges. The mineralogical parameterseal as the

reference thermal structure have been described in s8ct. 2.
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Figure 2.12: Predicted elastic velocity perturbations versus anelastic velocity perturbdto 100-second
shear waves calculated using equation (2.12) at different depths arsiitgrative approach. The relation
between elastic and anelastic velocity perturbations is not linear and the eatiedn anelastic and elastic
velocity perturbations becomes larger for “hot” anomalies. For exampkedapth of 100 km, 2% “elas-
tic” velocity reduction is associated with 0.54% “anelastic” velocity reductidml|en2% “elastic” velocity
increase is associated with 0.46% “anelastic” velocity increase. The ratiede anelastic and elastic ve-
locity perturbations also depends upon the backgraunalue, for example, the ratio increases from 0.22
at 400 km (referenc® = 157.6) to 0.28 at 150 km (referena@ = 81.7). Note that these calculations are
for local perturbations in velocity ang@, and can not be directly compared with phase-delay measurements
as surface-wave delays are integrated effects of local perturbatienslepth as well as over the ray path.

The relation between local perturbationgdvs/Vs)s_pq and(6Vs/Vs)s—pv in Fig. 2.12 is gen-
erally consistent with our surface-wave phase delay measemts — the ratio betwe¢dls /Vs)s_p
and(dVs/Vs)s_pv is roughly between 0.13 and 0.28. The curves flatten out fgelaegative per-
turbations in—(6Vs/Vs)s_pv, indicating that the effects of 3-D anelastic dispersioraist (cold)
regions are not as significant as in slow (hot) regions fostimee amount of absolute perturbations in
local (6Vs/Vs)s_pv. For example, when temperature increases, 1% “elastica®welocity reduc-
tion at a depth of 100 km is associated with 0.26% “anelastddcity reduction, while 2% “elastic”
velocity reduction is associated with 0.54% “anelastidoegy reduction. In the case of temperature
decrease, 1% “elastic” velocity increase is associated \24% “anelastic” velocity increase, and
2% “elastic” velocity increase is associated with 0.46%&¢lastic” velocity increase. This is consis-
tent with the “flattening” of anelastic phase advances olggkfor the continental paths as described

in sect. 2.6.

Itis important to point out this analysis is based purelyrufoeal perturbations i and velocity.
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The curves in Fig. 2.12 can not be directly compared with ploletay measurements as surface-wave
phase delays are integrated effects of local perturbatwesdepth as well as over the ray path. For
example, large surface-wave phase delays in 3-D velocityatsalo not necessary correspond to large
local velocity perturbations but may be a result of surfae@es propagating though large provinces

of weak anomalies.

2.8 Conclusion

We investigate the effects of lateral variations in anéagt(()) on long-period surface-wave phase
delays by simulating wave propagation in earth models with ®avespeed structures and 3¢D
structures using the Spectral Element Method (Komatitsciirédmp, 1999, 2002). We compare
phase delays caused by 3éDstructure with phase delays caused by 3-D wavespeed geuatial
conclude that 3-00) structures in the mantle have significant effects on lomigpgesurface-wave
phase delays. At a period of 100 seconds, the ratio betwesseptelays caused by 3éDstructure
and those caused by 3-D velocity structure is roughly betv@e21-0.24, indicating that roughly 15-
20% of observed phase delays are due to @-Btructure. These effects have so far been ignored in
present-day tomographic studies and may have led to biaseographic structures. The coupling
between elastic and anelastic effects in surface-wavelttames indicates that a joint inversion of
3-D velocity and 3-D) structure using both travel times and amplitudes is necgs$ae resulting
self-consistent 3-D velocity and 3-0Q models will be very helpful in mapping lateral thermal and

compositional heterogeneities in the upper mantle.

Our numerical experiments show that 3-D anelastic dispersifects on surface-wave phase de-
lays depend upon the frequency of the waves due to local $-aaelastic dispersion, frequency-
dependent depth sensitivity of surface waves as well asapthdistribution of¢) anomalies. The

3-D anelastic effects generally increase with increasiageperiod and the frequency dependence
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is most apparent in the period range between 60 — 150 secormds humerical experiments &5

variations are the strongest in the asthenosphere.

In a thermal model, the significance of the 3-D anelasticatisipn effects depend upon mineral-
ogy parameters, i.e., activation energy and activationmel The 3-D) model used in this chapter
is constructed using the 3-D wavespeed model S20RTS asguhahboth velocity and) pertur-
bations are due to temperature variations. Delay timesduated by the 3-D velocity structure and
those introduced by the corresponding 3Dstructure are therefore correlated, but the correlation
is not linear: the ratio between anelastic and elastic dglayadvances) becomes larger for “hotter”

anomalies than for “colder” anomalies.
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Chapter 3

The effects of 3-D anelasticity )) structure

on surface wave amplitudes

(An edited version of this chapter has published by RAS. Ruaand Zhou Y., The effects of 3-D
anelasticity ()) structure on surface wave amplitudes, 20&&ophys. J. Int. 189, 967-983.)

3.1 Introduction

The anelasticity of Earth material causes energy dissipati seismic waves through internal friction
and it is often measured by the quality factgrin the past decades, progress made in mineral physics
has allowed laboratory studies of anelasticity of uppentheaminerals under high temperature and
high pressure. Recent mineralogical experiments show #r&tions in temperature, water content,
and composition have very different effects on seismic weweed and anelasticity in the Earth’s

mantle (e.g., Isaak, 1992; Jackssral., 1992; Karato & Spetzler, 1990; Jackson, 2000; Jacleson
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al., 2002; Karato, 2003; Faul & Jackson, 2005). Therefore heggolution 3-D anelastic structures,
together with 3-D elastic wave speed structures, can pedaighortant constraints on the thermal and

chemical state of the Earth’s interior.

The propagation of seismic waves can be affected by pettarisain both elastic and anelastic
properties, therefore, seismic travel times and amplgwtipend upon both wave speed and anelas-
ticity. In mapping lateral heterogeneities in the Earthierior, seismic travel times are usually used
to invert for wave speed and amplitudes are used to map aiceglasn extending the finite-frequency
theory of surface-wave anelasticity (Dahlen & Zhou, 20@6d¢count for anelastic dispersion, Zhou
(2009) pointed out the importance of accounting for coupbi elastic and anelastic effects in both
travel times and amplitudes and suggested that joint toapdge inversions of 3-D wave speed and

3-D anelasticity structures are necessary for long-pesiosthce waves.

It has been long recognized that anelasticity can affecelri@ames of seismic waves by anelas-
tic dispersion (e.g., Liwet al., 1976; Kanamori & Anderson, 1977). However, in 3-D wave sbee
tomography, seismic travel times are typically used withmnsidering anelastic dispersion caused
by 3-D anelastic structures. Ruan & Zhou (2010) showed thalaatic dispersion due to lateral
perturbations i) can cause 15-20% of the observed phase delays (travel imles)g-period sur-
face waves. Ignoring anelastic dispersion in surface waversions may therefore lead to biased
tomographic models. In resolving the 34D structures of the mantle, the difficulty is that elastic
focusing and defocusing caused by 3-D wave speed struatarestrongly affect seismic amplitudes
(e.g., Woodhouse & Wong, 1986; Romanowicz, 1998; Selby & Viloode, 2000; Dalton & Eksim,
2006a,b; Yang & Forsyth, 2006; Zhou, 2009). To date, thdivelamportance of elastic focusing and
anelastic effects have not been well understood. In glohalaatic tomography, different research
groups take different approaches in handling elastic fiogidefocusing effects on amplitude (e.g.,
Dureket al., 1993; Romanowicz, 1995; Bhattacharyal., 1996; Selby & Woodhouse, 2002; Gung
& Romanowicz, 2004; Dalton & Ekstm, 2006b). The additional anelastic focusing/defocusiing
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fects associated with anelastic dispersion have always iggered. Although the resulting 3-Q
models are comparable in magnitude, large-scale featareslifer greatly from each other (e.g.,
Gung & Romanowicz, 2004; Daltoet al., 2008). More recently, there has been growing interest
in modeling 3-D anelastic effects on seismic travel timed amplitudes through numerical wave

propagation using currently available 3¢Pbmodels (e.g., Savaget al., 2010).

In this study, we quantify the effects of anelasti) @nd elastic structures on surface wave ampli-
tudes through numerical wave propagation simulation ugiBgectral Element Method (Komatitsch
& Tromp, 1999, 2002a,b). Investigations of surface wavesphielays based upon the same simu-
lations have been documented in Ruan & Zhou (2010). The eftdchnelasticity are Incorporated
using an absorption band model with three standard lindatss(Gavageet al., 2010). The Earth’s
bulk quality factor (),.) is orders of magnitude larger than the shear quality facgo), and the sensi-
tivity of Rayleigh waves to perturbationsdp, is very weak; for Love waves, the sensitivity is zero. In
this chapter, we consider lateral heterogeneities only jrand ignore perturbations i@3,., and in
this chapter refers tQ,, hereinafter. We simulate wave propagation in Earth modgtsand without
the presence of 3-D heterogeneities, and measure the adgperturbations in fundamental-mode
surface waves caused by 3-D wave speed structures as wietlsesdaused by 3-D structures. Our
amplitude measurements based on the 3-D models show theftelots of 3-D wave speed structures
and 3-D() structures are comparable in short-period surface wanedshe effects of 3-D wave speed

structures are dominant in long-period surface waves.

In ray theory, amplitude perturbations due to 3-D heteregess can be decomposed into three
contributing effects: elastic focusing and defocusingglastic attenuation, and anelastic focusing
and defocusing. We calculate ray-theoretical amplitudéupeations in 3-D wave speed and 3¢D
models. Ray-theoretical calculations confirm that elasiu$ing dominates amplitude perturbations
in 3-D models used in this study. In addition, we shows thattifiects of anelastic attenuation are less

significant compared to anelastic focusing/defocusingogdfin long-period surface waves. Finally,
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we discuss the uncertainties in mineralogical paramesad in the numerical experiments.

3.2 Wave propagation in 3-D@) and 3-D wave speed models

In this section, we will briefly review Earth models and nuicarwave propagation experiments used

to quantify the effects of 3-D anelasticity and 3-D wave sps&teuctures on surface waves. The same
models have been used to quantify the effects of anelasfiediion on travel time in Ruan & Zhou
(2010). We construct a 1-D referen@emodel based upon a reference geotherm assuming half space
cooling of an adiabatic mantle. Parameters are shown ireTaldl. The reference geotherm profile

is plotted in Fig. 3.1. The corresponding reference £2nodel then can be constructed from the
reference geotherm assuming a thermally activated mesinaofi anelasticity (Jackson & Anderson,

1970; Karato & Spetzler, 1990),

(3.1)

RT

Qw,T) = A exp [M] |

where the activation energy* = 470 KIJmol™' and activation volumé* = 17 cm?mol ™' are esti-
mated from laboratory studies of upper mantle minerals,(@livine). The constantl is chosen so
that the referenc& model is close to model PREM (Fig. 3.1).

Table 3.1: Geothermal parameters used for reference temperature profile.

Parameters Values
Surface temperaturg, | 0°C
Mantle temperaturé;, | 1300°C
Thermal diffusivityx | 1x 10 5m?s~!
Cooling ager. 60 Myr
Adiabatic gradient | 0.5°C/km

Assuming a purely thermal origin of lateral perturbatiorboth wave speed and anelasticity)(

we follow Ruan & Zhou (2010) and calculate temperature pbettions that correspond to shear wave
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speed perturbations in model S20RTS (Ritsema & Van Heij€90p0sing the temperature partial

derivative of shear-wave speed (e.g., Karato, 1993; Ruan@uZ2010),

OV  9lnVy 1 E*+PV*

oT oT  Qr RT? (3:2)

The temperature partial derivativeln V/0T depends or), so an iterative approach was used to
compute perturbations i). The root-mean-square (rms) of the wavespeed and Q moegtdadred

in Fig 3.1 as a function of depth, and 3-D wavespeed and 3rbaps at a depth of 100 km are plotted
in Fig. 3.2(a) and (b). The root-mean-square strengthlof) ! in the Q model is comparable to
recent tomographic 3-) models (e.g., Daltoet al., 2008). Assuming current global tomographic
3-D @ models are correct in order of magnitude, our 3Dmodel should be reasonable for the
investigation of 3-D anelastic effects on surface wavese @tlvantage of using the wave-speed-
converted) model is that th&) model is highly correlated with the 3-D wave speed model SER

which allows us to investigate correlations between thairasponding effects.

We investigate the effects of 3-D wave speed and @-Btructures on surface wave amplitudes
through wave propagation simulation in four different Bartodels (Table 3.2) using a Spectral El-
ement Method (Komatitsch & Tromp, 1999, 2002a,b). To exantire elastic focusing/defocusing
effects on surface-wave amplitudes due to 3-D wave speedtstes, we measure amplitude differ-
ences between synthetic seismograms generated in modelld velocity and 1-D) (PREM) and
model (Il) — 3-D velocity and 1-00) (S20RTS). The) structures in model (1) and (1) are identical,
therefore the measured perturbations in surface-waveitags are due to the 3-D velocity struc-
tures, i.e.(As pv — A1pv)/Arpv orelastic InA. In the case of examining the effects of 3¢D
structures (“anelastic effects ” hereinafter), we measumglitude perturbations between synthetic
seismograms generated in model (lll) — 3-D velocity and @Bnd model (1) — 3-D velocity and
3-D Q. The velocity structures are identical in these two modelthe amplitude perturbations are

due to the 3-DQ) structures, i.e.(A3 pq — Aipq)/Aipq or anelastic § InA. The 1-D and 3-D)
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models are shown in Figs 3.1 and 3.2.

Table 3.2: Models used for 3-D SEM wave propagation simulation

Model | Velocity Anelasticity )
Elastic effects I 1D (PREM) 1D (PREM)
I 3D (S20RTS), 1D (PREM)
Anelastic effectg Il 3D (S20RTS)| 1D (Q1DMyy)
IV | 3D (S20RTS)| 3D (Q3DMy)

We use twelve earthquake events and 801 seismic stations mumerical simulations to provide
a good global path coverage (Fig. 3.2). For each event, wamagation simulations are run for all
four models in Table 3.2. Examples of synthetic seismogriaom SEM simulations and associated
ray paths are plotted in Fig. 3.3. The transverse and védiraponent seismograms at station BMN
have been bandpass filtered between 8 and 15 mHz. The top ismooggams in Fig. 3.3(a) and (b)
show amplitude perturbations caused by 8)B3tructures, while the bottom two seismograms show
amplitude perturbations caused by 3-D wave speed strgctdmplitude variations measured at a
period of 100 s (10 mHz) are shown beneath each two tracesth&dransverse component (Love
waves), lateral variations i cause a 3.5% increase in amplitude while variation in waeedgause
a 133.7% increase in amplitude. In the vertical componengl@Rgh waves), the 3-[0) and 3-D wave
speed structures increase amplitude by -1.3% and 42.5%atggly. This indicates elastic effects on
surface wave amplitudes, i.e., focusing/defocusing, @mbch stronger than anelastic attenuation.
In this example, both Love waves and Rayleigh waves show agetastic focusing (amplification)
on amplitudes as they propagate through strong slow anesaali/e assume lateral heterogeneities
in the Earth models are thermally-originated, thereforéow snomaly is associated with a lo@y
anomaly where strong anelastic attenuation is expecteniddse in amplitude). However, synthetic
seismograms show a slight increase in the amplitude of Loaew and a negligible decrease in
the amplitude of Rayleigh waves. Such unexpected variatidicates anelastic focusing effects
associated with anelastic dispersion are strong enouglartoet out the attenuation effects. The

details of wave focusing effects associate with anelassipestsion will be discussed in section 3.5.
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Amplitude measurements as a function of wave period aresiowig 3.3(d) and (e) for Love waves
and Rayleigh waves respectively. The strong frequency digpere of amplitude perturbations will

be discussed in sections 3.4 and 3.5.
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(a) Reference geotherm (b) 1-D referenceé) model
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Figure 3.1: (a) Reference 1-D temperature model derived assuming halfspaliegcoban adiabatic mantle.
Adiabatic thermal gradient i&5 °C/km, and geothermal parameters are shown in Table 3.1. (b) Reference
@ model @,,) constructed using the reference geotherm and mineralogical paraméter470 KJ/mol
andV* =17 cm3/mol. PREMQ),, is also shown in dashed line for reference (Dziewonski & Anderson,
1981). (c) Depth profile ofl /@ where gray bars indicate root-mean-square (rms) variations @f at
various depths in 3-[0) model. (d) Root-mean-square (rms) of 3-D wave speed.amibdels as a function
of depth.
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o e e e (c) Ray path coverage

(a) 3-DVs model at 100 km  (b) 3-D (Q model at 100 km
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Figure 3.2: (a) 3-D shear wave speed model S20RTS (Ritsema & Van Heijst, 2000)iegpth of 100 km.
(b) 3-D anelasticity @) model at a depth of 100 km, the perturbation magnitud®ot are comparable
to recent tomographic models (e.g., Dalteiral., 2008). Note that perturbations {@ model and wave
speed model are correlated as we assume both of them are caused aterapariations. (c) Ray paths
used in numerical simulations. Locations and focal mechanisms of the twetheakes are indicated by
beachballs.

(a) Example seismogram (transverse) (b) Example seismogram (vertical)
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Figure 3.3: (a) transverse and (b) vertical components of synthetic seismogrartatiah 8MN, bandpass
filtered between 8 to 15 mHz. Top seismogram pairs show effects due tstmpkrturbations, black seis-
mograms are generated using model (111)-3-D velocity and @;Ded seismograms are generated using
model (1V)-3-D velocity and 3-00)). Bottom seismogram pairs show differences due to elastic perturba-
tions: black seismograms are generated using model (I)-1-D velocity -&hd)L red seismograms are
generated using model (I1)-3-D velocity and 1€ Amplitude perturbations measured at 100 seconds
using a multi-taper technique are indicated below the trace pairs. The ragfghthseismograms is shown
in (c) and measured elastic and anelastic amplitude perturbations as a fuofqienod are plotted in (d)
for Love waves and (e) for Rayleigh waves.
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3.3 Measurements of surface wave amplitude variations

To reduce bias in spectral estimation, we measure surfave-amplitude perturbations using a multi-
taper method (MTM) (Laske & Masters, 1996; Zheual., 2004). In this study, five 2.5-prolate
spheroidal eigentapers (Slepian, 1978) are used. Seiamsgneasured with these eigentapers have
their spectra narrowly concentrated around the centrgufacy. Amplitude perturbations and as-
sociated errors are estimated by least-square fitting ofumements made with the five orthogonal
tapers. We measure fundamental-mode surface wave angprtlrbations at frequencies (periods)

from 5 mHz (200 s) to 20 mHz (50 s).

Time windows are chosen for each seismogram to include gaoiyals of surface waves at the
period of measurement, and to exclude higher-mode surfazeswhenever possible. The spectra of
windowed seismograms depend on the time window applied kinganeasurements. To examine
the effects of windowing on amplitude measurements, we esenpmplitude perturbations of 100-s
Rayleigh waves measured with different time windows. Wet stéh a measurement window that
is approximately five times as long as the period of the wavB0Q s) centered at the arrival of
the fundamental-mode surface wave, we then extend thehleighe window by 150 seconds in
both directions to make it a longer window @00 s), and the third measurement window is 1100 s
centered at the same arrivals. Examples of measuremenwiimdews as well as amplitude variations
caused by different measurement time windows are showrgin34. Overall, amplitude variations
due to differences in window length can be significant, eigigowvhen windows are extended to
include higher-mode energy. A longer time window can insesie resolution of amplitude spectra,
however, it may also increase the risk of higher-mode comation. In this study, we carefully
choose measurement windows to strike a balance betweengpamtra resolution and minimum
higher-mode contamination. Due to the dispersion of senfeaves, we select measurement windows

based on visual examination of seismograms band-passdiledrtwo different frequency bands, 20-
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10 mHz (50-100 s) and 5-10 mHz (100-200 s). The final handegickeasurement windows range
from 600-800 seconds in the period range between 50-100 4@0@ 1600 seconds in the period

range between 100-200 s respectively.

Fundamental-mode surface waves in model PREM and S20RT Sili@rent group arrival times.
This often makes it difficult to exclude higher-mode surfa@ees in determining the time window
for measurements, especially in the case of Love waves. dmige the possible effects of includ-
ing higher-mode surface waves in the measurement windovgongare measurements made with
and without higher-mode surface waves. In the case withenigiodes, we measure amplitude per-
turbations between seismograms generated in model PREM2ORITS using SEM, therefore both
seismograms include all seismic phases. In the case witligher modes, we measure amplitude
perturbations between fundamental-mode-only seismogigenerated in model PREM using sur-
face wave mode calculations and seismograms generateddel iI880RTS using SEM. Amplitude
measurements made with and without higher modes for 1004s Wwaves and 100-s Rayleigh waves
are shown in Fig. 3.5. Higher-mode surface waves have sofeetebn Rayleigh wave amplitudes
(Fig. 3.5(b)), but in general they are not significant conregan uncertainties in measurements. The
effects of higher-mode surface waves are stronger in Lovesvthan in Rayleigh waves (Fig. 3.5(a)).
This is expected because fundamental-mode Rayleigh wasesd tnuch slower than higher-mode
Rayleigh waves, but the difference in traveling speed beatwaedamental-mode Love waves and
higher-mode Love waves are much smaller and therefore tleayc well separated in seismograms.
It's also noteworthy that amplitudes of fundamental-mode laigher-mode surface waves are caused
by the same subsurface structures but with different degtisisvity. Unless the structure varies
rapidly with depth, bias introduced by high-mode contarmarawill be limited, as shown in Fig. 3.5.

In Fig. 3.5, the calculations are for an extreme case andtefffehigher-mode contamination is in

general less significant in the measurements that we wdb@sin section 3.4.

The excitation of surface wave amplitudes by a moment tesmace depends on local structure at
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the source. In 3D models, local structures in source regiomsften different from that in 1D models.
In Fig. 3.6, we show that the effects of source radiatioredéhces on surface wave amplitudes are not
significant as we have excluded paths close to nodal planesevetource local structures may have
stronger influences on source excitations. The amplitudati@ns due to direct source excitation

differences are generally smaller than measurement earsr b
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Effects of time window in amplitude measurements

(a) 500-s vs 800-s window
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Figure 3.4: Comparison of elastic amplitude variationsi¢py — A1pv)/A1py) of 100 s Rayleigh waves
measured with different time windows. (a) shows amplitude perturbationsuneebigsing 500-second time
0-second time windowb) &the same as (a) but

windows. Examples ofating®ws are shown in
m is the same as in Fig. &8t (mandpass filtered
between 4 mHz and 20 mHz. Amplitude perturbations measured using diffeiredws show significant
differences, especially when the time window is long enough to include signifltigher-mode energy.
Time windows in our study are chosen to provide a good spectra resoluttomibimum higher-mode

windows plotted against measurements made with 80
for 800-second time windows and 1100-second time
(c) for a seismogram at station BMN. The seismogra

contamination.
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Effects of higher modes in amplitude measurements

(a) 100-second Love waves
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Figure 3.5: Comparison between amplitude perturbation measurements with and withoutmgtie surface
wave effects. (a) Amplitude measurements made using single-mode refseiamograms plotted against
measurements made with multi-mode reference seismograms for 100-s Lae® Wwagingle-mode refer-
ence measurementsin A is measured between fundamental-mode-only seismograms generated in PREM
using surface wave mode calculations and seismograms generated in r20R&ISSusing SEM. In multi-
mode reference measurements) A is measured between seismograms generated in PREM and S20RTS
using SEM. (b) is the same as (a) but for 100-s Rayleigh waves.
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Figure 3.6: Examples of 100-s Rayleigh-wave amplitude measurements made with and wibheagtions of
source radiation differences between 1-D and 3-D models for (a)sitetaodels and (b) elastic models.
The effects of source radiation differences on amplitudes are not sgmitompared to measurement error
bars.

64



Chapter 3. The effects of 3-D anelasticity)(structure on surface wave amplitudes

3.4 3-D anelastic effects on surface waves and frequency depen-

dence

It's well known that amplitudes of seismic waves can be affedy the magnitude of earthquakes,
geometrical spreading, source radiation pattern, waeaadtion and focusing/defocusing effects. In
this study, we focus on amplitude perturbations caused g &@tienuation and focusing/defocusing
effects, and quantify the effects of 3-D wave speed and@-€ructure as a function of wave period.
Lateral perturbations in wave speed affect the amplitudeeidmic waves through elastic focus-
ing/defocusing without energy loss. In the presence of JaBlastic heterogeneities, amplitude of
seismic waves can be attenuated due to energy loss causatehyal friction in mantle materials.
In addition to anelastic attenuation, anelastic strust@leo cause physical dispersion, introducing
additional focusing/defocusing effects which we have mef® to asanelastic focusing/defocusing.
Anelastic focusing/defocusing effects strongly depenoihupave frequency because of physical dis-

persion. It's worth emphasizing that this type of focusiffg@s is associated with 3-0) structures.

In Fig. 3.7, we compare Love- and Rayleigh-wave amplitudeatians caused by 3-D wave
speed structures, elastidn A and those caused by 3-D structures, anelastitln A. Vertical and
horizontal coordinates in the scatterplot representielash A and anelastié In A measured for the
same source-receiver pair. Black crosses on each dot shawaasurement errors estimated using
multi-taper technique. We exclude measurements with large bars, which leaves approximately

3,000 to 6,000 measurements in each scatterplot.

Our measurements show that 3-D anelastic effects on susaee amplitudes are frequency de-
pendent; anelastic effects in long-period surface wavesmarch weaker than in short-period surface
waves. For 50-s Love waves (Fig. 3.7(a)), anelastic effestamplitude are comparable to elastic
effects, and they are in general negatively correlated skdace waves at longer periods (100 s and

200 s), 3-D@ structures cause much smaller amplitude perturbatioms3Hawave speed structures,
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I.e., anelastic effects on amplitudes are much weaker tlagtiefocusing. In addition, the correlation
between anelastic effects and elastic focusing is positidicating that the dominant effect of 3@
structures is anelastic focusing rather than attenuas@malastic focusing correlates positively with
elastic focusing. Similar patterns are seen in Rayleigh wéve. 3.7). In 50-s Rayleigh waves, the
effects of 3-D wave speed and 3éDstructures are almost equally important, and they showtrgug

a negative correlation. In 100-s and 200-s Rayleigh wavesaiielastic effects become much weaker

than elastic focusing/defocusing effects, and correlasitipely with elastic focusing effects.

To better illustrate the relative importance of elastic andlastic effects, we calculate the average
absolute amplitude perturbations caused by 3-D wave spek8-® () structures at periods of 50 s,

100 s, 150 s and 200 s (Fig. 3.8). The average absolute adglierturbation is defined as

N
1
010 Alave = ; 01 Ayl (3.3)

The black bars in Fig. 3.8 indicate amplitude perturbatioassed by 3-D wave speed structures
(elastico In A), while the gray bars are those caused by &-Btructures (anelastitin A). At all pe-
riods, elastio) In A is larger than anelastitln A except for short-period (50 s) Rayleigh waves where
anelastic effects on amplitudes are comparable to elasticsfng effects. This is expected because
50-s Rayleigh waves are more sensitive to thedpmone (Fig. 3.7), and therefore experience stronger
attenuation in amplitude than Love waves. At longer per{cd$00 s), anelastic effects decrease very
quickly with increasing wave period, and elastic focusitegdcusing effects dominate surface-wave
amplitude variations. We conclude that focusing/defaugisiaused by 3-D wave speed structures
are the dominant effects in surface wave amplitudes, toapbgc studies without full consideration
of focusing/defocusing effects may strongly bias tomofm@pesults. In current 3-[0) tomographic
studies, elastic focusing/defocusing effects are sonaestignored (e.g., Gung & Romanowicz, 2004).

This does not simply imply that tomographig perturbations have been overestimated because to-
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mography is often an ill-posed problem due to limited datzecage, noise in data as well as errors in
tomographic theory. How errors in tomographic theory arpmeal into tomographic models depends

on regularization (damping or smoothing) applied in iniers.

The correlation between elastic and anelastic effects glitutde variations is frequency depen-
dent (Fig. 3.7). At 50 seconds, the correlation betweereatieland elastic effects is largely negative;
while at longer periods> 100 s) the correlation becomes positive. We have assunadll&ietero-
geneities in the models are purely thermal, therefore a aloemaly is associated with a hot region
where strong attenuation is expected. A slow anomaly alaay path will result in elastic focusing
(amplification) and therefore an increase in amplitude Jevtine higher-than-normal temperature of
the anomaly will lead to stronger anelasticity. If we assuhgedominant effect of a low) region is
anelastic attenuation, ancreasein elasticé In A should correspond todecrease in anelastid) In A,

and one should expect a “negative” correlation betweeraaheland elastic effects on amplitude.

At short period (50 s), the correlation between elastic ooy and anelastic effects is in general
negative, the correlation coefficient4€).05 in Love waves and-0.38 in Rayleigh waves. It's known
that elastic focusing/defocusing effects are associatddtire roughness (second spatial derivative)
of 3-D wave speed structures and the attenuation of ampktiglassociated with 3-D structures;
lateral variations inQ) structures and roughness of wave speed structures are cedsaeily well
correlated, which explains the small correlation coeffitseat short periods where anelastic effects

are dominated by wave attenuation.

The correlation between anelastic and elastic effectsrhesgositive in long-period surface
waves (100 s and 200 s). While the positive correlation seenh t‘counter-intuitive”, it can be
well explained by 3-D anelastic focusing/defocusing affexssociated with additional wave speed
perturbations caused by anelastic dispersion. In anelastterial, relaxation of elastic moduli de-

pends upon the frequency of the waves, resulting in frequdependent wave speed, i.e., anelastic
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dispersion (Dahlen & Tromp, 1998):

e(w) = () [ + i@ In ( “ )} , (3.4)

wherec(wy) is the wave speed at a reference angular frequepcgind@ is the quality factor. In the
presence of 3-0) anomalies, anelastic focusing effects are associatedthgtmoughness (second
spatial derivative) of 3-0) structures. In our Earth model, lateral perturbation§ iand wave speed
structures are well correlated, so do the roughness stascaf 3-D() and 3-D wave speed models,
therefore a positive correlation between elastic focusing anelastic effects is expected when the
dominant effect of 3-00) structures is anelastic focusing. At long pericd100 s), the positive cor-
relation indicates 3-[) structures affect surface-wave amplitudes mainly thraamgglastic focusing

and anelastic attenuation is minimum.

It is worth noting that wave speeds in anelastic media haee decomposed into “elastic speed”
(speed at a reference frequency) and “anelastic speedfias=bwith additional physical dispersion.
At the reference frequency,, “anelastic speed” is strictly zero and independent of Quokations
(eq. 3.4). The effects of Q perturbations on wavespeed atefieeence frequency are included in
“elastic wavespeed”. If the reference frequency is clogaedigh-frequency end of a mantle absorp-
tion band model, the “elastic speed” will be close to waveespgssociated with unrelaxed modulus.
In this chapter, we have chosen a reference frequency of biHwb reasons: (1) mantle models are
often developed at a reference frequency of 1 Hz due to ldrbendwidth of teleseismic data and
(2) our calculations at 1-Hz reference frequency will pdava lower limit estimates of 3-D anelastic

dispersion effects in surface wave amplitudes.
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Anelastic effects vs. elastic effects on amplitudes

(a) 50 s Love waves (b) 50 s Rayleigh waves
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Figure 3.7: Comparison between anelastic and elastic effects on Love- and Raylaighamplitudes at pe-
riods of 50 s, 100 s, and 200 s. Measurement error bars are estimatedniulti-taper analysis. Radial
sensitivity Oc/0) of fundamental-mode Love and Rayleigh waves are also plotted foerefer At 50
s, the anelastic effects on amplitudes are comparable to elastic effectstatimyganeral negatively corre-
lated. At longer periods (100 s and 200 s), anelastic effects becomemwih increasing wave period,
and begin to show a positive correlation with elastic effects. Anelastictefie&0- and 100-sec Rayleigh
waves are stronger than in Love waves due to its stronger sensitivity toth@ mne.
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Figure 3.9: (a) Perturbations in 100 s Rayleigh-wave phase velocity due to 3-D wmedsstructures. (b)
Perturbations in 100 s Rayleigh-wae ! due to 3-DQ structures; (c) and (d) are the corresponding power
spectra (eq. (3.9)) of perturbations in phase velocity @d. Power density of perturbations in both
phase velocity an@~! models decreases with increasing harmonic degree, indicating that lomeewgth
anomalies are dominant in both models.
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3.5 Ray-theoretical predictions of surface wave amplitudes

In a 3-D Earth model with lateral variations in both wave spead anelasticity@), amplitude

perturbations can be decomposed into three components frathework of ray theory (Zhou, 2009),

0InA = 6].nAvf0C + ) lnAQatt + 0 IIlAQfOC. (35)
The first term,
Ay e = — /As' sin(A — )92 d (3.6)
n Vfoc_2sinA ; nx sin x Y x, .

is the elastic focusing/defocusing term which depends enrdighness (second spatial derivatives)

of perturbations in phase velocity(/c).

The second term,
Cw [P
20Q ), Q7!

accounts for wave attenuation which depends upon the pattans of anelasticitys() —1).

) lnAQatt = d.T, (37)

The third term,

A -1
__ ¢ YN[ sinwsin(a — 2929
dInAgoc = mCO S A In <w0) /0 sinz sin(A — x)d, 01 dz, (3.8)

accounts for anelastic focusing/defocusing and depemustine roughness of perturbations in anelas-
ticity. In the above equations) is epicentral distance in radianandC' are local phase and group
velocities measured imad - s~* on the unit sphere is local Love-wave or Rayleigh-wave quality
factor,w is angular frequency, and integrations are along the gresé cay path. It is worth empha-
sizing again that anelastic focusing in this chapter is eefiwith respect to the reference frequency
wo. At the reference frequency, the third term is zero, it dogtsimdicate that) perturbations have

no affect on amplitudes through anelastic focusing butttmaeffects have been included in “elastic
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focusing” caused by perturbations in “elastic speed” (d@d¢he reference frequency).

To calculate the ray-theoretical surface-wave amplituat&ations caused by 3-D wave speed and
3-D @ structures, we construct local 1-D wave speed and Q model8 on 2° cells. This produces
16,200 1-D local models for each of the 3-D models shown inerdw®. For each 1-D model, we
calculate phase velocities antlvalues for both Love waves and Rayleigh waves at periods of 50 s
100 s, 150 s, and 200 s by solving radial equations for spdirisymmetrical Earths models. Phase
velocity maps {c/c) associated with 3-D wave speed structures are calculatsetion model | and
model Il (Table 3.2). Example phase velocity maps/¢) andQ maps §Q~'/Q~') are shown in
Fig. 3.9(a) and (b) for 100 s Rayleigh waves. They are welledated because both are derived from
a thermal model. Note that fractional perturbation§in are about one order of magnitude stronger

than in phase velocity. The power spectra of the phase ¥gland( maps are calculated as

1

P=_—
VI

l
apy+ > (ap, + b7, | (3.9)
m=1

whereaq,,,, andb,,, are the coefficients when the maps are decomposed usingaihepleerical har-

monics (Dahlen & Tromp, 1998, Appendix B),

00 l
(0, 9) = Z [aloXlo +2 Z Xim (@ cos me + by, sin mqﬁ)] , (3.10)

=0 m=1

wherey (0, ¢) represents the perturbation field of phase velocitot. The power spectra are plotted
in Fig. 3.9(c) and (d) for 100 s Rayleigh waves. The power speaf perturbations in both phase
velocity andQ ! show that long-wavelength anomaliéds< 10) are the dominant features in both
models and the power spectra in general decrease with harehegree. Roughness of perturbations
in phase velocity and)—! (second spatial derivative) are calculated using surfagedcian

2 2
V) = a—¢+cot08¢ 1 o

902 20 SnZ0 007
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(a) roughness of phase velocity (100 s Rayleigh) (b) roughness of) (100 s Rayleigh)
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Figure 3.10: Roughness of perturbations in (a) phase velocity and)(b) models for 100-s Rayleigh waves.
(c) and (d) are their corresponding power spectra, both show apiatra between harmonic degree 5
and 20, indicating larger-scale structurés<( 5) are relatively insignificant in the roughness maps. Two
roughness maps are well correlated with a correlation coefficierDdf9.

Example roughness maps for 100 s Rayleigh waves are showg.iB.ED. For botl)~! and phase

velocity models, the roughness maps show much smaller stralgtures than the perturbation fields

in Fig. 3.9, and, unlike the perturbation maps Fig. 3.9,¢heno apparent difference between oceans
and continents. The roughness magof' and the roughness map of phase velocity are well corre-
lated, and both roughness maps have flat spectra betwearedegnd 20; the largest scale structures

(I < 5) are relatively insignificant in roughness maps. Given thatlel S20RTS contains structures

limited to harmonic degree < 20, we do not expect smaller-scale structures in both phelseity

and@~! models and their roughness maps.

To calculate ray-theoretical predictions, we compute #woad spatial partial derivative (rough-

ness) oféc/c anddQ~'/Q in the direction perpendicular to the geometrical ray patthie ray-
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coordinates by rotating the coordinates such that the soammd receiver are on the equator. The

calculation of the second partial derivatives in path iragign can be found in the Appendix.

Ray-theoretical calculations of amplitude perturbatioosficm: (1) elastic focusing/defocusing
effects caused by 3-D wave speed structures dominate aagNariations; and (2) anelastic effects
caused by 3-D) structures are important at short period but decrease lguatkonger periods.
Fig. 3.11 shows the predicted 3-D elastic focusing/defimguesffects ¢ InAy,.) and 3-D anelastic
effects ¢ InAga.. + 0 InAgpc) On Love and Rayleigh-wave amplitudes at 50 s, 100 s and 200 s. |
short-period surface waves (50 s), elastic focusing/defocusing effects are comparabdaelastic
effects, i.e.y InAy . iIs comparable toXInAg. + 6 InAg..). Elastic effects can cause an amplitude
perturbation of approximately100% while anelastic effects can result in an amplitude pertiiwha
up to +£75% in 50-s Rayleigh waves, and approximatet§0% in 50-s Love waves. The anelastic
effects in Rayleigh waves are relatively stronger than indlwaves at 50 seconds due to their stronger
sensitivity in the low( zone. Elastic and anelastic effects at this period in géiséiav a negative
correlation, consistent with SEM simulations in 3-D moddls long-period surface waves-(100
s), elastic focusing/defocusing effects on amplitudestlaeedominant effects, i.efInAyg. >>
(0InAgat + 0 InAgec). While elastic focusing can causel00% amplitude perturbations in both
Love and Rayleigh waves, anelastic effects cause approsiynab0% amplitude perturbations in
100 s Rayleigh waves antl35% in 100 s Love waves, and anelastic perturbations decredssgo
than425% in both Love waves and Rayleigh waves at 200 seconds. At lorigdse anelastic effects

and elastic effects are positively correlated.

To better understand the relative importance of anelastioding/defocusing and anelastic at-
tenuation in amplitude perturbations as a function of genee plot anelastic attenuatioflnA g,
and anelastic focusing,InAg,.., against elastic focusing,lnAy. in Fig. 3.12. In 50 s Rayleigh
waves, as shown in Fig. 3.12(a), the effects of elastic fiogidefocusing and attenuation are compa-

rable ¢ InAy . ~ 0 InAga). IN general, they are negatively correlated as expecthd.correlation
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plot shows strong scattering. This is because attenuadibm(,.;) depends upon perturbations in
Q! while elastic focusing/defocusing depends upon the roeghif phase velocity perturbations
(ajélnc). AlthoughdIn Q! andéInc are correlatedy In Q! (Fig. 3.9b) and the roughness of
0 In ¢ (Fig. 3.10a) are not well correlated. In Fig. 3.12(b), we pane anelastic focusing/defocusing
effects with elastic focusing/defocusing effects, andwskitat they are well correlated as expected
based upon the correlation between the roughness maps8(E®). Note the roughne@'élnc and
85(5 In Q! have opposite signs and th&w /w,) term in eq. (3.8) is negative as we consider wave fre-
quency lower than reference frequency of 1 Hz. Thereforedhelation between the elastic focusing

and anelastic focusing effects is positive.

Ray-theoretical calculations show anelastic attenuatimhamelastic focusing/defocusing effects
have different frequency dependence. Anelastic attemwalecreases quickly with increasing wave
period. At 50 s, anelastic attenuation in Rayleigh wavesmsparable to elastic focusing/defocusing,
while at 200 s, anelastic attenuation is almost negligibl@gared with elastic focusing/defocusing
(0InAyge >> dInAgaie) as shown in Fig. 3.12(a) and (c). The decrease of anelasticuation
with wave period is expected as long-period waves expegiéwer cycles compared to short-period
waves. However, anelastic focusing/defocusing is muchfiesjuency-dependent than anelastic at-
tenuation. In Fig. 3.12(d), anelastic focusing/defocgsiffects ¢ InAgy..) is about 20% of the elas-
tic focusing/defocusing effects nAy+,.) in 200 s Rayleigh waves, this ratio is close to the ratio at
50 s. The frequency-independent ratio between elastic aalhstic focusing is a result of largely
frequency-independent correlation between velocity @whodels. The correlation coefficient be-
tween the roughness field of phase velocity and roughnessdig) ! is —0.99 for 50 s Rayleigh

waves and-0.92 for 200 s Rayleigh waves.

We have assumed that mantle heterogeneities in wavespdeghatasticity are caused by tem-
perature perturbations, therefore, the wave speed andstiogly models as well as their roughness

maps are well correlated. In the mantle, variations in casitjpm, water content and partial melting
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may also introduce seismic heterogeneities with roughstesstures that may be different from those
caused by purely thermal (diffusion) process. In Fig. 3w8 vary the roughness of the wavespeed
and Q models and compare elastic and anelastic ray-thesratnplitudes. The smoother degree-
12 models used in the calculations are the same as the d2gmedels shown in Fig.3.9 but with

structures limited to spherical harmonic degrees12. Compared to calculations in degree-20 mod-
els (Fig. 3.11), the scatterplots in Fig. 3.13 show thattelger anelastic) focusing effects become
weaker in a smoother model where spherical harmonic ddgreé?2 structures are excluded. This

is expected because overall model perturbations are wéakkrgree-12 models. The correlation

between elastic and anelastic effects also becomes wedlegr we compare calculations in degree-
12 wavespeed model and degree-20 Q model (or in degree-28speed model and degree-12 Q
model). However, the relative significance of elastic anelastic effects as well as their frequency
dependent correlation are not particular sensitive to maaighness: at 50 seconds, the correlation

is largely negative and it becomes positive at longer psriod
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Ray-theoretical prediction of amplitude perturbations

(a) 50 s Love waves

elastic focusing

(b) 100 s Love waves

elastic focusing

(c) 200 s Love waves
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Figure 3.11: Ray-theoretical predictions of 3-D anelastic and 3-D elastic effects va-land Rayleigh-wave
amplitude variations at periods of 50 s, 100 s and 200 s. At 50 secamdand (d), anelastic effects
on amplitudes are comparable to elastic effects (focusing/defocusirgjthaey are in general negatively
correlated. Anelastic effects on Rayleigh waves are stronger thanviawes due to their better sensitivity
to the low@ zone in reference model. At 100 seconds, (b) and (e), anelastatslfiecome weaker and
the correlation between anelastic and elastic effects becomes positive0 Ae2onds, (c) and (f), anelastic
effects become very weak, and they are positively correlated with eldfsiotse
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attenuation

attenuation

Figure 3.12: Comparison of anelastic attenuatiofil{Ag,.:;) and anelastic focusing/defocusing effects
(a) Anelastic attenuati®mfga.it) versus elastic focus-
ing/defocusingd InAy ) on 50-s Rayleigh wave; they are comparable and in general negativegfated.

(b) anelastic focusing/defocusinglfAg..) versus elastic focusing/defocusinglif Ay o), d InAgeoc is
much weaker thar InAy . and they are positively correlated. (c) and (d) are the same as (apand (
but for 200-s Rayleigh waves. At long periods, anelastic attenuation ike#st significant effect, i.e.,

(0InAgre) on Rayleigh wave amplitudes.
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(a) 50 s Rayleigh waves (b) 100 s Rayleigh waves (c) 200 s Rayleigh waves
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Figure 3.13: Comparison of elastic and anelastic effects calculated in models with diffei@dael roughness.
The degree-20 models are the same as in Fig. 3.9, and degree-12 medbtssame as degree-20 models
but with structures limited to spherical harmonic degree 12. Top row in each column shows elastic fo-
cusing in degree-20 model versus anelastic effects (attenuation dadtan®cusing) in degree-12 model.
Bottom row shows elastic focusing in degree-12 model versus aneldstitseh degree-20 model. Com-
pared to calculations in degree-20 models (Fig. 3.11), elastic (or anefastising effects become weaker
in degree-12 models, and the correlation between elastic and anelastis eft® becomes weaker when
we compare calculations in degree-12 wavespeed model and deg@em@@el (or in degree-20 wavespeed
model and degree-12 Q model). However, the relative significancesifeeéand anelastic effects as well as
their frequency dependent correlation are not particular sensitive delmaughness.
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In conclusion, ray-theoretical calculations confirm thits@c focusing/defocusing effects on
surface-wave amplitudes caused by 3-D wave speed stracaneecomparable to anelastic effects
caused by 3-D structures at short periods-$0 s); at longer periods> 100 s), elastic focus-
ing/defocusing effects become dominant. Attenuationcedfdecrease quickly with wave period and
become the least significant effects on amplitude pertimhbsat long periods, weaker than anelastic
focusing/defocusing effects. Our calculations suggestibth elastic focusing and anelastic focusing
effects need to be taken into account when long-period cexfieave amplitude data are used in to-
mographic studies. The effects can be accounted for byijoietsions of wavespeed and Q structure

using finite-frequency sensitivity kernels in anelastiadmgZhou, 2009).

3.6 Effects of mineralogical parameters

The construction of the 1-D referen@emodel and the 3-[0) model both depend upon mineralogical
parameters. In this section, we experiment with two addgigparameter sets to examine the de-
pendence of 3-D anelastic effects on mineralogical pamrseThe additional sets of mineralogical
parametersiMy, andMy are shown in Table 2.2, and their corresponding @}odels,Q1 DMy,
andQ1DMy are plotted in Fig. 2.8. Compared with PREMprofile, Q1DMy, has much smaller
@ values whileQ1DMy has overall larget) values. The PREM-like 1-[3) modelQ1DM,, is
the model we used in Sections 3.3 and 3.4. Following the sdgoeithm discussed in Section 3.2,
we use the additional parameter sé¥4;( and My) to construct the corresponding 3« models,
Q3DM;, andQ3DMy, from the same 3-D wave speed model S20RTS. The@-MDodels at a
depth of 100 km are shown in Fig. 3.14. We simulate wave prajpagin these two additional global

2 models and make amplitude measurements following the samce$s as described in Section 3.3.

Comparisons of 3-D elastic effects and 3-D anelastic effentboth Love waves and Rayleigh

waves are shown in Fig. 3.14 as a function of period (50 s, 108Gs, and 200 s) for each mineralog-
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Effects of mineralogical parameters on 3-D Q models andaatieleffects on amplitudes
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Figure 3.14: Anelastic effects on surface wave amplitudes measured in three 3-D Q nymieisated us-
ing mineralogical parameter séfdy,, My, andMy. (a), (b), and (c) are maps of perturbationgjn®
(6ln@Q~1) at a depth of 100 km, the corresponding 1-D refereQcmodels are shown in Fig. 2.8. (d),
(e), and (f) are comparisons between anelastic effects (gray at®lastic effects (black bars) on ampli-
tude perturbations of Love waves. Amplitude perturbations shown alzmretwr are the average absolute
values|o In A| . (9), (h), and (i) are the same as (d), (e), and (f) but for Rayleighes. Measurements with
large error bars have been excluded. Although fractional perturisaiing ! are the smallest in model
Q3DMy,, the absolute amplitude perturbations are the largest among the models duaedsdtiated low
Q values in the reference mod@1 DMy, (Fig. 2.8).
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ical parameter set. The elastic focusing/defocusing &ffec amplitudes (black bars) are identical in
these three groups but the anelastic effects (gray barasaoeiated with 3-[0) models generated us-
ing different mineralogical parameter sets. The values@lkach bar are average absolute amplitude

perturbations|f In A|).

Our measurements show that 3-D anelastic effects on skddepsurface waves depend upon
mineralogical parameters. For 50 s Love waves in m@iD My, (parameter sevly,), the average
amplitude perturbatiofy In A| caused by 3-OQ structures is 0.14, this value decrease$.i@ in
modelQ3DM)y; and to0.11 in modelQ3DMy. A similar pattern is shown in 50-s Rayleigh waves:
the average amplitude perturbatiprin A| caused by 3-00 structures i$).22 in model Q3D My,
stronger than amplitude perturbations caused by 3-D wasedsptructures (0.20), and decrease to
0.19 in Q3DMy; and0.15 in model Q3DMpy. At short periods, the dominant effect of 3@
structures is anelastic attenuation which depends dgon. While fractional perturbationgln Q!
are the weakest iQ3DMy,, absolute perturbationg)~! are the largest among the models. The
effects of variations in mineralogical parameters on astelamplitude perturbations are in general
small, especially at longer periods (00 s). This is because anelastic focusing becomes the domin
anelastic effect at long periods, and it depends upon thghroess of perturbations i@~ which do
not vary greatly with mineralogical parameters, and moegosanelastic attenuation and anelastic

focusing/defocusing have opposite effects on amplitudes.

3.7 Effects of measurement techniques

We have used Slepian multi-tapers to measure amplitudatiaars in frequency domain. The Slepian
multi-taper method (MTM) has been introduced in surfaceevaeasurements to reduce bias in spec-
tral estimates (e.g., Laske & Masters, 1996; Zkebal., 2004). In Fig. 3.15, we compare amplitude

measurements of 50 s, 100 s, and 200 s Rayleigh waves made axitab tapers, cosine (Hann)
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tapers and Slepian multi-tapers. The comparisons showathatitude measurements are depen-
dent upon measurement techniques. This is because diftapars emphasizes different part of the
seismogram in the measurement window. The differences asatements can be minimized when
when surface waves group energy at measurement frequemgsaapproximately at the center of
the time window. In practice, the length of the time windovdétermined by spectra resolution, and
arrival-centered measurement windows often include igih@de energy.

Effects of different techniques in amplitude measurements

(a) mtm vs cosine (50 s) (b) mtm vs cosine (100 s) (c) mtm vs cosine (200 s)
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Figure 3.15: Comparison of Rayleigh-wave amplitude variations measured using difieesasurement tech-
niques at periods of 50 s, 100 s and 200 s. (a), (b) and (c) are mudti+tasurements (mtm) plotted against
measurements made with cosine tapers. (d), (e) and (f) are cosine tagmmraments versus box-car taper
measurements. Note that amplitude perturbations are dependent upon slueemesnt techniques.

In conclusion, surface wave amplitude measurements asgtiserto measurement techniques.
In traditional ray theory, the effects of measurement tegpes can not be accounted for. Finite-
frequency kernels account for the effects of measuremehnigue and detailed comparison between

SEM measurements and finite-frequency kernel predictismgedl as ray-theoretical predictions will
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be discussed in chapter 4.

3.8 Discussion and Conclusion

We investigate the effects of lateral variations in both &vapeed and anelastic structutg) (on
surface wave amplitudes. Assuming that mantle heterotes@re dominantly thermal and current
tomographic models are accurate in order of magnitude, wstaect 3-D Earth models and compute
synthetic seismograms using a Spectral Element Method &fitsoh & Tromp, 1999, 2002a,b). We
compare surface-wave amplitude perturbations causedbwave speed structure with those caused
by 3-D anelastic structure. The comparison shows that 3dbaatic effects on amplitude are signifi-
cant only in short-period~ 50 s) surface waves, and become less significant in longgb€ri 100 s)
surface waves. The elastic and anelastic effects on ardeldte negatively correlated at short period
and the correlation becomes positive at long period becauskastic focusing/defocusing associated

with anelastic dispersion becomes stronger than anektsticuation.

We calculate ray-theoretical amplitude perturbationsidiese waves due to elastic focusing/defocusing

(0 InAyg,.), attenuation {InAg.::) and anelastic focusing/defocusingli{Ags..). The calculations
confirm that (1) at short period4(50 s), anelastic effects are comparable with elastic fogidefocusing

(0 InAgae ~ 6 InAyy.) on surface-wave amplitudes, but decrease rapidly witreasing wave pe-

riod; (2) at longer period> 100 s), anelastic attenuation is less significant than aneléstius-
ing/defocusing{InAg.i < 6 InAgi.); and (3) anelastic focusing is positively correlated velhstic
focusing if mantle heterogeneities are dominantly thernfdle frequency dependence of anelastic
amplitude perturbations is in general not sensitive to nailoglical parameters used in thermal mod-

els, especially at long periods- (100 s).
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3.A Calculation of amplitude focusing

In the computation of the focusing/defocusing of surfa@evamplitudes, we calculate the second
spatial derivative (roughness) of perturbations in botagghvelocity and) models. In spherical
coordinates the surface Laplacian can be written as,

0?1 o 1 0%

V3 = —= t 60— —
v 962 T T GnZ e 092

(3.11)
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wherey represents the perturbation field of phase velocitg)ot. We expand the perturbation field

using spherical harmonics

[e.e]

l
0(0,0) = Y lawXn+ V2> Xim(am cosme + by, sinme) | | (3.12)

=0 m=1

where X, is the spherical harmonics (Dahlen & Tromp, 1998, AppendixT)e roughness of the

function, V21, can then be expressed in terms of the real spherical hacs&pj, and its derivative

X/ d6),
1 " - V2
e~y 87;52 = ZZ:; 20 Z Ximm? (@, cos me + by, sin me), (3.13)
0 > dX de )
cot Qa—g = ; cot @ [azo 0.2 Z : (@ cos me + by, sin mgb)] , (3.14)
0% -
= = [alm/l(l + 1) (cot 0Xp + /(I + 2)(1 — 1)X12)}
1=0
= dXim
+ X (3.15)
; Zl : df
dXim+1) .
+ VI+m+1)(1— m)T)(alm cos me + by, sinma) | .

The roughness maps in Fig. 3.10 are calculated using e48-8315). In the calculation of the path
integrals in eqs (3.6) and (3.8), we rotate the coordinateh shat source and receiver are on the

equator, and only the colatitudinal second partial dekieat)? /06> are needed after rotation.

The colatitudinal derivativeé X, /df are calculated using a pair of coupled recurrence relations

(Master & Richards-Dinger, 1998):

=) VI+m)—m+1)’ '
dX(m—
% = (m—1)cot X1y + V([ +m)(l —m+1)Xy, (3.17)
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For this recurrence relations, the stable iteration dineds downward fromn = [ to m = 0; the

starting values in this case are

20+ 1\"? /(20!
_ _ 1\ iy l
Xy = (-1 ( pp ) S1T] (sin®)’, (3.18)
dXx
Wfl = lcotOXy. (3.19)
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Chapter 4

Finite frequency effects of surface waves in

3-D anelastic earth models

(This Chapter is about to be submitted to tBeophysical Journal International as: Ruan, Y. and

Zhou Y., Finite frequency effects of surface waves in 3-Diaste earth models.)

4.1 Introduction

Traditional seismic tomography studies based upon rayytteave been successful in mapping large-
scale wave speed heterogeneities in earth’s deep intergr, Grand, 1987; Set al., 1994; Master

et al., 1996; Ritsema & Van Heijst, 2000). The limitation of ray-thetical tomography is poor
resolution in imaging heterogeneities of length scalespamable or less than seismic wavelengths.
Finite-frequency theory, which can account for diffraotb effects of waves, have been developed
to improve resolution of small-scale heterogeneities iars& tomography (e.g., Marquerireg al .,

1998; Zhaoet al., 2000; Dahleret al., 2000; Zhouet al., 2004; Tromp et al., 2005; Liu & Tromp,
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2008).

Recent applications of finite frequency tomography in glaweal regional studies have led to high
resolution models of wave speed structures (e.g., £haly, 2006; Tapest al., 2009; Tiaret al., 2009;
Tapeet al., 2010; Tiaret al., 2011). Compared to 3-D wave speed tomography models, ¢@+erd)
tomography models based upon ray theory are mapped avediatrer resolution€ degree 12) and
they considerably differ from each other (e.g., Gung & Roméaop, 2004; Daltoret al., 2008). This
is mainly due to the fact that amplitudes can be stronglyciédfe by wave focusing and defocusing
caused by 3-D wave speed structures. In addition, windoamjtapering techniques can influence
the measurements of surface wave amplitude perturbatiRuen(& Zhou, 2012), and this effect can
not be accounted for in ray theory. To overcome these shuoitaggs of ray theory, finite frequency
kernels have been developed for wave speed perturbatitisiéal., 2004) and fox) perturbations
in elastic reference models (Dahlen & Zhou, 2006), and haealburther extended to anelastic refer-
ence model for anelasticity perturbations (Zhou, 2009gsEkernels can fully account for coupling
effects of 3-D wave speed and 3¢Dstructures on surface wave travel times and amplitudeshwhic
have been shown to be important in recent numerical waveagadfon experiments. Ruan & Zhou
(2010) showed that about 15-20 per cent of observed phaagsdiel long-period surface wave- (
50 s) are caused by 3-D through anelastic (physical) dispersion. In Ruan & Zhou @0#lastic
focusing effects due to 3-D wave speed are dominant on amdplperturbations of long-period sur-
face waves, and a long-been-ignogwlastic focusing and defocusing effects on amplitude caused

by 3-D anelastic dispersion can be more significant thatha#gon in long periods 100 s).

In this Chapter we shall compare ray theory and finite frequémeory in predicting surface-wave
amplitudes and travel times to investigate finite frequesftgcts. We simulate wave propagation in
a shear wave speed model S20RTS and a@+dodel using Spectral Element Method (SEM). The
3-D @ model is constructed from S20RTS assuming lateral petiormzsin both wave speed and

anelasticity are caused by temperature perturbations xpected, comparisons between theoretical
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predictions and SEM measurements at period range of 50 $te &Bow that finite frequency effects
are stronger in long-period surface waves due to its longerlength and a wider Fresnel zone.
Finite frequency effects in amplitudes are shown to be giothan those in phase delays in 3-D
wave speed model due to the fact that amplitudes are senwitithe second derivative of wave speed
structures while travel times depend on wave speed itseifteRrequency effects in 3-I0) models
are relatively weaker than in 3-D wave speed models and bepoomounced only at long period (200
s). The 3-D wave speed and anelasticity model we used caataimalies at length scale larger than
harmonic degree 20. Therefore, finite frequency effects/ahn this study probably under represent

the effects in the real earth where smaller scale heterdigeshare expected.

4.2 Surface wave finite-frequency kernels

In this section, we will briefly review surface wave Born thear the presence of 3-D elastic and
3-D anelastic heterogeneities in Zhetal. (2004) and Zhou (2009). First, we consider a spherically
symmetric reference earth model subject to perturbatioetaistic parameters. In response to the per-
turbations in reference model, the vertical, radial orgkamse component displacement seismogram
can be written as(w) + ds(w), wheres(w) = A(w)e®“ represents the seismogram in reference
model andys(w) represents the perturbation in displacement,argithe angular frequency of wave.
To the first order, measured phase delays and amplituderipatitns are associated with perturba-

tions in displacement (Zhoet al., 2004),

§6(w) = —Im (535((:)))) . In (1 + 5;?8) ~ Re <%) . (4.1)

Commonly in tomographic practice, a time domain taper or maylérs are applied to estimate the

spectra of displacement seismograms. The tapered reéesersmmograms and their perturbations can
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be expressed as

sj(w) = s(w) @ hj(w),  0s;(w) = ds(w) @ hy(w), (4.2)

whereh;(w) denotes the spectrum of thith taperh;(t), ; = 1, ..., N, and® is the convolution oper-
ator. Taking into account the effects of tapering, measprese delays and amplitude perturbations

are then expressed as (Zheial., 2004),

Zj 33‘(“)%@) Aw) Zj Sj(w)sj(w) ] ] (4.3)

56() = —Im [Zj 53j(w>s;f(w)] o (1 . 5A(w)> e [zj 5s(w)s’ (w)

wheres’(w) is complex conjugate of;(w). Based on single-scattering (Born) approximation, phase
delays and amplitude perturbations are linearly relatédedractional perturbations iR-wave speed

(o), S-wave speed(), and density,

o - [ff (&) (G (@] wn
o(1058) - [l (2) () (@] o

wherng’B’p (w,x) andKj”B”) (w, x) are the corresponding phase and amplitude sensitivityeketa

wave speed and density perturbations (Zboal., 2004).

In the presence of lateral perturbations in anelasticjty, phase delays and amplitude perturba-

tions are associated with fractional perturbation@jﬂ andQ;’,

o = [[f o () (E)x o
(o 48) - () e (e

Wherer“’Q” (w,x) andKf‘“Q" (w,x) are the phase delay and amplitude sensitivity kernels to per
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turbations inQ;1 and@;'. These kernels are related to wave speed kernels (Zhou),2009

1 w
K% = K% + 4K K? +~K%)In (-) 4.8
b QQIU,( A 8 A) WQM( 1) 8 qb) Wo ( )
1 w
K9 — K+ 7K K 4 vK9In [ = 4.
B = UK + (KK (2. @9)
1 1 w
Qe _ _ a -

K$r = 262&( NKG 4+ —— — (1—-7)KSIn (WO>, (4.10)
K9 = L(1— VK + ! (1-7)KSn (< (4.11)
A - 2Q,§ ’y ¢ WQK ’y A Wo . .

Where
4p
302’

andw, = 27 f; is the reference angular frequency of the earth model, camymfy is chosen to be

1 Hz in seismic tomography. In this Chapter, we shall focus atupeations in shear wave speed,
03, and perturbations in shear quality fact@@;l, for the following reasons: (1) surface waves are
most sensitive to S-wave speed, and Rayleigh waves have sms#isties to P-wave structures
only at shallow depths; (2) bulk quality fact@,. is orders of magnitude larger than shear quality
factor@,,, and surface-wave sensitivity to perturbation§)in' is much weaker than the sensitivity to

perturbations irQ;,".

Following Zhouet al. (2004) and Zhou (2009), the 3-D finite frequency kernels aaneoluced
to 1-D integrals along the great circle path based upon ajadréorward-scattering approximation.

The ray-theoretical phase delays and amplitude pertafmtue to elastic wave speed variations can
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be written as (Zhowt al., 2004)

A
dp(w) = —k:/ 5—Ccd$, (4.12)
0
Aw)\ 1 A ,0c
In (1 + Aw) > = 2sinA/0 sinz sin(A — x)ay?dx. (4.13)

Wherek is the wave numbert; is the phase velocity, anil is the epicentral distance. Here amplitude
perturbations are caused by elastic focusing and defogw@sirthey are associated with the second
derivative of phase velocity perturbations. For 3-D artelgserturbations, ray-theoretical phase de-

lays can be written as (Zhou, 2009)

w w A 5@—1
0p(w) = 7200 In <w_0)/0 0 dz
A 5Q
_m/o sinz sin(A —x)@j e dz, (4.14)

where the first term accounts for anelastic dispersion aadsétond term has no direct physical
meaning. The dominant term on phase delays is the dispaesionas pointed out in Zhou (2009).

Ray-theoretical amplitude perturbations due to &MBan be written as

Alw)) = w A5Q71
ln(1+A(w)> = 300 ), Q_ldx

A -1
C W . . 2 5@
+mln (w_o) /o sinz sin(A — x)0, e dx, (4.15)
where( is the Love-wave or Rayleigh-wave quality factor afids the group velocity of the wave.
Effects of variations i) —! on amplitude perturbations are twofold: (1) attenuatiohiclv is associ-
ated with energy loss and directly depends on the variatiof)s !, and (2) anelastic focusing, which

is caused by anelastic dispersion and associated with toede&erivative of variations i) .
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4.3 Kernel examples

Examples of 100 s Rayleigh-wave phase delay and amplitushelssio shear wave speeﬂ'@ Kﬁ)

are shown in Fig. 4.1. These kernels are calculated in PREMe{@nski & Anderson, 1981) at a
reference frequency of 1 Hz. Phase and amplitude kernelsrarar in magnitude but the amplitude
kernel is more oscillatory than the phase kernels, incdhgatihat surface wave amplitudes are more
sensitive to the geometry of the anomalies. Fig. 4.2 showasglnd amplitude sensitivities to per-
turbations inQ ! (Kf“, Kff“). These kernel examples are also calculated for 100 s Rayleages

in PREM. Q kernels are very similar to the wave speed kernelsgn4.1 but they have opposite
polarities, this is expected because, in general, an iseried) ! will attenuate wave amplitudes and
increase phase delays through dispersion, while an irciaasave speed will decrease amplitudes

through defocusing and decrease phase delays.

Seismic phase delays and amplitudes are sensitive to wingamd tapering techniques as they
will affect the spectra of seismograms. This is especidle/dase for seismic surface waves due to
their strong dispersive characteristics (e.g., Ruan & ZRB612). Taking into account measurement
technique in the calculation of sensitivity kernels is #fere important. One advantage of finite
frequency theory over ray theory is that the effects of teygeran be accounted for in kernel calcula-
tion. The time-domain windowing and tapering process gmoads to a convolution of seismogram’s
spectra with the spectra of taper(s). Significant effecta@fsurement techniques (tapers) on surface
wave phase-delay kernels have been shown in Zhalu (2004), and the effects on amplitude kernels
are also illustrated in Fig. 4.3. Example seismograms &atied in PREM and S20RTS are shown
with amplitude and phase delays measurements indicatae dbem. Amplitude perturbations in
100 s Rayleigh waves measured using cosine taper and meit{iaolate spheroidal eigentapers) are
-0.38 and -0.18, demonstrating a strong dependence of taigplmeasurements on tapering. Map

views of wave speed sensitivity kernels corresponding tasueements made with different tapers
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are plotted at depth of 100 km. These kernels are calculatecbkine taper and multi-taper with an
approximately 1200 seconds time window. The multi-tapené&keshows stronger sensitivity within
the first Fresnel zone than the cosine taper kernel. In addithe group arrival of 100 s Rayleigh
waves is not located at the center of the time window, whielddeto more oscillatory side bands in
cosine-taper kernel. Finite frequency kernels accourfinghe effects of measurement techniques
require frequency domain convolutions, which is a time comgg procedure in kernel calculations.
To speed up the kernel calculation speed without much logsdaracy, we follow Zhoet al. (2004)

to approximate the frequency domain convolution by a spauigtiplication. This approximation is
adequate for the long windows used in our surface-wave measunts and the tapers have narrowly

concentrated spectra.
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Figure 4.1: Three-dimensional sensitivity of 100-s Rayleigh wave phase and amplitadsurements to wave
speed perturbations. Seismic source is a thrust event at 33 km, epidetéerce to the station GPO is
A = 101°. Top: Map view of kernels at depth of 120 km. Middle: Depth cross-seafdkernels half way
between the source and receiver (AB). Bottom: Cross-section ABpdhad 120 km (dotted line). Note
amplitude kernel is more oscillatory than phase kernel.
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Amplitude
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Figure 4.2: Three-dimensional sensitivity of 100-s Rayleigh wave phase and ampiitedsurements to per-
turbations in anelasticity(f—!). Source and receiver are the same as in Fig. 4.1. Top: Map view élker
at 120 km depth. Middle: Depth cross-section of kernels half way betwearce and receiver. Bottom:
Center cross-section AB at depth of 120 km (dotted line). Note the scélekefnels is much smaller than

the one for wave speed kernels.
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BNI.MN.z COS: mtm:
dinA=-0.38 dInA=-0.18

dt=—37.75 dt=—37.68
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Figure 4.3: Example sensitivity of amplitudes to wave speed calculated for cosine tapsurageents and
multitaper measurements. The epicentral distance for this example fs 922 Example seismogram in
PREM (black) and S20RTS (red) are bandpass filtered between Ranti2, amplitude and phase delays
measurements using cosine taper and multitapter are indicated above the smissndgiddle: map view
of kernels at 100 km depth. Bottom: cross-section AB at depth of 100 &dnlime for cosine taper and
black for multitaper. Note multitaper kernels are less oscillatory than cosieekamels.
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4.4 Surface wave finite frequency effects

The focus of this study is to examine finite frequency effettsurface waves in a global 3-D wave
speed model and a global 3-D anelastici®}) fnodel. It is well known that when the length scale of
anomalies is comparable to or less than the the wavelengthisinic waves, ray theory will break
down and finite frequency effects need to be considered. Wémestigate finite frequency effects
in surface waves at periods between 50 s to 200 seconds fhrmeadels with anomalies at currently

resolvable length scales.

4.4.1 3-D earth models and wave propagation simulations

To evaluate finite frequency effects in 3-D wave speed anda®@asticity () model, we calculate
and compare phase delays and amplitude perturbations inm&d®ls based upon ray theory and
finite frequency theory. In this section, we shall discugs3tD earth models and briefly review wave
propagation simulations based upon Spectral Element Md&®amatitsch & Tromp, 1999, 2002a,b).
In order to provide a good path coverage, 12 earthquakesGst8tions are used in both theoretical

calculations and numerical simulations.

Due to large discrepancies between existing 3-D global gyapghy () models, we construct
tomography-like 3-00) models for our numerical experiments assuming existinggmaphy models
are correct in order of magnitude. We first construct a refezel-D() model based upon an esti-
mated geotherm of mantle. This geotherm is an approximati@verage mantle temperature and is
derived assuming half-space cooling of an adiabatic masiley reasonable geothermal parameters

(see Table 3.1). Assuming a thermal mechanism of anelgstidckson & Anderson, 1970; Karato
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Table 4.1: Mineralogical parameters used for constructing 1-D Q reference model.

Parameters Values
Activation energyE* | 470 KJ moi!
Activation volume,V* | 17 cn? mol™!

(a) 3-D anelasticity Q) model at 120 km  (b) 3D S-wave wavespeed model at 120 km

0 60° 1200 180°  240°  300° 0 o 60° 120" 180" 240" 300° o

- - 90° o0
oo emm— 3 90 - - '
o =25 P 60° : =4 60°
60 ST ak 60 RE
Be., i R 1 I
g o 30° . T\ = 30
30 = 30 )
1 e 2 | S AL LA
0 ; 0 0 ld. = 0
(] - " ’ g ]
-30 ) 30
-30 I % 4 g 30 #
. | | el Y
~ . ’

0 M -“ 60 R e e e | I
00 00 -90° -90
0 60 120 180 240 300 0 o 60° 120 180" 240 300 0
— ‘ —1 e ————————

120 -80  -40 0 40 80 120 76 -5-4-3-2-10 12 3 45 6 7
3In(L/Q) (%) 3invs (%)

Figure 4.4: (a) Map view of 3-D wave speed model S20RTS (Ritsema & Van Heijst, 2803 pth of 120 km.
(b) Map view of 3-DQ model (Q3DM) at 120 km depth. This model is constructed from 1-D egiez()
model and shear wave speed in S20RTS. Note wave speed modglraadel are highly correlated because
we assume they both are thermally originated.

& Spetzler, 1990), we calculate 1-D refererigenodel using the temperature profile

(4.16)

Q) = Aesp | E ]

RT
Where activation energy* and activation volumé’*, are the mineralogical parameters estimated
from laboratory experiments of upper mantle minerals sulolavine (Table 4.1). The constant
A = 1.394 is chosen to calibrate the referen@emodel and make it close to PREK) profile.
The reference) model, Q1DM, has a higher-than-PREK) values at crust and uppermost mantle,
but close to PREM) at deeper mantle. Unlike PREM, the referergenodel does not contain

discontinuities through out upper mantle.

Based on a 3-D wave speed model S20RTS (Ritsema & Van Heijsh) 201 the reference

model, we construct a 3- model assuming perturbations in wave speed and anelgstreitboth
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caused by temperature variations. We follow Ruan & Zhou (2@™@ calculate temperature per-
turbations associated with shear wave speed perturbatiamedel S20RTS using the temperature
partial derivative of shear wave speed (Karato, 1993; Ruarh&uZ 2010). As shown in eq. 2.8
(Chap. 2), the temperature partial derivativin 1//0T is dependent oy, therefore an iterative ap-
proach was adopted to construct 3-D temperature which wiliuother converted to 3-I) model.
Wave speed model S20RTS and associated 3-model are shown in Fig. 4.4 at a depth of 120
km. The same Q model has been used to quantify the effectsetdsdic perturbations on surface
wave travel times (Ruan & Zhou, 2010) and amplitudes (Ruan &iZB612). Based upon 3-D wave
speed and) models, we make predictions of phase delays and amplituderpations using finite

frequency kernels.

In ray theory (egs. (4.12 — 4.15)), phase delays and amplipgdturbations are associated with
phase velocity perturbations and their second spatialatere (roughness) in 3-D wave speed model
and perturbations i@)~* and their roughness in 3- model. Following the approach in Ruan &
Zhou (2012), we calculate phase velocity perturbationsediy 3-D wave speed and surface wave
QLave OF Qrayieiqn PEMtUrbations caused by 3-D perturbations at periods of 50 s, 100 s, and 200
s. We discretize the 3-D wave speed model and @-Bhodel to 16,200 1-D local radial models on
2° x 2° cells and solving radial equation in these 1-D local waveedpaodels for phase velocity and
Love- and Rayleigh-wavé)~! values, respectively. Phase velocity perturbations dugBowave
speed structures are calculated base upon model | — PREM atel ithe S20RTS (Table 3.2). We
decomposed the phase velocity perturbations using thespda&lrical harmonics (Dahlen & Tromp,
1998, Appendix B),

o0

l
770(97 ¢) = Z alOXlO + \/§ Z le(alm COs m¢ + blm sin mgb) ) (417)
m=1

=0

where they (0, ¢) is perturbation field of phase velocity 6! anda;,, andb,,,, are the spherical
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harmonics coefficients. The second spatial derivativeginoess) of phase velocity perturbations
(V%) are calculated using methods described in Ruan & Zhou (2842endix A). Example phase
velocity perturbations and their roughness for 100 s Ralylewgves are shown in Fig. 4.5. The
power spectra of phase velocity perturbations and theghnoess are calculated using the spherical

harmonics coefficients,
1

B

l
al20 + Z(alzm + blzm)
m=1

wherel is the spherical harmonics degree. Examples of power spixntdi00 s Rayleigh waves are
plotted in Fig. 4.5 as well. The power spectra of phase vBl@arturbations show that anomalies are
dominated by low harmonic degree structurkes: (10), while the spectra of its roughness show that
low harmonic degree structurels< 5) are less significant and a constant power bdne ( < 20)
indicates shorter wavelength anomalies are dominant. Based the phase velocity perturbations
and their roughness maps, we calculate phase delays antiedeplerturbations caused by 3-D wave
speed using egs. (4.12) and (4.13). Unlike the roughnesssimapn in the examples, in practice
(eq. 4.13), we only need to calculate the second spatiavateme in cross-ray direction (Ruan &

Zhou, 2012).

Similarly, Love- and Rayleigh-wav@ ! perturbations caused by 3-D anelasticity are calculated
for model Il — 1-D reference Q with PREM wave speed and modetI13-D Q with PREM wave
speed (Table 3.2). In Fig. 4.6, we show exampleg)of perturbations and its roughness map for
100 s Rayleigh waves, as well as their power spectra. Givdr8tbawave speed model and 3-D Q
model in this study is highly correlated, it's not surprigithat perturbations of Rayleigh-wa¢g *
is also dominated by long-wavelength structures (5), and roughness map is dominated by short-
wavelength structure$ (< [ < 20). We calculate phase delays and amplitude perturbaticnseda

by 3-D Q using egs. (4.14) and (4.15).
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Figure 4.5: (a) Perturbations of 100-s Rayleigh wave phase velocity caused byvave speed structures
(S20RTS). (b) Second spatial derivative (roughness) of phelseity perturbations shown in (a). (c) and
(d) are the associated power spectra of phase velocity perturbatiits esughness. Note long-wavelength
anomalies dominate phase velocity perturbations while shorter-wavelergtiafies at broad arrange &

[ < 20) become important in roughness model.
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power spectra density

Figure 4.6: (a) Perturbations of 100-s Rayleigh wae! caused by 3-00) structures (Q3DM). (b) Second
spatial derivative (roughness)@f ' perturbations shown in (a). (c) and (d) are the associated powerapec

perturbations and its roughness. Similar to the power density properties shd-ig. 4.5, long-

wavelength anomalies dominafg ! perturbations while shorter-wavelength anomalies at broad arrange

of Q!
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To investigate finite frequency effects as well as limitatad linear perturbation theory, we com-
pare theoretical predictions with measurements based sypthetic seismograms generated using a
Spectra Element Method (Komatitsch & Tromp, 1999, 2002alb)he case of investigating finite
frequency effects of 3-D wave speed, we measure phase deldyamplitude perturbations between
synthetic seismograms calculated in model | and 1, which h® wave speed and 3-D wave speed
structures, respectively (Table 3.2). In the case of exemifinite frequency effects due to 3-D
anelasticity, we measure the difference in phases and s from the synthetic seismogram cal-
culated in model Il and IV, which has 1-D referen@eand 3-D(Q) structures, respectively (Table 3.2).
To ensure good spectra estimates, we adopt a multi-tapérochéiTM) (Laske & Masters, 1996;
Zhou et al., 2004) in the measurements of surface-wave phase delayanaplitude perturbations.
The advantage of using multi-taper method lies in that tloéape spheroidal eigentapers can reduce
bias in spectral estimations because of their narrowly eotmated spectra. In addition, this method
can provide an estimation of measurement errors by leastraditting of measurements from each
taper. In this Chapter, we use fi2eb-r tapers to measure surface-wave phase delays and amplitude
perturbations at wave period from 50 s to 200 s. The handeditime window for measurements are
chosen to include the group arrivals of surface wave at mgagsperiod, but exclude higher-mode
surface waves when possible. The window length is predatedrio balance spectra resolution and
higher-mode surface wave contamination (Ruan & Zhou, 20M28.same time windows will be used

in both measurements and kernel predictions.

4.4.2 Finite frequency effects in 3-D elastic model

We compare surface-wave phase delays and amplitude petrn® calculated in the framework of
ray theory and finite frequency theory to examine finite fiatey effects in 3-D wave speed and 3-D
anelasticity (0), respectively. Differences between ray-theoreticatifpteons and kernel predictions

indicate finite frequency effects. In Fig. 4.7, kernel potions of Rayleigh-wave amplitude per-
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turbations are compared with ray-theoretical predictionthe 3-D wave speed model S20RTS. We
exclude earthquake-station pairs located near the nodsgitatin of source radiation (less than 40% of
maximum radiation), which leaves approximately 2000—4p8i0s in each plot. The scatterplot for
50 s Rayleigh waves show less difference between ray-thearahd kernel predictions than that for
200 s Rayleigh waves, indicating finite frequency effectstanger in 200 s than in 50 s waves. This
frequency dependence is expected because ray theory isigeififequency approximation. Similar
ray-versus-kernel comparisons for Rayleigh-wave phasg/dalre plotted in Fig. 4.8 at wave periods
of 50 s, 100 s, and 200 s. Larger discrepancies in 200 s thahsriRayleigh waves demonstrate finite

frequency effects in phase delays are also stronger inpenigd waves than in short-period waves.
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Figure 4.7: Comparison between finite-frequency kernel predictions and raystieal predictions of
Rayleigh-wave amplitude perturbations caused by 3-D wave speed TS208omparisons are shown at
wave periods of 50 s, 100 s, and 200 s. A more scattered pattern airfiages stronger finite frequency
effects on long-period Rayleigh waves.

It is noteworthy that finite frequency effects in amplitud€$g. 4.7) are stronger than that in
phase delays (Fig. 4.8). This is probably because amplitedsels are more oscillatory than phase
kernels (Fig. 4.1) reflecting the fact that amplitude aresgime to the geometry of the anomalies. In
the frame work of ray theory, predictions of amplitude pdsations in a 3-D wave speed model are
dependent on the second spatial derivatives (roughnepbpst velocity perturbations (eq. 4.13). As
shown in Fig. 4.5, roughness of phase velocity perturbatammtain more finer scale anomalies than

phase velocity perturbations. For anomalies at lengthescahaller than wavelength, ray theory is

109



Chapter 4. Finite frequency effects on surface waves in 3dlaatic models

' 50s

100

Rayleigh (50 sec)

100 s

100

50

Rayleigh (100 sec)

200s

30

15

Rayleigh (200 sec)

50 |
—~ —~ Q
3 3 3]
[ [
< < S

0

g’ g’ =<
N—' N—' —
o] o] o

-50 - -50 - -151

’,/49 //)

-100 T T T
-100 -50 0 50 100 -30 -15 0

3t (ray) ot (ray)

T
15 30

-100 T T
-100 -50 0 50 100

ot (ray)

Figure 4.8: Comparison between finite-frequency kernel predictions and raystieal predictions of
Rayleigh-wave phase delays caused by 3-D wave speed (S20Rif8g.flequency effects are frequency
dependent. In general, finite frequency effects are less significamthiose in amplitudes (Fig. 4.7).

more likely to break down, and stronger finite frequencyaffen amplitudes than in phase delays
are expected.

It's worthy of emphasizing that in a fairly smooth model s@ahS20RTS, small-scale structures
are often damped out due to resolution limits of ray theooyydwver, strong finite frequency effects
at long-period surface waves are still observed. When thee afiznantle heterogeneities becomes
comparable to or smaller than seismic wavelength, finitgueacy effects become much stronger

than what have been shown in this study (Zhou, 2010).

4.4.3 Finite frequency effects in 3-D anelastic model

In 3-D anelastic ) model, we compare ray-theoretical predictions and fifiéguency kernel pre-
dictions of amplitude perturbations and phase delays asawe tione in section 4.4.2 for 3-D wave
speed model() kernels are calculated for a 1-D reference model with a f&istructure. Ray-vs-
kernel comparisons are shown as a function of wave periothid. Large discrepancies between

calculations based on ray theory and finite frequency thémrg00 s Rayleigh waves show finite

110



Chapter 4. Finite frequency effects on surface waves in 3dlaatic models

frequency effects in 200 s waves are more significant tha®@hsland 50 s waves. Finite frequency
effects on amplitudes shown in 3- model (Fig. 4.9) are relatively weaker than those shown in
3-D wave speed model (Fig. 4.7), especially at 50 s and 10(s. i3 probably due to that at short
period, the dominantly effects on amplitude caused by @-Bre attenuation (Ruan & Zhou, 2012).
In ray theory limit, amplitude attenuation is dependentruperturbations ir)~! which are domi-
nated by low harmonic degree structures, therefore wedt firgquency effects is expected. While
in long-period surface waves, attenuation become les#isgm and anelastic focusing becomes the
dominant effect. Anelastic focusing is dependent uponoegs (second spatial derivatives) of per-
turbations inQ ! which contain structures at higher harmonic degrees. Cazdpaith perturbations

in Q~1/Q~1, the roughness of perturbationsd®—'/Q~! contains more small scale anomalies as
shown in their power spectra (Fig. 4.6), therefore strorigpte frequency is expected. Therefore
in 3-D Q model, when attenuation effects are dominant finite freque&ffects are relatively weak;
when anelastic focusing effects are dominant finite frequeffects become stronger. This explains
the less-pronounced finite frequency effects in 50 s and Fdyteigh waves than in 200 s Rayleigh

waves, in addition to the finite frequency effects of attdimma
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Figure 4.9: Comparison between finite-frequency kernel predictions and raystieal predictions of
Rayleigh-wave amplitude perturbations caused by @DQ3DM). Finite frequency effects are stronger
at long period than in short perioe: (100 s).

Fig. 4.10 shows comparisons between ray-theoretical armekpredictions for Rayleigh-wave
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Figure 4.10: Comparison between finite-frequency kernel predictions and rayedheal predictions of
Rayleigh-wave phase delays caused by 8DFinite frequency effects are weaker than they are in 3-D

wave speed models (Fig. 4.8).
phase delays caused by 3éDstructures as a function of wave period. Finite frequendgces in
anelastic dispersion also vary with wave periods and becsiroager at longer period. Compared
with finite frequency effects on phase delays in 3-D wave dpeedel (Fig. 4.8), the effects are much
weaker in the 3-00) model. This is because that phase delays caused by 3-D timdiapersion are
mainly due to perturbations ifQ ! /Q~! rather than the second derivative of the perturbationsizZho
2009), therefore, in the presence of large s¢alé anomalies in 3-0F) model (Fig. 4.6), phase delays
can be relatively well predicted by ray theory. It is worthetmphasize again that ray theory breaks
down when anomalies are small compare to wavelength. FongeaBaiget al. (2003) argued that

ray theory will no longer be valid when anomalies are smalian half of the maximum Fresnel Zone

width along the ray path.

4.4.4 Comparisons with SEM measurements

In Fig. 4.11, we compare ray theoretical predictions withvBmeasurements for Rayleigh-wave
amplitude perturbations at period of 50 s, 100 s, and 20Gtc@&imn). Each scatterplot shows ray-

theoretical predictions of amplitude perturbations in B 8lastic (wave speed) model against mea-
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surements based on synthetic seismograms generated iniSEM®ons. For each event, paths with
source radiations less than%®f the maximum source radiation have been excluded. Iniaddit
when phase delay measurements show large error bars, thesganding amplitudes measurements
will also be excluded. This left 1000 to 1500 source-reagpaars in each scatterplot for four events
used in the comparisons. Fig. 4.11 shows that amplitudenations calculated using ray theory in
general agree reasonably well with SEM measurements eatapieriod of 200 s. Similar compari-
son between kernel predictions and SEM measurements ¢agjimhn) agree well to each other at all
periods. This is expected because finite frequency effac200 s waves are stronger than in short-
period waves (Fig. 4.7). For 3-@ model, comparison between theoretical predictions and SEM
measurements are shown in Fig. 4.12. It's not surprisinglibth ray theory and finite frequency
kernels can predict amplitude perturbations measured $soithetic seismograms because finite fre-
guency effects are not strong in amplitudes in Mnodel (Fig. 4.9). In conclusion, ray theory and
finite frequency theory both can predict amplitude perttidos reasonably well when amplitudes are
mainly caused by attenuation, while finite frequency thgmgvides more accurate estimates when
focusing effects are the main cause of amplitude pertwbsati Wave speed and models used in
this experiments are very smooth, when imaging mantle bgésreities at length scale smaller than

seismic wavelength, finite frequency effects will becomeerronounced.
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4.5 Effects of source local structures

In Fig. 4.1 and 4.2, we have taken into account the effect@faation and focusing in calculation of
finite frequency kernels but seismic amplitudes are alseigemto source focal mechanisms. In the
presence of 3-D structures, local perturbations at sowvidblead to changes in excitation of seismic
amplitudes. In this section, we will investigate the eféeat source local structures. It has been sug-
gested that the effects of local structure at receiverseghgible (e.g., Ferreira & Woodhouse, 2007),
and therefore will not be considered in this study. Near tlagimum direction of radiation pattern,
amplitude variations due to different source local strredus relative small, while when a station is
near the nodal direction of source radiation, a slight vemmein radiation pattern may result in large
variations in amplitudes. We have excluded stations lacatelirections where radiation is less than
40% of the maximum. We correct effects of source local pb#tions by replacing the source term in
finite frequency kernels calculated in reference model Wi#tt calculated in a 1-D local model at the
source. Comparison between kernels with and without souncedion are shown in Fig. 4.13, the
differences are mainly in the side bands of kernels. To etalpossible source effects in this study,
we recalculate kernel predictions with source correctamms$ an example is shown in Fig. 4.14. This
is an event with considerable variations in amplitudes dmakp delays after corrections of source
local structures in sensitivity kernels. In this exampleage delays caused by source local perturba-
tions does not exceed 0.5 s in 50 s and 200 s Rayleigh waves.vdgvaenplitude variations can be
as large as® in 50 s Rayleigh waves at some stations and less tham1200 s Rayleigh waves.
In general, source local perturbations may be importansiart-period surface wave's amplitudes
but their effects are limited in long-period surface wavasplitudes. In surface wave tomography
practice, most earthquakes occurred along subductiorsashere local earth models may be very
different from reference model, therefore the effects oifrse local structure will be relatively strong
and probably need to be taken into account. One possibl®agpto reduce such effects in global

tomography study is to calculate source term in local moideds iterative way, this need to be taken
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into account in future studies.

Amplitude perturbations in 3-D wave speed model are in geasitively correlated with phase
delays. For example, slow anomalies in earth model causel ttime delays and increase wave
amplitudes through focusing. Fig. 4.15 shows examples oktaiions between phase delays and
amplitude perturbations measurements and correspondimgarisons between amplitude perturba-
tions calculated using finite frequency kernels and meadsusegng SEM seismograms. In this study,
events showing strong negative correlation between phagemplitude have been excluded. The
negative correlation may be due to strong non-linear effeetr the source. This also indicates that
far-field approximation used in the calculation of ampléucebrnels may not be adequate as a general

positive correction would be expected (Liu & Zhou, 2008).
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Figure 4.13: Difference in finite frequency kernels calculated with and without correstiaf source local
perturbations. In this example, azimuth of station OXF is in the direction in whiglceaadiation is 40%
of the maximum radiation. Note the difference are mainly located in the oscillatteypands.
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4.6 Discussion and Conclusion

We investigate finite frequency effects in 3-D wave speedehadd 3-D@) models by comparing
theoretical predictions of surface-wave phase delays anplitades with those measured from SEM
simulations at wave periods from 50 s to 200 s. Assuming artaemechanism of lateral het-
erogeneities in the mantle, the 34) model is constructed from a tomography wave speed model
S20RTS. Ray-theoretical phase delays and amplitude pattonis are calculated and compared with
kernel predictions. The comparison shows that (1) finitgdency effects are stronger in long-period
surface waves than in short-period waves; (2) finite frequeffects are stronger in amplitudes than

in phase delays, especially at long periods.

We compare theoretical predictions with “ground-truth”aserements from SEM simulations.
In 3-D wave speed model, ray-theoretical and kernel priedistof amplitude perturbations in short
period waves < 100 s) agree reasonably well with SEM measurements, bunhipperiod surface
waves ¢ 200 s) sensitivity kernels predicted amplitude pertudoegibetter than ray theory. For 3-
D @ models, amplitudes calculated based on ray theory and frei@ency theory both agree well
with measured amplitudes. Source local structures in géhaxe limited effects on finite frequency
kernel predictions of amplitude, especially at long pesiod/hen phase delays and amplitudes show

strong negative correlations, nonlinear effects can bafgignt in surface-wave amplitudes.
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Chapter 5

Conclusion

In this thesis, | investigate the effects of lateral peradidns in anelasticity@) and wave speed
on surface wave travel times and amplitudes by wave projegaimulations using the Spectral
Element Method. Synthetic seismograms computed in eartthelaavith and without 3-D wave
speed structures are measured to examine elastic effedtsegsmograms computed in earth models
with and without 3-DQ) structures are used to examine anelastic effects. By congpphiase delays
and amplitude perturbations caused by 3-D wave speed and3tuctures, | quantify the relative

significance of wave speed agdstructures on surface-wave travel times and amplitudes.

Numerical experiments based on wave propagation in 3-Daglmiodels at teleseismic distance
show that anelastic dispersion effects on surface-waveeptialays caused by lateral perturbations
in anelasticity ¢),,) are significant. 3-D anelastic dispersion increases wileaperiod and can
account for 15-20%% of observed phase delays at period range from 50 s to 200 s.efféws are
strongly frequency dependent as a result of local S-wavkastie dispersion, frequency dependent

depth sensitivity of surface waves and 3-D distribution eftprbations inQ.

Calculations of surface-wave amplitude perturbations ghetwvave attenuation caused by lateral
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perturbations in is only important at short-period(50 s), and becomes less significant at longer
period (> 100 s), while elastic focusing/defocusing effects cause@4 wave speed are domi-
nant effects in long-period surface waves. In the framevabriay theory, we decompose amplitude
perturbations into elastic focusing/defocusing, attéionaand anelastic focusing/defocusing. Ray-
theoretical calculations confirm elastic focusing is thend@nt effect in surface wave amplitudes,
in addition, calculations show that anelastic focusingooees more significant than attenuation in
long-period ¢ 200 s) surface waves. Anelastic focusing effects have ba®gpignored in global
tomography studies of 3-DY structures and may result in biased tomographic models.u@ikens
also show that if lateral heterogeneities in the mantle arelp thermal-induced, anelastic focus-

ing/defocusing will be positively correlated with elasiicusing/defocusing.

The 3-D @@ models used in this study are constructed from a global toaptyy wave speed
model S20RTS assuming lateral heterogeneities in the enardl due to temperature perturbations.
The magnitude of th€) model is consistent with current tomography studies. Assgrourrent
tomography models are correct in order of magnitude, ceimmhs are applicable to wave propagation
in the Earth. Calculations using end member mineralogicedmaters show that the effects on the

theoretical results are very limited.

| investigate finite frequency effects in 3-D earth modelscbynparing surface-wave phase de-
lays and amplitude perturbations predicted using ray thaad finite frequency theory with those
measured from SEM synthetic seismograms. Finite frequkanyels are developed to account for
the dual dependence of surface-wave travel times and ameston perturbations in wave speed and
anelasticity as well as effects of measurement techniqisshvean not be accounted for in ray the-
ory. Comparisons between ray-theoretical and kernel piied& show that finite frequency effects
are stronger in amplitudes than in phase delays, espeatdting periods. Theoretical predictions are
compared with “ground-truth” measurements of synthetisrsegrams from SEM simulations. Ray

theory works reasonably well in predicting amplitude pdyaions for short-period surface waves
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but breaks down at longer periods. It is worth pointing oagll model (e.g., S20RTS) used in this
dissertation are smooth and dominated by long wavelengtiotates. Finite frequency effects are
dependent upon path length as well as the length scale ablgeteeities in the earth model (Ch. 4,
Zhou, 2010). When heterogeneities become smaller than araythl, finite frequency effects will

become more prominent than what have been shown in our ncetherperiments.

In present-day tomography studies, surface-wave trawedgihave been used to invert for 3-D
wave speed models and amplitudes have been used to inv8rf6y models. Consider that (1) 3-D
anelasticity can significantly affect traveltime througtekastic dispersion and (2) 3-D wave speed
structures can cause focusing/defocusing of amplitudéstas difficult to separate the effects from
anelastic effects, it is necessary to fully take into actéle dual dependence in tomography studies
and simultaneously invert surface-wave amplitude andelatays for 3-D wave speed and 3¢D
models. Finite frequency kernels introduced in Chapter 4bsansed to simultaneously image 3-D

wave speed and 3-D models in Earth’s mantle.
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