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ABSTRACT

The uppermost outer core has been widely studied using ray-based methods, which usually involve

mantle corrections to remove the 3D e�ects of the mantle structure above the core-mantle boundary. In

this study, we analyze the e�ect of 3D mantle structure on SKS and SKKS phases by comparing time shifts

computed from cross-correlation of 1D and 3D synthetic seismograms to those estimated from ray theory.

In addition to exploring the 3D mantle e�ects on SmKS phases, we also check the crustal e�ects, which are

generally assumed to be taken into account during the construction of tomographic models. We generated

synthetic seismograms for 50 earthquakes selected from the global CMT catalog recorded by real global

seismic stations as well as arti�cial stations set on a 10� 10 degree grid using the 3D global seismic wave

propagation solver SPECFEM3D GLOBE (Komatitsch & Tromp, 2002a) with: 1) isotropic PREM

(Dziewonski & Anderson, 1981), 2) the 3D mantle model S40RTS (Ritsemaet al., 2011) with the 3D

crustal model Crust2.0 (Bassinet al., 2000), 3) S40RTS with 1D PREM crust, 4) the global adjoint model

GLAD-M25 (Lei et al., 2020) where the crust and mantle were inverted simultaneously. We calculated

cross-correlation absolute and di�erential timeshifts between 3D and 1D models for each source-receiver

pair, which serve as ground-truth predictions of 3D mantle and crustal e�ects. We compare the

cross-correlation timeshifts to the corresponding ray theoretical predictions along 1D ray paths to

understand how well 3D mantle and crustal e�ects are estimated, which are generally used for mantle

corrections. In addition, we calculated and compared di�erential timeshifts between SKS and SKKS

phases, which are typically used to minimize the 3D mantle e�ects as well as source uncertainties. Our

results suggest that 3D e�ects of wave propagation in mantle need to be taken into account in outer-core

studies. In addition, crustal e�ects can be signi�cant and need to be addressed properly as well.

Di�erential traveltimes minimize the potential complications due to the crust and mantle. However, they

may still introduce a few seconds of bias depending on the ray paths. We recommend full-waveform

modeling of the 3D mantle and crustal e�ects to further improve the outer-core models.
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CHAPTER 1

INTRODUCTION

One of the most challenging problems in geophysics is imaging Earth's deep interior. In a simpli�ed

view, the Earth has long been considered as concentric shells from the inside out, such as the solid iron

inner core in the center surrounded by a 
uid iron outer core, the rigid crust at the surface, and the viscous

upper and lower mantle in between the crust and core. Seismic observations led to the radially symmetric

Earth models, which show velocity gradients inside the Earth with additional features such as 410-km and

660-km discontinuities in the upper mantle, which form the mantle transition zone, low-velocity zone

around 200 km depth, highly-heterogeneous D" region on top of the core-mantle boundary, etc., which are

still commonly used as reference average Earth models (i.e., Dziewonski & Anderson, 1981; Kennett &

Engdahl, 1995) (Figure 1.1). However, we need to take lateral variations inside the Earth, from the crust to

the core, to explain the complexity of seismic waves (Figure 1.2). After Oldham (1906) determined the

existence of the Earth's core in 1906, Lehmann (1936) discovered that the solid inner core is surrounded by

a 
uid outer core based on systematic observations of the non-observable direct S waves after about 100�

epicentral distance. Subsequent studies explored the structure and chemical composition of the outer core

(e.g., Hiroseet al., 2013; Li & Fei, 2014).

Figure 1.1 Radially symmetric Preliminary Reference Earth Model (PREM) (Dziewonski & Anderson,
1981) showing the radial variations in compresionnal velocity (P waves,VP ), shear velocity (S waves,VS )
and density (� ) from the crust to the center of the Earth on the right panel. The corresponding �rst-order
discontinuities and major domains inside the Earth are shown on theleft. Notice the absence of S waves in
the 
uid outer core. P-wave velocity decreases in the outer core which becomes comparable to the S-wave
velocity in the lover mantle. Figure courtesy Daniel Frost.

1



Figure 1.2 Cartoon image of Earth's interior showing �rst-order discontinuities (crust, 410 km and 660 km
upper mantle discontinuities, core-mantle boundary (CMB), inner-core boundary (ICB)) marking major
domains (from top to the center; rigid crust, upper mantle, mantle transition zone, lower mantle, 
uid
outer core and solid inner core) together with lateral variations caused by downgoing subducted slabs and
upcoming mantle plumes, the complex D" region with topographic variations due to the primary thermal
boundary CMB, mantle plumes and the remnants of subducted slabs. The convection currents shown in
the mantle are responsible for surface processes such as plate tectonics and volcanic activity at the surface.
The 
uid iron outer core is responsible for the generation of Earth's magnetic �eld. Figure courtesy
Edward Garnero.
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There is still no consensus on the composition of the Earth's outer core; however, current studies imply

that the outer core contains a few percent lighter elements, including silicon, oxygen, sulfur, carbon, and

hydrogen, in addition to the predominant iron and nickel (Umemoto & Hirose, 2020). From a seismological

perspective, there has been a longstanding argument that the Earth's outer core is expected to exhibit

homogeneity (Stevenson, 1987). However, other studies have also indicated the possible presence of

inhomogeneity in the outermost part of the outer core (Bullen, 1969; Tanaka, 2007). Hales & Roberts

(1971) observed anomalously low seismic velocities in this region. Building on this, Souriau & Poupinet

(1991) proposed KSP outer-core model based on the di�erential traveltime measurements of SKS, SKKS,

and S3KS phases, which suggests that these reduced velocities may be linked to the existence of lighter

elements. Garneroet al. (1993) supported this notion, asserting that the low velocities may indicate the

presence of distinct material, suggesting potential strati�cation in the outermost core. In addition to

seismological studies, strati�cation of the outermost outer core has also been proposed based on

geomagnetic observations (e.g., Whaler, 1980). Bu�ett & Seagle (2010) described the strati�cation of the

top of the core based on chemical interactions with the mantle. In contrast, alternative models, such as

AE09 (Alexandrakis & Eaton, 2010), discuss the presence of an anomalous layer of lighter material near

the top of the core. For instance, recent studies, such as the KHOMC model (Kaneshima & Hel�rich, 2013)

and the normal-mode based velocity and density model EPOC-Vinet (Irvinget al., 2018), provide a

compositional view rather than a strati�ed model of the outer core. The outer core models based on

seismological observations and modeling show signi�cant discrepancies (Figure 2.1), speci�cally in the

outermost outer core, which likely points out the trade-o� between the mantle, speci�cally the D"

structure with the outer core as well as the neglected �nite-frequency e�ects in wave propagation. To this

end, we need more observations and improved modeling techniques to better constrain the composition and

structure of the Earth's outer core.

Most of our understanding of the outer core structure is based on SKS and SmKS phases. SKS is the

type of an S wave propagating in the mantle, and if the epicentral distance between the source and receiver

is more than approximately 104� , it refracts through the outer core as P-wave energy denoted by 'K' and

then propagates as an S wave again in the mantle on the receiver side. SmKS phases are formed when the

P wave in the outer core is re
ected one or multiple times from the core side of the core-mantle boundary

(CMB) (Cleary, 1969) where the integer m denotes the number of bouncing points, i.e., S2KS, S3KS, etc.

(Figure 2.2).

The strong sensitivity of SKS and SmKS phases to the 3D mantle and potentially to the crust makes

the interpretation of the sensitivity of these phases to the outer core structure challenging. Moreover, the

superposition of multiple arrivals at certain epicentral distances also introduces errors in ray-theoretical
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modeling (see Figure 2.2). Velocity gradients and the presence of low-velocity zones in the mantle (Garnero

& Helmberger, 1995), scattering, attenuation, and anisotropy (Lutz et al., 2020) potentially a�ect these

phases. Moreover, di�erent parts of the mantle a�ect these phases di�erently. For instance, the upper

mantle structure in the Paci�c Ocean complicates measurements of SmKS phases with subducted slabs and

oceanic plumes. In the lower mantle and D" region, the low-velocity zones are shown to a�ect SmKS

behavior systematically (Garnero & Helmberger, 1995). Comparably, the Earth's CMB compositional

change translates into a strong discontinuity in seismic properties that signi�cantly a�ect the propagation

of seismic waves (Koroniet al., 2022). Meanwhile, the uneven global data coverage severely limits our

ability to make enough observations and robust interpretations of the outer core structure and composition

(Wolf & Long, 2023b).

Outer-core studies have been mainly based on ray theory, owing to its simplicity and ease of

implementation. \Mantle corrections" are commonly applied to SKS and SmKS phases to highlight the

outer-core structure with the goal of eliminating mantle perturbations from seismic data (Kaneshima &

Matsuzawa, 2015; Tanaka, 2007; Wu & Irving, 2020). To this end, using a 3D mantle model as a result of

tomographic modeling, traveltimes along SKS and SmKS phases through the mantle are estimated based

on a ray theoretical approach and subtracted from the traveltimes of corresponding phases from their

entire propagation path. In mantle corrections to remove the 3D mantle e�ects from SmKS, three main

assumptions are made: 1) we know the structure of the Earth's mantle, 2) we may ignore crustal e�ects as

body waves spend most of their traveltimes in the mantle, and/or they are properly removed from the

ray-based mantle models or addressed properly in mantle inversions, 3) we can estimate mantle and crustal

traveltimes based on �rst-order approximations. As a result of this process, the remaining signal is

assumed to be coming only from the outer core. A similar approach is also commonly used in ray-based

mantle tomography (i.e., Ritsema et al., 2011) to remove crustal e�ects from seismic data. There have been

concerns about the potential bias in mantle models due to imperfect crustal corrections on surface waves,

which are signi�cantly sensitive to 3D crustal variations, in terms of the ability of ray theory to estimate

the crustal phase shift (e.g., Bozda�g & Trampert, 2008; Panninget al., 2010) and the accuracy of current

global crustal models (Ferreiraet al., 2010). Moreover, Ritsemaet al. (2009) showed that the crustal e�ects

could also be prominent for body-wave traveltimes. This is the primary motivation of this study that it is

timely to perform similar studies and explore the e�ect of 3D crust and mantle on outer core modeling.

To further minimize the source and crustal e�ects on SKS and SmKS phases di�erential traveltime

measurements are commonly preferred (e.g., Kaneshima & Matsuzawa, 2015; Souriau & Poupinet, 1991;

Wysessionet al., 1995) compared to classical cross-correlation traveltime measurements (e.g., Choy, 1977)

since SKS and SmKS phases travel in similar paths near the source. However, ray paths may signi�cantly
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be di�erent because of 3D lateral heterogeneities in the lower mantle with ultra-low velocity zones

(Garnero et al., 1988) which need to be explored in detail.

In classical seismology, approximations are used to model the propagation of seismic waves by

considering a broad range of frequencies. Ray theory has been commonly used to construct models which

simplify the formulation of the forward problem. However, ray theory is an in�nite-frequency

approximation, it works well only when the seismic waves' wavelength is much shorter than the scale length

of Earth's heterogeneities (Wang & Dahlen, 1995). In the current resolution of global seismic tomography

models, we have clearly reached the limits of ray theory Spetzleret al. (2001) where �nite-frequency e�ects

have become important. Finite-frequency theory (e.g., Dahlenet al., 2000; Marqueringet al., 1999) takes

into account the �nite wavelength of seismic waves to mitigate the perturbations caused by �rst-order

scattering due to the Earth's structure (e.g., Tian et al., 2007). Clearly an accurate mantle model is the

key for understanding and improving the structure and composition of the outer core. Using

�nite-frequency theory in body-wave tomography Montelli et al. (2006a) imaged deep mantle plumes more

convincingly and cataloged them including new ones based on their tomographic model (Montelliet al.,

2006b). With the advances in computational resources, the theory of wave propagation and numerical

solvers, we are able to solve the 3D wave equation numerically at the global scale (e.g., Komatitsch &

Tromp, 2002a) capturing the full complexity of 3D wave propagation due to Earth's structure and seismic

sources. New generation mantle models harness the advantages of 3D numerical simulations to further

improve the resolution of tomographic mantle images. French & Romanowicz (2015) constructed a global

mantle model based on 3D spectral-element seismograms coupled with 2D asymptotic data sensitivity

kernels (Li & Romanowicz, 1996) to speed up the tomographic process. The increase in the computational

power and the availability of easier access to high-performance computing (HPC) centers, adjoint

tomography (e.g., Tarantola, 1984; Tromp et al., 2005), a full-waveform inversion technique, has become a

routine tool in passive-source seismic tomography at all scales (e.g., Fichtneret al., 2009; Tapeet al., 2009;

Zhu et al., 2012). GLAD-M15 (Bozda�g et al., 2016) and its successor GLAD-M25 (Leiet al., 2020) are the

�rst examples of global adjoint tomographic models of the mantle constructed based on 3D numerical

simulations to compute synthetic waveforms and 3D data sensitivity kernels (also known as �nite-frequency

kernels or Frechet kernels) which are transversely isotropic in the upper mantle. GLAD-M15 and

GLAD-M25 models also do not involve \crustal corrections", which can potentially bias speci�cally the

upper mantle structure as we discussed before, where the crust and mantle were simultaneously inverted.

To calculate accurate synthetic seismograms for 3-D global earth models, the �rst order discontinuities

(i.e., Moho, 410 km and 660 km upper mantle discontinuities, CMB), lateral variations in seismic

parameters, anelasticity, ellipticity and rotation of the planet, self-gravitation and the ocean layer must be
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taken into account. The spectral-element method stands out for global-scale wave propagation problems in

terms of its 
exibility of meshing complex structures using �nite elements, accuracy similar to

pseudo-spectral methods and the diagonal mass matrix resulting from the chosen basis functions

(Gauss-Lobatto-Legendre polynomials) which make the computational of global wave simulations feasible

(e.g. Capdevilleet al., 2003; Chaljub et al., 2003; Komatitsch & Tromp, 1999, 2002a,b). Such 3D global

wave simulations have been used not only in seismic tomography of the Earth's mantle but also to explore

the source of anomalies of seismic observations, have better insight on the structure of Earth's interior and

assess the accuracy of the commonly used techniques, assumptions and approximations in seismic modeling

both in terms of forward and inverse problems by computing synthetic sesimograms as well as adjoint

kernels to see how di�erenet seismic phases are sensitive to di�erent parts of 3D background models (e.g.,

Bozda�g & Trampert, 2008; Bozda�g & Trampert, 2010; Komatitsch et al., 2002; Koroni et al., 2022).

Similarly, in this study, our goal is to explore the accuracy of commonly used mantle corrections and

measurement techniques in outer core modeling taking advantage of 3D global numerical wave simulations

with a spectral-element method (Komatitsch & Tromp, 2002a).

1.1 Objectives

There are multiple reasons for the signi�cant discrepancy between current outer-core models, such as

insu�cient global data coverage, which limits our ability to constrain deep Earth structure; �nite-frequency

e�ects of wave propagation, which are commonly neglected; imperfect mantle corrections in SKS and SmKS

studies due to imperfect crustal and mantle models as well as widely used �rst-order approximations;

measurement errors; trade-o� between crust, mantle and core parameters; neglected anisotropy in the lower

mantle, etc. In this study, our goal is to explore the e�ect of 3D crustal and mantle e�ects on SKS and

SKKS measurements to model Earth's outer core based on commonly used traveltime measurements (i.e.,

classical and di�erential cross-correlation traveltimes) using 3D global seismic wave simulations compared

to those from ray-theoretical estimations. To this end, we use the 3D global wave propagation solver

SPECFEM3D GLOBE (Komatitsch & Tromp, 2002a,b) to simulate synthetic waveforms of SKS and SKKS

phases using various 1D and 3D global crustal and mantle models: 1) radially symmetric isotropic PREM

(Dziewonski & Anderson, 1981), 2) 3D mantle model S40RTS (Ritsemaet al., 2011) with 3D crustal model

Crust2.0 Bassinet al. (2000) (hereafter we call it S40RTS+Crust2.0), 3) S40RTS with 1D PREM crust

(hereafter we call it S40RTS+1DCrust), 4) 3D mantle and crustal model GLAD-M25 (Lei et al., 2020).

S40RTS is a ray-based tomographic model constructed based on the compilation of teleseismic body-wave

traveltimes, normal-mode splitting functions, and surface-wave phase-velocity measurements. Crustal

e�ects were removed using the 3D crustal model Crust2.0, which we put back during numerical simulations
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(model S40RTS+Crust2.0). GLAD-M25 is a global adjoint model with transverse isotropy con�ned to the

upper mantle where crust and mantle were inverted simultaneously, avoiding crustal corrections. During

simulations topography/bathymetry, attenuation, gravity, the ocean load, rotation, and ellipticity were

turned on unless stated otherwise (i.e., topography was switched o� for 1D crustal models, ellipticity was

turned o� to make proper comparisons to ray-theoretical estimations of mantle phase, etc.). We calculate

timeshifts between 3D and 1D synthetic seismograms for each source-receiver pair and then compare them

to those from ray theoretical predictions through a 3D ray-tracing algorithm along ray paths computed for

a 1D background model (PREM) to see how far we can estimate the mantle and crustal phase with

�rst-order approximations.

We also test absolute and di�erential cross-correlation time shifts for each source-receiver pair between

synthetic seismograms and ray theoretical estimations to verify if di�erential traveltime measurements can

eliminate the source and 3D structural uncertainties from measurements during mantle corrections, which

is a commonly preferred technique. With our systematic analysis, our goal is to have better insight into the

�nite-frequency e�ects of the mantle structure on SKS and SKKS phases, as well as the potential error

introduced onto outer core models due to mantle corrections and neglected crustal e�ects.

The thesis is structured as follows: In Chapter 2, we provide a brief background theory on numerical

wave simulations and ray tracing methods considered in this thesis. In Chapter 3, we present our data and

simulations used in this study. In Chapter 4, we present our systematic analysis and results based on

traveltime measurements compared to those estimated from ray theoretical approach to assess the accuracy

of mantle corrections. In Chapter 5, we discuss our observations and results in the context of global

seismology and the construction of next-generation outer-core models. Finally, we summarize our results in

Chapter 6.
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CHAPTER 2

BACKGROUND THEORY

The current outer core models show signi�cant di�erences, speci�cally in the outermost outer core. A

collection of outer-core models is shown in Figure 2.1. There can be multiple reasons responsible for these

signi�cant discrepancies. The main limitation to imaging the Earth's deep interior comes from the uneven

global data coverage due to the lack of seismic stations in the oceans. Apart from that, for the dominant

period of the SKS and SmKS phases (� 10 s), �nite-frequency e�ects of wave propagation, which are

commonly neglected, can be signi�cant and can potentially a�ect the accuracy of mantle corrections in

SKS and SmKS studies. Uncertainties in crustal and mantle models, measurement errors, trade-o�s

between crust, mantle, and core parameters, neglected anisotropy in the lower mantle, etc., are the other

potential factors a�ecting the accuracy of the outer-core models.

Outer-core studies are traditionally based on ray theory. One of the well-known challenges in

ray-theoretical modeling is the necessity to isolate seismic phases to make proper traveltime measurements.

Therefore, seismologists need to focus on speci�c epicentral distance ranges for the phases of interest to

make robust measurements. However, the isolations are often imperfect, and overlapping phases can

potentially bias seismic modeling. This challenge also applies to the SKS and SmKS phases. In Figure 2.2

we present traveltimes of core phases as a function of epicentral distance computed for a 1D radially

symmetric Earth model where the seismograms were computed using a re
ectivity method. The

corresponding ray-theoretical paths of phases recorded at speci�c epicentral distances are also shown. The

�gure shows that SKS measurements should be made within the epicentral distance from about 90� to 110�

whereas the measurements should be made for epicentral distances longer than about 120� for

ray-theoretical modeling of SKKS phases. For instance, for the time window interval at 115� , SKS, S2KS,

S3KS, and SKiKS (the phase re
ected from the outer-core side of the inner-core boundary) phases have

similar arrival times. At 164 � , multiple SmKS phases interact with other phases, including potentially

those from major-arc paths. In addition, �nite-frequency e�ects (Wang & Dahlen, 1995) of the mantle and

crust may be important on SKS and SmKS wave propagation where we need to go beyond ray theory in

outer-core modeling. Parallel to the advances in computational resources and numerical methods,

full-waveform inversion based on 3D numerical wave simulations has become a routine tool in earthquake

seismology to image Earth's crust and mantle at all scales (e.g., Bozda�get al., 2016; Fichtner et al., 2009;

Tape et al., 2009; Zhuet al., 2012). The ultimate goal is to perform global full-waveform inversion,

including the Earth's core, based on 3D wave simulations. However, it is not a straightforward process due
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to potential strong trade-o� between seismic parameters. Earth's crust is very thin (the crustal thickness is

on average about 7 km and 35 km in oceanic and continental domains, respectively, and the global average

is 24.4 km (crustal thickness in PREM (Dziewonski & Anderson, 1981))) but highly heterogeneous

signi�cantly a�ecting both surface and body waves (e.g., Bozda�g & Trampert, 2008; Montagner & Jobert,

1988; Ritsemaet al., 2009).

Figure 2.1 Outer core models including (1) whole earth reference models AK135 (Kennett & Engdahl,
1995), IASP91 (Kennett & Engdahl, 1991), JB (J.B.W., 1916), SP6 (Morelli & Dziewonski, 1993), and
PREM; (2) historical outer core models HR71 (Hales & Roberts, 1971), and R71 (Randall, 1971); and (3)
models from studies aimed at the outermost core: KYL (Young & Lay, 1987), KSP (Souriau & Poupinet,
1991), KGHJ (Garnero et al., 1993); T15 (Tang et al., 2015), AE09 (Alexandrakis & Eaton, 2010); AKbm
(best model of Alexandrakis & Eaton, 2010), KT2 (Tanaka, 2004), Tanaka1 and Tanaka3 (Tanaka, 2007),
KOCGA and KOCTI (Kaneshima & Matsuzawa, 2015), KHOMC (Kaneshima & Hel�rich, 2013), KHOCQ
(Hel�rich & Kaneshima, 2010), and EPOC-V (Irving et al., 2018). While recent models agree in their
�rst-order structure (reduced Vp in the outermost core), they di�er signi�cantly in detail. Figure courtesy
Daniel Frost.
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Figure 2.2 Re
ectivity method displacement synthetic seismograms, showing a number of SV waves.
Records are aligned on SKKS. Beyond 100� , core waves dominate, including the commonly used SmKS for
outermost core imaging. SKS near 75� is also sensitive to outermost core. At larger distances, other SV
core waves sensitive to overall core structure are present (SKiKS, major arc S2KS, and SKSDF,BC). The
phase shift and polarity 
ips of the di�erent SmKS phases are visible. The color of text labels of seismic
waves on the left correspond to ray paths in cross-sections on the right. Figure courtesy Daniel Frost,
Edward Garnero.

As we go deeper, due to the increase in temperature and pressure, the Earth's structure generally

becomes less heterogeneous while the upper mantle still shows signi�cant heterogeneities and anisotropy

(e.g, Lei et al., 2020; Ritsemaet al., 2011; Schae�eret al., 2016). While the lower mantle is less
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heterogeneous than the upper mantle and crust, at D", the top� 500 km region of the CMB shows a

complex pattern causing signi�cant traveltime and amplitude anomalies, including anisotropic signals

(Koroni et al., 2022; Wolf & Long, 2023a). On the other hand, the outer core shows a much simpli�ed

layered acoustic structure with the lack of S-wave propagation (Tanaka, 2007). Therefore, updating the

outer core models within a global full-waveform inversion (FWI) framework is challenging due to the

potential strong trade-o� between the outer core and the entire structure above it, speci�cally the complex

D" just on the other side of the CMB.

While the FWI of the outer core needs further careful investigations, 3D numerical seismic wave

simulations provide an excellent way of exploring the limitations and uncertainties in ray-based methods

and the current outer-core models. To this end, in this study, we take advantage of using 3D numerical

simulations with a spectral-element method (SEM) to explore potential uncertainties that may be

introduced by ray theory in outer-core modeling. Here, we give brief background information on numerical

methods and 3D numerical simulations performed in this thesis.

2.1 3D Numerical Simulations of Global Seismic Wave Propagation

The computation of synthetic seismograms is the backbone of seismic modeling, which solves the

forward problem in seismology and forms the forward part of seismic inverse problems. Traditionally,

semi-analytic, such as the normal-mode theory (Dahlen & Tromp, 1998) and the re
ectivity method (Fuchs

& M•uller, 1971), or asymptotic techniques, such as ray theory (Cerveny, 2001) and asymptotic coupling

theory (Li & Tanimoto, 1993) are used. Considering the resolution of current tomographic models,

�nite-frequency e�ects have also been incorporated, recognizing that ray theory breaks down when the

seismic wavelength becomes comparable to the scale length of heterogeneities (Wang & Dahlen, 1995).

Alternatively, the full complexity of wave propagation in 3D complex media can be modeled by

numerical methods. The most commonly used technique because of its ease of implementation on uniform

grids is the �nite di�erence method (e.g., Igel & Weber, 1996; Olsenet al., 1995). Pseudo-spectral methods

provide higher accuracy (Furumura et al., 1998; Patera, 1984); however, they pose challenges to dealing

with periodic boundaries. Finite-element methods o�er better opportunities for capturing complex

structures by the 
exibility of �nite elements (e.g., Toshinawa & Ohmachi, 1992). To optimize the

computational cost, a higher-order �nite element method, called the spectral-element method, was

introduced, which combines the 
exibility of �nite elements and the accuracy of pseudo-spectral methods

(Capdeville et al., 2003; Chaljub et al., 2003; Komatitsch & Tromp, 1999; Komatitsch & Vilotte, 1998;

Seriani, 1997).
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2.2 Spectral-Element Method

Spectral-element methods combine the 
exibility of �nite elements with the accuracy of pseudo-spectral

methods (e.g., Komatitsch & Tromp, 1999). While �nite di�erence methods are known to be strong

methods solving the di�erential form of the wave equation, spectral-element methods areweakmethods,

which are based on the integral form of the equation of motion. In addition to the 
exibility of �nite

elements to mesh complex structures, spectral-element methods optimize the computational cost for

large-scale problems with their basis functions, which areGauss-Lobatto-Legendre(GLL) polynomials. The

choice of GLL polynomials as basis functions leads to a diagonalmass matrix for the numerical solution of

the weak formulation, which makes it feasible to simulate large-scale seismic wave simulations in complex

media. This is one of the main reasons why spectral-element methods are preferred for global-scale

wave-propagation simulations. Noteworthy applications spanning various scales can be found in literature,

including works by Capdeville et al. (2003); Chaljub & Valette (2004); Faccioli et al. (1997); Komatitsch &

Tromp (2002a); Komatitsch & Vilotte (1998); Nissen-Meyer et al. (2008); Nissen-Meyeret al. (2007).

In this study, we use the 3D spectral-element global seismic wave propagation package

SPECFEM3D GLOBE (Komatitsch & Tromp, 2002a,b) for 1D and 3D numerical simulations to compute

SKS and SmKS waveforms. In the following section, we brie
y explain the numerical simulations used in

this study with the SPECFEM3D GLOBE package.

2.3 3D Spectral-Element Global Wave Propagation Solver: SPECFEM3D GLOBE

The software package SPECFEM3DGLOBE is a powerful tool used for simulating 3D global and

regional seismic wave propagation, as well as computing 3D data sensitivity kernels, so-called Fr�echet

kernels, based on the adjoint method for performing full-waveform inversion (FWI), which is also known as

adjoint tomography (Komatitsch & Tromp, 2002a,b). It uses hexahedral meshes for spatial discretization.

The global mesh used for Earth simulations is based on the radially-symmetric PREM model (Dziewonski

& Anderson, 1981), which honors the �rst-order discontinuities inside the Earth: Moho at 24.4 km;

upper-mantle discontinuities at 220 km, 400 km and 670 km; core-mantle and inner-core boundaries at

about 2890 km and 5150 km, respectively. To optimize numerical simulations, the mesh size is doubled �rst

below Moho, second below 670 km, and third above the inner-core boundary. When a 3D crust such as

Crust2.0 (Bassin et al., 2000) is used, to further optimize the cost of numerical simulations while better

sampling the very thin oceanic crust (about 7 km on average), the Moho is honored when the crustal

thickness is less than 15 km (predominantly the oceanic crust) and larger than 35 km (predominantly the

continental crust). The mesh then runs through the GLL points if the Moho thickness varies between

15-35 km. In this case, the oceanic and continental crusts are typically meshed by one and two or more
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spectral elements, respectively (Trompet al., 2011). The number of spectral elements directly controls the

resolution of numerical simulations. For instance, a mesh with NEX= 160 (NEX is the parameter de�ning

the number of spectral elements on one side of each of six chunks forming the globe) leads to 160� 160

surface elements on each chunk giving resolution down to� 30 s. The numerical simulations used in the

global adjoint tomography models GLAD-M15 (Bozda�g et al., 2016) and GLAD-M25 (Lei et al., 2020)

have accuracy down to� 17 s with 256� 256 surface elements on each chunk. In this study, we used

NEX= 480 to have resolution down to � 9 s to capture the dominant period of SKS and SKKS phases.

During our simulations in this study, we used various 1D and 3D models: 1D radially-symmetric PREM

(Dziewonski & Anderson, 1981), 3D global mantle model S40RTS (Ritsemaet al., 2011) with 3D global

crustal model Crust2.0 (Bassinet al., 2000), S40RTS with 1D PREM crust, 3D global adjoint model

GLAD-M25 (Lei et al., 2020). S40RTS starts from about 24 km depth as it involves crustal corrections

during its construction. GLAD-M25 does not involve crustal corrections where crust and mantle were

inverted simultaneously during its inversions based on an adjoint-tomography framework. All the models

except GLAD-M25 have been implemented in SPECFEM3DGLOBE and are ready for simulations. We

used the GLL �le of GLAD-M25, which is originally sampled on a NEX= 256 mesh used during the

numerical simulations of its inversion. To achieve a resolution down to 9 s to capture the dominant period

of SKS and SmKS phases, we interpolated and resampled GLAD-M25 on a NEX= 480 mesh. The

numerical simulations of all models in this thesis were performed for a mesh of NEX= 480.

In SPECFEM3D GLOBE, the full complexity of global wave propagation can be accommodated by

taking attenuation, anisotropy, topography/bathymetry, ellipticity and rotation of the planet, self-gravity

(Cowling approximation), and the ocean load into account. In all our simulations, we kept attenuation,

rotation, and gravity on. We used topography, bathymetry, and the ocean load only for simulations with

3D crust. We excluded ellipticity from our simulations to be consistent with the ray tracing code, which

runs for spherical models we use to estimate mantle phase. To initiate simulations, we used Centroid

Moment Tensor (CMT) solutions from the global CMT catalog representing earthquakes as point sources.

We used Gaussian source-time functions with half-width equal to the half duration of the earthquake

rupture given in global CMT �les.

In Figure 2.3, we show sample synthetic seismograms computed for 1D and 3D models used in this

study. It is clearly seen that 3D mantle and crust can have a strong e�ect on seismic phases both in phase

and amplitude. In this thesis, we systematically compare the cross-correlation traveltimes of SKS and

SKKS waveforms to those estimated from ray tracing along 1D ray paths in a 3D mantle and crust, which

is typically used for measurements of core phases. The following section provides more information on the

ray tracing code we used to estimate the mantle phase for each source-receiver pair.
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