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Abstract

Utilizing seismic waves propagating in the subsurface, seismic tomography is one of the

most important methods to image the Earth’s interior. Bene�ting from the use of numerical

simulations as forward operators, full-waveform-based seismic tomography is able to account

for the 3-D complex geometries and heterogeneities of the Earth, and image the subsurface

with high resolutions and high �delity. Despite its success in tomographic studies over

the past two decades, e�orts are still needed to improve the e�ciency and accuracy of the

full-waveform seismic tomography work
ow, and adapt full-waveform seismic tomography

to imaging tasks at various scales and of di�erent datasets.

This thesis aims to address three key challenges in full-waveform seismic tomography,

namely e�cient continental-scale seismic wave simulation, joint inversion of ambient noise

and earthquake data, and accurate and 
exible implementation of wave�eld injection for

scattering imaging of teleseismic waves. A method is �rst developed to enable 
exible and

accurate seismic wave simulations with perfectly matched layers (PML) at continental scales

(10-60 degrees), and a series of numerical examples are provided to validate its e�ectiveness.

A work
ow is then established to jointly invert ambient noise and local earthquake data,

which, in combination with the method developed for continental-scale wave simulations,

is applied to imaging the Alaskan lithosphere using recently available seismic datasets in

Alaska. The obtained images provide new insights into several key questions regarding the

tectonic evolution of Alaska. Finally, a new formulation for the wave�eld injection problem

is derived as a special case of interface discontinuity problem which not only allows for an

accurate and 
exible implementation of wave�eld injection, but also ties together various

published implementations of wave�eld injection. Numerical examples demonstrate that the
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proposed implementation of wave�eld injection is useful for modeling interactions between

incoming waves and local structures at various scales, and inverting scattered waves based

on full-waveform seismic tomography.
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Chapter 1

Introduction

1.1 A brief introduction to classical and full-waveform seis-

mic tomography

Understanding the properties of the Earth's interior, including elastic moduli, density, at-

tenuation, temperature, composition and many more parameters, not only has important

applications in resource exploration, but also shed light on important scienti�c questions

regarding the tectonic evolution of the planet Earth. Utilizing seismic waves that travel

through the Earth's interior, seismic tomography is one of the most important techniques

to investigate the subsurface structures. Although signi�cant scienti�c advances resulting

from studies of seismic waves can be dated back to early 20th century, e.g., the discoveries

of the inner core (Lehmann, 1936) and the core-mantle boundary, the general framework of

seismic tomography was established in the late 1960s (Backus & Gilbert, 1967, 1968, 1970).

The concept was used to construct the �rst seismic tomographic maps at regional (Aki &

Lee, 1976) and global (Dziewonski et al., 1977) scales in the 1970s, followed by decades of

rapid progress in seismic tomography (Woodhouse & Dziewonski, 1984; Van der Hilst et al.,

1997; Van der Lee & Nolet, 1997; Ritsema et al., 2004; Shapiro & Campillo, 2004, and see

Romanowicz, 1991, 2003; Rawlinson et al., 2010; Liu & Gu, 2012 for a more comprehensive

review).

Due to the limited computational capability, most of the early seismic tomography

studies used either a 1-D reference model, in which seismic waves can be expressed e�-

ciently with analytical solutions (e.g., Kennett & Kerry, 1979; Takeuchi & Saito, 1972), or

1



CHAPTER 1. INTRODUCTION 2

the high-frequency ray approximation, which assumes the wavelength to be much smaller

than the scale of structural anomalies. Starting from early 2000s, driven by advances in

high-performance computing (HPC) facilities and numerical algorithms to simulate seismic

waves accurately and e�ciently with complex geometry and 3-D heterogeneity (Graves,

1996; Dumbser & K•aser, 2006), including thespectral-element methods(SEM, Komatitsch

& Tromp, 1999a, 2002a,b; Chaljub & Valette, 2004; Gokhberg & Fichtner, 2016; Cupillard

& Capdeville, 2018), full-waveform seismic tomography methods based on 3-D wave simula-

tions were developed to image the Earth's interior with high resolution and �delity beyond

the limitations of 1-D reference model and the ray approximation (e.g., Tromp et al., 2005;

Liu & Tromp, 2006; Chen et al., 2007; Fichtner et al., 2006, 2008), and have been success-

fully applied to tomographic studies at various scales (Tape et al., 2010; Fichtner et al.,

2010; French et al., 2013; Zhu et al., 2015; Lee et al., 2014; Lloyd et al., 2020; Zhu et al.,

2017; Chen et al., 2015b; Magnoni et al., 2022; Van Herwaarden et al., 2023, and many

others).

Full-waveform seismic tomography seeks to �nd the beststructural model m that min-

imizes the mis�t function

min
m

�( u (x ; t; m); d) (1.1)

between the simulated wave�eldu , which is a function of spatial location x and time t given

the structural model m, and some observationd. The mis�t function can take di�erent

forms for di�erent type of mis�t measurementsbetween the simulations and data, including

commonly used ones such as travel-time shift and amplitude di�erence. Di�erent studies

may also choose to invert for di�erent structural model parameters, such as density� , P-

and S-velocitiesVP and VS and the quality factor Q related to attenuation.

Mathematically, a variety of numerical optimization methods (Nocedal & Wright, 2006)

can be used to solve the general non-linear minimization problem, eq. (1.1). Repeated eval-

uation of the mis�t function and sampling in the model-parameter space are almost always

needed due to the non-linearity of the mis�t function. These methods can be categorized

into two types, deterministic methods, in which model updates are uniquely determined

using the gradients at every iteration up to the �rst order, such as the conjugate-gradient
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method, the BFGS method and the limited-memory BFGS method (Liu & Nocedal, 1989),

or the second order, such as the Gauss-Newton method, andstochastic methods, in which

certain randomness is included, such as the Markov-chain Monte Carlo method, Hamilto-

nian Monte Carlo method (Neal, 2011) and the simulated annealing method (Ingber, 1989;

Zhao et al., 2022). In most cases, deterministic methods can only converge to a local mini-

mum of the mis�t function, whereas stochastic methods often enjoy the capability of �nding

the global minimum. However, due to the high-dimensional nature of full-waveform seismic

tomography problems (typically millions of degrees of freedoms are involved), stochastic

methods typically require too much computation cost to be applied to practical seismic

tomography problems. For the same reason, although second-order deterministic methods

lead to faster convergence (e.g., the scattering-integral method in full-waveform seismic to-

mography, Chen et al., 2007; Lee et al., 2014), it is more common to use methods that

require only the �rst-order gradient to avoid large computational and storage costs. Full-

waveform seismic tomography methods based on �rst-order gradients are often referred to

as adjoint tomography methods (e.g., Tarantola, 1986; Luo & Schuster, 1991; Tromp et al.,

2005; Liu & Tromp, 2006; Fichtner et al., 2006).

In adjoint tomography, it is key to compute the gradient of the mis�t function with

respect to the model parameters. Suppose thatm is only a function of spatial location x ,

then the gradient K (x ) is de�ned as the Fr�echet derivative of the mis�t as in

� � =
Z

�
K (x )� m(x )dV; (1.2)

which is often also referred to as thesensitivity kernel in the context the full-waveform

seismic tomography. It is shown in Tromp et al. (2005); Liu & Tromp (2006); Liu & Gu

(2012) that this gradient can be computed by

K (x ) =
Z T

0
u(x ; T � t; m) 
 u y(x ; t; m)dt; (1.3)

whereu y denotes theadjoint wave�eld, which can be obtained by propagating the measure-

ment mis�t in reverse time from receivers. Here I use
 to represent multiplication between
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two wave�elds in some form, which varies with the choice of the model parameters (Liu &

Tromp, 2006; Sieminski et al., 2007; Tromp et al., 2005).

1.2 The spectral-element method (SEM) and the SPECFEM

packages

As discussed above, numerical simulations of seismic waves need to be repeatedly performed

in full-waveform seismic tomography. Therefore, having an accurate, e�cient and 
exible

wave simulator is vital to the full-waveform seismic tomography work
ow. SEM solves the

seismic wave equation in itsweak form, i.e., it �nds wave�eld u(x ; t) that satis�es

Z

�
�

@2u
@t2

� dV = �
Z

�
r � : � dV +

Z

�
f � dV (1.4)

for all test function � , in which � is the stress tensor related to the displacementu through

the constitution relationship, and f represents the body force. Eq. (1.4) is discretized

into a system of ordinary di�erential equations (ODE) by approximating the integrals with

Gauss-Legendre-Labotto (GLL) quadrature. In the case of linearly elasticity, the ODE

system takes the form of

M•U = � KU + F; (1.5)

in which U is the vector of displacements to be solved at all the GLL quadrature points.F

is the vector representing the force term, andM and K are the mass and sti�ness matrices,

respectively. The ODE system eq. (1.5) is used to solve for the acceleration vector at each

time instance, and it can be integrated in time with appropriate time-stepping schemes to

obtain U, which will not be discussed in detailed here.

Owing to the use of GLL quadrature, the mass matrix M is diagonal in SEM, avoiding

the cost of solving a large linear equation at every time step, and leading to an e�cient algo-

rithm particularly favorable for parallel implementation. Furthermore, SEM achieves high

accuracy by using high-order polynomials in the quadrature and wave�eld interpolation.

Finally, similar to �nite-element methods, as SEM directly solves the weak form, which is

an integration form, instead of the original di�erential equation, it can easily accommodate
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realistic geometry of earth models, such as spherical curvature and topography. Therefore,

SEM has been widely and successfully used for seismic wave simulations and full-waveform

seismic tomography at various scales (Komatitsch & Tromp, 1999a, 2002a; Cupillard &

Capdeville, 2018; Gokhberg & Fichtner, 2016).

Based on SEM, several open-source community-based packages have been devel-

oped (see https://specfem.org for a complete list), including SPECFEM3DCartesian and

SPECFEM3DGLOBE(Komatitsch & Tromp, 1999a, 2002a,b; Komatitsch et al., 2004), to

simulate seismic waves on modern HPC clusters atlocal (. 2� ), regional (� 2� � 10� ),

continental (� 10� � 60� ) and global scales. TheSPECFEM3DCartesian package was de-

signed to solve the seismic wave equation with complex geometry and customized 3-D

structural models. However, its internal mesher can only produce cube-shaped meshes, and

the Earth's spherical geometry is projected to cartesian coordinates using the Universal

Transverse Mercator projection (UTM, Snyder, 1982), which produces non-negligible dis-

tortions for regions much larger than a UTM zone (� 6� ) and makes it challenging to adapt

to continental-scale simulations. Although the SPECFEM3DGLOBEpackage accounts for the

spherical geometry accurately using the \cubed sphere" transformation (Ronchi et al., 1996)

and supports continental-scale simulations using a one-chunk-of-Earth mesh, it is designed

and optimized speci�cally for global-scale simulations and does not o�er enough 
exibility

in geometry and vertical layering, which are essential for continental-scale simulations, as in

the SPECFEM3DCartesian package. In other words, both packages support continental-scale

simulations to some extent, but are limited in either accuracy or 
exibility.

Another challenge in continental-scale simulations is the implementation of absorbing

boundaries to suppress arti�cial re
ections. The Stacey boundary condition (Clayton &

Engquist, 1977) imposes a linear traction-velocity boundary condition on the truncation

boundary assuming the �rst-order paraxial approximation. Although it is straightforward

to implement and adds no additional computational cost to simulation, the Stacey boundary

condition cannot e�ectively suppress arti�cial re
ections for large incident angles. As a much

more e�ective albeit expensive alternative, the perfectly matched layer (PML, B�erenger,

1994; Collino & Monk, 1998; B�erenger, 1999; Komatitsch & Martin, 2007; Martin et al.,

2008; Zhang & Shen, 2010; Zhang et al., 2014) gradually attenuates out-going waves within
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a thin layer, typically with thickness of a few elements, surrounding the computational do-

main. The SPECFEM3DCartesian package provides both the Stacey boundary condition and

the PML, but the PML implementation in SPECFEM3DCartesian requires the truncation

boundaries to align with the coordinate axes, which is hard to satisfy while simultaneously

incorporating the spherical geometry. TheSPECFEM3DGLOBEpackage only o�ers the Stacey

absorbing boundary condition. Therefore, neither package handles the arti�cial re
ections

well for continental-scale simulations.

1.3 Ambient-noise adjoint tomography

Traditionally, seismic tomography methods utilize seismic waves generated by earthquakes

to image the subsurface, and therefore is often a�ected by the sparse or uneven distribution

of earthquakes. To take advantage of dense seismic arrays and image shallow structures with

high resolution, ambient noise tomographywas introduced in seismology in the early 2000s

(Wapenaar, 2004; Snieder, 2004; Shapiro & Campillo, 2004; Roux et al., 2005; Bensen et al.,

2007), and is now widely used in seismic imaging (Shapiro et al., 2005; Moschetti et al.,

2010; Lin et al., 2011; Shen & Ritzwoller, 2016; Wang et al., 2019c). By extractingempirical

Green's functions (EGFs) between station pairs from continuous seismic recordings of the

noise background, ambient noise tomography does not rely on earthquake distribution, and

therefore can take full advantage of dense seismic arrays. Full-waveform seismic tomography

has been successfully applied to invert the EGFs extracted from the ambient noise data (Gao

& Shen, 2014; Chen et al., 2014, 2016; Wang et al., 2018, 2019a) to further enhance the

imaging quality.

However, EGFs are most commonly extracted at relatively short-period (. 50 s) bands,

which is mostly sensitive to shallow structures (. 60 km). In order to image deeper struc-

tures while retaining high resolution, earthquake data may need to be incorporated with

the e�ects of uneven source distribution properly addressed.
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1.4 Wave�eld injection

In seismic tomography, it is often desirable to use seismic waves generated by remote sources

to investigate local structures. For example, the conversion and scattering of incoming

tele-seismic waves provide unique resolution to the interfaces and small-scale structures in

the subsurface beneath local seismic arrays. The key to invert these type of waves using

full-waveform seismic tomography is to accurately and e�ciently simulate the interaction

between the incoming tele-seismic waves and the local structures. However, performing

full wave simulations in this scenario requires simultaneously including the remote sources,

local structures and the source-receiver paths in the model domain, which is often compu-

tationally prohibitive at a high-frequency band. This is especially true in the context of

full-waveform seismic tomography where simulations need to be performed in large num-

bers. To remedy this, techniques are developed to con�ne the heavy numerical computations

within a local domain with structures of interest, and couple these numerical solvers with

e�cient background solvers, often based on analytical solutions (Bielak & Christiano, 1984;

Bielak et al., 2003; Monteiller et al., 2013; Masson et al., 2014; Tong et al., 2014; Lin et al.,

2019; Lyu et al., 2022, and many others). Such techniques that propagate the incoming

waves into the local domain are usually referred to aswave�eld injection or hybrid meth-

ods, and the full-waveform tomography methods that involve wave�eld injection have been

referred to asbox tomographyor (e.g., Clouzet et al., 2018) andtele-seismic full-waveform

inversion (e.g., Wang et al., 2022).

Existing methods for wave�eld injection roughly fall into three categories: the domain

reduction methods(e.g., Bielak & Christiano, 1984; Bielak et al., 2003), which eliminate the

incoming wave�eld from the wave equation and solve for the scattered wave�eld outside the

local domain, the equivalent force methods(e.g., Masson et al., 2014; Lin et al., 2019), which

apply equivalent forces that can reconstruct the incoming wave�eld in the local domain, and

the equivalent boundary condition methods(Monteiller et al., 2013; Tong et al., 2014), which

enforce the Stacey boundary condition on the scattered wave�eld at the injection interface.

Although the techniques to simulate wave�eld injection are well-studied and relatively ma-

ture, a general framework is needed to formulate the wave�eld injection problem and draw
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connections between previously proposed methods. Moreover, theSPECFEMpackage may

bene�t from an easy, e�cient and 
exible implementation of wave�eld injection with the

PML boundary condition. It can serve as an alternative to the current implementation in

SPECFEMwhich is based on the equivalent boundary condition method and limited by the

inaccuracy of the Stacey boundary condition.

1.5 Research objectives and the structure of this thesis

In this thesis, I address the challenges in seismic wave simulations and full-waveform tomog-

raphy listed above regarding continental-scale wave simulations, joint inversion of ambient

noise and earthquake data from dense seismic networks, and wave�eld injection. Further-

more, I apply the improved full-waveform seismic tomography work
ow on a newly available

dataset to image the lithospheric structures beneath Alaska.

In Chapter 2, I develop a method to enable accurate and 
exible continental-scale seis-

mic wave simulations using theSPECFEM3DCartesian package. With this method, mesh

with spherical curvature can be generated, in complement to theSPECFEM3DCartesian

internal mesher, which accommodates a high degree of complexities, but is restricted to

the cube-shaped cartesian mesh. Moreover, a curvilinear-grid PML is implemented to ab-

sorb arti�cial re
ections e�ectively when performing simulations on a mesh with a spherical

curvature. A series of numerical experiments are also presented to illustrate the e�ective-

ness of the proposed method in continental-scale seismic wave simulations. Chapter 2 is

published in full in Computers & Geosciences(Liu et al., 2024). The proposed method is

organized into a publicly available toolkit, named Cube2sph, which can be downloaded at

https://github.com/tianshi-liu/SPECFEM3D-with-Cube2sph-and-PML.

In Chapter 3, I apply full-waveform seismic tomography on the newly available data from

the recent EarthScope deployment (Busby & Aderhold, 2020) of broadband seismometers

in Alaska to construct an isotropic shear-velocity model of the Alaskan lithosphere. To

accommodate the large size (� 20� ) of the study region, the method developed in Chapter 2

is used in combination with SPECFEM3DCartesian to perform wave simulations. To take

advantage of the dense station coverage and at the same time image both shallow and deep
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structures, I jointly invert the ambient noise dataset and the local earthquake dataset, and

for the latter one, I invert the di�erential travel times between station pairs (known as the

double-di�erence measurements, Yuan et al., 2016), instead of the absolute travel times to

enhance receiver-side resolutions. To further improve the e�ciency of the full-waveform

seismic tomography work
ow, I implement several new inversion techniques, namely the L-

BFGS scheme based on the dynamic mini-batch method, wave�eld storage and subsampling,

and di�usion-equation-based smoothing, which are only brie
y discussed in Chapter 3, but

are documented with more details in Appendix A. Chapter 3 will be submitted in full for

publication in Journal of Geophysical Research: Solid Earth. The obtained shear-velocity

model will be publicly available for future research on IRIS EMC.

In Chapter 4, I provide a novel formulation for wave�eld injection as a special case of

interface discontinuity problem, which ties together existing methods of wave�eld injection,

and leads to a numerical algorithm based on SEM. The proposed algorithm can be easily

implemented in SPECFEM3DCartesian , can 
exibly accommodate both PML or Stacey

absorbing conditions, and only requires the displacements and tractions of the incoming

wave�eld on the injection interface. Numerical examples show that the proposed algorithm

is an e�cient alternative for modeling wave�eld injection and performing box tomography

at various scales, and is useful for other applications, such as kinematic fault simulations.

Chapter 4 has been submitted in full for publication in Geophysical Journal International,

and is currently under review. The proposed numerical scheme is publicly available at

https://github.com/tianshi-liu/specfem3D-injection.

Finally, I conclude this thesis with a summary of the main �ndings and contributions

in Chapter 5, and a brief discussion on potential future works.



Chapter 2

Cube2sph: A Toolkit Enabling Flexible and Accurate

Continental-scale Seismic Wave Simulations using

the SPECFEM3DCartesian Package

Summary : To enable 
exible and accurate seismic wave simulations at conti-

nental scales (10� � 60� ) based on the spectral-element method using the open-

sourceSPECFEM3DCartesian package, I develop a toolkit,Cube2sph, that allows

the generation of customized spherical meshes that account for the Earth's cur-

vature. This toolkit enables the usage of the perfectly matched layer (PML)

absorbing boundary condition even when the arti�cial boundaries do not align

with the coordinate axes. A series of numerical experiments are presented to

validate the e�ectiveness of this toolkit. From these numerical experiments, I

conclude that (1) continental-scale seismic wave simulations, especially surface

wave simulations, can be more e�ciently performed without the loss of accuracy

by truncating the mesh at an appropriate depth, (2) curvilinear-grid PML can

be used to e�ectively suppress arti�cial re
ections for seismic wave simulations

at continental scales, and (3) the Earth's spherical geometry needs be accurately

meshed in order to obtain accurate simulation results for study regions larger

than 8� .

10
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2.1 Introduction

Numerical simulation of seismic waves is key to seismic hazard assessment (e.g., Graves,

1998; Pitarka, 1999; Zhao et al., 2007) as well as full-waveform source (e.g., Liu et al., 2004;

Wang & Zhan, 2020) and structural (e.g., Tape et al., 2010; Fichtner et al., 2010; Zhu et al.,

2015; Wang et al., 2019a) inversion. With the development of numerical algorithms and

high-performance computation facilities, several numerical packages have been developed to

perform seismic wave simulations in 3-D heterogeneous Earth models, particularly during

the last two decades, e.g.,SPECFEM(Komatitsch & Tromp, 1999a; Komatitsch et al., 2004),

SES3D(Gokhberg & Fichtner, 2016), RegSEM(Cupillard et al., 2012) and SeisSol (Dumbser

& K•aser, 2006).

In particular, the open-source community-based SPECFEM3DCartesian (https:

//github.com/geodynamics/specfem3d ) and SPECFEM3DGLOBE(https://github.com/

geodynamics/specfem3d_globe) packages have been developed based on the spectral el-

ement method (SEM) (Komatitsch & Tromp, 2002a,b; Komatitsch et al., 2004) to simu-

late seismic waves in 3-D Earth models at local, regional and global scales. In principle,

the SPECFEM3DCartesian package can solve the seismic-wave equation in a computation

domain with any geometry. However, its internal mesher can only produce cube-shaped

meshes. When the Earth's spherical geometry needs to be accounted for, the Universal

Transverse Mercator projection (UTM, Snyder, 1982) is used to map geographic coordi-

nates to Cartesian coordinates, which may not be accurate enough for regions much larger

than a UTM zone (� 6� ). Therefore, the current SPECFEM3DCartesian package is most

commonly used for wave simulations at local (< 2� ) and regional (2� � 10� ) scales. De-

spite this limitation, the SPECFEM3DCartesian package aims to support complexity and


exibility for wave simulations. Both its internal mesher and external meshing tools such

as GEOCUBIT(Casarotti et al., 2008) support customized surface and interface topography,

user-provided tomographic models, and user-de�ned mesh re�nements. On the other hand,

the mesher in the SPECFEM3DGLOBEpackage uses the \cubed sphere" mapping (Ronchi

et al., 1996; Komatitsch & Tromp, 2002a) to accurately incorporate the Earth's spherical

geometry, and can mesh the entire globe into six \chunks" to conduct global wave simu-
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lations. Continental-scale (10� -60� ) simulations, which require accurate honouring of the

Earth's spherical curvature, have often been carried out using one chunk of the global mesh

in the past (e.g., Zhu et al., 2015; Chen et al., 2015a; Tao et al., 2018). Although the one-

chunk mesh can provide accurate continental-scale simulations, the mesh goes down to a

depth inside the inner core, resulting in a waste of computational resources for applications

when deep structures are irrelevant (e.g., surface-wave or ambient-noise tomography and

seismic hazard assessment). The Cartesian Meshing Spherical Earth (CMSE) package (Li

et al., 2022) generates a depth-truncated spherical mesh by treating the Earth's curvature

as topography and simulates seismic waves usingSPECFEM3DCartesian . Despite its suc-

cess on domains with a spatial scale of� 12� , the distortion is too large to guarantee good

enough mesh quality for numerical simulations on larger domains. The recent development

of the SPECFEM3DGLOBEpackage (as of April 1, 2022) allows the mesh to be truncated

at several �xed depths, but no published study has been conducted to show the e�ect of

truncation on simulation results in detail. In addition, only a limited number of choices for

interface topography are o�ered in the package, the positions of mesh doubling layers are

hard-coded, and the mesh can only be partitioned in a �xed way. In other words, although

it is possible to use theSPECFEM3DGLOBEpackage at a wide range of scales, it is designed

and optimized speci�cally for global-scale simulations.

Another challenge for continental-scale wave simulations is implementing absorbing

boundaries at the sides and the bottom of the computation domain to suppress arti�cial

re
ections. The waves re
ected from an arti�cial boundary can contaminate the main signal

when the source and receiver are close to that boundary. The Stacey boundary condition

(Clayton & Engquist, 1977) has been used widely in full wave simulations to reduce the

amplitude of arti�cial re
ections with no additional computational cost, but it becomes inef-

fective when the incident angle is close to 90� . The perfectly matched layer (PML, B�erenger,

1999; Komatitsch & Martin, 2007), on the other hand, despite the additional computational

cost, can e�ectively absorb the outgoing waves even at grazing incidence. The PML imple-

mentation in the current SPECFEM3DCartesian package (Wang et al., 2004; Xie et al., 2014)

assumes that the arti�cial boundaries align with the coordinate axes, which is no longer

valid for continental-scale simulations when the meshes must be deformed to accommodate
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the spherical geometry of the Earth. In the current SPECFEM3DGLOBEpackage, no PML

implementation is provided, and only the Stacey boundary condition or a sponge layer can

be used to absorb the arti�cial re
ections.

To simultaneously address these two di�culties in continental-scale seismic wave simu-

lations { accurately incorporating the spherical geometry and e�ectively suppressing the

arti�cial re
ections, I develop a toolkit, Cube2sph, that allows for 
exible and accu-

rate continental-scale wave simulations using theSPECFEM3DCartesian package. The

toolkit creates a hexahedral mesh that honors the Earth's spherical curvature by ap-

plying the \cubed sphere" transformation to a cube-shaped mesh generated by the

SPECFEM3DCartesian internal mesher or an external meshing tool such asGEOCUBIT

(Casarotti et al., 2008). It also provides an implementation of curvilinear-grid PML

based on auxiliary di�erential equations (ADE) in the SPECFEM3DCartesian package.

With this toolkit, continental-scale seismic wave simulations can be carried out using the

SPECFEM3DCartesian package with accuracy and 
exibility.

The remaining sections of this chapter are organized as follows: in Section 2.2, the ap-

proach to generate a mesh with spherical geometry and to implement curvilinear-grid PML

is described; in Section 2.3 I illustrate the work
ow of the Cube2sphtoolkit and highlight

its 
exibility in mesh generation through an example incorporating surface and interface

topography and 3-D heterogeneous tomographic model; in Section 2.4, I demonstrate the

e�ectiveness of the toolkit in performing continental-scale simulations with numerical ex-

periments.

2.2 Methods

2.2.1 Discretizing a slice of the Earth using the \cubed sphere" trans-

formation

I �rst describe how to construct the mesh for a computation domain with the Earth's

spherical curvature incorporated (which is referred to as aspherical computation domain

throughout this chapter) using the Cube2sphtoolkit. Here a computation domain refers

to a 3-D volume on which the seismic-wave equations are numerically solved, and a mesh
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on the computation domain refers to a subdivision of the computation domain into non-

overlapping elements. The mesh used for 3-D SEM computation is composed of hexahedral

elements, i.e., each element is a deformed cube with 8 vertices, 12 edges and 6 faces. The

geometry of each element in the mesh is de�ned by the coordinates of its anchor points from

which the edges, faces and volume within the element are then de�ned through interpolation

(Komatitsch & Tromp, 1999a; Tromp et al., 2008). Most common hexahedral 3-D elements

used in SEM have either 23 = 8 (denoted as HEX8, 8 vertices) or 33 = 27 (denoted as

HEX27, 8 vertices + 12 edge centers + 6 face centers + 1 volume center) anchor points.

HEX27 elements are used to better accommodate curved edges and non-planar faces for the

simulations in this chapter, in alignment with the implementation in SPECFEM3D_GLOBE.

Since I focus on spherical computation domains, throughout this chapter, wherever angle

is used to describe distance, it should be understood as great-circle distance.

It is generally straightforward to construct a mesh on a cube-shaped domain. For

example, regular mesh with doubling in depth can be created by themeshfem3Dmodule in

the SPECFEM3DCartesian package or external meshing tools such asGEOCUBIT. By applying

an appropriate transformation to all the anchor points of a cube-shaped mesh, a mesh on

the spherical computational domain can be obtained.

The \cubed sphere" transformation (Ronchi et al., 1996; Komatitsch & Tromp, 2002a) is

commonly used to map a cube-shaped domain into a domain with the spherical curvature.

Let us suppose that the horizontal size of the spherical computation domain isX � Y

(represented as radians), and the maximum depth isD (Fig. 2.1a). One can �rst construct

a mesh on a cube-shaped domain [� RX
2 ; RX

2 ]� [� RY
2 ; RY

2 ]� [� D; 0] as in Fig. 2.1(b), whereR

is the radius of the Earth, and then apply the \cubed sphere" transformation to the anchor

points of the cube-shaped mesh to obtain a mesh on the spherical computation domain

(Fig. 2.1c). Speci�cally, it maps a point ( �; �; � ) in the cube-shaped domain (Fig. 2.1b) to
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Figure 2.1: (a) The SPECFEM3DGLOBEone-chunk mesh with horizontal size of 20� � 20� ,
extending down to 5420 km depth, which is inside the inner-core. Four doubling layers
are implemented to accommodate the velocity increase with depth and to ensure that the
element size does not shrink too much at deeper depth. (b) The cube-shaped mesh gen-
erated by the internal mesher of SPECFEM3DCartesian . (c) Cube2sphmesh with horizon-
tal size of 20� � 20� , truncated at 220 km depth, identical to the upper-most part of the
SPECFEM3DGLOBEone-chunk mesh, marked by the green dashed line in (a). The yellow star
and the green triangles mark the locations of source and receivers in the numerical tests
carried out in this study. The elements are colored according to values of shear velocity,
with red colors representing low velocity, blue colors representing high velocity.

a new point (x; y; z) in the spherical domain (Fig. 2.1c) based upon

z =
(R + � )

q
1 + tan 2 �

R + tan 2 �
R

;

x = � z tan
�
R

;

y = z tan
�
R

;

(2.1)

similar to the mapping of chunk AB in Komatitsch & Tromp (2002a). The e�ect of the

transformation is illustrated in Fig. 2.2. Clearly, by design,

x2 + y2 + z2 = ( R + � )2; (2.2)
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Figure 2.2: Illustration of the \cubed sphere" transformation eq (1). The transformation
maps a plane (blue area) in the��� coordinate(red) into a surface on the sphere (red area)
in the xyz coordinate (black).

which implies that the \cubed sphere" transformation maps a horizontal plane in the cube-

shaped mesh into a spherical surface with a constant radius, and a point at a speci�c depth

in the cube-shaped mesh will be mapped to a point at the same depth in the spherical

mesh. Using this property, surface and interface topography can be built into the cube-

shaped mesh, and the \cubed sphere" transformation will map the free surface and the

interfaces to correct depths. Similarly, tomographic models can be de�ned in the cube-

shaped mesh, and each point in the spherical mesh will take the corresponding structural

properties before the \cubed sphere" transformation.

After the \cubed sphere" transformation, the spherical domain is always centered at the

North Pole, with one side perpendicular to the prime meridian (Fig. 2.2). A subsequent

coordinate transformation can move its center to a desired location and rotate to a desired

orientation.

The mesh generated by theCube2sph toolkit accurately honors the Earth's spheri-

cal curvature and is therefore suitable for continental-scale wave modelings, in which the

computation domain is so large that the curvature must be accurately considered. More-

over, in combination with the meshfem3Dmodule in the SPECFEM3DCartesian package,
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the Cube2sphtoolkit allows for customized vertical layering: doubling layers can be placed

at any desired depth, surface and interface topography can be incorporated and the com-

putation domain can be truncated at any depth. If an external mesher such asGEOCUBIT

is used to produce the cube-shaped mesh, interface topography can be honored and mesh

re�nement can be achieved more 
exibly. Although the SPECFEM3DGLOBEmesh is also pro-

duced using the \cubed sphere" transformation to take into account the Earth's spherical

geometry and can also be truncated at certain depths, only a few truncation depths are

allowed. Moreover, the SPECFEM3DGLOBEpackage does not allow users to freely choose

interface topography, the positions of doubling layers and the way the mesh is partitioned.

However, these features are often desired for continental-scale wave simulations. There-

fore, the Cube2sphtoolkit complements the SPECFEM3DGLOBEpackage and allows for more


exibility in continental-scale wave simulations.

2.2.2 Implementing perfectly matched layer (PML) on curvilinear grids

In order to e�ectively absorb the outgoing waves with grazing incidence, the PML bound-

ary condition was developed �rst for electromagnetic equations (B�erenger, 1999), and was

applied to elastodynamic modeling with split-�eld implementations (e.g., Komatitsch &

Tromp, 2003), convolutions (e.g., Komatitsch & Martin, 2007; Martin et al., 2008; Martin

& Komatitsch, 2009; Xie et al., 2014) and auxiliary di�erential equations (ADE-PML, e.g.,

Martin et al., 2010; Zhang & Shen, 2010). The PML implements a layer with �nite thickness

outside the physical computational domain and imposes attenuation on the waves inside

this layer. Although additional computational cost is required, the outgoing waves can be

accurately suppressed even in the grazing incidence case.

The formulas for the PML are often derived with the assumption that the bound-

aries align with the coordinate axis, as is the case in the current implementation of PML

in the SPECFEM3DCartesian package (Wang et al., 2004; Xie et al., 2014). However, in

continental-scale simulations, such a restriction sometimes cannot be satis�ed because of

the need to honor the Earth's spherical curvature. Early e�orts have been made to imple-

ment PML in cylindrical or spherical coordinates (e.g., Collino & Monk, 1998; Liu, 1999)

or orthogonal curvilinear coordinates (e.g., Festa & Vilotte, 2005). Gao & Zhang (2008)
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and Zhang & Gao (2011) developed PML in arbitrary curvilinear grids based on split-�eld

implementations in tetrahedral elements. Zhang et al. (2014) adopted a similar approach

to develop curvilinear ADE-PML for �nite-di�erence elastodynamic simulations using local

coordinate transformation, and also found that the multi-axial PML (MPML, Meza-Fajardo

& Papageorgiou, 2008) can help avoid instability.

To implement PML on (possibly non-orthogonal) curvilinear grids in the

SPECFEM3DCartesian package, I incorporate a coordinate transformation in the formu-

lation of ADE-PML (Martin et al., 2010), which is equivalent to the treatment of Zhang

et al. (2014), and derive the weak form of the momentum equation and its auxiliary dif-

ferential equation to �t into the SEM framework. The detailed derivation can be found in

Appendix 2.A.

2.3 Work
ow of the Cube2sphtoolkit and an example of mesh

generation

In this section, I brie
y describe the steps to build a mesh and perform seismic wave sim-

ulations using the Cube2sphtoolkit, illustrated through a mesh example that incorporates

customized surface and interface topography, ellipticity, doubling layers, and tomographic

structural models. Theses steps are summarized in the 
owchart shown in Fig. 2.3.

2.3.1 Setting up mesh parameters and building a cube-shaped mesh

The �rst step of building a mesh is to set the mesh parameters in the parameter �les,

e.g., mesh size, number of elements, truncation depth, vertical layering, doubling layers

and PML layers. As an example, I build a 22� � 22� , 770 km-thick mesh for the region of

Alaska (Fig. 2.4), with PML layers of 8-element thick on the sides and 2-element thick at the

bottom. To accommodate vertical velocity changes from the sediment (VS � 1:5� 2:8 km=s)

to the crust (VS � 2:8 � 4:2 km=s), and then to the mantle (VS � 4:2 � 5 km=s), I use two

doubling layers, one in the crust and one beneath Moho. The mesh has 400� 400 elements

in the top layer.

The next step is to prepare the input tomographic model �les. In this example, I aim to
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Figure 2.3: A 
owchart showing the general procedure to use theCube2sphpackage. The
blocks represent the steps to build a cube-shaped mesh (�rst row), apply the \cubed sphere"
transformation and generate mesh databases (second row), and launch theSPECFEMsolver
(third row), color-coded by the type of script/program used in each step: parameter setup
and �le preparation (yellow), original SPECFEMprogram (white), modi�ed SPECFEMprogram
(red) and utility scripts/programs (blue). Parameters need to be set before running the
mesher include mesh size, number of elements, truncation depth, vertical layering, doubling
layers and PML layers. Interface �les and tomographic model �les need to be prepared.
The steps enclosed by the black dashed line may be di�erent when an external mesher is
used to build the cube-shaped mesh.

honor sedimentary basins at depths between 4� 8 km, and the Moho between 12� 16 km

beneath the ocean and 25� 45 km beneath the continent. At other depths, the interfaces

run through elements and are not honored, similar to the current implementation of the

SPECFEM3DGLOBEpackage, as documented in Tromp et al. (2010a). Such treatment is

necessary to avoid severe deformation of the elements when using the internal mesher,

because it cannot handle complex geometry very well. If an external meshing tool such as

GEOCUBITis used, this limitation can be remedied. The depths of the sedimentary basins

and Moho are de�ned by extracting the surfaces ofVS = 2 :8 km=s and VS = 4 :2 km=s from

a shear-velocity model obtained by Berg et al. (2020). In regions that are not covered by

the Berg et al. (2020) model, the interfaces are extracted from Crust 1.0 (Laske et al.,

2013). A tomographic model is generated by merging the global crustal model Crust 1.0,

a regional shear-velocity model by Berg et al. (2020) and the global mantle model S40RTS

(Ritsema et al., 2011), and is interpolated onto the grid points of the mesher. Note that

the anchor points of the cube-shaped mesh, the interfaces and the tomographic model are
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all represented in Cartesian (�; �; � ) coordinates.

After mesh parameters are set and model �les are prepared, the cube-shaped mesh can

be generated. For simplicity, the cube-shaped mesh in this study is built using the internal

mesher of theSPECFEM3DCartesian package. More complex cube-shaped meshes can also

be built with external meshers such asGEOCUBIT. The cube-shaped mesh is then partitioned

to enable parallel computing usingSCOTCH.

2.3.2 Applying the \cubed sphere" transformation

Before applying the \cubed sphere" transformation, the xgenerate databases program

needs to be executed on the cube-shaped mesh to setup the numbering and PML damping

parameters. After that, the "cubed sphere" transformation (eq. 2.1) is applied to create

the spherical geometry. As mentioned in Section 2.2.1, the mesh can be further moved

and rotated to cover the region of interest. In this example, the mesh is moved such that

its center is (62:5� N; 151:0� W ), and is rotated 20� counter-clockwise, so that it covers

the entire region of Alaska. The nodes of the mesh are then stretched vertically to honor

the Earth's ellipticity. Finally, the xgenerate databases program needs to be executed

again on the spherical mesh to setup the database for the solver. Fig. 2.4 shows the �nal

mesh with surface and Moho topography and the assigned shear velocity that can provide

accurate simulation for periods longer than 9 s.

2.3.3 Performing forward simulation

In the SPECFEM3DGLOBEpackage, the source and receivers are listed in aFORCESOLUTION�le

(or a CMTSOLUTION�le if the source is a double couple) and aSTATIONS�le, in which the lo-

cations are given in geographic coordinates, i.e., latitude, longitude and depth. When using

the SPECFEM3DCartesian package with the Cube2sphtoolkit, similar �les need to be pre-

pared, but locations must be given in Cartesian coordinates. Programs are provided to con-

vert source and station �les from the SPECFEM3DGLOBEformat to the SPECFEM3DCartesian

format. After coordinate conversion, the SPECFEMsolver can be launched to carry out the

forward simulation. The computed seismograms are directly written in Cartesian (x; y; z)

coordinates. However, the seismograms are most commonly used in the easting, northing
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Figure 2.4: The �nal mesh and the structural model for Alaska. (a) A zoomed-in view of the
grid, showing the mesh doubling and the honoring of the Moho topography. The elements
are colored by shear velocity values, with warm colors representing low velocities. (b) The
mesh masked by sea level. The yellow and white parts represent the areas above and below
sea level. The outline of the yellow region follows the shape of the coastline of Alaska,
indicating that the topography is correctly incorporated. (c) and (d) are shear velocity
maps at 25 km and 90 km depths, with warm colors representing low shear velocities. The
smooth background is S40RTS + Crust1.0, and the �ne structures are the imprinted Berg
et al. (2020) tomographic model.

and vertical components, i.e., in the local (E; N; Z ) coordinates (easting, northing, vertical).

To deal with the coordinate transformation, A script is provided in the Cube2sphtoolkit

to rotate the seismograms (and the adjoint sources when performing adjoint simulations)

between the two coordinate systems.

2.4 Numerical experiments

2.4.1 Comparison with the SPECFEM3DGLOBEone-chunk mesh

In this section, I present numerical experiments on a horizontally 20� � 20� computation

domain and compare the simulation results from theCube2sphmesh with those based on the
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SPECFEM3DGLOBEone-chunk mesh to examine the e�ect of depth truncation. As discussed

in Section 2.2.1, theCube2sphmesh (Fig. 2.1c) is constructed by �rst generating a cube-

shaped mesh using theSPECFEM3DCartesian internal mesher and then applying the \cubed

sphere" transformation as in eq. (2.1), and in this experiment it extends from the Earth's

surface down to 220 km. On the other hand, the one-chunk mesh (Fig. 2.1a) is constructed

directly using the SPECFEM3DGLOBEinternal mesher. The Cube2sphmesh is identical to

the upper part of the one-chunk mesh (outlined by the green dashed line in Fig. 2.1a), with

both meshes consisting of 320� 320 elements horizontally at the top, and 4 layers in the

crust above the Moho at 24:4 km depth, 4 layers in mantle between 24:4� 80 km depth, and

10 layers between 80� 220 km depth. A doubling layer is implemented immediately beneath

the Moho in both meshes to adjust the element size based the vertical velocity change. The

one-chunk mesh extends down to 5420 km depth, beneath the inner-core boundary, and has

two additional doubling layers at 1650 km and 3860 km depth. To simplify the numerical

experiments, topography and ellipticity are neglected, and the 1-D isotropic PREM model

(Dziewonski & Anderson, 1981) with the one-layer crust is used. Both meshes can provide

accurate simulations for waves of 5 s period and above. The Stacey absorbing condition is

implemented at all arti�cial boundaries.

I carry out forward simulations with the Cube2sphmesh and the one-chunk mesh, using

the SPECFEM3DCartesian solver and theSPECFEM3DGLOBEsolver respectively, and compare

the computation time and synthetic waveforms. For comparison purpose, a same time step

of 0:025 s is used for both simulations, which satis�es the CFL stability condition (Courant

et al., 1928) for both meshes. I run the time iteration for 35; 800 steps to generate 15-minute

long waveforms. As shown in Fig. 2.1c, a vertical vector point force (yellow star) is placed on

the free surface near one corner of the mesh, 2� away from both sides. Four receivers (green

triangles) are placed on the free surface, 2� away from one of the sides, and at a great-circle

distance of 4� , 8� , 12� and 16� from the source, respectively. The source time function

is a Ricker wavelet with a dominant period of 5 s. All synthetic waveforms are �ltered

between 6� 50 s to exclude the high-frequency numerical noise, as shown in Fig. 2.5. The

simulations are performed on 400 2:4-GHz CPU cores in parallel on the Niagara cluster at

the SciNet HPC Consortium (Ponce et al., 2019). Table 2.1 outlines the number of elements
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number of elements number of GLL points
one-chunk 4,780,800 331,127,600
Cube2sph 921,600 62,946,773

Table 2.1: Number of elements and number of GLL points of the one-chunk mesh and the
Cube2sphmesh used for the simulations as shown in Fig. 2.1, as detailed in Section 2.4.1.

and Gauss-Lobatto-Legendre (GLL) points in the two meshes. By truncating at 220 km,

the Cube2sphmesh is able to reduce the number of elements by a factor of 5.

Fig. 2.5 compares vertical-component synthetic seismograms (i.e., Z-Z components of

the Green's functions) generated at the four receivers using theCube2sphmesh (dashed red

lines) and the SPECFEM3DGLOBEone-chunk mesh (blue lines). The global simulation result

(green lines) obtained by theAxiSEMpackage (Nissen-Meyer et al., 2014) is also displayed

in the background as a reference. TheAxiSEMpackage provides accurate whole-Earth

wave�eld simulations assuming an axisymmetric Earth model, and therefore its results are

considered ground truth and are compared with the results of theCube2sphmesh and the

SPECFEM3DGLOBEone-chunk mesh to illustrate the e�ects of depth truncation and imperfect

absorbing boundaries. The currentAxiSEMpackage approximates the waveform at a receiver

with the value at its nearest grid point, resulting in a small time shift. To produce more

accurate simulation results, a slightly modi�ed version of AxiSEMis used to interpolate the

wave�eld at the receiver. If we de�ne the relative waveform di�erence between two traces

s1(t) and s2(t) as R
js1(t) � s2(t)j2dt

q R
js1(t)j2dt

q R
js2(t)j2dt

; (2.3)

then it can be observed that waveforms generated with theSPECFEM3DGLOBEone-chunk

mesh and the Cube2sphmesh are almost identical with the relative waveform di�erence

below 0:5%. As it is known, surface wave signals dominate seismic waveforms. This small

relative waveform di�erence demonstrates that truncating the mesh at 220 km does not

substantially a�ect the surface-wave simulation over the epicentral distance range in this

numerical experiment. However, before the onset of the direct surface-wave arrival, dis-

crepancies can be observed in the body-wave phases of the waveforms as seen in Fig. 2.5b,

which is a zoom-in of Fig. 2.5a before the direct surface-wave arrival. The issue of body-wave
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Figure 2.5: Comparison of waveforms simulated using theSPECFEM3DGLOBEone-chunk mesh
(blue lines) and the Cube2sphmesh (red dashed lines), with the whole-globe simulation
result obtained by AxiSEM (thick green lines) displayed as background. (b) is a zoom-
in view of (a) before the surface-wave arrivals (black dotted contour). All waveforms are
�ltered between 12 � 25 s, and normalized according to the maximum amplitude of the
global simulation waveforms (thick green lines). The shaded areas in (a) represent the
time range of direct surface-wave arrival (yellow contour), arti�cial surface-wave re
ection
at side A (green contour) and at side B (purple contour) as marked in Fig. 2.1, assuming
a minimum and maximum group velocity of vmin = 0 :021� =s and vmax = 0 :028� =s for the
period band of interest. Surface-wave signals are identical using the one-chunk mesh and the
Cube2sphmesh, indicating that vertical truncation at 220 km a�ects very little surface-wave
modeling. For body-wave waveforms, discrepancies can be observed between theCube2sph
and one-chunk results (purple arrows in b), indicating that truncating the mesh at 220 km
a�ects body-wave modeling. Di�erences are also found between the Cube2sph/one-chunk
and global results (orange arrows in a), due to the contamination of arti�cial re
ections at
the sides.
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modeling based on theCube2sphtoolkit will be further discussed in Section 2.4.4.

On the other hand, both the SPECFEM3DGLOBEone-chunk waveforms and theCube2sph

waveforms are substantially di�erent from the global waveforms by AxiSEM, with a relative

waveform di�erence of up to 35% between the results ofCube2sphand AxiSEM, mainly due

to the arti�cial re
ections from domain boundaries on the sides as a result of the insu�cient

Stacey absorbing boundary condition. By observation and theoretical analysis, I identify

three main surface-wave related arrivals in these seismograms (as marked by the shaded

areas in Fig. 2.5a): (1) the direct surface-wave arrival from the source to the receiver, (2)

the wave re
ected o� the arti�cial boundary parallel to the source-receiver line (side A in

Fig. 2.1c), and (3) the wave re
ected at the arti�cial boundary perpendicular to the source-

receiver line (side B in Fig. 2.1c). Overall, for this numerical setup, at epicentral distance

� 8� , the contamination of the arti�cial re
ections becomes non-negligible, because the

arrivals of the arti�cial re
ections overlap with the main phases, and the Stacey boundary

condition becomes ine�ective for large incident angles. This issue can be addressed by using

the PML boundary condition as shown in Section 2.4.2.

Note that the same mesh as generated byCube2sph(Fig. 2.1c) can be also generated

using the SPECFEM3DGLOBEpackage with the newly added the regional mesh cuto� feature.

Based on the numerical experiment, as expected, the simulation results on theCube2sph

mesh and theSPECFEM3DGLOBEone-chunk mesh are identical when the truncation depths

are the same.

2.4.2 Comparison between PML and the Stacey absorbing condition

In this section, I present numerical experiments to show the e�ectiveness of the curvilin-

ear PML boundary implementation for the SPECFEM3DCartesian mesh. I compare both

the computation times and synthetic waveforms between implementations with PML and

Stacey boundary conditions. The mesh, source-receiver geometry, source time function, and

velocity model are the same as the numerical experiment in Section 2.4.1. For the mesh

with PML boundary, the PML layer is 4 elements thick at all four sides and 2 elements thick

at the bottom. To properly balance the di�erent computation load of PML and non-PML

elements, theSCOTCHpackage (Pellegrini, 2008) is used to partition the mesh to di�erent
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processors. An optimal value of 5:5 for the load of PML elements is found heuristically and

is used in all numerical experiments.

Figure 2.6: Comparison of waveforms simulated using theCube2sphmesh with the Stacey
boundary condition (blue lines) and PML boundaries (red dashed lines). The whole-globe
simulation results obtained by AxiSEM(thick green lines) are displayed as background. (b)
is a zoom-in view of (a) before the surface-wave arrivals (black dotted contour). The orange
arrows in (a) point to the parts in surface-wave waveforms where arti�cial re
ections of
the Stacey boundary conditions can be observed. The purple arrows in (b) indicate the
discrepancies betweenAxiSEMand Cube2sphin body-wave waveforms. It can be observed
in (a) that with PML, surface-wave signals can be accurately simulated and the arti�cial
re
ections can be well suppressed. Body-wave phases cannot be accurately modeled even
using PML boundaries, indicating that structures deeper than 220 km a�ect the body-wave
signals.

Fig. 2.6 illustrates the comparison of waveforms generated using theCube2sphmesh with

the Stacey boundary condition (blue lines) and with PML (red dashed lines), and the full-
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PML Stacey Stacey with enlarged domain
computation time (s) 1959.1 1244.1 1789.1

error 0.3% 35.9% 14.0%

Table 2.2: Computation time and error using the Cube2sphmesh with PML absorbing
boundary condition, and the Stacey boundary condition on the original domain as well as
the domain enlarged horizontally by factor of 1.2, as discussed in Section 2.4.2. The error
is measured based on the maximum relative waveform di�erence (eq. 2.3) by comparing to
the AxiSEMresults.

globe simulation generated usingAxiSEMis displayed in the background as reference (green

lines). Here I only show the Z-Z component of the Green's function, and the conclusion

below can be applied to other components. Table 2.2 compares the computation time

and error of simulations using PML and Stacey boundary conditions. In this example,

even though the Cube2sphsimulation using PML with load balancing takes � 57% more

time than that using the Stacey boundary condition, the arti�cial surface-wave re
ections

present in the simulation with the Stacey boundary condition are e�ectively absorbed with

the curvilinear PML boundary condition (Fig. 2.6a), leading to a � 0:3% relative waveform

di�erence between the results ofCube2sphwith PML and AxiSEM. However, the body-wave

phases still cannot be accurately simulated with PML for epicentral distances beyond 8�

due to the bottom truncation of the simulation domain (Fig. 2.6b).

A potential alternative solution to avoid the contamination of arti�cial re
ections with

the Stacey boundary condition is to enlarge the computation domain such that the source

and receivers are far enough away from the arti�cial boundaries. Here I enlarge the com-

putation domain horizontally by a factor of 1.2 to 24� � 24� with the same element size,

resulting in 384� 384 elements at the top layer of the new mesh. All other parameters remain

the same as in Section 2.4.1. Fig. 2.7 shows the waveforms generated in the regular domain

using PML (red dashed lines), and in the enlarged computation domain with the Stacey

boundary condition (blue lines). Although in the case of the Stacey boundary condition,

the contamination by arti�cial re
ections is alleviated by using the enlarged computation

domain, it is still clearly visible at 12 � and 16� , leading to a � 14% relative waveform di�er-

ence with the AxiSEMresults. Table 2.2 shows that using the Stacey boundary condition in

the computation domain enlarged by a factor of 1:2 takes a similar amount of computation
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Figure 2.7: Comparison of waveforms simulated using the enlargedCube2sphmesh with the
Stacey boundary condition (blue lines) and using the originalCube2sphmesh with PML
boundaries (red dashed lines). The whole-globe simulation results obtained by AxiSEM
(thick green lines) are displayed as background. The arti�cial re
ections are alleviated
by enlarging the computation domain. However, they remain clearly visible especially for
epicentral distances of� 12� .

time as using PML in the original domain. Therefore, considering the excellent waveform

�ts to the global reference, I believe PML may be a more e�ective choice in absorbing arti�-

cial re
ections than slightly enlarging the computation domain under the Stacey boundary

condition.

Note that the comparisons of waveform and computation time may vary for applications

with di�erent mesh size, source receiver geometry, and period band of interest. Neverthe-

less, these numerical experiments show that considering both the e�ectiveness of absorbing

arti�cial re
ections and the computation time, at least in certain cases, using PML with

proper load balancing is a better choice than stacy boundry condition with enlarged do-

main. I suggest that for speci�c applications with di�erent mesh parameters, numerical

tests be performed �rst to determine the better boundary condition to use in balancing the

numerical cost with potential re
ections from arti�cial boundaries.
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2.4.3 Comparison between the \cubed sphere" transformation and the

UTM projection

For local- and regional-scale studies, the UTM projection (Snyder, 1982) is frequently used

to project a geographical coordinate (Latitude, Longitude) to a local Cartesian coordinate

(Easting, Northing). In the UTM system, the Earth is divided into 60 UTM zones, each

spanning 6� in longitude. Inside each UTM zone, the distortion of the UTM projection is

small. Therefore, for study regions that are small enough to �t inside a UTM zone, wave-

forms can be relatively accurately simulated on Cartesian meshes after the UTM projection.

However, for study regions larger than a UTM zone, the distortion of the UTM projection

can be too large to produce accurate enough simulation results. In this section, I compare

the waveforms at di�erent epicentral distances obtained using the UTM projection with

those using theCube2sphmesh when the Earth's curvature is fully accounted for.

I use a horizontally 20� � 20� computation domain centered at (0� ; 3� E), which is the

center of UTM zone 31. I generate a spherical mesh using theCube2sphpackage, and

a Cartesian mesh using the UTM projection at UTM zone 31. The number of elements,

vertical layerings and velocity models in both meshes are the same as in Section 2.4.1. To-

pography is neglected, but because the UTM projection considers the Earth's ellipticity, I

include ellipticity in the Cube2sphmesh as well for consistency. To exclude the contamina-

tion of arti�cial re
ections, I use PML in both meshes, with the PML layer being 4 elements

thick at all four sides and 2 elements thick at the bottom. For the Cube2sphmesh, I use the

curvilinear-grid PML discussed in Section 2.2.2, and for the UTM mesh, I use the CPML

implemented in the current SPECFEM3DCartesian package. To keep the discussion sim-

ple, I only show the Z-Z component of the Green's functions in this section, and the same

conclusion can be applied to other components. Furthermore, I only focus on examining

the di�erence in surface waves here. Since surface waves are accurately simulated using

the Cube2sphmesh and the PML absorbing boundary condition as shown by the numerical

experiment in Section 2.2.2 and in Fig. 2.6, I treat the results of theCube2sphmesh with

PML as references to measure the errors of the UTM results. To investigate the accuracy

of the UTM projection for di�erent source-receiver geometry, I conduct numerical experi-
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ments with six di�erent source-receiver con�gurations (Fig. 2.8) with waveforms shown in

Fig. 2.9-2.14. To the left of the waveforms, I display the values of the relative waveform

di�erence de�ned by eq. (2.3) and the cross-correlation time shift between theCube2sph

and the UTM results as two measurements of the discrepancy between two methods.

Figure 2.8: Locations of sources (red stars) and receivers (blue triangles) used in the numer-
ical experiments to compare theCube2sphand the UTM mesh. The meshes are centered
at (0� ; 3� E), which is the center of UTM zone 31, marked by the red dotted lines. The size
of the mesh is 20� � 20� . In (a) and (b), the sources are at the center of the meshes, which
is also the center of the UTM zone which the UTM mesh is projected to. In (c) and (d),
the sources are at the southwest corner of the mesh, which is outside the UTM zone which
the mesh is projected to. In (e) and (f), the sources are on the west edge of the UTM zone
which the mesh is projected to. In (a), (c) and (e), the receivers align to the east of the
sources, and in (b), (d) and (f), the receivers align to the north of the sources.

When the source is at the center of the UTM zone (Fig. 2.8a), the receivers up to 6�

longitudinally away from the source have less than 10% relative waveform di�erence between

the two meshes (Fig. 2.9). In contrast, along the meridian (Fig. 2.8b), the relative waveform

di�erence is only 2:54% when the epicentral distance is as large as 8� (Fig. 2.10), indicating

the distortion of the UTM projection is smaller along the meridians than along the parallels.

When the source is out of the UTM zone and is 5� longitudinally away from the edge of the

UTM zone (Fig. 2.8c, d), the discrepancy between UTM andCube2sphis large in terms
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Figure 2.9: Waveforms generated by theCube2sph(blue) and the UTM (red) meshes. The
source is at the center of the meshes, which is also the center of the UTM zone which the
UTM mesh is projected to, and the receivers align to the east of the source (Fig. 2.8a).
The numbers on the left of the waveforms are the relative waveform di�erence eq. (2.3)
and the cross-correlation time shift between theCube2sphand the UTM results as two
measurements of discrepancy between two methods.

Figure 2.10: Same as Fig. 2.10 except that the source is at the center of the meshes, which
is also the center of the UTM zone which the UTM mesh is projected to, and the receivers
align to the north of the source (Fig. 2.8b).
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Figure 2.11: Same as Fig. 2.9 except that the source is at the southwest corner of the
meshes, which is outside the UTM zone which the UTM mesh is projected to, and the
receivers align to the east of the source (Fig. 2.8c).

Figure 2.12: Same as Fig. 2.9 except that the source is at southwest corner of the meshes,
which is outside the UTM zone which the UTM mesh is projected to, and the receivers
align to the north of the source (Fig. 2.8d).
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Figure 2.13: Same as Fig. 2.9 except that the source is at the west edge of the UTM zone
which the UTM mesh is projected to, and the receivers align to the east of the source
(Fig. 2.8e).

Figure 2.14: Same as Fig. 2.9 except that the source is at the west edge of the UTM zone
which the UTM mesh is projected to, and the receivers align to the north of the source
(Fig. 2.8f).
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of both time shift and waveform di�erence, even for small epicentral distances, along both

meridians and parallels (Fig. 2.11 and 2.12). When the source is on the edge of the UTM

zone (Fig. 2.8e, f), the receiver must be within 8 degrees of latitude or longitude away from

the source to achieve a� 8% relative waveform di�erence (Fig. 2.13 and 2.14). Considering

a typical study where sources and receivers are randomly distributed in the study region,

and taking the relative waveform di�erence of � 10% as a rough criterion of acceptable

accuracy, I recommend that the size of the study region should not be larger than 8� as a

rule of thumb for the UTM projection to produce reasonably accurate simulation results.

For studies on regions larger than 8� , I recommend that the UTM projection should not

be used and the curvature of the Earth should be accurately taken into account in order to

guarantee accurate simulation results.

2.4.4 Accurate simulation of body waves

Despite the primary focus on surface wave simulations, I also examine the ability of the

Cube2sphpackage to simulate body waves accurately in this section. As shown in Fig. 2.5b,

the body-wave waveforms with truncated Cube2sphmesh at 220 km depth and the Stacey

boundary condition (red dashed lines) are signi�cantly di�erent from the one-chunk results

(blue lines) for epicentral distances> 8� , suggesting that the mesh truncated at 220 km

depth cannot be used to accurately simulate body-wave phases. This waveform contamina-

tion is most likely due to the arti�cial re
ections from the bottom boundary and/or deep

structures unaccounted for by the truncated mesh. Furthermore, the body-wave discrep-

ancies observed between the one-chunk mesh (blue lines) and the global simulation results

(green lines) indicate that re
ections from the sides also contaminate body-wave phases

similar to the surface waves, and therefore extending the computation domain to a larger

depth alone cannot solve this issue for the Stacey boundary.

This is further con�rmed when PML is applied to the Cube2sphmesh truncated at

220 km. In this case, while surface waves at the periods of 6� 50s can be accurately

simulated (Fig. 2.6a), some body waves still cannot be accurately computed before surface-

wave arrivals (Fig. 2.6b). This also suggests that in order to accurately simulate body waves,

it is necessary to extend the computation domain downward to include deeper structures
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Figure 2.15: Waveform comparison between simulations using the one-chunk mesh (blue
lines) and using theCube2sphmesh truncated at 670 km with PML boundaries (red lines),
before surface-wave arrivals. The whole-globe simulation results obtained by AxiSEM (thick
green lines) are displayed as background. Purple arrows point to the parts of waveforms
where apparent discrepancy can be observed between results of AxiSEM and PML with
truncation depth at 220 km (Fig. 2.6b). Truncating the mesh at 670 km while using PML
boundaries at the same time enables much more accurate simulation for body waves com-
pared to truncating at 220 km.

Figure 2.16: Waveform comparison between simulations using the one-chunk mesh (blue
lines) and using theCube2sphmesh truncated at 670 km with the Stacey boundary condi-
tion (red lines), before surface-wave arrivals. The full-globe simulation results obtained by
AxiSEM (thick green lines) are displayed as background. The results forCube2sphmesh
with Stacey condition mostly match well with that of the one-chunk simulation, except
for certain time ranges at 16� (orange arrows). With the Stacey boundary condition, the
body-wave phases still cannot be accurately simulated even with a larger truncation depth
(purple arrows).
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beneath 220 km. Fig. 2.15 shows the simulation results using a mesh extended down to

670 km depth while keeping other parameters the same as in Section 2.4.2. It can be

seen that by truncating the computation domain at 670 km depth and using PML, the

simulation accuracy of the body-wave phases before the surface-wave arrivals is greatly

improved for the epicentral distance ranges in the numerical experiment. If only Stacey

boundary condition is applied to the 670-km depth-truncated mesh (red dashed lines as

shown in Fig. 2.16), while the overall waveforms are very similar to the one-chunk results

(blue lines), signi�cant di�erences can be observed in certain time ranges when compared

to the global reference waveforms (green lines) based onAxiSEM, especially for epicentral

distances � 12� . Compared with the PML waveforms obtained in Fig. 2.15 which match

well with the global results, it is clear that structures below 670 km should not be the

reason for these di�erences. Therefore, the di�erences between theCube2sphresults and

the one-chunk results in Fig. 2.16 should be due to the arti�cial re
ection from the bottom.

The numerical experiments presented in this section and in Fig. 2.6b, 2.15-2.16 show that

in order to accurately simulate the waveform of a speci�c phase, not only a good absorbing

boundary is needed to suppress the arti�cial re
ections, but the mesh also needs to have a

deep enough truncation depth to include all the structures that are relevant to that phase,

which varies with phase and period band. I recommend that for speci�c applications, the

truncation depth should be determined according to the phase and period band of interest,

and preferably, based on numerical tests.

2.5 Conclusion

I develop a toolkit, Cube2sph, that uses the \cubed sphere" transformation to gener-

ate continental-scale meshes that can honor the Earth's curvature for the open-source

community-supported SPECFEM3DCartesian package used for seismic wave simulations.

The toolkit also implements the curvilinear PML to absorb the outgoing waves at arti�cial

boundaries. A series of numerical experiments are conducted to compare the waveforms

using the Cube2sphmesh with PML and the Stacey boundary conditions with those using

the SPECFEM3DGLOBEone-chunk mesh and theSPECFEM3DCartesian UTM mesh, which
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demonstrate the e�ectiveness of theCube2sphtoolkit in continental-scale seismic wave sim-

ulations.

These numerical experiments show that using theCube2sphmesh truncated at 220 km

depth, the simulated surface waves (at the period band of 6� 50 s) are as accurate as those

using the SPECFEM3DGLOBEone-chunk mesh which extends into the inner core, with the

number of elements reduced by a factor of 5. However, the Stacey boundary condition may

not e�ectively absorb outgoing waves at grazing angles and results in arti�cial re
ections

from side boundaries that severely contaminate surface-wave signals. The curvilinear PML

can be used to help e�ectively suppress arti�cial re
ections which results in more accurate

waveforms albeit with a longer computation time. Taking into consideration both the

e�ectiveness of absorption and the computation time, using PML is more advantageous than

running simulations on an enlarged domain with the Stacey boundary condition, at least for

the source-receiver geometry and period band shown in the numerical experiments. Based

on the numerical experiments, I recommend that the Earth's spherical geometry should

be accurately considered, instead of approximated using the UTM projection, when the

study region is larger than 8� . To accurately simulate body waves, both the PML boundary

condition and a deeper truncation depth may be necessary.

In addition to accuracy, the Cube2sphtoolkit, combined with the SPECFEM3DCartesian

internal mesher or external meshing tools, can 
exibly incorporate customized surface and

interface topography, 3-D tomographic models and mesh re�nement. With the accurate hon-

oring of the spherical curvature and the corresponding curvilinear PML boundary condition,

as well as the ability to 
exibly accommodate complexities in the mesh, the combination of

the Cube2sphtoolkit and the SPECFEM3DCartesian is a more accurate and 
exible alter-

native to the SPECFEM3DGLOBEpackage for the applications of continental-scale simulations

as well as subsequent full-waveform inversions.
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Appendix of Chapter 2

2.A The spectral-element formulation of the curvilinear-grid

PML using auxiliary di�erential equation

Let us start from the velocity-stress formulation of the elastodynamic equation

�
@v
@t

= r � � + f ;

@�
@t

= C : r v;
(2.4)

in which v, � and f are velocity, stress and body force, respectively.� is the density, and C

is the 4-th order elastic tensor. For PML implementation in Cartesian grids, the di�erential

operator r is replaced in the PML domain by ~r , which is de�ned by

~r a = F � 1 f S � r âg ; (2.5)

in which a is an arbitrary function of space and time, F � 1 is the inverse Fourier transform

in time domain and â denotes the Fourier transform ofa in time domain. The tensor S is

the attenuation operator de�ned by

S =
êx êx

sx (x)
+

êy êy

sy(y)
+

êzêz

sz(z)
; (2.6)

in which

sx (x) = � x (x) +
dx (x)

� x (x) + i !
;

sy(y) = � y(y) +
dy(y)

� y(y) + i !
;

sz(z) = � z(z) +
dz(z)

� z(z) + i !
;

(2.7)

where � i , � i and di , i = x; y; z are user-de�ned parameters.

In curvilinear grids, I derive the PML formulations using the transformation from the

curvilinear coordinates (�; �; � ) to the Cartesian coordinates (x; y; z). I denote the gradient
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in ( �; �; � ) as r � , and the second-order Jacobian tensor,R , written as

R = ê� (
@x
@�

êx +
@y
@�

êy +
@z
@�

êz)

+ ê� (
@x
@�

êx +
@y
@�

êy +
@z
@�

êz)

+ ê� (
@x
@�

êx +
@y
@�

êy +
@z
@�

êz);

(2.8)

will give

r � a = R � r a (2.9)

for any function a. Motivated by eq. (2.5), in order to impose attenuation along (�; �; � )

directions, I de�ne ~r � as

~r � a = F � 1 �
S0 � r � â

	
(2.10)

to replace r � in the PML domain. Similarly,

S0 =
ê� ê�

s� (� )
+

ê� ê�

s� (� )
+

ê� ê�

s� (� )
; (2.11)

and

s� (� ) = � � (� ) +
d� (� )

� � (� ) + i !
;

s� (� ) = � � (� ) +
d� (� )

� � (� ) + i !
;

s� (� ) = � � (� ) +
d� (� )

� � (� ) + i !
:

(2.12)

Combining eq. (2.9) and eq. (2.10), I can de�ne ~r in the PML domain as

~r a = R � 1 � ~r � a = F � 1 �
R � 1 � S0� R � r â

	
(2.13)

to replace the di�erential operator r in eq. (2.4), and by furthering denoting

R = ê� r � + ê� r � + ê� r � ;

R � 1 = r � 1
� ê� + r � 1

� ê� + r � 1
� ê� ;

(2.14)
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The velocity-stress equation can be rewritten as

�
@v
@t

= F � 1
�

1
s�

(r � 1
� r � ) : r �̂ +

1
s�

(r � 1
� r � ) : r �̂ +

1
s�

(r � 1
� r � ) : r �̂

�
+ f ;

@�
@t

= F � 1
�

1
s�

C : (r � 1
� r � � r v̂ ) +

1
s�

C : (r � 1
� r � � r v̂ ) +

1
s�

C : (r � 1
� r � � r v̂ )

�
:

(2.15)

Note that R and R � 1 are de�ned on GLL points, and can be numerically computed via

interpolation using the ( �; �; � ) and (x; y; z) coordinates of GLL points. The inverse Fourier

transform in eq. (2.15) can be evaluated as (Martin et al., 2010)

F � 1
�

â
s�

�
=

a
� �

+ Qa
� ; for � = �; �; � (2.16)

and Qa
� can be solved with an auxiliary di�erential equation (e.g., Martin et al., 2010)

@Qa�
@t

= � � � Qa
� �

d�

� 2
�

a; (2.17)

in which

� � = � � +
d�

� �
: (2.18)

Substituting eq. (2.16) and eq. (2.17) into eq. (2.15), I obtain the velocity-stress formu-

lation in the PML domain

�
@v
@t

=

 
r � 1

� r �

� �
+

r � 1
� r �

� �
+

r � 1
� r �

� �

!

: r � + QV
� + QV

� + QV
� + f ; (2.19)

@�
@t

= C :

  
r � 1

� r �

� �
+

r � 1
� r �

� �
+

r � 1
� r �

� �

!

� r v

!

+ Q �
� + Q �

� + Q �
� (2.20)

in which QV
� and Q �

� (� = �; �; � ) can be solved by the auxiliary di�erential equations

@QV
�

@t
= � � � QV

� �
d�

� 2
�

(r � 1
� r � ) : r � ; (2.21)

@Q �
�

@t
= � � � Q �

� �
d�

� 2
�

C : (r � 1
� r � � r v): (2.22)

Note that in spectral-element implementation, eqs. (2.19) and (2.21) should be solved

in the weak form. Multiplying a test function � (x ) on eqs. (2.19) and (2.21), integrating



CHAPTER 2. CUBE2SPHTOOLKIT FOR CONTINENTAL-SCALE WAVE SIMULATION 41

Figure 2.17: The geometry and notations related to PML. For simplicity, the �gure illus-
trates the 2-D con�guration, but can be easily understood in a 3-D setting. The whole
computation domain 
 is divided into the PML domain 
 � (the green area), and the non-
PML domain (the white area). The boundary @
 contains two parts: the free surface � 0

and the outer boundary of the PML domain � 1 (the blue line). Furthermore, The free
surface � 0 has two parts: inside PML � 0 \ 
 � (the yellow line) and outside PML � 0 n 
 �

(the red line). The boundary @
 � contains three parts: the outer boundary of the PML
domain � 1 (the blue line), the inner boundary of the PML domain (the black line) and the
part on the free surface (the yellow line).

over the whole computational domain 
 and the PML domain 
 � , as shown in Fig. 2.17,

respectively, and using integration by parts, I can obtain the weak form

@
@t

Z



� � vdV = �

Z



r �

 

�

 
r � 1

� r �

� �
+

r � 1
� r �

� �
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r � 1
� r �

� �

!!
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+
Z



�

�
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(2.23)
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@
 �

�
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� 2
�

(r � 1
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+
Z


 �

r �
�

�
d�

� 2
�

(r � 1
� r � )

�
� � dV;

(2.24)

in which n̂ is the out-pointing normal vector on the boundary. The boundary of 
 contains

two parts: the free surface �0 and the outer boundary of the PML domain � 1, as shown in
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Fig. 2.17. For eq. (2.23), the following boundary condition is applied to

 

n̂ �

 
r � 1

� r �

� �
+

r � 1
� r �

� �
+

r � 1
� r �

� �

!

� �

! �
�
�
�
�
� 0

= 0 ; (2.25)

v j � 1
= 0 : (2.26)

Outside the PML domain (as shown in Fig. 2.17), � � = � � = � � = 1, and since r � 1
� r � +

r � 1
� r � + r � 1

� r � = I, eq. (2.25) is reduced to (n̂ � � )j � 0n
 �
= 0, i.e., the traction-free boundary

condition. Since no spatial derivative ofQV
� is involved in Eq. (2.24), no boundary condition

needs to be assigned to solve it.

In practice, the damping parameters � � , d� , � � , � = �; �; � in eq. (2.12) can be chosen

as (e.g., Zhang & Shen, 2010)

� � = 1 + ( � 0 � 1)
�

��
L

� N �

;

d� = d0

�
��
L

� Nd

;

� � = � 0

 

1 �
�

��
L

� N �
!

;

(2.27)

where �� is the distance to the inner boundary of the PML domain (as shown in Fig. 2.17),

L is the thickness of the PML domain, andN � , Nd and N � are user-selected power factors.

In the numerical experiments in this study, I choose

� 0 = 1 ; Nd = 1 :0; d0 = �
(Nd + 1 :0)Vp0 ln Rcoef

2L
; � 0 = �f 0; N � = 1 :0; N � = 1 :0;

where f 0 = 0 :2 Hz, Vp0 is the maximum P velocity, and Rcoef = 0 :001.



Chapter 3

Isotropic shear-velocity model of Alaskan litho-

sphere based upon joint adjoint tomography of am-

bient noise and local earthquake data

Summary : I present an isotropic shear-velocity model of the Alaskan litho-

sphere obtained by jointly inverting ambient noise and local earthquake data us-

ing adjoint tomography. Three-component empirical Green's functions (EGFs)

are extracted at a period band of 12� 50 s between station pairs from continuous

time-series recordings at 322 broadband seismic stations over 6.5 years. Wave-

forms from 94 earthquakes recorded by 455 stations are paired to make di�eren-

tial travel-time measurements at a period band of 25� 120 s. Subsequent joint

inversion of the two datasets results in a high-resolution shear-velocity model

from the surface down to a depth of� 120 km. Lower-crustal shear-velocity is

found to be highly correlated with Moho depths from previous studies. A high-

shear-velocity subducted slab is imaged in southern Alaska, matching well with

Wadati-Benio� zone seismicity and the Alaska 3D 1.0 slab contour, with po-

tential gaps and weak zones being observed. Relatively high velocity is imaged

in the mantle wedge beneath the Denali Volcanic Gap (DVG), indicating that

discontinuity in arc volcanism may be attributed to the absence or depletion of

partial melting. I also observe shallow (80� 120 km) lithosphere-asthenosphere

boundary (LAB) in the backarc mantle, in contrast to the deep ( > 150 km) LAB

in the cratonic blocks further to the north.

43
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3.1 Introduction

Located at the easternmost of the Aleutian subduction zone and known for extensive seis-

mic and volcanic activities, Alaska is one of the most tectonically active regions in North

America. Many tectonic structures in Alaska result from subduction and collision of the

Paci�c plate beneath the North America continent. Driven by multiple episodes of tectonic

events since the Jurassic, terranes of various origins were assembled at the current location

of Alaska (Plafker & Berg, 1994; Colpron et al., 2007; Moore & Box, 2016). Current and

past plate motions are partially accommodated by a series of right-lateral strike-slip faults,

such as the Tintina fault and the Denali fault (Fig. 3.1, Moore & Box, 2016; Elliott & Frey-

mueller, 2020). South of the Denali fault, the southern margin of Alaska is dominated by

the ongoing subduction processes, generating arc volcanism and seismicity in the Wadati-

Benio� zone (Fig. 3.1). At the easternmost corner of the subduction zone, the subduction

and collision of the Yakutat microplate (Fig. 3.1), an oceanic plateau (e.g., Christensen

& Abers, 2010; Moore & Box, 2016), gives rise to more complexities, such as along-strike

variations of arc volcanism, seismicity (Fuis et al., 2008; Daly et al., 2021), subduction rate

(Eberhart-Phillips et al., 2006) and subduction angle (Elliott & Freymueller, 2020) .

To better understand the tectonic structures and processes beneath Alaska, several

seismic deployments have been carried out to image subsurface structures, including the

Trans-Alaska Crustal Transect (TACT, Fuis et al., 2008), the Broadband Experiment Across

the Alaska Range (BEAAR, Christensen et al., 1999), the Multidisciplinary Observations

Of Subduction (MOOS, Abers & Christensen, 2006), the Southern Alaska Lithosphere and

Mantle Observation Network (SALMON, Tape et al., 2017) and the Wrangell Volcanism

and Lithospheric Fate (WVLF, Christensen & Abers, 2016) deployment. Starting from

2014, the EarthScope Transportable Array deployment in Alaska (Busby & Aderhold, 2020)

covered the entire state of Alaska and neighbouring regions of western Canada with a station

spacing of � 85 km. This dataset led to many tomographic studies of the entire Alaskan

lithosphere, providing constraints on the tectonic evolution of Alaska (e.g., Ward & Lin,

2018; Jiang et al., 2018; Feng & Ritzwoller, 2019; Yang & Gao, 2020; Berg et al., 2020;

Nayak et al., 2020; Chen et al., 2023, and many others).
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Previous seismic imaging studies in Alaska have been focused on crustal variations,

subduction-zone structures, and the broad-scale lithospheric structures. The variations of

crustal thickness and velocity structures, and their correlations with terrane boundaries,

faults, and surface topography provided insight into the tectonic evolution. Early studies

on crustal thickness mainly focused on southern Alaska due to the geographic limitation of

early array deployments (Veenstra et al., 2006; Bauer et al., 2014; Brennan et al., 2011; Al-

lam et al., 2017), before maps of crustal thickness can be constructed beneath entire Alaska

owing to the data from the EarthScope deployment (Miller & Moresi, 2018; Miller et al.,

2018; Zhang et al., 2019; Liu & Gao, 2023). At broad scale, crustal thickness correlates with

velocity structures (e.g., Ward & Lin, 2018; Berg et al., 2020; Feng & Ritzwoller, 2019), and

generally agrees with isostacy (Ward & Lin, 2018; Liu & Gao, 2023). Crustal anisotropy

maps, including radial (Feng & Ritzwoller, 2019), azimuthal (Feng et al., 2020) and inher-

ent anisotropy (Liu & Ritzwoller, 2024), also help constrain the lithospheric foliation and

deformation history of di�erent terranes.

The complex structures of the subduction zone in southern Alaska have been a focus of

previous imaging studies. Various studies indicated that the easternmost part of the slab is

segmented via seismic imaging (Gou et al., 2019; Chen et al., 2023; Yang & Gao, 2020; Mann

et al., 2022; Wang & Tape, 2014) or seismicity distributions (Fuis et al., 2008; Daly et al.,

2021), while others suggest a continuous slab (Bauer et al., 2014; Elliott & Freymueller,

2020). In southcentral Alaska, the Denali Volcanic Gap (DVG, Fig. 3.1) separates the

Aleutian volcanic arc in the west and the isolated Buzzard Creek-Jumbo Dome (BC-JD)

volcanoes in the east, creating a discontinuity in volcanic activities within the extent of the

Yakutat slab. The nature of DVG is still under debate. Some previous studies argue that a

hot mantle wedge exists but the magma cannot upwell to the surface, based on the imaging

of low velocity (Feng & Ritzwoller, 2019; Eberhart-Phillips et al., 2006; Gama et al., 2021;

Gou et al., 2019; Rabade et al., 2023; Rondenay et al., 2010; Tian & Zhao, 2012), high

VP =VS ratio (McNamara & Pasyanos, 2002) and high attenuation (Stachnik et al., 2004) in

this region, whereas other studies attribute DVG to a cold mantle wedge based on a higher

velocity (Chen et al., 2023; Jiang et al., 2018; Yang & Gao, 2020) or lowVP =VS ratio Rossi

et al. (2006). To the east of the Yakutat slab, a cluster of volcanoes form the Wrangell
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Volcanic Field (WVF, Fig. 3.1), whose origin was also of interest to previous tomographic

studies. Some studies observed a high-velocity body directly beneath WVF and therefore

argued that WVF is related to the subducting Wrangell slab (Jiang et al., 2018; Yang &

Gao, 2020; Bauer et al., 2014; Eberhart-Phillips et al., 2006; Gou et al., 2019), while other

suggested that the Wrangell slab does not exist based on the absence of high-velocity slab in

their images, and WVF is originated from the slab edge 
ow (Martin-Short et al., 2016; Berg

et al., 2020), supported by mantle 
ow modeling (Jadamec & Billen, 2010) and anisotropy

(Hanna & Long, 2012; Wang & Tape, 2014; Venereau et al., 2019).

Finally, the broad-scale lithospheric structure, in particular the depths of the

lithosphere-asthenosphere boundary (LAB), has been studied extensively to help under-

stand the deformation history and thermal structure of Alaska. O'Driscoll & Miller (2015)

constructed the LAB depth map using Sp receiver functions, and revealed distinct litho-

spheric structures among the cratonic block in the north, the deformed region in the interior,

and the subduction zone in the south. Tomographic studies (Jiang et al., 2018; Berg et al.,

2020) observed a similar pattern in the velocity structures of the mantle at� 90 km depth,

with a trench-normal velocity increase north of the Denali fault, consistent with the LAB

depth map of Torne et al. (2020) obtained by inverting the potential �eld. In particular, the

low-velocity backarc mantle in interior Alaska imaged by tomographic studies (Jiang et al.,

2018; Berg et al., 2020; Yang & Gao, 2020) is consistent with the shallow LAB (O'Driscoll

& Miller, 2015; Torne et al., 2020) and high heat 
ow (Batir et al., 2016).

In this chapter, I leverage the EarthScope Alaska deployment and the adjoint tomogra-

phy method (Fichtner et al., 2010; Tape et al., 2010; Liu & Gu, 2012) to obtain an isotropic

shear-velocity model of the entire Alaskan lithosphere. Using numerical solvers as forward

operators, the adjoint tomography method can achieve higher resolution and accuracy com-

pared to the ray-theory-based methods, and has been widely used in seismic tomography at

various scales in the past decade and half (e.g., Fichtner et al., 2010; Tape et al., 2010; Zhu

et al., 2015; Lei et al., 2020; Van Herwaarden et al., 2023). In particular, I jointly invert

the ambient noise and local earthquake data which in combination provide resolution from

the surface down to a depth of� 120 km.

The rest of this chapter is organized as follows. In Section 3.2, I describe in detail the
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procedure of data processing, measurement, and inversion. The inversion result is presented

in Section 3.3, and the important features are discussed and compared with previous studies

in Section 3.4. The main �ndings are summarized and potential future work is identi�ed in

the conclusion in Section 3.5.

3.2 Data and method

3.2.1 Data

Broadband seismic recordings are collected from a total of 455 stations (Fig. 3.2a) between

2009{2022 in the study region, including stations from networks 6J, 7C, AK, GM, II, IU,

TA, US, XI, XO, XV, XZ, YE, YG, YV, ZE and ZQ. In this study, to image the structures

at a wide depth range up to � 120 km, surface-wave signals from the ambient noise data

at a period band of 12� 50 s, which is mainly sensitive to the shallow (. 60 km depth)

structures, and those from the local earthquake data at 25� 120 s, which has sensitivity to

the deep structures up to � 120 km depth, are jointly inverted.

3.2.1.1 Ambient noise data

I fetch three-component continuous time-series recordings at 322 stations (Fig. 3.2a) from

Jun. 2014 to Dec. 2020 (78 months), and extract the vertical-vertical (Z-Z), radial-radial

(R-R) and transverse-transverse (T-T) components of empirical Green's functions (EGFs)

between station pairs following the standard processing procedure of ambient noise data

(Bensen et al., 2007) using the NoisePy package (Jiang & Denolle, 2020). I manually

pick 200 stations which are distributed evenly across the study region and has long data

availability (Fig. 3.2a) as virtual sources, and all the 322 stations are used as receivers. The

EGF waveforms are �ltered into three period bands of 12� 25 s, 18� 36 s and 25� 50 s.

A surface-wave window is then de�ned as [ �
Cmax

� Tmax ; �
Cmin

+ 1 :5Tmax ] on each trace,

where � is the distance between the virtual source and the receiver,Tmax is the maximum

period of period band, andCmin and Cmax are the minimum and maximum group velocity

estimated by frequency-time analysis (FTAN, Levshin et al., 1972; Levshin & Ritzwoller,

2001).
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Figure 3.1: Major tectonic features in Alaska. Thick black lines mark the major faults, with
their names labeled in black texts with white background: SBRF = Southern Brooks Range
fault system, KF = Kaltag fault, TF = Tintina fault, FF = Farewell fault, DF = Denali
fault, CMF = Castle Mountain fault, BRF = Border Ranges fault, CF = Contact fault.
Red dashed contours mark the locations of sedimentary basins, with their names labeled
in black texts with no background: CB = Colville Basin, YFB = Yukon Flats Basin, NB
= Nenana Basin, CIB = Cook Inlet Basin. White texts with black background mark
important geologic features: NS = North Slope, BR = Brooks Range, RM = Richardson
Mountain, MM = Mackenzie Mountain, BC-JD = Buzzard Creek-Jumbo Dome volcanoes,
DVG = Denali Volcanic Gap, AR = Alaska Range, WVF = Wrangell Volcanic Field. Dark
blue texts show the location of the Yakutat Terrane (YA). The green line o�shore marks
the location of the Aleutian trench. The dots show magnitude � 3:5 earthquakes after
1980, color-coded event depth. The red triangles mark the locations of volcanoes from
Cameron (2005). The white dashed contour marks the extent of the Yakutat slab inferred
by Eberhart-Phillips et al. (2006).
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